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0. INTRODUCTION

In this paper we consider the so-called m-M functions, i.e. functions of the form

f:D—=R (D ={a1,b1] x ... x [an, bs], where n > 0 is any element
of N; and a;,b; € R)
subjected to the following supposition:

For each n-dimensional segment A = [ay, Bi] X ... X [an, 8z] C D a pair of
real numbers, denoted by m{f)(A), M(f)(A), satisfying the conditions

(0.1) m(fH)(A) < f(X) < M(f)(A) (foralAC D, X €A)
(0.2) im(M(f)(A)—m(f)(A))=0 (where diamA = (32(8; — ai)z)l/z)
diam A — 0

1s effectively given.

Such an ordered pair (m(f), M(f)) of mappings m(f),M(f) (both mapping the set
of all A C D into R) is called an m-M pair of the function f. We also say that
m(f), M(f) are generalized minimum and maximum for f respectively. With
only a few exeptions, all elementary functions are m-M functions (Lemma 1.4).

The conditions (0.1) and (0.2) are taken as axioms of the so-called m-M calculus
(or the Calculus of generalized minimum and maximum).

A logical analysts of these axioms is given here and, in addition to the other results,
a series of equivalences is proved which enable us to express some relationships for
m-M functions by means of the corresponding relationships for their m-M pairs
(Formulas (4.8), (4.9), (4.10)).

There are many various applications of the m-M calculus, such as

- Solving systems of inequalities, systems of equations (Section 2)
- Finding n-dimensional integrals (Section 3)
- Solving any problem expressed by a positive <-formula (Section 5). Among
others
Problem of constrained optimization (Problem 5.2, Problem §.3)
Problem of unconsirained optimization (Problem 5.1)
min-maz problems (Problem §.4)
Problems from Interval Mathematics (Problem 5.5)
- Finding functions satisfying e given m-M condition (e.g. functional condition,
or difference equation, or differential equation)

As it is well known, by the usual methods of Numerical analysis, assuming certain
convergence condiltons, we aproximately determine, step-by-step, one solution of
the given problem (see [1]-[5]). However, applying the methods of m-M calculus
we approximately determine all solutions of the given problem, and we assume
almost nothing about the convergence. The solutions are, as a rule, sought in a
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2 O. INTRODUCTION

prescribed n-dimensional segment D. If the given problem, e.g. a system oof some
equations, has no solutions in D, then applying the method of m-M calculus this
can be established at a certain finite step k. The basic methodological idea of the
m-M calculus is:

It gives a sufficient condition Cond(A) which ensures that an n-dimensional
segment A does not contain any solutions of the considered problem P. Ap-
plying this criterion, we reject from the original n-segment D those “pieces”
which do not contain solutions, so that in the limiting case the remaining
“pieces” form the set S of all solutions of the problem P (if indeed there is a
solution of P).

The author is indebted to M. Agovi¢ who designed several programs concerning
the m-M Calculus and to Professor M. Raskovié for several valuable comments and
suggestions.

1. m-M ALGEBRA

In this section we state how for a given function f defined by some elementary
term f(zy,...,zn) (see (1.7) and (1.11)) one can, in a finite number of steps,
find an m-M pair Also we study some general properties of m-M pairs.

1. Throughout this section we shall denote by
D =[ay,b] % ... x [a,,b,] C R"

a fixed n-dimensional segment. The functions we deal with are mainly some m-M
functions f : D — R.

As the first fact notice that from axioms (0.1), (0.2) follows that the function f must
be continuous; i.e. if f : D — R is an m-M function then f must be continuous in
D. It is easy to see that in some sense the opposite assertion is also true. Namely, if
f: D — Ris a given continuous function then one of its m-M pairs may be defined
by

(L.1) m(f)(8) = pin f(X), M()(A) = max /(X).

Xea

Notice that this m-M pair satisfies the foliowing implication
(12)  A'CA" = m(A(A") < m()(A), ML) < m(F(A") (A" C D)

Generally, any m-M pair having this property will be called a2 monotone m-M pair.
Here and throughout the section we denote by A = [a, ] x ... X [an, Bn] any
subsegment of D. Further, the set of all such A’s will be denoted by Int(D). We
point out that formula (1.1) can be used in case of monotone functions. Namely,
we have the following lemma.

Lemma 1.1. Let f: D — R be a continuous function, monotone in each of ils
arguments. One m-M pair of f, the so-called ideal m-M pair, can be defined by the
following equalities

m(f)(A) = min{f(V1), ..., f(Var)},  M(f)(A) = max{f(V1),..., f(V2n)}
where V1, ..., Van are all the vertices of A. This m-M pair is monolone.
The proof follows by (1.1) and the fact that f, when X € A, must acheive its

minimum(maximum) at some vertex of A. From Lemma 1.1 we obtain the following
corollary

(1.3) If f : [a1,b:1] — R is a continuous monotone function then one of its m-M
pairs is determined by the equality

1) m(HA) = fer), M{(F)(A) = f(B1) if f is nondecreasing

(1) m(HA) = F(B1), M(f)(A) = f(ay) if f is nonincreasing

As another corollary we list the following table in which f denotes the function
defined by the given expression and {m(f)(A), M(f)(A)) is one m-M pair of f.
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4 1. m-M ALGEBRA
Table 1.1
Function f m(f)(A) M(f)(A) Under condition
C C C C is a constant
T oy B
)+ 2z ay + a2 B+ B2
—I -5 —0y
1/1.‘1 l/ﬁl 1/&1 0§E[a1,ﬁ1]
T| T min(oy oz, a1 B, max(ayag, a1 fs,
ayfy, a2f;) a8y, a2 f32)
min(z,, z2) min(a, a2) min(f, £7)
max(z1, T2) max(a;, az) max(f1, B2)

In connection with formulas (1.1) we also emphisize the following fact. If f is any
m-M function then for each its m-M pair the following inequalities

(1.4) m(£)(A) < min /(X),  M(f)(A) = max f(X)

~ Xea T Xea
hold. More precisely said we have the following lemma.

Lemma 1.2. Let f : D — R be a given conlinuous function and lel g1,¢, :
Int(D) — R be any given nonnegative functions with the property

B0 1) = R 2B =0

Then one m-M pair of the function f can be defined by the following equalities
* PR _ _
() M) = min FX) - a(A), MUNA) = gax f(X) + ex(A)

Moreover, each m-M pair of f can be represented in the form (*)

Now let f: D — R be any m-M function. In connection with it we introduce two
functions (mf), (M f) of 2n arguments. These functions are only partialy defined.
Namely, if A = [a1,81] X ... X [an, Ba] is any subsegment of D then, by definition,
we have:

(1.5) (mf)(a, B, an, Ba) = m(H)(A), (MHar,bi,... an, Br) = M(f)(A)

In other words if we like to consider m(f)(A) and M(f)(A) as functions of ay, f1,
<ty Gn, Bn then we can do it using the functions (mf), (M f).

Generally speaking, regarding the notion of monotony we have the following fact

(1.6) If (m(f), M(f)) is a monolone m-M pair then the functions (mf), (M f) are

also monotone in each of their arguments.
Lemma 1.3. Let the functions f,hy, ..., hy : D — R and
G: A, B)] % ... x [Ax, Be] = R (A;, Bi are given reals)
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satisfy the following equality
f(X) = G(hi(X),...,he(X)) (for all X € D)
Suppose also that for all segments A C D the inequalities
*) A S m(h)(A), M()(A) < Bi (i=1,.k)
are fulfilled. Then one m-M pair of the function f is defined by the equalities
(%) m(f)(B) = (mG)(m(h)(A), M(hi)(A), ..., m(hi)(A), M (he)(A))
M(f)(A) = (MG)(m(hi)(A), M(h)(A), ..., m(he)(A), M(h)(A))
providing that all m-M pairs of the functions hy, ..., b, G standing on the right
hand side of these equalities are known.
Proof. Let A C D and X € A. Denote the product
[m(h1)(A), M(R1)(A)] % ... x [m(hg)(A), M (hi)(D)]
by A’. Then we have
f(X) = G(hi(X), ..., he(X)

< M(G)(A) = (MG)(m(h1)(A), M(hy)(A), ..., m(hi)(A), M (hy)(A))
Similarly the inequality

f(X) 2 (mG)(m(h)(A), M(hi)(A), ..., m(he)(D), M (hi)(A))
can be proved. Thus axiom (0.1) is satisfied. Further:

limgiam a—o [M(G)(m(h1)(D), M (h1)(A), ..., m(he)(A), M (ht)(A))
~m(G)(m(h1)(A), M(h1)(A), .., m(hi)(A), M (hi)(A))]
= limgiam a—0 (M(G)(A") = m(G)(A')) =0 (For limA’ = 0)
Consequently the axiom (0.2) is satisfied, which completes the proof.

Remark 1.1. Note that Lemma 1.3 is compatible with the monotony property.
Namely, if m-M pairs of the functions hy, ..., hy, G are monotone then the m-M
pair of the function f determined by the lemma is monotone too.

Indeed, let A" C A’ C A. Then, using (1.6) and the given assumptions we have
m(f)A") = (mG)(m(h1)(A"), M (h1)(A"), ..., m{he)(A"), M (hi)(A™))

2 (mG)(m(h)(A"), M(h1)(A), ..., m(he)(A"), M (Ri)(A"))

=m(f)(4")
In a similar way we can prove that: M(f)(A”) < M(f)(A'). Consequently, the
pair (m(f), M(f)) is monotone.
Let now, f,g : D — R be any two m-M functions. Using Table 1.1 and Lemma 1.3
it is easy to conclude that for their sum h: D — R

h(X) == F(X) + g(X) (X € D)
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one m-M pair can be determined by the following equalities

m(h)(A) = m(f)(A) +m(g)(8), M(R)(A) = M(f)(A)+ M(g)(A)
According to this in the m-M algebra one recursive definition reads
() m(f +9)(A) =m(f)(A) +m(g)(D), M(f+g)(A)=M(f)(A)+ M(g)(A)

by which!) an m-M pair of f + g is defined by the m-M pairs {m(f)(A), M(f)(A))
{m(g)(A), M(g)(A)) of f and g. Next, denote by

(1.7) Term(R, z1, ..., &n, +,+, —, 24}/, €Xp, sin, cos, min, max)
the set of all terms built up from?®

the variables z1, ..., 2, symbols of some real numbers and functional symbols
+, 0, ~, 21/, exp, sin, cos, min, max where k£ > 0 may be any natural number

Assuming that f, g can be any such terms and that A = [a1,81] X ... X [an, 8]
can be any n-dimensional segment® we have the following recursive definition of
the so-called general m-M pair (of any term f belonging to set (1.7).

Definition 1.1.

() m(C)(A)=C, M(CX

C, (C is a constant)

A) =
m(z:)(A )~au M(zi)(A) =B, (i=1,..,n)
(i) m(f+g)(A) =m(f)A) +m(g)(B), M(f+9)(A) = M(f)(A)+ M(g)(A),
(iii) m(=f)(A) = =M(f)(A), M(=f)(A) = —m(f)(B),
(i) m(f - g)(A) = min(m(f)(A)m(g)(A), m(F)(A)M (9)(A),

M(£)(D)ym(9)(A), M(F)(A)M(g)(A))
M(f - g)(8) = max(m(f)(A)m(g)(A), m(f)(A)M(g)(L),
M(f)(B)m(g)(A), M(F)(A)M(g)(A))

(v)  m(min(f,9))(A) = min(m(f)(A), m(g)(A))
M (min(f, g))(A) = min(M(f)(A), M(g)(A))

(vi) m(max(f,g))(A) = max(m(f)(A), m(g)(A))
M(max(f, g ))(A) = max(M(f)(A), M(g)(A))
(vid) m( P YFNL) = */m(PB), M(™/F)(A) = /M (T)(A)
(vitz) m(exp F)(A ) = expm(f)(A), M(exp f)(A) = exp M(f)(A)
(iz) m(sin f)(A) = m(f)(A) — M(f)(A) + sinm(f)(A)
M(sin f)(A) = M(f)(A) — m(f)(A) +sin M(f)(A)
(z) m(cos f)(A) = m(f)(A) — M(f)(A) + cosm(f)(A)
But, it is not true that generally for each m-M pair of the sum f + g exist some m-M
pairs for f, g such that equalities (*) hold
2)The symbol — is taken as an unary functional symbol. According, the difference z —y is

introduced as z + (~y).
3)Thus it is not supposed that A C D.
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M(cos f)(B8) = M(f)(A) = m(f)(A) + cos M(f)(A)

As 1t 1s well-known to each term f belogning to the set {1.7) one can correspond
the unique function®) f:R"™ — IR in the standard way.

According to the Table 1.1 and Lemma 1.3 the left-hand sides of each of equalities
(i1)-(viii) determines one m-M pair of the functions f + g, —f, f - f, min(f, g),
max(f,g),exp f respectively by means of the m-M pairs of the functions f,g. A
similar fact holds for equalities (iz), (z) due to the following identities

(1.8) sinz=(z+sinz)—z, cosz=(x+cosz)—z

by which the functions sine and cosine are represented as differences of two mono-
tone functions.

Note also that repeated application of this definition always produces monotone
pairs. This follows from the fact that by part (1) of Definition 1.1 one monotone m-
M pair is introduced and that other equalities in Definition 1.1 are compatible with
monotony property (see Remark 1.1). In such a way we have proved the following
lemma.

Lemma 1.4 Let f : R” — R be a function defined by a term f(zy,...,z,) belonging
to set (1.7). This function is an m-M function. Employing Definition 1.1 one of
its m-M pairs can be effectively found in a finite number® of sieps. The obtained
m-M pair 1s monotone.

For illustration we give the following examples

Example 1.1. Let f be a polynomial funciion defined by the equality of the form
f(zl: REE) :l:") = g(xly Ty In) - h(fEl, tey zﬂ)

where g(z1,...,2,), h(z1,...,z,) are polynomials having positive coefficients only.

Then one m-M pair of f is determined by the following equalities

m(f)(A) = glag, ..., an)=h(B1, ..., Bn), M(f)A)=9g(B1,...,0:)—h{cr, ..., an)
(A= [ay, /1] x ... % [an, Br])

providing thal ay, ..., > 0.

Example 1.2. According to the identity |z|= max(z,—z) from Definition 1.1
one can easily deduce the following equalities

m([fINA) = max(m(f)(8), =M (f)(A)), M f)(A) = max(M(f)(A), —m(f)(A))

2. In m-M calculus we shall frequently be concerned with dividing some given
segments of reals into certain smaller “pieces”. In connection with it we introduce

To be more precise we can denote this function by some new symbol, for instance f.
Then its definition would read

f(Z1s -y va) = Value of term f(zy, ..., 2,) (for any z;, ...,z € R)

5)As a matter of fact this nurnber is equal to the number of all functional symbols occuring
in the term f(z),...z,).



8 1. m-M ALGEBRA

the so-called cell-decomposition of a given segment [a, b] C R. Any such decompo-
sition D is an infinite set of certain segments {a’, 4] C [a, d], the so-called cells of
the decomposition, where to each cell one of the numbers 0, 1, 2, ..., the so-called
order of the decomposition, is ascribed. In addition the following conditions are
supposed

(1.9) (1) [a,0]€D
(i) For each® r € N there exists a finite number of cells in D having the
order r. The segment [a, b] is the unique cell of order 0.
(iii) The union of all cell of order ¢ is [a, b].
(iv) The interiors of two different cells of the same order r are disjoint.
(v) Ifd(r) denotes the maximum of length of all cells of order 7 the equality

lim d(r) =0
holds™.
A cell-decomposition D is called a cell-tree if the following condition is fullfiled

(vi) For each cell C, € D of order r(> 0) there exists a unique cell C,_, € D
of order r — 1 such that C, C C,_;.

One example of cell-tree is the so-called diadic tree. Its cells of order r are segments
[o, B] C [a, b] defined by the equalities of the form

a=a+k(b—a) 277, f=a+(b—a) 27"

where k can be any element of the set {0,1,..,2"—1}. Notice that by the definition
of cell-decomposition for each decomposition D of the segment [a, b] the following
fact holds

(1.10)To each point = € [a,b] at least one sequence {C,(z)) of r-cells®) is related
such that the following conditions

(Vr € N)z € C, ()

is satisfied
Any such sequence is called a cell sequence of z. In the sequel we shall frequently
use the following definition

Definition 1.2.

19 Let Dfa,b] be a cell-decomposition of the segment {a,b] C R. Then the set of
all r-cells of the decomposition is denoted by D,[a,b].

20 Let D = [ay,b1] % ... x [an,b,] C R™ be an n-dimensional segment and let
Dlai, b;] be some cell-decompositions of the segments [a;, 0] (2 = 1,...,n).

8N is the set of all nonnegative integers 0, 1, 2, ....

DObviously the notion of decomposition is that appearing in the ordinary definition of
Reimann integral.

8 1Instead of "cell of order 7' we say briefly “r-cel”.
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Then the sets D.(D), D(D) (r is a fired element of N) are introduced by the
following equalities

D,-(D) = {Pl X ... X Pn|P1 & D,[al,bl], ...,Pn [ 'Dr[an,bn]}
D(D) = UrENDr(D)
respectively.

3. Let us now extend the set (1.7) by allowing the set of functional symbols to
contain also the following new symbols

1/, arcsin, In, ¥/, (k> 1,k €N)
This new term set will be denoted by
(1.11) Term(R, zy, ..., Tn, +, -, —, €Xp, sin, cos, min, max, 1/, arcsin, ln, ¥/)

Ift(z1,..,zn) is any element of this set then in the standard way one can correspond
to it one function. But, in general such a function is defined only for those values
(z1,...,zn) € R™ which satisfy the corresponding definition-condition Cond(t), to
be defined bellow.

Denote by P = {py,...,pa} the set of all termns such that 1/p;, ..., 1/p, are all
subterms of the term ¢ having the form 1/p, where p i1s a term. Similarly let

Q:{qlr"'lqb}> R:{rll"‘YrC}l S:{sll"'lsd}
be the sets of all terms such that
arcsin qy, ...,arcsingy, Inry, .. Inr., 2/s7, .., %/sq (k> 0,k €N)

are all subterms of the term ¢ having the form arcsin g, Inr, %/s respectively. Some
of these sets P, @, R, S may be empty. Then we have the following definition

(1.12)Cond(t) is the conjuction of the following conditions

P1 7‘4: 01 "'Jpq ?é 0: |q1| S 1)"':Iqb[ S 1,7‘1 > 0)"':r6 > 0151 Z 0)"')Sd Z 0

Denote by Dom(t) the set of all X € R™ satisfying the condition Cond(t).
So, the following problem:

(1.13) Determine the set Dom(t)

appears.

A bit later we shall consider that problem under the following additional condition
(Z‘l, .,.,Il?n) € D

where, as before D = [ay, b1] X ... X [an, by] C R™ is n-dimensional segment.
Now bearing in mind the corresponding definition-condition about the new func-
tional symbols we extend Definition 1.1 by this addendum
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Definition 1.3.

(z) m(1/f)(8) = 1/M(f)(A), M(1/F)(A) = 1/m(f)(A),
if 0¢[m(f)(A), M(F)(A)]

(
(ziz) m(arcsin f)(A) = arcsinm(f)(A), M (arcinf)(A) = arcsin M(f)(A),
i =1 < m(F)(A) and M(F)(A) <1

(z3ii) m(ln Y(A) = lnm(f)(A), M(In f)(A) = ln M(f)(D),
f m(f)(A) >0

(ziv) m(N/F) (D) = X/m(f)(A), M(X/F)(A) = X/M(f)(8), (k>0,k€N)

if m(f) >0
Bearing in mind the conditional character of Definition 1.3 one must be careful in
using 1t.
Suppose now that A = [ay, £1] X ... X [an, Ba] C R is any n-dimensional segment,
not necessary a subset of DD, and that f is a function defined by certain term
belonging to set (1.11). By means of Definition 1.1 and 1.3 we can recursively,
step-by-step, try to determine a pair of numbers m(f)}{(A), M(f)A). With more
details this procedure can be described as follows.

(1.14)We start by using equalities (i) and after that, if it is needed, according to
the structure of the term of the function f we step-by-step use one of the
equalities® (ii), (iii), ..., (xiv). Then, whenever we meet some subterm of one
of the form

1/t,arcsint, Int, ¥, (k> 0,k € N)

we first check whether the corresponding condition from Definition 1.3, i.e.
one of these

(c1) 0 & [m(1)(A), M()(A)], (e2) — 1 <m(t)(A) and M(2) <1,
(ca) m(t)(A) >0, (ea) m(t)(A) 20

respectively is satisfied.

The procedure halts if that condition, let us say (¢;), is not satisfied. In such
a case we shall say that the procedure has stoped prematurely. At this halting
step we also check whether the following additional condition (c!):

(e1) m(t)(A) = M()(A) =0

(ch) m()(A) > 1 or M{t)(A) < -1
(c3) M(1)(A) <0

(cq) M(1)(A) <0

respectively is satisfied.
In the connection with this procedure we introduce the following definitions®).

9 As a matter of fact this procedure is quite similar to that of computing the value of some
given algebric expression in which eventually some operators are only partialy defined.

19 We use the terms f-solutional, f-indetermined, f-feasible because of the similarity
with the notions solutional, indetermined, feasible (see Definitions 2.1, 2.2)
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Definition 1.4. An n-dimensional segment A is
19 f-solutional if the procedure (1.14) does not halt prematurely
29 f-indermined if the procedure (1.14) halts prematurely but then the cor-

responding condition (c}) is not satisfied.

Definition 1.5. An n-dimensional segment A is f-feasible if il is f-solutional or
f-indetermined.

Now obviously we have the following:
Lemma 1.5. Let A be any n-dimensional. Then:

(i) If Aisan f-solutional then the funclion f is defined for all X € A.
(i) If A is not f-feasible then for all X € A the funclion f is not defined.

The prooof follows immediately from the meaning of conditions (c;), (¢i) (¢ =
1,2,3,4).

Lemma 1.6. Let A and A/, with A’ C A, be any n-dimensional segments. Then
if A 1s f-solutional A’ is f-solutional too.

Proof. Denote by o(f) the number of all functional symbols occuring in the term f.
To prove the lemma we shall prove by induction on o( f) the following implication

(*1) IfA isa f-solutional and A’ C A then A’ is f-solutional too, and edditionally

the inequalilies

m(f)(A) < m(f)(A"), M(F)(A) < M(f) (D)

are salisfied.

If o(f) = 0 then the form f is one of the terms z, ..., ,,, C, where C is a constant
and assertion (*1) is trivially true.

If o(f) > 0 then the term f can have one of the following forms

1°9u40, 22u-v, 39 —u, 4% =*/u, 5° expu, 6° sinu, 7° cosu
8% min(u,v), 9° max(u,v), 10° 1/u, 11° arcsinw, 120 lnw, 13° %/u

where u, v are some terms and k > 0, k € N.

Let f have the form u+ v. Then using the induction hypothesis and Remark 1.1
it follows that (*1) holds. Similarly one can treat cases 2°-9°.

Let f have the form 1/u. Then by the induction hypothesis we have the following
conditions

(*2) m(u)(A) < m(u)(A"),  M(u)(A) < M(u)(A)
By assumption we also have the condition

0 ¢ [m(u)(A), M(u)(A)]
i.e. the following condition

(*3) m(u)(A) > 0V M(u)(A) < 0
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From (*2) and (*3) it follows that
(*4) m(u)(A') > 0V M(u)(A') <0

which completes proof in case 10°. In a similar way the remaining cases can be
proved (see also Remark 1.2 below).
A straigtforward corrolary of Lemma 1.6 reads

(1.15)Let A be an f-solutional n-interval. Then using procedure (1.14) one can for

each A' C A determine the m-M pair (m(f)(A), M(f)(A")). Moreover, this
m-M pair is monotone.

Note that this assertion is a generalization of Lemma 1.4.

Remark 1.2. Denote condition (*3) by p(A). Then the implication (*3) = (x4)
can be rewritien as follows

P(A) = p(A) (FAC A and (+2))

In other words the condition ¢(A) is compatible with the monotony property. The
similar fact holds for conditions (c3), (c3), (ca).
Let now ¢ be a term belonging to set (1.11) and let D C R™ be a given n-dimensional

segment. We are going to sclve problem (1.13) under the assumption (z1,...,zn) €
D. The set DN Dom(t) will be denoted by Domp(t).

We start by choosing some decomposition D(D). (see Definition 1.2). Accordingly
let, for fixed r, F,(t) denote the union of all t-feasible products P, € D,.(D). Next,

by Singp(t) denote the set of all values (x,,...,z,) € D at which, if ¢t has one of
the form

L/u(zy, ..., zn), Inu(zy,..,z,)
the condition of the form
u(zy,...,2,) =0

is satisfied. Then we have the following basic result.

Theorem 1.1. If t is any term from set (1.11) then the following equality

(ﬂ Fr(t)) \ Singp(t) = Domp(t)

reR

holds.

Proof. Let first X = (z,...,2,) € Domp(t). This point does not belong to
Singp(t). Next, denote by P, the direct product C,(z;) x ... x Cr(z,) where
(Cr(z:)) is any cell-sequence of the number z; (i = 1,2,...,n). Suppose that for
some 7 € N the product P, is not feasible. Then, by Lemma 1.5, (ii) the function
f, corresponding to the term ¢, is not defined for all elements of P,, which contra-
dicts X € Domp(t). Thus, for every r € N the products P, must be f-feasible.
Consequently: X € (", ¢y Fr) \ Singp (t).
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Let now X € ..y Fr and X & Singp(t). To prove X € Domp(t) suppose the
contrary. Then the term ¢ must have some subterm of one of the forms

arcsinu, %u, lnu (k>0,keN)

and additionally the following condition
[u(X)>1, u(X)<0, u(X)<O0

respectively is fulfilled. Consequently for 7 great enough any product P, 3 X will
satisfy the condition

m(u)(Pr) > lor M{(u)(P) < —1, M(u)(P)<0, M(u)(P)<O0

respectively. Thus P, is not feasible, which contradicts X € () F.. The proof is
completed.

Remark 1.3. The set Domp(t) 1s the set of all solutions of the condition Cond(T’)
(see 1.12). Accordingly, applying the procedure (2.6) from section 2 one can aproz-
imately determine this set as follows. Let € > 0 be a real number chosen in advance
and let Cond, () be the conjuction of the following conditions

pilze e >e, ol <1 el <1, |ml2e e > ¢

51 2 01 ey $d 2 01 (171, ..‘,.’L‘n) €D

Cond(t) 1s a system of inequalities 1o which Theorem 2.1 can be applied. Conse-
quently the set Domp(t) can be approzimately determined in that way.

In connection with the mentioned procedure (2.6) here we add the following remark.

Remark 1.4. If in the system (2.1) any function f; is defined by some term
from the set (1.11) then, briefly said, in Definition 2.1 the feasibilty criterion
should include the following part: A is f;-solutional. Also, those A's who are
fi-indetermined should be included 1o Uy, but as a separaie part. The reason is:
such A’s have to be treated in the next siep of the procedure.

4. Suppose now that f is a function defined by a term f(z1, ..., z.) belonging to set
(1.11) and in some points S the value of that term becomes indetermined (sych as
0/0, co/oo, etc.). Usually, f(S) is defined as the corresponding limit (if it exists).
The function f: D — R defined by

flz1,z2) = { (7(?%2—3—) if (21, 22) # (0,0)
’ 0 if (21, z2) = (0,0)

$=(0,0, DCR?} D>S

is an example of such a function. In the case of such functions in order to determine
one m-M pair (m(f)(A), M(f)(A)), where A 3 S is a domain small enough, one
can apply Lemma 1.7 stated below.
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Lemma 1.7. Let f: D — R be a given funclion and S € D. Suppose thal there
ezist a numbere, with'V 0 < & < minyxesp || X =5 ||, and a function A [0,e] - R
having the following properties

(i) X is a non-negative function

(1) N X =S{ge=[f(X)= O <A X =5
Then for all segmenis A C D with the properties S € A, diam A < ¢ one m-M- pair
of the function f is determined by the equalities
(1.16) m(f)(A) = f(S) = AM(diam A), M(f)(A) = f(S) + Mdiam A)
Proof is straightforward.
Notice that the condition (jjj) is weaker then the Lipschitz condition which involves
a function X of the form A(t) = Kt* where K, a > 0 are constants. The condition
(3i1) 1s very natural since for each continuous function f: D — R, S € D one can
easily prove the existence of ¢ > 0 and a function A with the properties (i), (ij),
().
In connection with the function f defined above we mention that according to the
inequality

|23 + 23] < 2r° where 72 = 2% + 23

one can define a function A by the following equality  A(t) = 2{¢].

5. Now we are going to give some formulas for m-M pairs in case of differentiable
functions (and complex regular functions).

Theorem 1.2. Let f : [a;,b] — R be a given function belonging to the class
Ck+Yay, b)) where k is some natural number. Suppose also that for any segment
A = [ay, f1] (with A Cay, by])

(1.17) B(f*+01)(4)

denotes an upper bound of the modules of the (k+1)-derivaiive of 12 f when z € A.
Additionally suppose that the following condition is satisfied

(1.18) (ve > 0) (3K € R) (diamA <= B(fFHI))(8) < K)

that 1s (1.17) is bounded if diamA — 0. Then, using notalions
o+ B p_ﬁl“al
B 2 2

one m-M pair of the funclion f is determined by the following equalilies

k41

SN0 .
m(f)(A)=f(7)—Z|f 2~ L B

(1.19) "

Z |f(*)(7)| p

Ty D)

M)A

13D denotes boundary of D
191t suffices that = belongs to the interior of A only.
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Proof. Let us start with the following well-known identity

(D S = f(7)+Z( D04 g5 [ 1000 - o

further for the above integral we have

/Z FED ) — 1)k at

v

=| [ 1t = -t - -

(*2) < pkHB (‘f(ch)D (A)/l thdi
0

= lfk—:llB (|f(k+1)D (A

Using (*1) and (*2) it is easy to prove the formulas (1.19), i.e. to complete the
proof.

Definition 1.6. The m-M pair defined by (1.19) is called the k-Taylor m-M pair
of the funciion f.

Remark 1.5. /n formula (1.19) one may take for v any element of A, but then p
should be diam A. Similar facts hold for formulas (1.25) and (1.26) below.

It is interesting that the formulas (1.19) can be generalize to the case of real funec-
tions in several variables and also to the case of complex regular functions.

For instance, if f: D — R, where D = [a1, 1] % [az, b5], is a real function belonging
to the class C?(D) then similarity to (1.19) one pair of f is determined by the
following equalities

14} ad
m(f)(A) = f(’h,’Yz) - ’%(71:72) PL — ’6_2{2 (71.72)| P2 — g
1o}
(1.20) M(f)(é) = flr,72) + a—i(%,vz) p1+ ‘;—4(71;72) p2 +§
(71': i;—ﬁ: P = ﬂi;ai: 329%311-*-2/71,02312*'/’%322)

where By, By, Ba, are respectively

sad e o (mmhe. = (%

322 ) (4),
providing that the conditions of the type (1.18) are satisfied.
Notice that the formulas (1.20) may be easily proved by using identity*3 (*1) in
the case of the following auxiliary function ¢ : [0,1] — R

o f
(91‘161?2

W) =fn+t(zi~n),2+t(z2—72)) (21,2 are fixed)

Mwith k = 2
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The formulas (1.20) determine one 1-Taylor pair of a given function. Of course,
generally k-Taylor pair, with k£ € N, can be defined in quite similar way.

Let now!®) f : D — C, D = [a1, b1] X [a2, ba] be a given complex regular function
and k some natural number. Further, let

/
(3) A =lar, Bi] x[on, B2), 7 = “5% 4058 2= (81— ) + (B2~ o))

Then similarly to (1.19) one k-~Taylor m-M pair of the function |f(z)| can be detr-
mined by the following equalities

k @ . k+1
mA)(8) = Il =3 ] g P

(121) 1; lf(l)( )| E+1
MUANA) = 1S+ 30 =2t + gy B

where B4 denotes the upper bound
(n+1)
5 (j/]) @

supposing that the condition of the type (1.18) is satisfied.

Formulas (1.21) can be proved quite similarly as formulas (1.19). Namely, we can
again start with the identity of the form (*1) proceed as in the proof of (1.19) but
now we must use in the notion of the modulus of complex numbers. In connection
with it let us point out that in such a way we first obtain the following formula

® o) . PEERNLESY
(1.22) ||f(z)|—|f(v)||SZWV—WﬁBM

i=1

from which formulas (1.21) follow immediately. Let us write the inequality (1.22)
in the following form

(1.23) IFI=1f M=e(1)  (f [z =~]—0)

emphasizing that the right-hand side of (1.22) has limit 0 when |z — 7| tends to 0.
It is interesting that such an inequality may be valid for certain complex functions
which are not regular. So, for function f(z) = |z| we have inequality

(4) 2t = 7l < 1z =7l

which directly yields a fact of the form (1.23). According to this, using (1.22) and
(A) we can find an m-M pair for a complex function f which is built up a certain
composition of some regular complex functions and the function |z|. To illustrate

' Complex numbers are treated as ordered pairs of real numbers.
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this we give an example. Let f be the complex function defined by the equality
f(z) = e*sin|z|. Then we have:!®

f(z) =(e" + (=) A) - (sin|]y|+ B - (z = 7))
(for some A, B satisfying the inequalities'® |A| < e, |B| < l))
=7 sinly] +(z ~ 7) [AB (2 = 7) + Asin || + Be7]

wherefrom one can easily make an m-M formula for f.

6. Now we turn our attention to Lemma 1.1. Obviously, in practice we have the
ideal case if we may defined an m-M pair of f : D — R by equalities of this lemma,
1e. by:

(1.24) m(f) (A) = min{f(V1), ..., f(Var)}, M (f)(D)= max {f(V1), ..., f(Van)}
(V1,..., Van are all vertices of A C D)
This m-M pair will be called the ideal m-M pair. Then the segment A C D

will similarly be called the f-ideal segment. For the ideal m-M pair besides the
denotations m(f) (A), M(f)(A) we may use the simbols

min( f) (A), max(f)(A),
respectively.
Thus far we have used formulas (1.24) several times (see Table 1.1). In general the
formulas can be used in case of monotone functions (with respect to each of its
arguments). For instance, we have such a case if:

(1.25) f is a linear function.

Next, suppose that the function f(z),...,z,) has the derivatives
of  of
EERRr (for all (z1,...,z,) € A)

and additionally

(1.26)EBach (—%% (i = 1,2,.,n) has a fixed sign (< or >) for all (z;,...,z,) €
Interrior(A).

Then A, and also any subsegment A’ C A, are obviously f-ideal segments.

7. Now we state some general properties of m-M pairs. Let f: D — R be an m-M
function and let T(D) be some, by Definition 1.2, chosen cell-decomposition which
is a cell-tree. Next, let (m(f) (A), M(f)(A)) with A C D be a given m-M pair of
the function f. We introduce the following denotation

(1.27)For given r € N and P, € T,(D) by P! is denoted the unique (r — 1)-product
containing P, as a subset.

'*)We recall that z € D and « is defined by (*3)
'$)For instance, (A) implies an equality of the form |z} = [v| + B - (z — k) with some B
satisfying the inequality |B| < 1.
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Thus, P/ € T,_1(D) and P! D Prg.
Definition 1.7. For ell elemenis P, € T(D) an m-M pair of the function f,
denoted by m*(f)(P.), M~(f)(FP;), is defined recursively by these equalities

m* (f)(Po) = m(f)(Po), M (f)(Po) = M(f)(Po) (Po is D)

m*(f)(Pry1) = max (m(f)(P:), m"(f)(});)) )
M (F)(Pryr) = min (M(£)(Pr), M~ (f)(PL))

In virtue of this definition it follows immediately:
(1.28)The m~(fY}(A), M*(f)(A) (with A € T(D)) are monotone (in sense (1.2)).

We emphasize that this elementary fact can be very suitable used in various appli-
cations of m-M calculus (see, for instance, Remark 3.1).

Lemma 1.8. Let f: D — R be an m-M function and let for each n-subsegment
A C D one point Xa be choosen in advance. Then the following relations are true

(%) m(f)(A) = F(Xa)+o(1), M(£)(A) = f(Xa)+o(l), (if diamA — 0)
Proof follows at once from axiom (0.2), i.e. from the fact that

(+*) M(f) = m(£)(8) = o(1) (diamA — 0)

and axiom (0.1), i.e. the inequalities

Im(f) (A) = f(Xa)[, [M(F)(A) = F(Xa)| < [M(F) (D)~ m(f) (D)

The following assertion is an immediate consequence of Lemma 1.8:

(1.29)If f: D — R is an m-M function then for each m-M pair of f there exist
positive numbers €, K such that \m(f)(A)] < K, |M(f)(A)| < K whenever
A C D and diamA <e.

Definition 1.8. Let (m(f), M(f)} be an m-M pair of some m-M funclion f : D —
R. This pair is the so-called Lipschiiz’s m-M pair if there exist posilive numbers g,
K, o such that the inequality

IM(f)(8) = m(f) (A)] < K{diam A)7 (A C D)
is fulfilled whenever diam A < ¢. More precisely said such an m-M pair is a o-
Lipschitz’s m-M pair.

Note that in general we may impose on ¢ the restriction & < 1. Namely, in case
o > 1 the function f must be a constant function. Next, according to Definition
1.6 any Taylor’s m-M pair is 1-Lipschitz’s m-M pair.

Remark 1.6. In case of o-Lipschitz’s m-M pairs the relations (*) from Lemma
1.8 may be replaced by these

m(f)(8) > f(Xa)— K (diamA)’ . M(£)(A) < [(Xa) + K (diamAY°
In the following theorem, supposing that a function f is defined by a term f(z1, ..., zn)
from set (1.11), one uses a notion of the strictly f-solutional segment:
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1.30)An n-dimensionel segment A is strictly f-solulional if the following condition
¥ Y
1s fulfilled:
whenever the term f(zy,...,z,) has some subterm one of the forms
(i) 1/t; (1) arcsint, (i1) Int; (i) X/t (k > 0,k € N)
then the corresponding condition
() 0¢[m(t)(A), M@)(A)] (i) -1 <m()(A), M()(A) <1
(iit’) m(t)(A) > 0, (1v’) m(t)(A) > 0
is salisfied respectively.

Theorem 1.3. Let f : D — R be a function defined by e term f(zi, ..., z,)
belonging to set (1.11) and let D be an f-solutional segment. Then:

1° The function f is conlinuous for every X € D.

20 Using procedure (1.14) one can for every n-dimensional subsegment
A C D determine the numbers m(f) (A), M(f)(A). The obtained m-
M pair 1s monotone. [t is also I-Lipschitz’s m-M pair provided that D
is a strictly'™ fsolutional segment.

30 Functions (mf), (M f) defined by equalities of the form (1.5) are con-

tinuous.

Proof is by induction on o( f} - the number of all operation symbols
+, -, —, exp, sin, cos, min, max, 1/, arcsin, In, 3

occuring in the term f(zy,...,z,).

1%, In virtue of Lemma 1.5 (i) the function f is defined for all X € D. By induction
on o(f) it can be easily proved that the function f is continuous. For instance,
during such a proof one case to be considered is that in which the term f(zy, ..., z,)
has the form 1/t(zy,...,z,). According to condition (c;) in procedure (1.14) one
of the inequalities

@) m() (D) >0, (i) M(t)(D) <0
holds. If (i) or (ii) is true then for all X € D the inequality {(X) # 0 is satis-

fled, which together with the induction hypothesis yields that the function f is
continuous.

2° Bearing in mind Lemma 1.6 and (1.15) the only thing to be proved is that
the obtained m-M pair {m(f)(A), M(f)(A)) is Lipschitz’s under condition that
the segment D is strictly f-solutional. Again one can employ the induction on
o(f). Since the function |f| is continuous, it must be bounded. Using this fact and
(1.29) (applied on D) one can in a standard way complete the induction proof. For
instance, if during the proof we have the case when the term f(zy,...,z,) has the
form

™) Vi

1Msee (1.30)

(where £ > 0,k € N)
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Then for any A C D we have

IM(f)(A) =m(f) (&)

/M@ (B) - ¥/m(t) (D)

IS
p€ T M) (8) = m(t) (A)]

for some € € ((m(t) (A), M(t) (A))

< gee M M) (8) - m(1) (A)
where ¢ = m(f) (D) >0
(In virtue of (1.15) we have £ > ¢)

wherefrom it is easy to complete the proof in the case when the term f(zi,...,zn)
has the form (*).

3% Let A = [ay, B1] X ... X [@n, Bz] C D be any subsegment of D. The (mf), (M f)
are functions on oy, ..., an, f1, -, Bn with A C D. Again we use induction o f).

If o(f) = 0 then f is z;, for some i (i < i < n) and (mf), (M f) are reduced to
a;, f; respectively. Obviously (mf), (M f) are continuous functions at any point
(a1, ..., &n, B, ..., Bn) where A C D.

Let o(f) > 0. There are 13 subcases related to points (ii), (iii), ..., (xiv) of Definition
1.1 and Definition 1.3.

Case (ii), i.e. f has the form g -+ h. Then using (ii) in Definition 1.1 and the
induction hypothesis for ¢ and h we conclued that (mf), (M f) are continuous
functions. As a matter of fact, we used the fact that the sum of two continuous
functions is also a continuous function. The proof is similar in cases related to parts
(i), (iv), ..., (x) of Definition 1.1.

Case (xi) i.e. f has the form 1/g. Then (mf)(ai,...,an, b1,...,Bs) is equal to
1/M(g) (A), but under condition M(g)(A) # 0. Consequently using induction
hypothesis we conclude that (mf) is a continuous function (at any point (ay, ..., &a,
Bi,...,0) with A € D). In a similar way one concludes that (Mf) is also a
continuous function.

The remaining subcases, related to (xii), (xiii), (xiv), can be treated in a similar
way, therefore the proof is omitted.

2. SYSTEM OF EQUATIONS, SYSTEM OF INEQUALITIES

Supposing that f; : D — R (i = 1,2, ..., k) are any m-M functions , where
D = [a1,51] X ... X [an, Bn], we state a method of solving the system of
inequalities

fi(l'l,A..,In)ZO, (Jfl,..,,ln)ED (ZZI,Q,IC)
which includes the case of system of equations. Several convergence questions
are studied too.

1. Let D = [ay, 1], X... X [ap, by] C R™ be a given n-dimensional segment and let
fi i Dy > R (i =1,..,k) be given m-M functions. In connection with them we
consider the following system of inequalities

(2.1) iz, onzi) 20, fi(zr,..,za) 20,  (assuming (z1,...,z,) € D)

Denote by S the set of all its solutions. In order to determine the set S we shall
start with some cell-decomposition D(D) (see Definition 1.2).

Assume for a moment that A = [a;, 8] X ... X [an, Bn] is any n-dimensional sub-
segment of D. Generally such a segment can satisfy just one of the following
conditions!

19 (V) M(£)(A) >0, 2°(F) M(f:)(A) <0

Obviously a segment A satisfying condition 2° cannot contain any solution of the
system (2.1). Accordingly, we introduce the following definition.

Definition 2.1. An n-dimensional segment A C D is feasible in the sense of
system (2.1) if the following condition

(Vi) M(f:)(A) > 0
1s satisfied.
To this definition we add the following obvious assertion

(2.2) If an n-dimensional segment A C D contains a salution of system (2.1) than
A must be a feasible segments.

In connection with D(D) for a fixed r € N denote by F, the union of all feasible
segments belonging to D, (D). Then our first result about system (2.1) reads:

Theorem 2.1. The equality

S = ﬂFr

reN
1s lrue.

Dlnstead of
M(£)(A) > 0, ..., M(7)(A) > 0; M(f1)(A) < 0 or ... or M{f:)(A) < 0
we have written (Vi) M(f.)(A) > 0, (31) M(f.){A) < O respectively.

21
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Proof. Let first (z1,...,2,) be a solution of system (2.1). Then according to (2.2)
for every » € N we have (z1,...,zn) € Fr-  which implies

(zl,...,zn) € ﬂ Fr

reEN

So, we have proved the inclusion S C [,y F;. Suppose now that (z;,...,z.) € S.
Then at least one of the inequalities

filzy, .., za) <0

must be true. Since f; is a continuous function there exist a negative number p

and an n-dimensional segment A C D such that (zy,...,z,) is one of its interior
points and additionally the inequality

(*1) filzy, .. z) <p

is true whenever (xy,...,2n) € A. Further according to axiom (0.2) there exists

6 > 0 such that for all n-dimensional segments A’ C A, with (z,,...,2,) € A,
diam A’ < § the following inequality

(*2) M(f;)(A") —=m(f;)(A") < —p/2
is true. Using (*1), (*2) we conclude
M(f;)(A") <m(f;)(A") —p/2

<p-p/2 (By axiom (0.1))

<0
Based on that we infer that there exists a natural number r such that for any

P. € D.(D)
countaining the point {zy, ..., z,) the inequality
M(f;)(F) <0

holds. Consequently for such an r the point (z,,...,z,) cannot be an element of
the set F,. Thus we have proved the implication

(21, 20) € S = (21, 2n) & [ ] Fr
reN
which completes the proof.

Obviously Theorem 2.1 suggests an idea how to solve system (2.1), briefly said how
to find F, step-by-step. To improve such a procedure we can define the set F,4,;
as a subset of the set F,.. This idea is used in the following solving procedure for a
given system (2.1):

(2.3) Solving procedure depends on a cell-decomposition D(D). If we want it 1o be
a cell-tree then we can choose 1t in advance. In opposite case we delermine
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D, (D) during the solving procedure. Further, step-by-step we form a sequence
(F!Y whose each member F! is the union of some feasible products?) P, € D, (D).

T T
This sequence is defined inductively as follows

1% F§ = D if D is feasible, otherwise F§ = 0.
20 Forany r € N

F!,, = The union of all products P,y € Dry1(D) such that Pryy is
feasible and P,y C F}.

If D(D) s a cell-tree then condition P.yy C F} is satisfied, according to
the definition of a cell-tree. Otherwise, we should define D,yy[ay,by], ...,
Dreilan, bal in the (r + 1)7t* step so that the condition® P.y, C F! be
satisfied.

If for some r € N we have the equalily F! = 0 then the procedure halls and S
is §. Otherwise, the seis F! when r is getting greater and greater give better

and betler approzimalions of the set S.

Notice that the sequences {F,), (F?) may differ but nonetheless the equality

r

Ne=N*

reN reN
always holds. Besides that the sequence (F}) is monotone, for the inclusions
FoD2..2F DF/,,D..
are satisfied. Generally about the nature of the procedure one may say the following:

(2.4) Using the fact that non feasible cells cannot contain ony solution we actually
reject step-by-slep various solulion-free “peace” of the given domain D. Addi-
tionally, the non-feasibility criterion is so fine that every point (zy,...,z,) €
D, which is not a solution, will be rejected in some step r. Accordingly if
system (2.1} has no solulions then in some step v all products P. C F} will
be non-feasible, which implies the conclusion S = 0.

As we shall see later for almost all aplications m-M calculus certain solving pro-
cedure like (2.3) will be used and consequently something like (2.4) will be valid.
About system (2.1} we also add the following. For some products P, it may happen
that all inequalities

m(f1)(P) 20, ...m(fe)(Fr) 2 0
are satisfied. Obviously such products must be subsets of the set S. Consequently
we have the following definition.

Definition 2.2. An n-dimensional segment A C D is a solutional segment in the
sense of system (2.1) if the conditions (Vi) m(f;)(A) > 0 is valid.

2 According to Definition 1.2, 2° elements of D.(D) are some Cartesian products.

3}For instance,n =1,a; = 1, b, =1, F, = [3,4]U[4,5]uU[5,6],i.e. F. =[3,6]. Then in the
r + 1** step instead defining D+[a;, b1] we can define D+ (3, 6] (for example dividing the segment
[3, 6] into 100 equal subsegments).
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Besides this definition, the so-called indetermined segments are defined by the fol-
lowing conditions

(2:5) (V) M(f:)(A) 20, (F)m(fi)(A) <0

In other words, a segment A C D is indetermined if and only if A is a feasible
but not a solutional segment. Using the notions of solutional and indetermined
products the solving procedure (2.3) can be profoundly improved as follows®):

(2.8) Step-by-step we form sequences (S;), (U:) whose members S, U, are unions
of some solutional, indetermined producis P, respectively. Their inductive
definitions reads:

19 Sy =D if D is a solutional product, otherwise Sop = §
Uo =D 1if D is an indetermined product, otherwise Uy =0

2°  ForanyreN
Sry1 = 8- U The union of all solutional products P4y C P,
Ury1 = The union of all indetermined products P4, C Pr

If for some v € N we obtain the equalily S, UU, = 0 then the procedure halts
and the equality S = 0 is true. Similarly, if for somer € N U, = ( then the
procedure halls too and the equality S = S, is true.

Otherwise, i.e. if for every r € N both relations S, UU, £ 0, U, # 0 are
Sulfilled, the seis S, UU, when r is getting grealer and greaier give beller and
betier approzimations of the set S.

Notice that the sequences (S;}), (U,) have the following properties:
SoCS5HC..CSCSqr, 201220, DU,

Fé = SQUU(),...,F,/ =5 UU,,..

About the solving procedure (2.6) we add the following. Bearing in mind Remark
1.4 one can extend this procedure to the case of system (2.1) when certain of
functions f; are defined by some terms from the set (1.11).

2. Let now again D = [ay,b1] X ... X [ap, bs] be a given n-dimensional segment and

let f1,..., fr : D — R be given m-M functions. In connection with them we consider
the following system of equations in zy, ...,z
(27) fl(fl:l,“.,rn):0,‘..,fk(271,.‘.,1n):0

supposing that a; < z) < by, ...,ax < z, < b,. Notice that this system can be
reduced to the following system of inequalities

leC:“fIZO; (s kaO,—f[cZO
ay <zy <by, ..., an <z <by

)The details about D(D), stated in (2.3), are supposed.
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Accordingly we may directly apply the procedure described above. The only addi-
tional thing we want to emphasize is that using Definition 2.1 we get the following
feasibility-definition for system (2.7)

Definition 2.3. An n-dimensional segment A C D is feasible set in the sense of
system (2.7) if the condition

(2.8) (Vi) (m (f:) (A) S0 < M (fi) ()
15 salisfied.

According to this some product P, will be rejected in solving procedure if P, satisfies
the following condition

(2.9) (30 (m (fi) (Pr) > 0 or M (fi) (Pr) < 0)
which is the negation of (2.8).

Let now f: D — C (dim D = 2) be a given complex function and suppose that
at lcast one effective formula for m (|f]) is known (see (1.21)). Then solving the
equation f(z) = 0in z € D may be treated as solving the real equation |f(z)| = 0.
Now the definition of feasible segment A C D) reads:

(2.10)A segment A C D is feasible in the sense of equation |f(z)| = 0 if the

condition m (|f[) (A) < 0 holds.

An important particular case is provided when f is a polynomial function deter-
mined, say, by

f(2) =a,2™ 4+ ... +ag (an #0)
where an, ..., aq arc given complex numbers. Then a domain D = [~r 7] x [-7,7]
which contains all the solutions of the equation f(z) = 0 can be effectively found.
For example, by Caushy’s formula for the number r we can take

2.11 = ;
(2.11) r=t4 max (loil/fan)

Notice also that previous ideas about solving complex equations f(z) = 0 can be
extended to the case of solving systems of such cquations

filzr,..yza) =0, ., fi(zr, o 20) = 0

Then, roughly speaking, the corresponding criterium for feasibility reads

(Vi) m(fi)(P) <0

3. Now, we give various examples. We emphasize that generally fis(r) will denote
the number of all feasible products of r-cells.

Example 2.1. Equation sinz = 1/z, =z €[1,20].

Let [er, 8] C [1,20] be any segment. Then according to Definition 1.1. (ix) for the
function f(z) =sinz — 1/z one m-M pair is defined by

m(f)[e,fl=a+sina—-g—1/a, M(f)[o,B]=B+sinf—-a—1/3
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By the procedure (2.3), using the feasibility definition of the type 2.2 and diadic
tree, the number fis(r) of all feasible r-cells step-by-step up to r = 25 is given in
the following list (its elements have the form (step r,fis(r)).

(L), (2,2), (3,4), (4.8), (5,15), (6,16), (7,16), (8,15), (9,16), (10,14),
(11,14), (12,16), (13,16), (14,15), (15,15), (16,15), (17,17), (18,16),
(19,15), (20,15), (21,15), (22,15), (23,15), (24,15), (25,15)
As we see starting with the step 5 the number of all feasible cells fis(r) ia about
16. Consequently, according to (2.4), in these steps we should test about 16 -2 (i.e.
32) cells only. For instance, exactly said, in the 20" step there are all together 22°

cells, but we should test only 30 of them. In the step 25 we obtain the following
numerical result:

The given equation has 7 solutions described as follows

1.11415595 < z; < 1.11415821
277260345 < z, < 2.77260572
6.4391157 6.4391191
9.31724286 9.31724399
12.6455307 12.6455341
15.6439972 15.6439983
18.9024819 18.9024853
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Example 2.2. Complex equation in z = z 4 1y

224 (A7 +iB7) 2"+ ...+ (Ao +1Bg) = 0
where A7, By, ..., Ao, By are given real numbers.

All solutions lie in the domain [—7, 7] x [—r, 7] where r is defined by (2.11). Using
the procedure (2.3), Definition of type (2.10) and diadic trees, several equations are
solved up to 25" step. In all of them the coefficienst were chosen at random. It is
interesting, the numbers fis(r), when r > 6 are pretty small. Namely, in the 25'
step this number is always less then 15. We give concrete numerical results in the
case when coefficients A;, B; are determined as follows

A7 = —0.628871968 B; = —0.90620273

Ag = 0.655487601 Bg = 0.109498452
As = 0.794467662 Bs = 0.145832495
As = 0.677786328 By = 0.862459254
Az = —0.623235982 Bs = 0.945879881
Az = 0.552867495 B, = —0.164039785

0.658555102 B, 0.618662189
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Ag = 0.934256145 By = 0.147878684
The solutions z; 4+ iy; (j =1,...,8) are described as follows
—0.340724289 < z; < —0.34072414,  —0.793053508 < y; < —0.793053359
—0.897440463 < z, < —0.897440314, —0.308772177 < y < —0.308772027
0.385927558 < z3 < 0.385927707, —0.954408497 < y3 < —0.954408199
111732647 < x4 < 1.11732662, ~0.46066165 < y4 < —0.460661501
—0.310650319 < x5 < —0.31065017, 0.521920323 < y5 < 0.521920621
—0.707707405 < z¢ < —0.707707107, 0.786857605 < ys < 0.786857754
0.643312931 < z7 < 0.64331308, 0.49212873 < y7 < 0.492128879
0.738826841 < z5 < 0.73882699, 1.62219122 < yg < 1.62219137
Example 2.3. Complez equation in z = z + iy

62

In the domain [-20, 20] x [—20, 20] this equation has 6 solutions z;+iy; (j = 1, ..., 6)

desribed as follows

2.65319109 <z, < 2.65319228 , ~13.94920826 <y, < —13.94920731
2.06227660 <z, < 2.06227899, —7.58863215 <y, < —7.58863020
0.31813025 <z3 < 0.31813264, —1.33723736 <y3 < —1.33723497

T4+iys = T3 — iy3
Ts + iys = T3 — Y2
ze +iys = T — iy

The calculations were done up to the 25" step (bisection way). Starting with the
6P step the number fis(r) was about 16. For instance:

fis(24) = 15, fis(25) =16
Example 2.4. We consider the system in (z,y,2) € D C R?

e’+1:.+siny+cosz:p
I3+esmy_z__ez:q
sin(z—z2)+(z+y)P —z—y—2z=r

where p, q,r are some given real numbers.
Notice that in all cases stated below again diadic trees are used.

Case L:p=2,¢=0,r=0,D=[1,2] x[-2,1] x [-3,2].
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There is exactly one solution (z,y,2) = (0,0,0). Starting with the 6" step the
number fis(r) was between 40 and 50. In the 24'" step we obtained the following

result -
—0.0000152587891 <z < 0.0000247955322

—0.0000247955322 <y < 0.0000324249268
—0.00000762939453 <z < 0.0000114440918

Case 22p=2,¢=0,r=0,D=[-5,5]x[1,5].
Step-by-step the number fis(r) is

1, 8,21, 32, 24, 0
Accordingly, we conclude that the system has no solutions.

Remark 2.1. This ezample illustrates one of the key features of the m-M calculus
generally:

(2.12) If some problem®) has no solution in a given domain D then there exzists

a
step k such that fis(k) = 0.

In other words, lhe non-existence of solutions can be positively established in some
step k.

Case 3:p=3,¢q=-2,7r=5,D=1[1,10] x [1,10] x [—10, 10].
The system has no solutions since fis(3) = 0

4. Now we are going to study the feasibility problem, in other words the convergence
rate problem. First, we introduce some notions.

Let D = [a1,b1] x ... x [an, bp] C R™ be a given domain and let D(D) be some cell-
decomposition (see Definition 1.2). For a fixed r € N consider any two elements
Celll, Cell2 of the set D, (D). In connection with them we introduce the following
definition

(2.13) The elements Celll, Cell2 are called neighbouring if they have at least one

joint vertez®

Next using (2.13) we have a new definition:

(2.14) A subset A, C D, (D) is called a cell-connected set if for any two elements
A’ A" € A, there ezist elements Ay, ..., Ap € A, such that A" = A, A" = A
and for each i € {1,...,k — 1} the elements A;, Ajp1 are neighbouring.

Let now f(z) = 0 with z € D be an equation in z, where f is a given m-M function
and D = [a,b] given domain. Suppose that ¢ € [a,b] is a solution. If D[a,b] is
any cell-decomposition then in each step r some of its r-cells must be feasible. For

%) Above we have a case of a system of equations. But as we shall see {further the same fact
holds for any problem treated by m-M calculus

&) Tor instance, in case n=1 the cells [, 3] and [v, 5] are neighbouring if and only if the
conditicn: 8 =« or § = o is satisffied
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instance,at least the cell”) C;(c) must be such one. Denote by Fis(c, 7) the maximal
set having the following properties

(2.15)(i) Each element of Fis(c,7) is a feasible r-cell.
(i) C:(c) € Fis(c, 1)
(111) Fis(e,r) is cell-connected set.

Intuitively, the union of all elements of the set Fis(¢, r) approximately determines
the solution ¢. Accordingly the error in the r-th step is defined as follows

(2.16) E, = diam (U Fis(c,r))

Next denote by fis(c,r) the cardinal number of the set Fis(c,r). In m-M calculus
the rate of convergence directly depends on the magnitude of these two numbers.
Of course the ideal case is when we can use ordinary min(f), max(f) for m(f),
M (f) repectively. Then, for instance, if ¢ is an isolated solution of the equation
f(z) = 0 the number fis(c, r) will be 1 or® 2. In the sequel the maximum of all
diam 6 with é € D,[a, b] will be denoted by d(r).

Remark 2.2. Concerning the error formula we shall ofien prove a certain inequal-
1ty of the form
™" E. < L(d(r))” (for every r > 1)

In this inequality L, o are some positive reals and rq is some member of N. If
o =1 and Dla,b] is a iree such that the diameter of any element of the set T;[a,b]
is (b—a)/d” where d > 1 is a fized real number, then the inequalily (*) becomes

E, < L(b—a)/d"
which means thet fis(c,r) is bounded by L. Such a case is close to the case when
m(f), M(f) are equal to min(f), max(f) respectively.

Theorem 2.2. Let f(z) =0, z € [a,b] C R be an equation in z, where f : [a,b] —
R is a given m-M function for which (m(f), M(f)) is a o-Lipschitz m-M pair. Let
¢ € [a,b] be a solution of the equation f(z) = 0 such that the following condition s
satisfied.

(2.17) In some neighbourhood A 3 ¢ the function f has continuvous derivative f
and f'(c) #£0.

Then if we use the solving procedure (2.3) we can see that there ezist a posilive
constant L and rqg € N such that for every r > r¢ the inequality

E. <L (d(r))a
holds.

" Recall that C.(c) contains ¢ as an element
8)For further details see Example 2.5.
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Proof. Let [f'(c)] = p. In virtue of (2.17) and Theorem 2.1 there exists rp € N
such that for every r > ry the following conditions

(i) UFis(e,r) C [a, 8]
(i1)  To each element A € Fis{c, ) we may apply the inequality from Defini-
tion 1.8, L.e. the inequality

IM{f)(A) —m(f)(A)] < K{diam A)? (K is some positive constant)

are fulfilled. Let 6 be any element of the set Fis(c,r). Then for r > ry we have the
following implicational argument:

§ is feasible
= m(f)(6) <0< M(f)(6)

= f(s) — K(diam §)° < 0 < f(s) + D(diam 6), where s is any element of
the §. This follows from Remark 1.6.

= [7(s)] < K(diam )7
= |f(c) + (s — ¢)f'(€)] < K(diam 6)? (for some & € §)
=ls—¢|l < %&(diam 8)°
from which it is easy to prove an inequality of the type
diam (| Fis(c, 7)) < L -(d,)? (L is a constant)
i.e. the inequality (*).

Theorem 2.3. Let f(z) =0, z € [a, b] be an equation in z, where f : [a,b] > R isa
given m-M function and let k be a non-negative integer. Suppose that (m(f), M(f))
is a k-Taylor m-M pair and that for some ¢ € (a,b) the following conditions are
satisfied

(2.18)In some neighbourhood A 3 ¢ function f has continuous derivalive FEFD ()
and f(¢) =0, f'(c) =0, ..., fF)(c) =0, fE+(c) £ 0.

Then if we use the solving procedure (2.3) we can see thatl there exist a positive
constant L and rq € N such thal for every r > rg the inequality

(2.19) E. <L-d(r)
holds.

Proof. In virtue of (2.18) and Theorem 2.1 there exists ry € N such that for every
7 > rj the condition: |JFis(e,7) G [a,b] is fulfilled. According to (1.18) there exist

ri > r} and a positive constant K such that for all § € Fis(c, ) with » > r{ the
inequality

(+1) B (|rn]) ) < &
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holds. Next, let r > r§ and let § be any element of the set Fis(¢,r). Then using
(1.19) and the inequality m(f)(8) < 0 < M(f)(8) we obtain the following inequality

k+1

s (oo

k] f® ‘
(+2) s 3 e 20

where p = diam 6 and 7 is any element of é (see Remark 1.5). By Taylor’s formula
we have the equalities

— )k A
f(r) = fle)+ ...+ (ATT)f(k)(c) + %f(kﬂ)(fo)

)k—l

e Y
(*3) fry=Ffle)+..+ (Ekfl)!f(k)(c) + (r . ) FE(e)

FEE) = 1Be) + (7= ) fFHD ()

where &g, ..., £ are some numbers between ¢ and 4. Bearing in mind (*1), (*3) and
(2.18) inequality (*2) implies the following one

1

x
E+1\ pprs
(*a) qk+1§ZAi< . )qu +Aer (> 0)
i=1

where the following denotations

v7—c FERDE) K

o A= TED ) | M T e
p FEFD(60) | fEFD &)
are employed. Obviously Azy; > 1. If # — oo then diam § — 0 and accord-
ing to (2.18) and (0.2) the numbers Ay, ..., Ax tend to 1, while Ax;; tends to
K/lf("“)(c)‘, which is greater or equal to 1. Putting 4; = ... = Ay = 1,
Ay = K/ |f("+1)(c)| in (*#4) we obtain the following g-inequality

q:

K
(P =14 —|f(’°+1)(c)|’ P> 0)

It can be easily proved that the corresponding equation has exactly one positive
solution, say A. Consequently, (*s) implies the inequality

(xs) 20" < (L4 g)f ' 4 P

0<g<A

Let € > 0 be a positive number. Since (*s) is the limit-inequality of the inequality
(#4) when r — oo there exists some r¢ > 1§ such that for every r > rg the inequality
(#4) implies the following inequality

g<A+e

Hencefrom we conclude (2.19), by which it is easy to complete the proof.
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Remark 2.3. [t is not difficult to see that Theorem 2.3 can be in a clear way
transfer to the case of some complez equation

f(z) =0, where z€ DCC
Then of course for (m(f), M(f)) we should apply the formulas (1.21).

Theorem 2.3, among others, says that if a solution ¢ € [a, §] satisfies the conditions

F(E) = 0,0y J(e) = 0, fEI(c) £ 0

ie. if ¢ is a (k -+ 1)-fold solution, then by using k-Taylor m-M pair in solving
procedure of the type (2.3) one achieves that the sequence {fis(c,7)) becomes
bounded. Of course in order to achieve such a thing we could use any k’-Taylor
m-M pair providing that &' > k.

Now we pass to the convergence rate problem of the system of equations (2.7).
If (c1,...,¢n) is any of its solutions then the set Fis(cy,...,ca, 1) is defined by a
definition of the type (2.15). Accordingly fis(cy, ..., ¢n,7) is a cardinal number of
this set. The error, like (2.16) is defined by

E, = diam (U Fis(cy, ..., ¢n, r))

Remark 2.4 (Continuation of Remark 2.2). In this case we are also interesied
in some inequality of the form (*), where now d(r) denotes the mazimum of all
diam § with § € Dy[ay,b1] X ... x Dr[an,b,]. Let § =6 x ... x&,. I[foc =1 and
D(D] is a cell-tree such that

bi——a;-

(2.20) diam §; = 7

where d; > 1 are some fized real numbers, then inequality (*) becomes

" 2\ M2
ETSL(Z(‘%))

i=1
which means that fis(cy, ..., cn, 1) 15 bounded by L.
Theorem 2.4. Let

(2.21) Nz, z) =0, ., falzy, -, zn) =0 (zy,...,2,) €D

be a system of equalions where fi,...,fn : D — R are given m-M functlions for
whick {m(f;), M(f:)) ere some oi-Lipschilz’s m-M pairs. Let c1,...,c,) € D be a
solution and also let the following condition be filfulled

(*)  In some neighbourhood A 3 (cy, ..., cn) the functions fi, ..., f, have continuous
first order partial derivatlives and their Jacobian does not vanish at the point

(Cl) "':cn)
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Then if we use the solving procedure (2.3) we can see that there exist positive con-
stanis L, o and rg € N such thet for every r > ro the inequality

(**) E,. < L(d(r))"
holds.
Proof. Let . ,
‘7: 51%(11,...,17”) 5‘%(1’1,“.,2}”)
gﬁ(l‘l:---,l‘n) g-l%(zll"')rn)

be the Jacobian at any point (z1,..,z,) € A. In virtue of (*) there exists a neigh-
bourhood A’ 3 (cy,...,¢n), A’ C A such that the determinant®

8 9fn
. o CITRRE ) B Lo (zyy, .y Tn1)
T
Er%(xlm :Inn) gx‘%(ﬁn, 11«'nn)

does not vanish whenever
7
(Z11, 05 8n1) € A, (Z1n, o, Tng) € A

and moreover |J*| > p/2 where p is the value of the Jacobian at the point
(c1,.-rcn). Hence we conclude that there exists a neighbourhood
A" 3 (e1,.,¢a), A” C A’ such that the point (ci, ..., ¢,) is the unique solution
of system (2.21) in the domain A”. Next, Theorem 2.1 implies that there exists
a natural number rqo such that Fis(cy, ..., cn, ) is a subset of the set A” whenev-
er 7 > ro. Additionally suppose that ro has been chosen so that for r > rq the
inequality diam § < 1 holds for any 6 € D, (D). B

Let now & be any element of the set Fis(cy, ..., cn, 7). Then for r > rq we have the
following implication argument

6 is a feasible product
= (V) (m(fi)(6) <0 < M(£:)(6))

= (Y (fi(s1,..,80) — K (diam 6)7* < 0 < fi(s1, ..., 5n)i + K (diam 6)7°)
where K is some positive constant and (sy,...,s,) is any point of &.
That follows from Remark 1.6.

= (Y9)|fi(s1,...,sn)| € K (diam 6)°"

= (V) |fi(s1,-,82)| £ K (diam 6)° where o =min(q7y, ..., o), providing
that diam 6 < 1.

= (¥ |filcr, . cn) + E;:.l(sj —¢)- gIL;_(zl,-, ey :tm')| < K (diam §6)°
by Lagrange’s theorem; for some zy;,...,2n; € §, where i = 1, ..., n.

1t follows from the fact that J is a polynomijal in 8f,/8x;.
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= (VO (si— cj)—g—IL;(zl,-, oy Tpi) = 6; K (diam §)”, where 6; € [-1, ]
are some real numbers.

= (¥§)(sj—¢;)-J* = P;-(diam §)° by Cramer’s theorem, where Py, ..., Py
are the corresponding determinants.

= (V5)Isj — | < 2p7Y|F;] (diam )°, for: [T*] > p/2

= (¥j)|s; —¢;| < L' (diam 6)°, where L’ is some constant.

= (s —¢) < L'* (diam 6)*°

=  diam(|JFis(ci, ..., ¢n, 7)) < L (diam 6)°, where L = 2L’

diam (| Fis{cy, ..., ¢4, 7)) < L (dr)°
= (F)

Now we will consider system (2.7) which is more general than system (2.21). Con-
cerning that system we assume:

(2.22) 1° fi, ..., fr : D — R are given m-M functions and {m(f;), M(f))
are some 1-Lipschitz’s m-M pairs of them.

29 In D the functions fi,..., fr have all the first order partial deriva-
tives, and these derivatives are m-M functions.

3% The use of solving procedure (2.3)‘.

4% ¢ = (c1,...,cn) € D is an isolated solution of the system.

Notice that the condition: {m(f;), M(f;)) are 1-Lipschitz’s m-M pairs, is not a
strong restriction (see'® Theorem 1.3). The main practical problem which can
appear is

(o) The sequence fis(cy, ..., ¢n) is not bounded

Denote by 1y, ..., j(k) all minors of order n of the Jacobi matrix

Bearing in mind Definition 2.3 and the given proof of Theorem 2.4 one necessary
and sufficient condition for (§) is

0fi
6:121' (Cl: ] Cn)

All minors Ji, ..., ](k) vanish at the point ¢

Accordingly:
(2.23) If we have case (o) we may replace system (2.7) by this one
(2.7), plus equations: J1 =0, ..., j(k) =0

29 Any Taylor’s m-M pair is also 1-Lipshitz’s m-M pair.
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We emphasize that (2.23) is the main idea used to diminish the number of feasible
cells. Of course this idea can be used several times!)). As an illustration we give
two small examples.

Example 2.5 Consider the system
fe,y) = 0,9(z,y) =0 (where f(z,y) =y — 2%, g(z,9) = )

in (z,y) € D=10,1] x [0, 1].
If A =[a,f] x [7,6] is any subsegment of D then applying Definition 1.1 we have
the following formulas

m(f)(A) =7 =B, M(f)(A) =8 - m(g)(A) =7, M(g)(A) =6
These formulas are of the type (1.1). However, despite of that fact, the members
of the sequence'?) fis(0,0,r) are in turn

1,2, 3,3,5,6,9, 12, 17, 23, 33
46, 65, 91, 129, 182, 257, 363, ...
It is not difficult to prove that fis(0,0,7) is the number of all i-solutions of the

inequality
i2 < 2" (assumingi=0,1,2,...)

Consequently fis(0,0,r) is not bound. Can it be compatible with the fact that
m(f), M(f), m(g), M(g) are min(f), max(f), min(g), max(g) respectively? The
main point is the following:

Generally, in the equivalence

For some z,y € A, o min(f)(A) <
f(z,9) =0,9(z,9) = 0 min(g)(A) <

only =-part is valid.

Since fis(0,0,7) is not bound we can apply (2.23). So, from the given system
f=0,9 =0 we pass to the new one:

le. to

Now the members of the new fis(0, 0, ) are in turn
1, 1,..
i.e. generally fis(0,0,7) = 1.

*WEach time a cooresponding condition of the type (2.22) 2° should be fulfiled.
*2)The pair (0,0) is the unique solution in D. Also the bisection way is used
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Example 2.6 Let f(z) = 0 be the equation
2® - 32" +3z-1=0
and D =11,2].

Obviously, 1 is a triple solution of this equation. Using diadic tree denote by

1. .
A=(aa+ ], witha =14 —,5=0,1,.,2" 1

9
any cell in the r-th step. Then for m(f), M(f) we have the following formulas

m(f)(A)=a3—3<a+2Lr)2+3a—l,

1)° 1
M(HA) = <a+2—r> —3a%+3 <a+ Q—r) -1
The condition M(f)(A) > 0 is always fulfilled for

M(f)(A) 2 e® =32 +3a—1> (a—1)" >0

The condition m(f)(A) < 0 can be rewritten in this way

3 1
* 1Y <« L —
*1) (x—1) < 5 <2a+2r)
This inequality holds provided that
1
~1N¥ <. —
(-1 <6 o
. 1 . .
Putting a = 1+ 5 we get the inequality
(*2) B3<6-27 (1=0,1,..,27 1)

Denote by Fy(r) the number of all i-solution of that inequality. This Fi(r) is not
bounded, the same is true for fis(1, r) since fis(c,r) > Fy(r). So, by (2.23) from the
equation f(z) = 0 we pass to the system

f(x)=0,f(z)=0
l.e. to the system
3 —-322432-1=0,22-2z+1=0

Now we have a new m-M pair

m(f ) A) =a® -2 <a+ %) + 1, M(f)(A) = <a+ 21)2 —20+1
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Since M(f')(A) > a?—2a+1 > 0 the condition M (f')(A) > 0 holds. Consequently,
a cell A is feasible iff

(*3) m(f)(A) <, m(f)(A) <0
The condition m(f'){A) < 0 can be rewriten in this way
1
-1)¥<2 —
(=17 <25
1e.
(*4) t< 2t (1=0,1,..,2" - 1)

Notice that (*4) implies (*2), and since (*2) implies (¥*1) we conclude that (*4)
implies (*1). In other words feasibility condition (*3) can be reduced to (*4).
Denote by!® Fy(r) the number of all i-solution of (*4). First we point out that
Fa(r) < Fi(r), which means that the transition from f(z) = 0 to the system
f(z) =0, f/(z) = 0 profoundly'?} diminished fis(1,). However, since Fa(r) is not
bounded we again use (2.23). So, from the system f(z) = 0, f’(z) = 0 we pass to
the system f(z) =0, f'(z) =0, f’(z) =0, i.e. to the system

322 4+3z—-1=0,22-224+41=0,2z-1=0

1
But now fis(1,r) will be 1, since only the cell [1 + 2—r] 1s feasible.

About the Example 2.6 we also notice the following. For the given equation f(z) =
0 an m-M pair m(f), M(f) can be defined by these equalities

m(f)(A) = min(f)(A) = o® - 3a? + 3o — 1
M(f)(A) = max(f)(8) = £° = 3% + 36 - 1
(where A = [a, 8])
Then in each step r the number fis(1, r) will be 1.
In the following example we consider a system (2.7) with k < n.

Example 2.7 Equation in (z,y) € [—4,4] x [—3, 3]

This equation has infinity number of solutions. Using diadic tree the numbers of
feasible cells are in turn

4, 12, 28, 56, 112, 224, 448, ...
and corresponding drawings are

13)Thus Fy(r) is the new fis(1,7).
"Namely, F, (r)/Fa(r) — 0 when r — co.
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At the end we give an example in which also solutional cells appear.
Example 2.8 Inequality

2+e-(z+y+2)—e T -1 >0

in (z,y) € [0,2.4] x [0,1.4].

Using diadic tree the numbers of indetermined and solutional cells are in turn
indetermined: 4, 15, 31, 67, 139, 275, ...

solutional: 0, 0, 13, 38, 102, 239, ...

Here is the corresponding drawing in the step 6

4
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3. n-DIMENSIONAL INTEGRALS, INFINITE SUMS;
THEIR m-M PAIRS

For functions in whose definitions the notions of n-dimensional integrals or
infinite sums are involved the following questions are studied: how to calculate
their values and how to determine m-M pairs.

1. Let D = [a),b1] X ... X [an, b;] C R™ be a given n-dimensional segment and let
S be the set of all solutions in z1, ..., z, of the following system of inequalities

(3.1) filz1, o z0) 2 0,y fi(zr, o 2a) >0 ((71,..,20) € D)

where fi, ..., fr : D — R are given m-M functions. Denote by Si(S) the subset of
the set S determined by the following additional condition

(32) fl(Zl, ...,1‘,—,) =0V fz(l?l, ...,In) =0V..V fk(l‘l, ‘..,In) =0

Assuming that the Jordan measure of the set Si(5) is zero we look for the value of
the Riemann integral

(3.3) ]:/--</Sg(zl,...,zn)dz1...d:c,,

where g : D — R is a given function having some Lipschitz’s m-M pair. The
procedure we are going to state s a continuation of the procedure (2.6) concerning
system (3.1). In connection with the sets S, , U, (see (2.6)) denote by S;, U/ the
sets of all r-products P, whose unions are the sets S., U, respectively. We shall
also use the following well-known functions®

(3.4) mi(z) = min{0, ¢}, ma(z) = max{0, z}

Theorem 3.1. Let S # 0 and let (L. (1)), {R,(I)) be two r-sequences defined by
the following equalities

L(I)= > m(g)(P) V(P)+ > mi(m(g)(P))-V(P)

Pes! PeU,
(3.5) R.(I)= > M(g)(P)-V(P)+ Y ma(M(g)(P)) V(P)
PeS? Pest

(r e N, V(P) is the volume of P)

where (m{g), M(g)) is some Lipschitz’s m-M pair. Then for every r € N the fol-
lowing double inequality

(3.6) L(I) < I < R.(I)
s true. Moreover, the equalily
(3.7) lim (R () — L (I)) = 0
r—00
DIn mathematical literature usually the denotations z~,z* are used respectively

41
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holds

Proof. Based on the solving procedure (2.6) the following double inclusion
S,CSCS Ul (r=0,1,..)
holds. Consider the sums

E=3 g, &) V(P), I'= > g, ..&) V(P)

PeS! PeSluU!

where (€1, ...,€,) may be any element of the product P. First we prove the following

inequalities
L(I) < I < R(D), Lo(D) < I < Re(1)

Indeed, one proof of the inequality L,(I) < I} reads:

L= g6, ba) V(P)

Pes!

> mlg)(P) V(P)

Pes!

> 3 m(g)(P)-V(P)+ Y mi(m(g)(P)) - V(P) (for mi(z) < 0)
PeS! PeU!

= L.(I)

(for g(&y. .. &) 2 m(9)(P))

v

In a similar way one can prove the remaining inequalities. To complete the proof
we shall prove (3.7). Consider the equality

R(I)= L:(1) = D (M(g)(P) = m(g)(P)) - V(P)
Pes:
+ Y (ma(M(g)(P)) — mi(m(g)(P)))) - V(P)
PeU!

Using Definition 1.8 it is easy to prove that

lim > (M(g)(P)—m(g)(P)) V(P)=0

r—o0
PeS!

Next bearing in mind (1.29) to complete the proof it suffices to prove the following
equality

*) lim > v(P)=0

PeU!

The set Si(S) is defined by conditions (3.1), (3.2) which can briefly rewritten as
follows

(3.8) (V) filz1, o za) 2 0, (i) fi(gr, oy @a) =0, (z1,,20) €D
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The set Sk(S) can be determined by a procedre similar to (2.6), more precisely
said, by the procedure (5.1) (see also Theorem 4.4, part (jj)). Then according to
Definition 4.2 a product P, € D, (D) is feasible in the sense of (3.8) if and only if
the following conditions are satisfied

(Vi) M(f)(Fr) 20, (30) (m(fi)(Pr) <0< M(fi)(Fr))

which is logically equivalent to the conditions
(Vi) M(f:)(P) <0, (3)m(fi)(P) <0

Using Theorem 4.4, part (jj), i.e. the equality

Sk($) = ] F-((3.8))

rex

and the assumption that the Jordan measure of Sx(S) is zero we conclude that

im > V(P)=0
"% p.cF((38)

Finally since U, C F, ((3.8)) this equality implies equality (*). The proof is com-

pleted.

Notice that one disadvantage of the approximative formula (3.5) is that its two sides
should eventually be calculated for all values of 7, and each of these calculations is
independent. However, this difficulty can be mitigated in the case when the function
g is suitable for effective integration respective to n-dimensional intervales. Namely,
in that case in formula (3.5) the parts

> m(g}(P)-V(P), Y M(g)(P) V(P)

PeS! PeS!

can be replaced by

3 /..‘/Pg(zl,,,.,:cn)dl‘lu.dzn

PeS’
In accordance with this in the eventual further calculation, having in mind proce-
dure (2.6), we retain the members P € S, and gradualy diminish only members of
the set U/ in order to separate new solutional cells; then on them we again calculate
the integrals of the function g, etc.

Remark 3.1. [t is supposed that D[D] is a call-tree. Concerning the sequences
(Lr(I)), {(R-(I)) we mention the following. In general, they are not monotone
sequences. However, using the idea of Definition 1.7 and supposing that D(D) is a
tree we can make two new (L, (I)), (R (1)), as follows

Lo(1) = Lo(D), Lrm(l) = max (L, (1), Lo (1))
Ro(l) = Ro(l), Fopa(l) = min (Bo(D), R,(I)) (r€N)
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These sequences are monotone and also salisfy conditions of the type (3.6) and
(3.7). Additionally, notice that the sequences (L, (1)), {R-(I)) are monotone under
the following condition

(**) The m-M pair (m(g), M(g)) is monotone.

The proof is more or less straightforward.

Example 3.1. For the integral I

// zydedy
Cond(z,y)
where Cond(z,y) reads

0<2<2,0<y<2, 24e (z+y+2)2et vt
by using 4-tree?) we have the following results

Step 1:  0.0000000000000000 < I < 0.5625000000000000

Step 2:  0.0278320312500000 < I < 0.2424316406250000

Step 3:  0.0950307846069336 < I < 0.1581497192382812

Step 4. 0.1179245151579380 < I < 0.1341890022158623

Step 5:  0.1239582093403442 < I < 0.1281216432544170

Step 6: 0.1255188694198068 < I < 0.1265613023800256

Step 7:  0.1259090350460332 < I < 0.1261702301487544

Step 8:  0.1259090350460332 < I < 0.1259090350460332

Step 9:  0.1259090350460332 < I < 0.1259090350460332

2. Now we are going to extend the notion of m-M pairs to the case of the functions
in whose definitions some Riemann integrals or infinite sums are involved.

One such example is the function f : [a,b] — R defined by the equality

(3.9) f@) = [ s
where g : [a,b] — R is a function having a Lipschitz’s m-M pair.
Let A = [a, ] be any subsegment of the segment {e,b]. Then an m-M pair
(m(f)(A), M(f)(A)) can be defined as follows
1(8)

m(f)(A) = (Z m(g)(AndiamAk) — (M (|g]) (A)) diam A
(3.10) ::)

M(f)(A) = (Z M(q) (Ak)diamm) + (M (|g]) (A)) diam A

k=1

2)In every step one dimensional cells are divided in 4 equal subcells
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providing that the segments Ay, ..., Ay a)y satisfy the following conditions:
10 AU U Ay =[a, 8],
20 The interiors of any two segments A, Aj, with 7 # j are mutually
disjoint.
3% limgjam a, maxdiam Ay =0

Proof. Let = be any element of A. Then we have

f@)= [ " o)+ / o
1) *

I}
<Y Mlo)an)diame+ [ lo(o)at
k=1 «
1(a)
<) M(g)(Ak)diam A + M (|g]) (A) diam A
k=1

So, M(f)(A) defined by (3.10) really is an upper bound of f when £ € A. Similarly
one can prove that m(f)}(A) is a lower bound of f when z € A.

In virtue of (1.29) there exist ¢ > 0, K > 0 such that M (|g|) (A) < K whenever
diam A < €. Accordingly in view of the equality

I(a)

M()(A)=m(f)(A) = ) (M(g)(Ar) — m(g)(Ar)) diam Ax+2M (|g]) (A) diam A
k=1

to complete the proof it suffices to prove that

i(a)
limgiam a—o Y _, (M(9)(Ak) — m(g)(Ar)) diam A, = 0

k=1
This follows directly from the assumption that (m(g), M(g)) is a Lipshitz’s m-M
pair. The proof is complete.

Now consider the function f : [a, 8] — R defined by the following equality

1) 52) =) 0e)

where g;(z) : [a,b] — R are given m-M functions. Then it can be easily proved that
one m-M pair of f can be determined by the following formulas

(312)  m(f)(A) =) m(g)(A), M)A)=) M(g)a), (ACIa])
1 i=]1

1=

—
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providing that both infinite sums are A-uniformly convergent. In connection with
this let us additionally suppose that for all z € [, b] an inequality of the form

is satisfied where (h,) is some sequence with the property h, — 0if n — co. Then
one m-M pair for the function f can be defined as follows

I(diam A)

m(A)(A) = Y m(g)A) = hnggiam 8)
i=1

(3.13)

i(diam &)

M(f)(A) = Z M(gl)(A) + hn(diam A)

i=]
where {(diam A) € N is a function of diam A with the property

limgiam a—o {(diam A) = co.
1
For instance, a function [ can be determined by: I(t) = [?], where £ > 0.

Example 3.2. Let f be a funclion defined by the equalily
|
f(l') = Z T + 2,;

i=0

Concerning the equation f(z) =¢, witha <z <b wherea,b,c are constanis we
have the following results (diadic tree is used)

Case ¢c=15a=0,b=1
In the step 20 we obtain the following double inequality
0.54416 < z < 0.54417
The numbers fis(r) (r = 1,2, ..., 20) are in turn
1,2,3,3,2,3,2,2,3,2,3,3,2,2,2,3,2,3, 2,3

Case ¢=15,a=06,b=1
Step L fis(1) =1, Step 2 fis(2) =1; Step 3fis(3)=0
Conclusion: f(z) = 0 has no solutions

Similarly, concerning the equation f(z) =z, witha <z <b
we have the following results

Case a=0,b=1. In the third step fis(r) = 0, so the given equation has no
solutions.
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Case a=0,b=2 Thefis(r) (r=1,2,...,20)is 1 or 2. In the step 20 we obtain
the following double inequality

1.19055 < z < 1.19056

Example 3.3. Lei f be a function defined by f(z) = for %dt

Concerning the equation f(z) = C, with A < z < B where A, B,C are constants
we have the following results (diadic tree is used)

Case: C=1, [A,B]=[0,1] Case: C=1, [A,B]=[1,20]

Step 1, fis=1 Step 1, fis=2
0<z<1 1<2<20
Step 2, fis=1 Step 2, fis=2
05<z<1 1<z2<105
Step 3, fis=2 Step 3, fis=2
05<z<1 1<2<5.75
Step 4, fis=2 Step 4, fis=2
0625 <z <1 1<2<3375
Step 5, fis=4 Step 5, fis=2
0.75<z <1 1<z<2.1875
Step 6, fis=3 Step 6, fis=1
0.8435 < £ < 0.9375 1<z < 1.296875
Step 7, fis=3 Step 7, fis=1
0.875 < z < 0.921875 1<z < 1.1484375
Step 8, fis=3 Step 8, fis=0
0.89065 < z < 0.9140625 no solution
Step 9, fis=1
0.8984375 < z < 0.91015625 Case: C = 1,[4, B] = [3,100]
Step 10, fis=3 Step 1, fis=1
0.90234375 < z < 0.908203125 3<z<30
Step 11, fis=3 Step 2, fis=2
0.903320313 < z < 0.90625 3<z<165
Step 12, fis=4 Step 3, fis=2
0.904296875 < = < 0.90625 3<z2<9.75
Step 13, fis=4 Step 4, fis=1
0.905029297 < =z < 0.905761719 3 <z <4.6875
Step 5, fis=0

no solution
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Similarly, concerning the equation f(z) = 1/z with A <z < B (A, B are constants)
we have the following results

Case: C=1, [A,B]=[0.2,1] Case: C=1, [A,B]=[1,20]

Step 1, fis=1 Step 1, fis=1
0.2<z<1 1<z<20
Step 2, fis=1 Step 2, fis=1
0.6<z<1 1<z<10.5
Step 3, fis=1 Step 3, fis=1
06<z<1 1<z <575
Step 4, fis=2 Step 4, fis=1
08<z<1 1<z<3.375
Step 5, fis=2 Step 5, fis=1
09<z<1 1<z < 2.1877
Step 6, fis=2 Step 6, fis=1
0.925 < z < 0.975 1<z <1.59375
Step 7, fis=2 Step 7, fis=1
0.937 < z < 0.9625 1<z <1.296875
Step 8, fis=1 Step 8, fis=1
0.94375 <z < 0.95 1<z <1.484375
Step 9, fis=2 Step 9, fis=0
0.94375 < = < 0.95 no solution
Step 10, fis=2
0.946875 < z < 0.95
Step 11, fis=2
0.946875 < « < 0.9484373
Step 12, fis=2

0.947265625 < z < 0.948046875
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4. m-M PAIRS OF THE FIRST ORDER FORMULAS;
SET-THEORETICAL INTERPRETATION

In this section we study a way in which various informations on real num-
bers, expressed by the first order-logic formulas, can be translated into the
corresponding information involving the notion of m-M pair. More precisely
formulas (4.9), (4.10) are proved.

1. Fust let a class of certain m-M functions of the type
f:D—=R (D =[a),b1] x ... x [an, ba] CR")

be given, where number n (>0) and the domain D for each function may be arbitrar-
ily chosen. In connection with such functions we consider a class of the first order
<, <-formulas. The definition given bellow slightly differs from usual definitions of
the first order formulas (see for instance [6]).

First, an atomic <, <-formula is any formula of the form

(4.1) flyr, o wp) p gz, -, 2q) (p may be < or <)
where
frlan,bi] x oo x [ap, bp] — R, g:ei,di] x ..o x [¢q,dg] = R
are some m-M functions!) and elements of the given class, while y, e Vpy 21, e Zg

are variables which do not need to be mutually different?). Further, generally a
<, <-formula is any formula built up from some atomic <, <-formula using in a
finite number of steps the logical connectives A, V, - and the quantifiers of the form
(Vv € I(v)), (3v € I(v)), where v is a variable and I(v) is the set called segment of
v, the notion to be explained bellow. In order to avoid some technical difficulties
about the way of building the <, <-formulas we generally assume the following®

(4.2) In any <, <-formula all bounded variables are mulually different and addi-
tionally none variable can be both free and bounded. Further in the case of
formulas of the form

(quvel(v) ¥ (q sV or3; v may be any variable)
the variable v must be a free variable of the subformula .

Now we shall explain the notion of 'segment of v’.

DMore precisely said, (4.1) is a string which f, g are functional symbols, p is a relational
symbol and y,, ..., ¥p, 21, ..., 24 are some variables.
) Examples of such formulas are:

ez y)<g(y,z7),  h(z,2) L glx,7,9)
3 As a matter of fact <, <-formula built up in a standard way is logically equivalent to
some <, <-formula with property (4.2).



50 4. m-M PAIRS OF THE FIRST ORDER FORMULAS;

In the case of atomic formulas of the type (4.1) if all variables y;, z; are mutually
different we take these definitions

I(yi) = [ai, 6], 1(z;) = ¢}, dj]
However, if for example the variables
Yiyy o Uiy 25y -y zj,

are mutually equal but different from all other variables then their segment is
defined as the following intersection

lai,, b0, ) N N fai, b )N ey, ds N0 ey, d5,]

Let further ¢ be any <, <-formula and let v be its free variable. Denote by ¥, ..., ¥,
all atomic subformulas of ¢ containing the variable v. Then I(v) is the intersection
of all segments of v which are already related to the subformulas ¥y, ..., ¥,. Finally,
if v is a bounded variable of ¢ then according to (4.2) there is exactly one subformula
of ¢ which has the form

(qvelI(®)¥(v) (gisVYord)

and v is a free variable of ¥(v). Then, by definition, for I{v) we take the segment
of v with respect to the formula ¥(v).

Example 4.1. Let
filan,b1] x [a, b2) = R, g:{ci,di] x [co,d2] = R, h:[er, fi] X [e2, f2] = R
be some qiven m-M functions. Then
(4.3) (Vz € I(z)) (Fy € 1(y)) (f(z,2) < g(z,y) A h{z,y) < f(2,2))
is an example of <, <-formula for which we have the equalities

I(z) = [a1, 00N [ey, fi], I{y) = [c2, do]Nea, f2], 1(2) = a1, b1]N{az, b2]0[ey, d)]

2. Let now ¢ be a given <, <-formula whose all variables are among the variables
Ty, ..., Tm. Suppose that to each segment I(z;) (i = 1, ..., m) one cell-decomposition
D (I(z;)) is assigned (see Definition 1.2). We are going to define the notion of m-M
pair of the formula ¢ with respect to the cell-decompositions D (I(z;)), (i = 1,..., n).
The m-M pair will be defined as a particular sequence of ordered pairs

(m0(<P): 1‘/[0(90))) s (mr(tp), Mr(‘ro))w

Their definition, i.e. Definition 4.1 bellow, has sintactical nature. Starting with a
given ¢ we apply this definition recursively. We point out that during this process
each bounded variable say z; will be replaced by a new variable X;.
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Definition 4.1.

@) ™ (f(yr, - 9)pa(z1, 00 2)) = M) (Y] % .. x Yp)PM(g)(2] x ... x z7)
My (f(yrs 0 9)Pg(21, -, 20)) = M(F) (W % . x y,)pm(g)(2) x ... x zb)
(p may be < or <).

Variables y,, o Ypy 21, 0, Zg aTE Some of z1,...,Tm, X1,..., Xm. Denotation’
means the following

i denotes Cr(z;), while X| denotes X;

(ii) m(aAB) =m(a) Am.(8), M;(a A B) = M, (a) A M. (8)

(iii) m(aV ) =m(a)Vm(8), M (Vv B) = M, (a) V M, (8)

(iv) m(~a) = "M, (a), M(~a) = ~m,(a)

(v) Let a(z;) be a formula having z; as a free variable and q be a quantifier V or
3. Then we have the following equalities®)

m: ((q zi € I(z:)) a(z:)) = (¢ Xi € D, (I(z:))) my («(X2))
M ((q z: € I(z)) a(2:) = (¢ Xi € D, (I(2:))) My (a(X))

For instance, if p is the formula (Vz,) f(z1,22) < g(za, x3) then m,(p) (r = 0,1, ...)
by Definition 4.1 can be constructed as follows

m, ((Yz2) f(z1,22) < g(z2,23))
= (VX2 € D, (I(z2)) m: (f(z1, X2) < 9(X2,23))
Part (v) of the definition
= (X, € D; (I(z2)) m(f) (C (1) x X2) < M(g) (X x Cr(2)
Part (i) of the definition

In a similar way one can obtain the following formula for M, (p):

M, ((Vz2) f(z1,22) < g(x2, z3))
= (VX2 € D, (I(22))) M(f) (Cr(z1) x X2) < m(g) (X2 x Cr(z3))

Notice that in an obvious way these m,(p), M,(p) can also be treated as some
first-order formulas. Then X, is a bounded variable for both of them and the
symbols Cr(z;), Cr(z3) should be taken as their free variables, Accordingly, if we
denote the formula ¢ by ©(z), z3), emphasizing that z, and z5 are free variable of
¢, then it 1s natural that m,(¢), M, (p) are denoted by

m, (9) (Cr(x1), Cr(23)) , My () (Cr(21), Ce(z3))
respectively. Generally we are going to apply similar denotations.

Theorem 4.1. Let o(z1,..,zm) (withm > 0) be a <, <-formula whose all free vari-
ables are among ), ...,zm. Then for every r € N the following double implication
18 true

(44)  M:(0) (Cr(21), ., Cel@m)) = (21, ooy Tm) = M. () (Cr(y, oy Cr(zm))

YD Notice that in this step the variable z, is replaced by X,.
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provided that the variabled 1, ...,z have any values from their segments I(z,), ...,
I(zm) respectively.

Proof. Denote by {(¢) the number of all logical symbols A, V, =, ¥, 3 occuring in
the formula® (2, ..., ). The proof is by induction on {(g).

If {(¢) = 0 then the formula ¢ has the form

Fr, %) £ 9(z1,2) (pis < or <)

with {y1, -, ¥p, 21, .-, 24} = {z1,...,2m} and (4.4) reduces to the following double
implication

M) (Crfyr) x .. x Ce(yp)) p m(g) (Cr(21) % ... x Cr(z4))
= flyr, - 90) P 9(21, ., 2) =
m(f)(Cr(y1) % .. x Co(p)) p M(9) (Cr(21) % ... x Cr(2g))

which follows directly from axiom (0.1).
Let I{¢) > 0. The formula ¢(zy, ..., zm) can have one of the forms

1% A8, 2%vVvg, 3%«
43z € I(z)) ez, 2y, ..., zm), 5°(¥z € I(2))a(z, 21, .., Zm)

In the case 1° we have

M, (a A B) (Cr(z1), ..., Cr(zm))
= M (a)(Cr(z1), ..., Co(zm)) A M (B) (Cr(z1), ..., Cr(zmm))
(By Definition 4.1)
= a(zl,...,zm)/\ﬁ(a:l,...,zm)
{By induction hypothesis)
So in the case 1% the implication M, (p) = ¢ is proved. Similarly the implication
@ = m,(p) can be proved.
Proof in the case 20 is similar. In the case 3° for the implication M, () = ¢ we
have

M, (=a) (Cr(21), -, Cr(m)) -
=  —m(a)(Cr(z1),...,Cr(zm)) (By Definition 4.1)
=  -a(zy, ..., zm) (By induction hypothesis, i.e. by the implication
a(zy, ..., zm) = m(a) (C(z1), ..., Cr(zm)))
Similarly the implication ¢ = m, () can be proved. In the case 4% for the impli-
cation M,(p) = ¢ we have
(3X € D, (I(2))) M (@) (X, G (21), -, Gy (2m))

= M. (a)(Xo,Cr(z1),...,Cr(zm))
(Xo is some fixed element of D, (I(z))).

DTt is supposed that during the proof formula ¢ none of the brackets is omitted. So, for
instance, instead of AA B AC we have ((AA B)AC).
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= M,-(Ot) (CT(IO)JCT(zl)l"'>Cf(xm))
(zo is any chosen element of Xo and the set X, is treated as Cr(x0))
= ofzg, 2y,...,Zp)
{Induction hypothesis)
= (Fzel(z))alr,z,..,zm)
Similarly, the induction v = m,(p) can be proved. Finally, the proof in the case
50 is similar too.
Consider now again the <, <-formula o(z1, ..., Tm) assuming that 1, ..., z,, are all
free variables of this formula. Denote by S(y) the set of all values of (z, ..., z,n) €
I(z1) x ... x I(2,) for which the formula p(z), ..., 2m) is true. Generalizing Defi-
nitions 2.1 and 2.2 we now introduce the following double definition.

Definition 4.2. Let r € N be a given element and let P, = X; x ... x X be a
Cartesian product of some r-cells X; (with X; € D, (I(x;))). Then:

(i) The product P, is feasible in the sense of the formula @ if and only if
the condition m, () (X1, ..., Xnm) is salisfied.

(ii) The product P, is a solutional product in the sense of the formula ¢ if
and only if the condition M, () (X1, ..., Xm) is satisfied.

Suppose that all bounded variables of the formula ¢(z1, ..., zm) are yy, ..., ym (m >

0). Let 7 € N be any fixed number. Each of the sets D, (I(y:)) (i = 1,...,m) is a
finite set. Consequently the quanitifiers of the forms

(VY €D (I(w:)), (3Y: € Dr (I(w)))

can be in a standard way reduced to the corresponding conjunction, disjunction
respectively. Then having in mind the way how the formulas m, (©)( X1, ., Xem),
M ()(X1,..., X\n) are constructed one may for them say

(4:5) mr(p) (X1, ..., Xm), My (9) (X1, ..., Xom) are equivalent o some A —V exzpres-
sions whose basic parts are some inequalities of the form

m(f)(Fr) < M(9)(Qr), m(f)(Pr) < M(9)(Qr)
M(f)(Pr) <m(g)(Q-), M(f)(Pr) < m(g)(Qr)

where P., Q. are Cartesian products of some r-cells.
Example 4.2. Let ¢ be the formula
(V2 € [a,8]) (Fy € [e,d]) f(z) < 9(v)
and let
Dafa,b] = {A1, A2, Az}, Dafc, d] = {Cy, C2}
Then my(p) reads
(VX € Ds[a,b]) (Y € Dy[c, d]) m(f)(X) < M(g)(Y)

which is logically equivalent to
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(") (m(N)(A) < M(g)(C1) vV m(f)(Ar) < M(g)(C2))
A (m(f)(Az) < M(g)(C1) v m(f)(Az) < M(g)(C2))
A (m(f)(As) < M(g)(C1) vV m(f)(As) < M(g)(C2))

According to fact (4.5) for any fized » € N and any product P one can finite
number of steps examine whether P, is feasible or solutional product.

There is one very interesting connection between the notions being feasible, and
being solutional product P,. These notions are @-dual to each other which
means that generally the following equivalence is true

(4.6) P, is ~p — feasible!) & P, is not ¢ — solutional
The proof is simple:

P, 1s i -feasible
e me(mp) (X1, ..., Xm) (where Pr = X x v X Xm)
By Definition 4.2
And ﬂ‘\/[r(‘p)(){l)"'J){m)
Since generally m, (=) = =M, (p)
& P, is not p-solutional

Denote, like we did in section 2, by S (), Fr(i) the unions of all solutional, feasible
products P,, with fixed » € N, respectively. Notice further that double implication
(4.4) can be rewriten as follows

(Vr € N) (M, (£)(Cr(21), .-, Cr(zm))
= p(z), ., Tm) =
m.(p) (Cr(z1), ..., Cr(zm)))

and also in this way?)

(47) (Gr € N) My() (Cr(21), s Cr(2m))
= p(z1, .. Tm) =
(Vr & N)m, () (Cr(21), -, Crlm)

Combining this double implication and Definiton 4.2 one immediately obtains the
following natural assertion.

Theorem 4.2. In general, the double inclusion

(4.8) L) 8- (9) S S(9) € () Fr()

reN reN

1)~ p-feasible means “feasible in the sense of the formula —¢”. A similar shorter way of
writing is used on the right-hand side of (4.6) too.
2)Using the standard properties of quantifiers as:

(vr e N) (. = 0) & (@r e N)v, =2 ¢)
(providing that r is not a free variable of ¢)
where ¥, is M, (C.(z1),....,Cr(Zm))-
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15 Irue.
About the sets | ey Sr(#), M.en Fr(p) now we point out that according to the
well-known facts they are an open, a closed set respectively.

3. Considering double implication (4.7) one can put a natural question when one
of the symbols = may be replaced by the symbol <. The answer will be given by
Theorem 4.3.

A formula ¢ is the so-called <-positive formula if it is built up using the relational
symbol < and the logical symbols A, V, V, 3 (i.e. without the negation symbol).
In a quite similar way the notion of <-positive formula is introduced.

In order to prove Theorem 4.3 we shall use Lemma 4.1 below. In this lemma we
use the following denotation:

If Ais any one-dimensional segment then D, (A) is the set of all one-dimensional
r-cells X having at least one common point with A

Lemma 4.1. Let ¢ be o positive <-formula whose all free variables are among
Z1,...,Tm. Suppose that these variables have some initial values (from theiwr inter-
vals) and that there exists k € N such that

(*1) Mi(#)(Ce(z1),...,Ci(zm)) s true.
Then there ezists 1o € N such that for every r > 1o

(VX1 € D(Ci(21)))..(¥Xm € DL(Ck(zm))) M. (¢)(X1,..., Xm)
1s also true.

Proof. Denote by I(¢) the number of all logical symbols A, V,V, 3 occuring in the
formula ¢. The proof is by induction on the {(¢).

Case I(¢) = 0. Then ¢ has a form f(y1,...,9p) < g(21,-..,z,) where
{y1, -9, 21,..,2¢} = {x1,...,zm}. By hypothesis (*1) we have the following in-
equality

MF)(Calr) % % Cuwp)) < m(g)(Cile1) % - x Ci(2))
where k£ € N is a constant. According to the fact that generally

1M(f)(Y1 X..xY)=m(f){Y1 x..xY)—0
M(g)(Zy x ... x Zy) —m(g)(Z, x ...x Z4) = 0
(Yi € D:(I(9:)), Z; € Dr(I(z;)) are any one-dimensional r-cells)
when r tends to oo, there exists a 7 € N such that for every r > ro (with 7 € N)
we have the inequalities

(*2) M (i1 x..xY)—m (f)Y1 X ... x Y})
< 3(m(g)(Ce(21) x ... x Ci(2)) = M(F)(Cie(wr) % x Ci(yp)))
(*3) M (9)(Z1 % ... x Z)) = m, (g2 % ... x Zy)

< %(m(g)(C;c (21) % ... x C(z4)) = M(fY(Cr(w1) % .- x Ce(¥p)))
(where Y; € D, (I(w:)), Z; € D+(1(25)))
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Let Y; € D.(I(y:)), Z; € Dr(I(zj)) be any r-cells with the property:
There exist points y;, z; such that
v € Yin Cilyi), 2 € Z; N Cx(z5) i=1,..,pi=1,..,9
For any such Y, ..., Yp, Zi, ..., Z; we have the following argument:
m(g)(Zy % ... x Zg) — M(f)(¥1 x ... x Y})

> M(g)(Z1 % .. x Zg) = m(f)(Z1 % ... X Zy)
(m(g)(Ci(21) x ... x Ci(zg)) = M(F)(Cr(w1) % ... % Ci(yp)))
(by (*2), (*3))

wLine

> 9(z1, 0 2) = Sl 9)
=% (m(g)(Ci(21) x ... x Ci(zg)) = M(S)Cr(y1) % - % C(yp)))

3
> m(9)(Ce(z1) x ... x Ci(zg)) = M(f)(Cr(y1) % ... x Ce(yp))
=% (m(g)(Cr(21) x ... x C(zg)) = M(F)(Cr(n) x .. x Ci(yp)))

> 0
which completes the proof in Case {(¢) = 0.
Case l(¢)>0. The formula ¢ can have one of the forms
1% A 8, 0V 8, 3°(Fv € I(v)) alv, 21, -, 2:) 2° (Vo € I(v)) a(v, 71, ., Tm)
Case 1°. By hypothesis (*1) we have the following assumption
Mi(a A B)(Ck(zy), ..., Ce(zm)) is true.
Further we have the following argument:
Mi(a A B)(Ci(z1), -, Ci(Tm))
— Mi(a)(Ci(21), .., Celzm)) and Mi(B)(Ci(z1), .., Ci(zm))

—— There exists r; € N such that for every r > r; and
(VX1 € DL(Ci(z1)))-..(VXm € D(Ci(zm)))
Mi(a@)(X1, ..., Xm) holds

and there exists 72 € N such that for every r > r; and
(YX1 € DLCk(z1)))...(vXm € D (Ci(zm)))
Mi(B)(X1, ..., Xm) holds.  (Using induction hypothesis)

— for every r > maz(ry,72)
and (VX1 € DL(Ck(z1)))...(VXm € D (Cr(zm)})
Mi(a A B)(Xy, ..., Xm) holds.

which completes the proof in case 1°.
Case 2°. By hypothesis (*1) we have the following assumption
Mi(aV B)(Ck(z1), ..., Ce(zm)) is true, where k£ € N is a constant.
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Hence we conclude that

Mi(a)(Ci(zy), .., Ci(zm)) is true or Mi(B){Cr(zy), ..., Ci(z,n)) is true.
Let Mi(a)(Ci(z1), ..., Ck(zm)) be true.
Further we have the following argument:

Mi(a)(Ci(zy), ..., Ce(zm))

— There exists 7y € N such that for every r > 7,
and (VX1 € DL(Cx(z1)))...(VXm € D.(Cr(zm)))

Mi(a)(X1,...,Xm) holds. (Using induction hypothesis)

— for every 7 > ry and (VX1 € DL(Ci(z1)))...(VXm € DL.(Cr(zm)))
Mc(aV B)( Xy, ..., Xm) holds (Using part (iii) of Definition 4.1)

which completes the proof in case 29, since the case when
Me(B)(Cr(z1), .., Ce(zm)) is true

can be treated in a quite similar way.

Case 3°. By hypothesis (*1) we have the following assumption

AV € De(J())) My (a)(V, Ci(z1), ..., Ce(zm)) is true, where k € N is a con-
stant.

Hence we conclude that for some W € Dy (I(v))
(*4) Mip(a)(W, Cx(zy), ..., Ce(zm)) is true.

This W can be treated as Cy(v), where for the variable v one can take any initial
value from the set W. Of course, we do not need to replace W by Ci(v).

In connection with (*4) consider the formula a(v,z1, ..., z,n) whose free variables
are among v, Iy, ..., Tm,. For this formula we have [{a) < {(¢), consequently we may
use induction hypothesis. Bearing in mind (*4) we obtain the following conclusion:

(*5) There exists r; € N such that for every r > r;
and (YW € DL(W))(YX1 € D.(Ch(2:1)))-.(YXm & D.(Ci(m)))

Mi(e)(V, X1,...,Xm) holds.
To complete the proof in case 3° we shall prove:
For every 7 > r; and (VX1 € D.(Ci(z1))}...(VXm € DL(Cr(zm)))
(*6) 3V eD,(I(W)))M, («)(V, X1, ..., Xm) holds.

Indeed, let 7 > r; be any fixed natural number and let X1,...,Xm be any elements
of the sets D.(Ci(z1)), ..., DL(Ci(zm)) respectively. To prove (*6) it suffices to find
"a witness’ for V. According to (*5) as a witness one may take any element of the
set DL(W). So,the proof in case 3° is complete.

Case 4°. By hypothesis (*1) we have the following assumption
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(*7) (YV € De(I(v)))Me(a)(V, Ci(21), ..., Cu(zm)) is true, where k €N is a
constant.
The set D (I(v)) is a finite set. Let
Sl) 52) s Skk

be all of its elements. We p;oint out that kk is a fixed element of the set N. According
to (*7) we have the following consequences

(*8) Mi(a)(S1, Cr(z1), ..., Ci(zm))

Mk(a)(Skk, Ck(Il.), N Ck(fm))

are true.
In connection with it consider the formula a(v, 21, ..., z;n) wWhose free variables are
among v, Z, ..., £m.' For this formula we have l(a) < {(¢), consequently we may

use induction hypothesis. Exactly said we shall use induction hypothesis kk times.
Namely, in connection with (*8) we have the following conclusions

(*9) There exists r; € N such that for every r > 7,
and (YV € DL(S))(VXL € DL(Cxr(z1)))...(YXm € D (Ck(zm)))
Mi{c)(V,X1,...,Xm) holds.

There exists r¢r € N such that for every r > rgx
and (VV € DL(Skk))(VX1 € DL(Ci(z1)))...(YXm € D;(Ci(zm)))
Mi(a)(V, X1,..., Xm) holds.

Let 79 = max(ry, ..., 7¢x). Then according to (*9)
For every r > rp we have:

(*10) (VW € DL(S))(VX1 € DL(Ce(e1)))---(YXm € DL(Ci(zm)))
Mi(a)(V,X1,...,Xm) holds.

(VV € D(Sk)) (VX1 € DL(Ce(21)))..(¥Xm € D, (C(am))
Mi(e)(V,X1,...,Xm) holds.

To finish the proof in case 4° we shall prove:
For every r > rg and (VX1 € D.(Ci(z1)))...(¥Xm € D (Cr(zm)))
(VV € D (I{(v))) M, (a)(V, X1,...,Xm) holds.
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Indeed, let r > 7o be any fixed natural number, further let X1,....Xm be any
elements of the sets DL(Cr(z1)), ..., DL(Cx(zm)) respectively, and finally let V be
any element of the set D,(I{v)). So, we should prove that

(*11) M. (a)(V, X1,..,Xm) holds.
First, since:
SiU...US, = I(‘U)

the V must have a common element with some S;, where 1 < ¢ < kk. Then using
the i-th formula in (*10) we conclude that (*11) is true. Thus the proof in case 4°
1s complete, which means that Lemma 4.1 is also proved.

Now we go to prove Theorem 4.3.

Theorem 4.3. Let all free variables of the formula ¢ be among the variables
Z1, .., Tm (withn >0). Then:

(3)  If ¢ 1s a <-positive formula then the equivalence
(4.9) o(z1,...,zm) & (Fr € N) M, (¢) (Cr (1), ..., Cr(zm))
holds.
(77) If v is a <-positive formula then the equivalence
(4.10) (1, 2m) & (V7 € N) () (Co(21), -, Crlm)

holds.
In both cases it is supposed that the variables 1, ..., xm have any values from their
segments I(x1), ..., I(z,m) respectively.

Proof. (j) Since the <=-part of equivalence (4.9) is already proved (see (4.4)) we
have prove the =-part, i.e. the implication

(4.11) o(z1, .., zm) = (Ar e N) M, () (Cr (1), ..., Cr(zm))

As a matter of fact we are going to prove the following implication
(4.12) P(x1, ..., Tm) = (Frg e N)(Vr 2> 70) M, (¢) (Cr(z1), .., Cr(zm))

which is a little more general than (4.11). Namely, if we take » = rq then from
(4.12) it follows (4.11).

Denote by {(¢) the number of all logical symbols A, V,V, 3 occuring in the formula
@. The proof is by induction on the {(¢y).
Casel(p) =0. Implication (4.12) reduces to some implication of the form

(*1) f(y1, . ¥p) < g(21, ..., 24)
= (Fro € NY(Vr > o)
M(f)(Cr(y1) x .. x Cr(wp)) < m(g) (Cr(z1) x ... x Cr(2g))
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where y;, z; ate some of 1, ..., Zpm. Let! {y1, e ¥Upy 21y -y 2g} = {T1, ..., Tm}, where
m < n. Let Xo = (21,...,2m) € D, where D = I(z;) x ... x I(z;n) , be any point
and let inequality

f(yb "'>yP) < 9(21, ---:Zq)
hold at this point. Denote (y1,...,¥p), (21, ..., 24} by Yo, Zo respectively. Let a, b be
two real numbers which at the point X, satisfy the inequality?)

(*2) F(Y0)) <a<b<g(Z)

In virtue of axiom (0.2) it follows that there exists a positive number d such that
the following inequalities

b—a b—a

(*3) M(F)(A1) = m(f)(A1) < —5=, M(9)(B2) —m(g)(B2) < —

are satisfied whenever

(*4) Ay, A are any p-, g-dimensional subsegment of I(y1) x ... x I(yp), I(21) X
... x I(z) respectively, Yo € Ay, Zy € Ay and

diamA; < d,diamA, < d
From (*3) one can easily prove the following inequality
(*5) M(£)(Ar) < m(g)(Aa2)

under the condition (*4). Next, in virtue of Definition 1.2 and condition (1.9)(v)
it follows that there exists o € N such that for any r > ry the inequalities

diam (Cr(y1) % ... x Cr(yp)) < d,  diam(Cr(z1) x ... x Cr(24)) < d
hold. Applying (*5) we get the inequality
M(f)(Cr(yn) x .. x Cr(yp)) < m(g) (Cr(21) % ... x Cr(z))
which completes the proof in case {{p) = 0.
Cas e l(p)>0. The formula ¢ can have one of the forms
1% A8, 2%av g, 3° 3 e I() alv, 21, ..., 2m) 4° (Yo € I(0) a(v, 21, ..., T,n)

Case 19, By the induction hypothesis we have

a(z1, ...y Zm) = Mc (@) (Cr{z1), ..., Cr(zm)) forr>1'

Blz1, .oy Tm) = M () (Cr(z1), ..., Cr(zm)) forr> 7"

where 7', 7" are some elements of N. Taking ro = max(r’, "), then for every r > rg
we have the following implication argument

VOf course this is only a technical assumption.
Dinstead of f(y1, ..., ¥p), g(21, .-, 2q) we wrote f{Ya), 9(Zo) respectively.
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a(zy, ., Tm) A B(z1, oy Tin)
= M (a)(Cr(er), .., Crlzm)) A M (B) (Cr(21), -, Cr(zm))
>  MA(aAB)(Cilzy),...,Clzm))
By Definition 4.1, part (ii)

which completes the proof in case 1°.
Proof in case 2 is similar. In case 3° we have the following implication argument
(Fv e I(v)) a(v,z1, ..., Tpm)

= oo, 21,.,&m) (vo € I(vg) is some fixed element)

= (Irog € N)(Vr > ro) M, (a) (Cr(v0), Cr(z1), ..., Co(xm)) (Induction
hypothesis)

= (30 € N)(Vr > r0) (AV € D, (I(v))) My(@) (V. G (1), ., Co(m)
which completes the proof in case 39.
In case 4° we have to prove the following implication

(Vv € I(v)) a(v, zi, ..., Tr)
= (Ire € N) (Vr > 7o) (YV € D, (I(v))) M, () (V,Cr(z1), ..., Cr(Xm))

Suppose the contrary. So we have the following assumptions?)

(*) (V‘UE I(U))&(U,Ily--':zm)

(**) = @ro € N)(Yr > o) (YV € D, (1(v))) M (a) (V, Cr(21), ..., Co(z 1))
From (**) it follows
(Vro € N)(3r > 7o) (3V € D, (I(v))) M. (a) (V, Cr(z1), ..., Cr(zm))

hence we conclude that there exist!) a sequence ry, < rq < r3 < ... and a number
vg € I(v) such that C; (vg), Cry{v0), ... satisfy the conditions

(4) M (G, (v0), Cr (21), .. Cr (zm))  (1=1,2,..)

Now from (*) it follows a(vp, zy, ..., zm). Hence by induction hypothesis we con-
clude

(AA) (FAro) (¥r > ro) M, (Cr(vo), Cr(z1), ..., Cr(zm))

Bearing in mind Lemma 4.1 we see that (A) and (AA) contradict each other. So,
the proof of (j) is complete.

(1J) For the moment denote equivalence (4.9) by P(¢) < Q(p). Replacing ¢ by
—p, where this new ¢ is any <-positive formula, we obtain the equivalence

P(-p) & Q(—p)

YDuring the proof we suppose that z, ..., 2, have any fixed values.

YFor instance, applying Axiom of Choice and Cantor’s theorem on sequences of nested
segments.
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Further, by negating both sides in this equivalence we obtain the equivalence
=P(~p) < ~Q(~yp)
After a short logical calculation this equivalence reduces to (4.10). In other words

equivalences (4.9) and (4.10) are p-dual to each other.
The proof of Theorem 4.3 is complete.

Now we give some examples of equivalences of the types (4.9) and (4.10)
f(z) > 9(y) & (3r € N) m(F)(Cr(2)) > M(9)(Cr(y))
f(z,y) > 9(y) © (3 € N) m(f)(C:(2) x Cr(y)) > M(9)(Cr(y))

(Vz € I(=)) Gy € I()) f(z) > 9(v)
& (@Fr e N)(vX € D, (I{x))) (3Y € D (I()) m(f)(X) > M{g)(Y)

f(z) =0 & (vr e N)m(f) (Ci(2)) <0 < M(f)(Cr(=))
(For: f(x) =0 f(z) < 0A f(x) > 0)
Double inclusion (4.8) may be treated as a set-theoretical interpretation of dou-
ble implication (4.4), Similarly to this there is the corresponding set-theoretical
interpretation of Theorem 4.3. Namely we have the following assertion
Theorem 4.4.
Let xy, ..., 2, be all the free variables of the formula . Then:
(7) If ¢ is a <-positive formula then the equality
(4.13) S(e) = | 5-(9)
reN
holds.
(77) If  1s a <-positive formula then the equality
(4.14) S(p) = () Fr(e)
reN
holds.
Proof. (jj) The C-part is covered by Theorem 4.2. To prove 2-part suppose that
(T1,..., Tm) is any element of the (1 F,. According to Definition 4.2, part (1) we
conclude the following

(*) m.(¢) (Cr(z1), ..., Cr(zm)), forevery r €N
To prove ¢(zy, ..., Zm) We suppose the contrary
_‘4/)(1'1, 7xm)

Since —¢ is a <-positive formula then applying (4.9) we conclude
Myg(=9) (Cra(#1), - Crol@m)),  for some 70 € N
Using Definition 4.1, part (iv) we conclude
Mo () (Crot®1)s ooy Cro(Zm)), for some rg € N

The proof is completed since this contradicts to (*).
(j) Equality (4.13) can be easily proved using equality (4.14) and general equivalence
{4.6).
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In this section we state various applications of the results established in section
4, such as:

Problem of constrained optimization (Problem 5.2, Problem 5.3)

Problem of unconstrained optimization (Problem 5.1)

min-max problems (Problem 5.4)

Problems from Interval Mathematics (Problem 5.5)

1. Let ¢ be a given positive <, <-formula whose all variables, free or bounded, are
v1,...,v. Concerning their segments I(v;) (¢ = 1,...,1) we suppose that {or each of
them one cell-decomposition D (I(v;)) is chosen (see Definition 1.2). We consider
the following classs of problems.

Class 5.1

(i)  Ifzy,...,xn are all the free variables of the formula @, find?) all values of
z; € I{z;) (1 = 1,...,n) for which the formula ¢ 1s satisfied.
(it)  If the formula © has no free variables establish whether ¢ s true or false.

Notice that the problems treated in section 2 belong to this class. Namely, it suffices
to see that any inequality system (see 2.1)

f1i20,.,f>0
may be treated as the conjunction:
Hiz20AAfe>0

which is a positive <-formula.
Consider first the problem of type Class 5.1, case (i). If ¢ is a positive <-formula
then due to Theorem 4.4 for the set S(p) of all its solutions we have the equality

S(p) = Nien Fr(¥)
where Definition 4.2 also understood. Consequently:

(5.1) To find the set S(p) one can employ a procedure almost identical 1o that
described by text?) (2.3). More precisely, like in (2.3), instead of the sequence
(Fr(p)} one can use the sequence (F!(v)) for which we also have the equality

S(p) = () Fl()
reN

and additionally (F!(p)) is a monotone sequence.

Dn other words, solve @ in Zy,...,Tn.
The following conventions

{an,b)=I(z.), i=1,...,n; D=la;, b1} % ...x [an,ba]
are adopted.

63
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The solving procedure, as we saw in section 2, can be profoundly improved by
using the notions of solutional (see Definition 4.2) and indetermined products
(a product P, is indetermined if and only if P, is a feasible but not a solutional
product). In more detail the improvement is described by text (2.6). However,
unlike the problem treated in section 2 now some additional difficulties can arise in
connection with the fact that ¢ can have some quantifiers. Such questions will be
discussed 1n Problems 5.1, 5.2, 5.3 and particulary in part 2 of this section.

If ¢ is a positive <-formula then the set S(¢) can be determined using the equality
(see Theorem 4.4)
Sp) = [ 5-(¢)
reN
Notice also that S(¢) can be determined by means of the equality

S(p) = AN S(—e)
provided that S(—¢) is determined by the procedure (5.1) described above?

Finally, let ¢ be a positive <, <-formula containing both of the symbols <, <.
Denote ¢ by ¢(<, <) also. Replacing the symbol < by the symbol < from the
formula (<, <) one obtains the formula p(<, <). Similarly, (<, <) is the formula
obtained from ¢(<, <) by replacing the symbol < by the symbol <. Now we
emphasize the following double implication

*1) p(<, <) = (<, 2) = 9(<,5)
which can be easily proved. From (*1) it follows the following double inclusion
(*2) S(p(<, <)) €5 (p(<,9)) € S(p(<, <))

The sets S(p(<,<)), S(p(<,<)) can be determined by the procedures stated
above. Accordingly, the set S (¢(<, <)) can be by (*2) approximatively determined.

Next we consider the problem of type Class 5.1, case (ii). Now the main role has
the double implication of the form (4.4) and the fact that, in principle, for any
fixed r € N one can in a finite number of steps examine whether m,(¢), M, () are
satisfied (see (4.5)). Accordingly in order to solve a problem of type Class 5.1, case
(it) we employ the following procedure

(5.2) (i) We start withr =0.

(11) We calculate m,(p). Then:
If mp(p) is false the procedure halis and the enswer is: ¢ is false.
Otherwise, we go to (1i1).

(iit) We calculate M, (p). Then
If M. () is true the procedure halts and the answer is: @ is true. Oth-
erwise, we go to (1v).

(iv) We replace v by v+ 1 and go to (ii).

3)For = is equivalent to some positive <-formula.

A
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Concerning this procedure-generally there are two possibilities

(5.3) () It stops at some step rq.
(jj) It never stops.

In case (j) we are able to establish effectively whether the formula @ is true or
false. In case (jj) according to equivalences (4.9), (4.10) (with n = 0) we have the
following conclusions:

19 s false if v is a positive <-formula.

29 @is true if  is a positive <-formula.

An example in which case (j) appears is when ¢ is the formula
(Fzell,2)z*x>2,

but if ¢ is the formula
(Fze[l,2)zxz=2

we have case (jj).

2. Now we are going to state some problems belonging to Class 5.1.

Prob'lem 5.1. Let f: D — R (D = [a1,b1] x ... x [a,,bs]) be a given m-M
funclion. We seek all points (z1,...,2,) € D al which this function attains the
minimum value, i.e. we solve in (x), .yZn) € D the formula

(5.4) (Vo1 € a1, 81]) - (Y9 € [an, ba]) fz1, - 20) < Flur, . ¥)

This is obviously a problem of Class 5.1 (i). The corresponding definition of feasible
products (of r-cells) reads

(5.5) A product Xy x ... x X, of r-cells X; is feasible (in the sense of (5.4)) if i
satisfies the condilion

(*) (YY1 € Diay, b)) ... (VY € D, [an, ba))
m(f) (X1 x .. x Xn) S M(f)(Y1 % ... x Yy,)

Denote by Min the set of all solutions of (5.4). This set is not empty. Next, it has
the following property

(5.6) If P,Q € Min then f(P) = f(Q) (Uniqueness of the minimum value)
Further, suppose that D’ C D is any non-empty set. Then obviously the following
implication is valid
(57) (Y(y1, -, vn) € D) f(21, -, 2a) < F(y1, -, Yn)

= (YY1, -, 9n) € D) fz1, o 22) < (1, - Un)
Combining (5.6) and (5.7) the following fact follows immediately
(5.8) Let D', with Min C D' C D be any set. Then the sel of all solutions

(z1,...,@n) € D’ of the formula
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(V(yll Tt y") E D/)f(xll "':‘rﬂ) S f(yll -~-:yn)
15 Just equal to Min.

This fact can be used in the following manner

(5.9) In the solving procedure we step-by-step replace the initial domain D by the
sets F{, ..., F}, ... respectively.

Practically that means that part (*) of Definition (5.5) is replaced by the following
one

(*) Y(Yi,...,Y) € (D.lar, bi] x ... x Dy[an, ba] € F/_))
m{f)(Xix .. x Xp) SM(f)(Yix .. xYs)
In such a way the for-loops of the variables Y7, ..., Y, are profoundly diminished.

The next question is about the number of the feasible cells in the »-th step, denoted
say by fis(r). At first, it is not difficult to see that this number depends on the
equality of m-M pairs used in the solving procedure. For instance, consider the

case in which:
D=10,2], flz)=c*-2c+1

Applying the ordinary binary tree, when in the r-th step any cell is of the form
A=[ld, withl=4/2"" ' d=1+1/2""' (i=0,..,2"—1)
it can be easily seen that
19 If we use the formulas
m(f)(A) =1 —2d+ 1, M(f)(A)=d* -2 +1

then fis(r) ~ 200=1/2 when r — 4c0.
2°  But, by using the idea of ideal m-M pairs (see Lemma 1.1) it is not
difficult to conclude that fis(r) =4 (r > 2).

Return now to Problem 5.1 in the general case assuming:

(5.10)  The function f has the first order partial derivatives 3f/0x,, ..., 8f/0z,
for all (z1,...,z,) € Dand these derivatives are m-M functions.

Suppose also that

(A) The function f attains ils minimum at some point (cy, ..., cn) € Interior(D)
According to the well known fact at the point (cy, ..., ¢n) all equations
af of
5.11 — =0, ... =0
( ) Oz, " 8z,

must be satisfied. In conection with it to the feasibility criterium (5.7) (*’) we may
impose the following additional requirements

(512)  m{fL)(Xix .. xX) <0< M(fL)(Xyx..xXn) (i=1,...,n)
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Of course, in such a way the initial feasibility criterium is refined profoundly.

Now we consider Problem 5.1 under the condition (5.10) only (i.e. without (A)).
In that case, as it is well known, roughly speaking we first correspond to the given
function f several“subfunction” f),..., fr and after that we seek their minimums
separately. Each of problems: find min(f;) is either of type (A) or is trivial. Then
for min(f) we use the following equality

min(f) = min(min(f;), ..., min(fi)).
"To be more clear we illustrate this idea in cases n =1, n = 2.

Case n=1 Then D=a,b], f: D— R. The subfunctions are f1, f2, f3:
h(z) = f(z) for z € (a1, b1);  falz) = fa1);  fa(z) = f(by)

First we seek min(f,), when we also add the condition f'(z) = 0. It may happen
that min(f;) does not exist. For min(f) we have the equality

min(f) = min (min(f}), f(a:), f(b1))

if min(f)) exists, otherwise
min(f) = min(f(a1), f(b:1))

Case n=2 Then D= [a1,b] x la2,82]. f = D — R. The subfunctions are
fi, f2, ..., fo determined as follows:

Hlz,y) = flz,y), a<z<b, ar< y < by. The equalities f- =0, f, =0
may be added.

f2(y) = fla1,y), a2 <y < by The equality %f(al,y) = 0 may be added.
fa() = f(b1,y), as<y< by The equality s%f(ag,y) = 0 may be added.
falz) = f(z.er), a <z <by. The equality %f(z,ag) = 0 may be added.
fa(x) = f(z,62), ey <z <b). The equality Z%f(r,bg) = 0 may be added.

fo=flar,a2),  fr=flay,b2), fs=f(b1,a2), fo= f(b1,b2)
For min(f) we have the equality
mln(f) = min (min(fx))min(fz), "')min(fﬁ);fﬁyf'h fS:fQ)

If some min(f;), where ¢ <1 < 5 does not exist then the previous equality does not
contain the term min(f;).

P‘roblem 5.2. Lelg,fi,...fe + D = R, where D = [a},bh)] x ... x (an, ba] be
gren m-M functions. Let A be the set of all points (z1,...,z.) € D salisfying the
inequalilies

(513) fl((Ell...,l'n)ZO,...fk(II,...,In)ZO

Restricting the function g {o the set A we seek the set S of all points (1,0 zn)
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€ A at which g attains the minimum value (the problem of constrained opti-
mization?) under the condition (z,, ..., z,) € D).

In other words we seek all points (zy, ..., z,) € D satisfying the following conditions
(5.14) 1%y (21, ..., 2a) 2 0, .., fi(z1, -y 2n) 20
2° (Y(y1, .-, un) € D) [filyr, - ¥a) 2 0, o fr(yr, o ye) 20
= g(1, - n) < g(y1, -, Yn)]
Obviously the sets A, S are connected by the equivalence
S0 A#0

However, (5.14) treated as a conjunction of its parts 1° and 2° is not a <-positive
formula, therefore we cannot apply a procedure like (5.1). In connection with this
trouble we put the following assumption

(5.15)  If at some point (z1,...,z,) € D the inequalities

fl(zly "'Jzn) 2 0: "'fk(zl; .--,l’n) Z 0

are satisfied then in each neighbourhood N(z1,...,z,) of this point there
is a point (T14, .., Tno) € D salisfying the inequalities

fl(zlm --~szno) > 0: ---flc(l'lo, -~~:Ino) >0

Using this assumption we first prove the following equivalence®

(5-16) (Vyl) (Vyn) [(Vi) fi(yl, ...,yn) >0= 9(1?1, ---,In) < 9(1/1, -~,yn)]

is equivalent to

(Vy1) .- (Yya) [(V2) filyrs oy 0n) > 0= g(z1, o, 2a) < g9(yn, -, 9n)]

Indeed, =>-part is trivial. To prove <-part suppose that (z,,...,z,) has any fixed
value (z1,, ..., Zn,) € D and that the condition (Vi) fi(y1,...,ya) 2 0 is fulfilled at
some point (Y1, ..., Yn) € D. If (%10, ..., Tno) < g(y1, .-, ¥n) the proof is completed.
Suppose now that the oposite inequality g(zi,,-..,Zno) > 9(¥1, ---, ¥n) s satisfied.
Because of the continuity of the function g this inequality is also satisfied in the set
N(y1, -, yn)ND, where N(y1, ..., yn) is some neighbourhood of the point (y1, ..., yn).
However, using (5.15) we conclude that in this set there is a point (y10, .., Yno)
at which the inequalities (V%) fi(¥10, ..-; Yno) > O hold, and by the premise of the
<=-part we also have the inequality g(z1,, ..., Zno) < g(Yi0, ---)Uno). The proof is
completed, for we have obtained a contradiction.

We now show that under the condition (5.15) the considered problem of optimiza-
tion can be reduced to the problem of Class 5.1. Indeed, we have the following
chain of logical equivalences

*)Usualy in the literature the set A is called a feasible set.
S)nstead of (Vy; € [a;,b;]), (Vi € {1,...,k}) we write shortly (Vy;), (Vi) respectively.
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(Vi) filzr, . 20)) 2 0OA (Y1) o (Vuna ) [(V9) filyr, oy yn) 2 0
= g(z1, ..., 2n) < g(v1, ..., yn)]

(This-is the formula which corresponds to the considered problem)

@ (Vi) fi(z1, -, 2a)) 2 OA (Yu1) - (Vua) [(V9) filwr, o 9m) > 0
= g(z1, - zn) < 9(y1, ., Yn)]
(Using (5.15))
@ filzr,0zn) 2 0A (V1) - (Vo) [(3d) fi(wr, -, 9m) <O
Vg(zy, - zn) < 9(y1, - Yn)]
(For: (p = q) © —pV g, etc.)

The proof is completed, because we have obtained a positive <-formula. So, we can
apply a procedure of type (5.1). Accordingly, the definition of feasible Cartesian
products of r-cells reads:

(5.17) A Cartesian product X1 x ... x X, of r-cells X; is feasible if it satisfies
the following conditions®)

() (Vie{l, kP Mf)X1 % ... x X) >0
(i) (VY1 € Dy ([a1,61])) ... (VY € D: ((an, bn]))
Vie{l, kY M(f) (Y1 x ... xY,)>0
= mg) (X1 x .. x Xp) < M(g) (Vs X ... x Yy)

In the spirit of the solving procedure if the set A is empty then at some step r it
will happen” fis(r) = 0.

As in Problem 5.1 now we may also use the fact of the form (5.9). In other words
in (5.17) we may replace the part

(¥¥; €D, ([a1,b1])) .. (Wa € D, ([an, ba])
by the following
V(Yl, .‘.,Yn) c (.7:,’._1 n (Dr([al,bl] X ... X D,—([an,bn])))

In such a way for-loops of the variables Y; are profoundly diminished. Similarly
as in Problem 5.1 under certain conditions we may add new requirements to the
feasibility criterion. So, suppose that each of the functions fi, ..., fi, g satisfies a
condition of type (5.10) and the function g attains the minimum value at some
point, which is an internal point of the set A. Then to the conditions (5.14) 1°, 2°
we may add the following equations

dg 99

(5.18) - 6_z1:0""6z =

0

®In the formulation of (ii) the tautology (—pV q) & {p = g) is employed.
"'Recall that fis(r) is the number of all feasible r-cells.
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Accordingly, the feasibility criterium should have also these requirements

dg dg
m(’%) (Xl X .o X Xn) SOS M ('6—1:1> (Xl X .o X Xn)

Problem 5.3. We get this problem from Problem 5.2 by replacing (5.13) by the
following conditions

(519) fl(zlr "'71:71) =0, -'-:fs(xly ---:In) =0,
f3+1(x1""1zn) 2 0,...,fk(l'1,...,.'tn) b4 0 (S > 1, k > S)

Now the set A is defined as the set of all points (z1,...,z,) € D satosfying (5.19).
This problem is more complicated than Problem 5.2. In order to see this fact better
suppose s = 1,k = 2,n = 1. So, briefly said we seek the values z € D = [a,b]
satisfying the conditions

(*1) Filz) =0, fa(z) =0, (Yy € D) (/1(¥) = 0, faly) 2 0 = 9(z) < y(y))

Recall that the general definition of the feasible cell (i.e. Definition 4.2) is logically
based on the fact (4.4) namely on the its part

(*2) oz, ..) = me(p) (Cr(z1), )
Accordingly for the third formula in (*¥1) we have the following argument
This formula is logically equivalent to
(Vy € D) (fi(y) > 0V fi(y) <OV fay) <0V g(z) < 9(v))
and in view of (*¥2), i.e. by Definition 4.2. a cell A € D,(D) is feasible iff
it satisfies the condition
(VY € D(D)(M(F)(Y) > 0V m(fi)(¥) < 0
vm(f2)(¥) < 0V m(g)(X) < M(g)(¥)
1.e. the condition
(V¥ € Do(DY)(M(H)(Y) <O0,m(f)(Y) 2 0,m(f2)(¥) 2 0
= m(g)(X) < M(g)(Y))

which is obviously useless; since from M (f1)(Y) <0, m(fi)(Y) > 0 it
follows that fij(y) =0 forally €Y.

However, about the third formula in (*1) we also have the following argument

Omitting the part (Yy € D) from the formula we obtain the implication

(*3) fi(v) =0, fo(y) 20 = g(z) < 9(v)

Suppose that yo € D is any solution of fi(y) = 0. Putting y = yo from (*3)
the implication
fa(yo) 20 = g(z) < 9(v0)
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follows, which is logically equivalent to

falye) <0 Vv g(z) < g(vo)

Let X,Y, be elements of D,(D) such that @ € X,y € Yo. Then using only
axiom (0.1) we obviously have the implications

fa(yo) < 0= m(f2)(Yo) < 0;  g(2) < g(yo) = m(g)(X) < M(g)(Yo)

from which the following implication

(fayo) <0V g(z) < g9(w0)) = m(f2)(Yo) <OV m(g)(X) < M(g)(Yo)
follows.
In fact this implication is an example of the general implication (¥*2). Now denote by
Sol,. (D) the set of all Y € D, (D) which have at least one solution of the equation
f(y) = 0 with y € D. Then in virtue of the proved implication we have this
implication
(Vy € D) (fi(y) =0, fa(y) 2 0= g(z) < g(v))
= (VY € Sol (D)) (M(f2)(Y) 2 0= m(g)(X) < M(g)(Y}))
This implication provides a new idea how to define the feasibility criterium. Let us
stop this argument and pass to the general case. About conditions (5.19) we put
the following assumption (like (5.15))
(5.20) If k > s and at some point (zy, ..., zn) € D the formulas
Az, 20) =0, ., fo(zy,...,zn) =0,
fs+1(zl: ~-:In) 2 0, ..., fk(rb -'-:xn) > 0

are satisfied then in each neighbourhood N(zy,...,z,) of this point there
s a point (1o, ..., Tno) € D satisfying the formulas

fi(xla: ---y‘rno) =0, .., .fs("’-'lo: "':1:77.0) =0,
f.1+1(-'[:1o;---yzno) 2 01 sy fk(l'la, “-,Ino) 2 0.
Using this assumption one can prove®) the following equivalence (like (5.16))
(5.21)
V(v 9) € D) [filyr, s 9n) = 0, fsr, - ¥n) = 0, fera(y1, - un) 2 0,
fe(r, o ¥a) 202 g(z1, o, 2a) < 9(y1, o, Yn)]

15 equivalent 1o

M) €D (Nily, o un =0, fs(w1y o un) = 0, fog1 (v, - ym) > 0,
f’c(yb --~:yn) >0= (g(xly -~-::En.) S g(yl:---v yn)]

It is important that the second part of this equivalence is a <-positive formula.
Now denote by Sol,(D) the set of all cells X € D (D)} which have at least one

®)See the proof of (5.16)
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solution of the system fy(zy,...,zn) = 0, v, fs(z1,...;z2) = 0. Then we have the
following definition

(5.22) An element X € Sol (D) s feasible if 1 satisfies the following condition
(VY € Sol- (D)) (M(fs11)(Y) > 0,..., M(fi)(¥) > 0= m(g)(X) < M{g)(Y))

The corresponding solving procedure is quite similar to (5.1). The set of all solutions
is equal to [, ¢y Fy, which is not difficult to prove.

However, the main problem is how to determine Sol,.(D). In other words how to
find a condition Cond(A) such that the equivalence

A cell A has at least one
solution of the sysiem & Cond(A)

filzy, . 2a) =0, fi(z1, oy 2a) =0
is true. Roughly speaking, some “part” of Cond(A) may be, for instance:

()  Asis “small enough”.
(jj) For each of the functions f;(i <i < s) there are two vertices Vi, V3 of A such
that fi(V1)- fi(V2) <0

Now we are going to give another idea about Problem 5.3, by which this problem
can be solved approximatively. Namely, let € > 0 be a given “small” real number.
Replacing (5.19) by the following inequalities

(5.23)
fl(xll ...,l'n) Z —E:Jfl(l‘l) '--)In) S £, "'1f3(11: "'J:l:n) Z _"E:fJ(Ill "'Jzn) S 3
fs+1(1'ly ~-:$n) > 0, ---:fk(xly ---;In) > 0

from Problem 5.3 we obtain a new one, denoted by: Problem 5.3(¢). This Problem
5.3(¢) has two basic properties:

(i) It is a problem of Class 5.1 with a <-posttive formula. _
(ii) Depending on the magnitude of €, the solutions of this problem are approxi-
mative solutions of the original Problem 5.3.

At the end we are interested in conditions like (5.18) which may be added to feasi-

bility criterion. Suppose that each of the functions fy, ..., fx, g satisfies a condition
of type (5.10). First we consider the case k = s when (5.19) reads.
(524) fl(xlx“')xn):0:"':f3(1:1:"'11‘n):0
Let M be the following matrix
o3 By B9
GEN oz2 Oz,
oL en h
GEN FE 3z,
o, 8.
EER dzo 3r,
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whose members are calculated at some point ¢ belonging to the set?) 5. Denote by
My, M, ..., M, all the minors of the matrix M which contain some elements of the
first row of M and whose order is!®) min(n, s + 1). Then:

At the poini ¢ all the equalities
(5.25) M =0, ,M=0
are satisfied.
This 1s a classical result, a generalization of (5.18).

We notice that in order to solve Problem'!) 5.3 we can use equalities (5.25) in
several ways:

19 If we use the method of the feasibility criterium (5.22) we can for X € Sol, (D)
require the following conditions

m(M)(X) <0< MM)(X) (i=1,..1)

too.
29 If we use the method by e-approximation, when inequalities (5.23) are in-
volved, then we can to them include the following inequalities

Mi>—e, Mi<e (i=1,..,1)
3%  Apother way to solve the problem is to solve the system of equations
(5.24) plus (5.25)

and after that among the solutions to find points at which the function g
attains the minimum value.

Finally we point out that equalities (5.25) are also satisfied in case of conditions
(5.19) when k > s, but under the following assumption

At a point c€ S are satisfied the conditions
fie)=0,..., fi(c) = 0, fo41(c) > 0, ..., fi(c) > 0
Problem 5.4. Now we consider the general problem of Class 5.1 allowing that in
the formula ¢ the operators of type
MiNgela,b],  MaXgg[a,b]
may occur. For inslance, such a ¢ 1s the formula:

* min max_ f(z,y,2) € max g{z
) i ey [ ) < ma o)

where f, g are given m-M functions.

9 Recall, S is the set of all points at which the function g attains the minimum value, under
the condition (5.19) i.e. (5.24).

19)0f course, t is a constant, which can be easily calculated.

!DInstead of (5.19) we have equalities (5.24)
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However, the new Class 5.1 is not wider than the old one, for the following fact
holds:

(5.26) For any positive <, <-formula @ conlaining the operators min, max one can
effectively find a new positive <, <-formula ¢’ such that ¢’ contains none of
the symbols min, max and ¢’ is logically equivalent to ¢.

The proof is based or the following general facts:

Lemma 5.1. Let f :[a,b] — R be a continuous function. Then:
18 For some c,d € [a,b] the equalities

f(¢) = min_f(z), f(d)= max f(z)

z€[a,d] z€la,b)

hold.

20 For any real number p the following equivalences

p> rrerhiznbl flz) < (3z €[a,8])p > f(z)

p< zg}j‘nb]f(r) & (Vz € [a,b))p < f(z)

p> max f(z) & (Yz €[a,0])p 2 f(2)

z€[a,b)
p < max f(z) & 3z €le,b))p < flx)
z€[a,b]
hold. Also in these equivalences one may replace the symnols >, < by >, < respec-
tively'?).

We shall demonstrate the idea of the proof of (5.26) by the following example.
Example 5.1. Let f : [a1,b,] x [az, b2] — R be a given m-M function. Find

*)

min max _f(z),z2).
z1€[ay,b1] 2€{az,b2]

Solution. In order to do this, we solve in ¢; € [a1, b1], c2 € [a2, bs] the following
equation

(**) f(ChCZ): f(zl,Iz)-

min max
z)€[ar,b1] z2€[az,87]
The elimination of the symbols min, max is as follows

f(cl ) C2) = minIlE[ﬂx,bl] maxrnE[ﬂn,bzl f(l'l, IZ)
& (Y, € [a1, b1]) fe1, €2) < MaXz,¢lay 4] F(T1, 22)
o (Vz, € [a1,b1]) (Fz2 € [az, b2)) fler, e2) < f(z1,22)

12)For instance, we have the following equivalence

P> xmj‘b]j(r) & (3z € la. b)) > fla)

€la
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Consequently the related definitiion of feasible Cartesian products reads
C1 x Cs is feasible
i=4 (VXl S Cr[ﬂl,bl])(3X2 S Cr[ag,bz]) m(f) (Cl X Cg) < M(f) (X1 X Xz)

Remark 5.1. (due to E. Agovié). In order o find (*) we do not need to find all
c1,¢2 in (**). Having this in mind, for ci,c; we impose the following additional
condition

flcr,c2) = max f(ey,z2)
z2€[aa,b2]

Consequently to the feasibility criterium we add this request
(VX2 € Crlag, ba]) m(f) (C1 x X2) < M(f)(Cy x C3)

Remark 5.2. In a way similar to that employed in Ezample 5.1 one can generally
find
(myz1) (maz2) ... (Mmpza) f(21, .. 2a)

where f - D — R is a given m-M function and the symbol (m; ;) stands optionally

for

or

min min
r.€fa,,b.] zi€lai b))

Problem 5.5. This problem belongs to the Interval Mathematics. Namely,
consider the general problem of Class 5.1 supposing that in the formula v some
constanis cy,ca,...,cp appear which we do not know ezactly. Instead, we are given
cerlain constanis L;, R; such that L; < ¢; < R; (i = 1,2,....k) Accordingly, the
formula @ will be also denoted by ¢(cy,...,ck). A problem of Class 5.1 with such a
@ will be called:

5.1-problem wih boundaries L; <¢; < R; (i=1,..,k)

As we shall see any such problem can be translated to a genuine problem of Class 5.1
(see {5.27), (5.28) below). To prove this, let us first consider any 5.1.(ii)-problem.
For instance, such a problem is stated in

Example 5.2. Fzamine the iruth of the formula
(vz €[1.5,1.5)z% > 1.8...
where 1.8... 15 a conslent salisfying the boundaries
18<18..<19

Solution. Obviously this problem is logically equivalent to the following problem
of Class 5.1.(ii)

Prove the formula (Vc € [1.8,1.9])(Vz €[1.4,1.5)z2 > ¢
Generally:

(5.27)A problem:
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Is the formula @(c), ..., ck) with boundaries L; < ¢; < R true or false
is logically equivalent to the problem

Is the formula (Ye; € [Ly, Ri]) ... (Ve € [Li, Ri]) @(ct, .-, cx) true or
false.

Now we shall treat 5.1.(i)-problems with boundaries L; < ¢; < R; (i=1,..,k).
For instance, such a problem is encountered in

Example 5.3. Find z € [1,2] such thal 2% = ¢ where ¢ is a constant with these
information 1.69 < ¢ < 1.96 only.

Solution. Obviously the best information on z is expressed by the inequalities
1.3 < z < 1.4. This conclusion can be divided in the following two implications

The first reads:

(*) For all c € [1.69,1.96] the implication 2=czec[,2]213<z<141s
true.

The second reads:

(**) If z, with 1.3 < z < 1.4, is any number then for some ¢ € [1.69,1.96] the
conditions £? = ¢, = € [1,2] are irue.

Notice that about (*) we have the following reformulations
(*) © (Vce(1.69,1.96]) (z2=c,z€(l,2] = 13<z< 1.4)

& (3ce(1.69,1.96) (22 =c,z €[1,2]) = 1.3<c<14
(By applying the following logically valid formula

(Ve) (afe) = B) & ((Fe) a(z) = B)
provided that ¢ is not a free variable in §.)
On the other hand, about (**) we have
(**) o (13< e < 1.4 = (3ce(1.69,1.96))2% =c,z €[1,2])
Combining the obtained results we have the following equivalence
13<z <14 (Fce(1.69,1.96])z% = ¢,z €[1,2]
Consequently we have the following conclusion:

The problem stated in Example 5.3. is logically equivalent to the following
problem:

Find z € [1,2] such that the formula (3c € [1.69,1.96])z* = c is true.

The reasoning employed in this example can be transfered to any 5.1.(i)-problem

with given boundaries L; < ¢; < R;. Namely:

(5.28)  Any 5.1.(i)-problem with given boundaries L; < ¢; < R (i=1,..,k) s
logically equivalent to the following problem (of Class 5.1.(1))
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Find all value of z; € I(x;) (: = 1, ..., k) such that the formula
(361 € [Ll:Rl]) (36[; € [L’C: Rk])(p(cly s C’C)

is satisfied.

Problem 5.6. Let A, B C R be given sels and p(x,y) a positive <-formula whose
free variables are x,y. Suppose that the formula

(*) (Vz € A)(3y € B) p(z,y)

is true. How can we determine for y the best'®) constants cy,co € R such that the
double inequality ¢y < y < ca holds?

Solution. Obviously the implication
o(z,y) = ¢ <y<cy (zisany element of A)
should be true. In other words we have the implication
(Vz € A)(e(z,y) = a1 <y<e)
which is logically equivalent to the following implication
(32 € A)p(z,y) > <y <o
The meaning of the last implication is

If for some z € A the formula ¢(z,y) is satisfied then the corresponding y
must be between ¢y, ¢a.

According to this in order to solve Problem 5.6 proceed as follows
Take formula (3z € A) p(z, y) and solve it for y € B.

Applying procedure (5.1) we step-by-step obtain the set F/ of all feasible r-cells,
by which we can approximatively determine the constants ¢y, ¢s.

Example 5.4. Find z € [-7,25] such that the condition
(Vz €[0,4)(Fy € [3,5])y* — 22 =z
15 salisfied.

Solution. The ordinary binary trees are used. The calculations are carried out
only up to step 7. The member of feasible cells is 2 in each step, and z satisfies:
8.75 < 2 € 9.25.

13)That means that inequality ¢; < y < ¢z is implyied by (*), but also for some z,,z2 € A
we have respectively o(zy, c1), @(z2, c2).



6. FINDING FUNCTIONS AS SOLUTIONS
OF A GIVEN m-M CONDITION

In this section we state how approximatively to determine functions satify-
ing a given m-M condition?), which is some functional condition, or some
difference condition, or differential equation.

1. Let ¢(z,y) be a positive <-formula, quantifier-free, and whose free variables are
z,y. Replacing y by a term f(z), where f is a function symbol from the formula
@(z,y) we obtain

(6.1) o(z, f(2))

which we shall call “an m-M (functional) condition”. Let A, B C R be given
segments and f : A — B a function satisfying the condition (Vz € A) o(z, f(z)).
Then we say that f is a solution of condition (6.1).

In the sequel we are going to describe a procedure by which one can step-by-step
approximatively determine all such functions (if any exists). We shall use the
following denotations

* X will be a sequence of some subsegments (1.e. cells) of the segment A. By
{(X) is denoted the number of its elements.

* If P e X then by F(P), Fi(P) will be denoled some sequences of subsegments
of the segment B; I(F(P)),I(F\(P)) are the numbers of their elements.

We also use the following convention:

Two segments of the forms [p,q], [r,s] are called neighbouring if ¢ = 7 or
s=p.

In fact in the procedure we search certain solution z € A,y € B of ¢(z,y), having
in mind that y should be a function of z. The procedure reads:

(6.2) (1) If m{p) (A x B) is false the procedure siops and the resull is:
(6.1) has none f-solution.
In the opposite case we take:
(X)=1,X, = A,l(F(A)) =1, B is the unique element of f(A4);
and go o (11).

(1i) In turn we take P = X; (1 < i < (X)) and for each of them we do the
Sfollowing:

From the sequence F(P) we form a new sequence Fy(P) consisting of
all elements Q € F(P) for which the condition m(p)(P x Q) holds. If
the sequence Fy(P) is emply then the procedure stops and the resull is:

DThroughout the section 'm-M condition’ is a generalization of the notion 'm-M equation’.
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(6.1) has none f-solution.

In the opposite case we first make unions of all neighbouring elements
of the sequence Fy(P) and in such a way we obtain a new sequence,
which we call F1(P) again?

After P = Xyxy is being processed we go 1o ().

(1ii) In this step we have already determined the desire function f approzi-
matively:

Namely, for any x € A let P € X be a segment conlaining this .
Then f(z) may be any number which is any element of some element
of F\(P).

If we want 1o continue the procedure then we do the following:

First, for each P = X; (1 <1< (X)) we do the following:

We decompose P into smaller subsegments, say P.,..., P, and
temporarily extend the function F) by the conditions
Fl(Pl) =..= Fl(P,-) = Fl(P)

Let Xy be the sequence of all such subsegments for all elements P € X .
Next, in turn 1o each element P € X, we consider the relaled sequence
Fy(P) and decompose all its elements into some smaller subsegments.
In such a way from Fy(P) we obtain a new sequence named F(P). We
put X = X, and go to ().

In a similar way one can approximatively solve any functional condition like (6.1)
under this restriction:

All unknown functions have the same number of arguments.
For instance, the functional conditions
ez, f(z),9(z)), ¥(z,y,h(z, ), k(z,y), m(z, )
(f,9,h, &, m are unknown functions)
belong to this class. However, the functional condition

(6.3) o(z, f(z),y,9(z, )

obviously is not a member of the class. Solving procedure for such conditions in
some details differs from procedure (6.2). For example to solve (6.3) we proceed as
follows:

We replace (6.3) by the following functional condition
‘P(Ix fl(xy y): Y, g(I, y))

2For instance, if Fy(P) is the sequence [1,2],(7,8],[2,3],[6,7],(3,4].[9,10] then the new
F1(P) is the following sequence (1, 4), (6, 8, [9, 10]
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with two unknown functions® fi,g. Then using a procedure like (6.2) we seek those
of 1ts solutions which are solutions of (6.3) too. Namely, suppose that in some step
for x and y we have all together the following subsegments
Xty X, Vi Yy
respectively. Let P = X; be any of these X1, ..., Xp. To define the sequence®) F(P)
we consider all sequences

(*) Fi(P, Y1), ..., Fi(PYy)

and then: any subsegment [a,b] is an element of F(P) if and only if%) this subseg-
ment belongs 10 each member of the sequences (*). If F(P) is emp1y®) sequence the
procedure stops with the conclusion that (6.3) has no solutions.

2. Let now ¢(z,y,z) be a positive <-formula, quantifier-free, whose all free vari-
ables are z,y,z. Replacing y, z by the following terms f,, fr4r respectively from
the formula ¢(z,y, z) we obtain

(6.4) oz, fz, fo+n) (h is a given positive constant)

which we are going to call “an m-M difference condition”. Concerning (6.4) the
main problem is:

(6.5) Leta,a’,b (witha < b) be some given real numbers. Giving to « and f, initial
values a,a’ respectively determine a finite sequences (if any exists)

for fawns oy fatnn (a+nh is b)
such that (6.4) is satisfid for every z € {a,a+ h,...,a+ (n ~ 1)h}.

In the sequel we shall describe a procedure by which one can approximatively
determine all such sequences”), under the restriction that fu, fays, ..., fa+nn belong
to a given segment B C R.

As a matter of fact problem (6.3) is logically equivalent to the following:
(6.6) Solve for fatn, ..., fatnn € B the system

p(a,d, fayn),
(p([l + h: fa+h; fa+2h.)y

<,O(Cl + (n - 1)h'; fa+(n—l)h: fa+nh)
The procedure reads:

3 Both of f, and g are functions of 2 arguments.

Y Of course, its elements are some subsegments which approximatively determine the func-
tion f.

$)This is a way to express that fi(z,y) should not be a function of y.

li.e. with no members.

Tif any exists
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{6.7) Using a procedure of type (5.1) we approzimatively solve for® Sarn the first
formula, i.e. the formula p(a, a’, faxn). In such a way we obtain as the result
some sel Fyyp-union of some subsegments®) of the set B. Nezt, we go 1o the
second formula p(a+h, foyn, fayan) which we shall solve for fayon under the
assumption foyn € Foyn. In other words'®, we need to solve for fayan € B
this formula

(3y € Fayn) p(a+h,y, fayan)

Again we apply a corresponding procedure of type'l) (5.1) and for fopon we
determine some sel foion-union of some subsegments'?) of the set B. Sim-
ilarly we proceed with the remaining formulas wla + 2h, fayon, faran), -
pla+ (n— DA, far(n=1)h, fatnn). So, solving the formula

.y

(v € Fayan) p(a+2h,y, faran)

we oblain the set Foyan, solving the formula

(Y € Fagsn) pla+ 3R, y, fayan)

we oblain the set Faysn, and so on. Finally, the desired sequence is approzi-
matively determined by these conclusions:

fa = alx.fa+h [S Fa+h: ---,fa+nh € Fa+nh

Of course, it can happen that for some i the set F; is empty, when the proce-
dure should be stopped with the conclusion that the desired sequence does not
ezist.

We p.o.int that besides (6.4) one can in a similar way solve various other difference
conditions like ¢(z, fz, fotn, fei2n), and so on.

3.. In this part we state a procedure by which one can approximatively solve a
given differential equation. Let

(6-8) E(z, f(2), f'(z)) = 0

be a given differential equation having a solution f : A — B. Denote by C a set
with the property

flz)eC whenever ¢z € 4

Suppose that there exists f(z) for z € A, and that the function E(z,y,2) (with
z €A y€ B,z € C)is differentiable. Additionally suppose

o #)This means that we use the solving procedure up to some step r, and this r is of our
chioice.

Mn fact these subsegments are corresponding feasible cells.
19)See Problem 5.5, Exarple 5.3.

"up to some step r, r is a number of our choice.

12)]n fact, they are corresponding feasible cells.
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(6.9) There are positive constants Ky, Ky such that
E
5] < e <
for everyz € A,ye B,z € C.
Then one can immediately prove the following assertion
Ifz and z + h (with h > 0) are any elements of A then the inequality

(6.10) JE (x,f(z),w)} < K, Kqh

holds.

From inequality (6.10) one can easily get an idea for solving equation (6.8). Namely,
first suppose that E(z,y, z) is an m-M function. Then to (6.10) one can assign the
corresponding m-M difference condition, say expressed in this mannert®

< Ky Koh

(6.1) B (010 Uean = 12)

In such a way we obtain an example of the difference conditions of type (6.4).
Consequently we can apply a procedure of type!#)(6.7). Of course, in order to do
this we have to know the constants K, K3 in advance. About K1 it suffices to

oF . . . . . .
suppose that — is an m-M function. To find K, briefly said, one can besides
z

equation (6.8) employ the equation

8E oFE , OF ,,

4 = — =0

or t oyl T
At the end we emphasize that by solving diflerence condition (6.11) we in fact
approximatively determine all solutions of differentiat equation (6.8) with initial
condition f(a) = a’. But, if solving procedure stops then we conclude that equation
(6.8) has none such solution.

13)Now, f is used as a sequence-symbol.
')The members a,b are determined by the set A, while a,h (with a’ € B,h > 0) are of
our choice.

= MaZae —
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