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Lay Abstract

Several models of computability were previously proposed for partial functions over the
reals. Some of these models were proved to be equivalent for functions satisfying specific
conditions we call “acceptability”. In this thesis, we prove that at least the class of elemen-
tary functions satisfies this “acceptability” condition. This shows that the acceptability
conditions are sufficiently general.
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Abstract

In this thesis, we study models of computation for partial functions on the reals.
Existing work [Fu and Zucker, 2014, Tucker and Zucker, 1999, 2004| studies classes of
computable partial functions on R, namely

GL-computability,

tracking computability,
multipolynomial approximability, and
Whale CC-approximability.

Fu and Zucker [2014] show that all these four models of computation are equivalent when
we restrict our attention to a specific class of functions we call “acceptable” functions.
This means, within the realm of acceptable functions, we can work with WhileCC-
approximability without giving up expressivity and transfer results amongst the models.

However, it was previously unknown whether the class of acceptable functions is suf-
ficiently large to include many common functions, such as the elementary functions. In
this thesis, we solve the conjecture posed by Fu and Zucker [2014| and show that all
elementary functions are acceptable. We also prove that the elementary functions are
While CC-approximable and therefore computable in all the aforementioned models of
computation.
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Chapter 1

Introduction

In this thesis, we study models of computation for the reals. Previous work [Stoltenberg-
Hansen and Tucker, 1999, Tucker and Zucker, 2005| focuses on computational models for
total functions. However, the class of total functions is too restrictive: many standard
functions in real analysis (such as the logarithmic, square root, and inverse trigonometric
functions) are partial and cannot be studied under such models. Thus, in this thesis, we
focus on the computability of partial functions.

Existing work [Fu and Zucker, 2014, Tucker and Zucker, 1999, 2004| studies classes of
computable partial functions on R, namely

e GL-computability,

e tracking computability,

e multipolynomial approximability, and
e WhileCC-approximability.

The first two classes correspond to concrete models of computation. In concrete mod-
els, computability depends on the representation of data. For example, an a-tracking
computable function represents each real number as a natural number. In contrast, ab-
stract models (such as WhileCC-programs) allow functions to be defined independently of
such implementation details. For a programmer, this would be akin to writing programs
against an abstract interface instead of dealing with specific implementations. Abstract
models are easier to program in, but may not be as expressive as their concrete counter-
parts.

Fu and Zucker [2014] show that all these four models of computation are equiva-
lent when we restrict our attention to a specific class of functions we call “acceptable”
functions. This means, within the realm of acceptable functions, we can work with
WhileCC-approximability without giving up expressivity and transfer results amongst
the models.

However, it has been unknown whether the class of acceptable functions is sufficiently
large to include many common functions, such as the elementary functions. In this thesis,
we solve the conjecture posed by Fu and Zucker [2014] and show that all elementary
functions are acceptable. We also prove that the elementary functions are WhileCC-
approximable and therefore computable in all the aforementioned models of computation.

The contributions of this thesis are as follows:

e We prove that all elementary functions are WhileCC-approximable.

e We prove that all elementary functions are acceptable.

1
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e We present an alternative characterization of acceptable functions.

The structure of this thesis is as follows. In chapter 2, we provide some background by
recalling the related definitions. In chapter 3, we start by suggesting minor modifications
to the definition of elementary functions and prove that these slightly modified elementary
functions are WhileCC-approximable (Definition 2.2.14). Then, in chapter 4 we present
effective open exhaustions for the domains of elementary functions and in chapter 5,
we prove that elementary functions are continuous with respect to the specific open
exhaustions we presented inductively for their domains back in chapter 4. This concludes
our proof of acceptability of elementary functions and implies that elementary functions
are computable in all four models of computation mentioned above. In chapter 6, we
conclude the thesis and discuss potential directions for future research. Then, in Appendix
A, we provide some additional lemmas that are used in chapter 3. Also, the Index at
the end of this thesis provides an alphabetical listing of key terms and topics discussed,
allowing for quick reference.



Chapter 2

Preliminaries

In this section, we review the basic concepts of signatures and many-sorted algebras
defined by Tucker and Zucker [2001] along with the WhileCC programming language
defined by Tucker and Zucker [2004] as well as some basic concepts of real analysis.

Notation. In this thesis, we use — to denote partial functions and — for total functions.
Contrary to the normal convention, the function log denotes log, and In is used for log,.
We write T to denote a sequence x1,Zs,...,x, and define |Z| = n. Throughout this
work, the equality symbol = denotes Kleene equality, meaning either both sides of the
equality are defined and are equal, or both sides are undefined. The symbol ¢ denotes
an enumeration of all computable functions on N and is used in Sections 2.3 and 2.4. In
this thesis, “continuity of a function on its domain” is used in the standard sense.

2.1 Basic Algebraic Concepts: Signatures and Algebras

Definition 2.1.1 (Many-sorted signatures, [Tucker and Zucker, 2001]). A signature ¥ is a
pair (Sort(3), Func(X)) where

e Sort(X) is a finite set of sorts, and

e Func(X) is a finite set of (primitive or basic) function symbols, where each F' €
Func(X) has a type s; X - -+ X s, — t where the arity of F'is n and s1, s, ..., 8,,t €
Sort(X). We write F': s; X --- x s, — t. The case n = 0 corresponds to constant
symbols and can be written as F': — t or F' : t.

Definition 2.1.2 (X-algebras, [Tucker and Zucker, 2001]). A partial X-algebra A has
e a non-empty set Ag, the carrier of sort s, for each s € Sort(X), and

e a (possibly partial) function F'4: A,, x --- x A, — Ay, the interpretation of F, for
each basic function symbol F': s; X -+ X s, — ¢ in Func(2).

Definition 2.1.3 (Topological partial algebras, [Tucker and Zucker, 2001]). A topological
partial algebra is a partial X-algebra with topologies on the carriers such that each basic
function symbol’s interpretation is continuous on its domain, and the carriers B and N
(if present) have discrete topology.

Definition 2.1.4 (Signature of booleans: > (B), [Tucker and Zucker, 2001]). The signature
¥(B) below is the signature of booleans:
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signature X (B)

sorts bool

functions true, false : — bool
and, or : bool x bool — bool
not : bool — bool

end

Definition 2.1.5 (Standard signature, |Tucker and Zucker, 2001]). A signature ¥ is a
standard signature, if:

e X(B) C 3, and

e for all s € Sort(X) \ X(B), the function symbols of ¥ include a discriminator if :
bool x s X s = s.

e if the function symbols of X include eq,, then it has to have type s x s — bool.

Definition 2.1.6 (Standard algebra, [Tucker and Zucker, 2001]). Given a standard signa-
ture X, a X-algebra A is a standard algebra, if:

e A has the carrier B = {tt, ff} for sort bool,

e A has the standard interpretations of the function and constant symbols of ¥(B5).
Thus, for example, true? = tt and false’* = ff, and

e the discriminators and equality operators have their standard interpretation in A;
ie,forbe B and z,y € A,

(b - z ifb=tt
Ty it =,

and

e for each sort s for which the function symbol eqs is present, it is interpeted as the
identity relation on s.

Definition 2.1.7 (The topological partial algebra R). The following algebra R is a topo-
logical, partial, and standard algebra that we will be working with, in this document:

algebra R

carriers R, N, B

functions Oreal; Lreal, —lreal : — R
Freal; Xreal : RxR—=»R
+nat; Xnat - N X N_»N
iNVyeal - R— R
0nat Lo N
SUChat : N —» N
tt, ff . — B
and,or: BxB —» B
not: B — B
=hnaty <nat : NxN-—»B
=realy <real : RxR—DB

4
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The signature X(R) with sorts real, bool, nat can be inferred from this. The functions
commonly known as inverse, equality and order are not continuous. Since the concepts of
While-computability and WhileCC-computability We are using here have been designed
to make all expressed functions continuous on their domains [Tucker and Zucker, 2001,
2004/, the discontinuities in conventional models of equality, order, and inverse have been
resolved by making the functions in R undefined there:

_ 1z ifz#0
iNVyeal () = {T otherwise
ff ifxy
=real(,y) = {T otherwise
tt ifr<y
<real(z,y) = ffifz>y
T ifr=y

2.2 Computability on R: WhileCC Programming Language

Let us review the the WhileCC(X) programming language over an N-standard signature
Y. We will be working on the model based on the WhileCC programming language
over R. A prominent feature of this language is the choose operator which selects a
natural number satisfying a computable predicate. As Tucker and Zucker [2004] show,
any abstract model for computing functions on topological algebras, needs to have partial
operations and computable functions that are continuous and multi-valued even to be able
to compute deterministic problems. Hence, having a nondeterministic countable choice
operation choose here is a feature and not a bug!

2.2.1 Syntax

Definition 2.2.1 (WhileCC(X) programming language syntax, [Tucker and Zucker, 2004]).
For any N-standard algebra X, we define four syntactic classes:

(a) X-variables (written Var(X)):
The class of Var(X) consists of variables of each sort s € Sort(X). For each s €
Sort(X), Varg denotes the class of variables of sort s: Var(X) = Uscsort(s) Vars.

(b) X-terms (written Term(X)):
For each s € Sort(X), terms are generated by:

tPu=a | F(t7, ... 0m)
where F' is a Y-function of type s; X -++ X 8, — s (written F : §1 X -++ X §, — $)
and sq,...,58,,s € Sort(X)
(c) X-statements (written Stmt(3X)): Statements are generated by:
S =skip |div|Z:=1¢|S; Sy |if bthen S; else Sy fi
| while b do Sy od | n := choose (z : nat) : P(z,1)

where b is of type bool and Z := ¢ denotes valid concurrent assignment i.e., T is a
tuple of distinct variables and ¢ is a tuple of Y-terms. Also, n and z are of type nat,
P is a procedure of type nat x 1w — bool, and ¢ is of type w.

5
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(d) X-procedures (written Proc(X)):
Procedures of type u — v are generated by:

P ::= proc D begin S end

where S is the body (all the variables in the body S should be defined in D), and D
is the variable declaration of the form:

D:=ina:uoutb:7auxeé:w
with @,b and ¢ being tuples of input, output, and auxiliary (distinct and pairwise

disjoint) variables respectively of type u, v, and w. Note that the aux clause can be
omitted when |¢| = 0.

Remark 2.2.2. In this thesis, we exclusively work with WhileCC(R) programming lan-
guage. So whenever WhileCC is mentioned without specifying a standard algebra, we
mean WhileCC(R).

Remark 2.2.3. In the current setup of the language, we do not introduce names for pro-
cedures inside the grammar. Instead, we define shorthands at the metalanguage level
for procedures explicitly (using the = operator) or implicitly ( “Let procedure P be as
follows, etc.”). These shorthands allow us to make the syntax more readable without
complicating the grammar. For example, instead of writing

proc
in n :nat
out 7 : bool
aux k : nat
begin
r := choose (k : nat) : proc
in m : nat n : nat
out res : bool

begin
if 7 =pat 2 Xpat M then
res ;= tt
else
res := ff
fi
end (k,n)

end
we can define a shorthand for the inner procedure

ExampleProc = proc
in m : nat n : nat
out res : bool

begin
if 7 =pnat 2 Xnat M then
res ;= tt
else
res ;= ff
fi
end
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and then the main procedure could be changed into the following:

proc
in n: nat
out 7 : bool
aux k : nat

begin
r := choose (k : nat) : ExampleProc(k,n)

end

Notation. For expressions Xy, ..., X, we write X; < Xy < --- < X, as a shorthand for

X; < Xyand Xo < Xzand ---and X,,_; < X,,. We use 1/x as a shorthand for inv,e, (),
x/y for  Xea (1/y), —x for (—lieal Xyeal ), and = — y for & +ear (—y). We omit the
subscripts on +pae and 4ea (Tesp. Xpae and X, ) since the appropriate subscript can
be inferred from the argument types. Also, we write if b then S; fi as a shorthand for
if b then S; else skip fi. We write n := choose (z : nat) : ¢ as a shorthand for

n := choose (z : nat) : ProcP(z,...)
where t is a Y-term and z may appear free in ¢ and ProcP is:

proc
inz:s...
out 7 : bool

begin
ri=1t

end

Procedure Call Statements. Note that our definition of WhileCC-syntax does not in-
volve any procedure calls other than within a choose statement. We extend our rules of
statement generation to include procedure calls of the form

u:= P(t)

where P is a procedure of type 5 — r with ¢ a tuple of terms of type 5§ and u is a variable
of type r. A procedure call is syntactic sugar for copying the body of the called procedure
P into the calling procedure with any necessary variable renaming, initializing P’ s input
variables with the term(s) ¢ and copying the output(s) into variable(s) @. Therefore,
there are no recursive procedure calls. Note that procedure calls do not computationally
strengthen our model. In the following sections, any appearance of procedure P in an
expression

j;:...P(ﬂ...

is a short form of

<

= P(1)
=

&I

for some fresh tuple y of the same type as the output type of P.
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Casting nat to real. We present a WhileCC-program that maps each natural number to
its equivalent real number below:

toReal = proc

in n: nat
aux counter : nat sum : real
begin

sum := Oyeal

counter := Opat

while counter <., n do
sum = sum —+ 1eal
counter 1= counter + Lpat

od

return sum

end

From here on, we implicitly make use of this mapping whenever we input anything of
type nat as a real argument (namely assigning nat values to real variables).

Choosing Multiple nat Values. In this thesis, we define the shorthand
T := choose (21 : nat, ..., z, : nat) : P(z,1)

for choose for multiple distinct variables where procedure P is of type

n times

—N—
nat X --- X nat x5 — bool,
and t is a tuple of terms of type 5. This shorthand stands for
xq := choose (2 : nat) : proc
inz :natv:3§
out res : bool
aux tmp, : nat...tmp,, : nat

begin
tmpy, ..., tmp, =
choose (23 : nat,...,z, : nat) : P(Z,7)
res 1= tt
end (z1,1)
To,..., T, = choose (2 : nat,..., 2, :nat) : P(x1,29,...,2,,1)

Note that this notation is defined recursively, i.e., choose with n variables of type nat is
defined in terms of choose with n — 1 variables. This definition is by no means efficient:
in fact this recursive definition leads to an exponential number of calls to choose. For n
variables, choose with one variable is executed 2" — 1 times rather than just once. The
reason is that the procedure P needs all the arguments to be chosen simultaneously.

An alternative approach that addresses the inefficiency concern would be to encode
each n-tuple as a single natural number using Godel’s numbering, choose the Godel
number of the output tuple, and then decode it to obtain each value. This would reduce
the number of calls to choose to only one. While this is certainly feasible, the efficiency

8
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is not our main concern here. Our primary goal here is to establish that choose can
be extended to multiple variables without adding computational power to our language.
A similar idea for the extension is mentioned in Tucker and Zucker [2004] for choosing
“pairs” of natural numbers using primitive recursive pairing and projection functions.

Choosing rational Values. Definition 2.2.1 does not support choosing a real value. How-
ever, as mentioned in Tucker and Zucker [2004], we can extend our programming language
in a conservative manner to allow choosing a rational value.

In this thesis, we simulate choosing a real value by choosing a numerator and a denom-
inator (both of type nat), and then using division and multiplication by —1 to construct
a real value. Clearly, this construction will only give us rational values.

Let P be a procedure of type real x s; X --- X s, — bool. We define

x := choose (q : real) : P(q,1t)

as a shorthand for
x := ChooseRationalSuchThatP(%),

where the procedure ChooseRationalSuchThatP is defined below:

ChooseRationalSuchThatP =

out q : real
aux nq : nat n9 : nat sign : nat
begin
sign,ni,no := choose (k : nat, k; : nat, ko : nat) :
proc
in k: nat, ky : nat, ko : nat
out res : bool
aux
begin
if k=, 0 then
res .= P(ki/(ks +1),1)
else
res .= P(—ki/(ks + 1),1)
fi
end (k, kl, kg)
if sign =pnat O then
q:=ni1/(nyg+1)
else
q:=-n1/(nyg+1)
fi
end

We extend our choose syntax to support multiple real variables in the same way we extend
our syntax to support multiple nat variables.
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The return Statement. We alternatively write programs with one output variable, omit-
ting the out clause and writing a return statement at the last line. The procedure

proc
in ...
aux ...

begin
return ¢

end

is a shorthand for the following:

proc
in ...
outr:s

aux ...
begin

ri=1t
end

Note that the type of the output variable is inferred from the type of ¢.

2.2.2 Semantics

In this section, we briefly review the WhileCC(X) programming language semantics origi-
nally given in Tucker and Zucker [2004]. It’s worth mentioning that WhileCC-statements
are interpreted as countably-many-valued state transformations, and procedures are in-
terpreted as countably-many-valued functions on R.

We begin by formally defining the concept of a state, then we define semantics for
terms, and then for statements. We then conclude this section by giving the semantics
of procedures.

Let us review the definition of a state:

Definition 2.2.4 (States of an algebra, [Tucker and Zucker, 2004]). Let A be a standard
Y-algebra. Then a state on A is a family (o5 | s € Sort(X)) of functions oy : Varg — Aj

that maps each variable of sort s to an element of A,. The set of states on A is called
State(A).

Notation For any set A, A* is the set of all finite sequences in A, and P} (A) is the set
of all countable non-empty subsets of A. Also, let 1 denote divergence and | be an infix
binary symbol denoting convergence to the second argument. For a variable v of type s,
we write o(v) for o4(v) since the type of v is unambiguous. For a tuple Z with |z| = m,
we write o[z] for the tuple (o(x1),...,0(z,;)). Let o be a state on A, Z : @ with |Z| = m,
and a € A,, X -+ x A,,,. The variant c{z/a} is defined as

ify=ux;

otofat) {7

o(y) otherwise.

10
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Definition 2.2.5 (Semantics of terms, [Tucker and Zucker, 2004]). The meaning of a term
t € Term, in a standard algebra A is a function

[t]* : State(A) — P (A, U{1}).
The definition is by structural induction on terms:

[z] "0 = {o(2)}

[Fti,....tw)] o ={y| Tz € An[t:]"0, ..., 20 € AN [tw] o F(z1,...,20) Ly}
U{t| 3z € An[t]?o,....20 € AN [tn] o : F(z1,...,2,)1}
u{t|31<i<m 7te€[t]o}

[if (b, t1, t5)] 0 = {y|(tte [b]2e Ay € [ti]?0) v (ff e ] o Ay € [[tg]]AO')}
U{t|1eb]'o}
In order to define the semantics for statements, the algebraic operational method
described in Tucker and Zucker [2001] is used. Using this method, in order to define

statements as state transformations, one should provide two main components, which
will be defined below in Definition 2.2.7:

e a strict subset of statements, atomic statements written AtSt, along with a meaning
function ( _ )*: AtSt — State(A) — State(A) , and

e functions
First : Stmt — AtSt

and
Rest : Stmt x State(A) — P (Stmt) :

First(S) intuitively gives the first step in execution of S in any state, and Rest(S, o)
is a finite set of statements that gives the rest of the execution of statement S in
state o. The result of Rest depends on the start state for if-then-else statements and
while loops, where the condition needs to be evaluated in that state to determine the
remaining statements to execute. In these cases, First produces the skip statement,
and can therefore be deterministic.

Definition 2.2.6 (Semantics of atomic statements, [Tucker and Zucker, 2004]). A state-
ment is atomic if it is of the form skip, x := ¢, or x := choose(z : nat) : P(z,t). The
set of all atomic statements is denoted by AtSt. The meaning of atomic statements in a
standard algebra A is a function

( )" : AtSt — State(A) — P (State(A4) U {1})
defined by
(div Do = {1}
( skip )0 = {o}
(2:=t)'c={c{z/a} |ac AN[t]'s}
{11 et}
( @ := choose(z : nat) : P(z,t) )0 = {o{z/n} | n € NAtt € [P]*(n,ot])}

U {1 | ¥n € Nt ¢ [P (n, o18)}

11
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Now we need to provide the functions First and Rest for each of the non-atomic state-
ments.

Definition 2.2.7 (The functions First and Rest, [Tucker and Zucker, 2004]). Let A be a
standard algebra, S € Stmt(X), and ¢ € State(A). Then the function

First : Stmt — AtSt

is defined as

S if S is atomic
FiI‘St(S) = FlI’St(Sl) if S = 5152
skip otherwise.

The function
Rest” : Stmt x State(A4) — P (Stmt)

is defined as follows:
e If S is atomic, then Rest?(S, o) = {skip}.

e If S= 5,9, and S, is atomic, then Rest”(S,0) = {S,}. If S = 515, and S; is not
atomic, then Rest”(S,0) = {S'S, | 9" € Rest(S1,0)} U {div | div € Rest?(S,0)}.

e If S =if bthen S; else S5 fi, then
Rest”(S,0) = {S; |tt € [b]"c} U{S: | ff € [b]'o} U {div |1 € [b]" 0}
e If S = while b do Sy od, then
Rest(S,0) = {905 | tt € [b] o} U {skip | ff € [b]*c} U {div | 1 € [b]*c}

The above three components induce a semantics for the statements [ 4 : Stmt —
State(A) — P (State(A) U {1}).

In order to define the semantics of statements, we need to define the concepts “com-

99 4

putation step”, “computation tree stage” and “computation tree”.

Definition 2.2.8 (Computation step function, [Tucker and Zucker, 2004]). Let A be a
standard algebra. We define the computation step function

CompStep® : Stmt x State(A) — P (AU{1})

by
CompStep” (S, 0) = ( First(S) )

Definition 2.2.9 (Computation tree stage, |[Tucker and Zucker, 2004]). Let A be a standard
algebra. We define a computation tree stage function

CompTreeStage® : Stmt x State(A) x N — P (State(A U {1})*)

by induction

e Induction base: CompTreeStage®(S,0,0) = {o}

12
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e Induction step: CompTreeStage® (S, o, n) is formed by attaching to the root {o}
the following:

— if S is atomic: the leaf {0’} for each o’ € ( S )0

— if S is not atomic: the subtree CompTreeStage®(S’,0’,n — 1), for each o’ €
CompStep” (S, 0) with o # 1 and S’ € Rest” (9, 0), as well as the leaf {1} if
1€ CompStep? (S, o)

Definition 2.2.10 (Computation tree, [Tucker and Zucker, 2004|). Let A be a standard
algebra. Then we define the function CompTree® by

CompTree®(S, o) I Nim CompTreeStage® (S, 0, n).

n—o0

Remark 2.2.11. Definition 2.2.10 defines an w-branching tree, branching according to pos-
sible output states. Each node of this tree is labeled by either a state, or “1”. Furthermore,
“1” can only be a leaf node of this tree.

Note that the limit above is well-defined, since each computation stage tree

CompTreeStage® (S, o,n + 1)

is an extension of
CompTreeStage® (S, o,n),

where exactly one layer of leaves is attached to leaves in CompTreeStage® (S, o, n).
Any actual computation of a statement S at state o corresponds to one of the paths
in this tree.

Definition 2.2.12 (Semantics of WhileCC-statements, [Tucker and Zucker, 2004]). Let A
be a standard algebra. Then we define the semantics function

[1*: Stmt — State(A) — P (State(A U {1}))
as
[S]e wf {leaves in CompTree®(S,c)} U {1| CompTree®(S, o) has an infinite path}.
Finally we can define the semantics for WhileCC-procedures:

Definition 2.2.13 (Semantics of WhileCC-procedures, [Tucker and Zucker, 2004]). The
semantics of a WhileCC-procedure P of type u — v with the definition

P :=procina:@outb:vaux¢:w begin S end
is a (many-valued) function:

defined as
PA(x) = {a'(b) | o' € [[S]]Aa} U {T | 1€ [[S]]Aa}

Now let us review the concept of WhileCC-approximability defined in Fu and Zucker

[2014]. Let P : real x nat — real be a WhileCC-procedure. Then PX is defined by
PR PR(n) i R = PLHRU{}).

13
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Definition 2.2.14 (WhileCC-approximability, [Fu and Zucker, 2014]). A WhileCC-procedure
P of type real x nat — real on R is said to approximate a function f : R — R iff for all
n € N and all x € R:

(i) z € dom(f) = 1 ¢ PR(x), and
(ii) z € dom(f) = PR(z) C Nbd(f(x),2") , and
(iii) « ¢ dom(f) = PX(z)= {1}
where Nbd(y, ) has the standard definition of neighborhood on R i.c.,
Nbd(y,r) = {z €R ||y — 2| <r}.

Definition 2.2.15 (Well-defined WhileCC-procedures). We call a procedure P : © — ©
well-defined iff for T : u we have

PR(x) = {1}, or t ¢ P*(x).

In this thesis, since all WhileCC-procedures of interest are well-defined !, we consider
the semantics of a procedure P : u — ¥ to be a function

PR : Ry — Pu(Ry)
where PR(z) = () iff P does not terminate on input 7.

Definition 2.2.16 (WhileCC-computability on N). A function f : N¥ — N is WhileCC-
computable if there is a WhileCC procedure P such that f = P%.

Remark 2.2.17. The classical Bohm and Jacopini [1966] theorem states that Turing Ma-
chines can be simulated in any programming language with composition and iteration.
This, along with the Church-Turing thesis, implies that WhileCC-computability of a func-
tion of type N* — N is equivalent to computability via any effective method. This means
that from here on, in order to show that a (total) function of type N*¥ — N is recursive,
it suffices to give a (necessarily terminating) algorithm for computing it [Cutland, 1980].
Note that the terms “recursive”, “computable”’, and “WhileCC-computable” could be used
interchangeably for functions of type N¥ — N. In other words, we do not care which
model of computation is used to compute functions of this type. As long as a function is

computable in some model, it is computable in every model.

2.2.3 Some Basic Functions

Using X,ea we can define the procedure pow : real X nat — real as:

1This can be easily proven, although we do not provide a proof for it.

14
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pow = proc
in a:real n: nat
aux counter : nat r : real
begin
T := lreal
counter := Onat
while counter <, n do
ri=rxa
counter := counter + 1
od
return r
end

This lets us use 2" as a shorthand for pow(x,n) and 2" for inv e, (pow(z,n)) with x
being of type real and n of type nat.
We can also define the WhileCC-procedure Factorial : nat — nat as below:

Factorial = proc

in n : nat

aux counter : nat res : nat
begin

res := lpat

counter := 1,4t
while counter <,,+ n + 1 do
res 1= res X counter
counter := counter + 1
od
return res
end

Proposition 2.2.18. We can add the operator abs defined as

x ifx>0
abs(z) ~ ¢ —z ifx <0
T ifz=0
to our algebra without strengthening it since it can easily be computed using:
abs = proc
in x : real
aux r : real
begin
if 0 <ieal  then
ri=x
else
ri=—x
fi
return r
end

15
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2.3 Computability on other domains: Realizability theory

In this section, we formally define computability of functions over sets other than N. This
is used implicitly throughout this paper. These definitions are based on Bauer [2022].

Definition 2.3.1 (Realizability relation). A relation IFx C N x X is called a realizability
relation on X, if IFx is surjective and univalent. For any x € X, and n € N, We say n
realizes, or represents x, if n lFx x.

Definition 2.3.2 (Assembly). We call the pair (X, IFx) an assembly if I-x is a realizability
relation on X.

Definition 2.3.3 (Computability on assemblies). Let (A, IF4), (B, IFg) be assemblies. Then
A function f: A — B is computable (or recursive) with respect to I+ and - g, if there is
a recursive function f': N — N with:

Va edom(f) VneN n lkpa = f'(n)lFg f(a)

The following realizability relations will be assumed by default when discussing com-
putability on rationals, pairs and finite sequences without mentioning the respective re-
alizability relations:

Definition 2.3.4 (Realizability relation on N). We define the realizability relation Iy as
the smallest relation satisfying n IFy n for all n € N.

Definition 2.3.5 (Realizability relation on Q). Let us consider Godel’s pairing function
g(xz/y) =22y + 1) — 1. We define the realizability relation IFq as:

2(9(p/q) +1) =1 ifp/qg >0
29(p/q) if p/q <0,

Definition 2.3.6 (Realizability relation on Cartesian product). Let (A,l-4) and (B,lFp)
be assemblies. Then we define the realizability relation I-4.p5 as the smallest relation
satisfying

nll—@2<:> ged(p,g) =1 A n:{
q

my b4 a mo lFg b
2m13m2 “_AXB (CL, b)

Definition 2.3.7 (Realizability relation on sequences). Let (A, IF4) be an assembly and A*
represent the set of all finite sequences on A. We define the realizability relation -4+ as
the smallest relation satisfying

mq H_A ap mp ”_A Qp,

Pyt eepn b A (ag, ... ap)

where p; is the 7th prime number.

Definition 2.3.8 (Realizability relation on functions). Let (A, IF4) and (B,lF5) be assem-
blies. Then we define the realizability relation I-4_,5 as the smallest relation satisfying

VneNVreAnlFar = ¢i(n) kg f(x))

i ”_A—>B f
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2.4 Computability on R: a-tracking Computability

In this section, we review the concept of a-computability, which is central to the definition
of elementary functions defined in 3.1, and an equivalence lemma by Fu and Zucker [2014].

Definition 2.4.1 (Standard enumeration of Q, [Fu and Zucker, 2014]). Let o : N — Q.
We call a a standard enumeration for QQ if « is bijective, and the field operations on Q
(+,-,—, /) are recursive under «, i.e.,

e there is a recursive function add : N x N — N such that

Vni,ng € N a(ng) + a(ng) = a(add(ny, ns)),

e there is a recursive function mult : N x N — N such that

Vni,ne € N a(ng) - a(ny) = a(mult(ng, ny)),

e there is a recursive function sub : N x N — N such that
Vni,ne € N a(ng) — a(ng) = a(sub(ng, ng)),
and

e there is a recursive function div : N X N — N such that

Vni,ne €N ny £A0 = a(ny)/a(ng) = a(div(ng, ns))

Theorem 2.4.2. There is a standard enumeration for Q.

Proof. Let us consider Gédel’s pairing function g(z/y) = 2*(2y+1)—1. This is a bijection
between positive rationals and N. We can tweak this to give us a bijection f between Q
and N. Let us define

Fafy) = {Q(Q(x/y) +1)—1 ifz/y>0

29(x/y) if z/y <0,

This maps positive rationals to odd natural numbers and negative rationals to evens.
The bijection f~! is a standard enumeration for Q since the functions add, mult, sub, div
are easily proven to be recursive. O]

Definition 2.4.3 (Computable reals codes €2, [Fu and Zucker, 2014]). Let (—, —) : NxN —
N be a recursive encoding of pairs. The set 2 C N is the set of all codes (e, m) such that

e ¢ is an index for a total recursive function ¢, : N — N generating a Cauchy sequence

a((0)), @e(1)), (e (2)), - -

of elements of Q.

e m is the index of a computable modulus of convergence ¢, : N — N ensuring:

VL= ¢m(n),  [o(@e(k)) — alee(l))] < 27",

17
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Definition 2.4.4 (a-(tracking) computable reals R., [Fu and Zucker, 2014]). For any stan-
dard enumeration «, we define an enumeration of computable reals & : 2 — R to be

d<<67 m>) = Zlgl(;lo a(¢e<i))'

The range of & is called the set of a-tracking computable reals (or a-computable reals)
and is denoted with R..

Definition 2.4.5 (a-tracking function, [Fu and Zucker, 2014]). Let « be a standard enu-
meration of Q. For functions f : R — R and 7 : N — N, 7 is an a-tracking function for

fif:
L. If f(a(k)) is defined, then 7(k) is defined, and:

fla(k)) = a(r(k)).
2. If f(a@(k)) is undefined, then 7(k) is undefined.

Definition 2.4.6 (a-(tracking) computability, [Fu and Zucker, 2014]). The function f :
R — R is an a-tracking computable (also called an a-computable function) iff it has a
recursive a-tracking function.

Corollary 2.4.7. %2 Let f : R — R be a WhileCC-approximable function and o : N — Q
be any standard enumeration for Q. Then f is a-computable.

Note that corollary 2.4.7 implies that for any two standard enumerations «; and ay for
Q, the set of aj-computable and as-computable functions coincide under the assumption
of WhileCC-approximability.

Using the Definition 2.4.6, we can easily see the a-computability of the constant func-
tion(for a-computable reals) and the identity function:

Lemma 2.4.8. The constant function f(x) = ¢ for any a-computable real ¢ is a-computable.

Proof. Using the definition of a-computability, it suffices to show that the constant func-
tion has a recursive a-tracking function.

Since c is an a-computable real, this means ¢ € R.. Since by definition, « is a surjection,
at(c) # 0. So let’s take an arbitrary y € a~!(c) and let us define 7(z) = y for all z.
Then 7 is a recursive a-tracking function for f. m

Lemma 2.4.9. The identity function id(x) = z is a-computable.

Proof. Using the definition of a-computability, it suffices to show that the identity func-
tion has a recursive a-tracking function.
let 7 be the identity function on N. Then 7 is a recursive a-tracking function for id(z). O

2.5 Basic Real Analysis Concepts: Open Exhaustion, Effective Open Ex-
haustions, Continuity and Acceptability

In this thesis, we call a function acceptable (Definition 2.5.4) if it has the properties
previously defined in Tucker and Zucker [2005] and referred to as the global assumptions
by Fu and Zucker [2014].

2This is a corollary to Theorem (A) in Tucker and Zucker [2004]
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Effective uniform continuity (not to be confued with “effective local uniform continuity”
in Definition 2.5.3) is central to the standard definition of total computable functions on
reals given by Gryzegorczyk and Lacombe, as published in Pour-El and Richards [1989)].

As mentioned in Tucker and Zucker [2005], acceptability is a natural generalization of
effective uniform continuity to partial functions.

In this section, we review the relevant definitions needed for defining acceptability.

Notation. Throughout this work, all topological terms like openness and closure of sets
on R, are considered with respect to the standard (Euclidean) topology. The closure of
a set U is denoted by U.

Definition 2.5.1 (Open exhaustion, [Fu and Zucker, 2014]). Let U be an open subset of R,
and X = (U, Uy, Us, ...) a sequence of open subsets of R. Then the sequence X is called
an open erhaustion of U iff:

1. U=U;2, U, and

2. for each I € N, U is a finite union of non-empty open finite intervals I{, I3, ..., I,
whose closures are pairwise disjoint, and

3. foreachl € N, U, = Uflzll_f C Upyq.

For each [, U is called a stage of the exhaustion, with components I, 1L, ..., I,lﬂ.

Now that we have the definition of open exhaustion, we also want to be able to compute
the intervals in each stage of an open exhaustion.

Definition 2.5.2 (Effective open exhaustion, [Fu and Zucker, 2014]). An open exhaustion
(U1, U,,...) of an open set U C R is called an effective open exhaustion if

e for all [, the components I! that are intervals building up the stage Uj, are rational
and ordered i.e., I} = (al,b}) for some al, bl € Q where b} < al,, fori=1,...k — 1,
and

e the map
L (ab, b, ... af,, b))

which delivers the sequence of stages Uy = I U ... U [ ., is recursive.

Definition 2.5.3 (Effective local uniform continuity, [Fu and Zucker, 2014]). A function f
on U is effectively locally uniformly continuous w.r.t. an effective exhaustion (U, )pen of
U, if there is a recursive function M : N?> — N such that for all £, € N and all z,y € U;:

[z —y| <27MFD) — | f(z) - fly)| < 27"

Definition 2.5.4 (Acceptable Function). A function f : R — R is acceptable if there exists
a sequence X where:

(i) X is an effective open exhaustion for dom(f), and

(ii) f is effectively locally uniformly continuous w.r.t. X.
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2.6 Computability on R: Multipolynomial approximability

In this section, we review the concept of multipolynomial computability, which is only
used in section 5.3. During this section, whenever we refer to a “polynomial”’, we mean a
Q-polynomial. The symbol [ is used for domain restriction.

Definition 2.6.1 (Multipolynomial, [Fu and Zucker, 2014]). Given a finite sequence of
polynomials (p1,pe, ..., pr) and a sequence of open intervals (11, I, ..., I}) with disjoint
closures, we define a (Q-)multipolynomial ¢(x) with domain Ule I, as follows:

(p1(x) if v eI

pa(x) ifrel,
q(z) =< ...

() if v €I,

( undefined otherwise.

We denote this polynomial by

q:[pl [y, ... Dk ffk]-

Definition 2.6.2 (Effective sequence of multipolynomials, [Fu and Zucker, 2014]). Given
an effective open exhaustion (U,)nen of U, a sequence of polyomials (¢;) is called an
effective sequence of multipolynomials if

= [T 1T
where for any | € N, we have U; = I U- - -U[,il and (p1, pa, - - ., px) is an effective sequence
of tuples of polynomials.

Definition 2.6.3 (Effective local multipolynomial approximability, [Fu and Zucker, 2014]).
Let f: R — R and X = (Uy,Us,...) be an effective open exhaustion of dom(f), and
let (gn)nen be an effective sequence of multipolynomials. If there is a recursive function
M : N x N — N such that for all k,I,n € N and = € U, we have

n>M(k1) = |g.(z) — flz)] < 27",

we say f is effectively locally multipolynomially approximable w.r.t. X by (q;) via M and
write (ql) —>M,X f

We say [ is effectively locally multipolynomially approzimable w.r.t. X by (q) if f is
effectively locally multipolynomially approximable w.r.t. X via some recursive function
M and write (q) —x f.

Now, let us review the equivalence lemma proved by Fu and Zucker [2014]:

Theorem 2.6.4 (Fu and Zucker’s Equivalence Theorem). For any acceptable function f :
R — R and any effective open exhaustion X of dom(f), the following are equivalent:

e f is an a-computable function.

e f is WhileCC-approximable.
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e fis GL-computable 3 w.r.t. X.

e f is effectively locally uniformly multipolynomially approximable w.r.t. X.

3The definition of Grzegorczyk-Lacome computability (GL-computability) for total functions is given in [Pour-El
and Richards, 1989, page 25| and later extended in Fu and Zucker [2014] to Grzegorczyk-Lacome computability (GL-
computability) with respect to some open exhaustion for partial functions.
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Chapter 3

WhileCC-Approximability of Elementary
Functions

In this section, we prove that the elementary functions (Definition 3.1.1) are WhileCC-
approximable. Our proof is structured as follows:

1. We first prove that basic elementary functions (constant and identity functions) are
WhileCC-approximable.

2. We then prove that the composition of any elementary function with a WhileCC-
approximable function builds a WhileCC-approximable function.

3. Using the first two parts, we can then inductively prove that all elementary functions
are approximable by WhileCC-programs. This gives us the main result of the current
chapter in Theorem 3.12.1.

We first define the elementary functions formally in Section 3.1, then we introduce some
preliminary lemmas in Subsection 3.2. In Subsection 4.2 we prove that basic elementary
functions (constant and identity functions) are WhileCC-approximable. In subsections
3.4 through 3.11, we prove that the composition of basic elementary function constructors
(addition, multiplication, division, exponential, In, sin, nth root and arcsin) with other
WhileCC-approximable functions builds WhileCC-approximable functions, and then in
Section 3.12 we conclude that all elementary functions are WhileCC-approximable.

3.1 Elementary Functions

Elementary functions appear in different computational contexts.

Definition 3.1.1 (Elementary functions). The elementary functions on R [Tenenbaum and
Pollard, 1985, page 17| are partial functions defined by expressions built up from

e a-computable reals (see Remark 3.1.2 and Section 2.4), and
e the variable x
and, by applying (repeatedly) the basic operations below on elementary functions f, g:
(i) addition (i.e. (f +g)(z)= f(z) +g(x))
(i) multiplication (i.e. (f-¢g)(x) = f(z)g(x))
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(iii) division (i.e. divy(z) = ﬁ where ¢ is undefined)

(iv) exponential (i.e. exp(z) = e/())

(v) logarithm (i.e. Iny(z) = In(f(z))

sing(z) = sin(f(z))

n-th roots: root, ;(r) = {/f(x) where 0 < n € N

(vi)
(vii)
(viil) arcsing(z) = arcsin(f(z))

In this thesis, we make the following modifications to the natural definition of some
of the functions above, to work with a computable part of R, and also to make sure the
domains of those functions are open:

e We define {/x = 0 for © < 0 when n is even.
e We extend the definition of arcsin(z) to be 7 for > 1 and to be —7 for x < —1.

From here on, the term elementary functions will be used to refer to the modified version
of unary elementary functions.

Remark 3.1.2. Note that the original definition of elementary functions by [Tenenbaum
and Pollard, 1985, page 17| involves expressions built up from arbitrary (possibly non-
computable) constants. We cannot approximate non-computable constants, so we choose
to omit them from our definition of elementary functions and only work with a-computable
reals.

3.2 Preliminary Lemmas

Definition 3.2.1. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f: R — R, and z,b € R. We define (F(—) < —) of type real x real — bool as

(F(—) < —) = proc

in z :real b: real
aux ¢ : nat

begin
c:= choose (k : nat) : F(x, k) +27% <b
/* If terminates it meansf(z) < b */
return £t

end

The semantics of the procedure above is
(F(x) <b)® ={tt|y,n ye€ FRxz,n)Ay+2" <b}
Note that instead of (F(—) < —)®(x,b), we write (F(z) < b)*.

Definition 3.2.2. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f: R — R, and and z,b € R. We define (F'(—) > —) of type real x real — bool
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as
(F(—=) > —) = proc

inr:real b: real
aux ¢ : nat

begin
¢ := choose (k : nat) : F(r,k) —27% >
/* If terminates it means f(r) > b */
return tt

end

The semantics of the procedure above is
(F(z) >b)* ={tt|Jy,n ye€ FR(z,n)Ay—2"">b}.
Note that instead of (F(=) > —)®(z,b), we write (F(z) > b)®.

Lemma 3.2.3. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R. Then we have:

flx)<y <= IneN ¥ ecFRan) y+2 "<y < (F(r)<y®=1{tt}.
(3.1)
Similarly,

y< f(z) <= InecN I cFRan) y<y -27" — (y<F(x))R:{t<g}2)

Proof. We begin by proving (3.1).

(=) If f(z) <y then y— f(z) > 0, and there is n € N such that 27" < %(I) Then, for
any 3y € FR(x,n) we have f(r) —2™ <y’ < f(z) + 27" and hence:

y +27" < f(x) 427
<f(m)+2<—y_2f($))

< flx)+y— f(z)
<y

(<) We assume that In € N3y’ € FR(z,n) v +27" <y (%).

fl@) = flz)—27"+ 27"

<y +27" (y € FR(x,n))
<y (assumption (*))
Proof of (3.2) is similar to (3.1). O

Remark 3.2.4. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f: R — R, and x € R. Then

e If x ¢ dom(f), regardless of the value of b, we have
(F(z) < b)® = (F(z) > b)* = 0.
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e Assuming = € dom(f), we have
(F(z) < )® =0 <= f(z) > b,
and respectively,

(F(z) > bR =0 < f(z) <b.

Remark 3.2.5. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R and z € R. Then, Lemma 3.2.1 is particularly useful for getting an
upperbound for f(z) using the statement
upper = choose (r : real) : F(z) <r
and respectively, getting a lowerbound for f(x) using the statement
lower := choose (r : real) : F'(z) > r.
Definition 3.2.6. Let F, G : real x nat — real be WhileCC-procedures and xq, x5 € R. We
define the WhileCC-procedure F'(—) < G(—) as a shorthand for
(F(—) < G(—)) = proc
in x : real x5 : real
aux ¢ : nat
begin
c:= choose (k : nat) : F(x,k) +27% < G(xq, k) —27%
/* If terminates it means f(x1) < g(xz) */

return tt
end

The semantics of the procedure above is
(F(21) < G(22))® = {tt | 3k € N Jy; € FR(z1, k) Jyo € FR(wy, k)
Y1 + Qik <Yz — 27’{}
Note that instead of (F(—) < G(=))®(z1,72) (resp. (F(=) > G(=))®(z1,22)) we write
(F(x1) < G(22))® (resp. (F(z1) > G(x2))%).

Lemma 3.2.7. Let F,G : real X nat — real be WhileCC-procedures approximating the
functions f, g : R — R respectively, and z1, x5 € R. Then we have:

flxy) < g(zs) <= IneN Iy € FR(xy,n) Iy, € GR(ay,n)
Y1 +27" <yp— 27"
= (F(r1) < G(22))® = {tt}
Proof. The proof is similar to Lemma 3.2.3.
(=) If f(z1) < g(z2) then g(z3) — f(z1) > 0, and there is n € N such that
27" < (g(z2) — f(21))/2.

Then, for any y; € F®(z1,n) and any y € G®(z2,n) we have f(z1) — 27" < y; <
f(z1) +27™ and hence:

Yy +27" < fzy) +27
< f(x1) +2((g(z2) — f(21))/2)
= f(z1) + g(z2) — f(z1)
= g(w2)



M.Sc. Thesis - F. Ghasemi; McMaster University - Computer Science

(<) We assume that In Jy; € FR(z1,n) Jya € G®(xa,n) such that y+27" < g(xg)—27"

(*). Then:
flz) = flz) =27+ 27"
<y +27" (y1 € FR(z1,n))
< g(wg) —27" (assumption (*))
< g(x2)
O

Remark 3.2.8. Let F,G : real x nat — real be WhileCC-procedures approximating the
functions f, g : R — R respectively, and z1, x5 € R. Then

o If 1 ¢ dom(f) or x5 ¢ dom(g), regardless of the value of y, we have
(F(21) < G(22))" = (F(a1) > G(x2))" = 0.
e Assuming z; € dom(f) and x5 € dom(g), we have
(F(21) < G(22))" = 0 = f(21) > g(2),
and respectively,

(F(21) > G(22)) = 0 <= [(21) < g(a2).

3.3 Basic Functions

Theorem 3.3.1. Let ¢ be an a-computable real. Then the constant function f(z) = ¢ is
WhileCC-approximable.

Proof. Immediately follows from Lemma 2.4.8 and Equivalence Lemma 2.6.4. [
Theorem 3.3.2. The identity function id(x) = = is WhileCC-approximable.

Proof. Immediately follows from Lemma 2.4.9 and Equivalence Lemma 2.6.4. m

3.4 Addition

In this section, we construct a WhileCC-procedure that approximates (f+g)(z) = f(z)+
g(x) using WhileCC-procedures that approximate the functions f and g.

Definition 3.4.1. Let F, G : real x nat — real be WhileCC-procedures approximating the
functions f, g : R — R respectively. Then the WhileCC-procedure

(F'+ G) = proc

in x : real ¢ : nat
out res : real

begin
res .= F(xz,c+ 1)+ G(z,c+ 1)

end

of type real x nat — real has the semantics
(F+G)a,n)={yi+vy2 | h € FR(z,n+1) Ayo € GR(z,n+1)}.
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Note that since we want the overall error of our approximation to be less than 27¢, the
idea is to define the procedure (F'+G) to approximate each of f(x) and g(x) with at most
half the error bound i.e. 27tV so that when adding the two values, the overall error
would be smaller that 27¢. We prove that the WhileCC-procedure (F' + G) approximates
the function (f + g)(z) = f(z) + g(x).

Lemma 3.4.2. Let F,G : real x nat — real be WhileCC-procedures approximating the
functions f, g : R — R respectively, and x € dom(f+g). Then we have (F+G)®(x,n) #
() for any n € N.

Proof. Let us assume = € dom(f + g) = dom(f) Ndom(g). Since F' (resp. G) is the
WhileCC-procedure approximating f (resp. g), There are y; € FR(x,n + 1) # 0 and
respectively y» € G®(x,n + 1) # (. This, by the definition of (F + G)® means that
Y1+ o € (F 4+ G)R(x,n), and hence (F + G)®(x,n) # 0. O

Lemma 3.4.3. Let F,G : real x nat — real be WhileCC-procedures approximating the
functions f,g : R — R respectively and x ¢ dom(f + g). Then we have Vn € N (F +
G)R(z,n) = 0.

Proof. Assume x ¢ dom(f + g). This means that at least x ¢ dom(f) or x ¢ dom(g).
Hence at least one of the sets F*(z,n + 1) or G®(x,n + 1) is empty which means that
(F+G)*(x,n) =0. O

Lemma 3.4.4. Let F,G : real X nat — real be WhileCC-procedures approximating the
functions f, g : R — R respectively, and n € N. Then we have

(F +G)*(x,n) C Nbd((f +g)(z),27")
for all z € dom(f + g).

Proof. By definition of (F+G)®(z,n), for any z € (F+G)®(x,n) there are y; € F*(z,n+
1) and yo € G®(x,n + 1) such that y; + yo = 2. Hence:
y1+ys =z € (F+G)%(z,n)

= |f() =] <2771 A g(x) —yo| <277

— |f(@) +9(z) =g —ya| <27"

= |(f +9)(@) = (1 +12)| <277

= y1 +y2 € Nbd((f + g)(x),27")

= z € Nbd((f + g)(x),27")

O

Theorem 3.4.5. Let F, G : real x nat — real be WhileCC-procedures approximating the
functions f, g : R — R respectively. Then the WhileCC-procedure (F'+ G) : real X nat —
real WhileCC-approximates (f + ¢)(x) = f(z) + g(z).

Proof. Follows directly from Lemmas 3.4.2, 3.4.3, 3.4.4. O]
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3.5 Multiplication

In this section, we construct a WhileCC-procedure that approximates (f - g)(x) = f(x) -
g(x) using WhileCC-procedures that approximate the functions f and g.

Definition 3.5.1. Let F, G : real x nat — real be WhileCC-procedures approximating the
functions f, g : R — R respectively. Then the WhileCC-procedure

(F - G) = proc
in z : real n: nat
aux myq : nat my : nat y; : real y, : real

begin
my := choose (k : nat) : F(z) < 27" "% and F(z) > —2 "1tk
y1 = G(x,mq)
my = choose (k : nat) : y,2 < 272024k
Yo 1= (l’ mQ)
return y; X Yo
end

of type real x nat — real has the semantics

(F-G)(x,n) ={y1-y2 | Imi,my €N gy € GR(x,my) Ayy € F™(z,mp) A
|f(l’)| < 2—n—1+m1 A y% < 2—2n—2+m2}.
Note that the idea here is to compute “how precise” the approximations of f(z) and

g(x) need to be, so that the product of the outputs of those approximations (y; and ys)
gives us the requested precision (27"):

Lemma 3.5.2. Let F,G : real X nat — real be WhileCC-procedures approximating the
functions f,g : R — R respectively. Then for any y; € G®(z,m;) and y, € FR(x, my)
with

(i) |f(@)| <277t and
(11) y% < 2—2n—2+m2

we have:
ly1y2 — f(x)g(x)| < 27"

Proof. To prove |y1y2 — f(x)g(z)| < 27", first we prove that

Y1y — f(2)g()] < 27| + 27 [ f(2)].

Then we need to show that each of the terms 27™2|y;| and 27™| f(z)| are less than 27"~ 1.
To show that [y1y, — f(x)g(x)] < 27"2[gn] +27™ [ f(2)]:

[y1ye — f(2)g()| = [y1ya — f(@)y1 + f(@2)y1 — f(2)g(2)]
< |y = f(@)y| + | f(@)yr — f(2)g(2)]
= |y1(ya — f(@)| + | f(2)(y1 — g(2))]
= |y1llye — f(2)| + | f(@)]|yr — g(2)]
<272y |+ 27 f(x)|. (since gy € GR(x,mq), yo € FR(x,my))
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Now to show that 272|y;| < 27!, using (ii), we have:

y% < 2—2n—2+m2 s y% < 2—2n—2+2m2
_ ’yl‘ < 2—n—1+m2
= 272y | < 277,

Now using (i), we have |f(z)| < 27"7'*™ and hence 27™|f(z)| < 27"~!. This proves
that 27™2|yy| +27™ | f(x)] < 27" O

Now, we go on to prove that the WhileCC-procedure (F-G) approximates the function
(f - 9)(@) = f(z) - g(@).

Lemma 3.5.3. Let G : real X nat — real be WhileCC-procedures approximating the
functions f, g : R — R respectively, and z € dom(f-g). Then we have (F-G)®(x,n) # ()
for any n € N.

Proof. Since x € dom(f - g) = dom(f) Ndom(g) and F* G® approximate f, g respec-
tively, for any n € N we have F®(z,n) # 0 and G®(x,n) # (. This means that since
r € dom(f), we can choose m; sufficiently large so that 27"~1*™1 is larger than |f(x)|.
The trick here is to break the comparison to | f(x)| into two comparisons: f(x) < 27"~ 1+m
and f(z) > —2 "~ 1tm,
Now with fixed m; we can choose y; € GR(m, my) and we can find my sufficiently large
that y? < 2720=2m2 and a y, € F®(x,my). Now, since multiplication is total, 4y, can
be computed and hence (F - G)®(z,n) # 0.

O

Lemma 3.5.4. For any real z ¢ dom(f-g) and for any n € N, we have (F-G)®(x,n) = 0.
Proof. Assume = ¢ dom(f - g). This means that at least ¢ dom(f) or z ¢ dom(g).

o If v ¢ dom(f) then the comparison procedure (F(—) < —) will not terminate and
hence (f - g)(z,n) = 0.

o If z € dom(f) but z ¢ dom(g), then no y; € G™(x,m;) can be found since
GR(z,my) = 0.

and hence (F - G)®(z,n) = () in either of the cases. O
C

Lemma 3.5.5. For any real € dom(f - g) and for any n € N, we have (F - G)%(z,n)
Nbd(f(z) - g(x),27").

Proof. Using the definition of the procedure (F - G), Lemma 3.5.2 immediately implies
that (F - G)®(z,n) C Nbd(f(x)-g(z),27"). O

Theorem 3.5.6. Let F, G : real x nat — real be WhileCC-procedures approximating the
functions f, g : R — R respectively. Then the WhileCC-procedure (F' - G) : real X nat —
real WhileCC-approximabtes (f - g)(z) = f(z) - g(x).

Proof. Follows directly from Lemmas 3.5.3, 3.5.4, 3.5.5. [
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3.6 Division

In this section, we construct a WhileCC-procedure that approximates div(z) = 1/f(z)
using a WhileCC-procedure that approximates the functions f.

Definition 3.6.1. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f: R — R, and and x € R. Then the WhileCC-procedure

(1/F(=,—)) = proc
in z :real n: nat
aux res : real chosenVal : nat m : real
begin
chosenVal := choose (k : nat) : proc
in k : nat x : real
aux res : bool

begin
if & =pa 1 then
res := 0 < F(x)
else
res .= F(z) <0
fi
return res
end

if chosenVal =, 1 then
res,m := choose (q : real, mVal : real) :
abs(q — —=) <27"
and
(0 < mVal < F(x))
else
res,m = choose (q : real, mVal : real) :
abs(q — —=) <27"
and
(F(x) < mVal <0)
fi
return res
end

of type real x nat — real has the semantics

(1/F(x,n))R:{q€Q|3m€Q 0<mid< f(z) NO<|qg—(1/m)|<27"}
U
{¢eQ|ImeQ flxr)<m<0 AO<]|g—(1/m)]<27"}.

Note that instead of (1/F(—, —))®(z,n) we write (1/F(x,n))*.

We handle the case of 0 < f(z) and f(x) < 0 separately. In each case we choose a rational
value ¢ that is sufficiently close to 1/f(x). Since we cannot calculate the exact value of
f(z), we choose an approximation of it called m here and choose ¢ to be sufficiently close
to m.
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Lemma 3.6.2. Let f : R — R. Then for any ¢, m € Q we have
() 0<m < fla) A0 <|g—(1/m)| <27 = |¢g—(1/f(x))] <27, and
(i) f(z) <m<OAO<|¢g—(1/m)| <2 = |¢— (1/f(x))] <27
Proof. First let’s assume f(x) > 0, then
0<l|g—1/m|<2™
= |l¢g—1/f(z)] <27" (since 0 < mid < f(x))
Now the case where f(z) < 0 is similar: we have
0<l|g—1/m|<2™
= l¢g—1/f(z)] <27" (since f(x) < mid <0)
[

Now, we go on to prove that the WhileCC-procedure (1/F(—, —)) approximates the
function divs(z) = 1/f(z).

Lemma 3.6.3. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R. Then for any real *+ € dom(divy) and for any n € N, we have

(1/F(,n))R # 0.

Proof. Since x € dom(divy). This means that + € dom(f) and f(z) # 0. This means
there is always a rational number m between 0 and f(z). Now no matter what value the

chosen non-zero mid has, we can choose a rational number ¢ sufficiently close to 1/m
satisfying |¢ — 1/mid| < 27™. Hence (1/F(z,n))® # 0. O

Lemma 3.6.4. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R. Then for any real x ¢ dom(divy) and for any n € N, we have

(1/F(z,n))® = 0.

Proof. Assume z ¢ dom(divy). This means that at least # ¢ dom(f) or f(z) = 0. If
r ¢ dom(f), then (F(x) > 0)® = (F(z) < ¢)® =0, and hence (1/F(z,n))® = (. Now
let’s assume = € dom(f) and f(x) = 0. This means no 0 < mid < 0 can be found and
hence (1/F(x,n))® = 0. O

Lemma 3.6.5. Let I’ : real x nat — real be a WhileCC-procedure approximating the
function f: R — R. Then Vz € dom(f) with f(z) # 0, Vn € N, Vg € (1/F(x,n))* :

11/f(z) —ql <27

Proof. Using the definition of the procedure (1/F(—, —)), Lemma 3.6.2 immediately im-
plies that (1/F(z,n))® C Nbd(1/f(z),27"). O

Theorem 3.6.6. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R. Then the WhileCC-procedure (1/F(—, —)) approximates div;.

Proof. Follows directly from Lemmas 3.6.3, 3.6.4, 3.6.5. m
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3.7 Exponential

In this section, we discuss WhileCC-approximability of the function exp () for a WhileCC-
approximable function f. First, we define a WhileCC-program that approximates exp(x)
and then based on that, assuming we have a WhileCC-procedure for approximating the
function f, we build another WhileCC-program that approximates exp(z) = exp(f(z)).

3.7.1 WhileCC-Approximability of exp(x)

Since the function e® is analytic on R, we can compute sufficiently many terms of its
Taylor series to get a ‘sufficiently close’ approximation. The Taylor expansion of e* is as

follows: .
T x"
" = Z% — (3.3)

To approximate e, we need to figure out how many iterations of the summation above
need to be calculated to achieve the desired precision. Let us define the WhileCC-
procedure isProperindex : nat x real x nat — real below:

isProperlndex = proc
in N :nat z : real c: nat
aux res : bool
begin
res := x’¥ /Factorial(N) < (27°)
and (2 X )< N
and (2 X —x)< N
return res
end

The semantics of the procedure isProperlndex is as below:
isProperindex™(N, z,c) = {tt} <= 2"/N!<27° A 2|z| < N.

The procedure isProperIndex returns true only if calculating the first n terms of the series
will produce a sufficiently precise approximation.

Lemma 3.7.1. For all N € N, 2z € R, and ¢ € N, we have

N n
e’ — ; o)
Proof. Let us assume isProperindex (N, x, ¢) = {tt}. By definition, this means that

(i) 2™ /N! <27¢ and
(i) 2|z] < N

isProperlndex™ (N, z, c) = {tt} = <27°¢

We compute an upper bound for the error of the Taylor series approximation up to the
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< Z N R (by triangle inequality)

[e’e} 1 N
< Z i (by assumption (ii) and Lemma A.0.4)

< 27°¢ (by assumption (i))
[

Now we need to make sure that the premise in Lemma 3.7.1 can actually be satisfied.

Lemma 3.7.2. For any ¢ € N and arbitrary x € R, there is some N € N for which
isProperindex™ (N, z, ¢) = {tt}.

Proof. By Theorem A.0.1, choosing € = 27¢, there exists an index N > 2|x| such that
N

z2 - 9—c [
N

Now we know that for arbitrary inputs =, we can find the necessary number of terms
we must calculate to get the desired precision.

Definition 3.7.3. The WhileCC-procedure

Exp = proc
in z : real ¢: nat
aux counter : nat N : nat sum : real
begin
counter := Opat
sum = Oyeal
N := choose (k : nat) : isProperindex(k, x, c)
while counter <., N do
sum := sum + x“""*" /Factorial(counter)
counter := counter + 1
od
return sum
end

of type real x nat — real has the semantics

N n
Exp”™(z,c) = {Z % \ isProperIndex(N,:c,c)}

n=0
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The procedure Exp approximates e* for x € R by calculating the first N terms of the
series (3.3) where N is chosen to satisfy isProperindex.

Lemma 3.7.4. For any real « € R and for any n € N, we have Exp™(x,n) # 0.
Proof. Follows directly from the definition of Exp”™ and Lemma 3.7.2. m
Lemma 3.7.5. For any = € dom(exp) = R, n € N, and y € Exp™(z,n) we have
le” —y| <27
Proof. Follows directly from the definition of Exp”™ and Lemma 3.7.1. O]

Theorem 3.7.6. The WhileCC-procedure Exp given in Definition 3.7.3 approximates exp.
Proof. Follows directly from Lemmas 3.7.4, 3.7.5 and the fact that dom(exp) =R. [

3.7.2 WhileCC-Approximability of exp(f(x))

Definition 3.7.7. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R, and x € R. Then the WhileCC-procedure

Expp = proc

in n:nat x : real
aux res : real m : nat z : nat

begin
z := choose (k : nat) : F(z) <k
m := choose (k : nat) : Exp(27F) < 27172 11
res := Exp(F(x,m),n+ 1)
return res

end

of type real x nat — real has the semantics
Expy (¢,n) = {y € Exp"(r,n +1) |
dzeN f(z)<zA
IJmeN @™ <1722 LA
r € FR(z,m)}
Intuitively, Expy approximates exp(f(x)) by invoking Exp(F(x,m),n+ 1), where m is

sufficiently large to ensure
‘ef(“”) — y| <27

for any output y of Exp(F'(x,m),n + 1).

Lemma 3.7.8. Let the WhileCC-procedure F' : real x nat — real approximate f : R — R
and z € dom(f). Now let m,z € N, r € FR(z,m), and y € Exp™(r,n + 1) satisfy the
two conditions

(i) e@™ < 277122 1 1 and
(ii) f(x) < 2.
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Then
‘ef(””) — y’ < 27",

Proof. First, we can see that
/@) — y| = |ef@ — " " — g
< [ef™ —em| + " —y).

Now, to prove ’ef(m) — y| < 27" it suffices to prove |e" —y| < 277! and |€f(x) _er| <
21

(i) |e" —y| < 27! This is easily seen by assumption y € Exp™(r,n + 1).
(i) |e/® —er| < 27"7!: First observe the following;
/@) —er| < [l ) — el (by Lemma A.0.3)

_ ol @) _ @2

= /@1 - 62*”’)‘

= [e/@]|(1-¢)

= /@ — 1) (since e ™ > 1)
< e —1) (by (ii))
<47 (" —1)

=2%(e* " - 1)

Now using (i), we have
627”" < 2—n—1—2z + 1 _— 6277” -1 < 2—71—1—2,2
=" —1<2 27
— 2% — 1) < 27!

which implies |ef(®) — eT| < 27n L

Now we prove that the WhileCC-procedure ExpR approximates exp ().

Lemma 3.7.9. For any real 2 € dom(e/) and for any n € N, we have Exp(z,n) # 0.

Proof. Assuming x € dom(exp;), this means » € dom(f). Since F' approximates f(z),

we can find a z > f(z). Now looking at the constraint e®? ™) < 27771722 1 1 we know
that 2777172 > 0 and hence 27"7'172* 4 1 > 1. This means we can find an index m

sufficiently large so that e> ™) < 27771722 1 1 gsince lim,,_,oce® ) = 1. Now since
r € dom(f), we know that F*(xz,m) # () so we can choose an r € F®(x,m). We also
know that dom(exp) = R, so Expy # () and hence Expf(z,n) # 0. O

Lemma 3.7.10. For any real ¢ dom(ef(®)) and n € N, we have Exp(x,n) = 0.
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Proof. Assuming ¢ dom(ef(®), this means z ¢ dom(f). So we have F®(z,m) = .
This shows that F(z) < z does not terminate and hence Exp(z,n) = @) forany n € N. [

Lemma 3.7.11. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R. Then Vz € dom(f), Vn € N, Vy € Expr(z,n) :

‘ef(x) — y’ <27
Proof. Follows directly from Lemma 3.7.8. [

Theorem 3.7.12. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R. Then the WhileCC-procedure Exp¥ approximates exp ().

Proof. Follows directly from Lemmas 3.7.9, 3.7.10, 3.7.11. m

3.8 Logarithm

In this section, we discuss WhileCC-approximability of the function In(f(x)) for any
WhileCC-approximable function f.

Since we already have a way of approximating the inverse of In(x), which is exp(z), we
can use it to construct a WhileCC-procedure that approximates In(f(z)) for a WhileCC-
approximable function f.

Definition 3.8.1. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f: R — R, and and x € R. Then the WhileCC-procedure

Lng = proc
in x : real n : nat
aux res : real

begin
res := choose (y : real) : Exp(y) < F(z) and F(x) < Exp(y +27")
return res

end

of type real x nat — real has the semantics

Lni(z,n) = {y € Q| exp(y) < f(z) < exp(y+27")}
The WhileCC-procedure Lng approximates Ing(z).

Lemma 3.8.2. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f: R — R, and = € dom(In;). Then for any n € N, we have Ln(x,n) # 0.

Proof. Since x € dom(Iny), then f(z) > 0. Then there must be some y € Q satisfying
exp(y) < f(x), and we can choose y such that exp(y) is arbitrarily close to f(x). Since
exp is monotonically increasing, we can choose y to satisfy f(x) < exp(y+2~"). Therefore

Ln%(x,n) # 0. -

Lemma 3.8.3. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R. For any real z ¢ dom(ln;) and n € N, we have Lnj¥(z,n) = 0.
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Proof. Since z ¢ dom(Iny), it means that at least x ¢ dom(f), or f(z) < 0. In the case
z ¢ dom(f), the procedure Exp(y) < F(x) does not terminate and hence Ln¥(x,n) = 0.
In the case where f(x) is defined but f(x) < 0, since exp(y) is positive, Exp(y) < F(z)
cannot terminate and hence Ln7(z,n) = (. O

Lemma 3.8.4. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f: R — R. Then Vz € dom(f), Vn € N, Vy € Ln%(z,n) :

In(f(2) -yl < 2.
Proof. Using the definition of Lng, we have
exp(y) < f(z) <expy+27") = y <In(f(z)) <y+27"
— [In(f(z)) —yl <27".
O

Theorem 3.8.5. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R. Then Ln? WhileCC-approximates the function Iny.

Proof. Follows from Lemmas 3.8.2, 3.8.3, 3.8.4. O

3.9 Sine Function

In this section, we discuss WhileCC-approximability of the function siny(x) for a WhileCC-
approximable function f. First, we define a WhileCC-program that approximates sin(x)
and then based on that, assuming we have a WhileCC-procedure for approximating the
function f, we build another WhileCC-program, that approximates sin(f(x)).

3.9.1 WhileCC-Approximability of sin(x)

Since the function sin(z) is analytic on R, we can compute sufficiently many terms of its
Taylor series to get a “sufficiently close” approximation. Considering the Taylor expansion
of sin(z) expanded around x = 0, we get:

sin(z) = 2(—1)71% (3.4)

To approximate sin(z), we need to figure out how many iterations of the summation
above need to be calculated to achieve the desired precision. Let us define the WhileCC-
procedure isProperindex : nat X real X nat — bool below:

isProperIndex = proc
in NV : nat x : real ¢ : nat
out 7 : bool
begin
r =z /Factorial(N) <,ea 27¢
AN2xxz <N
AN2X —x <N
return r
end
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The semantics of the procedure isProperlndex is as below:
isProperindex®(N, z,¢) = {tt} «= 2"/N!<27° A 2|z| < N.

The procedure isProperlndex returns true only if calculating the first NV terms of the series
will produce a sufficiently precise approximation.

Lemma 3.9.1. Let ¢ € N and z € R. Then for any N € N

N 2n+1
x
isProperindex™ (N, z,¢) = {tt} = [sin(z) — Y (—1)"—-| <27
Sy

Proof. Let us assume isProperindex™ (N, z, ¢) = {tt}. By definition, this means that
(i) #V/N! < 27¢ and
(ii) 2]z| < N.

Then,

e . x2n+1

-5 g
(2n 4 1)!

o I2N42k+1

- ;;_>Mk@N+2k+U!

2n+1

N
sin(a) = > (= "Gt

n=0

|112N+2k+1

SZ;@N+Qk+D!
)

(by triangle inequality)

2|
ON+2k+1 N

(by assumption (ii) and Lemma A.0.4)

<2°¢ (by assumption (i))
O
Lemma 3.9.2. For any ¢ € N and arbitrary x € R, there is some N € N for which
isProperindex™ (N, z, ¢) = {tt}.

Proof. By Theorem A.0.1, choosing ¢ = 27, there exists an index N > 2|x| sufficiently
large such that %V /N! < 27¢, O

Now we know that for arbitrary inputs x € R, we can find the necessary number of
terms to calculate to get the desired precision.
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Definition 3.9.3. The WhileCC-procedure

Sine = proc
in x :real ¢: nat
aux counter : nat N : nat sum : real
begin
counter := Opat
sum = Oyeal
N := choose (k : nat) : isProperindex(k, x, ¢)
while counter <,,s N do
sum = sum —+
(— 1 counter 5 gp2xcounter+l /Factorial(2 x counter + 1))
counter := counter + 1
od
return sum
end

of type real x nat — real has the semantics

N 2n+1
Sine™(z,c) = S | isProperindex(N, z, c) = {tt} ».
HZ:O (2n+1)!

The procedure Sine approximates sin(z) for any = € R by calculating the first NV terms
of the series 3.4 where N is chosen to satisfy isProperlndex.

Corollary 3.9.4. For any ¢ € N and =z € R, Using Lemma 3.9.2 and Definition 3.9.3, it
immediately follows that

Sine™(z, ¢) # 0.
Lemma 3.9.5. For any n € N and x € R we have
Sine™(z,n) € Nbd(sin(z),2™")

Proof. Follows immediately from Definition 3.9.3 and Lemma 3.9.1. O]

3.9.2 WhileCC-Approximability of sin(f(x))

Here, we build a WhileCC-procedure that approximates sin(f(z)) using the WhileCC-
procedure Sine we constructed in the previous section.

Definition 3.9.6. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f: R — R, and and x € R. Then the WhileCC-procedure

Siner = proc
in z : real n : nat
begin
return Sine(F(z,n+1),n + 1)
end

of type real x nat — real has the semantics
SineR(z,n) ¥ {y € SineR(r,n +1) | r € FR(z,n+ 1)}
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Let us prove that Siner approximates sin(f(z)):
Lemma 3.9.7. For any real € dom(sin(f)) and for any n € N, we have Sinel(z,n) # 0.

Proof. Assuming z € dom(sin(f(z))), this means z € dom(f). Since z € dom(f), we
know that F®(z,n + 1) # 0. So for any choice of 7 € F*(x,n + 1), since we know that
dom(sin) = R, there exists a y € Sine™(r,n + 1). Hence, we have Sinel(z,n) # 0. O

Lemma 3.9.8. For any real = ¢ dom(sin(f)) and n € N, we have Sinel(z,n) = 0.

Proof. Since F approximates f and x ¢ dom(f), F™(z,n + 1) is empty and hence no
r € FR(x,n + 1) can be chosen which means SineR(z,n) = 0. O

Lemma 3.9.9. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R, then Vz € dom(f), Vn € N, Vy € SineR(z,n) :

[sin(f(x)) —yl <27".

Proof. For any WhileCC-prodecure approximating f : R — R, arbitrary z € dom(f)
and n € N, and for any arbitrary y € Siney(x,n), we have y € Sine™(r,n + 1) where
r € FR(x,n+ 1). Now, let us calculate the error of the approximator function below:

|sin(f(z)) — y|

= [sin(f(z)) — sin(r) + sin(r) — y|
< [sin(f(z)) — sin(r)| + [sin(r) — y|
< |f(x) —r|+ [sin(r) — y| (by the mean value theorem)
< 27" 4 |sin(r) — y| (since r € FR(z,n + 1))
<2 tgpgml = g (since y € Sinef(r,n + 1))

[]

Theorem 3.9.10. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R. Then the WhileCC-procedure Sine} approximates sing(z).

Proof. Follows from Lemmas 3.9.7, 3.9.8, 3.9.9. m

3.10 Arcsine

As mentioned in Definition 3.1.1, we would like to modify the common definition of
arcsin(z) to a totalized version

Z ifr>1
arcsin’(z) e/ arcsin(z) if —l1<z <1
-z ifr < —1

2

to obtain a continuous function with an open domain. In this section, the ultimate
goal is to prove WhileCC-approximability of the function arcsin’(f(z)) for any WhileCC-
approximable function f.

Starting with arcsin(x), in order to approximate arcsin’(z), we cannot simply compare
the value of x against the endpoints and define constant functions outside the borders of
the interval (—1,1). Intuitively, since our definition of comparison (z < —1 and = > 1)
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is “partial” and undefined on x = —1, 1, we would have undefined holes in z = —1, 1.

The idea here would be to find overlapping intervals and approximate functions defined
on those overlapping intervals using the choose operator.

In order to create “overlapping” intervals, we need to compute bounds such that ap-
proximating arcsine of any value closer than the bounds to the endpoints(z = —1,1)
would be a “good-enough” approximation of arcsine of the endpoints —1, 1.

Let us define the WhileCC-procedure isCloseEnough of type real x nat — bool as

isCloseEnough = proc
in y :real k: nat
aux n : nat
begin
b:= ((Sine-Sine)(27%) >1—yxy
return b
end

with the semantics
isCloseEnough®™ (y, k) = ((Sine - Sine)(27%) > 1 — %)%

of type real x nat — bool. This is the bound computed for y being a “good-enough” of
approximation for the endpoints calculated below:

Lemma 3.10.1 (Bounds for arcsin). For any £ € N and any y € R:
1.0 <y <1 A isCloseEnough™(y, k) = {tt} — |2 — arcsin(y)| < 27"
2. —1 <y <0 A isCloseEnough™(y, k) = {tt} — |—2 — arcsin(y)| < 27K
Proof. 1. Let us assume k € N and 0 < y < 1 and hence 0 < arcsin(y) < 7:
isCloseEnough™ (y, k) = {tt}
1 —19? <sin?(27)
= /1 —y% <sin(277) (since 0 <y < 1)
<= cos(arcsin(y)) < sin(27%)
= Sin(g) cos(arcsin(y)) < sin(27F)
<= sin(—=) cos(arcsin(y)) — Cos(g) sin(arcsin(y)) < sin(27")
(

<= sin(= — arcsin(y)) < sin(27")

AN RV

= g — arcsin(y) < 27" (sin is strictly increasing on [0, Z])

= g — arcsin(y)| < 27"

2. Similar to the first part, we assume £ € N and —1 < y < 0 and hence —§ <
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arcsin(y) < 0:

isCloseEnough™ (y, k) = {tt}

— 1—19? <sin?(27)

— /1 —y% <sin(27) (since —1 <y < 0)
— Cos(arcsm( )) < sin(27F)

= ( ) cos(arcsin(y)) < sin(27F)

= (g) cos(arcsin(y)) + cos(g) sin(arcsin(y)) < sin(27%)

— sm(7T + arcsin(y)) < sin(27F)

— g + arcsin(y) < 27 (sin is strictly increasing on [0, 5])
— —(g + arcsin(y))‘ <27* (arcsin(y) > —3)
—

—g - arcsin(y)‘ <27k

]

Now, we need to define a WhileCC-program approximating arcsin(f(x)) for —1 <
f(z) < 1 itself.

Definition 3.10.2. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f: R — R, and and x € R. Then the WhileCC-procedure

pArcSine = proc

in z : real n: nat
aux 7 : nat dist : real res : real

begin
res, i := choose (y : real,m : nat) :

Sine(y) < F(x) < Sine(y +27™)

return res

end

of type real x nat — real has the semantics

pArcSing™(z,n) = {y € Q| sin(y) < f(x) < sin(y +27")}

The WhileCC-procedure pArcSine, outputs values sufficiently close to arcsin(f(x))
only for —1 < f(x) < 1. The behaviour of pArcSine, on f(z) € (—oo,—1) or f(x) €
(1, +00) is unknown. Now, incorporating the procedure isCloseEnough into the WhileCC-
procedure, we get a procedure for WhileCC-approximating the totalized version arcsin’(f(x)).

Definition 3.10.3. Let F' : real x nat — real be a WhileCC-procedure approximating the
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function f: R — R, and and # € R. Then the WhileCC-procedure

ArcSing = proc
in x : real ¢ : nat
aux chosenVal : nat w : real [ : real r : real
begin
u := choose (¢ : real) : 0 < ¢ < 1 and isCloseEnough(gq, ¢ + 1)
[ := choose (g : real) : =1 < ¢ < 0 and isCloseEnough(gq, c + 1)

chosenVal := choose (k : nat) : proc
in k : nat x : real
aux res : real

begin
if & =nat 1 then
res:=—1< F(z) <1

else if k =,a¢ 2 then
res := F(x) > u
else if k =pat 3 then

res == F(x) <
else
res ;= ff
fi
return res
end

if chosenVal =p,¢ 1 then
r:= pArcSing(z, c)

else if chosenVal =, 2 then
r = pArcSing(u, c)

else if chosenVal =, 3 then
r := pArcSing(l, c)

fi

return r

end

of type real x nat — real has the semantics

ArcSin% (. n) = {y € pArcSinR(z,n) | =1 < f(z) <1} U
{y € pArcSin%(u,n) | isCloseEnough”™(u,n) = {tt}
ANO<u<lAf(z)>upU
{y € pArcSin%(1,n) | isCloseEnough™(I,n) = {tt}
AN=1<I<OA f(x) <}
Now, we need to prove that ArcSing approximates arcsin(f(z)).

Lemma 3.10.4. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R, and 2 € dom(f), then we have ArcSinf(z,n) # @ for any n € N.

Proof. Let f be a WhileCC-approximable function, and z € dom(f) and n € N. Then
we have different possible cases based on the value of f(z),

43



M.Sc. Thesis - F. Ghasemi; McMaster University - Computer Science

e —1 < f(x) < 1: In this case, it suffices to show that {pArcSin%(z,n)} # ). Since
the interval (—1,1) is an open interval, f(z) is an inner point, and sin is strictly
increasing on (—1,1), it means there is a rational y such that —1 < sin(y) < f(x) <
sin(y 4+ 2") < 1, and hence ArcSinf(x,n) # 0.

e f(z) > 1: In this case, we need to show
{y € pArcSinT(u,n) | cos?(27") < u? A0 < u < 1A f(z) > u} #0.

It suffices to show that there is some u € R with 0 < u < 1 < f(z) such that
cos?(27") < wu? and since 21 > 0 meaning cos?(27™) # 1, there is a rational
number 0 < u < 1 such that cos?(27™) < u? < 1. Now that we found such u, by
part 1, we can see that pArcSin(u,n) # (.

o f(x) < —1: We need to show
{y € pArcSInR(l,n) | cos?(27™) < P A f(z) < =1 <1< O0A f(z) <1} #0.

It suffices to show that there is some | € R such that cos?(27") < [? and also
—1 <1 < 0. since 27" > 0, meaning cos?(27") # 1, this means there is a rational
numbers —1 < [ < 0 such that cos*(27") < [* < 1. Having found —1 < [ < 0, by
part 1, we can see that pArcSin¥(1,n) # 0.

m
Lemma 3.10.5. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f: R — R. For any = ¢ dom(f), we have ArcSin%(x,n) = ) for any n € N.

Proof. Let f be a WhileCC-approximable function, and x ¢ dom(f) and n € N.
Since f(x) is not defined, based on the definition of the procedure and using Lemma
3.2.1, F(z) < b would not terminate on any bound b. Hence we can conclude that
ArcSinR(x,n) = 0. O

Lemma 3.10.6. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f: R — R. We have Vz € dom(f), Vn € N, Vy € ArcSink(z,n) :
larcsin’(f (z)) — y| < 27"
Proof. For arbitrary = € dom(f), n € N, and for any y € ArcSin(x, n), we have 3 cases
to consider:
e —1 < f(z) < 1:In which case y € pArcSinf(z,n). Then by definition of pArcSin:
— 1< f(z) <1Asin(y) < f(x) <sin(y +27")
— y < arcsin(f(z)) <y+27"
= arcsin(f(x)) >y A arcsin(f(z)) —y <27
= |arcsin(f(x)) —y| < 27"
= |arcsin’(f(x)) —y| < 27"
e f(z) > u: for some 0 < u < 1 in which case y € { y € pArcSin(u,n) | cos?(27") <
u? }, hence:
1 —sin?(27") <’ A0 <u < 1A f(z)>u
= ’g - y‘ <2 (by Lemma 3.10.1 part (1))
= |arcsin’(f(x)) —y| < 27"
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e f(z) < I for some [ satisfying cos?(27") < I* A =1 < [ < 0: We would have
y € pArcSin%(1,n), in which case:

1—sin?(27") < PA-1<I<O0A f(z)>1
= ‘—g — y‘ <27" (by Lemma 3.10.1 part (2))
= |arcsin’(f(z)) —y| < 27"
[

Theorem 3.10.7. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R. Then the WhileCC-procedure ArcSin% approximates arcsin’(f(z)).

Proof. Follows from Lemmas 3.10.4, 3.10.5, and 3.10.6. m

3.11 Natural Root

As mentioned in Definition 3.1.1, we modify the common definition of n-th root function
root, (z) for n € N to a totalized version

Y f(x) ifnisodd
root,, (z) i f(z) ifniseven and f(z) >0 (3.5)
0 if n is even and f(z) <0

to obtain a continuous function with an open domain.
Now depending on the parity of n, different WhileCC-procedures are devised to approx-
imate the function root,, (x).

3.11.1 0Odd root

First of all, let us define a WhileCC-procedure that approximates {/f(z) for odd ns.

Definition 3.11.1. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f: R — R, and and z € R. Then the WhileCC-procedure

oddRoot,, = proc
in « : real n : nat
aux res : real

begin
res := choose (y : real) : y* < F(z) < (y+27™)"
return tt

end

of type real x nat — real has the semantics
oddRoot,y p(z,m) = {y € Q| (y" < F(2)® = {tt} A (F(z) < (y +27")")" = {tt}}

We prove that oddRoot approximates {/ f(z) for odd ns.

Lemma 3.11.2. Let F' : real x nat — real be a WhileCC-procedure approximating the func-
tion f: R — R, and z € dom(f), then for any odd n € N, we have oddRoot)y (2, m) #
for any n,m € N.
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Proof. We need to show that odd RootZi r(z,m) # 0. Since n is odd, we can always choose
a rational y such that y™ < f(z) < (y +27™)". Hence oddRoot,, r(x,m) # 0. O

Lemma 3.11.3. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R, and x ¢ dom(f). Then we have oddRootZiF(x,m) = () for any
n,m € N.

Proof. Since x ¢ dom(f), the comparison procedure (— < F'(—)) with the second argu-
ment being x does not terminate and hence we can conclude that oddRootZi rlz,m) =
0. O

Lemma 3.11.4. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R. For any odd n € N, we have Vx € dom(f), Vm € N, Vy €
oddRootzF(:v,m) ;

lroot,, f(z) —y| < 27"

Proof. For arbitrary x € dom(f), odd n € N, and for any y € oddRootzF(x, n), we have

yr < flz) <(y+27")"

W—y’ <27

—

]

Theorem 3.11.5. Let F' : real X nat — real be a WhileCC-procedure approximating the
function f : R — R. Then odd Rootﬁ » WhileCC-approximates the function root,, ¢(x) for
any odd n € N.

Proof. Follows directly from Lemmas 3.11.2, 3.11.3, and 3.11.4. ]

3.11.2 Even root

In this section, we construct a WhileCC-procedure that approximates {/f(z) for even
ns. Having the modifications in equation 3.5 in mind, the trick here is to find a bound
for f(x) such that, for any value less than this bound, approximating the n-th root of
that value by outputting 0 is sufficiently accurate.

Definition 3.11.6. Let us define the WhileCC-procedure isCloseEnough of type real x nat x
nat — bool below:

isCloseEnough = proc
in y :real n:nat k : nat
begin
return 0 < y and y < 1/27%
end

with the semantics
isCloseEnough™ (y, n, k) = {tt | (0 < y)® = {tt} A (y < 1/2"")R = {tt}}
Lemma 3.11.7 (Bounds for Natural Root). For any even n € N, y € R and k € N:
isCloseEnough™ (y, n, k) = {tt} = |yl <27
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Proof. Let us assume y € R, k € N . Then,

isCloseEnough™ (i, n, k) = {tt}
— 0<y<2 ™

— |y| <27 (since 0 < y)
= |yl < 27"
[

So if isCloseEnough®™(y, n, k) outputs tt, we can use the fact that /Y is at most 27
away from 0.

Remark 3.11.8. For any even n and fixed k € N, there is always an y € R such that
isCloseEnough™ (y, n, k) = {tt}.

Now let us define the WhileCC-procedure for approximating an even root of f(x) for
any WhileCC-approximable function f: R — R.

Definition 3.11.9. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f: R — R, and and = € R. Then the WhileCC-procedure

evenRoot,, = proc
inm:nat z :real c: nat
aux chosenVal : nat [ : real r : real
begin
[ := choose (q : real) : isCloseEnough(q, ¢, n)

chosenVal := choose (k : nat) : proc
in k : nat z : real
aux res : real

begin
if K =pat 1 then
res :=0 < F(x)
else if k& =pat 2 then
res == F(x) <
else
res := ff
fi
return res
end

if chosenVal =, 1 then
r := oddRoot,, r(z, ¢)
else if chosenVal =, 2 then

r:=0
fi
return r
end
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of type real x real — nat, has the semantics

evenRootnR’F(a:,m) ={ye oddRootzF(x,m) | (0 < F(z))® = {tt}} U
{0]31€Q isCloseEnough(l,m,n) = {tt} A f(z) <[}
The procedure above reuses the WhileCC-procedure oddRoot, originally defined for
approximating odd roots, to approximate even roots since oddRoot happens to work for

when n is even on (0, +00). We now prove that oddRoot approximates {/f(z) for even
ns.

Lemma 3.11.10. Let F' : real x nat — real be a WhileCC-procedure approximating
the function f : R — R, n some even number, and z € dom(f). Then we have
evenRoot,, (z,m) # 0 for any m € N.

Proof. Let F' : real x nat — real be a WhileCC-procedure approximating the function
f:R— R, z € dom(f) and n € N. We have two cases based on the value of f(z):

e 0 < f(x): We need to show that oddRoot,, (z,m) # (). Since the interval (0, +00) is
an open interval, f(x) is an inner point, and the power function is strictly increasing

on (0,+00), we can choose a rational y such that y* < f(z) < (y +27™)". Hence
oddRoot,, p(z,m) # 0.

e f(x) <0: In this case, there is always a rational [ such that
isCloseEnough(l,m,n) = {tt}.

This means that the set { 0 | isCloseEnough(l,m,n) = {tt} A f(x) < [} is non-empty,
and so is evenRoot,, p(z, m).

]

Lemma 3.11.11. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R, and « ¢ dom(f). Then we have evenRoot, r(x,m) = 0 for any
n,m € N.

Proof. Since x ¢ dom(f), the comparison procedure (— < F'(—)) with the second argu-
ment being = does not terminate and hence we can conclude that evenRoot,, p(z,m) =
0. O

Lemma 3.11.12. Let F' : real X nat — real be a WhileCC-procedure approximating the
function f : R — R. Then for any even n, we have Vx € dom(f), Vm € N, Vy €
evenRoot,, p(z,m) :

lroot,, r(z) —y| < 27"

Proof. We have two cases:

o yc oddRootﬁF(:c, m) and (0 < F(z))® = {tt}: Then, by the definition of oddRoot,, (x, m):
y' < flz) <(y+27")"

W—y’ <27

e y=0A3l €Q isCloseEnough(l,m,n) = {tt} A f(x) < l: Immediately follows from
Lemma 3.11.7 that C/Z‘ < 27" and hence |root, f(x) —y| < 27"

—
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]

Theorem 3.11.13. Let I : real x nat — real be a WhileCC-procedure approximating the
function f : R — R. Then the WhileCC-procedure evenRoot,, ¢(x, m) approximates

root, (z).
Proof. Follows directly from Lemmas 3.11.10, 3.11.11, and 3.11.12. O

3.12 Conclusion

Theorem 3.12.1. All elementary functions are WhileCC-approximable.

Proof. By induction on the structure of elementary functions, theorems 3.3.1 (constant
function) and 3.3.2 (identity function) prove the base cases, and theorems

3.4.5 (addition),

3.5.6 (multiplication),

(
3.6.6 (division),
3.8.5 (logarithm),

3.7.12 (exponential),

3.9.10 (sin),
3.10.7 (arcsin), and
3.11.5, 3.11.13 (natural root)

prove the induction step. O]
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Chapter 4

Open Exhaustions for the Domains of
Elementary Functions

This section is a first step towards proving that elementary functions are acceptable. In
this section, we present an inductive construction for an effective open exhaustion for the
domain of any arbitrary elementary function. To simplify the proofs, we will strengthen
the claim and prove the following statement:

For any open set U with an effective open exhaustion, f~!(U) has an effective open
exhaustion.

In particular, this stronger formulation makes the composition case trivial.

Definition 4.0.1 (Exhaustion-reflecting function). Let f : R — R. We call f ezhaustion-
reflecting if for any open set U with an effective open exhaustion, f~*(U) # () implies
that f~'(U) has an effective open exhaustion.

Remark 4.0.2. If f is exhaustion-reflecting, since R is an open set with an open exhaustion,
fYR) = dom(f) has an effective exhaustion.

4.1 Preliminaries

In Section 4.1.1, we introduce some basic lemmas about effective open exhaustions. In
Section 4.1.2 we generalize the concept of open exhaustions to R™. This generalization is
used later in Sections 4.3 and 4.4.

4.1.1 Open Exhaustion Lemmas for R

We begin by defining a simplified form of an effective open exhaustion called a “simple
effective open exhaustion” (Definition 2.5.2). We prove that we can compute an effective
open exhaustion from a simple effective open exhaustion. Simple effective open exhaus-
tions are more convenient for the constructions in the remainder of Chapter 4.

Definition 4.1.1 (Simple effective open exhaustion). A sequence (Uy, Us, .. .) of open sets
in R is called a simple effective open exhaustion for an open set U if

o U= U;‘ZO Ui,

e for each [ € N, U is a finite union of non-empty open finite intervals I!, I, ..., ],lﬂ
whose closures are not necessarily disjoint, and
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e (eventual covering property) for any i,l € N there is some index I’ > [ such that
U, = Ukl Il C Uy and also U; C Uy,

=0 "1
e the map
L (ab, b, ... a},, b))
which delivers the sequence of endpoints of the stage U; = I' U...UT ,il for any [ € N,

1S recursive.

Remark 4.1.2. Note that the definition of “simple effective open exhaustion” is different
from “effective open exhaustion” in three aspects:

e the closures of intervals in each stage of a simple effective open exhaustion are not
necessarily disjoint,

e the closure of each stage of a simple effective open exhaustion is not necessarily
contained in the next stage, instead it is replaced with the eventual covering property,
and

e the map delivering the endpoints in each stage of a simple effective open exhaustion
does not necessarily give us the intervals in order.

Lemma 4.1.3. There is a recursive function that given a simple open effective exhaustion
for an open set, returns an effective open exhaustion for the same open set.

Proof. Let us take a simple effective open exhaustion for a set U. We give an algorithm
to compute an effective open exhaustion for U. This algorithm consists of two steps:

1. merging and fixing the order

2. containing the closure in the immediate next stage

e Step 1. In any stage with index [ € N, we first get all the finitely many open intervals
and for overlapping intervals, we merge them into one open interval. Then we sort
the intervals by their endpoints. This gives us the intervals

(a1, 00), -+ (ag,, by,)

ny Ung

where n; is the number of intervals we are left with, after merging all the intersecting
ones. This sorting guarantees that

l
n;—1

l
ny?

ab < b <adh<by<---<d ,<b

n;—1

!
<a, <0
while preserving the eventual covering property.
We now need to make sure that the strict inequality

ay < b <ah <bh<---<al, <V, <a, <b,

holds, guaranteeing that the closure of these intervals are also disjoint. Now, taking
any two intervals (a},b}) and (al,,,b,,,) that we have af < b}, = aj,, < b4,
using the eventual covering property, this means the point b is covered in some
later stage since it is contained in the closure of (al,bt). This lets us merge any
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such two intervals (a},b}) and (al,,,b}.,). This gives us a new set of intervals
(¢, d)), ..., (c  d ) with m; <n; with

my) Ty

l

d<di<dy<dy<--<d, <d,  <d, <d,

which again preserves the eventual covering property. For the rest of this proof, we
refer to the map generated after applying this step to each stage as the “transformed
map’.

e Step 2. Since the transformed map has the eventual covering property, this gives
us a function C' : QQ — N that gives us, for any ¢ € Q, the index of the first stage
where ¢ is covered. We define the map outputting the stages of the effective open
exhaustion (Uy,Us,...) of this algorithm inductively. For stage with index 1, we
output the first stage of the transformed map. For stage with index [, let n;_; be
the number of intervals in the stage with index [ — 1 after the transformation. Our
new stage with index [ will be the transformed stage with index

max{C(c)),C(d,),...,C(c, ), O(d, )}.

ni—1 ny—1

]

Lemma 4.1.4 (Effective open exhaustion for intersection). Let U and V' be open sets in R
with effective open exhaustions such that U NV # (). Then U NV has an effective open
exhaustion.

Proof. Let (Uy,Us,...) and (V4, V5, . ..) be effective open exhaustions for the sets U and V/,
respectively. Since by assumption we have U NV # (), we know there is some m € UNV.
We also know that both exhaustions (U, Us,...) and (V4, Vs, ...) will cover m at some
stage with index [, resp. [,. Note that we can effectively find [, resp. [, by looking
through all the stages of the two exhaustions until a pair of intersecting intervals is
found. Now let us take k := max{l,,[,}. Then

(Ue N Vi, Up1 N Vg1, Ukpa N Viga, -0

is an effective open exhaustion for U NV. n

Proposition 4.1.5. Let U,V C R. Then if U and V' have effective open exhaustions, then
U UV has an effective open exhaustion.

Proof. Let U,V C R and (Uy,Us,...) and (V3,Va,...) be effective open exhaustions for
the sets U and V, respectively. Then to prove U UV has an effective open exhaustion,
by Lemma 4.1.3, it suffices to give a simple effective open exhaustion. The sequence

(Uo UV ooy Uy UV, .0)
is a simple effective open exhaustion for U U V. O

Proposition 4.1.6 (Effective open exhaustion for a finite interval). The open interval (a, b)
with a,b € Q and a < b, has an effective open exhaustion

a+b—ab_b—a a+b—ab+b—a
7 3 e ot Ta3) )
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Proposition 4.1.7 (Effective open exhaustion for an open interval). The open interval
(a,+00) with a € Q has an effective open exhaustion

(a+1,1) +12 + ! k+1
a , 1), | a % sl a R yeee |-

Lemma 4.1.8 (Effective open exhaustion with removing one point). Let U C R be an
open set with an effective open exhaustion. Then for any r» € Q, U \ {r} has an effective
open exhaustion.

Proof. Let (U, Us, . ..) be an effective open exhaustion for U. Then consider the sequence

1 1
(Uo\[r—l,r—i—l],...,Uk\ {T_k—i—l’r—i_k—i—l}"")'

There must be a stage m at which U, \ [r — %, r+ %] is non-empty. Then the sequence

1 1
(Um\[r—m+1,r+m+1},...>.

is clearly an effective open exhaustion that for U \ {r}. O

Theorem 4.1.9 (Open exhaustion of intervals using WhileCC-approximability). Let F :
real X nat — real be a WhileCC-procedure approximating f : R — R, and f be strictly
monotone on the interval [a,b] C dom(f) with a,b € Q. Then there is an effective open
exhaustion for f((a,b)).

Proof. Here we discuss a strictly increasing function f. The case of a strictly decreasing
function follows a similar logic. We need to define intervals U, = (x;,y;) with endpoints
in Q with the following properties:

o fla) <z <y < f(b)
o (x1,y1) C (121, Yrs1)

o Uiz, me) = (f(a), f(b))

We present an algorithm to compute the mapping intervals : N x N — I* delivering
intervals in a stage. We begin by giving an informal description of the algorithm:

1. Start counters n =0, [ = 0.

2. Increase n until you get an approximation x € F%(a,n) and y € F*(b,n) with
rTH+2TN<y—27"

3. Store x,y respectively in xg, yo.

4. Increase n until new approximations x € F®(a,n) and y € F*(b,n) are calculated
with x + 2™ < z; and y; <y — 27"

5. Increase [ by one.

6. Store x + 27",y — 27" in xy, y; respectively and go to step 4.
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The construction guarantees the three conditions above and equivalently outputting end-
points for one interval for each stage of the effective exhaustion for (f(a), f(b)). The
alorithm we just defined computes the following function:

intervals(l,1) = (z,y) such that In € Nz € F®(a,n) Ay € F*(b,n)
ANr+2"<y—27"
intervals(l,i +1) = (x +27",y —27") such that In € Nz € F®(a,n) Ay € F*(b,n)
ANx+ 27" < fst(intervals(l,i)) Ny — 27" > snd(intervals(j, 1))

where fst returns the left element in a pair and snd returns the right element in the
pair. ]

Remark 4.1.10. Theorem 4.1.9 is used to prove the exhaustion-reflecting property (Def-
inition 4.0.1) of the basic elementary functions (see Section 4.2). Note that Theorem
4.1.9 requires the closed interval [a,b] to be in the domain of f. We can strengthen
Theorem 4.1.9 to only require the open interval (a,b) C dom( f), however, the proof for
the strengthened version is more complicated, and the current version suffices for our
purposes.

4.1.2 Open Exhaustions in R”

In this section we generalize the notion of an effective open exhaustion to that of R™ by
generalizing intervals in R to cubes in R"”.

Definition 4.1.11 (Open n-cube). Let [y, ..., 1, C R be open intervals. Then we call the
open set I; X --- x I, CR™ an open n-cube.

Definition 4.1.12 (Closed n-cube). Let I;,..., 1, C R be closed intervals. Then we call
the closed set I} x --- x I,, CR"™ a closed n-cube.

Definition 4.1.13 (Rational n-cube). Let I3,..., I, C R be open (resp. closed) intervals.
We call the open (resp. closed) set I X - - - x I,, C R™ a rational open n-cube (resp. rational
closed n-cube) if all the endpoints of I, ..., I, are rational. The set I" denotes the set
of all rational n-cubes.

Definition 4.1.14 (Realizability for I"). We define the realizability relation IF» as the
smallest relation satisfying

C1 ”‘Q aq Co ”‘Q b1 cee Con—1 ”‘Q Qp, Con, ”‘Q bn
PYPst - Pl 1o I (ar, br) X - X (@, by)

where p; is the ith prime number.

Defining a realizability relation for I" along with Definitions 2.3.7,2.3.4 and Definition
2.3.3 lets us define computable functions from N to finite sequences of cubes.

Definition 4.1.15 (Generalized open exhaustion). Let U be an open subset of R", and
X = (Uy, Uy, Us, ...) a sequence of open subsets of R”. The sequence X is called an open
exhaustion of U iff

1. U = U;)io Ui7 and
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2. for each | € N, U; is a (not necessarily disjoint) finite union of non-empty open
n-cubes Qf, @5, ..., Q},

3. for any | € N there is some j > [ € N such that U, = Ufl:()@ C Uj, and also
U CUps.

For each [ € N, U, is called a stage of the exhaustion, with components Q}, @}, ..., Q}, -

Definition 4.1.16 (Generalized effective open exhaustion). An open exhaustion (Uy, Us, . . .)
of an open set U C R" is called effective if

e cach stage U; consists of finitely many open rational n-cubes @', ..., Ll, and
e the map
L= (Q4,..., Q%)
which delivers the sequence of stages
Ul = (Qll) s 7@21)

1S recursive.

Remark 4.1.17. Note that the generalized notion of an effective open exhaustion in R”
given in Definition 4.1.16 for the case where n = 1, coincides with the concept of a simple
effective open exhaustion in R given earlier in Definition 4.1.1

Definition 4.1.18 (Effective sequence of open exhaustions). Let (Uy, Uy, .. .) be a sequence
of open sets in R™ each with an effective open exhaustion. We call the sequence Uy, Uy, . . .
an effective sequence of open exhaustions if we have a recursive function

Stage : N x N — (I")"

taking in the index 7 of the open set, the stage s, and outputting the n-cubes in stage s
of the effective open exhaustion of O;.

Theorem 4.1.19 (Union of effective open exhaustions). Let (Up, Uy,...) be an effective

sequence of open exhaustions. Then [ J,;. U; has an effective open exhaustion.

Proof. Let us assume the effective the open exhaustion for Uy, Uy, . . . is given by (Op), (O1), . ..

and let us denote the Ith stage of (O;) by O! (for i € N).

Stage t of the effective open exhaustion for J, . U; consists of the union of the first ¢
stages of the first ¢ open exhaustions. Let us construct the effective open exhaustion (S;)

formally by
t—1
k=0
We can clearly compute the above open exhaustion for |J,. U; since each O}, is a finite

union of finitely many intervals. O]

Corollary 4.1.20. Let f : R™ — R™. Let us assume for any rational open m-cube () that
f71(Q) has an effective open exhaustion (OF). If the function

Func : T" x N — (I")*
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that gets an m-cube ) and a stage index [ and outputs the encoding of the sequence of
intervals in the [th stage of f~1(Q) is recursive, then for any open set U with an effective
open exhaustion, f~!(U) has an effective open exhaustion.

Remark 4.1.21. This means to prove that a function f : R® — R™ is exhaustion-reflecting,
it suffices to show that we can compute, for any rational open m-cube (), an open ex-

haustion for f~1(Q).

Theorem 4.1.22. Let U C R? be an open set. If there is a recursive function
iny:Q*xQ* =B
taking (a1, by, as, by) as inputs and deciding whether the closed rational 2-cube
la1, b1] X [ag, bo]
is completely contained in U, then U has an effective open exhaustion.

Proof. We give an algorithm that constructs an effective open exhaustion. Intuitively, to
generate each stage of the open exhaustion, we start by considering a grid and selecting
every open square @ in the grid such that Q C U. Note that U can be unbounded which
implies that we can have infinite number of squares. We work around this by selecting
squares that lie within an increasingly larger search radius around the origin. If the grid
is too coarse and no grid square (and its closure) falls fully under U, we keep dividing
each side of the square into two (resulting in the division of each square to four squares)
until there is a square whose closure falls under U. Such a square must exist since U is
a non-empty open set and the rational numbers are dense in R.

The selected squares will then be investigated for adjacency: for each two selected
squares that are adjacent vertically or horizontally, a filler open square (as shown in
Figure 4.1a) will be added. In addition, if four squares are adjacent (as shown in Figure
4.1b), an additional filler covering the center will be added. Note that in figure 4.1b, the
four two-square-fillers added in the previous step are not drawn for clarity. The set of
selected open squares and added open fillers form a stage of the open exhaustion.

Figure 4.1: Visualization of the additional fillers

(a) two neighbouring squares (b) four neighbouring squares

1 1
- = -
L L

To get to the next stage, we keep the squares for the current stage and subdivide the
grid further. Then we repeat the process of checking if any remaining uncovered squares
(and their closures) fall under U completely, and check if any filling is needed. Using this
method, it is guaranteed that each point in U will eventually be covered by these open
squares. A visual trace for this algorithm on an open set is shown in Figure 4.2. Note
that in this example, the search radius covers U entirely from step 0.
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Figure 4.2: Visualization of the algorithm outputting an open exhaustion using a decision procedure

(a) step 0 (b) step 1
Y Y
// \\ // \\
’ ~ ~
’ AN ’ AN
! S~ f N
I ~ o | ~.
I PN N | - =~ N
N \ \ e <
\ \ \ \
\ \ \
1 \ | \
1 1 z \ I x
\ 1 \ 1
\ / \
N , <
\\ 7z ~ 7z
(c) step 2 (d) step 3
Y Y
j <
/ S <
1 RN 7 =
r r
ko N .
> < S S
\ \ \
T T
1 \ | \
1 1 xz \ 1 x
1 1
A N\
<
N g

Note that here the filler squares are not shown, and only the area that is covered at
each stage is shown. Step 0 is when the algorithm starts. The output for stage 0 (resp. 1
and 2) is shown in step 1 (resp. 2 and 3). Different colors show in which stage the points
are covered using the open exhaustion.

]

4.2 Basic Functions

In this section, we show that all the basic elementary functions are exhaustion-reflecting
(Definition 4.0.1). This implies that the domain of basic elementary functions have effec-
tive open exhaustions which constitutes the first condition for acceptability.

Theorem 4.2.1. Let f(z) = ¢ for any computable real number ¢. Then f is exhaustion-
reflecting.

Proof. Let U be an open set with an open exhaustion (Uy, Us, ...) and f~1(U) # (). This
means we have f~1(U) = R, and the sequence (Oy, O,, .. .) defined by Oy = (—k—1,k+1),
is an effective open exhaustion for R. n

Theorem 4.2.2. The identity function id(z) = x is exhaustion-reflecting.
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Proof. Let U be an open set with an open exhaustion X. By definition id ™ (U) = U, and
hence X is clearly an effective open exhaustion for id ™' (U) as well. O]

Theorem 4.2.3. Let inv(z) = £. Then inv(z) is exhaustion-reflecting.

Proof. Using Remark 4.1.21, it suffices to show that, for any non-empty interval I =
(a,b) € R with a,b € Q, we have an open exhaustion for inv='(I). We prove this by
cases:

e a = 0: Proposition 4.1.6 gives us an effective open exhaustion for inv="() = (0, 3 ).

e b = 0: Proposition 4.1.6 gives us an effective open exhaustion for inv='(I) = (3, 0).

a’
ea < 0 and b > 0: Proposition 4.1.6 gives us an effective open exhaustion for
inv'(I) = (£,0) U (0,7). Then, we can construct an effective open exhaustion
for the union of the two sets using Proposition 4.1.5.

e ab < 0 or a,b > 0: Proposition 4.1.6 gives us effective open exhaustions for
inv (1) = (+,21).

b’ a

]

Theorem 4.2.4. Let f(x) = root,, ;4(z) as defined in subsection 3.11. Then f is exhaustion-
reflecting.

Proof. Let us assume U is an open set with an open exhaustion X. Now, let us consider
the parity of n:

e Case of odd n: Since we have the effective open exhaustion X, we can go through
each stage, and compute the corresponding stage.
At stage k, we go through the endpoints of intervals, and for each (a;,b;) we en-
counter, we write (a?, b).

177

e Case of even n: Since we have the effective open exhaustion X, again we can go
through each stage. At each stage, we go through the endpoints of the intervals in
that stage, and for each (a;, b;) we encounter, we have three possibilities:

— Case a;, b; are both positive: we write (al*, bY").

17
— Case ay, b; are both negative: we ignore the interval since this interval does not
fall under the image of root,, ;4 for our even n.

— Case q; is negative, but b; is positive: here we need to accommodate the mod-
ifications we made in section 3.11, so we write (—k,b}) so that all negative
numbers are eventually covered.

O
Theorem 4.2.5. The function In(x) is exhaustion-reflecting,.

Proof. Let us take any arbitrary open set U with an effective open exhaustion. We want
to come up with an effective open exhaustion for In"(U) = exp(U).

Using Remark 4.1.21, we only need to prove that the preimage of any open interval
I = (a,b) with a,b € Q has an effective open exhaustion.

The pre-image function for In is exp.

We know that
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e The function exp is monotonically increasing.
e The function exp is WhileCC-approximable (Using Theorem 3.7.12).
e The function exp is defined on any arbitrary interval (a,b).

Hence, Theorem 4.1.9 gives us an open exhaustion for exp(/), and this completes the
proof. n

Theorem 4.2.6. The function exp(z) = e” is exhaustion-reflecting.

Proof. Let us take any arbitrary open set U with an effective open exhaustion. Since
exp(z) > 0, we know that exp™(U) = exp (U N (0, +00)). We want to come up with an
effective open exhaustion for exp™!(U N (0, 4+0)). Using Remark 4.1.21, we only need to
prove that the preimage of any open interval I = (a,b) with a,b € Q has an effective open
exhaustion. The pre-image function for exp is In. Since [n is only defined on positive
reals, In(I) = In((a, b) N (0, +00)).

We know that

e The function In is monotonically increasing.
e The function In is WhileCC-approximable (using Theorem 3.8.5).
e The function In is defined on (a, b) N (0, +00).

Hence, Theorem 4.1.9 gives us an open exhaustion for In([), and this completes the
proof. O]

Lemma 4.2.7. Let f(z) = sin(mz) and I = (a,b) with a,b € Q and —1 < a < b < 1. Then
there is an effective open exhaustion for f~1(7).

Proof. Let us consider f~!(z) = arcsin(z)/7. The function f~! is clearly WhileCC-
approximable. We know that

e The function f~! is monotonically increasing.
e The function f~! is defined on (a,b).

Hence, Theorem 4.1.9 gives us an open exhaustion for f~!(I), and this completes the
proof. O]

Theorem 4.2.8. The function sin(z) is exhaustion-reflecting.

Proof. 1t suffices to show that f(z) = sin(mz) is exhaustion-reflecting. Using Remark
4.1.21, we only need to prove that f~!(I), if nonempty, has an effective open exhaustion
for any I = (a,b) with a < b € Q. Let us consider the value of a and b:

e —1 <a<1<b: In this case we can use Theorem 4.1.21 along with Lemma 4.2.7,
we can get an open exhaustion for f~((a,1/2)). We modify each (a;,b;) to

(az—22,—1—az—2z)uU(al—Z,—l—aZ—2)

U(ai,—l—ai)
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Note that the reason we are modifying each interval is that the open exhaustion
f~Y((a,1/2)) does not cover x = 1/2, so stretching (a;, b;) to (a;, 1 — a;) will help
cover the point z = 1/2 as well as the mirrored interval (1/2,1 — f(a)).

Figure 4.3: Covering the points with f(z) =1

Y

[l<a< 1<b
1
\ m
t "
—0.5 0.5 1\
i

The reason we are adding (a; — 2i,—1 —a; —2i)) U--- U (a; —2,—1 — a; — 2) and
(a; +2,—1—a;+2)---(a; + 2i, —1 — a; + 2i) is that f(x) is a periodic function and
we would want to eventually cover all the xs in R for which f(z) falls in (a, 1]. The
intuition for building up the stages is shown in Figure 4.3.

f(z) =sinmzx

e —1 < a < b < 1: In this case we can use Theorem 4.1.21 we can get an open
exhaustion for f~*(I). For each stage we modify each (a;, b;) to

a,b>1ora,b< —1: In this case f~*(I) = 0.

ea < —1 < b < 1. In this case we can use Theorem 4.1.21 we can get an open
exhaustion for f~1((—1/2,b)). We modify each (a;,b;) to

(=1 —b; — 2i,b; — 2i) U---U (=1 —b; — 2,b; — 2)
U(—=1 = b;, by)
U(=1 = b; +2,b; +2) - - (=1 — b; + 2i, b; + 2i)

a < —1 <1 < b: In this case the open exhaustion is
(=1,1),....(k—=1LEk+1),...).

This gives us an effective open exhaustion for f~1(U) for any open set U.

Theorem 4.2.9. The function arcsin’ is exhaustion-reflecting.

Proof. Tt suffices to show that f(x) = arcsin’(z) /7 is exhaustion-reflecting. Using Remark
4.1.21, we only need to prove that if f~!(I) has an effective open exhaustion for any
I = (a,b) with a < b € Q. Let us consider the value of a and b:

e —1/2 < a<b<1/2: The pre-image function for arcsin’ is sin. So we just need to
construct an open exhaustion for sin(/). We know that

— The function sin is monotonically increasing on (a, b).
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Figure 4.4: Visualization of our algorithm for building up stages for the preimage of an interval (a,b)
with —1 <a<1<b

(a) stage 0
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(b) stage 1
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— The function sin is WhileCC-approximable (using Theorem 3.8.5).

— The function sin is defined on (a,b).
Hence, Theorem 4.1.9 gives us an open exhaustion for sin(7).

e a,b>1/2o0rab< —1/2: Since arcsin’(z) € [-%, 5], we know that
(arcsin’)~*(U) = (arcsin’) ™~

So for such I = (a,b), (arcsin’)~*(I) = 0.

e —1/2<a<1/2<b: We can use the Theorem 4.1.9 to get an open exhaustion for
sin(7), but then at each stage, modify all the intervals (a;, b;) to (a;, i + 1) to cover
(1, +00).

e 0 < —1/2 <b<1/2: We can use the Theorem 4.1.9 to get an open exhaustion for

sin(7), but then at each stage, modify all the intervals (a;, b;) to (=i —1,b;) to cover
(—o0, —1).

e a < —1/2and 1/2 < b: In this case, the open exhaustion is

(=1,1),..., (=k =1k +1),...).

This gives us an effective open exhaustion for (arcsin’)~!(U). O

4.3 Composition of Functions

In this section, we prove that the composition of two exhaustion-reflecting functions is
exhaustion-reflecting.

Theorem 4.3.1. Let f : R — R* and g : R™ — R" be exhaustion-reflecting, then
fog:R™— R is also exhaustion-reflecting.

Proof. Let U C R* be an open set with an effective open exhaustion. Then by assumption
on f, f7Y(U) C R" has an effective open exhaustion, and hence ¢g~'(f~1(U)) C R™ has
an effective open exhaustion. ]

4.4 Addition and Multiplication

In this section we prove that the addition and multiplication of two exhaustion-reflecting
functions f,g : R — R, defined as (f + g)(z) = f(z) + g(x) and (f...g9)(z) = f(z) -
g(x) respectively, are exhaustion-reflecting. In order to do this, we first break down the
addition and multiplication into atomic functions (that when composed together give us
our original addition and multiplication) and prove that each of these atomic functions
are exhaustion-reflecting. Then using Theorem 4.3.1, we can immediately imply that our
original addition and multiplication are exhaustion-reflecting.

62



M.Sc. Thesis - F. Ghasemi; McMaster University - Computer Science

4.4.1 Deconstruction of Addition and Multiplication

In order to prove properties about addition ((f + g)(x) = f(x) 4+ g(x)) we deconstruct
(f + ¢g)(z) into the composition of

e addition: Add(z,y) =z + v,
o cartesian product: (f x g)(z,9) = (£(x), g(y),
e diagonal: Diag(z) = (z,z).
This gives us
Add((f x g)(Diag(x))) = (Add((f x g)(x,x)))

= (Add(f(x), g(x)))
= f(z) +9(x)

Similarly, in order to prove properties about multiplication ((f - ¢)(z) = f(z) - g(z)) we
deconstruct (f - g)(z) into the composition of

e multiplication: Mult(z,y) =z - y,
e cartesian product: (f x g)(z,y) = (f(x),9(y)),
e diagonal: Diag(z) = (z, z).
This gives us
Mult((f x g)(Diag(z))) = (Mult((f x g)(z,z)))
= (Mult(f(z),g(x)))
= f(z) - g(x)
4.4.2 Exhaustion-reflection for addition

Lemma 4.4.1. The function Add : R x R — R with Add(z,y) = = + y is exhaustion-
reflecting.

Proof. Using Remark 4.1.21, we only need to prove that for any interval I = (a,b) with
rational endpoints, we have an effective open exhaustion for f~!(I), i.e.,

Add™H(I) = {(z,y) |z +y € (a,b)}

has an effective open exhaustion. Now using Theorem 4.1.22 we only need to present a
recursive function deciding if any arbitrary 2-cube (1, z2) X (y1,92) is in Add™'[I]. As
shown in Figure 4.5, we can define

. de
inpqa-1(1)(T1, Y1, T2, Y2) Lo < r1+y<b AN a<zy+ys <b.

Since x1, Y1, T2, Y2 are all rational, this function is clearly recursive, and this, along with

Theorem 4.1.22, gives us an effective open exhaustion for Add™"(I).
[

Lemma 4.4.2. Let f, g : R — R be effectively open. Then, the function (f X g) : RxR —
R x R with (f x g)(z,y) = (f(z), g(y)) is exhaustion-reflecting.
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Figure 4.5: Visualization of a 2-cube contained in Add™*((a, b))

Proof. In order to prove this, we need to prove that for any open U C R x R with an
open exhaustion, the set

(f x9)7 ' (U) ={(=.9) | (f(2),9(y)) € U}

has an effective open exhaustion. It suffices to prove that for each 2-cube I; x I,

(f xg) (I x ) ={(z,y) | (f(2),9(x)) € I x I}

has an effective open exhaustion. We have

(f x 9)" (I x Io)={(z,y) | (f(2),9(x)) € [ x L}
={(z,y) | f(z) € L Ag(x) € Iz}
={(z,y) [ flx) € L} 0 {(z,y) | g(z) € L}
:f (Il) xR N Rxg_l(IQ)
= 71 (1) x g7 (L)

Since f, g are exhaustion-reflecting, and I, I5 are open finite intervals and hence have open
exhaustions, f~(I;) and g~*(I) both have open exhaustions respectively (Fy, Fy, . ..) and
(Go, G4, ...). Then (Fy x Gy, F} X G4, ...) is an effective open exhaustion for f~!(I;) x

g7 (I2). .

Lemma 4.4.3. The function Diag : R — R x R with Diag(z) = (z,z) is exhaustion-
reflecting.

Proof. In order to prove this, we need to prove that for any open U C R x R with an
effective open exhaustion, the set

Diag '(U) = {z | (z,2) € U}

has an effective open exhaustion. We give an algorithm that outputs each stage of an
effective open exhaustion for Diag™'(U). For any [ € N of the given effective open
exhaustion for U, the stage U; consists of open 2-cubes

(ZL‘%U xZZ) X (yllv yé)? ER) ($l2kl—17 :Elel) X (yékl—la yékl)
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For any 2-cubes (2}, 2!, ) x (y!,y!,,) we can construct an open interval

def
]zl = (xé7x{£+1> M <y§7yzl'+1)7

as shown! in Figure 4.6, and we can define U = I ... ,[,lcl. Then the sequence (Uy, Us, . . .)
is an open exhaustion for Diag™'(U). O

Figure 4.6: Visualization of a 2-cube contained in Diag™*(U)

Y
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Theorem 4.4.4 (Addition). Let f,g : R — R be exhaustion-reflecting. Then (f + g) is
also exhaustion-reflecting.

Proof. Using Theorem 4.3.1, we know that compositions preserve exhaustion-reflectingness.
Now we know that (f+¢g) is composed from the functions Add, (f x g), and Diag. There-
fore Lemmas 4.4.1, 4.4.2, and 4.4.3 complete the proof. O

4.4.3 Exhaustion-reflection for multiplication

Lemma 4.4.5. The function Mult : R x R — R with Mult(z,y) = z - y is exhaustion-
reflecting.

Proof. In order to prove this, we need to prove that for any open U C R, the set
Mult™(U) = {(z,y) |z -y € U}

has an effective open exhaustion. Now using Theorem 4.1.22 we only need to present a
recursive function deciding if any arbitrary 2-cube (71, ¥2) X (1, y2) is in Mult ' [I]. Since
x -y is a continuous function over the rectangle, its maximum value occurs at one of the
corners. This means we can define

: d
-1y (71, Y1, T2, Y2) éfa<$1 Y1 <b ANa<mz-yp <bA
a<To-y1<b N a<uzg-ys <b.

Mn this figure, the superscript I for endpoints of each interval is removed since we are only concerned with the Ith stage
at this point.
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Since x1, Y1, T2, y2 are all rational, this function is clearly recursive and this, along with

Theorem 4.1.22, gives us an effective open exhaustion for Mult ™ ().
[

Theorem 4.4.6 (Multiplication). Let f,g : R — R be exhaustion-reflecting. Then (f - g)
is also exhaustion-reflecting.

Proof. Using Theorem 4.3.1, we know that compositions preserve exhaustion-reflectingness.
Now we know that (f-g) is composed from the functions (f x ¢), Diag, and Mult. There-
fore Lemmas 4.4.2, 4.4.3, and 4.4.5 complete the proof. O

Theorem 4.4.7. Let f : R — R be an elementary function, then for any open set U with
an effective open exhaustion, f~!(U) has an effective open exhaustion.

Proof. We define the effective open exhaustion for f~!(U) inductively using the following
theorems:

e Base Cases:
Theorem 4.2.1 (constant fuction), Theorem 4.2.2 (Identity) Theorem 4.2.3 (inverse),
Theorem 4.2.4 (natural root),
Theorem 4.2.5 (logarithm),
Theorem 4.2.6 (exponential),
Theorem 4.2.8 (sin),
Theorem 4.2.9 (arcsin).

e Induction Steps:
Theorem 4.3.1 (composition of functions),
Theorem 4.4.4 (addition),
Theorem 4.4.6 (multiplication).

]

Corollary 4.4.8. Let f : R — R be an elementary function, then for any open set U with
an open exhaustion, dom(f) = f~'(R) has an effective open exhaustion.
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Chapter 5

Acceptability of Elementary Functions

In this section, we prove that all elementary functions are acceptable.
Recalling the Definition 2.5.4, a function f : R — R is acceptable if there exists a
sequence X where:

(i) X is an effective open exhaustion for dom(f) , and
(ii) f is effectively locally uniformly continuous w.r.t. X.

In the previous section, we proved that all elementary functions are exhaustion-reflecting,
and hence have a domain with an effective open exhaustion. In this section, we complete
the proof of acceptability of the elementary functions by proving that the elementary
functions are effectively locally uniformly continuous with respect to the aforementioned
exhaustion.

5.1 Preliminary Lemmas

The following theorem lets us use a simpler characterization for effective locally uniform
continuity of a function that does not depend on any effective open exhaustion. Lever-
aging this characterization, we can reduce the problem of proving effective local uniform
continuity w.r.t an open exhaustion for its domain, to a simpler problem. This charac-
terization is especially used later in Theorems 5.4.1 and 5.5.1 for proving effective local
uniform continuity of the addition and multiplication of functions.

Definition 5.1.1 (Local continuity witness). Let f : R — R. A recursive function N :
Q x Q@ x N — N is called a local continuity witness for f iff for any a,b € Q with
la,b] € dom(f) and k € N, we have

Yo,y € (a,b) |o—yl <27V = | f(a) — fly)l <27

Theorem 5.1.2 (Alternative characterization of effective local uniform continuity). Let
f : R — R have an open domain with an open exhaustion (Uy,Us,...). Then f is
effectively locally uniformly continuous with respect to (Uy, Us, .. .) if and only if there is
a local continuity witness for f.

Proof. (=) Assuming f is effectively locally uniformly continuous with respect to an open
exhaustion (Uy,Us,...) for dom(f), we get a recursive function M : N x N — N
such that for all k,7 € N and all z,y € U,,

o =yl < 27MED = | f(2) — fly)| < 27"
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We need to prove the existense of a local continuity witness for f. To do this, we
present an algorithm computing a recursive function N : Q x Q x N — N that takes
a,b € Q and k € N with [a,b] C dom(f) as inputs and returns a natural number
such that

vyl < 27N | f(a) - fly)| < 27

Since (U;)ien covers dom(f), there is a stage in which [a, b] is covered. By definition
of an effective open exhaustion, there is a recursive map which delivers the sequence
of stages of (U;);en. Hence we can enumerate all stages until we find a stage s which
contains [a, b], and then we can output N(a,b, k) = M(k,s). This guarantees that

Vz,y € (a,0) |z —y| <27V — |f(z) - fy)| < 27"

(<) Let us assume f has a local continuity witness N : Q x Q x N — N. We need to
define a recursive function M : N x N — N such that

Vo,y Ui |z —yl <27M%) — |f(z) - fy)| < 27"

Since we have an open exhaustion for dom(f), we have a recursive function listing
the intervals in each stage. Let (ay,b1,...,an,,b,,) be the endpoints of the com-
ponents of stage s. Let us enumerate the gaps between intervals as gi, g,,, 1 with
g; € Q for each j € {1,...,ny — 1}. Then, we define

M(k, ) & max({N(am, by, k) | 1 <m <0} U{[1/g;] |1 < < ny—1}).

Consider z,y € U,. Then if |z —y| < 27™(*5) this means that z and y must be on
the same interval in the open exhaustion. We also have that |z — y| < 27N (@mbmk)
for 1 < m < n,, this guarantees that |f(z) — f(y)| < 27%, and hence, proves that f

is locally uniformly continuous with respect to (U;);en.
]

We take this theorem as justification for being able to talk about just “effective local
uniform continuity”, instead of having to talk about “effective local uniform continuity
w.r.t an open exhaustion”.

Theorem 5.1.2 gives us an alternative characterization of acceptable functions, i.e.:

Corollary 5.1.3. A function f : R — R is acceptable iff:
(i) The domain of f is the union of an effective open exhaustion, and
(ii) The function f has a local continuity witness.

Lemma 5.1.4. Let F' : real x nat — real be a WhileCC-procedure approximating the
function f : R — R, with f monotone on its domain, then f is effectively locally uniformly
continuous.

Proof. By Theorem 5.1.2, it suffices to give a recursive function N : Q x Q x N — N that
for any a,b, € Q with [a,b] C dom(f) satisfies

Yo,y € (a,b) |o—y| <27V = |f(x) < fy)l < 27"

We present an algorithm to compute N(a,b, k) for any a,b € Q with [a,b] C dom(f).
We begin by giving an informal description of the algorithm:
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1. Start with a counter ¢ = 0.
2. Divide [a, b] into segments [a1, as], [az, as], - - . [ac,—1, G, ] of length at most 27°.

3. Check whether for all i € {1,...,c, — 1}, there exists some ¢ € F®(a;,c) and
¢ € F®(a;y1,c) where
g — qu| +277 < 278

If this is not satisfied, increase ¢ by one, and go to step 2. Otherwise, return c.

The algorithm we just defined computes the following functions:

, , [a+2"%a+27°(+1) f27°i+1)<b
intervals(a, b, 7, ¢) =

[a + 27, b] otherwise
N(a,b, k) = min Vie {0,...,[(b—a)/27¢]}
ce

3¢ € FR(intervals(a, b, 14, c), ¢)

Jgo € FR(intervals(a,b,i + 1,¢), ¢)

g —qu| +277 <275,
Intuitively, intervals(a, b, i, ¢) divides the interval [a, b] into a finite set of sub-intervals of
maximum length 27¢, returning the sth such interval. Note that |go — qi| +27¢7! is an
overestimation of how much the value of f changes within the interval [a;, a;+1]. Since

the function is monotone over I, the maximum change in any interval of length at least
27¢is less than the estimation, and hence step 3 will guarantee that

Va,y € (a,0) |z —y| <27V = (@) - fly)] <27".

5.2 Continuity for Basic Functions

Theorem 5.2.1 (Continuity for basic functions). The functions

e constant,

identity,

inv(z) =1/,

e log,

o exp(a) = €,
e arcsin, and
e natural root

are effectively locally uniformly continuous w.r.t to their respective effective open exhaus-
tions for their domains.

Proof. In each case, we can prove the alternative form of effective local uniform continuity
defined in Theorem 5.1.2. All of the functions above are monotone on any closed interval
in their domain, so we can use Lemma 5.1.4 to provide the requested recursive function
for us in each case. O
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Theorem 5.2.2 (Continuity for sin). The function sin(z) is effectively locally uniformly
continuous w.r.t to the effective open exhaustion given in 4.2.8.

Proof. We know that the for any =,y € R, the inequality |sin(z) — sin(y)| < |z — y| holds.
Hence, we can simply define the function M (k,l) = k for any k,l € N. Then for any
k,l € N:

lz —y| <27 = Jsin(z) —sin(y)| < |z —y| < 27"

which gives us the effective local uniform continuity. m

5.3 Continuity for Composition of Functions

In this section, we prove that the composition of any two effectively locally uniformly
continuous functions is effectively locally uniformly continuous w.r.t the domain of the
composition. In order to prove this, we first need to prove that the following forward
coverage property follows from uniform local continuity. Intuitively, we say a function
satisfies the forwad coverage property if when applying the function on a point, based on
which stage of the open exhaustion of the domain the point appears in, we can system-
atically anticipate the state of the open exhaustion for the range in which we can expect
the value to fall in.

Definition 5.3.1 (Forward coverage property w.r.t some effective open exhaustion). Let
f:R — R, U an open set with an effective open exhaustion X = (U, U,,...), and
f~YU) have an effective open exhaustion (Uj,U},...). Then f satisfies the forward
coverage property w.r.t X, if there is a recursive function Sy : N — N where

S Ul/ — f(l‘) S USf(l)-

Definition 5.3.2 (Interval forward coverage property w.r.t some open exhaustion). Let
f:R — R, U an open set with an effective open exhaustion (Uy, Us, . ..). Then f satisfies
the interval forward coverage property, if there is a recursive function Sy : Q x Q x N — N
where

LS (aa b) == f($) € USf(a,b,l)

for any a,b € Q and [a,b] C f~1(U).

Lemma 5.3.3. Let f : R — R be a function with interval forward coverage property with
respect to some effective open exhaustion X. Then f has forward coverage property with
respect to X as well.

Proof. Let U an open set with an effective open exhaustion X = (Ui, Us,...), and f~1(U)
have an effective open exhaustion (U7, Uj, ...). There is a recursive function Sy : Q x Q x
N — N that, for any a,b € Q and [a,b] C U] and for any x € (a,b), satisfies

S (aab> = f(x) € USf(a,b,l)'
Let the stage U] = (a1,b1) U -+ - U (ap,, by, ). Let us define

S(1) “ max{Sy(ar,br.1),...S¢(an, bay, 1)}

then clearly
S Ul/ — f(:l}) € US(Z)-

This proves the forward coverage property. O
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Definition 5.3.4 (Estimation of max and min over a closed interval). Let fo : Q x N — Q
and N : Q x Q x N — N. Then we define Maxy v : Q x Q x N — Q as

de
Maxy, n(a,b,n) lef max{fo(g,n+1) | ¢ €{ay,...,an}},

and respectively, Ming, v : Q x Q x N = Q as

. de .
Ming, n(a,b,n) e min{ fo(g,n+1) | ¢ € {a1,...,am}},
where we divide [a, b] into segments [ay, as], [az, a3, ..., [@m-1, am| such that
Vi € {1,...,m— 1} |CL7;+1 —ai| < 2—N(a,b,n+1)—1'

Theorem 5.3.5. Let f : R — R and fy : Q x N — Q satisfy, for any n € N and any
x € dom(d) N Q,

|folz,n) = flz)] <27™.
Let us also assume we have a recursive function N : Q x Q x N — N that for any n € N
and a,b € Q with [a,b] C dom(f), we have

o —yl <27V = [ f(2) — fy)l <27

Then
Maxy, v (a,b,n) — m[a%f(:c) <2
xE|a,
and
MinfO7N(a7 ba n) - Il’l[ll%)] f(x) < 27",
xE|a,
Proof. We prove
Maxy, v(a,b,n) — max flz)| <27
xE|a,

The case of minimum is similar.
Let us divide [a,b] into segments [ay,asl, [az, a3, ..., [am-1,an|, Where a; = a and
a.,, = b, such that

Vi € {1,...,m— 1} |ai+1 _ai| < 2—N(a,b,n+1)—1‘

since [a,b] € dom(f) is a closed interval, we know that f(x) will have its maximum in
[a,b]. Since we have [a,b] = [a1,az],...,[@m—1,an], the maximum of f(z) will occur at
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least in one interval [a;, a;;+1]. Now:

’Maxme(a,b, n) — max f(x)

v€lab)
= [max{folg.n+1) [ ¢ € {as,..., am}} — max f(z)
= max{fo(q,n+ 1) — f;ﬁ?,f]f("”) | q € {a,... ,am}}‘
= |folaj;n +1) - peax f(x)

= |folaj,n +1) = f(a;) + f(a;) — x| f(z)

< Vfolan + 1) — fap)| + ’f(%-) ©max f()

z€laj,a;41]

< 27?171 T 277171
— 9
]

Lemma 5.3.6. Let f : R — R be effectively locally multipolynomially approximable
w.r.t. (Uy,Us,...) by (¢n)nen via M where (Uy, U, .. .) is an effective open exhaustion of
dom(f). Then there is a function f; : Q@ x N — N such that

|fo(z,n) = flz)] <27
Proof. Let us define fy: Q x N — N to be

def
fo(x,n) = qM(n,min{l\er,})<x>'

Then fy satisfies |fo(x,n) — f(x)| < 27" by the definition of effective local multipolyno-
mial approximability. O

Theorem 5.3.7. All acceptable WhileCC-approximable functions satisfy the interval for-
ward coverage property with respect to any effective open exhaustion.

Proof. Let f : R — R be an acceptable WhileCC-approximable function. Let U be an
open set with an effective open exhaustion (U, Us,...). Then, in order to prove that

f satisfies the interval forward coverage property, we need to give a recursive function
S;:Qx Qx N — N that, for any a,b € Q with [a,b] C f~1(U), satisfies

S (aab) = f(.fl?) € USf(a,b,l)'

By Fu and Zucker’s equivalence Theorem 2.6.4 and Lemma 5.3.6, there is a function fy
satisfying | fo(z,n) — f(x)| < 27". Since f is effectively locally uniformly continuous, we
have a recursive function N : Q x Q x N — N that for any n € N and a,b € Q with
la,b] € dom(f), we have

v —y| < 27NEP — | f(2) - fy)| <27
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Let us define
S(a,b,1) 2 min{n | [Min, x(a,b,n), Max;, x(a,b,n)] C Uy}

Since [a,b] C f~1(U), it follows that f([a,b]) C U. Since f is continuous and defined on
[a,b], f([a,b]) must be a closed interval [mingepqp) f(), max,ejqy f(2)] which falls under
some stage U,,. and since U, is open, then by Theorem 5.3.5 there must be some k£ > m
such that

[m[irz] f(z), m[a}é] f(2)] € [Miny, v(a,b, k) — 2% Max;, y(a,b, k) +27% C U, C Us.
xr€|a, xE|a,

O

Corollary 5.3.8. All WhileCC-approximable, effectively locally uniform continuous func-
tions satisfy the forward coverage property.

Proof. Follows directly from Theorem 5.3.7 and Lemma 5.3.3. ]

Theorem 5.3.9 (Continuity for composition). Let f, g : R — R be WhileCC-approximable
and effectively locally uniformly continuous w.r.t effective open exhaustions for their
domains respectively. Let X be an effective open exhaustion for dom(f o g). Then the
function f o g is effectively locally uniformly continuous with respect to X.

Proof. Let f,g : R — R be WhileCC-approximable and effectively locally uniformly
continuous with respect to effective open exhaustions (U9),ey and (U/),en with recursive
functions Ny, N, respectively. Let X = (U, Us,...) be an effective open exhaustion for
dom(f o g). Then we need to show that there is a recursive function N : N x N — N
that for =,y € U, satisfies

jz—y| <27VED — | f(g(z)) — floly))| <27

making the function f o g effectively locally uniformly continuous with respect to X. Let
x,y € U for some [ € N. Since dom(f o g) C dom(g), for any [ € N, the [th stage of
our exhaustion for dom( f o g) is contained in some stage with index I’ of the exhaustion
for U9. Note that the index I’ can be found recursively by going through each stage of
U9 and checking whether it contains all the intervals in U;. Also, let [” be the index of

some stage of the exhaustion for U/ such that g(U;) C Ul],c,. By Corollary 5.3.8, such {” is

recursively attainable from [. Let us define N (k,1) = Ny(Ng(k,1"),l'). Then

|z — y| < 27NED = o= Na(Ny(kI)1)

= |g(z) —g(y)| <2
— | f(g()) — flg(y))| < 27"

which gives us effective local uniform continuity of f o g. m

—Ng (k")

5.4 Continuity for Addition of Functions

Theorem 5.4.1 (Continuity for addition). Let f, g : R — R be effectively locally uniformly
continuous with respect to effective open exhaustions for their domains, respectively.
Then (f + g)(z) = f(z) + g(z) is effectively locally uniformly continuous w.r.t. any
effective open exhaustion for dom(f + g).
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Proof. In this proof, we only work with the alternative characterization of effective local
uniform continuity (Theorem 5.1.2). Let f,g : R — R be effectively locally uniformly
continuous with recursive functions Ny, N, : Q x Q@ x N — N in the alternative charac-
terization, respectively. We need to present a recursive function NV : Q x Q x N — N that
for all a,b € Q with [a,b] C dom(f + g) satisfies

2 —y| < 27N — |(F+g)(z) = (f+9)(y) < 27*

making the function f + g effectively locally uniformly continuous.
Let us take an arbitrary £ € N. For any a,b € Q, if [a,0] C dom(f + g) then
la,b] € dom(f) and [a,b] € dom(g). This means that the function

def

N(a,b,k) = Ng¢(a,b,k+1)+ Ny(a,b,k+1)+1

satisfies for z,y € (a,b)
o —y| < 27NED— | (f + g)(z) = (f +9)(y)| <27

since for any x,y € (a,b) with |x — y| < 27N(@0k) = 9=(Ns(abk+1)+Ng(abk+D)+]) e have

|£E . y| < 2—Nf(a,b,k+1)’

and

|[E . y| < 2—Ng(a,b,k+1)’

hence:

I(f+9)(x) = (f+9)W)| = |f(z) +g(x) = fly) — 9(y)]
<|f(x) = fy)| +|g(x) — g(v)|
< 27kl 4 okl
= ok

5.5 Continuity for Multiplication of Functions

Theorem 5.5.1 (Continuity for multiplication). Let f,g : R — R be effectively locally
uniformly continuous with respect to effective open exhaustions for their domains, re-
spectively. Then (f - g)(z) = f(x) - g(x) is effectively locally uniformly continuous w.r.t.
any effective open exhaustion for dom(f - g).

Proof. In this proof, we only work with the alternative characterization of effective local
uniform continuity (Theorem 5.1.2). Let f,g : R — R be effectively locally uniformly
continuous with recursive functions Ny, Ny : Q x Q x N — N in the alternative charac-
terization, respectively. We need to present a recursive function N : Q x Q x N — N that
for all a,b € Q with [a,b] C dom(f - g) satisfies

|z —y| <27V — (L g)(2) - (f-9)(y)| < 27F

making the function f - g effectively locally uniformly continuous.
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Let us take an arbitrary £ € N. For any a,b € Q, if [a,b] C dom(f - g) then
la,b] € dom(f) and [a,b] € dom(g). We need to present some recursive function
N :Q x Q x N — N satisfying for z,y € (a,b)

o =yl <27V = |(F - g)(@) — (f - 9)(y)l < 27"
We define the function N as follows:
N(a,b, k) < max{Ny(a,b,m), Ny(a,b,m)}
where m is computed using
m = min {27 (Max|z(a, b, 0) + Max,(a, b,0) +2) < 27%}

m1EN

where Max;(a,b,0) and Maxy(a,b,0) are overestimations for the maximum values of
|f|(z) = |f(z)] and |g|(x) = |g(z)| on [a,b] (Definition 5.3.4). Note that such an m must
exist, and we can compute it by checking each natural number in ascending order. This
gives us:

I(f-9)(x) = (f-9)y)| =

3

— fWy(x) + f(y)g(z) — fly

— fW) + fy)(g(z) — 9(y)

— F)l+ 1fW)(g(z) — 9(y))]

z)| + 27" f(y)|

"(lg(@)[ + [fW)])

MaX|g‘(CL b, 0) + MaX|f|(a, b, 0) + 2)

(by defintion of N(a,b,k))
]

9(y)|

8

a9 o o
8
==7Z
8 8
S~— ~—

8
—\_/\_/\_/

Q
—~

Q

—m

(VAN VAN VAN VAN VAN
S

N
|
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Theorem 5.5.2. Let f : R — R be an elementary function, then f is effectively locally
uniformly continuous w.r.t. any effective open exhaustion for its domain.

Proof. Follows directly from

e Theorem 5.2.1 (constant, identity, inverse, logarithm, exp, arcsine and natural root
functions),

Theorem 5.2.2 (sin function),

Theorem 5.4.1 (addition of functions), and

(
Theorem 5.3.9 (composition of functions),
(
Theorem 5.5.1 (multiplication of functions).

Theorem 5.5.3. All elementary functions f : R — R are acceptable.
Proof. Follows directly from Theorem 4.4.7 and Theorem 5.5.2. O]

Corollary 5.5.4. Using Theorem 3.12.1 and Theorem 5.5.3, along with the equivalence
lemma 2.6.4, we can immediately conclude that any unary elementary function is also:

e GL-computable w.r.t. an effective open exhaustion for its domain,
e tracking computable, and

e multipolynomially approximable w.r.t. an effective open exhaustion for its domain.

(0]



Chapter 6

Conclusion and Future Work

The contributions of this thesis are as follows:
e We prove that all elementary functions are WhileCC-approximable.
e We prove that all elementary functions are acceptable.
e We present an alternative characterization of acceptable functions.
The following interesting problems are still left open:

e Determining the status of the generalized elementary functions to more than one ar-
gument: In particular, we would like to know if the generalized elementary functions
are acceptable, considering the generalized version of acceptability given by Tucker
and Zucker [2004]. Our idea of decomposing addition and multiplication in Section
4.4.1 seems to show us a way forward towards proving that non-unary elementary
functions are acceptable.

e Determining the status of the While*-approximability model by Tucker and Zucker
[1999], i.e., WhileCC-approximability in the absence of the countable choice opera-
tor: The nondeterministic choice seems to be an important feature in the WhileCC
programming language. But we would also like to know how much power exactly
we are adding to our language when adding this nondeterministic choice operator.

e Extending the equivalence theorem in Fu and Zucker [2014] to acceptable partial
functions of type R™ — R.

We also conjecture that all partial unary WhileCC-approximable functions are acceptable.
We would also like to know the answer to the following questions:

e If the conjecture holds, are non-unary WhileCC-approximable functions acceptable?

e If the conjecture does not hold, what is a model of computation that characterizes
exactly the class of acceptable functions?
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Appendix A

Auxiliary Theorems

Theorem A.0.1 is used in both Sections 3.7 and 3.9, and Lemmas A.0.2, A.0.3, and A.0.4
are used in Section 3.7.

Theorem A.0.1 ([Spivak, 1994], page 308). For any arbitrary ¢,a € R with € > 0, there
exists some n’ € N such that, for all n > n’, we have % < €.

Proof. Let a,e € R with € > 0. Notice that for any arbitrary fixed b € R, and for any
m € N, if m > 2b then
pmtt b bm 1 ™
(m+1)! m+1 2wl
Now, let us fix ng to be any natural number with ng > 2a. Then, we have:

amt! _ 1 a™

amot? 1 qMotl 1 1 a™
- < . < e J—

amotk 1 a™

— <

Let 2% be the first power of 2 for which (gzok < 2% holds, then (ZZOT:C/,)' < € for any k' > k,

which is the desired result. O

Lemma A.0.2. For any z,y € R, we have
el — PV < ¥ — 7,
Proof.
et — %Y < ea:—l—y — e

= ef(l—e¥)<e(e — 1)

= 1-e¥V<eV -1

<— 2<e¥+eY

1< (Y +eY)/2

<=1 < cosh(z)

<= true

7
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]

Lemma A.0.3. Let the WhileCC-procedure F' : real x nat — real approximate f : R — R,
z € dom(f), and r € F®(z,m). Then |e/® —¢"| < ‘ef(x) — ef@+2mm

Proof. We prove this by cases:

o r < f(a)
’ef(““’) —e'| < ef@ — ef(”’)_Tm‘ (since e > e/(@)=27")
< ’ef(w) — ef(x)J“Tm‘ (by Lemma A.0.2)
o> f(x):
/@ _ | = | — /@)

< ‘ef(“")JrTm — /@ (since e < ef/@+27™)

- ‘ef(x) _ ef(w)+2””‘

m
Lemma A.0.4. Let z € R and N € N. Then for any £ € N
20l < N — — —_— .
[22 (N1 k) = 28 NI
Proof. The proof is inspired by the proof of Theorem A.0.1.
[z 1
20| < N = — < =
22| N <73
— Yk eN Gl <
(N+1)---(N+Ek) 2k
—vren I = Lkl
N (N+1)---(N+k) 2 NI
— Vke N < ==
R Py s T ]
m
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