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The articles [23], [29], [11], [28], [14], [2], [27], [12], [30], [8], [5], [3], [20], [9],
[6], (22], [7], [10], [1], [4], [15], [17], [18], [24], [25], [19], [16], [21], [13], and [26]
provide the notation and terminology for this paper.

1. PRELIMINARIES

One can prove the following propositions:
(1) For every integer ¢ holds i is even iff i — 1 is odd.
(2) For every integer ¢ holds 7 is odd iff i — 1 is even.
(3) Let X be a trivial set and x be a set. Suppose x € X. Let f be a function
from X into X. Then z is a fixpoint of f.
Let A, B, C be sets. Note that every function from A into C? is function
yielding.
One can prove the following three propositions:
(4) For every function yielding function f holds Sub¢rng f = rng f.
(5) For all sets A, B, x and for every function f such that z € A and f € B4
holds f(z) € B.
(6) For all sets A, B, C such that if C = (), then B = () or A = ) and for
every function f from A into C® holds dom, f(k) = A — B.
Let us note that ) is function yielding.
In the sequel n is a natural number and p, g, r are elements of HP-WFF.
Next we state the proposition

(7) For every set  holds (z) = 0.
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Let A be a set and let B be a functional set. One can verify that every
function from A into B is function yielding.
One can prove the following propositions:
(8) For every set X and for every subset A of X holds [0 — 1,1 +—
0] - Xa,x = Xace,x.
(9) For every set X and for every subset A of X holds [0 — 1,1 +—
0] “XAe x = XA, X-
(10) For all sets a, b, x, y, ', ¢y’ such that a # b and [a — z,b — y] =
[a — 2/,b+— /] holds x = 2’ and y = ¢/.
(11) For all sets a, b, x, y, X, Y such that a # b and x € X and y € Y holds
[a — z,b—y] € [[lar— X,br—Y].
(12) For every non empty set D and for every function f from 2 into D there
exist elements dj, dy of D such that f = [0 —— dj,1 — da].
(13) For all sets a, b, ¢, d such that a # b holds [a — ¢,b +—— d] - [a —
b,br—a] =la+— d,b+— ].
(14) For all sets a, b, ¢, d and for every function f such that a # b and ¢ €
dom f and d € dom f holds f-[a — ¢,b— d] = [a — f(c),b+— f(d)].

2. THE CARTESIAN PRODUCT OF FUNCTIONS AND THE FREGE FUNCTION

Let f, g be one-to-one functions. Note that [ f, g is one-to-one.
We now state a number of propositions:
(15) Let A, B be non empty sets, C, D be sets, f be a function from C into A,
and g be a function from D into B. Then m (Ax B)-| f, g] = f-m1(C x D).
(16) Let A, B be non empty sets, C, D be sets, f be a function from C into A,
and g be a function from D into B. Then mo(Ax B)- f, g1 = g-m2(C x D).
(17) For every function g holds @) <P g = 0.
(18) For every function yielding function f and for all functions g, h holds
fefg-h=(f-h)<t(g-h).
(19) Let C be a set, A be a non empty set, f be a function from A into
¢ auaset) 5nd g be a function from A into . Then rng(f <P g) = {0}.
(20) Let A, B, C be sets such that if B =, then A = (. Let f be a function
from A into C® and g be a function from A into B. Then rng(f P g) C C.
(21) For all sets A, B, C such that if C = (), then B = or A = () and for
every function f from A into C® holds dom Frege(f) = B4.
(22) Frege(®) = {0} — 0.
(23) For all sets A, B, C such that if C' = (), then B = or A = () and for
every function f from A into C'’® holds rng Frege(f) C C4.
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(24) Let A, B, C be sets such that if C' = (), then B =0 or A = (. Let f be a
function from A into CB. Then Frege(f) is a function from B4 into CA.

3. ABOUT PERMUTATIONS

Let A be a set. Observe that every permutation of A is one-to-one.

The following proposition is true

(25) For all sets A, B and for every permutation P of A and for every per-
mutation @ of B holds [ P, @ ] is permutation-like.

Let A, B be non empty sets, let P be a permutation of A, and let Q be a
function from B into B. The functor P = Q yielding a function from B4 into
B4 is defined as follows:

(Def. 1)  For every function f from A into B holds (P = Q)(f) =Q - f- P~ L

Let A, B be non empty sets, let P be a permutation of A, and let Q) be a
permutation of B. Observe that P = @ is permutation-like.

Next we state three propositions:

(26) Let A, B be non empty sets, P be a permutation of A, @ be a permu-
tation of B, and f be a function from A into B. Then (P = Q) !(f) =
Qt-f-P

(27) For all non empty sets A, B and for every permutation P of A and for
every permutation Q of B holds (P = Q)~! =P~ = Q1.

(28) Let A, B, C be non empty sets, f be a function from A into CZ, g be a
function from A into B, P be a permutation of B, and ) be a permutation
of C. Then (P=Q) - f)«P(P-g)=Q-f<Pg.

4. SET VALUATIONS

A SetValuation is a non-empty many sorted set indexed by N.
In the sequel V' denotes a SetValuation.
Let us consider V. The functor SetVal V' yielding a many sorted set indexed
by HP-WFF is defined by the conditions (Def. 2).
(Def. 2)(i)  (SetValV)(VERUM) = 1,
(ii)  for every n holds (SetValV')(propn) = V(n), and
(iii)  for all p, ¢ holds (SetValV)(p A q) = [ (SetValV)(p), (SetValV)(q) |
and (SetValV)(p = q) = (SetVal V)(g)SetValV)®),
Let us consider V', p. The functor SetVal(V, p) is defined as follows:
(Def. 3) SetVal(V,p) = (SetVal V)(p).
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Let us consider V', p. One can check that SetVal(V,p) is non empty.
Next we state four propositions:
(29) SetVal(V,VERUM) = 1.
(30) SetVal(V,propn) = V(n).
(31) SetVal(V,p A q) = [ SetVal(V, p), SetVal(V, q) .
(32) SetVal(V,p = q) = (SetVal(V, q))SetVal(Ver),
Let us consider V', p, gq. Observe that SetVal(V,p = ¢) is functional.
Let us consider V', p, ¢, r. Note that every element of SetVal(V,p = (¢ = r))
is function yielding.
Let us consider V', p, ¢, 7. One can check that there exists a function from
SetVal(V,p = ¢) into SetVal(V,p = r) which is function yielding and there
exists an element of SetVal(V,p = (¢ = r)) which is function yielding.

5. PERMUTING SET VALUATIONS

Let us consider V. A function is called a permutation of V if:
(Def. 4) domit = N and for every n holds it(n) is a permutation of V' (n).
In the sequel P is a permutation of V.
Let us consider V', P. The functor Perm P yielding a many sorted function
from SetVal V' into SetValV is defined by the conditions (Def. 5).
(Def. 5)(i)  (Perm P)(VERUM) = idy,
(ii)  for every m holds (Perm P)(propn) = P(n), and
(iii)  for all p, ¢ there exists a permutation p’ of SetVal(V,p) and there
exists a permutation ¢’ of SetVal(V, q) such that p’ = (Perm P)(p) and
¢ = (Perm P)(q) and (Perm P)(p A q) = [p', ¢'] and (Perm P)(p = q) =
P=q.
Let us consider V, P, p. The functor Perm(P,p) yields a function from
SetVal(V, p) into SetVal(V, p) and is defined by:
(Def. 6) Perm(P,p) = (Perm P)(p).

Next we state four propositions:

(33) Perm(P, VERUM) = idgetval(v,vERUM)-

(34) Perm(P,propn) = P(n).

(35) Perm(P,p A q) = [ Perm(P, p), Perm(P,q) ].

(36) For every permutation p’ of SetVal(V,p) and for every permutation ¢’

of SetVal(V,q) such that p’ = Perm(P,p) and ¢ = Perm(P,q) holds
Perm(P,p=q) =p = ¢ .
Let us consider V', P, p. One can check that Perm(P,p) is permutation-like.
We now state four propositions:
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(37) For every function g from SetVal(V,p) into SetVal(V,q) holds
(Perm(P,p = q))(g) = Perm(P, q) - g - (Perm(P, p))~".

(38) For every function ¢ from SetVal(V,p) into SetVal(V,q) holds
(Perm(P,p = q))~'(9) = (Perm(P,q))~! - g - Perm(P, p).

(39) For all functions f, g from SetVal(V,p) into SetVal(V,q) such that f =
(Perm(P,p = q))(g) holds Perm(P,q) - g = f - Perm(P, p).

(40) Let given V, P be a permutation of V, and = be a set. Suppose z is a
fixpoint of Perm(P, p). Let f be a function. If f is a fixpoint of Perm(P, p =
q), then f(z) is a fixpoint of Perm(P, q).

6. CANONICAL FORMULAE

Let us consider p. We say that p is canonical if and only if:

(Def. 7) For every V there exists a set  such that for every permutation P of V
holds « is a fixpoint of Perm(P, p).
Let us observe that VERUM is canonical.
Next we state several propositions:
41) p= (¢ = p) is canonical.

(p=(q=r1))=((p=q) = (p=r)) is canonical.

=
w N

p A g = p is canonical.
p A q = q is canonical.

N
ot

p = (¢ = pAq) is canonical.

AN N N N N N N
=~ =
D =

S e e N N N

N
\]

If p is canonical and p = ¢ is canonical, then ¢ is canonical.
If p € HP_TAUT, then p is canonical.

Let us observe that there exists an element of HP-WFF which is canonical.

7. PSEUDO-CANONICAL FORMULAE

Let us consider p. We say that p is pseudo-canonical if and only if:

(Def. 8) For every V and for every permutation P of V holds there exists a set
which is a fixpoint of Perm(P, p).

Let us observe that every element of HP-WFF which is canonical is also
pseudo-canonical.
One can prove the following propositions:
(48) p = (¢ = p) is pseudo-canonical.
(49) (p=(¢=r)) = ((p=q) = (p=r)) is pseudo-canonical.
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p A q = p is pseudo-canonical.

p A g = q is pseudo-canonical.

If p is pseudo-canonical and p = g is pseudo-canonical, then ¢ is pseudo-
canonical.

(54) Let given p, ¢, given V, and P be a permutation of V. Suppose there

exists a set which is a fixpoint of Perm(P, p) and there exists no set which
is a fixpoint of Perm(P, q). Then p = ¢ is not pseudo-canonical.

(55) ((prop0 = prop1) = prop0) = prop0 is not pseudo-canonical.

110]
11]
12)
13)
[14]
[15]
[16]
17)
18]
[19]
[20]
21]

[22]
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Summary. In [11] we proved that the lattice of substitutions, as defined
in [9], is a Heyting lattice (i.e. it is pseudo-complemented and it has the zero
element). We show that the lattice needs not to be complete. Obviously, the
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variables and a singleton as a set of constants. The incompleteness has been shown
for lattices of substitutions defined in terms of [22] and relational structures [18].

MML Identifier: HEYTING3.

The terminology and notation used here are introduced in the following articles:
[13], [20], [14], [4], [8], [17], [5], [10], [2], [22], [16], [1], [18], [6], [12], [21], [19], [9],
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1. PRELIMINARIES

The scheme SSubsetUniq deals with a relational structure A and a unary
predicate P, and states that:
Let A1, Ag be subsets of A. Suppose for every set x holds x € Ay
iff P[z] and for every set x holds = € Ay iff P[z]. Then A; = As
for all values of the parameters.
Let A, x be sets. Observe that [ A, {z} ] is function-like.
Next we state a number of propositions:

(1) For every odd natural number n holds 1 < n.
(2) For every finite non empty subset X of N holds max X € X.

(3) For every finite non empty subset X of N there exists a natural number
n such that X C Segn U {0}.
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(4) For every finite subset X of N there exists an odd natural number & such
that k ¢ X.

(5) Let k be a natural number and X be a finite non empty subset of [N,
{k}]. Then there exists a non empty natural number n such that X C
tSegn U {0}, {k}}.

(6) Let m be a natural number and X be a finite non empty subset of | N,
{m}]. Then there exists a non empty natural number k such that (2-k+1,
m) ¢ X.

(7) Let m be a natural number and X be a finite subset of [N, {m} ]. Then
there exists a natural number & such that for every natural number [ such
that [ > k holds (I, m) ¢ X.

(8) For every upper-bounded lattice L holds Tf = Tposet(r)-

(9) For every lower-bounded lattice L holds 1 = L poget(r)-

(10) Let L be a lower-bounded non empty antisymmetric relational structure
and a be an element of L. If 1; > a, then a = 1.

2. POSET OF SUBSTITUTIONS

Next we state four propositions:
(11) For every set V and for every finite set C' and for all elements A, B of
Fin(V—=C) such that A = and B # () holds B — A = ().
(12) For all sets V, V', C, C'" such that V C V' and C C C’ holds
SubstitutionSet(V, C') C SubstitutionSet(V’, C").
(13) Let V, V', C, C’ be sets, A be an element of Fin(V—-C), and B be an
element of Fin(V'->C"). If V.C V' and C C ¢’ and A = B, then uA = pB.
(14) Let V, V' C,C" besets. Suppose V C V' and C' C C’. Then the join ope-
ration of SubstLatt(V, C) = (the join operation of SubstLatt(V’, C"))[} the
carrier of SubstLatt(V,C), the carrier of SubstLatt(V, C) {.
Let V, C be sets. The functor SubstPoset(V, C) yields a relational structure
and is defined as follows:
(Def. 1) SubstPoset(V, C') = Poset(SubstLatt(V,C)).
Let V, C be sets. One can verify that SubstPoset(V,C) has l.u.b.’s and
g.l.b.’s.
Let V, C be sets. One can verify that SubstPoset(V, C) is reflexive antisym-
metric and transitive.
One can prove the following propositions:
(15) Let V, C be sets and a, b be elements of SubstPoset(V,C). Then a < b
if and only if for every set x such that x € a there exists a set y such that
y€bandyCux.
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(16) For all sets V, V', C, €' such that V" C V' and C C C’ holds
SubstPoset(V, C) is a full relational substructure of SubstPoset(V’, C").

Let n, k be natural numbers. The functor PFa(n, k) yields an element of
N—={k} and is defined as follows:

(Def. 2) For every set x holds x € PFa(n,k) iff there exists an odd natural
number m such that m < 2-n and (m, k) =z or (2-n, k) = .

Let n, k be natural numbers. One can verify that PF (n, k) is finite.

Let n, k be natural numbers. The functor PF¢(n, k) yielding an element of
N-{k} is defined by:
(Def. 3) For every set x holds © € PF¢(n,k) iff there exists an odd natural
number m such that m <2-n+ 1 and (m, k) = x.

Let n, k be natural numbers. Note that PF¢(n, k) is finite.
The following four propositions are true:

(17) For all natural numbers n, k holds (2-n + 1, k) € PFc(n, k).
(18) For all natural numbers n, k holds PFc(n, k) N {(2-n+ 3, k)} = 0.
(19) For all natural numbers n, k holds PFc(n+1, k) = PFc(n, k)U{(2:-n+3,
(20) For all natural numbers n, k holds PF¢(n, k) C PFc(n + 1,k).
Let n, k be natural numbers. One can verify that PF4(n, k) is non empty.
Next we state three propositions:
(21) For all natural numbers n, m, k holds PFa(n,m) Z PFc(k, m).

(22) For all natural numbers n, m, k such that n < k holds PF¢(n,m) C
PFc(k,m).

(23) For every natural number n holds PFa(1,n) = {(1, n), (2, n)}.

Let n, k be natural numbers. The functor PFg(n, k) yields an element of
Fin(N-{k}) and is defined as follows:

(Def. 4) For every set = holds © € PFg(n, k) iff there exists a non empty natural
number m such that m < n and x = PF5(m, k) or z = PF¢(n, k).

The following propositions are true:

(24) For all natural numbers n, k and for every set x such that x € PFg(n +
1, k) there exists a set y such that y € PFg(n, k) and y C x.

(25) For all natural numbers n, k holds PF¢(n, k) ¢ PFg(n + 1, k).

(26) For all natural numbers n, m, k such that PF A (n,m) C PFa(k, m) holds
n=k.

(27) For all natural numbers n, m, k holds PFc(n,m) C PFa(k,m) iff n < k.
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3. THE INCOMPLETENESS

The following proposition is true
(28) For all natural numbers n, k holds PFp(n,k) is an element of
SubstPoset(N, {k}).
Let k be a natural number. The functor PFp (k) yielding a subset
of SubstPoset(N, {k}) is defined as follows:
(Def. 5) For every set = holds x € PFp(k) iff there exists a non empty natural
number n such that z = PFg(n, k).
The following propositions are true:
(29) For every natural number k holds PFg(1,k) = {PFa(1,k),PFc(1,k)}.
(30) For every natural number k holds PFg(1,k) # {0}.
Let k be a natural number. Note that PFg(1, k) is non empty.
We now state four propositions:

(31) For all natural numbers n, k& holds {PFa(n,k)} is an element of
SubstPoset(N, {k}).

(32) Let k be a natural number, V, X be sets, and a be an element of
SubstPoset(V, {k}). If X € a, then X is a finite subset of [V, {k} 1.

(33) Let m be a natural number and a be an element of SubstPoset(N, {m}).
Suppose PFp(m) > a. Let X be a non empty set. If X € a, then it is
not true that for every natural number n such that (n, m) € X holds n is
odd.

(34) Let k be a natural number, a, b be elements of SubstPoset(N, {k}), and
X be a subset of SubstPoset(N, {k}). If a < X and b < X, then alUb < X.

Let k be a natural number. Note that there exists an element
of SubstPoset(N, {k}) which is non empty.
One can prove the following propositions:

(35) For every natural number n and for every element a of SubstPoset(N, {n})
such that () € a holds a = {0}.

(36) Let k be a natural number and a be a non empty element of
SubstPoset(N, {k}). If a # {0}, then there exists a finite function f such
that f € a and f # 0.

(37) Let k be a natural number, a be a non empty element of
SubstPoset(N, {k}), and o' be an element of Fin(N->{k}). If a # {0}
and a = d/, then Involved d’ is a finite non empty subset of N.

(38) Let k be a natural number, a be an element of SubstPoset(N, {k}), a’
be an element of Fin(N-{k}), and B be a finite non empty subset of N.
Suppose B = Involveda’ and a’ = a. Let X be a set. If X € a, then for
every natural number [ such that { > max B + 1 holds (l, k) ¢ X.
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(39) For every natural number & holds Tgypstposet(n,{k}) = 10}-
(40) For every natural number & holds Lgypstposet(n,{k}) = -

(41) For every mnatural number k and for all elements a, b of
SubstPoset(N, {k}) such that a < b and a = {0} holds b = {0}.

(42) For every mnatural number k and for all elements a, b of
SubstPoset(N, {k}) such that a < b and b = {) holds a = 0.

(43) For every mnatural number m and for every element a of
SubstPoset(N, {m}) such that PFp(m) > a holds a # {0}.

Let m be a natural number. One can verify that SubstPoset(N, {m}) is non
complete.

Let m be a natural number. One can check that SubstLatt(N, {m}) is non
complete.
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1. PRELIMINARIES

One can prove the following propositions:

(1) Let F be an add-associative right zeroed right complementable left di-
stributive non empty double loop structure and x be an element of the
carrier of F'. Then Op -z = Op.

(2) Let F be an add-associative right zeroed right complementable right
distributive non empty double loop structure and x be an element of the
carrier of F'. Then x -0 = 0p.

The scheme Regr without 0 concerns a unary predicate P, and states that:
P[1]
provided the parameters meet the following conditions:
e There exists a non empty natural number £k such that P[k], and
e For every non empty natural number & such that k£ # 1 and P[k]
there exists a non empty natural number n such that n < k and
Pln).

One can prove the following propositions:

w

) For every element z of C holds R(z) > —|z|.
4 >

) For every element z of C holds ¥(z) > —|z|.
5) For every element z of the carrier of Cy holds R(z) > —|z|.
)

6

A~~~ I~ I/~

=
For every element z of the carrier of Cp holds 3(z) > —|z|.
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(7) For every element z of the carrier of Cr holds |z|2 = R(2)2 + S(2)2.

(8) For all real numbers x1, x2, y1, y2 such that z1 + z2ic, = y1 + Y2icy
holds x1 = 11 and x9 = 9.

(9) For every element z of the carrier of Cp holds z = R(2) + 3(2)icy.-
(10) Ocp = 0 + Oty -
(11) Oc, = the zero of Cp.
(12) For every unital non empty groupoid L and for every element x of the

carrier of L holds power; (z, 1) = x.

(13) For every unital non empty groupoid L and for every element x of the
carrier of L holds power;(z, 2) =z - z.

(14) Let L be an add-associative right zeroed right complementable right
distributive unital non empty double loop structure and n be a natural
number. If n > 0, then power; (0z, n) = 0f.

(15) Let L be an associative commutative unital non empty groupoid, z, y be
elements of the carrier of L, and n be a natural number. Then power; (z-y,
n) = powery (z, n) - powery (y, n).

(16) For every real number x such that x > 0 and for every natural number
n holds powerc, (x + Oicy, n) = 2" + Oicy,.

(17) For every real number = and for every natural number n such that = > 0
and n # 0 holds /z" = x.

2. SINUS AND COSINUS PROPERTIES

One can prove the following propositions:

(20)1 7T+2—2 7rand2 7T—|—2_27rand%7-‘-_ﬂ-:g
(21) 0<2andg<7rand0<7rand—f<2and7r<2-7rand

3
and -5 <0and 0 < 2- 77and7r<27rand T <2-mand 0 <
(22) For all real numbers a, b, ¢, x such that x € |a, ¢[ holds x € ]a, b[ or x =

3
?f”
571'

or x € )b, cl.
(23) For every real number x such that x € |0, 7[ holds sin(z) > 0
(24) For every real number z such that = € [0, 7] holds sin(z) > 0
(25) For every real number x such that x € |7, 2 - 7[ holds sm(x) < 0.
(26) For every real number x such that x € [7,2 - 7] holds sin(z) < 0.
(27) For every real number x such that z € | =%, 7 holds cos(z) > 0.
(28) For every real number x such that z € [-F, 7] holds cos(z) > 0.

!The notation of 7 has been changed, previously "Pai’. The propositions (18) and (19) have
been removed.



TRIGONOMETRIC FORM OF COMPLEX NUMBERS 457

or every real number z such that x € |5, 5 - 7| holds cos(x) < 0.
29) F 1 b h th 3 g hold 0
(30) For every real number z such that € [3, 3 - 7] holds cos(z) < 0.

or every real number z such that x € |5 - m,2 - 7| holds cos(x) >
31) F I numb h th 2., 27| hold 0

or every real number x such that x € [5 - 7,2 - 7] holds cos(x) > 0.
32) F 1 numb h th 5,27 hold >0
(33) For every real number = such that 0 < x and x < 2 -7 and sinz = 0

holds =0 or z = 7.

(34) For every real number z such that 0 < z and z < 2 -7 and cosz = 0
3

holds:v:gorxzi-w.

sin is increasing on | =75, Z[.

w
t

. . . T 3
36) sin is decreasing on |5, 5 - 7[.
37) cos is decreasing on |0, 7].
38) cos is increasing on |m,2 - 7[.

sin is increasing on [—7, 7.
3
2

N
(e}

sin is decreasing on [7, 5 - 7].

N
—_

cos is decreasing on [0, 7].

o
o

cos is increasing on [, 2 - 7.

N N N N N /N /N /S
e~ w
w Ne)
~— O N N N N~ S~

sin is continuous on R and for all real numbers z, y holds sin is continuous
on [z,y] and sin is continuous on |z, y[.
(44) cos is continuous on R and for all real numbers x, y holds cos is conti-
nuous on [z,y] and cos is continuous on |z, y|.

(45) For every real number z holds sin(z) € [—1, 1] and cos(z) € [—1,1].
(46) rngsin = [—1,1].

(47) rngcos = [—1,1].

(48) mg(sin [[-3,7]) = [~1,1].

(49) rng(sin (3,3 - 7)) = [-1,1].

(50) rng(cos [[0,7]) = [-1,1]

(51) rng(cos [[r,2-7]) = [-1,1]

3. ARGUMENT OF COMPLEX NUMBER

Let z be an element of the carrier of Cg. The functor Argz yielding a real
number is defined as follows:
(Def. 1)(i) 2z =|z|-cosArgz+(|z|-sin Arg z)ic, and 0 < Argz and Argz < 2-7
if z # OCFv
(ii) Argz = 0, otherwise.
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One can prove the following propositions:

(52) For every element z of the carrier of Cg holds 0 < Arg z and Argz < 2-7.
(53) For every real number x such that x > 0 holds Argz + Oic, = 0.

(54) For every real number z such that z < 0 holds Argz + Oic, = 7.

(55) For every real number x such that 2 > 0 holds Arg0 + zic, = 7.

(56) For every real number z such that z < 0 holds Arg0 + zic, = 3 - .
(57) Arg l(CF =0.

(58) Argicy, = 3.

(59)

t
=)

For every element z of the carrier of Cg holds Argz € |0, 5[ iff R(z) >0

and (z) > 0.

(60) For every element z of the carrier of Cr holds Arg z € |5, 7| iff R(2) <0
and J(z) > 0.

(61) For every element z of the carrier of Cy holds Arg z € |, 3-w[ iff R(2) < 0
and (z) < 0.

(62) For every element z of the carrier of Cp holds Argz € |3 - 7,2 - 7[ iff
R(z) > 0 and J(z) < 0.

(63) For every element z of the carrier of Cp such that J(z) > 0 holds
sin Arg z > 0.

(64) For every element z of the carrier of Cp such that J(z) < 0 holds
sin Arg z < 0.

(65) For every element z of the carrier of Cp such that J(z) > 0 holds
sin Arg z > 0.

(66) For every element z of the carrier of Cp such that J(z) < 0 holds
sin Arg z < 0.

(67) For every element z of the carrier of Cp such that R(z) > 0 holds
cos Arg z > 0.

(68) For every element z of the carrier of Cp such that R(z) < 0 holds
cos Argz < 0.

(69) For every element z of the carrier of Cp such that R(z) > 0 holds
cosArgz > 0.

(70) For every element z of the carrier of Cr such that R(z) < 0 and z # Oc,,
holds cos Arg z < 0.

(71) For every real number z and for every natural number n holds
powerc, (cos x + sin xicy,, n) = cosn - & + sinn - Tic.

(72) Let z be an element of the carrier of Cr and n be a natural number. If z #
Ocy or n # 0, then powerc, (2, n) = |z|"-cosn-Arg z+(|z|"-sinn-Arg 2)ic,..

(73) For every real number x and for all natural numbers n, k such that n # 0

holds powerc,, (cos g”rzliﬂk + sin %’”"%’CF, n) = cos x + sin zic,.
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(74) Let z be an element of the carrier of Cg and n, k be natural numbers. If

n # 0, then z = powerc, ({/]2] - cos W + (/2| - sin W)z}cw

Let « be an element of the carrier of Cr and let n be a non empty natural
number. An element of Cp is called a root of n, z if:

(Def. 2) powerc, (it, n) = =.
We now state four propositions:

(75) Let x be an element of the carrier of Cg, n be a non empty natural

number, and k& be a natural number. Then {/|z|- cos W + (/x|
sin %)ZCF is a root of n, .

(76) For every element x of the carrier of Cp and for every root v of 1, x holds
v =

(77) For every non empty natural number n and for every root v of n, Oc,
holds v = Ocy.

(78) Let n be a non empty natural number, z be an element of the carrier of
Cr, and v be a root of n, x. If v = O¢;,, then x = Oc,,.
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1. PRELIMINARIES

The following propositions are true:

(1) For all natural numbers n, m such that n # 0 and m # 0 holds (n-m —
n—m)+1=>0.

(2) For all real numbers z, y such that y > 0 holds miney) .

max(z,y)

(3) For all real numbers x, y such that for every real number ¢ such that
c¢>0and ¢ < 1holds c-x > y holds y < 0.

(4) Let p be a finite sequence of elements of R. Suppose that for every natural
number n such that n € dom p holds p(n) > 0. Let ¢ be a natural number.
If i € domp, then Y p > p(4).

(5) For all real numbers z, y holds —(x + yic,) = —z + (—y)icg-

(6) For all real numbers z1, y1, x2, y2 holds (z1 + yiic,) — (x2 + Yicy) =
(x1 — @2) + (y1 — Y2)ice-

(7) Let L be a commutative associative left unital distributive field-like non

empty double loop structure and f, g, h be elements of the carrier of L.
Ifh#0g, thenifh-g=h-forg-h=f-h, then g = f.

1This work has been partially supported by TYPES grant IST-1999-29001.
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In this article we present several logical schemes. The scheme ExDHGrStrSeq
deals with a non empty groupoid A and a unary functor F yielding an element
of the carrier of A, and states that:

There exists a sequence S of A such that for every natural number
n holds S(n) = F(n)
for all values of the parameters.

The scheme ExDdoubleLoopStrSeq deals with a non empty double loop struc-
ture A and a unary functor F yielding an element of the carrier of A, and states
that:

There exists a sequence S of A such that for every natural number
n holds S(n) = F(n)
for all values of the parameters.
Next we state the proposition
(8) For every element z of the carrier of Cg such that z # Oc, and for every
natural number n holds |powerc (2, n)| = |2|".

Let p be a finite sequence of elements of the carrier of Cr. The functor |p|

yields a finite sequence of elements of R and is defined by:

(Def. 1) len |p| = lenp and for every natural number n such that n € dom p holds
[pln = [pnl.

We now state several propositions:

9)  |E(the carrier of Cp)l = €R-

(10) For every element x of the carrier of Cg holds |(z)| = (|z|).

(11) For all elements z, y of the carrier of Cg holds |(z,y)| = (\a:|, lyl).

(12)

(
1

For all elements x, y, z of the carrier of Cy holds [{(z,y, z)| = (||, |y,
|2]).-

(13) For all finite sequences p, ¢ of elements of the carrier of Cy holds [p~¢| =
Pl ™ lal-

(14) Let p be a finite sequence of elements of the carrier of Cr and x be an
element of the carrier of Cp. Then |p ™ (x)| = |p| ™ (|=|) and [{x) "~ p| =
(l=[) = Ipl-

(15) For every finite sequence p of elements of the carrier of Cg holds | > p| <

2. lpl.

2. OPERATIONS ON POLYNOMIALS

Let L be an Abelian add-associative right zeroed right complementable right
unital commutative distributive non empty double loop structure, let p be a
Polynomial of L, and let n be a natural number. The functor p™ yields a sequence
of L and is defined by:
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(Def 2) pn = powerPolynom—RingL(pa n)

Let L be an Abelian add-associative right zeroed right complementable right
unital commutative distributive non empty double loop structure, let p be a
Polynomial of L, and let n be a natural number. One can verify that p” is
finite-Support.

One can prove the following propositions:

(16) Let L be an Abelian add-associative right zeroed right complementable
right unital commutative distributive non empty double loop structure
and p be a Polynomial of L. Then p° = 1. L.

(17) Let L be an Abelian add-associative right zeroed right complementable
right unital commutative distributive non empty double loop structure
and p be a Polynomial of L. Then p' = p.

(18) Let L be an Abelian add-associative right zeroed right complementable
right unital commutative distributive non empty double loop structure
and p be a Polynomial of L. Then p? = p * p.

(19) Let L be an Abelian add-associative right zeroed right complementable
right unital commutative distributive non empty double loop structure
and p be a Polynomial of L. Then p? = p* p * p.

(20) Let L be an Abelian add-associative right zeroed right complementable
right unital commutative distributive non empty double loop structure, p

n+l _ pn % .

(21) Let L be an Abelian add-associative right zeroed right complementable

be a Polynomial of L, and n be a natural number. Then p

right unital commutative distributive non empty double loop structure
and n be a natural number. Then (0. L)"*1 = 0. L.

(22) Let L be an Abelian add-associative right zeroed right complementable
right unital commutative distributive non empty double loop structure
and n be a natural number. Then (1. L)" = 1. L.

(23) Let L be a field, p be a Polynomial of L, x be an element of the carrier
of L, and n be a natural number. Then eval(p”,x) = power (eval(p, x),

(24) Let L be a field and p be a Polynomial of L. If lenp # 0, then for every
natural number n holds len(p"™) = (n-lenp — n) + 1.

Let L be a non empty groupoid, let p be a sequence of L, and let v be an
element of the carrier of L. The functor v-p yields a sequence of L and is defined
by:

(Def. 3) For every natural number n holds (v - p)(n) = v - p(n).

Let L be an add-associative right zeroed right complementable right distri-
butive non empty double loop structure, let p be a Polynomial of L, and let v
be an element of the carrier of L. Observe that v - p is finite-Support.

We now state several propositions:
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(25) Let L be an add-associative right zeroed right complementable distribu-
tive non empty double loop structure and p be a Polynomial of L. Then
len(0, - p) = 0.

(26) Let L be an add-associative right zeroed right complementable left uni-
tal commutative associative distributive field-like non empty double loop
structure, p be a Polynomial of L, and v be an element of the carrier of
L. If v # 0, then len(v - p) = len p.

(27) Let L be an add-associative right zeroed right complementable left di-
stributive non empty double loop structure and p be a sequence of L. Then
0 L'P= 0.L.

(28) For every left unital non empty multiplicative loop structure L and for
every sequence p of L holds 11, -p = p.

(29) Let L be an add-associative right zeroed right complementable right
distributive non empty double loop structure and v be an element of the
carrier of L. Then v-0.L = 0. L.

(30) Let L be an add-associative right zeroed right complementable right
unital right distributive non empty double loop structure and v be an
element of the carrier of L. Then v-1.L = (v).

(31) Let L be an add-associative right zeroed right complementable left uni-
tal distributive commutative associative field-like non empty double loop
structure, p be a Polynomial of L, and v, x be elements of the carrier of
L. Then eval(v - p,z) = v - eval(p, z).

(32) Let L be an add-associative right zeroed right complementable right
distributive unital non empty double loop structure and p be a Polynomial
of L. Then eval(p,0r) = p(0).

Let L be a non empty zero structure and let 2y, z1 be elements of the carrier
of L. The functor (zp, z1) yields a sequence of L and is defined by:
(Def. 4)  (z0,21) = 0. L+ (0,20) +- (1, 21).
The following propositions are true:

(33) Let L be a non empty zero structure and zp be an element of the carrier
of L. Then (z9)(0) = 2o and for every natural number n such that n > 1
holds (zp)(n) = 0f.

(34) For every non empty zero structure L and for every element zy of the
carrier of L such that zg # 0z holds len(zp) = 1.

(35) For every non empty zero structure L holds (0z) = 0. L.

(36) Let L be an add-associative right zeroed right complementable distribu-
tive commutative associative left unital field-like non empty double loop
structure and z, y be elements of the carrier of L. Then (z) * (y) = (x-y).

(37) Let L be an Abelian add-associative right zeroed right complementable
right unital associative commutative distributive field-like non empty do-
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uble loop structure, z be an element of the carrier of L, and n be a natural
number. Then (x)" = (power; (z, n)).

(38) Let L be an add-associative right zeroed right complementable unital
non empty double loop structure and zg, x be elements of the carrier of
L. Then eval((zp), z) = 20.

(39) Let L be a non empty zero structure and zp, z1 be elements of the carrier
of L. Then (zg,21)(0) = zo and (29,21)(1) = 21 and for every natural
number n such that n > 2 holds (zo, z1)(n) = 0r.

Let L be a non empty zero structure and let 2y, z1 be elements of the carrier
of L. One can verify that (zg, z1) is finite-Support.
The following propositions are true:

(40) For every non empty zero structure L and for all elements zg, z; of the
carrier of L holds len(zp, z1) < 2.

(41) For every non empty zero structure L and for all elements zg, z1 of the
carrier of L such that z; # 0r holds len(zp, z1) = 2.

(42) For every non empty zero structure L and for every element zy of the
carrier of L such that zg # 07, holds len(zg,0r) = 1.

(43) For every non empty zero structure L holds (0y,0z) = 0. L.

(44) For every non empty zero structure L and for every element zy of the
carrier of L holds (z9,0r) = (z0).

(45) Let L be an add-associative right zeroed right complementable left di-
stributive unital non empty double loop structure and zg, z1, = be elements
of the carrier of L. Then eval((zg, 21),x) = 20 + 21 - x.

(46) Let L be an add-associative right zeroed right complementable left di-
stributive unital non empty double loop structure and zg, 21, * be elements
of the carrier of L. Then eval({z9,01),z) = 2o.

(47) Let L be an add-associative right zeroed right complementable left di-
stributive unital non empty double loop structure and zgp, 21, * be elements
of the carrier of L. Then eval((0r, z1),z) = 21 - .

(48) Let L be an add-associative right zeroed right complementable left di-
stributive well unital non empty double loop structure and zg, z1, x be
elements of the carrier of L. Then eval({zo,11),x) = 20 + .

(49) Let L be an add-associative right zeroed right complementable left di-
stributive well unital non empty double loop structure and zg, 21,  be
elements of the carrier of L. Then eval((0z,1),z) = z.
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3. SUBSTITUTION IN POLYNOMIALS

Let L be an Abelian add-associative right zeroed right complementable right
unital commutative distributive non empty double loop structure and let p, ¢
be Polynomials of L. The functor p[q] yielding a Polynomial of L is defined by
the condition (Def. 5).

(Def. 5) There exists a finite sequence F of elements of the carrier of
Polynom-Ring L such that plg] = > F and len F' = lenp and for every
natural number n such that n € dom F' holds F(n) = p(n —' 1) -¢"~'.

One can prove the following propositions:
(50) Let L be an Abelian add-associative right zeroed right complementable

right unital commutative distributive non empty double loop structure
and p be a Polynomial of L. Then (0. L)[p] = 0. L.

(51) Let L be an Abelian add-associative right zeroed right complementable
right unital commutative distributive non empty double loop structure
and p be a Polynomial of L. Then p[0. L] = (p(0)).

(52) Let L be an Abelian add-associative right zeroed right complementable
right unital associative commutative distributive field-like non empty do-
uble loop structure, p be a Polynomial of L, and = be an element of the
carrier of L. Then len(p[(z)]) < 1.

(53) For every field L and for all Polynomials p, ¢ of L such that lenp # 0
and leng > 1 holds len(p[g]) = (lenp -leng —lenp — lenq) + 2.

(54) Let L be a field, p, ¢ be Polynomials of L, and = be an element of the
carrier of L. Then eval(p[q], z) = eval(p, eval(q, x)).

4. FUNDAMENTAL THEOREM OF ALGEBRA

Let L be a unital non empty double loop structure, let p be a Polynomial
of L, and let x be an element of the carrier of L. We say that x is a root of p if
and only if:

(Def. 6) eval(p,xz) =0r.

Let L be a unital non empty double loop structure and let p be a Polynomial
of L. We say that p has roots if and only if:

(Def. 7) There exists an element x of the carrier of L such that z is a root of p.
The following proposition is true

(55) For every unital non empty double loop structure L holds 0. L has roots.
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Let L be a unital non empty double loop structure. One can verify that 0. L
has roots.
The following proposition is true
(56) Let L be a unital non empty double loop structure and = be an element
of the carrier of L. Then z is a root of 0. L.

Let L be a unital non empty double loop structure. One can verify that there
exists a Polynomial of L which has roots.

Let L be a unital non empty double loop structure. We say that L is
algebraic-closed if and only if:

(Def. 8) For every Polynomial p of L such that lenp > 1 holds p has roots.

Let L be a unital non empty double loop structure and let p be a Polynomial
of L. The functor Roots p yields a subset of L and is defined by:

(Def. 9) For every element z of the carrier of L holds x € Rootsp iff x is a root
of p.
Let L be a commutative associative left unital distributive field-like non
empty double loop structure and let p be a Polynomial of L. The functor
NormPolynomial p yielding a sequence of L is defined as follows:

(Def. 10) For every natural number n holds (NormPolynomial p)(n) = %.
Let L be an add-associative right zeroed right complementable commutative
associative left unital distributive field-like non empty double loop structure and
let p be a Polynomial of L. Note that NormPolynomial p is finite-Support.
The following propositions are true:

(57) Let L be a commutative associative left unital distributive field-like non
empty double loop structure and p be a Polynomial of L. If lenp # 0, then
(NormPolynomial p)(lenp = 1) = 1.

(58) For every field L and for every Polynomial p of L such that lenp # 0
holds len NormPolynomial p = len p.

(59) Let L be a field and p be a Polynomial of L. Suppose lenp # 0. Let

x be an element of the carrier of L. Then eval(NormPolynomial p, z) =
eval(p,z)
p(lenp—"1)"
(60) Let L be a field and p be a Polynomial of L. Suppose lenp # 0. Let z
be an element of the carrier of L. Then x is a root of p if and only if z is

a root of NormPolynomial p.

(61) For every field L and for every Polynomial p of L such that lenp # 0
holds p has roots iff NormPolynomial p has roots.

(62) For every field L and for every Polynomial p of L such that lenp # 0
holds Roots p = Roots NormPolynomial p.

(63) idc is continuous on C.

(64) For every element x of C holds C — z is continuous on C.
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Let L be a unital non empty groupoid, let z be an element of the carrier of
L, and let n be a natural number. The functor FPower(z,n) yields a map from
L into L and is defined as follows:
(Def. 11) For every element y of the carrier of L holds (FPower(z,n))(y) = = -
powery (y, n).
The following propositions are true:

(65) For every unital non empty groupoid L holds FPower(ly,1) =
idthe carrier of L-

(66) FPOWGI"(I(CF, 2) = id(c id(c.

(67) For every unital non empty groupoid L and for every element z of the
carrier of L holds FPower(z,0) = (the carrier of L) — x.

(68) For every element z of the carrier of Cp there exists an element z; of C
such that z = x; and FPower(z,1) = x; idc.

(69) For every element = of the carrier of Cy there exists an element 7 of C
such that z = z; and FPower(z,2) = z; (idc ide).

(70) Let x be an element of the carrier of Cp and n be a natural number.
Then there exists a function f from C into C such that f = FPower(z,n)
and FPower(z,n+ 1) = fidc.

(71) Let x be an element of the carrier of Cp and n be a natural number.
Then there exists a function f from C into C such that f = FPower(x,n)
and f is continuous on C.

Let L be a unital non empty double loop structure and let p be a Polynomial
of L. The functor Polynomial-Function(L, p) yields a map from L into L and is
defined as follows:

(Def. 12) For every element x of the carrier of L holds
(Polynomial-Function(L, p))(x) = eval(p, x).
The following propositions are true:

(72) For every Polynomial p of Cg there exists a function f from C into C
such that f = Polynomial-Function(Cp, p) and f is continuous on C.

(73) Let p be a Polynomial of Cg. Suppose lenp > 2 and [p(lenp—'1)| = 1. Let
F be a finite sequence of elements of R. Suppose len F' = len p and for every
natural number n such that n € dom F holds F'(n) = |p(n —'1)|. Let z be
an element of the carrier of Cp. If |z| > > F, then |eval(p, )| > |p(0)]+ 1.

(74) Let p be a Polynomial of Cp. Suppose lenp > 2. Then there exists an
element zg of the carrier of Cg such that for every element z of the carrier
of Cy holds |eval(p, z)| > | eval(p, 2z0)|.

(75) For every Polynomial p of Cg such that lenp > 1 holds p has roots.

Let us note that Cg is algebraic-closed.
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Let us mention that there exists a left unital right unital non empty double
loop structure which is algebraic-closed, add-associative, right zeroed, right com-
plementable, Abelian, commutative, associative, distributive, field-like, and non
degenerated.
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Summary. In this article, we show the property of the Replace Function
and the Swap Function of finite sequences. In the first section, we prepared some
useful theorems for finite sequences. In the second section, we defined the Replace
function and proved some theorems about the function. This function replaces an
element of a sequence by another value. In the third section, we defined the Swap
function and proved some theorems about the function. This function swaps two
elements of a sequence. In the last section, we show the property of composed
functions of the Replace Function and the Swap Function.

MML Identifier: FINSEQ_7.

The notation and terminology used here are introduced in the following papers:
[7], 11], 2], [91, [3], [1], [5], [12], [6], [10], [8], and [4].

1. SOME BASIC THEOREMS

For simplicity, we adopt the following rules: D denotes a non empty set, f,
g, h denote finite sequences of elements of D, p, p1, p2, p3, ¢ denote elements of
D, and i, j, k, I, n denote natural numbers.
One can prove the following propositions:
(1) Ifl1<iandj<lenfandi<j, then f=(f[(¢—"1))"(f(7)) " (ful(j—'
i="1) {6 T ()
(2) Ifleng=lenhandleng <iandi <len(g”f), then (¢7f)(7) = (h"f)(3).
(3) If1<iandi<lenf, then f(i) = (g~ f)(leng+1).
(4) If i € dom(f},), then f,,(i) = f(n+1).
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2. DEFINITION OF REPLACE FUNCTION AND ITS PROPERTIES

Let D be a non empty set, let f be a finite sequence of elements of D, let i
be a natural number, and let p be an element of D. Then f +- (i,p) is a finite
sequence of elements of D and it can be characterized by the condition:

. fIE="1)) " (p) " (fli), if 1 <iandi<lenf,
(Def. 1) f+-(i,p) = { 5“, (()therw)i)se. R
We introduce Replace(f,i,p) as a synonym of f +- (i,p).
The following propositions are true:

(5) Replace(f,0,p) = f.
(6) 1Ifi>len f, then Replace(f,i,p) = f.
(7) lenReplace(f,i,p) = len f.
(8) rngReplace(f,i,p) Crng f U {p}.
(9) If 1 <iandi<lenf, then p € rngReplace(f,1,p).
(10) If 1 <iand i <len f, then (Replace(f,,p)); = p.
(11) If1 <7 and i < len f, then for every k such that 0 < k and k < len f —1

holds (Replace(f,7,p))(i + k) = fli(k).
(12) If 1 <k and k <len f and k # i, then (Replace(f,i,p))r = fx-
(13) If 1 <iand i < j and j < len f, then Replace(Replace(f,j,q),i,p) =
(f1GE="1) ")~ (ful(G =" ="1)) ~{a) ™ (f1))-
(14) Replace((p),1,q) =( )
(15) Replace({p1,p2), 1. q) = (g, p2)-
(16) Replace((p1,p2),2 ) (p1,q).
(17)  Replace((p1, p2,P3>,1’Q) (¢, P2, p3)-
(18) Replace((p1,p2,p3),2,q9) = (P1,q, P3)-
(19) (< 3

Replace((p1,p2,p3),3,q) = (p1,D2,9)-

3. DEFINITION OF SWAP FUNCTION AND ITS PROPERTIES

Let D be a non empty set, let f be a finite sequence of elements of D, and
let 4, j be natural numbers. The functor Swap(f,1,j) yields a finite sequence of
elements of D and is defined as follows:

Replace(Replace(f,i,fj),j, fi), if 1 <iandi<lenf
(Def. 2) Swap(f,i,7) = and 1 < j and j < len f,
f, otherwise.
Next we state a number of propositions:

(20) lenSwap(f,i,j) = len f.
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(21) Swap(f,i,i) = f.

(22) Swap(Swap(f,i,4),j,1) = f.

(23) Swap(f,i,j) = Swap(f, j, 7).

(24) rngSwap(f,i,5) = rng f.

(25)  Swap({(p1,p2),1,2) = (p2,p1)-

(26) Swap({p1,Pp2,P3),1,2) = (p2,p1,p3)-
(27) Swap({p1,p2,p3),1,3) = (p3, P2, 1)
(28) Swap({p1,p2,P3),2,3) = (p1,P3,P2)-
(29)

If 1 <iand i< jand j <len f, then Swap(f,i,5) = (f1(i—"1)) " (f;) "
(fal(G="1="1)) = {fa) = (fij)-
(30) Ifl <idandi <len f, then Swap(f,1,7) = (fi) ~(f11[(:—"2)) " (f1) " (f1s)-
(31) If 1 < i and i < len f, then Swap(f,i,len f) = (f1(¢ =" 1))~ (fienf) ~

(fral(len f =4 ="1)) = (f3).

(32) Ifi#kandj#kandl<kandk<lenf, then (Swap(f,i,7))x = fr-
(33) If1<iandi<lenfand1<jandj<lenf, then (Swap(f,i,j)): = f;
and (Swap(f,i,7)); = fi-

4. PROPERTIES OF COMBINATION FUNCTION OF REPLACE FUNCTION AND
SwAP FUNCTION

We now state four propositions:

(34) If 1 < ¢ and @ < lenf and 1 < j and j < lenf, then
Replace(Swap(f, 1, j),,p) = Swap(Replace(f, j,p), %, 7).

(35) If ¢« # k and j # k and 1 < 7 and @« < lenf and 1 < j and
j <lenf and 1 < k and k& < len f, then Swap(Replace(f,k,p),i,j) =
Replace(Swap(f,i,7), k,p).

(36) If ¢ # k and j # k and 1 < ¢ and @ < lenf and 1 < j and
j <lenf and 1 < k and k < len f, then Swap(Swap(f,i,7),j,k) =
Swap(Swap(f,i, k), 1, 7).

(37) Suppose i # kand j #kandl #iand ! # j and 1 < i and i < len f
andl <jand j<lenfand 1< kand k<lenfand1<![and!<lenf.
Then Swap(Swap(f,i,j), k,l) = Swap(Swap(f, k,1), 14, 7).
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Summary. This article introduces the verification of the correctness for
the operations and the specification of the high speed array multiplier. We forma-
lize the concepts of 2-by-2 and 3-by-3 bit Plain array multiplier, 3-by-3 Wallace
tree multiplier circuit, and show that outputs of the array multiplier are equiva-
lent to outputs of normal (sequencial) multiplier.

MML Identifier: GATE_5.

The articles [3], [1], and [2] provide the terminology and notation for this paper.

1. PRELIMINARIES

Let xg, 21, Yo, y1 be sets. The functor MULT910(21, y1, Z0, o) yields a set
and is defined as follows:

(Def. 1) MULTQlo(:El, Y1,20, yo) = AND2(:UQ, y()).
The functor MULT911 (21, y1, Zo, o) yields a set and is defined by:
(Def. 2) MULT911 (21,91, Zo,y0) = ADD1(AND2(z1,y0), AND2(z0, 1), 0).
The functor MULT212(21, y1, 0, Yo) yielding a set is defined as follows:
(Def. 3) MULT912(21, Y1, Zo,y0) = ADD2(0, AND2(x1, y1), AND2(x1, yo),
AND2(:L‘0, yl), @)
The functor MULT913(21, y1, Zo, o) yields a set and is defined as follows:
(Def. 4) MULT213(x1, 91, 2o, yo) = CARR2(0, AND2(x1,y1), AND2(x1, o),
AND2(£L‘0, yl), (Z))

@ 2001 University of Bialystok
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We now state the proposition

(1) Let zo0, 21, %o, Y1, 20, 21, %2, 23, qo, qi, C1, qi1, Ci1 be
sets such that NE ¢y iff NE AND2(zg,y) and NE ¢ iff NE
XOR3(AND2(z1,y0), AND2(z0,91),0) and NE ¢ iff NE MAJ3(AND2(z1,
yo), AND2(zg,y1),0) and NE ¢1; iff NE XOR3(AND2(x1,91),0,¢1) and
NE ¢11 iff NE MAJ3(AND2(z1,41),0,¢1) and NE 2 iff NE ¢p and NE 2,
iff NE ¢1 and NE 25 iff NE ¢11 and NE z3 iff NE ¢q7. Then

(i) NE z iff NE MULTa10(21, y1, %0, %0),

(ii) NE Z1 iff NE MULTQH(.Z'l, Y1,Z0, yo),

(111) NE Z9 lff NE MULTQlZ(l‘l, Y1, 0, yo), and
(IV) NE z3 lff NE MULT213(1‘1, Y1, 0, yo).

Let g, 1, x2, Yo, y1 be sets. The functor MULT310(x2, 21,1, X0, Yo) yields
a set and is defined by:

(Def. 5) MULTng(xg, T1,Y1, X0, yo) = ANDQ(SCQ, yo).
The functor MULT311 (22, 21, Y1, Zo, Yo) yields a set and is defined as follows:
(Def 6) MULTgH(.’L’Q, T1,Y1, X0, yo) = ADDl(ANDQ(:Cl, yg), ANDQ(CEQ, yl), @)
The functor MULT319(22, 21, Y1, Zo, Yo) yields a set and is defined as follows:
(Def 7) MULTglg(l'Q, T1,Y1,Z0, yo) = ADDQ(ANDQ(JJQ, yo), ANDQ({L‘l, yl),
ANDQ(:El, yo), AND2(.’E0, yl), @)
The functor MULT313(z2, 21, Y1, Zo, Yo) yields a set and is defined as follows:
(Def 8) MULT313(.’L’2, T1,Y1, X0, yo) = ADD3(®, AND2($2, yl), ANDZ(xQ, yo),
AND2(x1,y1), AND2(x1, y0), AND2(xo, y1), ).
The functor MULT314(z2, 21, Y1, To, Yo) yielding a set is defined by:
(Def 9) MULT314(.’L’2, T1,Y1, X0, yo) = CARR?)(@, ANDQ(IQ, yl), ANDQ(.TQ, yo),
AND2(x1,y1), AND2(x1, y0), AND2(xo, y1),0).
Let zg, 1, T2, Yo, Y1, y2 be sets. The functor MULT 391 (22, y2, 1, Y1, To, Yo)
yields a set and is defined by:
(Def 10) MULTng(l'Q, Y2,T1,Y1, X0, yo) == ADDl(MULTglg (CL’Q, T1,Y1, X0, yo),
AND2(z0, y2), ).
The functor MULT 392 (22, y2, 21, Y1, T0, Yo) yields a set and is defined by:
(Def. 11)  MULT322(2, y2, 1, Y1, T0, Yo) = ADD2(MULT313(%2, 71, Y1, T, Y0),
AND2(21,y2), MULT312(22, 71, Y1, Zo, Yo ), AND2(20, y2), 0).
The functor MULT323(x2, Y2, 1, Y1, 0, Yo) yields a set and is defined as follows:
(Def 12) MULT323(.’L’2, Y2,T1,Y1, X0, yo) = ADD3(MULT314($2, T1,Y1,Xo, yo),
AND2(z2,y2), MULT313(22, 71, Y1, Z0, Y0), AND2(21, y2), MULT312(22, 71,
Y1, 20, Yo), AND2(z0, y2), 0).
The functor MULT394(22, y2, 21, Y1, To, Yo) yielding a set is defined as follows:
(Def. 13) MULT3924(x2, Y2, 1, Y1, 0, yo) = CARR3(MULT314(22, 21, Y1, Z0, ¥0),
AND2(z3, y2), MULT313(22, 71, y1, %0, Yo ), AND2(z1, y2), MULT 312 (2, 21,
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Y1, %0, Yo), AND2(z0,12),0).

Next we state the proposition

(2)

Let xo, 1, T2, Yo, Y1, Y2, 20, 21, 22, 23, 24, 25, o0, q1, 2, C1, €2,
qi1, q12, €11, €12, §21, G22, C21, Co be sets such that NE ¢g iff NE
AND2(zg,y0) and NE ¢ iff NE XOR3(AND2(z1,y0), AND2(zg,y1),0)
and NE ¢; iff NE MAJ3(AND2(z1,y0), AND2(z9,y1),0) and NE
q2 iff NE XOR3(AND2(z2,v0), AND2(z1,¥1),0) and NE c¢o iff NE
MAJ3(AND2(z2,yo), AND2(x1,91),0) and NE ¢q; iff NE XOR3(g2, AND2
(x0,y2),c1) and NE ¢3; iff NE MAJ3(ge, AND2(xg,y2),c1) and
NE q12 iff NE XOR?)(ANDQ(xQ, yl), AND2(£L‘1,Z/2), 02) and NE C12
ifft NE MAJ3(AND2(z2,y1), AND2(z1,y2),c2) and NE g¢op iff NE
XOR3(q12,0, c11) and NE ¢g; iff NE MAJ3(q12,0, c11) and NE g0 iff NE
XOR?)(ANDQ(Z‘Q, yg), Ca21, 612) and NE C22 iff NE MAJ3(AND2($2, yg), C21,
c12) and NE zg iff NE ¢y and NE z; iff NE ¢; and NE 29 iff NE ¢;; and
NE z3 iff NE ¢o1 and NE z4 iff NE ¢o0 and NE z5 iff NE c92. Then

NE 20 iff NE MULT310(332, T1,Y1, X0, yo),

NE z; iff NE MULT311 (22, 21, Y1, 0, Y0),

NE 2o iff NE MULT321 (22, y2, 71, Y1, To, Y0),

NE zZ3 iff NE MULT;),QQ(Q}Q, Y2,21,Y1, 20, yo),

NE Z4 iff NE MULT323(SL‘2, Y2,T1,Y1, X0, yo), and
NE z5 iff NE MULT324(.7}2, Y2,21,Y1, 20, yo).

2. LOGICAL EQUIVALENCE OF WALLACE TREE MULTIPLIER

One can prove the following proposition

3)

(i)
(i)

Let xo, 1, T2, Yo, Y1, Y2, 20, 21, 22, 23, 24, 25, 0, q1, 42, 43, C1,
c2, €3, 11, 12, 13, C11, Ci2, €13 be sets such that NE ¢y iff NE
AND2(zg,90) and NE ¢ iff NE XOR3(AND2(z1,y0), AND2(zg,y1),0)
and NE ¢; iff NE MAJ3(AND2(z1,y0), AND2(z9,y1),0) and NE
q2 iff NE XOR3(AND2(z2,y0), AND2(z1,y1), AND2(z0,y2)) and NE
cy iff NE MAJ3(AND2(x2,v0), AND2(z1,y1), AND2(z0,y2)) and NE
g3 iff NE XOR3(AND2(zs,1), AND2(z1,72),0) and NE c; iff NE
MAJ3(AND2(z2,y1), AND2(x1,y2),0) and NE ¢1; iff NE XOR3(g2, ¢1,0)
and NE ¢q; iff NE MAJ3(g2, ¢1,0) and NE g2 iff NE XOR3(gs3, ¢2, ¢11) and
NE c15 iff NE MAJ3(gs, ¢2, c11) and NE q15 iff NE XOR3(AND2(z2, 2), ¢,
c12) and NE ¢;3 iff NE MAJ3(AND2(z2,y2), c3,c12) and NE z iff NE ¢
and NE z; iff NE ¢; and NE 2o iff NE ¢1; and NE z3 iff NE ¢15 and NE
z4 iff NE ¢13 and NE z5 iff NE ¢13. Then

NE 2o iff NE MULT310(22, 1, Y1, %0, ¥0),
NE Z1 iff NE MULT311($2,$1,y1,x0,y0),

477
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) NE z9 iff NE MULTng(IQ,yQ,:El,yl,xo,yo),
(iv) NE z3 iff NE MULT392(x2, Y2, 1, Y1, 0, Y0 ),
) NE zZ4 iﬁ NE MULngg(xg,yg,xl,yl,xo,yo), and
(Vi) NE z5 iff NE MULT324($2, Y2,%1,Y1, X0, yo).
Let ay, b1, ¢ be sets. We introduce CLAADDI1(aq,b1,¢) as a synonym of
XOR3(a1, b1, c). We introduce CLACARR1(aq, b1, ¢) as a synonym of MAJ3(ay,
bl, C).
Let a1, b1, aa, ba, ¢ be sets. The functor CLAADD2(ag, be, a1, by, c) yields a
set and is defined by:
(Def. 16)1 CLAADDQ(CLQ, bQ, ai, bl, C) = XOR3(CL2, bg, MAJ3(G1, bl, C))
The functor CLACARR2(azg, ba, a1, b1, ¢) yields a set and is defined by:

(Def. 17) CLACARRQ(CLQ, bg, ai, bl, C) = OR2<AND2(CL2, bQ), AND2(OR2(G2, bg),
MAJ3(CL1, bl, C)))

Let a1, b1, ag, ba, as, bs, ¢ be sets. The functor CLAADD3(as, b3, as, ba, a1, by,
¢) yielding a set is defined as follows:

(Def. 18) CLAADDS(ag, b3, ag, bQ, ai, bl, C) = XOR3(&3, b3, CLACARR2(G2, bg, ai,
bl, C))

The functor CLACARR3(as, bs, as, b, a1, b1, ¢) yields a set and is defined by:

(Def. 19) CLACARR3(G3, b3, ag, bg, ai, bl, C) = OR3(AND2(CL3, bg), ANDQ(ORQ((L:J,,
bg), AND2(a2, bg)), AND3(OR2(CL3, bg), ORQ(GQ, bg), MAJ3(CL1, bl, C)))

Let ay, by, ag, ba, as, bs, ay, by, ¢ be sets. The functor CLAADD4(ay, by, as, bs,
az, be, a1, by, c) yielding a set is defined by:

(Def. 20) CLAADD4(CL4, b4, as, bg, as, bg, ai, bl, C) = XORB((L4, b4, CLACARR3(6L3,
b3, az, by, a1, by, c)).

The functor CLACARRA4(ay, by, as, bs, az, ba, a1, by, ¢) yielding a set is defined as
follows:

(Def. 21) CLACARRA4(ay, by, as, bz, az,be,a1,b1,c) = OR4(AND2(ay, by), AND2
(OR2(ay4,bq), AND2(as, b3)), AND3(OR2(a4, bs), OR2(as, b3), AND2(as,
b2)), AND4(OR2(a4, by), OR2(as, b3), OR2(ag, b2), MAJ3(a1, b1, ¢))).

One can prove the following proposition
(4) Let wo, 1, z2, Yo, Y1, Y2, 20, 21, 22, 23, 24, 25, 0, q1, G2,
g3, c1, c2, c3 be sets such that NE ¢o iff NE AND2(xg,yo)
and NE ¢ iff NE XOR3(AND2(z1,y0), AND2(z0,v1),0) and NE
cp iff NE MAJ3(AND2(x1,y0), AND2(x0,41),0) and NE ¢o iff NE

XOR3(AND2(z2,y0), AND2(z1,y1), AND2(x0,y2)) and NE ¢y iff NE

MAJ3(AND2(z2,y0), AND2(z1,y1), AND2(20,32)) and NE g3 iff NE

XOR3(AND2(z2,y1), AND2(z1,y2),0) and NE ¢ iff NE MAJ3(AND2(z5,

!The definitions (Def. 14) and (Def. 15) have been removed.
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y1), AND2(z1,y2),0) and NE zg iff NE ¢p and NE z; iff NE ¢; and NE 2z,
ifft NE CLAADDI1(qg,¢1,0) and NE z3 iff NE CLAADD2(gs, ¢2, g2, ¢1,0)
and NE z4 iff NE CLAADD3(AND2(x2, 32), 3, q3, €2, G2, ¢1, D) and NE z5
iff NE CLACARR3(AND2(x2,y2), ¢3,43, €2, g2, ¢1, D). Then
) NE 20 iff NE MULT310 xg,xl,yl,a:g,yo),
) NE Z1 iff NE MULT311 xg,wl,yl,xo,yo),
(iii) NE zZ2 iff NE MULT321 x2,Y2,T1,Y1, L0, yo),
) NE z3 iff NE MULT392 (22, y2, %1, Y1, Z0, Y0),
) NE Z4 iff NE MULT323 T2,Y2,T1,Y1,T0, yo), and
) NE z5 iff NE MULT324 CEQ,yQ,.Il,yl,Io,yo).

T o~ o~~~ o~ o~
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Summary. I present some miscellaneous simple facts that are still missing
in the library. The only common feature is that, most of them, were needed as
lemmas in the proof of the Jordan curve theorem.
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The articles [11], [8], [17], [14], [9], [2], [3], [7], [1], [10], [4], [12], [5], [18], [19],
[6], [15], [16], and [13] provide the notation and terminology for this paper.

1. PRELIMINARIES

The scheme NonEmpty deals with a non empty set A and a unary functor
F yielding a set, and states that:
{F(a) : a ranges over elements of A} is non empty
for all values of the parameters.
One can prove the following propositions:

(1) For all sets A, B, C such that A C B and A misses C holds A C B\ C.

(2) For all sets X, Y such that X meets |JY there exists a set Z such that
Z €Y and X meets Z.

(3) For all sets A, B and for every function f such that A C dom f and
f°AC Bholds A C f~Y(B).

(4) For every function f and for all sets A, B such that A misses B holds
f~1(A) misses f~1(B).

!This work has been partially supported by CALCULEMUS grant HPRN-CT-2000-00102.
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(5) Let S, X be sets, f be a function from S into X, and A be a subset of
X such that if X = (), then S = (). Then (f~1(A4))° = f~1(A°).

(6) Let S be a 1-sorted structure, X be a non empty set, f be a function from
the carrier of S into X, and A be a subset of X. Then —f~1(A4) = f~1(A°).

We use the following convention: ¢, j, m, n denote natural numbers and r,
s, To, S0, t denote real numbers.

Next we state several propositions:

(7) If m <n,thenn—'(n—"m)=m.
(8) For every real number r such that 1 < r and ¢ < j holds r* < 7.
(9) For all real numbers a, b such that r € [a,b] and s € [a,b] holds ™32 €
[a, b].
(10) For every increasing sequence N; of naturals and for all 4, j such that
i < j holds Ny(i) < Ni(j).
(11) ||ro — so| — |r — s|| < |ro — 7| + |s0 — s
(12) Ift €]r, s, then [t| < max(|r|,|s|).

Let A, B, C' be non empty sets and let f be a function from A into | B,
C']. Then pr1(f) is a function from A into B and it can be characterized by the
condition:

(Def. 1) For every element x of A holds prl(f)(z) = f(z)1.

Then pr2(f) is a function from A into C' and it can be characterized by the
condition:

(Def. 2) For every element x of A holds pr2(f)(z) = f(z)2.

The scheme DoubleChoice deals with non empty sets A, B, C and a ternary
predicate P, and states that:
There exists a function a from A into B and there exists a func-
tion b from A into C such that for every element i of A holds
Pli, a(i), b(i)]
provided the parameters meet the following requirement:
e For every element i of A there exists an element a; of B and there
exists an element b; of C such that P[i, a1, b1].
We now state the proposition
(13) Let S, T be non empty topological spaces and G be a subset of [ .S, T'].
Suppose that for every point x of [ S, T'] such that x € G there exists a
subset (G1 of S and there exists a subset Go of T such that 7 is open and
G4y is open and x € [ Gy, G2 ] and [ G1, G2 ] C G. Then G is open.
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2. TOPOLOGICAL PROPERTIES OF SETS OF REAL NUMBERS

One can prove the following proposition
(14) For all compact subsets A, B of R holds A N B is compact.
Let A be a subset of R. We say that A is connected if and only if:
(Def. 3) For all real numbers 7, s such that » € A and s € A holds [r,s] C A.
The following proposition is true

(15) Let T be a non empty topological space, f be a continuous real map of
T, and A be a subset of T'. If A is connected, then f°A is connected.

Let A, B be subsets of R. The functor p(A, B) yielding a real number is
defined by:

(Def. 4) There exists a subset X of R such that X = {|r — s|;r ranges over
elements of R, s ranges over elements of R: 7 € A A s € B} and p(4, B) =
inf X.

Let us notice that the functor p(A, B) is commutative.
The following propositions are true:

(16) For all subsets A, B of R and for all r, s such that r € A and s € B
holds |r — s| > p(A, B).

(17) For all subsets A, B of R and for all non empty subsets C, D of R such
that C C A and D C B holds p(A4, B) < p(C, D).

(18) For all non empty compact subsets A, B of R there exist real numbers
r, s such that » € A and s € B and p(A, B) = |r — s].

(19) For all non empty compact subsets A, B of R holds p(A, B) > 0.

(20) For all non empty compact subsets A, B of R such that A misses B holds
p(A,B) > 0.

(21) Let e, f be real numbers and A, B be compact subsets of R. Suppose A
misses B and A C [e, f] and B C e, f]. Let S be a function from N into
2R Suppose that for every natural number i holds S(i) is connected and
S(i) meets A and S(i) meets B. Then there exists a real number r such
that r € [e, f] and r ¢ AU B and for every natural number ¢ there exists
a natural number k such that i < k and r € S(k).
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Summary. This article contains basic ordinal topology: closed unbounded
and stationary sets and necessary theorems about them, completness of the cen-
tered system of Clubs of M, Mahlo and strongly Mahlo cardinals, the proof that
(strongly) Mahlo is (strongly) inaccessible, and the proof that Rank of strongly
inaccessible is a model of ZF.
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The notation and terminology used in this paper are introduced in the following
articles: [15], [1], [6], [7], [16], [5], [11], [10], [8], [9], [3], [4], [17], [18], [12], [14],
[13], and [2].

1. CLUuBS AND MAHLO CARDINALS

Let S be a set, let X be a set, and let Y be a subset of S. Then X NY is a
subset of S.

Let us observe that every ordinal number which is cardinal and infinite is
also limit.

Let us note that every ordinal number which is non empty and limit is also
infinite.

Let us mention that every aleph which is non limit is also non countable.

Let us observe that there exists an aleph which is regular and non countable.

We use the following convention: A, B denote limit infinite ordinal numbers,
Bi, By, Bs, C denote ordinal numbers, and X denotes a set.

Let us consider A, X. We say that X is unbounded in A if and only if:

(Def. 1) X C A and sup X = A.

@ 2001 University of Bialystok
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We say that X is closed in A if and only if:

(Def. 2) X C A and for every B such that B € A holds if sup(X N B) = B, then
BeX.

Let us consider A, X. We say that X is club in A if and only if:
(Def. 3) X is closed in A and X is unbounded in A.
Next we state the proposition
(1) X isclubin A iff X is closed in A and X is unbounded in A.

In the sequel X is a subset of A.
Let us consider A, X. We say that X is unbounded if and only if:
(Def. 4) sup X = A.
We introduce X is bounded as an antonym of X is unbounded. We say that X
is closed if and only if:
(Def. 5) For every B such that B € A holds if sup(X N B) = B, then B € X.
We now state several propositions:
(2) X isclubin A iff X is closed and unbounded.
(3) X CsupX.
(4) Suppose X is non empty and for every Bj such that By € X there exists

By such that By € X and By € By. Then sup X is limit infinite ordinal
number.

(5) X is bounded iff there exists By such that By € A and X C Bj.
(6) If sup(X NB) # B, then there exists By such that B; € B and XNB C
Bj.
(7) X is unbounded iff for every By such that By € A there exists C' such
that C € X and B; C C.
(8) If X is unbounded, then X is non empty.
(9) If X is unbounded and B; € A, then there exists an element Bs of A
such that B3 € {Bg; By ranges over elements of A: By € X A Bj € Ba}.
Let us consider A, X, Bj. Let us assume that X is unbounded. And let us
assume that By € A. The functor LBound(B;, X) yields an element of X and
is defined by:
(Def. 6) LBound(Bi,X) = inf{By; By ranges over elements of A: By € X A By €
BQ}.
Next we state two propositions:
(10) If X is unbounded and B; € A, then LBound(B;,X) € X and B; €
LBound(Bj, X).
(11) Q4 is closed and unbounded.

Let A be a set, let X be a subset of A, and let Y be a set. Then X \ Y is a
subset of A.
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Next we state two propositions:
(12) 1If By € A and X is closed and unbounded, then X \ B; is closed and
unbounded.
(13) If By € A, then A\ By is closed and unbounded.
Let us consider A, X. We say that X is stationary if and only if:
(Def. 7) For every subset Y of A such that Y is closed and unbounded holds
X NY is non empty.
The following proposition is true
(14) For all subsets X, Y of A such that X is stationary and X C Y holds Y
is stationary.
Let us consider A and let X be a set. We say that X is stationary in A if
and only if:
(Def. 8) X C A and for every subset Y of A such that Y is closed and unbounded
holds X NY is non empty.
One can prove the following proposition
(15) For all sets X, Y such that X is stationary in Aand X CY andY C A
holds Y is stationary in A.
Let X be a set and let S be a family of subsets of X. We see that the element
of S is a subset of X.
The following proposition is true
(16) If X is stationary, then X is unbounded.
Let us consider A, X. The functor limpoints X yields a subset of A and is
defined as follows:
(Def. 9) limpoints X = {Bj; B; ranges over elements of A: Bj is infinite and
limit A sup(X N B;) = B }.
We now state four propositions:
(17) If X N B3 C By, then B3 N limpoints X C succ Bj.
(18) If X C By, then limpoints X C succ B;.
(19) limpoints X is closed.
(20) Suppose X is unbounded and limpoints X is bounded. Then there exists
By such that B; € A and {succ By; Bs ranges over elements of A: By €
X A Bj €succ By} is club in A.
In the sequel M is a non countable aleph and X is a subset of M.
Let us consider M. One can verify that there exists an element of M which
is cardinal and infinite.
In the sequel N denotes a cardinal infinite element of M.
Next we state several propositions:
(21) For every aleph M and for every subset X of M such that X is unbo-
unded holds cf M < X.
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(22) For every family S of subsets of M such that every element of S is closed
holds (S is closed.

(23) If Ry < cf M, then for every function f from N into X holds suprng f €
M.

(24) _ Suppose Ry < cf M. Let S be a non empty family of subsets of M. If

S < cf M and every element of S is closed and unbounded, then (S is
closed and unbounded.

(25) If Ng < ¢f M and X is unbounded, then for every B such that By € M
there exists B such that B € M and B; € B and B € limpoints X.

(26) If g < cf M and X is unbounded, then limpoints X is unbounded.
Let us consider M. We say that M is Mahlo if and only if:
(Def. 10) {N : N is regular} is stationary in M.
We say that M is strongly Mahlo if and only if:
(Def. 11) {N : N is strongly inaccessible} is stationary in M.

We now state several propositions:

31
32

If M is strongly Mahlo, then M is strong limit.
If M is strongly Mahlo, then M is strongly inaccessible.

(27) If M is strongly Mahlo, then M is Mahlo.
(28) If M is Mahlo, then M is regular.

(29) If M is Mahlo, then M is limit.

(30) If M is Mahlo, then M is inaccessible.
(31)

(32)

2. PROOF THAT STRONGLY INACCESSIBLE IS MODEL OF ZF

We adopt the following convention: A denotes an ordinal number, z, y denote
sets, and X, Y denote sets.
The following propositions are true:

(33) Suppose that for every x such that z € X there exists y such that y € X
and z C y and y is a cardinal number. Then (J X is a cardinal number.
(34) For every aleph M such that X < cf M and for every Y such that Y € X
holds Y < M holds X € M.
) If M is strongly inaccessible and A € M, then R:A < M.
36) If M is strongly inaccessible, then Ry = M.
) If M is strongly inaccessible, then R, is a Tarski class.
) For every non empty ordinal number A holds R 4 is non empty.

Let A be a non empty ordinal number. One can check that R 4 is non empty.
Next we state two propositions:
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(39) If M is strongly inaccessible, then R, is a universal class.
(40) If M is strongly inaccessible, then R is model of ZF.
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Summary. We introduce product, quotient and absolute value, and we
prove some basic properties of extended real numbers.
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The articles [3], [4], [5], [1], and [2] provide the notation and terminology for
this paper.

1. PRELIMINARIES

In this paper z, y, z denote extended real numbers and a denotes a real
number.
One can prove the following propositions:

(1) If z # 400 and & # —o0, then z is a real number.

(2) —o0 < +o00.

(3) If z <y, then z # 400 and y # —oc.

(4) =400 iff —v = —oc0 and z = —o0 iff —x = 400.

(5) Ifx # 4ooory# —ooand if x # —o0 or y # 400, then z — —y =z +y.
(6) Ifx# 4ooory# +ooandif x # —oco or y # —o0, then x4+ —y =z —y.
(7) If x # —o00 and y # 400 and x < y, then z # 400 and y # —oo.

(8) Suppose x # 400 or y # —oo but  # —oo or y # 400 and y # 400 or

z # —o0 but y # —oo or z # 400 and x # 400 or z # —o0 but © # —oco
or z # +oo. Then (x +y) +z =z + (y + 2).
(9) If —oo <z and x < 400, then  + —z = 0g and —z + = = O.
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(10) If x # 400 or y # +oo and if x # —o0 or y # —o0, then z —y = x + —y.

(11) Suppose z # 400 or y # —oo but  # —oo or y # 400 and y # +00 or
z # 400 but y # —occ or z # —oo and x +y # +o0 or y — z # —oo but
x+y#—occory—z#+oo. Then (z4y)—z=a+(y — 2).

2. OPERATIONS OF MULTIPLICATION, QUOTIENT AND ABSOLUTE VALUE ON
EXTENDED REAL NUMBERS

Let z, y be extended real numbers. The functor x -y yields an extended real
number and is defined by the conditions (Def. 1).

(Def. 1)(i) There exist real numbers a, b such that = a and y = b and z-y = a-b,

or

(ii) Og<zandy = +4ooor O <y and z =400 or z < O and y = —o0
or y < Og and x = —oo but x -y = 400, or

(i) 2 <Ogand y = 400 ory < Og and x = +o0 or O < z and y = —o0
or Og <y and x = —oco but x -y = —oo0, or

(iv) x=0gory=0gbutz y=0g
The following propositions are true:

(12) Let x, y be extended real numbers. Then
(i)  there exist real numbers a, b such that t =aandy =band -y = a-b,

or

(ii) Og <xandy=4o0or 0 <yand z =400 or z <0 and y = —o0
or y < Og and x = —oco but x -y = +o0, or

(i) 2 <Ogandy = +ooory <0 and x = +oo or O < z and y = —00
or 0g <yand x = —oo but -y = —o0, or

(iv) xz=0gory=0gbutz y=_0f

(13) For all extended real numbers z, y and for all real numbers a, b such
that t =aand y =bholds z-y =a - 0.

(14) For every extended real number z such that O <  holds +o00 -2 = +00

and x - 400 = 400 and —00 -z = —o0 and x - —00 = —00.
(15) For every extended real number x such that < Og holds +o0o0-2 = —o00
and x - +00 = —00 and —00 - = 400 and x - —00 = +00.

(16) For all extended real numbers z, y such that x = O holds z -y = Ox and
y-x = Og.
(17) For all extended real numbers z, y holds z -y =y - .
Let x, y be extended real numbers. Let us notice that the functor x - y is
commutative.
One can prove the following propositions:
(18) If x = a, then 0 < a iff O < =.
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If v = a, then a < 0 iff z < Og.
If 0g <z and O < y or z < O and y < Og, then O <z -y.
If 0g <z and y < O or z < O and O <y, then z -y < O.

N NN
N = O

z-y=0giff x =0 or y = Og.
(z-y)-z=z-(y-2).
Og <z iff —z <O and z < O iff O < —u.

e e e e R e e N T
NN
UL~ W

N e e e e e N N N N N

26) —z-y=x-—yand —x-y=(—x)-y.

27) If ¢ #£ 400 and ¢ # —oo0 and = - y = 400, then y = 400 or y = —o0.
28) Ifx#+4ocand z# —oc0 and -y = —00, then y = +00 or y = —o0.
29) If y # 400 or 2 # —o0 but y # —oo or z # +o0o and x # +oo and

x#—oo,thenz-(y+z2)=x-y+z-z.
(30) If y # 400 or z # 400 but y # —oo or z # —oo and = # 400 and

x#—oo,thenz-(y—2)=x-y—x-z.
Let x, y be extended real numbers. Let us assume that © = —oco or x = +o0

T

but y = —o0 or y = +o00 but y # 0. The functor v yielding an extended real
number is defined by the conditions (Def. 2).

(Def. 2)(i)  There exist real numbers a, b such that z = a and y = b and % =7,

or
(i) @ =+o0 and O <y or # = —oo and y < Og but ¥ = +o0, or

(iii) :L‘:—ooand0ﬁ<yorx:—|—ooandy<0@but%z—oo,or

(iv) y = —ooory=+o0 but ¥ = 0.
The following four propositions are true:

(31) Let z, y be extended real numbers. Suppose x = —oo or z = +o0 but

y = —o0 or y = +o00 but y # Og. Then
) there exist real numbers a, b such that z = a and y = b and % =%, 0r
) x=4o00and Og <y or x =—o0 and y < Og but
(i) @ = —oo0 and Og <y or x = 400 and y < O but
) y:—ooory:—i—oobut%:OR.

= +00, or
= —00, Or

SRS

(32) Let x, y be extended real numbers. Suppose y # Og. Let a, b be real

numbers. If x = a and y = b, then % =%

(33) For all extended real numbers z, y such that z # —oo but x # 400 but
yz—oooryz—kooholds%zoﬁ.
(34) For every extended real number z such that z # —oco and x # +oo and
x # Og holds 7 = 1.
Let x be an extended real number. The functor |z| yielding an extended real
number is defined as follows:

if 0, <
(Def. 3) |xy={ z, t0g <o,

—x, otherwise.

493
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One can prove the following propositions:
35
36

) For every extended real number x such that O < x holds |z| = .

)
37) For every extended real number x such that x < O holds |z| = —z.

)

)

)

For every extended real number x such that Oz < 2 holds |z| = =.

38) For all real numbers a, b holds R(a - b) = R(a) -@(b).
39) For all real numbers a, b such that b # 0 holds R($) =
40 Y

% \

(

(

(

(

( )

( For all extended real numbers z, y such that x < y and z < +o00 and
—00 < y holds O <y — .

(41) For all extended real numbers z, y such that z < y and z < +oo and
—00 < y holds Og <y — .

(42) Ifz<yandOg <z, thenz-2<y-z

(43) Ifzx<yand 2 <0, theny -z<x- 2

(44) Ifx<yand0@<zandz;é+oo,thenx-z<y-z.

(45) Ifx <yand z < Og and z # —oo, then y -z < x - 2.

(46) Suppose z is a real number and y is a real number. Then = < y if and

only if there exist real numbers p, ¢ such that p =z and ¢ =y and p < q.

(47) If x # —ooc and y # +oo and x < y and O < z, then £ < £,
(48) If z <y and O < z and z # 400, then £ < £,
(49) Ifx # —oo and y # +oo and x < y and z < O, then £ < Z.
(50) Ifz <yand z < Of and z # —oo, then ¥ < Z.
(51) If z <y and Og < z and z # +oo, then £ < £,
(562) Ifz <yand z < Og and z # —oo, then £ < Z.
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The papers [18], [10], [8], [9], [16], [6], [5], [2], [7], [1], [13], [12], [11], [19], [20],
[14], [17], [3], [4], and [15] provide the notation and terminology for this paper.

1. CARDINAL NUMBERS OF Z AND Q

In this paper k is a natural number, r is a real number, ¢ is an integer, and
q is a rational number.
The subset Z_ of R is defined as follows:
(Def. 1) r € Z_ iff there exists k such that r = —k.
Let us observe that Z_ is non empty.
Next we state three propositions:

(1) N=Z_.
(2) Z=7_UN.
(3) N~Z.

Z is a subset of R.
Let n be a natural number. The functor Q(n) yields a subset of Q and is
defined as follows:

(Def. 2) g € Q(n) iff there exists i such that ¢ = L.

@ 2001 University of Bialystok
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Let n be a natural number. Observe that Q(n + 1) is non empty.
We now state two propositions:

(4) For every natural number n holds Z ~ Q(n + 1).
(5) N~Q.

2. BASic OPERATIONS OF EXTENDED REAL VALUED FUNCTIONS

Let C be a non empty set, let f be a partial function from C to R, and let = be
a set. Then f(z) is an extended real number.
Let C be a non empty set and let fi, fo be partial functions from C to R.
The functor f; + fo yielding a partial function from C to R is defined by:
(Def. 3) dom(fi + fo) = dom fi Ndom fo \ (fi~'({=oc}) N fo~'({+00}) U
fit({+o00}) N fo~l({—o0})) and for every element ¢ of C such that

c € dom(f1 + f2) holds (f1 + f2)(c) = fi(c) + fa(c).
The functor f; — fo yields a partial function from C to R and is defined by:

(Def. 4) dom(fy — fo) = domfi Ndomfo \ (fi"'({+oc}) N fo='({+0o0}) U
A7 {—o00}) N fo=t({—00})) and for every element ¢ of C such that
¢ € dom(f1 — f2) holds (f1 — f2)(c) = fi(c) — fa(c).

The functor f; fo yields a partial function from C' to R and is defined as follows:

(Def. 5) dom(f1 f2) = dom f1 N dom fo and for every element ¢ of C such that
¢ € dom(f1 f2) holds (f1 f2)(c) = fi(c) - fa(c).

Let C be a non empty set, let f be a partial function from C to R, and let
r be a real number. The functor r f yielding a partial function from C to R is
defined as follows:

(Def. 6) dom(r f) = dom f and for every element ¢ of C such that ¢ € dom(r f)
holds (7 f)(c) = R(r) - f(c).

The following proposition is true

(6) Let C be anon empty set, f be a partial function from C to R, and r be
a real number. Suppose r # 0. Let ¢ be an element of C. If ¢ € dom(r f),

then f(c) = G20

Let C be a non empty set and let f be a partial function from C to R. The
functor — f yielding a partial function from C to R is defined by:
(Def. 7) dom(—f) = dom f and for every element ¢ of C' such that ¢ € dom(—f)
holds (—f)(c) = —f(c).
The extended real number 1 is defined by:
(Def. 8) 1=1.
Let C be a non empty set, let f be a partial function from C to R, and let
r be a real number. The functor ? yielding a partial function from C to R is
defined by:
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(Def. 9)  dom(%) = dom f \ f71({0gz}) and for every element ¢ of C' such that

¢ € dom(%) holds (%)(c) = %

One can prove the following proposition
(7) Let C be a non empty set and f be a partial function from C to R.
Then dom(%) = dom f\ f~'({0g}) and for every element ¢ of C such that

ce dom(%) holds (%)(C) = ﬁ B
Let C be a non empty set and let f be a partial function from C' to R. The

functor |f| yields a partial function from C to R and is defined as follows:
(Def. 10) dom |f| = dom f and for every element ¢ of C' such that ¢ € dom|f]
holds | f[(c) = [f(c)l.
We now state three propositions:
(8) For all extended real numbers z, y such that x # +oo or y # —oo but
x # —ocoory#—+ooholds x+y=y+=x.
(9) For every non empty set C and for all partial functions fi, fo from C to
R holds f1 + f2 = fa + f1.
(10) For every non empty set C' and for all partial functions fi, fo from C' to
R holds f1 f2 = fa f1.
Let C be a non empty set and let fi, fo be partial functions from C to R.
Let us note that the functor f; + fo is commutative. Let us observe that the
functor fi fo is commutative.

3. LEVEL SETS

Next we state several propositions:
(11) For every real number r there exists a natural number n such that r <

n.
(12) For every real number r there exists a natural number n such that —n <
T.

(13) For all real numbers 7, s such that r < s there exists a natural number

1
n such that S s—r

(14) For all real numbers r, s such that for every natural number n holds

r—n%rlésholdsr<s.

(15) For every extended real number a such that for every real number r
holds R(r) < a holds a = +o0.

(16) For every extended real number a such that for every real number r
holds a < R(r) holds a = —oc.

Let X be a set, let S be a o-field of subsets of X, and let A be a set. We say
that A is measurable on S if and only if:

(Def. 11) A€ S.
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One can prove the following proposition

(17) Let X, A besets and S be a o-field of subsets of X. Then A is measurable
on S if and only if for every o-measure M on S holds A is measurable
w.r.t. M.

For simplicity, we use the following convention: X is a non empty set, x is
an element of X, f, g are partial functions from X to R, S is a o-field of subsets
of X, F is a function from N into S, A is a set, a is an extended real number,
r, s are real numbers, and n is a natural number.

Let us consider X, f, a. The functor LE-dom(f, a) yielding a subset of X is
defined by:

(Def. 12) z € LE-dom(f,a) iff z € dom f and there exists an extended real number
y such that y = f(x) and y < a.
The functor LEQ-dom( f, a) yielding a subset of X is defined by:
(Def. 13) 2z € LEQ-dom(f,a) iff x € dom f and there exists an extended real
number y such that y = f(x) and y < a.
The functor GT-dom(f, a) yields a subset of X and is defined as follows:
(Def. 14) 2z € GT-dom(f,a) iff x € dom f and there exists an extended real num-
ber y such that y = f(z) and a < y.
The functor GTE-dom(f, a) yields a subset of X and is defined as follows:
(Def. 15) z € GTE-dom(f,a) iff z € dom f and there exists an extended real
number y such that y = f(x) and a < y.
The functor EQ-dom(f, a) yielding a subset of X is defined as follows:
(Def. 16) =z € EQ-dom(f,a)iff x € dom f and there exists an extended real number
y such that y = f(z) and a = y.

One can prove the following propositions:

(18) For all X, S, f, A, a such that A C dom f holds A N GTE-dom(f,a) =
A\ ANLE-dom(f,a).

(19) For all X, S, f, A, a such that A C dom f holds AN GT-dom(f,a) =
A\ ANLEQ-dom(f,a).

(20) For all X, S, f, A, a such that A C dom f holds A N LEQ-dom(f,a) =
A\ AN GT-dom(f,a).

(21) For all X, S, f, A, a such that A C dom f holds A N LE-dom(f,a) =
A\ AN GTE-dom(f, a).

(22) For all X, S, f, A, a holds AN EQ-dom(f,a) = AN GTE-dom(f,a)N
LEQ-dom(f,a).

(23) For all X, S, F, f, A, r such that for every n holds F(n) = AN
GT-dom(f,R(r — n—li-l )) holds A N GTE-dom(f,R(r)) = (\rng F.

(24) For all X, S, F, f, A and for every real number r such that for every n

holds F(n) = AN LE-dom(f,R(r + n%rl)) holds A N LEQ-dom(f,R(r)) =
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(\rng F.

(25) Forall X, S, F, f, A and for every real number r such that for every n
holds F(n) = AN LEQ-dom(f, R(r — n%rl)) holds A N LE-dom(f,R(r)) =
(Jrng F.

(26) For all X, S, F, f, A, r such that for every n holds F(n) = AN
GTE-dom(f,R(r + 745)) holds AN GT-dom(f, R(r)) = Urng F.

(27) For all X, S, F, f, A such that for every n holds F(n) = AN
GT-dom(f,R(n)) holds AN EQ-dom(f, +oc) = (\rng F.

(28) For all X, S, F, f, A such that for every n holds F(n) = AN
LE-dom(f,R(n)) holds A N LE-dom(f, +00) = |Jrng F.

(29) For all X, S, F, f, A such that for every n holds F(n) = AN
LE-dom(f,R(—n)) holds A N EQ-dom(f, —00) = [\rng F.

(30) For all X, S, F, f, A such that for every n holds F(n) = AN
GT-dom(f,R(—n)) holds AN GT-dom(f, —o0) = (Jrng F.

4. MEASURABLE FUNCTIONS

Let X be a non empty set, let S be a o-field of subsets of X, let f be a partial
function from X to R, and let A be an element of S. We say that f is measurable
on A if and only if:
(Def. 17) For every real number 7 holds A N LE-dom(f, R(r)) is measurable on S.
In the sequel A, B are elements of S.
Next we state a number of propositions:

(31) Let given X, S, f, A. Suppose A C dom f. Then f is measurable on
A if and only if for every real number 7 holds A N GTE-dom(f, R(r)) is
measurable on S.

(32) Let given X, S, f, A. Then f is measurable on A if and only if for every
real number 7 holds A N LEQ-dom(f,R(r)) is measurable on S.

(33) Let given X, S, f, A. Suppose A C dom f. Then f is measurable on
A if and only if for every real number r holds A N GT-dom(f,R(r)) is
measurable on S.

(34) For all X, S, f, A, B such that B C A and f is measurable on A holds
f is measurable on B.

(35) Forall X, S, f, A, B such that f is measurable on A and f is measurable
on B holds f is measurable on AU B.

(36) For all X, S, f, A, r, s such that f is measurable on A and A C dom f
holds A N GT-dom(f,R(r)) N LE-dom(f,R(s)) is measurable on S.

(37) Forall X, S, f, Asuch that f is measurable on A and A C dom f holds
ANEQ-dom(f, +00) is measurable on S.
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(38) For all X, S, f, A such that f is measurable on A holds A N
EQ-dom(f, —00) is measurable on S.

(39) Forall X, S, f, Asuch that f is measurable on A and A C dom f holds
AN GT-dom(f, —oo) N LE-dom( f, +00) is measurable on S.

(40) Let given X, S, f, g, A, r. Suppose f is measurable on A and ¢ is measu-
rable on A and A C dom g. Then AN LE-dom(f, R(r)) N GT-dom(g, R(r))
is measurable on S.

(41) For all X, S, f, A, r such that f is measurable on A and A C dom f
holds 7 f is measurable on A.
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1. PRELIMINARIES

For simplicity, we use the following convention: i, i1, i, 7, j1, jo, k, m, n, t
denote natural numbers, D denotes a non empty subset of E%, FE denotes a com-
pact non vertical non horizontal subset of 5%, C' denotes a compact connected
non vertical non horizontal subset of 5%, G denotes a Go-board, p, g, x denote
points of 8%, and r, s denote real numbers.

The following propositions are true:

(1) For all real numbers s1, s3, s4, [ such that s; < s3 and 1 < s4 and 0 <1
and [ <1 holds sy < (1 —1)-s3+1- s4.

(2) For all real numbers s1, s3, s4, [ such that s3 < s and s4 < s7 and 0 <
and [ < 1 holds (1 —1)-s3+1-s4 < 1.

(3) If n >0, then m"” modm = 0.

(4) If j > 0and imodj = 0, theni+j:§..

‘M

(5) Ifn>0,theni" +i="*.

)

!This work has been partially supported by CALCULEMUS grant HPRN-CT-2000-00102.
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(6) If0<nandl<r, then1 <™
(7) Ifr >1and m > n, then r™ > r".

(8) Let T be a non empty topological space, A be a subset of T, and B, C
be subsets of the carrier of T. If A is connected and C' is a component of
Band ANC # 0 and A C B, then A C C.

Let f be a finite sequence. The functor Center f yields a natural number
and is defined as follows:

(Def. 1) Center f = (len f +2) + 1.
The following two propositions are true:
(9) For every finite sequence f such that len f is odd holds len f = 2 -

Center f — 1.
(10) For every finite sequence f such that len f is even holds len f = 2 -
Center f — 2.

2. SOME SUBSETS OF THE PLANE

One can check the following observations:

% there exists a subset of S% which is compact, non vertical, non horizontal,
and non empty and satisfies conditions of simple closed curve,

* there exists a subset of 5% which is compact, non empty, and horizontal,
and

* there exists a subset of 5% which is compact, non empty, and vertical.
The following propositions are true:

(11) If p € N-most D, then pa = N-bound D.

(12) If p € E-most D, then p; = E-bound D.

(13) If p € S-most D, then pa = S-bound D.

(14) If p € W-most D, then p; = W-bound D.

(15) BDD D misses D.

(16)

For every compact non empty subset S of €2 satisfying conditions of
simple closed curve holds LowerArc S C S and UpperArcS C S.

(17) p € VerticalLinep;.

(18) [r, s] € VerticalLiner.

(19) For every subset A of €2 such that A C VerticalLine s holds A is vertical.
(20)  (proj2)([r, s]) = s and (proj1)([r, s]) = r.

(21) Ifp1 = q1 and r € [(proj2)(p), (proj2)(q)], then [p1, 7] € L(p, q)-

(22) 1If p2 = g2 and r € [(proj1)(p), (proj1)(q)], then [r, p2] € L(p, q).
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(23) If p € VerticalLines and ¢ € VerticalLines, then L(p,q) C
VerticalLine s.

Let S be a non empty subset of 5% satisfying conditions of simple closed
curve. Observe that LowerArc S is non empty and compact and UpperArc S is
non empty and compact.

We now state several propositions:

(24) For all subsets A, B of £ such that A meets B holds (proj2)°A meets
(proj2)°B.

(25) For all subsets A, B of £% such that A misses B and A C VerticalLine s
and B C VerticalLine s holds (proj2)°A misses (proj2)°B.

(26) For every closed subset S of €% such that S is Bounded holds (proj2)°S
is closed.

(27) For every subset S of £2 such that S is Bounded holds (proj2)°S is
bounded.

(28) For every compact subset S of €2 holds (proj2)°S is compact.

In this article we present several logical schemes. The scheme TRSubsetFEx

deals with a natural number A and a unary predicate P, and states that:
There exists a subset A of 5{1 such that for every point p of Sf‘
holds p € A iff P[p]

for all values of the parameters.
The scheme TRSubsetUniq deals with a natural number A and a unary
predicate P, and states that:
Let A, B be subsets of 5{1. Suppose for every point p of Ef‘ holds
p € A iff P[p] and for every point p of Ef‘ holds p € B iff P[p].
Then A =B

for all values of the parameters.

Let p be a point of E%. The functor NorthHalfline p yielding a subset of E%
is defined as follows:

(Def. 2)  For every point x of £2 holds 2 € NorthHalfline p iff 1 = p1 and 22 > pa.
The functor EastHalfline p yielding a subset of £2 is defined as follows:

(Def. 3) For every point z of €2 holds = € EastHalflinep iff 21 > p1 and 22 = pa.
The functor SouthHalfline p yielding a subset of 5% is defined as follows:

(Def. 4) For every point z of 5% holds z € SouthHalfline p iff 1 = py and 22 < pa3.
The functor WestHalfline p yields a subset of 5% and is defined by:

(Def. 5) For every point x of £2 holds x € WestHalfline p iff 21 < p; and 22 = pa.

The following propositions are true:

(29) NorthHalflinep = {¢; ¢ ranges over points of E2: ¢1 =p1 A g2 > pa2}.
(30) NorthHalflinep = {[p1,7]; 7 ranges over elements of R: r > pa}.
(31) EastHalflinep = {q; ¢ ranges over points of £2: ¢1 > p1 A g2 = pa}.
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w
[\)

EastHalfline p = {[r, p2]; r ranges over elements of R: r > p1 }.

w
w

SouthHalfline p = {q¢; ¢ ranges over points of 5%: g1 =p1 N g2 <Dp2}.
SouthHalfline p = {[p1, r|; r ranges over elements of R: r < pa2}.

(M)
t

WestHalfline p = {q; ¢ ranges over points of £2: g1 <p1 A g2 = pa}.

A~ o~~~
w w
(@)} IS

WestHalfline p = {[r, p2]; r ranges over elements of R: r < p1}.
Let p be a point of £%. One can check the following observations:
* NorthHalfline p is non empty and convex,

+* FEastHalfline p is non empty and convex,

* SouthHalfline p is non empty and convex, and

*  WestHalfline p is non empty and convex.

3. GOBOARDS

We now state a number of propositions:

(37) If 1 < ¢and i < lenG and 1 < j and j < widthG, then G;; €
L(Gi1,GiwidthG)-

(38) If 1 < iandi < lenG and 1 < j and j < widthG, then G;; €
ﬁ(Gl,j, GlenG,j)-

(39) If 1 <j; and j; < widthG and 1 < j3 and jo < width G and 1 < i; and
i1 < ig and iz < lenG, then (G, j,)1 < (Giyjo)1-

(40) If1<iyandi; <lenG and 1 < iy andiz <lenG and 1 < j; and j; < jo
and jo < width G, then (G, j,)2 < (Giyj,)2-

(41) Let f be a non constant standard special circular sequence. Suppose f
is a sequence which elements belong to G and 1 <t and ¢ < lenG. Then
(Gt,width G)2 > N-bound ﬁ(f)

(42) Let f be a non constant standard special circular sequence. Suppose f is
a sequence which elements belong to G and 1 < t and ¢t < width G. Then
(G14)1 < W-bound L(f).

(43) Let f be a non constant standard special circular sequence. Suppose f
is a sequence which elements belong to G and 1 < ¢ and ¢ < len G. Then
(Gr.1)2 < S-bound L(f).

(44) Let f be a non constant standard special circular sequence. Suppose f is
a sequence which elements belong to G and 1 <t and ¢ < widthG. Then
(Gienc,t)1 = E-bound L(f).

(45) Ifi <lenG and j < width G, then cell(G, 1, j) is non empty.

(46) If i <lenG and j < width G, then cell(G, 1, j) is connected.

(47) If i <lenG, then cell(G,1,0) is not Bounded.
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(48) If i <lenG, then cell(G, 1, width G) is not Bounded.

4. GAUGES

One can prove the following propositions:

(49) width Gauge(D,n) = 2" + 3.

(50) If i < 4, then len Gauge(D, i) < len Gauge(D, j).

(51) If i < j, then len Gauge(D, i) < len Gauge(D, j).

(52) If m <nand1 <iandi<lenGauge(D,m), then 1 < 2"~ . (; —2) 42
and 2"~"™ . (i — 2) 4+ 2 < len Gauge(D, n).

(53) Ifm <nand1 <iandi < width Gauge(D,m), then 1 < 27~.(;—2)+2
and 27~ . (i — 2) + 2 < width Gauge(D, n).

(54) Suppose m < n and 1 < ¢ and i < len Gauge(D, m) and 1 < j and j <
width Gauge(D,m). Let 41, ji be natural numbers. If i; = 27~ (;—2) 42
and j; = 2"~ . (j — 2) + 2, then (Gauge(D,m)); ; = (Gauge(D, n)):, 4,

(55) Ifm <nand1 <iandi+1 < len Gauge(D,m), then 1 < 2"~"™.(i—1)+2
and 2"~"™ . (i — 1) 4+ 2 < len Gauge(D, n).

(56) If m < nand 1< iandi+41 < widthGauge(D,m), then 1 < 27~ .
(i—1)+2and 2"~™ . (i — 1) + 2 < width Gauge(D, n).

(57) If 1 < ¢ and ¢ < lenGauge(D,n) and 1 < j and j <
len Gauge(D,m) and n > 0 and m > 0 or n = 0 and m = 0, then
((GaUge(D’ n))Center Gauge(D,n),i)l = ((GaUge(D7 m))Center Gauge(D,m),j)l'

(58) If 1 < ¢ and ¢ < lenGauge(D,n) and 1 < j and j <
len Gauge(D,m) and n > 0 and m > 0 or n = 0 and m = 0, then
((Gauge(D n))z Center Gauge(D, n))2 = ((GaUge(D m) )j Center Gauge(D, m))

(59) If1<iandi < lenGauge(C, 1), then ((Gauge(C, 1))center Gauge(C,1),i)1 =

W-bound C+E-bound C
5 .

(60) If1 <idandi < lenGauge(C,1), then ((Gauge(C,1)); center Gauge(C,1))2

S-bound C+N-bound C
5 .

(61) If 1 < ¢ and i < lenGauge(E,n) and 1 < j and j
len Gauge(E,m) and m < n, then ((Gauge(E,n));lenGauge(En))2
((GaUge(Ev m))j,len Gauge(E, ))

(62) If 1 < ¢ and i < lenGauge(E,n) and 1 < j and j
len Gauge(E,m) and m < n, then ((Gauge(E,n))ien Gauge(E,n),i)1
((GaUge(E7 m))len Gauge(E,m),j ')1

(63) If 1 < i and i < lenGauge(E,n) and 1 < j and j < len Gauge(E,m)
and m < n, then ((Gauge(E,m))1;)1 < ((Gauge(E,n))1i)1-
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(64) If 1 < i and i < lenGauge(E,n) and 1 < j and j < len Gauge(E,m)
and m < n, then ((Gauge(E,m));1)2 < ((Gauge(E,n));1)2.

(65) If 1 <m and m < n, then L((Gauge(E,n))center Gauge(E,n),15
(Gauge(Ea n))Center Gauge(E,n),len Gauge(E,n) ) -

[’((GaUge(Ea m))Center Gauge(E,m),1»
(GaUge(Ea m))Center Gauge(E,m),len Gauge(E,m) ) :

(66) If 1 < m and m < n and 1 < j and j < widthGauge(F,n),
then E((Gauge(Evn))CenterGauge(E,n),lv (Gauge(Evn))CenterGauge(E,n),j) <
‘C((Gauge(Ea m))Center Gauge(E,m),15 (Gauge(E7 n))Center Gauge(E,n),j)-

(67) If 1 < mand m < n and 1 < j and j < width Gauge(E,n), then
‘C((GaUge(Ea m))Center Gauge(E,m),1» (GaUge(Ev n))Center Gauge(E,n),j) <
ﬁ((GaUge(Ea m))Center Gauge(E,m),1»

(Gauge(Ea m))Center Gauge(E,m),len Gauge(E,m) ) :

(68) Suppose m < n and 1 < i and i+ 1 < lenGauge(E,m) and 1 < j
and j + 1 < width Gauge(F,m). Let i1, j; be natural numbers. Suppose
="M (1 —2)+2 < ipand ip < 2. (i—1)+2and 2. (5§ —
2) 4+ 2 < ji and j; < 2" . (j — 1) 4+ 2. Then cell(Gauge(E,n),i1,j1) C
cell(Gauge(E,m), i, 7).

(69) Suppose m < n and 3 < i and i < len Gauge(E,m) and 1 < j and
j + 1 < width Gauge(E, m). Let i1, j; be natural numbers. If i = gn—'m .
(i—2)+2and j; = 2" (j — 2) + 2, then cell(Gauge(E, n),i; —'1,j1) C
cell(Gauge(E,m),i —'1,j).

(70) If i <len Gauge(C,n), then cell(Gauge(C,n),i,0) C UBD C.

(71) If i < lenGauge(E,n), then cell(Gauge(E,n),i, width Gauge(E,n)) C
UBD E.

5. CAGES

The following propositions are true:

(72) If p € C, then NorthHalfline p meets £(Cage(C,n)).

(73) If p € C, then EastHalfline p meets £(Cage(C,n)).

(74) If p € C, then SouthHalfline p meets £(Cage(C,n)).

(75) 1f p € C, then WestHalfline p meets £(Cage(C,n)).

(76) There exist k, ¢t such that 1 < k and k£ < len Cage(C,n) and 1 < t and

t < width Gauge(C, n) and (Cage(C,n))r = (Gauge(C,n))1 4.

(77) There exist k, t such that 1 < k and k£ < len Cage(C,n) and 1 < ¢t and
t < len Gauge(C,n) and (Cage(C, n))r = (Gauge(C,n))s1.

(78) There exist k, t such that 1 < k and k < len Cage(C,n) and 1 < t and
t < width Gauge(C, n) and (Cage(C, n))r = (Gauge(C, n))ien Gauge(Cyn) t-
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(79) If 1 < k and k < lenCage(C,n) and 1 < t and t < len Gauge(C,n)
and (Cage(cv n))k = (GaUge(Ca n))t,widthGauge(C,n)a then (Cage(ca n))k €
N-most £(Cage(C, n)).

(80) If 1 < k and k < lenCage(C,n) and 1 < ¢ and
t < width Gauge(C,n) and (Cage(C,n))r = (Gauge(C,n))i+, then
(Cage(C,n)), € W-most £(Cage(C,n)).

81) If 1 < k and k < lenCage(C,n) and 1 < ¢t and
t < lenGauge(C,n) and (Cage(C,n))r = (Gauge(C,n))1, then
(Cage(C,n));, € S-most L(Cage(C,n)).

(82) If 1 < k and k < lenCage(C,n) and 1 < ¢t and ¢ < width Gauge(C,n)
and (Cage(ca n))k - (GaUge(C’ n))lenGauge(C,n),t7 then (Cage(ca n))k €
E-most £(Cage(C, n)).

(83) W-bound E(Cage(07 )) W-bound C — E-bound CQnVV boundC

(84) S-bound E(Cage(C n)) = S-bound C — N—boundC’Q S-bound C

(85) E-bound E(Cage(c n)) = E-bound C + E-bound CQnVV boundC

(86) N-bound L(Cage(C,n)) + S-bound E(Cage(C n)) = N-bound E(Cage(C,

m)) + S-bound £(Cage(C, m)).

(87) E-bound £(Cage(C,n))+W-bound £(Cage(C, n)) = E-bound £(Cage(C,
m)) + W-bound L(Cage(C,m)).

88) If i < j, then E-bound £(Cage(C, j)) < E-bound £(Cage(C,1)).

89) 1If i < j, then W-bound £(Cage(C, 1)) < W-bound £(Cage(C, j)).

90) If i < j, then S-bound £(Cage(C,4)) < S-bound £(Cage(C, j)).

91) If 1 < i and i < lenGauge(C,n), then N-bound £(Cage(C,n)) =
((Gauge(C,n)); 1en Gauge(Cyn))2-

(92) If 1 < i and i < lenGauge(C,n), then E-bound £(Cage(C,n)) =
((Gauge(C,n))ien Gauge(C,n),i)l-

(93) If 1 < i and i < lenGauge(C,n), then S-bound £(Cage(C,n)) =
((Gauge(C,n))i1)2-

(94) If 1 < i and i < lenGauge(C,n), then W-bound £(Cage(C,n)) =
((Gauge(C,n))1,i)1-

(
(
(
(

(95) 1If # € C and p € NorthHalfline z N £(Cage(C,n)), then py > 3.

(96) If 2 € C and p € EastHalflinez N £(Cage(C, n)), then py > 1.

(97) If x € C and p € SouthHalflinex N Z(Cage(C, n)), then p2 < za.

(98) 1If z € C and p € WestHalfline z N £(Cage(C, n)), then py < z1.

(99) If x € N-mostC and p € NorthHalflinex and 1 < ¢ and i <

len Cage(C, n) and p € L(Cage(C,n), i), then L£(Cage(C,n),1) is horizon-
tal.
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(100) If z € E-most C' and p € EastHalflinex and 1 < i and 7 < len Cage(C,n)
and p € L(Cage(C,n),i), then L(Cage(C,n),1) is vertical.

(101) Ifx € S-most C and p € SouthHalflinex and 1 < ¢ and i < len Cage(C, n)
and p € L£(Cage(C,n),i), then L(Cage(C,n),1) is horizontal.

(102) If x € W-mostC and p € WestHalflinez and 1 < ¢ and i <
len Cage(C,n) and p € L(Cage(C,n),1), then L(Cage(C,n),1) is vertical.

(103) If # € N-most C' and p € NorthHalflinez N £(Cage(C,n)), then py =
N-bound £(Cage(C, n)).

(104) If z € E-mostC and p € EastHalflinex N Z(Cage(C, n)), then p1 =
E-bound £(Cage(C, n)).

(105) If € S-mostC and p € SouthHalflinez N £(Cage(C,n)), then py =
S-bound £(Cage(C, n)).

(106) If z € W-most C' and p € WestHalflinez N £(Cage(C,n)), then p; =
W-bound £(Cage(C, n)).

(107) If = € N-mostC, then there exists a point p of 6’% such that
NorthHalfline z N £(Cage(C, n)) = {p}.

(108) If = € E-most €, then there exists a point p of EZ such that
EastHalfline x N £L(Cage(C,n)) = {p}.

(109) If = € S-most C, then there exists a point p of 5% such that
SouthHalfline x N L(Cage(C,n)) = {p}.

(110) If = € W-mostC, then there exists a point p of &£F such that
WestHalfline z N £L(Cage(C,n)) = {p}.
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Summary. In this article, we extend some properties concerning real num-
bers to extended real numbers. Almost all properties included in this article are
extended properties of other articles: [9], [6], [8], [10] and [7].

MML Identifier: EXTREAL2.

The terminology and notation used in this paper are introduced in the following
papers: [8], [4], [3], [5], [10], [11], [1], and [2].

1. PRELIMINARIES

We follow the rules: z, y, w, z denote extended real numbers and a, b denote
real numbers.
The following propositions are true:

(1) Ifz+#+4o00ory# —ooandif x # —o0 or y # 400, then x +y =y + =.
(2) If z # 400 and x # —o0, then there exists y such that x +y = Og.
(3) If x # +oo and # # —oo and x # Og, then there exists y such that

z-y=1.
(4) Tw=randz-T=xand R(1)-z =2 and v -R(1) = .
(5) Og—z=—=x.
(7) If 0g <z and Og <y, then Og <z +y.
(8) If Og <z and O <y or Oy < z and O <y, then Oy < = +y.
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If » < O and y < Og, then x +y < Of.

<
If x <O and y < O or z < O and y < O, then = + y < O.
Ifa:;é+ooandx;«é—ooandx;éoﬁ,thena:-ngand
If x # +o0 and x # —oo, then x — x = O.
If  # 400 or y # —oo and if x # —o0 or y # +oo, then —(z +y) =
—z+—yand —(z+y)=—-y—zand —(z+y)=—z—y.
(15) If ¢ # +oo or y # +oo and if © # —o0 or y # —oo, then —(z —y) =
—z+4+yand —(z—y) =y —=x.
(16) If x # 400 or y # +oo and if © # —oo or y # —o0, then —(—x +y) =
r—yand —(—z+vy) =2+ —y.

8 [
8

Il
=

)
)
11) If z # +ocand z # —o0 and  + z = y, then x =y — 2.
)
)
)

(17) If + = +o0 and O < y and y < 400 or x = —oo and y < O and
—00 < Y, then%:—koo.

(18) If x = +o0 and y < Og and —oco < y or x = —oo and O < y and
Yy < +00, theniz—oo.

If—oo<yandy<+ooandy7é0@,then%:J;andx-%:x.
1< +ooand —oo < 1.

(19)
(20)
(21) Ifx = 400 or x = —o0, then for every y such that y € R holds z+y # Og.
(22) 1If x = 400 or x = —o0, then for every y holds z -y # 1.

(23)

If x # 400 or y # —o0 but x # —o0 or y # +00 and x + y < 400, then

x # +o0o0 and y # +00.

(24) If x # +o0 or y # —o0 but & # —o0 or y # +00 and —oo < x + ¥y, then
r # —o0 and y # —o0.

(25) If x # 400 or y # 400 but & # —o0 or y # —oo and x — y < +00, then
T # +o0o and y # —o0.

(26) If x # 400 or y # 400 but x # —oo or y # —oo and —oo < x — y, then
r # —oo and y # +oo.

(27) If x # 400 or y # —o0 but x # —o0 or y # +oo and = + y < z, then
x # +oo and y # 400 and z # —oco and = < z — .

(28) If z # 400 or y # +o0 but z # —oo or y # —oo and x < z — y, then
x # +oo and y # +o00 and z # —oco and = + y < 2.

(29) If x # +oo or y # +oo but x # —o0 or y # —oo and  — y < z, then
T # 4ooand y # —oco and z # —oo and x < z + y.

(30) If 2z # 400 or y # —oo but z # —oc0 or y # 400 and & < z + y, then

r# +ooand y# —cc and z # —cc and z — y < 2.

(31) Ifx#+4ocory# —ooandx # —ooory # +oo and y # 400 or z # +00
and y # —oco or z # —oo and x +y < z, then y # +oo and = < z — y.
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(32) If x = +oo and y = —o0 and x = —o0 and y = +oo and y = +oo and
z =400 and y = —o00 and z = —oc0 and x < z — y, then y # 400 and
r+y <z

(33) Ifx#+oocory#+ooand z # —ocoory # —oo and y # +00 or z # —00
and y # —oco or z # 4oo and x — y < z, then y # —oco0 and = < z + y.

(34) If x = +o0 and y = 400 and x = —oc0 and y = —oo0 and y = —oo and
z=4ocoand z < z+ vy, then y # —cc and = — y < z.

(35) If x # 400 and y # +o0, then x + y # +oo.

(36) If x # —oo and y # —oo, then x + y # —oo.

(37) If x # 400 and y # —o0, then & — y # +o0.

(38) If x # —oo and y # +o0, then & — y # —oo.

(39) Suppose z = +o0 and y = —oo and x = —o0 and y = 400 and y = +00
and z = 400 and y = —o0 and z = —oo and * = +00 and z = 400 and

x=—o0and z = —oco. Then (z+y) —z=a+ (y — 2).

(40) Suppose z = +o00 and y = 400 and x = —o0 and y = —oo and y = 400
and z = —oo and y = —oo and z = 400 and x = +o0o0 and z = +o00 and
x=-o0and z=—0c0. Thenz —y —z=2— (y + 2).

(41) Suppose x = +o0 and y = 400 and x = —o0 and y = —o0 and y = 400
and z = 400 and y = —oo and z = —o0 and x = 400 and z = —oo and
x=—o0and z = 4+o00. Then (x —y) +z=2— (y — 2).

(42) If x -y # +oo and z -y # —oo, then x is a real number or y is a real
number.

(43) Og<zand Og <yorz <O0pandy <O0giff Og <z -y.

(44) Og<zandy <Ogorz <Opand O <yiff v-y < 0g.

(45) Og <z or O <z but O <y or Og <y or x < 0f or x < O but y < O0g
ory < O iff Og <z - y.

(46) 2 < Ogor x < 0 but O <y or Og <y or Og <z or Og < x but y < Og
ory < Og iff z -y < Of.

(47) z< —yiff y < —z and —z <y iff —y < z.

(48) z< —yiff y < —z and —z < y iff —y < z.

2. BAasic PROPERTIES OF ABS FOR EXTENDED REAL NUMBERS

One can prove the following propositions:
(49) If x = a, then |z| = |al.
(50) |z| =z or |z| = —=x.
(61) Of < |z|.

013
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52) If x # O, then O < |z|.

53) x = O iff |z| = 0.

54) If |z| = —z and x # O, then z < 0.
55) If < Og, then |z| = —x.

56) |z -yl = lxf- [yl

57) —l|z| <z and x < |z|.

If |z| <y, then —y < x and = < y.
If —y <2 and x <y, then O <y and [z]| < y.

P N T T T i T T T N N e N e N e N Y
ot Ot
© oo

N e e e e e e e e e S N N N

60) —y <z andz <yiff |z <v.
61) Ifz # 4oocory# —ooandifz # —oo or y # +oo, then [z+y| < |z|+]y|.
62) If —oo <z and z < +oo and z # O, then |:1:]|%\:T
63) If x = 400 or x = —o0, then |x|-\%|:OR.
1, _ 1
64) If z # Og, then|5]—m.
65) If x = —oo or z = +o0 and if y = —oo or y = +oo and if y # O, then
z _ ol
Iyl =1
(66) |a| = |—al.
(67) If x =400 or x = —o0, then |z| = +o0.
(68) If x is a real number or y is a real number, then |z| — |y| < |z — y.
(69) Ifx # 4ooory # 4ooandif x # —oo or y # —oo, then |z —y| < |z|+]y|.
(70) [lz(l = |-
(71) Ifx # +ocory # —oo but © # —oo or y # +o0 and |z| < z and |y| < w,

then |z +y| < z 4+ w.
(72) 1If x is a real number or y is a real number, then ||z| — |y|| < |z — y|.
(73) If O < x -y, then |z + y| = |z + |y|.

3. DEFINITIONS OF MIN, MAX FOR EXTENDED REAL NUMBERS AND THEIR
Basic PROPERTIES

Next we state the proposition
(714) Ifzx=aandy=">b,thenb<aiff y<zxand b<aiff y <.

Let us consider z, y. The functor min(z, y) yielding an extended real number
is defined by:

(Def. 1) min(z,y) = {

The functor max(z,y) yielding an extended real number is defined as follows:

x, if x <y,
y, otherwise.
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z, if y < z,
(Def. 2) - max(z,y) = { Y, otﬁerwise.
One can prove the following propositions:

(75) If x = —o0 or y = —o0, then min(z,y) = —oo.

(76) If x = 400 or y = +00, then max(z,y) = +oo.

(77) Let z, y be extended real numbers and a, b be real numbers. If x = a

and y = b, then min(z,y) = min(a, b) and max(x,y) = max(a, b).

(78) If y < z, then min(z,y) = y.

(79) If y £ , then min(z,y) = z.

(80) If z # 400 and y # 400 and & # +o0 or y # 400 but z # —oo or

y # —oo, then min(z,y) = %.
(81) min(z,y) < = and min(y, x) < z.
(82) min(z,x) = x.
(83) min(z,y) = min(y, x)
(84) min(z,y) =z or min(z,y) = y.
(85) z<yandz < ziff x < min(y, 2).
(86) If min(z,y) = z, then z < y.
(87) If min(z,y) =y, then y < x.
(88) min(z, min(y, z)) = min(min(z,y), 2).
(89) If x <y, then max(z,y) = y.
(90) If x £ y, then max(z,y) = .
(91) If z # —oo and y # —oo and = # 400 or y # +oo but x # —oco or
y # —oo, then max(z,y) = %‘;Wl
92) x < max(z,y) and x < max(y, z).

max(x,r) = .
max(z,y) = max(y, ).

max(z,y) = x or max(x,y) = y.

)

)

)

)

96) y <z and z < z iff max(y, z) < x.

) If max(x,y) =z, then y < x.

) If max(x,y) =y, then z < y.

) max(z, max(y, z)) = max(max(x,y), ).

) If x # 400 or y # —oo and if x # —o0 or y # 400, then min(z,y) +
max(z,y) =z +y.
(101) max(z, min(z,y)) = = and max(min(z,y),z) = ¢ and max(min(y, z),z) =

x and max(z, min(y, z)) = .
(102) min(z, max(z,y)) = = and min(max(z,y),z) = = and min(max(y, z),z) =
x and min(z, max(y, z)) = z.
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(103) min(z, max(y, z)) = max(min(z,y), min(z, z)) and min(max(y, z),z) =

max(min(y, z), min(z, x)).

)’
(104) max(z, min )y, z)) = min(max(z,y), max(z, z)) and max(min(y, z),x) =

[11]

min(max(y, z), max(z, x)).
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Properties of its Operation
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Summary. This article introduces the fuzzy relation. This is the expansion
of usual relation, and the value is given at the fuzzy value. At first, the definition
of the fuzzy relation characterized by membership function is described. Next,
the definitions of the zero relation and universe relation and basic operations of
these relations are shown.

MML Identifier: FUZZY_3.

The papers [8], [1], [5], [9], [3], [4], [6], [7], and [2] provide the terminology and
notation for this paper.

1. DEFINITION OF Fuzzy RELATION

In this paper C1, Cs are non empty sets.
Let us consider C1, Cy. A partial function from [ C1, Cy ] to R is said to be
a Membership function of Cy, Cs if:
(Def. 1) domit = [ Cy, C2] and rngit C [0, 1].
The following proposition is true
(1) Xpcy, 003,01, 001 s @ Membership function of C1, Cs.
Let (1, Cy be non empty sets and let h be a Membership function of Cf,
Cs. A set is called a fuzzy relation of C1, Cs, h if:
(Def. 2) It = [ [:Cl, Cy 2], ho[:C’l, (s ] ]
Let C1, C5 be non empty sets, let h, g be Membership functions of Cy, Cs,
let A be a fuzzy relation of Ci, Cs, h, and let B be a fuzzy relation of C7, Cs,
g. The predicate A = B is defined by:

@ 2001 University of Bialystok
517 ISSN 1426-2630
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(Def. 3) For every element c of [ C1, Ca ] holds h(c) = g(c).

Let C1, C5 be non empty sets, let h, g be Membership functions of C7, Co,
let A be a fuzzy relation of C1, C, h, and let B be a fuzzy relation of C1, Cs,
g. The predicate A C B is defined by:

(Def. 4) For every element ¢ of [ C1, Ca ] holds h(c) < g(c).

For simplicity, we adopt the following rules: f, g, h, h1 denote Membership
functions of C1, Cs, A denotes a fuzzy relation of Cy, Co, f, B denotes a fuzzy
relation of Cy, Cs, g, D denotes a fuzzy relation of Cy, Cs, h, and D denotes a
fuzzy relation of Cy, Cs, hy.

The following three propositions are true:

(2) A=Biff AC Band B C A.
(3) ACA.
(4) fAC Band BC D, then AC D.

2. INTERSECTION, UNION AND COMPLEMENT

Let C1, Cy be non empty sets and let h, g be Membership functions of Cf,
C5. The functor min(h, g) yielding a Membership function of C;, Cs is defined
as follows:

(Def. 5) For every element ¢ of [ C1, Ca ] holds (min(h, g))(c) = min(h(c), g(c)).
Let C1, Cy be non empty sets and let h, g be Membership functions of C1,
(5. The functor max(h, g) yields a Membership function of C;, Cy and is defined
by:
(Def. 6) For every element c of [ C1, Co ] holds (max(h, g))(c) = max(h(c), g(c)).
Let C1, C5 be non empty sets and let A be a Membership function of C7, Cs.
The functor 1-minus h yields a Membership function of C'1, C and is defined as
follows:
(Def. 7)  For every element ¢ of [ C, Cy] holds (1-minush)(c) = 1 — h(c).
Let C1, C5 be non empty sets, let h, g be Membership functions of Cy, Cs,
let A be a fuzzy relation of Ci, Cs, h, and let B be a fuzzy relation of C1, Cs,

g. The functor A N B yields a fuzzy relation of C, Cy, min(h, g) and is defined
as follows:

(Def. 8) ANB=[[}Cy, Ca], (min(h,g))°}C1, Cai].
Let C1, C5 be non empty sets, let h, g be Membership functions of C;, Cy,

let A be a fuzzy relation of C1, Cs, h, and let B be a fuzzy relation of C1, Cs, g.
The functor A U B yielding a fuzzy relation of Cy, Co, max(h, g) is defined by:

(Def.9) AUB= [[Cl, CQ:], (max(h,g))o[:Cl, CQH
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Let C1, C2 be non empty sets, let h be a Membership function of C, Cs, and
let A be a fuzzy relation of Cy, Cy, h. The functor A€ yielding a fuzzy relation
of C1, Co, 1-minus h is defined as follows:

(Def. 10) A° =[] C1, Co], (I-minus h)°} C1, Co 1.

The following propositions are true:

(5) For every element x of [ C, Co ] holds min(h(z), g(x)) = (min(h, g))(x)
and max(h(x), g(z)) = (max(h, g))(z).

(6) max(h,h) = h and min(h,h) = h and max(h,h) = min(h,h) and

min(f, g) = min(g, f) and max(f, g) = max(g, ).

(7) f=giff A=B.

(8) ANA=Aand AUA=A.

(99 AnNB=BNAand AUB=BUA

(10) max(max(f,g),h) = max(f,max(g,h)) and min(min(f,g),h) =

min(f, min(g, h)).

(11) (AuB)UD =AU (BUD).

(12) (AnB)ND=An(BND).

(13) max(f,min(f,g)) = f and min(f, max(f,g)) = f.

(14) AUANB=Aand AN(AUB)=A

(15) min(f, max(g,h)) = max(min(f,g), min(f,h)) and max(f, min(g,h)) =

min(max(f, g), max(f, h)).
(16) AUBND=(AUB)N(AUD)and AN(BUD)=ANBUAND.
(17) 1-minusl-minush = h.
(18) (A°)¢ = A.
(19) 1-minusmax(f,g) = min(1-minus f, I-minus g) and 1-minusmin(f,g) =
max(1-minus f, I-minus g).

(20) (AUB)®=A°NB°and (AN B)® = A°U B°.

(21) ACAUB.

(22) I ACD and BC D, then AUB C D.

(23) If AC B, then AUD C BUD.

(24) If AC Band D C Dy, then AUD C BU D;.

(25) If AC B, then AUB = B.

(26) ANBC A.

(27) ANBC AUB.

(28) IfDC Aand DC B, then DC ANB.

(29) For all elements a, b, ¢, d of R such that a < b and ¢ < d holds min(a, ¢) <

min(b, d).
(30) For all elements a, b, ¢ of R such that a < b holds min(a, ¢) < min(b, c).
(31) If AC B,then AND C BND.
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(32) If AC Band D C Dy, then AND C BN Dy.
(33) If AC B, then ANB=A.

(34) TANBUAND=A, then AC BUD.
(35)

35) A=BUDIiff BC Aand D C A and for all hy, D; such that B C D,
and D ng hOldSAng

(36) A=BnDiff AC Band A C D and for all hy, D; such that D; C B
and D1 Q D holds D1 Q A.

(37) AC Biff B C A°.

(38) If AC B, then B C A°.

(39) If A° C B, then B° C A.

(40) (AU B) C A° and (AU B)° C B
(41) A° C (AN B)° and B C (AN B)°.

3. EXCLUSIVE SuM

Let C1, C5 be non empty sets, let h, g be Membership functions of C7, Co,
let A be a fuzzy relation of Ci, Cy, h, and let B be a fuzzy relation of C1, Cs,
g. The functor A= B yields a fuzzy relation of C1, Co, max(min(h, 1-minus g),
min(1l-minus h, g)) and is defined by:
(Def. 11) A=B = [[Cy, Cy, (max(min(h, 1-minus g), min(1-minus h, g)))°[ C1,
Cy1].
The following propositions are true:
(42) A-B=ANB°UA°NB.
(43) A-B = B-A.

4. ZERO RELATION AND UNIVERSE RELATION

Let (1, C5 be non empty sets. A set is called a zero relation of Cy, Cy if:
(Def. 12) It = [} Ch, Cod, (Xpgoy,0,1)°FC1, C2

Let C1, Cy be non empty sets. A set is called a universe relation of C7, Cs
if:
(Def. 13) It =}EC1, Cod, (Xpoy, caifr,051)°ECL, Ca .
In the sequel X is a universe relation of C7, Cs and O is a zero relation of
C1, Cs.
The following proposition is true

(44) Xptoy, 0,3 is @ Membership function of Cy, Ca.
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Let C1, Cy be non empty sets. The functor Zmf(C1, Cy) yielding a Member-
ship function of Cy, Cs is defined as follows:
(Def. 14) Zmf(Cq,Cs) = XpEcy, 0o
Let Cy, Cy be non empty sets. The functor Umf(Cy, C2) yields a Membership
function of C'1, Cy and is defined as follows:
(Def. 15) Umf(Cy,Cq) = XpC1,CalkCh, Cn
Next we state four propositions:
(45) Let h be a Membership function of C1, Ca. If h = X ¢, ¢y 3,04, ¢ 35 then
FEC1, o, (Xpey, 003 ch,003)° FC1, C211 is a fuzzy relation of C1, Ca, h.
(46) For every Membership function h of C1, Cz such that h = Xp o, oy
holds [ [ C1, Ca i, (Xptcy,c,)°F C1, C211 is a fuzzy relation of C1, O, h.
(47) O is a fuzzy relation of Cy, Cy, Zmf(C1, Cs).
(48) X is a fuzzy relation of Cy, Ca, Umf(C1, Cs).
Let C1, C5 be non empty sets. We see that the zero relation of C1, Cs is a
fuzzy relation of Cy, Co, Zmf(C1, Cy).
Let C1, Cs be non empty sets. We see that the universe relation of Cy, Cy
is a fuzzy relation of C1, Co, Umf(Cy, Cs).
In the sequel X denotes a universe relation of C1, Cy and O denotes a zero
relation of C7, (.
Next we state a number of propositions:
(49) Let a, b be elements of R and f be a partial function from [ C}, Ca] to
R. Suppose rng f C [a,b] and dom f # () and a < b. Let = be an element
of [ C1, Ca . If © € dom f, then a < f(z) and f(z) < b.
(50) O C A.
(51) AC X.
(52) For every element x of [ C, Cy{ and for every Membership function h
of C1, Cs holds (Zmf(C,C2))(z) < h(z) and h(z) < (Umf(Cy, Cs))(x).
(53) max(f, Umf(C1,Cs)) = Umf(Cq, Cs) and min(f, Umf(Cy,Cs)) = f and
max(f, Zmf(Cq,Cs)) = f and min(f, Zmf(C1, Cs)) = Zmf(Cy, Cy).

(54) AUX =X and ANX = A.

(55) AUO=Aand ANO =0.

(56) f ACBand AC D and BND = O, then A= 0.

(67) f ACBand BND =0, then AND = 0.

(58) If AC O, then A= 0.

(59) AUB=0iff A=O and B = O.

(60) f ACBUD and AND =0, then AC B.

(61) 1-minusZmf(Ci,C2) = Umf(C1,C2) and l-minus Umf(Cy,Cy) =

Zmf(Cy, ).
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(62) O°= X and X¢ = O.

(63) A-O = A and O-A = A.

(64) A-X = A°and X~A = A°.

(65) For every element c¢ of [Cy, Co] such that f(c) < h(c) holds

(max(f, min(g, h)))(¢) = (min(max(f, ), h))(c).
(66) If AC D, then AUBND=(AUB)ND.

Let C1, C5 be non empty sets, let f, g be Membership functions of Cy, Cs,
let A be a fuzzy relation of Cy, Cs, f, and let B be a fuzzy relation of C1, Cs,
g. The functor A\ B yielding a fuzzy relation of C7, Co, min(f, 1-minusg) is
defined by:

(Def. 16) A\ B =[[C1, Caf, (min(f, 1-minusg))°f C1, C2 1.

One can prove the following propositions:

(67) A\ B=An B

(68) 1-minus min(f, 1-minus g) = max(1-minus f, g).

(69) (A\B) = A°U B.

(70) For every element ¢ of [Ci, Ca] such that f(c) < g(c) holds

(min(f, 1-minus h))(c) < (min(g, 1-minus h))(c).

(71) If AC B, then A\ D C B\ D.

(72) For every element ¢ of [Ci, Ca] such that f(¢) < g¢g(c¢) holds
(min(h, I-minus ¢))(c) < (min(h, I-minus f))(c).

(73) It AC B, then D\ BC D\ A.

(74) For every element c of [ Cy, C2 ] such that f(c) < g(c) and h(c) < hi(c)
holds (min(f, 1-minus h))(c) < (min(g, I-minus h))(c).

(75) If AC Band D C Dy, then A\ D; C B\ D.

(76) For every element c of [ Cy, C2 ] holds (min(f, I-minus g))(c) < f(c).

(77) A\ BCA.

(78) For every element ¢ of [Cj, Cy] holds (min(f,1-minusg))(c) <
(max(min(f, 1-minus g), min(1-minus f, g)))(c).

(79) A\ BC A-B.

(80) A\O=A.

(81) O\A=0.

(82) For every element ¢ of [Cj, C2] holds (min(f,1-minusg))(c) <

(min(f, 1-minus min(f, g)))(c).

(83) A\BC A\ ANB.

(84) For every element c of [ C1, C ] holds (max(min(f, g), min(f, 1-minusg)))
(¢) < f(e).

(85) For every element c of [ Cq, Cs ] holds (max(f, min(g, 1-minus f)))(c) <
(max(f,g))(c).
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(86) AU(B\A)C AUB.

(87) ANBU(A\ B) C A.

(88) min(f, 1-minus min(g, I-minus ~)) = max(min(f, I-minus g), min(f, h)).

(89) A\ (B\D)=(A\B)UAND.

(90) For every element c of | C, C ] holds (min(f, g))(¢) < (min(f, 1-minus min(f,

1-minus g)))(c).

(91) ANBC A\ (A\ B).

(92) For every element c¢ of [Cj, C2] holds (min(f,1-minusg))(c) <
(min(max(f, g), l-minus g))(c).

(93) A\BC (AUB)\B.
(94) min(f, l-minusmax(g, h)) = min(min(f, 1I-minus ¢), min(f, 1-minus h)).
(95) A\ (BUD)=(A\B)Nn(A\D,).
(96) min(f, 1-minusmin(g, h)) = max(min(f, 1-minus ¢), min(f, I-minus h)).
(97) A\BND=(A\B)U(A\D).
(98) min(min(f, 1-minus ¢), 1-minus ) = min(f, I-minus max(g, h)).
(99) A\ B\D=A\(BUD).
(100) For every element c of | Cy, Ca ] holds (min(max(f, g), I-minus min(f, g)))(c) >
(max(min( f, 1-minus g), min(g, 1-minus f)))(c).
(101) (A\B)U(B\A)C(AUuB)\ AnB.
(102) min(max(f,g), l-minus h) = max(min(f, I-minus /), min(g, 1-minus h)).
(103) (AuB)\D=(A\D)U(B\D).
(104) For every element c of [ Cy, C2 ] such that (min(f, 1-minusg))(c) < h(c)

and (min(g, 1-minus f))(c¢) < h(c) holds (max(min(f, 1-minus g), min(1-minus f,
9)))(e) < h(c).

(105) If A\BC D and B\ AC D, then A~B C D.

(106) AN(B\D)=AnB\D.

(107) For every element c of [ Cy, Ca{ holds (min(f, min(g, 1-minush)))(c) <
(min(min(f, g), I-minus min(f, h)))(c).

(108) AN(B\D)CANnB\AND.

(109) For every element c of [ C1, Ca ] holds (min(max(f, ¢g), 1-minus min(f, g)))(c) >
(max(min( f, 1-minus ¢), min(1-minus f, g)))(c).

(110) A-BC(AUB)\ ANB.

(111) For every element c of [ C1, Ca ] holds (max(min(f, ¢g), 1-minus max(f, g)))(c) <
(1-minus max(min( f, 1-minus ¢), min(1-minus f, g)))(c).

(112) ANBU(AUB)° C (A-B)“.

(113) min(max(min(f, 1I-minus ¢g), min(1-minus f, ¢)), l-minus ») = max(min(f,
1-minus max(g, h)), min(g, I-minus max(f, h))).

(114) (A=B)\D=(A\(BUD))U(B\ (AUD)).
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(115) For every element c of [ Cq, C2 ] holds (min(f, 1-minus max(min(g,
1-minus ~), min(1-minus g, h))))(c) > (max(min(f, I-minus max(g, b)),
min(min(f, g), )))(c)-

(116) (A\(BUD))UANBNDC A\ (B-D,).

(117) For every element ¢ of [ C1, Ca] such that f(c) < g(c) holds g(c) >
(max(f, min(g, I-minus f)))(c).

(118) If AC B, then AU(B\ A) C B.

(119) For every element c of | C1, Ca ] holds (max(f, g))(c) > (max(max(min(f,
1-minus g), min(1-minus f, ¢)), min(f, g)))(c).

(1200 (A-B)UANBC AUB.

(121) If min(f, 1-minus g) = Zmf(C1, C2), then for every element c of [ Cq, Cs |
holds f(c) < g(c).

(122) If A\ B= 0O, then A C B.

(123) If min(f, g) = Zmf(Cy, Cs), then min(f, lI-minus g) = f.

(124) If ANB =0, then A\ B = A.
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The notation and terminology used here are introduced in the following papers:
[21], [2], [10], [11], [9], [7], [6], [3], [8], [13], [12], [17], [16], [15], [14], [22], [23],
18], [20], [4], [5], [19], and [1].

1. FINITE VALUED FUNCTION

For simplicity, we adopt the following rules: X is a non empty set, x is an
element of X, f, g are partial functions from X to R, S is a o-field of subsets
of X, F'is a function from Q into .S, p is a rational number, r is a real number,
n, m are natural numbers, and A, B are elements of S.

Let us consider X and let us consider f. We say that f is finite if and only
if:

(Def. 1) For every x such that = € dom f holds |f(z)| < +oc.
Next we state three propositions:
(1) f=1f
(2) For all f, g, A such that f is finite or ¢ is finite holds dom(f + g) =
dom f N'dom g and dom(f — g) = dom f Ndom g.

@ 2001 University of Bialystok
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(3) Let given f, g, F, r, A. Suppose f is finite and g is finite and for every
p holds F(p) = AN LE-dom(f,R(p)) N (AN LE-dom(g,R(r — p))). Then
ANLE-dom(f + g,R(r)) = Jrng F.

2. MEASURABILITY OF f+ g AND f —g

The following propositions are true:

(4) There exists a function F' from N into Q such that F' is one-to-one and
dom F' = N and g F' = Q.

(5) Let X, Y, Z be non empty sets and F' be a function from X into Z. If
X & Y, then there exists a function G from Y into Z such that rmg F' =
mgG.

(6) Letgiven S, f, g, A. Suppose f is measurable on A and g is measurable on
A. Then there exists a function F' from Q into .S such that for every rational
number p holds F'(p) = ANLE-dom(f,R(p)) N (ANLE-dom(g, R(r —p))).

(7) Let given f, g, A. Suppose f is finite and g is finite and f is measurable
on A and g is measurable on A. Then f + g is measurable on A.

(8) For all sets E, F, G and for every partial function f from E to F holds
JYG) C E.

(9) For every non empty set C' and for all partial functions fi, fo from C' to
R holds fi — fo = f1 + — fo.

(10) For every real number r holds R(—r) = —R(r).

(11) For every non empty set C' and for every partial function f from C to R
holds —f = (—1) f.

(12) Let C be a non empty set, f be a partial function from C to R, and r
be a real number. If f is finite, then r f is finite.

(13) Let given f, g, A. Suppose f is finite and g is finite and f is measurable

on A and g is measurable on A and A C domg. Then f — g is measurable
on A.

3. DEFINITIONS OF EXTENDED REAL VALUED FUNCTIONS MAX4 (f) AND
MAX_(f) AND THEIR BASIC PROPERTIES

Let C be a non empty set and let f be a partial function from C to R. The
functor max, (f) yields a partial function from C to R and is defined as follows:

(Def. 2) dommax, (f) = dom f and for every element x of C' such that z €
dom max (f) holds (max (f))(z) = max(f(x),0g).
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The functor max_(f) yielding a partial function from C to R is defined by:

(Def. 3) dommax_(f) = dom f and for every element z of C such that = €
dommax_(f) holds (max_(f))(z) = max(—f(z), 0g).

The following propositions are true:

(14) Let C be a non empty set, f be a partial function from C to R, and z
be an element of C. If € dom f, then O < (maxy(f))(x).

(15) Let C be a non empty set, f be a partial function from C to R, and z
be an element of C. If x € dom f, then O < (max_(f))(x).

(16) For every non empty set C' and for every partial function f from C to R
holds max_(f) = max4(—f).

(17) Let C be a non empty set, f be a partial function from C to R, and
x be an element of C. If x € dom f and O < (maxy(f))(z), then
(max_(f))(z) = Og.

(18) Let C be a non empty set, f be a partial function from C to R, and
x be an element of C. If x € dom f and Og < (max_(f))(z), then
(max ())(x) = O,

(19) For every non empty set C' and for every partial function f from C to R
holds dom f = dom(maxy(f) — max_(f)) and dom f = dom(max(f) +
max_(f).

(20) Let C be a non empty set, f be a partial function from C to R, and
x be an element of C. If x € dom f, then (max;(f))(z) = f(z) or
(maxy (f))(x) = O but (max_(f))(z) = —f(x) or (max_(f))(z) = Og.

(21) Let C be a non empty set, f be a partial function from C to R, and
x be an element of C. If x € dom f and (max,(f))(z) = f(x), then
(max_(f))(x) = O,

(22) Let C be a non empty set, f be a partial function from C to R, and
x be an element of C. If x € dom f and (max;(f))(z) = Og, then
(max_(f))(x) = —f ().

(23) Let C be a non empty set, f be a partial function from C to R, and
x be an element of C. If z € dom f and (max_(f))(z) = —f(x), then
(max ())(x) = O,

(24) Let C be a non empty set, f be a partial function from C to R, and
x be an element of C. If x € dom f and (max_(f))(x) = Og, then
(max: (/) (@) = ().

(25) For every non empty set C and for every partial function f from C to R
holds f = max4(f) — max_(f).

(26) For every non empty set C' and for every partial function f from C to R
holds | f| = max, (f) + max_(f).
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4. MEASURABILITY OF MAX4 (f), MAX_(f) AND |f|

Next we state three propositions:
(27) If f is measurable on A, then max, (f) is measurable on A.

(28) If f is measurable on A and A C dom f, then max_(f) is measurable on
A

(29) For all f, A such that f is measurable on A and A C dom f holds |f] is
measurable on A.

5. DEFINITION AND MEASURABILITY OF CHARACTERISTIC FUNCTION

One can prove the following proposition
(30) For all sets A, X holds rng(Xa,x) C {0, 1}
Let A, X be sets. Then X 4 x is a partial function from X to R.
Next we state two propositions:
(31) Xa,x is finite.
(32) Xa,x is measurable on B.

6. DEFINITION AND MEASURABILITY OF SIMPLE FUNCTION

Let X be a set and let S be a o-field of subsets of X. One can check that there
exists a finite sequence of elements of .S which is disjoint valued.
Let X be a set and let S be a o-field of subsets of X. A finite sequence of
separated subsets of S is a disjoint valued finite sequence of elements of S.
The following propositions are true:

(33) Suppose F'is a finite sequence of separated subsets of S. Then there exists
a sequence G of separated subsets of S such that | Jrng F' = [Jrng G and
for every n such that n € dom F' holds F'(n) = G(n) and for every m such
that m ¢ dom F holds G(m) = 0.

(34) If F is a finite sequence of separated subsets of S, then | Jrng F' € S.

Let X be a non empty set, let S be a o-field of subsets of X, and let f be a
partial function from X to R. We say that f is simple function in S if and only
if the conditions (Def. 5) are satisfied.

(Def. 5){i) £ is finite, and
(ii)  there exists a finite sequence F' of separated subsets of S such that

dom f = |Jrng F' and for every natural number n and for all elements z, y
of X such that n € dom F and z € F(n) and y € F(n) holds f(x) = f(y).

!The definition (Def. 4) has been removed.
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One can prove the following propositions:

(35) If f is finite, then rng f is a subset of R.

(36) Suppose F' is a finite sequence of separated subsets of S. Let given n.

Then F'[ Segn is a finite sequence of separated subsets of .S.

(37) If f is simple function in S, then f is measurable on A.
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The notation and terminology used in this paper are introduced in the following
papers: (251, [2], [11], [26], [21], [12], [3], [5], [30], [7], [28], [6], [18], [22], [17], [24],
20, (23], [8], [10], [16], [1], [27], [9], [4], [15], [32], [19], [20], [31], [13], and [14].

For simplicity, we adopt the following convention: F denotes a compact non
vertical non horizontal subset of 5%, C denotes a compact connected non vertical
non horizontal subset of 5%, G denotes a Go-board, i, j, m, n denote natural
numbers, and p denotes a point of S%.

Let us observe that every simple closed curve is non vertical and non hori-
zontal.

Let T be a non empty topological space. Note that there exists a union of
components of 1" which is non empty.

The following propositions are true:

(1) Let T be a non empty topological space and A be a non empty union of
components of T'. If A is connected, then A is a component of 7.

(2) For every finite sequence f holds f is empty iff Rev(f) is empty.

(3) Let D be a non empty set, f be a finite sequence of elements of D, and
given i, j. If 1 <iand i <len f and 1 < j and j < len f, then mid(f,1, j)
is non empty.

(4) Let f be a non empty finite sequence of elements of 5% and p be a point
of 2. If 1<lenf and p € L(f), then (| f,p)(1) = f(1).

(5) Let f be a non empty finite sequence of elements of 5% and p be a point
of EZ. If f is a special sequence and p € E(f)7 then (| p, f)(len]|p, f) =

f(len f).

!This work has been partially supported by CALCULEMUS grant HPRN-CT-2000-00102.
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(6) For every simple closed curve P holds W-max P # E-max P.

(7) Let D be a non empty set and f be a finite sequence of elements of D. If
1 <iandi<lenf, then (mid(f,4,len f =" 1)) ™ (fien f) = mid(f,%,len f).

(8) For all points p, q of £2 such that p # g and L(p, q) is vertical holds (p,
q) is a special sequence.

(9) For all points p, g of 5% such that p # ¢ and L(p, q) is horizontal holds
(p, q) is a special sequence.

(10) Let p, ¢ be finite sequences of elements of £2 and v be a point of £2. If
p is in the area of ¢, then pfy is in the area of q.

(11) For every non trivial finite sequence p of elements of €2 and for every
point v of 5% holds pfs is in the area of p.

(12) For every finite sequence f holds Center f > 1

(13) For every finite sequence f such that len f > 1 holds Center f < len f.
(14) CenterG < lenG.

(15) For every finite sequence f such that len f > 2 holds Center f > 1.
(16) For every finite sequence f such that len f > 3 holds Center f < len f.
(17) Center Gauge(E,n) = 21 4+ 2.

(18) E C cell(Gauge(E,0),2,2).

(19) cell(Gauge(F,0),2,2) Z BDD E.

(20) (Gauge(C,1))center Gauge(C,1),1 =

[W—bound C;E—boundC’ S-bound /:'(Cage(C, 1))]
(21)  (Gauge(C, 1)) Center Gauge(C:1).len Gauge(C,1) =
[W—bound C+E-bound C , N-bound E(Cage(C’, 1))]
(22) If1<jand j < widthG and 1 < m and m < lenG and 1 < n and
< width G and p € cell(G,lenG, j) and p1 = (Gmn)1, then len G = m.

(23) Suppose 1 <iandi<lenGand 1 < jand j < widthG and 1 <
and m < lenG and 1 < n and n < widthG and p € cell(G, 1, ) and
p1 = (Gmpn)1- Theni=mori=m—'1.

(24) If1<iandi<lenG and 1 <mand m <lenG and 1 < n and n <
width G and p € cell(G, i, width G) and p2 = (G, n)2, then widthG = n.

(25) Suppose 1 < ¢ and ¢ < lenG and 1 < j and j < widthG and 1 < m
and m < lenG and 1 < n and n < widthG and p € cell(G,1,j) and
p2 = (Gmp)2- Then j=norj=n-"1.

(26) For every simple closed curve C' and for every real number r such
that W-boundC' < r and r < E-bound C' holds L([r,S-bound C], [r,
N-bound C]) meets UpperArc C.

(27) For every simple closed curve C and for every real number r such
that W-boundC' < r and r < E-boundC holds L([r,S-bound C1, [r,
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N-bound C]) meets LowerArc C.

(28) Let C be a simple closed curve and i be a natural number. If 1 < i and
i < len Gauge(C,n), then L((Gauge(C,n)); 1, (Gauge(C,n)); len Gauge(C,n))
meets UpperArc C.

(29) Let C be a simple closed curve and i be a natural number. If 1 < i and
i < len Gauge(C,n), then L((Gauge(C,n)); 1, (Gauge(C,n)); ten Gauge(C,n))
meets LowerArc C.

(30) For every simple closed curve C' holds L((Gauge(C,n))center Gauge(Cyn),15
(Gauge(C, 1)) Center Gauge(Cyn),len Gauge(C,n)) Meets UpperArc C.

(31) For every simple closed curve C' holds L((Gauge(C,n))center Gauge(Cyn),15
(Gauge(C, 1)) Center Gauge(C,n),len Gauge(C,n)) Meets LowerArc C.

(32) Let C be a compact connected non vertical non horizontal sub-
set of % and i be a natural number. If 1 < i and i <
len Gauge(C, n), then L((Gauge(C, n)); 1, (Gauge(C, n))men Gauge(C,n)) me-
ets UpperArc L£(Cage(C,n)).

(33) Let C be a compact connected non vertical non horizontal sub-
set of % and i be a natural number. If 1 < i and i <
len Gauge(C, nN), then L((Gauge(C,n)); 1, (Gauge(C,n)); len Gauge(C,n)) Te-
ets LowerArc L£(Cage(C, n)).

(34) For every compact connected non vertical non horizontal subset C' of £2
holds L£((Gauge(C,n))center Gauge(Cyn),15
(Gauge(C, 1)) Center Gauge(Cyn) len Gauge(C,ny) Ieets UpperArc £(Cage(C, n)).

(35) For every compact connected non vertical non horizontal subset C' of £%
holds L((Gauge(C, n))center Gauge(Cyn),15
(Gauge(C, 1)) Center Gauge(Cyn) len Gange(C,n)) Meets LowerArc £(Cage(C,n)).

(36) If j < width G, then cell(G, 0, j) is not Bounded.

(37) If i < width G, then cell(G,len G, i) is not Bounded.

(38) If j < width Gauge(C,n), then cell(Gauge(C,n),0,5) C UBD C.

(39) If j < lenGauge(E,n), then cell(Gauge(E,n),len Gauge(E,n),j) C
UBD E.

(40) Ifi < len Gauge(C,n) and j < width Gauge(C, n) and cell(Gauge(C,n),i,j) C
BDD C| then j > 1.

(41) Ifi < len Gauge(C,n) and j < width Gauge(C, n) and cell(Gauge(C, n), i, j) C
BDD C, then i > 1.

(42) Ifi < len Gauge(C,n) and j < width Gauge(C, n) and cell(Gauge(C,n),i,j) C
BDD C, then j + 1 < width Gauge(C, n).

(43) Ifi < len Gauge(C,n) and j < width Gauge(C,n) and cell(Gauge(C,n),i,j) C
BDD C, then i+ 1 < len Gauge(C, n).
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(44) If there exist 4, j such that ¢ < lenGauge(C,n) and j <
width Gauge(C,n) and cell(Gauge(C, n),i,j) € BDD C, then n > 1.
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Summary. This article is divided into two parts. In the first part, we prove
some useful theorems on finite topological spaces. In the second part, in order to
consider a family of neighborhoods to a point in a space, we extend the notion of
finite topological space and define a new topological space, which we call formal
topological space. We show the relation between formal topological space struct
(FMT_Space_Str) and the TopStruct by giving a function (NeighSp). And the
following notions are introduced in formal topological spaces: boundary, closure,
interior, isolated point, connected point, open set and close set, then some basic
facts concerning them are proved. We will discuss the relation between the formal
topological space and the finite topological space in future work.

MML Identifier: FINTOPO2.

The papers [5], [3], [2], [1], [6], and [4] provide the notation and terminology for
this paper.

1. SOME USEFUL THEOREMS ON FINITE TOPOLOGICAL SPACES

In this paper F} denotes a non empty finite topology space and A denotes a
subset of the carrier of F7.
The following propositions are true:
(1) Let F} be a non empty finite topology space and A, B be subsets of the
carrier of Fy. If A C B, then A* C B,
(2) A% = Abn(AY)e.
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(3) A% = AP\ A
(4) If A°is open, then A is closed.
(5) If A€ is closed, then A is open.

Let F1 be a non empty finite topology space, let x be an element of the
carrier of F1, let y be an element of the carrier of Fi, and let A be a subset of
the carrier of Fy. The functor Py(x,y, A) yields an element of Boolean and is
defined by:

(Def. 1) Py(z,y,A) = {

Let F} be a non empty finite topology space, let x be an element of the
carrier of Fi, let y be an element of the carrier of Fj, and let A be a subset

true, if y € U(z) and y € A,
false, otherwise.

of the carrier of Fj. The functor Py(x,y, A) yielding an element of Boolean is
defined as follows:

(Def. 2) Pay(z,y,A) = {

We now state three propositions:

true, if y € U(x) and y € A€,
false, otherwise.

(6) Let z, y be elements of the carrier of F; and A be a subset of the carrier
of Fy. Then Pi(x,y, A) = true if and only if y € U(x) and y € A.

(7) Let x, y be elements of the carrier of F} and A be a subset of the carrier
of Fy. Then Py(z,y, A) = true if and only if y € U(x) and y € A°.

(8) Let = be an element of the carrier of F; and A be a subset of the carrier
of Fi. Then z € A% if and only if there exist elements 1, y2 of the carrier
of Fy such that Py(z,y1, A) = true and Po(x,y2, A) = true.

Let F1 be a non empty finite topology space, let x be an element of the

carrier of Fi, and let y be an element of the carrier of F;. The functor Py(z,y)
yielding an element of Boolean is defined as follows:

true, if y € U(x),
(Def. 3) Po(w,y) = { false, o‘glerwiée.)
We now state three propositions:
(9) For all elements x, y of the carrier of F} holds Py(x,y) = true iff y €
U(z).
(10) Let z be an element of the carrier of F; and A be a subset of the carrier
of F1. Then x € A* if and only if for every element y of the carrier of F}
such that Po(z,y) = true holds Py (x,y, A) = true.

(11) Let = be an element of the carrier of F; and A be a subset of the carrier
of Fi. Then x € A? if and only if there exists an element ; of the carrier
of Fy such that Pi(z,y1, A) = true.

Let I} be a non empty finite topology space, let x be an element of the
carrier of Fy, and let A be a subset of the carrier of Fj. The functor Pa(z, A)
yielding an element of Boolean is defined as follows:
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true, if x € A,
(Def. 4) Pa(x,A) = { false, otherwise.

One can prove the following three propositions:

(12) Let = be an element of the carrier of F; and A be a subset of the carrier
of F. Then Py (z, A) = true if and only if x € A.

(13) Let z be an element of the carrier of F} and A be a subset of the carrier
of Fy. Then x € A% if and only if the following conditions are satisfied:
(i)  there exist elements yi, ya of the carrier of F} such that Pi(x,y1, A) =
true and Po(x,ya, A) = true, and
(ii)) Pa(z, A) = true.
(14) Let = be an element of the carrier of F; and A be a subset of the carrier
of Fy. Then x € A% if and only if the following conditions are satisfied:
(i)  there exist elements yi, ya of the carrier of F} such that Pi(x,y1, A) =
true and Po(x,ya, A) = true, and
(ii) Pa(z, A) = false.
Let F1 be a non empty finite topology space, let x be an element of the
carrier of F, and let y be an element of the carrier of F;. The functor Pe(z,y)
yielding an element of Boolean is defined by:

(Def. 5) Pe(x,y) = {

The following four propositions are true:

true, if x =y,
false, otherwise.

(15) For all elements z, y of the carrier of Fy holds Pe(z,y) = true iff z = y.

(16) Let z be an element of the carrier of F; and A be a subset of the carrier
of F. Then z € A® if and only if the following conditions are satisfied:
(i) Pa(z,A) = true, and
(ii) it is not true that there exists an element y of the carrier of F; such
that Py(z,y, A) = true and Po(z,y) = false.
(17) Let x be an element of the carrier of F} and A be a subset of the carrier
of F. Then z € A™ if and only if the following conditions are satisfied:
(i) Pa(z,A) = true, and
(ii)  there exists an element y of the carrier of F} such that Py(z,y, A) = true
and Pe(z,y) = false.
(18) Let = be an element of the carrier of F; and A be a subset of the carrier
of Fy. Then = € A7 if and only if there exists an element y of the carrier
of Fy such that Pa(y, A) = true and Py(y, z) = true.
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2. FORMAL TOPOLOGICAL SPACES

We introduce formal topological spaces which are extensions of 1-sorted
structure and are systems

( a carrier, a Neighbour-map ),
where the carrier is a set and the Neighbour-map is a function from the carrier
into 22tl)e carrier‘

Let us observe that there exists a formal topological space which is non
empty and strict.

In the sequel T is a non empty topological structure, F5 is a non empty
formal topological space, and x is an element of the carrier of F5.

Let us consider Fy and let x be an element of the carrier of Fy. The functor
Ur(z) yielding a subset of 2the carrier of F2 ig defined as follows:

(Def. 6) Up(z) = (the Neighbour-map of Fy)(x).
Next we state the proposition
(19) Let F, be a non empty formal topological space and x be an element of
the carrier of F5. Then Up(z) = (the Neighbour-map of F»)(x).
Let us consider T'. The functor NeighSp T yielding a non empty strict formal
topological space is defined by the conditions (Def. 7).
(Def. 7)(i) The carrier of NeighSpT = the carrier of T', and
(ii)  for every point = of NeighSp T holds Ur(z) = {V; V ranges over subsets
of T: V € the topology of T A x € V'}.
In the sequel A, B, W, V denote subsets of the carrier of Fs.
Let I; be a non empty formal topological space. We say that I is filled if
and only if:
(Def. 8) For every element z of the carrier of I; and for every subset D of the
carrier of I; such that D € Up(z) holds z € D.
Let us consider F, and let us consider A. The functor AF? yielding a subset
of the carrier of Fy is defined as follows:
(Def. 9) AP ={x: Ay (W eUr(z) = WNA#D A WNA®£D)}.
The following proposition is true
(20) x € AF9 iff for every W such that W € Up(z) holds W N A # § and
W N AC £ 0.
Let us consider Fy and let us consider A. The functor A yielding a subset
of the carrier of Fy is defined as follows:
(Def. 10) Afv = {z: \yy (W € Up(z) = WNA#D)}
One can prove the following proposition
(21) x € A iff for every W such that W € Ug(z) holds W N A # (.
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Let us consider F» and let us consider A. The functor A yielding a subset
of the carrier of Fy is defined as follows:

(Def. 11) A ={x:\/ (V€ Up(z) A V C A)}.
Next we state the proposition
(22) x € AT iff there exists V such that V € Ug(x) and V C A.

Let us consider Fy and let us consider A. The functor Afs yields a subset of
the carrier of F5 and is defined by:

(Def. 12) Afs={z:x2€ A AN\, (VeUr(x) A (V\{z})NA=0)}
One can prove the following proposition
(23) =z € A iff x € A and there exists V such that V € Up(z) and (V \
{z})NnA=0.
Let us consider 5 and let us consider A. The functor Afen yields a subset
of the carrier of F» and is defined by:

(Def. 13)  Afon = A\ Afs.
We now state a number of propositions:
(24) z € Afon iff z € A and for every V such that V € Ug(z) holds (V \
{z})NA£0.
(25) Let F5 be a non empty formal topological space and A, B be subsets of
the carrier of Fy. If A C B, then Afe C By,
(26) Let F, be a non empty formal topological space and A, B be subsets of
the carrier of Fy. If A C B, then Afi C BF:.
(27) AP u Bt C Au B,
(28) AN B C Afv 0 B,
(29) Afiu B C Au B,
(30) AnBf C AFin BE.
(31) Let F» be a non empty formal topological space. Then the following
statements are equivalent
(i) for every element = of the carrier of Fy and for all subsets Vi, V5 of the
carrier of Fy such that V) € Up(x) and Vo € Up(z) there exists a subset

W of the carrier of Fy such that W € Up(z) and W C V; N Va,
(i)  for all subsets A, B of the carrier of I holds AU Bf» = A U Bfb,

(32) Let Fy be a non empty formal topological space. Then the following
statements are equivalent
(i)  for every element x of the carrier of Fy and for all subsets Vi, V5 of the
carrier of Fy such that Vj € Up(x) and V5 € Up(x) there exists a subset
W of the carrier of Fy such that W € Up(z) and W C V1 NV3,
(i) for all subsets A, B of the carrier of I holds A N Bfi = An B,

(33) Let F, be a non empty formal topological space and A, B be subsets
of the carrier of Fy. Suppose that for every element z of the carrier of
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F5 and for all subsets Vi, V5 of the carrier of Fy such that V; € Up(z)
and Vo € Up(x) there exists a subset W of the carrier of F5 such that
W € Up(z) and W C V; N V. Then AU BF® C AFOy BF9,

(34) Let Fy be a non empty formal topological space. Suppose Fy is filled.
Suppose that for all subsets A, B of the carrier of F» holds A U BF? =
AFOUBFY Tet 2 be an element of the carrier of F, and V1, Vi be subsets of
the carrier of F». Suppose Vi € Up(x) and Vo € Up(z). Then there exists
a subset W of the carrier of Fy such that W € Up(x) and W C V; N Va.

(35) Let = be an element of the carrier of F» and A be a subset of the carrier
of Fy. Then x € Afs if and only if the following conditions are satisfied:
(i) ze€A, and
(i) = ¢ A\ {2}
(36) Let F, be a non empty formal topological space. Then F» is filled if and
only if for every subset A of the carrier of F, holds A C A%,

(37) Let F, be a non empty formal topological space. Then F» is filled if and
only if for every subset A of the carrier of F» holds A" C A.

(38) (Acfv)e = AF,

(39) (Acfi)e = AP,

(40) AFO = AFb 0 Acth,
(41) AFO = AFon (AFY)e,
(42) AF& _ ACF(S.

(43) AFO = AFo\ Al

Let us consider F5 and let us consider A. The functor A% yields a subset
of the carrier of F5 and is defined by:

(Def. 14) AF% = An AP,

The functor A% yields a subset of the carrier of F5 and is defined by:

(Def. 15)  AF% = Acn AF9.

The following proposition is true
(44) AFS = AFoiy AFO,

Let us consider F5 and let G be a subset of the carrier of F5. We say that G
is open if and only if:

(Def. 16) G = G*i.

We say that G is closed if and only if:

(Def. 17) G = G'.

Next we state four propositions:
(45) 1If A° is open, then A is closed.
(46) If A°is closed, then A is open.
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(47) Let F5 be a non empty formal topological space and A, B be subsets of
the carrier of Fy. Suppose F5 is filled. Suppose that for every element x of
the carrier of F» holds {z} € Up(z). Then AN B = A% n B,

(48) Let F, be a non empty formal topological space and A, B be subsets of
the carrier of F5. Suppose F5 is filled. Suppose that for every element x of
the carrier of Fy holds {z} € Up(z). Then Afi U Bfi = AU Bfi.
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The terminology and notation used in this paper are introduced in the following
articles: [20], [25], [2], [7], [18], [21], [8], [3], [4], [16], [13], [23], [14], [17], [5], [11],
[12], [1], [19], [6], [10], [15], [22], [24], and [9].

We adopt the following convention: C' denotes a simple closed curve, i, j, n
denote natural numbers, and p denotes a point of 5%.

The following propositions are true:

(1) BDDZC is Bounded.

(2) If (i,j) € the indices of Gauge(C,n) and (i + 1,j) € the
indices of Gauge(C,n), then p((Gauge(C,n))i1,(Gauge(C,n))21) =
|[((Gauge(C, n))it1,5)1 — ((Gauge(C,n))ij)l-

(3) If (i,j) € the indices of Gauge(C,n) and (i,j + 1) € the
indices of Gauge(C,n), then p((Gauge(C,n))i1,(Gauge(C,n))12) =
|((Gauge(C,n))ij+1)2 — ((Gauge(C, n))i ;).

(4) For every subset S of £% such that S is Bounded holds (proj1)°S is
bounded.

(5) Let C; be a non empty compact subset of £2 and Cs, S be non empty
subsets of £4. If S = C; U Oy and (proj1)°Cy is non empty and lower
bounded, then W-bound S = min(W-bound Cj, W-bound C5).

(6) For every subset X of £2 such that p € X and X is Bounded holds
W-bound X < p; and p; < E-bound X and S-bound X < pg and pa <
N-bound X.

(7) p € WestHalflinep and p € EastHalfline p.

!This work has been partially supported by CALCULEMUS grant HPRN-CT-2000-00102.
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(8) WestHalfline p is non Bounded.
(9) EastHalflinep is non Bounded.
(10) NorthHalfline p is non Bounded.
(11) SouthHalfline p is non Bounded.
(12) If UBDC # (), then UBD C' is a component of C°.
(13) For every connected subset Wy of £2 such that W is non Bounded and

W1 N C =0 holds W; C UBD C.

(14) For every point p of £% such that WestHalflinep N C' = § holds
WestHalflinep C UBD C.

(15) For every point p of £2 such that EastHalflinep N C' = @ holds
EastHalflinep C UBD C.

(16) For every point p of £2 such that SouthHalflinep N C = ( holds
SouthHalflinep C UBD C.

(17) For every point p of €2 such that NorthHalflinep N C = ) holds
NorthHalflinep C UBD C.

(18) 1If BDD C # 0, then W-bound C' < W-bound BDD C.
(19) 1If BDD C # 0, then E-bound C' > E-bound BDD C.
(20) If BDD C # 0, then S-bound C < S-bound BDD C.
(21) 1If BDD C # 0, then N-bound C' > N-bound BDD C.
(22)

For every integer I such that p € BDDC and I = | f&r;jvg__b{;\}l_ rﬁ)gﬂ ol

2" 4+ 2] holds 1 < 1.

(23) For every integer I such that p € BDDC and I = | g gl}r;ivgf\?\}l_iign ol
2" + 2| holds I + 1 < len Gauge(C, n).

(24) For every integer J such that p € BDDC and J = LN—bgjr;iS&b:)él—nbdogn ic

2" 4+ 2] holds 1 < J and J + 1 < width Gauge(C, n).

(25) For every integer I such that [ = | gpZiWbowrdC . on 4 9| holds

W-bound C + E-bound C;}N-boundc . (I _ 2) < p1.
(26) For every integer I such that I = LE—bf&r;ngj)\?\}l—iifn 7¢ - 2" + 2/ holds

P < W-bound C + E-bound CQ—T}N-boundC . (I _ 1)

(27) For every integer J such that J = LN-bfjr;lS(_Jb—oélﬁodoSn Tc - 2" + 2] holds

S-bound C' + N-bound C2;S—boundC . (J _ 2) < pa.

(28) For every integer J such that J = LN_bfjriisékfgidogndc 2" + 2| holds
pa < S-bound C + N—boundCQ;S—boundC . (J _ 1)

(29) Let C be a closed subset of £2 and p be a point of £2. If p € BDD C,
then there exists a real number r such that » > 0 and Ball(p,r) C BDD C.

(30) Let p, g be points of 5% and r be a real number. Suppose
p((Gauge(C,n))1,1, (Gauge(C,n))12) < r and p((Gauge(C,n))1,1,




SOME PROPERTIES OF CELLS AND GAUGES 547

(Gauge(C,n))21) < r and p € cell(Gauge(C,n),i,j) and ¢ €
cell(Gauge(C,n),i,j) and 1 < 7 and ¢ + 1 < len Gauge(C,n) and 1 < j
and j + 1 < width Gauge(C, n). Then p(p,q) <2 -r.

(31) If p € BDDC, then pa # N-bound BDD C.

(32) If p e BDDC, then p; # E-bound BDD C.

(33) If p € BDD C, then pa # S-bound BDD C.

(34) If p € BDDC, then p1 # W-bound BDD C.

(35)

Suppose p € BDD C'. Then there exist natural numbers n, ¢, j such that
1 < i and ¢ < lenGauge(C,n) and 1 < j and j < width Gauge(C,n)
and p1 # ((Gauge(C,n)); ;)1 and p € cell(Gauge(C,n),i,j) and
cell(Gauge(C,n),i,j) € BDDC.
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[15], and [7].

1. PRELIMINARIES

For simplicity, we use the following convention: D denotes a non empty set,
f denotes a finite sequence of elements of D, g denotes a circular finite sequence
of elements of D, and p, p1, p2, p3, q¢ denote elements of D.
We now state several propositions:
(1) Ifgerng(flp <P f), then g <P f <p<r f.
(2) IIpermgfandgemgfandp «P f < g «P f, then ¢ «P (f:—p) =
(P f—prf)+1L
(3) Ifpemgfandgermgfandp <P f<q<P f,thenp <P (f —:q)=p <P
I
(4) Ifpemgfandgermgfandp < f<q<P f, then g« (f&) = (¢ <P
f—-p<f)+1
(5) If py € rng f and po € rng f and ps € rng f and p; <P f < p2 <P f and
p2 <P [ <p3 <P f, then po <f (f5') < p3 <P (f&).
(6) If pp € rng f and pa € rng f and p3 € rng f and p; <P f < p2 <P f and
p2 <P f < p3 <P f, then po ¢ (f5') < p3 < (f2).
(7) If pernggandleng > 1, then p <P g < leng.
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2. ORDERING OF SPECIAL POINTS ON A STANDARD SPECIAL SEQUENCE

We adopt the following rules: f denotes a non constant standard special
circular sequence and p, p1, p2, p3, ¢ denote points of 5%.
The following propositions are true:
(8) fj1 is one-to-one.
(9) If1<q<P fandgqerngf, then (mif) <P (f%) =(lenf+1) —q < f.
(10) If perngfand ¢ € mgf and p <P f < q <P f, then p <P (f3) =
(lenf+per f)—q<rf.
(11) If p; € rng f and pa € rng f and ps € rng f and p; <P f < py <P f and
p2 <P f <ps <P f, then p3 <P (f5) < p1 <P (f&).
(12) If py € rng f and pa € rng f and p3 € rng f and p; <P f < p2 «P f and
p2 P f <p3 <P f, then p1 <P (f) <p2 «f ().
(13) If p; € rng f and py € rng f and ps € rmg f and p; <P f < py <P f and
p2 <P f <ps <P f, then p <P (f5') < p2 <P (&)

(14) (S-min L(f)) «f f < len f.
(15) (S-max L(f)) <P f < len f.
(16) (BE-minL(f)) <P f <len f.
(17) (BE-max L(f)) «f f < len f.
(18) (N-min £(f)) «f f < len f.
(19) (N-maxZ(f)) < f <lenf.
(20) (W-max L(f)) «f f < len f.
(21)  (W-min L(f)) <P f < len f.

3. ORDERING OF SPECIAL POINTS ON A CLOCKWISE ORIENTED SEQUENCE

In the sequel z is a clockwise oriented non constant standard special circular
sequence.
Next we state a number of propositions:

(22) Iftmf= W—miné(f), then (W—miné(f))  f < (W-max L(f)) <P f.

(23) If 1 f = W-min £(f), then (W-max L(f)) <P f > 1.

(24) If mz = W-min L(z) and  W-max L£(z) # N-minZ(z), then
(W-max £(z)) <P z < (N-min L£(2)) «F z.

(25) If m 2z = W-min £(2), then (N-min £(2)) <P z < (N-max L(z)) <P z.

(26) If mz = W-min L(2) and  N-max L£(z) # E-maxf(z), then
(N-max L(z)) <P z < (E-max L(z)) <P 2.
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(27) If m z = W-min £(2), then (E-max £(2)) <P z < (E-min £(2)) <P z.

(28) If mz = W-min Z(z)~and E-min£(z) # SmaxL(z), then
(E-min £(2)) «P z < (S-max L(z)) <P z.

(29) If mz = W-min Z(Z)N and S-minf(z) # W-minZ(z), then
(S-max L£(z)) «P z < (S-min L£(2)) «P z.

(30) If 71 f = S-max L£(f), then (S-max L(f)) <P f < (S-min L(f)) «f f.

(31) If i f = S-max £(f), then (S-min £(f)) «f f > 1.

(32) If mz = S-max £(z) ~and  S-min L£(z) # W-min£(z), then
(S-min L(2)) «P z < (W-min L(z)) <P 2.

(33) If mz = S-max £(2), then (W-min £(2)) <P z < (W-max £L(z)) <P 2.

(34) If mz = S-max £(z) and W-max£(z) # N-min£L(z), then
(W-max £(z)) <P z < (N-min £(z)) «P 2.

(35) If mz = S-max £(z), then (N-min £(z)) <P z < (N-max £(2)) <P z.

(36) If mz = S-max L(2) and  N-max L(z) # E-maxL(z), then
(N-max £(z)) «P z < (E-max L(z)) «P z.
(37) If mz = S-max L£(z) and E-minf(z) # S-maxZL(z), then

(BE-max £(z)) <P z < (E-min £(2)) <P z.

(38) If 7 f = E-max L£(f), then (E-max £(f)) <P f < (B-min L(f)) <f f.

(39) If m1f = E-max £(f), then (E-min £(f)) <P f > 1.

(40) If mz = E-max L(z) _and  S-max L(z) # E-minL(z), then
(E-min £(2)) <P z < (S-max L(z)) <P z.

(41) If m 2 = B-max £(2), then (S-max £(z)) <P z < (S-min £(2)) <P .

(42) If mz = E-max L(z) ~and  S-min L£(z) # W-min£(z), then
(S-min £(2)) «P z < (W-min L(z)) <P z.

(43) If 2 = B-max £(2), then (W-min £(2)) <P z < (W-max £(2)) <P z.

(44) If mz = E-max L(z) and  W-max L(z) # N-minZ(z), then
(W-max L(z)) «P z < (N-min £L(z)) «P 2.

(45) If mz = E-max L(z) and  N-max L(z) # E-maxL(z), then
(N-min £(2)) «P z < (N-max L(z)) «P 2.

(46) If mf = N-max L(f) and N-max L(f) # E-maxL(f), then
(N-max L(f)) «P f~< (E-max L(f)) <—(if N

(47) If m1z = N-max £(z), then (E-max £(2)) <P z < (E-min £(z)) «P z.

(48) If mz = N-max L(z) _and  E-min L£(z) # SmaxL(z), then
(E-min £(2)) <P z < (S-max L(z)) <P z.

(49) If m 2 = N-max £(z), then (S-max £(z)) <P z < (S-min L(z)) <P z.

(50) If mz = N-max L(z) _and  S-min L£(z) # W-min£(z), then
(S-min £(2)) «P z < (W-min L(z)) «P z.

(51) If 2 = N-max £(z), then (W-min £(z)) <P z < (W-max £(z)) <P z.
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(52) If mz = N-max L(z) and N-min L(z) # W-maxZL(z), then
(W-max L(z)) <P z < (N-min L(z)) <P z.

(53) If mf = E-min L(f) ~and  E-min L(f) # SmaxL(f), then
(E-min £(f)) <P f~< (S-max L(f)) <—P~f. N

(54) If 1z = E-min £(z), then (S-max £(2)) <P z < (S-min L(z)) «P z.

(55) If iz = E-min L£(z) and S-min £(z) # W-min £(z), then (S-min £(z2)) <
z < (W-min £(z)) <P 2.

(56) 1If 7z = BE-min £(z), then (W-min £(2)) <P z < (W-max £(z)) P z.

(57) If mz = E-min L(z) and W-max L£(z) # N-minZ(z), then
(W-max L(z)) <P z < (N-min £(2)) «f z.

(58) 1If 71z = B-min £(z), then (N-min £(2)) <P z < (N-max £(z)) P z.

(59) If mz = E-min L(2) and E-max L£(z) # N-maxZL(z), then
(N-max £(z)) <P z < (E-max L(z)) «P 2.
(60) If mf = SminL(f) and SminL(f) # W-minZ(f), then

(S-min £(f)) < f < (W-min£(f)) < f. )

(61) If myz = S-min £(z), then (W-min £(2)) «P z < (W-max L(z)) P 2.

(62) If mz = S-min L(2) and  W-max L£(z) # N-minZ(z), then
(W-max £(z)) «P z < (N-min L(2)) P z.

(63) If m 2z = S-min £(2), then (N-min £(2)) <P z < (N-max L(z)) <P z.

(64) If mz = S-min L(z) and N-max L£(z) # E-maxfL(z), then
(N-max L(z)) <P z < (E-max L(z)) «P 2.

(65) If mz=S-minL(z), then (BE-max £(z)) <P z < (E-min £(z)) <P z.

(66) Ifmiz=S-min L£(z) and S-max £(z) # E-min £(2), then (E-min £(2)) <P
2z < (S-max L(z)) «P 2.

(67) If mf = W-max L(f) and W-max £(f) # N-minZ(f), then
(W-max L(f)) <P f~< (N-min L(f)) <—P~f. N

(68) If miz = W-max £(z), then (N-min £(z)) <P z < (N-max L(2)) <P z.

(69) If mz = W-max L(z) ‘and  N-max L£(z) # BE-max£L(z), then
(N-max L(z)) <P z < (E-max L(z)) «P z.

(70) 1If 712 = W-max £(z), then (E-max £(2)) <P z < (E-min £(z)) <P .

(71) If mz = W-max E(Z)N and BE-minf(z) # Smaxf(z), then
(E-min £(2)) «P z < (S-max L(z)) «P 2.

(72) If mz = W-max £(2), then (S-max £(z)) <P z < (S-min £(2)) <P .

(73) If mz = W-max L(z) _and  W-min L£(z) # SminL(z), then
(S-min £(z)) <P z < (W-min £(z)) «P 2.
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The articles [16], [7], [17], [8], [2], [15], [4], [19], [3], [6], [11], [1], [13], [5], [10],
[21], [14], [20], [18], [9], and [12] provide the terminology and notation for this

paper.

1. PRELIMINARIES

For simplicity, we use the following convention: a, b, i, k, m, n are natural
numbers, r, s are real numbers, D is a non empty subset of 8%, and C is a
compact connected non vertical non horizontal subset of 5%.

Next we state the proposition

(1) For all sets A, B such that for every set = such that = € A there exists
a set K such that K C B and x C|JK holds | JA C | B.

Let m be an even integer. Note that m + 2 is even.

Let m be an odd integer. Observe that m + 2 is odd.

Let m be a non empty natural number. Observe that 2™ is even.

Let n be an even natural number and let m be a non empty natural number.
Note that n™ is even.

We now state several propositions:

2) Ifr#0, then 1. ritl = p?,

3) If £ is an integer and s # 0, then —[%] = | 5"] + 1.

4) If % is an integer, then —[ 2| = [ ].

5) If n >0 and kmodn # 0, then —(k +n) = (—k+n)+ 1.
If n >0 and kmodn =0, then —(k +n) = —k +n.

A~~~ N I/~ /—~
~— — — ~— ~—
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2. GAUGES AND CAGES

We now state a number of propositions:

(7) If 2 < m and m < len Gauge(D,i) and 1 < a and a < len Gauge(D, 1)
and 1 < b and b < lenGauge(D,i + 1), then ((Gauge(D,?))ma)1 =
((Gauge(Dvi + 1))2-m7’2,b)1'

(8) If 2 < m and n < lenGauge(D,i) and 1 < a and a < len Gauge(D, 1)
and 1 < b and b < lenGauge(D,i + 1), then ((Gauge(D,i))qn)2 =
((Gauge(D, i+ 1))p2.n—12)2-

(9) Let D be a compact non vertical non horizontal subset of 5%. Suppose
2 <mand m+1 < len Gauge(D, i) and 2 < n and n+1 < len Gauge(D, ).
Then cell(Gauge(D, i), m,n) = cell(Gauge(D,i+1),2-m—"2,2-n—"2)U
cell(Gauge(D,i 4+ 1),2-m —'1,2-n - 2) U cell(Gauge(D,i + 1),2 - m —’
2,2-n—"1)Ucell(Gauge(D,i+1),2-m —"1,2-n-"1).

(10) Let D be a compact non vertical non horizontal subset of £2 and k
be a natural number. Suppose 2 < m and m + 1 < len Gauge(D, 1)
and 2 < n and n + 1 < len Gauge(D, ). Then cell(Gauge(D,i),m,n) =
U{cell(Gauge(D, i+ k), a, b); a ranges over natural numbers, b ranges over
natural numbers: (2% -m — 21 +2<a A a < (28 -m - 2’“) +1 A (28

n—281) 4+2<b A b< (28 n—28) 41}

(11) There exists a natural number ¢ such that 1 < ¢ and ¢ < len Cage(C,n)

and N-max C' € right_cell(Cage(C,n), i, Gauge(C, n)).

(12) There exists a natural number i such that 1 < i and ¢ < len Cage(C,n)
and N-max C' € rightcell(Cage(C,n),1).

(13) There exists a natural number ¢ such that 1 < and ¢ < len Cage(C, n)
and E-min C € right_cell(Cage(C, n), i, Gauge(C, n)).

(14) There exists a natural number ¢ such that 1 < ¢ and ¢ < len Cage(C,n)
and E-min C € rightcell(Cage(C, n),1).

(15) There exists a natural number i such that 1 < i and ¢ < len Cage(C,n)
and E-max C' € right_cell(Cage(C, n), i, Gauge(C, n)).

(16) There exists a natural number ¢ such that 1 < and ¢ < len Cage(C, n)
and E-max C € rightcell(Cage(C, n), ).

(17) There exists a natural number ¢ such that 1 < ¢ and ¢ < len Cage(C,n)
and S-min C' € right_cell(Cage(C, n), i, Gauge(C, n)).

(18) There exists a natural number i such that 1 < i and ¢ < len Cage(C,n)
and S-min C' € rightcell(Cage(C, n), ).

(19) There exists a natural number ¢ such that 1 < and ¢ < len Cage(C, n)
and S-max C' € right_cell(Cage(C, n), i, Gauge(C, n)).
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(20) There exists a natural number ¢ such that 1 < i and ¢ < len Cage(C,n)

and S-max C' € rightcell(Cage(C,n),1).

(21) There exists a natural number ¢ such that 1 < i and ¢ < len Cage(C, n)

and W-min C' € right_cell(Cage(C, n), i, Gauge(C, n)).

(22) There exists a natural number ¢ such that 1 < ¢ and ¢ < len Cage(C,n)

and W-min C € rightcell(Cage(C,n), ).

(23) There exists a natural number ¢ such that 1 < i and ¢ < len Cage(C, n)

and W-max C € right_cell(Cage(C, n), i, Gauge(C, n)).

(24) There exists a natural number ¢ such that 1 < ¢ and ¢ < len Cage(C,n)

and W-max C' € rightcell(Cage(C, n),1).

(25) There exists a natural number 4 such that 1 <4 and ¢ < len Gauge(C,n)

and N-min Z(Cage(c> n)) = (Ga’Uge(Ca n))i,width Gauge(C,n)-

(26) There exists a natural number 4 such that 1 < i and ¢ < len Gauge(C,n)

and N-max Z(Cage(ca TL)) = (GaUge(Ca n))i7width Gauge(C,n)-

(27) There exists a natural number 4 such that 1 <4 and ¢ < len Gauge(C,n)

(28) There exists a natural number j such that 1 < j and j <
C,n)) )

and (Gauge(C,n)); width Gauge(C,n) € T0g Cage(C,n).

width Gauge(C, n) and E-min E(Cage(C, n)) = (Gauge(C, n))ien Gauge(C,n),

(29) There exists a natural number j such that 1 < j and j <
C

width Gauge(C, n) and E-max £(Cage(C,n)) = (Gauge( s 1) )len Gauge(C,n)

(30) There exists a natural number j such that 1 < j and j <

width Gauge(C,n) and (Gauge(C, n))ien Gauge(Cyn),j € g Cage(C,n).

(31) There exists a natural number 4 such that 1 <7 and ¢ < len Gauge(C,n)

and S-min £(Cage(C,n)) = (Gauge(C, n))in-

(32) There exists a natural number ¢ such that 1 < ¢ and ¢ < len Gauge(C, n)

and S-max £(Cage(C,n)) = (Gauge(C, n))ii-

(33) There exists a natural number 4 such that 1 < i and ¢ < len Gauge(C,n)

and (Gauge(C,n));1 € rng Cage(C,n).

(34) There exists a natural number j such that 1 < j and j <
C

(35) There exists a natural number j such that 1 <

width Gauge(C,n) and W-min £(Cage(C, n)) = (Gauge( S, M))1,5
nl j and j <
width Gauge(C, n) and W-max £(Cage(C,n)) = (Gauge(C,n))1,;.

Q

(36) There exists a natural number j such that 1 < j and j <

2]

width Gauge(C, n) and (Gauge(C,n))1,; € rng Cage(C, n).
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Christoph Schwarzweller
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Summary. In this paper we prove the well-known binomial theorem for
algebraic structures. In doing so we tried to be as modest as possible concerning
the algebraic properties of the underlying structure. Consequently, we proved the
binomial theorem for “commutative rings” in which the existence of an inverse
with respect to addition is replaced by a weaker property of cancellation.
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The articles [5], [7], [2], [3], [8], [1], [6], [11], [9], [10], and [4] provide the termi-
nology and notation for this paper.

1. PRELIMINARIES

Let L be a non empty loop structure. We say that L is add-left-cancelable
if and only if:
(Def. 1) For all elements a, b, ¢ of L such that a +b = a + ¢ holds b = c.
We say that L is add-right-cancelable if and only if:
(Def. 2) For all elements a, b, ¢ of L such that b+ a = ¢+ a holds b = c.
We say that L is add-cancelable if and only if:
(Def. 3) For all elements a, b, ¢ of L holds if a +b = a + ¢, then b = ¢ and if
b+a=c+a,then b=c.
One can check the following observations:
* there exists a non empty loop structure which is add-left-cancelable,

!This work has been partially supported by CALCULEMUS grant HPRN-CT-2000-00102.
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% there exists a non empty loop structure which is add-right-cancelable,
and

* there exists a non empty loop structure which is add-cancelable.

Let us note that every non empty loop structure which is add-left-cancelable
and add-right-cancelable is also add-cancelable and every non empty loop struc-
ture which is add-cancelable is also add-left-cancelable and add-right-cancelable.

One can verify that every non empty loop structure which is Abelian and
add-right-cancelable is also add-left-cancelable and every non empty loop struc-
ture which is Abelian and add-left-cancelable is also add-right-cancelable.

Let us observe that every non empty loop structure which is right zeroed,
right complementable, and add-associative is also add-right-cancelable.

Let us observe that there exists a non empty double loop structure which
is Abelian, add-associative, left zeroed, right zeroed, commutative, associative,
add-cancelable, distributive, and unital.

We now state two propositions:

(1) Let R be a right zeroed add-left-cancelable left distributive non empty
double loop structure and a be an element of R. Then Or - a = Op.

(2) Let R be a left zeroed add-right-cancelable right distributive non empty
double loop structure and a be an element of R. Then a -0z = Og.

In this article we present several logical schemes. The scheme Ind2 deals
with a natural number A and a unary predicate P, and states that:
For every natural number i such that .4 < i holds P[i
provided the following conditions are satisfied:
e P[A], and
e For every natural number j such that A4 < j holds if P[j], then
Plj+ 1.
The scheme RecDef! deals with a non empty set A, an element B of A, and
a binary operation C on A, and states that:
There exists a function g from [N, A] into A such that for every
element a of A holds
9(0, a) = B and for every natural number n holds g(n + 1,
a) =C(a, g(n, a))
for all values of the parameters.
The scheme RecDef2 deals with a non empty set A, an element B of A, and
a binary operation C on A, and states that:
There exists a function g from [ A, N ] into A such that for every
element a of A4 holds
g(a, 0) = B and for every natural number n holds g(a, n+1) =
Clg(a, n), a)

for all values of the parameters.
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2. ON FINITE SEQUENCES

One can prove the following propositions:
(3) For every left zeroed non empty loop structure L and for every element
a of L holds > (a) = a.

(4) Let R be a left zeroed add-right-cancelable right distributive non empty
double loop structure, a be an element of R, and p be a finite sequence of
elements of the carrier of R. Then » (a-p) =a- > p.

(5) Let R be a right zeroed add-left-cancelable left distributive non empty
double loop structure, a be an element of R, and p be a finite sequence of
elements of the carrier of R. Then » (p-a) =) p-a.

(6) Let R be a commutative non empty double loop structure, a be an
element of R, and p be a finite sequence of elements of the carrier of R.
Then 3 (p-a) = > (a-p).

Let R be a non empty loop structure and let p, g be finite sequences of
elements of the carrier of R. Let us assume that domp = domg. The functor
p + ¢ yields a finite sequence of elements of the carrier of R and is defined by:

(Def. 4) dom(p+ q) = dom p and for every natural number ¢ such that 1 <4 and
i <len(p + q) holds (p + q)i = pi + ¢-

The following proposition is true

(7) Let R be an Abelian right zeroed add-associative non empty loop struc-
ture and p, ¢ be finite sequences of elements of the carrier of R. If

domp = domg, then Y (p+¢q)=>.p+> q

3. ON POWERS IN RINGS

Let R be a unital non empty groupoid, let a be an element of R, and let
n be a natural number. The functor a” yielding an element of R is defined as
follows:

(Def. 5) a™ = powerg(a, n).
We now state several propositions:
(8) For every unital non empty groupoid R and for every element a of R
holds ¢ = 15 and a! = a.
(9) For every unital non empty groupoid R and for every element a of R
and for every natural number n holds a"*! = a” - a.

(10) Let R be a unital associative commutative non empty groupoid, a, b be
elements of R, and n be a natural number. Then (a - b)" = a™ - b".
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(11) Let R be a unital associative non empty groupoid, a be an element of
R, and n, m be natural numbers. Then a"™™ = a" - a™.

(12) Let R be a unital associative non empty groupoid, a be an element of
R, and n, m be natural numbers. Then (a™)™ = a™™.

4. ON NATURAL PropucTs IN RINGS

Let R be a non empty loop structure. The functor Nat-mult-left R yielding
a function from [N, the carrier of R into the carrier of R is defined by:

(Def. 6) For every element a of R holds (Nat-mult-left R)(0, a) = Or and
for every natural number n holds (Nat-mult-left R)(n + 1,a) = a +
(Nat-mult-left R)(n, a).

The functor Nat-mult-right R yields a function from [ the carrier of R, N{ into
the carrier of R and is defined by:

(Def. 7) For every element a of R holds (Nat-mult-right R)(a, 0) = Ogr and
for every natural number n holds (Nat-mult-right R)(a, n + 1) =
(Nat-mult-right R)(a, n) + a.

Let R be a non empty loop structure, let a be an element of R, and let n be
a natural number. The functor n - a yields an element of R and is defined by:
(Def. 8) n-a = (Nat-mult-left R)(n, a).
The functor a - n yields an element of R and is defined as follows:
(Def. 9) a-n = (Nat-mult-right R)(a, n).
One can prove the following propositions:

(13) For every non empty loop structure R and for every element a of R holds
0-a=0g and a-0=0g.

(14) For every right zeroed non empty loop structure R and for every element
a of R holds 1-a=a.

(15) For every left zeroed non empty loop structure R and for every element
a of R holds a -1 = a.

(16) Let R be a left zeroed add-associative non empty loop structure, a be an
element of R, and n, m be natural numbers. Then (n+m)-a =n-a+m-a.

(17) Let R be aright zeroed add-associative non empty loop structure, a be an
element of R, and n, m be natural numbers. Then a-(n+m) = a-n+a-m.

(18) Let R be a left zeroed right zeroed add-associative non empty loop struc-
ture, a be an element of R, and n be a natural number. Then n-a = a-n.

(19) Let R be an Abelian non empty loop structure, a be an element of R,
and n be a natural number. Then n-a =a - n.
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(20) Let R be a left zeroed right zeroed add-left-cancelable add-associative
left distributive non empty double loop structure, a, b be elements of R,
and n be a natural number. Then (n-a)-b=n-(a-b).

(21) Let R be a left zeroed right zeroed add-right-cancelable add-associative
distributive non empty double loop structure, a, b be elements of R, and
n be a natural number. Then b- (n-a) = (b-a) - n.

(22) Let R be a left zeroed right zeroed add-associative add-cancelable distri-
butive non empty double loop structure, a, b be elements of R, and n be
a natural number. Then (a-n)-b=a-(n-b).

5. THE BINOMIAL THEOREM

Let k, n be natural numbers. Then (Z) is a natural number.

Let R be a unital non empty double loop structure, let a, b be elements of
R, and let n be a natural number. The functor ((8) av”, ..., (Z) a™?) yields a
finite sequence of elements of the carrier of R and is defined by the conditions
(Def. 10).
(Def. 10)(1)  len{(3)a%",..., (})a™’) =n+1, and
(ii)  for all natural numbers i, I, m such that i € dom((y)a%",..., ()a™b°)
and m =i — 1 and [ =n —m holds ((§)a%",..., (M)a™); = (") -a'-b™.
The following four propositions are true:

(23) For every right zeroed unital non empty double loop structure R and for
all elements a, b of R holds <(8)a0b0, ey (8)a0b0> = (1g).

(24) Let R be a right zeroed unital non empty double loop struc-
ture, a, b be elements of R, and n be a natural number. Then
((5)a™, ..., (7)a"b") (1) = a™.

(25) Let R be a right zeroed unital non empty double loop structure, a, b be
elements of R, and n be a natural number. Then ((;)a®0", ..., ()a™b°)(n+
1) ="

(26) Let R be an Abelian add-associative left zeroed right zeroed commu-
tative associative add-cancelable distributive unital non empty double
loop structure, a, b be elements of R, and n be a natural number. Then

(a+b)"=3{(5)a%", ..., (7)a"b").
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Summary. We introduce the basic notions of ideal theory in rings. This
includes left and right ideals, (finitely) generated ideals and some operations on
ideals such as the addition of ideals and the radical of an ideal. In addition we
introduce linear combinations to formalize the well-known characterization of
generated ideals. Principal ideal domains and Noetherian rings are defined. The
latter development follows [3], pages 144-145.
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The terminology and notation used here are introduced in the following articles:
[11], [18], [17], [20], [2], [23], [8], [4], [5], [15], [22], [19], [16], [21], [1], [13], [6],
[14], [12], [26], [24], [25], [9], [10], and [7).

1. PRELIMINARIES

Let us note that there exists a non empty loop structure which is add-
associative, left zeroed, and right zeroed.

Let us observe that there exists a non empty double loop structure which is
Abelian, left zeroed, right zeroed, add-cancelable, well unital, add-associative,
associative, commutative, distributive, and non trivial.

One can prove the following proposition
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(1) Let V be an add-associative left zeroed right zeroed non empty loop
structure and v, u be elements of V. Then > (v,u) = v + u.

2. IDEALS

Let L be a non empty loop structure and let F' be a subset of L. We say
that F' is add closed if and only if:

(Def. 1) For all elements x, y of the carrier of L such that z € F and y € F holds
r+yel.
Let L be a non empty groupoid and let F' be a subset of L. We say that F'
is left ideal if and only if:

(Def. 2) For all elements p, x of the carrier of L such that = € F holds p-x € F.
We say that F is right ideal if and only if:
(Def. 3) For all elements p, x of the carrier of L such that = € F holds z - p € F.

Let L be a non empty loop structure. Observe that there exists a non empty
subset of L which is add closed.

Let L be a non empty groupoid. One can verify that there exists a non empty
subset of L which is left ideal and there exists a non empty subset of L which
is right ideal.

Let L be a non empty double loop structure. One can verify the following
observations:

* there exists a non empty subset of L which is add closed, left ideal, and
right ideal,

% there exists a non empty subset of L which is add closed and right ideal,
and

x there exists a non empty subset of L which is add closed and left ideal.

Let R be a commutative non empty groupoid. Observe that every non empty
subset of R which is left ideal is also right ideal and every non empty subset of
R which is right ideal is also left ideal.

Let L be a non empty double loop structure. An ideal of L is an add closed
left ideal right ideal non empty subset of L.

Let L be a non empty double loop structure. A right ideal of L is an add
closed right ideal non empty subset of L.

Let L be a non empty double loop structure. A left ideal of L is an add
closed left ideal non empty subset of L.

The following propositions are true:

(2) Let R be a right zeroed add-left-cancelable left distributive non empty
double loop structure and I be a left ideal non empty subset of R. Then
Orel.
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(3) Let R be a left zeroed add-right-cancelable right distributive non empty
double loop structure and I be a right ideal non empty subset of R. Then
Op 1.
(4) For every right zeroed non empty double loop structure L holds {0} is
add closed.
(5) Let L be a left zeroed add-right-cancelable right distributive non empty
double loop structure. Then {07} is left ideal.
(6) Let L be a right zeroed add-left-cancelable left distributive non empty
double loop structure. Then {07} is right ideal.
(7) Let L be an add-associative right zeroed right complementable distribu-
tive non empty double loop structure. Then {0z} is an ideal of L.
(8) Let L be an add-associative right zeroed right complementable right
distributive non empty double loop structure. Then {07} is a left ideal of
L.
(9) Let L be an add-associative right zeroed right complementable left di-
stributive non empty double loop structure. Then {0z} is a right ideal of
L.
(10) For every non empty double loop structure L holds the carrier of L is
an ideal of L.
(11) For every non empty double loop structure L holds the carrier of L is a
left ideal of L.
(12) For every non empty double loop structure L holds the carrier of L is a
right ideal of L.

Let R be a left zeroed right zeroed add-cancelable distributive non empty
double loop structure and let I be an ideal of R. Let us observe that [ is trivial
if and only if:

(Def. 4) I ={0r}.

Let S be a 1-sorted structure and let T be a subset of S. We say that T is
proper if and only if:

(Def. 5) T # the carrier of S.

Let S be a non empty 1-sorted structure. Note that there exists a subset of
S which is proper.

Let R be a non trivial left zeroed right zeroed add-cancelable distributive
non empty double loop structure. One can check that there exists an ideal of R
which is proper.

The following propositions are true:

(13) Let L be an add-associative right zeroed right complementable left di-
stributive left unital non empty double loop structure, I be a left ideal
non empty subset of L, and x be an element of the carrier of L. If x € I,
then —z € 1.
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(14) Let L be an add-associative right zeroed right complementable right
distributive right unital non empty double loop structure, I be a right
ideal non empty subset of L, and x be an element of the carrier of L. If
x €1, then —z € I.

(15) Let L be an add-associative right zeroed right complementable left di-
stributive left unital non empty double loop structure, I be a left ideal
of L, and x, y be elements of the carrier of L. If x € I and y € I, then
r—yel.

(16) Let L be an add-associative right zeroed right complementable right
distributive right unital non empty double loop structure, I be a right
ideal of L, and x, y be elements of the carrier of L. If x € [ and y € I,
then x —y € 1.

(17) Let R be a left zeroed right zeroed add-cancelable add-associative di-
stributive non empty double loop structure, I be an add closed right ideal
non empty subset of R, a be an element of I, and n be a natural number.
Thenn-a € 1.

(18) Let R be a unital left zeroed right zeroed add-cancelable associative
distributive non empty double loop structure, I be a right ideal non empty
subset of R, a be an element of I, and n be a natural number. If n #£ 0,
then a” € 1.

Let R be a non empty loop structure and let I be an add closed non empty
subset of R. The functor add |(I, R) yielding a binary operation on [ is defined
as follows:

(Def. 6) add|(I, R) = (the addition of R)[} I, I].
Let R be a non empty groupoid and let I be a right ideal non empty subset

of R. The functor mult |(, R) yielding a binary operation on I is defined as
follows:

(Def. 7) mult |(I, R) = (the multiplication of R)[[ I, I].
Let R be a non empty loop structure and let I be an add closed non empty

subset of R. The functor Gr(I, R) yields a non empty loop structure and is
defined by:
(Def. 8) Gr(I,R) = (I,add|(I,R),0r(€ I)).

Let R be a left zeroed right zeroed add-cancelable add-associative distribu-
tive non empty double loop structure and let I be an add closed non empty
subset of R. Note that Gr(/, R) is add-associative.

Let R be a left zeroed right zeroed add-cancelable add-associative distribu-
tive non empty double loop structure and let I be an add closed right ideal non
empty subset of R. Observe that Gr(I, R) is right zeroed.

Let R be an Abelian non empty double loop structure and let I be an add
closed non empty subset of R. Observe that Gr(I, R) is Abelian.
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Let R be an Abelian right unital left zeroed right zeroed right complemen-
table add-associative distributive non empty double loop structure and let I be
an add closed right ideal non empty subset of R. Note that Gr(I,R) is right
complementable.

We now state four propositions:

(19) Let R be a right unital non empty double loop structure and I be a left
ideal non empty subset of R. Then [ is proper if and only if 1 ¢ I.

(20) Let R be a left unital right unital non empty double loop structure and
I be a right ideal non empty subset of R. Then [ is proper if and only if
for every element u of R such that u is unital holds u ¢ I.

(21) Let R be a right unital non empty double loop structure and I be a left
ideal right ideal non empty subset of R. Then [ is proper if and only if for
every element u of R such that u is unital holds u ¢ I.

(22) Let R be a non degenerated commutative ring. Then R is a field if and
only if for every ideal I of R holds I = {Ogr} or I = the carrier of R.

3. LINEAR COMBINATIONS

Let R be a non empty multiplicative loop structure and let A be a non empty
subset of the carrier of R. A finite sequence of elements of the carrier of R is
said to be a linear combination of A if:

(Def. 9) For every set ¢ such that ¢ € domit there exist elements u, v of R and
there exists an element a of A such that it; =u-a-v.

A finite sequence of elements of the carrier of R is said to be a left linear
combination of A if:

(Def. 10) For every set i such that ¢ € domit there exists an element u of R and
there exists an element a of A such that it; = u - a.

A finite sequence of elements of the carrier of R is said to be a right linear
combination of A if:

(Def. 11) For every set i such that ¢ € domit there exists an element u of R and
there exists an element a of A such that it; = a - u.

Let R be a non empty multiplicative loop structure and let A be a non empty
subset of the carrier of R. One can verify the following observations:

x there exists a linear combination of A which is non empty,
x there exists a left linear combination of A which is non empty, and
x there exists a right linear combination of A which is non empty.

Let R be a non empty multiplicative loop structure, let A, B be non empty
subsets of the carrier of R, let F' be a linear combination of A, and let G be a
linear combination of B. Then F' ™ G is a linear combination of AU B.
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One can prove the following three propositions:

(23) Let R be an associative non empty multiplicative loop structure, A be a
non empty subset of the carrier of R, a be an element of the carrier of R,
and F' be a linear combination of A. Then a - F is a linear combination of
A.

(24) Let R be an associative non empty multiplicative loop structure, A be a
non empty subset of the carrier of R, a be an element of the carrier of R,
and F' be a linear combination of A. Then F - a is a linear combination of

A.

(25) Let R be a right unital non empty multiplicative loop structure and A be
a non empty subset of the carrier of R. Then every left linear combination
of A is a linear combination of A.

Let R be a non empty multiplicative loop structure, let A, B be non empty
subsets of the carrier of R, let F' be a left linear combination of A, and let G be
a left linear combination of B. Then F ™ G is a left linear combination of AU B.

One can prove the following three propositions:

(26) Let R be an associative non empty multiplicative loop structure, A be
a non empty subset of the carrier of R, a be an element of the carrier of
R, and F be a left linear combination of A. Then a - F' is a left linear
combination of A.

(27) Let R be a non empty multiplicative loop structure, A be a non empty
subset of the carrier of R, a be an element of the carrier of R, and F be
a left linear combination of A. Then F' - a is a linear combination of A.

(28) Let R be a left unital non empty multiplicative loop structure and A be a
non empty subset of the carrier of R. Then every right linear combination
of A is a linear combination of A.

Let R be a non empty multiplicative loop structure, let A, B be non empty
subsets of the carrier of R, let F' be a right linear combination of A, and let G
be a right linear combination of B. Then F' ™ G is a right linear combination of
AUB.

Next we state several propositions:

(29) Let R be an associative non empty multiplicative loop structure, A be
a non empty subset of the carrier of R, a be an element of the carrier of
R, and F be a right linear combination of A. Then F - a is a right linear
combination of A.

(30) Let R be an associative non empty multiplicative loop structure, A be
a non empty subset of the carrier of R, a be an element of the carrier
of R, and F be a right linear combination of A. Then a - F' is a linear
combination of A.

(31) Let R be a commutative associative non empty multiplicative loop struc-
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ture and A be a non empty subset of the carrier of R. Then every linear
combination of A is a left linear combination of A and a right linear com-
bination of A.

(32) Let S be a non empty double loop structure, F' be a non empty subset
of the carrier of S, and /; be a non empty linear combination of F. Then
there exists a linear combination p of F' and there exists an element e of
the carrier of S such that [; = p ™ (e) and (e) is a linear combination of
F.

(33) Let S be a non empty double loop structure, F' be a non empty subset of
the carrier of S, and I; be a non empty left linear combination of F'. Then
there exists a left linear combination p of ' and there exists an element e
of the carrier of S such that [; = p~(e) and (e) is a left linear combination
of F.

(34) Let S be a non empty double loop structure, F' be a non empty subset
of the carrier of S, and I; be a non empty right linear combination of F'.
Then there exists a right linear combination p of F' and there exists an
element e of the carrier of S such that [; = p~ (e) and (e) is a right linear
combination of F'.

Let R be a non empty multiplicative loop structure, let A be a non empty
subset of the carrier of R, let L be a linear combination of A, and let E be a
finite sequence of elements of | the carrier of R, the carrier of R, the carrier of
R]. We say that F represents L if and only if:

(Def. 12) len E = len L and for every set i such that ¢ € dom L holds L(i) =
(Ei)1- (Ei)2 - (Ei)s and (E;)2 € A.

The following propositions are true:

(35) Let R be a non empty multiplicative loop structure, A be a non empty
subset of the carrier of R, and L be a linear combination of A. Then there
exists a finite sequence E of elements of [ the carrier of R, the carrier of
R, the carrier of R] such that F represents L.

(36) Let R, S be non empty multiplicative loop structures, F' be a non empty
subset of the carrier of R, I; be a linear combination of ', G be a non
empty subset of the carrier of S, P be a function from the carrier of
R into the carrier of S, and E be a finite sequence of elements of [ the
carrier of R, the carrier of R, the carrier of RJ]. Suppose P°F C G and
FE represents [1. Then there exists a linear combination Ly of G such that
lenl; = lenL; and for every set i such that ¢ € dom Ly holds Ly(i) =
P((Ei)1) - P((Ei)2) - P((Ei)s).

Let R be a non empty multiplicative loop structure, let A be a non empty
subset of the carrier of R, let L be a left linear combination of A, and let F be a
finite sequence of elements of [ the carrier of R, the carrier of R]. We say that
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FE represents L if and only if:

(Def. 13) lenE = lenL and for every set ¢ such that i € dom L holds L(i) =
(Ei)l . (EZ)Q and (EZ)Q € A.

One can prove the following two propositions:

(37) Let R be a non empty multiplicative loop structure, A be a non empty
subset of the carrier of R, and L be a left linear combination of A. Then
there exists a finite sequence F of elements of | the carrier of R, the carrier
of R] such that F represents L.

(38) Let R, S be non empty multiplicative loop structures, F' be a non empty
subset of the carrier of R, [; be a left linear combination of F', G be a non
empty subset of the carrier of S, P be a function from the carrier of R into
the carrier of S, and E be a finite sequence of elements of [ the carrier of
R, the carrier of RJ. Suppose P°F C GG and FE represents /. Then there
exists a left linear combination L; of GG such that lenl; = len L and for
every set ¢ such that ¢ € dom L; holds Ly (i) = P((Ei)1) - P((E;)2).

Let R be a non empty multiplicative loop structure, let A be a non empty
subset of the carrier of R, let L be a right linear combination of A, and let E
be a finite sequence of elements of [ the carrier of R, the carrier of R]. We say
that E represents L if and only if:

(Def. 14) len B = len L and for every set i such that ¢ € dom L holds L(i) =
(Ei)l . (EZ)2 and (Ez)l € A.

One can prove the following propositions:

(39) Let R be a non empty multiplicative loop structure, A be a non empty
subset of the carrier of R, and L be a right linear combination of A. Then
there exists a finite sequence E of elements of [ the carrier of R, the carrier
of R such that E represents L.

(40) Let R, S be non empty multiplicative loop structures, F' be a non empty
subset of the carrier of R, [1 be a right linear combination of F'; G be a non
empty subset of the carrier of S, P be a function from the carrier of R into
the carrier of S, and E be a finite sequence of elements of [ the carrier of
R, the carrier of R. Suppose P°F C G and FE represents ;. Then there
exists a right linear combination L; of GG such that lenl; = len L; and for
every set i such that ¢ € dom L; holds L1 (i) = P((E;)1) - P((Ei)2).

(41) Let R be a non empty multiplicative loop structure, A be a non empty
subset of the carrier of R, | be a linear combination of A, and n be a
natural number. Then [ Segn is a linear combination of A.

(42) Let R be a non empty multiplicative loop structure, A be a non empty
subset of the carrier of R, I be a left linear combination of A, and n be a
natural number. Then [[ Segn is a left linear combination of A.

(43) Let R be a non empty multiplicative loop structure, A be a non empty



RING IDEALS 573

subset of the carrier of R, [ be a right linear combination of A, and n be
a natural number. Then [ Segn is a right linear combination of A.

4. GENERATED IDEALS

Let L be a non empty double loop structure and let F' be a subset of the
carrier of L. Let us assume that F' is non empty. The functor F—ideal yielding
an ideal of L is defined by:

(Def. 15) F C F—ideal and for every ideal I of L such that F' C I holds F—ideal C
I.

The functor F—-left-ideal yields a left ideal of L and is defined by:

(Def. 16) F C F-left-ideal and for every left ideal I of L such that F' C I holds
F-left-ideal C I.
The functor F-right-ideal yields a right ideal of L and is defined as follows:
(Def. 17) F C F-right-ideal and for every right ideal I of L such that F' C I holds
F-right-ideal C I.
One can prove the following three propositions:

(44) For every non empty double loop structure L and for every ideal I of L
holds I-ideal = I.

(45) For every non empty double loop structure L and for every left ideal I
of L holds I-left-ideal = I.

(46) For every non empty double loop structure L and for every right ideal I
of L holds [-right-ideal = I.

Let L be a non empty double loop structure and let I be an ideal of L. A
non empty subset of L is said to be a basis of I if:

(Def. 18) It-ideal = I.
We now state a number of propositions:

(47) Let L be an add-associative right zeroed right complementable distribu-
tive non empty double loop structure. Then {0z }—-ideal = {0 }.

(48) For every left zeroed right zeroed add-cancelable distributive non empty
double loop structure L holds {0 }-ideal = {0 }.

(49) Let L be a left zeroed right zeroed add-right-cancelable right distributive
non empty double loop structure. Then {0z, }-left-ideal = {0 }.

(50) For every right zeroed add-left-cancelable left distributive non empty
double loop structure L holds {0 }-right-ideal = {0 }.

(51) For every well unital non empty double loop structure L holds
{11 }-ideal = the carrier of L.
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(52) For every right unital non empty double loop structure L holds
{11 }-left-ideal = the carrier of L.

(53) For every left unital non empty double loop structure L holds
{1 }-right-ideal = the carrier of L.

(54) For every non empty double loop structure L holds Qj-ideal = the
carrier of L.

(55) For every non empty double loop structure L holds Q—left-ideal = the
carrier of L.

(56) For every non empty double loop structure L holds 27 -right-ideal = the
carrier of L.

(57) Let L be a non empty double loop structure and A, B be non empty
subsets of the carrier of L. If A C B, then A-ideal C B—ideal.

(58) Let L be a non empty double loop structure and A, B be non empty
subsets of the carrier of L. If A C B, then A-left-ideal C B-left-ideal.

(59) Let L be a non empty double loop structure and A, B be non empty
subsets of the carrier of L. If A C B, then A-right-ideal C B-right-ideal.

(60) Let L be an add-associative left zeroed right zeroed add-cancelable as-
sociative distributive well unital non empty double loop structure, F' be a
non empty subset of the carrier of L, and = be a set. Then z € F—ideal if
and only if there exists a linear combination f of F' such that z =) f.

(61) Let L be an add-associative left zeroed right zeroed add-cancelable asso-
ciative distributive well unital non empty double loop structure, F' be a non
empty subset of the carrier of L, and = be a set. Then x € F-left-ideal if
and only if there exists a left linear combination f of F such that z = >_ f.

(62) Let L be an add-associative left zeroed right zeroed add-cancelable asso-
ciative distributive well unital non empty double loop structure, F' be a non
empty subset of the carrier of L, and = be a set. Then x € F-right-ideal
if and only if there exists a right linear combination f of F' such that
x=> f.

(63) Let R be an add-associative left zeroed right zeroed add-cancelable well
unital associative commutative distributive non empty double loop struc-
ture and F' be a non empty subset of the carrier of R. Then F—-ideal =
F—left-ideal and F—ideal = F-right-ideal.

(64) Let R be an add-associative left zeroed right zeroed add-cancelable well
unital associative commutative distributive non empty double loop struc-
ture and a be an element of R. Then {a}-ideal = {a - r : r ranges over
elements of R}.

(65) Let R be an Abelian left zeroed right zeroed add-cancelable well unital
add-associative associative commutative distributive non empty double
loop structure and a, b be elements of R. Then {a, b}-ideal = {a-r+b-s: r



RING IDEALS 575

ranges over elements of R, s ranges over elements of R}.

(66) For every non empty double loop structure R and for every element a of
R holds a € {a}-ideal.

(67) Let R be an Abelian left zeroed right zeroed right complementable add-
associative associative commutative distributive well unital non empty

double loop structure, A be a non empty subset of R, and a be an element
of R. If a € A-ideal, then {a}-ideal C A-ideal.

(68) For every non empty double loop structure R and for all elements a, b
of R holds a € {a,b}-ideal and b € {a, b}—ideal.

(69) For every non empty double loop structure R and for all elements a, b
of R holds {a}-ideal C {a,b}-ideal and {b}-ideal C {a, b}-ideal.

5. SOME OPERATIONS ON IDEALS

Let R be a non empty groupoid, let I be a subset of R, and let a be an

element of R. The functor a - I yielding a subset of R is defined by:
(Def. 19) a-1I = {a-i;i ranges over elements of R: ¢ € I}.

Let R be a non empty multiplicative loop structure, let I be a non empty
subset of R, and let a be an element of R. Observe that a - I is non empty.

Let R be a distributive non empty double loop structure, let I be an add
closed subset of R, and let a be an element of R. Observe that a-I is add closed.

Let R be an associative non empty double loop structure, let I be a right
ideal subset of R, and let a be an element of R. One can check that a- I is right
ideal.

One can prove the following propositions:

(70) Let R be a right zeroed add-left-cancelable left distributive non empty
double loop structure and I be a non empty subset of R. Then Ogr - I =
{Or}.

(71) For every left unital non empty double loop structure R and for every
subset I of R holds 1z -1 = 1.

Let R be a non empty loop structure and let I, J be subsets of R. The
functor I 4 J yielding a subset of R is defined by:

(Def. 20) I+ J = {a+ b;a ranges over elements of R, b ranges over elements of R:
acl N beJ}.
Let R be a non empty loop structure and let I, J be non empty subsets of
R. One can check that I + J is non empty.
Let R be an Abelian non empty loop structure and let I, J be subsets of R.
Let us observe that the functor I 4+ J is commutative.
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Let R be an Abelian add-associative non empty loop structure and let I, J
be add closed subsets of R. Note that I + J is add closed.

Let R be a left distributive non empty double loop structure and let I, J be
right ideal subsets of R. Observe that I + J is right ideal.

Let R be a right distributive non empty double loop structure and let I, J
be left ideal subsets of R. One can check that I + J is left ideal.

One can prove the following propositions:

(72) For every add-associative non empty loop structure R and for all subsets
I,J,Kof Rholds I+ (J+ K)=(I+J)+ K.

(73) Let R be a left zeroed right zeroed add-right-cancelable right distributive
non empty double loop structure and I, J be right ideal non empty subsets
of R. Then I C I+ J.

(74) Let R be a left zeroed add-right-cancelable right distributive non empty
double loop structure and I, J be right ideal non empty subsets of R.
Then J C I+ J.

(75) Let R be a non empty loop structure, I, J be subsets of R, and K be
an add closed subset of R. If I C K and J C K, then I + J C K.

(76) Let R be an Abelian left zeroed right zeroed add-cancelable well unital
add-associative associative commutative distributive non empty double
loop structure and a, b be elements of R. Then {a, b}-ideal = {a}-ideal +
{b}—ideal.
Let R be a non empty 1-sorted structure and let I, J be subsets of R. The
functor I N J yielding a subset of R is defined as follows:

(Def. 21) INJ = {x;x ranges over elements of R: x € I N z € J}.

Let R be aright zeroed add-left-cancelable left distributive non empty double
loop structure and let I, J be left ideal non empty subsets of R. Note that I N.J
is non empty.

Let R be a non empty loop structure and let I, J be add closed subsets of
R. Note that I N J is add closed.

Let R be a non empty multiplicative loop structure and let I, J be left ideal
subsets of R. Observe that I N J is left ideal.

Let R be a non empty multiplicative loop structure and let I, J be right
ideal subsets of R. Note that I N J is right ideal.

One can prove the following four propositions:

(77) For every non empty l-sorted structure R and for all subsets I, J of R
holds INJClTand INJ C J.

(78) For every non empty 1-sorted structure R and for all subsets I, J, K of
Rholds IN(JNK)=(INnJ)NK.

(79) For every non empty 1-sorted structure R and for all subsets I, J, K of
R such that K CTand K CJ holds K CInNJ.
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(80) Let R be an Abelian left zeroed right zeroed right complementable left
unital add-associative left distributive non empty double loop structure, I
be an add closed left ideal non empty subset of R, J be a subset of R, and
K be a non empty subset of R. If J C I, then IN(J+ K)=J+1INK.

Let R be a non empty double loop structure and let I, J be subsets of R.
The functor I % J yields a subset of R and is defined by the condition (Def. 22).

(Def. 22) I xJ = {>_s;s ranges over finite sequences of elements of the carrier

of R: /\i:natural number (1 <4 A i<lens = \/a,b:clomont of R (8(7’) =
a-bNaecl Nbeld))}.

Let R be a non empty double loop structure and let I, J be subsets of R.
Note that I x J is non empty.

Let R be a commutative non empty double loop structure and let I, J be
subsets of R. Let us observe that the functor I x J is commutative.

Let R be a right zeroed add-associative non empty double loop structure
and let I, J be subsets of R. Note that I x J is add closed.

Let R be a right zeroed add-left-cancelable associative left distributive non
empty double loop structure and let I, J be right ideal subsets of R. One can
check that I * J is right ideal.

Let R be a left zeroed add-right-cancelable associative right distributive non
empty double loop structure and let I, J be left ideal subsets of R. Note that
I x J is left ideal.

We now state several propositions:

(81) Let R be a left zeroed right zeroed add-left-cancelable left distributive
non empty double loop structure and I be a non empty subset of R. Then

(82) Let R be a left zeroed right zeroed add-cancelable distributive non empty
double loop structure, I be an add closed right ideal non empty subset
of R, and J be an add closed left ideal non empty subset of R. Then
I«JCINdJ

(83) Let R be an Abelian left zeroed right zeroed add-cancelable add-
associative associative distributive non empty double loop structure and I,
J, K be right ideal non empty subsets of R. Then I*(J+K) = I«J+1xK.

(84) Let R be an Abelian left zeroed right zeroed add-cancelable add-
associative commutative associative distributive non empty double loop
structure and I, J be right ideal non empty subsets of R. Then (I 4 J) *
(INJ)CIxJ

(85) Let R be a right zeroed add-left-cancelable left distributive non empty

double loop structure and I, J be add closed left ideal non empty subsets
of R. Then (I 4+ J)«x(INJ)CINJ.

Let R be a non empty loop structure and let I, J be subsets of R. We say
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that I, J are co-prime if and only if:
(Def. 23) I+ J = the carrier of R.
We now state two propositions:

(86) Let R be a left zeroed left unital non empty double loop structure and
I, J be non empty subsets of R. If I, J are co-prime, then I N J C
(I+J)«(INJ).

(87) Let R be an Abelian left zeroed right zeroed add-cancelable add-
associative left unital commutative associative distributive non empty do-
uble loop structure, I be an add closed left ideal right ideal non empty
subset of R, and J be an add closed left ideal non empty subset of R. If
I, J are co-prime, then I «J =1NJ.

Let R be a non empty groupoid and let I, J be subsets of R. The functor
I % J yields a subset of R and is defined by:

(Def. 24) I % J = {a;a ranges over elements of R: a-.J C I}.

Let R be a right zeroed add-left-cancelable left distributive non empty double
loop structure and let I, J be left ideal non empty subsets of R. One can check
that I % J is non empty.

Let R be a right zeroed add-left-cancelable left distributive non empty double
loop structure and let I, J be add closed left ideal non empty subsets of R. One
can check that I % J is add closed.

Let R be a right zeroed add-left-cancelable left distributive associative com-
mutative non empty double loop structure and let I, J be left ideal non empty
subsets of R. Note that I % J is left ideal and I % J is right ideal.

We now state several propositions:

(88) Let R be a non empty multiplicative loop structure, I be a right ideal
non empty subset of R, and J be a subset of R. Then I C I % J.

(89) Let R be a right zeroed add-left-cancelable left distributive non empty
double loop structure, I be an add closed left ideal non empty subset of
R, and J be a subset of R. Then (I % J)*J C I.

(90) Let R be a left zeroed add-right-cancelable right distributive non empty
double loop structure, I be an add closed right ideal non empty subset of
R, and J be a subset of R. Then (I % J)*J C I.

(91) Let R be a left zeroed add-right-cancelable right distributive commu-
tative associative non empty double loop structure, I be an add closed
right ideal non empty subset of R, and J, K be subsets of R. Then
T%T) DK =1%(J*K).

(92) For every non empty multiplicative loop structure R and for all subsets
I,J, Kof Rholds (JNK)%I=(J%I)N (K %I).

(93) Let R be a left zeroed right zeroed add-right-cancelable right distributive
non empty double loop structure, I be an add closed subset of R, and J, K
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be right ideal non empty subsets of R. Then I%(J+K) = (I%J)N(I%K).

Let R be a unital non empty double loop structure and let I be a subset of
R. The functor /I yielding a subset of R is defined as follows:

(Def. 25) /T = {a;a ranges over elements of R: \/, . .. . . q"¢€lT}.

Let R be a unital non empty double loop structure and let I be a non empty
subset of R. One can verify that v/I is non empty.

Let R be an Abelian add-associative left zeroed right zeroed commutative
associative add-cancelable distributive unital non empty double loop structure
and let I be an add closed right ideal non empty subset of R. Observe that /T
is add closed.

Let R be a unital commutative associative non empty double loop structure
and let I be a left ideal non empty subset of R. Observe that VT is left ideal
and /T is right ideal.

One can prove the following propositions:

(94) Let R be a unital associative non empty double loop structure, I be a
non empty subset of R, and a be an element of R. Then a € /T if and
only if there exists a natural number n such that o™ € V1.

(95) Let R be a left zeroed right zeroed add-cancelable distributive unital
associative non empty double loop structure, I be an add closed right

ideal non empty subset of R, and J be an add closed left ideal non empty
subset of R. Then VI« J =+vVINJ.

6. NOETHERIAN RINGS AND PIDs

Let L be a non empty double loop structure and let I be an ideal of L. We
say that [ is finitely generated if and only if:

(Def. 26) There exists a non empty finite subset F' of the carrier of L such that
I = F—ideal.

Let L be a non empty double loop structure. Observe that there exists an
ideal of L which is finitely generated.

Let L be a non empty double loop structure and let F' be a non empty finite
subset of L. Note that F—ideal is finitely generated.

Let L be a non empty double loop structure. We say that L is Noetherian if
and only if:

(Def. 27) Every ideal of L is finitely generated.

Let us observe that there exists a non empty double loop structure which
is Euclidian, Abelian, add-associative, right zeroed, right complementable, well
unital, distributive, commutative, associative, and non degenerated.
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Let L be a non empty double loop structure and let I be an ideal of L. We
say that I is principal if and only if:
(Def. 28) There exists an element e of the carrier of L such that I = {e}-ideal.
Let L be a non empty double loop structure. We say that L is PID if and
only if:
(Def. 29) Every ideal of L is principal.
One can prove the following three propositions:
(96) Let L be a non empty double loop structure and F' be a non empty subset
of the carrier of L. Suppose F' # {01}. Then there exists an element x of
the carrier of L such that x # 0p and x € F.
(97) Every add-associative left zeroed right zeroed right complementable di-
stributive left unital Euclidian non empty double loop structure is PID.

(98) For every non empty double loop structure L such that L is PID holds
L is Noetherian.

Let us note that INT.Ring is Noetherian.

Let us observe that there exists a non empty double loop structure which is
Noetherian, Abelian, add-associative, right zeroed, right complementable, well
unital, distributive, commutative, associative, and non degenerated.

Next we state two propositions:

(99) Let R be a Noetherian add-associative left zeroed right zeroed add-
cancelable associative distributive well unital non empty double loop struc-
ture and B be a non empty subset of the carrier of R. Then there exists
a non empty finite subset C of the carrier of R such that C C B and
C—-ideal = B-ideal.

(100) Let R be a non empty double loop structure. Suppose that for every
non empty subset B of the carrier of R there exists a non empty finite
subset C of the carrier of R such that C C B and C—-ideal = B—ideal. Let
a be a sequence of R. Then there exists a natural number m such that
a(m + 1) € (rmg(a|Zpm+1))-ideal.

Let X, Y be non empty sets, let f be a function from X into Y, and let A
be a non empty subset of X. One can check that f[A is non empty.
The following two propositions are true:

(101) Let R be a non empty double loop structure. Suppose that for every
sequence a of R there exists a natural number m such that a(m + 1) €
(rng(a|Zm+1))—ideal. Then there does not exist a function F' from N into
2the carrier of R such that

(i)  for every natural number i holds F'() is an ideal of R, and
(ii)  for all natural numbers j, k such that j < k holds F(j) C F(k) and

F(j) # F(k).
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(102) Let R be a non empty double loop structure. Suppose that it is not true
that there exists a function F from N into 2the carrier of R oych that for
every natural number ¢ holds F'(i) is an ideal of R and for all natural
numbers j, k such that j < k holds F'(j) C F(k) and F(j) # F (k). Then
R is Noetherian.
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Summary. We prove the Hilbert basis theorem following [5], page 145.
First we prove the theorem for the univariate case and then for the multivariate
case. Our proof for the latter is slightly different than in [5]. As a base case we
take the ring of polynomilas with no variables. We also prove that a polynomial
ring with infinite number of variables is not Noetherian.

MML Identifier: HILBASIS.

The terminology and notation used in this paper are introduced in the following
papers: [18], [19], [31], [13], [7], [4], [28], [12], [8], [9], [27], [1], [25], [2], [21], 3],
[26], [22], [24], [16], [20], [23], [6], [32], [33], [29], [14], [30], [11], [15], [17], and
[10].

1. PRELIMINARIES

One can prove the following propositions:

(1) Let A, B be finite sequences and f be a function. Suppose rng AUrng B C
dom f. Then there exist finite sequences fi, fo such that f; = f- A and
fg:f'Bandf'(AAB):flﬁfg.

(2) For every bag b of 0 holds decomp b = ({0, 0)).

(3) For all natural numbers i, j and for every bag b of j such that i < j
holds b[i is an element of Bags:i.

(4) Let 4, j be sets, b1, ba be bags of j, and V), b, be bags of 7. If b} = by [i
and b, = by [i and by divides by, then b] divides b}.

!This work has been partially supported by NSERC grant OGP9207.
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(5) Let i, j be sets, b1, by be bags of j, and b}, b, be bags of i. If b} = by [i
and b, = by 4, then (by —'" ba) i = b =" b, and (b1 + ba)[i = b} + b.

Let n, k be natural numbers and let b be a bag of n. The functor b extended by k
yields an element of Bagsn + 1 and is defined as follows:

(Def. 1) (b extended by k)[n = b and (b extended by k)(n) = k.

We now state two propositions:

(6) For every natural number n holds EmptyBagn + 1 = EmptyBagn
extended by 0.

(7) For every ordinal number n and for all bags b, by of n holds b; €
rng divisors b iff by divides b.

Let X be a set and let x be an element of X. The functor UnitBagx yields
an element of Bags X and is defined as follows:

(Def. 2) UnitBagz = EmptyBag X +- (z,1).

Next we state four propositions:

(8) For every non empty set X and for every element x of X holds
support UnitBagx = {x}.

(9) Let X be a non empty set and z be an element of X. Then
(UnitBag x)(z) = 1 and for every element y of X such that z # y holds
(UnitBagx)(y) = 0.

(10) For every non empty set X and for all elements x1, xo of X such that
UnitBag 1 = UnitBag xo holds x1 = x».

(11) Let X be a non empty ordinal number, = be an element of X, L be a
unital non trivial non empty double loop structure, and e be a function
from X into L. Then eval(UnitBagx,e) = e(x).

Let X be a set, let x be an element of X, and let L be a unital non empty
multiplicative loop with zero structure. The functor 1_1(z, L) yielding a Series
of X, L is defined by:

(Def. 3) 1.1(z,L) =0.(X, L)+ (UnitBagz, 1z,).

One can prove the following propositions:

(12) Let X be aset, L be a unital non trivial non empty double loop structure,
and = be an element of X. Then (1_1(x, L))(UnitBagx) = 1, and for every
bag b of X such that b # UnitBagx holds (1-1(z, L))(b) = 0r.

(13) Let X be a set, z be an element of X, and L be an add-associative
right zeroed right complementable unital right distributive non trivial non
empty double loop structure. Then Support 1_1(x, L) = {UnitBagz}.

Let X be an ordinal number, let = be an element of X, and let L be an
add-associative right zeroed right complementable unital right distributive non
trivial non empty double loop structure. Observe that 1_1(x, L) is finite-Support.

One can prove the following three propositions:
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(14) Let L be an add-associative right zeroed right complementable unital
right distributive non trivial non empty double loop structure, X be a
non empty set, and z1, x2 be elements of X. If 1.1(z1,L) = 1.1(x9, L),
then 1 = xs.

(15) Let L be an add-associative right zeroed right complementable distribu-
tive non empty double loop structure, x be an element of the carrier of
Polynom-Ring L, and p be a sequence of L. If x = p, then —z = —p.

(16) Let L be an add-associative right zeroed right complementable distribu-
tive non empty double loop structure, x, y be elements of the carrier of
Polynom-Ring L, and p, ¢ be sequences of L. If x+ = p and y = ¢, then
rT—y=p—q.

Let L be a right zeroed add-associative right complementable unital distri-
butive non empty double loop structure and let I be a non empty subset of the

carrier of Polynom-Ring L. The functor minlen I yields a non empty subset of I
and is defined by:

(Def. 4) minlen] = {z;z ranges over elements of I: A,
x ANy el = lenz’ <leny')}.

[
,y' : Polynomial of L (l’ -

We now state the proposition

(17) Let L be a right zeroed add-associative right complementable unital
distributive non empty double loop structure, I be a non empty subset
of the carrier of Polynom-Ring L, and i1, 72 be Polynomials of L. If i; €
minlen I and iy € I, then i1 € I and leni; < lenis.

Let L be a right zeroed add-associative right complementable unital distri-
butive non empty double loop structure, let n be a natural number, and let a be
an element of the carrier of L. The functor monomial(a,n) yields a Polynomial
of L and is defined as follows:

(Def. 5)  For every natural number z holds if x = n, then (monomial(a,n))(z) = a
and if = # n, then (monomial(a,n))(x) = 0r.
The following four propositions are true:

(18) Let L be a right zeroed add-associative right complementable uni-
tal distributive non empty double loop structure, n be a natural num-
ber, and a be an element of the carrier of L. Then if a # 0p, then
len monomial(a,n) = n + 1 and if @ = 0p, then len monomial(a,n) = 0
and len monomial(a,n) < n + 1.

(19) Let L be a right zeroed add-associative right complementable unital
distributive non empty double loop structure, n, x be natural numbers,
a be an element of the carrier of L, and p be a Polynomial of L. Then
(monomial(a,n) * p)(x +n) = a- p(x).

(20) Let L be a right zeroed add-associative right complementable unital
distributive non empty double loop structure, n, x be natural numbers,



586 JONATHAN BACKER AND PIOTR RUDNICKI

a be an element of the carrier of L, and p be a Polynomial of L. Then
(p * monomial(a,n))(z +n) = p(x) - a.

(21) Let L be a right zeroed add-associative right complementable unital
distributive non empty double loop structure and p, ¢ be Polynomials of
L. Then len(p * ¢) < (lenp + leng) —' 1.

2. ON RING ISOMORPHISM

The following propositions are true:

(22) Let R, S be non empty double loop structures, I be an ideal of R, and
P be a map from R into S. If P is a ring isomorphism, then P°I is an
ideal of S.

(23) Let R, S be add-associative right zeroed right complementable non
empty double loop structures and f be a map from R into S. If f is a
ring homomorphism, then f(0g) = Og.

(24) Let R, S be add-associative right zeroed right complementable non
empty double loop structures, F' be a non empty subset of the carrier
of R, G be a non empty subset of the carrier of S, P be a map from R
into S, [1 be a linear combination of F', L be a linear combination of GG,
and E be a finite sequence of elements of [ the carrier of R, the carrier of
R, the carrier of R]. Suppose that

(i) P is a ring homomorphism,
(ii) len ll = len L1,
)  E represents l1, and
) for every set i such that ¢ € dom Ly holds L; (i) = P((Ei)1) - P((E;)2) -

P((Ei)3)-

Then P(> 1) =>_ L.

(25) Let R, S be non empty double loop structures and P be a map from R
into S. Suppose P is a ring isomorphism. Then there exists a map P; from

(i
(iv

S into R such that Py is a ring isomorphism and P = P~

(26) Let R, S be Abelian add-associative right zeroed right complementable
associative distributive well unital non empty double loop structures, F
be a non empty subset of the carrier of R, and P be a map from R into
S. If P is a ring isomorphism, then P°F—ideal = (P°F')—ideal.

(27) Let R, S be Abelian add-associative right zeroed right complementable
associative distributive well unital non empty double loop structures and
P be amap from R into S. If P is a ring isomorphism and R is Noetherian,
then S is Noetherian.
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(28) Let R be an add-associative right zeroed right complementable associa-
tive distributive well unital non trivial non empty double loop structure.
Then there exists a map from R into Polynom-Ring(0, R) which is a ring
isomorphism.

(29) Let R be a right zeroed add-associative right complementable unital
distributive non trivial non empty double loop structure, n be a natural
number, b be a bag of n, p; be a Polynomial of n, R, and F' be a finite sequ-
ence of elements of the carrier of Polynom-Ring(n, R). Suppose p; = > _ F.
Then there exists a function g from the carrier of Polynom-Ring(n, R) into
the carrier of R such that for every Polynomial p of n, R holds g(p) = p(b)
and p1(b) => (g F).

Let R be an Abelian add-associative right zeroed right complementable asso-
ciative distributive well unital commutative non trivial non empty double loop
structure and let n be a natural number. The functor upm(n, R) yielding a map
from Polynom-Ring Polynom-Ring(n, R) into Polynom-Ring(n+1, R) is defined
by the condition (Def. 6).

(Def. 6) Let p; be a Polynomial of Polynom-Ring(n, R), p2 be a Polynomial of
n, R, ps be a Polynomial of n + 1, R, and b be a bag of n 4+ 1. If p3 =
(upm(n, R))(p1) and pa = p1(b(n)), then p3(b) = p2(b[n).

Let R be an Abelian add-associative right zeroed right complementable asso-
ciative distributive well unital commutative non trivial non empty double loop
structure and let n be a natural number. One can verify the following observa-
tions:

* upm(n, R) is additive,

*x upm(n, R) is multiplicative,

* upm(n, R) is unity-preserving, and

*x upm(n, R) is one-to-one.

Let R be an Abelian add-associative right zeroed right complementable as-
sociative distributive well unital commutative non trivial non empty double
loop structure and let n be a natural number. The functor mpu(n, R) yields a
map from Polynom-Ring(n + 1, R) into Polynom-Ring Polynom-Ring(n, R) and
is defined by the condition (Def. 7).

(Def. 7) Let p; be a Polynomial of n + 1, R, ps be a Polynomial of n, R, p3
be a Polynomial of Polynom-Ring(n, R), ¢ be a natural number, and b
be a bag of n. If p3 = (mpu(n,R))(p1) and ps = ps3(i), then pa(b) =
p1(b extended by 7).

Next we state two propositions:

(30) Let R be an Abelian add-associative right zeroed right complementable
associative distributive well unital commutative non trivial non empty
double loop structure, n be a natural number, and p be an element of the
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carrier of Polynom-Ring(n+1, R). Then (upm(n, R))((mpu(n, R))(p)) = p.

(31) Let R be an Abelian add-associative right zeroed right complementable
associative distributive well unital commutative non trivial non empty
double loop structure and n be a natural number. Then there exists a
map from Polynom-Ring Polynom-Ring(n, R) into Polynom-Ring(n+1, R)
which is a ring isomorphism.

3. HILBERT BAsSiS THEOREM

Let R be a Noetherian Abelian add-associative right zeroed right comple-
mentable associative distributive well unital commutative non empty double
loop structure. Observe that Polynom-Ring R is Noetherian.

One can prove the following propositions:

(32) Let R be a Noetherian Abelian add-associative right zeroed right com-
plementable associative distributive well unital commutative non empty
double loop structure. Then Polynom-Ring R is Noetherian.

(33) Let R be an Abelian add-associative right zeroed right complementable
associative distributive well unital non trivial commutative non empty do-
uble loop structure. Suppose R is Noetherian. Let n be a natural number.
Then Polynom-Ring(n, R) is Noetherian.

(34) Every field is Noetherian.

(35) For every field F and for every natural number n holds
Polynom-Ring(n, F') is Noetherian.

(36) Let R be an Abelian right zeroed add-associative right complemen-
table well unital distributive associative commutative non trivial non
empty double loop structure and X be an infinite ordinal number. Then
Polynom-Ring(X, R) is non Noetherian.
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Dynkin’s Lemma in Measure Theory
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Summary. This article formalizes the proof of Dynkin’s lemma in measure
theory. Dynkin’s lemma is a useful tool in measure theory and probability theory:
it helps frequently to generalize a statement about all elements of a intersection-
stable set system to all elements of the sigma-field generated by that system.

MML Identifier: DYNKIN.

The terminology and notation used in this paper have been introduced in the
following articles: [5], [11], [1], [4], [2], 3], [7], [6], [12], [13], [8], [10], and [9].

1. PRELIMINARIES

For simplicity, we adopt the following rules: O denotes a non empty set, f
denotes a sequence of subsets of Oy, X, A, B denote subsets of O, D denotes a
non empty subset of 291, n, m denote natural numbers, F' denotes a non empty
set, and x, Y denote sets.

Next we state two propositions:

(1) For every sequence f of subsets of O; and for every z holds = € rng f iff

there exists n such that f(n) = x.

(2) For every n holds PSegn is finite.
Let us consider n. One can verify that PSegn is finite.
Next we state the proposition

(3) For all sets z, y, z such that © C y holds z misses z \ y.
Let a, b, ¢ be sets. The functor a, b followed by c is defined as follows:

(Def. 1)  a,b followed by ¢ = (N +—— ¢)+:[0 — a, 1 — b].

@ 2001 University of Bialystok
591 ISSN 1426-2630
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Let a, b, ¢ be sets. Observe that a, b followed by c is function-like and relation-
like.

Let X be anon empty set and let a, b, ¢ be elements of X. Then a, b followed by ¢
is a function from N into X.

Next we state the proposition

(4) For every non empty set X and for all elements a, b, ¢ of X holds
a, b followed by ¢ is a function from N into X.

Let O1 be anon empty set and let a, b, ¢ be subsets of O1. Then a, b followed by ¢
is a sequence of subsets of Oy.
One can prove the following propositions:

(5) For all sets a, b, ¢ holds (a,bfollowed byc)(0) = a and
(a, b followed by ¢)(1) = b and for every n such that n # 0 and n # 1
holds (a, b followed by ¢)(n) = c.

(6) For all subsets a, b of O7 holds |Jrng(a, b followed by ) = a U b.

Let O; be a non empty set, let f be a sequence of subsets of O1, and let X
be a subset of O;. The functor seqIntersection(X, f) yields a sequence of subsets
of O; and is defined by:

(Def. 2) For every n holds (seqIntersection(X, f))(n) = X N f(n).

2. DISJOINT-VALUED FUNCTIONS AND INTERSECTION

Let us consider O; and let us consider f. Let us observe that f is disjoint
valued if and only if:
(Def. 3) If n < m, then f(n) misses f(m).
We now state the proposition
(7) For every non empty set Y and for every x holds z C (Y iff for every
element y of Y holds x C .
Let = be a set. We introduce z is intersection stable as a synonym of x is
multiplicative.
Let O1 be a non empty set, let f be a sequence of subsets of O1, and let n

be an element of N. The functor disjointify(f,n) yielding an element of 291 is
defined by:

(Def. 5)! disjointify(f,n) = f(n) \ Jrng(f] PSegn).
Let O1 be a non empty set and let g be a sequence of subsets of O1. The
functor disjointify g yielding a sequence of subsets of O; is defined as follows:

(Def. 6) For every n holds (disjointify g)(n) = disjointify(g, n).

The following propositions are true:

!The definition (Def. 4) has been removed.
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(8) For every n holds (disjointify f)(n) = f(n) \ Urng(fPSegn).

(9) For every sequence f of subsets of O; holds disjointify f is disjoint valued.
(10) For every sequence f of subsets of O; holds | rng disjointify f = |Jrng f.
(11) For all subsets x, y of O1 such that x misses y holds z, y followed by (Z)(Ol)

is disjoint valued.

(12) Let f be a sequence of subsets of O;. Suppose f is disjoint valued. Let
X be a subset of O1. Then seqlntersection(X, f) is disjoint valued.

(13) For every sequence f of subsets of O; and for every subset X of O; holds
X N Union f = Union seqIntersection(X, f).

3. DYNKIN SYSTEMS: DEFINITION AND CLOSURE PROPERTIES

Let us consider O;. A subset of 297 is called a Dynkin system of O if:
(Def. 7) For every f such that rng f C it and f is disjoint valued holds Union f €
it and for every X such that X € it holds X¢ € it and () € it.
Let us consider O;. One can check that every Dynkin system of O; is non
empty.
The following propositions are true:
(14) 291 is a Dynkin system of Oj.
(15) If for every Y such that Y € F holds Y is a Dynkin system of Oy, then
() F' is a Dynkin system of O;.
(16) If D is a Dynkin system of O; and intersection stable, then if A € D
and B € D, then A\ B € D.
(17) If D is a Dynkin system of O; and intersection stable, then if A € D
and B € D, then AUB € D.
(18) Suppose D is a Dynkin system of O; and intersection stable. Let = be a
finite set. If z C D, then |Jz € D.
(19) Suppose D is a Dynkin system of O; and intersection stable. Let f be a
sequence of subsets of Op. If rng f C D, then rngdisjointify f C D.
(20) Suppose D is a Dynkin system of O; and intersection stable. Let f be a
sequence of subsets of O;. If rng f C D, then |Jrng f € D.
(21) For every Dynkin system D of O; and for all elements x, y of D such
that « misses y holds x Uy € D.

(22) For every Dynkin system D of O; and for all elements x, y of D such
that © C y holds y \ « € D.
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4. MAIN STEPS FOR DYNKIN’S LEMMA

One can prove the following proposition

(23) If D is a Dynkin system of O; and intersection stable, then D is a o-field
of subsets of O;.

Let O; be a non empty set and let E be a subset of 201, The functor
GenDynSys F yielding a Dynkin system of O; is defined by:
(Def. 8) E C GenDynSys E and for every Dynkin system D of O; such that
E C D holds GenDynSys £ C D.

Let O1 be a non empty set, let G be a set, and let X be a subset of O1. The
functor DynSys(X, G) yields a subset of 291 and is defined as follows:

(Def. 9) For every subset A of O; holds A € DynSys(X,G) iff AN X € G.

Let O1 be a non empty set, let G be a Dynkin system of O1, and let X be
an element of G. Then DynSys(X, G) is a Dynkin system of O;.
Next we state four propositions:

(24) Let E be a subset of 291 and X, Y be subsets of O;. If X € Eand Y €
GenDynSys E and E is intersection stable, then X N'Y € GenDynSys E.

(25) Let E be a subset of 291 and X, Y be subsets of O1. If X € GenDynSys E
and Y € GenDynSysFE and FE is intersection stable, then X NY €
GenDynSys F.

(26) For every subset E of 291 such that E is intersection stable holds
GenDynSys F is intersection stable.

(27) Let E be a subset of 291, Suppose E is intersection stable. Let D be a
Dynkin system of O;. If E C D, then o(E) C D.
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Summary. The paper introduces some preliminary notions concerning
the Wroclaw taxonomy according to [16]. The classifications and tolerances are
defined and considered w.r.t. sets and metric spaces. We prove theorems showing
various classifications based on tolerances.

MML Identifier: TAXONOM1.

The articles [14], [15], [20], [4], [9], [5], (6], [8], [12], [1], [13], [17], [19], [2], [23],
[25], [24], [3], [18], [22], [21], [10], [11], and [7] provide the terminology and
notation for this paper.

1. PRELIMINARIES

In this paper A, X are non empty sets, f is a partial function from [ X, X |
to R, and a is a real number.
Let us note that there exists a real number which is non negative.
We now state a number of propositions:
(1) For every finite sequence p and for every natural number k& such that
k+1 € domp and k ¢ domp holds k = 0.
(2) Let p be a finite sequence and 7, j be natural numbers. Suppose i € dom p

and j € domp and for every natural number k such that k € domp and
k41 € domp holds p(k) = p(k + 1). Then p(i) = p(j).
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(3) For every set X and for every binary relation R on X such that R is
reflexive in X holds dom R = X.

(4) For every set X and for every binary relation R on X such that R is
reflexive in X holds rng R = X.

(5) For every set X and for every binary relation R on X such that R is
reflexive in X holds R* is reflexive in X.

(6) Let X, x, y be sets and R be a binary relation on X. Suppose R is
reflexive in X. If R reduces x to y and x € X, then (z, y) € R*.

(7) Let X be a set and R be a binary relation on X. If R is reflexive in X
and symmetric in X, then R* is symmetric in X.

(8) For every set X and for every binary relation R on X such that R is
reflexive in X holds R* is transitive in X.

(9) Let X be a non empty set and R be a binary relation on X. Suppose R
is reflexive in X and symmetric in X. Then R* is an equivalence relation
of X.

(10) For all binary relations R;, Ry on X such that Ry C Ry holds R1* C Ry*.
(11) SmallestPartition(A) is finer than {A}.

2. THE NOTION OF CLASSIFICATION

Let A be a non empty set. A subset of PARTITIONS(A) is called a classifi-
cation of A if:

(Def. 1) For all partitions X, Y of A such that X € it and Y € it holds X is finer
than Y or Y is finer than X.

One can prove the following propositions:

(12) {{A}} is a classification of A.

(13) {SmallestPartition(A)} is a classification of A.

(14) For every subset S of PARTITIONS(A) such that S = {{A},

SmallestPartition(A)} holds S is a classification of A.
Let A be a non empty set. A subset of PARTITIONS(A) is called a strong
classification of A if:
(Def. 2) It is a classification of A and {A} € it and SmallestPartition(A) € it.

Next we state the proposition

(15) For every subset S of PARTITIONS(A) such that S = {{A},
SmallestPartition(A)} holds S is a strong classification of A.
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3. THE TOLERANCE ON A NON EMPTY SET

Let X be a non empty set, let f be a partial function from [ X, X | to R,
and let a be a real number. The functor Ti(f,a) yields a binary relation on X
and is defined as follows:

(Def. 3) For all elements z, y of X holds (z, y) € Ti(f,a) iff f(z, y) < a.
The following four propositions are true:

(16) If f is Reflexive and a > 0, then T|(f,a) is reflexive in X.

(17) If f is symmetric, then T}(f,a) is symmetric in X.

(18) If @ > 0 and f is Reflexive and symmetric, then Tj(f,a) is a tolerance
of X.

(19) Let X be a non empty set, f be a partial function from [ X, X | to R,
and ap, ag be real numbers. If a; < ag, then Ti(f,a1) C Ti(f, az).

Let X be a set and let f be a partial function from [ X, X ] to R. We say
that f is non-negative if and only if:
(Def. 4) For all elements z, y of X holds f(z, y) > 0.
We now state three propositions:
(20) Let X be a non empty set, f be a partial function from [ X, X ] to R,
and z, y be sets. Suppose f is non-negative, Reflexive, and discernible. If
(z, y) € Ti(f,0), then z = y.
(21) Let X be a non empty set, f be a partial function from [ X, X | to
R, and x be an element of X. If f is Reflexive and discernible, then (z,
x) € Ti(f,0).
(22) Let X be anon empty set, f be a partial function from [ X, X ] to R, and
a be a real number. Suppose T)(f,a) is reflexive in X and f is symmetric.
Then (Ti(f,a))* is an equivalence relation of X.

4. THE PARTITIONS DEFINED BY LOWER TOLERANCE

Next we state several propositions:

(23) Let X be anon empty set and f be a partial function from [ X, X ] to R.
Suppose f is non-negative, Reflexive, and discernible. Then (Tj(f,0))* =
Tl(fv 0)

(24) Let X be a non empty set, f be a partial function from [ X, X ] to R,
and R be an equivalence relation of X. Suppose R = (T(f,0))* and f is
non-negative, Reflexive, and discernible. Then R = Ax.
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(25) Let X be a non empty set, f be a partial function from [ X, X ] to
R, and R be an equivalence relation of X. Suppose R = (T)(f,0))*
and f is non-negative, Reflexive, and discernible. Then Classes R =
SmallestPartition(X).

(26) Let X be a finite non empty subset of R, f be a function from [ X, X ]
into R, z be a finite non empty subset of R, and A be a real number.
If z = rng f and A > maxz, then for all elements x, y of X holds f(z,
y) < A

(27) Let X be a finite non empty subset of R, f be a function from [ X, X ]
into R, z be a finite non empty subset of R, and A be a real number.
Suppose z = rng f and A > max z. Let R be an equivalence relation of X.
If R=(Ti(f,A))*, then Classes R = {X}.

(28) Let X be a finite non empty subset of R, f be a function from [ X, X ]
into R, z be a finite non empty subset of R, and A be a real number. If
z=rng f and A > max z, then (T|(f, 4))* = Ti(f, A).

5. THE CLASSIFICATION ON A NON EMPTY SET

Let X be a non empty set and let f be a partial function from [ X, X ] to
R. The functor FamClass f yielding a subset of PARTITIONS(X) is defined by
the condition (Def. 5).

(Def. 5) Let x be a set. Then € FamClass f if and only if there exists a non
negative real number a and there exists an equivalence relation R of X
such that R = (Ti(f,a))* and Classes R = z.

We now state four propositions:

(29) Let X be a non empty set, f be a partial function from [ X, X ] to R,
and a be a non negative real number. If Ti(f, a) is reflexive in X and f is
symmetric, then FamClass f is a non empty set.

(30) Let X be a finite non empty subset of R and f be a function from [ X,
X | into R. If f is symmetric and non-negative, then {X} € FamClass f.

(31) For every non empty set X and for every partial function f from [ X,
X | to R holds FamClass f is a classification of X.

(32) Let X be a finite non empty subset of R and f be a function from [ X, X ]
into R. Suppose SmallestPartition(X) € FamClass f and f is symmetric
and non-negative. Then FamClass f is a strong classification of X.
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6. THE CLASSIFICATION ON A METRIC SPACE

Let M be a metric structure, let a be a real number, and let z, y be elements
of the carrier of M. We say that x, y are in tolerance w.r.t. a if and only if:

(Def. 6) p(z,y) < a.
Let M be a non empty metric structure and let a be a real number. The
functor Ty, (M, a) yielding a binary relation on M is defined by:
(Def. 7) For all elements x, y of the carrier of M holds (z, y) € Tn(M,a) iff ,
y are in tolerance w.r.t. a.
Next we state two propositions:
(33) For every non empty metric structure M and for every real number a
holds T\, (M, a) = T)(the distance of M, a).
(34) Let M be a non empty Reflexive symmetric metric structure, a be a real
number, and T be a relation between the carrier of M and the carrier of
M. T =Ty,(M,a) and a > 0, then T is a tolerance of the carrier of M.
Let M be a Reflexive symmetric non empty metric structure. The func-
tor MetricFamClass M yielding a subset of PARTITIONS(the carrier of M) is
defined by the condition (Def. 8).
(Def. 8) Let x be a set. Then x € MetricFamClass M if and only if there exists a
non negative real number a and there exists an equivalence relation R of
M such that R = (T\,(M,a))* and Classes R = x.
The following propositions are true:

(35) For every Reflexive symmetric non empty metric structure M holds
MetricFamClass M = FamClass the distance of M.

(36) Let M be a non empty metric space and R be an equivalence relation of
M. If R = (Twn(M,0))*, then Classes R = SmallestPartition(the carrier of
(37) For every Reflexive symmetric bounded non empty metric structure M
such that a > @(Qp7) holds Ty, (M, a) = Vine carrier of M-
(38) For every Reflexive symmetric bounded non empty metric structure M
such that a > O(Qys) holds Tiy(M,a) = (Twm(M,a))*.
(39) For every Reflexive symmetric bounded non empty metric structure M
such that a > O(Qys) holds (T (M, a))* = Vine carrier of M-
(40) Let M be a Reflexive symmetric bounded non empty metric structure,
R be an equivalence relation of M, and a be a non negative real number.
Ifa > O(Qy) and R = (T (M, a))*, then Classes R = {the carrier of M }.
Let M be a Reflexive symmetric triangle non empty metric structure and
let C' be a non empty bounded subset of M. Observe that @C' is non negative.
We now state three propositions:
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(41) For every bounded non empty metric space M holds {the carrier of
M} € MetricFamClass M.

(42) For every Reflexive symmetric non empty metric structure M holds
MetricFamClass M is a classification of the carrier of M.

(43) For every bounded non empty metric space M holds MetricFamClass M
is a strong classification of the carrier of M.
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Concrete Categories

Grzegorz Bancerek
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Summary. In the paper, we develop the notation of duality and equiva-
lence of categories and concrete categories based on [9]. The development was
motivated by the duality theory for continuous lattices (see [5, p. 189]), where we
need to cope with concrete categories of lattices and maps preserving their pro-
perties. For example, the category UPS of complete lattices and directed suprema
preserving maps; or the category INF of complete lattices and infima preserving
maps. As the main result of this paper it is shown that every category is isomor-
phic to its concretization (the concrete category with the same objects). Some
useful schemes to construct categories and functors are also presented.

MML Identifier: YELLOW18.

The notation and terminology used here are introduced in the following articles:
[9], [10], [7], [2], [13], [11], [6], [3], [4], [1], [14], [15], [12], and [8].

1. DEFINABILITY OF CATEGORIES AND FUNCTORS

In this article we present several logical schemes. The scheme AltCatStr-
Lambda deals with a non empty set A, a binary functor F yielding a set, and a
5-ary functor G yielding a set, and states that:

There exists a strict non empty transitive category structure C
such that

(i)  the carrier of C' = A,

(ii)  for all objects a, b of C holds (a,b) = F(a,b), and
(i)  for all objects a, b, ¢ of C such that (a,b) # 0 and (b, c) # 0
and for every morphism f from a to b and for every morphism g
from b to ¢ holds g - f = G(a,b,c, f,9)

@ 2001 University of Bialystok
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provided the following requirement is met:
e For all elements a, b, ¢ of A and for all sets f, g such that f €
F(a,b) and g € F(b,c) holds G(a,b,c, f,g) € F(a,c).
The scheme CatAssocSch deals with a non empty transitive category struc-
ture A and a 5-ary functor F yielding a set, and states that:
A is associative
provided the parameters meet the following requirements:
e Let a, b, ¢ be objects of A. Suppose (a,b) # () and (b, c) # 0. Let
f be a morphism from a to b and g be a morphism from b to c.
Then g - f = F(a,b,c, f,g), and
e Let a, b, ¢, d be objects of A and f, g, h be sets. If f € (a,b
and g € (b,c) and h € (c,d), then F(a,c,d,F(a,b,c, f,g),h) =
F(a,b,d, f,F(b,c,d,g,h)).
The scheme CatUnitsSch deals with a non empty transitive category struc-
ture A and a 5-ary functor F yielding a set, and states that:
A has units
provided the parameters satisfy the following conditions:
e Let a, b, ¢ be objects of A. Suppose (a,b) # () and (b, c) # . Let
f be a morphism from a to b and g be a morphism from b to c.
Then g - f = F(a,b,¢c, f,9),
e Let a be an object of A. Then there exists a set f such that
f € {a,a) and for every object b of A and for every set g such
that g € (a,b) holds F(a,a,b, f,g9) = g, and
e Let a be an object of A. Then there exists a set f such that
f € {a,a) and for every object b of A and for every set g such
that g € (b,a) holds F(b,a,a,g, f) =g.
The scheme CategoryLambda deals with a non empty set A, a binary functor
F yielding a set, and a 5-ary functor G yielding a set, and states that:
There exists a strict category C' such that
(i)  the carrier of C = A,
(ii)  for all objects a, b of C holds (a,b) = F(a,b), and
(i)  for all objects a, b, ¢ of C such that (a,b) # 0 and (b, c) # 0
and for every morphism f from a to b and for every morphism ¢
from b to ¢ holds g - f = G(a, b, ¢, f,9)
provided the parameters satisfy the following conditions:
e For all elements a, b, ¢ of A and for all sets f, g such that f €
F(a,b) and g € F(b,c) holds G(a,b,c, f,g) € F(a,c),
e Let a, b, ¢, d be elements of A and f, g, h be sets. If f € F(a,b
and g € F(b,c) and h € F(c,d), then G(a,c,d,G(a,b,c, f,g),h) =
g(a7 ba d7 f7 g(b7 ¢ d? 9, h))7
e Let a be an element of A. Then there exists a set f such that
f € F(a,a) and for every element b of A and for every set g such
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that g € F(a,b) holds G(a,a,b, f,g) = g, and

e Let a be an element of A. Then there exists a set f such that
f € F(a,a) and for every element b of A and for every set g such
that g € F(b,a) holds G(b,a,a,qg,f) =g.

The scheme CategoryLambdaUniq deals with a non empty set A, a binary
functor F yielding a set, and a 5-ary functor G yielding a set, and states that:

Let C1, C be non empty transitive category structures. Suppose
that

(i)  the carrier of C; = A,

(ii)  for all objects a, b of Cy holds (a,b) = F(a,b),
(iii)  for all objects a, b, ¢ of Cy such that (a,b) # () and (b,c) # 0
and for every morphism f from a to b and for every morphism g
from b to ¢ holds g - f = G(a, b, ¢, f,9),
(iv)  the carrier of Cy = A,

(v)  for all objects a, b of Cy holds (a,b) = F(a,b), and
(vi) for all objects a, b, ¢ of Cs such that (a,b) # () and (b, c) # 0
and for every morphism f from a to b and for every morphism g
from b to ¢ holds g - f = G(a,b, ¢, f,9).

Then the category structure of C; = the category structure of
Co
for all values of the parameters.
The scheme CategoryQuasiLambda deals with a non empty set A, a binary
functor F yielding a set, a 5-ary functor G yielding a set, and a ternary predicate
P, and states that:
There exists a strict category C' such that
(i)  the carrier of C' = A,

(ii) for all objects a, b of C and for every set f holds f € (a,b)
iff f € F(a,b) and Pla,b, f], and
(i)  for all objects a, b, ¢ of C such that (a,b) # 0 and (b, c) # 0
and for every morphism f from a to b and for every morphism ¢
from b to ¢ holds g - f = G(a, b, ¢, f,9)

provided the following requirements are met:

e Let a, b, c be elements of A and f, g be sets. Suppose f € F(a,b)
and Pla, b, f] and g € F(b,c) and P[b, ¢, g]. Then G(a,b,c, f,g) €
F(a,c) and Pla,c,G(a,b,c, f,g9)],

o Let a, b, ¢, d be elements of A and f, g, h be sets. Suppose f €
F(a,b) and Pla, b, f] and g € F(b,c) and P[b, ¢, g] and h € F(c,d)
and Plc,d, h]. Then G(a,c,d,G(a,b,c, f,g),h) = G(a,b,d, f,G(b,c,
d,g,h)),

e Let a be an element of A. Then there exists a set f such that f €
F(a,a) and Pla,a, f] and for every element b of A and for every
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set g such that g € F(a,b) and Pl[a,b, g] holds G(a,a,b, f,g9) = g,
and
e Let a be an element of A. Then there exists a set f such that f €
F(a,a) and Pla, a, f] and for every element b of A and for every
set g such that g € F(b,a) and PIb, a, g] holds G(b,a,a, g, f) = g.
Let f be a function yielding function and let a, b, ¢ be sets. Note that f(a,
b, ¢) is relation-like and function-like.
Now we present two schemes. The scheme SubcategoryFx deals with a cate-
gory A, a unary predicate P, and a ternary predicate Q, and states that:
There exists a subcategory B of A such that
(i)  for every object a of A holds a is an object of B iff Plal,
and
(i)  for all objects a, b of A and for all objects o/, b" of B such
that @’ = a and b’ = b and (a,b) # () and for every morphism f
from a to b holds f € (d/, V') iff Qla, b, f]
provided the parameters meet the following requirements:
e There exists an object a of A such that P[a],
o Let a, b, ¢ be objects of A. Suppose Pla] and P[b] and P|c| and
{a,by # 0 and (b,c) # 0. Let f be a morphism from a to b and
g be a morphism from b to c. If Qa,b, f] and QJb, ¢, g], then
Qla,c,g- f], and
e For every object a of A such that P[a] holds Qa, a,id,].
The scheme CovariantFunctorLambda deals with categories A, B, a unary
functor F yielding a set, and a ternary functor G yielding a set, and states that:
There exists a covariant strict functor F' from A to B such that
(i) for every object a of A holds F(a) = F(a), and
(i) for all objects a, b of A such that (a,b) # () and for every
morphism f from a to b holds F(f) = G(a,b, f)
provided the parameters have the following properties:
e For every object a of A holds F(a) is an object of B,
e Let a, b be objects of A. Suppose (a, b) # ). Let f be a morphism
from a to b. Then G(a, b, f) € (the arrows of B)(F(a), F(b)),
e Let a, b, ¢ be objects of A. Suppose (a,b) # 0 and (b,c) # 0.
Let f be a morphism from a to b, g be a morphism from b to c,
and o, V', ¢ be objects of B. Suppose ¢’ = F(a) and v/ = F(b)
and ¢ = F(c). Let f’ be a morphism from &’ to b’ and ¢’ be a
morphism from b’ to ¢. If f' = G(a,b, f) and ¢’ = G(b, ¢, g), then
G(a,c,g- f) =g - f, and
e For every object a of A and for every object a’ of B such that
a’ = F(a) holds G(a,a,id,) = idy .
The following proposition is true
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(1) Let A, B be categories and F, G be covariant functors from A to B.
Suppose that
(i) for every object a of A holds F(a) = G(a), and
(ii)  for all objects a, b of A such that (a,b) # () and for every morphism f
from a to b holds F(f) = G(f).
Then the functor structure of F' = the functor structure of G.

The scheme ContravariantFunctorLambda deals with categories A, B, a unary
functor F yielding a set, and a ternary functor G yielding a set, and states that:
There exists a contravariant strict functor F' from A to B such
that
(i) for every object a of A holds F'(a) = F(a), and
(ii)  for all objects a, b of A such that (a,b) # () and for every
morphism f from a to b holds F(f) = G(a,b, f)
provided the parameters meet the following requirements:
e For every object a of A holds F(a) is an object of B,
e Let a, b be objects of A. Suppose (a, b) # ). Let f be a morphism
from a to b. Then G(a,b, f) € (the arrows of B)(F(b), F(a)),
e Let a, b, c be objects of A. Suppose (a,b) # 0 and (b,c) # 0.
Let f be a morphism from a to b, g be a morphism from b to c,
and d', V', ¢ be objects of B. Suppose ¢/ = F(a) and b’ = F(b)
and ¢ = F(c). Let f' be a morphism from ¥’ to a’ and ¢’ be a
morphism from ¢ to b'. If ' = G(a,b, f) and ¢’ = G(b, ¢, g), then
Gla,c,g-f) = f'-g', and
e For every object a of A and for every object a’ of B such that
a’ = F(a) holds G(a,a,id,) = id, .
One can prove the following proposition
(2) Let A, B be categories and F', G be contravariant functors from A to B.
Suppose that
(i) for every object a of A holds F(a) = G(a), and
(ii)  for all objects a, b of A such that (a,b) # () and for every morphism f
from a to b holds F(f) = G(f).
Then the functor structure of F' = the functor structure of G.

2. ISOMORPHISM AND EQUIVALENCE OF CATEGORIES

Let A, B, C be non empty sets and let f be a function from [ A, B ] into C.
Let us observe that f is one-to-one if and only if:

(Def. 1) For all elements aj, az of A and for all elements by, b of B such that
f(al, bl) = f(ag, bg) holds al = a9 and bl = bz.
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Now we present four schemes. The scheme CoBijectiveSch deals with cate-
gories A, B, a covariant functor C from A to B, a unary functor F yielding a
set, and a ternary functor C yielding a set, and states that:

C is bijective
provided the parameters meet the following requirements:

e For every object a of A holds C(a) = F(a),

e For all objects a, b of A such that (a,b) # () and for every mor-
phism f from a to b holds C(f) = C(a,b, f),

e For all objects a, b of A such that F(a) = F(b) holds a = b,

e For all objects a, b of A such that (a,b) # () and for all morphisms
f, g from a to b such that C(a,b, f) = C(a,b, g) holds f = g, and

e Let a, b be objects of B. Suppose (a,b) # ). Let f be a morphism
from a to b. Then there exist objects ¢, d of A and there exists
a morphism g from ¢ to d such that a = F(c) and b = F(d) and
(e,d) # 0 and f =C(c,d,g).

The scheme Catlsomorphism deals with categories A, B, a unary functor F

yielding a set, and a ternary functor G yielding a set, and states that:
A and B are isomorphic
provided the parameters meet the following requirements:
e There exists a covariant functor F' from A to B such that
(i)  for every object a of A holds F(a) = F(a), and
(i) for all objects a, b of A such that (a,b) # () and for every
morphism f from a to b holds F(f) = G(a,b, f),
e For all objects a, b of A such that F(a) = F(b) holds a = b,
e For all objects a, b of A such that (a,b) # () and for all morphisms
f, g from a to b such that G(a,b, f) = G(a,b, g) holds f = g, and
e Let a, b be objects of B. Suppose (a,b) # (). Let f be a morphism
from a to b. Then there exist objects ¢, d of A and there exists
a morphism ¢ from ¢ to d such that a = F(c) and b = F(d) and
(e,dy # 0 and f = G(c,d,g).

The scheme ContraBijectiveSch deals with categories A, B, a contravariant
functor C from A to B, a unary functor F yielding a set, and a ternary functor
C yielding a set, and states that:

C is bijective
provided the following conditions are met:

e For every object a of A holds C(a) = F(a),

e For all objects a, b of A such that (a,b) # () and for every mor-
phism f from a to b holds C(f) = C(a,b, f),

e For all objects a, b of A such that F(a) = F(b) holds a = b,

e For all objects a, b of A such that (a, b) # () and for all morphisms
f, g from a to b such that C(a,b, f) = C(a,b,g) holds f = g, and
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e Let a, b be objects of B. Suppose (a,b) # (). Let f be a morphism
from a to b. Then there exist objects ¢, d of A and there exists
a morphism ¢ from ¢ to d such that b = F(c¢) and a = F(d) and
(e,d) # 0 and f =C(c,d,g).
The scheme CatAntilsomorphism deals with categories A, I3, a unary functor
F yielding a set, and a ternary functor G yielding a set, and states that:
A, B are anti-isomorphic
provided the parameters meet the following conditions:
e There exists a contravariant functor F' from A to B such that
(i)  for every object a of A holds F(a) = F(a), and
(ii)  for all objects a, b of A such that (a,b) # () and for every
morphism f from a to b holds F(f) = G(a,b, f),
e For all objects a, b of A such that F(a) = F(b) holds a = b,
e For all objects a, b of A such that (a,b) # () and for all morphisms
f, g from a to b such that G(a,b, f) = G(a,b,g) holds f = g, and
e Let a, b be objects of B. Suppose (a,b) # (). Let f be a morphism
from a to b. Then there exist objects ¢, d of A and there exists
a morphism ¢ from ¢ to d such that b = F(c¢) and a = F(d) and
(e,d) # 0 and f =G(c,d,g).
Let A, B be categories. We say that A and B are equivalent if and only if
the condition (Def. 2) is satisfied.

(Def. 2) There exists a covariant functor F' from A to B and there exists a co-
variant functor G from B to A such that G - F and id4 are naturally
equivalent and F' - G and idp are naturally equivalent.

Let us notice that the predicate A and B are equivalent is reflexive and sym-
metric.
The following propositions are true:

(3) Let A, B, C be non empty reflexive graphs, Fi, Fy be feasible functor
structures from A to B, and G1, G2 be functor structures from B to C.
Suppose that

(i)  the functor structure of F; = the functor structure of F, and

(ii)  the functor structure of G1 = the functor structure of Gs.
Then Gl . F1 == G2 . F2.

(4) Let A, B, C be categories. Suppose A and B are equivalent and B and
C are equivalent. Then A and C are equivalent.

(5) For all categories A, B such that A and B are isomorphic holds A and
B are equivalent.

Now we present two schemes. The scheme NatTransLambda deals with ca-
tegories A, B, covariant functors C, D from A to B, and a unary functor F
yielding a set, and states that:
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There exists a natural transformation ¢ from C to D such that C
is naturally transformable to D and for every object a of A holds
tla] = F(a)
provided the parameters have the following properties:
e For every object a of A holds F(a) € (C(a),D(a)), and
e Let a, b be objects of A. Suppose (a, b) # ). Let f be a morphism
from a to b and g; be a morphism from C(a) to D(a). Suppose
g1 = F(a). Let ga be a morphism from C(b) to D(b). If go = F(b),
then g2 - C(f) = D(f) - g1.
The scheme NatEquivalenceLambda deals with categories A, B, covariant
functors C, D from A to B, and a unary functor F yielding a set, and states
that:
There exists a natural equivalence ¢ of C and D such that C and D
are naturally equivalent and for every object a of A holds t[a] =
F(a)

provided the following conditions are satisfied:

e Let a be an object of A. Then F(a) € (C(a),D(a)) and (D(a),C(a)) #
() and for every morphism f from C(a) to D(a) such that f = F(a)
holds f is iso, and

e Let a, b be objects of A. Suppose (a, b) # ). Let f be a morphism
from a to b and g1 be a morphism from C(a) to D(a). Suppose
g1 = F(a). Let g be a morphism from C(b) to D(b). If g, = F(b),
then g - C(f) = D(f) - .

3. DuAaL CATEGORIES

Let C1, C5 be non empty category structures. We say that C; and Cy are
opposite if and only if the conditions (Def. 3) are satisfied.
(Def. 3)(i) The carrier of Cy = the carrier of Cf,
(ii)  the arrows of Cy = ~\(the arrows of C), and
(iii)  for all objects a, b, ¢ of C; and for all objects o', b/, ¢ of Cy such
that ' = a and ¥/ = b and ¢ = ¢ holds (the composition of Cs)(d’, ¥/,
') = ~\(the composition of C1)(c, b, a).
Let us note that the predicate C; and Cy are opposite is symmetric.
Next we state several propositions:
(6) For all non empty category structures A, B such that A and B are
opposite holds every object of A is an object of B.
(7) Let A, B be non empty category structures. Suppose A and B are op-
posite. Let a, b be objects of A and a’, b’ be objects of B. If ¢’ = a and
b = b, then (a,b) = (V/,d’).
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(8) Let A, B be non empty category structures. Suppose A and B are op-
posite. Let a, b be objects of A and a’, b’ be objects of B. If ¢’ = a and
b' = b, then every morphism from a to b is a morphism from b’ to a’.

(9) Let Cq, C2 be non empty transitive category structures. Then C; and
Cy are opposite if and only if the following conditions are satisfied:

(i)  the carrier of Cy = the carrier of C, and

(ii)  for all objects a, b, ¢ of C and for all objects d’, b/, ¢’ of Cy such that
a =aand b = b and ¢ = ¢ holds (a,b) = (V,d’) and if {a,b) # 0 and
(b, ¢) # 0, then for every morphism f from a to b and for every morphism g
from b to ¢ and for every morphism f’ from &’ to a’ and for every morphism
g’ from ¢’ to b’ such that f'= f and ¢ =g holds f'-¢g' =g f.

(10) Let A, B be categories. Suppose A and B are opposite. Let a be an
object of A and b be an object of B. If a = b, then id, = id .

(11) Let C be a transitive non empty category structure. Then there exists a
strict transitive non empty category structure C’ such that C' and C’ are
opposite.

(12) Let A, B be transitive non empty category structures. Suppose A and
B are opposite. If A is associative, then B is associative.

(13) For all transitive non empty category structures A, B such that A and
B are opposite holds if A has units, then B has units.

(14) Let C, C, C3 be non empty category structures. Suppose C and C; are
opposite. Then C and C' are opposite if and only if the category structure
of C1 = the category structure of Cs.

Let C be a transitive non empty category structure. The functor C°P yields
a strict transitive non empty category structure and is defined as follows:

(Def. 4) C and C°P are opposite.

Let C' be an associative transitive non empty category structure. One can
check that C°P is associative.

Let C be a transitive non empty category structure with units. One can
verify that C'°P has units.

Let A, B be categories. Let us assume that A and B are opposite. The
dualizing functor from A into B is a contravariant strict functor from A to B
and is defined by the conditions (Def. 5).

(Def. 5)(1)  For every object a of A holds (the dualizing functor from A into
B)(a) = a, and
(ii) for all objects a, b of A such that (a,b) # () and for every morphism f
from a to b holds (the dualizing functor from A into B)(f) = f.

Next we state two propositions:

(15) Let A, B be categories. Suppose A and B are opposite. Then (the duali-
zing functor from A into B) - (the dualizing functor from B into A) = idp.
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(16) Let A, B be categories. Suppose A and B are opposite. Then the duali-
zing functor from A into B is bijective.

Let A be a category. One can verify that the dualizing functor from A into
A°P is bijective and the dualizing functor from A°P into A is bijective.
Next we state a number of propositions:

(17) For all categories A, B such that A and B are opposite holds A, B are
anti-isomorphic.

(18) Let A, B, C be categories. Suppose A and B are opposite. Then A and
C are isomorphic if and only if B, C' are anti-isomorphic.

(19) Let A, B, C, D be categories. Suppose A and B are opposite and C' and
D are opposite. If A and C' are isomorphic, then B and D are isomorphic.

(20) Let A, B, C, D be categories. Suppose A and B are opposite and C' and
D are opposite. If A, C are anti-isomorphic, then B, D are anti-isomorphic.

(21) Let A, B be categories. Suppose A and B are opposite. Let a, b be objects
of A. Suppose (a,b) # () and (b, a) # 0. Let o, b’ be objects of B. Suppose
a' = aand b’ = b. Let f be a morphism from a to b and f’ be a morphism
from o' to a’. If f' = f, then f is retraction iff f’ is coretraction.

(22) Let A, B be categories. Suppose A and B are opposite. Let a, b be objects
of A. Suppose (a,b) # () and (b, a) # 0. Let o, b’ be objects of B. Suppose
a' = aand b’ = b. Let f be a morphism from a to b and f’ be a morphism
from b’ to a’. If f/ = f, then f is coretraction iff f’ is retraction.

(23) Let A, B be categories. Suppose A and B are opposite. Let a, b be
objects of A. Suppose (a,b) # () and (b,a) # 0. Let a’, b’ be objects of B.
Suppose a’ = a and b’ = b. Let f be a morphism from a to b and f’ be
a morphism from o’ to oa’. If f/ = f and f is retraction and coretraction,
then f/~! = f=1.

(24) Let A, B be categories. Suppose A and B are opposite. Let a, b be
objects of A. Suppose (a,b) # () and (b,a) # 0. Let a’, b' be objects of B.
Suppose @’ = a and V' = b. Let f be a morphism from a to b and f’ be a
morphism from b to o’. If f/ = f, then f is iso iff f’ is iso.

(25) Let A, B, C, D be categories. Suppose A and B are opposite and C and
D are opposite. Let F'; G be covariant functors from B to C. Suppose F
and G are naturally equivalent. Then (the dualizing functor from C into
D) - G - the dualizing functor from A into B and (the dualizing functor
from C into D) - F - the dualizing functor from A into B are naturally
equivalent.

(26) Let A, B, C, D be categories. Suppose A and B are opposite and C' and
D are opposite. If A and C are equivalent, then B and D are equivalent.

Let A, B be categories. We say that A and B are dual if and only if:
(Def. 6) A and B°P are equivalent.
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Let us note that the predicate A and B are dual is symmetric.
We now state four propositions:

(27) For all categories A, B such that A, B are anti-isomorphic holds A and
B are dual.

(28) Let A, B, C be categories. Suppose A and B are opposite. Then A and
C' are equivalent if and only if B and C' are dual.

(29) For all categories A, B, C such that A and B are dual and B and C are
equivalent holds A and C are dual.

(30) For all categories A, B, C such that A and B are dual and B and C are
dual holds A and C' are equivalent.

4. CONCRETE CATEGORIES

The following proposition is true
(31) For all sets X, Y, 2 holds # € YX iff x is a function and 7 (z) = X and
ma(z) C Y.
Let C be a 1-sorted structure. A many sorted set indexed by C is a many
sorted set indexed by the carrier of C.
Let C be a category. We say that C' is para-functional if and only if:
(Def. 7) There exists a many sorted set F' indexed by C such that for all objects
ay, ag of C holds (a1, as) C F(ag)F(“l).
Let us note that every category which is quasi-functional is also para-functional.
Let C be a category and let a be a set. C-carrier of a is defined as follows:

(Def. 8)()  There exists an object b of C' such that b = a and C-carrier of a =
m1(idp) if @ is an object of C,
(ii)  C-carrier of a = (), otherwise.
Let C be a category and let a be an object of C. Then C-carrier of a can be
characterized by the condition:
(Def. 9) C-carrier of a = m;(id,).
We introduce the carrier of a as a synonym of C-carrier of a.
We now state two propositions:
(32) For every non empty set A and for every object a of Ensy holds the
identity morphism of a = the identity function on a.

(33) For every non empty set A and for every object a of Ensy holds the
carrier of a = a.

Let C be a category. We say that C' is set-id-inheriting if and only if:
(Def. 10) For every object a of C holds id, = idthe carrier of a-
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Let A be a non empty set. Observe that Ens,4 is set-id-inheriting.
Let C be a category. We say that C' is concrete if and only if:
(Def. 11) C' is para-functional, semi-functional, and set-id-inheriting.

One can verify that every category which is concrete is also para-functional,
semi-functional, and set-id-inheriting and every category which is para-functional,
semi-functional, and set-id-inheriting is also concrete.

Let us mention that there exists a category which is concrete, quasi-functional,
and strict.

The following propositions are true:

(34) Let C be a category. Then C' is para-functional if and only if for all
objects ay, az of C holds {(ay,as) C (the carrier of ag)the carrier of ar

(35) Let C be a para-functional category and a, b be objects of C. Suppose
(a,b) # (). Then every morphism from a to b is a function from the carrier
of a into the carrier of b.

Let A be a para-functional category and let a, b be objects of A. One can
verify that every morphism from a to b is function-like and relation-like.

We now state four propositions:

(36) Let C be a para-functional category and a, b be objects of C. Suppose
(a,b) # 0. Let f be a morphism from a to b. Then dom f = the carrier of
a and rng f C the carrier of b.

(37) For every para-functional semi-functional category C' and for every ob-
ject a of C holds the carrier of a = dom(id,).

(38) Let C be a para-functional semi-functional category and a, b, ¢ be objects
of C. Suppose (a,b) # () and (b, c) # (). Let f be a morphism from a to b
and g be a morphism from b to ¢. Then g- f = (g qua function) - (f qua
function).

(39) Let C be a para-functional semi-functional category and a be an object
of C. If idthe carrier of a € <a7 CL>, then ida = idthe carrier of a-

Now we present several schemes. The scheme ConcreteCategoryLambda deals
with a non empty set A, a binary functor F yielding a set, and a unary functor
g yielding a set, and states that:

There exists a concrete strict category C' such that
(i)  the carrier of C' = A,
(ii)  for every object a of C holds the carrier of a = G(a), and
(iii)  for all objects a, b of C holds (a,b) = F(a,b)
provided the following requirements are met:

e For all elements a, b, ¢ of A and for all functions f, g such that
f € F(a,b) and g € F(b,c) holds g - f € F(a,c),

e For all elements a, b of A holds F(a,b) € G(b)9(®), and

e For every element a of A holds idg(,) € F(a,a).
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The scheme ConcreteCategoryQuasiLambda deals with a non empty set A,
a unary functor F yielding a set, and a ternary predicate P, and states that:
There exists a concrete strict category C' such that
(i)  the carrier of C' = A,
(ii)  for every object a of C holds the carrier of a = F(a), and
(iii)  for all elements a, b of A and for every function f holds
f € (the arrows of C)(a, b) iff f € F(b)*® and Pla, b, f]
provided the parameters satisfy the following conditions:
e For all elements a, b, ¢ of A and for all functions f, g such that
Pla, b, f] and P[b, ¢, g] holds Pla,c,g - f], and
e For every element a of A holds P[a, a,id ().

The scheme ConcreteCategoryEx deals with a non empty set 4, a unary
functor F yielding a set, a binary predicate P, and a ternary predicate Q, and
states that:

There exists a concrete strict category C' such that
(i)  the carrier of C' = A,
(ii)  for every object a of C' and for every set x holds = € the
carrier of a iff x € F(a) and Pla, 2], and
(iii)  for all elements a, b of A and for every function f holds
f € (the arrows of C)(a, b) iff f € (C-carrier of b)C-cartier of a anq
Qla, b, f]
provided the following requirements are met:

e For all elements a, b, ¢ of A and for all functions f, g such that
Qla, b, f] and Q[b, ¢, g] holds Qla, ¢, g - f], and

e Let a be an element of A and X be a set. If for every set « holds
z € X iff x € F(a) and Pla, x|, then Qa,a,idx].

The scheme ConcreteCategoryUniql deals with a non empty set A and a
binary functor F yielding a set, and states that:

Let C1, C5 be para-functional semi-functional categories. Suppose
that
(i)  the carrier of C; = A,
(ii)  for all objects a, b of Cy holds (a,b) = F(a,b),
(iii)  the carrier of Cy = A, and
) for all objects a, b of Cy holds (a,b) = F(a,b).
Then the category structure of C; = the category structure of
Co

for all values of the parameters.

(iv

The scheme ConcreteCategoryUniq2 deals with a non empty set A, a unary
functor F yielding a set, and a ternary predicate P, and states that:
Let C1, C5 be para-functional semi-functional categories. Suppose
that
(i)  the carrier of C; = A,
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(ii)  for all elements a, b of A and for every function f holds
f € (the arrows of C1)(a, b) iff f € F(b)7@ and Pla,b, f],
(iii)  the carrier of Cy = A, and
(iv)  for all elements a, b of A and for every function f holds
f € (the arrows of Co)(a, b) iff f € F(b)”7(@ and Pla, b, f].

Then the category structure of C; = the category structure of
Co

for all values of the parameters.

The scheme ConcreteCategoryUniq3 deals with a non empty set A, a unary
functor F yielding a set, a binary predicate P, and a ternary predicate Q, and
states that:

Let C1, Cy be para-functional semi-functional categories. Suppose
that

(i)  the carrier of C; = A,

(ii)  for every object a of C; and for every set x holds x € the
carrier of a iff x € F(a) and Pla, 2],
(iii)  for all elements a, b of A and for every function f holds
f € (the arrows of C1)(a, b) iff f € (Cj-carrier of b)Ci-carrier of a
and Qla, b, f],
(iv)  the carrier of Cy = A,

(v)  for every object a of Cy and for every set x holds = € the
carrier of a iff x € F(a) and PJa, z|, and
(vi)  for all elements a, b of A and for every function f holds
f € (the arrows of Cy)(a, b) iff f € (Co-carrier of p)Cz-carrier of a
and Qla, b, f].

Then the category structure of C; = the category structure of
Co
for all values of the parameters.

5. EQUIVALENCE BETWEEN CONCRETE CATEGORIES

One can prove the following propositions:
(40) Let C be a concrete category and a, b be objects of C. Suppose (a, b) # ()
and (b,a) # 0. Let f be a morphism from a to b. If f is retraction, then
rng f = the carrier of b.
(41) Let C be a concrete category and a, b be objects of C. Suppose (a, b) # ()
and (b,a) # 0. Let f be a morphism from a to b. If f is coretraction, then
f is one-to-one.
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(42) Let C be a concrete category and a, b be objects of C. Suppose (a, b) # ()
and (b,a) # (). Let f be a morphism from a to b. If f is iso, then f is one-
to-one and rng f = the carrier of b.

(43) Let C be a para-functional semi-functional category and a, b be objects
of C. Suppose (a, b) # (). Let f be a morphism from a to b. If f is one-to-one
and (f qua function) ~! € (b, a), then f is iso.

(44) Let C be a concrete category and a, b be objects of C. Suppose (a, b) # {)
and (b,a) # 0. Let f be a morphism from a to b. If f is iso, then f~! =
(f qua function) ~.

The scheme ConcreteCatEquivalence deals with para-functional semi-functional
categories A, B, two unary functors F and G yielding sets, two ternary functors
‘H and Z yielding functions, and two unary functors A and B yielding functions,
and states that:

A and B are equivalent
provided the following conditions are met:
e There exists a covariant functor F' from A to B such that
(i)  for every object a of A holds F'(a) = F(a), and
(ii)  for all objects a, b of A such that (a,b) # () and for every
morphism f from a to b holds F(f) = H(a,b, f),
e There exists a covariant functor G' from B to A such that
(i)  for every object a of B holds G(a) = G(a), and
(ii) for all objects a, b of B such that (a,b) # 0 and for every
morphism f from a to b holds G(f) = Z(a,b, f),

e For all objects a, b of A such that a = G(F(b)) holds A(b) € (a, b)
and A(b)~! € (b,a) and A(b) is one-to-one,

e For all objects a, b of B such that b = F(G(a)) holds B(a) € (a,b)
and B(a)~! € (b,a) and B(a) is one-to-one,

e For all objects a, b of A such that (a,b) # 0 and for every
morphism f from a to b holds A(b) - Z(F(a), F(b), H(a,b, f)) =
f-A(a), and

e For all objects a, b of B such that (a,b) # () and for every mor-
phism f from a to b holds H(G(a),G(b),Z(a,b, f))-B(a) = B(b)- f.

6. CONCRETIZATION OF CATEGORIES

Let C be a category. The concretized C' is a concrete strict category and is
defined by the conditions (Def. 12).
(Def. 12)(i)  The carrier of the concretized C' = the carrier of C,
(ii) for every object a of the concretized C and for every set x holds = € the
carrier of a iff € Union disjoint (the arrows of C') and a = 3 2, and
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(iii)  for all elements a, b of the carrier of C and for every function f holds f €
(the arrows of the concretized C')(a, b) iff f € ((the concretized C')-carrier
of b)(the concretized C)-carrier of a 41 there exist objects f1, fo of C' and there
exists a morphism ¢ from f; to fo such that fi = a and fo = b and
(f1, f2) # 0 and for every object o of C such that (o, f1) # () and for every
morphism h from o to fi holds f({h, (o, f1))) = {g - h, (o, f2)).

One can prove the following proposition

(45) Let A be a category, a be an object of A, and = be a set. Then x €

(the concretized A)-carrier of a if and only if there exists an object b of A
and there exists a morphism f from b to a such that (b,a) # @) and = = (f,
(b, a)).

Let A be a category and let a be an object of A. Observe that (the concretized

A)-carrier of a is non empty.
One can prove the following two propositions:

(46) Let A be a category and a, b be objects of A. Suppose (a,b) # 0. Let
f be a morphism from a to b. Then there exists a function F' from (the
concretized A)-carrier of a into (the concretized A)-carrier of b such that

(i) F € (the arrows of the concretized A)(a, b), and
(ii)  for every object ¢ of A and for every morphism ¢ from ¢ to a such that
(c,a) # 0 holds F({g, {c, a))) = (f - g, (c, b))
(47) Let A be a category and a, b be objects of A. Suppose (a,b) # ). Let
F1, F5 be functions. Suppose that
(i)  Fi € (the arrows of the concretized A)(a, b),
(ii)  F» € (the arrows of the concretized A)(a, b), and
(iii) Fl((idéh (CL, CL))) = FQ((idaﬂ (CL, a)))
Then F1 = FQ.
The scheme NonUnigMSFunctionEzx deals with a set A, many sorted sets B,
C indexed by A, and a ternary predicate P, and states that:
There exists a many sorted function F' from B into C such that
for all sets i, x if i € A and = € B(i), then F(i)(x) € C(i) and
Pli, v, F(i)(x)
provided the following condition is met:
e For all sets i, « such that ¢ € A and = € B(i) there exists a set y
such that y € C(i) and P[i, x, y].
Let A be a category. The concretization of A is a covariant strict functor
from A to the concretized A and is defined by the conditions (Def. 13).
(Def. 13)(1)  For every object a of A holds (the concretization of A)(a) = a, and
(ii)  for all objects a, b of A such that (a,b) # () and for every morphism f
from a to b holds (the concretization of A)(f)({ida, {a, a))) = (f, {(a, b)).
Let A be a category. One can check that the concretization of A is bijective.
The following proposition is true
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(48) For every category A holds A and the concretized A are isomorphic.
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The terminology and notation used in this paper have been introduced in the
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1. PRELIMINARIES

Let X, Y be sets and let R, S be relations between X and Y. Let us observe
that R C S if and only if:

(Def. 1) For every element x of X and for every element y of Y such that (z,
y) € R holds (z, y) € S.

For simplicity, we adopt the following rules: Y is a non empty set, a is an
element of Boolean" , G is a subset of PARTITIONS(Y), and P, ) are partitions
of Y.

Let Y be a non empty set and let G be a non empty subset of PARTITIONS(Y).
We see that the element of G is a partition of Y.

One can prove the following propositions:
(1) ADparrrrionsy) = O(Y).
(2) For all equivalence relations R, S of Y holds RUS C R- S.

(3) For every binary relation R on Y holds R C Vy-.

(4) For every equivalence relation R of Y holds Vy - R = Vy and R-Vy =
Vy.
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(5) For every partition P of Y and for all elements z, y of Y holds (z,
y) € =p iff x € EqClass(y, P).

(6) Let P, @, R be partitions of Y. Suppose =p = =p - =¢. Let z, y be
elements of Y. Then x € EqClass(y, R) if and only if there exists an
element z of Y such that z € EqClass(z, P) and z € EqClass(y, Q).

(7) Let R, S be binary relations and Y be a set. If R is reflexive in Y and
S is reflexive in Y, then R - S is reflexive in Y.

(8) For every binary relation R and for every set Y such that R is reflexive
in Y holds Y C field R.

(9) For every set Y and for every binary relation R on Y such that R is
reflexive in Y holds Y = field R.

(10) For all equivalence relations R, S of Y such that R-S = S- R holds R- S

is an equivalence relation of Y.

2. BOOLEAN-VALUED FUNCTIONS

The following propositions are true:
(11) For all elements a, b of Boolean such that a € b holds —b € —a.

(12) For every element a of Boolean® and for every subset G of
PARTITIONS(Y) and for every partition A of ¥ holds ¥, 4G € a.

(13) Let a, b be elements of Boolean, G be a subset of PARTITIONS(Y),
and P be a partition of Y. If a € b, then V, pG €V, pG.

(14) For every element a of Boolean® and for every subset G of
PARTITIONS(Y') and for every partition A of Y holds a € 3, 4G.

(15) Let a, b be elements of Boolean, G be a subset of PARTITIONS(Y),
and P be a partition of Y. If a € b, then 3, pG € 3j pG.

3. INDEPENDENT CLASSES OF PARTITIONS

One can prove the following four propositions:
(16) If G is independent, then for all subsets P, @ of PARTITIONS(Y") such
that P C G and Q C G holds =V p - EVQ = EVQ .=Vp.
(17) If G is independent, then Wy, ,¢,G = W, ,¢,PG-
(18) If G is independent, then 33, ,¢,0G = 33, ,6,PG-
(19) Let a be an element of Boolean” , G be a subset of PARTITIONS(Y'), and
P, @ be partitions of Y. If G is independent, then 3y, ,¢,@G € V3, ,¢,.PG.



CLASSES OF INDEPENDENT PARTITIONS 625

REFERENCES

Shunichi Kobayashi and Kui Jia. A theory of Boolean valued functions and partitions.
Formalized Mathematics, 7(2):249-254, 1998.

Shunichi Kobayashi and Kui Jia. A theory of partitions. Part I. Formalized Mathematics,
7(2):243-247, 1998.

Shunichi Kobayashi and Yatsuka Nakamura. A theory of Boolean valued functions and
quantifiers with respect to partitions. Formalized Mathematics, 7(2):307-312, 1998.
Konrad Raczkowski and Pawel Sadowski. Equivalence relations and classes of abstraction.
Formalized Mathematics, 1(3):441-444, 1990.

Andrzej Trybulec. Function domains and Fraenkel operator. Formalized Mathematics,
1(3):495-500, 1990.

Andrzej Trybulec. Tarski Grothendieck set theory. Formalized Mathematics, 1(1):9-11,

1990.
Zinaida Trybulec. Properties of subsets. Formalized Mathematics, 1(1):67-71, 1990.

Edmund Woronowicz. Interpretation and satisfiability in the first order logic. Formalized
Mathematics, 1(4):739-743, 1990.
Edmund Woronowicz. Many—argument relations. Formalized Mathematics, 1(4):733-737,

1990.
Edmund Woronowicz. Relations and their basic properties. Formalized Mathematics,

1(1):73-83, 1990.
Edmund Woronowicz. Relations defined on sets. Formalized Mathematics, 1(1):181-186,

1990.
Edmund Woronowicz and Anna Zalewska. Properties of binary relations. Formalized

Mathematics, 1(1):85-89, 1990.

Received February 14, 2001



626 ANDRZEJ TRYBULEC



FORMALIZED MATHEMATICS

Volume 9, Number 3, 2001
University of Bialystok

Some Properties of Dyadic Numbers and

Intervals
Jozet Biatas Yatsuka Nakamura
LodZz University Shinshu University
Nagano

Summary. The article is the second part of a paper proving the funda-
mental Urysohn Theorem concerning the existence of a real valued continuous
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The terminology and notation used here have been introduced in the following
articles: [9], [10], [11], [3], [4], [8], [7], [6], [12], [1], [2], and [5].
The following proposition is true
(1) For every interval A such that A # 0 holds if inf A < sup A, then
vol(A) = sup A — inf A and if sup A = inf A, then vol(A) = Og.
Let A be a subset of R and let x be a real number. The functor z - A yielding
a subset of R is defined as follows:

(Def. 1) For every real number y holds y € x - A iff there exists a real number z
such that z€ Aand y =z - 2.

Next we state a number of propositions:
(2) For every subset A of R and for every real number z such that = # 0
holds 71 - (z- A) = A.
(3) For every real number = such that x # 0 and for every subset A of R
such that A =R holds z - A = A.
(4) For every subset A of R such that A # () holds 0- A = {0}.
(5) For every subset A of R such that A # () holds 0- A = {0}.
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(6) For every real number z holds = - ) = 0.
(7) For every real number y holds y < 0 or y =0 or 0 < y.

(8) Let a, b be extended real numbers. Suppose a < b. Then a = —oco and
b=—-—xora=—-oc0cand b€ Rora=—-0c0and b =+4+cc or a € R and
beRoraeRandb= 400 or a =400 and b = 400.

(9) For every extended real number z holds [z, z| is an interval.

(10) For every interval A holds 0 - A is an interval.

(11) For all real numbers ¢, 2 such that = # 0 holds ¢ = = - Z.

(12) For all real numbers p, g, x such that 0 < z and z-p < z-q holds p < q.
(13) For all real numbers p, g, x such that x < 0 and z-p < = - ¢ holds ¢ < p.
(14) For all real numbers p, ¢, x such that 0 < z and z-p < z-¢ holds p < q.
(15) For all real numbers p, ¢, x such that x < 0 and z-p < z- ¢ holds ¢ < p.
(16) Let A be an interval and x be a real number. If z # 0, then if A is open

interval, then x - A is open interval.

(17) Let A be an interval and x be a real number. If x # 0, then if A is closed
interval, then x - A is closed interval.

(18) Let A be an interval and x be a real number. Suppose 0 < z. If A is
right open interval, then x - A is right open interval.

(19) Let A be an interval and x be a real number. Suppose = < 0. If A is
right open interval, then z - A is left open interval.

(20) Let A be an interval and x be a real number. Suppose 0 < x. If A is left
open interval, then x - A is left open interval.

(21) Let A be an interval and z be a real number. Suppose = < 0. If A is left
open interval, then x - A is right open interval.

(22) Let A be an interval. Suppose A # (). Let « be a real number. Suppose
0 < z. Let B be an interval. Suppose B = z-A. Suppose A = [inf A, sup A].
Then B = [inf B,sup B] and for all real numbers s, ¢ such that s = inf A
and t =sup A holds inf B=x-sand supB =z -t.

(23) Let A be an interval. Suppose A # (). Let x be a real number. Suppose
0 < z. Let B be an interval. Suppose B = x-A. Suppose A = |inf A, sup A].
Then B = |inf B, sup B| and for all real numbers s, ¢ such that s = inf A
and t =sup A holds inf B=x-s and supB =z - t.

(24) Let A be an interval. Suppose A # (). Let « be a real number. Suppose
0 < z. Let B be an interval. Suppose B = - A. Suppose A = |inf A, sup AJ.
Then B = |inf B,sup B[ and for all real numbers s, ¢ such that s = inf A
and t =sup A holds inf B=x-sand supB =z - t.

(25) Let A be an interval. Suppose A # (). Let x be a real number. Suppose
0 < z. Let B be an interval. Suppose B = x-A. Suppose A = [inf A, sup A[.
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Then B = [inf B, sup B[ and for all real numbers s, ¢ such that s = inf A
and t = sup A holds inf B=x-s and supB =z - t.
(26) For every interval A and for every real number x holds z- A is an interval.

Let A be an interval and let z be a real number. Observe that x- A is interval.
The following propositions are true:

(27) Let A be an interval and x be a real number. If 0 < z, then for every
real number y such that y = vol(A) holds z - y = vol(x - A).

(28) For all real numbers z, y, z such that z < y and y < z or x < y and
y < z holds z < z.

) For every natural number n holds n < 2.

) For every integer n such that 0 < n holds n is a natural number.

) For all natural numbers n, m such that n < m holds 2" < 2.

) For every real number e; such that 0 < e; there exists a natural number

n such that 1 < 2™ - e;.

(33) For all real numbers a, b such that 0 < a and 1 < b — a there exists a
natural number n such that a < n and n < b.

(34) For every integer n such that 0 < n holds n is a natural number.

(35) For every rational number n such that 0 < n holds 0 < numn.

(36) For every rational number n such that 0 < n holds 0 < num n.

(37) For all real numbers a, b, ¢, d such that 0 < b and 0 < d or b < 0 and
d <0 holds if § < 5, thena-d <c-b.

(38) For every natural number n holds dyadic(n) € DYADIC.

(39) For all real numbers a, b such that a < b and 0 < a and b < 1 there
exists a real number ¢ such that ¢ € DYADIC and a < ¢ and ¢ < b.

(40) For all real numbers a, b such that a < b there exists a real number ¢
such that ¢ € DOM and a < ¢ and ¢ < b.

(41) For every non empty subset A of R and for all extended real numbers a,
b such that A C [a,b] holds a < inf A and sup A < b.

(42) 0 € DYADIC and 1 € DYADIC.

(43) For all extended real numbers a, b such that ¢« = 0 and b = 1 holds
DYADIC C [a, b].

(44) For all natural numbers n, k such that n < k holds dyadic(n) C
dyadic(k).

(45) For all real numbers a, b, ¢, d such that a < ¢ and ¢ < b and a < d and
d < bholds |d —¢| < b—a.

(46) Let e; be a real number. Suppose 0 < ej. Let d be a real number.

Suppose 0 < d and d < 1. Then there exist real numbers rq, ro such that

r1 € DYADICUR~ and 9 € DYADICUR+; and 0 < 71 and r; < d and

d<ryandrqg—nr <ej.
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Let D be a non empty subset of R. One can check that every element of D
is real.

One can prove the following proposition

(1) Let T be a non empty topological space. Suppose T is a T space. Let
A, B be subsets of T'. Suppose A # () and A is closed and B is closed and
ANB = (). Let n be a natural number. Then there exists a function G from

dyadic(n) into 2the carrier of T gyich that for all elements 71, 72 of dyadic(n)

if 71 < 7o, then G(ry) is open and G(r2) is open and G(r1) C G(re) and

A CG(0) and B=Qr \ G(1).

Let T be a non empty topological space, let A, B be subsets of T, and let n be

a natural number. Let us assume that T is a T4 space and A # () and A is closed
and B is closed and AN B = . A function from dyadic(n) into 2the carrier of T

is said to be a drizzle of A, B, n if it satisfies the condition (Def. 1).
(Def. 1) Let 71, 2 be elements of dyadic(n). Suppose r1 < ro. Then it(r1) is open

and it(r2) is open and it(ry) C it(r2) and A C it(0) and B = Q7 \ it(1).

@ 2001 University of Bialystok
631 ISSN 1426-2630



632 JOZEF BIALAS AND YATSUKA NAKAMURA

One can prove the following propositions:

(2) Let T be a non empty topological space. Suppose T is a Ty space. Let
A, B be subsets of T'. Suppose A # () and A is closed and B is closed and
AN B = (. Let n be a natural number and D be a drizzle of A, B, n.
Then A C D(0) and B = Qg \ D(1).

(3) Let T be a non empty topological space. Suppose T is a Ty space. Let
A, B be subsets of T'. Suppose A # () and A is closed and B is closed and
AN B = (. Let n be a natural number and G be a drizzle of A, B, n.
Then there exists a drizzle F' of A, B, n+ 1 such that for every element r
of dyadic(n + 1) if r € dyadic(n), then F(r) = G(r).

Let A, B be non empty sets, let F' be a function from N into A= B, and let
n be a natural number. Then F'(n) is a partial function from A to B.
Next we state the proposition
(4) Let T be a non empty topological space, A, B be subsets of T', and

n be a natural number. Then every drizzle of A, B, n is an element of
DYADIC —9the carrier of T

Let A, B be non empty sets, let F' be a function from N into A=~ B, and let
n be a natural number. Then F(n) is an element of A B.

One can prove the following proposition

(5) Let T be a non empty topological space. Suppose T is a Ty space. Let
A, B be subsets of T. Suppose A # () and A is closed and B is closed
and AN B = (). Then there exists a sequence F' of partial functions from
DYADIC into 2the carrier of T gyl that for every natural number n holds
F(n) is a drizzle of A, B, n and for every element r of dom F'(n) holds
F(n)(r)=F(n+ 1)(r).

Let T be a non empty topological space and let A, B be subsets of T'. Let
us assume that 7' is a Ty space and A # () and A is closed and B is closed and
AN B = 0. A sequence of partial functions from DYADIC into 2the carrier of T' jq
said to be a rain of A, B if it satisfies the condition (Def. 2).

(Def. 2) Let n be a natural number. Then it(n) is a drizzle of A, B, n and for
every element r of domit(n) holds it(n)(r) = it(n + 1)(r).

Let = be a real number. Let us assume that z € DYADIC. The functor
InfDyadic z yields a natural number and is defined by:

(Def. 3) =z € dyadic(0) iff InfDyadicx = 0 and for every natural number n such
that x € dyadic(n + 1) and x ¢ dyadic(n) holds InfDyadicx = n + 1.

The following propositions are true:

(6) For every real number x such that x € DYADIC holds z €
dyadic(InfDyadic ).

(7) For every real number z such that x € DYADIC and for every natural
number n such that InfDyadic z < n holds x € dyadic(n).
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(8) For every real number = such that z € DYADIC and for every natural
number n such that x € dyadic(n) holds InfDyadicz < n.

(9) Let T be a non empty topological space. Suppose T is a Ty space. Let
A, B be subsets of T. Suppose A # () and A is closed and B is closed
and AN B = (. Let G be a rain of A, B and x be a real number. If
x € DYADIC, then for every natural number n holds G(InfDyadic x)(x) =
G(InfDyadic z 4 n)(z).

(10) Let T be a non empty topological space. Suppose T' is a Ty space. Let
A, B be subsets of T'. Suppose A # () and A is closed and B is closed and
AN B = (. Let G be a rain of A, B and x be a real number. Suppose
2 € DYADIC. Then there exists an element y of 2the carrier of T qyych that
for every natural number n if € dyadic(n), then y = G(n)(z).

(11) Let T be a non empty topological space. Suppose T is a Ty space. Let
A, B be subsets of T. Suppose A # () and A is closed and B is closed and
AN B =0. Let G be a rain of A, B. Then there exists a function F' from
DOM into 2the carrier of T' gyuch that for every real number z holds

(i) if z € Reg, then F(z) =0,

(ii) if z € Rsq, then F(x) = the carrier of 7', and

(iii) if * € DYADIC, then for every natural number n such that = €
dyadic(n) holds F(z) = G(n)(x).

Let T be a non empty topological space and let A, B be subsets of T'. Let
us assume that 7" is a Ty space and A # () and A is closed and B is closed and
ANB = (. Let R be a rain of A, B. The functor Tempest R yielding a function
from DOM into 2the carrier of T'jg defined by the condition (Def. 4).

(Def. 4) Let = be a real number such that z € DOM. Then
(i) if 2 € Reg, then (Tempest R)(x) = 0,
(ii) if x € Rsq, then (Tempest R)(z) = the carrier of T, and
(iii) if * € DYADIC, then for every natural number n such that z €
dyadic(n) holds (Tempest R)(x) = R(n)(x).

Let X be a non empty set, let T' be a topological space, let F' be a function
from X into 2the carrier of T "and let & be an element of X. Then F(x) is a subset
of T

One can prove the following three propositions:

(12) Let T be a non empty topological space and A, B be subsets of T.
Suppose T is a Ty space and A # () and A is closed and B is closed and
AN B =1{. Let G be a rain of A, B and r be a real number. If r € DOM,
then for every subset C' of T such that C' = (Tempest G)(r) holds C' is
open.

(13) Let T be a non empty topological space and A, B be subsets of T
Suppose T is a Ty space and A # () and A is closed and B is closed and
AN B =10. Let G be a rain of A, B and r1, r2 be real numbers. Suppose
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ry € DOM and ro € DOM and r; < r9. Let C be a subset of T. If
C = (Tempest G)(r1), then C C (Tempest G)(rs).

(14) Let T be a non empty topological space, A, B be subsets of T', G be a
rain of A, B, and p be a point of 7. Then there exists a subset R of R such
that for every set = holds z € R if and only if the following conditions are
satisfied:

(i) =z € DYADIC, and
(ii)  for every real number s such that s = z holds p ¢ (Tempest G)(s).

Let T be a non empty topological space, let A, B be subsets of T', let R be
a rain of A, B, and let p be a point of 7. The functor Rainbow(p, R) yielding a
subset of R is defined by:

(Def. 5) For every set x holds = € Rainbow(p, R) iff z € DYADIC and for every
real number s such that s = x holds p ¢ (Tempest R)(s).

Let T, S be non empty topological spaces, let ' be a function from the
carrier of T into the carrier of S, and let p be a point of 7. Then F(p) is a point
of S.

One can prove the following propositions:

(15) Let T be a non empty topological space, A, B be subsets of T', G be a
rain of A, B, and p be a point of 7. Then Rainbow(p, G) C DYADIC.
(16) Let T be a non empty topological space, A, B be subsets of T', and R

be a rain of A, B. Then there exists a map F from 7T into R! such that
for every point p of T holds

if Rainbow(p, R) = 0, then F'(p) = 0 and for every non empty subset S of
R such that S = Rainbow(p, R) holds F(p) = sup S.

Let T be a non empty topological space, let A, B be subsets of T, and let
R be a rain of A, B. The functor Thunder R yielding a map from 7 into R is
defined by the condition (Def. 6).

(Def. 6) Let p be a point of T'. Then if Rainbow (p, R) = @), then (Thunder R)(p) =
0 and for every non empty subset S of R such that S = Rainbow(p, R)
holds (Thunder R)(p) = sup S.

Let T be a non empty topological space, let F' be a map from T into R,
and let p be a point of 7. Then F(p) is a real number.
One can prove the following propositions:
(17) Let T be a non empty topological space, A, B be subsets of T, G be a
rain of A, B, p be a point of T', and S be a non empty subset of R. Suppose
S = Rainbow(p, G). Let ¢; be an extended real number. If ¢; = 1, then
O <supS and sup S < 41.
(18) Let T be a non empty topological space. Suppose T is a Ty space. Let
A, B be subsets of T'. Suppose A # () and A is closed and B is closed and
ANB =0. Let G be arain of A, B, r be an element of DOM, and p be a
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point of T'. If (Thunder G)(p) < r, then p € (Tempest G)(r).

(19) Let T be a non empty topological space. Suppose T is a Ty space. Let
A, B be subsets of T. Suppose A # () and A is closed and B is closed
and AN B = (. Let G be a rain of A, B and r be a real number. Suppose
r € DYADICUR-; and 0 < . Let p be a point of T". If p € (Tempest G)(r),
then (Thunder G)(p) < 7.

(20) Let T be a non empty topological space. Suppose T is a Ty space. Let
A, B be subsets of T. Suppose A # () and A is closed and B is closed
and AN B = (). Let G be a rain of A, B, n be a natural number, and 7
be an element of DOM. If 0 < r1, then for every point p of T' such that
r1 < (Thunder G)(p) holds p ¢ (Tempest G)(ry).

(21) Let T be a non empty topological space. Suppose T' is a T space. Let
A, B be subsets of T'. Suppose A # ) and A is closed and B is closed and
AN B =(. Let G be arain of A, B. Then

(i) Thunder G is continuous, and

(ii)  for every point  of T" holds 0 < (Thunder G)(x) and (Thunder G)(z) <
1 and if x € A, then (ThunderG)(z) = 0 and if x € B, then
(Thunder G)(z) = 1.

(22) Let T be a non empty topological space. Suppose T is a Ty space. Let
A, B be subsets of T'. Suppose A # () and A is closed and B is closed and
AN B = (. Then there exists a map F from T into R! such that

(i) Fis continuous, and
(ii)  for every point x of T holds 0 < F(x) and F(z) < 1 and if x € A, then
F(z) =0 and if x € B, then F(z) = 1.

(23) Let T be a non empty topological space. Suppose T' is a Ty space. Let
A, B be subsets of T'. Suppose A is closed and B is closed and AN B = (.
Then there exists a map F from 7T into R! such that

(i) F is continuous, and
(ii)  for every point x of T" holds 0 < F(x) and F(x) < 1 and if x € A, then
F(x) =0 and if z € B, then F(x) = 1.

(24) Let T be a non empty topological space. Suppose T is a T space and
compact. Let A, B be subsets of T'. Suppose A is closed and B is closed
and AN B = (). Then there exists a map F from T into R! such that

(i) F is continuous, and
(ii)  for every point x of T holds 0 < F(x) and F(z) < 1 and if x € A, then
F(z) =0 and if x € B, then F(z) = 1.
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Summary. In this paper we define the algebra of formal power series and
the algebra of polynomials over an arbitrary field and prove some properties of
these structures. We also formulate and prove theorems showing some general
properties of sequences. These preliminaries will be used for defining and consi-
dering linear functionals on the algebra of polynomials.
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The notation and terminology used here are introduced in the following papers:
[9], [13], [1], [2], [3], [12], [8], [7], [11], [16], [5], [14], [10], [15], [6], and [4].

1. PRELIMINARIES

Let F be a 1-sorted structure. We introduce algebra structures over F' which
are extensions of double loop structure and vector space structure over F' and
are systems

( a carrier, an addition, a multiplication, a reverse-map, a zero, a unity, a
left multiplication ),
where the carrier is a set, the addition and the multiplication are binary ope-
rations on the carrier, the reverse-map is a unary operation on the carrier, the
zero and the unity are elements of the carrier, and the left multiplication is a
function from [ the carrier of F', the carrier | into the carrier.

Let L be a non empty double loop structure. Note that there exists an
algebra structure over L which is strict and non empty.

Let L be a non empty double loop structure and let A be a non empty
algebra structure over L. We say that A is mix-associative if and only if:

!This work has been partially supported by CALCULEMUS grant HPRN-CT-2000-00102.
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(Def. 1) For every element a of L and for all elements x, y of A holds a- (z-y) =
(a-x)-y.

Let L be a non empty double loop structure. Note that there exists a non
empty algebra structure over L which is well unital, distributive, vector space-
like, and mix-associative.

Let L be a non empty double loop structure. An algebra of L is a well unital
distributive vector space-like mix-associative non empty algebra structure over
L.

Next we state two propositions:
(1) For all sets X, Y and for every function f from [ X, Y ] into X holds

domf=[X,Y].
(2) For all sets X, Y and for every function f from [ X, Y ] into Y holds
domf=[X, Y]

2. THE ALGEBRA OF FORMAL POWER SERIES

Let L be a non empty double loop structure. The functor Formal-Series L
yields a strict non empty algebra structure over L and is defined by the condi-
tions (Def. 2).

(Def. 2) For every set x holds x € the carrier of Formal-Series L iff x is a sequence
of L and for all elements x, y of the carrier of Formal-Series L and for all
sequences p, ¢ of L such that x = p and y = ¢ holds x +y = p+ ¢ and for
all elements x, y of the carrier of Formal-Series L and for all sequences p,
q of L such that x = p and y = ¢ holds = - y = p % ¢ and for every element
x of the carrier of Formal-Series L and for every sequence p of L such that
x = p holds —x = —p and for every element a of L and for every element
x of the carrier of Formal-Series L and for every sequence p of L such that
x = pholds a-r = a-p and Opormal-Series L = 0. L and 1gormal-Seriesz. = 1. L.

Let L be an Abelian non empty double loop structure. Note that
Formal-Series L is Abelian.

Let L be an add-associative non empty double loop structure. Note that
Formal-Series L is add-associative.

Let L be a right zeroed non empty double loop structure. Note that
Formal-Series L is right zeroed.

Let L be an add-associative right zeroed right complementable non empty
double loop structure. Note that Formal-Series L is right complementable.

Let L be an Abelian add-associative right zeroed commutative non empty
double loop structure. Observe that Formal-Series L is commutative.
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Let L be an Abelian add-associative right zeroed right complementable
unital associative distributive non empty double loop structure. Note that
Formal-Series L is associative.

Let L be an add-associative right zeroed right complementable right unital
right distributive non empty double loop structure. Note that Formal-Series L
is right unital.

One can verify that there exists a non empty double loop structure which
is add-associative, associative, right zeroed, left zeroed, right unital, left unital,
right complementable, and distributive.

We now state three propositions:

(3) For every non empty set D and for every non empty finite sequence f of
elements of D holds f|; = f}1.

(4) For every non empty set D and for every non empty finite sequence f of
elements of D holds f = (f(1)) ™ (fn1)-

(5) Let L be an add-associative right zeroed left unital right complementable
left distributive non empty double loop structure and p be a sequence of
L. Then 1. L xp = p.

Let L be an add-associative right zeroed right complementable left uni-
tal left distributive non empty double loop structure. One can verify that
Formal-Series L is left unital.

Let L be an Abelian add-associative right zeroed right complementable di-
stributive non empty double loop structure. One can check that Formal-Series L
is right distributive and Formal-Series L is left distributive.

We now state four propositions:

(6) Let L be an Abelian add-associative right zeroed right complementable
distributive non empty double loop structure, a be an element of L, and
p, q be sequences of L. Thena-(p+q)=a-p+a-q.

(7) Let L be an Abelian add-associative right zeroed right complementable
distributive non empty double loop structure, a, b be elements of L, and
p be a sequence of L. Then (a +b)-p=a-p+b-p.

(8) Let L be an associative non empty double loop structure, a, b be elements
of L, and p be a sequence of L. Then (a-b)-p=a-(b-p).

(9) Let L be an associative left unital non empty double loop structure and
p be a sequence of L. Then (the unity of L) - p = p.

Let L be an Abelian add-associative associative right zeroed right comple-
mentable left unital distributive non empty double loop structure. One can check
that Formal-Series L is vector space-like.

We now state the proposition

(10) Let L be an Abelian left zeroed add-associative associative right zeroed
right complementable distributive non empty double loop structure, a be
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an element of L, and p, ¢ be sequences of L. Then a - (p * q) = (a - p) *q.

Let L be an Abelian left zeroed add-associative associative right zeroed right
complementable distributive non empty double loop structure. One can verify
that Formal-Series L is mix-associative.

Let L be a left zeroed right zeroed add-associative left unital right unital
right complementable distributive non empty double loop structure. Observe
that Formal-Series L is well unital.

Let L be a l-sorted structure and let A be an algebra structure over L.
An algebra structure over L is said to be a subalgebra of A if it satisfies the
conditions (Def. 3).

(Def. 3) The carrier of it C the carrier of A and 1;; = 14 and 0;; = 04 and the
addition of it = (the addition of A)[[the carrier of it, the carrier of it |
and the multiplication of it = (the multiplication of A)[[ the carrier of it,
the carrier of it | and the reverse-map of it = (the reverse-map of A)[(the
carrier of it) and the left multiplication of it = (the left multiplication of
A) [} the carrier of L, the carrier of it .

We now state four propositions:

(11) For every 1-sorted structure L holds every algebra structure A over L is
a subalgebra of A.

(12) Let L be a 1-sorted structure and A, B, C be algebra structures over L.
Suppose A is a subalgebra of B and B is a subalgebra of C'. Then A is a
subalgebra of C.

(13) Let L be a 1-sorted structure and A, B be algebra structures over L.
Suppose A is a subalgebra of B and B is a subalgebra of A. Then the
algebra structure of A = the algebra structure of B.

(14) Let L be a 1l-sorted structure and A, B be algebra structures over L.
Suppose the algebra structure of A = the algebra structure of B. Then A
is a subalgebra of B and B is a subalgebra of A.

Let L be a non empty 1-sorted structure. Observe that there exists an algebra
structure over L which is non empty and strict.

Let L be a 1-sorted structure and let B be an algebra structure over L.
Observe that there exists a subalgebra of B which is strict.

Let L be a non empty 1-sorted structure and let B be a non empty algebra
structure over L. Note that there exists a subalgebra of B which is strict and
non empty.

Let L be a non empty groupoid, let B be a non empty algebra structure over
L, and let A be a subset of B. We say that A is operations closed if and only if
the conditions (Def. 4) are satisfied.

(Def. 4)(i) A is linearly closed,
(ii)  for all elements x, y of B such that x € A and y € A holds z -y € A,
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(iii)  for every element x of B such that x € A holds —z € A,
(iv) 1pe€ A, and

(V) Op € A.

The following propositions are true:

(15) Let L be a non empty groupoid, B be a non empty algebra structure
over L, A be a non empty subalgebra of B, z, y be elements of the carrier
of B, and 2/, ¥ be elements of the carrier of A. If x = 2’ and y = 3/, then
r+y=2+y.

(16) Let L be a non empty groupoid, B be a non empty algebra structure
over L, A be a non empty subalgebra of B, z, y be elements of the carrier
of B, and 2/, ¥/ be elements of the carrier of A. If z = 2’ and y = ¢/, then
z-y=a-y.

(17) Let L be a non empty groupoid, B be a non empty algebra structure
over L, A be a non empty subalgebra of B, a be an element of the carrier
of L, x be an element of the carrier of B, and 2’ be an element of the
carrier of A. If z = 2/, thena -2 = a - 2'.

(18) Let L be a non empty groupoid, B be a non empty algebra structure
over L, A be a non empty subalgebra of B, x be an element of the carrier

of B, and 2’ be an element of the carrier of A. If x = 2/, then —z = —2/.

(19) Let L be a non empty groupoid, B be a non empty algebra structure
over L, and A be a non empty subalgebra of B. Then there exists a subset
C of B such that the carrier of A = C and C is operations closed.

(20) Let L be a non empty groupoid, B be a non empty algebra structure
over L, and A be a subset of B. Suppose A is operations closed. Then
there exists a strict subalgebra C' of B such that the carrier of C' = A.

(21) Let L be a non empty groupoid, B be a non empty algebra structure over
L, A be anon empty subset of B, and X be a family of subsets of the carrier
of B. Suppose that for every set Y holds Y € X iff Y g 2the carrier of B
and there exists a subalgebra C' of B such that Y = the carrier of C' and
A CY. Then () X is operations closed.

Let L be a non empty groupoid, let B be a non empty algebra structure
over L, and let A be a non empty subset of B. The functor GenAlg A yielding
a strict non empty subalgebra of B is defined by the conditions (Def. 5).
(Def. 5)(i) A C the carrier of GenAlg A, and
(ii)  for every subalgebra C' of B such that A C the carrier of C' holds the
carrier of GenAlg A C the carrier of C.

We now state the proposition

(22) Let L be a non empty groupoid, B be a non empty algebra structure
over L, and A be a non empty subset of B. If A is operations closed, then
the carrier of GenAlg A = A.
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3. THE ALGEBRA OF POLYNOMIALS

Let L be an add-associative right zeroed right complementable distributive
non empty double loop structure. The functor Polynom-Algebra L yields a strict
non empty algebra structure over L and is defined as follows:

(Def. 6) There exists a non empty subset A of Formal-Series L such that A = the
carrier of Polynom-Ring L and Polynom-Algebra L = GenAlg A.

Let L be an add-associative right zeroed right complementable distributive
non empty double loop structure. One can verify that Polynom-Ring L is loop-
like.

The following propositions are true:

(23) Let L be an add-associative right zeroed right complementable distri-
butive non empty double loop structure and A be a non empty subset of
Formal-Series L. If A = the carrier of Polynom-Ring L, then A is opera-
tions closed.

(24) Let L be an add-associative right zeroed right complementable distribu-
tive non empty double loop structure. Then the double loop structure of
Polynom-Algebra L. = Polynom-Ring L.
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Summary. In the paper we investigate the dependence between the struc-
ture of circuits and sets of terms. Circuits in our terminology (see [19]) are tre-
ated as locally-finite many sorted algebras over special signatures. Such approach
enables to formalize every real circuit. The goal of this investigation is to specify
circuits by terms and, enentualy, to have methods of formal verification of real
circuits. The following notation is introduced in this paper:

e structural equivalence of circuits, i.e. equivalence of many sorted signatures,
e embedding of a circuit into another one,

e similarity of circuits (a concept narrower than isomorphism of many sorted
algebras over equivalent signatures),

e calculation of terms by a circuit according to an algebra,

e specification of circuits by terms and an algebra.

MML Identifier: CIRCTRM1.

The articles [27], [3], [18], [19], [20], [11], [10], [17], [12], [13], [14], [22], [21], [9],
[25], [1], [15], [24], [7], [28], [26], [23], [2], [5], [6], [8], [16], and [4] provide the
terminology and notation for this paper.

1. CIRCUIT STRUCTURE GENERATED BY TERMS

One can prove the following proposition
(1) Let S be a non empty non void many sorted signature, A be a non-empty
algebra over S, V be a variables family of A, t be a term of S over V', and
T be a term of A over V. If T' = t, then the sort of T" = the sort of ¢.
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Let D be a non empty set and let X be a subset of D. Then idx is a function
from X into D.

Let S be a non empty non void many sorted signature, let V' be a non-empty
many sorted set indexed by the carrier of S, and let X be a non empty subset of
S -Terms(V'). The functor X-CircuitStr yields a non empty strict many sorted
signature and is defined by the condition (Def. 1).

(Def. 1)  X-CircuitStr = (Subtrees(X), | the operation symbols of S, {the car-
rier of S} J-Subtrees(X), [ the operation symbols of S, {the carrier of
S} ]-ImmediateSubtrees(X),
id[:the operation symbols of S, {the carrier of S} ] —Subtrees(X)>'

Let S be a non empty non void many sorted signature, let V' be a non-empty
many sorted set indexed by the carrier of S, and let X be a non empty subset
of S-Terms(V'). Observe that X-CircuitStr is unsplit.

In the sequel S denotes a non empty non void many sorted signature, V'
denotes a non-empty many sorted set indexed by the carrier of S, A denotes a
non-empty algebra over S, and X denotes a non empty subset of S-Terms(V).

The following propositions are true:

(2) X-CircuitStr is void if and only if for every element ¢ of X holds ¢ is
root and t(()) ¢ [ the operation symbols of S, {the carrier of S} ].

(3) X is a set with a compound term of S over V iff X-CircuitStr is non
void.

Let S be a non empty non void many sorted signature, let V' be a non-empty
many sorted set indexed by the carrier of .S, and let X be a set with a compound
term of S over V. One can check that X-CircuitStr is non void.

The following three propositions are true:

(4)(i) Every vertex of X-CircuitStr is a term of S over V, and

(ii)  for every set s such that s € the operation symbols of X-CircuitStr
holds s is a compound term of S over V.

(5) Let t be a vertex of X-CircuitStr. Then ¢ € the operation symbols of
X-CircuitStr if and only if ¢ is a compound term of S over V.

(6) Let X be a set with a compound term of S over V' and g be a gate of
X-CircuitStr. Then (the result sort of X-CircuitStr)(g) = g and the result
sort of g = g.

Let us consider S, V, let X be a set with a compound term of S over V', and
let g be a gate of X-CircuitStr. Note that Arity(g) is decorated tree yielding.

Let S be a non empty non void many sorted signature, let V' be a non-empty
many sorted set indexed by the carrier of S, and let X be a non empty subset
of S-Terms(V'). Note that every vertex of X-CircuitStr is finite, function-like,
and relation-like.

Let S be a non empty non void many sorted signature, let V be a non-empty
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many sorted set indexed by the carrier of S, and let X be a non empty subset
of S-Terms(V'). One can verify that every vertex of X-CircuitStr is decorated
tree-like.

Let S be a non empty non void many sorted signature, let V be a non-
empty many sorted set indexed by the carrier of S, and let X be a set with a
compound term of S over V. One can check that every gate of X-CircuitStr is
finite, function-like, and relation-like.

Let S be a non empty non void many sorted signature, let V' be a non-empty
many sorted set indexed by the carrier of S, and let X be a set with a compound
term of S over V. Note that every gate of X-CircuitStr is decorated tree-like.

Next we state the proposition

(7) Let X, X5 be non empty subsets of S-Terms(V). Then the arity
of X;-CircuitStr =~ the arity of Xo-CircuitStr and the result sort of
X1-CircuitStr ~ the result sort of Xs-CircuitStr.

Let X, Y be constituted of decorated trees sets. Note that X UY is consti-
tuted of decorated trees.

One can prove the following propositions:

(8) For all constituted of decorated trees non empty sets X;, X2 holds
Subtrees(X; U X3) = Subtrees(X;) U Subtrees(X3).
(9) For all constituted of decorated trees non empty sets X7, X, and for every
set C holds C' -Subtrees(X1UX2) = (C-Subtrees(X;))U(C -Subtrees(X2)).
(10) Let X;, X2 be constituted of decorated trees non empty sets.
If every element of X; is finite and every element of X is fi-
nite, then for every set C holds C-ImmediateSubtrees(X; U X2) =
(C -ImmediateSubtrees(X1))+-(C -ImmediateSubtrees(X2)).
(11) For all non empty subsets X, Xo of S-Terms(V) holds (X; U
X2)-CircuitStr = (X;-CircuitStr)+-(X2-CircuitStr).
(12) Let x be a set. Then x € InputVertices(X-CircuitStr) if and only if the
following conditions are satisfied:
(i) =z € Subtrees(X), and
(ii)  there exists a sort symbol s of S and there exists an element v of V (s)
such that = the root tree of (v, s).

(13) For every set X with a compound term of S over V and for every gate
g of X-CircuitStr holds g = g(0)-tree(Arity(g)).

2. CIRCUIT GENERATED BY TERMS

Let S be a non empty non void many sorted signature, let V' be a non-empty
many sorted set indexed by the carrier of S, let X be a non empty subset of
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S -Terms(V), let v be a vertex of X-CircuitStr, and let A be an algebra over S.
The sort of v w.r.t. A is defined as follows:

(Def. 2) For every term u of S over V such that v = v holds the sort of v w.r.t.
A = (the sorts of A)(the sort of u).

Let S be a non empty non void many sorted signature, let V' be a non-empty
many sorted set indexed by the carrier of S, let X be a non empty subset of
S -Terms(V), let v be a vertex of X-CircuitStr, and let A be a non-empty algebra
over S. Note that the sort of v w.r.t. A is non empty.

Let S be a non empty non void many sorted signature, let V' be a non-empty
many sorted set indexed by the carrier of S, and let X be a non empty subset
of S-Terms(V). Let us assume that X is a set with a compound term of S over
V. Let o be a gate of X-CircuitStr and let A be an algebra over S. The action
of o wr.t Ais a function and is defined by the condition (Def. 3).

(Def. 3) Let X’ be a set with a compound term of S over V. Suppose X' = X.
Let o' be a gate of X'-CircuitStr. Suppose o' = o. Then the action of o
w.r.t A = (the characteristics of A)(o'(()1).

The scheme MSFuncEzx deals with a non empty set A, non-empty many
sorted sets B, C indexed by A, and a ternary predicate P, and states that:
There exists a many sorted function f from B into C such that
for every element i of A and for every element a of B(i) holds
Pli,a, f(i)(a)]
provided the following requirement is met:
e For every element i of A and for every element a of B(i) there
exists an element b of C(7) such that P[i, a, b].

Let S be a non empty non void many sorted signature, let V' be a non-empty
many sorted set indexed by the carrier of S, let X be a non empty subset of
S-Terms(V'), and let A be an algebra over S. The functor X-CircuitSorts(A)
yielding a many sorted set indexed by the carrier of X-CircuitStr is defined by:

(Def. 4) For every vertex v of X-CircuitStr holds (X-CircuitSorts(A))(v) = the
sort of v w.r.t. A.

Let S be a non empty non void many sorted signature, let V be a non-
empty many sorted set indexed by the carrier of S, let X be a non empty
subset of S-Terms(V'), and let A be a non-empty algebra over S. Note that
X-CircuitSorts(A) is non-empty.

We now state the proposition

(14) Let X be a set with a compound term of S over V, g be a gate of
X-CircuitStr, and o be an operation symbol of S. If g(()) = (o, the carrier
of S), then (X-CircuitSorts(A)) - Arity(g) = (the sorts of A) - Arity(o).

Let S be a non empty non void many sorted signature, let V be a
non-empty many sorted set indexed by the carrier of S, let X be a non
empty subset of S-Terms(V), and let A be a non-empty algebra over
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S. The functor X-CircuitCharact(A) yields a many sorted function from
(X-CircuitSorts(A))# - the arity of X-CircuitStr into (X-CircuitSorts(A)) - the
result sort of X-CircuitStr and is defined by:

(Def. 5) For every gate g of X-CircuitStr such that g € the operation symbols of
X-CircuitStr holds (X-CircuitCharact(A))(g) = the action of g w.r.t A.

Let S be a non empty non void many sorted signature, let V be a non-
empty many sorted set indexed by the carrier of S, let X be a non empty
subset of S-Terms(V), and let A be a non-empty algebra over S. The functor
X-Circuit(A) yielding a non-empty strict algebra over X-CircuitStr is defined
by:

(Def. 6) X-Circuit(A) = (X-CircuitSorts(A), X-CircuitCharact(A)).

Next we state four propositions:

(15) For every vertex v of X-CircuitStr holds (the sorts of X-Circuit(A4))(v) =
the sort of v w.r.t. A.

(16) Let A be a locally-finite non-empty algebra over S, X be a set with a
compound term of S over V', and g be an operation symbol of X-CircuitStr.
Then Den(g, X-Circuit(A)) = the action of g w.r.t A.

(17) Let A be a locally-finite non-empty algebra over S, X be a set with a
compound term of S over V, g be an operation symbol of X-CircuitStr,
and o be an operation symbol of S. If g(f)) = (o, the carrier of S), then
Den(g, X-Circuit(A)) = Den(o, A).

(18) Let A be a locally-finite non-empty algebra over S and X be a non empty
subset of S-Terms(V'). Then X-Circuit(A) is locally-finite.

Let S be a non empty non void many sorted signature, let V' be a non-empty
many sorted set indexed by the carrier of 5, let X be a set with a compound
term of S over V', and let A be a locally-finite non-empty algebra over S. Note
that X-Circuit(A) is locally-finite.

The following two propositions are true:

(19) Let S be a non empty non void many sorted signature, V' be a non-
empty many sorted set indexed by the carrier of S, X1, X2 be sets with
compound terms of S over V', and A be a non-empty algebra over S. Then
X;-Circuit(A) ~ X-Circuit(A).

(20) Let S be a non empty non void many sorted signature, V' be a non-
empty many sorted set indexed by the carrier of S, X1, X2 be sets with
compound terms of S over V, and A be a non-empty algebra over S. Then
(X1 U X2)-Circuit(A) = (X1-Circuit(A))+-(X2-Circuit(A)).
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3. CORRECTNESS OF A TERM CIRCUIT

In the sequel S is a non empty non void many sorted signature, A is a non-
empty locally-finite algebra over S, V is a variables family of A, and X is a set
with a compound term of S over V.

Let S be a non empty non void many sorted signature, let A be a non-empty
algebra over S, let V' be a variables family of A, and let ¢ be a decorated tree.
Let us assume that t is a term of S over V. Let f be a many sorted function
from V into the sorts of A. The functor [t]4(f) is defined by:

(Def. 7) There exists a term ' of A over V such that ¢ =t and [t]a(f) =t @ f.

Let S be a non empty non void many sorted signature, let V' be a non-empty
many sorted set indexed by the carrier of S, let X be a set with a compound
term of S over V, let A be a non-empty locally-finite algebra over S, and let s
be a state of X-Circuit(A). A many sorted function from V into the sorts of A
is said to be a valuation compatible with s if it satisfies the condition (Def. 8).

(Def. 8) Let = be a vertex of S and v be an element of V(z). If the root tree of
(v, x) € Subtrees(X), then it(x)(v) = s(the root tree of (v, z)).
Next we state the proposition

(21) Let s be a state of X-Circuit(A), f be a valuation compatible with
s, and n be a natural number. Then f is a valuation compatible with
Following(s, n).

Let x be a set, let S be a non empty non void many sorted signature, let V'
be a non-empty many sorted set indexed by the carrier of S, and let p be a finite
sequence of elements of S-Terms(V'). One can verify that z-tree(p) is finite.

The following propositions are true:

(22) Let s be a state of X-Circuit(A), f be a valuation compatible with s,
and t be a term of S over V. If t € Subtrees(X), then Following(s,1 +
height dom¢) is stable at ¢ and (Following(s,1 + height domt))(t) =
[tha(f)-

(23) Suppose that it is not true that there exists a term ¢ of S over V
and there exists an operation symbol o of S such that ¢ € Subtrees(X)
and t(0) = (o, the carrier of S) and Arity(o) = (). Let s be a state of
X-Circuit(A), f be a valuation compatible with s, and ¢ be a term of S
over V. If t € Subtrees(X), then Following(s, height domt) is stable at ¢
and (Following(s, height domt))(t) = [¢t]a(f)-
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4. CIRCUIT SIMILARITY

Let X be a set. One can verify that idx is one-to-one.

Let f be an one-to-one function. One can verify that f~! is one-to-one. Let
g be an one-to-one function. Note that ¢g - f is one-to-one.

Let S1, S2 be non empty many sorted signatures and let f, g be functions.
We say that S; and Sy are equivalent w.r.t. f and g if and only if the conditions
(Def. 9) are satisfied.

(Def. 9)(i)  f is one-to-one,

i) g is one-to-one,

(iii)  f and g form morphism between S; and Sz, and

) f~!and g~! form morphism between Sy and S;.
One can prove the following propositions:

(24) Let Sp, Sz be non empty many sorted signatures and f, g be functions.
Suppose S; and S9 are equivalent w.r.t. f and g. Then the carrier of
Sy = f°(the carrier of S7) and the operation symbols of So = ¢°(the
operation symbols of St).

(25) Let Sy, Sz be non empty many sorted signatures and f, g be functions.
Suppose S7 and Ss are equivalent w.r.t. f and g. Then rng f = the carrier
of S> and rng g = the operation symbols of Ss.

(26) Let S be a non empty many sorted signature. Then S and S are equiva-
lent w.r.t. idthe carrier of 5 and idine operation symbols of S-

(27) Let Sp, Sz be non empty many sorted signatures and f, g be functions.
Suppose S7 and S are equivalent w.r.t. f and ¢g. Then Sy and S; are

equivalent w.r.t. f~ and ¢~ .

(28) Let S1, Sa, S3 be non empty many sorted signatures and f1, g1, fa, g2 be
functions. Suppose S7 and Sy are equivalent w.r.t. f; and g; and Sy and
S3 are equivalent w.r.t. fo and go. Then S; and Ss are equivalent w.r.t.
J2- frand g2 - g1.

(29) Let Sj, Sy be non empty many sorted signatures and f, g be
functions. Suppose S; and So are equivalent w.r.t. f and g. Then
f° InputVertices(S1) = InputVertices(S2) and f°InnerVertices(S;) =
InnerVertices(S2).

Let 51, S2 be non empty many sorted signatures. We say that S; and So are
equivalent if and only if:

(Def. 10) There exist one-to-one functions f, g such that S; and Sy are equivalent
w.r.t. f and g.
Let us notice that the predicate S; and S are equivalent is reflexive and sym-
metric.
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One can prove the following proposition

(30) Let Si, S2, S3 be non empty many sorted signatures. Suppose S; and Sy
are equivalent and S and S3 are equivalent. Then S7 and S3 are equivalent.

Let S1, S2 be non empty many sorted signatures and let f be a function.
We say that f preserves inputs of Sy in S5 if and only if:

(Def. 11)  f° InputVertices(S7) C InputVertices(S2).
Next we state four propositions:

(31) Let Sy, Sz be non empty many sorted signatures and f, g be functions.
Suppose f and g form morphism between S; and Ss. Let v be a vertex of
Si. Then f(v) is a vertex of Ss.

(32) Let S1, S2 be non empty non void many sorted signatures and f, g be
functions. Suppose f and g form morphism between S; and Ss. Let v be
a gate of S7. Then g(v) is a gate of S.

(33) Let S1, S2 be non empty many sorted signatures and f, g be functions.
If f and g form morphism between S; and So, then f° InnerVertices(S1) C
InnerVertices(S2).

(34) Let Si, S2 be circuit-like non void non empty many sorted signatures
and f, g be functions. Suppose f and g form morphism between S7 and
Sy. Let v1 be a vertex of S1. Suppose v; € InnerVertices(S;). Let vy be a
vertex of So. If vo = f(v1), then the action at vy = g(the action at vy).

Let S7, S2 be non empty many sorted signatures, let f, g be functions, let
C1 be a non-empty algebra over 57, and let Cs be a non-empty algebra over Ss.
We say that f and g form embedding of C; into () if and only if the conditions
(Def. 12) are satisfied.
(Def. 12)(i)  f is one-to-one,
(ii) g is one-to-one,
(ili)  f and g form morphism between S; and So,
(iv)  the sorts of C7 = (the sorts of C5) - f, and
(v)  the characteristics of Cy = (the characteristics of Cs) - g.

The following propositions are true:

(35) Let S be a non empty many sorted signature and C' be a non-empty al-

gebra over S. Then idine carrier of 5 and idgpe operation symbols of S form em-
bedding of C' into C.

(36) Let Sy, Sa, S3 be non empty many sorted signatures, fi, g1, fa, g2 be
functions, C} be a non-empty algebra over S1, Co be a non-empty algebra
over So, and C3 be a non-empty algebra over Ss3. Suppose fi and g7 form
embedding of Cy into Cy and fy and go form embedding of C5 into Cj.
Then f5 - f; and go - g1 form embedding of C into Cs.

Let S1, So be non empty many sorted signatures, let f, g be functions, let
C1 be a non-empty algebra over Si, and let C be a non-empty algebra over Ss.
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We say that C'; and Cs are similar w.r.t. f and g if and only if:

(Def. 13)  f and g form embedding of Cy into Cy and f~! and ¢g~! form embedding
of Cy into (.
The following propositions are true:

(37) Let Sp, S2 be non empty many sorted signatures, f, g be functions, C;
be a non-empty algebra over S, and Cs be a non-empty algebra over
S5. Suppose Cy and (5 are similar w.r.t. f and ¢g. Then S; and Sy are
equivalent w.r.t. f and g.

(38) Let S1, Sz be non empty many sorted signatures, f, g be functions, Cy
be a non-empty algebra over S1, and Cy be a non-empty algebra over Ss.
Then C; and Cy are similar w.r.t. f and g if and only if the following
conditions are satisfied:

(i) Sp and S9 are equivalent w.r.t. f and g,
(ii)  the sorts of C; = (the sorts of Cy) - f, and
(iii)  the characteristics of C1 = (the characteristics of Cs) - g.

(39) Let S be a non empty many sorted signature and C' be a non-empty
algebra over S. Then C and C are similar w.r.t. idthe carrier of § and
idthe operation symbols of S-

(40) Let Sp, S2 be non empty many sorted signatures, f, g be functions, C;
be a non-empty algebra over S1, and C5 be a non-empty algebra over Ss.
Suppose Cp and Cs are similar w.r.t. f and g. Then Cy and ('} are similar
w.r.t. f~' and g~

(41) Let Sy, Sz, S3 be non empty many sorted signatures, fi, g1, fa, g2 be
functions, C be a non-empty algebra over S1, C5 be a non-empty algebra
over Sz, and C3 be a non-empty algebra over S3. Suppose C; and Cy are
similar w.r.t. f; and g1 and C5 and C3 are similar w.r.t. fo and go. Then
C and Cj are similar w.r.t. fo- f1 and g9 - g1.

Let S1, S9 be non empty many sorted signatures, let C7 be a non-empty
algebra over 57, and let Co be a non-empty algebra over So. We say that C}
and Cy are similar if and only if:

(Def. 14) There exist functions f, g such that C; and Cy are similar w.r.t. f and
g.

For simplicity, we use the following convention: G1, G2 denote circuit-like
non void non empty many sorted signatures, f, g denote functions, C; denotes
a non-empty circuit of G, and Cy denotes a non-empty circuit of Gs.

Next we state a number of propositions:

(42) Suppose f and g form embedding of C; into Cy. Then
(i) dom f = the carrier of Gy,
(ii) rng f C the carrier of Ga,

(iii) dom g = the operation symbols of G, and



654 GRZEGORZ BANCEREK

(iv) rngg C the operation symbols of Gs.

(43) Suppose f and g form embedding of C] into Ca. Let 01 be a gate of Gy
and oz be a gate of Ga. If 0o = g(01), then Den(o0z,C2) = Den(o1,Ch).

(44) Suppose f and g form embedding of C; into Cy. Let o1 be a gate of
G1 and o2 be a gate of Ga. Suppose 02 = g(01). Let s; be a state of
C1 and so be a state of Cs. If s;7 = s5 - f, then 05 depends-on-in so =
01 depends-on-in s .

(45) If f and g form embedding of C; into Cs, then for every state s of Co
holds s - f is a state of Cj.

(46) Suppose f and g form embedding of C into Cs. Let so be a state of
(5 and s; be a state of C'1. Suppose s; = so - f and for every vertex v
of G1 such that v € InputVertices(G1) holds so is stable at f(v). Then
Following(s;) = Following(sz) - f.

(47) Suppose f and g form embedding of C; into Cy and f preserves inputs

of G1 in Gs. Let sy be a state of Cy and s1 be a state of Cy. If s1 = 59 f,
then Following(s;) = Following(sa) - f.

(48) Suppose f and g form embedding of C into Cy and f preserves inputs of
(1 in Gs. Let s9 be a state of Cy and s1 be a state of C. If s; = s9- f, then
for every natural number n holds Following(si,n) = Following(sa,n) - f.

(49) Suppose f and g form embedding of C; into Cy and f preserves inputs
of GG1 in Gs. Let s5 be a state of Cy and s1 be a state of Cy. If s1 = s9 - f,
then if so is stable, then s; is stable.

(50) Suppose f and g form embedding of C; into Cy and f preserves inputs
of G1 in Go. Let so be a state of Cy and s; be a state of C. Suppose
s1 = s2 - f. Let v1 be a vertex of G1. Then s; is stable at v; if and only if
s9 is stable at f(v1).

(51) If C1 and Cy are similar w.r.t. f and g, then for every state s of Cy holds
s- f is a state of Cf.

(52) Suppose Cy and Cy are similar w.r.t. f and g. Let s; be a state of C}
and sy be a state of Cy. Then s1 = sy - f if and only if s9 = 51 - f~L.

(563) If Cy and C9 are similar w.r.t. f and g, then f°InputVertices(Gy) =
InputVertices(G2) and f° InnerVertices(G1) = InnerVertices(G2).

(54) 1If C7 and Cy are similar w.r.t. f and g, then f preserves inputs of G in
Go.

(55) Suppose C; and Cy are similar w.r.t. f and g. Let s; be a state of C and
s2 be a state of Cy. If 51 = s2 - f, then Following(s;) = Following(sz) - f.

(56) Suppose C; and Cy are similar w.r.t. f and g. Let s; be a state of C}

and s be a state of Co. If 51 = s9 - f, then for every natural number n
holds Following(s1,n) = Following(sa,n) - f.
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(57) Suppose C; and Cy are similar w.r.t. f and g. Let s; be a state of Cy
and sy be a state of Cy. If s1 = s9 - f, then sy is stable iff so is stable.
(58) Suppose Cy and Cy are similar w.r.t. f and g. Let s; be a state of C}
and so be a state of Cs. Suppose s1 = so - f. Let v; be a vertex of Gy.

Then s; is stable at v; if and only if sy is stable at f(vy).

5. TERM SPECIFICATION

Let S be a non empty non void many sorted signature, let A be a non-empty
algebra over S, let V' be a non-empty many sorted set indexed by the carrier of
S, let X be a non empty subset of S-Terms(V'), let G be a circuit-like non void
non empty many sorted signature, and let C' be a non-empty circuit of G. We
say that C calculates X in A if and only if:
(Def. 15) There exist f, g such that f and g form embedding of X-Circuit(A) into
C and f preserves inputs of X-CircuitStr in G.

We say that X and A specify C' if and only if:
(Def. 16) C and X-Circuit(A) are similar.

Let S be a non empty non void many sorted signature, let V' be a non-empty
many sorted set indexed by the carrier of S, let A be a non-empty algebra over
S, let X be a non empty subset of S-Terms(V'), let G be a circuit-like non void
non empty many sorted signature, and let C' be a non-empty circuit of G. Let
us assume that C calculates X in A. An one-to-one function is said to be a sort
map from X and A into C if:
(Def. 17) It preserves inputs of X-CircuitStr in G and there exists g such that it
and ¢ form embedding of X-Circuit(A) into C.
Let S be a non empty non void many sorted signature, let V' be a non-empty
many sorted set indexed by the carrier of S, let A be a non-empty algebra over
S, let X be a non empty subset of S-Terms(V'), let G be a circuit-like non void
non empty many sorted signature, and let C' be a non-empty circuit of G. Let
us assume that C calculates X in A. Let f be a sort map from X and A into
C. An one-to-one function is said to be an operation map from X and A into
C obeying f if:
(Def. 18) f and it form embedding of X-Circuit(A) into C.
The following propositions are true:

(59) Let G be a circuit-like non void non empty many sorted signature and
C be a non-empty circuit of G. If X and A specify C, then C calculates
X in A.

(60) Let G be a circuit-like non void non empty many sorted signature and
C be a non-empty circuit of G. Suppose C' calculates X in A. Let f be
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a sort map from X and A into C and t be a term of S over V. Suppose
t € Subtrees(X). Let s be a state of C. Then

(i) Following(s, 1 + height dom¢) is stable at f(¢), and

(ii) for every state s’ of X-Circuit(A) such that ' = s- f and for every va-
luation h compatible with s’ holds (Following(s, 1+ height dom¢))(f(¢)) =
[t]a(h).

(61) Let G be a circuit-like non void non empty many sorted signature and
C be a non-empty circuit of G. Suppose C calculates X in A. Let ¢t be a
term of S over V. Suppose t € Subtrees(X ). Then there exists a vertex v
of GG such that for every state s of C' holds

(i) Following(s, 1 4 height domt) is stable at v, and

(ii)  there exists a sort map f from X and A into C' such that for every
state s’ of X-Circuit(A) such that s’ = s- f and for every valuation h
compatible with s" holds (Following(s, 1 + height domt))(v) = [¢t]a(h).

(62) Let G be a circuit-like non void non empty many sorted signature and
C be a non-empty circuit of G. Suppose X and A specify C. Let f be a
sort map from X and A into C, s be a state of C, and ¢ be a term of S
over V. Suppose t € Subtrees(X). Then

(i)  Following(s, 1 + height dom) is stable at f(t), and

(ii)  for every state s’ of X-Circuit(A) such that ' = s- f and for every va-
luation h compatible with s’ holds (Following(s, 1+ height domt))(f(t)) =
[t]a(h).

(63) Let G be a circuit-like non void non empty many sorted signature and
C be a non-empty circuit of G. Suppose X and A specify C. Let t be a
term of S over V. Suppose t € Subtrees(X). Then there exists a vertex v
of GG such that for every state s of C' holds

(i) Following(s, 1 + height dom) is stable at v, and

(ii)  there exists a sort map f from X and A into C such that for every
state s’ of X-Circuit(A) such that s = s- f and for every valuation h
compatible with s” holds (Following(s, 1 + height domt))(v) = [¢] a(h).
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