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ABSTRACT. We introduce a new type of generalized Turing machines (GTMs), which are
intended as a tool for the mathematician who studies computability in Analysis. In a
single tape cell a GTM can store a symbol, a real number, a continuous real function or a
probability measure, for example. The model is based on TTE, the representation approach
for computable analysis. As a main result we prove that the functions that are computable
via given representations are closed under GTM programming. This generalizes the well
known fact that these functions are closed under composition. The theorem allows to
speak about objects themselves instead of names in algorithms and proofs. By using
GTMs for specifying algorithms, many proofs become more rigorous and also simpler and
more transparent since the GTM model is very simple and allows to apply well-known
techniques from Turing machine theory. We also show how finite or infinite sequences
as names can be replaced by sets (generalized representations) on which computability is
already defined via representations. This allows further simplification of proofs. All of
this is done for multi-functions, which are essential in Computable Analysis, and multi-
representations, which often allow more elegant formulations. As a byproduct we show
that the computable functions on finite and infinite sequences of symbols are closed under
programming with GTMs. We conclude with examples of application.

1. INTRODUCTION

In 1955 A. Grzegorczyk and D. Lacombe [12] 13} [16] proposed a new definition of computable
real functions. Their idea became the basis of a general approach to computability in
Analysis, TTE (Type-2 Theory of Effectivity), also called the “representation approach to
computable analysis” [15] 20, [I8], [9]. TTE supplies a uniform method for defining natural
computability on a variety of spaces considered in Analysis such as Euclidean space, spaces
of continuous real functions, open, closed or compact subsets of Euclidean space, computable
metric spaces, spaces of integrable functions, spaces of probability measures, Sobolev spaces
and spaces of distributions. There are various other approaches for studying computability
in Analysis |20, Chapter 9], but for this purpose, still TTE seems to be the most useful one.
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In TTE computability of functions on »*, the set of finite words, and X%, the set of
infinite sequences over a finite alphabet X, is defined explicitly by, for example, “Type-
2 Turing machines”. Via notations v : ¥* — X or representations J : X — X, such
“concrete” finite or infinite sequences are used as “names” for “abstract” objects such as
real numbers, continuous real functions etc. A function on the abstract objects is called
computable, if it can be realized by a computable function on names.

In ordinary computability theory, for proving computability of a word function g :
(X*)™ — X¥*, in general it is not necessary to write a (usually very long) code of a Turing
machine. Instead it suffices to sketch an algorithm that uses some “simpler” functions
already known to be computable. The method can be formalized by introducing an abstract
model of computation, for example, Turing machines (let us call them “P-machines”) that
in addition to the usual statements can use some additional word functions f : (¥*)" —
¥* for assignments (“subroutines”). A straightforward proof shows that the computable
functions are closed (not only under composition but) under programming with P-machines.
More precisely, the function fj; computed by a P-machine M that uses only computable
functions as subroutines is computable, that is, computable by an ordinary Turing machine.
Therefore, for proving computability of a function g it suffices to describe informally a P-
machine M that uses only computable functions f as subroutines and to prove that fy; = g.

In TTE, the situation is similar. For proving computability of a function on “abstract”
sets it must be shown that there is a realization that is computable on a Type-2 Turing
machine. Since usually defining or even sketching a concrete Type-2 machine is much too
cumbersome, in many articles only algorithms are sketched that use functions on “abstract”
sets already known to be computable. For a while this method has been applied although its
soundness has not been proved. In [21] the second author has closed this gap by introducing
an abstract model of computation for TTE, namely flowcharts with indirect addressing
and computable functions on abstract data as subroutines. However, for this model the
technical framework of definitions, theorems and proofs has turned out to be complicated
and nontransparent such that people preferred to continue with informal arguments rather
than applying or mentioning the main results from [21].

In this article we introduce a very simple model of computation for computable analysis,
called here generalized Turing machines. It generalizes the ordinary multi-tape Turing
machines with finitely many tapes numbered from 0 to L, finitely many input tapes and
one output tape as follows: a generalized Turing machine has a finite tape alphabet I' and
for each tape i a set X;. Each cell of Tape ¢ contains an element x € I' U X;. In addition
to the usual Turing machine statements on each tape (move left, move right, write a € T,
branch if a € T is scanned by the head) two further kinds of statements are allowed (where
x; is the content of the cell scanned by the head on Tape i):

(1) assignments “i := f(i1,...,i,) 7 where f: X;, x ... x X; =2 X, is a multi-function
(meaning: write some = € f(x;,,...x;,) on the cell scanned by the head of Tape i),

(2) branchings “(if f(é1,...,i,) then I, else I")” where f: CX;, x ... x X;, — X" is
a partial function (meaning: if f(x;,,...2;,) = 0 then go to Label ', if f(z;,...x;,) =1
then go to Label 1" and loop otherwise). (X will be an alphabet with 0,1 € X.)

The model allows to use the universal computational power of Turing machines and for
each set X; used in a machine the number of elements € X; that can be stored during
a computation is not bounded. Generalized Turing machines share these properties with
the flowcharts with indirect addressing [21I] and with the WhileCC* programs [19]. Our
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generalized Turing machines can be considered also as a generalization of the BSS-machine
[4, 3l 2]. In the BSS-model for the real numbers the algebraic operations and the test
“r < y” are allowed. But in Computable Analysis the test “x < y” is and should not be
computable [20, Chapter 9][6] [10].

In Section 2] we summarize some mathematical preliminaries, in particular realization
of multi-functions by multi-functions via generalized multi-representations. Generalized
multi-representations allow simpler but still abstract data as names instead of sequences of
symbols. This generalizes [I] where domains are allowed as sets of names.

The new model of generalized Turing machines and their semantics are defined in Sec-
tion Bl In Section Ml we generalize the concept of multi-representation from sets to machines
and prove that realization is not only closed under composition but under programming
with generalized Turing machines. In Section Bl we prove that for a generalized Turing ma-
chine M such that ¥; € {£*,X¢} for all ¢ that contains only computable functions on ¥* and
¥ the function fp on ¥* and X¥ is computable (accordingly for continuity) (Theorem [5.7]
and Corollary B.8 cf. [2I, Theorem 15]).

The main results are proved in Section [6l If P is a generalized Turing machine where
for every tape ¢ the set Z; is equipped with a multi-representation 9; : X = Z; and ev-
ery function on the Z; used in the machine is relatively computable via the corresponding
multi-representations, then the function fp computed by the machine is relatively com-
putable via the corresponding multi-representations (Theorem [6.2] cf. [2I, Theorem 30]).
Roughly speaking, the relatively computable functions are closed under programming. The
theorem holds accordingly for continuous instead of computable functions. The theorem
holds accordingly if the §; : Y; = Z; are generalized multi-representations and the functions
on the realizing sets Y; used in the machine are computable w.r.t. a family (y; : ¥* = Y;);
of multi-representations (Theorem [6.6] cf. [2I, Theorem 31]). This theorem allows to use
the concept of realization rigorously in a more abstract and often simpler way. Both the-
orems allow to formulate and argue about algorithms in terms of ordinary analysis and
almost no mentioning of concrete representations. In Section [7] some examples illustrate
the main results. In particular, we present a method for proving the relation <y introduced
in [7] for comparing the non-computability theorems in analysis. As an addendum to this
introduction the reader is referred to [2I), Section 1].

2. PRELIMINARIES

In this section we summarize some mathematical preliminaries. For more details see [20, 21].
Let ¥ be a non-empty finite set which is called alpahabet. We assume 0,1 € 3. Classically,
computability is introduced for functions f : C (X*)" — X* on the set ¥* of finite words
over %, for example by means of Turing machines. For computing functions on other sets
M such as natural numbers, rational numbers and finite graphs, words are used as codes
or names of elements of M. Under this view a machine transforms words to words without
understanding the meaning given to them by the user. We can extend this concept by using
infinite sequences of symbols of ¥ as names and by defining computability for functions
which transform such infinite sequences. The set X of infinite sequences of symbols from
3 has the same cardinality as the set of real numbers, therefore it can be used as a set of
names for every set with at most continuum cardinality such as real numbers, the set of
open subsets of R and the set C|0, 1] of real continuous functions on the interval [0, 1].
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A multi-function from A to B is a triple f = (A, B, Ry) such that Ry C A x B (the
graph of f). We will denote it by f : A = B. (The concept of multi-function can be
considered as a generalization of the concept of partial function. There is no need for a
separate notation for “total” multi-functions.) For a € A, let f(a) := {b € B|(a,b) € Ry¢}.
For X C A let f[X] := {b € B|(3a € X)(a,b) € Ry}, dom(f) := {a € A|f(a) # 0}, and
range(f) = f[A]. If, for every a € A, f(a) contains at most one element, f is a usual
partial function denoted by f : C A — B. We write “f(a) |” (f(a) exists) if a € dom(f)
and “f(a)1” (f(a) diverges) if a & dom(f) .

In the intended applications, for a multi-function f : A = B, f(a) is interpreted as
the set of all results which are “acceptable” on input a € A. Any concrete computation, a
realization of f, will produce on input a € dom(f) some element b € f(a), but often there is
no method to select a specific one (see [17, 5, 20] and the examples in [2I], Section 3]). The
following definition of composition go f : A = C of multi-functions f : A = Bandg: B =
C is in accordance with this interpretation: a € dom(go f) iff (¢ € dom(f) A f(a)Cdom(g))
and go f(a) := g[f(a)] for all a € dom(go f). For the composition of multi-representations
we will use the “relational” or “non-deterministic” composition ®, see (6.I]) in Section

For u,v € ¥*UX¥ u C v (uis a prefiz of v) iff v = ww for some w € ¥* U X¥. For
vectors over L*UXY define (ug,...,u,) C (v1,...,v,) iff (Vi) u; C v;. Computable functions
on X* can be defined by Turing machines [14]. Computable functions on ¥* and 3¢ can
be defined by Type-2 machines [20]. A Type-2 machine M is a multi-tape Turing machine
with & input tapes (for some k > 0), finitely many work tapes and a single one-way output
tape together with a type specification (Y1,...,Yr — Yp), V; € {¥¢,¥*}.

PAITTTTITTITTIT T
— : input tapes
PeLITTTITTTITTI T,
T TTTT T
‘—L; -~ : work tapes
S
PoITTTTTITITTITTITT— output tape (one-way)

Figure 1: A Type-2 machine

The function fp; : CY; X -+ X Y — Yy computed by the Type-2 machine M is defined as
follows:

Case Yy = X*: fu(p1,-..,pk) = w, iff M halts on input (p1,...,px) with w € X* on the
output tape;

Case Yo = 2% fa(p1,...,pk) = po, iff M computes forever on input (p1, ..., px) and writes
po € X* on the output tape.

We call a function f: CY; x --- x Yy — Yy Turing computable, iff f = fas for some Type-2
machine M, and deviant from the usual terminology we call it computable, if it has a Turing
computable extension. (Notice that usually “computable” means Turing computable.) The
computable functions are closed under composition.
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On ¥* we consider the discrete topology and on X“ the Cantor topology defined by the
basis {uX¥ | u € ¥*} of open sets. As a fundamental result, every computable function on
¥* and X% is continuous.

A representation of a set M is a surjective function § : CY — M where ¥ = X*
or Y = X% (Often the word “representation” is reserved for the case § : C ¥¥ — M
and surjective functions v : C ¥* — M are called “notations” [20].) We will use multi-
representations § : Y = M where M = range(d) (Y € {¥*,£“}). Here, a name w € y may
be a name of many x € M. Finally we use generalized multi-representations X\ : U = M
such that range(\) = M where an arbitrary set U is considered as the set of “names”.

If for a generalized multi-representation § : U =% X, € 6(u) then we say “u realizes
x (via )7 or “u is a name of z”. The realization of functions by functions is a central
concept in TTE. We define the most general case: the realization of a multi-function by a
multi-function via generalized multi-representations.

Definition 2.1 (realization). [2I] Let f: X; x ... x X, = Xpand g: Y1 x... XY, =2 Y)
be multi-functions and let v; : X; = Y; (0 < i < n) be generalized multi-representations.
For x = (x1,...,2,) € X1 X ... X Xy let y(z) :== y1(x1) X ... X Y (@n).

Then “f realizes g via (V1,...,7,%)” or “fis a (71,...,Vn,Yo)-realization of ¢”, iff
forallz € X1 x...xX,andy € Y] X ... XY,

y €y(x)Ndom(g) = (f(z)#0 A (Voo € f(2))g(y) N0(z0) #0) . (2.1)
x f xg
v Yo
y g Yo € 9(y) N yo(@o)

Figure 2: f realizes g via (71,...,%n,70)-

Figure [2] illustrates the realization of g by f. Roughly speaking, provided z is a y-name of
y € dom(g) then

f(x) is a name of g(y) if f issingle-v. and g is single-v.,
f(x) is a name of some yp € g(y) if f issingle-v. and ¢ is multi-v.,
every zg € f(z) is a name of some yo € g(y) if f is multi-v. and ¢ is multi-v..

For further technical details see [20] and [21] Sections 1,2,3,6,8 (until Lemma 28) and 9].

3. GENERALIZED TURING MACHINES

We generalize multi-tape Turing machines [14] to generalized Turing machines as follows.
A generalized Turing machine (GTM) has L + 1 tapes where Tapes 1,...,k are the input
tapes, Tapes k + 1,..., L are work tapes and Tape 0 is the output tape. There is a finite
work alphabet I' and the blank symbol b € I". For an ordinary Turing machine, there is
a finite input/output alphabet 3 such that ¥ NT" = () and at any time every cell of every
tape contains exactly one element (“symbol”) a € X UT. We generalize the definition by
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assigning to every tape i a set X; (which may be empty) such that at any time every cell
of Tape ¢ contains exactly one element a € X; UT.

As for an ordinary Turing machine every tape has a read/write head that scans exactly
one cell and there is a finite set £ of labels (usually called states) with an initial label iy € £
and a final label [y € £. For every label [ # [ there is a statement defining some action
on some tape and the next label. As for an ordinary Turing machine in one step on some
tape the head can be moved one position to the right or to the left, and for every symbol
a € T', a can be written on the cell scanned by the head and it can be tested whether a
is scanned by the head (branching). Figure [3 shows the tapes and heads of a generalized
Turing machine.

tape
num-  set —6-5-4-3-2-10!1 23 4 5 6 cell number
ber Y out
put
0 Xo ITTTTTERTTITTITT e
1 X, e T FITTTT] put
— tapes
FoXy I T T T I T~ |
k+1 Xkt (e rrryErrrrgg.. additional
: : P work
L X HEEEEEREE NN tapes

Figure 3: A generalized Turing machine.

Generalized Turing machines may have a further kind of assignments and a further kind of
branchings. Let z; be the content of the cell scanned by the head on Tape i (0 <i < L).
(1) “(i:= f(i1y...,in),l")” for some f: X; x...x X; = X; meaning:
write some y € f(z;,,...x;,) on the cell scanned by the head on Tape ¢ and then go to
Label I’;
(2) “(if f(i1,...,in) then I'; else I")” for some f: CX; x...x X; — X* meaning:
if f(xiy,...2;,) = 0 then go to Label I, if f(x;,,...2;,) = 1 then go to Label I” (and
loop otherwise).

Definition 3.1. A generalized Turing machine (GTM) is a tuple

M = (L,lo, 1, T',b,k, L, (X;)o<i<r,Stm) such that:

(1) L is a finite set (“labels”), lo, Iy € £ (“initial” and “final” label);

(2) T (“work alphabet”) is a finite set, NI = () and b € T' (“blank” symbol);

(3) k,L e N, k < L (0,1,...,L: numbers of the tapes; 1,...,k: numbers of the input
tapes; 0: number of the output tape);

(4) X; is a set such that X; NT =0 (0<i < L);

(5) Stm is a function assigning to every label [ € £\ {l;} a statement from the following

list (where {4,41,...,i,}C{0,1,..., L} and I',1" € L):

() (i,right, V),

(b) (i,left, I'),

(¢) (i:=a,l") (for some a € T),
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(d) (i,if a then I, else I") (for some a € T),

(e) (i:= f(i1,...,in),l") (for some f:X; x...xX;, = X);

(f) Gf f(ir,... zn) then I, else I"”) (for some f :C X; X ... x X; — X* with
r

ange(){0, 1}).

Notice that for assignments (Bel) we allow multi-valued functions while for tests (5f) the
functions must be single-valued but may still be partial. For defining the semantics we
formalize the tape ¢ with inscription by a function «; : Z — X; UT" and the head position
by a number m; € Z. In the branching (5f) we will interpret 0 € * as true and 1 € ¥* as
false.

Definition 3.2 (semantics). Let M = (£, lo,lf,T',b,k, L, (X;)o<i<r,Stm) be a generalized
Turing machine.
(1) Let § := HZL:O((X,- UT)% x Z) be the set of states and K := L x S be the set of config-

urations. For a configuration x = (I, (ag, mg), ..., (ar,mr)) define local modifications

of k as follows:
k[label «<— [1]:  in k replace the label by Iy

klhead; +~ m]: in k move the head on Tape i to Position m,

klcell; <~ z]:  in k write x under the head of Tape i .
(2) We define a successor relation - CK x K. Let & = (I, (ag, mg), ..., (ar,mz)) and
zj = aj(m;j) for 0 < j < L. The successors of x are determined by the statement

Stm(l) as follows: x + &/ iff:
(a) Stm(l) = (¢,right,l’): «' = k[head; + m; + 1] [label + '],
(b) Stm(l) = (3,left,l’): «' = klhead; < m; — 1] [label + '],
(¢) Stm(l) = (¢ := a,l’): K = k[cell; + a][label « '] |
(d) Stm(l) = (3,if a then U/, else l”):

k' = k[label < I'] if z; = a, and £’ = k[label + "] if x; # a,
(e) Stm(l) = (2 := f(21y.+.,%n),l'):

k' = k[cell; « z] [label « I'] for some z € f(z4y,...,%,),
(f) Stm(l) = (if f(¢1,...,%n) then l’, else l”):

k' = kllabel <~ U'] if f(z;,,...,2;,) =0, and

k' = k[label <~ "] if f(x4,,...,2;,) = 1.

(3) A computation is a (finite or infinite) sequence (k°,x',...) of configurations such that
k' F k'L A computation is mazimal if it is infinite or its last configuration has no
F-successor. A configuration x = (I, (g, mo), ..., (ar,mp)) is accepting if | = Iy and
ap(0) € Xo. An accepting computation is a finite computation (kg, k1, - . ., k) such that
Ky 1S accepting.

(4) For (z1,...,2x) € X1 X ... x X}, define the initial configuration by

IC(xy,...,zx) == (I (ad,0),...,(a},0))
where I° = Iy, a?(0) = z; for 1 < i < k and a?(j) = b for all other (i,5). For every
configuration « = (I, (ag, mg), ..., (ar, mr)) define
()40(0) if ()40(0) € Xo
OC(k) = { div otherwise.

Define the multi-function fa; : X7 x ... x X = Xy computed by M as follows: For
zi € X; (0<i<k)let zg € far(za,...,xx) iff (@al) and (4D):
(a) every maximal computation with first configuration IC(z1,...,xy) is accepting,
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(b) there exists an accepting computation (k°,...,x") with first configuration x° =
IC(z1,...,zk) such that zy = OC(k™).
For input (z1,...,2%) € X3 X ... X Xk, the initial configuration has the label Iy, on every

tape the head is on position 0, on the input tape ¢ (1 < i < k) the cell 0 contains the
value z;, and all other tape cells contain the blank symbol b € I'. In every assignment step
2e)) every z € f(xiy,...,x,) can be chosen. The result of an accepting computation is the
inscription of the cell 0 on Tape 0, which must be in Xy. A value z € Xy isin f(z1,...,2,),
if there is an accepting computation with result « and every maximal computation on the
same input is accepting.

4. REALIZATION IS CLOSED UNDER PROGRAMMING

For multi-functions on multi-represented sets realization is closed under composition, that is,
the composition of realizations realizes the composition [20, Theorem 3.1.6] [21, Lemma 20]
(see Figure [M).

r S sor

U =V =W U=—=W
h h
X g Y A X%Z

Figure 4: sor realizes h o g, if r realizes g and s realizes h.

Theorem generalizes this fact from simple composition to generalized Turing machines.
It is the GTM-version of [21I, Theorem 23]. Let id, : £¥* — ¥* be the identity on X*.
Then by (21)), a branching f: C Xy x ... x X;, — X*is a (71, ...,7n,ids)-realization of a
branching g : CY; x ... x Y, — X* iff

y € y(z) Ndom(g) = f(z)=g(y). (4.1)
We generalize the concept of realization (Definition 2.]) from functions to generalized Turing
machines as follows:

Definition 4.1. Let M = (L, lo,l,T',b,k, L, (X;)o<i<r, Stmys) and
N = (L,lo,ly,I',b,k, L, (Y;)o<i<r,Stmpy) be generalized Turing machines and let v; : X; =
Y; (0 <i < L) be generalized multi-representations.
Then “M is a (7y;)E j-realization of N” or “M realizes N via (v;)L "
if @) — @) for all labels [ € L.
(1) if Stmp(l) € {(4,right,l"), (¢,left, '), (i :== a,l'), (i,if a then I, else I”)} then
Sth(l) = StmN(l),
(2) if Stmp(1) = (i :== f(i1,...,in),l") then Stmpy(l) = (¢ := g(i1,...,),!") such that
feXiyx...xX;, =X;isa (Viyy-..y%,,7)realization of g : V;, X ... xY; =Y,
(3) if Stmps(l) = (if f(i1,...,4n) then I’, else I”) then
Stmpy (1) = (if g(i1,...,i,) then I, else I”) such that
fCXy x...xX;, =X isa (Viy,- .-, %,,1d.)-realization of g : CY; x ... x Y — X*.

)
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Theorem 4.2. Let M = (L,lo,l¢,I',b, k, L, (X;)o<i<r, Stmpr) and
N = (£,lo,lf,T,b,k, L, (Y;)o<i<r,Stmpy) be generalized Turing machines and let ; : X; =
Y; (0 <i< L) be generalized multi-representations.

If M realizes N via (’Yi)iL:o; then far: X1X...x X = X realizes fn : Y1X... XY, =2 Yy

via (’Ylw .- 7716770)'

First we prove a lemma that considers all the details of the generalized Turing machines.
It extends the concept of realization for multi-functions in Definition [2.1] to the successor
relations s and Fy. For a configuration x = (I, (g, mg),...,(ap,mr)) of M and a

configuration A\ = (I, (@, My), ..., (@, mr)) of N we say “k realizes \” iff (£2) and (3]
are satisfied:

I=1 A (Vie{0,...,L})m; =m;, (4.2)
(Vie{0,....,L}) (Vj€Z)((j) =q(j) €T Vai(j) € viow(d)). (4.3)

Lemma 4.3. Let M be a (’yi)iLZO—realizatz'on of N. If k realizes A\ and X\ has a - n-successor
N, then

(1) k has a t-pr-successor k" and
(2) if K by K then there is some N such that N\Fn N and k' realizes X'

Proof. Suppose k realizes . By ([£2) and [@3) ~ and A can be written as

K = (l7 (Oé(], m0)7 SRR (aln mL))

A= (l7 (607 m0)7 SRR (aLv mL))
such that a;(j) = @;(j) € ' or @;(j) € vioay(j)) for all ¢, j. By assumption, A has a successor
X’ Then [ # ly. We study successively the 6 cases for Stmy(l) from Definition In
the last two cases below let

T = (g, (m4y), ..., a5, (my,)) and gy := (@, (miy), ..., @, (m;,)).

Stmps (1) = (4, right, l’):

Then Stmy(l) = (i,right,!’). By Definition N’ = Alhead; + m; + 1][label < [].
Let " := k[head; + m; + 1][label < I']. Then k 3 «” and " realizes \”. This proves
Condition () for this case. Since " is the only Fps-successor of k, Lemma 3|2l is satisfied
for K = k" and N =\,

Stmps (1) € {(i,left, ), (i:=a,l'), (i,if a then I, else I")}:

In these cases the argument is the same as in the first case.

Stmps(l) = (2 := f(i1y---51n),1) :

Then Stmy (1) = (7 := g(i1,...,4n),") such that f: X; x...xX;, = Xiisa (Yigy -« - Vins Vi)-
realization of g : Y;, x ... xY; = Y;. Since A has a successor, g(y) # (. Since f realizes g
and k realizes \, T realizes y, hence f(Z) # 0 by ([2I)). Since f(Z) # 0, x has a successor
by Definition This proves Condition () for this case lemma.

Let £’ be a successor of . Then by Definition B2I2e], ' = k[cell; + ] [label < I] for
some g € f(Z). Since f realizes g, T realizes y and f(¥) # (), there is some yo € v;(20)Ng(y)
by @2I). Let X' := Acell; < yo] [label < I']. Since xq realizes yg, £’ realizes . And since
Yo € 9(¥), A Fn X by Definition This proves Condition (2]) for this case.

Stmps (1) = (if f(41,...,1,) thenl’, else l”) :

Then Stmy (1) = (if g(é1,...,4,) then I, else I”) such that f : CX;, x ... x X;, —» X*isa
(Viys - -+ Vi, 1dy )-realization of g : CY;, x ... xY; — ¥*. Since A has a successor, either
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g(y) = 0 or g(y) = 1. Since f is a (Viy,---,Vi,,ids)-realization of g and k realizes A, T
realizes y and either f(z) = 0 or f(Z) = 1. By Definition  has a successor. This
proves Condition (IJ) for this case.

Let s . Then by Definition B2I2fl x" = s[label < '] if f(Z) = 0 and ' = [label «+
I"1if f(z) = 1. Since fisa (Y, --,Yi,, ids)-realization of g and T realizes ¥, either g(y) = 0
or g(y) = 1. Let X = Mlabel < '] if g(y) = 0 and X = A[label < {"] if g(y) = 1. Since &
realizes 7, ' realizes A and A = )\ by Definition This proves Condition (2]) for this
case. L]

We apply Lemma [4.3] to prove Theorem
Proof. (Theorem [4.2]) First we observe that for configurations x of M and A of N,
(k is accepting <= ) is accepting), if k realizes . (4.4)

Let x = (z1,...,25) € X1 X ... X Xy, y = (y1,---,yk) EY1 X ... xYyand y € y1 X ... X
Ye(x) N dom(fy). Let x° := ICps(q,...,2%) and A° := ICN(y1,...,yx). Then " realizes
A0, Since y € dom(fn),

there is an accepting computation (\°,..., A") and (4.5)
every maximal computation with first configuration \° is accepting. (4.6

By Definitions 2] and B:214] it suffices to prove:

(1) there is an accepting computation on M with first configuration x°, and
(2) every maximal computation on M with first configuration " is an accepting computa-
tion (k°,..., k™) such that there is an accepting computation (A°,..., A\") such that k"

realizes \".

Proof of ({l): We know that x° realizes A\. For induction suppose (x°,...,x™) is a compu-
tation on M and (A°,...,A™) is a computation on N such that ™ realizes A™. Suppose
A™ has a successor. By Lemma B3I ™ has a successor ™! and by Lemma there
is some successor A™*! of \™ such that ™! realizes A™*!. Then (x°,...,x™"1) and
(A%, ..., A™*1) are computations such that x™*! realizes A™*!. By (@8] this inductive
process must end with an accepting computation (A°, ..., A"). For the corresponding com-
putation (k°,..., k™) on M, " realizes \". By (&.4)), this computation is accepting.

Proof of [@)): Let (x°,',...) be a maximal computation on M. Then x° realizes \°.
Assume, for the computation (k°,...,x™) we have determined a computation (\°,... A™)
on N such that k™ realizes \"".

Suppose, A™ has a successor. Then, by Lemma [£3] ™ has a successor as well. There-
fore, (k°,...,k™) is not maximal, hence k™! exists. By Lemma 32l A™ has a successor
A™F1 such that ™! realizes A1,

By (&8 this process must stop at some n such that (k°, ..., x") is an initial part of our
maximal computation and (A\°, ..., \") is accepting. Since x" realizes A", k™ is accepting

by ([#4). This proves 2l (]

5. COMPUTABLE FUNCTIONS ON X* AND X* ARE CLOSED UNDER PROGRAMMING

Suppose, in Definition 3.1, X; = X* for all 7 and all the functions f in Definitions B.1l5¢l
and BB are computable. We want to show that fy; : C (X¥)¥ — X% is computable. We
solve the problem by reduction to generating functions and sets on X*.
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Computable functions f : C (2¥)F — ©* or f : C (¥%)* — % can be generated by
monotone computable word functions [20, Def 2.1.10, Lemma 2.1.11]. Here we use the
slightly modified Definition 2 from [21].

Definition 5.1.
(1) Call a function h : C (X*)¥ — X* monotone-constant, iff

(h(y) } and yEy) = (h(y) | and h(y) = h(y)).
For a monotone-constant function A define T, (h) : C (2¥)F — £* by

T.(h)(z)=w <= Gye XY Tz A hly) =w). (5.1)
(2) Call a function h : C(3*)* — %* monotone, iff

(h(y) L and yCy') = (h(y) | and h(y) EA(y)).
For a monotone function h define T, (h) : C (X¥)* — X¢ by
To(h)(x) =q :<= q=sup_{h(y) |y Cxand h(y) |}. (5.2)

Notice that T, (h) and T,,(h) are well-defined by the “generating function” h. By Lemmal5.2]
Turing computable functions f : C(¥¥)* — ¥* or f/: C(X¥)F — ¢ can be generated by
computable word functions h : C (£*)¥ — ¥* which are monotone-constant or monotone,
respectively. We include the continuous versions.

Lemma 5.2. [20] 21]

(1) A function f : C(X¥)* — * is continuous with open domain, iff f = T,(h) for some
monotone-constant function h : C (X*)F — £*.

(2) A function f : C (Z¥)F — X* is Turing computable, iff f = Ty(h) for some Turing
computable monotone-constant function h : C (X*)F — ¥*.

(3) A function f : C (X¥)F — B¢ is continuous with Gs-domain, iff f = T,,(h) for some
monotone function h : C(X*)F — £

(4) A function f : C (X°)F — X% is Turing computable, iff f = T,,(h) for some Turing
computable monotone function h : C (X*)F — ¥*, Il

Properties 2] and @ are (essentially) [20, Lemma 2.1.11]. The proofs show how Type-2
machines can be converted to “generating” Turing machines and conversely. For proving
the continuous versions we can use machines with an oracle BCY*. For the next proofs we
extend the prefix relation C on X*UXY straightforwardly to 3*UX“UI" and to configurations
of machines operating on the sets X* or 3“. For w,v € X* U X UTI and configurations
k = (I, (ag,mp), ..., (ar,mp)) and &' = (I', (g, my), ..., (e, m})) of generalized Turing
machines M and N, respectively, define:

uCiv:i<= u=velor (u,veXUXYand u Cv),
koK 1= (VI<i<L(\VjieZ)l=1, mi=ml a;(j) C1 (4)).
Lemma 5.3. Let M = (L,ly,l¢,I',b,k, L, (X;)o<i<r,Stmps) be a generalized Turing ma-
chine such that X; = ¥* for 0 <i < L. For everyl € L let f : C(X*)" — ¥* be monotone
if Stmpr(l) = (i := f(ir,...,ipn),0") and let f : C (X*)" — X* be monotone constant if
Stmps (1) = (if f(i1,...,n) then I/, else I"). Then far : C(X*)F — B* is monotone.
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Proof. Since all the functions used in M are single-valued, the successor relation on configu-
rations is a partial function, which we denote by S. First, we prove that for all configurations
K,k of M:

(S(k) I ANCok') = (S(K) 1 A (S(k) Ca S(K)). (5.3)
If k Co &’ then x and &’ have the same labels and the same head positions. Therefore, they
can be written as x = (I, («,mo), .., (g, mr)) and &' = (I, (af, mo), ..., (), mr)) such

that a;(j) = af(j) € T or a;(j) C af(j) € X* for all 4, j. The successor function S changes
k and k" only locally. We consider the six alternatives from Definition

Stmps (1) = (4, right, l’):
Then S(k) = k[head; +— m; + 1] [label +— '] and S(x’) = k'[head; < m; + 1] [label < ['].
Obviously S(k) Co S(k').

Stmps (1) € {(i,left,l"), (i :=a,l"), (4,if a then l’, else I")}:
In these cases the argument is the same as in the first case.

Stmpr(l) = (3 := f(i1,...50n),1'):
The statement can change only the label and the inscription under the head of Tape i.

Since S(k) exists, x 1= f(v;,...,7;,) exists, where x;; = a;(m;) € ¥* for 1 < j < n (see
Definition B.2)). Since s Eo &/, z;; x;j = aj(m;) € ¥* (1 <j <n). Since f is monotone,
fa),...,x; ) exists and = = f(xiy,...,2;,) C f(o},,...,2; ) = 2’. Since k Cy &' and

S(k) = klcell; « ] [label < '] and S(r’) = K/[cell; < 2'] [label + I'], S(k) Co S(x').

Stmps (1) = (if f(41,...,%,) then U’ else I”):
The statement changes only the labels (or cannot be applied). Since S(k) exists by as-

sumption, f(zi,...,x;,) € {0,1}CX* exists, where z;;, = a;j(m;) € X* for 1 < j < n (see
Definition 3.2]). Since x Cy #/, x;; & xgj = aj(m;) € ¥* (1 <j <n). Since f is monotone
constant, f(xj ,...,r; ) exists and f(zi,..., ;) = f(@7,,..., 7 ). By Definition B.2] also

the labels of S(k) and S(x') are the same, hence S(k) Co S(r').

This proves (5.3).

Now suppose w = (wi,...,w) T (w),...,w}) = w'. Then ICy(w) Ty ICy(w')
(Definition B.2]). Suppose fir(w) exists. Then for some n, S™ o IC;(w) exists and is an
accepting configuration such that fis(w) = ap(0). From (5.3]) by induction for all k& < n,
Sk oICy(w') exists and S¥o1C ) (w) Eg S*¥ oICH (w'). Since S™ o ICy(w) Co S™oICH (w')
and S™ o ICys(w) is accepting, S™ o IC)/(w') is accepting. Then, fys(w), the word on (Tape
0, Cell 0) of S™oICs(w) is a prefix of fas(w'), the word on (Tape 0, Cell 0) of S™oIC s (w'),
hence fir(w) C far(w’). Therefore, fi; is monotone. O

Let M be a generalized Turing machine on generating word functions and let N be
the corresponding generalized Turing machine on generated functions on ¥*. Then fy; : C
(¥*)¥ — ¥* generates an extension of fy : C(X%)F — ¥«

Theorem 5.4. Let M = (L,lo,l¢,I',b, k, L, (X;)o<i<r, Stmpr) and

N = (L,lo,l§,I',b, k, L, (Y;)o<i<r, Stmp) be generalized Turing machines such that X; = ¥*

and Y; = X% for 0 < i < L and all functions occurring in M or N are single-valued. Assume

that for all labels | € L,

(1) 4f Stmp(1) € {(i,right, "), (i,left,l"), (i := a,l'), (i,if a then I', else I")} then
Sth(l) = StmN(l),
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(2) if Stmp(l) = (i := f(i1,...,0n),l") then f is monotone and Stmpy(l) = (i =
g(i1, ..., in), 1) such that T,,(f) extends g,

(3) if Stmps(l) = (if f(zl,...,in) then ', else 1) then f is monotone-constant and
Stmpy (1) = (if g(i1,...,4,) then I, else I”) such that T.(f) extends g.

Then T, (fnr) extends fN : Q(Ew)k — 3¢,
Proof. We must prove that for all ¢ € dom(fy),
(@) = Tu(far)(g) = supc{far(w) [ w € (5% u C g and far(u) 4} . (5.4)

Since all the functions used in M and N are single-valued, the successor relations on con-
figurations are functions, which we denote by S for both machines. For a word w € ¥* let
|w| denote its length. For a configuration s for M define the precision by

P(k) :=min{|o;(j)| |0<i < L, j €Z, a;(j) € *}.

For ¢ = (q1,...,qr) € (X¥)* and e € N let ¢<¢ := (w1, ..., wy) where w; is the prefix of ¢;
of length e.

Proposition 5.5. Suppose, ¢ = (q1,...,q;) € dom(fx)C(X*)*. Then for all m such that
A:=8"olCn(q) exists:

(Vd)(Fe) (Ve > 8)(k i= S™ 0 IC1 (<) |, k o A, P(k) > d) (5.5)

(where d, €, e € N). This means that for sufficiently precise input, k exists and approximates
A with at least precision d.

Proof. (Proposition [5.5]) We prove (5.5]) by induction on m € N.

m = 0: For d € N choose € := d. Then for e > & by Definition B2, S° o IC;(¢<¢) Co
SY 0 ICN(q) and P(S° o IC)(q<¢)) = e > d.

m —> m + 1: Assume that the statement has been proved for m and assume that
S o IC N (q) exists. Then S™ o ICN(q) exists and can be written as

A = S"olICyn(q) = (I, (Bo,m0), .-, (Br,mr)). (5.6)

Let d € N. We consider the 6 alternatives for Stmy () from Definition Notice that the
successor functions S of M and N change configurations only locally.

Stmp (1) = (i, right,l’):
By assumption, there is some € € N such that for all e > €, k := S™ 0 IC);(¢<°) exists,
k C9 A and P(k) > d. We show that we can choose this number € for m + 1 and d as well.
Since k Eo A, k can be written as

k=.S"olICn(¢~%) = (I, (g, m0), ..., (ar,mp))

such that for all ¢ and j, a;(j) = Bi(j) € T or a;(j) C Bi(j) (where a;(j) € £* and
Bi(j) € ¥¥). By the condition in Theorem B4, Stmps(l1) = Stmy(l) = (i,right,l’).
Therefore,

S(A) = Alhead; < m; + 1] [label « '],

S(k) = rklhead; « m; + 1] [label « I].
Since on A and k the successors S operate in the same way depending at most on tape cells

containing elements of I and changing at most such tape cells, kK Co A implies Sok g So A
and P(Sok) = P(k) > d.
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Stmpy (1) € {(¢,left, '), (i:= a,l’) (i,if a then l’,else I")}:
The arguments in these cases are the same as in the first case.

Stmy (1) = (i := g(1,. .. 50n),l"):
By the condition in Theorem B2, Stmps(l) = (i := f(i1,...,in),l") such that T,,(f)
extends g.

Let s := (81,...,8,) € (X*)" such that s; = B;,(m;;) is the content of the cell under
the head of Tape i; of the configuration A (see (5.6])). Since S™ o ICy(q) = S()) exists,
s € dom(g). Since T, (f) extends g, by the sup-condition in Definition

(F)(V0 = B)(f(s<*) L. f(s=") Egls) and |f(s<)| = d). (5.7)
By induction as a special case of (5.5]), for max(b,d) there is some & such that
(Ve >e)(k :=S™oICpy(¢=¢) |}, KCa X and P(x) > max(b,d)). (5.8)

We show that this constant € is appropriate for m + 1 and d in (5.5). Let e > €,
K= S™olCy(q<¢) and K" := S™ 1 o 1C(¢<¢) = S(k). Since k Ty A, k can be written as

(see (B.6))
k=28"0olICp(q~¢) = (I, (a0, m0),- -, (ar,mp))
such that for all 0 < j < L and ¢/, a;(¢) = B;(¢') € T or a;(¢') T B;(¢') (where a;(7') € X*
and j3;(i") € ). Let u := (uy, ..., ug) where uj := a;;(m;;). Thenu C s. By Definition [3.2]
S(k) = klcell; « v][label < I'],
S(A) = Mcell; « ¢] [label « 1],

where v = f(u) and ¢’ = g(s). By (5.5) we must prove:
K = 8" o 1C (=) |, k' T2 S()\) and P(K') > d. (5.10)

Since P(k) > b, s<b C u. Since f(s<g) I by (5.7) and f is monotone, f(u) exists. Therefore,
k' = S(k) exists. Then S(x) and S(A) can be written as

S(k) = (U, (af, mg),...,(a;,mp)), (5.11)
S()‘) = (lla(ﬂéamO)v’”7(/827777111))'
S(k) differs from x only on Cell 4, the cell under the head of Tape 7, and S(A) differs from
A only on Cell 7, the cell under the head of Tape i.
Since u C s and T,,(f) extends g, by (59), of(m;) = f(u) C g(s) = Bi(m;). For all
(4:7) # (i, mq) by & Eo A B.8) o(i') = a(i') E1 B;(i') = Bj(i') . Therefore, S(k) Ea S(A).
By B8), |uj| > bforl<j <mn, hence s<° C u, since u C s. By (5.7) and monotonicity
of £, |ak(my)] = |f(w)| > |f(s<Y)| > d. For all (j,i') # (i,m;) such that al(i') € ¥,
o (i")] = |a; (i) > d, since P(x) > d by (B.8]). Therefore, P(x’) > d.
This proves (5.10) and finishes the case Stmy (1) = (i := g(i1,...,in),l).
Stmpy (1) = (if g(¢1,...,%n) then U, else I"):
The proof can be obtained by straightforward modification of the proof of the previous case.
O(Proposition [5.5)
It remains to prove (0.4). Suppose, fy(g) exists. Then for some m € N, \ :=
S™ o ICN(q) exists, A is a final configuration and OC(\) = fn(q). Let d € N. By Proposi-
tion there is some € € N such that r := S™ o ICys(¢=%) exists, K Ty A and P(k) > d.
Since k Co A, also  is a final configuration and fi/(¢<%) = OC(k) C OC(A\) = fn(q).

(5.9)
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Furthermore, |fy(¢<¢)| > d, since P(k) > d. Since fj; is monotone by Lemma [5.3]
fn(q) = supc{fa(¢<¢) | e € N}. Since for all u € (X*)* with u T ¢ there is some e
such that v C ¢=¢, sup={fa(¢=°) | e € N} = sup{fa(u) | v C ¢} = T, (fur).

Therefore, T,,(far) extends fy : C(X¥)F — ¥, Il

If all functions on X* used in the machine M from Theorem [5.4] are computable, then
far is a computable word function.

Lemma 5.6. Let M = (L,ly,l¢,I',b,k, L, (X;)o<i<r,Stmps) be a generalized Turing ma-
chine such that X; = ¥* for 0 < i < L and all functions on ¥* used in the machine are
computable. Then fa; : C(X*)F — % is computable.

Proof. From the generalized Turing machine M an ordinary Turing machine N computing
far can be constructed by standard techniques. L]

By the next theorem the continuous as well as the computable functions on X“ are
closed under programming.

Theorem 5.7. Let N = (L,lo,l¢,I,b,k, L, (Y;)o<i<r,Stmny) be a generalized Turing ma-
chine on X%, that is, Y; = X% for 0 < i < L. If all the functions on X* used in the machine
N

(1) are continuous, then fn : C(X¥)F — £ is continuous,
(2) are computable, then fn : C(X¥)F — £ is computable.

Proof. ([Il) Every function used in N is generated by a monotone or monotone constant word
function (Lemma [5.2]). Let M be the machine constructed with these word functions that
satisfies the conditions from Theorem 5.4l Then T,,(frs) extends fy. By Lemma (5.2l fu is
continuous.

@) In addition to Case (Il) there are even computable word functions. Again the
function fjs generates fny. By Lemma 5.6l fj; is computable, hence fy is computable by
Lemma (]

The generalization from >“ to ¥* and X% is straightforward.
Corollary 5.8. Theorem [5.7 holds accordingly, if Y; € {£*, X%} for 0 <i < L.

Proof. Define a standard representation 5 : C 3% — ¥* of ¥* by B(¢(w)0¥) := w (where
v(ai...an) = 110a10...0a,011,[20, Definition 2.1.7]). For Yj let §; := idxw if ¥V; = X¢
and 0; := B if Y; = ¥*. Then a function f : CY; x ... xY; — Y is computable, iff it
is (0iy,- .., 0i,,0i, )-computable by a realization on . Let M be a machine obtained from
N by replacing every function f on X* and X* by a computable realizing function on 3¢.
Then M realizes N, hence fjs realizes fy by Theorem Since fjs is computable by
Theorem 5.7, fx is computable. For “continuous” the argument is the same. []

6. MACHINES ON REPRESENTED SETS, THE MAIN RESULTS

After the preparations in Sections [ and [f] we can easily prove our main results, Theo-
rems and Since the computable functions on X% are closed under composition, the
composition of computable functions on represented sets is computable [20, Theorem 3.1.6].
The following main result of this article generalizes this observation from single-valued to
multi-valued functions and representations and from composition to generalized Turing ma-
chines.
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Definition 6.1. Let P = (£, ly,ls,T',b,k, L, (Z;)o<i<r,Stmp) be a generalized Turing ma-
chine and for each i, 0 < i < L, let §; : X¥ = Z; be a multi-representation. The machine is
called (9;)o<i<r-computable, iff
(1) for every statement “(i := f(i1,...,4,),!)” in P

the multi-function f is (d;,,...,d;,,d;)-computable and
(2) for every statement “(if f(iq,...,i,) then ', else I")” in P

the partial function f is (d;,,...,0d;,,id,)-computable.
“(6;)o<i<r-continuous” is defined in the same way with “continuous” replacing “computable”.

Theorem 6.2. Let P be a generalized Turing machine with k input tapes and for 0 < i < L
let &; be a multi-representation of Z; such that the machine is (0;)o<i<r-computable. Then
the function fp computed by the machine is (01, ..., d, 0o)-computable.

Correspondingly with “continuous” instead of “computable”.

Proof. Case “continuous”: There is a generalized Turing machine M on >“ containing only
continuous functions that realizes P via (d;)o<i<r, (replace every function in P by a realizing
function on ¥¢). By Theorem [4.2] fys realizes fp via (01,...,0k,00). By Theorem 57 fys
is continuous. Therefore, fp is (d1,. .., Ik, dp)-continuous.

The case “computable” can be proved in the same way. L]

Corollary 6.3. Theorem remains true if in Definition [6.1 and in the theorem some
multi-representations d; : ¥ = Z; are replaced by multi-notations v; : ¥* = Z;.

Proof. For every multi-notation v : ¥* = X there is a multi-representation § : X* = X
such that v = ¢, and equivalent multi-notations/representations of a set X induce the same
computability and continuity on X [2I, Section 8]. Replace every multi-notation by an
equivalent multi-representation and apply Theorem In the final result return to the
multi-notations. L]

In applications, generalized representations are already used informally, whenever defin-
ing explicitly Type-2 Turing machines for realizing functions on »“ is too cumbersome.

Example 6.4. Let SRI be the set of all sequences of intervals [a;b)]CR with rational end
points a < b. Let v : C3“ — SRI be a canonical representation and define a generalized
representation § : CSRI — R of the real numbers by 6(lo, [1,...) =z <= {z} =), In
Then o~ : C¥“ — R is a representation that is equivalent to the standard representation
p of the real numbers [20, Chapter 4]. For proving that addition on the real numbers is
computable via & oy consider the following binary function f, on SRI:

f+(([0,]1, .. .), (Jo, Ji, .. )) = (IO + Jo, I1 + J1, - . )

The experienced reader knows that the function fy is (7,7, y)-computable and a simple
proof shows that f, is a (4, d,d)-realization of addition. By the next lemma from [21] we
may conclude that addition is computable via d o 7. ]

For multi-functions v : X = Y and ¢ : Y =% Z the “relational” composition § ® v is
defined by
z2€007(r) < (By)(y @) A z€dy), (6.1)

see [21I], Sections 3 and 6]. If v and 0 are multi-representations, an element x € X should
be considered as a name of z via the combination of v and 4, if there is some y € Y such
that x is a y-name of y and y is a d-name of z, that is, y € v(x) and z € §(y), hence



COMPUTATION IN ANALYSIS 17

z € (6 ®y)(x). Therefore, we use relational composition for multi-representations. Notice
that for single-valued 7 (as in Example[6.4]), 6 ©y = d o ~.

Realization is downwards transitive. If h realizes g and g realizes f then h realizes f
w.r.t. the composed representations (Figure [l).

Lemma 6.5 ([21]). Letv: X =Y, 6: Y = Z, v : U=V and &' : V=2 W be generalized
multi-representations. If h : X = U is a (y,7)-realization of g : Y =V and g : Y =V
is a (8,0")-realization of f : Z = W, then h : X = U is a (6 ® 7,0 ® +')-realization of

fZ=W. b L]
X:ﬁU
, h
Y Y X——=U
}r‘/:g;‘"/ 5@7“ Hé’@y’
) 5 Z:f;W

4 f r

Z:ﬁW

Figure 5: Realization is downwards transitive.

In Example 64, R can be called the set of “abstract” data, X“ the set of “concrete”
data and SRI the set of data of “intermediate abstraction”. If computability on data of
intermediate abstraction is well understood, it may be of advantage to use them as names in
generalized representations. The following theorem generalizes Theorem [6.2] It shows that
the function fp computed by a generalized Turing machine P containing only functions
realized by computable functions on data of intermediate abstraction is computable.

Theorem 6.6. Let P = (L,lo, 1, I',b,k, L, (Z;)o<i<r,Stmp) be a generalized Turing ma-

chine. For each i, 0 <i < L, let §; : Y; = Z; be a generalized multi-representation and let

v : XY =2Y; be a multi-representation. Suppose,

(1) for every statement “(i := f(i1,...,in),l")” in P the multi-function f has a realization
g via (0iy,-..,0i,,0;) that is (Viy,---,Yi,,Vi)-computable, and

(2) for every statement “(if f(i1,...,4,) then l', else I"”)” in P the partial function f has a
realization g via (0;y, ..., 0, ,1ds) that is (Viy, - .., Vi, , 1ds)-computable.

Let M be a machine obtained from P by replacing every function f by some function g

computable w.r.t the ~; realizing f via the 0; as described in (1) and (2). Then

(a) Jor is (’717 < Tk /70)'00mpUtable)

(b) far realizes fp via (61,...,0k,0),

(¢) fpis (01 ©®Y1y..., 0 © Yk, 00 © Yo)-computable.

Proof.

(a) This follows from Theorem
(b) This follows from Theorem
(c) This follows from (a) and (b) by Lemma [6.5 O
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7. EXAMPLES

The feasible real RAM [8], a machine model for real computation, allows approximate multi-
valued branching.

=tt if <y
< R xR = {tt, ), <p (z,9) € {tt,ff} if y<ax<y+27F
= tt if y+27F <.

This is not allowed in generalized Turing machines but can be simulated by a multi-valued
function followed by a single-valued test.

Theorems and allow to formulate algorithms and argue about them in a more
abstract way which is closer to ordinary analysis and which usually is simpler and more
transparent. In Example [6.4] we have used sequences of rational intervals as names of real
numbers.

As another example consider C*°(R) the set of all infinitely often differentiable real
functions. There is a canonical representation 5 of C'(R), then v := [5]¥ is a canonical
representation of (C'(R))“ [20, Definition 3.3.3]. Define a generalized representation ¢ : C
(C(R))¥ — C*°(R) as follows:

O(fo.fro) =g = (V) fi = g%
(a name of g is a list of all of its derivatives). This generalized representation may be useful
in the study of distributions [22].

As another example we consider computing the sum s := Z]O'io ajzj of a complex
power series. Let R be the radius of convergence and s, := Z;-:& ajzj the partial sum of
the first n terms. Let r < R, r € Q, and let M € Q be a Cauchy constant for r, that is,
(V4) laj| < M -r~3. Then for all |z| <r,

(lz[/m)"
sl ppX2 T
o ol = M
We want to show that the operator H : ((a;);,r, M,z) — s is computable via the standard
representations of the occurring sets [20]. In the following we say “computable” instead of
“computable via the standard representations”.

First, from the inputs (a;);, r, M, z and k we compute some complex number by, € C

such that by — s| < 27k as follows:

— compute ¢ := |z|/r

— find some ¢ € Q such that ¢ < ¢ <1, (then |s, —s|< M- -¢"/(1—q))

— find some n € N such that M - ¢"/(1 — q) < 27%, (then |s, — s| < 27)

—For m=0,1,...,n compute in turn z™ and s,,.

— Let by := s, be the result.

It is easy to find a generalized Turing machine N for this algorithm that uses the arith-
metical operations on N,Q,R and C and the projection ((a;);,m) — a, all of which are
computable [20]. Therefore, by Theorem 62 fn : ((a;);,r, M, z,k) = by, is computable. By
[20, Theorem 35] the multi-function So fx : ((a;);,r, M, 2) = (bk)ken is computable, where

(br)k € So fn((aj)j,r,M,z) <= (Vk)b, € fn((aj)j,7, M,z k).

Since (by)r is a sequence of complex numbers such that |s — by| < 27% and the limit
operator Lim : (by)x — limy_, o by is computable (cf. [20, Theorem 4.3.7], H = Limo So fy
is computable.



COMPUTATION IN ANALYSIS 19

Although a multi-function has been used in the determination of ¢, the function H is
single-valued. Notice that the only informal part in the above proof is the specification of the
generalized Turing machine N. But this method is customary and accepted in computability
theory. Compare this proof with the proof of Theorem 4.3.11 in [20]. Via Lemma 4.3.6 it
uses the closure of computable functions under primitive recursion (Theorem 3.1.7), which
follows easily from Theorem in this article.

In mathematical practice, often a function such as addition on Q, is said to be com-
putable “by Church’s Thesis”. In such a case, implicitly fixed “natural”, “effective” or
“canonical” representations by finite or infinite strings are presupposed such that the func-
tion is computable w.r.t. these representations. Usually there is no disagreement about the
meaning of “natural”, “effective” or “canonical”. Often a canonical representation of a set
X can be defined up to equivalence by requiring that the functions and (or) predicates of
the natural structure for X must become computable, and requiring additionally that the
representation is maximal or minimal w.r.t. reducibility < when indicated.

Let us call sets on which computability can be defined by canonical representations
“natural”. Examples of natural sets Y are N, B := NY (Baire space), I'* and I'V (for finite
I'), Q, Q" and |J,, Q™. Let us call a multi-representations 6 : ¥ = X natural if ¥ is natural.
By Theorem [6.6] Theorem [Z.1] can be generalized as follows.

Theorem 7.1 (informal generalization). Let P be a generalized Turing machine on sets
with natural representations. Suppose that every function and test used in the machine has
a realization that is computable by Church’s Thesis. Then the function fp computed by the
machine is computable w.r.t. the natural representations.

Brattka and Gherardi [7] use a reduction <y for comparing the non-computability of
theorems in analysis. Formally, <y compares the non-computability of multi-functions
on represented sets. We generalize this definition to multi-represented sets (Z;,6;) (i €
{1,2,3,4}): For f: 72y = Zy and g : Z3 = Z4. [ <w g, if there are computable functions
G, H on X such that p — G(p,ho H(p)) is a realization of f if h is a realization of g. The
next theorem provides a method to prove f <y g. We use the concept of extension for multi-
functions from [21,, Definition 7]. f': Z3 = Z5 extends f : Z1 = Zs, if dom(f)Cdom(f’)
and f'(x)Cf(z) for all x € dom(f).

For a generalized Turing machine M from Definition Bl let graph(M) := (£, S) where
1,y € S ((I,I') is an edge), iff Stm(l) has the form (...,I") , (...then I’, else I") or
(...then I”] else l').

Theorem 7.2. For multi-functions f,g on multi-represented sets such that g is not com-
putable, f <w g if there is a generalized Turing machine N on represented sets such
that

(1) every test in N is computable,

(2) for every statement of the form (i := c(iy,...,in),l"), either ¢ is computable or it is of
the form (i := g(i1),l’).

(3) every path in graph(N) starting at ly visits at most once a label | such that Stm(l)
applies the function g.

(4) fn, the function computed by N, extends f.

(where “computable” means computable w.r.t the given multi-representations.)

Condition (3] for the GTM can be enforced easily syntactically. The theorem generalizes
one direction of [11l, Lemma 4.5].
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Proof. Let h : C¥% — 3¢ be a realization of g. There is a generalized Turing machine M on
Y¢ that realizes N (Definition [A1]) such that in M every test is computable, every function
is computable or equal to h and Condition (@) is true for M and h. By Theorem 2] fas
realizes fy and hence fj; realizes f.
For computing the functions G and H, from the machine M we construct machines
Mg and My . Let M = (L, lo,l¢,T',b,1, L, (X;)o<i<r, Stm) where X; = 3¢ for all 4.
Define My := (L, 1o, 1f,T,b,1, L, (X;)o<i<r, Stmp) such that for all 1,7',4, 141,

St = [ G0 30~ )

Then for input p € dom(fyr), the machine My computes the argument for A if a statement
with A is visited during the computation and computes the value fys(p) otherwise.

Define M¢ := (L, 1o, 17, T',b,1, L+ 1, (X;)o<i<r+1, Stmg) such that X741 := ¥“ and for
all 1,14, 41,

Stmg (1) = { (Szt:l(ll()izw (iz+1),1) g‘thi?;li(slg ‘: (i := h(i1),l'),

Then the machine Mg works in the same way as the machine M except for statements
(i := h(i1),l") of M where instead of applying h, Mg copies the value ¢ scanned by the
head on Tape L + 1 to the cell scanned by the head on Tape i. For avoiding renaming
of tapes we may assume w.l.o.g. that the machine Mg has the two input tapes 1 and
L + 1. Obviously for all p € dom(fa), far(p) = fmg (P, ko fauy(p)). Define H := fyy,, and
G = fug. L]

Theorem holds accordingly for continuous reducibility instead of computable re-
ducibility.

8. CONCLUSION

We have introduced the Generalized Turing machine as a simple general model of computa-
tion. This model is not intended for implementation on computers but as a mathematical
tool for proving computability in Analysis. Although the three main theorems [5.7, and
seem to be obvious and hence have already been applied informally without proofs, this
article shows that even for our very meagre model of computation the proofs require some
care.
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