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ABSTRACT. The class of uniformly computable real functions with respect to a small
subrecursive class of operators computes the elementary functions of calculus, restricted to
compact subsets of their domains. The class of conditionally computable real functions
with respect to the same class of operators is a proper extension of the class of uniformly
computable real functions and it computes the elementary functions of calculus on their
whole domains. The definition of both classes relies on certain transformations of infinitistic
names of real numbers. In the present paper, the conditional computability of real functions
is characterized in the spirit of Tent and Ziegler, avoiding the use of infinitistic names.

INTRODUCTION

This paper is in the field of computable analysis, where mathematical analysis meets classical
computability theory. Some of the basic objects, which are studied in computable analysis
are those real numbers and real functions, which can be computed using algorithms.

Alan Turing gave in [12] the first definition for the notion of computable real number —
this is a real number, whose decimal representation can be computed by a Turing machine.
It is well-known that several other representations of real numbers lead to an equivalent
notion, although the use of fast converging Cauchy sequences of rational numbers seems
most natural when developing computable analysis.

Concerning computability of real functions, the most popular approach is TTE (type-2
theory of effectivity), which is built upon ideas from Grzegorczyk [2] and Lacombe [4]. A
naming system for the real numbers is chosen and then the real function is modelled as
transforming arbitrary names of the arguments into a name of the value. This transformation
can be realized, for example, by using Type-2 machines (a natural extension of Turing
machines), as is described in Weihrauch’s book [13], which is a popular introductory book
on the subject.

The motivating question for our research is the following:
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How does the restriction of the generality of the computable processes affect computable
analysis?

In other words, we are interested in studying the connection between computable
analysis and complexity theory. This question is posed as an open problem number 1 in the
monography [5] of Pour-El and Richards. The restriction to the popular classes P, NP, EX P,
etc. from discrete complexity theory is relatively well-studied (for example, in Ko’s book
[3]). But this is not the case with subrecursive hierarchies, such as Grzegorczyk’s hierarchy
of primitive recursive functions.

In the present paper we consider two notions for relative computability of real functions,
which arose in the study of the subrecursive complexity of the elementary functions of
calculus. The motivation behind their definition is to find a small subrecursive class of
operators, such that all elementary functions of calculus are uniformly or conditionally
computable with respect to this class.

The first notion is uniform computability of real functions with respect to a class of
operators, which is a relativized version of Grzegorczyk’s notion from [2]. These operators
model the action of the real function through a properly chosen naming system for the real
numbers. Theorem 2 from Section 4 in [2] shows that any real function, which is uniformly
computable with respect to a class of computable operators, is uniformly continuous on
the bounded subsets of its domain. It follows that this uniform notion is not suitable for
computing the reciprocal and the logarithmic function on their whole domains.

This is the reason to consider the second notion, which is conditional computability of
real functions with respect to a class of operators. The additional feature, compared to the
uniform computability, is that we allow the computation of the name of the real function’s
value to depend on a natural parameter s. The value of s can be found by means of a search
until some unary total function in the natural numbers reaches value 0 for argument s. This
function depends on the names of the arguments of the real function in a way that can be
expressed through the class of operators.

In the paper [11], the authors Tent and Ziegler follow a similar line of research and also
consider two kinds of relative computability of real functions. But their approach does not
rely on operators and names of real numbers and they work more directly with rational
approximations of the arguments and the value of the real function.

For a class F of total functions in the natural numbers, satisfying certain natural
properties, Tent and Ziegler define in [11] what it means for a real function with an open
domain to be in F and to be uniformly in F. The first notion is more general than the
second one. The difference between these two notions is similar to the difference between
the uniform and the conditional computability — for the broader notion, the approximation
process can utilize an additional natural parameter, but its description uses the distance
to the complement of the domain of the real function and does not use the class F. Thus
the means, provided by the class F, might not be sufficient for computing the value of the
parameter, if the domain of the real function is too complicated. As we note below, this is
indicated by the fact that there exist incomputable real functions, which are in the class of
all recursive functions.

It turns out that for the above classes of functions JF, the property of a real function
to be uniformly in F is equivalent to the uniform computability of the real function with
respect to a very natural class of operators — the class of F-substitutional operators, defined
in Section 2.2 of [10]. This is the characterization theorem of Skordev, proven in [7], and its
more general version from [8].
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But this resemblance does not generalize for the broader notions. For example, let
L? be the class of lower elementary functions (this is the smallest class of total functions
in the natural numbers, which contains the initial functions defined below and is closed
under substitution and bounded summation). As noted in the end of the last section of
[9], the class of real functions in £? is not closed under composition, it does not contain all
elementary functions of calculus and it also contains incomputable real functions. On the
other hand, none of these three unnatural properties is possessed by the class of conditionally
computable real functions with respect to the £2-substitutional operators.

Our main purpose is to present another definition for conditional computability, in the
style of Tent and Ziegler, for which we can generalize the characterization theorem. Of
course, this definition will not possess the above-mentioned unwanted features. The proof of
the generalization will use substantially the ideas from [8].

On notation. Throughout the paper N is the set of all natural numbers (the non-negative
integers) and R is the set of all real numbers. For m € N we denote by 7, the set
{f|f:N™ 5 N} of all m-argument total functions in N. Let 7 be the set of all total
functions in N, 7 = J,,, Tm. Unless otherwise specified, a function means a function from
7. We make distinction between two sorts of variables: a, b, e, f, g, h (possibly with indices)
range over functions from 77 and z,v, z, s,t, k, m,n,p,q,r (possibly with indices) range over
numbers from N. We also use shorthand notation f, g, h for tuples of functions from 77 and
Z,4, Z, 8 for tuples of numbers from N. The size of the tuples will always be clear from the
context.

For any s € N, we denote by § the unary constant function with value s, § = Ax.s.

The initial functions are the projections Az ...x,.x for all n, k with 1 < k <n, the
successor function Az.x + 1, the multiplication function Azy.xy, the modified subtraction

function A\zy.z —~ y = A\zy.max(x — y,0) and the quotient function Azy. {ﬁj
For any k£ and any function f € Ti11, we define the function g € T;41 by

. z if z2<y, f(Z z)=0 and Vt < z[f(Z,t) #0],
9(7,y) —{ y+1 if VE<ylf(Z 1) #0).

We denote g(Z,y) = p.<y[f(Z,2) = 0] and we say that g is produced from f by bounded
minimization.

The function g € T, majorizes the function f € Ty, (or f is majorized by g) if for all
Z € N™ we have f(Z) < ¢g(Z).

For natural numbers n, the mappings F' : 7" — 7T; will be called n-operators. An
operator is an n-operator for some n. We generally denote operators by capital letters
E,F,G,H (possibly with indices).

A triple of functions (f, g, h) € T will be said to name a real number &, if

f(n) —g(n) 1
OFS R R TS

for all n € N.
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1. ACCEPTABLE PAIRS

A central notion in [8] is the notion of acceptable pair. For our purposes we need to use a
definition, which is a little stronger.

Definition 1.1. Let F C 7T be a class of functions and O be a class of operators. The pair
(F,O) will be called acceptable, if the following conditions hold:

(1) The initial functions belong to F.

(2) The class F is closed under substitution and bounded minimization.

(3) All operators in O are continuous, that is for any m-operator F € O, functions
fi,---, fn € T1 and z, there exists a natural number z, such that

F(g)(x) = F(f)(z),
whenever ¢1,...,g9, € T1 and g1(t) = fi(t), ..., gn(t) = fo(t) for all t < z.
(4) For any n, the n-operator F' defined by F(f)(z) = = belongs to O.
(5) For any n and k € {1,...,n}, if the n-operator Fy belongs to O, then so does the
n-operator F' defined by

F(f)(z) = fu(Fo(f)(2)).
(6) For any m,n and function a € T, N F, if Fy,..., F,, are n-operators belonging to O,
then so is the n-operator F' defined by

F(f)(z) = a(Fy(f)(@), ..., Fn(F)()).
(7) The class O is closed under composition of operators, that is if F' is a k-operator from
O and G4, ...,G} are n-operators all belonging to O, then the n-operator H defined by

H(f)=F(Gi(f),--.,Gk(f))
also belongs to O.
(8) For any m,n, whenever fi,...,fn, € Tm+1 NF and F is an n-operator from O, the
function a € T, +1 defined by

a(5,7) = FOLA(E, 1), M ful5,) (2)
belongs to F.
(9) (uniformity condition) For any n and n-operator F' € O, there exists a 1-operator 2 € O,

such that for any € N and any monotonically increasing g € 7y, if the unary functions
fiyeoosfuy f1s-- -, [}, are majorized by g and

@) = fi(t),..., fu(t) = fo(t)
for all t < Q(g)(z), then

F(fl,,fn)(x) :F(f{avfé)(x)

The differences from the definition in [8] are the following: we assume additionally that the
class of functions F is closed under bounded minimization, the class O consists of continuous
operators only and it is closed under composition of operators. The important thing is that
if (F,O) is acceptable according to 1.1, then (F, O) is also acceptable in the sense of the
definition from [8]. This allows us to use the results from [8].

The least class of functions that satisfies conditions (1) and (2) from Definition 1.1 is
the class M?2. It is not hard to see that a function f belongs to M? if and only if the graph
of f is Ag-definable and f is majorized by a polynomial. It is known that M? C £2, but
whether this inclusion is proper is an open problem.



CHARACTERIZATION THEOREM FOR THE CONDITIONALLY COMPUTABLE REAL FUNCTIONS 5

Let F be a class, satisfying (1) and (2) from Definition 1.1. Of course, M? C F. It is
easy to see that F is closed under bounded minimum and bounded maximum operators,
that is for any function f € Ty N F, the functions

AZy. min f(Z, z), AZy.max f(Z,2)
2<y 2<y

also belong to F.

For an arbitrary class of functions F, we denote by Ox the least class of operators,
which satisfies conditions (4), (5) and (6) from Definition 1.1. This class coincides with the
class of F-substitutional operators, defined in [10]. An n-operator F' is F-substitutional if
and only if there exists a term for F(fi,..., fn)(z), built from the variable z, the function
symbols fi,..., f, and some function symbols for functions from F. Of course, if (F, O) is
an acceptable pair, then O C O.

Examples for acceptable pairs are given in [8] (it is easy to see that they satisfy the
stronger Definition 1.1). These are the pairs (F, O), where:

e F is the class of all recursive functions and O is the class of all computable operators;

e F is the class of all primitive recursive functions and O is the class of all primitive recursive
operators;

e F is the class of all functions, which are elementary in Kalmér’s sense and O is the class
of all elementary operators.

Another family of acceptable pairs with least possible second component is given by the
following proposition.

Proposition 1.2. Let F be a class of functions, which satisfies conditions (1) and (2) from
Definition 1.1. Then the pair (F,Ox) is acceptable.

Proof. Since F is closed under bounded maximum, every function in JF is majorized by a
function in F, which is increasing with respect to all of its arguments. From Theorem 1 in
[8], the pair (F, Or) is acceptable in the sense of [8]. It remains to note that straightforward
proofs by induction on F' show that every operator ' € O£ is continuous and that condition
(7) from 1.1 holds for the class Or. [

As noted in [8], for the three examples above we have Ox C O, but O # O. Thus the
class F in these examples is the first component of at least two different acceptable pairs.
On the other hand, a remark in the end of Section 3 in [8] shows that if (F7, O) and (F2, O)
are acceptable pairs, then F; = Fo.

2. UNIFORM COMPUTABILITY OF REAL FUNCTIONS

The formal notion for computability of real functions is based on operators, acting on names
of real numbers. We use the definition for computing system from [10].

Definition 2.1. Let ¥ € N and 6 : D — R, where D C R*, be a real function. The
triple (F, G, H), where F, G, H are 3k-operators, is called a computing system for 6 if for all
(&1,&2,...,&) € D and triples (fi, gi, hi) that name &; for i = 1,2,... k, the triple

(F(flagbhth:gQahQ,' . 'afkvgkahk)a

G(f17g1>h17f27927h2>-"7fk‘a.gk’7hk)7
H(fhglvhthug?thv'”7fk'7gk7hk))
names the real number 0(&1,&s, ..., &).
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Definition 2.2. Let O be a class of operators. A real function 8 will be called uniformly
O-computable, if there exists a computing system (F,G, H) for 0, such that F,G,H € O.

If O is the class of all computable operators, then a real function € is uniformly O-
computable if and only if it is computable in the sense of Grzegorczyk from [2]. But this is
not the most general notion for a computable real function. In order for Definition 2.1 to
make sense, the operators F, G, H must be defined only on tuples of names for the arguments
of the real function 0. By allowing partial operators we obtain the generally accepted notion
for a computable real function, which we will call computability in the extended sense.

Let F be a class of recursive functions. Then it is easy to see that all operators in
Or are computable and it follows that the uniformly O z-computable real functions are
computable in Grzegorczyk’s sense. In fact, these are exactly the uniformly F-computable
real functions, considered in [10].

The results from [10] imply that all elementary functions of calculus are uniformly
O p2-computable, but restricted to compact subsets of their domains. One general reason
for this restriction was already noted in the introduction — the reciprocal and the logarithmic
functions cannot be computable in Grzegorczyk’s sense on (0, 1), since they are not uniformly
continuous there. Another reason is indicated in Section 2.2 in [10] — namely that any
uniformly O ,2-computable real function is bounded by some polynomial (this is due to
the fact that the functions in M? have polynomial growth). Thus the exponential function
cannot be uniformly O j2-computable on its whole domain.

Next we present the definition for uniform computability in the style of Tent and Ziegler
from [11].

Definition 2.3. Let 7 C 7T be a class of functions. The real function 6 : D — R, where
D C R* for some k € N, will be called TZ-style uniformly F-computable, if there exist
functions d € 71 N F and f,g,h € T3gs1 N F, such that for all (&,...,&) € D and
P1,q1,T1, - - -, Pks Gk, Tk, t € N, the inequalities
Pi — 4

ri+1 &i

1
S 11

imply that the numbers

b= f(phCJlﬂ"l,- o apkhq}ﬁr/wt)a q= g(pla(harla ce 7pk7Qkarkat)>

r= h(plyqlarla ... 7pk‘7qkar1€at)
satisfy the inequality
P—q 1
—0(&,. .., < —.
rr1 06| <
If F is a good class in the sense of [11] and 6 : D — R is a real function with an open
domain D, then 6 is TZ-style uniformly F-computable if and only if it is uniformly in F in
the sense of [11].
We are now ready to formulate the general characterization theorem of Skordev.

Theorem 2.4 (Skordev, [8]). Let (F,O) be an acceptable pair, k be a natural number and
0:D — R, where D C R* be a real function. Then 0 is uniformly O-computable if and only
if 0 is TZ-style uniformly F-computable.

Corollary 2.5 (Skordev, [7]). Let F be a class of functions, satisfying conditions (1) and
(2) from Definition 1.1. Then a real function is uniformly O z-computable if and only if it is
TZ-style uniformly F-computable.
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Proof. We apply Proposition 1.2. L]

Corollary 2.6. For an acceptable pair (F,O) and a real function 0, the following are
equivalent:

e 0 is uniformly O-computable,
o 0 is TZ-style uniformly F-computable,
e 0 is uniformly O r-computable.

3. CONDITIONAL COMPUTABILITY OF REAL FUNCTIONS
In this section we present the notion of conditionally computable real function.

Definition 3.1. Let O be a class of operators, & be a natural number and 6 : D — R
be a real function, where D C R*. Then 6 will be called conditionally O-computable, if
there exist 3k-operator E and (3k + 1)-operators F, G, H, all belonging to O, such that
whenever (§1,...,&) € D and (f1,91,h1), - ., (fx, gk, hi) are triples that name &1, ..., &,
respectively, the following holds:

(1) There exists a natural number s, satisfying the equality

E(fi, 91,0, fi, ks i) (s) = 0. (3.1)
(2) For any natural number s, which satisfies (3.1), the triple

(F(f17g17h17 . '7fk:a.gk7hk‘a§)7
G(f17917h17 . '7fk:a.gk7hk‘a§)7
H(flaglyhla . '7fkagk7hka§))

names the real number 6(&q, ..., &).

This is not the exact form of the original notion, that is used in Definition 2 in [9]. The
dependence on the value of s in the approximation process in [9] is realized by adding s
as a natural argument of the functions, which are the values of the operators F,G, H. In
the present definition, we use the approach from Definition 3.2 in [1], where the constant
function 5 is added to the arguments of F,G, H. This is the reason why the operators
F, G, H have one argument more than the operator F, which is indicated in the definitions
below by denoting this extra argument as a.

If O consists of computable operators, then the conditionally O-computable real functions
are computable in the extended sense, but generally not in Grzegorczyk’s sense. The search
for a value of s, which satisfies equality (3.1) might not be successful, if the arguments of E
are not tuples of names for real numbers from the domain D of 6.

Let F be a class of recursive functions. Then the operators in O are computable and
therefore the conditionally O r-computable real functions are computable in the extended
sense. In fact, these are exactly the conditionally F-computable real functions, firstly
considered in [9], as follows from the m =1 case of Lemma 2.4 in [1].

Example 3.2. Let O be a class of operators, which is the second component of some
acceptable pair (F, Q). Then all uniformly O-computable real functions are conditionally
O-computable. Indeed, let 6 be a real function, # : D — R, D C R*¥ k € N and (F°,G°, H°)
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be a computing system for 6, which consists of operators, belonging to O. Then we can
satisfy the requirements of Definition 3.1 through the operators F, F, G, H, defined by

E(f1,91,h1, s frs gk, hi) =1dn,
F(fi,91,h1, 5 oo 9k hiy @) = FO(f1, 91, has - o5 frs 9k P,
G(fi,91,h1, 5 [ 9y by @) = G°(f1, 91, has -+ o5 fies Ghs P,
H(f1, 91,1, fr, gy i, a) = H°(f1, 91, b1, - -, Sy Gy P

The operator E belongs to O from condition (4) of 1.1. Since the operators F° G°, H°
belong to O, conditions (4), (5) and (7) from 1.1 imply that F, G, H also belong to O.

The connections between uniform O-computability and conditional O-computability of
real functions are further investigated in the paper [1]. For classes of operators O, which
satisfy certain natural properties, it is shown in [1] that:

e substitution of real functions preserves conditional O-computability;

e all conditionally O-computable real functions are locally uniformly O-computable;

e the conditionally O-computable real functions with compact domains are uniformly
O-computable.

All elementary functions of calculus are conditionally O ,2-computable on their whole

domains (Corollary 1 in [9]). Roughly speaking, for the reciprocal and the logarithmic

function, the parameter s can be used to isolate the argument from 0. For the exponential

function, the parameter s can be used to compute an upper bound of its value, using the

fact that the graph of Azxy.x¥ (belonging to 72) is Ag-definable.

4. SOME PRELIMINARY RESULTS

We will need some results from [6], which allow choosing a special kind of operators for
witnesses in the definition for conditional computability.

For a natural number k and a k-tuple (&1, ..., &) € R¥ we denote by A¢, ¢, the set of all
2k-tuples of unary functions (f1, g1, ..., fk, gk), such that fi(n).gi(n) = ... = fx(n).gx(n) =0
for all n € N and the triples (f1, g1,1dn), ..., (f&, 9k, idy) name the real numbers &1, .. ., &k,
respectively.

Under the same assumptions for all n € N let us denote by A[g]“_”gk the set of all
2k-tuples of natural numbers (z1, 1, ..., 2k, Yk ), such that the following conditions hold:

|ty —y1 —(n+ D& <1, oo, oe—y— (n+1)&] < 1,

r1.Yyps = ... = .Yk = 0.
We can identify the set A¢, ¢ with the Cartesian product

[0] (1] (2]
Afl,---vfk X A&,---vfk X Afl,---,ﬁk SRR

through the bijection F, which maps the 2k-tuple (fi,91,. .., fr, gr) € A¢,,. ¢, to the unary

function ¢ = F(f1,91,. .., fr, k), defined by t(n) = (f1(n), g1(n), ..., fr(n), gr(n)), which is
easily seen to belong to the Cartesian product.

k

For all n € N the set Ag:]_n £ contains at most 2F elements and therefore it is compact in

any topology. We endow every AZ]W € with discrete topology and in the Cartesian product

we introduce the product topology. According to Tychonoff’s theorem the Cartesian product
is compact. Using the bijection F we transfer the topology from the Cartesian product into
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Ag¢ ¢, that is U is open in A¢, ¢, if and only if F[U] is open in the Cartesian product.

Of course, F becomes a homeomorphism and therefore A¢, ¢ is also compact.

Lemma 4.1. Let k € N, (&1,...,&) € RF and E be a continuous 2k-operator. Assume that
for every choice of (fi,91,-.., fi:gr) € A¢, ¢, there exists a natural number s, such that

E(fi, 915+, fro9%)(s) = 0. (4.1)

Then there exists T € N, such that for all (fi,91,-.., fk,9k) € A¢, ¢, the equality (4.1)
holds for some s < T.

Proof. On the set A¢, ¢ we define the functional M by

M(f1,91,-- -, fro 9k) = pus[E(f1, 91, - - -, fr, 9x)(s) = O].

The assumptions in the lemma guarantee that the minimization is always successful. Let us
fix a 2k-tuple of unary functions (7, g%,..., f2,97) € A¢, . ¢, and let

M(f?mg(ljv . 7f18792) =n.
By the continuity of ¥ we can choose a natural number z, such that for any 2k-tuple of
unary functions (f1,91, ..., fk, gx) the equalities

filz) = (@), gi(x) =g)(z) (i=1,... k)

for all natural z < z imply the equalities

E(fl7gla‘°'7fk7gk)(m) = E(f?7g?7)flg)g,2)(m) form:O,l,...,n.

But from the last equalities we obtain M (f1,91,..., fi,gx) =n = M(f2,¢%,..., f2,gY). In
other words, on the open neighbourhood Uy = F~1[V{] of (f, 47, .., 2, gY), where

Vo = {(f7(0), 47(0),.., £2(0), g2(0))} x ...
A=) 91 (2), - fi(2), 9R(2))}

[z+1] [2+2]
X A§17-.-7§k X A§17...,§k Xooeoy

the functional M assumes constant value n. By compactness, the set A¢, . ¢ can be covered
with finitely many open sets, such that the functional M is constant on each one of them.
Therefore, M assumes only finitely many values and we can choose 1" to be the largest of
these values. []

To make use of our new restricted system of names for tuples of real numbers, we need
a uniform way to obtain this names. For this purpose, we define the auxiliary function
ehelp : N* = N by
ehelp(p,q,r,n) = {(n + 1)u + 1J )
r+1 2

It is clear that ehelp € M?2. Its main properties are listed in the following remark.
Remark 4.2. For all natural numbers p, g, 7, n we have

ehelp(p, q,r,n).ehelp(q, p,r,n) =0
and the inequality

ehelp(pa q,7, n) — ehelp(q,p, T, Tl) b—q < 1
n+1 r+1|~ 2(n+1)
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The transition to the special names is realized by the 3-operator K from Section 1.3 of
[10], defined by

K(f,g,h)(n) =ehelp(f(2n+1),9(2n+1),h(2n+1),n).
Of course, K is M?2-substitutional (K € O y2).
Lemma 4.3. For all unary functions f,g,h and natural numbers n at least one of the

numbers K(f,g,h)(n) and K(g, f,h)(n) is 0. If (f,g,h) names a real number &, then the
triple (K(f,g,h), K(g, f,h),idy) also names &.

Corollary 4.4. For any k and (&1,...,&) € RE, if (fi,gi, hi) names & fori = 1,... k,
then

(K(flaglahl)vK(ghflv h1)7 s 7K(fkagk7 hk)7K(gka fkv hk))
belongs to Ag, . ¢, -

The proof of Lemma 4.3 is based on Remark 4.2 and can be found in Section 1.3 of [10].
Corollary 4.4 follows immediately.

Lemma 4.5. Let O be a class of operators, which is the second component of some acceptable
pair (F,0). Letk € Nand0: D — R, D C R* be a conditionally O-computable real function.
Then there exist 3k-operator E and (3k + 1)-operators F,G, H, all of them belonging to O,
such that for any point (&1, ...,&) € D there exists T € N, for which the following conditions
hold:

(1) If the triples (f1,91,h1),-- -, (fx, 9k, hi) name &1, ..., & respectively, then the equality
E(fl?.gluhla"'7fk7gkuhk)(8):O (42)

holds for some natural number s <T.
(2) Whenever (fi,g1,h1),- ., (fk, gk, hir) name &1, ..., & respectively and the equality (4.2)
holds for some natural number s, the triple
(F(f17917h17 .. '7fkagk7hka§)7

G(fla.glahla s 7fk’7gk7hk’7§)>
H(fhglahlu .- '7fkvgk7hk7/s\))
names the real number 0(&1, ..., &k).

Proof. Let E, F,G, H € O be witnesses for 6 from Definition 3.1. We define 3k-operator E’
and (3k + 1)-operators F',G', H' by
E'(fi, 91,1, -, frs 9> k)
= E(K(f1,91,h), K(g1,f1, ), idn, -, K(fi, gk hie)s K (gks fr, hi) idn),
F'(fi,91,h1, -, fr, 9o s @)
= F(K(f1,91,01), K(g1,f1,h1),idn, - s K (frs ghes hie)s K (Gks iy i), idn, @),
G'(f1, 91,01, -+, fror G s @)
= G(K(f1,91,7), K(g1,f1, h1),idn, - s K (frs Gres hi)s K (Gks iy i), idny, @),
H'(f1,91,h1, -, fir G by @)
= H(K(f1,91,7), K(g1,f1,P1),idn, - - o, K (frs Grs hi)s K (Gks iy hi), idy, ).
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We will show that we can choose E', F',G', H' in the role of E, F,G, H from the statement
of the lemma. We have K € O, since O 2 € Ox C O. From conditions (4), (5) and (7) of
Definition 1.1 we obtain that E', F',G', H' € O. Let us fix a point ({1,...,&) € D.

We define the 2k-operator E” by

E”(f17gl7 .. wfkan) = E(fhglvidNa o 7fk7gkvidN)-

It is clear that E” is continuous, since E is continuous from condition (3) of Definition 1.1.
Moreover, if (fi,91,..., fk,gr) € A¢y,..¢., then (fi, gi,idy) names & for i = 1,...,k and
condition (1) from Definition 3.1 gives that there exists a natural number s, such that

E(flaglaide R 7fk>gkaidN)(S) = E/,(flvgl) . '7fk'7.gk)(8) =0.

We apply Lemma 4.1 for the operator E” and choose the corresponding natural number 7.
Using Corollary 4.4 it is easily seen that the same number T satisfies condition (1) in the
present lemma (with E’ in the role of E). Condition (2) is an easy consequence of Lemma
4.3 and condition (2) from Definition 3.1. ]

5. THE CHARACTERIZATION THEOREM

Now we are ready to formulate a proper notion of conditional computability for real functions
in the style of Tent and Ziegler and prove the characterization theorem.

Definition 5.1. For a class of functions F and k € N the real function 6 : D — R, D C R*
will be called conditionally F-computable in the style of Tent and Ziegler, if there exist
functions dg € TT N F,d € ToNF,e € Tspr1 NF and f,g,h € Tgr2 N F, such that for all
(&1,...,&k) € D we have:

(1) There exists sp € N, such that for all natural numbers s > sg and

all p{,¢%, 79, ... ,pg, q,g, rg € N, the inequalities
0 0
b; —4q; 1 .
&l < ——— fori=1,...,k 5.1
r)+1 & do(s) +1 ’ (5-1)
imply the equality
e(p(l)7q(1)7r(1)7'"?pg?q277"278) :0' (5'2)
(2) For all natural numbers s,p(l], q(l), r(l), ... ,pg, q,g, r,g,pl, Q1,71+ - Pk, Gk, Tk, t, which satisfy
(5.1), (5.2) and
Di — G 1 .
| <s+1, |/———-&| < ——— fori=1,...,k 5.3
|§’L’ — 7‘7; + 1 é-'L d(s,t) + 1 9 ) ( )
we have )
pP—q
-0 < — 5.4
Pt g, )| < (54)
where
b= f(p(l]aq(l),r?a s ap27q27r]27p15q1vrla o 7pkan7Tk757t)v
q= g(p(l)v q(1)7rg)a s ap27ql(§)a T}?»Pla q1,71s -« s Pk ks Tk, Svt)v (56)
r= h(p(l)aq(l)7r?a ce 7p27qzar]?:7p1aQ17rla s ,pk,Qk,Tk,S,t).
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The intuition behind this definition is not very clear at first glance, since its main purpose
is to be proper for proving the characterization thereom. The important thing is that the
definition does not refer to names of real numbers.

Theorem 5.2. Let (F,O) be an acceptable pair and k € N. The real function 6 : D —
R, D C R¥ is conditionally O-computable if and only if 0 is conditionally F-computable in
the style of Tent and Ziegler.

Proof. Since F satisfies conditions (1) and (2) from Definition 1.1, we have that M? C F
and F is closed under bounded minimum and bounded maximum, as noted after Definition
1.1. We assume k = 1. The generalization of the proof to arbitrary k is straightforward.

For the direction (<=), suppose that do, d, e, f,g,h € F are functions, which satisfy the
requirements from Definition 5.1. We will show that 6 is conditionally O-computable. We
define the operator E by

E(f1,91,h)(s") = e(f1(do(s)), 91(do(s)), h1(do(s)), 5),
where s = max(f1(0), g1(0), s’). We also define operators F, G, H by

F(flvglahlaa)(t):pa G(flvglahlaa)(t)ZQa H(fl?.glvhl’a)(t):T’
where the numbers p, g, are defined by the equalities (5.5), (5.6), (5.7) with

pi = fildo(s)), @) = g1(do(s)), 7} = hi(do(s)), (5.8)

p1 = fild(s,t), qu=g1(d(s,t)), r1=ha(d(s,t)) (5.9)

and s = max(f1(0),¢1(0),a(t)). From conditions (4), (5) and (6) in Definition 1.1 we obtain

E F,G,H € O. We will show that these operators can be chosen as witnesses for the

conditional O-computability of . Let & € D and (f1, g1, h1) name & . Let us choose sg

from condition (1) of Definition 5.1. Let s = max(f1(0), g1(0), sp). We have that s > so and

(5.1) is satisfied for the numbers p{, ¢?, 77, defined by the equalities (5.8). Then from (5.2)
we obtain

e(pcl)7 q(l)a T(l)v S) =0= E(fh g1, hl)(SO)'

Thus there exists s’, such that E(f1,91,h1)(s’) =0.
Now let ' € N and E(f1,¢91,h1)(s") = 0, that is we have

e(f1(do(s)), 91(do(s)), h1(do(s)), s) = 0,
where s = max(f1(0),¢1(0),s"). We use condition (2) of Definition 5.1 for arbitrary ¢, the
chosen s and the numbers p,¢?, 7y, p1, q1, 71, defined by the equalities (5.8) and (5.9). The
premises (5.1), (5.2), (5.3) are satisfied, since (f1, g1, h1) names & and therefore

&1 < 1f1(0) — g1(0)] +1 < max(£1(0),91(0)) +1 < s+ 1.

We obtain the inequality (5.4) for the numbers p, g, r, defined by the equalities (5.5), (5.6),
(5.7). But for a = A\x.s’ = s’ we have

p=F(f1,91,h1,8)(t), q=G(fi,01,h1,5)t), r=H(f1,91,h1,5)(t).
Thus R N
F(fl;.glahl)sl)(t) _q(flughhhsl)(t) _9(51) < L
H(fi,91,h1,8)(t) +1 t+1

for all ¢t € N, that is
(F(fbglvhlvQ)vG(fbglvhla‘;\/)vH(fbglvhlv‘;\/))
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is a name of 0(&;). Therefore 6 is conditionally O-computable.

For the converse (=), let us suppose that 6 is conditionally O-computable. Since
O is the second component of an acceptable pair, we can apply Lemma 4.5 and choose
operators E, F, G, H € O for the real function 6, according to the statement of the lemma.
We then choose 1-operators €2, €21, 29,23 € O from the uniformity condition in Definition
1.1, corresponding to the operators F, F, G, H, respectively. We define consecutively the
following functions:

u(,s) = (s +2)(x + 1),

v(s,y) = (Aw U(:B $))(y),
v'(s) = maxu(s,y),

do(s) :6 "(s) +5,
w(s, t) = max(Q (Az.u(z, 5))(t), Q(Az.u(z, 5)) (1), Qs(Az.u(z, s))(t)),
w'(s,t) = max(v'(s), w(s,t)),
d(s,t) = 6w'(s,t) + 5,
b, i 1Y, 5) = pass[E(f7, 01, idw) (2)

:()]7
0 0.0
e(pl,q1,71,8) = mmE(fhgpldN)( )s

f(p?;qg))r(l)apluqlaT1787t) - (flaghldNu Azx. b(p(l)a 7T?,S))(t),
g(p(l),q?,r?,phql,rl,s,t) (fl g1, idn, Ax. b(p(l)a ’T(l]vs))( )
h(P?aqg)aT(fvpl,QLThSat) (flvglvldN,Ax b(p(l), ,T‘?,S))(t),

0
q
0
a1

~

where
1Y = Ax.ehelp(?, 0,10, x),  g) = Az.ehelp(d, p?, Y, x), (5.10)
and
f= ehelp(p?, ¢, 9, z), if x gv/’(s), (5.11)
ehelp(p1, 1,71, %), if © > v'(s),
< /
e ehelp(q?, p{, 9, z), if x < '(s), (5.12)
ehelp(qi, p1,71,2), if © > V/(s).

Here we use the function ehelp defined in the previous section, ehelp € F. It is not hard to
see that all of the defined functions belong to the class F (due to conditions (1), (2) and (8)
in Definition 1.1). Our purpose is to show that dy,d, €, f, g, h satisfy the two conditions in
Definition 5.1. We fix & € D.

Let us choose a natural number T" according to Lemma 4.5. Let sg be a natural number,
such that so > T and [£;1] < sg+ 1. We claim that condition (1) in Definition 5.1 is satisfied
for this sg. Indeed, let s > sy and p(l),q?,r? € N are numbers, such that (5.1) holds. We
define the unary functions f{ and ¢! by the equalities (5.10). From Remark 4.2 for all z € N

we have fO( ) 0( ) . .
1\X) —gi\x) P11 — 41 1 0 0
- < : =0. 5.13
r+1 r0+1]7 2(z+1) fi(@)-g1(x) (5.13)

Let us choose unary functions 7? and E, such that for all x € N

z < (s) = fl(@) = fl(x) & $d(x) = ¢} (),
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() — O (a .
x> v(s) = w — G| < —= & f)gl@) = 0. (5.14)

The right-hand side of (5.14) is true also for z < v/(s), since
fx) = R(x) el = ) —gd=) pP—¢  p—q i
z+1 z+1 rd+1 rd+1
1 1 1 1 1 1 1
2wt D) A+l 2@t T2+ S 2@ l) (2@t l) il
@)-68(x) = £(x)g(x) = 0.
We used that dy(s) > 20(s) + 1. Thus (ﬁ gi) idy) names &;. According to the choice of T

there exists s, such that s; < T and E(f?, ¢?,idy)(s1) = 0. Obviously, idy is majorized by

Az.u(x,s). From the right-hand side of (5.14) it follows that any of the numbers fif(a;),ﬁ(m)
is less than (|§1| + 1)(z + 1). But from the choice of sy we have [{1| < sp+1 < s+ 1 and so

the functions f?, ¢¥ are majorized by Az.u(z,s). The same is true for the functions fY, g9,
since from (5.13) and (5.1) we have

fi(x) — gl )
z+1

_l’_

) — ¢}

1
+*< + 1.
| €1

For z < v(s, s1) we have the equalities f0(z) = f0(z), ¢%(z) = ¢0(x), since s; <T < 59 < s
and therefore v(s, s1) < v/(s). From the uniformity condition and the choice of {2 we obtain

E(f7, g7, 1dn)(s1) = E(f7, ¢, idn)(s1) = 0.
Thus e(pY, ¢0, 7Y, 5) = min,<s E(fY, ¢9,idy)(x) = 0, because s1 < s.
Now we prove condition (2) from Definition 5.1. Let s,p?, ¢, 7%, p1,q1,71,t be natural
numbers, which satisfy the premises (5.1), (5.2), (5.3) in condition (2). In other words, we
have the inequalities

Py - ¢ # _g e
r1+1 N do(s) + 1 L TPy

and the equality e(p, ¢?,77,s) = 0. Let p,q,r be defined by the equalities (5.5), (5.6), (5.7).
Our goal is to prove the inequality (5.4). First we define the functions f{ and g{ by the
equalities (5.10). For all z € N we have (5.13) from above. We also define the functions fi,
g1 with the equalities (5.11), (5.12), respectively. We note explicitly that for x < v'(s) we

have
f(z) = filz), ¢i(z)=g(z).

fi(z).g1(x) =0,

pi

|€1i Ss—i_]-u

For all x € N we have

/ filz) —gi(z) p1—a@ 5

V) =T T T = 6(z+1) (5.15)
/ filz) —g1(x) p1—aq 1

x> (s) = P El—— et 1) (5.16)

Only (5.15) requires a proof, (5.16) follows from Remark 4.2. Let 2 < v'(s). Then

filz) —gi(z) pm—aq
r+1 r1+1
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_|A@) —gi=) - P?*Q?_g SR
REEES S |
< 1 n 1 n 1 < 1 n 1 " 1
2(x+1)  do(s)+1 d(s,t)+1 7~ 2(x+1) 6(v(s)+1) 6(v/(s)+1)
< 1 n 1 n 1 _ )
“2xz+1) 6(z+1) 6(xz+1) 6(xz+1)

Here we used that dy(s) = 6v'(s) + 5 and d(s,t) > 60'(s) + 5.

From e(pY, ¢?,79,s) = 0 we have that E(f?, ¢?,idy)(s1) = 0 for some s; < s. Let us
choose the least such s;. We choose functions fT) and E exactly as above and we obtain
that (9, ¢Y,idy) names & and

E(f7, ¢9,idw)(s1) = B(f0, g2, idw)(s1) = 0.

The only difference is that this time we have the inequality |€1] < s+ 1 directly in our
premises. We then choose functions f; and g7, such that

< w'(s,t) = fi(z) = fi(z) & gi(z) = g1(x),

M _ fl < L & ﬁ(x)m($) = 0.

> w'(s,t) =
T >w(st) r+1 T+ 1

Then for x < w'(s,t) we have
fi(z).gi(z) = fi(z).g1(z) =0,
fi(z) —gi(z)

§ filz) —g1(x) pi—q  p1—a
T v(s) = z+1 —& = rz+1 _1"1—|—1 r1+1 —a
< ) n 1 < ) n 1 < b n 1 _ 1
6(z+1) d(s,t)+1 =~ 6(x+1) 6('(s)+1) ~ 6(z+1) 6(zx+1) ax+1’
/ fi(z) = gi(z) hE@)—g(@) p—a  p—a
J)>’U(S):> x+1 _gl x+1 B r1+1 ry+1 _§1
1 1 1 1 1
S0t A+ 24D 2wrl)  zil

For the first implication we used (5.15) and the inequality d(s,t) > 6v'(s) + 5 and for the
second one — (5.16) and d(s,t) > 2w'(s,t) + 1 > 2z + 1. Thus we obtain that (f1, 91, idy)
names &;. We have that idy, fY, g?,ﬁ,gT are majorized by Azx.u(z, s) and also

@) = @) = filz) = filz), @) = gi(@) = g1(2) = Fi()
for x < v(s, s1), since v(s,s1) < v'(s) < w'(s,t). From the uniformity condition and the
choice of 2,

E(f1,91,idw)(s1) = E(f7, g7, idn) (s1) = 0.
The choice of the operators E, F, G, H gives the inequality
‘F(flaglaidNa/\x'Sl)(t) _G(ﬁama idN,)\!L‘.Sl)(t) _9(51) < 1
H(f1,q1,idn, Az.s1)(t) + 1 t+1
But idy, Az.s1, f1, g1 are majorized by Az.u(z, s), because s; < s. The same is true for fi, g1,

since
fi@) — g1 (=)
T+ 1

pP1—q1
r1+1

5
< +6<\§1\+1§s+2.
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We also have fi(x) = fi(x), gi(z) = g1(z) for < w(s,t), since w(s,t) < w'(s,t). From the
uniformity condition and the choice of the operators €21, {29, Q23 we obtain

F(E, g1, idN, )\1?.81)(75) = F(fl, 91, idN, /\a:.sl)(t),
(Eng7 idN,)\]? 81)( ) = (fl)gluidNJ )\.T.Sl)(t),

(flvghldNa)‘w 81)( ) (flaglaidNa)‘x'sl)(t)'
Moreover, s; = py<s|E (fl,gl,1dN)( )=0] = b(p(l),q?,r(l), s), thus

F(fl?glvldNa/\‘r'Sl)( ) (fl:glyldN7)\x b(p17Q17T1a ))(t) =D,

G(flvgl’ide)‘x'Sl)( ) G(fl gl,ldN,)\fL' b(plaqlarlvs))(t) =q,

H(fla g1, idNa )\l’.Sl)( ) (fl)gla 1dNa AT. b(ph ql’ r(l)a 3))(t) =T
We reached our goal — the inequality (5.4) and so the proof is completed. []

Corollary 5.3. Let F be a class of functions, which satisfies conditions (1) and (2) from
Definition 1.1. Then a real function is conditionally Ox-computable if and only if it is
conditionally F-computable in the style of Tent and Ziegler.

Proof. We apply Proposition 1.2. []

Corollary 5.4. For an acceptable pair (F,0O) and a real function 6 the following are
equivalent:

e 0 is conditionally O-computable,
e 0 is conditionally F-computable in the style of Tent and Ziegler,
e 0 is conditionally Ox-computable.

CONCLUSION

We plan to extend our results for uniform and conditional M?-computability to other
nonelementary real functions from calculus, such as the gamma function and the Riemann
zeta function. The results of Tent and Ziegler [11] in this direction, particularly Theorem 5.1
for the complexity of integration, cannot be used for the class M?2, because it is not known
if M? is closed under bounded summation.

Corollary 5.4 will prove to be very useful, because it provides extra machinery for
proving conditional M?-computability. Namely, we can take any class of operators O, which
forms an acceptable pair with M? and prove conditional O-computability. And such classes
of operators O, which are broader than the class of M?-substitutional operators, do exist.
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