Referent:

Korreferent:

Tag der Einreichung:

Tag der miindlichen Priifung:

Locally Boolean Domains and
Universal Models for
Infinitary Sequential Languages

Vom Fachbereich Mathematik
der Technischen Universitat Darmstadt
zur Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften (Dr. rer. nat.)
genehmigte

Dissertation

Dipl.-Math. Tobias Low

aus Offenbach am Main

Darmstadt 2007
D 17

Prof. Dr. Thomas Streicher
Dr. James David Laird

23. Oktober 2006

1. Dezember 2006






Abstract

In the first part of this Thesis we develop the theory of locally boolean domains and

bistable maps (as introduced in | ]) and show that the category of locally boolean
domains and bistable maps is equivalent to the category of Curien-Lamarche games and
observably sequential functions (cf. [ ]). Further we show that the category of

locally boolean domains has inverse limits of w-chains of embedding/projection pairs.

In the second part we consider the category of locally boolean domains and bistable
maps as model for functional programming languages: in | | J. Laird has shown
that an infinitary sequential extension of the functional core language PCF has a fully
abstract model in the category of locally boolean domains. We introduce an extension
SPCF, of his language by recursive types and show that it is universal for its model in
locally boolean domains. Finally we consider an infinitary target language CPS,, for the
CPS translation of | | and show that it is universal for a model in locally boolean
domains which is constructed like Dana Scott’s Do, where D =0 = {1, T}.



Zusammenfassung

Im ersten Teil dieser Arbeit wird die Theorie lokal boolescher Bereiche und bistabiler
Abbildungen (siehe [ |) entwickelt. Es wird gezeigt, dass die Kategorie lokal boole-
scher Bereiche und bistabiler Abbildungen zur Kategorie von Curien-Lamarche Spielen
und beobachtbar sequenzieller Funktionen aquivalent ist. Weiterhin zeigen wir, dass
die Kategorie lokal boolescher Bereiche und bistabiler Abbildungen inverse Limiten von
w-Ketten von Einbettungs-/Projektionspaaren besitzt.

Im zweiten Teil der Arbeit betrachten wir die Kategorie lokal boolescher Bereiche und
bistabiler Abbildungen als Modell fiir funktionale Programmiersprachen: in | | hat
J. Laird gezeigt, dass es in der Kategorie lokal boolescher Bereiche ein voll abstraktes
Modell fiir eine infinitére, sequentielle Erweiterung der funktionalen Kernsprache PCF
gibt. Wir definieren SPCF,, eine Erweiterung von Lairds Sprache um rekursive Typen,
und zeigen, dass diese Sprache universell beziiglich ihres Modells in der Kategorie lokal
boolescher Bereiche ist. Schlieflich betrachten wir fiir die CPS Ubersetzung aus | ]
eine infinitare Zielsprache CPS,, und zeigen, dass sie universell beziiglich ihres Modells
in der Kategorie lokal boolescher Bereiche ist, welches wie Dana Scotts D, mit D =
O = {1, T} konstruiert ist.

Erklarung

Hiermit versichere ich, dass ich diese Dissertation selbstandig verfasst und nur die
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Tobias Low
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1 Introduction

The aim of this thesis is to show that the category LBD of locally boolean domains

and bistable maps (as introduced by J. Laird in | ]) is equivalent to the category
OSA of Curien-Lamarche games and observably sequential maps (as introduced by
R. Cartwright, P.L. Curien and M. Felleisen in | |). Further we introduce the

language SPCF ., a sequential extension of PCF by recursive types, error elements and a
catch-construct, and show that it is universal for its model in LBD. Finally we consider
an infinitary target language CPS,, for the CPS translation (of | ]) and show that
CPS,, is universal for a model in LBD which is constructed like Dana Scott’s D, where
D=0={1,T}

1.1 Sequentiality and Full Abstraction

The investigation of sequential functional programming languages started end of the
1960ies when D. Scott introduced the language LCF (Logic of Computable Functions) for
reasoning about computable functionals of higher type. This paper was finally published
as | | but circulated for a long time as an unpublished but most influencing technical
report. In | | G. Plotkin first gave a detailed meta-mathematical analysis of PCF
(Programming Computable Functions), the functional kernel language underlying the
logical calculus LCF.

The language PCF is simply typed A-calculus extended by a base type of natural
numbers, some basic arithmetic operations, a conditional and fixpoint combinators for
expressing general recursion. In | ] Plotkin formulated an operational semantics for
PCF as a term rewriting systems constrained by a leftmost-outermost reduction-strategy
which is sequential in the sense that each PCF term ¢ contains a unique subterm ¢’ that
has to be reduced in the next step of evaluation.

Having an operational and denotational semantics for PCF there arises the question
how these two semantics should be related. Obviously, reduction preserves the denota-
tion of terms. In | | he proved computational adequacy, i.e. that a closed term t of
base type reduces to a numeral n whenever [t] = n. Thus for closed terms of base type
their denotational semantics coincides with their operational semantics. Two (closed)
terms ¢; and ¢y can be used interchangeably iff for all contexts C'[—] of base type C|t;]
and C[ty] have the same meaning. Such terms are called observationally equivalent.
Obviously, if two terms have the same denotational semantics then they are also obser-
vationally equivalent. A model is called fully abstract iff denotational equality coincides
with observational equivalence. Already in | | D. Scott observed that his domain
model lacks full abstraction because of the parallel-or function which is continuous but
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not sequentially computable. In [ ] Plotkin showed that Scott’s domain model is
fully abstract for the extension of PCF with parallel-or. (If one further adds a contin-
uous existential quantifier then the denotable elements of the Scott model are precisely
the computable ones as also shown in | 1)

In | ] R. Milner constructed a fully abstract model as the ideal completion of
a quotient by observational equivalence of those PCF-terms which denote finite ele-
ments. Moreover, he showed that all order extensional fully abstract domain (i.e. cpo-
enriched)models of PCF are isomorphic. However, since Milner’s model is a (kind of)
term model it does not give rise to a syntax-free characterisation of sequentiality. Since
that a lot of people have tried to overcome this unsatisfying situation by suggesting
different approaches to a syntax-free semantical characterisation of PCF sequentiality.

First in [ , ] G. Berry introduced his stable domains as a model for PCF
which excludes the incriminated parallel-or but nevertheless contains functions which
are not sequential in the sense of Milner-Vuillemin | , | providing a satisfy-
ing characterisation of sequentiality for first order functions. In [ ] G. Kahn and
G. Plotkin introduced so-called “concrete domains” allowing them to define a notion of
sequentiality a la Milner-Vuillemin for functions between them. A disadvantage of their
approach was that the underlying model is not cartesian closed anymore. This defect
was remedied in [ ] by G. Berry and P.-L. Curien albeit where they introduced a
category SA of sequential data structures and sequential algorithms. But this model is
not well-pointed since sequential algorithms may be different although they are exten-
sionally equal, i.e. behave the same way for all arguments (e.g. “left” and “right” version
of addition etc.).

In a long range attack Bucciarelli and Ehrhard finally managed to characterise the
extensional collapse of SA in | , | as the category SS of strongly stable func-
tions between strongly stable domains. The category SS is still not order extensional
since it validates e.g. O x O = 2, and thus not fully abstract for PCF. Nevertheless, it
captures a more liberal notion of sequentiality which was studied thoroughly in | ]
and also lies at the heart of our investigations in this Thesis.

In the early 1990ies F. Lamarche and P.-L. Curien came up with a reformulation of the
relevant part of SA in terms of games and strategies | ) |. They restricted
concrete data structures to so-called filiform ones (every datum can be constructed
in only one way) which can be described as very simple games (with 2 player and no
winning) and reformulated sequential algorithms as strategies for these games. (We write
SA also for this slightly more restrictive category.) In [ | (see also | : )]
R. Cartwright, P.-L. Curien and M. Felleisen showed that an extension of SA with
non-recuperable error elements gives rise to a fully abstract model OSA (observably
sequential algorithms) for SPCF an extension of PCF with error elements and control
operators catch.

This was the starting point for the flourishing field of Game Semantics. Abramsky,

Malacaria and Jagadeesan in | ] and Hyland and Ong | | (see also Nickau
[ |) came up with sophisticated games models capturing PCF definability without
being (order) extensional. It was shown by R. Loader in | | that already for finitary

PCF (booleans instead of natural numbers as basic data type) observational equivalence
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is not decidable. Hence PCF sequentiality cannot be characterised effectively and thus
there cannot exist a simple characterisation of the fully abstract model for finitary PCF.

Later on game semantics was extended to more complicated non-functional languages
where quotients can be obtained more easily. For languages with store observational
equality coincides with equality of strategies | : ]. In Laird’s Thesis | ]
it was shown that PCF,, i.e. PCF extended with continuations, has a fully abstract model
in SA (and that SA is the quotient of the model for PCF, given by innocent, but not
necessarily well-bracketed strategies a la [ ].

1.2 Locally boolean domains

Thus (observably) sequential algorithms have turned out as an important semantic model
capturing a notion of sequentiality more liberal than PCF definability. Moreover, this
model is wellpointed, i.e. extensional, in presence of error elements as shown in | .
Thus, there should be a presentation of OSA where functions are not given by algo-
rithms but rather as continuous functions preserving some structure. This structure was
identified by J. Laird around 2002 culminating in his notion of locally boolean domain
[ ]. He started from G. Berry’s notion of bidomain | : | (domains with
an extensional and a stable order) for which he could show in | | that they give rise
to a fully abstract model for unary PCF, i.e. PCF over base type O with basic operation
AN:0x0—0.

He further observed that A can be eliminated by requiring that functions are also
“costable”, i.e. preserve binary suprema of elements which are bounded from below
w.r.t. a costable order. Instead of dealing with three different orders Laird showed that
it suffices to consider the extensional and the bistable order which is the intersection of
the stable and costable order. In | | he then proved that one obtains a universal
model for the language SPCF+, i.e. SPCF extended by countable sums and products, in
the category BB of bistable biorders and monotone and bistable (i.e. preserving binary
infima and suprema of bistably bounded elements) functions.

As bistable biorders are far more general than observably sequential algorithms in
[ ] (see also | , | J. Laird identified a full subcategory LBD of BB
which is equivalent to OS A, namely so-called locally boolean domains where the bistable
structure is derived from an involution operation (w.r.t. the extensional order).

1.3 Overview of this thesis

In chapter 2 we give a detailed exposition of the theory of locally boolean domains. Based
on the work of J. Laird in | ] and an unpublished note | | of T. Streicher we
define a locally boolean order as a partial ordered set (D, C) equipped with an involution
= : D — D where infima and suprema of certain bounded pairs have to exist. After
introducing a stable order <, and a costable order <. on D we define a locally boolean
domain as a complete locally boolean order where finite elements w.r.t. <, are also
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compact w.r.t. C and each element is the supremum of the finite primes stably below
it. We prove a lot of (sometimes fairly technical) lemmas that are useful later on. The
key observations are that a locally boolean domain is a dl-domain w.r.t. <, and that
the prime elements of a locally boolean domain form a tree w.r.t. <,. We introduce the
notion of bistable map between locally boolean domains, i.e. Scott-continuous functions
that preserve infima of stably upper bounded and suprema of costably lower bounded
pairs.

In chapter 3 we give a quick recap of Curien-Lamarche games with error elements.
We show how to construct a locally boolean domain from a Curien-Lamarche game and
vice versa. After characterising the bistable maps between locally boolean domains as
those functions that are sequential in the sense of Milner-Vuillemin | , , ]
and error propagating we establish an equivalence between the category LBD and the
category OSA of Curien-Lamarche games and observably sequential maps/algorithms.
Finally we analyse the structure of exponentials in the category LBD and show that
LBD is cpo-enriched w.r.t. to the extensional order and w.r.t. to the stable order.

In chapter 4 we show that LBD is closed under basic categorical constructions like
products, biliftings and sums. Next we show that inverse limits of w-chains of embed-
ding/projection pairs (w.r.t. <) exist in LBD and are constructed as usual. Finally,
adapting a result of J. Longley in [ | we show that every countably based locally
boolean domain appears as retract of U = [N—N] where N are the bilifted natural
numbers, i.e. that U is a universal object for countably based locally boolean domains.

In chapter 5 we introduce the language SPCF.,, an infinitary version of SPCF as
considered in | |. More explicitly, it is obtained from simply typed A-calculus
by adding (countably) infinite sums and products, error elements, a control operator
catch and recursive types.! Using evaluation contexts (in order to formalise the be-
haviour of the control operator catch) we present a call-by-name operational semantics
for SPCF,. In the second part of this chapter we show that the category LBD gives
rise to a computationally adequate model for SPCF,, and that SPCF_, is universal for
this model. Recursive types in SPCF,, are interpreted as bifree solutions of recursive
domain equations which can be constructed as bilimits of appropriate w-chains of em-
bedding/projection pairs. Adopting techniques from | | one can show that the LBD
model of SPCF, is computational adequate. Next we exhibit each SPCF., type as an
SPCF, definable retract of the first order type N—N (where N is the type of bilifted
natural numbers) from which universality of SPCF,, follows immediately since every
element of [N—N] is obviously SPCF, definable.

In the last chapter we construct a LBD model for a (kind of) infinitary untyped
A-calculus CPS,, where every element of the model can be denoted by a closed CPS,
term. In | ] it has been observed that O, i.e. Scott’s Do, with D = O = {1, T},
can be obtained as bifree solution (cf. | ]) of the type equation D = [D“—0]. Since
solutions of recursive type equations are available in LBD we may consider also the

!'Notice that due to the presence of infinite sum and product types it will be sufficient to have a single
control operator catch whereas in SPCF there is associated a control operator catch with every
type 01— ...—0,—N.

10



1.3 Overview of this thesis

bifree solution of the equation for D in LBD. Canonically associated with this type
equation is the language CPS,, whose terms are given by the grammar

—

M=o | XM (M) | \2.T

where & ranges over infinite lists of pairwise distinct variables and M over infinite lists
of terms. Notice that CPS,, is more expressive than untyped A-calculus with an error
element T since one may apply a term to an infinite list of arguments. Consider e.g. the
term )\f.x0<l) whose interpretation retracts D to O by sending T to T and everything
else to L which is not expressible in A-calculus with a constant T. We show that CPS.,
is universal for its model in D. For this purpose we proceed as follows.

We first observe that the finite elements of D all arise from simply typed A-calculus
over O. Since the latter is universal for its LBD model (as shown in | ]) and all
retractions of D to finite types are CPS,, definable it follows that all finite elements of D
are definable in CPS,,. Then borrowing an idea from | | we show that the supremum
of any sequence of elements in D increasing w.r.t. <, is CPS,, definable provided the
elements of the sequence are CPS,, definable. Thus, universality of CPS,, for its LBD
model D follows from the fact that every element of D appears as supremum of an
w-chain of finite elements increasing w.r.t. <.

Although the interpretation of CPS., in D is surjective it turns out that it may identify
terms with different infinite normal form, i.e. that the interpretation is not faithful.
Finally, we discuss a way how this shortcoming can be avoided, namely by extending
CPS,, with a parallel construct || and refining the observation type O to O’ = List(0’).?

2This can be considered as a “qualitative” reformulation of a “quantitative” model considered by
F. Maurel in his Thesis [ ].

11
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2 Locally Boolean Domains

The notion of locally boolean orders and locally boolean domains was first introduced
by Jim Laird in | |. The following foundation of locally boolean orders and locally
boolean domains is based on an unpublished note | | of Thomas Streicher. We start
from scratch: first we give the definition of locally boolean orders and locally boolean
domains and deduce a set of basic lemmas that will be useful later on. Moreover we
introduce the notion of bistable maps between locally boolean domains.

We assume that the reader is familiar with basic categorical and domain-theoretic
notions.

2.1 Locally Boolean Orders

We define locally boolean orders as partially ordered sets with an involution satisfying
certain constraints:

Definition 2.1.1. An involution on a partial order (P,C) is a function = : P — P with
——x = x and —y C -z whenever x C y.

A locally boolean order (1bo) is a triple A = (|A|, C, =) where (A, C) is a partial order
and = : |A| — |A| is an involution such that

(1) for every x € |A| the set {x,—z} has a least upper bound x' = x U —x (and,
therefore, also a greatest lower bound x| = —(z") = x 11 —z)

(2) whenever x C y" and y C a7 (notation x T y) then {x,y} has a supremum x Uy
and an infimum x My.

A is complete if (|A],C) is a cpo, i.e. every directed subset X has a supremum | | X.
A is pointed if it has a least element L (and thus also a greatest element T = —1).
As usual, we write x € A (resp. X C A) for x € |A] (resp. X C |A]). ©

We write « | y as an abbreviation for -z T =y, and « [ y for x T y and = | y. A set
X C Ais called stably coherent (notation 1X) iff x Ty for all x,y € X. Analogously, X
is called costably coherent (notation | X) iff x | y for all z,y € X. We call aset X C A
bistably coherent (notation [X) iff 1X and | X.

If x | y then x Uy = —~(—2zM—y) and x My = (-2 U —y). Accordingly, the dual of a
locally boolean order is a locally boolean order again.

Notice that for elements z and y we have z [y iff z;, =y, iff 2" =y T .

Proposition 2.1.2. If a lbo A is complete, then it is also cocomplete, i.e. every C-
codirected subset X has an infimum []X.

13



2 Locally Boolean Domains

Proof. 1f X is a codirected subset of A then the set {—z | v € X} is directed and has
| {—z | z € X} as supremum. By duality we get —| |{—2 | x € X} as the infimum of
X. ]

Furthermore, on a lbo A using — one may define a stable and a costable order as
follows.

Definition 2.1.3. For a lbo A we define the following partial orders on |A|. Forx,y € A

stable order: r<sy iff rCEyandxTy
costable order: =<,y iff *Cyandzx |y (iff ~y <s —)
bistable order: x <,y iff r<;yandz <.y (iff cCyandz]y) o
The following characterisation of <; (and <.) turns out as useful.
Lemma 2.1.4. Let A be a lbo and x,y € A. Then the following are equivalent
(1) =<y
(2) xCyCal
B)zCyandx; Cy,.
Proof. ad (1) = (2) : Suppose x <, y. Then x C y and y C 2" (because z T y).
ad (2) = (3): Supposez Cy C2'. Thenz; Cyandz, C —y, ez Cyl—y=1y,.

ad (3) = (1): Suppose z Cyandz; Cy,. Thenz EyCy' andy Cy' Ca', e
xTy. O]

Notice that by duality we have z <,y iff yy Ca Cyif t Cy and 2" C y'. Further
we have r <y iff tCyandy, =2, if t Cyand y' =a.

Using Lemma 2.1.4 it is easy to check that <,, <. and <, are actually partial orders.

Lemma 2.1.5. Let A be a lbo and x,y € A. Then x T y iff x and y are bounded above
(by x Uy) in the stable order.

Proof. Suppose z T y. Then we have z,y C zUy and x Uy C 2",y ". Thus z,y <, xy.
Suppose 7,y <, 2. Then 2 C 2z Cy' and y C 2 C 2" and thus = T . l

Accordingly we have z | y iff z and y are bounded below (by x My) in the costable
order.

14



2.2 Locally Boolean Domains

2.2 Locally Boolean Domains

For the definition of locally boolean domains we introduce the notions of finite and prime
elements of a locally boolean order.

Definition 2.2.1. Let A be a lbo.

An element p € A is called prime iff whenever x Ty orx | y and p C x Uy then
pCxorpCy. Wewrite P(A) for the set {p € A | p is prime} and P(x) for the set
{peP(A) |p<, o}

An element e € A is called finite iff the set {x € A | x <, e} is finite. We write F(A)
for the set {e € A | e is finite} and F(x) for the set {e € F(A) | e <, x}.

Finally, an element p € A is called finite prime iff p is finite and prime. We write
FP(A) for the set P(A) NF(A) and FP(x) for the set P(x) NF(A). o

Lemma 2.2.2. Let A be a lbo, p € P(A) and z,y € A withx Ty orxz | y. Ifx L —p
and y IZ —=p then x My £ —p.

Proof. Suppose p € P(A) and x,y € A with x Ty or z | y. Thus -z | -y or -z T —w.
If My C —p then p C =(zMy) = -z U -y from which it follows that p C —x or p C -y,
ie.x C —poryC —p. O

Definition 2.2.3. (locally boolean (pre-)domain)
A locally boolean predomain (lbpd) is a complete locally boolean order A such that for
allz e A

(1) x =||FP(z) and

(2) all finite primes in A are compact w.r.t. =, i.e. for all p € FP(A) and directed sets
X with p C | | X there exists an x € X with p C x.

A locally boolean domain (lbd) is a pointed locally boolean predomain. o

Lemma 2.2.4. Let x and y be elements of a lbpd A with x T y. Then x Uy and x My
are the stable supremum and infimum of x and y, respectively.

Proof. Suppose z T y.

From Lemma 2.1.5 we know that z,y <, x Uy. Suppose z,y <, z. Then zx Uy C 2.
Suppose p € FP(z). Then p C 2" and p C y'. Thus, as p is prime, we have (1) p C
or (2) pCyor (3) pC —z,—y. In cases (1) and (2) we have p C z Uy and in case (3)
we have p C —x -y = —=(z Uy). Thus, in any case we have p C (xUy) . By condition
(1) of Def. 2.2.3 it follows that z C (x Uy)". Thus x Uy <, z as desired.

We have z My C x,y. Suppose p € FP(x). Then p C 2 C 4" and thus (1) p C y or
(2) p C —y. In case (1) we have p C x My and in case (2) we have p C -y C - U —y =
=(z My). So in any case we have p C (z My)". Thus, by condition (1) of Def. 2.2.3
we have 2 C (x My)" and therefore z My <, x as desired. Similarly, one shows that
My <g;y. Suppose 2z <, z,y. Then z CzMyand z My Cz,y C z'. Thus 2 <,z My
as desired. O

15



2 Locally Boolean Domains

Lemma 2.2.5. Let x and y be elements of a lbpd A. Then it follows that:

(1) The following statements are equivalent:

(i) =Ty
(ii) x Uy and z; Uy, exist and (xUy), =z, Uy,
(iii) z Uy and 2" My" exist and (xUy)" =2 My’

(2) The following statements are equivalent:

(i) zly
(i) My and " My ezist and (xTMy)T =2 My’
(iii)) Ny and z; Uy, exist and (xMy), =z, Uy,

Proof. ad (1) (i) = (ii) : Suppose z T y.

Thenz, CoaCy' =(y )" andy, CyCa’ = (x1)7, hence x; Ty, and it follows
that the suprema z Ly and x, Uy, exist.

For showing that z; Uy, C (x Uy),, suppose p € FP(z, Uy,). Then, as p is
prime we have (1) p C z; or (2) pE y,. Incase (1) we get p C z; C z Uy, ~x,—y
(where z; C —y follows from y C 2"). Thus, we get p C x Uy, ~z I -y, and finally,
pC(zUy)M—(zUy) = (zUy),. In case (2) we proceed analogously.

For showing that (zUy), C Uy, , suppose p € FP((zUy) ). Then, p C xUy, -(zUy),
thus, p C z Uy, ~x M-y, thus, p C x Uy, =z, —y. As pis prime we have (1) p C z, -z, -y
or (2) p C y,—x,—y. In case (1) we get p C x; T x; Uy,. In case (2) we proceed
analogously.

Thus, it follows that z; Ly, = (x Uy), as desired.

ad (1) (ii) = (iii) : Suppose x Uy and =, Ly, exist and (zUy), =2, Uy,. Then it
follows that
(zUy)" ==((zUy).)
=z Uyl)
= —|{L‘J_ |_| _'yJ_
— T ryT
as desired.

ad (1) (iii) = (i) : Suppose (xUy)" =2 My', then it follows that

r,yEaoly
C(zUy)’
=z' M yT
CalyT
thus, we have = T y.
ad (2) : This follows from (1) by duality. O
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Given a set X we write Pry.e (X) for the set of finite, nonempty subsets of X.
Lemma 2.2.6. Let A be a lbpd and X € Py (A) with 1X. Then it follows that:

(1) The set X has an infimum [ | X w.r.t. © which is an infimum also w.r.t. < and
a supremum | | X w.r.t. C which is a supremum also w.r.t. <.

(2) Ify € A with T(X U{y}) theny T[] X andy T |X.
3) UX)r=Her [ze X} and (UX)" =[Nz" |z € X}

Proof. We proceed by induction on the size of X. The claims are obvious if X contains
precisely one element. Suppose the claims hold for X and TX U {y}.

ad (1) and (2) : By Lemma 2.2.4 it suffices to show that y T[]X and y T | | X. As
rCy' forallz € X wehave[ | X Cy" and | | X C y'. Suppose p € FP(y). Then for all
r € X wehave p C y C 2" and thus, as p is prime, that p C z or p C —z. Thus either (i)
pCxforallz € X or (ii) p C —x for some x € X. In case (i) we have p C [ ] X and thus
also p C ([1X)". In case (ii) we have p C | |,.y 7o = —=[]X C ([]X)". Thus, in any
case we have p C ([ X)". AspCyCa' forallz € X weget pC[[{z | 2 € X} and,
using (3) for X, that p C (| | X)". Accordingly, we have y C (| | X)" and y C ([1X) "
as desired.

ad (3) : We have

Lxu{y)e = |xuy).
= (|_| X)iUys (t)
=| fzr e e X uy, (ih)
= | |{zr |z e X Uiy}

and
Jxuiw™ = |xuy’
= () Ty’ ()
=[ =" lzeXx}ny’ (ih)
[ {="lzex}u{y"}
where (1) follows from Lemma 2.2.5(1). 0

Lemma 2.2.7. An element x of a lbpd is finite iff FP(x) is finite.

Proof. Obviously, if z is finite then FP(z) is finite.

Suppose FP(z) is finite. If y <, x then FP(y) C FP(z) and y = | |FP(y). Thus there
are at most as many y <, x as there are subsets of FP(x). As a finite set has only finitely
many subsets it follows that {y € A | y <; z} is finite, i.e. that z is finite. O
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2 Locally Boolean Domains

Notice that for a Ibd A we always have L € FP(A).
Lemma 2.2.8. If A is a lbpd and x € A then FP(x) # (.

Proof. Suppose FP(z) = (). By the definition of Ibpds z = | |@# = L. Hence, L is the
least element of A, and we get ) = FP(L) = {1}. O

Lemma 2.2.9. An element of a lbpd A is compact w.r.t. T iff it is finite.

Proof. Suppose ¢ is a compact element of A. By Lemma 2.2.8 it follows that FP(c) is
nonempty. Let X := {| |Y | Y € Prne(FP(c))}. Obviously, the set X is directed and
has supremum c. As ¢ is compact there exists a finite nonempty subset X, of FP(c)
with ¢ = | | Xo. If p € FP(c) then p <; ¢ = | | X and thus there exists a ¢ € X, with
p E ¢. As p and q are stably bounded (by ¢) it follows that p < ¢q. Accordingly, we have
FP(c) € U,ex, FP(g) which is finite since Xo is finite and the FP(q) are finite. Thus
FP(c) is finite from which it follows by Lemma 2.2.7 that ¢ is finite in A as desired.
For showing the reverse implication suppose e is a finite element of A. Then FP(e) is
finite. As by Def. 2.2.3(2) all elements of FP(e) are compact and e = | | FP(e) the element
e is a supremum of finitely many compact elements and thus compact as well. l

Lemma 2.2.10. Let A be a lbpd and c,d € F(A) with ¢ T d then clUd € F(A).

Proof. Tt follows from Lemma 2.2.9 that ¢ and d are compact w.r.t. . Thus, it follows
that ¢l d is compact and thus also finite by Lemma 2.2.9. O

Lemma 2.2.11. Let x and y be elements of a lbpd A then t.f.a.e.
1) zEy
(2) VpeFP(x).3¢eFP(y).p C g
(3) VeeF(z).3deF(y).cC d

Proof. Suppose x,y € A.

ad (1) = (2) : Suppose z C y and p € FP(z). Then p C y = [ |F(y). As by
condition (2) of Def. 2.2.3 the element p is compact w.r.t. C there is a finite nonempty set
Yo C FP(y) with p C | | Yy. As pis prime and 7Y} there exists an element ¢ € Yy C FP(y)
with p C q.

ad (2) = (3) : Suppose VpeFP(x).3¢€FP(y).p C ¢ holds and ¢ € F(z). As by
condition (2) of Def. 2.2.3 the element ¢ is compact w.r.t. C there is a finite nonempty
set Xo C FP(z) with ¢ C | | Xy. For all p € X, there exists a p € FP(y) with p C p.
Now, let d := | [{p | p € Xo} then ¢ C d and it follows from Lemma 2.2.10 that d is
finite.

ad (3) = (1) : This is obvious. O

Lemma 2.2.12. Fvery lbpd is algebraic w.r.t. the extensional order.
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Proof. By Lemma 2.2.9 every finite element is compact w.r.t. . Every x € A is the
supremum of the compact elements ¢ T z because x = | |FP(z) and all elements of
FP(z) are finite and thus compact.

It remains to show that the set {c | ¢ compact and ¢ C z} is directed w.r.t. C. Let
X ={|JY | Y € Prne(FP(z))}. Since by Lemma 2.2.8 the set FP(z) is nonempty it
follows that X is nonempty. Let ¢ and ¢ be compact elements with ¢, C . As X
is directed and x = | | X there exist finite nonempty subsets Xy and X; of FP(z) with
cC | |Xoand ¢ C | |]Xy. Thus ¢, C | J(XoUX;) C x and | |(Xo U X;) is compact
since it is a finite supremum of compact elements. ]

The next two lemmas will show that suprema w.r.t. £ of stably coherent directed
sets are also suprema w.r.t. <; and that suprema of arbitrary nonempty stably coherent
subsets exist. These facts will be crucial for showing that (]A|, <y) is a dI-predomain
(cf. Thm. 2.2.18).

Lemma 2.2.13. Let A be a lbpd and X be a stably (i.e. w.r.t. <) directed subset of A
then | | X is the supremum of X w.r.t. <.

Proof. As A is complete there exists the supremum | | X of X w.r.t. C. As X is stably
directed we have x C y' for all z,4 € X. Thus | | X E y' for all y € X from which it
follows that | | X is a stable upper bound of X. Suppose X <, z. Then | | X C z. Tt
remains to show that z C (| | X)T. For this purpose suppose p € FP(z). As x <, z for all
r€Xwehave pC zC o' forall z € X. As p is prime we have p C x or p C —z for all
x € X. Thus, either (1) p C z for some z € X or (2) p C -z forall z € X. In case (1) we
have p C | | X C (JX)". In case (2) we have p C [],.x o = —(JX) C (L X)". Thus
pC (L JX)T for all p € FP(2) from which it follows that z C (| | X) as desired. O

Lemma 2.2.14. Let A be a lbpd and X be a nonempty stably coherent subset of A then
the supremum | | X ezists and is also the supremum of X w.r.t. <.

Proof. Let X be a nonempty stably coherent subset of A, and let Z := {| |V | ¥V €
Prne (X)}. Obviously, by Lemma 2.2.6 the set Z is directed w.r.t. C and also <,. Thus
it follows from Lemma 2.2.13 that | | Z is also a supremum w.r.t. <,. Thus | |Z is a
stable upper bound of X (because every element of X is stably below some element of
Z). For showing that | | Z is the least upper bound of X w.r.t. <, suppose X <; z.
Then z is also a stable upper bound of Z from which it follows by Lemma 2.2.13 that
|7 < = O

Lemma 2.2.15. For a lbpd A all elements of F(A) are compact w.r.t. <.

Proof. Suppose ¢ € F(A) with ¢ <, | ] X. Then ¢ C | | X C ¢". From Lemma 2.2.9 it
follows that c is compact. Thus, there exists an x € X with c C 2 £ | | X C ¢'. Thus,
c <, x. ]

Lemma 2.2.16. Let A be a lbpd and x € A. If x is compact w.r.t. C then x is compact
w.r.t. <.
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Proof. Suppose x is a compact w.r.t. C. Let X C A be directed w.r.t. <; and = <, | | X.
Then it follows that X is directed w.r.t. C and T | | X. As z is compact w.r.t. C there
exists a e € X with z C e. As x,e <, | | X it follows that T e. Thus we have x <, e
and it follows that = is a compact w.r.t. <. l

Next we give the definition of dI-(pre)-domains.

Definition 2.2.17. Let D be an algebraic depo. The properties d and I are defined as
follows:

(I) Each compact element dominates at most finitely many elements.
(d) If {x,y,z} are bounded then x A (yV z) = (x Ay) V (x A z).

A bounded complete algebraic dcpo satisfying properties d and I is called a dI-predomain.
A dl-predomain with least element L is called a dI-domain. o

Next we show that a lbpd A is a dI-predomain w.r.t. <, which has suprema of all
nonempty bounded subsets. (Notice that the definition of dI-predomains only postulates
the existence of suprema of bounded nonempty finite subsets.)

Theorem 2.2.18. If A is a lbpd then (|A|, <) is a dl-predomain with stable suprema
of all nonempty stably coherent subsets.

Proof. From Lemma 2.2.13 and Lemma 2.2.14 it follows that (|A|, <) is a dcpo, and
that it has stable suprema of nonempty stably coherent sets from which it follows that
(|A], <s) has suprema of nonempty bounded subsets as required for dI-predomains.

Next we show that (|A|, <,) is algebraic. As we already know that (]A|, <) has
suprema of nonempty bounded sets it suffices to show that every element of A is the
stable supremum of some set of compact elements. Let x € A and Z := {||]Y |V €
Prtne (FP(z))}. Then all elements of Z are compact w.r.t. C and using Lemma 2.2.16 it
follows that all elements of Z are compact w.r.t. <,. Further, we get that Z is stably
directed (as FP(x) is nonempty and by Lemma 2.2.6) and it follows that = = | |FP(z) =
| ]Z.

For verifying the I-property we have to show that every stably compact element c is
finite. W.l.o.g. assume that c is different from L. Let Z := {| |Y | Y € Pro..(FP(c))}.
Obviously Z is stably directed and ¢ = | | Z. As ¢ is assumed as stably compact there
exists a finite nonempty subset X, of FP(c) with ¢ = | | X. As the elements of X are
compact w.r.t. C their supremum | | X, is also compact w.r.t. C. Thus, by Lemma 2.2.9
it follows that ¢ = | | X, is finite as desired.

For verifying the d-property suppose T{z,y, z}. We have to show that x M (y U z) =
(xMy) U (xMz). For showing the nontrivial inequality suppose p € FP(z 1 (y U 2)).
Then p C 2 and p C y U z. As p is prime we have (1) p C y or (2) p C 2. In case
(1) we have p C 2 My and in case (2) we have p C x M z. Thus in any case we have
pC (zMNy)U(xMz). Thus, we have x M (y U z) C (z My) U (x M 2) as desired. O
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Lemma 2.2.19. Let A be a lbpd and X be a nonempty subset of A with 1X. Ifp € FP(A)
and p T | | X then there exists an element v € X with p T x and (p <, x whenever

p <s |_|X)

Proof. For all F € Pr,.X it holds that TF and thus | | F exists. Accordingly, the
set X = {LIF | F € Prne(X)} is stably coherent and directed. As p is compact
w.r.t. C there exists a finite subset F' of X with p C | | F, and as p is prime, there
exists an element x € F' with p C z. Furthermore, if p <, | | X then it follows that
pCaC||XCp', thus, p <, x as desired. ]

In the next two lemmas we show that the infimum (resp. the supremum) of stably
coherent nonempty set is given by the supremum of the intersection (resp. union) of the
sets of finite prime elements.

Lemma 2.2.20. Let A be a lbpd and X be a nonempty subset of A with TX. Then[]X
exists, is also the infimum w.r.t. <, and

[]x =[] FP@)).

zeX

Proof. Suppose X is a nonempty subset of A with TX. Then the set Z :={[|Y | Y €
Prne (X)} is codirected. Hence its infimum [ | Z exists and [ |Z =[] X. Let x € X and
p € FP(x). Then for all u € X we have u | x, thus it follows that pC 2 Cu' = u Ll —wu
and as p is prime we get p C u or p C —u. Thus we have either p C u for all u € X
or there exists a u € X with p C —u. In the first case we get p T[] X C ([1X)7, and
in the second case we get pC —u C | |{-y |y € X} = ~[]X C ([]X)" and it follows
that [ 1 X <, x. Thus []X is also the infimum of X w.r.t. <,.

For all y € X we have [,y FP(z) € FP(y). Hence, [,.x FP(x) is stably coherent
and | |((N,ex FP(z)) <, y for all y € X. Thus, | |(N,cx FP(x)) <, [1X. For showing
the reverse inequality suppose p € FP([]X). As [|X <,z for all z € X it follows that
p € FP(z) for all z € X. Thus p € [),.x FP(x) and we get p <, [ |((,cx FP(z)) as
desired. O

Lemma 2.2.21. Let A be a lbpd and X be a nonempty subset of A with TX. Then it
follows that

FP(|x)=JFP@) and FP( |X)=[)FP(x).

zeX zeX

Proof. For showing FP(| | X) = (U, FP(x) suppose p € FP(| | X'). Then from it follows
Lemma 2.2.19 that there exists a z € X with p <; . Hence FP(| | X) C (U,cx FP(2).

For the reverse inclusion suppose p € |J,.y FP(z) then there exists a z € X with
p € FP(z). As 1X it follows that p <,z < | | X. Thus p € FP(| | X).
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For showing the second equation consider

FP([]x) = FP(_|({") FP(2))) ()

= UtFP(y) [y € () FP(2)} ()
= (1) FP(x) (8)

zeX

where (1) follows from Lemma 2.2.20, (1) follows from the first equation of this lemma.
Finally we show that (§) holds. Since for all p € FP(A) we have that p € FP(p)
holds it follows immediately that (,.y FP(z) € U{FP(y) | ¥ € N,ex FP(z)} holds.
For the reverse inclusion suppose p € [J{FP(y) | ¥ € (),cx FP(2)} then there exists
ay € (yey FP(z) with p € FP(y), thus p <, y. Thus it follows that y € FP(z) for
all x € X, thus as p <, y it follows that p € FP(z) for all x € X. Thus we have
P € [\,ex FP(2) as desired. O

Notice that a Ibpd A gives rise to a bistable biorder (A, C, ]) as introduced by J. Laird
in | ]. By Lemma 2.2.6 and its dual statement it follows that the relation | is an
equivalence relation. Further from Lemma 2.2.5 it follows that equivalence classes w.r.t.

] are closed under binary suprema and infima w.r.t. C and satisfy the distributivity law
(by Thm. 2.2.18).

Definition 2.2.22. If A is a lbpd and x € A then we write [x]; for the set {y € A|xz ]
y}. We call [z]; the bistably connected component of x.

If X is a nonempty subset of A with [X then we write [X]; for the connected com-
ponent {y € A | 1(X U{y})} and X, (resp. X7) for the bottom (resp. top) element of
[X];- ©

Lemma 2.2.23. If A is a lbpd and x € A then [z]; is a boolean algebra w.r.t. <,.

Proof. Suppose © € A. Then using Lemma 2.2.6 it follows that stable suprema and
costable infima coincide with those w.r.t. C and that [{z,y, My, x Uy} holds whenever
& | y. Using that and Thm. 2.2.18 it follows [z]; satisfies the distributivity law. Negation
on [z]; is given by the restriction of = to [x];. The bottom element is given by x, and
the top element by x . O]

Lemma 2.2.24. In a lbpd from x C y =y, it follows that v =z, and x <, y.

Proof. Wehavex Cy=y, E -y C —z. Thusz, =zMN—-x=z,andasz;, =z Cy, it
follows = <, y as desired. ]

Lemma 2.2.25. In a lbpd from x <,y <, z and x | z it follows that [{x,y, z}.
Proof. We have x; Cy, C 2z, and z; = 2,. Thus z; =y, = 2z, as desired. O

Lemma 2.2.26. In a lbpd from x <g vy it follows that z; <y, .
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Proof. From x <, y it follows that x; C y,. Moreover, we have (z,);, =z, Cy, =
(yr)r. Thus z; <, y,. ]

Lemma 2.2.27. Let A be a lbpd. If X C A is directed w.r.t. <g then (| | X), = {z. |
r e X}.

Proof. Suppose X C A is directed w.rt. <,. If x <, y then from Lemma 2.2.26 it
follows that z; <, y,. Thus the set {z, | x € X} is directed and | [{z, | x € X}
exists. For all z € X we have <, | |X and further that z; C (| ]X),. Thus it
follows that | {z, | z € X} C (|JX),. Now, suppose p € FP((L|X),) then p = p,
by Lemma 2.2.24. As p is compact and p <, | | X there exists an element z € X with
p <s x and by Lemma 2.2.26 it follows that p <, z,. Thus p <, | {z, | z € X} and we
have (| | X), C | {zL | x € X} as desired. O

Lemma 2.2.28. Let A be a lbpd. If XY C A are directed w.r.t. <, and {[z]; | x €
X} ={lyl; ly €Y} (i.e. X and Y touch the same bistably connected components of A),
then | | X TL]Y.

Proof. As {[z]; |z € X} = {[y]y | y € Y} it follows that {z, |z € X} ={y. |y Y}
Using Lemma 2.2.27 we get (| |X), = | {zL |z e X} =y |lyveY} = (1Y), as
desired. u

Lemma 2.2.29. Let x and y be elements of a lbpd A.
(1) If x T y then the following statements hold:
() (zMy)L =z Nys
(i) (xny)T =2" Uy’
(2) If x | y then the following statements hold:
(i) (zuy) " =z" Uy’
(i) (zUy)L =aMys

Proof. ad (1)(i) : From z 1 y it follows that z, Co2a Cy' = (y. )" andy, CyCa' =
(z1)". Thus, T{x,z,,y,y.1} holds. From Lemma 2.2.6 it follows that = My, <, xMy.
Using Lemma 2.2.26 we get (x; My, ) <s (xMy),. Further, from Lemma 2.2.24 it
follows that (z, My,), = xy My,. Thus, we have z; My, <, (zxMy),. For showing
(x My), <s z; Myy, notice that z My <, x,y holds. From Lemma 2.2.26 we get
(xMy); <sxi,ys. Thus, (xMy); <z, My, as desired.

ad (1)(ii) : Using (1)(i) we get (zMy)" =—=((zMNy)L) = —(z. MNy.) =~z U-y, =
" l_IyT.

ad (2) : These statements follow from (1) by duality. O
Lemma 2.2.30. Let A be a lbpd and x,y € A and x C y then x T —y.

Proof. Suppose t Cy. Thenz Ty CEy' = (-y)" and -y C -2 C 2" as desired. O]
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Lemma 2.2.31. Let A be a lbpd and x,y € A. Then x C y iff v <, z <.y for some
z e A

Proof. The reverse implication is obvious as <, and <. are included in C.
For the forward implication assume that z C y. Then x T =y by Lemma 2.2.30. Thus

also r Ty, and z, T y,. Putting z := z Uy, we have © <, z because x C z and
using Lemma 2.2.5 it follows that x; Tz, Uy, = (x Uy, ), = 21, and z <. y because
z,y, Cyandy, Co, Uy, =z, thuszCyand z' Cy'. l

Lemma 2.2.32. Let A be a lbpd and x,y € A. If there exists a z € A with z C x,y or
z,y C z then FP(x) N FP(y) # 0.

Proof. Suppose (1) z,y C z or (2) z C z,y. If (1) then it follows from Lemma 2.2.30 that
x] -zandy T -z thusz; 12, and y, T z,. If (2) then it follows from Lemma 2.2.30
that z T —x and 2 T -y, thus z; T2, and 2z, T y,. Thus in either case we get x; T 2z,
and y, T z,. Thus oz, Mz, <,z andy, Mz, <, 2,. Hence x; Mz, Ty, Mz, and
it follows that u := (z; Mz )M (y,L Mzy) <sx,,y,. From Lemma 2.2.8 it follows that
FP(u) # (), and as FP(u) C FP(z,) C FP(z) and FP(u) C FP(y,) C FP(y) we get
FP(x) NFP(y) # 0. O

Next we introduce the notion of atom and investigate the structure of the bistably
connected components [z];.

Definition 2.2.33. Let A be a lbpd and x € A. We write At(x) for the set of atoms of
the boolean algebra ([x]7, <p). o

Lemma 2.2.34. Let A be a lbpd and X be a nonempty subset of A with [X. Then it
follows that | | X, [ X € [X];.

Proof. Suppose X is a nonempty subset of A with [X. Then due to Lemma 2.2.23 the
subset [X]; forms a boolean algebra w.r.t. <;. For all finite nonempty subsets F of X we
have that | | F' € [X];. Thus, the set X = {lUF | F € Prne(X)} is bistably coherent
and directed. As |_|X is the least upper bound of X, it follows that | | X exists and
using Lemma 2.2.13 we get that x <, | | X holds for all z € X. For all x € X we have
that © <, 2" = X ". Thus as | | X is supremum w.r.t. <, it follows from Lemma 2.2.13
that | | X <, XT. From Lemma 2.2.25 it follows that x | | | X for all x € X, thus we

get | | X € [X];.
AsTNX == {2z |ze X} ]| {2 |z e X}and {~z |z e X} C [X]; it follows
that [ | X € [X];. O

Theorem 2.2.35. Let A be a lbpd and x € A then [x]; is a complete atomic boolean
algebra w.r.t. <p.

Proof. Suppose x € A. Then from Lemma 2.2.23 and Lemma 2.2.34 it follows that [z];
is a complete boolean algebra.

Suppose y € [z]; and p € FP(y) with p # p,. Then we get that p; Ty, =z, holds.
As p,x; <, y it follows that p U x, exists. Further, as z; <, pUx, <, y it follows
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from Lemma 2.2.25 that p Uz, € [z];. For showing that p Uz, is an atom suppose
pUz, =ulwv for u,v € [z];. Asp Ewlv we have p E wor p C v. If p T u then
p<su(asp;, Tz, =wuy)and thusplz, <;u<;pUx,,ie pUx, =u. Similarly,
one shows that pUx, =vif pCov. Thusu=pUx, or v =pUx, as desired.

If y € [x]; and y # 2, then for every p € FP(y) we have p; € y; = 2,. Thus every
y € [x]; is the supremum of all p Uz, with p € FP(y) and p, # p, i.e. a supremum of
atoms in [x];. O

Notice that in a complete atomic boolean algebra B we have B = (P(A), C) where A

is the set atoms of B and | |, ¢(zMy) = (U,exz) My and [ | cx(@Uy) = ([ex ) Uy
holds for all X C B and y € B.

Lemma 2.2.36. If A is a lbpd and p € FP(A) then either p=p, or p € At(p).

Proof. If neither p = p, nor p € At(p) then p = u U v for some u,v € [p|; with u,v # p
in contradiction to p being prime. O]

Lemma 2.2.37. Let A be a lbpd and p € FP(A) with p # p,. Then p = q whenever
p <sq € FP(A).

Proof. Suppose p € FP(A) with p # p,. Then by Lemma 2.2.36 we have p € At(p).
Suppose p <, g € FP(A). Then ¢ C p" = p L —p, and as ¢ is prime it follows that (1)
g Cpor (2) ¢ C —p holds. In case (1) we immediately get p = ¢. In case (2) we have
p E —q. Thus as p C ¢ from Lemma 2.2.30 it follows that p T =¢q. Thus p <,# ¢. Thus
p <s ¢M—q = q, which entails p = p, (by Lemma 2.2.24) contradicting the assumption

PFEDL O

Lemma 2.2.38. Let A be a lbpd and p € FP(A) such that p is not <;-maximal in FP(A).
Then p = p, holds.

Proof. This is an immediate consequence of Lemma 2.2.37. ]
Lemma 2.2.39. Let A be a lbpd and x € A. Thenx =z, iff p=p, for allp € FP(x).

Proof. For the forward implication suppose p € FP(z). Then p <; z =z, thus p = p,
by Lemma 2.2.24.

For the reverse implication suppose p = p, for all p € FP(z). Then p=p, C x, for
all p € FP(z). Thus we have x = | |FP(z) C z, and it follows that x = z, . O

Lemma 2.2.40. Let A be a lbpd, © € A and a € At(x). Then there exists a unique
p € FP(a) with a = pUay. Further, for this unique p it holds that p # p, .

Proof. Suppose a € At(z). Then a # a,. If p € FP(a) with p = p, then p=p, <;a,
and pUa, = a; # a. Hence, we need a p € FP(A) with p # p,. As a # a, it follows
from Lemma 2.2.39 that there exists a p € FP(a) with p # p,. Suppose there exists
a q € FP(a) with ¢ # ¢, and p # ¢. Let Z := FP(a) \ {¢}. From Lemma 2.2.39 it
follows that p,q ¢ FP(aL) € FP(a) thus FP(a1) & Z G FP(a). As Z is stably coherent
let z :=||Z then a; = | |FP(a,) <s z <s | |FP(a) = a (because p £; ¢ and ¢ £, p by
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Lemma 2.2.37). Thus [{a,, z,a} by Lemma 2.2.25, and a; <, z <, a contradicting the
assumption that a € At(x).

Now, given an atom a € At(z) let p be the unique element in FP(a) with p # p,. We
have shown FP(a) = {r € FP(a) | r =r, } U{p}. As{r € FP(a) | r =7} = FP(a,) we
get a =| |FP(a) =pU| |FP(a.) =pUa, as desired. O

Given an ¢ € A with x = 2, there arises the question how to characterise those finite
prime elements p for which the stable supremum of z and p exists and is an atom in

[z];.

Lemma 2.2.41. Let A be a lbpd, © € A with x = x, and p € FP(A) with p # p, €
FP(z). Then the stable supremum of x and p exists iff x © —p. Further, if x T p then
zUp e At(z).

Proof. Suppose p # p, <, x. Then T p'. The stable supremum of x and p exists iff
rTpieif tCplandpC a’. Thusz Tpiff pC 2’ iff 2, T —p iff 2 © —p. Now, if
x 1 pthen (zxUp), =z, Up, =z, and it follows that x <, z L p. Thus, there exists
an atom a € At(z) with a <, z Up. From Lemma 2.2.40 it follows that there exists a
unique ¢ € FP(a) with ¢ # ¢, and a = z U q. Thus, ¢ <; xUp. As ¢ is prime and ¢ £ x
we get that ¢ C p holds. As p T z it follows that p <, z Up. Thus we have ¢,p <, zUp.
Thus ¢ T p and as g C p it follows that ¢ <, p. As q # ¢, it follows from Lemma 2.2.37
that ¢ = p. Thus we get a = x U p as desired. l

Lemma 2.2.42. Let A be a lbpd, x € A with At(z) # () and p € FP(A) withp C .
Then there exists an a € At(x) with p C a. Further, if p # p, then there exists a unique
a € At(x) with p C a.

Proof. Suppose x € A with At(z) # 0 and p € FP(A) with p C 2. As At(z) is nonempty
and TAt(z) and 7 = | |At(z) hold it follows from Lemma 2.2.19 that there exists an
a € At(z) with p C a.

Further, suppose p # py. If p C ay, as for different ay, ay € At(x) thenp C ayMay = .
Thus it follows that p = p, in contradiction with p # p, . n

Theorem 2.2.43. Let A be a lbpd. Then FP(A) is a tree and downward closed w.r.t.
<, i.e. for all p € FP(A) the set FP(p) is linearly ordered by <s and p' <, p implies
p € FP(A).

Proof. Suppose there exists a prime p such that FP(p) is not linearly ordered by <.
As (A, <) is a dI-domain there exists a <;-minimal prime p such that FP(p) is not
linearly ordered by <;. We show that this is impossible from which it follows that for
all p € FP(A) the set FP(p) is linearly ordered by <, as desired.

Let p1,ps € FP(p) such that neither p; <g ps nor ps <; p;. Obviously, then both
p1 and po are strictly below p w.r.t. <,. Thus, by minimality of p both FP(p;) and
FP(ps) are linearly ordered by <;. As p; T py there exists pg = p; M po which is an
infimum w.r.t. <, and C. Obviously, both p; and py are different from py. Thus we have
Po <s pi <s pfori e {1,2}. From Lemma 2.2.38 it follows that p; = p;, fori € {0,1,2}.
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As pg <, p we get po C p C pg and it follows that py # pg . Thus we get that At(py) # ()
and as p C pg and p is prime it follows from Lemma 2.2.42 that there exists a unique
a € At(pg) with p C a. By Lemma 2.2.40 there exists a unique ¢ € FP(a) with ¢ # ¢,
and a =poUq. Asp1 E pC a=qglpy and p; is prime it follows that p; C ¢ or p; C py.
The latter cannot happen as otherwise py = p; and, accordingly, we have p; = ¢. Thus,
we have a = qUpy C qUp; = ¢ € FP(A), i.e. that a = ¢ and a is prime. As py, = po
we have a C pj = —py = —(p1 M p2) = =p1 U —ps. As a is prime it follows that a C —p;
or a & —p, (because —p; | —ps). Thus p; E —a or p, T —a. As p1,p2 C p C a we have

Po, =poLprLallma=a; =po, or

Po,=poLppLall—ma=a; =py,,

i.e. p1 =po, = Po Or P2 = po, = po which is impossible since py, ps # po.

Finally, suppose p € FP(A) and p’ <; p. As FP(p) is finite and linearly ordered w.r.t.
<s, so is FP(p’). Thus, we have p’ = | |FP(p’) = max<, FP(p’) and it follows that p' is
prime. [

From Lemma 2.2.24 and Thm. 2.2.43 it follows that for a finite prime element p with
p=p and v € A we have x C p iff z <, p and z is finite prime with x = x,. In
Lemma 2.2.47 we will characterise those cases when a prime is extensionally below a
cell, i.e. a finite prime g with ¢ € At(q) (cf. section 3.1). For this purpose we will need
the following auxiliary lemmas.

Lemma 2.2.44. Let A be a lbpd and x,y € A with x T y. Then x Ty, .
Proof. Wehave r CyCy' = (y,)" andy, C -y CE -~ Ca’. ]

Lemma 2.2.45. Let A be a lbpd and x € A with FP(x) = {z}. Then x is minimal w.r.t.
C.

Proof. Suppose FP(xz) = {z} and y C x, then by Lemma 2.2.44 it follows that y T z, .
Thus we get y Mz, <, 2 and FP(yMzy) & FP(z). Hence we have FP(y Mz, ) = () which
is impossible by Lemma 2.2.8. [

Lemma 2.2.46. Let A be a lbpd and p,q € FP(A). If p is minimal w.r.t. <; and p C q
then already p <s q.

Proof. Suppose p € FP(A) is <;-minimal and ¢ € FP(A) with p C ¢. Then FP(p) = {p}
and p = p;. Due to Lemma 2.2.44 we have p T ¢q,, and thus pMq, <, p. As pis
<s-minimal we have pM g, = p. Thus we get p; = p C ¢, and hence p <, ¢q as
desired. O

Lemma 2.2.47. Let A be a lbpd and q € FP(A) with q # q,. For p € FP(A) we have
pPEqiffp<sqorp=<cq
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Proof. The implication from right to left is obvious. The reverse implication we prove
by induction on |FP(p)|.

If [FP(p)| = 1 and p C ¢ then p is <,-minimal and, therefore, by Lemma 2.2.46 we
have p < q.

Suppose |[FP(p)| > 1 and p C ¢q. As FP(p) is finite and linearly ordered w.r.t. <;, let
po be the greatest (w.r.t. <;) element in FP(p) with py # p. Obviously, we have py = pg .
and |FP(po)| < [FP(p)|. Thus, by induction hypothesis we have py <; ¢ or py <. q. We
show that in either case p <, q or p <. q.

Suppose pyg <. q. Then q; T po, T p,. As p C ¢ by assumption we have p <, ¢ as
desired.

Suppose pg <; q. As py = ¢ implies pg <. ¢ we can assume that py <, ¢ holds. We
have that pg = po; £ ¢, holds. Suppose neither p <; ¢ nor p <. q, i.e. p; £ ¢, and
g1 £ pi. Then p, # po as otherwise p; = py = po; T q1 (because py <, ¢). Thus
as po # pu1, p1 <s p and pq is the greatest (w.r.t. <) element in FP(p) with py # p it
follows that p = p;. As py <s ¢ we have ¢ C py'. Thus py C pj and it follows that
At(po) # 0 and as ¢ is prime and ¢ C po " it follows from Lemma 2.2.42 that there exists
an atom a € At(py) with ¢ C a. As p C ¢ it follows by Lemma 2.2.44 that p T ¢, . Thus
p Mgy is an infimum w.r.t. <, and C. As p = p, and ¢, are incomparable w.r.t. C it
follows that pMq, # p and pMq, # p. Thus, as py <, pM g, we have pg = plq,
and, accordingly, also pp’ = —p L ¢'. By Lemma 2.2.40 there exists a prime ¢ with
cla, =pyand a=clpy. Thus, we havecC a T py' =-plq'. As p T q. it follows
that =p | ¢'. Thus as c is prime it follows that ¢ T —p or ¢ T ¢'. As py C p and
po C ¢ C ¢' hold anyway it follows that @ = —p or a = ¢'. This, however, is impossible
as shown by the following reasoning. If ¢ C —p then p C —a and as p C ¢ C a it follows
that p C a M —a = py in contradiction to pg T p and py # p. If a C ¢' then ¢, C —a
and as ¢, C ¢ C a it follows that ¢, E all—a = py. As pp C g, we get po = q.. Thus
we have ¢, = pg C p = p, in contradiction to the fact that p, and ¢, are incomparable
w.r.t. L.

Thus we have shown that it cannot hold that neither p <, ¢ nor p <. ¢, hence it
follows that p <, q or p <. q as desired. l

Theorem 2.2.48. Let A be a lbpd and p,q € FP(A). Thenp C q iff p <s q or p <. q.

Proof. The implication from right to left is immediate.

We prove the reverse implication by case analysis on q. If ¢ = ¢, and p C ¢ then from
Lemma 2.2.24 it follows that p <, q. If ¢ # ¢, then it follows from Lemma 2.2.36 that
q € At(q). As p C g we get from Lemma 2.2.47 that p <, g or p <. ¢ as desired. [

Thm. 2.2.48 allows us to give the following slightly improved characterisation of the
extensional order.

Theorem 2.2.49. Let A be a lbpd and x,y € A. Then x T y iff for all p € FP(x) there
exists a q € FP(y) with p <. q.

Proof. The implication from right to left is obvious (using Lemma 2.2.11).
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For the reverse implication suppose * = y and p € FP(z). By Lemma 2.2.11 there
exists a ¢ € FP(y) with p C ¢’. By Thm. 2.2.48 we have p <, ¢ or p <. ¢’. In the
first case putting ¢ := p we have ¢ = p € FP(y) and p <. ¢. In the second case putting
q := ¢ we have ¢ € FP(y) and p <, q. ]

Theorem 2.2.50. Let A be a lbpd and x,y € A. Then x T y iff for all ¢ € F(zx) there
exists a d € F(y) with ¢ <.d.

Proof. The implication from right to left is obvious (using Lemma 2.2.11).

For the reverse implication suppose z C y and ¢ € F(z). Then there exists py, ..., p, €
FP(z) with | |{p1,...,pn} = ¢. Using Thm. 2.2.49 we get ¢1,...,¢, € FP(y) with
¢ Cp; E ¢ fori e {1,...,n}. Now, we have | {p1,...,pn} C | Ha@1,---,¢,} and,
using Lemma 2.2.5(1), | q¢1, -} = L Ha1-- @} E L Kp1,---,pn}- Thus, ¢ =
L {p1, -0} <c|l @1, -, q.} € F(y) as desired. O

Based on Thm. 2.2.49 we will obtain a characterisation of the costable ordering. For
this purpose, however, we need the following lemma.

Lemma 2.2.51. Let A be a lbpd and p € FP(A). Then p is minimal w.r.t. <. iff
p=pL.

Proof. Let p € FP(A). Suppose p = p,. If ¢ is an element with ¢ <. p then ¢ C p =
p1 C ¢, C g and thus p = ¢. Thus p is minimal w.r.t. <.. If p € FP(A) is minimal w.r.t.
<. then p = p, since p; <.p. O

Theorem 2.2.52. Let A be a lbpd and z,y € A. Then x <.y iff the following two
conditions hold

(1) for every p € FP(x) there exists a q € FP(y) with p <. q

(2) for every q € FP(y,) there exists a p € FP(x) with ¢ <. p.

Proof. Let x,y € A. We have x <, y iff y; € z £ y. By Thm. 2.2.49 the second
inequality is equivalent to (1) and the first inequality is equivalent to (2). O

Lemma 2.2.53. Let A be a lbpd x € A and p € FP(x). Then the following statements
are equivalent:

(1) p<s
(2) pC =z

(3) p=p1
Proof. Suppose © € A and p € FP(x).
ad (1) = (2) : This is obvious.

ad (2) = (3) : Suppose p C —z. As p € FP(z) it follows that p <, x. Thus
pC xM -z =ux,. Using Lemma 2.2.24 we get p =p,.

ad (3) = (1) : Suppose p =p,. As p € FP(x) we have p <; x. Thus by Lemma 2.2.26
it follows that p = ppot <, z,. As x; <, -z it follows p <, —x as desired. O
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Lemma 2.2.54. Let A be a lbpd and x,y € A with x | y. Then it holds that
(1) VpeFP(x).3¢eFP(y).p | ¢
(2) VeeF(x).3deF(y).c ] d

Proof. Suppose z,y € A with z | y.

ad (1) : Suppose p € FP(x). From Thm. 2.2.43 it follows that p, € FP(x). Asp, <,z
it follows that p;, <, x, by Lemma 2.2.26. Thus, p;, <, z; =y, <, y and we have

pL € FP(y) and p | p,.
ad (2) : Suppose ¢ € F(z) then ¢ is finite and ¢ <g x. It follows that ¢, is finite

and ¢; <; x. From Lemma 2.2.26 it follows that ¢; <, z,. As x;, = y,; we have
L <sxy <sy, <sy, thusc, € Fy) and ¢ ] c,. O

Lemma 2.2.55. Let A be a lbpd and z,y € A.

1) If x | y then there ewist elements x',y € [z Uyly with ' <, z, vy <, y and
)
Uy =xUy.

(2) If x T y then there exist elements o',y € [x Myl with v <. 2/, y <.y and
Ny =xMy.

Proof. Suppose z,y € A.

ad (1) : Putting ' := | |FP(zUy)NFP(z) and ¢ := | |FP(xUy)NFP(y) it follows that
¥ <;z,zUyand ¢y <;y,xUy. From Lemma 2.2.29(2)(ii) we get (zUy), =z, My,.
Thus, (xUy), <sz,. lfpe FP((zxUy),) then p € FP(x Uy) and p € FP(z,) C FP(x).
Thus (xr Uy), <s 2/. Now, as (xUy), <2’ < z Uy using Lemma 2.2.25 we get
x Uy | 2’. Analogously, it follows that z Uy [ /. Thus, 2,y € [z Uyl;. For showing
' Uy = x Uy, consider

o Uy = (| |FPxuy) NFP(2)) U (| |FP(xLy) NFP(y))
=| |(FP(z Ly) NFP(x)) U (FP(x Ly) N FP(y))

=| |FP(z Uy) N (FP(z) UFP(y)) (1)
=| |FP(zuy) (t)
=z Uy

where (1) follows from Lemma 2.2.21 and () holds as p € FP(z U y) implies p € FP(x)
or p € FP(y) (since p is prime).

ad (2) : This follows from (1) by duality. O

As final result of this section we show that one can reconstruct a lbpd from the
underlying bistable biorder (cf. | ]). Thus being a lbpd is property of a bistable
biorder rather than an additional structure.
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Theorem 2.2.56. Let A be a lbpd. Then the involution — : |A| — |A] is uniquely
determined by the extensional order T and the stable order <j.

Proof. Suppose A is a lbpd. Given the stable order <, we can reconstruct the stable
coherence relation T by

xTy it Fzeld xy<;z

for all z,y € A.
Since Va,yeA.(x1y — yCz') it follows that 27 = maxc{y € A | z T y}. Thus as
x| yiff 27 =y we obtain the bistable coherence relation of A. Finally since for all

x € A the set [z]; is a boolean algebra with —[f, as boolean negation we get —z as the

least element of all y € [z]; with z Uy =2,

Thus we have determined the involution — in terms of C and <. O

x]I

2.3 Bistable maps

In this section we introduce bistable maps. The notion of bistable map is an extension
of Berry’s notion of stable maps. A stable map preserves infima of stably coherent pairs
while in Lemma 2.3.3 we show that bistable maps can be characterised as those stable
maps that are also costable i.e. preserve suprema of costably coherent pairs.

As usual we call a function f : A — B between lbpds (Scott) continuous iff f is
monotone, i.e. for all z,y € A, x C y implies f(z) C f(y) and preserves directed least

upper bounds w.r.t. C, i.e.
F(LDp) =] £(D)
for all C-directed subsets D C A.
Definition 2.3.1. Let A and B be lbpds. A function f: A — B

e preserves stable (resp. costable, resp. bistable) coherence iff for all z,y € A, x Ty
(resp. x | y, resp. x | y) implies

f(x) 1 f(y) (resp. f(z) | f(y), resp. f(x) ] f(y))

e preserves stably coherent infima (resp. costably coherent suprema, resp. bistably
coherent infima and suprema) iff for all x,y € A, x Ty (resp. x | y, resp. © | y)
implies

fl@mny) = flx)N f(y)
(resp. f(xUy) = f(z)U f(y),
resp. f(xMy) = f(x) 1 f(y) and f(zUy) = f(z) U f(y))

A function f: A — B is called stable (resp. costable, resp. bistable) iff
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(1) f is (Scott) continuous,
(2) f preserves stable (resp. costable, resp. bistable) coherence

(3) f preserves stably coherent infima (resp. costably coherent suprema, resp. bistably
coherent infima and suprema)

If A and B are pointed then a bistable map f is called strict if f(La) = Lp, and f is
called bistrict if f(La) = Lp and f(Ta)=Tg o

Obviously the identity map on a lbpd is bistable and it is an easy exercise to verify
that the composition of bistable maps is also bistable. The ensuing category of locally
boolean (pre)domains and sequential maps will be denoted by LBD (resp. LBPD).

Lemma 2.3.2. Let A and B be lbpds and f : A — B a monotone function then t.f.a.e.

(1) f preserves the bistable order

2) f preserves bistable coherence

(2)

3) f(x)L = f(z.)y forallz e A
@) f(@)T = f@))T forallz e A
(5)

5) f preserves stable and costable coherence

(6) f preserves the stable and the costable order

Proof. Suppose f: A — B is a monotone function.

ad (1) = (2) : Obvious.

ad (2) = (3) : Suppose [ preserves bistable coherence. As x | x, it follows that
f(x) T f(z1). Thus, f(z)L = flzi)..

ad (3) = (4) : Suppose f(z), = f(xy), for all x € A. Using negation we get
f(x)" = f(x)7" for all z € A. In particular, we have f(2")" = f((z"))" = f(z)"
for all z € A. Thus f(z)" = f(z7)" for all z € A.

ad (4) = (5) : Suppose that f(z)" = f(z")" holds for all x € A. Suppose = 1 y,
ie.z Cy' andy Ca'. Then f(z) C f(y") C fly")" = f(y)". Analogously, we get
1) € F@)T, thus f(2) 1 1)

For the preservation of the costable coherence notice that from Vz€A. f(z)" = f(z")T
it follows that VxeA. f(x), (x7),. Thus for all z € A it follows that f(x,), =
[N =fa") = f(x )J_ Suppose = | y, i.e. z; Cy and y, E x. Then f(z),
f(x1)L E f(zy) E f(y), and analogously, f(y)1 C f(x), thus, f(z) | f(y).

ad (5) = (6) : Suppose f preserves stable and costable coherence. Suppose z < v,
then f(z) C f(y) as f is monotone, and f(z) T f(y) as f preserves stable coherence.
Analogously, it follows that f preserves the costable order.

ad (6) = (1) : Suppose preserves the stable and the costable order and « | y. Then
z1yand x|y, thus, f(z) 1 f(y) and f(z) | f(y), thus, f(z) ] f(y). 0
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Lemma 2.3.3. Let A and B be lbpds and f : A — B be monotone. Then f preserves
bistable coherence and bistably coherent infima and suprema iff f preserves stable and
costable coherence, stably coherent infima and costably coherent suprema.

Proof. The reverse implication is obvious.

For the forward implication suppose that f preserves bistable coherence and bistably
coherent infima and suprema and let z,y € A.

Suppose = T y. As f preserves bistable coherence it follows from Lemma 2.3.2 that f
preserves stable coherence. Thus we get f(x) T f(y). As f is monotone it follows that
f(zNy) C f(z)M f(y). Because of Lemma 2.2.55(2) there exist elements 2’,y € A with
]y, e <.2,y <.y and xMy=2'MNy". Thus we have f(z)M f(y) C f(z') N f(y) =
f@ny) = f(zNy). Thus we get f(x) M f(y) = f(x My) as desired. The preservation
of costably coherent suprema follows by duality and using Lemma 2.2.55(1). O

As an immediate consequence of Lemma 2.3.3 we get the following characterisation
of bistable maps which will be used implicitly from now on.

Corollary 2.3.4. Let A and B be lbpds and f : A — B a function. Then f is bistable
iff fis stable and costable.
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3 Locally boolean domains and
Curien-Lamarche games

3.1 Curien-Lamarche games as locally boolean domains

One of the simplest notion of games is the notion of Curien-Lamarche games or Sequen-
tial Data Structures as given in | : ]. The morphism between those games
are given by observably sequential functions. In [ ] R. Cartwright, P.L.. Curien
and M. Felleisen have shown that Curien-Lamarche games and observably sequential
functions provide a fully abstract model for the language SPCF i.e. an extension of PCF
by error elements and control operators catch. Since we want to interpret an infini-
tary extension of SPCF in locally boolean domains we first show that the categories of
Curien-Lamarche games and observably sequential algorithms and locally boolean do-
mains and bistable maps (cf. section 2.3) are equivalent. We will establish a translation
from locally boolean domains to Curien-Lamarche games and vice versa.

We will only give the basic definition of Curien-Lamarche games. For a detailed
introduction we refer to | , , ).

Definition 3.1.1. A Curien-Lamarche game (or simply a CL-game from now on) is a
triple A = (C,V, P) where C' is a set of cells, V' is a set of values and P is a prefiz-closed
set of (finite) sequences whose entries at odd positions are cells and whose entries at even
positions are values. We write (C,V')* for the set of all such alternating sequences, Que 4
for the set of all s in P whose length is odd and Rsp, for the set of all s in P whose
length is even. We write Rspy for the set Rsp, U (Queyx{T}).

A strategy of A is a subset x of Rsp )y such that

(1) x is closed under even length prefizes and
(2) q-v1,qve € x implies vi = vy for all ¢ € Quey and vy, vy € VU{T}.

Notice, that we assume w.l.o.g. that T ¢ V. We write Strat(A) for the set of all strategies
of A. o

Thus a strategy x may be understood as (the graph of) a partial function o : Que, —
V' U{T} whose domain of definition is closed under odd length prefixes and satisfies the
condition ¢-o(q) € Rspj for all ¢ € dom(o).

Given a CL-game A the set Strat(A) ordered by set inclusion is denoted by D(A). A
partial order that is isomorphic to D(A) is called the observably sequential domain gen-
erated by A. We write OSA for the category of Curien-Lamarche games and observably
sequential algorithms (cf. | : | and section 3.3).
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3 Locally boolean domains and Curien-Lamarche games

Next we present the object part of an equivalence between the category LBD of locally
boolean domains and bistable maps and the category OSA. For this purpose we first
define an extensional order on the strategies of a CL-game.

Definition 3.1.2. Let A = (C,V, P) be a CL-game and = a strategy of A and q € Que,
o Ifqw e x for somev € VU{T} we write q € Fill(x) (q is filled in z).
o I[frex and q=r-c for some c € C, we say that q is enabled in x.

o [fq is enabled in x but q ¢ Fill(x), we write ¢ € Acc(x) (g is accessible from x).

o
Definition 3.1.3. Let A be a CL-game. For elements r,s € Rspg we write
rCs iff risapreficofsor(s=qT andq is a prefix of r).
For strategies x,y € Strat(A) we write
xCy iff Vrexdsey.rCs. o

Lemma 3.1.4. Let A be a CL-game. Then C is a partial order on Rsp.

Proof. Obviously, C is reflexive.

Suppose there are r,;s € Rsp} with 7 C s and s C r. Then (r is a prefix of s or
(s = ¢ T and ¢ is a prefix of r)) and (s is a prefix of r or (r = ¢’-T and ¢ is a prefix of
s)). Assuming that r is a proper prefix of s it follows that r = ¢/-T and ¢ is a prefix of s
which is impossible. Assuming that r # s, s = ¢- T and ¢ is a prefix of r it follows that
s is a proper prefix of r which is also impossible. Thus it follows that r = s and we have
shown that C is antisymmetric.

Suppose there are r,s,t € Rsp} with » C s and s C ¢. Then (r is a prefix of s or
(s = ¢ T and q is a prefix of r)) and (s is a prefix of ¢t or (t = ¢/-T and q is a prefix of
s)).

Suppose that r is a prefix of s. If s is a prefix of ¢ then obviously r is a prefix of ¢. If
t =¢-T and q is a prefix of s then r is a prefix of ¢’ or ¢ is a prefix of . Thus in both
cases we get r C 1.

Suppose that s = ¢-T and ¢ is a prefix of r. If s is a prefix of ¢ then it follows that
s=t. If t =¢-T and ¢ is a prefix of s then ¢ is a prefix of r. Thus in both cases we
get r C ¢.

Thus we have shown that T is transitive. O

Lemma 3.1.5. Let A be a CL-game. Then C is a partial order on Strat(A).

Proof. Reflexivity and transitivity of C follow immediately from the definition of C and
Lemma 3.1.4.

For showing that C is antisymmetric suppose there are z,y € Strat(A) with z C y
and y C z. Let r € . Then there exists a s € y with » C s. If r is a prefix of s then as
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3.1 Curien-Lamarche games as locally boolean domains

y is closed under even length prefixes (by Def. 3.1.1(1)) it follows that r € y. Otherwise
we have that s = ¢-T and ¢ is a prefix of r. If s = r then r € y. So, we can assume that
s=gq-T,qis a prefix of r and s # r.

As y C x there exists ' € x with s C 7', If s is a prefix of ' then as s = ¢-T it follows
that v’ = s. Otherwise we have that ' = ¢/-T and ¢’ is a prefix of s. Thus in both cases
it follows that ' = ¢/-T for some ¢ and that ¢ is a prefix of s. Thus it follows that ¢’
is a prefix of . As r # s it follows that there exists a v’ # T with ¢’ - v' is a prefix of
r. Hence it follows from Def. 3.1.1(1) that ¢’ - v' € z. Thus we have ¢’ -v',¢'- T € x in
contradiction with Def. 3.1.1(2)

Thus it follows that » € y. Hence we get « C y. Analogously, it follows that y C x.
Thus we get = y and it follows that C is antisymmetric. O

Definition 3.1.6. Given a CL-game A = (C,V, P) we define D(A) := (Strat(A),C, )
where negation — : Strat(A) — Strat(A) is defined by

-z = (xNRspy) U{q-T | ¢ € Acc(x)}
for all x € Strat(A). o
Lemma 3.1.7. Let A be a CL-game and x € D(A). Then
(1) zU-~z=2zU-x=2U{qgT |q€Acc(x)} and
(2) xM—x=xzN-2=xNRspy
hold.

Proof. Suppose x € D(A). The second equality of (1) (resp. (2)) is an immediate
consequence of the definition of the negation.

ad (1) : Let y € D(A) with z,~2z C y and r € z U —z. Thus r € z or r € -z and it
follows that there exists a s € y with r C s as desired.

ad (2) : Obviously, we have x N =z C z,~z. We show that y T x N —x whenever
y L oz, .

Let y € D(A) with y C x,—z and r € y. Thus there exist s € x and s € -z with
r C s,s. If s € Rspy then we get s € o N Rsp,. Analogously, if s € Rsp, we get
s € xMNRsp,. In case that s,s" ¢ Rsp, we get s = t-c:T and s = t'-¢-T. We proceed by
case analysis on r. If r is a prefix of ¢ or ¢’ we are finished. Otherwise ¢-c and t'-¢’ are
both prefixes of r (because r C s,s"). Thus t-c is a prefix of t'-¢’ or vice versa. W.l.o.g.
suppose that t-c is a prefix of t/-¢/. Ast-ccT =s € x and t/-¢-T = & € -z it follows from
(1) that t-c-T,t-* T € xU—x. As t-cis a prefix of '-¢ it follows from Def. 3.1.1(2) that
t-c =t'-c’. Thus we have t-¢c-T € x, ~x which contradicts Def. 3.1.6.

Thus for each r € y there exists an s € z N —x with » £ s and it follows that
rN-x =zl O

Notice that the previous lemma allows for the definition of stable coherence in D(A).
Next we show that infima (resp. suprema) of stably coherent pairs exists and is given
by their intersection (resp. union).
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3 Locally boolean domains and Curien-Lamarche games

Lemma 3.1.8. Let A be a CL-game and z,y € D(A) withx Ty. If ¢ T €x andr €y
and q is a prefix of r then q- T =r.

Proof. Suppose x,y € D(A) with T y and ¢-T € x. It suffices to show that ¢-v € y
implies v = T. Thus suppose ¢-v € y. As x C y' there exists a s € y' with ¢-T C s.
Thus we have either case ¢-T = s and get v = T by Def. 3.1.1(2), or s = ¢-T and ¢’ is
a proper prefix of ¢ but this contradicts the assumption that ¢-T € y. O

Lemma 3.1.9. Let A be a CL-game and xz,y € D(A) with x Ty. Then
(1) xUy=2Uy and
(2) zNy=xNy

hold.

Proof. Suppose x,y € D(A). Then obviously z Ny € D(A). For showing that x Uy €
D(A) suppose g-v; € x and qvy € y. Asx T y' we get v, = vy or v9 = T. In case
vy = T it follows from y C 2" that v; = v, or v; = T, hence v; = T = vs.

ad (1) : Let z € D(A) with x,y C zand r € tUy. Thus r € x or r € y and it follows
that there exists a s € z with r C s as desired.

ad (2) : Let z € D(A) with z C z,y and r € z. Thus there exist s € z and s’ € y with
r C s,8. We proceed by case analysis on r. If r is a prefix of s and s’ then r € x N y.
In case that r is not a prefix of s we have s = ¢-T and ¢ is a prefix of r. If r is a prefix
of ¢’ then ¢ is a prefix of s’ and it follows from Lemma 3.1.8 that s = §'. If r is not a
prefix of s’ then s’ = ¢’-T and ¢ is a prefix of ¢’ or vice versa. W.l.o.g. suppose that ¢
is a prefix of ¢/. As ¢ T =s €z, ¢ T =5 €y and ¢ is a prefix of ¢ it follows from
Lemma 3.1.8 that s = s’ holds.

Thus for each r € z there exists an s € x Ny with » C s and it follows that x Ny =
xMy. O

Thus we have shown that (D(A),C, ) is a locally boolean order. Next we show that
(D(A),C, ) is directed complete.
First we have the following characterisation of the stable order of D(A).

Lemma 3.1.10. Let A be a CL-game and x,y € D(A). Then x <,y iff t C y.

Proof. The forward implication is an immediate consequence of Lemma 3.1.9. For the
reverse implication suppose x C y. Thus, we have x C y.

For showing that y C ' suppose 7 € y. Then r € z or r ¢ z. Notice that by
Lemma 3.1.7 we have 2" = 2 U {¢-T | ¢ € Acc(x)}. Hence, if r € z then r € 7. Hence
we assume that r ¢ z.

Suppose there exists a s € x with r £ s. If r is a prefix of s then it follows from
Def. 3.1.1(1) that r € z in contradiction with » ¢ z. If s = ¢-T and ¢ is a prefix of r
then as © C y we get s € y, thus it follows from Def. 3.1.1(2) that s = r and hence r € x
in contradiction with r ¢ x.
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3.1 Curien-Lamarche games as locally boolean domains

Thus we have shown that -ds€x.r C s holds. Hence there exists a maximal prefix ¢
of r with t € = (¢t might be €). Ast € Rsp, and ¢ is a proper prefix of r there exists a
cell ¢ such that t-c is a prefix of r and t-c € Acc(z). Thus, t-ccT € 2". Asr C t-c:T we
get y C 2" as desired. O

Next we show that (D(A),C, ) is directed complete.

Lemma 3.1.11. Let A be a CL-game and X C D(A) a directed subset then | | X exists
and is given by

Sy :={re UX | =(FyeX,qeQues. ¢ TEY N r T qT A q prefiz of )}

Proof. Suppose X C D(A) is directed. First we show that Sx is an element of D(A).
Suppose r € Sx and 7’ is an even length prefix of r. If there was a ¢-T € y € X with
r" C ¢ T and ¢ a prefix of 7/ then we get r C ¢-T and ¢ a prefix of r in contradiction
with r € Sx.
Suppose q-v1,q-ve € Sx and vy # vy. As X is directed there exists a ¢ T € y € X
with g-vy,qvy C ¢-T and ¢ is a prefix of q. Thus as v; # T or vy # T it follows that

qv1 & Sx or qve & Sx.

Next we show that Sy is the supremum of X.

First notice the following fact. Let z € X and r € . Then r € Sx or there exists a
y € X with ¢-T € y and ¢ is a prefix of r. Iterating this argument it follows that r € Sx
or there exists a y € X and ¢-T € y with ¢-T € Sx and ¢ is a prefix of r. (Since r has
only finitely many prefixes we eventually get such a y € X and a ¢-T € y.)

Hence it follows that for all x € X and r € x there exists a s € Sx with r C s. Thus
Sx is an upper bound of X.

Finally let y € D(A) with z C y for all z € X. If r € Sx then r € z for some z € X,
thus there exists a s € y with » C s. Hence it follows that Sx C y. O]

Given an element r € Rsp} then we write 7 for the set of even length prefixes of 7.
Obviously, it follows that 7 € Strat(A).

Lemma 3.1.12. Let A be a CL-game. Then p € FP(D(A)) iff p = 7 for a uniquely
determined element r € Rsp ).

Proof. Suppose x € D(A). If |z| is not finite then as 7 C « for all r € z it follows from
Lemma 3.1.10 that = ¢ F(D(A)). On the other hand, if |z| is finite then x has at most
finitely many subsets hence it follows from Lemma 3.1.10 that z € F(D(A)).

So, suppose |z| is finite and suppose that there does not exist an element r € Rspl
with 7 = x. As x is finite there exists a maximal sequence s in x. Thus it follows that
x \ {s} and s are stably coherent elements of D(A) with (z \ {s}) U5 = =x.

Assuming that x C z \ {s} holds. Then as x \ {s} C x it follows that z \ {s} <, z,
hence x \ {s} C z, thus we get x = z \ {s} as contradiction.
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3 Locally boolean domains and Curien-Lamarche games

Assuming that x C 5 holds. Let » € x and suppose ¢-T € § such that ¢ is a prefix of
r. Then it follows that ¢-T = s and from Lemma 3.1.8 it follows that » = s. Thus is
2 C s then for all » € x it follows that r = s or r is a prefix of s. Hence it follows that
z = § for some prefix s’ of s in contradiction with the assumption that x is not of the
form 7 for some r € Rsp .

Thus it follows that x is not prime.

Now, suppose p = 7 for some r € Rspy. Let 2,y € D(A) with 2 T y or = | y and
pLaUy.

In case of x T y there exists an s € x Uy = x Uy with r C s. Hence, pC z or p C y.

In case of x | y then x Uy = (-2 M —y) = (-2 N —y). Thus there exists an
s € ~(—~xN-y) with r C s. If s = ¢v with v # T then s € =z N —y, thus s € -z, ~y,
thus s € z,y and it follows that p C x or p C y.

If s =7c¢T then r € ~z N -y and r-¢T ¢ —x N -y, thus w.lo.g. rcT ¢ -z and
r € —x, thus r-c-T € ==z = z and it follows that p C . l

Hence we can identify the finite prime elements of D(A) with the set Rsp .
Lemma 3.1.13. Let A be a CL-game and x € FP(D(A)). Then x = | |FP(z).

Proof. Let © € D(A). It is easy to check that FP(z) = {7 | r € x}. Thus | |FP(x) =
x. [

Lemma 3.1.14. Let A be a CL-game and p € FP(D(A)). Then p is compact (w.r.t.
C).

Proof. Suppose p € FP(D(A)). Then by Lemma 3.1.12 there exists a 7 € Rsp, with
7 =p. Let X C D(A) be directed with p C | | X. Thus there exists a s € | | X with
r C s. Using Lemma 3.1.11 it follows that there exists a * € X with s € z and hence
pC . [l

Theorem 3.1.15. Let A be a CL-game. Then D(A) is a locally boolean domain.

Proof. From Lemma 3.1.7, Lemma 3.1.9 and Lemma 3.1.11 it follows that D(A) is
a complete 1bo. From Lemma 3.1.13 and Lemma 3.1.14 ensure that D(A) fulfils the
requirements (1) and (2) of Def. 2.2.3. O

3.2 Locally boolean domains as Curien-Lamarche games

In this section we show how to construct a CL-game from a locally boolean domain. For
this purpose we divide the set of finite prime elements of a lbd into a set of cells and a
set of values. The set of positions of the CL-game will be derived from the tree structure
of the finite prime elements.

Notice that we will write < to denote the neighbourhood relation induced by the
stable order <, i.e. x <5y iff x <, y, z # y and there does not exist an element z with
r<sz<;yandxF#z#y.
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3.2 Locally boolean domains as Curien-Lamarche games

Definition 3.2.1. Let A be a lbpd. A cell in A is an element ¢ € FP(A) with ¢ # ¢, .
We write Cell(A) for the set of cells in A. o

Lemma 3.2.2. Let A be a lbpd, p € FP(A) and a € A with a € At(a). Ifay <spC a
then a € Cell(A).

Proof. Let p € FP(A), a € A with a € At(a) and a; <, p C a. From Lemma 2.2.40 it
follows that there exists a unique ¢ € FP(a) with gUa; =a. AspC a=qUa, and pis
prime we get p C g since plZ a,. Thusa, Cqgand asqlla;, =awegetgq=a#a,. [

Lemma 3.2.3. Let A be a lbpd and p € FP(A). If p is not <s-minimal then there ezists
a unique cell ¢ € Cell(A) with ¢, <5 p C c. We also write C(p) for this unique cell c.

Proof. Let p € FP(A) such that p is not <;-minimal. Thus, it follows from Thm. 2.2.43
that there exists a unique d € FP(A) with d <, p. Further, by Lemma 2.2.38 it follows
that d = d,. Asd, = d <, p it follows that d, — p T d'. Thus d, = d'. Thus
At(d) # (0. Hence it follows from Lemma 2.2.42 that there exist an atom a € At(d) with
p C a and using Lemma 3.2.2 it follows that a € Cell(A).

For showing uniqueness of a suppose there exists a cell a’ € Cell(A) with a # o' and
a/| <s p C d. Then it follows from Thm. 2.2.43 that o/, = a,. Thus we have @/, ] ay
and as p C a,d’, a # o’ and a,a’ € At(d’) it follows that p C aTa’ = @/, in contradiction
with o/, < p. O

Definition 3.2.4. Let A be a lbpd, ¢ € Cell(A) and x € A. We say that x fills ¢ with
value v iff v € FP(z) and c; <5 v C c. We say that z fills ¢ iff there exists a v € FP(x)
with ¢, <5 v E c. We define

Fill(x) := {c € Cell(A) | = fills ¢} .
We call a cell ¢ accessible from z iff c; <, x and x does not fill c. We define

Acc(x) := {c € Cell(A) | ¢ is accessible from x} .

Next we collect a few properties of the notion of filling.

Lemma 3.2.5. Let A be a lbpd, ¢ € Cell(A) and v € A with ¢, € FP(x). Then = does
not fill ¢ iff x € —c.

Proof. Due to the assumption ¢; € FP(z) we have x C ¢'. Thus, for every p € FP(z)
we have p C ¢ = clJ —c and as p is prime that p C c or p C —c.

The statement x C —c is equivalent to YpeFP(z).3¢€FP(—c¢). p <. g which in turn is
equivalent to the negation of Ip€FP(x).VgeFP(—c).p £. q. We are finished if we can
show that for all p € FP(x) it holds that

pfills ¢ iff VgeFP(—c).p L. ¢

as then x C —c iff —=3p € FP(z). (p fills ¢), i.e. iff # does not fill c.
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Suppose z fills ¢, i.e. there exists a p € FP(z) with ¢, <4 p C ¢. Suppose ¢ € FP(—c¢)
with p <. q. ThenpC cand pE ¢ C —cand thusc; CpC clM—-c=cy,ie. p=cy
contradicting the assumption c¢; < p.

Suppose that

Vg € FP(=c).p £c q (1)

holds. Then it cannot hold that p <, ¢, as then p € FP(—¢) which implies p €. p by
(1). AspE a2 C ' it follows that p C c or p C —ec.

Next we show that p C —¢ cannot hold. Suppose p C —c. Then as p is finite prime
there is a ¢ € FP(—¢) with p C ¢. By Thm. 2.2.48 we have p <; q or p <. ¢. Thus we
have to consider the cases p <. g and p <, ¢ (since p = ¢q implies p <. q).

If p <. ¢ holds then using (1) we get a contradiction since ¢ € FP(—c¢).

If p <5 q holds then p = p;, C ¢, C ¢, and, therefore, by Lemma 2.2.24 it follows
that p <, ¢, in contradiction with ¢, <, p.

Thus we have shown p £ —c¢ and since p C ¢ or p C —c¢ it follows that p C ¢, i.e. p <, ¢
or p <.c. If p<s;cthen p, =pC c; and thus p <, ¢; which we have already seen
to be impossible. Thus we have p <. c,i.e.pEcand ¢, C p;. Thus ¢; <, p; <;p.
It follows that ¢; # p as otherwise p <, ¢, which we have already refuted. Thus we
have shown that ¢; <, p C ¢ holds and using Thm. 2.2.43 it follows that there exists a
v € FP(p) (namely p itself) with ¢, <5 v C ¢, i.e. p fills ¢ as desired. m

Lemma 3.2.6. Let A be a lbpd, p € FP(A) and c € Cell(A). Then p fills c iff c; <sp E
c.

Proof. For the forward implication suppose p fills ¢, i.e. there exists an element v € FP(p)
with ¢, <5 v C ¢. Thus we get that ¢; € FP(p) and it follows from Lemma 3.2.5 that
pZ —c. As ¢, <, p it follows that p C ¢' = ¢l —c and as p is prime we get p C ¢ or
p E —c. Thus p C ¢ since p C —c is impossible.

For the reverse implication suppose ¢; < p C ¢. As FP(p) is finite, ¢; € FP(p) and
¢, <s p there exists an element v € FP(p) with ¢, <5 v <; p C ¢. Thus p fills c. O

Lemma 3.2.7. Let A be a lbpd and p,q € FP(A). Ifp fills cell ¢ with value v and p <, q
then q also fills ¢ with v.

Proof. Suppose p fills cell ¢ with value v. Then v € FP(p). If p <, ¢ then v € FP(p) C
FP(q), thus ¢ fills ¢ with v. m

Lemma 3.2.8. Let A be a lbpd and ¢ a cell in A. If p1,ps € FP(A) with py T pa that
both fill ¢ then pi M py also fills c.

Proof. As p; T po their infimum p; M ps exists and is an infimum also w.r.t. <,. As p;
and ps both fill the cell ¢ we have ¢, <, p1Mps C c. It remains to show that ¢, # p; Mps.
Suppose ¢; = pi M ps. Then ¢ C ¢' = —p; LU —=p,. As ¢ is prime we have ¢ © —p; or
¢ C —py, ie. p1 C —cor po C —e. As py,ps C c it follows that py C ¢, or py E ¢;. As
c; C p1,py we have p; = ¢, or ps = ¢, in contradiction with the assumption that both
p1 and po fill c. O]
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Lemma 3.2.9. Let A be a lbpd and ¢ a cell in A. Let py,pa € FP(A) that both fill ¢ and
are <g-minimal with this this property. Then py T po implies p1 = ps.

Proof. Suppose p; and py are finite primes that both fill ¢ and are <,-minimal with this
property. Assume p; T pg. Then by Lemma 3.2.8 the element p; Mps fills ¢ as well. Thus,
as p; and py are <,-minimal primes filling ¢ it follows that p; = p; M ps = po. n

As an immediate consequence of the above lemmas we get:

Corollary 3.2.10. Let A be a lbpd, ¢ € Cell(A) and x € A. Then x fills ¢ with at most
one value.

Corollary 3.2.11. Let A be a lbpd, c € Cell(A) and z,y € A with x Ty. If x fills ¢ with
value v and y fills ¢ with value v' then v =v'.

Further for elements x and y that belong to the same connected component w.r.t. <,
i.e. FP(z) NFP(y) # 0, we get the following characterisation of stable coherence.

Lemma 3.2.12. Let A be a lbpd and x,y € A with FP(z) NFP(y) # 0. Then x 1 y iff
each cell ¢ filled by x and y s filled by both with the same value.

Proof. Suppose z,y € A with FP(z) N FP(y) # 0.

The forward implication is given in Cor. 3.2.11.

For the reverse implication suppose that each cell ¢ filled by x and y is filled by both
with the same value. Let p € FP(z). We show that p C ¢'.

If p is <;-minimal then as FP(z) N FP(y) # 0 it follows that p € FP(y) and thus
p € FP(y"). Hence we can assume that p is not <,-minimal. Thus by Lemma 3.2.2
there exists a unique cell ¢ with ¢; <5 p C ¢, thus z fills ¢ with p. We proceed by case
analysis:

Suppose y fills ¢. Then y fills ¢ with p and it follows that p € FP(y), thus p € FP(y").

Suppose y does not fill ¢. As p is finite it follows using Thm. 2.2.43 that there exists a
q € FP(y) that is <;-maximal with ¢ <, p. As ¢ <, p there is a v € FP(z) with ¢ < v,
i.e. there is a cell ¢ filled by x with v and ¢, = ¢. As v ¢ FP(y) it follows that ¢ is
not filled in y. Using Lemma 3.2.5 we get y © —=¢/. Thus, ¢ C -y C y'. As p fills ¢ it
follows that p C ¢, thus p C y .

Thus we have shown that VpeFP(x).p C y'. Hence we get x C y'.

Analogously, one can show that y C =" holds, thus we get x Ty as desired. O]

Lemma 3.2.13. Let A be a lbpd, x € A, ¢ € Cell(A) and x fills ¢ with value v. Then
either v = v, orv =c.

Proof. Suppose x fills ¢ with v. Then ¢, <, v £ ¢. Assuming v # c it follows that
v ¢ [c]; since ¢ is an atom. Thus ¢, # v, and as ¢, <, v it follows that ¢; <, v, <, v
and hence v, = v since ¢ <, v. O

Lemma 3.2.14. Let A be a lbpd, ¢ € Cell(A) and z,y € A with x T y and ¢, €
FP(z) NFP(y). If x fills ¢ with value v then y fills ¢ with v or c.
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Proof. Suppose ¢ € Cell(A), z,y € A with x C y, ¢, € FP(z) NFP(y) and z fills ¢ with
value v. Then by Lemma 3.2.5 it follows that x [Z —c, thus y [Z —c and using Lemma 3.2.5
again we get that y fills ¢. Thus, there exists a v’ € FP(y) with ¢, <5 v' C ¢. If v/ = ¢ we
are done. Hence we assume that v’ # c¢. Thus, we have v' = ¢/, by Lemma 3.2.13 and it
follows that v € FP(y,) C FP(—y). As x T —y it follows that v T v' and by Lemma 3.2.9
we get v = v’ as desired. O]

Using the above lemma we get the following characterisation of the extensional order
of Ihds:

Lemma 3.2.15. Let A be a Ibd and x,y € A. Then x C y iff

VeeCell(A).VveFP(A). (x fills ¢ withv —
(y fills c withv Vv 3deCell(A). (v fills ¢ N 'y fills ¢ with ))).

Proof. Suppose z,y € A.

For the forward implication suppose that x C y, ¢ is a cell and x fills ¢ with v. Thus
v € FP(z) and it follows from Thm. 2.2.49 that there exists a ¢ € FP(y) with v <. q.
If v < g then v € FP(y) and it follows that y fills ¢ with v. Hence we can assume
that v £, ¢. Thus v <, ¢. Thus ¢ C v, and v C ¢q. As q. C v, it follows that
qL <sv; <sv. Thus we get g, <, v E g, i.e. ¢ is a cell filled by v and y fills ¢ with q.

For the reverse implication we show that VYpeFP(x).3¢€FP(y). pCq holds.
Suppose p € FP(z) and w.l.o.g. p # L. Then there exists a cell ¢ filled by x with value
p and we have to consider two cases:

(1) y fills ¢ with p : Then p € FP(y) and we are finished.

(2) 3ceCell(A). (p fills ¢ Ay fills ¢ with ¢’) : Then by Lemma 3.2.6 we get that p C ¢.
As y fills ¢ with ¢ we have ¢ € FP(y). Thus p C y as desired. O

Next we show how to construct a CL-game from a Ibd. We will interpret the elements of
a Ibd as strategies of the associated CL-game. Notice that for cells ¢ we have ¢, <, cC ¢
and we interpret ¢ € FP(z) as the strategy x fills the cell ¢ with T. The following notion
will be useful:

Definition 3.2.16. Let A be a Ibd and p € FP(A) with p # L. We write ‘p for the
sequence

® ClU1...CpU, iff p=pL and v, =p
® Ul ...Cp1Un_1Cy Uff pF#pL and c, =p

with ¢1;, = L, ¢;1 <s v; © ¢ foralli € {1,...,n} and v; = ciy1, for all i €
{1,...,n—1}. We call p the position generated by p.
Notice that Lemma 3.2.3 and Thm. 2.2./3 ensure that p is well defined. o
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3.2 Locally boolean domains as Curien-Lamarche games

Theorem 3.2.17. Let A be a lbd. Then G(A) := (Ca, Va, Pa) with
® A= CeII(A)
o Vy:=FP(A)\ ({L}UCell(A))

o Py:={p [peFP(A)\{L}}
is a CL-game.

Proof. The set of positions P, is obviously closed under non-empty prefixes. Thus
(Ca,Va, Py) is a CL-game. O

Lemma 3.2.18. Let A be a lbd and p,q € FP(A). If D A'q € Rspga) thenp 1 q.

Proof. Suppose p,q € FP(A) with 9 A ¢ € Rspg(a)- W.lo.g. we assume that p # q.
Thus there exists a response r € Rspg4) and ¢, d € Cell(A) with ¢ # d such that r-c
is a prefix of p and 7-d is a prefix of ¢. It follows from Def. 3.2.16 that ¢, = d,.
Now using Lemma 3.2.3 and Thm. 2.2.43 it follows that p does not fill the cell d, and
as d; = c; € FP(p) it follows from Lemma 3.2.5 that p C —d. Thus d C —p C p', and
since ¢ fills d using Lemma 3.2.6 we get ¢ T d C —p = p'. Analogously, we can show
that p C ¢" holds. Thus p T ¢ as desired. O

Lemma 3.2.19. Let A be a lbd and x € A. Then
Sy ={D |peFP@)NV4}U{c-T |ceFP(x)NCs}
is an element of G(A). Further, |G(A)| = {S, | x € A}.

Proof. Suppose x € A. Then it follows from Thm. 2.2.43 that S, is closed under response
prefixes. Let ri,79 € S, with r1 A ry # €. Suppose 1 A ry is not a response, i.e. 1y A ry
is a query ¢ = r’-c. Thus there exist v, v, € V such that ¢-v; is a prefix of r1, q-vs is a
prefix of ry and vy # ve. As vy,ve € FP(z) it follows that v; T vy, and since v; and v
both fill ¢ and are minimal with this property it follows from Lemma 3.2.9 that v; = vy
in contradiction with vy # vs.

For showing that each strategy of G(A) is of the form S, for some x € X suppose
s € G(A). Let

FP,:={veVy| v esju{ceCsl|c-T es}.

we will prove that TFP, and S| rp, = s. Suppose p,q € FP, and w.l.o.g. we assume
p # p/. As s is a strategy it follows that p A g € Rspg(4)- Hence, it follows from
Lemma 3.2.18 that p T ¢. For showing that S| |rp, = s suppose r € s. Thus there exists
ap € FP(A) with r = p or r = p-T. In either case it follows that p € FP,. Thus
p € FP(| |FPy), thus r € S| jrp,. For the reverse inclusion suppose r € S| jrp,. Hence,
there exists a p € FP(| |FP,) with r = % or 7 = p-T. Thus, there exists a p’ € FP,
with p <, p/ and as s is closed under response prefixes it follows that p € FP,. Hence,
we have r € s as desired. O]
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3 Locally boolean domains and Curien-Lamarche games

3.3 Observable sequentiality vs. bistability

In this section we show that the notion of bistable maps between Ibpds coincides with
the notion of observably sequential maps between CL-games as introduced in | ,

. For this purpose we show that bistable maps are exactly those maps that
are sequential in the sense of Milner-Vuillemin (cf. | : : |) and error
propagating.

Definition 3.3.1. Let A and B be lbpds and f : A — B a function that is continuous
w.r.t. <s. If ¢ is a cell accessible from f(z) and there exists a y € A with x <g y and

f(y) fills ¢ then a sequentiality index for f at (z,c) is a cell ¢ accessible from x such
that for every y with x <gy if f(y) fills ¢ then y fills c. o

Definition 3.3.2. Let A and B be lbpds. A function f : A — B s called sequential
in the sense of Milner-Vuillemin (or simply MV-sequential), iff f is continuous w.r.t.
<s and whenever x <g y, ¢ € Acc(f(x)) and f(y) fills ¢ then there exists a unique
sequentiality index for f at (x,c).

We say that a MV -sequential function f is error propagating iff for any sequentiality
index q at (z,q'), if ¢ is filled by f(y) for some y with x <sy then f(xUq) fills ¢ with

/

q.
We further say that f is observably sequential if f is MV-sequential and error prop-

agating. o

In the following sequence of lemmas we show that a bistable map between locally
boolean predomains is also observably sequential.

Lemma 3.3.3. Let A and B be lbpds and f : A — B a bistable map. Suppose x,y € A
with x <s y and ¢ € Acc(f(x)) such that f(y) fills ¢. Then there exists a unique
a € At(x) with f(a) L = and for this unique a it holds that f(—a) C —c .

Proof. Suppose z,y € A with x <; y and ¢ € Acc(f(x)) such that f(y) fills c. As
d <s f(z) <s f(y) and f(y) fills ¢ it follows from Lemma 3.2.5 that f(y) £ —¢. As
v <,y wegetyC a', thus f(z") Z —c (as otherwise f(y) C —c). As f(z') =
fFUAL(x)) = Usearm) f(a) (because JAt(z) and f is bistable) there exists an atom
a € At(z) with f(a) Z —¢.

Suppose there exists an atom a’ € At(z) with o’ # a and f(a') £ =¢. As ¢ is prime,
f(a) ] f(a) and f(a), f(a') £ —c it follows from Lemma 2.2.2 that f(a) M f(a’) € —¢.
Thus f(z,) = faMd) = f(a) N f(a') L = and it follows that f(z) £ —¢. By
Lemma 3.2.5 it follows that f(x) fills ¢ in contradiction with ¢ € Acc(f(z)).

Since ¢ € Acc(f(x)) it follows from Lemma 3.2.5 that f(z) C —¢. Thus we have
fla) 1 f(=a) = f(aM—a) = f(zxy) C f(zr) C = and as ¢ is prime it follows that
fla) C = or f(—a) E =¢. As f(a) C = is impossible it follows that f(—a) C —¢ as
desired. O

Lemma 3.3.4. Let A and B be lbpds. If f : A — B 1s bistable then f is observably
sequential.
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3.3 Observable sequentiality vs. bistability

Proof. Suppose f: A — B is bistable.

First we show that f is continuous w.r.t. <,. Let X C A be directed w.r.t. <,. Then
X C A be directed w.r.t. C and as f is continuous it follows that f(| | X) = || f[X]. As
f is monotone w.r.t. <, it follows that f[X] is directed w.r.t. <,. Thus it follows from
Lemma 2.2.13 that | | f[X] is also the supremum of f[X] w.r.t. <.

Next we show that f is MV-sequential. Suppose z,y € A with =z <, y and ¢ €
Acc(f(z)) such that f(y) fills ¢. Then by Lemma 3.3.3 there exists a unique atom
a € At(x) with

fla) & = (1)

and for this unique a it holds that

f(ma) E = (1)

From Lemma 2.2.40 it follows that there exists a unique ¢ € FP(a) with a =z, U ¢ and
for this c it holds that ¢ # ¢;. Thus c is a cell. We show that ¢ is a sequentiality index
for f at (x,c).

First notice that for all z € A with x|, <, z it holds that z C ', thus

z2C-a < zLC—=(xypUc

& zEmTl_l—'c

(%)

& z2zCz' and 2C —c

& 2L e

Suppose = [Z —c. Then by (§) we get  [Z —a. Thus as a € At(x) it follows that
a<px. As f(a) £ = it follows that f(x) IZ =¢/. Thus by Lemma 3.2.5 it follows that
f(z) fills ¢ in contradiction with ¢ € Acc(f(x)). Hence we have z C —¢, and as ¢ <; a
we have ¢; <;a; = x| <; z. Thus from Lemma 3.2.5 it follows that x does not fill c.
Hence as ¢ <; x we get ¢ € Acc(z).

Let z € A with # <; z and suppose f(z) fills ¢. Then from Lemma 3.2.5 we get
f(z) € . As f(—a) C = it follows that z £ —a. Thus by (§) it follows that z £ —c,
and as ¢; <, x <, y it follows from Lemma 3.2.5 that z fills ¢. Thus we have shown
that ¢ is a sequentiality index for f at (x, ).

For showing uniqueness of this sequentiality index suppose there exists a sequentiality
index d for f at (z,c) with d # ¢. As | <, f(z) it follows that ¢, <, f(z), = f(a). <
f(a) and as f(a) £ = it follows from Lemma 3.2.5 that f(a) fills ¢. Thus a fills d with
some value v.

Suppose v = v, . Then as v <, a (since a fills d with v) it follows that v; <; a,. Thus
v=v, <ga; =x; <gx. Thus z fills d in contradiction to d € Acc(x). Thus we have
v # v, and it follows from Lemma 3.2.13 that v = d. Thus d € FP(a). As z, T d it
follows from Lemma 2.2.41 that z; Ud € At(x). Thus as z,,d <; a we get z; Ud = a.
From Lemma 2.2.40 it follows that d is the unique element in FP(a) with d # d, and
a=dUz, in contradiction to ¢ € FP(a), c# ¢y, a =cUx, and ¢ # d.

47



3 Locally boolean domains and Curien-Lamarche games

Finally, for showing that f is error propagating notice that we have already shown
that f(a) fills ¢. Thus there exists a v" € FP(f(a)) with ¢, < v C ¢. Asa | z
and f is bistable it follows that f(a) [ f(x) thus f(a), = f(z).. Suppose v = v/
then v = v < f(a)L = f(z)L <s f(z), thus v/ € FP(f(z)) in contradiction to
¢ € Acc(f(z)). Thus v # ¢ and it follows that v' = ¢. As ¢ € FP(f(a)) and
a=ux; Ue<;xUcit follows that ¢ € FP(f(x Uc¢)). Thus f(zUc) fills ¢ with ¢. O

In the next lemma we show that an observably sequential map between locally boolean
predomains is also bistable.

Lemma 3.3.5. Let A and B be lbpds and [ : A — B. If f is observably sequential then
f is bistable.

Proof. Suppose f is observably sequential.

f is monotonic w.r.t. C : Suppose = = y and p € FP(f(x)). We show that p C f(y)
holds.

As f is continuous w.r.t. <, there exists an e € F(x) with p <, f(e). Since x C y by
Thm. 2.2.50 it follows that there exists a d € F(y) with e <. d. Let s := | |(FP(e)NFP(d)).
(Since e C d it follows from Lemma 2.2.32 that FP(e) N FP(d) # 0, thus s exists.)

If p £ f(s) then p E f(s) <, f(d) < f(y)-

Hence we can assume that p IZ f(s). Then p ¢ FP(f(s)). Let g be the greatest
element w.r.t. <; of {¢ € FP(p) | ¢ <s f(s)} (¢ exists because FP(p) is finite and by
Thm. 2.2.43 linearly ordered w.r.t. <;.) As ¢ <, p we have ¢, = ¢q. Then there exists a
unique cell ¢ € Cell(B) such that ¢/, = ¢ and ¢ is filled by p and f(e) with some value w.
As ¢, = q <, f(s) <s f(e) it follows from Cor. 3.2.11 that if f(s) fills ¢ then f(s) fills
¢ with w which is impossible since otherwise ¢ = ¢, <s w <, p, f(s) in contradiction to
maximality of ¢g. Thus ¢ € Acc(f(s)). Since f is MV-sequential there exists a unique
sequentiality index ¢ for f at (s,c¢’). As f(e) fills ¢ and s <; e it follows that e fills ¢
with some value v. As ¢; <, s <, d it follows from Lemma 3.2.14 that d fills ¢ with v
or ¢. If d fills ¢ with v then since both e and d fill ¢ with v and s = | |(FP(e) N FP(d))
it follows that s fills ¢ with v in contradiction to ¢ € Acc(s). Thus d fills ¢ with ¢ from
which it follows that ¢ <g f(c) <s f(d) as f is error propagating. As p fills ¢ it follows
from Lemma 3.2.6 that p C ¢/. Thus p C ¢ <, f(c) <s f(d) <s f(y).

f is continuous w.r.t. C : Let X C A be directed w.r.t. C. As we already know that f is
monotone w.r.t. C it follows that f(X) is directed, | | f(X) exists and | | f(X) T f(|] X).
For showing the reverse inequality let p € FP(f(| | X)). As f is continuous w.r.t. <,
there exists an element e € F(| | X) with p <, f(e). As e is compact there exists az € X
with e C z, and as f is monotone w.r.t. C we get f(e) C f(x). Thus, we have that

p<s fle) E f(z) ELf(X).

f preserves bistable coherence: By Lemma 2.3.2 it suffices to show that f(z,), =
f(x)y for all z € A. Suppose z € A. As f is monotone w.r.t. < it follows that
flzy) <s f(x), thus f(x,), < f(x),. For showing the reverse inequality suppose
p € FP(f(z).). Then we have p = p,. If p is <,-minimal we get p <; f(x,), since
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p 1 f(xy).. Hence we can assume that p is not <,-minimal. Thus, there exists a unique
cell ¢ with ¢; <4 p C ¢, i.e. p fills ¢ with value p.

We show that f(x), fills ¢. Suppose f(x,), does not fill c. Hence p ¢ FP(f(z1).).
Let g be the greatest element w.r.t. <; of {q € FP(p) | ¢ <s f(z1).} (g exists because
p 1T f(x1), and FP(p) is finite and by Thm. 2.2.43 linearly ordered w.r.t. <,.) As
q <s f(xy), we get ¢ <s; q and as ¢ <, p it follows that there exists a cell ¢ with
¢, = ¢ that is filled by p value v’. By maximality of ¢ it follows that v' ¢ FP(f(z.),).
Thus as p T f(z 1), it follows from Cor. 3.2.11 that f(z,), does not fill ¢. As | =q €
FP(f(z1).) we get ¢ € Acc(f(x1),).

Suppose that f(z) fills ¢ with value w’. If v’ = w’| then from w' = w'| < f(z,) we
get w' <, f(x,), which is impossible since f(z,), does not fill ¢. Assuming w’ # w’
then w' = ¢ and as v’ = ¢ <y f(z,) and f is monotone w.r.t. <; it follows that
¢ € FP(f(z)). As p. = p € FP(f(x)) fills ¢ with value v" = ¢/ it follows that f(z) fills
¢ with v' # ¢ and we have a contradiction.

Thus as ¢, <, f(x1)1 <s f(z1) and f(z,) does not fill ¢ we have ¢ € Acc(f(x.)).
As f is observably sequential and p fills ¢ and p <, f(z), it follows that there exists a
unique sequentiality index r for f at (x,c).

As f(x), and therefore also f(z) fills ¢’ it follows that x fills » with some value w.
Assuming u = wu, it follows from v = u, <; x that u <; x,. Hence z, fills r in
contradiction with r € Acc(xy). Thus u; # u = r and it follows that r € FP(z). As f
is error propagating and r, <, z and f(x) fills ¢ it follows that f(x, Ur) fills ¢ with ¢
Thus ¢ € FP(f(z, Ur)) and as z,,r <, z, thus z; Ur <; z, and f is monotone w.r.t.
<, it follows that ¢’ € FP(f(z)). As p = p, € FP(f(x)) fills ¢ with some value v/ = v/,
we get a contradiction and it follows that f(z, ), fills ¢.

Thus f(z,), fills ¢ with some value v. As f(x ), T f(z), by Cor. 3.2.11 we get v = p.
Thus we have p € FP(f(x1).1).

[ preserves bistably coherent infima and suprema: Suppose z,y € A with « | .
As we already know that f preserves bistable coherence it follows that f(z) [ f(y).
Hence f(x) M f(y) and f(z) U f(y) exist, and as f is monotonic w.r.t. <, we have
fleMy) < f(x) N f(y) and f(z) U f(y) <s f(zUy).

Suppose f(z My) <s f(z) M f(y) then there exists a cell ¢ that is accessible from
f(xMy) and filled by f(x) M f(y). Let ¢ be the sequentiality index at (x My, ). Then
¢ € Acc(x My) and there exist v and w such that ¢ is filled by = with v and by y with
w. As x T y it follows from Cor. 3.2.11 that v = w. Thus using Lemma 2.2.21 we get
v € FP(z My) in contradiction with ¢ € Acc(x My).

For showing that f(x Ly) C f(x) U f(y) suppose p € FP(f(z Uy)). We have either
(1) p=pior (2) p#pi. Incase (1) weget p=p1 <, flzUy)L = flz)L < fz) <
f(z)U f(y) since f is monotone w.r.t. <, and preserves bistable coherence.

In case (2) first notice that:

If ¢ is a cell filled by = but not filled by z, then x fills ¢ with value ¢ (since for
(f) all finite prime elements p with p = p, we have p € FP(x) iff p € FP(x,)) and
¢ € Acc(z ) (since ¢; <; x and hence ¢; <;z,).
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3 Locally boolean domains and Curien-Lamarche games

We have p # p,, hence p is a cell.

Let us assume that f(xUy), fills p. Then as f(zUy), T f(xUy) and as f(zUy) fills p
with p it follows from Cor. 3.2.11 that f(xUy), fills p with p. Hence p € FP(f(zUy).)
in contradiction with p # p,. Thus f(z Uy), does not fill p.

If f(x) fills p then as f(x), = f(x Uy), (since f preserves bistable coherence) it
follows from (I) that f(z) fills p with p, and hence p <, f(x) C f(z) U f(y).

Thus, suppose f(x) does not fill p. Thus f(z,) does not fill p (since f(x ) <s f(z)). As
P <s fleUy)r = f((zUy))r = flz1)L = f(z)1L < f(z1) we have p € Acc(f(z1)).
As z; <, xUy and p € FP(f(x Uy)), ie. f(z Uy) fills p (with p), there exists a
sequentiality index ¢ for f at (z,,p). As (zxUy), =2, and =, does not fill p it follows
by (1) that x Uy fills ¢ with ¢, i.e. ¢ <, x Uy. As ¢ is prime it follows that ¢ C x or
cCy. As c € Acc(zy) we have ¢; C x; =y, and thus ¢ <, z or ¢ <, y.

As f is error propagating f(z, U ¢) fills p with p. If ¢ < x then z;, Uc¢ <; x and
thus f(z; Uc) <g f(x) from which it follows that f(x) fills p with p contradicting the
assumption that f(z) does not fill p. Thus we have ¢ <; y. As x, Uc <; y and thus
flzyUe) <s f(y) it follows that f(y) fills p with p. Thus p <, f(y) <s f(x)U f(y). O

Using Lemma 3.3.4 and Lemma 3.3.5 we get the following characterisation of bistable
maps between locally boolean domains.

Theorem 3.3.6. Let A and B be lbpds and f : A — B. Then f is bistable iff f is
observably sequential.

3.4 Equivalence of the categories LBD and OSA

Using the results of the previous sections of this chapter we show that the categories
LBD and OSA are equivalent.

Theorem 3.4.1. Let A be a lbd. Then A= D(G(A)).

Proof. We have D(G(A)) = (|G(A)|,7,C) = ({S: | * € A},—-,C) by Lemma 3.2.19.
Obviously, the mapping x — S, is a bijection from |A| to {S, | z € A}.

Suppose x,y € A with = C y, i.e. VpeFP(z).3¢g€FP(y).p C ¢, or equivalently (t)
VpeFP(z).3g€FP(y).p <s; ¢V p <. q (by Thm. 2.2.48). Since (}) is equivalent to the
fact that VreS,.3s€S,. 7 C s we get x C y iff S, T .5,

Suppose x € A. Then

S ={P |p€FP(=2)NVa}U{C T |c€FP(=z)NCys}

and
~8 = (82 NRspga)) U{q-T | g € Acc(S:)}-
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Suppose 7 € Rspg4y. Then

re-S, & res
&  IpeFP(@)NVar =D
&  peFP(x).p=p . Ar=T
&  JpeFP(—a).p=piAr=T7
& peFP(—z)NVar=p
&S resS.,.

Suppose 1 € Rspg 4y, ¢ € C4 and ¢ = r-c € Queg(4). First notice that:

If g is enabled in S, then either ¢ = c or there exist ¢’ € Queg(4y and v € V4 such
that ¢ = ¢’-v-c. In the first case we have ¢; = | and in the second case we have

(1) ¢, = v, thus in both cases we have ¢; € FP(x). On the other hand, if ¢, € FP(x)
then obviously ¢ is enabled in S,.

Thus, we get

q-T €S, q € Acc(S,)

q is enabled but not filled in S,

q is enabled in S, and z C —¢ (1)
q is enabled in S, and ¢ C —x

¢ € FP(-x) (8)

g T €S,

to o0

where (1) follows by (1) and Lemma 3.2.5, and (§) holds as ¢ = ¢ is enabled in S, iff
c; € FP(z) iff ¢, € FP(—x), and ¢, < 2, and ¢ C -z iff ¢ <, -
Thus, we have shown that S_, = =S, and it follows that A = D(G(A)). O

Notice that in the category of CL-games and observably sequential maps two objects
A and B are isomorphic iff (Strat(A), C) = (Strat(B), Q).

Theorem 3.4.2. Let A= (C,V, P) be a CL-game. Then A= G(D(A)).

Proof. Suppose s € A. Then s € D(A) and it follows from Lemma 3.1.12 that FP(s) =
s N Rsp). Hence, we get by Lemma 3.2.19 that

Ss={P |pesnRep} U{C-T|cesn(Quesx{T}H}

is a strategy of G(D(A)). The map s — S is obviously injective and preserves and
reflects the subset relation. As the strategies of A are the elements of D(A) it follows
from Lemma 3.2.19 that s — S, is surjective. [

Theorem 3.4.3. The category LBD of locally boolean domains and bistable maps is
equivalent to the category OSA of Curien-Lamarche games and observably sequential
algorithms.
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3 Locally boolean domains and Curien-Lamarche games

Proof. We define the functors D : OSA — LBD and G : LBD — OSA on objects
as given above. If f € OSA(A, B) then we put D(f)(z) = f(z) for all x € D(A). If
f € LBD(A, B) then we put G(f)(x) = Sy rp,) for all z € G(A).

In Thm. 3.4.1 and Thm. 3.4.2 we have show that the object parts of the functors D and
G are essentially surjective. Further it follows from Thm. 3.3.6 that for all observably
sequential domains A and B the induced map OSA(A, B) — LBD(D(A),D(B)) is a
bijection. O]

In [ | G. McCusker constructed a category of games with sums. In an analogous
way we can construct a category POSA which is a free coproduct completion of the
category OSA. Further, J. Laird has shown in [ | that every lbd is the limit of
an w-chain of prenex normal forms constructed using only products and sums. Hence it
follows that the category POSA is equivalent to the category LBPD.

In | | it is shown that OSA is cartesian closed. Thus we get cartesian closedness
of POSA, and hence also of LBD and LBPD, for free.

Theorem 3.4.4. The categories LBD and LBPD are cartesian closed.

3.5 Exponentials in the categories LBD and OSA

In the final section of this chapter we give a characterisation of the extensional order and
the involution of exponentials in the category LBD. The extensional order will happen
to coincide with the pointwise extensional order for morphisms in LBD. Finally we
show that the category LBD is cpo-enriched w.r.t. the extensional order C and w.r.t.
the stable order <.

Next we present the definition of the exponential of CL-games as introduced in | ]
(see also for further details). Notice that given a sequence s = pq - ... - p, then we write
s@q for p;.

Definition 3.5.1. Let A = (C,V,P) be a CL-game. A path sequence s over A is a
sequence over the alphabet (Ques URspy) such that:

1. s € (Quey,Rspy)*, and s is non-repetitive in Quey (which implies that s is also
non-repetitive in Rsp 4 );

2. for all i > 1 such that 2i + 1 < |s| there exists a v € V such that sQ(2i + 1) =
s@(2i) - d;

3. s@Q0 € C'; and

4. for alli > 1 such that 2i < |s| there exists a j such that 2j + 1 < 2i and sQ(2i) =
s@Q(2j + 1) - ¢ for some c € C.
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A path sequence is constructed from tokens that are paths. Thus we can consider a
path sequences as a linearisation of a state. In | | it is shown that the exponential
of CL-games is given by the following construction.

Given a path sequence s over A we write ||s|| for the set {s@(2i + 1) | 2i + 1 < |s]}.
In [ , Lemma 6.8] it is shown that for any path sequence s over A the set ||s|| is a
state of A.

Theorem 3.5.2. Let G = (C1, Vi, Py) and Gy = (Cy, Vo, Py) be CL-games. Let Rsp, =
Rspg,. Que; = Queg, and S, be the set of path sequences over G. Then the exponential
(G1—Gs) is given by G = (C,V, P) where

C' =Rspg, +
V:Quegl—i-Vz
P={pe(C,V)" | (p) € 51,75 (p) € P

p@O € CQ,
if pQ(i+1) € Cy then pQi € Vs,
if pQ(i+1) € Rspy then pQi € Que;}

The corresponding functions 77,75 : P — P are defined as follows:

o (e)=¢
o (p-T)=m7(p)- T
1( (,9)) =7 (p) @
m (p-(z, 7)) =77 (p) ifi#]

m (@) =& w7 (p{, i) = 77 (p)-w, w7 (p-(w, ) = " (p) if i # 5, 77 (p-T) = m” (p)- T
for x € Co U Vo URsp; UQuey and i,j € {1,2}.
The application of some f € D([G1—Gs]) to some x € D(Gy) is given by
fx) ={m3 (p)€Rspg, | |77 (p)I| € =, pef} U
{3 (p)- T€Rspg, |
Jq€Queg,. (|77 (p)IV{g- TICz Ap-(g, 1)Ef)} .

Lemma 3.5.3. Let f € D(|[G1—Gs)) and x € D(Gy) then f(x) = J{p(x) | p € f}.
Proof. This follows immediately from the definition of f(z) in Thm. 3.5.2 O

Definition 3.5.4. Let A, B be lbds and f,qg : A — B be bistable maps. Then we write
[ Cow g iff Vo € A f(x) C g(x). If f Cow g then we say that f is pointwise extensionally
below g. o

Lemma 3.5.5. Let A = (Cy,Va, Ps) and B = (Cp, Vg, Pg) be CL-games and p,q €
FP([D(A)—D(B)]). Then p T, q implies p C q.
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3 Locally boolean domains and Curien-Lamarche games

Proof. Suppose p,q € FP(|[D(A)—D(B)]). As [D(A)—D(B)] is isomorphic to D(A—B)
it follows from Thm. 3.2.17 that p and ‘g are positions of the CL-game G(D(A—B))
which is isomorphic to the CL-game A—B. Thus we have p = cjv1 - - ¢,v, and ¢ =
C/ /U/ - c/ ,U/

1%1 mYm:*

Consider the following proposition

%
q

P(i):=Vj <ifc;=c;Avy=v;) VI <i((g =cror---¢5T).

With induction we show that ¥Vi<n. P(7) holds.

Suppose i < n and P(i) holds. We show that P(i 4 1) holds.

Since P(i) holds we have that Vj < i.(c; = ¢ Av; = v}) or 3j < i.(q = cro1---¢;T)
holds. If the second proposition holds then we immediately get P(i + 1).

So, suppose that Vj < i.(c; = ¢, Av; = vj) holds. We have that c¢;y; € Cp or
¢iy1 € Rspy. If ¢;11 € Cp (resp. ¢iy1 € Rspy) then it follows that v; € Vg (resp.
v; € Quey). As v; = v; we get i, € Cp (resp. ¢, € Rsp,) or ¢, does not exist, i.e.
m <1+ 1.

Suppose ¢; 41 # ¢, or ¢, does not exist. Let

': |77 (crv1 -+ - cipqvign) || if v € VpU{TY},
|77 (crvr - - copavign) - Tl if v € Quey.

and let k£ be the maximal index k < i+ 1 with ¢; € Cg. Then it follows that p(z) fills
cr with v; 41 (resp. with T). If ¢/, does not exist then ¢(z) obviously does not fill ¢;. If
¢ii1 € Cp\{cis1} then k =i+ 1 and ¢(z) does not fill ¢;. Finally if ¢/, , € Rspy \ {¢i11}
then there exist w,w’ € Vi with ¢;41 = v; - w and ¢}, = v; - @', hence as v; - w' ¢ z it
follows that g(x) does not fill ¢x. So, ¢(z) does not fill ¢, and it follows that p(x) £ q(z)
in contradiction with p T, ¢. Thus we have that

) o)
C1U1 ** * CU;Cig1 = CLUY ++  CUChyy (1)

Suppose v;41 € Vg U{T}. Then p(x) fills ¢, with value v;41. If vf,; € (Vg \ {viz1})U
Que, then it follows from (}) that g(x) enables ¢, but does not fill it. Thus from ()
and p(x) C q(z) it follows that v}, ; = v;y; or vj,; = T as desired.

Finally suppose v;;1 € Quey. Then p(x) fills ¢, with T. If v{,; € Quey \ {vi1} then
it follows from (t) that g(x) enables ¢; but does not fill it. If v/, , € Vg then ¢(z) fills
ck with value v, ;. As in both cases it follows that p(z) £ q(x) we get v}, = v or
Vi, = T as desired.

Now using induction it follows that P(n) holds. Thus we have

q = CLUL*** CaUnCiqUp i1 CryUpy with m > n or
q=cur---¢ T with j < n.
and it follows that p C q. ]

Lemma 3.5.6. Let A = (Cy,Va, Ps) and B = (Cp,Vp, Pg) be CL-games and p €
FP([D(A)—D(B)]) and g € [D(A)—D(B)]. If p Cpw g then there exists a g € FP(g)
with p Cpy .
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3.5 Exponentials in the categories LBD and OSA

Proof. Suppose p € FP([D(A)—D(B)]) and g € [D(A)—D(B)] with p C,, g. As
[D(A)—D(B)] is isomorphic to D(A— B) it follows from Thm. 3.2.17 that p is a position
of the CL-game G(D(A— B)) which is isomorphic to the CL-game A— B. Thus we have

= _
D = ClU1 - Cply, -
Let

_: |77 (crv1 - - - Cip1vign) || if v € VpU{T},
|77 (crv1 -+ - cipavin) - T if v € Queg.

Then as p(z) is prime it follows from Lemma 3.5.3 that there exists a ¢ € FP(g) with
p(x) C g(z). We show that p C,, ¢ holds.
Suppose there exists a y € A such that p(y) £ q(y). Let

v :=(@NyNRspy)U{qg-TeEy|Iv.q-veuz}.

Then it follows that p(y) = p(y’) (since ¢’ contains all the responses (possibly ending
with T) of y that may be inspected by p) and hence p(y') Z q(y'). As p(y') C g(y') there
exists a ¢ € FP(g) with p(y') C ¢'(v/).

As q,¢' € FP(g) it follows that both are stably coherent. Thus as g # ¢’ we get that

Cit1Ti41 """ CpTp =4
C1Ty -+ - Gy

/ / o -
Cit1Tit1 " CTm =4q

where ¢;y1 # ¢, ;. From the definition of the positions given in Thm. 3.5.2 it follows
that either ¢;;1,¢;; € Cp or ¢ip1,¢;,, € Rspy.

Suppose that ¢;1,¢;,; € Cp. If ¢/(y') does not fill ¢, then it follows that ¢'(v") T
q(y') and thus p(y') C ¢(y') in contradiction with p(y’) Z ¢(y'). Otherwise suppose ¢'(y')
fills ¢;,,. Then ¢, is also filled by p(y') (as otherwise it follows that p(y') T ¢(y')) but
then in order to get extensionally above p(z), ¢(x) fills some cell ¢; with j < ¢ (and
¢; € Cp) with T. Since ¢'(y') fills ¢, it follows that ¢'(y/) fills ¢; and thus ¢(y') fills c;.
From the definition of ¢ it follows that ¢(y') fills ¢; with T. Thus ¢'(y/) fills ¢; with T
in contradiction with the fact that ¢'(y’) fills ¢, ;.

Now suppose ¢it1,¢;, € Rspy. Thus as ¢4 # ¢, there exists values v,v" € Vy
with v # v" and a ¢ € Quey such that ¢;1y = ¢-v and ¢, = ¢-v'. If ¢'(y') does not
fill ¢/, then it follows that ¢'(y') C ¢(y’) and thus p(y’') C ¢(y’) in contradiction with
p(y") % q(y'). Otherwise suppose ¢'(y') fills ¢, ;. Then ¢ -v" € ¥ and by definition of ¢/
it follows that ¢ - v € z. Thus ¢ -v ¢ x. Hence in order to get extensionally above p(x),
q(x) fills some cell ¢; with j < i (and ¢; € Cp) with T. Since ¢'(y) fills ¢}, it follows
that ¢'(y') fills ¢; and thus ¢(y’) fills ¢;. From the definition of ' it follows that ¢(y')
fills ¢; with T. Thus ¢'(¢/) fills ¢; with T in contradiction with the fact that ¢'(y') fills
Ciy1- 0
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3 Locally boolean domains and Curien-Lamarche games

Theorem 3.5.7. Let A, B be lbds and f,g : A — B be bistable maps. Then f C g iff
f Cpw g holds.

Proof. Suppose f,g: A — B are bistable. For the forward implication suppose f C g.
Let z € A. Since the category LBD is cartesian closed it follows that

f(z) =evalap(f,z) Cevals g(g,z) = g(x)

as desired.

For the reverse implication suppose f T,y g. Let p € FP(f). Then p C f holds and
using the already shown forward implication of this lemma we get p C,,, f. Thus it fol-
lows that p Ty, g holds. As [A—B] = [D(G(A))—D(G(B))] it follows from Lemma 3.5.6
that there exists a ¢ € FP(g) with p C,,, ¢. Finally it follows from Lemma 3.5.5 that
p C q as desired. O

Notice, that a bistable map f between lbpds A and B is continuous w.r.t. the ex-
tensional order and continuous w.r.t. the stable order. However, a bistable map will in
general not be cocontinuous w.r.t. the costable order as shown by the following example.

Example 3.5.8. Let O be the Ibd ({L, T},Co,0) with L Co T and —o(L) =T, and
N be the Ibd (INU{L, T}, Cn,—n) with L Cyn Cy T and o(L) =T and —o(n) =n
for all n € N.

Let F : [N—O°] — O be defined recursively as F(f) = f(0)(F(An.f(n+1))). Let
f = 2An.ido and f,(k) =ido for k <n and f,(k) = An.T for k > n. Obviously, the set
X :={fn | n € N} is costably coherent, codirected w.r.t. <. and f =[]X. As F is least
with the properties of its defining equation we have F(f) = L and F(f,) = T for all n.
Thus, we have F([1X) = L whereas [|F|X]| =T, i.e. F fails to be cocontinuous w.r.t.
<

—cC-

Whereas in the finite case there is a perfect symmetry between | and T this symmetry
is broken in the infinitary case where | can manifest itself as nontermination which
cannot be detected in finite time.

In the following two lemmas we analyse for bistable maps f : A — B the strategy
corresponding to the map —f. These observations lead to the characterisation of the
involution — for exponentials in the category LBD given in Thm. 3.5.11.

Lemma 3.5.9. Let A = (Ca,Va, Pa) and B = (Cp, Vg, Pg) be CL-games, x € D(A),
f € LBD(D(A),D(B)) and ¢ € Cel(D(B)). If f(x) fills ¢ with T then there exists a
unique minimal (w.r.t. the prefix order) path s := cyvy - - cv; € f such that s(x) fills c
with T.

Proof. Suppose f € LBD(D(A),D(B)), © € D(A) and ¢ € Cell(D(B)) such that
f(z) fills ¢ with T. Then from Lemma 3.5.3 it follows that there exists a path s :=
civy -+ - cu; € f such that s(x) fills ¢ with T. W.Lo.g. we can assume that s is minimal.

Suppose there exists another minimal path s’ := cjv}---cjv; € f such that s # &
and s'(z) fills ¢ with T. As §1 & and §M 8 = 5N s it follows that M5 S 5. As
(515 (z) = 5(x) N (x) fills ¢ with T we get a contradiction to the minimality of s. [
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Lemma 3.5.10. Let A = (Cy4,Va,Ps) and B = (Cp,Vp, Pg) be CL-games, f €
LBD(D(A),D(B)) and e € F(D(A)). Then (=f)(e) = —f(—e) holds.

Proof. Suppose f € LBD(D(A),D(B)) and e € F(D(A)). Let ¢ € Cell(D(B)).

Suppose that (—f)(e) fills ¢ with value v and v # T. Thus there exists a path p € = f
with p = c;v1---¢v; and v; = v and ¢; = ¢ for some j < ¢ and Vk > j.¢, ¢ Cp. As
v # T it follows from Def. 3.1.6 that p € f. Thus we get that f(e) fills ¢ with v. As

s := |77 (c1v1 -+ - ¢vy)|| € e and s does not fill any cell with T it follows that s € —e.
Thus f(—e) fill ¢ with v. And as v # T it follows that —f(—e) fills ¢ with v.

Suppose that (—f)(e) fills ¢ with T. Then by Lemma 3.5.9 there exists a unique
minimal path s := cjv; -+ - ¢v; € = f such that s(e) fills ¢ with T. We consider the case
vi=T and v; # T.

Suppose v; = T. Then it follows that s is a maximal path in =f. Thus s is the only
path in = f such that 5(e) fills ¢ with T. Further from minimality of s and since v; = T
it follows that s(e ) fills ¢ with T. Thus 5(—e) fills ¢ with T. Thus (=f)(—e) fills ¢ with
T. As s ¢ fbut all s € f for all prefixes of s it follows that ¢ is accessible from f(—e).
Thus —f(—e) fills ¢ with T.

Suppose v; # T. Then s € f and it follows that f(e) fills ¢ with T. As s is the least
path w.r.t. the prefix order such that s(e) fills ¢ with T it follows that |77 (civy -« - civ;) -
Tl Ce. As |77 (crvg---cvy) - T|| € —e but |77 (crv1 -+ - ¢)|| € —e it follows that ¢ is
accessible from f(—e). Thus —f(—e) fills ¢ with T.

If cell ¢ is enabled but not filled by (—f)(e) then as e is finite this cannot result from
an infinite sequence of queries and responses in A. Thus with a similar argument as
above one can show that ¢ € Acc((—f)(e)) implies ¢ € Acc(—f(—e)). Finally if ¢ is not
enabled in (—f)(e) then it follows from Def. 3.1.6 that ¢ is not enabled in —f(—e).

Thus we have shown that (—f)(e) and —f(—e) fill the cells of B identically and it
follows that (—f)(e) = = f(—e). O

Theorem 3.5.11. Let A and B be lbds, f: A — B be bistable and x € A. Then

(=f)(x) = |_[{=f(=e) | e € F(x)}
holds.
Proof. Suppose f: A — B is bistable. Then we get

(=) @) = O F@)
= | [{(=/)(e) | e € F(a)} (1)
= | J{=/(=e) | e € F(2)} (1)

where (1) follows as F(z) is directed and —f is continuous and (f) from Lemma 3.5.10
and as D(G(A)) =2 A and D(G(B)) & B. O

Corollary 3.5.12. Let A and B be lbds and f : A — B be bistable. Then
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3 Locally boolean domains and Curien-Lamarche games

(1) (=f)(e) = ~f(=e) for all e € F(A) and
(2) (=f) () <p ~f(—x) forallz e A
holds.

Proof. Suppose A and B are Ibds and f : A — B is a bistable map.
ad (1) : This follows immediately from Thm. 3.5.11.

ad (2) : Suppose x € A. As f | —f it follows from Lemma 3.6.2 that f(z) | (=f)(x).

Thus we get [{(=f)(x), f(2), ~f(2), ~f(-2)}. As ~f(=¢) <s ~f (=) for all ¢ € F(z),
we get that (=f)(x) <g —f(—x) holds. Thus, it follows that (—f)(z) <, =f(—x) as
desired. ]

3.6 Exponentials as function spaces

In this section we show that the exponential [A—B] of Ibds A and B can also be
considered as function space of bistable maps. The main results of this section are the
fact that infima and suprema of stably or costably coherent bistable maps are computed
pointwise and that the category LBD is cpo-enriched w.r.t. the extensional order C and
w.r.t. the stable order <.

Notice, that throughout this section we use the fact that the binary products of lbds
A and B is given by (|]A| x |B|,C,—) where C and —, and thus also the (co-/bi-)stable
relations and orders are defined componentwise (cf. section 4.1).

Lemma 3.6.1. Let A and B be lbpds, f : A — B a bistable map and x € A. Then
(1) fi(z) = f(x) 1 (=f)(x) and
(2) fT(x) = flx) U (=f)(x)

holds.

Proof. Suppose f : A — B is bistable and let z € A. Then f | —f and hence (f,z) |
(=f,z). As evaly g is a bistable map it follows that

fr(@) = (fN=f)(z)
= evala g(f M~ f, x)
=evaly g((f,z) N (—f,2))
= evaly g(f,z) Mevaly g(—f, x)

= J(x) N (=f)(z)
holds. Analogously, one can show that f'(x) = f(x) U (=f)(x) holds. O
Lemma 3.6.2. Let A and B be lbpds and f,g: A — B bistable maps. Then
(1) f1g implies YeeA. f(x) 1 g(x) and
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(2) flg implies YxeA. f(x) | g(z).

Proof. ad (1) : Suppose f,g : A — B be bistable maps and let € A. If f T g then
(f,z) 7 (g,2) and as eval, g preserves stable coherence it follows that f(x) T g(x).

ad (2) : This follows analogously. O
Lemma 3.6.3. Let A and B be lbpds and f,g: A — B bistable maps with f T g. Then
(1) (fng)(z) = f(z)Ng(x) and
2) (f Ug)x) = f(z) U gla)
holds.

Proof. Suppose f,g : A — B are bistable maps with f T ¢ and let + € A. Then
(f,x) T (g,2) holds and as eval, g is a bistable map it follows that

(fTg)(@) = (fMg)(x)
=evalyp(f Mg, o)
= evalyp((f, ) M (g,2))
=evals g(f,z) Mevalap(g,x)
— (@) N g()

holds.

For showing that (f U g)(z) = f(z) U g(z) notice that from Lemma 3.1.9 it follows
that the supremum of the strategies Sy and Sy is given by their union. Thus it follows
from the definition of the application in Thm. 3.5.2 that (SyUS,)(x) = Sy(z) U S,(x) =
S¢(x) U S,(z) (where the last equation follows as Sy(x) T S,(z) and by Lemma 3.6.2).
As [A—B] =2 D(G([A—DB])) 2 D(G(A)—G(B)) we get (fUg)(z) = f(x) U g(z). O

Lemma 3.6.4. Let A and B be lbpds and f,q: A — B bistable maps with f | g. Then
(1) (fMg)(x) = f(z)Mg(z) and
(2) (fUg)() = f(z)Ug(w)

holds.

Proof. Suppose f,g : A — B are bistable maps with f T ¢ and let x € A. Then
(f,z) | (g,2) holds and as eval, g is a bistable map it follows that

(fug)(z) = (fUg)(z)
=evalyp(fUg, o)

= evala p((f,z) U (g, 7))

= evals p(f,z) Uevalsp(g,x)

= f(z) Ug()
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holds.
Next we show that (f M g)(x) = f(xz) M g(x) holds. As f | g it follows that —f T —g.
Thus we get
(fMg)(x) = (=(=f U~g))(x)
= | [{=(=fu—g)(=e) | e € F(x)}

= {~((=H) (=) U (=g)(=e)) | e € F(x)} ()
= | {=(=£)(=e) M =(=g)(=e) | e € F(x)}
=Lﬁrfﬁ )(€) M (==g)(e) | e € F(x)} (%)
=| [{feymgle) | e € F(x)}

= f(z) <> ()

where (1) follows as =f T =g and from Lemma 3.6.3 and (}) follows from Cor. 3.5.12(1).

Finally, (§) holds for the following reason: obviously we have | [{f(e) M g(e) | e €
F(x)} C f(x)Mg(x). For showing the reverse inequality suppose p € FP(f(z) M g(z))
holds. Thus, as p C f(x), g(x) and p is compact there exist e, e5 € F(x) with p C f(e;)
and p C g(ez). As F(z) is directed there exists a e3 € F(z) with e;,es C e3. Hence, we

have p C f(e3), g(es) and it follows that p T f(e3) Mg(es) T | [{f(e)Mg(e) | e € F(x)}
as desired. O

Thus, we have shown that infima and suprema of stably or costably coherent bistable
maps are computed pointwise. Next we show that the category LBD is cpo-enriched
w.r.t. C and w.r.t. <i.

Lemma 3.6.5. Let A and B be lbpds. If F is a directed subset of [A— B] then

LIF) @) = J{f@) | f € F}
for all x € A.

Proof. Suppose F' is a directed subset of [A—B] and € A. Then F x {x} is a directed
subset of [A—B] x A with | |(F x {z}) = (|| F,z). As evaly p is continuous it follows
that

(|_| F)(z) = eVa'A,B(U F.x)
= evaly (| |(F x {x}))
= | [{evalan(f,2)| f € F}
=L [{f@ | fery

as desired. ]

60



3.6 Exponentials as function spaces

Theorem 3.6.6. The categories LBD and LBPD are cpo-enriched w.r.t. = and w.r.t.
<

—S-

Proof. Suppose A, B and C are lbpds and f € [A—B] and g € [B—C]. Let F be a
directed (resp. stably directed) subset of [A—B] with | |FF = f and x € A. Then it
follows that

g(|F) @) = a(_[{f'(=) | f' € F}) (f)
= | {o(F'(@)) | f € F} (f)
= | [{(ge @) | f' € F}
= (| {go | /'€ FY)() (f)

holds, where (1) follows from Lemma 3.6.5 and (1) holds as | [{ f'(z) | f' € F'} is directed.
Thus it follows that go (|| F) = |;cp{go f'} holds.

Analogously one can show that (|| G)o f =], ;{g o f} holds for all directed subsets
G of [B—C]. Thus it follows that composition of morphisms is continuous w.r.t. C and
w.r.t. <,. ]

61



3 Locally boolean domains and Curien-Lamarche games

62



4 Properties of the category LBD

In this chapter we show that LBD and LBPD are closed under basic categorical con-
structions. In the first section we show how to construct products, coproducts, biliftings
and sums in LBPD (resp. LBD). In the next sections we introduce the notion of embed-
ding/projection pair and show that inverse limits of w-chains of embedding/projection
pairs (w.r.t. <;) exist in LBD and are constructed as usual. Finally, adapting a result
of J. Longley in | | we show that every countably based locally boolean domain
appears as retract of U = [N—N] where N are the bilifted natural numbers, i.e. that U
is a universal object for countably based locally boolean domains.

4.1 Products, biliftings and sums

In this section we show how to construct products, coproducts, biliftings and sums in
LBPD (resp. LBD). We only present the results and leave the proofs as an easy exercise
to the reader. Further notice that for notational convenience we assume set unions to
be disjoint when building coproducts, biliftings and sums.

Definition 4.1.1. Let (A;)icr be a family of lbpds. If j € I then we define €; : |A;| —

Hie[ ’Az‘ by
(gj(z))i = {m ffi=j and
J i=

1L otherwise
for all x € |Aj| and i € I. o
Theorem 4.1.2. Let (A;)ier be a family of lbpds. Further let
HAl = (H ’Al‘v L, _'>
icl icl
with x Ty iff x; C y; for alli € I and —x = (—a;)ier for all x,y € [[;c; |Ail. Then
HAZ with VIV HAZ — Az . (xi)iel = T; fOT’ alli €1
el 1€l

is a product of the A; in LBPD (resp. LBD).

An element x € [[,c; A is finite prime (resp. a cell) iff v = €;(p) for some i € I and
p € FP(4;) (resp. p € Cell(4;)).

Further, [[,c; A is pointed iff all the A; are.

As an immediate consequence we get:
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4 Properties of the category LBD

Corollary 4.1.3. The object 1 := ({x},C, ) with * C % and —(*) = * is terminal in
LBPD (resp. LBD).

Next, we consider coproducts.

Theorem 4.1.4. Let (A;)icr be a family of lbpds. Further let

HAZ = (H |A2|7 L, _')

iel il
where (i,z) C (j,y) iff i = j and x C y and —(i,z) = (i,~(x)) for all (i,x),(j,y) €
Hz‘el |Ai| Then

HAi with ;1 A; — HAi cx v (i,x) foralliel
iel i€l
s a coproduct of the A; in LBPD.
An element (i,x) € [[;c; Ai is finite prime (resp. a cell) iff x € FP(A;) (resp. x €

In contrast to the category LBPD, the category LBD does not have coproducts,
since coproducts in general do not have a least element. Nevertheless we can construct
separated sum of 1bds by bilifting the coproduct given in LBPD.

Theorem 4.1.5. Let A be a lbpd then its bilifting A; is a lbd with
| A = |AJU{L, T’} (we assume L', T" ¢ |A|),

the extensional order is the extensional order on A extended by L' T x T T’ for
all v € | Ay,

negation is given by the negation on A extended by -1 =T', =T’ = 1.
Further we have FP(A;) = FP(A) U{L’, T'} and Cell(A;) = Cell(A) U {T'}.
Theorem 4.1.6. Let A and B be lbpds and f : A — B a sequential map. Then
fi + Ay — By, defined by
1’ ife=1'
fT<I> = T’ Zfl‘ =T
f(z) otherwise
18 sequential.
Further (_); : LBPD — LBD is a locally continuous functor, and for all lbds A we have
sequential functions upy : A — Ay and downy @ Ay — A with
upy(z) ==
and
1L ife=1
downy(z) =<¢ T ifz=T

T otherwise
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Theorem 4.1.7. Let (A;)ier be a family of lbpds. Then

il iel
is the separated sum of the A;, i.e. given a lbd B and bistable maps f; : A; — B for alli €
I, there exists a unique bistrict bistable map f : Y. ; A; — B with f; = foupuyel A, Ol

Finally we get the following result which is crucial for the interpretation of product
and sum types in LBD.

Theorem 4.1.8. For all sets I we have the following local continuous functors:
(1) TLe; : LBD' — LBD with [[,c; fi = (fi o mi)ier

(2) 1L, : LBPD' — LBPD with [[;c; fi = [ti © filier

i€l

(3) Dier LBD' — LBD with >ier fi = (Wier fi)t

4.2 Embedding/Projection Pairs in LBD

For constructing recursive types in LBD we have to introduce an appropriate notion of
embedding/projection pairs in LBD and, further, a notion of inverse limit for w-chains
of embedding/projection pairs.

Definition 4.2.1. An embedding/projection pair (ep-pair) from A to B in LBD (no-
tation (v,m) : A — B) is a pair of LBD morphisms + : A — B and 7 : B — A with
e =1idy and v <, idp.

If (t,m1) : A — B and ((/,7') : B — C then their composition is defined as (V/,7") o
(t,m) = (Vor,mor’). We write LBD® for the ensuing category of embedding/projection
pairs in LBD. o

Notice that this is the usual definition of ep-pair when viewing LBD as order enriched
by the stable and not by the extensional order.

Lemma 4.2.2. Suppose (1,m) : A — B then v is left adjoint to m w.r.t. <y, i.e. for all
x € A andy € B we have 1(z) <sy iff v <; 7(y).

Proof. Suppose v(x) <; y then xz = w(u(z)) <; 7(y). If v < 7w(y) then t(x) <,
t(m(y)) <s y where the last inequality holds since 7 <, idg and vw(y) = evalp (17, y) <;
evalp p(id,y) = y. O

Lemma 4.2.3. Suppose (v,7): A — B. Then
(1) t(zy) =u(z)L

(2) m(ys) = 7(y)s
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4 Properties of the category LBD

holds for all x € A and y € B.
Proof. Suppose (¢, 7): A — B.

ad (1) : Obviously, we have ¢(x), <p t(x,). Further, we get m(¢(x)y) <p w(e(x))) =
xy, thus, z; = w(u(z),). Tt follows that t(x ) = e(m(e(x) 1)) <s t(x), as desired.

ad (2): Asu(m(y1)) <s y1L wehave t(m(y)) = t(m(y1))L = ¢(m(y)). by Lemma 2.2.24.
Using ¢(m(y)).L = ¢(m(y),) which holds by (1) we get

m(yr) = m(u(m(yL))) = 7(ur(y) L) = 7((r(y)L)) = 7(y)L

as desired. ]
Corollary 4.2.4. Suppose (v,7) : A — B. Then

(1) (=) <p —u(x)

(2) v(~x) = ~e(z) Nz ")

(3) m(=y) < —7(y)

(4) 7(~y) = -m(y) N7(y")
holds for all x € A and y € B.
Proof. Suppose (¢, 7): A — B.

ad (1) : Suppose x € A. As [z]; is a boolean algebra and «(x) M¢(—x) = v(x N —x) =
t(xy) =(x), it follows that t(—z) <, —u(z).

ad (2) : Suppose z € A. Then it follows that

—u(z) Me(z") = —u(x) Mo(z U —z)
= ~u(x) 1 (u(z) U e(-))

(=) M) U (=) M (=)
o)L U (—e(e) Me(=z)
—u(x) Mu(—z)
v(—) by (1)

ad (3) : Suppose y € B. Then as [y]; is a boolean algebra and 7(y) M w(-y) =
m(y M—y) = m(yL) = 7(y)L we get m(=y) <p —m(y).

ad (4) : Suppose y € B. Then it follows that

") = —m(y) Ny U—y)

= —m(y) N (7(y) Un(-y))

= (=m(y) N7(y) U (- (y) N (—y))

=7(y)L U (~7(y) N7(-y))

= —m(y) N 7(-y)

= 7(~y) by (3)

-7 (y) N(y
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4.2 Embedding/Projection Pairs in LBD

Lemma 4.2.5. Let f,g € LBD(A, B) then

f<eg & VoyeAd o <,y— (f(y)lglx) A flz)=f(y)Ng(z)).

Proof. This is proven in | , Lemma 12.2.7.]. [

Lemma 4.2.6. Suppose (v,7) : A — B and x,y € B. Then v <, y = ww(y) implies
x =m(x).

Proof. Suppose 1 <, idp holds. It follows from Lemma 4.2.5 that tw(z) = tr(y) Nx =
yMNx = O

As an immediate consequence of Lemma 4.2.6 we get
Corollary 4.2.7. Suppose (1,7) : A — B. Then 'n(A) is downward closed w.r.t. <.

Lemma 4.2.8. Suppose (1,7) : A — B and v € B. Then Jy€lx];.y = un(y) holds iff
xy =m(zy).

Proof. Suppose y € [z]; with y = v7(y). Hence, z; <,y and using Lemma 4.2.6 we get
r; = m(zy). The reverse implication is trivial as z, € [z];. O

Lemma 4.2.9. Suppose (v,7) : A — B. Let X C A be C-codirected then w([1X) =
[17(X).

Proof. As 7 is monotone the set w(X) is codirected and 7([ | X) C [|n(X). If z € X
then «(7(x)) <s z, thus []¢(n(X)) E []1X. As ¢ is monotone we get ([ |7(X)) C
[1e(n(X)) C[]1X. Thus, [|7(X) =n(([]7(X))) C #([]X) as desired. O

Lemma 4.2.10. Suppose (v, 7) : A — B. Then
(1) (zUy) =ux)Uuly) ifz,ye Awitha Ty
(2) m(zUy)=n(x)Un(y) ifx,y€ Buwithxly
hold.
Proof. Suppose (t,7) : A — B.
ad (1) : As ¢ is a left adjoint w.r.t. <, it preserves stable suprema.

ad (2) : Let o : B — B denote the retraction ¢ o 7, then from o <, idp it follows
that o(z) = o(z Uy) Ma and o(y) = o(z Uy) My. Hence, o(z) U o(y) = (o(zUy) Nz) U
(o(xUy)My) =o(zxUy)M(xUy) = o(x Uy). As ¢ preserves stable suprema we get
v(m(x) Un(y)) = u(m(x)) Ue(n(y)) = o(r(x Uy)). Finally, as ¢ is an injection it follows
that 7(z Uy) = 7(x) Un(y). O

Notice that embeddings and projections preserve stable infima and suprema but they
do not preserve negation.
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4 Properties of the category LBD

Example 4.2.11. Consider the embedding ¢ : 1 — O then we have 1(x) = L = 1(—x%)
whereas =L = T. Further, consider the projection © : O° — O : f +— f(L) (whose
corresponding embedding sends u to Ar.u). We have w(idg) = L = 7w(-ido) whereas
-1l =T.

Moreover, projections m need not to be constant on bistably connected components
not containing any fixpoint of ¢m. Consider the first projection O x O° — O whose
associated embedding sends u to (u, L). Notice that 7 is not constant on the equivalence
class {(L,ido), (T,ido)} as its image under 7 is { L, T}.

However, we can show that embeddings send atoms to atoms and projections send
atoms to atoms or L-elements.

Lemma 4.2.12. Let (t,7) : A — B be an ep-pair in LBD. Then for all x € A and
a € At(x) it follows that 1(a) € At(c(a)).

Proof. Suppose z € A and a € At(z). As 7(c(a),) = (t(a)). = a; # a it follows that
t(a) # t(a)r. As [1(a)]; is a complete atomic boolean algebra it suffices to show that
t(a) bistably dominates at most one atom. Hence, suppose b, € At(c(a)) with b # ¥’
and b, <, t(a). Thus, b, <, t(a). Then as b | ¥ and b UV <, i(a) and we get
7b)Un() =xbUb) <, m(t(a)) = a. Thus 7(b) = a or w(b') = a since a is an atom
and [{a,7(b),m(b')}. Assuming w.l.o.g. that 7(b) = a it follows that «(7(b)) = t(a) > b
in contradiction with «(m (b)) <; b. O

Lemma 4.2.13. Let (t,7) : A — B be an ep-pair in LBD. Then for all y € B and
b € At(y) either m(b) € At(w(b)) or m(b) L = 7 (b).

Proof. W.lo.g. we assume that ¢ is an inclusion. Suppose b € At(y). As [m(b)]; is a
complete atomic boolean algebra it suffices to show that from ay,as € At(w(b)) and
ar,as <, w(b) it follows that a; = ay. Hence, suppose ay,ay € At(m(b)) with a; # as
and ay, as <, w(b). First we show that (1) a; Ub; = b holds for ¢ = 1,2. Obviously b is
an upper bound for a; and b; w.r.t. < since b; <, b and a; <, w(b) <; b. Thus a; b,
exists. Suppose a;,b; <,y <;b. Then we have b, C y, C b, i.e. by =y, from which
it follows that b, <, y <, b. Accordingly, as b is an atom, we have b, = y or y = b.
If b, =y then a; <, y = b, from which it follows by Lemma 2.2.24 that a;;, = a; in
contradiction with a; € At(w(b)). Thus y = b, which finishes the proof of (t).
As T{ay,as,b, } we have

b:bﬂb:(CZlUbJ_)[—'(aJQUbl):(alﬂaz)UbJ_:ﬂ‘(bJ_)J_UbJ_:bJ_

contradicting the assumption that b is an atom. O]

4.3 Inverse Limits of Projections in LBD

This section is dedicated to the proof, that inverse limits exist in LBD and are
computed in the usual way. So, let A : w — LBD® be a functor. Then, we write
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(tn+1n, Tnnt+1) for the ep-pair A(n,n+1) : A, — A,4+1. The inverse limit of A (notation
As), provided it exists, has the set of all sequences = € ], ., An With z,, = T py1(Tng1)
for all n € w as underlying set. The extensional order on A, is defined pointwise, i.e.
rCyiff x, Cy, forall n € w.

Unfortunately, we can not simply define negation on A, in a pointwise way. The
reason is that projections in general do not commute with negation (cf. Example 4.2.11).

Definition 4.3.1. Let A: w — LBD® be a functor. Then we write (tn415, Tnnt1) for
the ep-pair A(n,n+1) for alln € w and set

Ay i={x € H A | ©n = T (Tng1) for alln € w}.
new

For elements x,y € Ay we write x C y iff x, Cy, for alln € w. o

Further, we will use the following notation: given a functor A : w — LBD and
n < k then we write m,j for m, 11 0---0om_y and ¢, for ¢gpp1 020 ty1,. For
n =k, we put m,, = tn, =ida,.

Lemma 4.3.2. Let A and B be lbpds, f : A — B a bistable map and x € A. Then

f(mw) = (=f(2) N fe)) U fler) = (~f(@) U fle) N fz')

resp.
~f(mx) = (flr)u=f(e") N =f(zy) = (fl@) N~ f(z) U-f(z")
holds.

Proof. As f is bistable and z | —x it follows that [{f(z), f(—z),
(~f(@) N fle")) U flar) = (ﬁf(x)”f(ﬂfl—'ﬁl'))'—' f(x M=)
fl)n(f(z)u )

() U

= ((=f(x)nf (
= f(@) U (=f(2) N f(=2)) U (f(x) M (=)
= (2f(@) N f(=2) U (f(z) N f(=)
= (=f(x) U f(2)) 11 f(~x)
= f(@)" 1 f(-z)
= [z

further, we have

(~f@) @)U ) = (=f (@) U fe) (@) U f)
= (/@)U )N ")
as desired. [
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In the next lemma we show that bistable maps restricted to a bistably connected
component preserve arbitrary infima and suprema.

Lemma 4.3.3. Let A and B be lbpds, f: A — B a bistable map and X be a nonempty
subset of A with [ X then

(1) fUX) ={f(@) | x € X} and
(2) fFI1X) =THf(2) | v e X},

Proof. Suppose f: A — B is bistable and X is a nonempty subset of A with [X.
ad (1) : As the set {| |F'| F € Prpe (X)} is directed, it follows that

FUX = L F I FePrne()})
=LA (LF) | F € Prae(X)}
= | { {f(@) |z € F} | F € Prne (X)}
= | {f@) |2 e X}

as desired.

ad (2) : As f preserves bistable coherence it follows that for all z € X the terms f(z),
f(=z), f(XT), f(X1) and their respective negation happen to be bistably coherent,
thus we get

[ @) leeXIn=f(X))u (X)L U f(XL) (1)
[ [{f(2) |2 € X}n=f(X0))U F(X0)

|_| f@) [z e XPU f(X1))N(=f( XU f(X1))

=[[{f@ zexinfx)’ (I
= {f(x) |z € X} (t1)

(RS
= f(=|_ [{-z |z € X})
= (=f( {mzlee XN FXT) U F(X0) (1)
= (= {f(=2) [z e X} A(XT) U F(XL) (1)
= (- |_|{(ﬂf JUFX))NFXT) [z e XINFXT)UF(XL) (1)
= (= {=((f@) n=f(X ) U=f(XT) |z e X} FXT) U f(X1)
= (|_|{(f(w -f Xu) U-f(XT) |z e X3 f(XT) U F(XL)
= ([ {f@) lzeXIn-f(X))u-f(XT)MFXT)UF(XL) (8)
=((([ {f@) zeX3n=f(X)NAX)UEAXT)NFXT)) U FXL)
(
(
(
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where (}) follows from Lemma 4.3.2, (1) follows from (1), (§) follows from Thm. 2.2.35,
(9) follows as [[{f(z) | v € X} N —=f(X1) <, f(XT) (since f(x) <, f(XT) for all
x € X), (|]) follows as f(X,) <, f(x) for all z € X and (11) follows as f(z) <, f(X,)"
for all z € X. O

Lemma 4.3.4. Let A : w — LBD® be a functor and x € A.,. Then for all n,k € w
with n < k we have

(1) mpp(—r) <p Tpp (—xyy) for all k' € w withn < k' <k
(2) |_|an Tok(72) € An

3) Tesn Tk (0%k) = Ton ([ iz g a1 (52x))
Proof. Suppose A : w — LBD® is a functor and z € A.

ad (1) : Suppose k' € w with n < k" < k. Then we have 7, x(—2x) = Tpp (7o £ (02k)).
As 7 (mxp ) <p g (2) by Cor. 4.2.4(3), it follows that

Tk (k) <p T (T s (1)) = T (Tpr)

as desired.

ad (2) : From (1) it follows that [{m,x(—zx) | & > n}. As bistably connected
components are complete boolean algebras it follows that [ ], mnx(—2y) exists and is
in A,,. N

ad (3) : From Lemma 4.3.3(2) it follows that

Tt ( |_| Tot1,k(7Tk)) = |—| Ton1 (Tt 1,6 (0T8))

k>n+1 k>n+1
= |—| ﬂ-n,k(_'xk>
k>n+1
= |_| 7Tn,k’(_‘ajk:)
k>n
where the last equation follows from (1). O

Using Lemma 4.3.4 we can define negation A,,. Notice that the sequence in the
definition of (—z), is decreasing w.r.t. the bistable order. Taking the infimum of this
sequence eliminates all those occurrences of T in —x,, whose corresponding occurrences
of L in x, “develop” to something different from L in subsequent x.

Definition 4.3.5. Let A : w — LBD® be a functor and x € A.,. Then we define
—x: As — As by

(~)n = [ ] mn ()

k>n &
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Lemma 4.3.6. Let A : w — LBD® be a functor and v € As. Then for alln € w we
have (—x)n | x, and (=), <p T,

Proof. Suppose * € Ay and n € w. Then we have z, = m,,(2x) ] m(—xy) for all
k € wwith n < k. Thus [{m,x(—zx) | £ > n}. From Lemma 2.2.34 it follows that

Hmnp(mzy) | kB > npU{(-2),}. Thus, (-z), | 2, and (-z)y = [is, Tr(-2r) <o
Tnn (%) = 22, as desired. O

Lemma 4.3.7. Let A : w — LBD® be a functor and (tni1n, Tnne1) = A(n,n+1) :
A, — Apyq for allm € w. Then

[T g (g = i

Jj2ik>j

holds for all v € w and x € Ay

Proof. Suppose i € w and x € A,,. Then

[ s i) =[] (g (i) ™) 1 (ma(2)) (1)

j>ik>j j>ik>j

=[] (i) nomin(z)))

J>ik>j

where () follows from Cor. 4.2.4(4) and (
A

1) holds since mp x(z)) <p x}, (since zp =
T k(z1)) and therefore m; (2] ) <p mip(2)

for all k > k' > 3. O

Lemma 4.3.8. Let A : w — LBD® be a functor. Then for all x € Ay, and n € w it
holds that (——x), = z,.
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Proof. Suppose © € Ay, and n € w. Then we have

(=) = [ ] Tk (= (-2))

k>n

= |_| Wn,k(_' |—| Wk,z(_'xz))

k>n 1>k

= [ ] mr(] ~ms(-a2)

k>n >k

= [T mnk(=mna(=a0) (1)

k>n >k

= |_| Uﬂn,k(ﬂk,l(fﬂl) U =7 (2])) (1)

k>ni>k

= |_| |_| Wn,k(ﬂk,l(ml)) L Wn,k(_‘ﬂ'k,l(xlT))

k>ni>k

=[] ]on U mnp(-mia(@)))

k>n 1>k

=z, U |_| |_|7Tn,k(_‘7rk,l(xl—r)) (§)

k>nl>k

=z, Uz, (ﬁD
=x,

where (1) follows as =y (—x;) is ascending w.r.t. <;, (1) follows by Cor. 4.2.4(4), (§) by
Lemma 2.2.34 and (9) by Lemma 4.3.7. O

Using the above lemma we now can show that —: A, — AL is an involution.

Lemma 4.3.9. Let A : w — LBD*®? be a functor and (tn+1.n, Tnni1) ep-pairs A(n,n+1) :
A, — Apyq foralln € w. Then for all x,y € Ay we have that x T y implies -y = —x.

Proof. Suppose z,y € Ay with z C y. As x, C y, for all n € w it follows that
-y, C -z, for all n € w. Thus 7, (k) C mu(—zg) for all n,k € w with n < k.
Hence, we have

(=y)n = |_| T (TYk) E |—| T (72k) = (72)y

k>n k>n

for all n € w as desired. O

Next we show that for all z € A, the infimum x M -z (resp. the supremum z L —x)
exist and is computed pointwise.

Lemma 4.3.10. Let A : w — LBD® be a functor and v € Ay then x M-z = (, M
(m2)n)new and x -z = (2, U (42)n)new-
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Proof. Suppose x € Ay. From Lemma 4.3.6 it follows that =, [ (—x), for all n € w.
Thus,

7Tn,n+1(xn+1 M (_‘x>n+1) = 7Tn,n+1(xn+1> M 7Tn,n+1((_'x)n+1> = Tp 1 (ﬁx)n

and

7Tn,n+1(xn+1 U (ﬁx)nJrl) = 7Tn,n+1(xn+1) U 7Tn,n+1((_'x)n+1) = Tp U (ﬁx)n .

Thus, we have (2, M (72)n)new, (Tn U (72)n)new € Aoo. Since (2, M (22)n)new (resp.
(25, U (%)n)new) is the infimum (resp. supremum) of x and —z in ], A, it follows
that it is also the infimum (resp. supremum) in A. O

Lemma 4.3.11. Let A : w — LBD® be a functor and z € As. Then z, = ((2n)1 )new-

Proof. Suppose z € Ay, and n € w. From Lemma 4.3.10 it follows that (z M —x), =
T, M (—x), and from Lemma 4.3.6 it follows that =, | (m2)n. As (—2), <, —x, by
Lemma 4.3.6 we get z, M (—z), <p z, M-z, = (x,)r. Thus, z, N (-z), = (x,), as
desired. l

Lemma 4.3.12. Let A:w — LBD® be a functor. If v € Ay, and n € w then

(@) = [ ] manl(@)7) <o (2)

k>n
Proof. The inequality (z'), <, (z,)" follows as z, | (—z), for all n € w and by

Lemma 4.3.10 the supremum x U —zx is computed pointwise. As x; = ((2,)1)new by
Lemma 4.3.11, we get

as desired. O]

Lemma 4.3.13. Let A : w — LBD® be a functor and x,y € As. Then x Ty holds
iff z, C vy, holds for alln € w.

Proof. Suppose x,y € As. The forward implication is trivial as (y'), C y,| by
Lemma 4.3.12 for all n € w. For the reverse implication suppose z,, C v, holds for all
n € w. Thus z,, = 7,4 (zx) C mox(y, ) for all n < k and it follows, also by Lemma 4.3.12,
that 2, C [, Tur(ys ') = (y"), for all n € w as desired. O
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4.3 Inverse Limits of Projections in LBD

Lemma 4.3.14. Let A:w — LBD® be a functor and x,y € As. Then we have
(1) z7y & x,1y, foradlnew

2 zly & z,ly, foradinecew
3) zly & @ lyn foralnew
4) v<sy & 2,<yn forallnew
B5) z<cy & 2, <,y forallnew
6) z<py & x,<py, foralnew

Proof. Suppose A : w — LBD® is a functor and z,y € A..
ad (1) : This follows immediately from Lemma 4.3.13.

ad (2) : Using Lemma 4.3.11 we get (2, ), = (2,). for all z € A,. Thus, we have
rlyite, Cyandy, Criffx,, Cy, and y,, C z, for all n € wiff z,, | y, for all
ncw.

ad (3) : This follows immediately from (1) and (2).

ad (4), (5) and (6) : These are immediate consequences of (1), (2) and (3) and the
fact that C is defined pointwise on A.. O

Lemma 4.3.15. Let A:w — LBD® be a functor and x,y € A.
(1) [fl' T Yy then x M Y= (‘Tn M yn)neu and x U y= (xn U yn)new-
(2) Ifx |y then z Uy = (2 U Yn)new-

Proof. Suppose A : w — LBD® is a functor and z,y € A..

ad (1) : Suppose x,y € Ay with x T y. Then by Lemma 4.3.14 we have z,, T y, for
all n € w. Thus, z, My, and x, Uy, exist for all n € w. From Cor. 2.3.4 it follows that

Tn,n+1 (xn—l—l M yn+1) = Tnn+l (xn—l—l) M Tn,n+1 (yn—l—l) = Tn M Yn

and from Lemma 4.2.10 it follows that

Tn,n+1 («TnJrl L yn+1> = Tnn+1 ('TTL+1) L Tn,n+1 (ynJrl) =z, U Yn -

Further (2, M yn)new (resp. (2, U yn)new) is the pointwise infimum (resp. supremum) of
r and y, thus the infimum (resp. supremum) in J],. A, and hence also in A.

ad (2) : Suppose z,y € As with z | y then by Lemma 4.3.14 we have z,, | y, for all
n € w. Thus, x, Uy, exists for all n € w. From Cor. 2.3.4 it follows that

Tnn+1 (anrl L yn+1) = Tnpn+1 (anrl) L Tn,n+1 (ynJrl) =z, U Yn -

As (2n Uyn)new is the pointwise supremum of z and y it the supremum in [, A, and
hence also in A. O
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4 Properties of the category LBD

Lemma 4.3.16. Let A: w — LBD® be a functor. Then Ay is a lbo.

Proof. From Lemma 4.3.9 and Lemma 4.3.8 it follows that = : |Ax| — |Asl| is an
involution. Lemma 4.3.10 ensures the existence of 27 and z; for all z € |A.|, and
Lemma 4.3.15 provides binary infima and suprema of stably coherent elements. O

Lemma 4.3.17. Let A : w — LBD® be a functor then (Ax,C) is a cpo. If X is a
directed subset of As then | | X = (| {zn | 2 € X })new-

Proof. Suppose X C A, is C-directed. As the extensional order C is given pointwise
on Ay it follows that for all n € w the set {z, | = € X} is directed w.rt. C. As

Tontt(L{zn [ 2 € X}) = [ {mnn(@nga) | 2 € X} = [J{on [ 2 € X} and ({2, |
& € X})new is the supremum of X in [], A, it follows that it is also the supremum in

As. O
Next we study finite prime elements of A.,.

Definition 4.3.18. If A: w — LBD® is a functor. Then we define m, : Ase — A, by

and t, : A, — As by
Ten(x) if k <n,
(Ln(x))k = { k, ( ) f

ten(z)  otherwise,

for all k € w. Further, we put r, := 1, om, for alln € w. o

Lemma 4.3.19. For all n € w the functions w, : A — An, tn 1 A, — Asx and
Tn @ Ase — Ao from Def. 4.53.18 are bistable.

Proof. This follows as 7y, ,, and ¢y, are bistable for all £ < n and using Lemma 4.3.14. [

Lemma 4.3.20. Let A : w — LBD® be a functor, v € Ay and y € A,, for somen € w.
Then

(1) y C x, implies v,(y) C = and
(2) y <s x, implies 1,(y) <, x.

Proof. Suppose © € Ay, and y € A,,.
) If y C x, then (t,(y))n = y C x,. Let k € w, if & < n then (t,(x))r =
C mpn(xn) = xp. If k> n then (4,(2)r = thn(y) T tgn(z,) T 2. Thus,
tn(y) C x as desired.
d(2): Ify <g x, then (1,(y)n =y <s z,. Let k € w, if & < n then (1,,(x))y

Wk’n(y) <s Ten(Tn) = zp. Ik >nthen (6,(2))k = then (V) <s thn(Tn) = thn(Tn (k)
xy. Thus, 1,(y) <; = as desired.

d (1
Wkn( )
C

oM
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4.3 Inverse Limits of Projections in LBD

Lemma 4.3.21. Let A: w — LBD® be a functor then

FP(Aw) = {tn(p) | n € w and p € FP(A,)}.

Proof. Suppose p € FP(A) then the set {¢ € A | ¢ < p} is finite. Let n := |{q €
Aw | g <5 p}|- By Lemma 4.3.20 n is an upper bound for [{q € A; | ¢ < p;}| for all
i € w. Further, there exists a k € w such that |{qg € Ay | ¢ <s pr}| = n. As p;y1 stably
dominates at least as many elements as p; it follows that [{¢ € A; | ¢ <s pi}| = n for
all [ > k. As all the maps ¢, are injective and preserve the stable order it follows that
H{r e Ai | v < ur(pe)}| > n. Thus, as vy (pr) <s pr we get v (pe) = p for all [ > k.
Hence, p = tx(px) and py is finite.

For showing that py is prime suppose z,y € Ay with x Tyorz | y. lf pr CzUy
then from Lemma 4.3.20 it follows that p C ¢ (x U y). Using Cor. 2.3.4 (in case = | y)
and Lemma 4.2.10 (in case x T y) we get m x(x Uy) = mp(x) Umi(y) for all I < k and
ur(rUy) = ur(x)Uyr(y) for all [ > k. Thus, it follows that tx(z Uy) = w(z) U ek (y).
As ip(x) T te(y) or tp(x) | te(y) (since ¢y is bistable) and p T i (x Uy) = () U tk(y)
we get p C wp(x) or p C 1x(y). Thus, pr, C z or py C y as desired.

For the reverse inclusion suppose p € FP(Ay) for some k € w and y, z € A, withy T 2
ory | z. If 1x(p) C y U z then it follows from Lemma 4.3.15 that (y U 2)r = yx U 2,
and from Lemma 4.3.14 that yx T 2, or yx | 2k. As (te(p))k C yix U 2z and (tx(p))x =
p € FP(Ay) we get p C yx or p C 2. W.lo.g. assume p C yi. Then by Lemma 4.3.20
it follows that t(p) C y. Thus, tx(p) € P(Ax). Suppose I > k. From Lemma 4.2.6 it
follows that ¢ (7 (1)) = r for all r < ¢, x(p). Thus, if x € A with z <, t4(p) then
x; <s te(p)1 = ur(p) and it follows that x = w(xr) = w(q) for some ¢ <; p. As p is
finite there exist only finitely many ¢ with ¢ <; p. Thus, x(p) is also finite. O]

Lemma 4.3.22. Let A:w — LBD® be a functor and x € A, then

FP(z) = {tn(p) | n € w and p € FP(z,)}.

Proof. Suppose © € As. Then we have FP(z) = {y € FP(Aw) | y <s }. Thus, from
Lemma 4.3.21 it follows that

FP(z) = {t(q) [ n € w,q € FP(4,) and 1,(q) <, x}.
Using Lemma 4.3.14 we get

FP(z) = {tn(q) | n € w,q € FP(A,) and ¢ < z,,}
= {u,(p) | n € w and p € FP(x,)}

as desired. O
Theorem 4.3.23. Let A:w — LBD® be a functor. Then Ay is a Ibd.
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4 Properties of the category LBD

Proof. We already know from Lemma 4.3.16 and Lemma 4.3.17 that A, is a complete
Ibo. Further, as every A, has a least element | it follows that A, has also a least
element |. Thus, A, is pointed. It remains to show that A, fulfils the requirements
(1) and (2) of Def. 2.2.3:

ad (1) : Suppose x € Ay,. Then it follows from Lemma 4.3.22 that FP(z) = {¢,(p) |
n € wandp € FP(z,)}. For all n € w and p € FP(z,) we have (t,(p)), = p and it
follows that z, <g (| [{tn(p) | p € FP(zs)})n- As tn(p) < z for all n € w and p € FP(z,,)
by Lemma 4.3.20, it follows that z, = (| [{tn(p) | p € FP(zs)})n Thus, x = | |FP(z) as

desired.

ad (2) : Suppose p € FP(Ay), X a directed subset of Ay, and p C | |X. From
Lemma 4.3.21 it follows that there exists an ¢ € w and a ¢ € A; with p = ¢;(¢). Further,
L1 X = (| {zn | € X})new by Lemma 4.3.17. Thus, there exists an x € X with ¢ C ;.
From Lemma 4.3.20 it follows that ¢;(¢) C z. Thus, p C z as desired. O

Theorem 4.3.24. Let A : w — LBD® be a functor then the following holds:

(1) The locally boolean domain A together with the morphisms 7, : A — A, for all
n € w is a limit over the diagram D := ((Ap)news (Tnnt1)new) in LBD.

(2) The locally boolean domain A, together with the morphisms v, : A, — As for all
n € w is a colimit over the diagram D := ((Ap)news (bnt1.n)new) in LBD.

(3) (tn,mn) s an ep-pair for every n € w.

(4) Uy tn © m = ida

Proof. ad (1) : The construction of the limiting object A, and the projections 7, is the
usual one for categories of domains. Thus, having another cone (B, (f,)new) Over the
diagram D it follows that the function f : B — Ay with f(z) := (fu(2))new is Scott
continuous. Thus, it remains to show that f is bistable. Suppose z,y € B with = | .
Then it follows that f,(xMy) = f.(x)MN f.(y) and f,(zUy) = fu(z)U fu(y) foralln € w
and we get

flany) = (fulzNY))new
= (fn(x) M fn(y))nEw
= (fu(2))new N (fu(y))new (1)

and

(fa(z UY))new
= (fa(@) U fu(y))new

(fa(2))new U (fa(Y))new (1)
= f(x) U f(y)
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4.3 Inverse Limits of Projections in LBD

where (f) holds as f,(z) | fu(y) for all n € w and the infimum (resp. supremum) is
computed pointwise (by Lemma 4.3.15).

ad (2) : Like in the proof of (1) it remains to show that if (B, (fn)new) is & co-
cone over the diagram D then the function f : Aw — B with f(x) == [],c, fu(®n)
is bistable. First, notice that for x+ € A, we have f,(x,) = for1(tnrin(zn)) =
Jo1 (1.0 (Trns1 (Tn11))) <s fot1(Tng1), thus we have

Jo(Tn) <s frnp1(Tny1) (1)

for alln € w. Suppose z,y € Ax. If x | y then it follows that x,, | y, and f,,(z,) | fu(yn)
for all n € w. Thus, using Lemma 2.2.28 it follows that f(z) | f(y). Further, we have
folzn Uyn) = fulx,) U fu(yn) for all n € w and it follows that

- |_| fn(xn) U fn(yn)

new

= |_| fn(:EN) U |_| fn(yn)

new new

= fx)U f(y)

From monotonicity of f we get f(zMy) C f(x) M f(y). Suppose p € FP(,c., fo(zn) I

e fn(yn)) then p € FP(L], o, fn(2,)) and p € FP(L],c, fn(yn)). Thus, there exists an
i € wsuch that p C fi(x;) N fi(y;) C f(z) N f(y) as desired.

ad (3) : Suppose n € w. Then we have 7, o 1,(z) = 7, (tn(x)) = tn(x), = x, thus
Tpoty, =1dy,. lf 2,y € Ay and x <; y then for all n, k € w it follows that

B o 7Tk,n(xn) if k < n,
((//n o 7Tn>($)>k = (Ln('rn))k - {Lk,n(xn) if k> n,
Wk,n(zn) if k S m

(om0 = a2 |

As tpp 0 T <s ida, for all & > n and zp <; yi it follows that i, o m,x(xr) =
Lkn © Tnk(Yx) M xg. Thus, we have iy () = tkn(yn) Mz as desired.

ad (4) : We have v, om, < ids, for all n € w thus ||, tnom <, ids.. On
the other hand, we have (i ())m = (tm © Tm(2))m <s (Uyew tn © Tn(z)), . Thus,
|,c, tn 0T = ida. ]
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4.4 Countably based Locally Boolean Domains

We will now restrict to those locally boolean (pre)domains where the set of finite prime
elements is countable. Notice that countably based lbds will be sufficient for the inter-
pretation of the language SPCF, (cf. chapter 5).

Further, adapting a result of J. Longley in | | we show that every countably
based locally boolean domain appears as retract of U = [N—N] where N are the bilifted
natural numbers, i.e. that U is a universal object for countably based locally boolean
domains.

Definition 4.4.1. A lbpd (resp. Ibd) A is countably based (a cblbpd (resp. cblbd)) iff
the set FP(A) is countable.

We write wLBPD (resp. wLBD) for the category of countably based locally boolean
(pre)domains and sequential maps. o

Obviously, for a Ibpd A the set FP(A) is countable iff F(A) is countable.

Lemma 4.4.2. The category wLBD has countable bilifted sums and products, is carte-
sian closed, and is closed under inverse limits of w-chains of embedding projection
PAITS.

Proof. Tt is well known that the category OSA restricted to Curien-Lamarche games
with countable sets of cells and values forms a cartesian closed category and this category
is obviously equivalent to wLBD.

The other statements are left as an exercise to the reader. O]

We now define abbreviations for some frequently used cblbds.

Definition 4.4.3. We define the following cblbds:

= H (The empty product.)
i€l
= Z (The empty sum.)
ich
N:= Z 1 (The bilifted natural numbers.)
(S
U := [N—N] (The bistable endomaps on N.)
Further, given a lbpd A we introduce the abbreviation A for [ [, A. o

We call the type O the type of observations. More explicitly O can be described as
the Ibd ({L, T}, C,—) with L © T and =L = T. Notice that [A—Q] separates points
in A for any Ibd A.

The data type N will serve as the type of bilifted natural numbers. More explicitly N
can be described as the lbd (NU{L, T},C, =) withz Cyiff t = L ory =T or x =y,
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4.4 Countably based Locally Boolean Domains

and negation is given by =L = T and —-n = n for all n € N. The extensional order of N
can by visualised by the following diagram

N
V2

L

where the bistably connected components are [L]; = [T]; = {L, T} and [n]; = {n} for
all n € w. Thus, N is isomorphic to the bilifted set of natural numbers, and we will refer
to the elements of N as given in the diagram above. In terms of CL-games the Ibd N has
exactly one cell c =T and FP(N) = {c} U{v, | n € w}.

Further using Thm. 4.1.2 it follows that the locally boolean domain N“ has as cells
the set {c, | n € w}

In | | J. Longley has shown that in SA (i.e. the category of sequential data
structures (without error elements) and sequential algorithms/function) the sequential
data structure of partial functions on the natural numbers is universal. We will modify
this proof and show that the Ibds U and N“ both are universal in the category wLBD.

Definition 4.4.4. Let A and B be lbpds and e : A — B and p : B — A be sequential
maps. We call the pair [e,p] a retraction pair and write [e,p] : A — B iff poe = id4.
©

If [e, p] is a retraction pair, then e is called embedding, p is called projection. Notice
that we do not impose any condition on e o p. Thus, p is not necessarily a projection in
the sense of Def. 4.2.1.

In the following we will show that the locally boolean domain N“ is universal in the
category wLBD, i.e. if A is a cblbd then there exists a retraction pair [e, p] : A — N¥.

As A is a countably based we can pick some identification v : FP(A) < w of FP(A)
with a subset of the natural numbers. Further, we write ¢ for the (partial) inverse
function of v, and write €(n) | iff there is a p € FP(A) with v(p) = n and €(n) T
otherwise.

Next we define functions e, and €, from a cblbpd A to N*. The intuition behind the
definition of €’ is that €’ (x) fills cell 4 with j (resp. T) iff €(4) is a cell that is filled by
x with value €(j) # (i) (vesp. €(i)). The definition of e, is like the definition of €’ but
ea(r) additionally fills a cell ¢; with T if €(7) fills some cell ¢ € FP(x) with ¢. Notice
that e4(z) and € () agree on all cells that are filled by €’ (z), and if a cell ¢ is filled by
ea(z) with value v # T then c is also filled by ¢’ () with value v.
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4 Properties of the category LBD

Definition 4.4.5. If A is a cblbd we define the functions e, e’ : A — N“ by

(T ife(i) |, e(i) € Cell(A) and x fills (i) with e(i)
(€% (x)); := i ife(i) |, (i) € Cell(A), e(4) |, €(j) = (e(4))L

and x fills e(i) with €(5)
| L otherwise

T ife(i) |, (i) € Cell(A) and
JeeFP(z)NCell(A). ¢ filled by €(i

)
(ea(®))i=qJ ife(i) |, e(i) € Cell(A), €(j) |, () = (e(j))
and x fills €(i) with €(7)

1 otherwise

forallz € A and i € w. o

Notice that in the above definitions the cases for T and j € w are mutually exclusive.
Thus both functions are well-defined. Further from the preceeding remarks we get that:

Lemma 4.4.6. Let A be a cblbd. Then €’(x) <, ea(z) for all x € A.

Lemma 4.4.7. Let A be a cblbd. Then the functions ¢’, and e4 preserve bistable coher-
ence and bistably coherent infima and suprema.

Proof. Suppose z | y.

For showing that es(z) | ea(y) holds, we have to check that (e4(z)); = j for some
J € wimplies (ea(y)); = 7 and vice versa. If (e4(x)); = j then €(j) = (e(j)) . and x fills
€(i) with €(j). Thus, €(j) € FP(x) and as €(j) = (e(j)). it follows that e(j ) € FP(z,) =

FP(y.) C FP(y). Thus, y fills €(¢) with €(j) and we have that (e4(y)); =

For showing that e4(z My) = ea(z) Mea(y) and ea(x Uy) = ea(x ) ea(y) hold it
suffices to check the cases where (e4(z));, (ea(y)); € {L, T}. Using Lemma 2.2.21 it
follows that (ea(x My)); = T iff (ea(x)); = T and (ea(y)); = T, and (ea(zUy)); =T

iff (ea(x)); =T or (ea(y));i=T.
Analogously, one shows that €’ has the required properties. l

Lemma 4.4.8. Let A be a cblbd. Then functions ey and 6%4 preserve | -elements, 1i.e.
ea(1) = ea(z)1 (resp. &y(x1) = e4(x) 1) for all x € A.
Proof. Immediately from the definition of e, and ¢’;. m

Lemma 4.4.9. Let A be a cblbd. Then the functions e, and €, reflect stable coherence,
i.e. if v,y € A then es(x) T eay) (resp. €(x) T €,4(y)) implies x T y.
Proof. Suppose z,y € A with x J y. Then as A has a least element it follows that

FP(z) N FP(y) # 0. Thus from Lemma 3.2.12 it follows that there is a cell ¢ that
is filled by z with v, and by y with v, and v, # v,. Thus, by Def. 4.4.5 we get

(ea(®))ue) = v(ve) # v(vy) = (eA(y)),, () and it follows that ea(x) J ea(y). Analogously,
one can show that = J y implies ¢’ (z) 7 ¢’ (y). O
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Lemma 4.4.10. Let A be a cblbd. Then the function e, is bistable.

Proof. Suppose z,y € A with x T y. If (ea(z)); = T then €(i) € Cell(A) and
deeFP(z)NCell(A). ¢ filled by €(z) and it follows from Lemma 3.2.15 that (ea(y)); =
T. Now suppose (e4(z)); = j. Then €(j) = (e(j)). and z fills (i) with €(j). By
Lemma 3.2.15 there exist two cases:

(1) y fills €(7) with €(j) : Thus (ea(y)); = j and we are finished.

(2) There exists a cell ¢ filled by €(7) and y fills ¢ with ¢ : As €(j) and €(i) fill the
same cells it follows that ¢ is filled by €(7), and we get (e4(y)); = T.

Continuity follows immediately from monotonicity, as the definition of e4 refers only
to compact elements of A.
Applying Lemma 4.4.7 finishes the proof. O]

Lemma 4.4.11. Let A be a cblbpd. Then for all € N* the set {y € A | e(y) <s z}
has a greatest element w.r.t. <,.

Proof. If x € N* then it follows from Lemma 4.4.9 that the set {y € A | &(y) <, x}
is stably coherent. Thus, m, = | |[{y € A | &4(y) <, 7} exists. From Lemma 2.2.21
it follows that FP(m,) = (J{FP(y) | ¥ € A4,¢%(y) <, x}. Assuming p € FP(m,) and
w.lo.g. p # L it follows that there exists a unique cell ¢ with ¢; <, p C ¢, further
p € FP(y) for some y € A with €’ (y) <, z. Hence, we get

T if c = p, and
(x)u(c) = .
v(p) otherwise.

Thus, €’;(m,) <, . O
Using the just proven lemma we can define a projection from N“ to a cblbd A.

Definition 4.4.12. If A is a cblbd then we define the function pa : N¥ — A by

palx) =] [{y e Al 4(y) <.z}
for all x € N“. o
Notice that Lemma 4.4.11 ensures that p4 is well-defined.
Lemma 4.4.13. Let A be a cblbd. Then the function ps is observably sequential.

Proof. For showing that p4 is continuous w.r.t. <, suppose z,y € N* with = <, y. Let
z <, pa(z) then €(2) <, x <, ¥, thus 2 <, pa(y). Further let X C N be directed
w.r.t. <;. As py is monotone w.r.t. < it follows that | |pa(X) <s pa(| ] X). For the
showing reverse inequality suppose ¢ € FP(pa(| ] X)), thus €’(¢q) <, | | X. As ¢ is finite
it follows that ¢ fills at most finitely many cells. Thus (¢’(q)); # L for at most finitely
many i € w. It follows from Thm. 4.1.2 that €’,(q) is finite. Hence as X is directed w.r.t.
<, there exists a € X with €%(q) <, x, thus q¢ <, pa(z) <, | |pa(X).
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For showing that p4 is observably sequential suppose z,y € N with x <, y, ¢ €
Acc(pa(z) and pa(y) fills ¢. Then €’ (c,) <s y and it follows that y fills the cell ¢, (),
thus ¢, () is the unique sequentiality index for ps at (x,¢’). Uniqueness follows as
pa(x U cye) fills ¢. Further by definition of €’ it follows that pa(z L ¢,() fills ¢ with
value ¢, thus py is error propagating. O

Thus we can show that each cblbd is a retract of the 1Ibd N¥.

Theorem 4.4.14. The cblbd N is universal in the category wLBD, i.e. if A is a cblbd
then there ezists a retraction pair [e,p] : A — N¢.

Proof. We show that [ea,pa] : A — N“ is aretraction pair. By Thm. 3.3.6, Lemma 4.4.10
and Lemma 4.4.13 and it follows that e4 and p4 are bistable maps.

For showing that p, o e4 = id4 suppose x € A. As €% (z) <, ea(x) by Lemma 4.4.6 it
follows that = <, pa(ea(z)).

For showing the reverse inequality suppose p € FP(pa(ea(z))) and w.lo.g. p # L.
Then €, (p) <, ea(r) and p fills a unique cell ¢ € Cell(A) with value p. We proceed by
case analysis on p. In case that p = p; then (e4(p))u@ = v(p). As €4(p) <s ea() it
follows that (ea(x)),) = v(p), thus p € FP(x). In case that p # p, then p = ¢ and
(€%(P)ue = T. Thus (ea()),) = T and it follows that there exists a cell ¢’ that is
filled by ¢ and z fills ¢ with value . As p,x <, pa(ea(x)) we have p T x and it follows
from Cor. 3.2.11 that the filling of p and x agrees on those cells filled by both. Thus, as
all cells except ¢ that are filled by p are filled with values v = v, it follows that ¢ = ¢.
Hence we get p = ¢ € FP(x) as desired. l

As an easy consequence it follows that type of bistable endomaps on the bilifted
natural numbers is also universal.

Corollary 4.4.15. The cblbd U is universal in the category wLBD.

Proof. 1t is an easy exercise to verify that the maps e : N¥ — U and p : U — N“ given
by

T =T
e(r):=<141 wx; foralliew
1l =1

and

p(f)i = f(i) foralliew

are both bistable and form a retraction pair [e, p] : N¥ — U. Using Thm. 4.4.14 it follows
that U is universal. Il
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5 A universal model for the language SPCF
in LBD

In the first part of this chapter we introduce the language SPCF,, and its operational se-
mantics. The language SPCF, is an infinitary version of SPCF as introduced in | ].
More explicitly, it is obtained from simply typed A-calculus by adding (countably) infinite
sums and products, error elements, a control operator catch and recursive types. We
give a call-by-name operational semantics for SPCF,, where we use evaluation contexts
in order to formalise the behaviour of the control operator catch.

In the second part of this chapter we present a computationally adequate model for
SPCF., in the category LBD. Further we exhibit each SPCF.,, type as an SPCF
definable retract of the type N—N from which we deduce universality of SPCF, for its
LBD model.

5.1 Definition of SPCF

First we define the types of the language SPCF.,. Since SPCF,, has recursive types we
also have to consider types with free type variables.

We assume a given set of type variables (denoted by «, o’ and so on) and generate
the types of SPCF,, as follows:

ogui=a|o—0 | pa.o | Bieno | Hiepo

where n € w + 1.

A type o is called closed iff it does not contain a free type variable «, i.e. each
occurrence of a type variable « is bound under by some pa. We introduce the following
abbreviations for types:

0:=%cp (type of observations)
1 := Iy (empty product)
N :=%,.1 (natural numbers)
n = Y;,1 (for all n € w+1)
o1 = Xic10 (bilifting)
Oo++ +0n_1 = Dien0; (n-ary sum)
OoX +++ XOp_1 := epo; (n-ary product)
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5 A universal model for the language SPCF., in LBD

Additionally, for a given SPCF., type 0 and n € w + 1 we define the abbreviation

o" = Ilcpo
The terms of SPCF, are derived using the following grammar:
teo=x| (Az:ot)| (tt) |

(ti)ien | Pr?ienoi (t)
in €% (t) | case™ €% tof (in; & = ;)ien
fold"*“(t) | unfold”*“(t) |
T | catchi(t)

for any variable z, n € w 4+ 1 and all types o, 0;, 7 and type variables a.

By (t;)ien we denote
<t0,...,tn_1> ifnew

and
<t0,t1,t2,...> ifnew.

Accordingly, by case™€"%7 t of (in; x = t);c, we denote
case™ €T tof (ing = to,...,i0,_1 = t,_1) ifnew

and
case”€%7 ¢ of (ing = to,in; = t1,ing = 15, ...) ifnew.

Further we define the values of SPCF,, by the grammar

vi= (Az:o.t) |
(t:)ien
in; <7 (t)
fold > (¢)
TXien0i

for all terms ¢t. The values T>€"% are called error values the other values are called
proper values.

Type annotations are merely used for type inference, we will omit them when they are
clear from the context. Terms not containing any free variables are called closed terms
or programs the other terms are called open terms.

For the typing rules (as given in table Table 5.1), we look at terms-in-context of the
form I' - M : 7, where M is a term, 7 a closed type and I' = z1 : 01,...,2, : 0, IS &
context assigning closed types o4, ..., 0, to a finite set of variables x1,...,z,. If I" is the
empty context, then we also write M : 7 for ' M : 7.

Notice that even in the presence of infinite constructions (countable product and sum)
we do not consider contexts with infinitely many free variables as we are interested only
in those terms-in-context that can be transformed into closed terms.
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5.1 Definition of SPCF,

Ax var AxT
:Bl:al,...,xn:anl—a:i:ai( ) FI—TZiE"Ui:EiEnm( )
x:obt:T 'Ft:o—-1 T'ks:o
|— (E—)
'E(Ax:ot):0—1 Tk (ts): 7
I'H¢:0;, forallien I'=t: 1,0
11 TP (EIT)
F l_ <tz>z€n . HiEnJi F |_ pri Zenal(t) or
'Ht:o 'tt:Yicpo; Tix:iojbs;:m forallien

(IX)

'k inizienai (t) : Xienoi I F case™< % t of (in; € = 8;)ien : T

C'Ft:olpa.o/al FHt:pao
pps (1) s (Ep)
[k fold"*°(t) : po.o I' F unfold"*?(t) : olua.o/q]
I'-¢:0—=0
(catch)

'k catch(t) : N

Table 5.1: Typing rules for SPCF,
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5 A universal model for the language SPCF., in LBD

For sake of convenience we introduce the following abbreviations:
Y, :=k(fold" (k))
with 7 := pa.(a—(0—0)—0)
and k := Az : 7. \f : 0—o.f(unfold” (z)z f)
id, =\ \z: 0.2
1, :=Y,id,
* =)t
zero :=inj) (*)
succ :=\n : N. case™™ n of (in?I iew
in]z= Iy if i = 0,
inNz=in], 2 0therwise> ,
inNz =k ifi=0, )

in]l z = | otherwise

. N
T = iny, z)

pred :=\n : N. caseNN n of (

ifz :=\n : Nk : N : N. case™N n of <

catch? 717N .=\ f catch(\z : 0. case f(eo(pry(z)), ..., en1(pr, (7))
of (lnl Y= PYiy, (x))z@u)
with e; := \r : 0. case®” wof () foralli€ {0,...,n—1}
If n € w+1 and m < n then we also write m for the term in), (x) of type n.

Hence we get SPCF,, as an extension of ordinary SPCF defined by R. Cartwright,
P.L. Curien and M. Felleisen in | | and of SPCF+ defined by Jim Laird in | ]
(It is tedious but straightforward to check that the operational semantics of SPCF, (as
given in section 5.2) is sound w.r.t. to the other operational semantics.)

We also remark that due to the countably infinite case construct any bistable function

from [N] to [N] is implementable in SPCF, (and not only functions that are computable
in the classical sense).

5.2 Operational semantics

In order to formalise the behaviour of the control operator catch we introduce the notion
of evaluation contexts.

Definition 5.2.1. A (call-by-name) evaluation context E is defined by the grammar
Bi= ]|
Et |
pr;(E) |
case F of (in; s; = 1)y, |
unfold(F) |
catch(\z : 0¥.F)
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5.2 Operational semantics

for any i € w and where t and the s; range over SPCF, terms. o

The notion E[t] stands for £ with the [] hole filled by ¢. Further, if we write E[z] we
assume that the occurrence of the variable x in the hole of E is a free occurrence, and,
analogously, if ¢ is an open term. We allow only those evaluation contexts £ that are
typeable, i.e. there exists a context I and closed types o and 7 with T' + E[z : o] : 7,
then we say that F is of type 7.

Definition 5.2.2 (SPCF-redexes). The SPCF-redezes are given by the following pro-
duction rules:

A=A\ :ot)s |
pr;({ti)ien) |
casein; sof (in; z = t;);c, |
unfold(fold(t)) |
catch(\x : 0“.E'[x]) |
E[T]
foralln € w+1, terms t, t; and s and evaluation contexts E and E’, with the constraint

that E # [|. A redex of the form E[T] is called an error redex, the other redexes are
called proper redexes. o

Lemma 5.2.3. Lett be a SPCF,, term. Then eithert is a proper value or there exists a
unique decomposition of t into an evaluation context E and a term R where R s either
a free variable, T or a proper redex with t = E[R).

Proof. The proof is a standard induction on the structure of the term ¢ and similar to
the proof of Lemma 8.5 in | - O

The operational semantics of the language SPCF, is described by means of the fol-
lowing deterministic evaluation relation —.p.

Definition 5.2.4. For all terms t, t; and s and evaluation contexts E we define the
following redex reductions:

(Ax @ 0.t)S —req t]s/x] (
pri(<ti>ien) —red Ui (

casein; sof (in; x = t;) —eq Li[s/ ] (case)
unfold(fold(t)) —eq ¢ (

For all evaluation contexts E of type O the evaluation relation —,, is given by

E[t] —op E[t] if t —ed T (red)
E[T] =op T if E# ] (T)
Elcatcht] —o, t{En))new (catch) o

It follows from Lemma 5.2.3 that —, is deterministic.
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5 A universal model for the language SPCF., in LBD

5.3 Interpretation of types

As the language SPCF, includes recursive types the interpretation of SPCF,-types has
to be defined inductively on the type structure. Hence we cannot restrict ourselves to
closed types but have to define the interpretation of types relative to a context.

The canonical way of interpreting a type aq,...,q, F ¢ in domain theory is as a
locally continuous functor Fi,, ..o : C" — C over some suitable category C.

For example the type a1, as F a;—as corresponds to the functor

F((X1, Y1), (X2,Y3)) =Y for objects X1,Y1, X5, Y5 €C
F((f1,91), (f2:92)) 2951 for morphisms f; : Xj — X, gi : Vi — Y/
with i € {1,2} where

g Y Y gl (h) = gyoho fy

It is straightforward to define such functors for function, sum and product types. Tak-
ing recursive types into account, things get more complicated. In the theory of domains
recursive types are usually interpreted as the solution of recursive domain equations,
which can be constructed as bilimits over some suitable diagram of embeddings and
projections. For this purpose we have to restrict our category LBD to the category
LBD; of locally boolean domains and strict bistable maps. (This is in fact no restric-
tion as all embeddings and projections are strict.) Our approach is related to Freyd’s
results on initial algebras and final co-algebras, see | | and [ ]. Following the
notational convention introduced in | | we will decorate variable names with super-
scripts + and — . to distinguish between ‘co- and contravariant arguments’.

As W. K. Ho pointed out in | ] we have to carry out the constructions in the cat-

egory LBDg which is the diagonal category of LBD® x LBDy, i.e. the full subcategory
of LBD:?¥ x LBD; whose objects are those of LBDg and morphisms are pairs of LBDy

morphisms of the form

Definition 5.3.1. Let © = a4, ..., a, by a type context. For any type-in-context O o
we define a corresponding functor For, : LBDy — LBDyg by induction on the structure
of the type o.

For any collection % := (zy,xf,...,x,,x}) of either objects or morphisms in the
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5.3 Interpretation of types

—_—

category LBDy, respectively, we define

Fora,(7) = o

For g () 1= [Foro (F)— For» (i)
FG'_HiEIUi(f:F) = H F@’—Uz' (:Z::F)
el
F@FEiEIUi(f:F) = Z F@Hfi (iﬂ:)
i€l

F@)_MQ_U<J_ZEF) = reC1<Fa7@)_U)(ZZ‘EF) fOT (07 g S

n—1

where rec(Fporo) 5 the functor H : LBDy — 171558 such that for all ¥ =
(9, T2, ..., &y, x,) we have

F@I—ua.U(H(iﬂ)a H(f/>7 ‘7_}/) = H(f/)
According to the results of Freyd, H(z') is the free algebra for the functor For oo ©
Lemma 5.3.2. For any type-in-context © = o the functor For, is locally continuous.

Proof. The proof is done by induction on the structure of the type-in-context © o
ad © F «; : We have For,,(ZT) = z;7, which is obviously locally continuous.

ad © F o—7 : We have For 5., (ZT) = [Foro (7F)— For, (ZF)]. If T is a collection of
morphisms and X a directed set with | | X = ZF then

F@FUHT(:Z}$) = [F@Fo(fi)_)F@FT(fi)]
= F@I—T(iﬂ:) o0_0 F@I—a<:id:)

= |_| {Forr(yT)}o_o |_| {Fors(4)}

yTteX yTeX

= | | {For-(i7) o -0 Foro (i)} (1)

yteX

= |_| {[F@)_g(gtt)_)FG)l—T(gEF)]}

yteX

= |_| {F@FUHT(?j’jF)}

yFeX

where (1) holds as LBDj is cpo-enriched.

ad © - Il;c;0; and © - X,¢cr0; @ For all ¢ € I the functor Fey,, is locally continuous
by induction hypothesis. Further, [],.; and )., are locally continuous by Thm. 4.1.8.

ad © F pa.o @ According to the results of W. K. Ho in | | it follows that the
functor H is locally continuous. O]
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5 A universal model for the language SPCF., in LBD

Definition 5.3.3. Let o be a closed SPCF o -type. Then we define its interpretation by
[o] := F-»

and identify the constant functor Fi, with the corresponding object [o] in the category
LBD;. Further, if I' = xy : 01,...,2, : 0, is an SPCF, contexts then we put [I'] :=
[o1] x ... x [on]- o

5.4 Denotational semantics of SPCF

In the previous section we have given an interpretation of closed SPCF..-types. In order
to give a denotational semantics we introduce the following sequential maps between
locally boolean domains.

Lemma 5.4.1. For all i,n withi € n € w+ 1 and lbds X; and Y the function

case : (Z X; x H[Xi—>Y}) —Y

1EN 1EN
fi(w) iff x = 1j(w) for some j € n and w € X;
case(z, (fi)ien) = Ty iff v ="Tyx,. x
J_y’ iz%iﬂ = J_z: X

i€n
18 sequential.

Proof. It is an easy exercise to check that for all ¢, n, X; and Y the function case is
continuous and bistable. O

Next, we take a closer look at the locally boolean domain [0“—0]. We show that for
all f € [0¥—0] the function f is either constant or a projection. As | O it follows from
Lemma 4.3.3 that f preserves arbitrary infima and suprema. If a,b € At(O¥) with a # b
and f(a) = f(b) = T then it follows that f(L) = f(aMb) = f(a) M f(b) = T, thus f is
constant T. If f(a) = L for all a € At(O¥) then f(T) = f(L]At(0¥)) = || f[At(O¥)] =
L, thus f is constant L.

Thus, it follows that f is either constant or f = m;, i.e. the i-th projection, for some
1€ Ww.

Further, one easily verifies that =L = T and —m; = 7; for all 7+ € w. Thus, it follows
that [0¥—0] ~ N and we have isomorphisms

catch

[0¥—0]

case
where case is the transpose of case : (N x O¥) — O.!

Definition 5.4.2. The inductive definition of the interpretation of SPCF., terms-in-
context 1s given in table Table 5.2. o

We used the fact [1—X] ~ X implicitly.

92



5.5 Universality of SPCF

[x1:00,...,2p 00 F 2y 07] i=m;
[TFT:Sieno] =2 Tiso
[TF Az :ot):o—7] = currypy ([T, 2 : o 2 7])
[Tt+ts: 7] :=evalo([T'Ft:o—7],[Tt s:0o])
HF F <ti>Hienai . HiEngiH = <[[F F tl . Uiﬂ)iEn

i€n
[T'Fpr,(t):o] :=mo[['Ft:0]
[T F case™<c "7 tof (in; x = t;) : 0] := caseo([I" I t],
([T F (A : 75.t;) - 73—0])ien)
[Tt ing(t) : Zienoi] =0 [t o]
[T catch(t) : N] := catcho[I' ¢ : 0“—0]
[T F fold"*?(t) : pa.o] :=foldo[[' F ¢ : o[ua.o/a]]
[T F unfold"*“(t) : oluca.o/a]] := unfoldo[I"' F ¢ : pav.o]

where fold and unfold are the respective isomorphisms between [ua.o] and [o[ua.o/a]
from the construction of the minimal invariant

Table 5.2: Interpretation of SPCF-terms-in-context

For showing that the LBD model of SPCFis computationally adequate we have to
show that the model is correct w.r.t. the operational semantics, i.e. evaluation of terms
does not change their denotational values. This can be done as usual by induction on the
reduction rules and hence is omitted. Further, we have to ensure that the operational
semantics is complete w.r.t. to the model, i.e. [t] # L impliest —%, T for any closed term
t : 0. For this purpose one can adopt the method in | | and use results from | ]
to establish a type-indexed family of formal-approximations to deduce completeness.
The proof for this is similar to the one for a call-by-name variant of the language FPC
given in | | and hence also omitted.

5.5 Universality of SPCF

In this section we show that the first order type U = N—N is universal for the language
SPCF, by proving that every type is a SPCF, definable retract of U. Since all elements
of the Ibd [U] can be defined syntactically we get universality of SPCF, for its model
in LBD.

Definition 5.5.1. A closed SPCF -type o is called a SPCF.-definable retract of a
SPCF.-type T (denoted o < T) iff there exist closed terms e : o — T and p: T — o such
that

[p] o [e] = idpoy - o
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5 A universal model for the language SPCF., in LBD

Definition 5.5.2. An SPCF -type o is called universal iff every closed SPCFo.-type T
1s a SPCF . -definable retract of o. o

For the next lemma we will not give a prove here as it is a standard induction on the
structure of type in contexts and can be found for a call-by-name variant of the language
FPCin | ].

Lemma 5.5.3. An SPCF . -type U is universal iff for alln € w+ 1 the types
U—-U, IL;en U, YienU
are definable retracts of U.
And as an immediate consequence of Lemma 5.5.3 we get:

Lemma 5.5.4. Suppose the SPCF-type U is universal. If for the types o € {U—U,
U, 2icnU} there exists terms ey, p, such that

[ps] o [es] = idpy (1)
holds, then for all SPCF.-types o there exist terms e,, p, such that (1) holds.

Lemma 5.5.5. For any closed SPCF . -type 0 and any n € w + 1 we have

II;ch,o <n—o and X,c,0 <nxo.

Proof. The retractions are given by the following terms

ellcnon—o = AD : lljc,0. Ak - 1. case k of (i = pr; p)icy,

Pllicpon—o = A nﬁa-(fi)ien
and

eyenomxo ‘= AS 1 Lieno. case sof (in; z = (i,7))ien
PSyenomxo ‘= AP : 1X0. case prypof (¢ = in,;(pr, p))icn O

Lemma 5.5.6. The SPCF,-type U := N—N is universal.

Proof. If we can show that the types
U-U, e, U, YienU

are retracts of U we get the proposition using Lemma 5.5.3. We will only give the term
for the respective embedding and projection and leave it to the reader, to check that
[p] o [e] is equal to the identity of the appropriate type.
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5.5 Universality of SPCF

ad 1l;c,U <t U : The idea for the definition of this retraction is to encode an n-tupel
of functions of type U as one single function by encoding the type nxN in the type N.
Unfortunately, the type nxIN is in general not a retract of the type N. Nevertheless,
we can define closed SPCF-terms ¢, : (nxXN)—N and 7, : N—(nxN) such that
[mn(tn(i,m))] = [(i,m)] for all i € n and m € w.? Hence, we have to take special care
of those functions, that return a value without evaluating their argument. This can be
done using the control operator catch. We take the terms

ingz = catch" (pr,
eme,u = Af 1 Ilie,U.An : N. case pry(m2(n)) of (Tno v cane (prz(f>>>
injr="1T

with

T := case pry(m,(pry(m2(n)))) of (l = prj(f) (pry (ma(pr;(m2(1))))))jen

and

, ingxr = A N.f(e2(L, tn(i,n)))
, =\f:U. f icn
PlienU / (case f(12(0,8)) o (inj+1 x=n:N.j ) Jie
J icw

which form a retraction pair.

ad >;c, U<U : We have already shown that UxU<U holds. Further, by Lemma 5.5.5
it follows that
YienU < nxU < UxU <« U

holds.

ad U—=U < U : By currying we have U-U = (UxN)—N. As UxN <UxU < U
it suffices to construct a retraction U—N < U for showing that U—U <1 U holds. For

this purpose we adapt an analogous result given by J. Longley in | | for ordinary
sequential algorithms without error elements. The function p interprets elements of U as
sequential algorithms for functionals of type U—N as described in | |. For a given

F : U—N the element [e](F') : N—N is a strategy / sequential algorithm for computing
F'. This is achieved by computing sequentiality indices iteratively using catch.

Suppose, we have given a functional F': U—N and a function f : U such that F(f)
evaluates to some value. Then f has been evaluated at only finitely many terms. As the
set of all finite subgraphs of f is countable, this gives us the possibility of coding F' as
term of type N—N.

For this purpose, we assume that we have given functions® o : (1+N+N)—N and
a* : N—(14+N+N) satistying [a*(a(ing()))] = [ing()] and [o*(a(in; n))] = [in; n] for

2Those terms can already be given as primitive recursive functions, i.e. the terms ¢, and 7, can be
coded without the use of coding functions on the integers as an infinite case-construction. Addi-
tionally, for all those ¢y, 7 we have [ (tn (L, m))] = [mn(tn(i, L))] = L (resp. [mn(tn({T,m))] =
[ma(ea(i, T))]=T).

3All those codings can be given in terms of primitive recursion.
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5 A universal model for the language SPCF., in LBD

t = 1,2 and n € w, and the following auxiliary list-handling functions in Haskell-style
where v encodes lists of pairs of natural numbers as natural numbers: nil represents the
encoded empty list. The function cons : (Nx(NxN))—N decodes a given (encoded)
list, appends a pair of natural numbers and encodes the result. Finally, the function
find : (NxN)—(N+1) applied to a pair (g, z) returns ing y if the encoded list g contains
the pair (z,y) and otherwise it returns in; (). (Notice that find will be applied only to
such (g, z) where v7(g) is a finite subset of the graph of a function f: N—N.)

nil := (1)
cons(g, (z,y)) == v((z,y) : 7 (9))
find(g,r) := case 7 '(g) of

] -> il’ll <>
((x,y) :r) =-> ingy
(o) -> find(y(r), z)

The embedding e : (U—N)—(N—N) is given by the following term:
e:=AF :U—-N.\n: N.casea”(n)of
ini+1 T = a(in1 @)

ingt = case catch’ "N(F) of (

ingr = a(in0<>)>

in; t = a(in; (F(Az : N.t)))

ing; x = a(ing g))
1EW

in, t = case Rof ( L
Mo 11T = a(1n2 l)
with
R := catch(\z : 0“. case F'(An : N. casefind(t,n) of

inps = s ) of (i i)
of (in; s = pry; z);
in; s = case®" (casen of (in; u = pry;; 7);e.) of () ' Plait)ics

The projection p : (N—N)—(U—N) is given by the following term:

inot =S
p:=Ar: N=N.\f: N—N.casea™(r(a(ing())))of | in;t =1
ingt = L
with
ingt = T'(nil)
il’l[)t = 1

S := case catch™ "N (f)of | | L .
in; 11t = casea’(r(a(in;i)))of | in;t =1t

il’lgt = 1 .
1EW
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and

T:=Yn n(M: N—=N.g : N.casea’(r(a(in g))) of
ingt = L
injt=t )
inyt = h(cons(g, (t, f(t))))

Lemma 5.5.7. All elements in the locally boolean domain [U] are SPCF..-definable,
i.e. if f € [U] then there exists a closed SPCFo-term t : U with [t : U] = f.

Proof. Suppose f : [N] — [IN] is a sequential map. If f(L) =m (resp. f(L) = T) then
we take the term ¢ := An : Num (resp. t := An : N.T) and it follows that [t] = f. We
proceed analogously if f(T) = m (resp. f(T) = L). In all other cases we have f(L) = L,
f(T)=T and f(n) = m,. Hence, we can take the term ¢ := An : N. casenof (in; z =

im)icw and get [t] = f. O
Thus it follows that SPCF, is universal for its LBD model.

Theorem 5.5.8. The language SPCF, is universal for its LBD model, i.e. for all
closed SPCF . -types o and elements d € o] there exists a closed SPCFy-term t : o with
[t] = d.

Proof. Suppose o is a closed SPCF-type and d € [o], then from Lemma 5.5.7 it follows
that there exists a term ¢ : U with [e,](d) = [t]. Thus, we get

[P ()] = [po]([2]) = [po1(les](d)) = d
as desired. [
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5 A universal model for the language SPCF., in LBD
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6 CPSo: An infinitary CPS target language

The interpretation of the SPCF,, type ¢ := pa.(a¥—0) is the minimal solution of the
domain equation D = [D“—O0]. Obviously, we have D = [D—D]. Moreover, it has
been shown in | | that D is isomorphic to O, i.e. what one obtains by performing
D. Scott’s Dy, construction in LBD when instantiating D by O.

We now describe an untyped infinitary language CPS,, canonically associated with
the domain equation D = [D*—0].

6.1 The untyped language CPS

The language CPS..is untyped call-by-name A-calculus with abstraction (resp. applica-
tion) extended to countably-infinite lists of variables (resp. terms). In addition CPS
contains an non-recuperable error-element T.

The terms of the language CPS,, are given by the following grammar:

M :=a | A\t T = (4)icw
tu=T | M(M) M = (M))sen
The operational semantics of CPS,, is given by the following big step reduction rules:

t[Mi/ﬂfi]z’Ew T
TUT AZA(MY U T

The language CPS,, is an extension of pure untyped A-calculus since applications M N
can be expressed by Ay.M (N, ) and abstraction Az.M by Azy.M () where i are fresh
variables. Thus, CPS,, allows for recursion and we can define recursion combinators in
the usual way.

To allow a more compact representation of CPS.-terms, we will write

AY1 . YT for AM2i)icw With z; = Yir1 .
z;,_, otherwise

and

Ni+1 ifi < n,

Ny,...,N,, M for Zi)ico With Z; =
(N ) (Zidicw W {Mln otherwise
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6 CPS..: An infinitary CPS target language

Notice that we will use the above abbreviations mostly in the form A# and (M ), 1e.
with n = 0. Additionally, we define the term

L= 2 W(W, Z) with W = \yZ.y(y, )

which has an infinite reduction-tree and denotes L.
Finally, we introduce the following abbreviation

Ry := AZ.zo(L)

6.2 Universality of CPS

In this section we show that the language CPS., is universal w.r.t. the Ibd D. Universality
of CPS,, will be shown in two steps. First we argue why all finite elements of D are
CPS. definable. Then adapting a trick from | | we show that suprema of chains
increasing w.r.t. <, are CPS.definable, too.

Lemma 6.2.1. The lbd O is a CPS., definable retract of the Ibd D.

Proof. The CPS,, term Ry retracts D to O as it sends T p to Tp and all other elements
of D to Lp. O

Notice that the language CPS,, is more expressive than pure untyped A-calculus as it
does not contain a term semantically equivalent to Ry.!

Lemma 6.2.2. The lbds N and U are both CPS., definable retract of the lbd D.

Proof. Since we can retract the Ibd D to the Ibd O (by Lemma 6.2.1) and [0“—0] = N
it follows that N is a CPS., definable retract of D. As D = [D— D] is a CPS,, definable
retract of D it follows that U = [N—N] is a CPS,, definable retract of D. O

Thus, we can do arithmetic within CPS. Natural numbers are encoded by n =
AZ.x, (L) and a function f:N—N by its graph, i.e. f = Axg.a(AZ.f(i)(7))ico. Notice
that CPS,, allows for the implementation of an infinite case construct.

Lemma 6.2.3. All finite elements of the lbd D are CPS., definable.

Proof. In | ] Jim Laird has shown that the language A, i.e. simply typed A-
calculus over the base type {L, T} is universal for its model in LBD. Thus, since all
retractions of D to its finitary approximations D,, are CPS,, definable and all compact
elements use only finitely many arguments it follows that all finite elements of D are
CPS., definable. O

1Since [[/\:E’.xO<I>]] is certainly “computable” pure A-calculus with constant T cannot denote all “com-
putable” elements.
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6.2 Universality of CPS,

Definition 6.2.4. Let f: A — O be a LBD morphism then we define the map ]7: A—
[0—0] with

~ L {u if fla") = Lo and

f(a) otherwise. o

Informally, the map fvcan be described as the function where

“in the strategy of f all occurrences of L are replaced by u”.

Next we show that for all f: A — O in LBD the map f : A — [0—0] is an LBD
morphism as well.

Lemma 6.2.5. If f : A — O is a sequential map between lbds then the function J""v: A—
[0—0] given by Def. 6.2./ is sequential.

Proof. For showing monotonicity suppose ai,as € A with a; C ay and ©v € O. We
proceed by case analysis on f(a; ).

Suppose f(a{) = Lo. Thus, f(a)(u) = u. 1If flag) = Lo then f(as)(u) = u,

and we get f(a1)(u) = u = f(az)(u). If f(ay) = To then f(as)(u) = f(as). As
f(a]) = Lo it follows that f(—a1) = Lo and f(—az) = Lo (because —ay T —ap). As
To = flay) = f(az) U f(—ay) it follows that f(ay) = To as desired.

If f(a]) = To then f(a1)(u) = f(a;). W.lo.g. assume f(a;) = To. Then To =

f(a1) € f(as) C f(ay ). Hence, f(az) = To = f(aj) and we get f(az)(u) = f(az) = To.

Next we show that f is bistable. Let a1 | as, thus (f) a; =ay = (a;May)".

I f(a]) = fa]) = Lo then Fla) = ido = Fas). If f(a]) = f(a]) = To then
fla;) = Ax:0. f(a;) for i € {1,2}. Since Az:0. Lo ] Az:0. Ty it follows that f preserves
bistable coherence. B

Finally we show that f preserves bistably coherent suprema and infima. If f((ay I

@)T) = Lo then (o Maz)(u) = u = Flay)(u)1 fla)(w) (since f(a]) = (a]) = Lo by
(1)). Otherwise, if f((a1May)") = To then f(a1Mag)(u) = f(a1Mas) = fla) M flaz) =
fla1)(u) 1 f(az)(u) (since f is bistable and fla]) = flay) = To by (1)).

Analogously, one shows that f preserves bistably coherent suprema. Il

The following observation is useful when computing with functions of the form f

Lemma 6.2.6. If f : A — O is a LBD morphism then f(a)(Lo) = f(a).

Proof. 1f f(a) = Lo then f(a)(Llo) = Lo = f(a) since L and f(a) are the only possible
values of f(a)(Lo). If f(a) = To then f(aT) = To and thus f(a)(Lo) = f(a) as
desired. 0

Lemma 6.2.7. For f,g: A — O with f <, g it holds that g(x) = f(m) o g(x) for all
x € A
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6 CPS..: An infinitary CPS target language

Proof. Suppose f <; g. Let € A and u € O. We have to show that g(z)(u) =
f(@)(g(x)(w)). ~

fg(a") = Lo then f(x") = Lo (since f <, g) and thus §(z)(u) = u = F(2)(G(x)(u).

Thus, w.l.o.g. suppose g(x') = To. Then g(z)(u) = g(x).

If f(z) = To then f(zT) = To = g(z) and, therefore, we have f(z)(§(z)(u)) =
f(x) =To =g(x) = g(z)(u).

Suppose f(z) = Lo.

If g(z) = Lo then we have f(z)(G(z)(u)) = f(2)(g(z)) = f(z)(Lo) = Lo where the
last equality holds by Lemma 6.2.6.

Now suppose g(x) = To. We proceed by case analysis on the value of f(z").

If f(z7) = Lo then f(2)(G(z)(uw)) = §(z)(u) and we are finished.

We show that the case f(z') = To cannot happen. Suppose f(x') = To. Then by
bistability we have To = f(2") = f(z) U f(—=x) = Lo U f(—z) = f(—x) and thus also
—f(=x) = Lo. Since f <, g we have g C f'. Moreover, by Cor. 3.5.12(2) we have

(~f)(@) & =f(=x). Thus, we have To = g(x) € f(z) = f(2) U (~)(x) = (=f)(x) C
—f(=z) = Lo which clearly is impossible. ]

In the following we denote by i : O — D and p : D — O the embedding of O into D
(resp. projection from D to O) given by

, Tp ifx=To, To ifx=Tp,
i(x) == ) p(z) = }
1p otherwise 1o otherwise.

Definition 6.2.8. Let f € D = [D“—0]|. Then we write ¥ for that element of D with

f(do,@ = ﬁ(af)(p(do)) o

Lemma 6.2.9. For every finite f in D the element J? is also finite and thus CPS
definable.

Proof. If A is a finite Ibd then for every f: A — O the LBD map f : A — [0—0] is
also finite. This holds in particular for f in the finite type hierarchy over O.

Since embeddings of lbds preserves finiteness of elements we conclude that for every
finite f in D the element f is finite as well. Thus, by Lemma 6.2.3 the element f is
CPS,, definable. O

Now we are ready to prove our universality result for CPS,.
Theorem 6.2.10. All elements of the Ibd D are CPS,, definable.

Proof. Suppose f € D. Then f = || f, for some increasing (w.r.t. <,) chain (f,)new of

finite elements. Since by Lemma 6.2.9 all f, are CPS,, definable there exists a CPSy,
term F' with [Fn] = f, for all n € w.
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6.3 Lack of faithfulness of the interpretation

Since recursion is available in CPS,, one can exhibit a CPS,, term ¥ such that
Vg = Az. g(0)(¥(An. g(n+1))z) = | |(g(0) o0 g(n))(L)
new

holds. (Using computational adequacy of the model one can show that Wg denotes the
least fixpoint of the sequence ((g(0)o---0g(n))(L))new-)
Thus, the term M; = A\Z. ¥ (Ay.\z.F(y,i(2),Z)) denotes f since

—

My(d) = WA= Fly,i(2), d)
= LJO=-Foli(z). d)) o+ 0 (A= Fa(i(2), d}) (1)

new

= | |z foli(2),d)) o -+ 0 (Az.fulil=), d)) (L)

new

= |_| (J};(CZB)(J-) (by Lemma 6.2.7)
= |_| fold) (by Lemma 6.2.6)
= f(d)
for all d € D¥. ]

6.3 Lack of faithfulness of the interpretation

In the previous section we have shown that the interpretation of closed CPS,, terms in
the Ibd D is surjective. Recall that infinite normal forms for CPS,, are given by the
grammar

N =z | \Z.T | A\Z.z(N)

understood in a coinductive sense.

Definition 6.3.1. We call a model faithful iff for all normal forms Ny, Ny if [N1] =
[[Ng]] then N1 = Ng. <

We will show that the LBD model of CPS,, is not faithful.? For a closed CPS., term
M consider o
M* = \e.xo( M\g.ao(L, M, L), L)

2For an affine version of CPS. on can show that the LBD model is faithful.
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6 CPS..: An infinitary CPS target language

Lemma 6.3.2. For closed CPS., terms My, My it holds that [M;] = [M3].

Proof. We will show that for all terms M the term M* is semantically equivalent to the
term Ry, i.e. for all d € D* we have [M*](d) = T iff dy = T.

If dg = L or dy = T then we are finished.

Otherwise there is an n such that dy evaluates the n-th argument first. If n = 0 then
do(L, M, L) = 1, thus

do(N7.do(L, M, 1), 1) = do(L) = L.

which is also the case if n # 0. O

Suppose N; and N, are different infinite normal forms. Then Ny and /N5 have different
infinite normal forms and we get [Ny] = [N;] by Lemma 6.3.2. Thus, the LBD model
of CPS,, is not faithful.

Lemma 6.3.3. There exist infinite normal forms Ny, Ny in CPS,, that can not be sep-
arated by CPS., terms.

Proof. We have different normal forms Ny, Ny with [N;] = [N2]. Since all CPS,, terms
preserve model equality the terms N; and Ny cannot be separated by CPS,, terms. [

Notice that in pure untyped A-calculus different normal forms can always be separated

(cf. [ ).
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7 Conclusion and possible extensions

We think that the defect that interpretation of CPS,, in the locally boolean domain D
is not faithful (cf. section 6.3) can be overcome by extending the language by a parallel

construct and refining the observation type O to O’ = List(O’). The language cpsl,
associated with the domain equation D ~ D¥ — Q' is given by
M =z |\t
to=T | MM)|(t] ... ¢)

The syntactic values are given by the grammar V =T | (V|| ...||V]). The operational
semantics of CPSL is the operational semantics of CPS,, extended by the rule

(AZ4) (MY V; forallie {1,...,n}

AZ-(tall A D) M) I (VAL (Vi)

and the normal forms of CPSk are given by the grammar

N =z | 0t
ta=T [ z(NY | (t]...|t)

understood in a coinductive sense.

Separability of normal forms can be shown for an affine version of CPS,, by substitut-
ing the respective projections for head variables. Using the parallel construct (...||...)
of CPSL we can substitute for a head variable quasi simultaneously both the respective
projection and the head variable itself. Since the interpretation of CPsl, is faithful
w.r.t. the parallel construct (...||...) we get separation for CPSL normal forms as in
the affine case. This kind of argument can be seen as a “qualitative” reformulation of a
related “quantitative” method introduced by F. Maurel in his Thesis | ] albeit in
the somewhat more complex context of J.-Y. Girard’s Ludics | ).

In a sense this is not surprising since our parallel construct introduced above allows
one to make the same observations as with parallel-or. The only difference is that our
parallel construct keeps track of all possibilities simultaneously whereas the traditional
semantics of parallel-or takes their supremum thus leading out of the realm of sequen-
tiality. This is avoided by our parallel construct at the price of a more complicated
domain of observations. For an approach in a similar spirit see | -

Another prospect is the development of a theory of computability for locally boolean
domains. In | ] A. Asperti has successfully developed a notion of computability
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7 Conclusion and possible extensions

for the stable model of PCF. We are convinced that this approach can be extended to
locally boolean domains. Curien-Lamarche games A arising as interpretation of a type
expressions are effective (i.e. P4 C Rsp'(A) is decidable). An element s € Strat(A) is
computable iff s is an 1.e. subset of Rsp' (A). Obviously, an element f € U = [N—N] is
computable in this sense iff it can be denoted by an r.e. term. Since all e, : 0 < U : p,
can be denoted by r.e. terms it follows that all computable elements of type [o] can be
denoted by r.e. terms. Obviously, denotations of r.e. terms of type o denote computable
elements of [¢]. Thus elements of [o] are computable iff they can be denoted by r.e.
terms.
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