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Summary. This article is a continuation of [8]. Some basic theorems
about families of sets in a topological space have been proved. Following
redefinitions have been made: singleton of a set as a family in the topo-
logical space and results of boolean operations on families as a family of
the topological space. Notion of a family of complements of sets and a
closed (open) family have been also introduced. Next some theorems refer
to subspaces in a topological space: some facts about types in a subspace,
theorems about open and closed sets and families in a subspace. A notion of
restriction of a family has been also introduced and basic properties of this
notion have been proved. The last part of the article is about mappings.
There are proved necessary and sufficient conditions for a mapping to be
continuous. A notion of homeomorphism has been defined next. Theorems
about homeomorphisms of topological spaces have been also proved.

MML Identifier: TOPS_2.

The articles [7], [2], [3], [1], [5], [4], and [6] provide the notation and terminology
for this paper. For simplicity we follow the rules: x will be arbitrary, 7', S, V will
denote topological spaces, P, ), R will denote subsets of T, F', G will denote
families of subsets of T', P; will denote a subset of S, and H will denote a family
of subsets of S. We now state several propositions:

(1) FC2%,

(2) Ifx € F, then x is a subset of T'.

(3)  For every set X such that X C F holds X is a family of subsets of T'.
(4) F =G if and only if for every P holds P € F if and only if P € G.
(5) If Fis a cover of T, then F # ().

Let us consider 7', P. Then {P} is a family of subsets of T'.

Let us consider T', F', G. Then F UG is a family of subsets of T. Then FFNG
is a family of subsets of T. Then F'\ G is a family of subsets of T.

@ 1990 Fondation Philippe le Hodey
257 ISSN 0777-4028



258

AGATA DARMOCHWAL

The following propositions are true:
UF\UG CUF\G).
F¢ = (F quaa family of subsets of the carrier of T)¢.
P € F¢ if and only if P¢ € F.
(F°)° =F.
F # () if and only if F°© # .
11) If F # 0, then N F°¢ = (U F)C.
12) If F # 0, then JF° = (NF)".
13)  F*© is finite if and only if F' is finite.
We now define two new predicates. Let us consider T', F'. The predicate F is
open is defined by:
if P € F, then P is open.
The predicate F'is closed is defined by:
if P € I, then P is closed.
One can prove the following propositions:
14)  F is open if and only if for every P such that P € F holds P is open.
) Fis closed if and only if for every P such that P € F holds P is closed.

) Fis closed if and only if F'¢ is open.
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) Fis open if and only if F° is closed.
) If F C G and G is open, then F is open.
) If F C G and G is closed, then F' is closed.
) If F'is open and G is open, then F'U G is open.
) If F is open, then F'NG is open.
) If F is open, then F'\ G is open.
3) If Fis closed and G is closed, then F'UG is closed.
) If Fis closed, then F NG is closed.
) If Fis closed, then F'\ G is closed.
) If F is open, then |J F is open.
) If Fis open and F is finite, then () F' is open.
8) If Fis closed and F is finite, then [J F is closed.
) If Fis closed, then N F is closed.
In the sequel A will be a subspace of T'. The following propositions are true:
(30)  For every subset B of A holds B is a subset of T
(31)  For every family F' of subsets of A holds F' is a family of subsets of T'.
(32)
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For every subset B of A holds B is open if and only if there exists C
being a subset of T" such that C' is open and C N Q4 = B.
(33)  For every subset @ of T such that @ is open for every subset P of A such
that P = @ holds P is open.
(34)  For every subset @ of T such that @ is closed for every subset P of A
such that P = Q) holds P is closed.
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(35) If F is open, then for every family G of subsets of A such that G = F
holds G is open.
(36) If F is closed, then for every family G of subsets of A such that G = F
holds G is closed.
(37) If P=Qu,then T | P=A.
(38) If P # (0, then @ N P is a subset of T' | P.
Let us consider T, P, F. The functor F' | P yields a family of subsets of T' | P
and is defined by:
for every subset @Q of T' | P holds @ € F' | P if and only if there exists R such
that R€ Fand RNP = Q.
We now state a number of propositions:

(39) For every subset Q of T'| P holds @ € F | P if and only if there exists
R being a subset of T such that R € F and RN P = Q.

(40) ¥ FCG,then FIPCG I P.

(41) IfP#0Pand Q€ F,then QNP e F | P.

(42) IfQCUF,then QNP CU(F | P).

(43) If PCUF, then P={J(F | P).

(44) UF1P)CUF.

(45) If P CU(F | P), then P C JF.

(46) If P # () and F is finite, then F' | P is finite.

(47) If P # () and F is open, then F' | P is open.

(48) If P # () and F is closed, then F | P is closed.

(49)  For every family F' of subsets of A such that F' is open there exists G

being a family of subsets of T" such that G is open and for every subset AA
of T such that AA = Q4 holds FF = G | AA.

(50)  If P # 0, then there exists f being a function such that dom f = F and
mg f = F | P and for every x such that x € F for every @ such that
@ =z holds f(x) =QnNP.

In the sequel f will denote a map from T into S. We now state several
propositions:
(51) dom f = Qp and rng f C Qg.

(52) £ 71 (Qg) = Qr.

(563)  (°f)° F is a family of subsets of S.

(54)  ~! f° H is a family of subsets of 7.

(55)  f is continuous if and only if for every P; such that P; is open holds

f ! Py is open.
(56)  f is continuous if and only if for every P; holds f —1 P C f ' Py.
(57)  f is continuous if and only if for every P holds f ° P C f° P.

The arguments of the notions defined below are the following: 7', S, V which
are objects of the type reserved above; f which is a map from T into S; g which
is a map from S into V. Then g - f is a map from T into V.
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One can prove the following propositions:

(58)  For every map f from T into S for every map g from S into V' such that
f is continuous and g is continuous holds ¢ - f is continuous.

(59)  If f is continuous and H is open, then for every F such that FF = ~! f° H
holds F' is open.

(60) If f is continuous and H is closed, then for every F such that ' = ~! f°H
holds F' is closed.

Let us consider T', S, f. Let us assume that rng f = Qg and f is one-to-one.
The functor f~! yielding a map from S into T, is defined by:

Freg
One can prove the following propositions:
(61) Ifrngf =g and f is one-to-one, then f~! = (f quaa function)~!.

(62) Ifrng f = Qg and f is one-to-one, then dom(f~1) = Qg and rng(f~!) =
Q.

(63) If rng f =g and f is one-to-one, then f~! is one-to-one.

(64) Ifrng f = Qg and f is one-to-one, then (f~1)~! = f.

(65) If rng f = Qg and f is one-to-one, then f~!- f = idgom s and f- f~! =
iding f-

(66) For every map f from T into S for every map g from S into V' such that
rng f = Qg and f is one-to-one and rng g = Qy and ¢ is one-to-one holds

(g-Ht=f"g"
(67) If rng f = Qg and f is one-to-one, then f° P = (f~!)~! P.
(68) Ifrng f = Qg and f is one-to-one, then f ~1 P, = f~1° P;.
Let us consider T', S, f. The predicate f is a homeomorphism is defined by:
g f = Qg and f is one-to-one and f is continuous and f~! is continuous.
One can prove the following propositions:

(69)  f is a homeomorphism if and only if rng f = Qg and f is one-to-one and
f is continuous and f~! is continuous.

(70)  If f is a homeomorphism, then f~! is a homeomorphism.

(71)  For every map f from T into S for every map ¢ from S into V such
that f is a homeomorphism and ¢ is a homeomorphism holds ¢ - f is a
homeomorphism.

(72) I rngf = Qg and f is one-to-one, then f is a homeomorphism if and
only if for every P holds P is closed if and only if f ° P is closed.

(73) If rng f = Qg and f is one-to-one, then f is a homeomorphism if and
only if for every P; holds f ' P, = f ~1 P;.

(74) If rng f = Qg and f is one-to-one, then f is a homeomorphism if and
only if for every P holds f° P = f° P.
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Summary. The article includes definitions and theorems concerning
basic properties of the following functions : |z| - modul of real number, sgn
x - signum of real number.

MML Identifier: ANAL_1.

The article [1] provides the terminology and notation for this paper. In the sequel
x, y, z, t are real numbers. Let us consider x. The functor |z| yielding a real
number, is defined by:

|z| =z if 0 <z, || = —, otherwise.

One can prove the following propositions:

1) If 0 <z, then |z| = =.

2) If0<x, then |z| = x.

3) If0 £z, then |z| = —=z.

4) Ifz <0, then |z| = —z.
0 < x|

(=)

If x # 0, then 0 < |z|.

xz =0 if and only if |z| = 0.

If |z| = x, then 0 < z.

If |x| = —z and x # 0, then x < 0.
For all x, y holds |z - y| = |z| - |y|.

=~ N /N N /N~
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—|z] <z and z < |z|.

—
[\

—y <z and x <y if and only if |z| < y.

|z +y| < |z] + |y|.

For every x such that = # 0 holds |z| - |1| = 1.
For every z such that x # 0 holds \%\ = ﬁ

—
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For all z, y such that y # 0 holds |§| = %

—_
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For all z, y holds |z| — |y| < |z — y].

—
=)

For all z, y holds |x —y| < |z| + |y

[\)
o

For every z holds ||z|| = |z|.

If || < z and |y| < ¢, then |[x +y| < z + ¢.
| = [yl] < |z —yl.

y < |z| if and only if z < —y or y < z.

If 0 <z-y, then |z +y| = |z| + |yl

If |z +y|=|z| + |y|, then 0 < z - y.

oyl < el Lyl
1+|z+y] — 1+]z] 1+]y|*

Let us consider . The functor sgn x yielding a real number, is defined by:
sgnr =1if 0 <z, sgnx = —1if x <0, sgnz = 0, otherwise.
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The following propositions are true:

If 0 < x, then sgnx = 1.

If x <0, then sgnx = —1.

If 0 £ x and = £ 0, then sgnz = 0.
If x = 0, then sgnz = 0.

If sgnxz =1, then 0 < z.

If sgnx = —1, then = < 0.

If sgnx = 0, then z = 0.
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x = x| (sgnx).

sgn(z - y) = (sgnx) - (sgny).
sgn(sgnz) = sgn .

sgn(z +y) < (sgnz +sgny) + 1.
If x # 0, then (sgnx) - (sgn %) =1.
If x # 0, then —— = sgn%.

sgnx

W W W W
© 00 3 O

N
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(sgnzx +sgny) — 1 < sgn(z +vy).
If £ 0, then sgnz = sgn %

If y # 0, then sgn § = %.
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Zermelo Theorem and Axiom of Choice
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Summary. The article is continuation of [2] and [1], and the goal of
it is show that Zermelo theorem (every set has a relation which well orders it
- proposition (26)) and axiom of choice (for every non-empty family of non-
empty and separate sets there is set which has exactly one common element
with arbitraly family member - proposition (27)) are true. It is result of
the Tarski’s axiom A introduced in [5] and repeated in [6]. Inclusion as
a settheoretical binary relation is introduced, the correspondence of well
ordering relations to ordinal numbers is shown, and basic properties of
equinumerosity are presented. Some facts are based on [4].

MML Identifier: WELLORD2.

The terminology and notation used in this paper are introduced in the following
articles: [6], [7], [8], [3], [2], and [1]. For simplicity we adopt the following conven-
tion: X, Y, Z will denote sets, a will be arbitrary, R will denote a relation, and
A, B will denote ordinal numbers. Let us consider X. The functor <y yielding
a relation, is defined by:

field<y = X and for all Y, Z such that Y € X and Z € X holds (Y, Z) € Sx
if and only if Y C Z.

The following propositions are true:
R = Sy if and only if field R = X and for all Y, Z such that Y € X and

(1)

Z e X holds (Y, Z) e Rifand only if Y C Z.

- W N

N N N N N N
D Ot
N AND NSNS I AN N

oo

S y is pseudo reflexive.
€ ¢ is transitive.

S 4 is connected.

€ x is antisymmetric.

< 4 is well founded.

€ 4 is well ordering relation.

If Y C X, then gX ‘2Y:gy
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(9) For all A, X such that X C A holds <y is well ordering relation.
We now state several propositions:
(10) If A€ B, then A =Sp—Seg(A).
(11) If 4 and Sp are isomorphic, then A = B.
(12) For all X, R, A, B such that R and 4 are isomorphic and R and Sp
are isomorphic holds A = B.

(13)  For every R such that R is well ordering relation and for every a such that
a € field R there exists A such that R |?> R—Seg(a) and < 4 are isomorphic
there exists A such that R and <4 are isomorphic.

(14)  For every R such that R is well ordering relation there exists A such that
R and <4 are isomorphic.

Let us consider R. Let us assume that R is well ordering relation. The functor

R yields an ordinal number and is defined by:
R and gﬁ are isomorphic.
Let us consider A, R. The predicate A is an order type of R is defined by:
A=R.
One can prove the following propositions:

(15)  If R is well ordering relation, then for every A holds A = R if and only
if R and €4 are isomorphic.

(16) A is an order type of R if and only if A = R.
(17) If X C A, then Sx C A.
We follow a convention: f will be a function and x, y, z, u will be arbitrary.
One can prove the following proposition

(18) X =Y if and only if there exists Z such that for every x such that z € X
there exists y such that y € Y and (x,y) € Z and for every y such that
y € Y there exists  such that x € X and (x,y) € Z and for all z, y, z, u
such that (x,y) € Z and (z,u) € Z holds x = z if and only if y = u.

Let us consider X, Y. Let us note that one can characterize the predicate
X = Y by the following (equivalent) condition: there exists f such that f is
one-to-one and dom f = X and rng f =Y.

Next we state several propositions:

(19) X =Y if and only if there exists f such that f is one-to-one and dom f =
Xandmgf =Y.

(200 X =X.

(21) I X=~Y,thenY ~ X.

(22) IfX~YandY =~ Z, then X ~ Z.

(23) If R is well ordering relation and X = field R, then there exists R such
that R well orders X.

(24) If R is well ordering relation and X ~ Y and Y C field R, then there
exists R such that R well orders X.

(25) If R well orders X, then field(R |? X) = X and R|? X is well ordering
relation.
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(26)  For every X there exists R such that R well orders X.
In the sequel M will be a non-empty family of sets. We now state a proposition

(27)  If for every X such that X € M holds X # ) and for all X, Y such that
XeMandY € M and X # Y holds X NY = (), then there exists Choice
being a set such that for every X such that X € M there exists x such
that Choice N X = {x}.
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Real Sequences and
Basic Operations on Them
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Summary. Definition of real sequence and operations on sequences
(multiplication of sequences and multiplication by a real number, addition,
subtraction, division and absolute value of sequence) are given.

MML Identifier: SEQ_1.

The notation and terminology used here are introduced in the following articles:
[4], [1], [3], and [2]. For simplicity we follow the rules: f will be a function, n
will be a natural number, r, p will be real numbers, and x will be arbitrary. We
now state a proposition

(1) =z is a natural number if and only if xz € N.

The mode sequence of real numbers, which widens to the type a function, is
defined by:

domit =N and rngit C R.

In the sequel seq, seqi, seqa, seqs, seq’, seqyr are sequences of real numbers.
Next we state three propositions:

(2)  f is a sequence of real numbers if and only if dom f =N and rng f C R.

(3)  f is a sequence of real numbers if and only if dom f = N and for every x
such that = € N holds f(x) is a real number.

(4)  fis a sequence of real numbers if and only if dom f = N and for every n
holds f(n) is a real number.

Let us consider seq, n. Then seq(n) is a real number.

Let us consider seq. The predicate seq is non-zero is defined by:

rng seq C R\ {0}.

One can prove the following propositions:

(5)  seq is non-zero if and only if rng seq C R\ {0}.

(6)  seqis non-zero if and only if for every x such that 2 € N holds seq(z) # 0.
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(7)  seq is non-zero if and only if for every n holds seq(n) # 0.
(8)  For all seq, seq; such that for every = such that z € N holds seq(z) =
seqi(z) holds seq = seq.
(9) For all seq, seq: such that for every n holds seq(n) = seqi(n) holds
seq = seq;.
(10)  For every r there exists seq such that rng seq = {r}.

The scheme EzRealSeq concerns a unary functor F yielding a real number and
states that:
there exists seq such that for every n holds seq(n) = F(n)
for all values of the parameter.
We now define two new functors. Let us consider seq, seqa. The functor
seq1 + seqq yields a sequence of real numbers and is defined by:
for every n holds (seq; + seqz)(n) = seqi(n) + seqa(n).
The functor seq; - seqo yielding a sequence of real numbers, is defined by:
for every n holds (seq; - seq2)(n) = seqi(n) - seqa(n).
The following two propositions are true:
(11)  seq = seq1 + seqq if and only if for every n holds seq(n) = seqi(n) +
seqa(n).
(12)  seq = seq; - seqq if and only if for every n holds seq(n) = seqi(n)-seqa(n).
Let us consider r, seq. The functor r - seq yielding a sequence of real numbers,
is defined by:
for every n holds (r - seq)(n) = r - seq(n).
One can prove the following proposition
(13)  seq =1 - seq if and only if for every n holds seq(n) = r - seqi(n).
Let us consider seq. The functor —seq yields a sequence of real numbers and
is defined by:
for every n holds (—seq)(n) = —seq(n).
We now state a proposition
(14)  seq = —seq; if and only if for every n holds seq(n) = —seqi(n).
Let us consider seqq, seqa. The functor seq; — seqs yields a sequence of real
numbers and is defined by:
seq1 — seqa = seqq + (—seqa).
We now state a proposition
(15)  seq = seqq — seqq if and only if seq = seq; + (—seq2).
Let us consider seq. Let us assume that seq is non-zero. The functor seq ™
yielding a sequence of real numbers, is defined by:
for every n holds (seq™1)(n) = (seq(n))~!.
One can prove the following proposition

(16)  If seq is non-zero, then seq; = seq™! if and only if for every n holds
seqi(n) = (seq(n))~".
Let us consider seqq, seq. Let us assume that seq is non-zero. The functor
sequ

eq yields a sequence of real numbers and is defined by:
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seq1 _ . -1
seq — S€qu-seq .

The following proposition is true

1

S¢9L if and only if seq = seqq - seqa ™.

seqa
Let us consider seq. The functor |seq| yielding a sequence of real numbers, is
defined by:

for every n holds |seq|(n) = |seq(n)|.

(17)  If seqy is non-zero, then seq =

The following propositions are true:

(18)  seq = |seq1] if and only if for every n holds seq(n) = |seqi(n)|.
(19)  seqi + seqa = seqs + seq;.

(20)  (seq1 + seqa) + seqs = seq1 + (seqa + seqs).

(21)  seq; - seqa = seqs - seq;.

(22)  (seq; - seqq) - seqs = seqy - (seqa - seqs).

(23)  (seq1 + seqq) - seqs = seq; - seqs + seqa - seqs.

(24)  seqs - (seq1 + seqz) = seqs - seq1 + seq3 - seqa.

(25) —seq = (—1) - seq.

(26) 7 (seq1 - seqz) = (- seq1) - seqa.

(27)  r-(seqi - seqa) = seqq - (r - seqa).

(28)  (seq1 — seqq) - seqz = seqy - seq3 — seqa - S€q3.

(29)  seqs - seqr — seqs - seqa = seqs - (seqq — seqa).

(30) - (seqq + seqa) =1 - seqy + - seqa.

(31) (r-p)-seg=r-(p-seq).

(32)  r-(seqi —seqz) =1 -seqi —r - seqa.

(33) If seq is non-zero, then r - % = %:q‘“.

(34)  seqi — (seqz + seqs) = (seq1 — seqa) — seqs.

(35) 1-seq= seq.

(36) —(—seq) = seq.

(37)  seq1 — (—seqa) = seqq + seqa.

(38)  seq1 — (seqz — seqs) = (seq1 — seqa) + seqs.

(39)  seq + (seqz2 — seqs) = (seqi + seqa) — seqs.

(40)  (—seq1) - seqa = —seq - seqa and seq; - (—seqa) = —seq; - seqa.
(41)  If seq is non-zero, then seq™! is non-zero.

(42)  If seq is non-zero, then (seq™1)~! = seq.

(43)  seq is non-zero and seq; is non-zero if and only if seq - seq; is non-zero.
(44)  If seq is non-zero and seq; is non-zero, then seq~!-seq; ™! = (seq-seqq)~!.
(45)  If seq is non-zero, then % - seq = seqq.

(46)  If seq is non-zero and seq; is non-zero, then % . %211/ = %.
(47)  If seq is non-zero and seq; is non-zero, then =L is non-zero.
(48)  If seq is non-zero and seq; is non-zero, then %_1 = %.
(49)  If seq is non-zero, then seqq - 2L = 242501

seq seq
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If seq is non-zero and seq; is non-zero, then 352 = %
seqq

. _ . _ seqa __ seqa-seqi

If seq is non-zero and seq; is non-zero, then or = seasen

If r # 0 and seq is non-zero, then r - seq is non-zero.

If seq is non-zero, then —seq is non-zero.

If r # 0 and seq is non-zero, then (7 - seq) ™t =r~1 - seq .
If seq is non-zero, then (—seq) ™! = (—1) - seq~ .

1 _ __seq1 __ —seqi seqi __ _ seqi
If seq is non-zero, then seq = “seq and Tee = g
i - seq | seqy  _ seqitseqy seqi _ seqy  _
If seq is non-zero, then seq T seq = weq and o e =
seq1—seqys
seq :
!
: _ /A _ seq1 | seqy __ seqi-seq’+seqqs-seq
If seq is non-zero and seq’ is non-zero, then on T ed = eqsed
seqp _ seqy seql-seq’—seqlwseq
and seq seq’ T seq-seq’
seqys

seq
seq’
seqq

If seq is non-zero and seq’ is non-zero and seq; is non-zero, then

S€qq/-Seq1

seq-seq’ *

|seq - seq'| = |seq] - |seq|.

If seq is non-zero, then |seq| is non-zero.
If seq is non-zero, then |seq|~! = [seq?|.

seq'| _ |sed/|
seq | = Tsedl"

If seq is non-zero, then |

|- seq| = [r] - [seq].
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Convergent Sequences and the Limit of
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Summary. The article contains definitions and same basic proper-
ties of bounded sequences (above and below), convergent sequences and the
limit of sequences. In the article there are some properties of real numbers
useful in the other theorems of this article.

MML Identifier: SEQ_2.

The terminology and notation used in this paper have been introduced in the
following papers: [1], and [2]. We adopt the following rules: n, m are natural
numbers, 7, 71, p, g1, g, ¢’ are real numbers, and seq, seq’, seq; are sequences of
real numbers. One can prove the following propositions:

(—1) - (~1) = 1.

§ g —gand§+t-4
If 0 < g, then 0 < 4 and 0 <
If 0 < g, then § < g.

If g #0, then 5 + &5 = 7.

1)
)
)
)
)
) IfO0<gandO0<p,then 0 <
)
)
)
)
11)

/‘\

2

Ot =~ W
LSS

iSENS]

)

Ifo0<gand0<randg<g; andr <rq, theng-r <gy-r1.

02¢)

If g=—¢, then —g =¢'.

Ne)

—g < rand r < g if and only if |r| < g.
If0<ryand 7y <rand0< g, then 2 < £,

r 1

=~ o~~~ o~~~ —
D

—~
o

If g # 0 and 7 # 0, then [g~! — r~1| = 20,

We now define two new predicates. Let us consider seq. The predicate seq is
bounded above is defined by:

there exists  such that for every n holds seq(n) < r.
The predicate seq is bounded below is defined by:

/—\
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there exists r such that for every n holds r < seq(n).
We now state two propositions:

(12)  seq is bounded above if and only if there exists r such that for every n
holds seq(n) < r.

(13)  seq is bounded below if and only if there exists r such that for every n
holds r < seq(n).

Let us consider seq. The predicate seq is bounded is defined by:
seq is bounded above and seq is bounded below.
Next we state three propositions:

(14)  seq is bounded if and only if seq is bounded above and seq is bounded
below.

(15)  seq is bounded if and only if there exists r such that 0 < r and for every
n holds |seq(n)| < .

(16)  For every n there exists r such that 0 < r and for every m such that
m < n holds |seq(m)| < r.

Let us consider seq. The predicate seq is convergent is defined by:

there exists g such that for every p such that 0 < p there exists n such that
for every m such that n < m holds |seq(m) — g| < p.

One can prove the following proposition

(17)  seq is convergent if and only if there exists g such that for every p such
that 0 < p there exists n such that for every m such that n < m holds
|seq(m) — g| <p.

Let us consider seq. Let us assume that seq is convergent. The functor lim seq
yields a real number and is defined by:

for every p such that 0 < p there exists n such that for every m such that
n < m holds |seq(m) — (lim seq)| < p.

The following propositions are true:

(18) If seq is convergent, then limseq = ¢ if and only if for every p such
that 0 < p there exists n such that for every m such that n < m holds
|seq(m) — g| <p.

(19)  If seq is convergent and seq’ is convergent, then seq+ seq’ is convergent.

(20)  If seq is convergent and seq’ is convergent, then lim(seq+seq’) = lim seq+
lim seq’.

[\)
—_

If seq is convergent, then r - seq is convergent.

[\)
\G)

If seq is convergent, then lim(r - seq) = r - (lim seq).

[\
w

If seq is convergent, then —seq is convergent.
If seq is convergent, then lim(—seq) = — lim seq.

[\)
ot

If seq is convergent and seq’ is convergent, then seq — seq’ is convergent.

N SN /N /N /S /S
[\ [\]
=) =~
— O Y

If seq is convergent and seq’ is convergent, then lim(seq—seq’) = lim seq—
lim seq’.
(27)  If seq is convergent, then seq is bounded.
(28)  If seq is convergent and seq’ is convergent, then seq - seq’ is convergent.
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(29)  If seq is convergent and seq’ is convergent, then lim(seq-seq’) = (lim seq)-
(lim seq’).
(30)  If seq is convergent, then if lim seq # 0, then there exists n such that for

| lim seq|

every m such that n < m holds ——" < |seq(m)|.
(31)  If seq is convergent and for every n holds 0 < seg(n), then 0 < lim seq.

(32)  If seq is convergent and seq’ is convergent and for every n holds seq(n) <
seq'(n), then lim seq < lim seq’.

(33)  If seq is convergent and seq’ is convergent and for every n holds seq(n) <
seq1(n) and seqi(n) < seq’(n) and lim seq = lim seq’, then seq; is conver-
gent.

(34)  If seq is convergent and seq’ is convergent and for every n holds seq(n) <
seqi(n) and seqi(n) < seq’(n) and limseq = limseq’, then limseq; =
lim seq.

(35)  If seq is convergent and lim seq # 0 and seq is non-zero, then seq™! is

convergent.

(36)  If seq is convergent and lim seq # 0 and seq is non-zero, then lim seq ! =

(lim seq) .
(37)  1If seq’ is convergent and seq is convergent and lim seq # 0 and seq is
non-zero, then %qql is convergent.

(38)  If seq’ is convergent and seq is convergent and lim seq # 0 and seq is

/ H !
_ .. seq’ __ limseq
non-zero, then lim Seq = Tmseq

(39) If seq is convergent and seq; is bounded and lim seq = 0, then seq - seq;
is convergent.

(40)  If seq is convergent and seq; is bounded and lim seq = 0, then lim(seq -
seqp) = 0.
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Properties of ZF Models

Grzegorz Bancerek
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Summary. The article deals with the concepts of satisfiability of ZF
set theory language formulae in a model (a non-empty family of sets) and
the axioms of ZF theory introduced in [6]. It is shown that the transitive
model satisfies the axiom of extensionality and that it satisfies the axiom
of pairs if and only if it is closed to pair operation; it satisfies the axiom
of unions if and only if it is closed to union operation, ect. The conditions
which are satisfied by arbitrary model of ZF set theory are also shown.
Besides introduced are definable and parametrically definable functions.

MML Identifier: ZFMODEL1.

The notation and terminology used in this paper are introduced in the following
papers: [8], [4], [1], [5], [7], [3], and [2]. For simplicity we follow a convention:
x, y, z will be variables, H will be a ZF-formula, E will be a non-empty family
of sets, X, Y, Z will be sets, u, v, w will be elements of £, and f, g will be
functions from VAR into E. One can prove the following propositions:

(1) If E is transitive, then E |= the axiom of extensionality.

(2) If E is transitive, then E = theaxiom of pairs if and only if for all u, v
holds {u,v} € E.

(3) If E is transitive, then FE = the axiom of pairs if and only if for all X, Y
such that X € F and Y € E holds {X,Y} € E.

(4) If E is transitive, then E |= the axiom of unions if and only if for every u
holds Ju € E.

(5) If E is transitive, then E |= the axiom of unions if and only if for every
X such that X € F holds X € FE.

(6) If E is transitive, then E |= the axiom of infinity if and only if there exists
u such that u # () and for every v such that v € u there exists w such that
v Cwand v # w and w € wu.

(7) If E is transitive, then E |= the axiom of infinity if and only if there exists
X such that X € F and X # () and for every Y such that Y € X there
exists Z such that Y C Z and Y # Z and Z € X.
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(8) If E is transitive, then E |= the axiom of power sets if and only if for every
u holds EN2% € E.

(9) If Eis transitive, then E' |= the axiom of power sets if and only if for every
X such that X € F holds EN2¥ ¢ E.

(10) Ifx ¢ FreeH and E, f = H, then E, f =V, H.
(11)  If {z,y} misses Free H and E, f = H, then E, f =V, ,H.
(12) If {z,y,z} misses Free H and E, f |= H, then E, f =V, .H.

The arguments of the notions defined below are the following: H, E which
are objects of the type reserved above; val which is a function from VAR into
E. Let us assume that xg ¢ Free H and E,val |= Vg, (32, (Vo  H < 24=19)). The
functor fy[val] yielding a function from E into E, is defined by:

for every g such that for every y such that g(y) # val(y) holds ¢y = y or
x3 =y or x4 =y holds E, g = H if and only if fy[val](g(x3)) = g(x4).

Next we state two propositions:

(13)  Suppose z¢ ¢ Free H and E, f |= V., (35, (Va, H & x4=10)). Let F be a
function from F into E. Then F = fy[f] if and only if for every g such
that for every y such that g(y) # f(y) holds xg =y or 23 =y or x4 = y
holds F, g = H if and only if F(g(x3)) = g(x4).

(14) For all H, f, g such that for every z such that f(x) # g(x) holds x= ¢
Free H and E, f = H holds E,g = H.

Let us consider H, E. Let us assume that Free H C {x3,24} and F =
Vs (Fao (Yo, H < x4=20)). The functor fy[E] yielding a function from E into E,
is defined by:

for every g holds E, g = H if and only if fy[FE](g(x3)) = g(x4).

The following proposition is true

(15)  Suppose Free H C {z3,z4} and E |= Yy, (35, (Vo H < x4=20)). Then for

every function F' from E into E holds F' = fy[E] if and only if for every g
holds F, g = H if and only if F(g(x3)) = g(x4).

We now define two new predicates. The arguments of the notions defined
below are the following: F' which is a function; F which is an object of the type
reserved above. The predicate F' is definable in F is defined by:

there exists H such that Free H C {z3,24} and E |= V4, (35, (Yo, H < x4=10))
and F = fy[E].

The predicate F' is parametrically definable in E' is defined by:

there exist H, f such that {xg,x1,z2} misses Free H and

E,f ): vx:a(zlxo (VMH Ang x4:a:0))

and F = fg[f].

One can prove the following propositions:

(16)  For every function F' holds F is definable in E if and only if there exists
H such that Free H C {z3,z4} and F | V3, (35, (Vo H & x4=20)) and
F =fylE].

(17)  For every function F' holds F is parametrically definable in F if and
only if there exist H, f such that {zg,z1, 22} misses Free H and E, f &
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\v/xg(axo (VMH = :L'4:$0)) and F' = fH[f]

(18)  For every function F' such that F' is definable in E holds F' is paramet-
rically definable in F.

(19)  Suppose E is transitive. Then for every H such that {z¢,z1, 22} misses
Free H holds E |= the axiom of substitution for H if and only if for all H, f
such that {xo, 21,22} misses Free H and E, f |= V4, (32, (Va, H & x4=20))
for every w holds fy[f]°u € E.

(20) If E is transitive, then for every H such that {zo, 21,22} misses Free H
holds F = the axiom of substitution for H if and only if for every function F’
such that F' is parametrically definable in E for every X such that X €
holds F/'° X € E.

(21)  Suppose E is a model of ZF. Then

(i) FE is transitive,

(ii)  for all u, v such that for every w holds w € w if and only if w € v holds
u="u,

(i)  for all w, v holds {u,v} € E,

(iv) for every uw holds Ju € E,

(v)  there exists u such that u # () and for every v such that v € u there
exists w such that v C w and v # w and w € wu,

(vi) for every u holds EN2" € E,

(vii)  for all H, f such that {xg,x1, 22} misses Free H and
E, f ): vw?,(zlwo (VMH e :L'4:l‘0))
for every w holds fy[f]°u € E.

(22)  Suppose that

(i) E is transitive,

(i) for all u, v holds {u,v} € E,

(iii)  for every w holds Ju € E,

(iv)  there exists u such that u # () and for every v such that v € u there

exists w such that v C w and v # w and w € wu,

(v) for every uw holds EN2* € E,

(vi) for all H, f such that {x(,x1,x2} misses Free H and

E,f ': Vm(axo (VMH < w4:x0))
for every w holds fy[f] °u € E.
Then E is a model of ZF.
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Summary. In the first part of the article we introduce the following
operations: On X that yields the set of all ordinals which belong to the set
X, Lim X that yields the set of all limit ordinals which belong to X, and
inf X and sup X that yield the minimal ordinal belonging to X and the
minimal ordinal greater than all ordinals belonging to X, respectively. The
second part of the article starts with schemes that can be used to justify
the correctness of definitions based on the transfinite induction (see [1] or
[3]). The schemes are used to define addition, product and power of ordinal
numbers. The operations of limes inferior and limes superior of sequences
of ordinals are defined and the concepts of limet of ordinal sequence and
increasing and continuous sequence are introduced.

MML Identifier: ORDINAL2.

The papers [5], [2], [1], and [4] provide the terminology and notation for this
paper. For simplicity we adopt the following rules: A, Ay, Ay, B, C, D will
denote ordinal numbers, X, Y will denote sets, x, y will be arbitrary, and L,
L1 will denote transfinite sequences. The scheme Ordinal_Ind concerns a unary
predicate P and states that:

for every A holds P[A4]
provided the parameter satisfies the following conditions:

 Plo],

e for every A such that P[A] holds P[succ A],

e for every A such that A # 0 and A is a limit ordinal number and for

every B such that B € A holds P[B] holds P[A].
We now state several propositions:

If AC B, then succ A C succ B.
2)  U(succ A) = A.

3)  succA C 24

4) 0 is a limit ordinal number.

—_
~—

(
(
(
(

@ 1990 Fondation Philippe le Hodey
281 ISSN 0777-4028



282 GRZEGORZ BANCEREK

(5) UACA

Let us consider L. The functor last L yielding a set, is defined by:
last L = L(UJ(dom L)).

Next we state two propositions:

(6) last L = L(J(dom L)).

(7)  If dom L = succ A, then last L = L(A).

We now define two new functors. Let us consider X. The functor On X yields
a set and is defined by:
x € On X if and only if x € X and z is an ordinal number.
The functor Lim X yielding a set, is defined by:
z € Lim X if and only if z € X and there exists A such that x = A and A is
a limit ordinal number.
Next we state a number of propositions:
) 2 €OnX if and only if z € X and z is an ordinal number.
) OnX CX.
0) OnA=A.
)
)

Ne)

(
(
1

IfXCY, then OnX C OnY.

(12)  z € Lim X if and only if € X and there exists A such that z = A and
A is a limit ordinal number.

(13) LimX C X.

(14) If X CY, then LimX C LimY.

(15) LimX C OnX.

(16)  For every D there exists A such that D € A and A is a limit ordinal
number.

(17)  If for every x such that z € X holds z is an ordinal number, then (X
is an ordinal number.

We now define four new functors. The constant 1 is an ordinal number and
is defined by:
1 = succO.
The constant w is an ordinal number and is defined by:
0 € w and w is a limit ordinal number and for every A such that 0 € A and
A is a limit ordinal number holds w C A.
Let us consider X. The functor inf X yields an ordinal number and is defined by:
inf X = N(On X).
The functor sup X yielding an ordinal number, is defined by:
On X C sup X and for every A such that On X C A holds sup X C A.

We now state a number of propositions:
(18) 1 =succO.

(19) 0 € w and w is a limit ordinal number and for every A such that 0 € A
and A is a limit ordinal number holds w C A.

(20)  infX = (OnX).
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(21) B =supX if and only if On X C B and for every A such that On X C A
holds B C A.

(22) If A€ X, then inf X C A.

(23) If OnX # () and for every A such that A € X holds D C A, then
D Cinf X.

(24) IfAe X and X CVY, then inf Y Cinf X.

(25) If A€ X, then inf X € X.

(26) sup A= A.

(27) If A€ X, then A € sup X.

(28)  If for every A such that A € X holds A € D, then sup X C D.
(29) If A € sup X, then there exists B such that B € X and A C B.
(30) If X CY, thensupX CsupY.

(31) sup{A} = succ A.

(32) infX CsupX.

The scheme TS_Lambda concerns a constant A that is an ordinal number and
a unary functor F and states that:

there exists L such that dom L = A and for every A such that A € A holds
L(A) =F(A)
for all values of the parameters.

The mode sequence of ordinal numbers, which widens to the type a transfinite
sequence, is defined by:

there exists A such that rngit C A.

The following proposition is true

(33) L is asequence of ordinal numbers if and only if there exists A such that
rmg L C A.
Let us consider A. We see that it makes sense to consider the following mode
for restricted scopes of arguments. Then all the objests of the mode transfinite
sequence of elements of A are a sequence of ordinal numbers.

The arguments of the notions defined below are the following: L which is a
sequence of ordinal numbers; A which is an object of the type reserved above.
Then L | A is a sequence of ordinal numbers. Then L(A) is a set.

In the sequel fi, psi are sequences of ordinal numbers. Next we state a
proposition
(34) If A € dom fi, then fi(A) is an ordinal number.

Now we present a number of schemes. The scheme OS_Lambda concerns a
constant A that is an ordinal number and a unary functor F yielding an ordinal
number and states that:

there exists fi such that dom fi = A and for every A such that A € A holds
Fi(A) = F(4)
for all values of the parameters.

The scheme TS_Uniql deals with a constant A that is an ordinal number,
a constant B, a binary functor F, a binary functor G, a constant C that is a
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transfinite sequence and a constant D that is a transfinite sequence, and states
that:

C=D
provided the parameters satisfy the following conditions:
e domC(C = A,

e if 0 € A, then C(0) = B,
e for all A, x such that succ A € A and x = C(A) holds C(succ A) =
F(A,),
e for all A, L such that A € A and A # 0 and A is a limit ordinal
number and L = C | A holds C(A) = G(A4, L),
e domD = A,
e if 0 € A, then D(0) = B,
e for all A, x such that succ A € A and x = D(A) holds D(succ A) =
F(A,),
e for all A, L such that A € A and A # 0 and A is a limit ordinal
number and L = D | A holds D(A) = G(A, L).
The scheme T'S_Existl concerns a constant A that is an ordinal number, a
constant B, a binary functor F and a binary functor G and states that:
there exists L such that dom L = A but if 0 € A, then L(0) = B and for all A,
x such that succ A € A and z = L(A) holds L(succ A) = F(A,x) and for all A,
Ly such that A € A and A # 0 and A is a limit ordinal number and Ly =L [ A
holds L(A) = G(A, Ly).
for all values of the parameters.
The scheme TS_Result deals with a constant A that is a transfinite sequence,
a unary functor F, a constant B that is an ordinal number, a constant C, a binary
functor G and a binary functor H and states that:
for every A such that A € dom A holds A(A) = F(A)
provided the parameters satisfy the following conditions:
e Given A, x. Then x = F(A) if and only if there exists L such that
x = last L and dom L = succ A and L(0) = C and for all C, y such
that succC' € succ A and y = L(C') holds L(succC) = G(C,y) and
for all C, Ly such that C' € succ A and C # 0 and C' is a limit ordinal
number and Ly = L | C holds L(C) = H(C, Ly).
e domA =B,
e if 0 € B, then A(0) =C,
o for all A, y such that succA € B and y = A(A) holds A(succ A) =
G(A,y),
e for all A, Ly such that A € B and A # 0 and A is a limit ordinal
number and L; = A | A holds A(A) = H(A, Ly).
The scheme TS_Def deals with a constant A that is an ordinal number, a
constant B, a binary functor F and a binary functor G and states that:

(i)  there exist z, L such that 2 = last L and dom L = succ. A and L(0) = B and
for all C, y such that succ C' € succ A and y = L(C) holds L(succ C') = F(C,y)
and for all C', Ly such that C' € succ A and C' # 0 and C is a limit ordinal number
and Ly = L | C holds L(C) = G(C, Ly),
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(ii)  for arbitrary x;, w2 such that there exists L such that z; = last L and
dom L = succ A and L(0) = B and for all C, y such that succ C' € succ. A and
y = L(C) holds L(succC') = F(C,y) and for all C, Ly such that C € succ A and
C # 0 and C is a limit ordinal number and L; = L | C holds L(C) = G(C, L)
and there exists L such that x4 = last L and dom L = succ.A and L(0) = B and
for all C, y such that succC' € succ A and y = L(C') holds L(succC) = F(C,y)
and for all C', L such that C' € succ.A and C' # 0 and C'is a limit ordinal number
and L1 = L | C holds L(C) = G(C, L) holds z1 = .

for all values of the parameters.

The scheme TS_Result0 deals with a unary functor F, a constant A, a binary
functor G and a binary functor H and states that:

Fo)=A
provided the parameters satisfy the following condition:

o Given A, z. Then x = F(A) if and only if there exists L such that

x = last L and dom L = succ A and L(0) = A and for all C, y such
that succC € succ A and y = L(C') holds L(succ C) = G(C,y) and
for all C, L1 such that C' € succ A and C # 0 and C is a limit ordinal
number and L; = L | C holds L(C) = H(C, Ly).

The scheme T'S_ResultS deals with a constant A, a binary functor F, a binary
functor G and a unary functor H and states that:

for every A holds H(succ A) = F(A, H(A))
provided the parameters satisfy the following condition:

e Given A, z. Then x = H(A) if and only if there exists L such that

x = last L and dom L = succ A and L(0) = A and for all C, y such
that succC € succ A and y = L(C') holds L(succC) = F(C,y) and
for all C, L1 such that C' € succ A and C' # 0 and C is a limit ordinal
number and L; = L | C holds L(C) = G(C, Ly).

The scheme T'S_ResultL concerns a constant A that is a transfinite sequence,
a constant B that is an ordinal number, a unary functor F, a constant C, a binary
functor G and a binary functor H and states that:

F(B) =H(B,A)
provided the parameters satisfy the following conditions:

e Given A, z. Then x = F(A) if and only if there exists L such that

x = last L and dom L = succ A and L(0) = C and for all C, y such
that succC € succ A and y = L(C') holds L(succC) = G(C,y) and
for all C, L1 such that C' € succ A and C # 0 and C is a limit ordinal
number and L; = L | C holds L(C) = H(C, Ly).

e B # 0 and B is a limit ordinal number,

e domA =5,

o for every A such that A € B holds A(A) = F(A).

The scheme OS_FExist concerns a constant A that is an ordinal number, a
constant B that is an ordinal number, a binary functor F yielding an ordinal
number and a binary functor G yielding an ordinal number and states that:

there exists fi such that dom fi = A but if 0 € A, then fi(0) = B and for
all A, B such that succA € A and B = fi(A) holds fi(succ A) = F(A, B) and
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for all A, psi such that A € 4 and A # 0 and A is a limit ordinal number and
psi = fi | A holds fi(A) = G(A,psi).
for all values of the parameters.

The scheme OS_Result deals with a constant A that is a sequence of ordinal
numbers, a unary functor F yielding an ordinal number, a constant B that is
an ordinal number, a constant C that is an ordinal number, a binary functor G
yielding an ordinal number and a binary functor H yielding an ordinal number
and states that:

for every A such that A € dom A holds A(A) = F(A)
provided the parameters satisfy the following conditions:

e Given A, B. Then B = F(A) if and only if there exists fi such that

B = last fi and dom fi = succ A and fi(0) = C and for all C, D such
that succ C' € succ A and D = fi(C) holds fi(succC) = G(C, D) and
for all C, psi such that C € succ A and C' # 0 and C is a limit ordinal
number and psi = fi | C holds fi(C) = H(C, psi).

e domA =5,

e if 0 € B, then A(0) =C,

e for all A, B such that succ A € B and B = A(A) holds A(succ 4) =

G(A, B),

e for all A, psi such that A € B and A # 0 and A is a limit ordinal

number and psi = A | A holds A(A) = H(A, psi).

The scheme OS_Def deals with a constant 4 that is an ordinal number, a
constant B that is an ordinal number, a binary functor F yielding an ordinal
number and a binary functor G yielding an ordinal number and states that:

(i)  there exist A, fi such that A = last fi and dom fi = succ.A and fi(0) = B
and for all C, D such that succC € succ A and D = fi(C) holds fi(succC) =
F(C,D) and for all C, psi such that C' € succ.A and C # 0 and C is a limit
ordinal number and psi = fi | C holds fi(C) = G(C, psi),

(ii)  for all Ay, As such that there exists fi such that Ay = last fi and dom fi =
succ A and fi(0) = B and for all C, D such that succC € succ.A and D = fi(C)
holds fi(succC) = F(C, D) and for all C, psi such that C' € succ. A and C' # 0
and C is a limit ordinal number and psi = fi [ C holds fi(C) = G(C, psi) and
there exists fi such that Ao = last fi and dom fi = succ A and fi(0) = B and for
all C, D such that succC € succ A and D = fi(C) holds fi(succC) = F(C, D)
and for all C, psi such that C' € succ A and C' # 0 and C is a limit ordinal
number and psi = fi | C holds fi(C) = G(C, psi) holds Ay = A,.
for all values of the parameters.

The scheme OS_Result0 concerns a unary functor F yielding an ordinal num-
ber, a constant A that is an ordinal number, a binary functor G yielding an
ordinal number and a binary functor H yielding an ordinal number and states
that:

F)=A
provided the parameters satisfy the following condition:

e Given A, B. Then B = F(A) if and only if there exists fi such that

B =last fiand dom fi = succ A and fi(0) = A and for all C', D such
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that succ C' € succ A and D = fi(C) holds fi(succC) = G(C, D) and
for all C', psi such that C' € succ A and C # 0 and C'is a limit ordinal
number and psi = fi | C holds fi(C) = H(C, psi).

The scheme OS_ResultS deals with a constant A that is an ordinal number,
a binary functor F yielding an ordinal number, a binary functor G yielding an
ordinal number and a unary functor H yielding an ordinal number and states
that:

for every A holds H(succ A) = F(A, H(A))
provided the parameters satisfy the following condition:

e Given A, B. Then B = H(A) if and only if there exists fi such that

B = last fiand dom fi = succ A and fi(0) = A and for all C', D such
that succC' € succ A and D = fi(C) holds fi(succC) = F(C, D)
and for all C, psi such that C' € succ A and C' # 0 and C' is a limit
ordinal number and psi = fi | C holds fi(C) = G(C, psi).

The scheme OS_ResultL deals with a constant A that is a sequence of ordinal
numbers, a constant B that is an ordinal number, a unary functor F yielding
an ordinal number, a constant C that is an ordinal number, a binary functor G
yielding an ordinal number and a binary functor H yielding an ordinal number
and states that:

F(B) =H(B,A)
provided the parameters satisfy the following conditions:

e Given A, B. Then B = F(A) if and only if there exists fi such that

B = last fi and dom fi = succ A and fi(0) = C and for all C, D such
that succ C' € succ A and D = fi(C) holds fi(succC) = G(C, D) and
for all C', psi such that C' € succ A and C # 0 and C'is a limit ordinal
number and psi = fi | C holds fi(C) = H(C, psi).

e B # 0 and B is a limit ordinal number,

e domA =B,

e for every A such that A € B holds A(A) = F(A).

We now define two new functors. Let us consider L. The functor sup L yields
an ordinal number and is defined by:

sup L = sup(rng L).

The functor inf L yielding an ordinal number, is defined by:

inf L = inf(rng L).

One can prove the following proposition

(35)  sup L =sup(rng L) and inf L = inf(rng L).

We now define two new functors. Let us consider L. The functor limsup L
yielding an ordinal number, is defined by:

there exists f4 such that limsup L = inf fi and dom fi = dom L and for every
A such that A € dom L holds fi(A) = sup(rng(L | (dom L \ A))).

The functor liminf L yields an ordinal number and is defined by:

there exists fi such that liminf L = sup fi and dom fi = dom L and for every
A such that A € dom L holds fi(A) = inf(rng(L | (dom L \ A))).

One can prove the following propositions:

287
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(36) A = limsup L if and only if there exists fi such that A = inf fi and
dom fi = dom L and for every B such that B € dom L holds fi(B) =
sup(rng(L | (dom L \ B))).

(37) A = liminf L if and only if there exists fi such that A = sup fi and
dom fi = dom L and for every B such that B € dom L holds fi(B) =
inf(rng(L | (dom L \ B))).

Let us consider A, fi. The predicate A is the limit of fi is defined by:

there exists B such that B € dom fi and for every C' such that B C C and
C € dom fi holds fi(C) =0 if A= 0, for all B, C such that B € A and A € C
there exists D such that D € dom fi and for every ordinal number E such that
D C E and E € dom fi holds B € fi(F) and fi(F) € C, otherwise.

One can prove the following propositions:

(38) If A = 0, then A is the limit of fi if and only if there exists B such
that B € dom fi and for every C such that B C C' and C' € dom fi holds
fi(C) =o.

(39) If A +# 0, then A is the limit of fi if and only if for all B, C such that
B € A and A € C there exists D such that D € dom fi and for every
ordinal number E such that D C E and E € dom fi holds B € fi(E) and
fi(E)eC.

Let us consider fi. Let us assume that there exists A such that A is the limit
of fi. The functor lim fi yielding an ordinal number, is defined by:

lim f4 is the limit of fi.

Let us consider A, fi. Let us assume that A € dom fi. The functor lim 4 fi
yields an ordinal number and is defined by:

lima fi = lim fi | A.

Next we state two propositions:

(40)  If A is the limit of fi, then lim fi = A.

(41) If A € dom fi, then lim4 fi = lim fi | A.

We now define two new predicates. Let L be a sequence of ordinal numbers.
The predicate L is increasing is defined by:

for all A, B such that A € B and B € dom L holds L(A) € L(B).
The predicate L is continuous is defined by:

for all A, B such that A € dom L and A # 0 and A is a limit ordinal number
and B = L(A) holds B is the limit of L | A.

We now state two propositions:

(42)  fiisincreasing if and only if for all A, B such that A € B and B € dom fi
holds fi(A) € fi(B).

(43)  fi is continuous if and only if for all A, B such that A € dom fi and
A # 0 and A is a limit ordinal number and B = fi(A) holds B is the limit
of fi| A.

Let us consider A, B. The functor A+ B yielding an ordinal number, is defined
by:
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there exists fi such that A+ B = last fi and dom fi = succ B and fi(0) = A
and for all C, D such that succC € succ B and D = fi(C) holds fi(succC) =
succ D and for all C, psi such that C € succ B and C' # 0 and C' is a limit ordinal
number and psi = fi | C holds fi(C) = sup psi.

Let us consider A, B. The functor A- B yielding an ordinal number, is defined
by:

Y there exists fi such that A-B = last fi and dom fi = succ A and fi(0) = 0 and
for all C, D such that succC' € succ A and D = fi(C) holds fi(succC) =D + B
and for all C, psi such that C € succA and C # 0 and C is a limit ordinal
number and psi = fi | C holds fi(C) = |Jsup psi.

Let us consider A, B. The functor A® yields an ordinal number and is defined
by:

Y there exists fi such that A” = last fi and dom fi = succ B and fi(0) = 1 and
for all C, D such that succC € succ B and D = fi(C) holds fi(succC) = A-D
and for all C, psi such that C' € succ B and C' # 0 and C is a limit ordinal
number and psi = fi | C holds fi(C) = lim psi.

The following propositions are true:

(44) A+0=A.

(45) A+ succ B =succ(A + B).

(46) If B # 0 and B is a limit ordinal number, then for every fi such that
dom fi = B and for every C' such that C' € B holds fi(C) = A+ C holds
A+ B =sup fi.

(47) 0+A=A

(48) A+ 1 =succA.

(49) IfAeB,then C+AecC+ B.

(50) IfACB,then C+ACC+B.

(51) If AC B,then A+ CCB+C.

(52) 0-A=o0.

(53) succB-A=B-A+ A

(54) If B # 0 and B is a limit ordinal number, then for every fi such that
dom fi = B and for every C such that C' € B holds fi(C) = C - A holds
B-A=sup fi.

(55) A-0=0.

(56) 1-A=Aand A-1=A.

(57) IfC#0and A€ B,then A-C e B-C.

(58) IfACB,then A-CCB-C.

(59) IfACB,then C-ACC-B.

(60) A0 =1.

( ) ASUCCB:A‘(AB).

(62) If B # 0 and B is a limit ordinal number, then for every fi such that
dom fi = B and for every C such that C' € B holds fi(C) = A® holds
AB = lim fi.
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(63) Al=Aand 14 =1.
Let us consider A. The predicate A is natural is defined by:
Acw.
One can prove the following propositions:

(64) A is natural if and only if A € w.

(65) For every A there exist B, C' such that B is a limit ordinal number and
C is natural and A= B + C.
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Vectors in Real Linear Space

Wojciech A. Trybulec!
Warsaw University

Summary. In this article we introduce a notion of real linear space,
operations on vectors: addition, multiplication by real number, inverse
vector, substraction. The sum of finite sequence of the vectors is also
defined. Theorems that belong rather to [1] or [2] are proved.

MML Identifier: RLVECT_1.

The notation and terminology used here have been introduced in the following
articles: [7], [4], [5], [3], [6], [2], and [1]. We consider RLS structures which are
systems

( vectors, a zero, an addition, a multiplication )

where the vectors is a non-empty set, the zero is an element of the vectors,
the addition is a binary operation on the vectors, and the multiplication is a
function from [ R,the vectors] into the vectors. In the sequel V' will denote an
RLS structure, v will denote an element of the vectors of V, and x will be
arbitrary. Let us consider V. A vector of V is an element of the vectors of V.

Next we state a proposition

(1) wisa vector of V.

Let us consider V, . The predicate x € V is defined by:
x Ethe vectors of V.

Next we state two propositions:

(2) 2 €V if and only if  €the vectors of V.

(3) wveV.

Let us consider V. The functor Oy yielding a vector of V, is defined by:
0y =the zero of V.

In the sequel v, w will denote vectors of V and a, b will denote real numbers.
Let us consider V, v, w. The functor v + w yields a vector of V' and is defined
by:

!Supported by RPBP.I11-24.C1
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v + w =(the addition of V')({v,w)).
Let us consider V', v, a. The functor a - v yielding a vector of V', is defined by:
a - v =(the multiplication of V')({a,v)).
We now state three propositions:
(4) Oy =the zero of V.
(5) v+ w =(the addition of V)({v,w)).
(6) a-v =(the multiplication of V)({a,v)).
The mode real linear space, which widens to the type an RLS structure, is
defined by:
(i)  for all vectors v, w of it holds v + w = w + v,
(i1)  for all vectors u, v, w of it holds (u +v) + w = u + (v + w),
(iii)  for every vector v of it holds v 4 03 = v,
(iv)  for every vector v of it there exists w being a vector of it such that v+w =
Oit,
(v)  for every a for all vectors v, w of it holds a- (v+w) =a-v+a - w,
(vi)  for all a, b for every vector v of it holds (a +b) -v=a-v+b-v,
(vii)  for all a, b for every vector v of it holds (a-b)-v=a- (b-v),
(viii)  for every vector v of it holds 1-v = v.
Next we state a proposition
(7)  Suppose that
(i)  for all vectors v, w of V holds v + w = w + v,
(ii)  for all vectors u, v, w of V holds (u +v) +w =u+ (v + w),
(iii)  for every vector v of V holds v + 0y = v,
(iv)  for every vector v of V there exists w being a vector of V' such that
v+ w = Oy,
(v)  for every a for all vectors v, w of V holds a - (v+w) =a-v+a-w,
(vi)  for all a, b for every vector v of V holds (a+b)-v=a-v+b-v,
(vii)  for all a, b for every vector v of V holds (a-b)-v=a-(b-v),
(viii)  for every vector v of V holds 1-v = v.
Then V is a real linear space.
We follow the rules: V' denotes a real linear space and u, v, v1, vo, w denote
vectors of V. The following propositions are true:
8) v+w=w+wo.
) (utv)+w=u+(v+w).
) v+0y =vand Oy +v=wu.
) There exists w such that v + w = Oy.
12) a-(v+w)=a-v+a-w.
) (a+b)-v=a-v+b-v.
) (a-b)-v=a-(b-v).
) l-v=w.
Let us consider V, v. The functor —v yields a vector of V' and is defined by:
v+ (—’U) = Ov.
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Let us consider V', v, w. The functor v — w yields a vector of V and is defined
by:

v—w=0v+ (—w).

Next we state a number of propositions:

(16) v+ (—v) =0y.

(17)  If v+w = Oy, then w = —wv.

(18) v—w=v+(—w).

(19) If v+ w =0y, then v = —w.

(20)  There exists w such that v +w = w.
(21) Ifw+wv; =u and w+ v9 = u, then v = vo.
(22) Ifv+w =wv, then w = 0y.

(23) Ifa=0orv=0y,then a-v=_0y.
(24) Ifa-v=0y,thena=0orv=_0y.
(25)  —0y = Oy.

(26) v—0y=vw

(27) Oy —v=—v

(28) v—v=0y

(29) —v=(-1)-v

(30) —(—v)=w

(31) If —v = —w, then v = w.

(32) If v=—w, then —v = w.

(33) If v = —v, then v =0y.

(34) If v+ v =0y, then v =0y.

(35) If v —w =0y, then v = w.

(36)  There exists w such that v — w = w.
(37) If w—wv; =uand w— vy = u, then v; = va.
(38) a-(—v)=(-a)-wv.

(39) a-(—v)=—a-v

(40) (—a)-(—v)=a-v

41) v—(ut+w)=@W—u)—w

(42) (v4u)—w=v+ (u—w).

43) v—(u—w)=(v—u)+w.

44)  —(v+w)=(-v)-w

(45)  —(v+w) = (~v) + (~w)

(46) (—v)—w=(—w)—v

47 —(v—w)=(-v)+w

(48) a-(v—w)=a-v—a-w

(49) (a—=b)-v=a-v—>b-v.

(50) Ifa#0anda-v=a-w, then v=w.
(51) Ifwv#0y anda-v=>5-v, then a=0».
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For simplicity we adopt the following convention: F', G denote finite sequences
of elements of the vectors of V', f denotes a function from N into the vectors of
V', 7, k, n denote natural numbers, and p, ¢ denote finite sequences. Let us
consider V', f, j. Then f(j) is a vector of V.

Let us consider V, v, u. Then (v,u) is a finite sequence of elements of the
vectors of V.

Let us consider V', v, u, w. Then (v,u,w) is a finite sequence of elements of
the vectors of V.

Let us consider V, F'. The functor > F yields a vector of V' and is defined by:
there exists f such that >~ F = f(len F') and f(0) = Oy and for all j, v such
that j <len F and v = F(j 4+ 1) holds f(j + 1) = f(j) +v.

The following propositions are true:

(52)  If there exists f such that u = f(len F') and f(0) = Oy
v such that j < lenF and v = F(j + 1) holds f(j +1) =
u=>y F.

(53)  There exists f such that > F = f(len F') and f(0) = Oy and for all j, v
such that j <len F and v = F(j + 1) holds f(j + 1) = f(j) + v.

(54) If k € Segn and len F = n, then F(k) is a vector of V.

(55) IflenF =lenG + 1 and G = F | Seg(len G) and v = F(len F'), then
YF =G+

(56) Iflen F' =len G and for all k, v such that k € Seg(len F') and v = G(k)
holds F((k) =a-v, then > F =a-) G.

(57) Iflen F' =len G and for all k, v such that k € Seg(len F') and v = G(k)
holds F'(k) = —v, then Y F = -3 G.

(58) Y(F~G)=YXF+>G.

(59) If rng F' = rngG and F is one-to-one and G is one-to-one, then > F =
> G.

Eg(the vectors of V) — Oy.

2 (v) = 0.

Y(v,u) =v+u.

Yo(v,u,w) = (v+u) +w.

a-y; €(the vectors of V) = Oy.

a-Y (v)y=a-v.

a-Y{(v,u)y=a-v+a-u.

S (vu,w) =(a-v+a-u)+a-w.

-2 €(the vectors of V) = Oy.

—>(v) = —v.

—>{(v,u) = (—v) —u.

— > (v, u,w) = ((—v) —u) —w.

Z(v,”u)> = Z<w7v>‘

(v, w) =3 (v) + S(w).

and for all 7,
f(j) + v, then

D DYDY DO O D
S O = W NN~ O

AN AN N AN N N N N N N N N N N
N 3 3 S O D
NN = O © 00
D N s N N P T W
S

-
w
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(74) {0y, 0v) = Oy.
(75) > {(Oy,v) = v and Y (v,0y) = v.
(76) > (v,—v) =0y and Y (—v,v) = Oy.
77 Y (v,—w) =v—w and Y (—w,v) =v —w.
(78) Y (-v,—w) = —(v+w) and > (—w, —v) = —(v + w).
(79) > (v,v) =2-v.
(80)  X{-v,—v) = (=2) -v.
B81)  >{u,v,w) = (3(u) +32(v)) + 2 (w).
(82)  >{u,v,w) =3 (u,v) +w
(83) Z<u7 v, w> = Z<U, w> tu
(84) Z<u7vvw> = Z<u7w> +v
(85) Y (u,v,w) = > (u,w,v).
(86) > (u,v,w) => (v, u,w).
87 S {u,v,w) =Y (v, w,u).
(88) > (u,v,w) =Y (w,u,v).
(89) > (u,v,w) = > (w,v,u).
(90)  >(0v,0v,0v) = Oy
(91) > {(0y,0y,v) =v and > (Oy,v,0y) = v and > (v,0y,0y) = v.
(92) > {(Oy,u,v) =u+wvand > (u,v,0y) =u+vand Y (u,0y,v) = u+v.
(93) > (v,v,v) =3-v.
(94) Iflen F =0, then > F = Oy.
(95) Iflen F =1, then > F = F(1).
(96) Iflen F =2 and vy = F(1) and vo = F(2), then Y F = vy + vs.
(97) IflenF =3 and v; = F(1) and vy = F(2) and v = F(3), then Y F =
(U1 + Ug) +v.
(98) 1If j <1, then j =0.
(99) 1< kifandonlyif £ # 0.
(100) k<k+nand k<n+k.
(101) k<k+1land k<1+E.
(102) If k#0, then n <n+k and n < k + n.
(103) k< k+nif and only if 1 < n.
(104) Seghk = Seg(k+ 1)\ {k +1}.
(105)  p=(p~q) I Seg(lenp).
(106) If rngp = rngq and p is one-to-one and ¢ is one-to-one, then len p = len q.
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Subspaces and Cosets of Subspaces in Real
Linear Space

Wojciech A. Trybulec!
Warsaw University

Summary. The following notions are introduced in the article: sub-
space of a real linear space, zero subspace and improper subspace, coset
of a subspace. The relation of a subset of the vectors being linearly closed
is also introduced. Basic theorems concerning those notions are proved in
the article.

MML Identifier: RLSUB_1.

The papers [4], [2], [6], [3], [1], and [5] provide the terminology and notation for
this paper. For simplicity we follow a convention: V', X, Y are real linear spaces,
u, v, v, vg are vectors of V', a is a real number, Vi, V5, V3 are subsets of the
vectors of V', and x be arbitrary. Let us consider V', V;. The predicate V; is
linearly closed is defined by:

for all v, u such that v € V; and v € V7 holds v +u € V; and for all a, v such
that v € V] holds a-v € V.

Next we state a number of propositions:

(1)  If for all v, u such that v € V7 and u € V4 holds v +u € V; and for all a,

v such that v € V; holds a - v € V7, then Vj is linearly closed.
(2) If V; is linearly closed, then for all v, u such that v € V3 and u € V}
holds v +u € V;.

(3) If V; is linearly closed, then for all a, v such that v € V; holds a-v € V;.
(4) If V4 # () and V; is linearly closed, then Oy € V;.
(5) If V4 is linearly closed, then for every v such that v € V5 holds —v € ;.
(6) If V4 is linearly closed, then for all v, u such that v € V; and u € V;

holds v — u € Vj.
(7) {0y} is linearly closed.
(8)  If the vectors of V' = V7, then V; is linearly closed.

!Supported by RPBP.I11-24.C1
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(9) If V7 is linearly closed and V5 is linearly closed and V3 = {v+u : v €
Vi Au € Va}, then Vi is linearly closed.
(10)  If V is linearly closed and V5 is linearly closed, then V3 N V5 is linearly
closed.
Let us consider V. The mode subspace of V', which widens to the type a real
linear space, is defined by:
the vectors of it Cthe vectors of V' and the zero of it =the zero of V and the
addition of it =(the addition of V') | [ the vectors of it, the vectors of it | and the
multiplication of it =(the multiplication of V') | [ R, the vectors of it ].
Next we state a proposition
(11)  If the vectors of X Cthe vectors of V' and the zero of X =the zero of
V and the addition of X =(the addition of V') | [the vectors of X,the
vectors of X ] and the multiplication of X =(the multiplication of V') | [ R,
the vectors of X |, then X is a subspace of V.
We follow a convention: W, Wy, Wy will denote subspaces of V and w, w1,
wy will denote vectors of W. We now state a number of propositions:

(12)  the vectors of W Cthe vectors of V.
(13)  the zero of W =the zero of V.

(14)  the addition of W =(the addition of V') | [ the vectors of W, the vectors
of W .
(15)  the multiplication of W =(the multiplication of V') | [ R, the vectors of
If x € W7 and W7 is a subspace of W5, then x € W,

—_
=2

17) Ifxe W, thenzeV.
18 w is a vector of V.

19 Ow = Oy.

20 Ow, = Ow,.

[\)
—_

If wqy = v and wy = u, then wy + w9 = v + wu.

[\
[\

If w=w, thena-w=a-wv.
If w = v, then —v = —w.
If wq = v and wy = u, then wq — w9 = v — u.

25 Oy € W.
26 Oy, € Wa.
27 Ow € V.

[\
o

IfueWandve W, then u4+veW.
IfveW,thena-veW.
IfveW, then —v e W.
fueWandve W, thenu —v e W.

In the sequel D is a non-empty set, d; is an element of D, A is a binary
operation on D, and M is a function from [R, D] into D. We now state a
number of propositions:

[\) [\)
Ne) w
NN D N N N N S N 2N A i

AN AN N N N N N N N N N N N N /N
w [\
(=} =~

w
—_
~—
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(32) If Vi = D and d; = Oy and A =(the addition of V) | [ V1, V1] and
M =(the multiplication of V') | [R, V3], then (D,dy, A, M) is a subspace
of V.

(33) V is a subspace of V.

(34) If V is a subspace of X and X is a subspace of V, then V = X.

(35) If V is a subspace of X and X is a subspace of Y, then V' is a subspace
of Y.

(36)  If the vectors of W Cthe vectors of Wa, then W is a subspace of Wa.
(37)  1If for every v such that v € W7 holds v € Wy, then W is a subspace of
Ws.

(38)  If the vectors of Wy =the vectors of W, then W7 = Wh.

(39) If for every v holds v € W if and only if v € Wy, then Wy = Ws.

(40)  If the vectors of W =the vectors of V, then W = V.

(41)  If for every v holds v € W if and only if v € V', then W = V.

(42)  If the vectors of W = V7, then V} is linearly closed.

(43)

If Vi # () and V; is linearly closed, then there exists W such that Vi =the
vectors of W.

Let us consider V. The functor Oy yielding a subspace of V, is defined by:
the vectors of 0y = {0y }.

Let us consider V. The functor 2y yielding a subspace of V, is defined by:
Qy=V.

We now state a number of propositions:

44)  the vectors of Oy = {0y }.

(

(45)  If the vectors of W = {0y }, then W = 0y
(46) Qy =V.

(47)  Qy = Oy if and only if V' = Oy.
(48)  Ow = Oy.

(49) Oy, = Oy,

(50) Oy is a subspace of V.

(51) Oy is a subspace of W.

(52) Oy, is a subspace of Wa.

(53) W is a subspace of Qy .

(54) V is a subspace of Qy.

Let us consider V, v, W. The functor v + W yielding a subset of the vectors
of V', is defined by:

v+W={v+u:ueW}

Let us consider V', W. The mode coset of W, which widens to the type a
subset of the vectors of V, is defined by:

there exists v such that it =v + W.

In the sequel B, C will be cosets of W. We now state a number of propositions:

(55) v+W={v4+u:ueW}
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There exists v such that C = v + W.
If Vi =v+ W, then V; is a coset of W.
Oy € v+ W if and only if v € W.

vev+ W.
0y + W =the vectors of W.
v+ 0y = {v}.

v + Qy =the vectors of V.

Oy € v+ W if and only if v + W =the vectors of W.

v e W if and only if v + W =the vectors of W.

If v e W, then a- v+ W =the vectors of .

If a # 0 and a - v + W =the vectors of W, then v € W.

v € W if and only if (—v) + W =the vectors of W.

we W ifand only if v+ W = (v+u) + W.
ueWifandonly if v+ W = (v —u) + W.
veut+Wifand only if u+W =v+ W.

v+ W = (—v)+ W if and only if v € W.

Ifuecvi+ W and u € vg+ W, then v1 + W = vy + W.
fuev+Wandue (—v)+ W, then v e W.
Ifa#1landa-vev+ W, thenv e W.

IfveW,thena-vev+ W.

—v €€v+ W if and only if v € W.

u+vev+ Wifand only if u e W.

v—u € v+ W if and only if u € W.

u € v+ W if and only if there exists v such that v1 € W and u = v+ vy.
u € v+ W if and only if there exists vy such that v1 € W and u = v —v;.
There exists v such that v1 € v+ W and vo € v+ W if and only if

v, — v € W.

If v+ W = u+ W, then there exists v; such that v; € W and v+ v = u.
If v+ W = u+ W, then there exists v1 such that v; € W and v —v; = u.
v+ Wy = v+ Wy if and only if Wi = Wa.

If v+ Wy =u+ Wy, then Wy = Ws.

In the sequel Cq denotes a coset of W1 and C5 denotes a coset of Ws. We now
state a number of propositions:

8

D

)

oo
J

© [020]
(a=) oo
_— — T T D

AN AN N N N N
Ne) oo
— Ne)

e
[\

C' is linearly closed if and only if C =the vectors of W.

If Cl = 02, then W1 = WQ.

{v} is a coset of Oy.

If V1 is a coset of Oy, then there exists v such that V; = {v}.
the vectors of W is a coset of W.

the vectors of V' is a coset of Q.

If V7 is a coset of Qy/, then V7 =the vectors of V.
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(93) Oy € C if and only if C' =the vectors of W.
(94) weCifandonly if C =u+W.
(95) Ifu e Candwv € C, then there exists vy such that v; € W and u+v; = v.
(96) Ifu € Candwv € C, then there exists vy such that v1 € W and u—v; = v.
(97)  There exists C such that v; € C' and vy € C if and only if v; — vy € W.
(98) Ifue BandwueC,then B=C.
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A First Order Language

Piotr Rudnicki® Andrzej Trybulec?
The University of Alberta Warsaw University
Biatystok

Summary. In the paper a first order language is constructed. It
includes the universal quantifier and the following propositional connec-
tives: truth, negation, and conjunction. The variables are divided into
three kinds: bound variables, fixed variables, and free variables. An infi-
nite number of predicates for each arity is provided. Schemes of structural
induction and schemes justifying definitions by structural induction have
been proved. The concept of a closed formula (a formula without free
occurrences of bound variables) is introduced.

MML Identifier: QC_LANG1.

The articles [7], [8], [5], [1], [3], [4], [6], and [2] provide the notation and termi-
nology for this paper. The following propositions are true:
(1)  For all non-empty sets Dq, Dy for every element k of D; holds [ {k},
Dy ] C Dy, Do}
(2)  For all non-empty sets Dy, Dy for all elements ki, ko, k3 of D; holds
F{k1, ko, k3}, D] C [ Dy, Dol.
In the sequel k, [ denote natural numbers. The constant Var is a non-empty
set and is defined by:
Var = [ {4,5,6}, N .
Next we state two propositions:
(3) Var=1[{4,5,6}, NJ.
(4) Var C[N, NJ.
We now define five new constructions. A variable is an element of Var.

The constant BoundVar is a non-empty subset of Var and is defined by:
BoundVar = [ {4}, N].
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The constant FixedVar is a non-empty subset of Var and is defined by:
FixedVar = [ {5}, N{.

The constant FreeVar is a non-empty subset of Var and is defined by:
FreeVar = [ {6}, N{.

The constant PredSym is a non-empty set and is defined by:

PredSym = {(k,1) : 7 < k}.

The following propositions are true:

)

6

7

For every element IT of Var holds I'T is a variable.
BoundVar = [ {4}, N{.

FixedVar = [ {5}, N{.

8) FreeVar = [ {6}, N].

9) PredSym = {(k,l) : 7 < k}.

0) PredSym C [N, N{.

A predicate symbol is an element of PredSym.

— o~~~ o~ —
N AN AN AN

(

The following proposition is true
(11)  For every element IT of PredSym holds IT is a predicate symbol.
Let P be an element of PredSym. The functor Arity(P) yielding a natural
number, is defined by:
Py =7+ Arity(P).
Next we state a proposition
(12)  For every predicate symbol P for every natural number IT holds IT =
Arity(P) if and only if Py =7+ IT.
In the sequel P will denote a predicate symbol. Let us consider k. The functor
PredSym,, yields a non-empty subset of PredSym and is defined by:
PredSym;, = {P : Arity(P) = k}.
Next we state a proposition
(13)  For every natural number k for every non-empty subset IT of PredSym
holds IT = PredSym,, if and only if IT = {P : Arity(P) = k}.
We now define four new modes. A bound variable is an element of BoundVar.
A fixed variable is an element of FixedVar.
A free variable is an element of FreeVar.
Let us consider k. A k-ary predicate symbol is an element of PredSym,,.

One can prove the following four propositions:

17

(14)  For every element IT of BoundVar holds IT is a bound variable.
(15)  For every element IT of FixedVar holds IT is a fixed variable.
(16)  For every element IT of FreeVar holds IT is a free variable.

(17)

For every natural number k for every element I'T" of PredSym,, holds IT
is a k-ary predicate symbol.
Let k be a natural number. The mode list of variables of the length k, which
widens to the type a finite sequence of elements of Var, is defined by:
lenit = k.
One can prove the following proposition
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(18)  For every natural number k for every finite sequence IT of elements of
Var holds IT is a list of variables of the length £ if and only if len I'T = k.

Let D be a non-empty set. The predicate D is closed is defined by:
(i) D is asubset of [N, N{|*,
(ii)  for every natural number k for every k-ary predicate symbol p for every
list of variables Il of the length k holds (p) ~ 1l € D,
(iii)  ({0,0)) € D,
(iv)  for every finite sequence p of elements of [N, N ] such that p € D holds
((1,0)) "pe D,
(v)  for all finite sequences p, g of elements of [N, N] such that p € D and
q € D holds (((2,0)) ~p) ~ ¢ € D,
(vi)  for every bound variable x for every finite sequence p of elements of [N,
N ] such that p € D holds (((3,0)) ~ (z)) "p € D.
We now state a proposition
(19) Let D be a non-empty set. Then D is closed if and only if the following
conditions are satisfied:
(i) D is a subset of [N, N{™,
(ii)  for every natural number k for every k-ary predicate symbol p for every
list of variables Il of the length k holds (p) ~ Il € D,
(i) ((0,0)) € D,
(iv)  for every finite sequence p of elements of [N, N ] such that p € D holds
((1,0)) "pe D,
(v)  for all finite sequences p, ¢ of elements of [N, N ] such that p € D and
q € D holds ({({(2,0)) ~p) ~q € D,
(vi)  for every bound variable z for every finite sequence p of elements of [N,
N ] such that p € D holds ({(3,0)) ~ (z)) " p € D.
The constant WFF is a non-empty set and is defined by:
WFF is closed and for every non-empty set D such that D is closed holds
WFF C D.
Next we state two propositions:

(20)  For every non-empty set IT holds IT = WFF if and only if IT is closed
and for every non-empty set D such that D is closed holds IT C D.

(21)  WFF is closed.
A formula is an element of WFF.
The following proposition is true
(22)  For every element x of WFF holds x is a formula.

The arguments of the notions defined below are the following: P which is a
predicate symbol; [ which is a finite sequence of elements of Var. Let us assume
that Arity(P) = lenl. The functor P~ yields an element of WFF and is defined
by:

P~l=(P)"1I.

We now state a proposition
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(23)  For every natural number k for every k-ary predicate symbol p for every
list of variables Il of the length & holds p ~ 1l = (p) " ll.
Let p be an element of WFF. The functor @Qp yields a finite sequence of
elements of [N, NJ and is defined by:
Qp = p.
One can prove the following proposition
(24)  For every element p of WFF holds @p = p.

We now define three new functors. The constant VERUM is a formula and is
defined by:
VERUM = ((0,0)).
Let p be an element of WFF. The functor —p yielding a formula, is defined by:
—p = ((1,0)) ~ @p.
Let ¢ be an element of WFF. The functor p A g yields a formula and is defined
by:
pAgq=({(2,0)) " @p) "~ Qq.
We now state three propositions:
(25)  VERUM = ({0, 0}).
(26)  For every element p of WFF holds —p = ((1,0)) ~ @p.
(27)  For all elements p, ¢ of WFF holds p A ¢ = ({((2,0)) ~ @p) ~ Qq.

The arguments of the notions defined below are the following: x which is a
bound variable; p which is an element of WFF. The functor V,p yields a formula
and is defined by:

Vap = (((3,0)) ~ (z)) ~ @p.

The following proposition is true

(28)  For every bound variable = for every element p of WFF holds V,p =

(((3,0)) ~ (z)) ~ @p.

The scheme QC_Ind deals with a unary predicate P and states that:

for every element F' of WFF holds P[F]
provided the parameter satisfies the following conditions:

e for every natural number k for every k-ary predicate symbol P for
every list of variables Il of the length k holds P[P ~ ],
P[VERUM],
for every element p of WFF such that P[p] holds P[-p],
for all elements p, ¢ of WFF such that P[p] and P[g] holds P[p A ],
for every bound variable x for every element p of WFF such that
Pp] holds P[¥,p].

We now define four new predicates. Let F' be an element of WFF. The
predicate F' is atomic is defined by:

there exists k being a natural number such that there exists p being a k-ary
predicate symbol such that there exists [l being a list of variables of the length k
such that F = p "~ L.
The predicate F' is negative is defined by:

there exists p being an element of WFF such that F' = —p.
The predicate F'is conjunctive is defined by:
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there exist p, ¢ being elements of WFF such that FF = p Agq.
The predicate F' is universal is defined by:

there exists x being a bound variable such that there exists p being an element
of WFF such that F' = V,p.

We now state several propositions:

(29)  For every element F' of WFF holds F' is atomic if and only if there exists
k being a natural number such that there exists p being a k-ary predicate
symbol such that there exists [l being a list of variables of the length &
such that F' = p " l.

(30) For every element F' of WFF holds F' is negative if and only if there
exists p being an element of WFF such that F' = —p.

(31)  For every element F' of WFF holds F' is conjunctive if and only if there
exist p, ¢ being elements of WFF such that ' = p A gq.

(32) For every element F' of WFF holds F' is universal if and only if there
exists x being a bound variable such that there exists p being an element
of WFF such that F' =V p.

(33)  For every element F' of WFF holds FF = VERUM or F is atomic or F is
negative or F' is conjunctive or F' is universal.

(34)  For every element F' of WFF holds 1 < len(QF).

One can prove the following proposition

(35)  For every natural number k for every k-ary predicate symbol P holds
Arity(P) = k.

In the sequel F, G are elements of WFF and s is a finite sequence. The
following two propositions are true:

(36) (i) If (QF(1)); =0, then FF = VERUM,

(ii) if (@F(1)); =1, then F is negative,
(iii) if (@F(1)); = 2, then F' is conjunctive,
(iv) if (QF(1)); = 3, then F' is universal,

(v)  if there exists k being a natural number such that QF(1) is a k-ary

predicate symbol, then F' is atomic.

(37) If QF = QG "~ s, then QF = QG.

Let F' be an element of WFF satisfying the condition: F' is atomic. The
functor PredSym(F') yielding a predicate symbol, is defined by:

there exists k& being a natural number such that there exists [l being a list of
variables of the length k such that there exists P being a k-ary predicate symbol
such that PredSym(F) = P and F = P " ll.

Let F' be an element of WFF satisfying the condition: F' is atomic. The
functor Args(F) yielding a finite sequence of elements of Var, is defined by:

there exists k& being a natural number such that there exists P being a k-ary
predicate symbol such that there exists [l being a list of variables of the length &
such that Args(F') =1l and F = P " .

Next we state two propositions:
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(38) For every element F' of WFF such that F' is atomic for every predicate
symbol IT holds IT = PredSym(F') if and only if there exists k being a
natural number such that there exists [l being a list of variables of the
length k such that there exists P being a k-ary predicate symbol such that
IT=Pand F =PIl

(39) For every element F' of WFF such that F' is atomic for every finite
sequence IT of elements of Var holds IT = Args(F') if and only if there
exists k being a natural number such that there exists P being a k-ary
predicate symbol such that there exists [l being a list of variables of the
length k such that IT =1l and F = P " ll.

Let F be an element of WFF satisfying the condition: F' is negative. The
functor Arg(F) yields a formula and is defined by:

F =-Arg(F).

The following proposition is true

(40)  For every element F' of WFF such that F' is negative for every formula
IT holds IT = Arg(F) if and only if F = —IT.

Let F be an element of WFF satisfying the condition: F' is conjunctive. The
functor LeftArg(F') yielding a formula, is defined by:
there exists ¢ being an element of WFF such that F' = LeftArg(F) A q.

Let F be an element of WFF satisfying the condition: F'is conjunctive. The
functor RightArg(F') yields a formula and is defined by:
there exists p being an element of WFF such that F' = p A RightArg(F).

Next we state two propositions:

(41)  For every element F' of WFF such that F' is conjunctive for every formula
IT holds IT = LeftArg(F) if and only if there exists ¢ being an element
of WFF such that ' = IT Agq.

(42)  For every element F' of WFF such that F' is conjunctive for every formula
IT holds IT = RightArg(F) if and only if there exists p being an element
of WFF such that FF =pAIT.

We now define two new functors. Let F' be an element of WFF satisfying the
condition: F'is universal. The functor Bound(F') yields a bound variable and is
defined by:

there exists p being an element of WFF such that F' = Vgquna(r)p-

The functor Scope(F') yielding a formula, is defined by:
there exists x being a bound variable such that F' =V, Scope(F).

One can prove the following propositions:

(43)  For every element F' of WFF such that F' is universal for every bound
variable IT holds IT = Bound(F)) if and only if there exists p being an
element of WFF such that F' = V;pp.

(44)  For every element F' of WFF such that F' is universal for every formula
IT holds IT = Scope(F) if and only if there exists  being a bound variable
such that FF =V, IT.

In the sequel p will be an element of WFF. We now state three propositions:
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(45)  If p is negative, then len(@ Arg(p)) < len(@p).

(46)  If p is conjunctive, then len(Q@ LeftArg(p)) < len(@p) and
len(@RightArg(p)) < len(@p) .

(47)  If p is universal, then len(@ Scope(p)) < len(@p).

The scheme QC_Ind2 concerns a unary predicate P and states that:
for every element p of WFF holds P[p]
provided the parameter satisfies the following condition:
e for every element p of WFF holds if p is atomic, then P[p] but
P[VERUM] but if p is negative and P[Arg(p)], then P[p] but if p
is conjunctive and P[LeftArg(p)] and P[RightArg(p)], then P[p] but
if p is universal and P[Scope(p)], then P|p].
In the sequel F' will denote an element of WFF. The following propositions
are true:

(48)  For every natural number k for every k-ary predicate symbol P holds
Py #0and Py #1 and P; # 2 and Py # 3.
(49) (i) (@VERUM(1)); =0,
(ii) if F' is atomic, then there exists k being a natural number such that
@QF(1) is a k-ary predicate symbol,
(i)  if F' is negative, then (QF(1)); =1,
(iv) if F is conjunctive, then (QF(1)); = 2,
(v) if F is universal, then (QF(1)); = 3.
(50)  If F'is atomic, then (@F(1)); # 0 and (QF(1)); # 1 and (QF (1)), # 2
and (QF(1)); # 3.

In the sequel p denotes an element of WFF. The following proposition is true

(51) (i)  Neither VERUM is atomic nor VERUM is negative nor VERUM is
conjunctive nor VERUM is universal,

(ii)  for no p holds p is atomic and p is negative or p is atomic and p is
conjunctive or p is atomic and p is universal or p is negative and p is
conjunctive or p is negative and p is universal or p is conjunctive and p is
universal.

The scheme QC_Func_Ex concerns a constant A that is a non-empty set, a
constant B that is an element of A, a unary functor F yielding an element of
A, a unary functor G yielding an element of A, a binary functor H yielding an
element of A and a binary functor 7 yielding an element of A and states that:

there exists F' being a function from WFF into A such that for every element p
of WFF for all elements dy, ds of A holds if p = VERUM, then F(p) = B but if p
is atomic, then F'(p) = F(p) but if p is negative and dy = F(Arg(p)), then F(p) =
G(dy) but if p is conjunctive and dy = F(LeftArg(p)) and dy = F(RightArg(p)),
then F'(p) = H(dy,d2) but if p is universal and d; = F(Scope(p)), then F(p) =
Z(p,dr).
for all values of the parameters.

In the sequel k£ denotes a natural number. Let Il be a finite sequence of
elements of Var. The functor snb(Il) yields an element of 28°%dVar qua a non-
empty set and is defined by:
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snb(ll) ={ll(k) : 1 <k ANk <lenll ANll(k) € BoundVar}.

The following proposition is true

(52)  For every finite sequence Il of elements of Var holds snb(ll) = {ll(k) :
1 <kAk<lenll Nll(k) € BoundVar}.

Let z be an element of 2B°™4Var qua a non-empty set. The functor @z yields
an element of 2B°mdVar and is defined by:

Qr = z.
Next we state a proposition

(53)  For every element 2 of 2B°"™dVar qua a non-empty set holds Qz = .

Let = be an element of 2BewndVar — The functor @z yields an element of
gBoundVar 415 5 non-empty set and is defined by:

Qzr = z.
One can prove the following proposition
(54)  For every element x of 2B°wdVar holds Qg = .

Let b be a bound variable. Then {b} is an element of 2BoundVar,

Let X, Y be elements of 2B°umdVar - Then X UY is an element of 2BouwndVar
Then X \ Y is an element of 2BoundVar,

In the sequel k£ denotes a natural number. Let p be a formula. The functor
snb(p) yields an element of 2B°dVar anq is defined by:

there exists F' being a function from

WFF

into 2BowndVar guch that snb(p) = F(p) and for every element p of WFF
holds F(VERUM) = () but if p is atomic, then F(p) = {Args(p)(k) : 1 <EkANk <
len Args(p) AArgs(p)(k) € BoundVar} but if p is negative, then F'(p) = F(Arg(p))
but if p is conjunctive, then F(p) = Q(F (LeftArg(p))) U Q(F(RightArg(p))) but
if p is universal, then F(p) = Q(F(Scope(p))) \ {Bound(p)}.

We now state a proposition

(55)  Let p be a formula. Let IT be an element of 2B°dVar  Then T = snb(p)
if and only if there exists F being a function from WFF into 2BowdVar gych
that IT = F(p) and for every element p of WFF holds F(VERUM) = ()
but if p is atomic, then F(p) = {Args(p)(k) : 1 < k Ak < lenArgs(p) A
Args(p)(k) € BoundVar} but if p is negative, then F'(p) = F(Arg(p)) but if
p is conjunctive, then F'(p) = Q(F(LeftArg(p))) U Q(F(RightArg(p))) but
if p is universal, then F(p) = Q(F(Scope(p))) \ {Bound(p)}.

Let p be a formula. The predicate p is closed is defined by:
snb(p) = 0.
One can prove the following proposition

(56)  For every formula p holds p is closed if and only if snb(p) = 0.
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Partially Ordered Sets

Wojciech A. Trybulec!
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Summary. In the beginning of this article we define the choice
function of a non-empty set family that does not contain @ as introduced
in [5, pages 88-89]. We define order of a set as a relation being reflexive,
antisymmetric and transitive in the set, partially ordered set as structure
non-emty set and order of the set, chains, lower and upper cone of a sub-
set, initial segments of element and subset of partially ordered set. Some
theorems that belong rather to [4] or [9] are proved.

MML Identifier: ORDERS_1.

The notation and terminology used in this paper have been introduced in the
following articles: [6], [2], [3], [7], [9], [8], and [1]. We adopt the following conven-
tion: X, Y will denote sets, x, y, y1, y2, z will be arbitrary, and f will denote a
function. In the article we present several logical schemes. The scheme FuncFExS
deals with a constant A that is a set and a binary predicate P and states that:

there exists f such that dom f = A and for every X such that X € A holds
PIX, f(X)]
provided the parameters satisfy the following conditions:

e for all X, y1, y2 such that X € A and P[X,y;1] and P[X, yo] holds

Y1 = Y2,

e for every X such that X € A there exists y such that P[X,y].

The scheme LambdaS concerns a constant A that is a set and a unary functor
F and states that:

there exists f such that dom f = A and for every X such that X € A holds
f(X) = F(X)
for all values of the parameters.

In the sequel M will be a non-empty family of sets and F' will be a function
from M into |JM. Let us consider M. Let us assume that () ¢ M. The mode
choice function of M, which widens to the type a function from M into |J M, is
defined by:

!Supported by RPBP.I11-24.C1
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for every X such that X € M holds it(X) € X.
The following proposition is true

(1) IfQ ¢ M and for every X such that X € M holds F(X) € X, then F is
a choice function of M.

In the sequel C'F will denote a choice function of M. Next we state a propo-
sition
(2) If(Q ¢ M, then for every X such that X € M holds CF(X) € X.

In the sequel D, D; will denote non-empty sets. Let us consider D. The
functor 22 yielding a non-empty family of sets, is defined by:

2P =20\ {0}.

Next we state several propositions:

3) 2D =20\ {0}.

4)  0¢22.

5) D; C D ifandonlyif D; € 2?_.

6) D is a subset of D if and only if Dy € 2%.

7) De2b.

In the sequel P denotes a relation and R denotes a relation on X. Let us
consider X. The mode order in X, which widens to the type a relation on X, is

defined by:
it is reflexive in X and it is antisymmetric in X and it is transitive in X.

R R e e

We now state a proposition

(8) If Ris reflexive in X and R is antisymmetric in X and R is transitive in
X, then R is an order in X.

In the sequel O denotes an order in X. We now state several propositions:
(9) O is reflexive in X.

(10) O is antisymmetric in X.

(11) O is transitive in X.

(12) Ifz € X, then (z,z) € O.

(13) Ifzxe X andye€ X and (z,y) € O and (y,z) € O, then x = y.

(14) Ifzr e Xandy € X and z € X and (x,y) € O and (y,z) € O, then
(z,z) € O.

We consider posets which are systems

( a carrier, an order )

where the carrier is a non-empty set and the order is an order in the carrier.

In the sequel A will denote a poset. Let us consider A. An element of A is an
element of the carrier of A.

Let us consider A. A subset of A is a subset of the carrier of A.

In the sequel a is an element of the carrier of A and S is a subset of the carrier
of A. One can prove the following propositions:

(15)  ais an element of A.
(16) S is a subset of A.
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(17)  x €the carrier of A if and only if = is an element of A.
(18) X Cthe carrier of A if and only if X is a subset of A.
(19) If x € S, then x is an element of A.

We follow the rules: a, a1, a2, ag, b, ¢ denote elements of A and S, T' denote
subsets of A. Let us consider A, a. Then {a} is a subset of A.

Let us consider A, aj, as. Then {aj,as} is a subset of A.

Let us consider A, S, T. Then SUT is a subset of A. Then SNT is a subset
of A. Then S\ T is a subset of A. Then S—T is a subset of A.

Let us consider A. The functor () 4 yielding a subset of A, is defined by:
0a = 0.
Let us consider A. The functor 4 yielding a subset of A, is defined by:
Q 4 =the carrier of A.
One can prove the following propositions:

(20) 04 =0.

(21) Q4 =the carrier of A.

Let us consider A, a1, as. The predicate a1 < ag is defined by:
(a1, a2) €the order of A.

Let us consider A, a1, as. The predicate a1 < ag is defined by:
a1 < ag and a1 # as.

One can prove the following propositions:

22 a1 < ag if and only if (a1, as) €the order of A.

2

w

a1 < ag if and only if a1 < ao and a1 # as.

[
=~

[\
oo
NN N N NI AN N NI N

a < a.

[\
at

If a1 < as and as < aq, then a1 = as.

[\)
D

If a1 < a9 and as < ag, then a1 < as.

a < a.

this conjunction is not true: a1 < a9 and as < aq.

[\V)
©

If a1 < a9 and as < ag, then a1 < as.

If a1 < as, then as £ a;.

If a1 < ag, then as £ a;.

If a1 < as and as < ag or a1 < as and as < ag, then a1 < as.

w
(e}

31
32

Let us consider A. The mode chain of A, which widens to the type a subset
of A, is defined by:
the order of A is strongly connected in it .

N N N N N N N N N N
©)
|

One can prove the following proposition
(33)  If the order of A is strongly connected in S, then S is a chain of A.
In the sequel C will denote a chain of A. One can prove the following propo-
sitions:
(34)  the order of A is strongly connected in C.
(35) {a} is a chain of A.
(36)  {a1,aq} is a chain of A if and only if a; < ay or ag < a;.
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(37) If S C C, then S is a chain of A.

(38)  There exists C such that a; € C and ay € C if and only if a1 < ay or
as < aj.

(39)  There exists C such that a; € C and ag € C if and only if a; < as if and
only if as £ ay.

(40)  If the order of A well orders T', then T is a chain of A.

Let us consider A, S. The functor UpperCone S yields a subset of A and is
defined by:

UpperCone S = {a1 : V,,[a2 € S = a2 < a1]}.

Let us consider A, S. The functor LowerCone S yielding a subset of A, is
defined by:

LowerCone S = {a1 : V,,[a2 € S = a1 < as]}.

The following propositions are true:
UpperCone S = {a1 : V,,[a2 € S = a2 < a1]}.
LowerCone S = {a1 : V,,[a2 € S = a1 < ag]}.
UpperCone () 4 =the carrier of A.

I
[ R

UpperCone Q4 = 0.

N
at

LowerCone () 4 =the carrier of A.

W
D

LowerCone Q4 = 0.

If a € S, then a ¢ UpperCone S.

a ¢ UpperCone{a}.

If a € S, then a ¢ LowerCone S.

a ¢ LowerCone{a}.

¢ < a if and only if a € UpperCone{c}.

N N N N N N N N N S N
[ S e o o
_ o © 0

— O~ Y N N~ N Y N

(@)
[\S)

a < c if and only if a € LowerCone{c}.
Let us consider A, S, a. The functor InitSegm(.S, a) yields a subset of A and
is defined by:
InitSegm(S, a) = LowerCone{a} N S.
Let us consider A, S. The mode initial segment of S, which widens to the
type a subset of A, is defined by:
there exists a such that a € S and it = InitSegm(S,a) if S # 0, it = 0,
otherwise.
The following propositions are true:
(53)  InitSegm(S,a) = LowerCone{a} N S.
(54) If S # 0 and there exists a such that a € S and T' = InitSegm(S, a), then
T is an initial segment of S.
(65) If S =0, then T is an initial segment of S if and only if 7' = 0.
In the sequel I will be an initial segment of S and I will be an initial segment
of 4. One can prove the following propositions:
(56) € InitSegm(S, a) if and only if = € LowerCone{a} and x € S.
(57)  a € InitSegm(S,b) if and only if a < b and a € S.
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(70)
(71)

(72)

(73)
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If S # (0, then there exists a such that a € S and I = InitSegm(S, a).

If a € T and S = InitSegm(T, a), then S is an initial segment of 7T'.

InitSegm(04,a) = 0.

InitSegm(S,a) C S.

a ¢ InitSegm(S, a).

ay € S and a1 < ag if and only if a; € InitSegm(S, az).

If a1 < ag, then InitSegm(S, a1) C InitSegm(S, as).

If S C T, then InitSegm(S, a) C InitSegm(T, a).

Ip=10.

ICS.

S # () if and only if S is not an initial segment of S.

If S#(orT # 0 but S is an initial segment of T', then T is not an
initial segment of S.

If a1 < a9 and a1 € S and ay € T and T is an initial segment of .S, then
a1 €T.

If a € S and S is an initial segment of T, then
InitSegm(S, a) = InitSegm(T, a) .

If S C T and the order of A well orders T" and for all a1, as such that

az € S and a1 < a9 holds a1 € S, then S =T or S is an initial segment of
T.

If S C T and the order of A well orders T' and for all a1, as such that
az € Sand a1 € T and a1 < ag holds a1 € S, then S =T or S is an initial
segment of 1.

In the sequel f will denote a choice function of 2?&16 carrier of A T et us consider
A, f. The mode chain of f, which widens to the type a chain of A, is defined by:

it # () and the order of A well orders it and for every a such that a € it holds
f(UpperCone InitSegm(it, a)) = a.

Next we state a proposition

(74)

If C # 0 and the order of A well orders C' and for every a such that
a € C holds f(UpperConelnitSegm(C,a)) = a, then C' is a chain of f.

In the sequel fC, fCy, fC5 denote chains of f. Next we state a number of

propositions:
(75)  fC #0.
(76)  the order of A well orders fC.
(77)  Ifae fC, then f(UpperConelInitSegm(fC, a)) = a.
(78)  {f(the carrier of A)} is a chain of f.
(79)  f(the carrier of A) € fC.
(80) Ifae€ fC and b = f(the carrier of A), then b < a.
(81) 1If a = f(the carrier of A), then InitSegm(fC,a) = 0.
(82) fC1N fCy #0.
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(83) If fCy # fC5, then fCy is an initial segment of fCs9 if and only if fCy
is not an initial segment of fC'.
(84) fC1 # fCy and fC; C fCy if and only if fCy is an initial segment of
fCs.
Let us consider A, f. The functor Chains f yielding a non-empty set, is defined
by:
' x € Chains f if and only if z is a chain of f.
One can prove the following propositions:
(85) If for every = holds z € D if and only if = is a chain of f, then D =
Chains f.
(86) x € Chains f if and only if x is a chain of f.
(87)  U(Chains f) # 0.
(88) If fC # U(Chains f) and S = |J(Chains f), then fC' is an initial segment
of S.

(89)  U(Chains f) is a chain of f.

(90) z € X if and only if {x} € 2¥.

(91)  There exists X such that X # () and X € Y if and only if JY # 0.
(92)

92 P is strongly connected in X if and only if P is reflexive in X and P is

connected in X.

(93) If Pis reflexive in X and Y C X, then P is reflexive in Y.
(94) If P is antisymmetric in X and Y C X, then P is antisymmetric in Y.
(95) If P is transitive in X and Y C X, then P is transitive in Y.
(96)  If P is strongly connected in X and Y C X, then P is strongly connected
inY.
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Summary. The text contains some schemes which allow elimination
of defintions by recursion.

MML Identifier: RECDEF_1.

The papers [5], [1], [3], [2], and [4] provide the notation and terminology for this
paper. We follow a convention: n, m, k will denote natural numbers and x, ,
z, Y1, yo will be arbitrary. The arguments of the notions defined below are the
following: D which is a non-empty set; p which is a function from N into D; n
which is an element of N. Then p(n) is an element of D.

The arguments of the notions defined below are the following: p which is a
function from N into N; n which is an element of N. Then p(n) is a natural
number.

In the article we present several logical schemes. The scheme RecFx concerns
a constant A and a ternary predicate P and states that:

there exists f being a function such that dom f = N and f(0) = A and for
every element n of N holds P[n, f(n), f(n + 1)]
provided the parameters satisfy the following conditions:

e for every natural number n for arbitrary x there exists y being any

such that Pln,x,y],

e for every natural number n for arbitrary x, y1, y2 such that P[n, z, y1]

and P[n, z,ys] holds y; = ys.

The scheme RecExD deals with a constant A that is a non-empty set, a con-
stant B that is an element of A and a ternary predicate P and states that:

there exists f being a function from N into 4 such that f(0) = B and for
every element n of N holds Pn, f(n), f(n + 1)]
provided the parameters satisfy the following conditions:

e for every natural number n for every element x of A there exists y

being an element of A such that P[n,z,y],

e for every natural number n for all elements x, y1, y2 of A such that

Pln,z,y1] and P[n,x,y2] holds y1 = yo.
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The scheme LambdaRecEx concerns a constant A and a binary functor F and
states that:

there exists f being a function such that dom f = N and f(0) = A and for
every element n of N for arbitrary = such that x = f(n) holds f(n+1) = F(n, z)
for all values of the parameters.

The scheme LambdaRecExD concerns a constant A that is a non-empty set, a
constant B that is an element of A and a binary functor F yielding an element
of A and states that:

there exists f being a function from N into A such that f(0) = B and for every
element n of N for every element z of A such that z = f(n) holds f(n + 1) =
F(n,x)
for all values of the parameters.

The scheme RecFuncEzR concerns a constant A that is a real number and a
binary functor F yielding a real number and states that:

there exists f being a function from N into R such that f(0) = A and for every
natural number n for every real number x such that x = f(n) holds f(n+ 1) =
F(n,x)
for all values of the parameters.

The scheme RecExN deals with a constant A that is a natural number and a
binary functor F yielding a natural number and states that:

there exists f being a function from N into N such that f(0) = A and for
every natural number n for every natural number x such that x = f(n) holds
f(n+1)=F(n,x)
for all values of the parameters.

The scheme FinRecFEx deals with a constant A, a constant B that is a natural
number and a ternary predicate P and states that:

there exists p being a finite sequence such that lenp = B but p(1) = A or
B = 0 and for every n such that 1 <n and n < B — 1 holds P[n,p(n),p(n + 1)]
provided the parameters satisfy the following conditions:

e for every natural number n such that 1 < n and n < B — 1 for

arbitrary x there exists y being any such that Pln,z, y],

e for every natural number n such that 1 < n and n < B — 1 for

arbitrary x, y1, ya such that P[n, z,y1] and P[n, x, y2| holds y; = yo.

The scheme FinRecExD deals with a constant A that is a non-empty set, a
constant B that is an element of A, a constant C that is a natural number and a
ternary predicate P and states that:

there exists p being a finite sequence of elements of A such that lenp = C
but p(1) = B or C = 0 and for every n such that 1 < n and n < C — 1 holds
Pl p(n), p(n + 1))
provided the parameters satisfy the following conditions:

e for every natural number n such that 1 < n and n < C — 1 for

every element z of A there exists y being an element of A such that
Pln, x,yl,

e for every natural number n such that 1 < n and n < C — 1 for all

elements z, yi, y2 of A such that Pln,z,y1] and P[n,x,ys] holds
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Y1 = Y2.

The scheme FinRecExrR deals with a constant A that is a real number, a

constant B that is a natural number and a ternary predicate P and states that:

there exists p being a finite sequence of elements of R such that lenp = B

but p(1) = A or B = 0 and for every n such that 1 < n and n < B — 1 holds
Pl p(n), p(n + 1)]
provided the parameters satisfy the following conditions:

e for every natural number n such that 1 <n and n < B — 1 for every
real number x there exists y being a real number such that P[n, z, y],

e for every natural number n such that 1 < n and n < B—1 for all real
numbers z, y1, y2 such that P[n,z,y1] and Pln,x, y2] holds y; = ye.

The scheme FinRecExN deals with a constant A that is a natural number, a

constant B that is a natural number and a ternary predicate P and states that:

there exists p being a finite sequence of elements of N such that lenp = B

but p(1) = A or B = 0 and for every n such that 1 < n and n < B — 1 holds
Pl p(n), p(n + 1)]
provided the parameters satisfy the following conditions:
e for every natural number n such that 1 <n and n < B — 1 for every
natural number x there exists y being a natural number such that
Pln,z,yl,
e for every natural number n such that 1 < n and n < B — 1 for all
natural numbers x, y1, y2 such that P[n,z,y1] and P[n,z,ys] holds
Y1 = Y2.
The scheme SeqBinOpFEx deals with a constant A that is a finite sequence and
a ternary predicate P and states that:

there exists x such that there exists p being a finite sequence such that x =
p(lenp) and lenp = len A and p(1) = A(1) and for every k such that 1 < k and
k <len A —1 holds P[A(k + 1), p(k), p(k + 1)].
provided the parameters satisfy the following conditions:

e for all k, x such that 1 < k and k£ < len A — 1 there exists y such
that P[A(k + 1), z,y],

e for all k, x, y1, y2, z such that 1 < k and k < lenA —1 and z =
A(k+ 1) and P[z,z,y1] and P[z, z,y2]| holds y1 = y.

The scheme LambdaSeqBinOpEx deals with a constant A that is a finite se-

quence and a binary functor F and states that:

there exists x such that there exists p being a finite sequence such that x =

p(lenp) and lenp = len A and p(1) = A(1) and for all k, y, z such that 1 < k and
kE<lenA—1andy=A(k+1) and z = p(k) holds p(k + 1) = F(y, 2).
for all values of the parameters.
The scheme RecUn deals with a constant A, a constant B that is a function,
a constant C that is a function and a ternary predicate P and states that:
B=C
provided the parameters satisfy the following conditions:
e dom B =N and B(0) = A and for every n holds P[n, B(n), B(n+1)],
e domC =N and C(0) = A and for every n holds P[n,C(n),C(n + 1)],
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e for every n for arbitrary x, y1, y2 such that P[n, z,y1] and P[n, z, ys]

holds y1 = ys.

The scheme RecUnD deals with a constant A that is a non-empty set, a
constant B that is an element of A, a ternary predicate P , a constant C that is
a function from N into A and a constant D that is a function from N into A, and
states that:

cC=D
provided the parameters satisfy the following conditions:

e C(0) = B and for every n holds P[n,C(n),C(n + 1)],

e D(0) = B and for every n holds P[n,D(n), D(n + 1)],

e for every natural number n for all elements x, y1, y2 of A such that

Pln,z,y1] and P[n, z,ys2] holds y; = ys.

The scheme LambdaRecUn deals with a constant A, a binary functor F, a
constant B that is a function and a constant C that is a function, and states that:

B=C
provided the parameters satisfy the following conditions:

e domB =N and B(0) = A and for every n for arbitrary y such that

y = B(n) holds B(n + 1) = F(n,y),
e domC = N and C(0) = A and for every n for arbitrary y such that
y =C(n) holds C(n + 1) = F(n,y).

The scheme LambdaRecUnD concerns a constant A that is a non-empty set, a
constant B that is an element of A, a binary functor F yielding an element of A,
a constant C that is a function from N into A and a constant D that is a function
from N into A, and states that:

cC=D
provided the parameters satisfy the following conditions:

e C(0) = B and for every n for every element y of A such that y = C(n)

holds C(n + 1) = F(n,y),
e D(0) = B and for every n for every element y of A such that y = D(n)
holds D(n + 1) = F(n,y).

The scheme LambdaRecUnR concerns a constant A that is a real number, a
binary functor F, a constant B that is a function from N into R and a constant
C that is a function from N into R, and states that:

B=C
provided the parameters satisfy the following conditions:

e B(0) = A and for every n for every real number y such that y = B(n)

holds B(n + 1) = F(n,y),
e C(0) = A and for every n for every real number y such that y = C(n)
holds C(n + 1) = F(n,y).

The scheme LambdaRecUnN deals with a constant A that is a natural number,
a binary functor F yielding a natural number, a constant B that is a function
from N into N and a constant C that is a function from N into N, and states that:

B=C

provided the parameters satisfy the following conditions:
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e B(0) = A and for all n, m such that m = B(n) holds B(n + 1) =
F(n,m),
e C(0) = A and for all n, m such that m = C(n) holds C(n + 1) =
F(n,m).
The scheme FinRecUn deals with a constant A, a constant B that is a natural
number, a constant C that is a finite sequence, a constant D that is a finite
sequence and a ternary predicate P and states that:
C=DD
provided the parameters satisfy the following conditions:
e for every n such that 1 < n and n < B — 1 for arbitrary z, y1, y2
such that Pln,z,y1] and P[n,z, ys| holds y; = ya,

e lenC = B but C(1) = A or B =0 and for every n such that 1 <n
and n < B — 1 holds P[n,C(n),C(n + 1)],

e lenD = B but D(1) = A or B =0 and for every n such that 1 <n
and n < B — 1 holds P[n,D(n),D(n + 1)].
The scheme FinRecUnD concerns a constant A that is a non-empty set, a
constant B that is an element of A, a constant C that is a natural number, a
constant D that is a finite sequence of elements of A, a constant £ that is a finite
sequence of elements of A and a ternary predicate P and states that:
D=¢&
provided the parameters satisfy the following conditions:
e for every n such that 1 <n and n < C — 1 for all elements x, y1, yo
of A such that P[n,z,y1] and P[n, z,ys2] holds y1 = ya,

e lenD = C but D(1) = B or C = 0 and for every n such that 1 <n
and n < C — 1 holds P[n,D(n), D(n + 1)],

e len& =C but £(1) = B or C = 0 and for every n such that 1 < n
and n < C — 1 holds P[n,&(n),E(n + 1)].
The scheme FinRecUnR deals with a constant A that is a real number, a
constant B that is a natural number, a constant C that is a finite sequence of
elements of R, a constant D that is a finite sequence of elements of R and a
ternary predicate P and states that:
C=DD
provided the parameters satisfy the following conditions:
e for every n such that 1 < n and n < B — 1 for all real numbers z,
Y1, y2 such that P[n,z,y1] and P[n, z,ys] holds y1 = ya,

e lenC = B but C(1) = A or B =0 and for every n such that 1 <n
and n < B — 1 holds P[n,C(n),C(n + 1)],

e lenD = B but D(1) = A or B =0 and for every n such that 1 <n
and n < B — 1 holds P[n,D(n),D(n + 1)].

The scheme FinRecUnN concerns a constant A that is a natural number, a
constant B that is a natural number, a constant C that is a finite sequence of
elements of N, a constant D that is a finite sequence of elements of N and a
ternary predicate P and states that:

C=DD
provided the parameters satisfy the following conditions:
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e for every n such that 1 < n and n < B — 1 for all natural numbers
x, Y1, y2 such that P[n,x,y1| and P[n,x,ys] holds y; = yo,
e lenC = B but C(1) = A or B =0 and for every n such that 1 < n
and n < B — 1 holds P[n,C(n),C(n + 1)],
e lenD = B but D(1) = A or B =0 and for every n such that 1 <n
and n < B — 1 holds P[n,D(n), D(n + 1)].
The scheme SeqBinOpUn deals with a constant A that is a finite sequence, a
ternary predicate P , a constant B and a constant C and states that:
B=C
provided the parameters satisfy the following conditions:
e for all k, x, y1, y2, z such that 1 < k and kK < lenA —1 and z =
A(k + 1) and Pz, z,y1] and P|z,z,y2] holds y; = y2,
e there exists p being a finite sequence such that B = p(lenp) and
lenp = len A and p(1) = A(1) and for every k such that 1 < k and
k <len A —1 holds P[A(k + 1), p(k),p(k + 1)].
e there exists p being a finite sequence such that C = p(lenp) and
lenp = len A and p(1) = A(1) and for every k such that 1 < k and
k <len.A—1 holds P[A(k + 1),p(k),p(k + 1)].
The scheme LambdaSeqBinOpUn concerns a constant A that is a finite se-
quence, a binary functor F, a constant B and a constant C and states that:
B=C
provided the parameters satisfy the following conditions:
e there exists p being a finite sequence such that B = p(lenp) and
lenp =len A and p(1) = A(1) and for all k, y, z such that 1 < k and
k<lenA—1andy = A(k+1) and z = p(k) holds p(k+1) = F(y, 2).
e there exists p being a finite sequence such that C = p(lenp) and
lenp = len A and p(1) = A(1) and for all k, y, z such that 1 < k and
kE<lenA—1andy = A(k+1) and z = p(k) holds p(k+1) = F(y, 2).
The scheme DefRec concerns a constant A, a constant B that is a natural
number and a ternary predicate P and states that:

(i)  there exists y being any such that there exists f being a function such that
y = f(B) and dom f = N and f(0) = A and for every n holds P[n, f(n), f(n+1)],
(ii)  for arbitrary yi, y2 such that there exists f being a function such that
y1 = f(B) and dom f = N and f(0) = A and for every n holds P[n, f(n), f(n+1)]
and there exists f being a function such that yo = f(B) and dom f = N and
f(0) = A and for every n holds Pn, f(n), f(n+ 1)] holds y1 = ya.
provided the parameters satisfy the following conditions:

e for every n, x there exists y such that P[n,z,y],

e for all n, z, y1, y2 such that Pn,z,y1] and P[n, z,ys] holds y1 = ys.

The scheme LambdaDefRec deals with a constant A, a constant B that is a
natural number and a binary functor F and states that:

(i)  there exists y being any such that there exists f being a function such that
y = f(B) and dom f = N and f(0) = A and for all n, « such that = = f(n) holds
f(n+ 1) = f(nwr)v
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(ii))  for arbitrary yi, y2 such that there exists f being a function such that
y1 = f(B) and dom f = N and f(0) = A and for all n, z such that z = f(n)
holds f(n+1) = F(n,x) and there exists f being a function such that yo = f(B)
and dom f = N and f(0) = A and for all n, x such that z = f(n) holds f(n+1) =
F(n,x) holds y1 = ys.
for all values of the parameters.

The scheme DefRecD concerns a constant A that is a non-empty set, a constant
B that is an element of A, a constant C that is a natural number and a ternary
predicate P and states that:

(i)  there exists y being an element of A such that there exists f being a
function from N into A such that y = f(C) and f(0) = B and for every n holds
Pln, f(n), f(n+1)],

(ii)  for all elements y1, y2 of A such that there exists f being a function from N
into A such that y; = f(C) and f(0) = B and for every n holds P[n, f(n), f(n+1)]
and there exists f being a function from N into A such that yo = f(C) and
f(0) = B and for every n holds P[n, f(n), f(n + 1)] holds y1 = ys.
provided the parameters satisfy the following conditions:

e for every natural number n for every element x of A there exists y
being an element of A such that P[n,x,y],
e for every natural number n for all elements x, y1, y2 of A such that
Pln,z,y1] and P[n, z,ys2] holds y; = ys.
The scheme LambdaDefRecD concerns a constant A that is a non-empty set,
a constant B that is an element of A, a constant C that is a natural number and
a binary functor F yielding an element of A and states that:

(i)  there exists y being an element of A such that there exists f being a
function from N into A such that y = f(C) and f(0) = B and for every natural
number n for every element x of A such that x = f(n) holds f(n+1) = F(n,z),
(ii)  for all elements y1, y of A such that there exists f being a function from
N into A such that y; = f(C) and f(0) = B and for every natural number n for
every element z of A such that x = f(n) holds f(n + 1) = F(n,z) and there
exists f being a function from N into A such that y, = f(C) and f(0) = B and
for every natural number n for every element x of A such that x = f(n) holds
f(n+1) = F(n,z) holds y1 = ya.
for all values of the parameters.

The scheme SeqBinOpDef concerns a constant A that is a finite sequence and
a ternary predicate P and states that:

(i)  there exists x such that there exists p being a finite sequence such that
x = p(lenp) and lenp = len A and p(1) = A(1) and for every k such that 1 < k
and k <len A — 1 holds P[A(k + 1), p(k), p(k + 1)],

(ii)  for all z, y such that there exists p being a finite sequence such that
x = p(lenp) and lenp = len A and p(1) = A(1) and for every k such that 1 < k
and k < len. A — 1 holds P[A(k + 1),p(k),p(k + 1)] and there exists p being a
finite sequence such that y = p(lenp) and lenp = len A and p(1) = A(1) and for
every k such that 1 < k and k <len.4 — 1 holds P[A(k + 1), p(k), p(k + 1)] holds

T =y.

327
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provided the parameters satisfy the following conditions:
e for all k, y such that 1 < k and k < len A — 1 there exists z such
that P[A(k +1),y, 2],
e for all k, x, y1, y2, z such that 1 < k and k <lenA —1 and z =
A(k+ 1) and P[z,z,y1] and P[z, z,ys2] holds y; = yo.
The scheme LambdaSeqBinOpDe concerns a constant A that is a finite se-
quence and a binary functor F and states that:

(i)  there exists x such that there exists p being a finite sequence such that
x = p(lenp) and lenp = len A and p(1) = A(1) and for all k, y, z such that 1 <k
and k <lenA—1and y = A(k + 1) and z = p(k) holds p(k + 1) = F(y, 2),

(ii))  for all x, y such that there exists p being a finite sequence such that
x = p(lenp) and lenp = len A and p(1) = A(1) and for all k, y, z such that 1 < k
and k <lenA—1and y = A(k+ 1) and z = p(k) holds p(k + 1) = F(y, 2) and
there exists p being a finite sequence such that y = p(lenp) and len p = len A and
p(1) = A(1) and for all k, y, z such that 1 < kand k <lenA—1andy = A(k+1)
and z = p(k) holds p(k + 1) = F(y, z) holds z = y.
for all values of the parameters.
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Summary. In the article we introduce functors yielding to a binary
operation its composition with an arbitrary functions on its left side, its
right side or both. We prove theorems describing the basic properties of
these functors. We introduce also constant functions and converse of a
function. The recent concept is defined for an arbitrary function, however
is meaningful in the case of functions which range is a subset of a Cartesian
product of two sets. Then the converse of a function has the same domain
as the function itself and assigns to an element of the domain the mirror
image of the ordered pair assigned by the function. In the case of functions
defined on a non-empty set we redefine the above mentioned functors and
prove simplified versions of theorems proved in the general case. We prove
also theorems stating relationships between introduced concepts and such
properties of binary operations as commutativity or associativity.

MML Identifier: FUNCOP_1.

The notation and terminology used in this paper have been introduced in the
following articles: [6], [7], [3], [4], [1], [8], [2], [5], and [9]. Ome can prove the
following proposition

(1)  For every relation R for all sets A, B such that A # () and B # () and

R=1]A, B]holds domR = A and rng R = B.

In the sequel f, g, h will be functions and A will be a set. Next we state three
propositions:

(2) 64 = (ida,ida).

(3) If dom f = domg, then dom(f - h) = dom(g - h).

(4) Ifdom f =0 and domg = (), then f = g.

We adopt the following convention: F', f, g, h denote functions, A, B denote

sets, and x, y, z are arbitrary. Let us consider f. The functor f~ yields a function
and is defined by:
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(i) dom(f~)=domf,
(ii)  for every z such that x € dom f holds for all y, z such that f(z) = (y, 2)
holds (f~)(z) = (z,y) but f(x) = (f~7)(x) or there exist y, z such that f(x) =
(y,2).

We now state several propositions:

(5) Given f, g. Then g = f~ if and only if the following conditions are
satisfied:
(i) domg=dom f,
(ii)  for every x such that x € dom f holds for all y, z such that f(z) = (y, z)
holds g(z) = (z,y) but f(z) = g(x) or there exist y, z such that f(z) =

(y,2).
©6) (f g) = (g f)"-
M (f ) = fv
®) (f )
9)  (6a)” = 5A
(10) (f,91A=(fTA4,g)).
(11)  (f,g) 1 A=(f.g1A).

The arguments of the notions defined below are the following: A which is a
set; z which is any. The functor A —— z yields a function and is defined by:

graph(A+— z) = [ 4, {z}].

The following propositions are true:

(12) f=A+— x if and only if graph f = [ A4, {z}].

(13) Ifzx € A, then (A+— 2z)(x) = 2.

(14) IfA#0and f = A+ x, then dom f = A and rng f = {z}.
(15) Ifdom f = A and rng f = {z}, then f = A+— =z.

(16)  dom() — =) = 0 and rng(d — z) = 0.

(17)  If for every z such that z € dom f holds f(z) = z, then f = dom f —— z.
(18) (A+—uz) | B=ANDB+r— x.

(19)  dom(A+— z) = A and rng(A — z) C {z}.

(20) Ifz € B, then (A1) ! B= A.

(21) (Ar—2) {2z} = A

(22) Ifz ¢ B, then (A——x) ' B=0.

(23) Ifz € domh, then h- (A+— z) = A +— h(zx).

(24) If A# (0 and = € dom h, then dom(h - (A — z)) # 0.

(25) (Ar——2x)-h=h"1Ar—2z.

(26) (A (2,9)" = A — (y,2).

Let us consider F, f, g. The functor F°(f,g) yields a function and is defined
by:
Fo(f7g) =F- <f7g>

The following propositions are true:

(27) Fo(fvg):F<fag>
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(28) Ifzc dom(F‘”(f, 9)), then (F°(f, g))(fv) =F(f(:ﬂ),g(fﬁ))-
(29) Iff1 | A, then (F°(f,h)) [ A= (F°(g,h)) I

(30) If fo I' A, then (F°(h, f)) 1 A= (F°(h,g)) |

(31)  F°(f, ) h—F°(f h,g-h).

(32)  h-F°(f,9) = (h-F)°(f,9)

Let us consider F, f, . The functor F°(f,x) yielding a function, is defined

Fe(f,x) = F- (f,dom f — ).

Next we state several propositions:

(33) F°(f,x)=F-(f,dom f — x).

(34) F°(f,x) = F°(f,dom f — x).

(35) Ifxe dom(Fo(f, z)), then (F°(f, z))(w) = F(f(x),2).
(36) If fr ' A, then (F°(f,x)) I A= (F°(g,2)) | A.
o ) AeEl b

(38) k- Fo(f,2) = (h- F)°(f.2).

(39)  F°(f,2) ida = F°(f | A,x).

Let us consider F, x, g. The functor F'°(x,g) yields a function and is defined

F°(xz,9) = F - (dom g +— z, g).
We now state several propositions:
(40) F°(z,g9)=F -(domg+r— x,g).
(41)  F°(z,9) = F°(domg — =, g).
(12) Tae dom<F°< D) then (PG 1)) = P (5 (0)
(43) T f1A=g]A, then (F°(x, ) | A= (F°(z,q)) | A
(44) F°<x,f> W= Fo(o.f B
(45)  h-Fo(2,f) = (h- F)°(, f).
(46)  Fo(x, f)-ida = F°(x, 1 A).
For simplicity we follow a convention: X, Y, Z will denote non-empty sets,
F will denote a binary operation on X, f, g, h will denote functions from Y into

X, and z, x1, xo will denote elements of X. Let us consider X. Then idx is a
function from X into X.

We now state a proposition
(47)  F°(f,g) is a function from Y into X.

The arguments of the notions defined below are the following: X, Z which are
non-empty sets; F which is a binary operation on X; f, g which are functions
from Z into X. Then F°(f,g) is a function from Z into X.

We now state a number of propositions:
(48)  For every element z of Y holds (F°(f,g))(z) = F(f(z),g(2)).
(49)  For every function h from Y into X such that for every element z of Y

holds h(z) = F(f(2),9(z)) holds h = F°(f,g).
(50)  For every function h from Z into Y holds F°(f,g) -h = F°(f-h,g- h).
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For every function g from X into X holds F°(idx,q) - f = F°(f,g- f)-
For every function g from X into X holds F°(g,idx) - f=F°(g- f, f).
Fe(idy,idx) - f = F°(f, f).
For every function g from X into X holds (F°(idx,9))(z) = F(x, g(x)).
For every function g from X into X holds (F°(g,idx))(z) = F(g(x),x).
(F°(idx,idx))(z) = F(z,z).
For all A, B for arbitrary = such that x € B holds A — z is a function
from A into B.
(58) For all A, X, x holds A —— z is a function from A into X.
(59)  F°(f,z) is a function from Y into X.

The arguments of the notions defined below are the following: X, Z which
are non-empty sets; F' which is a binary operation on X; f which is a function
from Z into X; x which is an element of X. Then F°(f,x) is a function from Z
into X.

The following propositions are true:
60)  For every element y of Y holds (F°(f,x))(y) = F(f(y),x).
61) If for every element y of Y holds g(y) = F(f(y),x), then g = F°(f,x).
For every function g from Z into Y holds F°(f,z)-g = F°(f - g,z).
Fe(idx,z) - f=F°(f,).
(F°(idx,z))(x) = F(x,x).
F°(x,g) is a function from Y into X.
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The arguments of the notions defined below are the following: X, Z which
are non-empty sets; I’ which is a binary operation on X; x which is an element
of X; g which is a function from Z into X. Then F°(z,g) is a function from Z
into X.

The following propositions are true:

66) For every element y of Y holds (F°(z, f))(y) = F(z, f(y)).

6 If for every element y of Y holds g(y) = F(z, f(y)), then g = F°(z, f).
For every function g from Z into Y holds F°(x, f)-g = F°(z, f - g).
Fo(z,idx)  f = F*(z, f).

(F°(z,idx))(x) = F(x,z).
For all non-empty sets X, Y, Z for every function f from X into [ Y, Z ]

for every element x of X holds f~(z) = ((f(x))s, (f(x))1)-

(72)  For all non-empty sets X, Y, Z for every function f from X into [Y, Z ]
holds rng f is a relation between Y and Z.
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The arguments of the notions defined below are the following: X, Y, Z which
are non-empty sets; f which is a function from X into [ Y, Z]. Then rng f is a
relation between Y and Z.

The arguments of the notions defined below are the following: X, Y, Z which
are non-empty sets; f which is a function from X into [Y, Z]. Then f~ is a
function from X into [ Z, Y'].
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We now state a proposition

(73)  For all non-empty sets X, Y, Z for every function f from X into [Y, Z |

holds rng(f~) = (rng f)~.

In the sequel y denotes an element of Y. One can prove the following propo-

sitions:
(74)  If F is associative, then F°(F°(x1, f),z2) = F°(z1, F°(f,z2)).
(75)  If F is associative, then F°(F°(f,z),g9) = F°(f, F°(x,g)).
(76) If F is associative, then F°(F°(f,g),h) = F°(f,F°(g,h)).
(77) If F is associative, then F°(F(xz1,x2), f) = F°(x1, F°(x2, f)).
(78)  If F is associative, then F°(f, F(x1,x2)) = F°(F°(f,z1),z2).
(79) If F is commutative, then F°(z, f) = F°(f,z)
(80) If F is commutative, then F°(f,g) = F°(g, f).
(81) If F is idempotent, then F°(f, f) = f.
(82) If Fis idempotent, then (F°(f(y), £))(y) = £(»)
(83) If F is idempotent, then (F*°(f, f(y)))(y) = f(y)
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Summary. This text includes definitions of the Abelian group, field
and vector space over a field and some elementary theorems about them.

MML Identifier: VECTSP_1.

The articles [3], [1], and [2] provide the notation and terminology for this paper.
We consider group structures which are systems

( a carrier, an addition, a reverse-map, a zero )

where the carrier is a non-empty set, the addition is a binary operation on
the carrier, the reverse-map is a unary operation on the carrier, and the zero is
an element of the carrier. In the sequel G\S denotes a group structure. Let us
consider GS. An element of GS is an element of the carrier of GS.

Next we state a proposition

(1)  For every element x of the carrier of GS holds z is an element of GS.

We now define three new functors. Let us consider GS. The functor Ogg
yields an element of GS and is defined by: 0ggs =the zero of GS.
Let x be an element of GS. The functor —x yielding an element of G5, is defined
by:

—x =(the reverse-map of GS)(z).
Let y be an element of GS. The functor x + y yielding an element of GS, is
defined by:

x + y =(the addition of GS5)(z,y).

Next we state three propositions:

(2) 0ggs =the zero of GS.

(3)  For every element x of GS holds —z =(the reverse-map of GS)(z).
(4)  For all elements z, y of GS holds x + y =(the addition of GS)(z,y).
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We now define two new functors. The constant +p is a binary operation on
R and is defined by:
for all elements x, y of R holds +g(z,y) =z +v.
The constant —p is a unary operation on R and is defined by:
for every element x of R for every real number z’ such that z’ = z holds
—r(z) = -2
The constant Rg is a group structure and is defined by:
Ra = <R, —|—|R,—|R,0>.
We now state two propositions:
(5) Rg =(R,+gr,—r,0).
(6)  For all elements x, y, z of Rg holds z+y = y+z and (z+y)+2z = x+(y+2)
and x + Og, =« and z + (—z) = Ogy,.
The mode Abelian group, which widens to the type a group structure, is
defined by:
for all elements =, y, z of it holds x +y=y+z and (z+y)+z=x+ (y+ 2)
and x + 0y = « and = + (—x) = Oj.
The following proposition is true
(7)  For all elements z, y, z of GS holds z+y = y+z and (z+y)+z = z+(y+2)
and x4+ 0gg = z and x4 (—z) = Ogg if and only if GS is an Abelian group.
In the sequel G is an Abelian group and z, y, z are elements of G. We now
state four propositions:
8) z+y=y+a
9) z4+y+z)=(+y) +=z
(10) x4 0g = z.
(11) T+ (—x) = 0q.
Let us consider G, x, y. The functor z —y yielding an element of G, is defined
by:
r—y=z+(—y).
The following propositions are true:
(12) z—y=a+ (—y).
(13) Ifzx4+y=x+2z theny=zbutifz+y==z+y, then x = z.
(14) —0¢ = 0g¢.
We consider field structures which are systems
( a carrier, a multiplication, an addition, a reverse-map, a unity, a zero )
where the carrier is a non-empty set, the multiplication, the addition are
binary operations on the carrier, the reverse-map is a unary operation on the
carrier, and the unity, the zero are elements of the carrier. In the sequel F'S will
denote a field structure. We now define five new functors. Let us consider F'S.
The functor 1pg yields an element of the carrier of F'S and is defined by:
1pg =the unity of F'S.
The functor Opg yields an element of the carrier of F'S and is defined by:
0pg =the zero of F'S.
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Let « be an element of the carrier of F'S. The functor —x yields an element of
the carrier of 'S and is defined by:
—x =(the reverse-map of F'S)(z).
Let y be an element of the carrier of F'S. The functor x - y yields an element of
the carrier of 'S and is defined by:
x - y =(the multiplication of F'S)(z,y).
The functor x + y yielding an element of the carrier of F'S, is defined by:
x 4+ y =(the addition of F'S)(z,y).
One can prove the following propositions:
(15)  1pg =the unity of F'S.
(16) Opg =the zero of F'S.
(17)  For every element x of the carrier of F'S holds —z =(the reverse-map of

(18)  For all elements z, y of the carrier of F'S holds z - y =(the multiplication
of FS)(x,y).

(19)  For all elements x, y of the carrier of F'S holds = + y =(the addition of
FS)(x,y).

The constant - is a binary operation on R and is defined by:
for all elements x, y of R holds ‘g (z,y) = x - y.
The constant Rg is a field structure and is defined by:
Rr = (R, ‘g, +wr; —r,1,0).
We now state two propositions:
(20) Rp =(R,r,+r, —r,1,0).
(21) Let x, y, z be elements of the carrier of Ryp. Then
r+y=y+uw,

1

)
(i) @+y)+z=z+(y+2),
(iii) z + Orp = ,
(iv) x4+ (—z) = Ogy,
(v) z-y=y-u,
(Vi) (z-y)-z=2-(y-2),
(vii; z- (lgp) =z,

(viii)  if 2 # Ogy, then there exists y being an element of the carrier of Rp such
that -y = 1gy,

(IX) ORF ?é 1|RF7

x) z-(y+z)=z-y+a-z

(xi) (y+z2) z=y-o+z

The mode field, which widens to the type a field structure, is defined by:

Let z, y, z be elements of the carrier of it . Then

) Tt+y=y+a,

) @ty t+z=z+(y+2),
iii) x40y =z,

) T+ (—Z') = Oit,

) T y=y-z,

) (@-y)z=z-(y-2),
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(vil) =z (li) = =,
(viii)  if z # O, then there exists y being an element of the carrier of it such that
x -y = li,
(iX) 0i¢ # L,
(x) z-(y+z2)=z-y+x-z,
(xi) (y+z)z=y-z+z
We now state a proposition
(22)  The following conditions are equivalent:

(i)  for all elements x, y, z of the carrier of F'S holds z + y = y + « and
(x+y)+z=2+(y+2) and 24+0pg =z and z+(—x) =Opsand z-y = y-x
and (x-y) -z =2 -(y-2) and = - (1ps) = = but if  # Opg, then there
exists y being an element of the carrier of F'S such that z -y = 1pg and
Ops #lpsand z-(y+2)=z-y+z-zand (y+2) -z =y -+ 2z,

(i) FSis a field.

In the sequel F is a field and x, y, z are elements of the carrier of F'. The
following propositions are true:

(23) z+y=y-+u.

(24) (z4y)+z=z+(y+2).

(25) z+4+0p ==.

(26) x4+ (—z)=0p.

(27) z-y=vy-m.

(28) (z-y)-z=a-(y-2)

(29) l‘(lp) = X.

(30) If x # Op, then there exists y such that x -y = 1p.
(31) Op #1p.

32) z-(y+z)=x-y+zx-zand (y+z2)-z=y-x+2- .
(33) Hfx#0pandx-y=ux-z, then y = z.

Let us consider F, . Let us assume that 2 # O0p. The functor 2! yields an
element of the carrier of F' and is defined by:

r-(z7h =1p.

We now state a proposition

(34) Ifzx#0p,thenz-z ' =1pandz7! 2= 1p.

We now define two new functors. Let us consider F, x, y. The functor z — y
yielding an element of the carrier of F', is defined by:

r—y=2x+(—y).
The functor % yielding an element of the carrier of F', is defined by:

T —1
L =qxq. .
y Yy

One can prove the following propositions:
35) z—y=z+(—y).
36) L=w- y~ L.
37) Ifz+y=x+2z theny=zbutifz+y=2z+y, then x = 2.
38)  —(z+y)=(—2)+(-y)

A~ N /N
J
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) x-0p=0pand Op -2 =0p.

) —(—x) ==
41)  (—z)-y=—-xz-y.

) (ma)-(-y)==z-y.

) z-(y—z)=x-y—x-2.

) x-y=0pif and only if z = 0p or y = Op.

We consider vector space structures which are systems

( scalars, a carrier, a multiplication )

where the scalars is a field, the carrier is an Abelian group, and the multipli-
cation is a function from [ the carrier of the scalars, the carrier of the carrier ] into
the carrier of the carrier. In the sequel V.S will denote a vector space structure.
Let us consider V.S. A vector of V.S is an element of the carrier of V 5.

One can prove the following proposition
(45)  For every element x of the carrier of V.S holds x is a vector of V'S.

Let us consider F'. The mode vector space structure over F', which widens to
the type a vector space structure, is defined by:
the scalars of it = F.

One can prove the following proposition

(46)  For every V.S being a vector space structure holds V.S is a vector space
structure over F' if and only if the scalars of V.S = F.

In the sequel V is a vector space structure over F'. The arguments of the
notions defined below are the following: F, V which are objects of the type
reserved above; x which is an element of the carrier of F'; v which is an element
of the carrier of V. The functor z - v yields an element of the carrier of V and is
defined by:

for every element x’ of the carrier of the scalars of V' such that 2’ = x holds
x - v =(the multiplication of V)(z’,v).

We now state a proposition

(47)  For every vector space structure V over F' for every element x of the
carrier of F for every element v of the carrier of V for every element x’ of the
carrier of the scalars of V such that 2’ = z holds x - v =(the multiplication
of V)(2',v).

Let us consider F'. The mode vector space over F', which widens to the type
a vector space structure over F, is defined by:

Let z, y be elements of the carrier of F'. Let v, w be elements of the carrier of
it . Then z-(v+w) = z-v+z-wand (zr+y) v =2x-v+y-vand (x-y)-v==2z-(y-v)
and (1p) - v =w.

We now state a proposition

(48)  The following conditions are equivalent:

(i)  for all elements z, y of the carrier of F' for all elements v, w of the
carrier of V holds - (v+w) =z -v+z-wand (x+y) - v=z-v+y-v
and (z-y)-v=x-(y-v)and (1p) -v =0,

(ii) V is a vector space over F.

339
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We follow a convention: V', V7 denote vector spaces over F, z, y denote
elements of the carrier of F', and v, w denote elements of the carrier of V. Let us
consider F', V. The functor Oy yielding an element of the carrier of V', is defined
by:

®V = Othe carrier of V-

One can prove the following propositions:

=~
=)
N~—

@V = Otho carrier of V-
) Oy +uv=w.

) v+Oy=u.

) U+(—U):@\/.

3) (—v)+v=06y.

4) —Oy =06y.

5 z-(v4+w)=zxz-v+z- w.
)

)

)

)

)

o

0
1

ot ot Ot
[\

v Ot
D

(x+y)-v=z-v+y-v.

(@-y)-v=x(y )

(1p)-v=w.

9) Op-v=0yand (—1p)-v=—vand z-(Oy) = Oy.

0 z-v =0y if and only if z = 0p or v = Oy.

Let us consider F', V. The mode VSS of V', which widens to the type a vector
space over F', is defined by: the carrier of the carrier of it Cthe carrier of the

carrier of V' and for all elements v, w of the carrier of it for all elements z, y of
the carrier of F' holds x - v+ y - w is an element of the carrier of it .

AN N N N N N N N N N S
Tt ot Ot ot
oo
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The following proposition is true

(61)  the carrier of the carrier of V3 Cthe carrier of the carrier of V' and for
all elements v, w of the carrier of V7 for all elements x, y of the carrier of
F holds z - v+ y - w is an element of the carrier of V7 if and only if V; is a
VSS of V.

In the sequel u, v, w will be elements of the carrier of V. We now state a
number of propositions:

(62) v—w=v+(—w).

(63) v+w =0y if and only if —v = w.

(64) (i) —(v+w)=(-v) —w,

(ii)) —(—v) =,
(i) —((—v)+w)=v—w,
(iv) —(v—w)=(-v)+w,
v) —((—v) —w)=v+w,
vi) u—(v+w)=w—-v)—w
65 Oy —v=—vand v — Oy = v.

)

66) x+ (—y)=0p if and only if z =y but x — y = O if and only if z = y.
7) Ifz#0p, then 27! (z-v) =v.

68)

69)

—z-v=(—z)-vandw—z-v=w+ (—x) - v.

A~ N N N
=)

x-(—v)=—x-0.
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(70) z-(v—w)=x-v—1T- W

(1) v—z-(y-w)=v—(x-y)- w.

(72) Ry is a field.

(73)  If 2 # Op, then (z7 1)~ = .

(74)  If 2 #0F, then 271 # 0p and —27! # Op.

(75)  For all elements z, y of R holds +g(z,y) =z + y.

(76)  For every element x of R for every real number z’ such that 2’ = x holds

—r(z) = -2

(77)  For all elements z, y of R holds ‘g (z,y) =z - y.
(78)  1gp + lgy # Org.
The mode Fano field, which widens to the type a field, is defined by:
Lit + Lit # Ojt.
The following proposition is true
(79)  For every field F' holds F' is a Fano field if and only if 1r + 1p # Op.
In the sequel F' will denote a field and a, b, ¢ will denote elements of the carrier
of F'. One can prove the following propositions:

(80) —(a—10b)=(—a)+0b.

81) —(a—0b)=0b—a.

(82) Op+a=a.

(83) (—a)+a=0p.

(84) Ifa—b=0p, then a =b.

(85) —0p =0p.

(86) If —a =0p, then a = 0p.

(87) Ifa—b=0p, thenb—a=0p.

(88) Ifa#0panda-c—b=0p, thenc=b-a"!butifa# 0r and b—c-a = 0p,

then c=b-a" %
(89) a+b=—((—a)+ (-D)).

(90) (a+b)—(a+c)=b—c.
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Summary. In the monography [5] W. Szmielew introduced the
parallelity planes (S; ||), where ||C SxSx S x.S. In this text we omit upper
bound axiom which must be satisfied by the parallelity planes (see also
E.Kusak [3]). Further we will list those theorems which remain true when
we pass from the parallelity planes to the parallelity spaces. We construct
a model of the parallelity space in Abelian group (F X F X F;+p, —r,0r),
where F' is a field.

MML Identifier: PARSP_1.

The papers [7], [6], [2], [1], and [4] provide the terminology and notation for this
paper. We follow the rules: F will denote a field, a, b, ¢, f, g, h will denote
elements of the carrier of F', and z, y will denote elements of [ the carrier of F,
the carrier of F,the carrier of F']. Let us consider F'. The functor +p yields a
binary operation on [ the carrier of F,the carrier of F,the carrier of F'] and is
defined by:

(+F)(ma y) = (:El +y1,22 +y2,23 + y3>

The following proposition is true

(1) (+F)($ay) = (331+y1,1‘2—|—y2,$3+y3).

Let us consider F', x, y. The functor x + y yielding an element of | the carrier
of F,the carrier of Fthe carrier of F' ], is defined by:

z+y=(+r)(z,y)

One can prove the following three propositions:
2) z+y=(+r)(z,9)

(3) r+y=(r1+y1,72+y2 73 +y3)

) Aa,b,c) +(f,9,h) = {a+ f,b+g,c+h).

!Supported by RPBP.II1-24.C6.
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Let us consider F'. The functor — r yielding a unary operation on [ the carrier
of F,the carrier of Fthe carrier of F' ], is defined by:

(=p)(x) = (- 21, 22, —23).

The following proposition is true

(5)  (=rp)() =(— 21,22, —23).

Let us consider F, z. The functor —z yields an element of [ the carrier of F,
the carrier of F,the carrier of F'] and is defined by:

—z = (—r)(@).

We now state two propositions:

©6)  (=p)(z)=—=.

(1) —x=(-21,~v2,—23).

In the sequel S denotes a set. Let us consider S. The mode 4-ary relation
over the S, which widens to the type a set, is defined by:

itClS, S, S, S

We now state a proposition

(8)  Forevery set Rholds R C [ S, S, S, S{if and only if R is a 4-ary relation

over the S.

We consider parallelity structures which are systems

( a universum, a parallelity )

where the universum is a non-empty set and the parallelity is a 4-ary relation
over the the universum. In the sequel F'is a field and PS is a parallelity structure.
The arguments of the notions defined below are the following: PS which is an
object of the type reserved above; a, b, ¢, d which are elements of the universum
of PS. The predicate a,b || ¢,d is defined by:

(a,b,c,d) ethe parallelity of PS.

Next we state a proposition

(9) For all elements a, b, ¢, d of the universum of PS holds a,b || ¢,d if and

only if {a,b,c,d) €the parallelity of PS.
Let us consider F. The functor F3 yields a non-empty set and is defined by:
F3 = [ the carrier of F,the carrier of F,the carrier of F .

Next we state a proposition
(10)  F3 = [ the carrier of F,the carrier of F,the carrier of FJ.

Let us consider F. The functor (F3)4 yields a non-empty set and is defined
by:
Y (F3)4 — [IF3, F3, F3, F3]
One can prove the following proposition
(11) (F3)4=[F3, F3, F3 F3].
We adopt the following convention: z will be arbitrary and a, b, ¢, d, e, f, g,
h will denote elements of [ the carrier of F,the carrier of F,the carrier of F']. Let
us consider F'. The functor Par’p yielding a set, is defined by:

x € Par’p if and only if the following conditions are satisfied:
(i) @e(F
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(ii)  there exist a, b, ¢, d such that x = {a,b,c,d) and (a1 — by) - (c2 — d2) —
(c1 —di1) - (a2 — b2) = Op and (a1 —b1) - (cg — d3) — (c1 —d1) - (a3 — b3) = Op
and (ag — b2) - (c3 — d3) — (c2 — d2) - (a3 — bg) = Op.
Next we state two propositions:
(12) (i)  For every z holds z € Par'y if and only if z € (F3)% and there exist
a, b, ¢, d such that x = (a,b,c,d) and (a3 — by) - (cg —dg) — (¢c1 — dq) -
(a2 —b2) = 0r and (ag —b1) - (c3 —d3) — (c1 —d1) - (ag — b3) = Op and
(az —b2) - (c3 — d3) — (c2 — d2) - (ag — bg) = O,
(i) Par'p is a set.
(13) Par'p C[F3, F3, F3, F3].
Let us consider F. The functor Pary yielding a 4-ary relation over the F'3, is
defined by:
Parp = Par'y.
We now state a proposition
(14) Parp = Par’p and Parp is a 4-ary relation over the F' 3
Let us consider F. The functor Affzs yields a parallelity structure and is
defined by:
Aff ps = (F3, Pary).
We now state three propositions:
(15)  Affps = (F3 Parp).
(16)  the universum of Aff s = F3.
(17)  the parallelity of Aff ps = Parp.
In the sequel a, b, ¢, d, p, q, r, s denote elements of the universum of Aff p3.

One can prove the following propositions:

(18) a,b || ¢, d if and only if (a,b, c,d) € Parp.

(19)  (a,b,c,d) € Parp if and only if the following conditions are satisfied:

() (ab,c,dy € (F3)4,

(ii) thereexist e, f, g, h such that {a,b,c,d) = (e, f,g,h) and (e1—f1) (92—
h2)—(91—h1)-(e2—f2) = Op and (e1—f1)-(93—h3)— (91 —h1)-(e3—f3) =
Op and (e2 — f2) - (93 — hg) — (92 — h2) - (e3 — f3) = Op.

(20)  a,b || ¢,d if and only if the following conditions are satisfied:

() (ab,c,d) € (F3)%.

(ii)  there exist e, f, g, h such that {(a,b,c,d) = {e, f,g,h) and (e1— f1) (92—
h2)—(91—h1)-(e2—f2) = Op and (e1—f1)-(93—h3)—(91—h1)-(e3—f3) =
Op and (e2 — f2) - (93 — hg) — (92 — h2) - (e3 — f3) = Op.

(21)  the universum of Aff zs = [ the carrier of F|the carrier of F,the carrier
of F'{.

(22)  (a,b,c,d) € (F3)4,

(23)  a,b || ¢,d if and only if there exist e, f, g, h such that {(a,b,c,d) =
(e, f,g9,h) and (ex — f1) - (92 — h2) — (91 — h1) - (e2 — f2) = Op and
(ex1—f1)- (93 —h3) — (91 —h1)-(e3 — f3) = O and (e2 — f2) (93 — h3) —
(92 — h2) - (e3 — f3) = Op.

1
1
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a,b || b,a.

a,b || c,c.

If a,b || p,q and a,b || 7, s, then p,q || r,s or a = b.
If a,b || a,c, then b,a || b, c.

There exists d such that a,b || ¢,d and a,c || b,d.

The mode parallelity space, which widens to the type a parallelity structure,
is defined by:
Let a, b, ¢, d, p, q, r, s be elements of the universum of it . Then

a,b || b,a,

a,b | ¢c,

if a,b|| p,q and a,b || r, s, then p,q || r,s or a = b,

if a,b || a,c, then b,a || b, c,

there exists x being an element of the universum of it such that a,b || ¢,z

and a,c || b, x.

We now state a proposition

(29)

(i)

(i)

Let P be a parallelity structure. Then the following conditions are equiv-
alent:

for all elements a, b, ¢, d, p, q, r, s of the universum of P holds a,b || b,a
and a,b || ¢,c but if a,b || p,q and a,b || r, s, then p,q || r,s or a = b but
if a,b || a,c, then b,a || b,c and there exists z being an element of the
universum of P such that a,b || ¢,z and a,c || b, x,

P is a parallelity space.

We follow the rules: PS denotes a parallelity space and a, b, ¢, d, p, q, r, s
denote elements of the universum of P.S. One can prove the following proposi-

tions:

(30
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(41)

a,b || b,a.

a,b || c,c.

If a,b || p,q and a,b || r, s, then p,q || r,s or a = b.

If a,b || a,c, then b,a || b, c.

There exists d such that a,b || ¢,d and a,c || b,d.

a,b || a,b.

If a,b || ¢,d, then ¢,d || a,b.

a,a || b,c.

If a,b || ¢,d, then b,a || ¢, d.

If a,b || ¢,d, then a,b || d,c.

If a,b || ¢,d, then b,a || ¢,d and a,b || d,c and b,a || d,c and ¢,d || a,b
and d,c || a,b and ¢,d || b,a and d, ¢ || b, a.

Suppose a,b || a,c. Then a,c || a,b and b,a || a,c and a,b || ¢,a and
a,c || b,a and b,a || ¢,a and c,a || a,b and ¢,a || b,a and b,a || b,c and
a,b || by,c and b,a || ¢,b and b,c || b,a and a,b || ¢,b and ¢,b || b,a and
b,c || a,b and ¢,b || a,b and c,a || ¢,b and a,c || ¢,b and ¢,a || b, ¢ and
a,c||b,cand ¢,b|| ¢,a and b,c || ¢,a and ¢,b || a,c and b,c || a,c.
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(42) Ifa=borc=dora=candb=dora=dandb=c, then a,b| c,d.
(43) Ifa#bandp,q| abanda,bl| rs, then p,q| rs.

(44) TIfa,bla,c, then a # b and b # ¢ and ¢ # a.

(45) If a,bltc,d, then a # b and ¢ # d.

(46)  Suppose a,b }f ¢,d. Then b,a )t ¢,d and a,b }f d,c and b,a }f d,c and

¢, dfa,band d,clfa,band ¢,d }fb,a and d,c}f b, a.

(47)  Suppose a,b }f a,c. Then a,c }f a,b and b,a }f a,c and a,b }f ¢,a and
a,cfb,a and b,a } c,a and c,a }f a,b and c,a }t b,a and b,a } b,c and
a,b }f b,c and b,a }f ¢,b and b,c }f b,a and b,a }f ¢,b and ¢, b }f b,a and
b,c )t a,b and ¢,b }f a,b and c,a } ¢,b and a,c }t ¢,b and c,a }f b,c and
a,clfb,cand c,b f c,a and b,clf c,a and ¢,b Jt a,c and b,c }f a,c.

(48) If a,b )t ¢,d and a,b || p,q and ¢,d || r,s and p # ¢ and r # s, then
D, qHrs.

(49) If a,blta,c and a,b || p,q and a,c || p,r and b,c || ¢,r and p # ¢, then
p,q #p,r.

(50) Ifa,blfa,cand a,c| p,r and b,c || p,r, then p =r.

(51) Ifp,g#p,r and p,r || p,s and ¢,7 || q, s, then r = s.

(52) Ifa,blfa,cand a,b| p,q and a,c|| p,r and a,c | p,s and b,c || g,r and
b,c| q,s, then r = s.

(563) Ifa,b| a,cand a,b || a,d, then a,b || ¢, d.

(54) If for all a, b holds a = b, then for all p, g, r, s holds p,q || r, s.

(55)  If there exist a, b such that a # b and for every ¢ holds a,b || a,c, then
for all p, ¢, 7, s holds p,q || r, s.

(56) If a,blta,c and p # ¢, then p,q ff p,a or p,q } p,bor p,q}tp,c.
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Summary. In this text we will present unpublished results by Eu-
geniusz Kusak. It contains an axiomatic description of the class of all
spaces (V; L¢), where V is a vector space over a field F, £ : V xV — F
is a bilinear antisymmetric form ie. &(z,y) = —&(y,z) and = L¢ y iff
&(x,y) = 0 for z, y € V. It also contains an effective construction of
bilinear antisymmetric form £ for given symplectic space (V; L) such that
1=1¢. The basic tool used in this method is the notion of orthogonal
projection J(a,b,x) for a,b,x € V. We should stress the fact that axioms
of orthogonal and symplectic spaces differ only by one axiom, namely:
xly+ez&y Ll z4+ex= 2L x+ey For e = +1 we get the axiom
characterizing symplectic geometry. For € = —1 we get the axiom on three
perpendiculars characterizing orthogonal geometry - see [1].

MML Identifier: SYMSP_1.

The terminology and notation used in this paper have been introduced in the
following papers: [2], and [3]. In the sequel F' will be a field. We consider
symplectic structures which are systems

( scalars, a carrier, an orthogonality )

where the scalars is a field, the carrier is a vector space over the scalars, and
the orthogonality is a relation on the carrier of the carrier of the carrier. The
arguments of the notions defined below are the following: S which is a symplectic
structure; a, b which are elements of the carrier of the carrier of S. The predicate
a 1 b is defined by:

{(a, b) €the orthogonality of S.

One can prove the following proposition

!Supported by RPBP.II1-24.C6.
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(1)  For every S being a symplectic structure for all elements a, b of the carrier
of the carrier of S holds a L b if and only if {a,b) €the orthogonality of S.

The mode symplectic space, which widens to the type a symplectic structure,
is defined by:

Let a, b, ¢, = be elements of the carrier of the carrier of it . Let [ be an element
of the carrier of the scalars of it . Then
(i) if @ # Othe carrier of it, then there exists y being an element of the carrier of
the carrier of it such that y [ a,

(i) ifa Lb, thenl-a Lb,

(ii) ifblaandc Ll a,thenb+c L a,

(iv) if b £ a, then there exists k being an element of the carrier of the scalars
of it such that x — k- b L a,

(v) ifalb+candb Ll c+a,thenc Ll a+bd.

In the sequel S is a symplectic structure. We now state a proposition

(2)  The following conditions are equivalent:

(i) for all elements a, b, ¢, x of the carrier of the carrier of S for every
element [ of the carrier of the scalars of S holds if a # Otpe carrier of 5, then
there exists y being an element of the carrier of the carrier of .S such that
yLabutifa L b thenl-a Lbbutifb |l aandc L a,thenb+c L abut
if b £ a, then there exists k being an element of the carrier of the scalars
of S such that x — k-b Labutifa Lb+cand b L ¢+ a, then ¢ L a+ b,

(ii) S is a symplectic space.

We follow the rules: S is a symplectic space, a, b, ¢, d, a’, V', p, q, x, y, z are
elements of the carrier of the carrier of S, and k, [ are elements of the carrier
of the scalars of S. Let us consider S. The functor Og yields an element of the
carrier of the scalars of S and is defined by:

OS = Otho scalars of S-

Next we state a proposition

(3) 05 = Othe scalars of S-

Let us consider S. The functor 2g yielding an element of the carrier of the
scalars of .S, is defined by:

QS = lthe scalars of S-

The following proposition is true

(4) QS = 1thc scalars of S

Let us consider S. The functor ©g yields an element of the carrier of the
carrier of S and is defined by:

95' = @thc carrier of S-

The following propositions are true:

5
6
7

65 = ®the carrier of S-
If a # Og, then there exists b such that b } a.

Ifa Lb thenl-a Lb.
Ifb Laandc L a,then b+c L a.
If b / a, then there exists [ such that z —[-b L a.

e
~— — — — ~—
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(25)
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Ifalb+candb Ll c+a,thencl a+b.

Os 1 a.

Ifa L b, then b L a.

Ifa Yband c+a L b, then c [ b.

Ifbfaand c L a,thenb+c [t a.
IfbYaandl#0g,thenl-b faandb f1]-a.

Ifa L b, then —a L b.

Ifa+blLcanda L ¢ thend L c

Ifa+bLlLcandb L ¢, then a L c

Ifafec thena+b Lcor (Rs+0s)-a+b Le.

Ifa' Yaanda Lband b L band b L a,thena +b L aanda' +b L b.
If a # ©g and b # Og, then there exists p such that p / a and p [ b.
If Qs+ Qg # 0g and a # Og and b # Og and ¢ # Og, then there exists

psuch that p Y aand p Y band p [ c.

Ifa—bldanda—c L d, thenb—cLd.
Ifbfaandz—k-bLaandx—1 b1l a,then k=1.
If Qg + Qg # 0g, then a 1 a.

Let us consider S, a, b, . Let us assume that b £ a. The functor J(a,b, )
yields an element of the carrier of the scalars of S and is defined by:

for every element [ of the carrier of the scalars of S such that x —1{-b L «a
holds J(a,b,x) = 1.

The following propositions are true:

26)
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Ifb faand x —1-b L a, then J(a,b,z) = .

Ifb Y a, then z — J(a,b,x) - b L a.

If b / a, then J(a,b,l-2)=1-J(a,b,x).

If b £ a, then J(a,b,z +vy) = J(a,b,x) + J(a,b,y).

If b  a and [ # Og, then J(a,l-b,2) =171 - J(a,b,z).

If b Y aand [ # 0g, then J(I-a,b,z) = J(a,b, z).

If b £ aandp L a, then J(a,b+ p,c) = J(a,b,c) and J(a,b,c + p) =
J(a,b,c).

Ifb Y aand p L band p L ¢ then J(a+ p,b,c) =J(a,b,c).

Ifb Y aand c—b L a, then J(a,b,c) = Qg.

If b Y a, then J(a,b,b) = Qg.

If b L a, then z L a if and only if J(a,b,z) = 0g.

If b / a and q [ a, then J(a,b,p) - J(a,b,q)~ = J(a,q,p).

If b £ a and ¢ f a, then J(a,b,c) = J(a,c,b) 7.

Ifb ) aand b L c+ a,then J(a,b,c) = J(c,b,a).

If a £ band c [ b, then J(c,b,a) = (—=J(b,a,c)™") - J(a,b,c).

If Q¢+ Q¢ #0g anda £ pand a £ gqand b L p and b L g, then

J(a7p7Q) : J(b7Q7p) = J(p7a7b) . J(Q7 b7 CL).
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(42) I Qs+ Qs #0sandp £ aand p L x and ¢ £ a and ¢ L z, then
J(aa Q7p) ’ J(pv a, SL’) = J(:L‘a (Lp) ! J(Qa a, l‘)

(43)  Suppose Qg+ Qg # 0s and p L a and p £ x and ¢ £ a and ¢ £ = and
b 7‘Y— a. Then (J(CL, bvp)‘J(p7 a, (E))‘J(.T,p, y) = (J(a7 ba Q)‘J(% a, .’L‘))J(l‘, q, y)

(44) Ifa fLpand z [ pandy L p, then J(p,a,x) - J(z,p,y) = (=J(p,a,y)) -
J(y, p, ).

Let us consider S, x, y, a, b. Let us assume that b } a and Qg+ Qg # 0g. The
functor x -4 y yields an element of the carrier of the scalars of S and is defined
by:

for every ¢ such that ¢ /£ a and ¢ £ « holds = - vy = (J(a,b,q) - J(q,a,x)) -
J(z,q,y) if there exists p such that p £ a and p [ z, x -, y = Og if for every p
holdsp L aorp L .

One can prove the following propositions:

(45) If Qg+ Qg # 0sand b L aand p L a and p L z, then x -,y =
(J((l, bvp) : J(p, a, :L‘)) ’ J(l‘,p, y)

(46) If Qg+ Qg # 0g and b £ a and for every p holds p L a or p L z, then
Tably = Os.

(47) IfQs+Qg#0gand b £ a and z = Og, then z -4 y = Og.

(48) IfQg+ Qg #0gand b f a, then x4y = 0g if and only if y L .

(49) IfQs+Qg#0sandb fa,then zqpy = —y gy .

(50) IfQs+Qs#0sandb La,thenz gy (I-y)=1-2qpy.

(51) Qs+ Qs#0sandb fLa,thenz gy (Y+2) =T qpy+ T qp 2.
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in orthogonal vector space '
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Summary. In this text we present unpublished results by Eugeniusz
Kusak and Wojciech Leoniczuk. They contain an axiomatic description of
the class of all spaces (V; L¢), where V is a vector space over a field
F,£:V xV — Fis a bilinear symmetric form ie. &(z,y) = £(y,z)
and x L¢ y iff {(z,y) = 0 for z, y € V. They also contain an effective
construction of bilinear symmetric form £ for given orthogonal space (V;
1) such that L=_1,. The basic tool used in this method is the notion of
orthogonal projection J(a,b,x) for a,b,x € V. We should stress the fact
that axioms of orthogonal and symplectic spaces differ only by one axiom,
namely: z | y+ez&y L z4+ex = z L x+¢ey. For e = —1 we get the axiom
on three perpendiculars characterizing orthogonal geometry. For ¢ = +1
we get the axiom characterizing symplectic geometry - see [1].

MML Identifier: ORTSP_1.

The papers [2], and [3] provide the terminology and notation for this paper. In
the sequel F' will be a field. We consider orthogonality structures which are
systems

( scalars, a carrier, an orthogonality )

where the scalars is a field, the carrier is a vector space over the scalars,
and the orthogonality is a relation on the carrier of the carrier of the carrier.
The arguments of the notions defined below are the following: O which is an
orthogonality structure; a, b which are elements of the carrier of the carrier of O.
The predicate a L b is defined by:

(a,b) €the orthogonality of O.

The following proposition is true

(1)  For every O being an orthogonality structure for all elements a, b of the
carrier of the carrier of O holds a L b if and only if {a,b) €the orthogonality
of O.
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The mode orthogonality space, which widens to the type an orthogonality
structure, is defined by:
Let a, b, ¢, d, © be elements of the carrier of the carrier of it . Let [ be an
element of the carrier of the scalars of it . Then
(1) if a 7é C_')the carrier of it and b 7’é @tho carrier of it and ¢ 7& @the carrier of it and
d # Othe carrier of it, then there exists p being an element of the carrier of the
carrier of it such that p Y aand p Y band p J/ cand p Y d,
(i) ifa Lb, thenl-a Lb,
(ii) ifb L aandc L a,thenb+c L a,
(iv) if b L a, then there exists k being an element of the carrier of the scalars
of it such that x — k- b L a,
(v) ifalb—candblc—a,thencla—0b.
In the sequel S will denote an orthogonality structure. Next we state a propo-
sition
(2)  The following conditions are equivalent:
(i) for all elements a, b, ¢, d, x of the carrier of the carrier of S for every
element [ of the carrier of the scalars of S holds if a # Opne carrier of § and

b 7& 9tho carrier of S and c 7& @tho carrier of S and d 7& @the carrier of S then
there exists p being an element of the carrier of the carrier of S such that

pYaandp fbandp f candp Y dbutifa L b, thenl-a L bbutifd L a
and ¢ L a, then b4c¢ L a but if b [ a, then there exists k being an element
of the carrier of the scalars of S such that xt —k-b L a butif a L b— ¢ and
blc—a,thenc 1l a—b,
(i) S is an orthogonality space.
We adopt the following convention: S denotes an orthogonality space, a, b, c,
d, p, q, x, y, z denote elements of the carrier of the carrier of S, and k, [ denote
elements of the carrier of the scalars of S. Let us consider S. The functor Og
yielding an element of the carrier of the scalars of S, is defined by:
05 = Othe scalars of S-
One can prove the following proposition

(3) 0s = Othe scalars of -

Let us consider S. The functor g yields an element of the carrier of the
scalars of .S and is defined by:

QS = 1th0 scalars of S-

The following proposition is true

(4) QS = 1the scalars of S-

Let us consider S. The functor ©g yields an element of the carrier of the
carrier of S and is defined by:

95’ = @the carrier of S-

One can prove the following propositions:

(5) 95’ = @tho carrier of S-

(6) Ifa+#0Ogandb+#0Ogand c# Og and d # Og, then there exists p such

that p Y aand p Y band p f cand p [ d.
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Ifa Lb thenl-a Lb.

Ifb Laandc L a,then b+c L a.

If b [ a, then there exists k such that z — k-0 L a.
Ifalb—candblc—a,thenc L a—b.

Os L a.

If a L b, then b L a.

Ifa Yband c+a L b, then ¢ [ b.

Ifb Yaandc L a,thenb+c f a.

Ifbfaandl# 0g,thenl-b Laand b L1 a.

If a L b, then —a L b.
Ifa+blLcanda L ¢ thend L c
Ifa+bLlcandbd L ¢, then a L c
Ifa—bldanda—cLd, thenb—c Ld.
Ifbfaandx—k-bLaandx—1-b1 a,then k=1
Ifalaandb b, thena+b 1L a—>b.

If Qg 4+ Qg # 0g and there exists a such that a # Og, then there exists

b such that b [ b.

Let us consider S, a, b, x. Let us assume that b £ a. The functor J(a,b, )
yielding an element of the carrier of the scalars of S, is defined by:

for every element [ of the carrier of the scalars of S such that x —1-b L «a
holds J(a,b,x) =I.

Next we state a number of propositions:
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Ifb faand x —1-b L a, then J(a,b,x) = L.

Ifb Y a, then z — J(a,b,x) - b L a.

Ifb £ a, then J(a,b,l-x)=1-J(a,b,z).

If b £ a, then J(a,b,x +y) = J(a,b,x) + J(a,b,y).

If b / a and [ # Og, then J(a,l-b,z) =171 J(a,b,x).

If b Y aandl # 0g, then J(I-a,b,x) = J(a,b,x).

Ifb f aand p L a, then J(a,b+ p,c) = J(a,b,c) and J(a,b,c+ p) =
J(a,b,c).

Ifb Y aand p L band p L ¢ then J(a+ p,b,c) = J(a,b,c).

Ifb faand c—b L a, then J(a,b,c) = Qg.

If b Y a, then J(a,b,b) = Qg.

If b L a, then z L a if and only if J(a,b,z) = Og.

If b  a and q [ a, then J(a,b,p) - J(a,b,q)~! = J(a,q,p).

If b £ a and ¢ f a, then J(a,b,c) = J(a,c,b)~t.

Ifbfaand bl c+ a,then J(a,b,c) = —J(c,b,a).

If a £ band c [ b, then J(c,b,a) = J(b,a,c)~' - J(a,b,c).
Ifpfaandp £ zand ¢ L a and g [ z, then J(a,q,p) - J(p,a,x) =

J(Q7 a, CL’) ' J(xv Q7p)-
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(39) Suppose p L aand p L x and ¢ £ a and ¢ L x and b £ a. Then
(J((Z?bvp) ' J(p,a,:z:)) : ‘]($7pay) = (‘](a7 ba Q) : J(Qa (I,ZL')) : J(:‘Ca Qay)'
(40) Ifa L pand z [ pand y L p, then J(p,a,z) - J(z,p,y) = J(p,a,y) -
J(y,p, ).
Let us consider S, z, y, a, b. Let us assume that b £ a. The functor x -, ¥y
yielding an element of the carrier of the scalars of S, is defined by:
for every ¢ such that ¢ £ a and ¢ £ x holds z -,y = (J(a,b,q) - J(¢,a,x)) -
J(z,q,y) if there exists p such that p Y a and p £ z, x -4 y = Og if for every p
holdsp L aorp L .
One can prove the following propositions:
(41) Ifb faandp f aand p L x, then x -upy = (J(a,b,p) - J(p,a,x)) -
J(z,p,y).
If b /£ a and for every p holds p L a or p L x, then x4 y = Og.
Ifb faand x =0Og, then x -4 y = 0g.
Ifb L a,then x-,;y = 0g if and only if y L .

42

PN
=

IfbLa, thenx opy =1y -qp2.
Ifb L a,thenqp (I-y) =134y
Ifbfa,thenx oy (Y+2) =2 qpy+ T ap 2.
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Summary. In the article we define partial functions. We also define
the following notions related to partial functions and functions themselves:
the empty function, the restriction of a function to a partial function from
a set into a set, the set of all partial functions from a set into a set, the
total functions, the relation of tolerance of two functions and the set of
all total functions which are tolerated by a partial function. Some simple
propositions related to the introduced notions are proved. In the beginning
of this article we prove some auxiliary theorems and schemas related to the
articles: [1] and [2].

MML Identifier: PARTFUN1.

The terminology and notation used in this paper are introduced in the following
articles: [4], [1], [2], and [3]. We adopt the following convention: z, y, y1, y2, 2,
21, z9 will be arbitrary, P, Q, X, X', X1, X5,Y, Y’ Y1, Y5, V., Z will denote sets,
and C, D will denote non-empty sets. One can prove the following propositions:
(1) If PC [IXl, Yl] and Q) C [IXQ, Yé], then PUQ@ C [1X1UX2, Y1UY21].
(2)  For all functions f, g such that for every x such that € dom f Ndom g
holds f(z) = g(z) there exists h being a function such that graph f U
graph g = graph h.
(3)  For all functions f, g, h such that graph f U graph g = graph h for every
x such that z € dom f Ndom g holds f(x) = g(z).

(4)  For arbitrary f such that f € YX holds f is a function from X into Y.

In the article we present several logical schemes. The scheme LambdaC' deals
with a constant A that is a set, a unary predicate P , a unary functor F and a
unary functor G and states that:

there exists f being a function such that dom f = A and for every x such that
z € A holds if Plz], then f(x) = F(z) but if not P[z], then f(z) = G(z)
for all values of the parameters.

!Supported by RPBP.I11-24.C1

@ 1990 Fondation Philippe le Hodey
357 ISSN 0777-4028



358 C7zESELAW BYLINSKI

The scheme LambdalC deals with a constant A that is a set, a constant B
that is a set, a unary predicate P , a unary functor F and a unary functor G and
states that:

there exists f being a function from A into B such that for every x such that
x € A holds if Plz], then f(x) = F(z) but if not P[z], then f(z) = G(z)
provided the parameters satisfy the following condition:

e for every z such that = € A holds if P[z], then F(x) € B but if not

Plz], then G(z) € B.

The constant O is a function and is defined by:

graph 0 = ().

Next we state a number of propositions:

(5)  For every function f such that graph f = () holds O = f.
(6) graphd=0.
(7y O=0.
(8)  For every function f such that dom f =) or rng f = 0 holds O = f.
(9) domOd=0.

(10) rngd=1.

(11)  For every function f holds f-O0=0and O- f =0.

(12) idy =0

(13) O is one-to-one.

(14) oO't=0.

(15)  For every function f holds f | § = O.

(I6) DOrXxX=n0.

(17)  For every function f holds 0 | f = O.

(1I8) Y ro=n0.

(19) O°X =40.

(200 O~ 'y =0.

(21) O is a function from () into Y.

(22)  For every function f from ) into Y holds f = 0O.

Let us consider X, Y. The mode partial function from X to Y, which widens
to the type a function, is defined by:

domit C X and rngit C Y.

Next we state a number of propositions:

(23)  For every function f holds f is a partial function from X to Y if and
only if dom f C X and rng f C Y.

(24)  For every function f holds f is a partial function from dom f to rng f.
(25)  For every function f such that rng f C Y holds f is a partial function
from dom f to Y.

(26)  For every partial function f from C to D such that y € rng f there exists
x being an element of C' such that x € dom f and y = f(x).
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(27)  For every partial function f from X to Y such that = € dom f holds
flz)eY.

(28)  For every partial function f from X to Y such that dom f C Z holds f
is a partial function from Z to Y.

(29)  For every partial function f from X to Y such that rng f C Z holds f is
a partial function from X to Z.

(30)  For every partial function f from X to Y such that X C Z holds f is a
partial function from Z to Y.

(31)  For every partial function f from X to Y such that Y C Z holds f is a
partial function from X to Z.

(32) For every partial function f from X; to Y7 such that X; C Xy and
Y1 C Y5 holds f is a partial function from X to Y.

(33)  For every function f for every partial function g from X to Y such that
graph f C graph g holds f is a partial function from X to Y.

(34) For all partial functions fy, fo from C to D such that X = dom f;
and X = dom fo and for every element x of C such that x € X holds
fi(x) = fa(z) holds f1 = fo.

(35)  For all partial functions f1, f2 from [ X, Y ] to Z such that V = dom f;
and V = dom f; and for all x, y such that (x,y) € V holds f1({z,y)) =

f2({z,y)) holds f1 = fa.

Now we present four schemes. The scheme PartFuncEz concerns a constant
A that is a set, a constant 3 that is a set and a binary predicate P and states
that:

there exists f being a partial function from A to B such that for every x holds
x € dom f if and only if x € A and there exists y such that P|[x,y] and for every
x such that = € dom f holds Pz, f(x)]
provided the parameters satisfy the following conditions:

e for all z, y such that x € A and P[z,y| holds y € B,

e for all z, y1, y2 such that x € A and Plz,yi] and P[z,ys] holds

Y1 =Y.

The scheme LambdaR concerns a constant A that is a set, a constant B that
is a set, a unary functor F and a unary predicate P and states that:

there exists f being a partial function from A to B such that for every = holds
x € dom f if and only if x € A and P[z] and for every z such that x € dom f
holds f(z) = F(x)
provided the parameters satisfy the following condition:

e for every z such that P[z] holds F(x) € B.

The scheme PartFuncEx2 concerns a constant A that is a set, a constant B3
that is a set, a constant C that is a set and a ternary predicate P and states that:

there exists f being a partial function from [ .4, B ] to C such that for all z, y
holds (z,y) € dom f if and only if z € A and y € B and there exists z such that
Plz,y, z] and for all x, y such that (z,y) € dom f holds P[z,y, f({x,y))].
provided the parameters satisfy the following conditions:

e for all z, y, z such that x € A and y € B and P[z,y, 2] holds z € C,
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e for all x, y, 21, 22 such that z € A and y € B and P[z,y, 21] and
Plz,y, z2] holds 21 = 29.

The scheme LambdaR2 concerns a constant A that is a set, a constant B that
is a set, a constant C that is a set, a binary functor F and a binary predicate P
and states that:

there exists f being a partial function from [ .4, B ] to C such that for all z, y
holds (z,y) € dom f if and only if x € A and y € B and P[z,y] and for all z, y
such that (z,y) € dom f holds f({z,y)) = F(z,y)
provided the parameters satisfy the following condition:

e for all z, y such that P[z,y] holds F(x,y) € C.

The arguments of the notions defined below are the following: X, Y, V, Z
which are objects of the type reserved above; f which is a partial function from
X to Y; g which is a partial function from V to Z. Then g- f is a partial function
from X to Z.

One can prove the following propositions:

(36)  For every partial function f from X to Y holds f-idx = f.

(37)  For every partial function f from X to Y holds idy -f = f.

(38)  For every partial function f from C to D such that for all elements z1,
x9 of C such that 1 € dom f and z2 € dom f and f(z1) = f(x2) holds
x1 = x9 holds f is one-to-one.

(39)  For every partial function f from X to Y such that f is one-to-one holds
f~!is a partial function from Y to X.

(40)  For every function f from X into Y such that if Y = (), then X = () but
f is one-to-one holds f~! is a partial function from Y to X.

(41)  For every function f from X into X such that f is one-to-one holds f 1
is a partial function from X to X.

(42)  For every function f from X into D such that f is one-to-one holds f !
is a partial function from D to X.

(43)  For every partial function f from X to Y holds f | Z is a partial function
from Z to Y.

(44)  For every partial function f from X to Y holds f | Z is a partial function
from X to Y.

(45)  For every partial function f from X to Y holds Z | f is a partial function
from X to Z.

(46)  For every partial function f from X to Y holds Z | f is a partial function
from X to Y.

(47)  For every function f holds (Y | f) | X is a partial function from X to
Y

(48)  For every partial function f from X to Y holds (Y’ | f) | X' is a partial
function from X to Y.

(49)  For every partial function f from C to D such that y € f° X there exists
x being an element of C' such that x € dom f and y = f(z).

(50)  For every partial function f from X to Y holds f° P C Y.
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The arguments of the notions defined below are the following: X, Y which
are objects of the type reserved above; f which is a partial function from X to
Y'; P which is an object of the type reserved above. Then f ° P is a subset of Y.

We now state two propositions:
(51)  For every partial function f from X to Y holds f ° X =rng f.
(52)  For every partial function f from X to Y holds f ' Q@ C X.

The arguments of the notions defined below are the following: X, Y which
are objects of the type reserved above; f which is a partial function from X to
Y; Q which is an object of the type reserved above. Then f ~! Q is a subset of
X.

Next we state a number of propositions:
(53)  For every partial function f from X to Y holds f ! Y = dom f.
(54)  For every partial function f from () to Y holds dom f = §) and rng f = 0.

(55)  For every function f such that dom f = ) holds f is a partial function
from X to Y.

(56) O is a partial function from X to Y.
(57)  For every partial function f from () to Y holds f = O.

(58)  For every partial function f; from ) to Y; for every partial function f
from @) to Y5 holds f; = fo.

(59)  For every partial function f from () to Y holds f is one-to-one.

(60)  For every partial function f from @) to Y holds f ° P = ().

(61)  For every partial function f from () to Y holds f ~!1 Q = 0.

(62)  For every partial function f from X to () holds dom f = () and rng f = 0.
(63)

For every function f such that rng f = () holds f is a partial function
from X to Y.

(64)  For every partial function f from X to () holds f = O.

(65)  For every partial function f; from X; to () for every partial function fo
from X5 to () holds f; = fo.

(66)  For every partial function f from X to () holds f is one-to-one.

(67)  For every partial function f from X to @) holds f ° P = 0.

(68)  For every partial function f from X to @) holds f ' Q = 0.

(69)  For every partial function f from {z} to Y holds rng f C {f(z)}.

(70)  For every partial function f from {z} to Y holds f is one-to-one.

(71)  For every partial function f from {z} to Y holds f° P C {f(x)}.

(72)  For every function f such that dom f = {z} and z € X and f(z) € Y

holds f is a partial function from X to Y.

(73)  For every partial function f from X to {y} such that z € dom f holds
flz) =y.

(74)  For all partial functions f1, f2 from X to {y} such that dom f; = dom f5

holds fl = f2.
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The arguments of the notions defined below are the following: f which is a
function; X, Y which are sets. The functor f;x-y yielding a partial function
from X to Y, is defined by:

fixey =Y 1) 1X.
We now state a number of propositions:

(75)  For every function f for all X, Y holds fix—y =Y | f) | X.

(76)  For every function f holds graph(f;x—-y) C graph f.

(77)  For every function f holds dom(f;x=y) C dom f and rng(fix=y) C
rng f.

(78)  For every function f holds € dom(f;x—-y) if and only if € dom f
and r € X and f(z) €Y.

(79)  For every function f such that z € dom f and z € X and f(z) € Y holds
(fix=y)(x) = f(z).

(80)  For every function f such that x € dom(f;x-y) holds (fix=y)(z) =
f(z).

(81)  For all functions f, g such that graph f C graph g holds graph(f;x-y) C
graph(g;x—=y ).

(82)  For every function f such that Z C X holds
graph(fjz—y) C graph(fix~y) .

(83)  For every function f such that Z C Y holds
graph(fix-z) C graph(fjx~y) .

(84)  For every function f such that X; C X, and Y7 C Y5 holds
graph(fix,~y;) € graph(fix,-y;) -

(85)  For every function f such that dom f C X and rmgf C Y holds f =
fix-y-

(86)  For every function f holds f = fidom - g f -

(87)  For every partial function f from X to Y holds fix-y = f.

(88)  For every function f from X into Y such that if Y = (), then X = ()
holds er_')y = f

(89)  For every function f from X into X holds fix-x = f.

(90)  For every function f from X into D holds fix—p = f.

(91) Oix-y =0

(92)  For all functions f, g holds graph((g;y—=z)-(fix=vy)) C graph(g- fix—=z)-
(93) For all functions f, ¢g such that rng f Ndomg C Y holds (g;y=z) -

(fixov) =9 fixoz.
(94)  For every function f such that f is one-to-one holds f;x_-y is one-to-one.

(95)  For every function f such that f is one-to-one holds (fjx-y)™ ! =

vax.
(96)  For every function f holds (fix=y) I Z = fixnz=y -
(97)  For every function f holds Z | (fix=yv) = fix=zny-
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The arguments of the notions defined below are the following: X, Y which
are objects of the type reserved above; f which is a partial function from X to
Y. The predicate f is total is defined by:

dom f = X.

We now state a number of propositions:

(98)  For every partial function f from X to Y holds f is total if and only if
dom f = X.

(99)  For every partial function f from X to Y such that f is total and Y = ()
holds X = (.

(100)  For every partial function f from X to Y such that dom f = X holds f
is a function from X into Y.

(101)  For every partial function f from X to Y such that f is total holds f is
a function from X into Y.

(102)  For every partial function f from X to Y such that if Y = (), then X = ()
but f is a function from X into Y holds f is total.

(103)  For every function f from X into Y for every partial function f’ from X
to Y such that if Y = 0, then X = () but f = f’ holds f’ is total.

(104)  For every function f from X into Y such that if Y = (), then X = ()
holds f;x—-y is total.

(105)  For every function f from X into X holds f;x—x is total.
(106)  For every function f from X into D holds f;x—p is total.

(107)  For every partial function f from X to Y such that if Y = (), then X = ()
there exists ¢ being a function from X into Y such that for every x such
that x € dom f holds g(z) = f(z).

(108)  For every partial function f from X to D there exists g being a function
from X into D such that for every x such that x € dom f holds g(z) = f(x).

(109)  For every function f from X into Y such that if Y = (), then X = ()
holds f is a partial function from X to Y.

(110)  For every function f from X into X holds f is a partial function from X
to X.

(111)  For every function f from X into D holds f is a partial function from X
to D.

(112)  For every partial function f from ) to Y holds f is total.

(113)  For every function f such that f;x_y is total holds X C dom f.

(114)  If O;x—y is total, then X = 0.

(115)  For every function f such that X C dom f and rng f C Y holds f;x-y
is total.

(116)  For every function f such that f;x_y is total holds f° X C Y.

(117)  For every function f such that X C dom f and f° X CY holds fjx-y
is total.

Let us consider X, Y. The functor XY yielding a non-empty set, is defined
by:
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r € XY if and only if there exists f being a function such that z = f and
domfC X andrngf CVY.

We now state a number of propositions:

(118)  For every non-empty set F' holds F' = XY if and only if for every x
holds z € F if and only if there exists f being a function such that z = f
and dom f C X andrng f C Y.

(119)  For every partial function f from X to Y holds f € X=>Y.
(120)  For arbitrary f such that f € XY holds f is a partial function from

XtoY.
(121)  For every element f of X—=Y holds f is a partial function from X to Y.
(122) 0-=Y ={0O}.
(123) X0 ={0O}.
(124) YX C X5Y.
(125) If Z C X, then Z>Y C X-5Y.
(126) 0-Y C XY,
(127) If ZC Y, then X-5Z C X-5Y.
(128) If X3 € X5 and Y7 C Y5, then X;5Y] C Xo5Ys.

Let f, g be functions. The predicate f = g is defined by:
for every x such that = € dom f N'dom g holds f(z) = g(x).
The following propositions are true:
(129)  For all functions f, g holds f ~ ¢ if and only if for every x such that
x € dom f Ndom g holds f(z) = g(x).
(130)  For all functions f, g holds f =~ g if and only if there exists h being a
function such that graph f U graph g = graph h.
(131)  For all functions f, g holds f =~ g if and only if there exists h being a
function such that graph f C graph h and graph g C graph h.

(132)  For all functions f, g such that dom f C domg holds f =~ ¢ if and only
if for every x such that x € dom f holds f(x) = g(z).

(133)  For all functions f, g holds f ~ f.

(134)  For all functions f, g such that f ~ g holds g =~ f.

(135)  For all functions f, g such that graph f C graph g holds f =~ g.

(136)  For all functions f, g such that dom f = domg and f ~ g holds f = g.

(137)  For all functions f, g such that f = g holds f ~ g.

(138)  For all functions f, g such that dom f Ndomg = 0 holds f =~ g.

(139) For all functions f, g, h such that graph f C graphh and graphg C

graph h holds f ~ g.

(140)  For all partial functions f, g from X to Y for every function h such that
f = h and graph g C graph f holds g ~ h.

(141)  For every function f holds O~ f and f ~ O.

(142)  For every function f holds O;xy =~ f and f ~ O;x=y .-

(143)  For all partial functions f, g from X to {y} holds f =~ g.
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(144)  For every function f holds f | X =~ fand f | X =~ f.

(145)  For every function f holds Y | f~ fand f~Y | f.

(146)  For every function f holds (Y [ f) | X = fand f~ (Y | f) I X.

(147)  For every function f holds fix-y ~ f and f ~ fix_~y.

(148)  For all partial functions f, g from X to Y such that f is total and g is

total and f & g holds f = g.

(149)  For all functions f, g from X into Y such that if Y = (), then X = ) but
f =~ gholds f =g.

(150)  For all functions f, g from X into X such that f ~ g holds f = g.

(151)  For all functions f, g from X into D such that f =~ g holds f = g.

(152)  For every partial function f from X to Y for every function g from X
into Y such that if Y = (), then X = () holds f = ¢ if and only if for every
x such that = € dom f holds f(z) = g(x).

(153)  For every partial function f from X to X for every function g from X
into X holds f ~ ¢ if and only if for every z such that x € dom f holds
f(z) = g().

(154)  For every partial function f from X to D for every function g from X
into D holds f =~ g if and only if for every x such that x € dom f holds
f(@) = g().

(155)  For every partial function f from X to Y such that if Y = (), then X = ()
there exists g being a function from X into Y such that f =~ g¢.

(156)  For every partial function f from X to X there exists g being a function
from X into X such that f =~ g.

(157)  For every partial function f from X to D there exists g being a function
from X into D such that f ~ g.

(158)  For all partial functions f, g, h from X to Y such that f ~ h and g =~ h
and h is total holds f ~ g.

(159)  For all partial functions f, g from X to Y for every function h from X
into Y such that if Y = (), then X = () but f ~ h and g ~ h holds f ~ g.

(160)  For all partial functions f, g from X to X for every function h from X
into X such that f ~ h and g = h holds f ~ g.

(161)  For all partial functions f, g from X to D for every function h from X
into D such that f ~ h and g &~ h holds f =~ g.

(162)  For all partial functions f, g from X to Y such that if Y = (), then X = ()
but f =~ g there exists h being a partial function from X to Y such that h
is total and f ~ h and g =~ h.

(163)  For all partial functions f, g from X to Y such that if Y = ), then X = ()
but f ~ g there exists h being a function from X into Y such that f ~ h
and g ~ h.

The arguments of the notions defined below are the following: X, Y which
are objects of the type reserved above; f which is a partial function from X to
Y. The functor TotFuncs f yields a set and is defined by:
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x € TotFuncs f if and only if there exists g being a partial function from X
to Y such that ¢ = x and g is total and f =~ g.

The following propositions are true:

(164) For all X, Y for every partial function f from X to Y for every Z holds
Z = TotFuncs f if and only if for every x holds x € Z if and only if there
exists g being a partial function from X to Y such that ¢ = = and g is
total and f ~ g.

(165)  For every partial function f from X to Y for every function g from X
into Y such that if Y = (), then X = ) but f ~ ¢ holds g € TotFuncs f.

(166)  For every partial function f from X to X for every function g from X
into X such that f ~ ¢ holds g € TotFuncs f.

(167)  For every partial function f from X to D for every function g from X
into D such that f ~ g holds g € TotFuncs f.

(168)  For every partial function f from X to Y for arbitrary g such that g €
TotFuncs f holds g is a partial function from X to Y.

(169)  For all partial functions f, g from X to Y such that g € TotFuncs f holds
g is total.

(170)  For every partial function f from X to Y for arbitrary g such that g €
TotFuncs f holds g is a function from X into Y.

(171)  For every partial function f from X to Y for every function g such that
g € TotFuncs f holds f ~ g and g = f.

(172)  For every partial function f from X to () such that X # () holds
TotFuncs f =0 .

(173)  For every partial function f from X to Y holds TotFuncs f C Y X.

(174)  For every partial function f from X to Y holds f is total if and only if
TotFuncs f = {f}.

) For every partial function f from () to Y holds TotFuncs f = {f}.

) For every partial function f from () to Y holds TotFuncs f = {O}.
177)  TotFuncs(Oyx-y ) = Y.

) For every function f from X into Y such that if Y = (), then X = ()
holds TotFuncs(fix—-y) = {f}
(179)  For every function f from X into X holds TotFuncs(fix-x) = {f}.
(180)  For every function f from X into D holds TotFuncs(fix—~p) = {f}.

(181)  For every partial function f from X to {y} for every function g from X
into {y} holds TotFuncs f = {g}.

(182)  For all partial functions f, ¢ from X to Y such that graphg C graph f
holds TotFuncs f C TotFuncs g.

(183)  For all partial functions f, g from X to Y such that domg C dom f and
TotFuncs f C TotFuncs g holds graph g C graph f.

(184)  For all partial functions f, g from X to Y such that TotFuncs f C
TotFuncs g and for every y holds Y # {y} holds graph g C graph f.
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(185)  For all partial functions f, g from X to Y such that TotFuncs f N
TotFuncs g # () holds f =~ g.

(186)  For all partial functions f, g from X to Y such that if Y = (), then X = ()
but f ~ g holds TotFuncs f N TotFuncs g # 0.

(187)  For all partial functions f, g from X to Y such that for every y holds
Y # {y} and TotFuncs f = TotFuncs g holds f = g.
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Summary. In the article we deal with a binary operation that is
associative, commutative. We define for such an operation a functor that
depends on two more arguments: a finite set of indices and a function
indexing elements of the domain of the operation and yields the result
of applying the operation to all indexed elements. The definition has a
restriction that requires that either the set of indices is non empty or the
operation has the unity. We prove theorems describing some properties of
the functor introduced. Most of them we prove in two versions depending
on which requirement is fulfilled. In the second part we deal with the
union of finite sets that enjoys mentioned above properties. We prove
analogs of the theorems proved in the first part. We precede the main
part of the article with auxiliary theorems related to boolean properties of
sets, enumerated sets, finite subsets, and functions. We define a casting
function that yields to a set the empty set typed as a finite subset of the
set. We prove also two schemes of the induction on finite sets.

MML Identifier: SETWISEQ.

The terminology and notation used in this paper have been introduced in the
following articles: [5], [4], [7], [6], [2], [1], and [3]. We adopt the following rules: x,
y, z will be arbitrary and X, Y, Z, X' Y’ will be sets. The following propositions
are true:

(1) If {z} C{y}, then x = y.

2)  A{x,y,z} #0.

{z} C{z,y, 2}.

{z.y} S {z,y, 2}

FXCYU{z}, thenze Xor X CY.

x € XU{y}if and only if z € X or xz = y.
FXUYCZ, then XCZandY C Z.

w

(@)
—_ T

6

(
(
(4
(
(
(7

!Supported by RPBP.III-24.C1.

@ 1990 Fondation Philippe le Hodey
369 ISSN 0777-4028



370

ANDRZEJ TRYBULEC
(8) XU{z}CYifandonlyifx €Y and X CY.
(9) HX'UY' =XUY and X misses X’ and Y misses Y’, then X =Y’ and
Y =X
(10) I X'UY' =XUY and Y misses X’ and X misses Y/, then X = X’ and
Y=Y

(11)  For all X, Y for every function f holds f° (Y \ f ! X)=f°Y \ X.
In the sequel X, Y will denote non-empty sets and f will denote a function
from X into Y. Next we state two propositions:

(12)  For every element z of X holds = € f =1 {f(z)}.
(13)  For every element z of X holds f °{z} = {f(z)}.
The scheme SubsetFx deals with a constant A that is a non-empty set and a
unary predicate P and states that:
there exists B being a subset of A such that for every element z of A holds
x € B if and only if P|z]
for all values of the parameters.
We now state several propositions:
(14)  For every element B of Fin X for every x such that € B holds z is an
element of X.

(15)  For every element A of Fin X for every set B for every function f from X
into Y such that for every element x of X such that z € A holds f(z) € B
holds f° A C B.

(16)  For every set X for every element B of Fin X for every set A such that
A C B holds A is an element of Fin X.

(17)  For every element A of Fin X holds f ° A is an element of FinY'.

(18)  For every element B of Fin X such that B # () there exists x being an
element of X such that x € B.

(19)  For every element A of Fin X such that f° A= () holds A = 0.
Let X be a set. The functor Ox yielding an element of Fin X, is defined by:
0x = 0.
One can prove the following proposition

(20)  For every set X holds O0x = 0.

The arguments of the notions defined below are the following: X which is a
non-empty set; A which is a set; f which is a function from X into Fin A;  which
is an element of X. Then f(z) is an element of Fin A.

The scheme FinSubFuncEx deals with a constant A that is a non-empty set, a
constant B that is an element of Fin A and a binary predicate P and states that:
there exists f being a function from A into Fin A such that for all elements b,
a of A holds a € f(b) if and only if a € B and Pla, b]
for all values of the parameters.

The arguments of the notions defined below are the following: X which is a
non-empty set; F' which is a binary operation on X. The predicate F' has a unity
is defined by:

there exists x being an element of X such that x is a unity w.r.t. F.
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We now state three propositions:

(21)  For every non-empty set X for every binary operation F' on X holds F
has a unity if and only if there exists  being an element of X such that x
is a unity w.r.t. F.

(22)  For every non-empty set X for every binary operation F' on X holds F
has a unity if and only if 1 is a unity w.r.t. F.

(23)  For every non-empty set X for every binary operation F' on X such
that F' has a unity for every element x of X holds F(1p,z) = z and
F(z,1p) = z.

The arguments of the notions defined below are the following: X which is a
non-empty set; z which is an element of X. Then {z} is an element of Fin X. Let
y be an element of X. Then {z,y} is an element of Fin X. Let z be an element
of X. Then {z,y,z} is an element of Fin X.

Now we present three schemes. The scheme FinSublndl concerns a constant
A that is a non-empty set and a unary predicate P and states that:
for every element B of Fin.A holds P[B]
provided the parameters satisfy the following conditions:
o Pl04l,
e for every element B’ of Fin A for every element b of A such that
P[B’] and b ¢ B’ holds P[B’ U {b}].
The scheme FinSubInd2 concerns a constant A that is a non-empty set and a
unary predicate P and states that:
for every element B of Fin A such that B # () holds P|[B]
provided the parameters satisfy the following conditions:
e for every element z of A holds P[{x}],
e for all elements By, By of Fin A such that By # () and By # () holds
if P[Bl] and P[Bg], then P[Bl U Bg]
The scheme FinSubInd3 concerns a constant A that is a non-empty set and a
unary predicate P and states that:
for every element B of Fin.A holds P[B]
provided the parameters satisfy the following conditions:
o Pl04l,
e for every element B’ of Fin A for every element b of A such that
P[B’] holds P[B’ U {b}].
The arguments of the notions defined below are the following: X which is a
non-empty family of sets; Y which is a non-empty set; f which is a function from
X into Y; x which is an element of X. Then f(z) is an element of Y.

In the sequel C will be a non-empty set. The arguments of the notions defined
below are the following: X, Y which are non-empty sets; ' which is a binary
operation on Y; B which is an element of Fin X; f which is a function from X
into Y. Let us assume that B # () or F' has a unity and F' is commutative and
F is associative. The functor F- )"y f yielding an element of Y, is defined by:

there exists G being a function from Fin X into Y such that F- " f = G(B)
and for every element e of Y such that e is a unity w.r.t. F' holds G() = e and
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for every element z of X holds G({z}) = f(x) and for every element B’ of Fin X
such that B’ C B and B’ # () for every element x of X such that € B\ B’ holds
G(B'U {z}) = F(G(B'), f(x)).
One can prove the following propositions:
(24) Let X, Y be non-empty sets. Let F' be a binary operation on Y. Let
B be an element of Fin X. Let f be a function from X into Y. Suppose
B # () or F has a unity but F' is commutative and F' is associative. Let IT
be an element of Y. Then IT = F-3_p f if and only if there exists G being
a function from Fin X into Y such that IT = G(B) and for every element
e of Y such that e is a unity w.r.t. F holds G(0)) = e and for every element
x of X holds G({z}) = f(x) and for every element B’ of Fin X such that
B’ C B and B’ # () for every element z of X such that 2 € B\ B’ holds
G(B'U{z}) = F(G(B'), f(x)).
(25) Let X, Y be non-empty sets. Let F' be a binary operation on Y. Let
B be an element of Fin X. Let f be a function from X into Y. Suppose
B # () or F has a unity but F is idempotent and F' is commutative and F'
is associative. Let IT be an element of Y. Then IT = F-3 p f if and only
if there exists G being a function from Fin X into Y such that IT = G(B)
and for every element e of Y such that e is a unity w.r.t. F holds G() =e
and for every element = of X holds G({z}) = f(x) and for every element
B’ of Fin X such that B C B and B’ # () for every element x of X such
that € B holds G(B' U {z}) = F(G(B'), f(x)).
For simplicity we follow the rules: X, Y denote non-empty sets, F' denotes a
binary operation on Y, B denotes an element of Fin X, and f denotes a function
from X into Y. Next we state a number of propositions:

(26) If F is commutative and F' is associative, then for every element b of X
holds F- Z{b} f = f(b)

(27) If F is idempotent and F is commutative and F' is associative, then for
all elements a, b of X holds F- 37y, v f = F(f(a), f(b)).

(28) If F is idempotent and F' is commutative and F' is associative, then for
all elements a, b, c of X holds F-37,, o f = F(F(f(a), f(])), f(c)).

(29) If F is idempotent and F' is commutative and F is associative and B # (),
then for every element x of X holds F-3 g,y f = F(F-3 5 f, f(2)).

(30) If F is idempotent and F' is commutative and F is associative, then
for all elements By, By of Fin X such that By # 0 and By # () holds
F-Ypup, f=F(F-2p [, F-2p, f)

(31) If F is commutative and F' is associative and F' is idempotent, then for
every element = of X such that x € B holds F(f(z),F->.5f)=F-Yg5f.

(32) If F is commutative and F' is associative and F' is idempotent, then
for all elements B, C' of Fin X such that B # () and B C C holds
F(F-YpfiF-Ycf)=F-2Xcf

(33) If B# () and F is commutative and F is associative and F' is idempotent,

then for every element a of Y such that for every element b of X such that
b e B holds f(b) =a holds F-> " f =a.
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(34) If F is commutative and F' is associative and F' is idempotent, then for
every element a of Y such that f ° B = {a} holds F-> "5 f = a.

(35) If F is commutative and F' is associative and F' is idempotent, then for
all functions f, g from X into Y for all elements A, B of Fin X such that
A#Pand f°A=g°Bholds F-> 4, f =F->pg.

(36) Let F', G be binary operations on Y. Then if F' is idempotent and F' is
commutative and F is associative and G is distributive w.r.t. F, then for
every element B of Fin X such that B # () for every function f from X
into Y for every element a of Y holds G(a, F->" 5 f) = F-Y 5(G°(a, f)).

(37) Let F, G be binary operations on Y. Then if F' is idempotent and F' is
commutative and F is associative and G is distributive w.r.t. F, then for
every element B of Fin X such that B # () for every function f from X
into Y for every element a of Y holds G(F-Y_p f,a) = F-> 5(G°(f,a)).

The arguments of the notions defined below are the following: A, X, Y which
are non-empty sets; f which is a function from X into Y; g which is a function
from Y into A. Then ¢ - f is a function from X into A.

The arguments of the notions defined below are the following: X, Y which
are non-empty sets; f which is a function from X into Y; A which is an element
of Fin X. Then f ° A is an element of FinY'.

The following propositions are true:

(38) Let A, X, Y be non-empty sets. Then for every binary operation F' on
A such that F' is idempotent and F is commutative and F' is associative
for every element B of Fin X such that B # () for every function f from X
into Y for every function g from Y into A holds F-3 o5 g = F->25(g- f).

(39) Suppose F' is commutative and F' is associative and F' is idempotent.
Let Z be a non-empty set. Let G be a binary operation on Z. Suppose
G is commutative and G is associative and G is idempotent. Let f be a
function from X into Y. Then for every function g from Y into Z such
that for all elements x, y of Y holds g(F(x,y)) = G(g(x),g(y)) for every
element B of Fin X such that B # () holds g(F-Y>. 5 f) = G->5(g9 - f)-

(40) If F is commutative and F' is associative and F' has a unity, then for
every f holds F-3  f=1p.

(41) If F is idempotent and F' is commutative and
F
is associative and F has a unity, then for every element x of X holds
F'ZBU{x}f = F(F_ZBf7f($))

(42) If F is idempotent and F' is commutative and F' is associative and F'
has a unity, then for all elements By, B of Fin X holds F-3 5 g, f =
F(F-3p, [, F-XB, )

(43) If F is commutative and F' is associative and F' is idempotent and F' has
a unity, then for all functions f, g from X into Y for all elements A, B of
Fin X such that f°A=¢°Bholds F-Y 4 f=F->pg.

(44)  For all non-empty sets A, X, Y for every binary operation F' on A such
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that F is idempotent and F' is commutative and F' is associative and F
has a unity for every element B of Fin X for every function f from X into
Y for every function g from Y into A holds F-3 ropg = F->"5(g9- f).

(45)  Suppose F'is commutative and F is associative and F' is idempotent and
F has a unity. Let Z be a non-empty set. Let G be a binary operation on
Z. Suppose G is commutative and G is associative and G is idempotent
and G has a unity. Let f be a function from X into Y. Let g be a
function from Y into Z. Then if g(1r) = 1¢ and for all elements x, y of Y’
holds g(F(z,y)) = G(g9(x),g(y)), then for every element B of Fin X holds
g(F-3p f)=G-2p(g- f)

The arguments of the notions defined below are the following: A which is a
set;  which is an element of Fin A. The functor @z yielding an element of Fin A
qua a non-empty set, is defined by:

Qxr = z.

The following proposition is true

(46)  For every set A for every element x of Fin A holds Qz = z.

Let A be a set. The functor FinUnion 4 yields a binary operation on Fin A
and is defined by:
for all elements z, y of Fin A holds (FinUnion 4)(z,y) = Q(z U y).

In the sequel A will denote a set and x, y will denote elements of Fin A. One
can prove the following propositions:

(47)  For every binary operation I7 on Fin A holds IT = FinUnion4 if and
only if for all elements x, y of Fin A holds IT(z,y) = Q(z Uy).

FinUniong(z,y) =z Uy.

PN
©

FinUnion 4 is idempotent.

(SN
o

FinUnion 4 is commutative.

FinUnion 4 is associative.

[}
[\

@04 is a unity w.r.t. FinUnion 4.

ot
w

FinUnion 4 has a unity.

ot
=

1FinUnion, 18 a unity w.r.t. FinUniong4.

N N N N N N N
ot
—_

~— — ' ' ~—

ot
t
N2

1FinUnionA = @
For simplicity we adopt the following rules: X, Y are non-empty sets, A is
a set, f is a function from X into Fin A, and 4, j, k are elements of X. The
arguments of the notions defined below are the following: X which is a non-empty
set; A which is a set; B which is an element of Fin X; f which is a function from
X into Fin A. The functor FinUnion(B, f) yields an element of Fin A and is
defined by:
FinUnion(B, f) = FinUniona-> 5 f.
The following propositions are true:
(56)  FinUnion({i}, f) = f(4).
(57)  FinUnion({i,j}, f) = £(i) U £(j).
(58)  FinUnion({i, 7, k}, f) = (f()) U f(5)) U f (k).
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(59)  FinUnion(Ox, f) = 0.

(60)  For every element B of Fin X holds
FinUnion(B U {3}, f) = FinUnion(B, f) U f(i) .

(61)  For every element B of Fin X holds FinUnion(B, f) = U(f ° B).

(62)  For all elements By, By of Fin X holds
FinUnion(By U By, f) = FinUnion (B, f) U FinUnion(By, f) .

(63)  For every element B of Fin X for every function f from X into Y for every
function g from Y into Fin A holds FinUnion(f° B, g) = FinUnion(B, g- f).

(64) Let A, X be non-empty sets. Let Y be a set. Let G be a binary op-
eration on A. Suppose G is commutative and G is associative and G is
idempotent. Let B be an element of Fin X. Then if B # (), then for every

function f from X into FinY for every function g from FinY into A such
that for all elements z, y of FinY holds g(x Uy) = G(g(x),g(y)) holds
g(FinUnion(B, f)) = G->"5(g - f)-

(65) Let Z be a non-empty set. Let Y be a set. Let G be a binary operation
on Z. Suppose G is commutative and G is associative and G is idempotent
and G has a unity. Let f be a function from X into FinY. Let g be a
function from FinY into Z. Then if g(0y) = 1¢ and for all elements z, y
of FinY holds g(zUy) = G(g(z),g(y)), then for every element B of Fin X
holds ¢g(FinUnion(B, f)) = G->"5(g - f).

Let A be a set. The functor singleton 4 yielding a function from A into Fin A,
is defined by:

for arbitrary = such that € A holds (singleton 4)(z) = {z}.

The following propositions are true:

(66) For every set A for every function f from A into Fin A holds f =
singleton 4 if and only if for arbitrary = such that z € A holds f(z) = {z}.

(67)  For every non-empty set A for every function f from A into Fin A holds
f = singleton 4 if and only if for every element x of A holds f(z) = {z}.

(68)  For arbitrary x for every element y of X holds z € singleton y(y) if and
only if z = y.

(69) For all elements z, y, z of X such that x € singleton y(z) and y €
singleton y (z) holds x = y.

(70)  For every element B of Fin X for arbitrary = holds « € FinUnion(B, f)
if and only if there exists ¢ being an element of X such that ¢ € B and
x € f(i).

(71)  For every element B of Fin X holds FinUnion(B, singleton ) = B.

The arguments of the notions defined below are the following: X, Y which
are non-empty families of sets; g which is a function from X into Y’; x which is
an element of X. Then ¢(z) is an element of Y.

Next we state a proposition

(72) Let Y, Z be sets. Let f be a function from X into FinY. Let g be a
function from FinY into Fin Z. Then if ¢(0y ) = 0z and for all elements z,
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y of FinY holds g(z Uy) = g(z) U g(y), then for every element B of Fin X
holds ¢g(FinUnion(B, f)) = FinUnion(B, g - f).
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Summary. We present the choice function rule in the beginning of
the article. In the main part of the article we formalize the base of cardinal
theory. In the first section we introduce the concept of cardinal numbers
and order relations between them. We present here Cantor-Bernstein the-
orem and other properties of order relation of cardinals. In the second
section we show that every set has cardinal number equipotence to it. We
introduce notion of alephs and we deal with the concept of finite set. At
the end of the article we show two schemes of cardinal induction. Some
definitions are based on [9] and [11].

MML Identifier: CARD_1.

The papers [12], [10], [1], [13], [7], [4], [2], [3], [5], [6], and [8] provide the notation
and terminology for this paper. For simplicity we follow the rules: A, B will be
ordinal numbers, X, X1, Y, Y7, Z will be sets, R will be a relation, f will be a
function, z, y will be arbitrary, m, n will be natural numbers, and M will be a
non-empty family of sets. We now state a proposition
(1)  If for every X such that X € M holds X # (), then there exists C'hoice
being a function such that dom Choice = M and for every X such that
X € M holds Choice(X) € X.

The mode cardinal number, which widens to the type a set, is defined by:
there exists B such that it = B and for every A such that A ~ B holds B C A.
One can prove the following proposition

(2) X is a cardinal number if and only if there exists A such that X = A
and for every B such that B ~ A holds A C B.

Let M be a cardinal number. The functor M yielding an ordinal number, is
defined by:
M =M.
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In the sequel K, M, N will be cardinal numbers. We now state three propo-
sitions:

(3) M= M.

(4)  For every X there exists A such that X ~ A.

(5) M is an ordinal number.

We now define two new predicates. Let us consider M, N. The predicate
M < N is defined by:

M CN.
The predicate M < N is defined by:

M e N.

Next we state a number of propositions:

(6) M < N if and only if M C N.
(7) M < N if and only if M € N.
(8) M = N if and only if M =~ N.
9) M <M.
(10) IfM < Nand N <M, then M = N.
(11) If M < Nand N <K, then M < K.
(12) M <NorN<M.
(13) M < N if and only if M < N and M # N.
(14) M < N if and only if N £ M.
(15) If M < N, then N # M.
(16) M <NorM=NorN<M.
(17) If M < N and N < K, then M < K.
(18) IfM<Nand N<KorM <N and N < K, then M < K.
Let us consider X. The functor X yields a cardinal number and is defined
by:
X~ X.

Next we state a number of propositions:

(19) M = X if and only if X ~ M.

(200 M =M.

(21) X=~Yifandonlyif X =Y.

(22) If R is well ordering relation, then field R ~ R.
(23) If X C M, then X < M.

(24) A CA.

(25) If X € M, then X < M.

(26)

X < Y if and only if there exists f such that f is one-to-one and
domf =X andrngf CY.

(27) IfXCY,then X <Y.
(28) X <Y ifand only if there exists f such that dom f =Y and X C rng f.

26
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(29) X # 2%,

(30) X < 2X.
Let us consider X. The functor X yielding a cardinal number, is defined by:
X < Xt and for every M such that X < M holds X+ < M.
We now state several propositions:

(31) M = X7 if and only if X < M and for every N such that X < N holds

M < N.
(32) M < M.

33) 0<XT.

(3) If X =Y, then Xt =Y+
(35) If X ~Y, then X+ =Y.
(

36) AeAt.
In the sequel L, Li will be transfinite sequences. Let us consider M. The
predicate M is a limit cardinal number is defined by:
for no N holds M = N*.
One can prove the following proposition
(37) M is a limit cardinal number if and only if for no N holds M = N*.
Let us consider A. The functor X 4 yielding any, is defined by: .
there exists L such that R4 = last L and dom L = succ A and L(0) = N and
for all B, y such that succ B € succ A and y = L(B) holds L(succ B) = (U{y})™
and for all B, L; such that B € succA and B # 0 and B is a limit ordinal
number and Ly = L | B holds L(B) = sup L; .
Let us consider A. Then N4 is a cardinal number.

The following propositions are true:
(38) R =N.
(39)  Ngucea =RNa™.
(40) If A # 0 and A is a limit ordinal number, then for every L such that
dom L = A and for every B such that B € A holds L(B) = Yp holds

Ngp=suplL.

(41) A e Bifand only if Ny < Np.

(42) If X4 =Np, then A = B.

(43) A C Bif and only if R4 < Np.

(44) IFXCYandYCZand X~Z, then X =Y and Y =~ Z.
(45) If2Y C X, then Y < X and Y # X.

(46) X =0 if and only if X = 0.

47 0 =o.

(48) X =~ {z} if and only if there exists x such that X = {x}.
(49) X = {z} if and only if there exists = such that X = {z}.
(50) {z} =1.



380 GRZEGORZ BANCEREK

Let us consider n. The functor 7 yielding an ordinal number, is defined by:
there exists f such that @ = f(n) and dom f =N and f(0) = 0 and for every
element n of N for every x such that x = f(n) holds f(n + 1) = succ(U{z}).

We now state a number of propositions:

(51) 0=0.

(52)  n+1=succ(m).

(53) mMeEw.

(54) If A is natural, then there exists n such that m = A.

(55) If m =m, then n = m.

(56) n <mif and only if @ C .

(57) Nrmw.

(58) IfXNX;=0andYNY;=0and X =Y and X; ~ Y7, then X U X3 ~

YUY;.

(59) Ifze X andye X, then X\ {z} ~ X \ {y}.

(60) If X Cdom f and f is one-to-one, then X ~ f o X.

(61) IfX~YandzeXandyeV,then X\ {z} =Y\ {y}.

(62) If Segn =~ Segm, then n = m.

(63) Segn ~Tm.

(64) If m ~m, then n = m.

(65) If A€ w, then A is a cardinal number.

(66) T =T.
Let us consider n. The functor 7 yielding a cardinal number, is defined by:
n=T.

One can prove the following propositions:
m=T.

(67)

(68) If X =Y or Y ~ X but X is finite, then Y is finite.
(69) 7 is finite and 7 is finite.

(70)  Segn =7

(71) If m = m, then n = m.

(72) 7T < if and only if n < m.

(73) 7 <m if and only if n < m.

(74)  If X is finite, then there exists n such that X ~ .
(75)  If X is finite, then there exists n such that X ~ Segn.
(76) W =n+1.

Let us consider X. Let us assume that X is finite. The functor card X yields
a natural number and is defined by:

card X = X.

We now state several propositions:
(77)  If X is finite, then card X = n if and only if m = X.
(78) card( = 0.
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card{z} = 1.

If Y is finite and X C Y, then card X < cardY.

If X is finite or Y is finite but X ~ Y, then card X = card Y.
If X is finite, then X T is finite.

In the article we present several logical schemes. The scheme Cardinal_Ind
concerns a unary predicate P and states that:

for every M holds P[M]
provided the parameter satisfies the following conditions:

Plo],

for every M such that P[M] holds P[MT],

for every M such that M # 0 and M is a limit cardinal number and
for every N such that N < M holds P[N] holds P[M].

The scheme Cardinal_Complnd concerns a unary predicate P and states that:
for every M holds P[M]
provided the parameter satisfies the following condition:

for every M such that for every N such that N < M holds P[N]
holds P[M].

Next we state several propositions:

(83) NO = W.
(84) TW=wand N = w.
(85) W is a limit cardinal number.
(86)  If M is finite, then there exists n such that M = 7.
(87)  card(Segn) =n and card(m) = n and card ™ = n.
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Summary. The article contains definition of a compact space and
some theorems about compact spaces. The notions of a cover of a set and
a centered family are defined in the article to be used in these theorems.
A set is compact in the topological space if and only if every open cover
of the set has a finite subcover. This definition is equivalent, what has
been shown next, to the following definition: a set is compact if and only
if a subspace generated by that set is compact. Some theorems about
mappings and homeomorphisms of compact spaces have been also proved.
The following schemes used in proofs of theorems have been proved in the
article : FuncExChoice - the scheme of choice of a function, BiFuncEx - the
scheme of parallel choice of two functions and the theorem about choice of
a finite counter image of a finite image.

MML Identifier: COMPTS_1.

The articles [6], [1], [4], [3], [5], and [2] provide the terminology and notation
for this paper. We follow a convention: x, y, z are arbitrary, Y, Z denote sets,
and f denotes a function. In the article we present several logical schemes. The
scheme FuncExChoice deals with a constant A that is a set, a constant B that is
a set and a binary predicate P and states that:
there exists f being a function such that dom f = A and for every x such that
x € A holds Pz, f(z)]
provided the parameters satisfy the following condition:
e for every x such that x € A there exists y such that y € B and
Plz,y.
The scheme BiFuncEz deals with a constant A that is a set, a constant B that
is a set, a constant C that is a set and a ternary predicate P and states that:
there exist f, g being functions such that dom f = A and dom g = A and for
every z such that € A holds Pz, f(z), g(x)]
provided the parameters satisfy the following condition:
o if x € A, then there exist y, z such that y € B and z € C and
Plz,y, 2]
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Next we state a proposition

(1) 1If Z is finite and Z C rng f, then there exists Y such that Y C dom f
and Y is finite and f°Y = Z.

For simplicity we adopt the following convention: 7', S are topological spaces,
A is a subspace of T', p, q are points of T, P, Q, W, V are subsets of T, and
F, G are families of subsets of T'. Let us consider T', F', P. The predicate F'is a
cover of P is defined by:

PCUF.

One can prove the following proposition
(2) Fisacover of Pif and only if P C |J F.

Let us consider T, F'. The predicate F'is centered is defined by:

F # () and for every G such that G # () and G C F and G is finite holds
NG # 0.

One can prove the following proposition

(3)  F is centered if and only if F' # () and for every G such that G # () and
G C F and G is finite holds NG # 0.

We now define five new predicates. Let us consider T'. The predicate T is
compact is defined by:

for every F such that F is a cover of T and F' is open there exists G such that
G C F and G is a cover of T and G is finite.
The predicate T is a T2 space is defined by:

for all p, ¢ such that p # ¢ there exist W, V such that W is open and V is
openand p e W andgeV and WNV = 0.
The predicate T is a T3 space is defined by:

for every p for every P such that P # () and P is closed and p ¢ P there exist
W,V such that W is open and V isopenand p € W and P C V and WNV = .
The predicate T is a T4 space is defined by:

for all W, V such that W # () and V' # () and W is closed and V is closed and
W NV =0 there exist P, @ such that P is open and Q is open and W C P and
VCQand PNQ =0.
Let us consider P. The predicate P is compact is defined by:

for every F such that F' is a cover of P and F' is open there exists G such that
G C F and G is a cover of P and G is finite.

We now state a number of propositions:

(4) T is compact if and only if for every F such that F' is a cover of T' and
F' is open there exists G such that G C F and G is a cover of T" and G is
finite.

(5) T isa T2 space if and only if for all p, ¢ such that p # g there exist W, V
such that W is open and V is open and p € W and g € V and W NV = ().

(6) T is a T3 space if and only if for every p for every P such that P # ()
and P is closed and p ¢ P there exist W, V such that W is open and V is
openand pe Wand PCV and WNV = 0.
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(7) T is a T4 space if and only if for all P, @ such that P # () and Q # ()
and P is closed and Q is closed and PN Q = () there exist W, V such that
W isopen and Visopenand PC W and Q CV and WNV = 0.

(8) P is compact if and only if for every F such that F' is a cover of P and
F' is open there exists G such that G C F' and G is a cover of P and G is
finite.

(9)  Op is compact.
(10) T is compact if and only if Qr is compact.

(11)  If @ € Qu, then @ is compact if and only if for every subset P of A such
that P = @ holds P is compact.

(12) If P # 0, then P is compact if and only if 7' | P is compact.

(13) T is compact if and only if for every F' such that F is centered and F' is
closed holds N F # 0.

(14) T is compact if and only if for every F such that F # () and F is closed
and N F = () there exists G such that G # () and G C F and G is finite
and NG = 0.

(15)  For every T such that T is a T2 space for every subset A of T such that
A # () and A is compact for every p such that p ¢ A there exist P, @) such
that P is open and Q is open and p € P and A C Q and PN Q = 0.

(16) If T'is a T2 space and P is compact, then P is closed.

(17) If T'is compact and P is closed, then P is compact.

(18) If P is compact and Q C P and @ is closed, then @ is compact.
(19) If P is compact and @ is compact, then P U @ is compact.

(20)

If T is a T2 space and P is compact and () is compact, then P N Q) is
compact.

(21) If T is a T2 space and T is compact, then T is a T3 space.
(22) If Tis a T2 space and T is compact, then T is a T4 space.

In the sequel f will be a map from 7" into S. Next we state four propositions:
(23) If T is compact and f is continuous and rng f = g, then S is compact.

(24) If f is continuous and rng f = Qg and P is compact, then f ° P is
compact.

(25) If T is compact and S is a T2 space and rng f = Qg and f is continuous,
then for every P such that P is closed holds f © P is closed.

(26) If T is compact and S is a T2 space and rng f = Qg and f is one-to-one
and f is continuous, then f is a homeomorphism.
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Summary. The goal of this article is to prove Kuratowski - Zorn
lemma. We prove it in a number of forms (theorems and schemes). We
introduce the following notions: a relation is a quasi (or partial, or linear)
order, a relation quasi (or partially, or lineary) orders a set, minimal and
maximal element in a relation, inferior and superior element of a relation,
a set has lower (or upper) Zorn property w.r.t. a relation. We prove basic
theorems concerning those notions and theorems that relate them to the
notions introduced in [6]. At the end of the article we prove some theorems
that belong rather to [7], [9] or [2].

MML Identifier: ORDERS_2.

The notation and terminology used here are introduced in the following articles:
5], 3], [7], 9], [8], [2], [4], [6], and [1]. For simplicity we follow a convention: R,
P are relations, X, X1, Xo, Y, Z are sets, O is an order in X, D, D; are non-
empty sets, x, y are arbitrary, A is a poset, C is a chain of A, S is a subset of
A, and a, b are elements of A. In the article we present several logical schemes.
The scheme RelOnDomEz deals with a constant A that is a non-empty set, a
constant B that is a non-empty set and a binary predicate P and states that:

there exists R being a relation between A and B such that for every element
a of A for every element b of B holds (a,b) € R if and only if PJa, b|
for all values of the parameters.

The scheme RelOnDomEzx1 deals with a constant A that is a non-empty set
and a binary predicate P and states that:

there exists R being a relation on A such that for all elements a, b of A holds
(a,b) € R if and only if Pla, b]
for all values of the parameters.

One can prove the following propositions:

(1) domO = X and rmgO = X.
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(2) fieldO = X.

We now define three new predicates. Let us consider R. The predicate R is a
quasi order is defined by:

R is pseudo reflexive and R is transitive.
The predicate R is a partial order is defined by:

R is pseudo reflexive and R is transitive and R is antisymmetric.
The predicate R is a linear order is defined by:

R is pseudo reflexive and R is transitive and R is antisymmetric and R is
connected.

We now state a number of propositions:

(3) R is a quasi order if and only if R is pseudo reflexive and R is transitive.

(4) R isa partial order if and only if R is pseudo reflexive and R is transitive
and R is antisymmetric.

(5) Ris a linear order if and only if R is pseudo reflexive and R is transitive
and R is antisymmetric and R is connected.

(6) If Ris a quasi order, then R~ is a quasi order.

(7) If R is a partial order, then R~ is a partial order.

(8) If R is a linear order, then R~ is a linear order.

(9) If R is well ordering relation, then R is a quasi order and R is a partial

order and R is a linear order.

—_
=

If R is a linear order, then R is a quasi order and R is a partial order.

—_
—_

If R is a partial order, then R is a quasi order.

—_
[\

O is a partial order.

—_
w

O is a quasi order.

[a—
N

If O is connected, then O is a linear order.

—_
(S

If R is a quasi order, then R|? X is a quasi order.
If R is a partial order, then R|? X is a partial order.

—_
EN |

If R is a linear order, then R|? X is a linear order.

field((the order of A) |2 S) = S.

If (the order of A)|? S is a linear order, then S is a chain of A.
(the order of A)|? C is a linear order.

@ is a quasi order and & is a partial order and @ is a linear order and &
is well ordering relation.

AN N N N N N N N S /S /S
N = —
S © D

~— O N N N N N Y

[N)
—_

(22) Ax is a quasi order and Ax is a partial order.

We now define three new predicates. Let us consider R, X. The predicate R
quasi orders X is defined by:

R is reflexive in X and R is transitive in X.
The predicate R partially orders X is defined by:

R is reflexive in X and R is transitive in X and R is antisymmetric in X.
The predicate R linearly orders X is defined by:

R is reflexive in X and R is transitive in X and R is antisymmetric in X and
R is connected in X.
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The following propositions are true:

(23) R quasi orders X if and only if R is reflexive in X and R is transitive in
X.

(24) R partially orders X if and only if R is reflexive in X and R is transitive
in X and R is antisymmetric in X.

(25) R linearly orders X if and only if R is reflexive in X and R is transitive
in X and R is antisymmetric in X and R is connected in X.

(26) If R well orders X, then R quasi orders X and R partially orders X and
R linearly orders X.

(27)  If R linearly orders X, then R quasi orders X and R partially orders X.
(28) If R partially orders X, then R quasi orders X.

(29) If R is a quasi order, then R quasi orders field R.

(30) If R quasi orders Y and X C Y, then R quasi orders X.

(31) If R quasi orders X, then R |? X is a quasi order.

(32) If R is a partial order, then R partially orders field R.

(33) If R partially orders Y and X C Y, then R partially orders X.
(34)  If R partially orders X, then R|? X is a partial order.

(35) If R is a linear order, then R linearly orders field R.

(36) If R linearly orders Y and X C Y, then R linearly orders X.
(37)  If R linearly orders X, then R |? X is a linear order.

(38) If R quasi orders X, then R~ quasi orders X.

(39) If R partially orders X, then R~ partially orders X.

(40)  If R linearly orders X, then R™ linearly orders X.

(41) O quasi orders X.

(42) O partially orders X.

(43)  If R partially orders X, then R |? X is an order in X.

(44)  If R linearly orders X, then R |? X is an order in X.

(45)  If R well orders X, then R |? X is an order in X.

(46)  If the order of A linearly orders .S, then S is a chain of A.
(47)  the order of A linearly orders C.

(48)

48

We now define two new predicates. Let us consider R, X. The predicate X
has the upper Zorn property w.r.t. R is defined by:

Ax quasi orders X and Ay partially orders X.

for every Y such that Y C X and R|?Y is a linear order there exists x such
that z € X and for every y such that y € Y holds (y,z) € R.
The predicate X has the lower Zorn property w.r.t. R is defined by:

for every Y such that Y C X and R|?Y is a linear order there exists x such
that € X and for every y such that y € Y holds (z,y) € R.

We now state several propositions:

389
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(49) X has the upper Zorn property w.r.t. R if and only if for every Y such
that Y € X and R|?Y is a linear order there exists x such that z € X
and for every y such that y € Y holds (y,z) € R.
(50) X has the lower Zorn property w.r.t. R if and only if for every Y such
that Y € X and R|?Y is a linear order there exists x such that = € X
and for every y such that y € Y holds (z,y) € R.
(51)  If X has the upper Zorn property w.r.t. R, then X # ().
(52)  If X has the lower Zorn property w.r.t. R, then X # ().
(53) X has the upper Zorn property w.r.t. R if and only if X has the lower
Zorn property w.r.t. R~.
(54) X has the upper Zorn property w.r.t. R~ if and only if X has the lower
Zorn property w.r.t. R.
We now define four new predicates. Let us consider R, x. The predicate x is
maximal in R is defined by:
x € field R and for no y holds y € field R and y # = and (z,y) € R.
The predicate x is minimal in R is defined by:
x € field R and for no y holds y € field R and y # x and (y,z) € R.
The predicate x is superior of R is defined by:
x € field R and for every y such that y € field R and y # z holds (y,x) € R.
The predicate x is inferior of R is defined by:
x € field R and for every y such that y € field R and y # = holds (z,y) € R.
Next we state a number of propositions:
(55)  x is maximal in R if and only if = € field R and for no y holds y € field R
and y # x and (z,y) € R.
(56)  x is minimal in R if and only if = € field R and for no y holds y € field R
and y # x and (y,x) € R.
(57)  x is superior of R if and only if x € field R and for every y such that
y € field R and y # « holds (y,z) € R.
(58)  « is inferior of R if and only if 2 € field R and for every y such that
y € field R and y # x holds (z,y) € R.
59) If x is inferior of R and R is antisymmetric, then z is minimal in R.
60
61
62

63

If x is superior of R and R is antisymmetric, then z is maximal in R.

If £ is minimal in R and R is connected, then z is inferior of R.

If z is maximal in R and R is connected, then x is superior of R.

If x € X and z is superior of R and X C field R and R is pseudo reflexive,
then X has the upper Zorn property w.r.t. R.
(64) Ifz € X and x is inferior of R and X C field R and R is pseudo reflexive,
then X has the lower Zorn property w.r.t. R.

A~ N N N
~— N ~— ~—

2 is minimal in R if and only if x is maximal in R>.
2 is minimal in R~ if and only if z is maximal in R.
x is inferior of R if and only if x is superior of R™.
x is inferior of R if and only if = is superior of R.
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(69) a is minimal in the order of A if and only if for every b holds b £ a.
(70)  a is maximal in the order of A if and only if for every b holds a £ b.

(71)  a is superior of the order of A if and only if for every b such that a # b
holds b < a.

(72)  a is inferior of the order of A if and only if for every b such that a # b
holds a < b.

(73)  If for every C there exists a such that for every b such that b € C holds
b < a, then there exists a such that for every b holds a < b.

(74)  If for every C there exists a such that for every b such that b € C holds
a < b, then there exists a such that for every b holds b £ a.

We now state several propositions:

(75)  For all R, X such that R partially orders X and field R = X and X has
the upper Zorn property w.r.t. R there exists x such that x is maximal in

R.

(76)  For all R, X such that R partially orders X and field R = X and X has
the lower Zorn property w.r.t. R there exists x such that x is minimal in
R

(77)  Given X. Suppose X # () and for every Z such that Z C X and for
all Xy, X5 such that X; € Z and X5 € Z holds X; C X5 or Xy C X,
there exists Y such that Y € X and for every X such that X; € Z holds
X1 CY. Then there exists Y such that Y € X and for every Z such that
ZeXand Z#Y holdsY ¢ Z.

(78)  Given X. Suppose X # () and for every Z such that Z C X and for
all X7, X9 such that X7 € Z and Xy € Z holds X7 C X5 or Xo C X3
there exists Y such that Y € X and for every X such that X7 € Z holds
Y C X;. Then there exists Y such that Y € X and for every Z such that
ZeXand Z#Y holds Z £ Y.

(79)  Given X. Suppose X # ) and for every Z such that Z # () and Z C X
and for all X7, X5 such that X7 € Z and Xy € Z holds X; C X5 or
X5 C Xq holds UZ € X. Then there exists Y such that Y € X and for
every Z such that Z € X and Z #Y holds Y € Z.

(80)  Given X. Suppose X # () and for every Z such that Z # () and Z C X
and for all X7, X5 such that X7 € Z and Xy € Z holds X; C X5 or
Xo C X holds N Z € X. Then there exists Y such that Y € X and for
every Z such that Z € X and Z #Y holds Z £ Y.

Now we present two schemes. The scheme Zorn_Max concerns a constant A
that is a non-empty set and a binary predicate P and states that:

there exists x being an element of A such that for every element y of A such
that = # y holds not P[z, y]
provided the parameters satisfy the following conditions:

e for every element z of A holds Pz, x],

e for all elements z, y of A such that P|x,y] and Ply, x] holds x = y,

e for all elements z, y, z of A such that Pz, y| and Ply, 2] holds P|z, 2],
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for every X such that X C A and for all elements z, y of A such
that = € X and y € X holds Pz, y| or Ply,z] there exists y being
an element of A such that for every element x of A such that x € X

holds P[z, y].

The scheme Zorn_Min deals with a constant A that is a non-empty set and a
binary predicate P and states that:

there exists = being an element of A such that for every element y of A such
that = # y holds not Py, ]
provided the parameters satisfy the following conditions:

for every element x of A holds P[x, z],

for all elements z, y of A such that Plx,y] and Py, z| holds = =y,
for all elements z, y, z of A such that P[x,y] and Py, 2] holds Pz, z],
for every X such that X C A and for all elements z, y of A such
that x € X and y € X holds P[z,y] or Py, z] there exists y being
an element of A such that for every element x of A such that x € X
holds Ply, z].

One can prove the following propositions:

(81)

If R partially orders X and field R = X, then there exists P such that
R C P and P linearly orders X and field P = X.

(82) R C [field R, field R].
(83) If R is pseudo reflexive and X C field R, then field(R |? X) = X.
(84)  If R is reflexive in X, then R |? X is pseudo reflexive.
(85) If R is transitive in X, then R |? X is transitive.
(86) If R is antisymmetric in X, then R |? X is antisymmetric.
(87) If R is connected in X, then R |? X is connected.
(88) If R is connected in X and Y C X, then R is connected in Y.
(89) If R well orders X and Y C X, then R well orders Y.
(90) If R is connected, then R~ is connected.
(91) If R is reflexive in X, then R~ is reflexive in X.
(92) If R is transitive in X, then R~ is transitive in X.
(93) If R is antisymmetric in X, then R~ is antisymmetric in X.
(94) If R is connected in X, then R~ is connected in X.
(95) (RI?X)"=R"|*>X.
(96) R0 =wo.
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Operations on Subspaces in Real Linear
Space

Wojciech A. Trybulec!
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Summary. In this article the following operations on subspaces of
real linear space are intoduced: sum, intersection and direct sum. Some
theorems about those notions are proved. We define linear complement
of a subspace. Some theorems about decomposition of a vector onto two
subspaces and onto subspace and it’s linear complement are proved. We
also show that a set of subspaces with operations sum and intersection is
a lattice. At the end of the article theorems that belong rather to [7], [6],
[5] or [8] are proved.

MML Identifier: RLSUB_2.

The notation and terminology used in this paper are introduced in the following
papers: [1], [8], [4], [3], [6], [5], and [2]. For simplicity we adopt the following
convention: V' is a real linear space, W, Wy, Wy, W3 are subspaces of V', u, uq,
U9, U, U1, U9 are vectors of V, X, Y are sets, and x be arbitrary. Let us consider
V', W1, Way. The functor Wy + W5 yielding a subspace of V, is defined by:

the vectors of W1 + Wy ={v+u:v e Wiy Au € Wal.

Let us consider V', Wy, Ws. The functor W1 N Wy yielding a subspace of V,
is defined by:

the vectors of W1 N W5 =(the vectors of Wi)N(the vectors of Wa).

Next we state a number of propositions:
(1)  the vectors of Wi + Wo ={v+u:v e W Au e Wy}
(2) If the vectors of W = {v+wu:v € Wy Au € Wy}, then W = Wy + Ws.
(3)  the vectors of Wi N Wy =(the vectors of Wi)N(the vectors of Wy).
(4)  If the vectors of W =(the vectors of Wip)N(the vectors of W3), then
W =W;nWs.
(5) = € Wi+ Wy if and only if there exist vy, vy such that v; € Wi and

vy € Wy and & = v1 + va.
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(6) IfveW;orwve Wy, then v e Wy + Wa.
(7) x e Wi NWsyif and only if x € W; and x € Wa.
8 WH+W=W.
(9) Wi+ Wy =Wy + Wi
(10) Wi+ (W + W3) = (W1 + Wa) + Ws.
(11) Wi is a subspace of Wi + Wy and W is a subspace of Wy + Wj.
(12) W is a subspace of Wy if and only if Wy + Wy = Wh.
(13) Oy +W =W and W + 0y = W.
(14) Oy +Qy =V and Qy +0y =V.
(15) Qu+W=Vand W+ Qy =V.
(16) Qy +Qy =V.
17y Wnw=w.
(18) WinNWy =Wy N Wh.
(19) Win (W2 N Wg) = (Wl N Wg) N Ws.
(20) Wi N Wy is a subspace of Wy and Wy N Ws is a subspace of Wa.
(21) Wi is a subspace of Wy if and only if W1 N Wy = W7.
(22) Oy NW =0y and W N0y = 0y.
(23) Oy NQy =0y and Qy N0y = Oy
(24) QW =Wand WnNQy =W.
(25) QyNQy =V.
(26) W71 N Wy is a subspace of Wy + Ws.
(27) Wi NWy + Wy = W,.
(28) Win (Wl + Wg) = Wi.
(29)  WinNWy+ Wy Wy is a subspace of Wy N (W7 + Ws).
(30) If Wy is a subspace of Wy, then Wo N (W1 + W3) = Wi N Wy + Wo N Ws.
(31)  Ws+ Wy N Wsis a subspace of (Wy + W) N (Wa + W3).
(32)  If Wy is a subspace of Wy, then Wo+ W1 NW3 = (W1 + Wa) N (Wo + Ws).
(33)  If Wy is a subspace of W3, then Wy + Wo N W3 = (W7 + Wa) N W,
(34) Wi+ Wse = Wy if and only if Wy N Wy = Wi,
(35) If Wy is a subspace of Wy, then Wy + W3 is a subspace of Wy + Wi.
(36) There exists W such that the vectors of W =(the vectors of W7)U(the

vectors of Wy) if and only if W is a subspace of Wy or Ws is a subspace
of Wl.

Let us consider V. The functor SubspacesV yielding a non-empty set, is
defined by:
for every = holds x € Subspaces V' if and only if x is a subspace of V.

In the sequel D will denote a non-empty set. We now state three propositions:

(37) If for every z holds # € D if and only if x is a subspace of V, then
D = Subspaces V.

(38) x € Subspaces V if and only if x is a subspace of V.
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(39) V& Subspaces V.

Let us consider V', W7, W5. The predicate V is the direct sum of W; and Ws
is defined by:
V =Wy + Wy and Wiy N Wy = 0y
Let us consider V', W. The mode linear complement of W, which widens to
the type a subspace of V, is defined by:
V' is the direct sum of it and W.
One can prove the following propositions:
(40) V is the direct sum of W; and Ws if and only if V. = W; + Wy and
Wi N Wy = 0y.
(41)  If V is the direct sum of Wy and W, then W7 is a linear complement of
Wo.
(42) If V is the direct sum of Wy and W, then W5 is a linear complement of
Wh.
In the sequel L denotes a linear complement of WW. One can prove the following
propositions:
(43)  V is the direct sum of L and W and V is the direct sum of W and L.

(44) WH+L=Vand L+W=V.

(45) WNL=0y and LNW = 0y.

(46)  If V is the direct sum of W and Wy, then V' is the direct sum of Wy and
Wi.

(47) 'V is the direct sum of Oy and Qy and V is the direct sum of y and
0y .

(48) W is a linear complement of L.
(49) Oy is a linear complement of Qy and Qy is a linear complement of Oy .

In the sequel C is a coset of W, (1 is a coset of W7, and C5 is a coset of Ws.
We now state several propositions:

(50) If C1 N Cy # 0, then C1 N Cy is a coset of Wy N Wh.

(51)  V is the direct sum of W; and Wy if and only if for every Cq, Cs there
exists v such that C; N Cy = {v}.

(52) Wy + Wy = V if and only if for every v there exist vy, ve such that
vy € Wi and vg € Wy and v = v1 + vs.

(563) If V is the direct sum of Wy and Wy and v = v1 + vy and v = ug + ue
and v1 € Wp and u; € W7 and vy € Wy and ug € Wy, then v1 = uy and
V2 = U9g.

(54)  Suppose V. = Wj 4+ Wy and there exists v such that for all vy, va, ug,
ug such that v = v1 +v9 and v = w1 + us and v; € Wy and v; € Wi and
vy € Wy and ug € Wo holds v1 = w1 and v9 = ug. Then V is the direct
sum of Wy and Ws.

In the sequel ¢ will be an element of [ the vectors of V, the vectors of V' {. Let
us consider V', t. Then t; is a vector of V. Then tg is a vector of V.
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Let us consider V', v, Wy, W5. Let us assume that V' is the direct sum of W3
and Ws. The functor v < (W7, Ws) yields an element of [the vectors of V,the
vectors of V'] and is defined by:

v=(va (Wi,Ws)); + (v (W1,W3))y and (v < (W, Ws)); € Wi and

(’U < (Wl,WQ))2 e Ws .

We now state a number of propositions:

(55) If V is the direct sum of Wy and W5 and ¢1 + t2 = v and t; € Wp and
to € Wy, then t =v (Wl,WQ).
(56)  If V is the direct sum of W; and W, then
(U < (Wl, Wg))l + (U < (Wl,Wg))2 =v.
(57) If V is the direct sum of Wy and Wa, then (v < (W1, Wa)); € Wi.
(68)  If V' is the direct sum of Wy and Wa, then (v < (Wi, Wa))q € Wo.
(59) If V is the direct sum of W7 and Wy, then
(v (Wi, Wa))g = (v (W, W)y -
(60) If V is the direct sum of W7 and Wy, then
(v (W, W2))g = (v < (Wa, W1))y -

(61) Ifty +tg=wvandty € Wandtg € L, then t =v < (W, L).
(62) (v (W,L));+ (v (W, L))y =v.

(63) (v<a (W,L)); €W and (v< (W,L)) € L.

(64) (v (W, L))y = (v< (L, W))y.

(65) (v (W,L))g = (v (L,W));.

In the sequel Ay, As will be elements of Subspaces V. Let us consider V. The
functor SubJoin V' yields a binary operation on SubspacesV and is defined by:
for all Ay, Ay, W71, Wy such that Ay = W7 and Ay = W5 holds
(SubJoin V')(Ay, Ag) = Wy + W .
Let us consider V. The functor SubMeet V' yielding a binary operation on
Subspaces V', is defined by:
for all Ay, As, W1, Wy such that A1 = W7 and A, = W5 holds
(SubMeet V)(Al, Ag) =WiNnWsy.
In the sequel o will be a binary operation on SubspacesV. The following
propositions are true:
(66) If Ay = Wy and Ay = Wo, then SubJoin V(Ay, Ag) = Wi + Wa.
(67) If for all Ay, Ay, Wy, Wy such that Ay = Wy and As = W5 holds
o(A1, Ay) = Wy + Wy, then o = SubJoin V.
(68) If Ay = W7 and Ay = Ws, then SubMeet V(Al, Ag) = Wi NWs.
(69) If for all Ay, Ay, Wy, Wy such that Ay = Wy and As = W5 holds
o(A1, Ay) = Wy N W, then 0o = SubMeet V.
(Subspaces V, SubJoin V, SubMeet V) is a lattice.
(Subspaces V, SubJoin V, SubMeet V/
(Subspaces V, SubJoin V, SubMeet V/
(Subspaces V, SubJoin V, SubMeet V/
(Subspaces V, SubJoin V, SubMeet V/

N
— O

is a lower bound lattice.
is an upper bound lattice.

-3
w

is a bound lattice.

N N N T
~J
N

~— — ' ~— —

N
N
e

is a modular lattice.
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For simplicity we adopt the following convention: [ will be a bound lattice,
lp will be a lower bound lattice, [; will be an upper bound lattice, a, b will be
elements of the carrier of [, ag, by will be elements of the carrier of [y, and a1, by
will be elements of the carrier of ;. One can prove the following propositions:

(75)  (Subspaces V, SubJoin V, SubMeet V') is a complemented lattice.

7

-
oo

N N N N N /N
o
o O

~— — — — Y ~—

76)

If W7 is a subspace of Ws, then W1 N W3 is a subspace of Wy N W3.

If X CY and X # Y, then there exists z such that z € Y and = ¢ X.
v = v1 + v if and only if v1 = v — vs.

If for every v holds v € W, then W = V.

There exists C such that v € C.

x € v+ W if and only if there exists v such that © € W and z = v + .

[ is a complemented lattice if and only if for every a there exists b such
that b is a complement of a.

(83) ais a complement of b if and only if allb=T; and a1 b= 1;.
(84)  If for every ag holds ag Mby = by, then by = L.
(85)  If for every a; holds aj LIby = by, then by = Ty,.
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o-Fields and Probability

Andrzej Nedzusiak

Summary. This article contains definitions and theorems concern-
ing basic properties of following objects: - a field of subsets of given
nonempty set; - a sequence of subsets of given nonempty set; - a o-field of
subsets of given nonempty set and events from this o-field; - a probability
i.e. o-additive normed measure defined on previously introduced o-field; -
a o-field generated by family of subsets of given set; - family of Borel Sets.

MML Identifier: PROB_1.

The articles [7], [1], [3], [2], [5], [4], [6], and [8] provide the notation and termi-
nology for this paper. For simplicity we adopt the following rules: Omega will
be a non-empty set, Y, Z, V will be sets, A, B, D will be subsets of Omega, f
will be a function, m, n will be natural numbers, p, x, y, z will be arbitrary, r,
r1, T9 will be real numbers, and seq will be a sequence of real numbers. We now
state three propositions:

(1) For every z holds x is a subset of Omega if and only if z € 207€99,
(2)  For all r, r1, ro such that 0 < r and r1 = ro — 7 holds r; < ro.
(3) For all r, seq such that there exists n such that for every m such that
n < m holds seq(m) = r holds seq is convergent and lim seq = r.
Let us consider Omega. The mode field of subsets of Omega, which widens
to the type a set, is defined by:
it C 20me99 and there exists A such that A € it but if A € it and B € it, then
AN B € it but if A € it, then A€ € it.
Next we state a proposition
(4)  For all Omega, Y holds for all A, B holds Y C 29™¢9% and there exists
Asuchthat Ac Y butif AeYand BeY,then ANBeY butif Ae€Y,
then A° € Y if and only if Y is a field of subsets of Omega.
In the sequel Fld will be a field of subsets of Omega. Next we state a number
of propositions:
(5)  Fld C 20mege,
(6)  There exists A such that A € Fld.
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) If A€ Fid and B € Fld, then AN B € Fld.

) If A€ Fid, then A° € Fld.

) If A€ Fid and B € Fld, then AU B € Fld.
0) 0eFld.

) Omega € Fld.

) If A€ Fld and B € Fld, then A\ B € Fld.

)

If A€ Fldand B € Fld, then AUB = (A\B)UB and (A\B)UB € Fld
and A\ B misses B.

(14)  For every Omega holds {0, Omega} is a field of subsets of Omega.
(15)  For every Omega holds 29¢9% is a field of subsets of Omega.

(16)  {0,Omega} C Fld and Fld C 20me9e,

(17)  For every z such that x € Fld holds z is a subset of Omega.

(18)

For every Omega holds for every p such that p € [N, {Omega} ] there
exist x, y such that {(z,y) = p and for all z, y, z such that {(z,y) € [N,
{Omega} ] and (x,z) € [N, {Omega} | holds y = z.

(19)  For every Omega there exists f such that dom f = N and for every n

holds f(n) = Omega and f(n) € 20™me90,
Let us consider Omega. The mode sequence of subsets of Omega, which
widens to the type a function, is defined by:
domit = N and for every n holds it(n) € 20™m9¢,

One can prove the following proposition

(20)  f is a sequence of subsets of Omega if and only if dom f = N and for
every n holds f(n) € 20me9e,
In the sequel ASeq, BSeq denote sequences of subsets of Omega. We now
state two propositions:
(21)  There exists ASeq such that for every n holds ASeq(n) = Omega.

(22)  For every A, B there exists ASeq such that ASeq(0) = A and for every
n such that n # 0 holds ASeq(n) = B.

Let us consider Omega, ASeq, n. Then ASeq(n) is a subset of Omega.
The following proposition is true

(23) For all ASeq, V such that V' = |J(rng ASeq) holds V is a subset of
Omega.

Let us consider Omega, ASeq. The functor Union ASeq yields a set and is
defined by:
Union ASeq = J(rng ASeq).
We now state a proposition
(24) For all ASeq, V holds V = Union ASeq if and only if V' = (J(rng ASeq).
Let us consider Omega, ASeq. Then Union ASeq is a subset of Omega.
We now state two propositions:

(25)  For all z, ASeq holds = € Union ASeq if and only if there exists n such
that z € ASeq(n).
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(26)  For every ASeq there exists BSeq such that for every n holds BSeq(n) =
(ASeq(n))°.
Let us consider Omega, ASeq. The functor Complement ASeq yields a se-

quence of subsets of Omega and is defined by:
for every n holds (Complement ASeq)(n) = (ASeq(n))°.

One can prove the following proposition

(27)  For all ASeq, BSeq holds BSeq = Complement ASeq if and only if for
every n holds BSeq(n) = (ASeq(n))°.

Let us consider Omega, ASeq. The functor Intersection ASeq yields a subset
of Omega and is defined by:

Intersection ASeq = (Union(Complement ASeq))°.

One can prove the following propositions:

(28)  For all ASeq, A holds A = Intersection ASeq if and only if
A = (Union(Complement ASeq))° .

(29) For all ASeq, = holds = € Intersection ASeq if and only if for every n
holds x € ASeq(n).

(30) For all A, B, ASeq such that ASeq(0) = A and for every n such that
n # 0 holds ASeq(n) = B holds Intersection ASeq = AN B.

(31)  For every ASeq holds Complement(Complement ASeq) = ASeq.

We now define two new predicates. Let us consider Omega, ASeq. The
predicate ASeq is nonincreasing is defined by:

for all n, m such that n < m holds ASeq(m) C ASeq(n).
The predicate ASeq is nondecreasing is defined by:

for all n, m such that n < m holds ASeq(n) C ASeq(m).

The following two propositions are true:

(32) For all Omega, ASeq holds ASeq is nonincreasing if and only if for all
n, m such that n < m holds ASeq(m) C ASeq(n).

(33)  For all Omega, ASeq holds ASeq is nondecreasing if and only if for all
n, m such that n < m holds ASeq(n) C ASeq(m).

Let us consider Omega. The mode o-field of subsets of Omega, which widens
to the type a set, is defined by:

it C 20™e9¢ and there exists A such that A € it and for every ASeq such that
for every n holds ASeq(n) € it holds Intersection ASeq € it and for every A such
that A € it holds A€ € it.

We now state two propositions:

(34)  For all Omega, Y holds Y is a o-field of subsets of Omega if and only if
Y C 29me92 and there exists A such that A € Y and for every ASeq such
that for every n holds ASeg(n) € Y holds Intersection ASeq € Y and for
every A such that A € Y holds A° €Y.

(35)  For all Omega, Y such that Y is a o-field of subsets of Omega holds Y
is a field of subsets of Omega.

In the sequel Sigma is a o-field of subsets of Omega. Next we state several
propositions:
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(36)  Sigma C 20me99,
(37)  For every x such that x € Sigma holds x is a subset of Omega.
(38)  There exists A such that A € Sigma.
(39) For all A, B such that A € Sigma and B € Sigma holds ANB € Sigma.
(40)  For every A such that A € Sigma holds A° € Sigma.
(41)  For all A, B such that A € Sigma and B € Sigma holds AUB € Sigma.
(42) 0 € Sigma.
(43)  Omega € Sigma.
(44)  For all A, B such that A € Sigma and B € Sigma holds A\ B € Sigma.

Let us consider Omega, Sigma. The mode sequence of subsets of Sigma,
which widens to the type a sequence of subsets of Omega, is defined by:
for every n holds it(n) € Sigma.
We now state two propositions:
(45)  ASeq is a sequence of subsets of Sigma if and only if for every n holds
ASeq(n) € Sigma.
(46)  For all Omega, Sigma for every sequence ASeq of subsets of Sigma
holds Union ASeq € Sigma.
Let us consider Omega, Sigma. The mode event of Sigma, which widens to
the type a subset of Omega, is defined by:
it € Sigma.
The following propositions are true:

(47)  For all Sigma, A holds A is an event of Sigma if and only if A € Sigma.
(48)  For all Sigma, x such that = € Sigma holds z is an event of Sigma.
(49)  For all events A, B of Sigma holds AN B is an event of Sigma.

(50)  For every event A of Sigma holds A€ is an event of Sigma.

(51)  For all events A, B of Sigma holds AU B is an event of Sigma.

(52)  For all Omega, Sigma holds ) is an event of Sigma.

(53)  For all Omega, Sigma holds Omega is an event of Sigma.

(54)  For all events A, B of Sigma holds A\ B is an event of Sigma.

We now define two new functors. Let us consider Omega, Sigma. The functor
Qgigma yields an event of Sigma and is defined by:

Qgigma = Omega.

The functor Osigmq yielding an event of Sigma, is defined by:

®Sigma = (Z)

Next we state two propositions:

(65)  For all Omega, Sigma holds Qgigme = Omega.
(56)  For all Omega, Sigma holds 0 g;gma = 0.

The arguments of the notions defined below are the following: Omega, Sigma
which are objects of the type reserved above; A, B which are events of Sigma.
Then AN B is an event of Sigma. Then AU B is an event of Sigma. Then A\ B
is an event of Sigma.
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We now state two propositions:

(57)  For all Omega, Sigma, ASeq holds ASeq is a sequence of subsets of
Sigma if and only if for every n holds ASeq(n) is an event of Sigma.

(58)  For all Omega, Sigma, ASeq such that ASeq is a sequence of subsets of
Sigma holds Union ASeq is an event of Sigma.

In the sequel Sigma is a o-field of subsets of Omega, A, B are events of Sigma,
and ASeq is a sequence of subsets of Sigma. Next we state a proposition

(59)  For every Omega, Sigma, p there exists f such that dom f = Sigma
and for every D such that D € Sigma holds if p € D, then f(D) =1 but
if p¢ D, then f(D) = 0.

In the sequel P is a function from Sigma into R. The following three propo-
sitions are true:

(60)  For every Omega, Sigma, p there exists P such that for every D such
that D € Sigma holds if p € D, then P(D) = 1 but if p ¢ D, then
P(D)=0.

(61)  For every P holds dom P = Sigma and rng P C R.

(62)  For all Sigma, ASeq, P holds P - ASeq is a sequence of real numbers.

Let us consider Omega, Sigma, ASeq, P. Then P - ASeq is a sequence of real
numbers.

Let us consider Omega, Sigma, P, A. Then P(A) is a real number.

Let us consider Omega, Sigma. The mode probability on Sigma, which
widens to the type a function from Sigma into R, is defined by:

(i) for every A holds 0 < it(A),

(ii)  it(Omega) =1,
(iii)  for all A, B such that A misses B holds it(AU B) = it(A) + it(B),
(iv)  for every ASeq such that ASeq is nonincreasing holds it- ASeq is convergent
and lim(it - ASeq) = it(Intersection ASeq).
Next we state a proposition
(63) Let P be a function from Sigma into R. Then P is a probability on
Sigma if and only if the following conditions are satisfied:
(i) for every A holds 0 < P(A),
(i) P(Omega) =1,
(iii

(iv

)

) for all A, B such that A misses B holds P(AU B) = P(A) + P(B),

) for every ASeq such that ASeq is nonincreasing holds P - ASeq is con-
vergent and lim(P - ASeq) = P(Intersection ASeq).

In the sequel P will be a probability on Sigma. One can prove the following
propositions:
) P(@)=0.
) P((DSigma) = 0.
66) P(Qsigma) = 1.
) For all P, A holds P(Qgigma \ 4) + P(A) = 1.
) For all P, A holds P(Qgigma \ 4) =1 — P(A).
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(@)
Ne)

For all P, A, B such that A C B holds P(B\ A) = P(B) — P(A).
For all P, A, B such that A C B holds P(A4) < P(B).
For all P, A holds P(A) <1

N e N e N N
- N~
N = O

— Y~ ~— — —

For all P, A, B holds P(AU B) = P(A) + P(B\ A).
73) For all P, A, B holds P(AUB) = P(A)+ P(B\ AN B).
74)  For all P, A, B holds P(AU B) = (P(A) + P(B)) — P(AN B).
75)  For all P, A, B holds P(AU B) < P(A) + P(B).

< P
In the sequel D denotes a subset of R and S denotes a subset of 20™¢9% Next
we state a proposition

(76)  20me99 is a g-field of subsets of Omega.

The arguments of the notions defined below are the following: Omega which
is an object of the type reserved above; X which is a subset of 20™€9¢  The
functor o X yields a o-field of subsets of Omega and is defined by:

X C 0X and for every Z such that X C Z and Z is a o-field of subsets of
Omega holds 0 X C Z.

Next we state a proposition

(77)  For all S, Sigma holds Sigma = ¢S if and only if S C Sigma and for
every Z such that S C Z and Z is a o-field of subsets of Omega holds
Sigma C Z.

Let us consider r. The functor HL(r) yielding a subset of R, is defined by:

HL(r) ={r1:m <r}.

Next we state a proposition

(78)  For all r, D holds D = HL(r) if and only if D = {ry : m <r}.

The constant Halflines is a subset of 2® and is defined by:

Halflines = {D : A\, D = HL(r)}.

The following proposition is true

(79)  For every subset Z of 2® holds Z = Halflines if and only if Z = {D :
Ar D =HL(r)}.

The constant the Borel sets is a o-field of subsets of R and is defined by:

the Borel sets = o Halflines.

One can prove the following proposition

(80)  For every o-field Z of subsets of R holds Z = the Borel sets if and only if
Z = o Halflines.
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Introduction to Categories and Functors

Czestaw Bylinski
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Biatystok

Summary. The category is introduced as an ordered 5-tuple of
the form (O, M, dom, cod, -, id) where O (objects) and M (morphisms) are
arbitrary nonempty sets, dom and cod map M onto O and assign to a
morphism domain and codomain, - is a partial binary map from M x M to
M (composition of morphisms), id applied to an object yields the identity
morphism. We define the basic notions of the category theory such as hom,
monic, epi, invertible. We next define functors, the composition of functors,
faithfulness and fullness of functors, isomorphism between categories and
the identity functor.

MML Identifier: CAT_1.

The papers [5], [1], [3], [2], and [4] provide the terminology and notation for this
paper. In the sequel a, b, ¢, 0, m, x are arbitrary. Let us consider . Then {z}
is a non-empty set.
Next we state several propositions:
(1) =z is an element of {x}.
(2)  For every element x of {a} holds z = a.
(3)  For every set X for all non-empty sets C, D for every function f from C
into D for every element ¢ of C such that ¢ € X holds (f [ X)(c) = f(c).
(4) For all sets X, Y, Z for every non-empty set D for every function f from
X into D such that Y C X and f°Y C Z holds f 'Y is a function from
Y into Z.
(5)  For every function f from {a} into {b} for every element = of {a} holds
f(x)=0.
The arguments of the notions defined below are the following: A which is
a non-empty set; b which is an object of the type reserved above. of the type
reserved above. Then A —— b is a function from A into {b}.

Let us consider a, b, ¢. The functor (a,b) — c¢ yields a partial function from
F{a}, {b}] to {c} and is defined by:
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(a,b) — c={(a,b)} — c.
One can prove the following propositions:

6) (a,b) — c={(a,b)} —c

(7)  dom({a,b) — ¢) = {{a,b)} and dom({a,b) — ¢) = [{a}, {b}].

@) ({a,b) — ¢)({a,b)) = c.

(9) For every element = of {a} for every element y of {b} holds ({(a,b) —

o)({z,y)) = c.
Let D be a non-empty set. Then idp is a function from D into D.

We consider category structures which are systems

( objects, morphisms, a dom-map, a cod-map, a composition, an id-map )

where the objects, the morphisms are non-empty sets, the dom-map, the cod-
map are functions from the morphisms into the objects, the composition is a
partial function from [ the morphisms,the morphisms] to the morphisms, and
the id-map is a function from the objects into the morphisms. In the sequel C'
denotes a category structure. We now define two new modes. Let us consider C.
An object of C' is an element of the objects of C.

A morphism of C is an element of the morphisms of C.

We now state two propositions:
(10)  For every element a of the objects of C holds a is an object of C'.
(11)  For every element f of the morphisms of C' holds f is a morphism of C.
We adopt the following convention: a, b, ¢, d are objects of C' and f, g are
morphisms of C'. We now define two new functors. Let us consider C, f. The
functor dom f yields an object of C' and is defined by:
dom f =(the dom-map of C)(f).
The functor cod f yielding an object of C, is defined by:
cod f =(the cod-map of C)(f).
We now state two propositions:
(12)  dom f =(the dom-map of C)(f).
(13)  cod f =(the cod-map of C)(f).
Let us consider C, f, g. Let us assume that (g, f) € dom(the composition of
(). The functor g - f yielding a morphism of C| is defined by:
g - f =(the composition of C)({g, f)).

Next we state a proposition

(14) If (g, f) € dom(the composition of C'), then g - f =(the composition of
C)({g: F))-
Let us consider C, a. The functor id, yields a morphism of C and is defined
by:
' id, =(the id-map of C)(a).
One can prove the following proposition
(15)  idg =(the id-map of C)(a).
Let us consider C, a, b. The functor hom(a,b) yielding sets of morphisms of
C, is defined by:
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hom(a,b) = {f : dom f = a A cod f = b}.
We now state four propositions:
(16) hom(a,b) = {f :dom f =aAcod f =b}.
(17)  If hom(a,b) # (), then there exists f such that f € hom(a,b).
(18)  f € hom(a,b) if and only if dom f = a and cod f = b.
(19)  hom(dom f,cod f) # 0.

Let us consider C, a, b. Let us assume that hom(a,b) # 0. The mode
morphism from a to b, which widens to the type a morphism of C, is defined
by:

' it € hom(a, b).

Next we state several propositions:

(20)  If hom(a,b) # 0, then for every morphism f of C holds f is a morphism
from a to b if and only if f € hom(a, b).

(21)  For arbitrary f such that f € hom(a,b) holds f is a morphism from a to
b.

(22)  For every morphism f of C holds f is a morphism from dom f to cod f.

(23)  For every morphism f from a to b such that hom(a,b) # 0 holds dom f =
a and cod f = b.

(24)  For every morphism f from a to b for every morphism A from ¢ to d such
that hom(a, b) # 0 and hom(c,d) # () and f = h holds a = ¢ and b = d.

(25)  For every morphism f from a to b such that hom(a,b) = {f} for every
morphism ¢ from a to b holds f = g.

(26)  For every morphism f from a to b such that hom(a,b) # () and for every
morphism ¢ from a to b holds f = ¢ holds hom(a,b) = {f}.

(27)  For every morphism f from a to b such that hom(a,b) ~ hom(c,d) and
hom(a,b) = {f} there exists h being a morphism from ¢ to d such that
hom(e,d) = {h}.

The mode category, which widens to the type a category structure, is defined
by:

(i) for all elements f, g of the morphisms of it holds (g, f) € dom(the compo-

sition of it) if and only if (the dom-map of it)(g) =(the cod-map of it)(f),

(ii)  for all elements f, g of the morphisms of it such that (the dom-map of
it)(g) =(the cod-map of it)(f) holds (the dom-map of it)((the composition of
it)({g, f))) =(the dom-map of it)(f) and (the cod-map of it)((the composition of
it)({g, f))) =(the cod-map of it)(g),

(iii for all elements f, g, h of the morphisms of it such that (the dom-map
of it)(h) =(the cod-map of it)(g) and (the dom-map of it)(g) =(the cod-map
of it)(f) holds (the composition of it)({h,(the composition of it)({g, f)))) =(the
composition of it)({(the composition of it)({h, g)), f)),

(iv)  for every element b of the objects of it holds (the dom-map of it)((the
id-map of it)(b)) = b and (the cod-map of it)((the id-map of it)(b)) = b and for
every element f of the morphisms of it such that (the cod-map of it)(f) = b holds
(the composition of it)({(the id-map of it)(b), f)) = f and for every element g of

~— — = =
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the morphisms of it such that (the dom-map of it)(g) = b holds (the composition
of it)({g,(the id-map of it)(b))) = g.
The following three propositions are true:

(28) Let C be a category structure. Then C is a category if and only if the
following conditions are satisfied:

(i)  for all elements f, g of the morphisms of C holds (g, f) € dom(the
composition of C) if and only if (the dom-map of C')(g) =(the cod-map of
)(f),

(ii)  for all elements f, g of the morphisms of C' such that (the dom-map of
C)(g) =(the cod-map of C)(f) holds (the dom-map of C)((the composi-
tion of C)({g, f))) =(the dom-map of C)(f) and (the cod-map of C)((the
composition of C')({g, f))) =(the cod-map of C)(g),

(iii)  for all elements f, g, h of the morphisms of C' such that (the dom-
map of C')(h) =(the cod-map of C)(g) and (the dom-map of C)(g) =(the
cod-map of C)(f) holds (the composition of C)({h,(the composition of
C)({g, f)))) =(the composition of C)({(the composition of C)({h,g)), f)),

(iv)  for every element b of the objects of C' holds (the dom-map of C')((the
id-map of C)(b)) = b and (the cod-map of C)((the id-map of C)(b)) = b
and for every element f of the morphisms of C such that (the cod-map
of C)(f) = b holds (the composition of C)({(the id-map of C)(b), f)) =
and for every element g of the morphisms of C such that (the dom-map of
C)(g) = b holds (the composition of C)({g,(the id-map of C)(b))) = g.

(29) Let C be a category structure. Suppose that
(i)  for all morphisms f, g of C holds (g, f) € dom(the composition of C')
if and only if dom g = cod f,

(ii)  for all morphisms f, g of C' such that dom g = cod f holds dom(g- f) =
dom f and cod(g - f) = cod g,

(iii)  for all morphisms f, g, h of C such that domh = cod g and domg =
cod f bolds h-(g- f) = (h-g) - f,

(iv)  for every object b of C' holds dom(idy) = b and cod(idy) = b and for
every morphism f of C such that cod f = b holds idy - f = f and for every
morphism g of C' such that domg = b holds g -idy = g.

Then C'is a category.

(30) Let O, M be non-empty sets. Let d, ¢ be functions from M into O. Let
p be a partial function from [ M, M ] to M. Let i be a function from O
into M. Let C be a category structure. Suppose C. Then C is a category
if and only if the following conditions are satisfied:

(i)  for all elements f, g of M holds (g, f) € domp if and only if d(g) = ¢(f),
(ii)  for all elements f, g of M such that d(g) = ¢(f) holds d(p({g, f))) = d(f)

and c(p({g, f))) = c(9),
(iii)  for all elements f, g, h of M such that d(h) = ¢(g) and d(g) = c(f)

holds p((h, p({g, ))}) = p({p({h, 9)), 1)),
(iv)  for every element b of O holds d(i(b)) = b and c(i
element f of M such that ¢(f) = b holds p({i(b), f
)

b)) = b and for every
, f))
element g of M such that d(g) = b holds p({g,i(b))

(
) f and for every

=g
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Let us consider o, m. The functor O(0,m) yielding a category, is defined by:

O(o,m) = {{o},{m},{m} — o,{m} — o, (m,m) — m, {o} — m).

One can prove the following propositions:

(31)  O(0,m) = ({o},{m},{m} — o,{m} — o, (m,m) — m, {0} — m).
(32) o is an object of O(0,m).

(33)  m is a morphism of O(o,m).

(34)  For every object a of O(0,m) holds a = o.

(35)  For every morphism f of ©(0,m) holds f = m.

(36)  For all objects a, b of ©(0,m) for every morphism f of ©(o,m) holds

f € hom(a,b).

(37)  For all objects a, b of ©(0,m) for every morphism f of ©(o,m) holds f
is a morphism from a to b.

(38)  For all objects a, b of ©(0,m) holds hom(a, b) # (.

(39)  For all objects a, b, ¢, d of ©(0,m) for every morphism f from a to b for
every morphism ¢ from ¢ to d holds f = g.

We adopt the following rules: B, C', D will be categories, a, b, ¢, d will be
objects of C, and f, f1, fo, 9, g1, g2 will be morphisms of C'. Next we state
several propositions:

(40)  domg = cod f if and only if (g, f) € dom(the composition of C).
(41) If domg = cod f, then g - f =(the composition of C)({g, f)).

(42)  For all morphisms f, g of C' such that dom g = cod f holds dom(g- f) =
dom f and cod(g - f) = cod g.

(43)  For all morphisms f, g, h of C such that domh = cod g and domg =
cod fholds h-(g- f)=(h-g)- f.

44)  dom(idy) = b and cod(idp) = b.

45)  If id, = idp, then a = b.

46)  For every morphism f of C such that cod f = b holds id -f = f.

47)  For every morphism g of C such that dom g = b holds ¢ - id, = g.

(
(
(
(

Let us consider C, g. The predicate g is monic is defined by:

for all f1, fo such that dom f; = dom f; and cod f; = domg and cod fy =
domg and g- f1 = ¢ - f3 holds f1 = fo.

The following proposition is true

(48) g is monic if and only if for all f;, fo such that dom f; = dom fo and
cod f; = domg and cod fy =domg and g - f1 = ¢ - f2 holds f1 = fo.

Let us consider C, f. The predicate f is epi is defined by:

for all g1, g2 such that dom g; = cod f and dom g = cod f and cod g1 = cod g2
and g1 - f = g2 - f holds g1 = gs.

One can prove the following proposition

(49)  fisepiif and only if for all g1, g2 such that dom g; = cod f and dom g2 =
cod f and cod g1 = codgs and g1 - f = go - f holds g1 = gs.
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Let us consider C, f. The predicate f is invertible is defined by:

there exists g such that domg = cod f and codg = dom f and f - g = idceq s
and g - f = idgom f-

The following proposition is true

(50)  f is invertible if and only if there exists g such that dom g = cod f and
codg =dom f and f-g =ideoq and g f = idgom f-

In the sequel f will denote a morphism from a to b, f’ will denote a morphism
from b to a, g will denote a morphism from b to ¢, and A will denote a morphism
from c to d. Next we state two propositions:

(51)  If hom(a,b) # 0 and hom(b, ¢) # (), then g - f € hom(a, ¢).
(52)  If hom(a,b) # () and hom(b, ¢) # (), then hom(a, ¢) # .
Let us consider C, a, b, ¢, f, g. Let us assume that hom(a,b) # () and
hom(b, ¢) # (). The functor g- f yields a morphism from a to ¢ and is defined by:

g-f=g-f
One can prove the following propositions:
(53)  If hom(a,b) # 0 and hom(b,c) # (), then
g+ f =g (fquaamorphismof C) .
(54)  If hom(a,b) # 0 and hom(b, c) # () and hom(c,d) # 0, then (h-g) - f =
h-(g-f)
(55) id, € hom(a,a).
(56)  hom(a,a) # 0.
Let us consider C, a. Then id, is a morphism from a to a.
The following propositions are true:
(57)  If hom(a,b) # 0, then id, -f = f.
(58)  If hom(b,c) # 0, then g -id; = g.
(59) id,-id, = id,.
(60)

60) If hom(b,c) # 0, then g is monic if and only if for every a for all mor-

phisms f1, fo from a to b such that hom(a,b) # 0 and g - f1 = g - f2 holds
1= fa

(61)  If hom(b, c) # 0 and hom(c,d) # 0 and ¢ is monic and h is monic, then
h - g is monic.

(62)  If hom(b,c) # () and hom(c,d) # () and h - g is monic, then g is monic.
(63)  For every morphism h from a to b for every morphism g from b to a such
that hom(a, b) # 0 and hom(b,a) # () and h - g = id; holds g is monic.

(64)  idp is monic.

(65)  If hom(a,b) # 0, then f is epi if and only if for every c for all morphisms
g1, g2 from b to ¢ such that hom(b,c) # 0 and gy - f = g2 - f holds g1 = go.

(66) If hom(a,b) # () and hom(b,c) # () and f is epi and g is epi, then g- f is
epi.

(67) If hom(a,b) # () and hom(b,c) # () and g - f is epi, then g is epi.

(68)  For every morphism h from a to b for every morphism g from b to a such
that hom(a,b) # 0 and hom(b,a) # ) and h - g = id; holds h is epi.
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(69) idp is epi.
(70)  If hom(a,b) # 0, then f is invertible if and only if hom(b,a) # @ and
there exists g being a morphism from b to a such that f-g¢g = id, and
g f=id,.
(71)  If hom(a,b) # 0 and hom(b, a) # (), then for all morphisms g1, go from b
to a such that f-g; =idy and ¢o - f = id, holds g1 = go.
Let us consider C, a, b, f. Let us assume that hom(a,b) # () and f is invertible.
The functor f~! yielding a morphism from b to a, is defined by:
f-(f7YH =idy and (f71) - f =id,.
We now state several propositions:
(72)  If hom(a,b) # 0 and f is invertible, then for every morphism ¢ from b to
a holds g = f~! if and only if f- g =idy and ¢ - f = id,.
(73)  If hom(a,b) # () and f is invertible, then f is monic and f is epi.
(74)  id, is invertible.
(75)  If hom(a,b) # 0 and hom(b,c) # () and f is invertible and g is invertible,
then ¢ - f is invertible.
(76)  If hom(a,b) # 0 and f is invertible, then f~! is invertible.
(77)  If hom(a,b) # 0 and hom(b,c) # () and f is invertible and g is invertible,
then (g- f)~' = f~1-g7".
We now define three new predicates. Let us consider C, a. The predicate a is
a terminal object is defined by:
hom(b, a) # () and there exists f being a morphism from b to a such that for
every morphism ¢ from b to a holds f = g.
The predicate a is an initial object is defined by:
hom(a, b) # () and there exists f being a morphism from a to b such that for
every morphism ¢ from a to b holds f = g.
Let us consider b. The predicate a and b are isomorphic is defined by:
hom(a,b) # () and there exists f such that f is invertible.
We now state a number of propositions:
(78)  a is a terminal object if and only if for every b holds hom(b,a) # () and
there exists f being a morphism from b to a such that for every morphism
g from b to a holds f = g.
(79) a is an initial object if and only if for every b holds hom(a,b) # () and
there exists f being a morphism from a to b such that for every morphism
g from a to b holds f = g.
(80) @ and b are isomorphic if and only if hom(a,b) # () and there exists f
such that f is invertible.
(81) a and b are isomorphic if and only if hom(a,b) # @) and hom(b,a) # 0
and there exist f, f’ such that f- f/ =id, and f'- f = id,.
(82) a is an initial object if and only if for every b there exists f being a
morphism from a to b such that hom(a,b) = {f}.

(83) If a is an initial object, then for every morphism A from a to a holds
idg = h.
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(84) If a is an initial object and b is an initial object, then a and b are iso-
morphic.

(85)  If a is an initial object and a and b are isomorphic, then b is an initial
object.

(86) b is a terminal object if and only if for every a there exists f being a
morphism from a to b such that hom(a,b) = {f}.

(87) If a is a terminal object, then for every morphism A from a to a holds
idg = h.

(88) If a is a terminal object and b is a terminal object, then a and b are
isomorphic.

(89) If bis a terminal object and a and b are isomorphic, then a is a terminal

object.
(90)  If hom(a,b) # () and a is a terminal object, then f is monic.
(91)  a and a are isomorphic.
(92) If a and b are isomorphic, then b and a are isomorphic.
(93) If a and b are isomorphic and b and ¢ are isomorphic, then a and ¢ are

isomorphic.
Let us consider C, D. The mode functor from C to D, which widens to the
type a function from the morphisms of C' into the morphisms of D, is defined by:
(i)  for every element c of the objects of C' there exists d being an element of
the objects of D such that it((the id-map of C')(c)) =(the id-map of D)(d),
(ii)  for every element f of the morphisms of C' holds it((the id-map of C')((the
dom-map of C)(f))) =(the id-map of D)((the dom-map of D)(it(f))) and it((the
id-map of C)((the cod-map of C)(f))) =(the id-map of D)((the cod-map of
D) (it(f))).
(i)  for all elements f, g of the morphisms of C' such that (g, f) € dom(the
composition of C) holds it((the composition of C')({g, f))) =(the composition of

D)((it(g),it(f)))-

We now state two propositions:

(94) Let C, D be categories. Let T be a function from the morphisms of C'
into the morphisms of D. Then T is a functor from C to D if and only if
the following conditions are satisfied:

(i)  for every element c of the objects of C' there exists d being an element of

the objects of D such that T'((the id-map of C')(c)) =(the id-map of D)(d),

(ii)  for every element f of the morphisms of C holds T'((the id-map of
)
(the dom-map of C')(f))) =(the id-map of D)((the dom-map of D)(T(f)))
and T'((the id-map of C')((the cod-map of C')(f))) =(the id-map of D)((the
cod-map of D)(T(f)),

(i)  for all elements f, g of the morphisms of C' such that (g, f) € dom(the
composition of C) holds T'((the composition of C')({g, f))) =(the compo-
sition of D)({T'(9),T(f))}).
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(95)  For all functors Fy, Fy from C to D such that for every morphism f of
C' holds Fl(f) = Fg(f) holds F1 = Fg.
The arguments of the notions defined below are the following: C, D which are

categories; F' which is a function from the objects of C' into the objects of D; ¢
which is an object of C. Then F(c) is an object of D.
The following propositions are true:
(96) Let T be a function from the morphisms of C' into the morphisms of D.
Suppose that
(i)  for every object ¢ of C there exists d being an object of D such that
T(idc) = idg,
(ii)  for every morphism f of C holds T '(idqom f) = idaom(7(s)) and
T'(idcoa ) = ideoa(r(s))
(iii)  for all morphisms f, g of C' such that domg = cod f holds T'(g - f) =
T(g) - T(f)
Then T is a functor from C to D.
(97)  For every functor T' from C to D for every object ¢ of C there exists d
being an object of D such that 7T'(id.) = idg.
(98) For every functor T from C to D for every morphism f of C holds
T(iddom f) = iddom(r(s)) and T'(ideod 1) = ideoa(r(s))-
(99) For every functor T from C' to D for all morphisms f, g of C' such that
dom g = cod f holds dom(T'(g)) = cod(T'(f)) and T'(g - f) =T(g) - T(f).
(100)  Let T be a function from the morphisms of C' into the morphisms of D.
Let F be a function from the objects of C' into the objects of D. Suppose
that
(i)  for every object c of C' holds T'(id.) = idp(c),
(ii)  for every morphism f of C holds F(dom f) = dom(T'(f)) and
F(cod f) = cod(T'(f))
(iii)  for all morphisms f, g of C such that domg = cod f holds T'(g - f) =
T(g) - T(f)-
Then T is a functor from C to D.

The arguments of the notions defined below are the following: C, D which are
objects of the type reserved above; F' which is a function from the morphisms
of C into the morphisms of D. Let us assume that for every element ¢ of the
objects of C there exists d being an element of the objects of D such that F'((the
id-map of C)(¢)) =(the id-map of D)(d). The functor Obj F' yielding a function
from the objects of C' into the objects of D, is defined by:

for every element ¢ of the objects of C' for every element d of the objects of D
such that F'((the id-map of C')(c)) =(the id-map of D)(d) holds (Obj F)(c) = d.

Next we state several propositions:

(101) Let C, D be categories. Let T be a function from the morphisms of C
into the morphisms of D. Suppose for every element ¢ of the objects of
C' there exists d being an element of the objects of D such that T'((the
id-map of C')(c)) =(the id-map of D)(d). Then for every function F' from
the objects of C' into the objects of D holds F' = ObjT if and only if for
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every element c of the objects of C' for every element d of the objects of D
such that T'((the id-map of C')(c)) =(the id-map of D)(d) holds F(c) = d.

(102)  For every function T' from the morphisms of C' into the morphisms of D
such that for every object ¢ of C' there exists d being an object of D such
that T'(id.) = idy4 for every object ¢ of C for every object d of D such that
T'(id.) = idg4 holds (Obj T)(c) = d.

(103)  For every functor T from C' to D for every object ¢ of C for every object
d of D such that T'(id.) = id4 holds (ObjT')(c) = d.

(104)  For every functor T from C to D for every object ¢ of C holds T'(id.) =
id(on;7)(c)-

(105)  For every functor T from C to D for every morphism f of C' holds
(ObjT)(dom f) = dom(T'(f)) and (ObjT)(cod f) = cod(T'(f)).

The arguments of the notions defined below are the following: C, D which
are categories; 1" which is a functor from C' to D; ¢ which is an object of C. The
functor T'(c) yielding an object of D, is defined by:

T(c) = (Obj T)(c).

We now state several propositions:

(106)  For every functor T from C to D for every object ¢ of C holds T'(c) =
(ObjT)(c).

(107)  For every functor T from C' to D for every object ¢ of C for every object
d of D such that T'(id.) = idg holds T'(c) = d.

(108)  For every functor T" from C to D for every object ¢ of C holds T'(id.) =
idT(C) .

(109)  For every functor T' from C' to D for every morphism f of C holds
T(dom f) = dom(7'(f)) and T'(cod f) = cod(T'(f))-

(110)  For every functor T' from B to C for every functor S from C to D holds
S - T is a functor from B to D.

The arguments of the notions defined below are the following: B, C, D which
are objects of the type reserved above; 1" which is a functor from B to C'; S which
is a functor from C to D. Then S - T is a functor from B to D.

One can prove the following three propositions:

(111)  id¢he morphisms of ¢ is a functor from C' to C.

(112)  For every functor T from B to C for every functor S from C' to D for
every object b of B holds (Obj(S - T'))(b) = (ObjS)((ObjT)(b)).

(113)  For every functor T from B to C for every functor S from C' to D for
every object b of B holds (S -T)(b) = S(T'(b)).

Let us consider C. The functor id¢ yielding a functor from C to C, is defined
by:

idC’ = idthe morphisms of C-

The following propositions are true:

(114) ldC = idthe morphisms of C-
(115)  For every morphism f of C holds id¢(f) = f.
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(116)  For every object ¢ of C holds (Objid¢)(c) = c.
(117) ObJ ldC = idtho objects of C-
(118)  For every object ¢ of C holds id¢(c) = c.

We now define three new predicates. The arguments of the notions defined
below are the following: C, D which are categories; T" which is a functor from C
to D. The predicate T' is an isomorphism is defined by:

T is one-to-one and rngT =the morphisms of D and rng(ObjT") =the objects
of D.

The predicate T is full is defined by:

for all objects ¢, ¢’ of C' such that hom(7T'(c),T(c')) # 0 for every morphism
g from T'(c) to T(¢') holds hom(c, ') # () and there exists f being a morphism
from ¢ to ¢’ such that g = T(f).

The predicate T is faithful is defined by:

for all objects ¢, ¢’ of C such that hom(c, ¢’) # () for all morphisms fq, fo from

¢ to ¢ such that T'(f1) = T(f2) holds f1 = fs.

One can prove the following propositions:

(119)  For every functor T from C to D holds T is an isomorphism if and only
if T is one-to-one and rngT =the morphisms of D and rng(ObjT) =the
objects of D.

(120)  For every functor T from C to D holds T is full if and only if for all objects
¢, ¢ of C such that hom(T'(c),T(c")) # 0 for every morphism g from T'(c)
to T'(¢') holds hom(c, ') # () and there exists f being a morphism from ¢
to ¢ such that g = T(f).

(121)  For every functor T from C' to D holds T is faithful if and only if for all
objects ¢, ¢ of C such that hom(c, ') # 0 for all morphisms fi, fo from ¢
to ¢ such that T'(f1) = T(f2) holds f1 = fa.

(122)  id¢ is an isomorphism.

(123)  For every functor T' from C to D for all objects ¢, ¢’ of C for arbitrary
f such that f € hom(c,c’) holds T'(f) € hom(T'(c), T(c)).

(124)  For every functor T from C to D for all objects c,

c/
of C such that hom(c,c¢’) # 0 for every morphism f from ¢ to ¢’ holds
T(f) € hom(T(c), T(c)).

(125)  For every functor T from C to D for all objects ¢, ¢/ of C' such that
hom(c, ¢) # 0 for every morphism f from ¢ to ¢’ holds T'(f) is a morphism
from T'(c) to T(c').

(126)  For every functor T from C to D for all objects ¢, ¢/ of C' such that
hom(c, ) # 0 holds hom(T'(c), T(c")) # 0.

(127)  For every functor T from B to C for every functor S from C to D such
that T is full and S is full holds S - T is full.

(128)  For every functor T' from B to C for every functor S from C to D such
that 7' is faithful and S is faithful holds S - T" is faithful.
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(129)  For every functor T from C to D for all objects ¢, ¢/ of C holds T °
hom(c, ) C hom(7T'(c), T(c")).

The arguments of the notions defined below are the following: C, D which are
categories; T which is a functor from C to D; ¢, ¢ which are objects of C'. The
functor T, yielding a function from hom(c, ¢’) into hom(7'(c), T(¢’)), is defined
by:

' T, =T ' hom(c, ().

One can prove the following four propositions:

(130)  For every functor T from C to D for all objects ¢, ¢’ of C holds T¢ » =
T | hom(e, ).

(131)  For every functor T from C to D for all objects ¢, ¢/ of C' such that
hom(c, ¢') # 0 for every morphism f from ¢ to ¢’ holds T o (f) = T(f).

(132)  For every functor T from C to D holds T is full if and only if for all
objects ¢, ¢ of C holds rng T, » = hom(T(c), T(c)).

(133)  For every functor T from C' to D holds T is faithful if and only if for all
objects ¢, ¢ of C holds T, . is one-to-one.
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Introduction to Trees
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Summary. The article consists of two parts: the first one deals with
the concept of the prefixes of a finite sequence, the second one introduces
and deals with the concept of tree. Besides some auxiliary propositions
concerning finite sequences are presented. The trees are introduced as
non-empty sets of finite sequences of natural numbers which are closed on
prefixes and on sequences of less numbers (i.e. if (ni, nag, ..., ng) is a
vertex (element) of a tree and m; < mn; for i = 1, 2, ..., k, then (m1, ma,
..., mg) also is). Finite trees, elementary trees with n leaves, the leaves
and the subtrees of a tree, the inserting of a tree into another tree, with a
node used for detemining the place of insertion, antichains of prefixes, and
height and width of finite trees are introduced.

MML Identifier: TREES_1.

The notation and terminology used in this paper have been introduced in the
following papers: [8], [7], [2], [5], [4], [6], [3], and [1]. For simplicity we adopt the
following rules: D is a non-empty set, X is a set, z, y are arbitrary, k, n are
natural numbers, and p, ¢, r are finite sequences of elements of N. We now state
several propositions:

(1)  For all finite sequences p, g such that ¢ = p | Segn holds leng < n.

(2)  For all finite sequences p, ¢ such that ¢ = p | Segn holds len ¢ < len p.

(3)  For all finite sequences p, r such that r = p | Segn there exists ¢ being

a finite sequence such that p =1 "gq.
(4)  e# ().
(5)  For all finite sequences p, g such that p=p ~ g or p=¢~ p holds ¢ = ¢.

(6)  For all finite sequences p, ¢ such that p~¢ = () holds p = (z) and g = ¢
or p=c and ¢ = (z).
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Let p, ¢ be finite sequences. The predicate p < ¢ is defined by:

there exists n such that p = ¢ | Segn.

We now state a number of propositions:

(7)  For all finite sequences p, g holds p < ¢ if and only if there exists n such
that p = g | Segn.

(8)  For all finite sequences p, g holds p < ¢ if and only if there exists r being

~

a finite sequence such that ¢ =p "~ r.

Ne)

For all finite sequences p, g such that p < ¢ holds lenp < leng.

=~
(=}

e N N N N e N
—_
w
Y Y

For every finite sequence p holds ¢ < p and ep =< p.

—_
—_

For every finite sequence p such that p < ¢ holds p = &.

—_
[\

For every finite sequence p holds p < p.
For all finite sequences p, ¢ such that p < ¢ and ¢ < p holds p = q.

,_.
B

For all finite sequences p, ¢, r such that p < ¢ and ¢ < r holds p < r.

—_
ot

For all finite sequences p, q such that p < ¢ and lenp = len ¢ holds p = q.
(x) = (y) if and only if x = y.

We now define two new predicates. Let p, q be finite sequences. The predicate
p and g are comparable is defined by:

p=qorqg=p.
The predicate p < ¢ is defined by:
p=gqandp#q.
One can prove the following propositions:
(17)  For all finite sequences p, ¢ holds p and ¢ are comparable if and only if
p=qorqg=p.
(18)  For all finite sequences p, ¢ holds p < ¢ if and only if p < ¢ and p # q.
(19)  For all finite sequences p, ¢ such that p and ¢ are comparable and len p =
len ¢ holds p = q.
(20)  For all finite sequences p, ¢ holds p < g or p = g or ¢ < p if and only if p
and ¢ are comparable.
(21)  For every finite sequence p holds p and p are comparable.
In the sequel pq, ps will be finite sequences. Next we state a number of
propositions:
(22) If p; and py are comparable, then py and p; are comparable.

(23)  (z) and (y) are comparable if and only if x = y.

(24)  For all finite sequences p, g such that p < ¢ holds lenp < leng.

(25)  For no finite sequence p holds p < € or p < ep.

(26)  For no finite sequences p, ¢ holds p < ¢ and ¢ < p.

(27)  For all finite sequences p, ¢, r such that p < ¢ and ¢ < r or p < ¢ and

g=rorp=gandq=<rholdsp<r.
(28)  If p1 < pa, then pa £ p1.
(29) If p1 < po, then ps £ p1.
(30)  If p1~ (z) = po2, then p1 < pa.
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(31)  If p; = po, then p; < py ™ (x).

(32) If p1 < p2 ™ (z), then p; < po.

(33) 1If e < pg or & # po, then p; < p1 ~ po.

Let p be a finite sequence. The functor Seg(p) yielding a set, is defined by:

r € Seg<(p) if and only if there exists ¢ being a finite sequence such that
r=gqand q < p.

The following propositions are true:

(34)  For every finite sequence p holds X = Seg~(p) if and only if for every
holds x € X if and only if there exists ¢ being a finite sequence such that
x=gq and q < p.

(35)  For every finite sequence p such that z € Seg.(p) holds z is a finite

sequence.

(36)  For all finite sequences p, ¢ holds p € Seg<(q) if and only if p < q.

(37)  For all finite sequences p, ¢ such that p € Segj(q) holds lenp < leng.
(38)  For all finite sequences p, ¢, 7 such that ¢~r € Seg<(p) holds ¢ € Seg(p).
(39)  Seg<(e) =0.

(10)  Seg=((a) = {c}.

(41)  For all finite sequences p, ¢ such that p < ¢ holds Seg~(p) C Seg<(q).
(42)  For all finite sequences p, g, r such that ¢ € Seg<(p) and r € Seg<(p)

holds ¢ and r are comparable.

The mode tree, which widens to the type a non-empty set, is defined by:
it € N* and for every p such that p € it holds Seg(p) C it and for all p, k, n
such that p ™ (k) € it and n < k holds p ™ (n) € it.

Next we state a proposition
(43) D is a tree if and only if D C N* and for every p such that p € D holds
Seg<(p) € D and for all p, k, n such that p ~ (k) € D and n < k holds
p~(n) € D.
In the sequel T', T} denote trees. The following proposition is true
(44) If x € T, then z is a finite sequence of elements of N.

Let us consider T. We see that it makes sense to consider the following mode
for restricted scopes of arguments. Then all the objests of the mode element of
T are a finite sequence of elements of N.

The following propositions are true:
(45)  For all finite sequences p, q such that p € T" and ¢ < p holds ¢ € T..
(46)  For every finite sequence r such that ¢ ~r € T holds ¢ € T..

(47) ee€eTandey €T.

(48)  {e} is a tree.

(49) T UT is a tree.

(50) T NTyis a tree.

The mode finite tree, which widens to the type a tree, is defined by:
it is finite.
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The following proposition is true
(51)  Tis a finite tree if and only if T is finite.

In the sequel fT', fT7 will be finite trees. Next we state two propositions:
(52)  fT'U fTy is a finite tree.
(563)  fT'NT is a finite tree and T'N fT is a finite tree.

Let us consider n. The functor elementary tree of n yielding a finite tree, is
defined by:
elementary tree of n = {(k) : k < n} U {e}.
The following propositions are true:
(54)  fT = elementary tree of n if and only if fT = {(k) : k <n} U {e}.
(55)  If k < n, then (k) € elementary tree of n.
(56)  elementary tree of 0 = {e}.
(57) If p € elementary tree of n, then p = € or there exists k such that k < n
and p = (k).
We now define two new functors. Let us consider T. The functor LeavesT
yields a subset of T" and is defined by:
p € Leaves T if and only if p € T and for no ¢ holds ¢ € T and p < gq.
Let us consider p. Let us assume that p € T'. The functor T | p yields a tree and
is defined by:
geT |pifandonlyifp~qgeT.
We now state three propositions:

(58)  For every subset X of T holds X = LeavesT if and only if for every p
holds p € X if and only if p € T and for no ¢ holds ¢ € T' and p < q.
(59) If pe T, then Ty = T | p if and only if for every ¢ holds ¢ € Ty if and
onlyifp~qeT.
(60) Tirey=T.
The arguments of the notions defined below are the following: T which is a
finite tree; p which is an element of 1. Then T | p is a finite tree.

Let us consider T. Let us assume that LeavesT # (). The mode leaf of T,
which widens to the type an element of T, is defined by:
it € Leaves T

We now state a proposition

(61) If Leaves T # (, then for every element p of T holds p is a leaf of T if
and only if p € Leaves T.

Let us consider T. The mode subtree of T, which widens to the type a tree,
is defined by:
there exists p being an element of T" such that it =T | p.

One can prove the following proposition

(62) T is a subtree of T if and only if there exists p being an element of T
such that 77 =T | p.

In the sequel ¢t is an element of T. Let us consider T', p, T7. Let us assume
that p € T. The functor T'(p/T1) yields a tree and is defined by:
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q € T(p/Ty) if and only if ¢ € T and p £ ¢ or there exists r such that r € T
and g =p "~ 7.
In the sequel T5 is a tree. Next we state four propositions:

(63) Ifp e T, then T = Ti(p/T») if and only if for every ¢ holds ¢ € T if and
only if ¢ € T} and p 4 q or there exists r such that »r € T, and g =p " r.

(64) IfpeT,then T(p/Th)={t1:pAti}U{p~s:s=s}.
(65) IfpeT and q € Ty, then p~q € T(p/T1).
(66) IfpeT,then Ty = (T'(p/Th)) I p-
The arguments of the notions defined below are the following: T which is a

finite tree; ¢ which is an element of T'; T7 which is a finite tree. Then T'(¢t/T}) is
a finite tree.

In the sequel w will denote a finite sequence. The following two propositions
are true:

(67)  For every finite sequence p holds Seg~(p) =~ Seg(len p).
(68)  For every finite sequence p holds card(Seg<(p)) = len p.
The mode antichain of prefixes, which widens to the type a set, is defined by:

for every x such that x € it holds x is a finite sequence and for all p1, ps such
that p; € it and py € it and p; # p2 holds p; and py are not comparable.

Next we state three propositions:

(69) X is an antichain of prefixes if and only if for every x such that z € X
holds x is a finite sequence and for all pq, ps such that p; € X and ps € X
and py # po holds p; and po are not comparable.

(70)  {w} is an antichain of prefixes.

(71)  If p; and po are not comparable, then {p1,ps} is an antichain of prefixes.

Let us consider T'. The mode antichain of prefixes of T', which widens to the
type an antichain of prefixes, is defined by:

itCT.

We now state a proposition

(72)  For every antichain S of prefixes holds S is an antichain of prefixes of T
if and only if S C T.

In the sequel t1, to will be elements of T'. The following three propositions are
true:

(73) 0 is an antichain of prefixes of T" and {¢} is an antichain of prefixes of 7.

(74)  {t} is an antichain of prefixes of T'.

(75)  If t; and ty are not comparable, then {¢1,¢2} is an antichain of prefixes
of T.

We now define two new functors. Let T be a finite tree. The functor height T
yields a natural number and is defined by:

there exists p such that p € T" and len p = height T" and for every p such that
p € T holds len p < height T'.
The functor width T yielding a natural number, is defined by:
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there exists X being an antichain of prefixes of 1" such that widthT = card X
and for every antichain Y of prefixes of T holds card Y < card X.
We now state three propositions:
(76)  For every finite tree T for every n holds n = height T" if and only if there
exists p such that p € T and lenp = n and for every p such that p € T
holds len p < n.
(77)  For every finite tree T for every n holds n = width 7" if and only if there
exists X being an antichain of prefixes of T such that n = card X and for
every antichain Y of prefixes of T" holds card Y < card X.
(78) 1 < width fT.

The following propositions are true:

-
=]

height(elementary tree of 0) = 0.
If height fT = 0, then fT = elementary tree of 0.
height (elementary tree of (n + 1)) = 1.
width(elementary tree of 0) = 1.
width(elementary tree of(n + 1)) = n + 1.
For every element t of fT holds height(f7 | t) < height fT.
For every element ¢ of f7T' such that ¢ # & holds height(f7T | t) <
height fT.
The scheme Tree_Ind deals with a unary predicate P and states that:
for every fT holds P[fT]
provided the parameter satisfies the following condition:

e for every fT such that for every n such that (n) € fT holds P[fT |
(n)] holds P[fT].
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