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ABSTRACT. We give some characterizations of semicomputability
of sets of reals by programs in certain While programming lan-
guages over a topological partial algebra of reals. We show that
such sets are semicomputable if and only if they are one of the
following:
(i) unions of effective sequences of disjoint algebraic open intervals;
(ii) unions of effective sequences of rational open intervals;
(iii) unions of effective sequences of algebraic open intervals.
For the equivalence (i), the While language must be augmented
by a strong OR operator, and for equivalences (ii) and (iii) it must
be further augmented by a strong existential quantifier over the
naturals (While V).

We also show that the class of While " semicomputable rela-
tions on reals is closed under projection. The proof makes essential
use of the continuity of the operations of the algebra.

1. INTRODUCTION

1.1. Background.

Our research in this paper is based on computations by high level pro-
gramming languages featuring the ‘while’ construct over many-sorted
topological partial algebras.

An algebra A is a finite family of sets

Aspyo o As,

called carriers of sorts sq,...,$,, and a finite set of (total or partial)
functions defined over these sets'.

An algebra is said to be standard if it contains the sort of booleans
and the standard boolean operators. It is N-standard if in addition, it
contains the sort of naturals and the standard arithmetic operations.

Key words and phrases. Computability on reals, computability on topological
algebras, Engeler’s Lemma, semicomputable sets of reals.
Research supported by a grant from the Natural Sciences and Engineering Re-
search Council (Canada).
'We consider constants to be 0-ary functions.
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Classical computability theory on naturals has been studied since
the 1930’s. There are many extensions of this theory to abstract struc-
tures. One of these extensions has been the investigation of total (non-
topological) algebras of reals [BCSS98]. A detailed discussion of such
extensions is given in [TZ00]. We have adapted many of the definitions
and proofs from [TZ00] to fit topological partial algebras.

There are two kinds of computational models for algebras: abstract
and concrete. Abstract models are independent of the representations
of the data types of the algebras, while concrete models are depen-
dent on such representations. Typically abstract models are based on
high level programming language, such as the While language. This
is an imperative programming language with the basic operations of
assignment, sequential composition, conditional and the ‘while’ loop.

Examples of concrete models over R are the classical computable
analysis of Pour-El and Richards [PER&9], and TTE (Type-2 Theory
of Effectivity) of Weihrauch [Wei00]; both these models represent reals
as effective Cauchy sequences of rationals, and their equivalence follows
from the results in [SHT99a].

Some work in bridging the gap between abstract and concrete models
is made in [TZ04, TZ05]. We will discuss this issue again in §6.2.

In studying computability theory on abstract algebras, we take, as a
guiding principle, the Continuity Principle [TZ99, TZ04]:

computability = continuily.

(This principle is ignored in [BCSS98].)

We will focus on the N-standard topological partial algebra R, which
is formed from the “N-standardization” of the ring of reals, by adding
the two boolean-valued partial operations:

eqg, lessg : R = B

It follows from the Continuity Principle that these operations have
to be partial. (This is because the set of reals is connected and the
booleans are discrete, so the only total continuous functions from the
reals to the booleans are constants.)

Abstract models of computability such as the While language, with
partial basic operations on R, suffer from a limitation, namely the
inability to implement interleaving or dovetailing. The problem is that
when interleaving two processes, one process may converge and the
other diverge locally (because of the partiality of the basic operations).
The resulting process will then diverge, whereas we would want it to
converge.
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To correct this deficiency, we establish two enhancements of the
While language and construct two new languages: While®® and
While™.

In the While®® language, we introduce a strong disjunction opera-
tion ‘ V', where b; V by converges to true if either component converges
to true, even if the other one diverges. By means of this, interleaving
of finitely many processes can be simulated at the abstract level.

The While™ language includes a strong ‘Exist’ construct over the
naturals:

x® =3z P(t,2)
where z is a nat variable and P is a boolean-valued procedure. By
means of this, interleaving of infinitely many processes can be simulated
at the abstract level.

We will study the structure of semicomputable sets of reals in R,
where a set is said to be (for example) While semicomputable if it is
the halting set of a Whitle procedure.

1.2. Results.
We will prove certain structure theorems for semicomputable sets of
reals in R:

(1) While®R semicomputable <=
union of an effective countable seq. of disjoint algebraic intervals.?3

(2) While®™ semicomputable <=
union of an effective countable sequence of algebraic intervals.

(3) While™ semicomputable <=
union of an effective countable sequence of rational intervals.*

We have no structure theorem for While semicomputability over R,
only a partial result:

(4) (a) While semicomputable =—
countable union of eff. sequence of rational intervals;

(b) While semicomputable <=
countable union of eff. sequence of disjoint rational intervals.

In (1) and (4), we need disjointedness because the While and While®R
languages cannot implement interleaving of infinitely many processes
over partial algebras. For that we need the ‘Exist’ construct, as in (2)
and (3).

2By “interval” we will always mean open interval of reals.
3An algebraic interval is an interval between two algebraic numbers.
4A rational interval is an interval between two rational numbers.
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The main tools in proving these results are:

(a) Engeler’'s Lemma for standard topological partial algebras, which
states (roughly) that a semicomputable set can be expressed as
the disjunction of an effective infinite sequence of booleans. It is
proved by constructing a computation tree for the procedure being
considered.

(b) The Canonical Form Lemma for booleans over R, which states that
a boolean term over R can be expressed as a boolean combination
of polynomial equations and inequalities.

(c) The Partition Lemma for booleans over R, which states that a
boolean term with only one real variable partitions the real line into
finitely many disjoint “positive intervals”, “negative intervals”, and
“points of divergence”. The proof is by structural induction on the
boolean, using the Canonical Form Lemma.

Note that Engeler’s Lemma applies to all standard topological partial
algebras, whereas the Canonical Form and Partition Lemmas apply
only in special cases, such as the algebra R.

The sequence of booleans given by Engeler’s Lemma for While!
has a semantic disjointedness property, which is used in the ‘=" di-
rection of the proof of (1). This property does not hold for While™,
because of the special nature of the associated “computation hyper-
tree”, which is not strictly a tree, but a directed acyclic graph.

OR)

1.3. Overview of the paper.

Section 2 reviews some preliminaries on numerical codings, computable
reals and basic algebraic results.

Section 3 defines the fundamental concepts of signature, algebra,
standard and N-standard algebra, and topological partial algebra, and
describes the topological partial algebra R, which is used throughout
the paper.

It also gives the syntax and semantics of the While, While®R and
While ™ languages, and reviews the notions of computability, rela-
tive computability, semicomputability and projective semicomputabil-
ity with respect to the While language and its variants.

In Section 4 we prove Engeler’s Lemma for the While, WhiileOR
and While ™ languages over N-standard partial algebras. To prove
this Lemma, two kinds of computation trees are constructed, one for
While and While®R, and the other, a “hypertree”, for While V.

Section 5 focuses on the algebra R of reals. It gives a “modified se-
mantics” for atomic booleans in the language of R. It then presents the
Canonical Form and Partition Lemmas, followed by the four structure
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theorems listed above. This section concludes with a proof of the theo-
rem that While" semicomputability on R is closed under projection,
i.c., a projection of a While™™ semicomputable set of reals is again
While® semicomputable. This result is interesting because it does
not hold over the total (non-topological) algebra over the reals studied
in [TZ00]. We do not know if it holds for While or While®® over R.

Section 6 contains some ideas for future work. The most interesting
(and challenging) of these would be a generalization of the Partition
Lemma, and (hence) the structure theorems, to more than one dimen-
sion.

2. PRELIMINARIES
2.1. Numerical codings.

We assume given families of effective numberings, i.e. surjective codings
of the syntactic classes with which we deal, with " £ denoting the code
of the expression E.

These numberings are standard, so we will assume that we can prim-
itive recursively simulate all operations involved in processing the syn-
tax of the programming language.

Further, we can define, in a standard way, numberings or codings of
the sets N*, N*, Z and Q. We write (x, y) for the code of a pair (z,y) €
N?, [zy,...,x,] for the code of a tuple (zy,...,z,) € N* (n > 0), and
more generally, "z for the code of an element x of Z, Q, etc.

By “effective(ly)”, we mean effective in the codes of the syntactic or
mathematical objects referred to.

2.2. Computable reals.

Definition 2.2.1 (Computable sequence of rationals). A sequence
(ro,r1,72,...) of rationals is computable if the function n — Tr,”
is recursive. A code of the sequence can be defined as an index of this
recursive function.

Definition 2.2.2 (Computable real number). A real number x is com-
putable if there exist

(1) a computable sequence (r,) of rationals converging to =, and

(2) a computable modulus of convergence, i.e., a total recursive strictly
increasing function M : N — N such that Vn, |r, —z| < 27M®),
A code of a computable real z is then defined as a pair (e, m) where e

is an index of a convergent sequence (r,) for z, and m is an index for
its modulus of convergence.
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Lemma 2.2.3. For each (code for a) computable real number x, we
can effectively construct computable sequences of rationals (ry,) and (s,)
such that (ry,) is increasing and (s,) is decreasing and for all n:

0 < (z—rp) < 277,
and 0 < (s,—x) < 27"

Proof. The construction of the sequences (r,) and (s,) as required
from a computable sequence for z is straightforward. O

By “polynomial” we will mean a polynomial with integer coefficients.
A unary polynomial is a polynomial in one variable.

An algebraic number is a root of a unary polynomial. The code of
an algebraic number a can be defined as "o = ("p7 k), where «
is the k-th smallest real root of the polynomial p, and p is a minimal
polynomial for a.

Lemma 2.2.4. Let A and R, be the sets of algebraic and computable
real numbers respectively. Then the embeddings

Q — A — R,

are effective in the respective codings.

In other words, there is a computable function f : N — N such that
if k& is the code of a rational, then f(k) is the code of the same number
viewed as an algebraic number. Similarly for A — R..

On R, the open intervals

(a,b), (—o0,a), (b,o0)

are called rational, algebraic or computable real intervals according as
a and b are rational, algebraic or computable reals respectively.
We can give a coding for such intervals in an obvious way.

Lemma 2.2.5. Let (c,d) be a computable interval. We can effectively
find a sequence of expanding rational intervals (r;, s;) such that

(e}

(e;d) = | J(ri,s1).

i=0

Proof. By Lemma 2.2.3. O
2.3. Basic algebraic results.

The following results can be found, with proofs, in standard texts on

algebra [vdW64, Her90] and real analysis [Roy63, Rud76].

Proposition 2.3.1. A non-zero unary polynomial of degree n has at
most n real roots.
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Corollary 2.3.2. If a polynomial p(x1,...,%y) has the value 0 at all
points in R"™, then it must be the zero polynomial.

Proof. By induction on m, using Proposition 2.3.1. U

Proposition 2.3.3 (Intermediate value theorem). Let f be a real-
valued function that is continuous on the closed interval |a,b]. Suppose
f(a) and f(b) have different signs. Then there exists ¢ € (a,b) such
that f(c) = 0.

Corollary 2.3.4. A unary polynomial p of degree n > 0 with m(< n)
distinct real roots aq, ..., o, defines m + 1 algebraic intervals:

(—o0, a1), (a1, a2), ..., (m_1, am), (Qm, 00)

in each of which p is either only positive or only negative.

Lemma 2.3.5. Given any unary polynomial p of degree n, we can find,
effectively in "p,
(1) the number of distinct real roots m(< n) of p, and, writing these
as
ap < Qg < .. < Oy,

(2) - a rational less than ay,
- a rational between oy, and agyq, for 1 <k <m, and
- a rational bigger than .

Proof. From Sturm’s theorem [vdW64]. O

3. While COMPUTATION ON STANDARD PARTIAL ALGEBRAS

We study a number of high level imperative programming languages
based on the ‘while’ construct, applied to a many-sorted signature 3.
We give semantics for these languages relative to a partial X-algebra A,
and define the notions of computability, semicomputability and projec-
tive semicomputability for these languages on A. Much of the material
is taken from [TZ00], adapted to partial algebras.

We begin by reviewing basic concepts: many-sorted signatures, al-
gebras, and, in particular, topological partial algebras. Next we define
the syntax and semantics of the While programming language. Then
we extend this language with special programming constructs to form
two new languages: While®® and While™.

3.1. Basic concepts: Signatures and algebras.

A many-sorted signature X is a pair (Sort(Y), Func (X)) where
(a) Sort(X) is a finite set of (X-)sorts, s, §',. ...
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(b) Func (X) is a finite set of basic (X-)function symbols
F: s X X8, —s (m >0)

The case m = 0 gives a constant symbol, we then write F: — s.

A (X-)product type has the form s; x - - x s, (m > 0), where
S1,...,8, are sorts. We write u,v, ... for product types.
A (X)-function type has the form u — s, where u is a product type.

A Y-algebra A has, for each XY-sort s, a non-empty set A, the carrier
of sort s, and for each X-function symbol F : sy X --- X s, — 5, a
(not necessarily total) function °

FA LAY —~ A,

where u = s1 X - -+ X 5, and A* = A, x--- xX A, .
We write X (A) for the signature of an algebra A.

Example 3.1.1 (Booleans). The signature X (B) of booleans is

signature  X(B)

sorts bool

functions true, false : — bool,
not : bool — bool
or, and : bool> — bool,
cor, cand : bool® — bool,

The algebra B of booleans contains the carrier B = {tt, ff} of sort bool,
and the standard interpretations of the constant and function symbols
of X(B).

Note that B contains two sets of boolean operators: (1) the strict
operators ‘or’ and ‘and’; and (2) the “conditional” operators ‘cor’ and
‘cand’ (denoted by ||” and ‘&&’ in C-like languages), “evaluated from
the left”, and non-strict in the 2nd argument, These become important
in the context of partial algebras such as R (Example 3.1.5).

We will also use the infix notations ‘V’, ‘A’ for the strict boolean

C C
operators or, and; and ‘V’, ‘A’ for the “conditional” operators cor,
cand.

Example 3.1.2 (Naturals). The signature of naturals is defined as

SWe use ‘—’ to denote partial functions.
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signature X ()
import X(B)
sorts nat
functions 0: — nat,
suc : nat — nat
eqy, lessy : nat? — bool

The corresponding algebra of naturals N consists of the carrier N =

{0,1,2,...} of sort nat, the carrier B = {t, ff} of sort bool, and the

standard constants and functions Oy : — N, sucy: N — N, and

eqy, lessy : N? = B (apart from the standard boolean operations).
We will use the infix notation ‘=" and ‘<’ for ‘eqy’ and ‘lessy’.

We come to the central concept of a topological partial algebra. First
we note that for any two topological spaces X and Y, a partial function
f X — Y is said to be continuous if for every open V C Y,

V] =4 {7 € X|x € dom(f) and f(x) € V}

is open in X. (This reduces to the usual notion of continuity when f
is total.)

Definition 3.1.3 (Topological partial algebra). A topological partial
algebra is a partial X-algebra with topologies on the carriers such that
each of the basic X-functions is continuous, and the carriers B and N
(if present) have the discrete topology.

Remark 3.1.4 (Continuity of computable functions; the continuity
principle). The significance of the continuity of the basic functions of
a topological algebra A is that it implies continuity of all While com-
putable functions on A. This is the “Continuity Theorem” for topo-
logical algebras [TZ99, §6] [TZ00, §7.5].

This is in accordance with the Continuity Principle which can be
expressed as

computability = continuity.
This principle is discussed in [SHT99b, Sec. 1] and [TZ04, §3.1].°

Example 3.1.5 (Algebra of reals). The signature of the algebra R of
reals is given by

6Ct. also the relationship between scientific observation and continuity, formu-
lated as Hadamard’s Principle ([Had52], [CH53], discussed also in [TZ11]).
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signature  X(R)
import X(N)
sorts real
functions 0,1: — real,
+, % : real® — real,
— : real — real,
eqg, lessg: real® —bool

The corresponding algebra R has the carrier R of sort real, as well as the
imported carriers N and B, of sort nat and bool, the real constants and
operations (also written 0, 1,4, x, —), and the boolean-valued partial
functions eqg : R*> = B and less,, : R? — B, defined by:

itz =
eqR(:E,y)Z{ fTF ifx%z

t ifz<y
lessp(z,y) =< ff ifx >y
T ifr=y
Again we use the infix notation ‘=" and ‘<’ for ‘eqg’ and ‘lessg’.

Remarks 3.1.6 (Standard and N-standard algebras).

(a) The algebras N and R are standard, in the sense that they contain
the carrier B with the standard boolean operations. Standardness
of R is necessary for the theoretical development in this paper.
In fact we will assume that all algebras with which we deal are
standard.

(b) R is also N-standard, in the sense that it contains the carrier N
with the standard arithmetic operations. N-standardness of R is
not really necessary for our main result, since the integers, and
hence the naturals, can be implemented in the reals [TZ00, Prop.
6.17]. However, it is a very useful assumption (see e.g §3.9 below).

Discussion 3.1.7 (Motivation for definition of partial functions). We
want to motivate the definitions of partial functions in general, and
more specifically, the functions eqg and lessg in R. We present our
motivation in two ways: the first based on continuity considerations,
and the second based on a “thought experiment” concerning (concrete)
computation of the basic functions under discussion.

(a) The total versions of eqg and lessg are not continuous, as can
easily be checked. (By contrast, the total functions eqy, lessy on N
are continuous, because of the discrete topology on N.) Continuity of
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basic functions such as eqg and lessg, making R a topological algebra,
is consistent with the Continuity Principle (see Remark 3.1.4).

(b) Consider now a “thought experiment” involving the computation
of an atomic formula x = y, where x and y are real variables. Sup-
pose, at a particular state o, we want to determine whether x = y is
true. Suppose also (we are now combining “abstract” and “concrete”
modes of description”) that the values of x and y at o are “given by”
Cauchy sequences of rationals (rg,71,72,...) and (sg, 1, S, . .. ), which
(for convenience) we assume to be “fast”, i.e.,

Vn,Ym >n |r, —rp| <277,

and similarly for (s,). Suppose also that for n = 0,1,2,... the inputs
rn, and s, are observed (from some device) at n time units. Now x <y
is true at o iff for some n, r,+2-27" < s,,, and this can be determined
within a finite amount of time. Correspondingly, x = y is true iff for
all n, |r, — s,| < 2-27" but this cannot be determined within any
finite amount of time, and so the evaluation of x = y diverges. These
considerations explain the form of the partial definitions of equality
and order on the reals.

3.2. Syntax of Term(X).

Definition 3.2.1 (X-variables). For each X-sort s, Vary(X) is the set
of Y-variables x°,y°,... of sort s.

Definition 3.2.2 (X-terms). Term(X) is the set of Y-terms t,...,
and Termg(X) is the set of Y-terms ¢*,... of sort s, defined (in mod-
ified BNF) by

t° = x| F (7, ... tm)
where F'is a Y-function symbol of type s; X --- X s,,, = 5.

We often drop the sort superscript s, and write ¢ : s to indicate that
t € Termg(X). More generally, we write ¢ : u to indicate that ¢ is a
tuple of terms of product type u. We write Term for Term (X)), etc.

We also write b, ... for boolean X-terms, i.e. X-terms of sort bool.
3.3. Syntax of While(X).
We will use ‘=" to denote syntactic identity between two expressions.

Definition 3.3.1 (Statements). Stmt(Y) is the class of statements
S, ... generated by:

S u=skip | x:=1t]| Sy ;Sy | if bthen S; else Sy fi | while b do S; od
where the variable x and term ¢ have the same 3 -sort.

"Recall the discussion in 61.1
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Definition 3.3.2 (Procedures). Proc(Y) is the class of procedures
P, ... of the form:

P = proc D begin S end

where the statement S is the body and D is a variable declaration of
the form
D = ina:uoutb:vauxc:w

where a, b and c are tuples of input, output and auziliary variables
respectively. We stipulate:

(i) a, b, c each consist of distinct variables, and are pairwise disjoint,
(ii) every variable occurring in S must be declared in D ®
(iii) all auxiliary and output variables are initialized with default values.
If a:uandb: v, then P is said to have type u — v, written P : u — v.

We turn to the semantics of terms, statements and procedures. Let
A be a standard partial X'-algebra.

3.4. States.

Definition 3.4.1 (State).

(a) A state over A is a family (o, | s € Sort(Y)) of functions
os: Var, — A,.

(b) State(A) is the set of states on A, with elements o, ... .

We write o(x) for o4(x) where x : s. For a tuple x = (x1,...,%n),
we write o[x] for (o(x1),...,0(xm)).

Definition 3.4.2 (Variant of a state). Let o be a state over A, and for

some Y-product type u, let x = (x1,...,%,) :u and a = (a,...,a,) €
A" (for n > 1). We define o{x/a} to be the state over A formed from
o by replacing its value at x; by a; fori=1,...,n.

3.5. Semantics of terms.

For t € Term,, we will define the function
[{]*: State(A) — A,

where [t]"o is the value of ¢ in A at state o.

Notation 3.5.1.

(a) [t]*cl means that evaluation of [¢] o halts, or converges; and
[t]*0 | @ means that it converges to a value a.

(b) [t]*ot means that evaluation of [t]*c diverges.

8This will not hold for the auxiliary variable in the ‘Exist’ construct (§3.9).
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Notation 3.5.2 (Kleene equality). We write e.g
[[tl]]AO' ~ [[tl]]AO'

to mean that the two sides of the equality either both converge to the
same value, or both diverge [Kleb2, §63]

Definition 3.5.3 (Semantics of terms). The definition of [t]4o is by
structural induction on X-terms t:

[l = o(x)
FA[t]A0, ... [tm]to) if [t]40 )
[F(ty,... tm)] 0 ~ for 1 <i<m
T otherwise.

Note that if ¢ : — s, i.e., ¢ is a constant symbol of sort s, then
[c]to =ct e A,

Definition 3.5.4 (Semantic equivalence of terms). Two Y-terms ¢;
and to of the same sort s are (semantically) equivalent over A, written
tl = tQ, iff

Vo € State(A) ([[tl]]AO' ~ [[tlﬂAO').
Definition 3.5.5 (Weak semantic equivalence of booleans). Two Y-

booleans by and by are weakly (semantically) equivalent over A, written

b1 ~ bg, le
Vo € State(A) ([bi]0 Lt < [b]'o | t).
3.6. Semantics of statements.

The meaning [S]* of a While(X) statement S is a partial state trans-
former on an algebra A:
[S]": State(A) — State(A).

Its definition is standard [TZ99, TZ00] and lengthy, and so we omit it.
Briefly, it is based on defining the computation sequence of S starting
in a state o, or rather the n-th component of this sequence, by a primary
induction on n, and a secondary induction on the size of S.
The following results show that the i/o semantics for statements S
satisfies certain desirable properties, which will be used later.

Lemma 3.6.1.
(1) For S atomic: S = skip or S = x:=t,
[skip]*c = o
[x:=t]"0 ~ o{x/[t] 0}
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(17) If S = Sy; 59,
[S]%0 =~ [S:]*([S:]"0).
if b then S, else 55 fi,
[Silo if [blho |t
[S]h0 =~ {[S] if [b]*o | fF
0 if [b)%o 1.
() If S = while b do S, do,
[So; ST if [B]4o |t
(S0 ~ {0 i [ L ¥
? if [b]"o 1.
Proof. As outlined in [TZ00, Thm 3.6] adapted to partial algebras. [

(iid) If S

3.7. Semantics of procedures.
If
P = proc in a out b aux c begin S end
is a procedure of type u — v, then its meaning is a partial function
P4 A —~ A
defined as follows. For a € A", let o be any state on A such that
ola] = a, and o[b] and olc] are given suitable default values. Then

Ay L Jo'lb] it [S]40 L o' (say)
Pia) = {T if [S]4o 1.

Note that P4 is well defined, by the functionality lemma for statement
semantics [TZ00, Lemma 3.10].

3.8. While computability.

Definition 3.8.1 ( While computable function).

(a) A function f on A of type u — v is said to be computable on A by
a While procedure P : u — v if f = P4,

(b) While(A) is the class of functions While computable on A.

Definition 3.8.2 (Halting set). The halting set of a procedure P : v — v
on A is the set
Halt" (P) =4 {ac A" | P*a)l}.

Definition 3.8.3 (While semicomputable set). A set R C A" is
While semicomputable on A if it is the halting set on A of some While
procedure.
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Definition 3.8.4 (Projectively While semicomputable set). A set
R C A" is projectively While semicomputable on A iff R is the projec-
tion of a While semicomputable set on A, i.e., for some product types
u and v, there is a While semicomputable set R C A**Y such that

Vie A [x € R < 3JyeA”: (z,y) € R].

Generally, projective semicomputability is a more powerful (and less
algorithmic) concept than semicomputability. (But see Theorem 5 in
Section 5.)

3.9. Expanding While to While®® and While .

Let X be a standard signature. Recall (from Example 3.1.1) that it

contains both the strict boolean operators V, A, and the “conditional”
C C

operators V, A.
Now we consider the addition to X' of a third pair of boolean opera-
tors: the strong “Kleene operators”

OR,AND : bool* — bool.

[Kle52, p.334], which are non-strict in both arguments. We will use
the infix notation ‘ vV’ and ‘ A’ for these.

The ‘OR’ operator allows us to simulate interleaving at an abstract
level, since it lets us decide a disjunction by V by of two boolean terms to
be true if either of these converges to tt (even if the other one diverges).

Let X% be the expansion of ¥ formed by adding ‘OR’. We then
define:

Term®R(X) = Term(X°F)
Bool®R(X) = Bool(%°R)
While®(X) = While(XF)
We can also extend the While language by adding a new boolean term
dz P(t, z)

where the procedure P has type u X nat — bool, and z is a “new”
variable of sort nat. This will occur only in the context:
x® =3z P(t,2)
We define its semantics as:
A [t if PA[t]40,n) |t for some n
[FzP(t2)]"0 =~ { 1 otherwise.

This corresponds to the following operational semantics: interleave the
computations for

(3.1)

PA(t,0), PA(t,1), PA(t,2),...



16 BO XIE ET AL.

and return tt if and only if any of these procedures terminates and
returns tt; otherwise keep on going.

This operation allows us to simulate infinite interleaving at the ab-
stract level.

Note that this is different from “evaluating from the left” , which can
be implemented by a simple loop:

find := false;
z:=0;
while find = false
do
find := P(t,z)
z:=z+1;
od

which will diverge in case, e.g.,
PA(t,0) L, PAt 1), PAt2) Lt

whereas 3z P(t,z) will converge to tt.

The usefulness of these new program constructs will become apparent
in Section 4.

Using the ‘Exist’ construct, we can “weakly simulate” OR, 7.e, define
a procedure P such that

Exist z : P(bl, bz,Z) ~ b1 \Y bz.
(recall Definition 3.5.5). In fact, we can define P(by,bs,z) as

proc
in by, by : bool

Z . nat
out b : bool
begin

b := if z=1 then b; else
if z=2 then by else
false
fi
fi

end.

Note that Exist z : P(by,bs,z) is only weakly semantically equivalent
to by V be; in fact no construct of the form Exist z : P(by, by,z) can be
strongly equivalent to by V by, since when b; and by both have the value
ff, then by V by has the value ff, but Exist z : P(by,by,2) can only have
values tt and 1, by (3.1).
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We can nevertheless think of ‘OR’ as a “finite” version of ‘Exist’,
and so we adjoin the ‘OR’ construct together with ‘Exist’ to form the
language While™(X).

We write O for the signature X or °R, and similarly While©R
for the language While or While°R.

Remark 3.9.1 (Continuity of While®® and While™ computable
functions). As stated above (Remark 3.1.4) all While computable
functions on a topological partial algebra are continuous. The same
applies to While®R and While™ computable functions. We omit
proofs. Again, this is important because of the Continuity Principle.

Remark 3.9.2. The ‘Exist’ construct can be implemented from the
‘choose’ construct (or “countable choice” operator) [TZ04] by

x®:=3zP(t,z) <= n:=choosez: P(t,z); x®:= P(t,n).

However, unlike the ‘choose’ construct which is nondeterministic, the
‘Exist’ construct is “weakly” or “globally” deterministic, i.e., determin-
istic at the abstract level, although there is nondeterminism in the
actual choice of z in a concrete implementation.

Clearly, While computability implies WhiileOR computability, which
in turn implies While™ computability.

3.10. Whaile, language.

To simplify the formal development in the next section, we restrict the
structure of While statements to a special form, and show that all
statements can be effectively transformed to this form.

Definition 3.10.1 (Special form for While statements).
A While(X) statement S is said to be in special form if (inductively)
it has one of the following forms:

e S = skip
e S=x:=1t°
e S = if xB then S else S, fi
e S = while xB do S, od
e S= 51;95
where Sy, S7 and Sy are also in special form.

In other words, S is in special form iff all boolean tests occurring in

S are variables.
Let Whiley(X) be the While(Y) language restricted to special
form; and similarly for WhiledR(Y) and Whilei"(2).
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Lemma 3.10.2.

(a) All While statements can be effectively transformed into While
statements, preserving the semantics.

(b)  Similarly for While®® and While®,
The proofs are quite routine.

Remarks 3.10.3.

(a) Inthe Whiled" language, there are two kinds of assignment: the
‘Exist’ assignment, of the form

x® =3z P(t,2)
and all other assignments
x:=1
which we call simple assignments.

(b) In While,, WhileSR or While3" statements, the only way for a
program to diverge locally is by the divergence of the right-hand
side of an assignment statement.

(c) From now on, we will only work with While,, WhileJR and
Whiileg”\I programs. To simplify the notation, we will still refer
to these as While (etc.) programs.

3.11. Definability property.

This is needed in the construction of the computation tree and in the
proof of Engeler’s Lemma in the next section.

Definition 3.11.1 (Definability predicate).

(a) A definability predicate at sort s for a X-algebra A is a X-boolean
expression def;, containing a distinguished free variable x : s, such
that for all X-terms ¢ and all states o on A (writing def;(t) for

def(x/t)):

it d
[[defs(t)]]Aa - {T otherwise

(b) A X-algebra has the definability property if it has a definability
predicate at all Y-sorts.

For all the algebras A with which we deal, we assume:
Assumption 3.11.2 (Definability). A has the definability property.
In particular, we show:

Lemma 3.11.3. R has the definability property.
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Proof. In XY (R), we can define def,(t) as follows:

At sort nat, put defpat(t) = true.
At sort real, put defrea(t) = lessg(t,t + 1).
For the boolean term 3z P(t, z), put

defiool(Fz P(t,z)) =3z P(t, 2).

For any other term ¢ of sort bool, put defyon(t) = (tV —t). O

4. COMPUTATION TREES; ENGELER’S LEMMA

Engeler’s Lemma [Eng68] is an important theoretical tool for the re-
search described in this paper. It states (roughly) that a semicom-
putable set can be expressed as the disjunction of an effective infinite
sequence of booleans.

A proof of Engeler’s Lemma for the While language on total alge-
bras was given in [TZ00, §5]. Here we prove Engeler’s Lemma for the
While, While®® and While™ languages on partial algebras. Our
proof is based on computation trees (in the case of While(OR)) and
“hypertrees” (in the case of While™).

We also prove a Semantic Disjointedness Lemma (4.4.2) which will
play a central role in our Structure Theorems.

4.1. Computation tree for While'°% ().

We define a computation tree T[S, %] for a While°®  statement S
on R, where Var(S) C x = (x1,...,%,) : u. The computation tree
T[S, %] is like an “unfolded flow chart” for S.

This is a version of the computation tree defined in [TZ00, §5.10],
adapted for the While©®) languages and for partial algebras.

The root of T[S,x| is labeled ‘s’ (for ‘start’), and the leaves are
labeled ‘e’ (for ‘end’). The internal nodes are labeled with assignments
and boolean tests. Each edge is labeled with a syntactic state, i.e., a
tuple of terms t = (¢1,...,t,) : u. The idea is that if S is executed at
an initial state o, then the state at this point of the computation will
be o{x/[t]*c}.

In the course of the following definition we will make use of the
restricted tree T[S, x|, which is just T[S, x] without the ‘s’ node.

We will also use the notation T[S, ¢] for the tree formed from TS, x|
by replacing all edges labeled t' (say) by t'(x/t).

The definition of T[S, %] is by structural induction on S.

(1) S = skip. Then T[S, x] is just
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(2) S = x;:=t. Then T[S, x] is the tree

Xl,.. Xj— 1,t Xjt1,---X )

(3) S = 51;59. Then T[S, x] is formed from T[S, %] by replacing
each leaf in a state ¢ by the tree

13
T[S, 1]

(4) S = if xBthen S else S, fi. Then T[S, %] is shown in Figure 1.
(5) S = while x® do Sy od. Then TS, x] is defined as the “limit” of the
sequence of trees T ,,[S, x|, where T[S, x] is T [skip, x|, as in (1) above,
and Tn.1]5, %] is as shown in Figure 2, where T, is the tree formed
from 7T~ [So, x| by replacing each leaf in a state ¢t by T, [5,t].

Note that the construction of T[S, x] is effective in S and x. More
precisely: T[S, x| can be coded as an r.e.set of numbers, with r.e. index
primitive recursive in S and "x
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F1GURE 1. Construction of 7S, x] (case 4)

F1GURE 2. Construction of 7S, x] (case 5)

4.2. Semantics of infinite disjunctions.

We will show that the halting set of a While, While®R or While™
procedure can be expressed as the countable disjunction of an effective
infinite sequence of booleans. We must therefore first consider carefully
some possible semantics for infinite disjunctions in 3-valued logic.
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Let b, be a sequence of X°R-booleans. There are (at least) two
different reasonable semantics for the infinite disjunction

\ b
k=0

for 3-valued logics (“reasonable” in the sense of having computational
significance), for which we use distinct notations:

(1) Infinite conditional disjunction (“evaluation from the left”),

C

denoted \/ by, with two possible outputs, t and 1:
k=0
I g if 3k []olt A Vi<k[b] o LF
[[\/ bkﬂ o ~ .
o T otherwise.

This definition is While computable (in the sequence b, ") with
the following procedure:

Evaluate by (k= 0,1,...) one by one. There are 3 possibilities:
e for some k, evaluation of b, converges to t, and all earlier b;
converge to ff, or

e for some k, evaluation of b, diverges, and all earlier b; converge
to ff (“local divergence”), or

e all the by converge to ff (“global divergence”).
In the first case, evaluation of the disjunction converges to tt.
In the latter two cases, it diverges.

(2) Infinite strong disjunction (“strong Kleene evaluation”), denoted

[e.e]
V bk, again with two possible outputs, tt and 1:
k=0

> if 3k [be]?o |t
[V b0 ~ {“ '
/y) !

1 otherwise.

This definition is not (in general) While'©® computable (in 7b;7),
but it is While™ computable, by the semantics of 3z P(t,z)
(§3.9).

Definition (2) is the one mainly used in this paper, e.g. in the formula-
tion of Engeler’'s Lemma (Lemma 3.4.1 below). Intuitively, definitions

(1) and (2) generalize (respectively) the finite disjunctions * V7 and V.
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Notation 4.2.1. For any boolean term b with Var(b) C x : u, and
a € A", we write b[a] to mean: [b]4c | t for any o € State(A) such
that o[x] = a.

Definition 4.2.2 (Relation defined by boolean). A £(°F-hoolean term
b with Var(b) C x : u is said to define a relation R C A" (w.r.t. x) iff
for all a € A*

a€ R < bla].

4.3. Engeler’s Lemma for While©?,

Lemma 4.3.1 (Engeler’s Lemma for While©®). If a relation R C A"
is While®® semicomputable over a standard partial X -algebra A, then
R can be expressed as the (strong) disjunction of an effective sequence
of ZOR) _booleans over A.

Proof. Suppose R is the halting set in A of the While©® procedure:
P = proc in a out b aux ¢ begin S end. (4.1)

For each leaf A of the computation tree T[S, x| there is a boolean bg »
with variables among x = (a,b,c) which expresses the conjunction
(‘cand’) of the test results and definability predicates along the path
from the root to \, as follows.

There are two cases to consider, according to the kind of node en-
countered along the path: assignment nodes and test nodes.

(1) An assignment node x°:= t* in the path contributes to bg the
conjunct expressing definability of the term t:

A defi(t) A ...

which guarantees that the boolean term bg » converges only if eval-
uation of ¢ converges at that point.

(2) A test node labeled xB contributes as conjunct

C

. c B
either ... A x° A ...

C BC
or YA SN

according to whether the path goes to the left or right here. Note
that since the boolean test only has the form of a boolean variable
xB, we do not need to add the defpoo predicate here.

Next, we can effectively enumerate the leaves of the computation tree to
obtain a sequence (\) by (for example) increasing the depth, and, at a
given depth, going from left to right. (To ensure that the corresponding
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sequence of booleans (bg », ) is infinite, we can “pad” it with the default
value false.) Then for all a € A" (putting bs; = bs,):

a€R > PYa)l < \/bsxlal
k=0
Note we are using “infinite strong disjunction” (version (2) in §4.2).
Hence R can be expressed as the infinite strong disjunction of an
effective countable sequence of X% _hooleans over A. 0

4.4. Semantic disjointedness.

Definition 4.4.1 (Semantic disjointedness). A sequence (bo, by, ba, .. .)
of boolean terms is semantically disjoint over A if for any state o on
A and any n,

[ba]?c Lt = Vi#n,[b] 0 | F.

Lemma 4.4.2 (Semantic Disjointedness Lemma). The sequence
of boolean terms generated from a While®®® computation tree S as in
the proof of Engeler’s Lemma (4.3.1) is semantically disjoint.

Proof. Let 7,7 be distinct natural numbers and

C

bS,i = b57i1 ANRRE /c\bsﬂ'm, (42&)
C (o}

bS,j = bg’jl VANREE /\bS,jn- (4.2b)
Note that for any £, the definition of bgj determines a path from the
root to the k-th leaf of the computation tree of S. Therefore, consid-
ering the paths from the root to the i-th leaf and from the root to the
j-th leaf, there must be a branching node with label b (say), where the
two paths split, i.e. there exists some [ < min(m,n) such that

bsis = bsjy s bsis =bsjoss sy = bsjo_y (4.3)
and
either (bg; =0 and bg; = - b)
or (bss, = - b and bg;, = b) (44)
So for any o, suppose
[bs:]%o = t.
Then from (4.2a),
bsil'o = t

and from (4.4),
[bs;,] 0 = f. (4.5)
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Also, since by (4.3)

[bs;] 0 = [bsi]?c =t forall k<, (4.6)
then by (4.2b), (4.4) and (4.6) and the semantics of /C\,

[bs;]%c = tA - AEAFA--- = F O

Lemma 4.4.3 (Semantic disjointedness evaluation). If an effec-
tive sequence of booleans (by) is semantically disjoint over A, then’

vbk ~ Vb (4.7)
k=0 k=0

i.e., for any o, [V, bkﬂAa can be “evaluated from the left”.

Proof. For any o, we consider two cases:

(1) There exists k such that [by]*o | . Then by the definition (4.4.1)
of semantic disjointness, [b;]*o | f for all i # k, and in particular
for all i < k. Hence both sides of (4.7) converge to t at o.

(2) Otherwise: as is easily seen, both sides diverge at o. O

4.5. Computation tree for While=".

In order to prove Engeler’s Lemma for the While ™ language, we define
(inductively) the computation trees for While® statements, following
the cases in the definition of the While©® computation tree in §4.1.
We add a new case to the cases considered there:

(6) S = x;:=3zP(t,z); S, where
P = procin a out b aux c begin S end.
If S = x;:=3zP(t,z) (with S; missing), we just let S; = skip.
The tree for S is then formed from the tree in Figure 3 by replacing

each ‘e’ leaf of the trees 7 [So, (x,72)] (i = 0,1,2,...) by the tree in
Figure 4, where

t =df (Xl, e ,xj_l,true, Xjit1y. .- 7Xn)7

and then collapsing these multiple occurrences of the subtree 7[5, tA]
to form the tree shown in Figure 5.

We call the subtrees 7 [So, (x,7)] (i =0,1,2,...) appearing in Fig-
ure 5 proc-subtrees of the whole computation tree.

Define a channel in the tree of Figure 5 to be a path through one

of the “former leaves” of the proc-subtree 7~ [Sp, (x,1)], labeled ¢; ;,
where ‘i’ refers to the i proc-subtree, and ‘j’ refers to the j** “former

9Recall the notation ‘~’ for semantic equivalence (Definition 3.5.4)
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FIGURE 3. Construction of hypertree (step 1)

FIGURE 4. Construction of hypertree (step 2)

leaf” of the proc-subtree. Note that in this tree, there are (countably)
infinitely many channels from the root to the subtree T[Sy, ]. We
can effectively enumerate these channels by renaming channel ¢; ; as ¢
where k ="(i,5)7.

Let T[S, x| be the computation tree defined as above. Strictly speak-
ing, T[S, %] is not a tree, but a dag (directed acyclic graph). Call the
node for x; := 3z P(t,z) shown in Figure 5, together with the sub-
graph below it (excluding the subtree T[Sy, ]), the hypernode for
x; := dz P(t,z); and call the whole tree, constructed in this way, a
hypertree. We can reduce such hypernodes to “atomic nodes” by ignor-
ing their internal details, and so reduce the hypertree to a reduced tree
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FIGURE 5. Construction of hypertree (step 3)

(that is an actual tree, not a dag), just like the While©® computation
tree constructed in §4.1.

Notice that there are no leaves in the proc-subtrees because we have
replaced all the leaves by the subtree T [Sl,?]. So the leaves of the
hypertree can be identified with the leaves of the corresponding reduced
tree, and hence they can be effectively enumerated as in the proof of
Engeler’'s Lemma.

We define a hyperpath to be a route in the hypertree from the root of
T[S, %] to a leaf. At a hypernode of the hypertree, the hyperpath goes
through a specific channel (¢;; in Figure 5). Similarly, a reduced path
is a path in the reduced tree, ignoring the details of the hypernodes.
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We exhibit a hyperpath in Figure 6. This shows part of the hypertree.
(Note that ey, eq,... here denote edges of the hypertree, not syntactic
states.) To simplify the drawing, we ignore the details of the proc-
subtrees, leaving only the enumerated channels of each hypernode.

From the root s to any given leaf e of the hypertree, there is one
reduced path corresponding to infinitely many hyperpaths; for example,
hpath (1,2) consists of the edge ey, the channel ¢; of the 1st hypernode,
the edges es, €3, €4, €5, €6, the channel ¢y of the 2nd hypernode, and
the edges ez, eg.

Notice that in an ‘Exist’ term 3z P(¢,z) in the tree, there may be
other terms 3zP’(t',z") inside the procedure P. Then (recursively) we
expand all such proc-subtrees in P so as to form a hypertree without
any ‘Exist” nodes.

Notice also that on each hyperpath, there are three kinds of node:

e simple!” assignment nodes x; = t,
e ‘Exist’ assignment nodes,
e branching nodes at boolean variables xB.

Associated with each leaf are (infinitely many) hyperpaths, because of
the multiple channels through the hypernodes which lead to that leaf.

We can then enumerate all the hyperpaths of each leaf as follows.
Let hpath (i, ..., i,) be the hyperpath through the it* channel at the
k'™ hypernode on the route (where k = 1,...,m, assuming there are
m hypernodes on that hyperpath). Then we rename hpath (i1, ..., iy)
as hpath (i) where i =" (iy,...,0,)"

Finally, combining the enumeration of the leaves of the hypertree
as above, and the enumeration of the hyperpaths of each leaf, we can
effectively enumerate all hyperpaths of the computation tree.

Hence we have (compare Lemma 4.3.1):

Lemma 4.5.1 (Engeler’s Lemma for While™). If a relation R is
While™ semicomputable over a standard partial X-algebra A, then R
can be expressed as the (strong) disjunction of an effective sequence of
XOR_booleans over A.

Proof. Suppose R is the halting set in A of the While™ procedure
P = procin a out b aux c begin S end.

Consider the enumeration of the hyperpaths
Po, P1, P2, ---

10Recall Remark 3.10.3(a).



SEMICOMPUTABLE SETS OF REALS 29

FIGURE 6. Hyperpath

of the hypertree for S as described above. For each hyperpath p (not
leaf) of the computation tree T[S, x] there is a boolean bg , with vari-
ables among x = (a, b, ¢) which expresses the conjunction of results of
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the tests and the definability predicates from the root to the leaf of
T[9, %] along p. This boolean is constructed as follows.
A simple assignment node x := ¢ in g contributes to bg , the conjunct

A defy(t) A -

which guarantees that bg, converges only if the evaluation of the term
t converges at this point.

Suppose the hyperpath goes through a test node xB. Consider the
most recent assignment to x® above this node. There are two cases:

(1) The most recent assignment to x® was a simple assignment x® :=
C C C C
t. Then we add either --- AxBA ... or --- A=xBA ... asa

conjunct to bg,, according to whether the hyperpath goes to the
left or right at this node.

(2) The most recent assignment to x° was an ‘Exist’ assignment
xB := 3z P(t,z). Then the hyperpath must go to the left (since
in this case x® must be true), and bg , is unchanged (since adding
the conjunct true is redundant).

B

Define bsj = bg,,. Then R is expressed by the infinite disjunction

V. bs (4.8)
just as in the proof of Engeler’s Lemma 4.3.1 for While©®. U

Remark 4.5.2. The sequence of booleans (bgy) constructed in the
above proof (4.8) does not, in general, satisfy semantic disjointedness
(cf. Lemma 4.4.2), because of the nature of the While® computation
hypertree.

5. STRUCTURE THEOREMS FOR SEMICOMPUTABLE SETS OVER R

In this section we present our structure theorems characterizing the
While, While®® and While™ semicomputable sets over R. We will
discuss the limitations of the While language in this regard, and show
how the While®R and While ™ languages correct these deficiencies.

From now on, we will consider only the algebra A = R, and write X
for ¥(R), and similarly for X°% and X3V,

5.1. Computational equivalence; Semantics of atomic booleans.

The proof of the Canonical Form Lemma 5.2.2 below (and hence the
Partition Lemma 5.2.4) requires a careful analysis of the semantics of
atomic booleans of the forms (1) t; =t and (2) t; < to.

Assume for simplicity that t; and ¢5 contain only the variable x : real.
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These atomic booleans can be simplified, respectively, to the forms
(1) p(x) = 0 and (2) p(x) > 0, for some integer polynomial p(x). Now
according to the semantics of ‘=" and ‘<’ (Example 3.1.5), together
with the semantic rules for terms (Definition 3.5.3), the semantic eval-
uation of these two atoms at a state o, where o(x) = a, is given by

[p(x) = 0o ~ {Tﬁ i iEZ; ;8 (5.1a)
t if p(a) >0

[p(x) >0]o ~ <¢ff if p(a) <O (5.1b)
1+ if p(a) =0.

Hence at a root a of p(x), the booleans p(x) = 0 and p(x) > 0 both
diverge.

Now suppose p(x) has degree 0, i.e. p(x) = ¢ for some (integer)
constant c. Consider the two cases:

(1) ¢ # 0. Then p has no roots, and (as we would want) at all states
p(x) = 0 evaluates to ff, and p(x) > 0 evaluates to tt if ¢ is positive,
and ff if ¢ is negative.

(2) ¢ =0. Now every real point is a root of p, but by (5.1) the atoms
p(x) = 0 and p(x) > 0, which simplify (resp.) to 0 =0 and 0 > 0,
diverge at all states! But this is quite counter-intuitive.

Similarly, we would (presumably) want atoms t; = t5 to evaluate to
tt, and not diverge, if (e.g.) t; =ty = 3, or {3 = 2*x + 2 and
ts = 1+x+x+ 1, or more generally, where the equality t; = t5 follows
from the ring axioms over R, and hence is true a priori.

Hence we must modify the semantics given by (5.1).

First, some remarks on representations of polynomials.

Remark 5.1.1 (Standard form for polynomials). Any polynomial can
be written in a standard form by (1) assuming a standard listing
X1, X2, ... of the real variables, and (2) ordering the monomials x7* ... x¢"
(e.g.) first by decreasing weight (= e; 4+ --- 4 ¢, ), and secondly, lexi-
cographically in (ey,...,e,), according to the order ‘>’ on N. We can
then define a coding of polynomials in standard form.

Note that our polynomial expressions in standard form have integer
coefficients, although the signature Y does not have a data type int.
The point is that our “polynomial notation” does not involve integers
essentially. For example, the polynomial expression ‘2x? —x + 3’ stands

for the X-term x*x+x*xx+ (—x)+ 14141 (suitably parenthesized).
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Now let E be the equational calculus [SA91, §11.1] in the language
(0,1, 4, —, %), with the axioms for commutative rings with unit [Her90].
By “real term” we mean term of type real.

Definition 5.1.2 (Computational equivalence). Two real terms ¢y, ts
are computationally equivalent (written t; = to) iff E F ¢ = to.

Lemma 5.1.3. Any real term t can be re-written uniquely as a poly-
nomzial in standard form; more precisely, there is a unique polynomial
P[t] in standard form such that t = P[t].

Lemma 5.1.4. For any two real terms tq,ts, the following three asser-
tions are equivalent:
(1)t =ty
(2) Plt:] = Plto]
(3) Plty — ta] = 0 (the zero polynomial).

Note that by the equivalence (1)< (2) above, computational equiv-
alence between real terms is decidable.

The following lemma expresses the soundness and completeness of
computational equivalence w.r.t. semantic equivalence!!.

Lemma 5.1.5. For any two real terms ty, to
t1 2ty < 11 =~ 1y

Proof. (=) is clear. (<) follows from the fact that if a polynomial
over R has value 0 everywhere, then it must be the zero polynomial,
by Corollary 2.3.2. O

Definition 5.1.6 (Modified semantics of boolean atoms).
For real terms tq,ty, we define:

t if t, =t

[ti =to]o ~ <1 if [t1]o = [t2]o but ¢ 2 to (5.2a)
LfFif [ti]o # [ta]o.
(& if [t]o < [t2]o

[ti <too ~ ¢ ff if [t1]o > [t2]o or t1 = & (5.2b)
(T if [ti]o = [t2]o but ¢ 2 to.

These definitions will be used in the proof of the Canonical Form
Lemma (5.2.2).

HRecall the definition (3.5.4) of semantic equivalence.
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Discussion 5.1.7 (Justification for modified semantics).

Again, as in Discussion 3.1.7, we consider this issue in two ways: the
first based on continuity considerations, and the second, again, based
on a thought experiment involving concrete computations.

(a) Recall the discussion (3.1.7(a)) on the motivation for defining equal-
ity and order on the reals as partial functions eqg and lessg. Continuity
of While®® computable functions is a central concern here. We may
then well ask: do the above modified semantics (5.2) not “spoil” this
continuity result? The answer is no: with the above definitions, it still
holds that While (or While®R, or While®™) computable functions
are continuous. The proof depends on the fact that the condition for
the atomic formula ¢; = ¢, to have an output of tt instead of 1 (i.e. that
t1 & to) is independent of the state. Hence the proof of the Continuity
Theorem for While computable functions on topological algebras (see
Remark 3.1.4). can be easily adapted to the present case, with the
semantics based on Definition 5.1.6. We omit details.

(b) Another (“concrete”) approach to justifying this definition lies in
continuing with our thought experiment in Discussion 3.1.7(b). So
consider again an atomic formula of the form ¢; = t5, and see what
is involved in trying to decide whether it is true or not. First, take
the case considered in Discussion 3.1.7(b)) where ¢; = x, and ¢, = y.
Suppose, again, that these are presented to us, at a given state o, as
fast Cauchy sequences (r,,) and (s,) of rationals respectively. Then, as
shown there (loc. cit.), we can only gain “negative” information in finite
time. In other words, if x = y is true at o, then we cannot determine
this in finite time, and so the computation diverges. Suppose, however,
that (for example) t; = 1 + x and t3 = x + 1. Then it is clear a priori
that these terms are equal, regardless of the state, and without any
need to consult the Cauchy sequence for x at that state. After all, it is
the same variable, and hence the same Cauchy sequence, on both sides
of the equation! Hence in this case we let the atom t; = t, evaluate
to tt at all states.

5.2. Canonical form for Y°F booleans.

Unless otherwise stated, the definitions and lemmas in this subsection
refer to the ¥°R-language, with the Y-language as a special case. We
generally write b, ¥/, ... for X°R-booleans.

Definition 5.2.1 (Boolean combination). A boolean combination of a
set of atomic booleans is a boolean expression built up from the atoms

t1 <ty and t; =ty (with t1,ts : real) by V, A, \C/, /C\, VvV, Aand —.
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Lemma 5.2.2 (Canonical form for booleans over R). A X°R-boolean
with variables among x = (x1,...,x,) of sortreal only, is effectively
semantically equivalent to a boolean combination of equations and in-
equalities of the form

p(x) =0 and q(x) >0
where p and q are polynomials in x.

Proof. By structural induction on the boolean b.
Base cases:

o b= (t; =t9) or (t; < ty) for terms ¢y, 5 : real.
By Lemma 5.1.4 these are semantically equivalent to (respectively)
Plt; — t] =0 and P[t —t;1] > 0.

e b= (t; = tg) or (t; < to) for terms ty,ty: nat. It is easy to see
that every term t : nat without any nat variables must be closed,
and in fact a numeral, i.e., of the form

n = suc(suc(...(suc 0)...)) (n times ‘suc’)

for some n € N. Hence in this case b has the form (7, = ng) or
(71 < ng) for some ny,ny € N, reducing to true or false in all cases.

Induction step: Suppose b; and by are both effectively strongly equiva-
lent to boolean combinations of equations and inequalities of the form
p(x) =0 and g¢(x) > 0. Then clearly the same holds for —b, by Vb,

by Aba, by V by, by Aby, by ¥ by and by A by. O

For a real variable x, let Bool(x) be the set of X°f-booleans with
no free variables other than x.
For the rest of this subsection, we consider only booleans in Bool(x).

Definition 5.2.3. For any b € Bool(x), we define

e PS(b) (the positive set of b) = {zxeR|b[z]=1t
e NS(b) (the negative set of b) = {z € R |b[z] =f
e DS(b) (the divergence set of b) = {x € R| b[z] T}

Lemma 5.2.4 (Partition Lemma for booleans over R). Every boolean
b € Bool(x) has semantics effectively represented by a partition of R



SEMICOMPUTABLE SETS OF REALS 35

of the form:
k
PS(b) = [ JIf
i=1

NS() = | JIr
DS(b) = Z{dll,...,dm}

where k,£,m > 0 and [;r7[; are all disjoint algebraic open intervals,
such that

k J4
Ut v Jn vid,....d} =R
i=1 j=1

and the divergence points di,...,d,, are precisely all the boundary
points of b, i.e., the end points of the intervals I}, ... Lt I, ..., 1, .

Proof. First convert the boolean to a canonical form given by the
Canonical Form Lemma (5.2.2). We will then prove the lemma by
structural induction on the boolean b in canonical form.

To clarify the details of the structural induction to follow, let us take
a simple example: the case of two boolean b; and by whose positive sets
are single open intervals, i.e. PS(by) = (a1, 5;), and PS(by) = (ag, 85),
where (e.g.) a1 < az < B < 5. Then

PS(bl V bg) = (Oél,Oég)

PS(by, V by) = (ay,)
PS(b1 \% bg) = <0517ﬁ2)‘

(042>B1) U (BlaBZ)?

U
U (/81)/82>a

We now proceed by structural induction on b.

Base case: b= p(x) =0 or p(x) > 0. Use Corollary 2.3.4.

Note that in the case that p(x) has degree 0, i.e., it is a constant
integer ¢, the atomic boolean p(x) > 0 has the form ¢ > 0, and so
reduces to true or false, depending on the value of c. Similarly with the
case of an atomic boolean p(x) = 0.

Induction step. Briefly, this follows from the fact that the class of finite
unions and intersection of algebraic intervals is closed under (binary)
union and intersection. In more detail, we consider the various cases:

e b = —b;. Just interchange the positive and negative sets for b and b;.
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Next, suppose:

k1
PS(h) = [JI;
i=1

1%
NS(b1) = U[fi
=1
Ds(bl) = {dlla---7d1m1}

ko
PS(hy) = |J I
j=1

12
NS(b) = (J I
j=1

DS(bQ) — {d217 e ,deQ}

e b = b;Vby,. Then
k1 ko k1 4o 01 ko
ps) = (YUuin) v (UUuin)) v (UUEN L))
i=1j=1 i=1j=1 i=1j=1
b1 Lo
NS() = |JJunn1y)
i=1j=1

DS(b) — {dn,...,dlml,d21,...,d2m2}.

e b = DiAby. Then
k1 ko
Ps(h) = (JUU@EnI35)
i=1j=1
01 A2 k1 f2 01 ko
NS = (UUumn))u (YU nn) v (UG n )
i=1j=1 i=1j=1 i=1j=1

DS(b) = {di1,...,dimy, dor, ..., dom, }.
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obh = bl\c/bg. Then
ki 6 ko

PS(b) = U U U v niy))
P
NS(@) = |JJunn1y)

DS(b) = {dlla . 7d1m1} U {de | 37 : dgj € Il_z}

oh = bl/c\bQ. Then

k1 ko
Ps(h) = (JUU@nI3h)
i=1j=1
31 mi EQ
NS = YU Uun v niy)
i=1j=1k=1

DS(b) = {dlla ce 7d1m1} U {dgj | i : d2j € Ii’;}

eb = bV by. Then

k1 ko

Ps(b) = |JJui v L))
i=1j=1
by Lo

NS() = | JJunn1y)
i=1j=1

DS(b) = ({dn, c. 7d1m1} N {d217 cee 7d2m2})

U {dlz | dj :dy; € ]2;} U {dgl ’ dj :dy; € If]}

oh = blA bg. Then

k1 ko

Ps(b) = | J U n L)
i=1j=1
b1 Lo

NS = [ JJunuly)
i=1j=1

DS(b) = ({di1, .., dum } N {dor,- .., dom,})

37

Next we give several lemmas in preparation for the structure theo-

rems in §5.5.
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Lemma 5.2.5. There is a While computable embedding
in: N — R
Proof. By a simple while loop. O
From this we easily get:
Lemma 5.2.6. There is a Whale computable injection
tz: N > R
where for any m € Z, tz("m7) =m € R.
Lemma 5.2.7. There is a While computable function
eval: N xR — R
such that for any integer polynomial p and a € R:
eval("p™, a) = p(a).

Proof. The function ewal is defined by induction on the degree of p.
We omit details. O

Note that this lemma is a special case of the term evaluation property
(TEP) for R [TZ00, §4.7]. In fact, it is the main step in proving the
TEP for R.

Lemma 5.2.8. There is a While computable function
lessg: NxR — B
such that for r € Q and x € R:

t iof r<uz
less("r",x) ~ < ff if r>x
T oaf r=ux.
Proof. Let r = e (m € Z, n € N). Then by our assumptions on

the coding, we can primitive recursively retrieve "m™ and n from "r™.
Then (using Lemmas 5.2.5 and 5.2.6) define

lessq("r,z) <=4 tz("m7) < (en(n) +1) x . O
Lemma 5.2.9. There is a While®R computable function
lessp,: N xR — B
such that for o € A and x € R:
t iof a<ux
lessp("a, z) ~ ¢ ff if a>ux

T oaf a=u
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AR

FIGURE 7. Proof of Lemma 5.2.11, case 1

Proof. We can effectively retrieve from "o the numbers "p' and k,
where « is the k-th root of p.

Then by Lemma 5.2.7, we have a While computable function eval
such that eval("p™, a) = p(a). Also by Lemma 2.3.5, we can effec-
tively find two rationals r; and 7y such that r; < a < ry and « is the
only root of p between these two rationals.

There are now four cases, which can be effectively distinguished by
Sturm’s Theorem.

In cases 1 and 2, « is a single root. In case 1 (Figure 7) p(x) changes
sign from negative to positive at . Here we can see that a < x iff

[(r < 2)A(p(x) > 0)] V [ry < x].

Note the use of the strong disjunction. (See Remark 5.2.10 below.)

In case 2 (formed by reflecting Figure 7 about the x axis) p(x)
changes sign from positive to negative. This reduces to Case 1 by
replacing p(x) by —p(x).

In cases 3 and 4, « is a repeated root. In case 3 (Figure 8) p(x) is
positive near a. Here, by choosing r; and rs sufficiently close to « (so
that p’(ry) > 0, p’(r1) < 0 and there is no root of p’(x) between r,
and «, or between « and 75) we have o < z iff

(e <) A (p'(2) > 0)] V [ra <]

where p’ is the derivative of p.

Note again the use of the strong disjunction here.

In case 4 (formed by reflecting Figure 8 about the = axis) p(z) is
negative near a.. This reduces to case 3 by replacing p(x) by —p(x).

Note that all the above operations on polynomials are effective; for
example, "—p™ and "p'7 are primitive recursive in "p™. O

Remark 5.2.10 (Need for strong disjunction). In case 1, if z = o,
then the disjunct (ro < z) will diverge, and so we need ‘ V'’ to make
the whole expression converge. Similarly for the other cases.
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] ]

e T T .

T1 [0 T2 (6]

F1GURE 8. Proof of Lemma 5.2.11, case 3

Lemma 5.2.11. There is a While computable function
inq: N x real — bool
such that

t if x€(r, )
ing("(r, )N z) 2~ ff if x<r or m<ux
T otherwise, i.e. if x =11 or r=ry

where 1 and ro are rationals with r1 < 4.

Proof. We can primitively recursively retrieve "y Tand "ry ' from (7, 75)7,

and therefore define:
ing("(ry, )7, x) <=g4 lessq("m ", x) A —lessq("r27, z) (5.3)
which is Whale computable, by Lemma 5.2.8. U
Lemma 5.2.12. There is a While®® computable function
ina: N X real — bool
such that
t  if x€(a,p)

ff if x<aor <z

1T otherwise,

inA(l—(aa 6)—'7 ‘r)

12

where o and B are algebraic numbers with o < 3.

Proof. Like the proof of Lemma 5.2.11, except that instead of lessq,
we use lessa, which is While®® computable by Lemma 5.2.9. U

5.3. Characterizations of semicomputable real sets.

In this subsection, we prove the ‘=" direction of the structure theorems
given in §5.5 below.
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Lemma 5.3.1. If a set R C R is While®® semicomputable over R,
then R is the union of an effective countable sequence of disjoint alge-
braic intervals.

Proof. If R C R is While®R semicomputable, then by Engeler’s Lemma
(4.3.1) for the While®R language,

a€R < \[ b
k=0
for an effective sequence (by) of X°R-booleans in Bool(x). By the
Semantic Disjointedness Lemma (4.4.2), this sequence (by) is seman-

tically disjoint, and, further, by the Partition Lemma (5.2.4), each by
itself defines an effective finite union of disjoint algebraic intervals. []

Lemma 5.3.2. If R C R is While®® semicomputable over R, then R
s the union of an effective countable sequence of rational intervals.

Proof. By Lemmas 5.3.1 and 2.2.5. U

Remark 5.3.3. We lose disjointedness here, because the rational in-
tervals generated by the proof of Lemma 2.2.5 are not disjoint.

Lemma 5.3.4. If R C R is While ™ semicomputable over R, then R
s the union of an effective countable sequence of algebraic intervals.

Proof. By Engeler’s Lemma (4.5.1) for While®™, a While®™ semi-
computable set over R can be expressed as a countable disjunction of
an effective sequence of X°R-booleans, to which the Partition Lemma
again applies. O

Note again the lack of disjointedness of the sequence of intervals
obtained here. (See Remark 4.5.2.)

Lemma 5.3.5. If R C R is While™ semicomputable over R, then R
1s the union of an effective countable sequence of rational intervals.

Proof. By Lemmas 5.3.4 and 2.2.5. U

Note that we could have proved Lemma 5.3.2 as an immediate con-
sequences of this lemma.

5.4. Unions of eff. sequences of intervals are semicomputable.

We will now prove the reverse ‘<=’ direction of the structure theorems.

Lemma 5.4.1. The union of an effective countable sequence of disjoint
rational intervals is While semicomputable over R.
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Proof. An effective sequence of rational intervals gives us a total recur-
sive function f: N — N such that f(n) is the code of the n-th rational
interval. So the union of such a sequence of intervals is the halting set
of the procedure

proc
in x : real
aux 1 : nat;
begin
i:=0;

while not(in q(Pr(1),x))
doi:=1i+1od
end

where P; is the While(N) (and hence While(R)) procedure which
computes f.

By Lemma 5.2.11, inq is While computable, and so the above
procedure is Whaile computable. O

Remarks 5.4.2.

(a) In the above procedure, if x lies on the boundary of one of the
intervals, there will be “local divergence”. But in that case, by
the disjointedness assumption, x cannot lie in any of the other
intervals, so this divergence still gives the correct result.

(b) This result is related to Lemma 4.4.3, which states that a disjunc-
tion of an effective sequence of semantically disjoint booleans can
be evaluated “from the left”, i.e., by a ‘while’ loop.

Lemma 5.4.3. The union of an effective countable sequence of disjoint
algebraic intervals is While®R semicomputable over R.

Proof. Just like the previous Lemma, but instead of inq(f(i),r), we
use ina (Ps(i), r) which is While®® computable, by Lemma 5.2.12. [

Lemma 5.4.4. The union of an effective countable sequence of alge-
braic intervals is While™™ semicomputable over R.

Proof. An effective sequence of algebraic intervals is given by a total
While computable function f: N — N such that f(n) returns the code
of the n-th algebraic interval.

So the countable union of an effective sequence of algebraic intervals
is the halting set of the following While™ procedure:
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proc
in  x: real;
out b : bool;
begin

b :=3JzP(x,2)
end

where P(x,z) is the procedure defined as

proc
in  x: real;
Z : nat;
out b : bool;
begin
b:= ina(Pr(z),x);
end

and Pj: nat — nat is the While(N') (and hence While(R)) procedure
which computes f.

By Lemma 5.2.12, ina is While®® (and hence While) com-
putable, and so the above procedure is While™ computable. 0

Corollary 5.4.5. The union of an effective countable sequence of ra-
tional intervals is While™ semicomputable over R.

Proof. By Lemma 2.2.4, an effective sequence of rational intervals is
also an effective sequence of algebraic intervals. U

Discussion 5.4.6. To summarize the results of this subsection: When
an effective sequence of rational (or algebraic) intervals is disjoint, we
can represent their union as the halting set of a While (or While®R,
respectively) procedure (as in Lemmas 5.4.1 and 5.4.3), since it can be
evaluated from the left, i.e., by a ‘while’ loop.

However when the intervals are not disjoint, their union must be
evaluated by a While® procedure, using the ‘Exist’ construct (as in
Lemma 5.4.4 and Corollary 5.4.5).

5.5. Structure theorems for semicomputable sets over R.
We present our three structure theorems for While®R and While

semicomputable sets over R.

Theorem 1. A subset of R is While®R semicomputable over R iff
it is the union of an effective countable sequence of disjoint algebraic
intervals.

Proof. By Lemmas 5.3.1 and 5.4.3. 0
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Theorem 2. A subset of R is While™N semicomputable over R iff it
s the union of an effective countable sequence of algebraic intervals.

Proof. By Lemmas 5.3.4 and 5.4.4. O

Theorem 3. A subset of R is While™™ semicomputable over R iff it
is the union of an effective countable sequence of rational intervals.

Proof. By Lemma 5.3.5 and Corollary 5.4.5. U

We do not have a structure theorem for While semicomputable sets.
We only have a partial result:
Theorem 4. For subsets of R,

(a) While semicomputable over R —>
union of effective sequence of rational intervals.

(b) Union of effective sequence of disjoint rational intervals —>
Whale semicomputable over R.

Proof. (a) By Lemma 5.3.2.
(b) By Lemma 5.4.1. O

See Remarks 5.3.3 and 5.4.2(a) for the reasons that disjointedness is
lost in part (a), but needed in part (b).

5.6. Projectively While®™ semicomputable sets.

We now prove that for the While™" language, projective semicom-
putability is equivalent to semicomputability, i.e., semicomputability
is closed under projection onto R.

Lemma 5.6.1. Given a continuous partial function b : R" — B, if

there ezists an n-tuple of reals © = (x1,...,x,) such that b(x) | t, then
there exists an n-tuple of rationals r = (ry,...,r,) such that b(r) | t.
Proof. Suppose there exists a real tuple z = (z1,...,2,) € R" such

that b(z) | t. Then by continuity of b, there exists 0 > 0 such that for
all real tuples y = (y1,...,y,) in the neighbourhood set

N(z,0) =4 {1, - un) | V(e —3)>+ -+ (20 — ya)? < 0},

we have b(y) | tt. But then, because of the density of Q in R, there
exists a rational tuple r = (ry,...,r,) € N(z,9). O

Theorem 5. A set R C R" is While™ projectively semicomputable
over R if, and only if, R is While™ semicomputable over R.
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Proof. ‘<’: Trivial.

‘=’": Suppose R C R"is While™ projectively semicomputable. Then'?
there exists a While™ semicomputable relation R € R™™, such that
for all z € R™:

r€R < JyeR"(z,y) € R
<~ JyeR \/}c bi[x, ]
for some effective sequence (by) of X°R-booleans,

by Engeler’s Lemma (4.5.1) for While® applied to R’
— \/k Jy € R™ by [z, 4]
= \/k dr € Q" bg[x,r], by Lemma 5.6.1.

It is not hard to see that we can construct an effective double sequence
(b)) of X%-booleans, such that for all k, ¢, if £ = 77 then for all
reR"

bk,g[x] < bk[QZ,T’]
and so r€R <— \/k \/E by o[]. (5.3)

Finally, by a method similar to that in the proof of Lemma 5.4.4,
we can show that the r.h.s. of (5.3) is the halting set of a While™™
procedure. O

Essentially, the above proof involves replacing existential quantifi-
cation over R by existential quantification over QQ (using continuity
and density of Q in R), and then replacing the latter by a countable
disjunction.

Remarks 5.6.2.
(a) We do not know if this result holds for While or While°X.

(b) In atotal (non-topological) algebra R; over the reals, the continuity
argument in the above proof would not work, and in fact, the
theorem fails! A counterexample is given in [TZ00, §6.2].

6. CONCLUSION AND FUTURE WORK

6.1. Conclusion.

We have investigated computability, or rather semicomputability, for
the While language and certain extensions ( While®® and While™)

12The ¢/, symbol below indicates strong disjunction (§4.2(2)).
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over a topological partial algebra R on the reals. We proved four struc-
ture theorems for semicomputable sets in R, of the form: a subset of
R is semicomputable in the While language, or one of these exten-
sions, if, and only if, it is the union of an effective countable sequence
of rational (or algebraic) open intervals (see §5.5).

We also proved a fifth theorem, stating that in R, projective While™™
semicomutability is equivalent to While™ semicomputability.

6.2. Future work and conjectures.
We list some ideas for future work in this area, and conjectures:
(1) Expanding R by including division by naturals:
divV: Rx N — R
x
n+1

(This is easily seen to be equivalent to the expansion of R formed by
adding multiplication of a real by a rational.)

Now we can directly embed @Q in R. The Canonical Form and Par-
tition Lemmas still hold. In fact it seems clear that the five theorems
in §5.5 also hold for the algebra R + divV.

(2) Expanding R to an algebra R®", which includes the (partial) real
division operation

where  divV(z,n) =

div:R? = R

where  div(z,y) ~

<R

This expansion is a major step compared to (1). The Canonical Form
Lemma now becomes:

A XOR_boolean over R is effectively semantically equiv-
alent to a boolean combination of equations and inequal-
ities of the form r(x) =0 and r(xz) >0, where

r(z) = M (6.1)

q()
with p(x), q(x) integer polynomials.

The important thing to notice is that the zeros and poles of rational
functions are algebraic numbers, since in equation (6.1) the zeros and
poles of r(x) are respectively the roots of p(x) and of ¢(z). Thus it can
be seen that the Partition Lemma still holds for R*". In fact:

% S0 = (pla) x glx)) > 0
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where “<=" is weak semantic equivalence'®.

We conjecture that the four structure theorems in §5.5 hold for R4,
(3) Investigating the structure of semicomputable subsets of R™ for
m > 1. Although the Canonical Form Lemma (5.2.2) for booleans over
R still holds when m > 1, the Partition Lemma (5.2.4) for booleans is
problematic — even the formulation of a suitable generalization of it to
m > 1 provides a challenge. A useful approach may be the method of
cell decomposition, applied to o-minimal structures on R. [vdD98].'*

(4) Bridging the gap between abstract models (e.g. While®) and con-
crete models of computation over R (e.g. Weihrauch’s TTE [Wei00]).
We have seen (Theorem 3) that for a relation R on R:

R is While™ semicomputable in R <= R = Uklk (6.2)

where (1) is an effective sequence of rational intervals.
On the other hand, Weihrauch has shown [Wei00] that for his con-
crete model:

R is TTE-semicomputable <= R = m ‘Uk]‘j7k (6.3)
J

where (I;) is an effective double sequence of rational intervals.

We can try to bridge the gap between (6.2) and (6.3) by generalizing
the notion of semicomputability in R to that of approzimable While™™
semicomputability, where a set R C R" is said to be approximably
While ™ semicomputable if for some While™ procedure

P: nat x real — bool,
writing ~ PR(z) =4 P%(n,z),
we have R = ﬂnHaltR(Pf).
We then conjecture that for a set R C R™:
R is approx. While™ semicomp. <= R is TTE semicomp.

The motivation for this conjecture, and the reason for the terminology
“approximable semicomputability”, is by analogy with the “complete-
ness theorem” in [TZ04], where for partial topological algebras A (such
as R) satisfying certain general conditions, it was proved that

WhileCC' approx. computability <= concrete computability.

Here WhileCC' is the While language extended by a nondetermin-
istic “countable choice” operator (see Remark 3.9.2), and a function

13Recall Definition 3.5.5.
14We thank Patrick Speissegger for this suggestion.
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f: A" — AV is said to be approximately WhileCC computable if for
some WhileCC procedure P: nat x u — v, the sequence of (many-
valued) functions

Pf:A“AA”

converges or approximates to f (in a suitable sense).
In other words, for abstract computability to correspond to concrete
computability, it must be augmented by

(a) a non-deterministic choice operator ‘choose’ on N,
(b) approximability of computations.

Similarly, in the present case, we conjecture that for abstract semi-
computability to correspond to concrete semicomputability, it must be
augmented by

(a) the ‘Exist’ operator on N,
(b) approximability, which here means taking countable intersections.

Note that our ‘Exist’ operator can be viewed as a “weakly deterministic”
special case of the ‘choose’ operator (see again Remark 3.9.2).
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