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The articles [5], [6], [10], [1], [15], [11], [17], [16], [12], [14], [8], [3], [4], [9], [2],
and [13] provide the notation and terminology for this paper.
One can prove the following propositions:

(1) For every complete lattice L and for every net N in L holds inf N <
liminf N.

(2) Let L be a complete lattice, N be a net in L, and x be an element
of L. Suppose that for every subnet M of N holds x = liminf M. Then
x = liminf N and for every subnet M of N holds x > inf M.

(3) Let L be a complete lattice, N be a net in L, and x be an element of
L. Suppose N € NetUniv(L). Suppose that for every subnet M of N such
that M € NetUniv(L) holds = liminf M. Then z = liminf N and for
every subnet M of N such that M € NetUniv(L) holds = > inf M.

Let N be a non empty relational structure and let f be a map from N into
N. We say that f is greater or equal to id if and only if:

(Def. 1) For every element j of the carrier of N holds j < f(j).
We now state three propositions:

(4) For every reflexive non empty relational structure N holds idy is greater
or equal to id.

(5) Let N be a directed non empty relational structure and x, y be elements
of N. Then there exists an element z of N such that x < z and y < z.

(6) For every directed non empty relational structure N holds there exists
a map from N into N which is greater or equal to id.

1 This work has been supported by KBN Grant 8 T11C 018 12.
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Let N be a directed non empty relational structure. One can verify that
there exists a map from N into N which is greater or equal to id.

Let N be a reflexive non empty relational structure. Observe that there
exists a map from N into N which is greater or equal to id.

Let L be a non empty 1-sorted structure, let N be a non empty net structure
over L, and let f be a map from N into N. The functor N - f yielding a strict
non empty net structure over L is defined by the conditions (Def. 2).

(Def. 2)(i)  The relational structure of N - f = the relational structure of N, and
(ii))  the mapping of N - f = (the mapping of N) - f.
The following propositions are true:
(7) Let L be anon empty 1-sorted structure, N be a non empty net structure
over L, and f be a map from N into N. Then the carrier of N - f = the
carrier of N.

(8) Let L be anon empty 1-sorted structure, N be a non empty net structure
over L, and f be a map from N into N. Then N - f = (the carrier of N,
the internal relation of N, (the mapping of N) - f).

(9) Let L be a non empty 1-sorted structure, N be a transitive directed non
empty relational structure, and f be a function from the carrier of N into
the carrier of L. Then (the carrier of N, the internal relation of N, f) is
a net in L.

Let L be a non empty 1-sorted structure, let N be a transitive directed non
empty relational structure, and let f be a function from the carrier of N into
the carrier of L. Note that (the carrier of N, the internal relation of N, f) is
transitive directed and non empty.

We now state the proposition

(10) Let L be a non empty 1l-sorted structure, N be a net in L, and p be a
map from N into N. Then N - p is a net in L.

Let L be a non empty 1-sorted structure, let N be a net in L, and let p be
a map from NN into N. Note that N - p is transitive and directed.
Next we state two propositions:

(11) Let L be a non empty l-sorted structure, N be a net in L, and p be a
map from N into N. If N € NetUniv(L), then N - p € NetUniv(L).

(12) Let L be a non empty 1-sorted structure and N, M be nets in L. Suppose
the net structure of N = the net structure of M. Then M is a subnet of
N.

Let L be a non empty 1-sorted structure and let NV be a net in L. Note that
there exists a subnet of N which is strict.
The following proposition is true
(13) Let L be a non empty 1-sorted structure, N be a net in L, and p be a
greater or equal to id map from N into N. Then N - p is a subnet of N.
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Let L be a non empty 1-sorted structure, let N be a net in L, and let p be
a greater or equal to id map from N into N. Then N - p is a strict subnet of V.

One can prove the following two propositions:

(14) Let L be a complete lattice, N be a net in L, and x be an element of L.
Suppose N € NetUniv(L). Suppose = liminf N and for every subnet M
of N such that M € NetUniv(L) holds x > inf M. Then x = liminf N and
for every greater or equal to id map p from N into N holds x > inf(N - p).

(15) Let L be a complete lattice, N be a net in L, and = be an element of L.
Suppose x = liminf N and for every greater or equal to id map p from N
into N holds = > inf(N -p). Let M be a subnet of N. Then z = liminf M.

Let L be a non empty relational structure. The lim inf convergence of L is
a convergence class of L and is defined by the condition (Def. 3).

(Def. 3) Let N be a net in L. Suppose N € NetUniv(L). Let = be an element of
the carrier of L. Then (N, z) € the lim inf convergence of L if and only if
for every subnet M of N holds x = liminf M.

We now state two propositions:

(16) Let L be a complete lattice, N be a net in L, and x be an element of
L. Suppose N € NetUniv(L). Then (N, x) € the lim inf convergence of L
if and only if for every subnet M of N such that M € NetUniv(L) holds
x = liminf M.

(17) Let L be a non empty relational structure, N be a constant net in L,
and M be a subnet of N. Then M is constant and the value of N = the
value of M.

Let L be a non empty relational structure. The functor £(L) yielding a family
of subsets of L is defined as follows:

(Def. 4)  &(L) = the topology of ConvergenceSpace(the lim inf convergence of L).
The following propositions are true:

(18) For every complete lattice L holds the lim inf convergence of L has
(CONSTANTS) property.

(19) For every non empty relational structure L holds the lim inf convergence
of L has (SUBNETS) property.

(20) For every continuous complete lattice L holds the lim inf convergence of

L has (DIVERGENCE) property.

(21) Let L be a non empty relational structure and N, = be sets. If (N,
x) € the lim inf convergence of L, then N € NetUniv(L).

(22) Let L be a non empty l-sorted structure and Cj, Co be convergence
classes of L. If C; C (Y, then the topology of ConvergenceSpace(Cs) C the
topology of ConvergenceSpace(C1).



240 BARTLOMIEJ SKORULSKI

(23) Let L be a non empty reflexive relational structure. Then the lim inf
convergence of L C the Scott convergence of L.

(24) For all sets X, Y such that X CY holds X € the universe of Y.

(25) Let L be a non empty transitive reflexive relational structure and D be
a directed non empty subset of L. Then NetStr(D) € NetUniv(L).

(26) For every complete lattice L and for every directed non empty subset D
of L and for every subnet M of NetStr(D) holds liminf M = sup D.

(27) Let L be a non empty complete lattice and D be a directed non empty
subset of L. Then ( NetStr(D), sup D) € the lim inf convergence of L.

(28) For every complete lattice L and for every subset U; of L such that
Ui € £(L) holds Uy is property(S).
(29) For every non empty reflexive relational structure L and for every subset

A of L such that A € o(L) holds A € {(L).

(30) For every complete lattice L and for every subset A of L such that A is
upper holds if A € {(L), then A € o(L).

(31) Let L be a complete lattice and A be a subset of L. Suppose A is lower.
Then —A € £(L) if and only if A is closed under directed sups.
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The terminology and notation used here are introduced in the following articles:
[27], [23], [13], [10], 9], [21], [1], [30], [28], [24], [32], [22], [25], [31], [26], [12],
[34], [29], [17], [15], [20], [6], [8], (3], [4], [33], [19], [7], [2], [16], [18], [5], and [11].

1. PRELIMINARIES

The following propositions are true:

(1) Let S, T be non empty relational structures and f be a map from S into
T. Suppose f is one-to-one and onto. Then f- f~! =idy and f~!- f =idg
and f~! is one-to-one and onto.

(2) Let X, Y be non empty sets, Z be a non empty relational structure,
S be a non empty relational substructure of ZEX:Y1 T be a non empty
relational substructure of (ZY)X, and f be a map from S into T. If f is
currying, one-to-one, and onto, then f~! is uncurrying.

(3) Let X, Y be non empty sets, Z be a non empty relational structure,
S be a non empty relational substructure of ZEX:Y ! T be a non empty
relational substructure of (ZY)X, and f be a map from T into S. If f is
uncurrying, one-to-one, and onto, then f~! is currying.

1 This work has been supported by KBN Grant 8 T11C 018 12.
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(4) Let X,Y be non empty sets, Z be a non empty poset, S be a non empty

full relational substructure of ZEX:Y ! T be a non empty full relational
substructure of (ZY)X, and f be a map from S into 7. If f is currying,

one-to-one, and onto, then f is isomorphic.

(5) Let X,Y benon empty sets, Z be a non empty poset, T' be a non empty

full relational substructure of ZEXY1 § be a non empty full relational
substructure of (Z¥)X, and f be a map from S into T'. If f is uncurrying,

one-to-one, and onto, then f is isomorphic.

(6) Let Sy, So, Ty, Ty be relational structures. Suppose that

(i)  the relational structure of S; = the relational structure of Sa, and

(ii)  the relational structure of T} = the relational structure of T5.
Let f be a map from S7 into T3. Suppose f is isomorphic. Let g be a map
from Sy into T5. If g = f, then g is isomorphic.

(7) Let R, S, T be relational structures and f be a map from R into S.
Suppose f is isomorphic. Let g be a map from S into T. Suppose g is
isomorphic. Let h be a map from R into 7. If h = g- f, then h is isomorphic.

(8) Let T be an up-complete Scott non empty top-poset and S be a subset
of T. Then S is closed if and only if S is directly closed and lower.

(9) Let S, T be up-complete Scott non empty top-posets and f be a map
from S into T'. If f is directed-sups-preserving, then f is continuous.

(10) Let X, Y, X1, Y7 be topological spaces. Suppose that
(i)  the topological structure of X = the topological structure of X7, and
(ii)  the topological structure of Y = the topological structure of Y;.
Then [ X, Y] =[X1, Y1 1.
(11) Let X be a non empty topological space, L be a Scott up-complete non
empty top-poset, and F' be a non empty directed subset of [ X — L]. Then
|_|( Lthe carrier of X) F' is a continuous map from X into L.

(12) Let X be a non empty topological space and L be a Scott up-complete
non empty top-poset. Then [X — L] is a directed-sups-inheriting relatio-
nal substructure of Lthe carrier of X
(13) Let S1, Sy be topological structures. Suppose the topological structure
of S1 = the topological structure of Sy. Let T7, T5 be non empty FR-
structures. If the FR-structure of 77 = the FR-structure of T», then [S] —
Tl] = [SQ — TQ].
One can check that every complete continuous top-lattice which is Scott is
also injective and Tj.
One can check that there exists a top-lattice which is Scott, continuous, and
complete.
Let X be a non empty topological space and let L be a Scott up-complete
non empty top-poset. Note that [X — L] is up-complete.
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One can prove the following propositions:

(14) Let I be a non empty set and J be a poset-yielding nonempty many
sorted set indexed by I. Suppose that for every element ¢ of I holds J (%)
is up-complete. Then [ -prodpng J is up-complete.

(15) Let I be a non empty set and J be a poset-yielding nonempty reflexive-
yielding many sorted set indexed by I. Suppose that for every element ¢
of I holds J () is up-complete and lower-bounded. Let z, y be elements of
[]J. Then x < y if and only if the following conditions are satisfied:

(i)  for every element i of I holds z(i) < y(i), and

(ii)  there exists a finite subset K of I such that for every element ¢ of I

such that i ¢ K holds x(i) = L 4.

Let X be a set and let L be a lower-bounded non empty reflexive antisym-
metric relational structure. Observe that LX is lower-bounded.

Let X be a non empty topological space and let L be a lower-bounded non
empty top-poset. Note that [X — L] is lower-bounded.

Let L be an up-complete non empty poset. Note that every topological au-
gmentation of L is up-complete and every topological augmentation of L which
is Scott is also correct.

The following proposition is true

(16) Let S be an up-complete antisymmetric non empty reflexive relational
structure and 1" be a non empty reflexive relational structure. Suppose
the relational structure of S = the relational structure of T'. Let A be a
subset of S and C be a subset of T. If A = C and A is inaccessible, then
C is inaccessible.

Let L be an up-complete non empty poset. Observe that there exists a
topological augmentation of L which is strict and Scott.
We now state two propositions:

(17) Let L be an up-complete non empty poset and S7, S2 be Scott topological
augmentations of L. Then the topology of S7 = the topology of Ss.

(18) Let Si, S2 be up-complete antisymmetric non empty reflexive FR-
structures. Suppose the FR-structure of S; = the FR-structure of Ss and
S is Scott. Then S5 is Scott.

Let L be an up-complete non empty poset.
(Def. 1) XL is a strict Scott topological augmentation of L.
We now state two propositions:

(19) For every Scott up-complete non empty top-poset S holds XS = the
FR-structure of S.

(20) Let Ly, Lo be up-complete non empty posets. Suppose the relational
structure of L1 = the relational structure of Ly. Then X L1 = X Ls.
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Let S, T be up-complete non empty posets and let f be a map from S into

T. The functor X f yielding a map from 3.5 into X7 is defined as follows:
(Def. 2) Xf = f.

Let S, T be up-complete non empty posets and let f be a directed-sups-
preserving map from .S into 7. Observe that X f is continuous.

One can prove the following propositions:

(21) Let S, T be up-complete non empty posets and f be a map from S into
T. Then f is isomorphic if and only if X f is isomorphic.

(22) For every non empty topological space X and for every Scott complete
top-lattice S holds [X — S| =[X — S].

Let X, Y be non empty topological spaces. The functor ©(X,Y") yielding a
map from (the topology of [ X, Y |, C) into [X — X(the topology of Y, C)] is
defined as follows:

(Def. 3) For every open subset W of [X,Y] holds (O(X,Y))(W) =
@the carrier of X(W)

2. SOME NATURAL ISOMORPHISMS

Let X be a non empty topological space. The functor a(X) yielding a map
from [X — the Sierpinski space] into (the topology of X, C) is defined as follows:

(Def. 4) For every continuous map ¢ from X into the Sierpinski space holds
((X))(9) = g~ ({1}).
One can prove the following proposition
(23) For every non empty topological space X and for every open subset V'
of X holds (a(X))_l(V) = XV,the carrier of X -
Let X be a non empty topological space. Note that o(X) is isomorphic.
Let X be a non empty topological space. One can verify that (a(X))™! is
isomorphic.
Let S be an injective Tp-space. One can verify that 0.5 is Scott.
Let X be a non empty topological space. One can check that [X — the
Sierpinski space] is complete.
Next we state the proposition
(24) Q(the Sierpinski space) = ¥2L.
Let M be a non empty set and let S be an injective Tp-space. One can verify
that M -prodpop(M —— S) is injective.
The following two propositions are true:

(25) For every non empty set M and for every complete continuous lattice L
holds Q(M -prodrop(M — XL)) = XM -prodpog(M —— L).
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(26) For every non empty set M and for every injective Ty-space T holds
Q(M -prodpop(M +—— T)) = XM -prodpog(M — QT').

Let M be a non empty set and let X, Y be non empty topological spaces. The
functor commute(X, M,Y") yielding a map from [X — M -prodpop(M +— Y)]
into ([X — Y])™ is defined by:

(Def. 5) For every continuous map f from X into M -prodrop(M —— Y') holds
(commute(X, M,Y))(f) = commute(f).

Let M be a non empty set and let X, Y be non empty topological spaces.
Note that commute(X, M,Y) is one-to-one and onto.
Let M be a non empty set and let X be a non empty topological space. Note
that commute(X, M, the Sierpinski space) is isomorphic.
Next we state the proposition
(27) Let X, Y be non empty topological spaces, S be a Scott topological
augmentation of (the topology of Y, C), and f1, f2 be elements of [X — S].
If fi < fa, then Gy, C Gy,.

3. THE POSET OoF OPEN SETS

The following propositions are true:

(28) Let Y be a Tp-space. Then the following statements are equivalent

(i) for every non empty topological space X and for every Scott continuous
complete top-lattice L and for every Scott topological augmentation T" of
[Y — L] there exists a map f from [X — T] into [[ X, Y ] — L] and
there exists a map ¢ from [[ X, Y] — L] into [X — T such that f is
uncurrying, one-to-one, and onto and g is currying, one-to-one, and onto,

(ii)  for every non empty topological space X and for every Scott continuous
complete top-lattice L and for every Scott topological augmentation 7" of
[Y — L] there exists a map f from [X — T into [[ X, Y | — L] and there
exists a map g from [} X, Y | — L] into [X — T such that f is uncurrying
and isomorphic and g is currying and isomorphic.

(29) Let Y be a Tp-space. Then (the topology of Y, C) is continuous if and
only if for every non empty topological space X holds ©(X,Y) is isomor-
phic.

(30) Let Y be a Tp-space. Then (the topology of Y, C) is continuous if and
only if for every non empty topological space X and for every continuous
map f from X into X(the topology of Y, C) holds G is an open subset
of [ X, Y.

(31) Let Y be a Ty-space. Then (the topology of Y, C) is continuous if and
only if {{(W, y); W ranges over open subsets of Y, y ranges over elements
of Y: y € W} is an open subset of [ ¥(the topology of Y, C), Y {.
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(32) Let Y be a Tp-space. Then (the topology of Y, C) is continuous if and
only if for every element y of Y and for every open neighbourhood V of y
there exists an open subset H of Y (the topology of Y, C) such that V € H
and () H is a neighbourhood of y.

4. THE POSET OF ScOoTT OPEN SETS

One can prove the following propositions:

(33) Let Ry, Ra, R3 be non empty relational structures and f; be a map from
Ry into Rs. Suppose f1 is isomorphic. Let fo be a map from Ry into Rs.
Suppose fo = fi1 and fs is isomorphic. Then the relational structure of
R; = the relational structure of R».

(34) Let L be a complete lattice. Then (o(L), C) is continuous if and only if
for every complete lattice S holds o ([ S, L ]) = the topology of [ £5, ¥L].

(35) Let L be a complete lattice. Then the following statements are equivalent
(i)  for every complete lattice S holds o(} S, L]) = the topology of [ X5,
sLi,
(ii)  for every complete lattice S holds the topological structure of X[ S,
L]=[38, SL].

(36) Let L be a complete lattice. Then for every complete lattice S holds
o(FS, L) = the topology of [ S, ¥ L] if and only if for every complete
lattice S holds X[ S, L] = Q[ XS, ¥L].

(37) Let L be a complete lattice. Then (o(L), C) is continuous if and only if
for every complete lattice S holds X} S, L] = Q[ XS, XL 1.
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The following two propositions are true:
(1) For every set z and for every non empty set D holds zNJ D = (J{zNd : d
ranges over elements of D}.
(2) Let R be a non empty reflexive transitive relational structure and D be
a non empty directed subset of (Ids(R),C). Then |J D is an ideal of R.
Let R be a non empty reflexive transitive relational structure. Observe that
(Ids(R), C) is up-complete.
We now state two propositions:
(3) Let R be a non empty reflexive transitive relational structure and D be
a non empty directed subset of (Ids(R),C). Then sup D = |J D.
(4) Let R be a semilattice, D be a non empty directed subset of (Ids(R), C),
and x be an element of (Ids(R),C). Then sup({z} N D) =J{zNd:d
ranges over elements of D}.

Let R be a semilattice. Observe that (Ids(R), C) satisfies MC.

Let R be a non empty trivial relational structure. Note that every topological
augmentation of R is trivial.

Next we state three propositions:

1 This work has been supported by KBN Grant 8 T11C 018 12.
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(5) Let S be a Scott complete top-lattice, T' be a complete lattice, and A be
a Scott topological augmentation of 7. Suppose the relational structure
of S = the relational structure of T'. Then the FR-structure of A = the
FR-structure of S.

(6) Let N be a Lawson complete top-lattice, T' be a complete lattice, and A
be a Lawson correct topological augmentation of T'. Suppose the relational
structure of N = the relational structure of T'. Then the FR-structure of
A = the FR-structure of V.

(7) Let N be a Lawson complete top-lattice, S be a Scott topological au-
gmentation of NV, A be a subset of N, and J be a subset of S. If A = J
and J is closed, then A is closed.

Let A be a complete lattice. Observe that A(A) is non empty.
Let S be a Scott complete top-lattice. Observe that (o(S5),C) is complete
and non trivial.
Let N be a Lawson complete top-lattice. Observe that (o(N), C) is complete
and non trivial and (A(IV), C) is complete and non trivial.
The following propositions are true:
(8) Let T be a non empty reflexive relational structure. Then o(7") C {W \
TF; W ranges over subsets of T', F' ranges over subsets of T: W € o(T) A
F is finite}.
(9) For every Lawson complete top-lattice N holds A(IN) = the topology of
N.
(10) For every Lawson complete top-lattice N holds o(N) C A(N).

(11) Let M, N be complete lattices. Suppose the relational structure of M =
the relational structure of N. Then A(M) = A(N).

(12) For every Lawson complete top-lattice N and for every subset X of N
holds X € A(N) iff X is open.

Let us note that every reflexive non empty FR-structure which is trivial and
topological space-like is also Scott.
Let us observe that every complete top-lattice which is trivial is also Lawson.
Let us note that there exists a complete top-lattice which is strict, continu-
ous, lower-bounded, meet-continuous, and Scott.
One can verify that there exists a complete top-lattice which is strict, con-
tinuous, compact, Hausdorff, and Lawson.
Next we state the proposition
(13) Let N be a meet-continuous lattice and A be a subset of N. If A has the
property (S), then TA has the property (S).
Let N be a meet-continuous lattice and let A be a property(S) subset of N.
Note that TA is property(S).
We now state several propositions:



MEET CONTINUOUS LATTICES REVISITED 251

(14) Let N be a meet-continuous Lawson complete top-lattice, S be a Scott
topological augmentation of N, and A be a subset of N. If A € A(IV), then
1A € 0(S).

(15) Let N be a meet-continuous Lawson complete top-lattice, S be a Scott
topological augmentation of N, A be a subset of N, and J be a subset of
S. If A= J, then if A is open, then TJ is open.

(16) Let N be a meet-continuous Lawson complete top-lattice, S be a Scott
topological augmentation of N, x be a point of .S, y be a point of N, and
J be a basis of y. If z = y, then {TA; A ranges over subsets of N: A € J}
is a basis of z.

(17) Let N be a meet-continuous Lawson complete top-lattice, S be a Scott
topological augmentation of N, X be an upper subset of NV, and Y be a
subset of S. If X =Y, then Int X = IntY.

(18) Let N be a meet-continuous Lawson complete top-lattice, S be a Scott
topological augmentation of N, X be a lower subset of IV, and Y be a
subset of S. If X =Y, then X =Y.

(19) Let M, N be complete lattices, L1 be a Lawson correct topological au-
gmentation of M, and Ly be a Lawson correct topological augmentation of
N. Suppose (g(N), C) is continuous. Then the topology of [ L1, (L2 qua
topological space) ] = A(f M, N ).

(20) Let M, N be complete lattices, P be a Lawson correct topological au-
gmentation of [ M, N ], @ be a Lawson correct topological augmentation
of M, and R be a Lawson correct topological augmentation of N. Sup-
pose (g(N),C) is continuous. Then the topological structure of P = [ @,
(R qua topological space) ].

(21) For every meet-continuous Lawson complete top-lattice N and for every
element = of N holds « M is continuous.

Let N be a meet-continuous Lawson complete top-lattice and let = be an
element of V. Observe that x M is continuous.
One can prove the following propositions:

(22) For every meet-continuous Lawson complete top-lattice N such that
(o(N),C) is continuous holds N satisfies conditions of topological semi-
lattice.

(23) Let N be a meet-continuous Lawson complete top-lattice. Suppose
(o0(N),C) is continuous. Then N is Hausdorff if and only if for every
subset X of [ N, (N qua topological space) ] such that X = the internal
relation of N holds X is closed.

Let N be a non empty reflexive relational structure and let X be a subset
of the carrier of N. The functor X° yields a subset of N and is defined by:

0 _ [, .
(Def. 1) X" = {u; uranges over elements of N: A\ . o0 empty directed subset of N (¥ <
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supD = XND#0D)}.
Let N be a non empty reflexive antisymmetric relational structure and let
X be an empty subset of the carrier of N. One can check that X° is empty.
One can prove the following propositions:

(24) For every non empty reflexive relational structure N and for all subsets

A, J of N such that A C J holds A° C J°.

(25) For every non empty reflexive relational structure N and for every ele-
ment z of N holds 12° = Tz

(26) For every Scott top-lattice N and for every upper subset X of N holds
Int X C X0,

(27) For every non empty reflexive relational structure N and for all subsets
X,Y of N holds X°uY®C X UY".

(28) For every meet-continuous lattice N and for all upper subsets X, Y of
N holds X°uY?=XUY".

(29) Let S be a meet-continuous Scott top-lattice and F' be a finite subset of
S. Then IntTF C (J{%z;x ranges over elements of S: x € F'}.

(30) Let N be a Lawson complete top-lattice. Then N is continuous if and
only if IV is meet-continuous and Hausdorff.

Let us note that every complete top-lattice which is continuous and Lawson is
also Hausdorff and every complete top-lattice which is meet-continuous, Lawson,
and Hausdorff is also continuous.

Let N be a non empty FR-structure. We say that N has small semilattices
if and only if the condition (Def. 2) is satisfied.

(Def. 2) Let x be a point of N. Then there exists a generalized basis J of x such
that for every subset A of N if A € J, then sub(A) is meet-inheriting.
We say that N has compact semilattices if and only if the condition (Def. 3) is
satisfied.

(Def. 3) Let x be a point of N. Then there exists a generalized basis J of x such
that for every subset A of N if A € J, then sub(A) is meet-inheriting and
A is compact.

We say that N has open semilattices if and only if the condition (Def. 4) is
satisfied.

(Def. 4) Let x be a point of N. Then there exists a basis J of x such that for
every subset A of N if A € J, then sub(A) is meet-inheriting.

One can verify the following observations:

* every non empty topological space-like FR-structure which has open
semilattices has also small semilattices,

* every non empty topological space-like FR-structure which has compact
semilattices has also small semilattices,
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* every non empty FR-structure which is anti-discrete has small semilat-
tices and open semilattices, and

x every non empty FR-structure which is reflexive, trivial, and topological
space-like has compact semilattices.

Let us mention that there exists a top-lattice which is strict, trivial, and
lower.
We now state several propositions:

(31) Let N be top-poset with g.1.b.’s satisfying conditions of topological semi-
lattice and C be a subset of N. If sub(C) is meet-inheriting, then sub(C)
is meet-inheriting.

(32) Let N be a meet-continuous Lawson complete top-lattice and S be a
Scott topological augmentation of N. Then for every point x of S there
exists a basis J of z such that for every subset W of S such that W € J

holds W is a filter of S if and only if N has open semilattices.

(33) Let N be a Lawson complete top-lattice, S be a Scott topological au-
gmentation of N, and x be an element of N. Then {inf A; A ranges over
subsets of S: z € A N A € o(5)} C {inf J; J ranges over subsets of N:
xedJ N JeAN)}

(34) Let N be a meet-continuous Lawson complete top-lattice, S be a Scott
topological augmentation of N, and x be an element of N. Then {inf A; A
ranges over subsets of S: x € A A A € o(S)} = {inf J;J ranges over
subsets of N: x € J A J € A(N)}.

(35) Let N be a meet-continuous Lawson complete top-lattice. Then N is
continuous if and only if NV has open semilattices and (o(N), C) is conti-
nuous.

One can check that every Lawson complete top-lattice which is continuous
has open semilattices.
Let N be a continuous Lawson complete top-lattice. One can check that
(o(N), C) is continuous.
We now state several propositions:
(36) Every continuous Lawson complete top-lattice is compact and Hausdorff
and has open semilattices and satisfies conditions of topological semilat-
tice.

(37) Every Hausdorff Lawson complete top-lattice with open semilattices sa-
tisfying conditions of topological semilattice has compact semilattices.

(38) Let N be a meet-continuous Hausdorff Lawson complete top-lattice and
x be an element of N. Then z = | | {inf V; V' ranges over subsets of N:
eV AN VeAN)}.

(39) Let N be a meet-continuous Lawson complete top-lattice. Then N is
continuous if and only if for every element = of N holds z = | |, {inf V; V'
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ranges over subsets of N: x € V. A V € A(N)}.

(40) Let N be a meet-continuous Lawson complete top-lattice. Then N is
algebraic if and only if N has open semilattices and (o(N), C) is algebraic.

Let N be a meet-continuous algebraic Lawson complete top-lattice. Note
that (o(N), C) is algebraic.
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In this article we present several logical schemes. The scheme UparrowUnion
deals with a relational structure A and a unary predicate P, and states that:
Let S be a family of subsets of the carrier of A. If S = {X; X
ranges over subsets of A : P[X]}, then T|JS = [J{1X; X ranges
over subsets of A : P[X]}
for all values of the parameters.
The scheme DownarrowUnion deals with a relational structure A4 and a
unary predicate P, and states that:
Let S be a family of subsets of the carrier of A. If S = {X; X
ranges over subsets of A : P[X]}, then [|JS = J{|X;X ranges
over subsets of A : P[X]}
for all values of the parameters.
Let L1 be a lower-bounded continuous sup-semilattice and let By be a CLba-
sis of L; with bottom. One can verify that (Ids(sub(B1)), C) is algebraic.
Let Ly be a continuous sup-semilattice. The functor CLweight L1 yields a
cardinal number and is defined as follows:

(Def. 1) CLweight L1 = ﬂ{ﬁ : By ranges over CLbasis of L; with bottom}.

We now state a number of propositions:

1 This work has been supported by KBN Grant 8 T11C 018 12.
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(1) For every topological structure 7' and for every basis b of T holds
weight T' C b.

(2) For every topological structure 7' there exists a basis b of T such that
b= weight T

(3) For every continuous sup-semilattice L; and for every CLbasis B; of Ly
with bottom holds CLweight L1 C ?1

(4) For every continuous sup-semilattice L; there exists a CLbasis B; of Ly
with bottom such that ?1 = CLweight L;.

(5) For every algebraic lower-bounded lattice L; holds CLweight L; =
the carrier of CompactSublatt(L;).

(6) Let T be a non empty topological space and L; be a continuous sup-
semilattice. If (the topology of T', C) = L, then every CLbasis of L; with
bottom is a basis of T.

(7) Let T be a non empty topological space and L; be a continuous lower-
bounded lattice. Suppose (the topology of T, C) = L;. Let B be a basis
of T and By be a subset of L. If B = By, then finsups(B3) is a CLbasis
of L1 with bottom.

(8) Let T be a Ty non empty topological space and L; be a continuous
lower-bounded sup-semilattice. If (the topology of T', C) = Ly, then if T
is infinite, then weight T' = CLweight L;.

(9) Let T be a Ty non empty topological space and Lj be a continuous sup-

semilattice. Suppose (the topology of T', C) = L. Then the carrier of T' C

the carrier of L.

(10) For every Tp non empty topological space T such that T is finite holds

weight T = the carrier of T'.

(11) Let T be a topological structure and Lj be a continuous lower-bounded
lattice. Suppose (the topology of T, C) = L; and T is finite. Then
CLweight L1 = the carrier of L.

(12) Let Ly be a continuous lower-bounded sup-semilattice, 77 be a Scott
topological augmentation of Lj, T5 be a Lawson correct topological au-
gmentation of L1, and By be a basis of T». Then {1V; V ranges over subsets
of Tp: V € By} is a basis of T.

(13) For all finite sets X, Y such that X CY and X =Y holds X = Y.

(14) For every up-complete non empty poset L; such that L; is finite and for
every element x of L; holds z € compactbelow(z).

(15) Every finite lattice is arithmetic.

One can check that every lattice which is finite is also arithmetic.
One can verify that there exists a relational structure which is trivial, re-
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flexive, transitive, antisymmetric, lower-bounded, non empty, finite, and strict
and has l.u.b.’s and g.1.b.’s.
One can prove the following proposition
(16) Let L; be a finite lattice and By be a CLbasis of L; with bottom. Then
‘B; = CLweight L; if and only if By = the carrier of CompactSublatt(L;).
Let L1 be a non empty reflexive relational structure, let A be a subset of the
carrier of L1, and let a be an element of L. The functor Way_Up(a, A) yields a
subset of L1 and is defined as follows:
(Def. 2) Way_Up(a, A) =fa\ TA.
Next we state a number of propositions:
(17) For every non empty reflexive relational structure L; and for every ele-
ment a of Ly holds Way Up(a, 0(,)) = fa.
(18) For every non empty poset L; and for every subset A of L; and for every
element a of Ly such that a € TA holds Way_Up(a, A) = 0.

(19) For every non empty finite reflexive transitive relational structure L;
holds Ids(Ly) is finite.

(20) For every continuous lower-bounded sup-semilattice L; such that L; is
infinite holds every CLbasis of L; with bottom is infinite.

(21) For every set d and for every finite sequence p and for every natural
number ¢ such that i € domp holds ((d) ~p)(i + 1) = p(4).

(22) For every finite sequence p and for every set  holds ({(x) " p)n = p.

(23) For every complete non empty poset L; and for every element x of L;
such that x is compact holds z = inf {x.

(24) Let L; be a continuous lower-bounded sup-semilattice. Suppose
Ly is infinite. Let By be a CLbasis of L; with bottom. Then
{Way_Up(a, A); a ranges over elements of L1, A ranges over finite subsets
of Li:a€ By A AgBl} QE

(25) For every Lawson complete top-lattice T and for every finite subset X
of T holds —7X is open and —| X is open.

(26) Let Ly be a continuous lower-bounded sup-semilattice, 7' be a Lawson
correct topological augmentation of Li, and By be a CLbasis of L; with
bottom. Then {Way_Up(a, A); a ranges over elements of L1, A ranges over
finite subsets of Li: a € By A A C By} is a basis of T

(27) Let Ly be a continuous lower-bounded sup-semilattice, 7' be a Scott
topological augmentation of Ly, and b be a basis of 7. Then {finf u;u
ranges over subsets of 7: u € b} is a basis of T..

(28) Let L; be a continuous lower-bounded sup-semilattice, T' be a Scott
topological augmentation of L1, and By be a basis of T. If B; is infinite,
then {inf u;u ranges over subsets of T: u € By} is infinite.
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(29) Let L; be a continuous lower-bounded sup-semilattice and 7" be a Scott

topological augmentation of L;. Then CLweight L1 = weight 7.

(30) Let L; be a continuous lower-bounded sup-semilattice and 7" be a Lawson

correct topological augmentation of Li. Then CLweight L1 = weight T

(31) Let Ly, Ly be non empty relational structures. Suppose L; and Ly are

isomorphic. Then the carrier of L; = the carrier of Lo.

(32) Let L; be a continuous lower-bounded sup-semilattice and B; be a

CLbasis of L; with bottom. If By = CLweight L, then CLweight L1 =
CLweight(Ids(sub(By)), C).

Let Ly be a continuous lower-bounded sup-semilattice. Note that (o(L1), C)

is continuous and has L.u.b.’s.

Next we state two propositions:

(33) For every continuous lower-bounded sup-semilattice L1 holds CLweight Lq

C CLweight(o(L1), C).

(34) For every continuous lower-bounded sup-semilattice L; such that L; is

infinite holds CLweight L; = CLweight(c(L;), C).
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predecessor of an element and ring of sets. Besides the schemes of induction in
finite lattice is proved.

MML Identifier: LATTICET.

The notation and terminology used here are introduced in the following papers:
7], [1], 18], [6], [9], [3], [4], [2], and [5].

1. INDUCTION IN A FINITE LATTICE

Let L be a 1-sorted structure and let A, B be subsets of L. Let us observe
that A C B if and only if:
(Def. 1) For every element x of L such that x € A holds = € B.
Let L be a lattice. Note that there exists a chain of L which is non empty.

Let L be a lattice and let =, y be elements of L. Let us assume that x < y.
A non empty chain of L is called a chain of x, y if:

(Def. 2) =z € it and y € it and for every element z of L such that z € it holds
r < zand 2z <y.
The following proposition is true
(1) For every lattice L and for all elements z, y of L such that < y holds
{z,y} is a chain of z, y.
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Let L be a finite lattice and let = be an element of L. The functor height x
yields a natural number and is defined as follows:
(Def. 3) There exists a chain A of Ly, x such that height = card A and for
every chain A of 1, x holds card A < height z.

Next we state several propositions:
(2) For every finite lattice L and for all elements a, b of L such that a < b
holds height a < height b.
(3) Let L be a finite lattice, C' be a chain of L, and z, y be elements of L.
If z € C and y € C, then x < y iff height x < height y.
(4) Let L be a finite lattice, C' be a chain of L, and z, y be elements of L.
If x € C and y € C, then x = y iff height x = height y.
(5) Let L be a finite lattice, C' be a chain of L, and z, y be elements of L.
If x € C and y € C, then x < y iff height x < height y.
(6) For every finite lattice L and for every element x of L holds height x = 1
iff x =1L L-
(7) For every non empty finite lattice L and for every element x of L holds
height x > 1.
The scheme LattInd deals with a finite lattice A and a unary predicate P,
and states that:
For every element x of A holds P|z]
provided the following requirement is met:

e For every element z of A such that for every element b of A such
that b < x holds P[b] holds P|x].

2. JOIN IRREDUCIBLE ELEMENTS IN A FINITE DISTRIBUTIVE LATTICE

Let us mention that there exists a lattice which is distributive and finite.
Let L be a lattice and let x, y be elements of L. The predicate x <y y is
defined as follows:
(Def. 4) 2 < y and it is not true that there exists an element z of L such that
r < zand z <y.
One can prove the following proposition
(8) Let L be a finite lattice and X be a non empty subset of L. Then there

exists an element x of L such that z € X and for every element y of L
such that y € X holds x £ y.
Let L be a finite lattice and let A be a non empty chain of L. The functor
max A yielding an element of L is defined by:

(Def. 5) For every element x of L such that z € A holds x < max A and max A €
A.
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The following proposition is true
(9) For every finite lattice L and for every element y of L such that y # L,
there exists an element = of L such that z <; y.
Let L be a lattice. The functor Join-IRR L yielding a subset of L is defined
by:
(Def. 6) Join-IRRL = {a;a ranges over elements of L: a # L1lp A
Nb.c:element of . (@=bUc = a=bV a=c)}.
One can prove the following three propositions:

(10) Let L be a lattice and x be an element of L. Then = € Join-IRR L if and
only if the following conditions are satisfied:
(i) x# Llr,and
(ii)  for all elements b, ¢ of L such that x = bLIc holds z = b or z = c.
(11) Let L be a finite distributive lattice and = be an element of L. Suppose
x € Join-IRR L. Then there exists an element 2z of L such that z < z and
for every element y of L such that y < x holds y < z.

(12) For every distributive finite lattice L and for every element x of L holds
sup(lz N Join-IRR L) = z.

3. REPRESENTATION THEOREM

Let P be a relational structure. The functor LOWER P yields a non empty
set and is defined as follows:
(Def. 7)  LOWER P = {X; X ranges over subsets of P: X is lower}.
The following two propositions are true:

(13) Let L be a distributive finite lattice. Then there exists a map r from L
into (LOWER sub(Join-IRR L), C) such that r is isomorphic and for every
element a of L holds r(a) = |aN Join-IRR L.

(14) For every distributive finite lattice L holds L and (LOWER sub(Join-IRR L),
C) are isomorphic.

Ring of sets is defined by:
(Def. 8) It includes lattice of it.
Let us note that there exists a ring of sets which is non empty.
Let X be a non empty ring of sets. One can verify that (X, C) is distributive
and has l.u.b.’s and g.1.b.’s.
One can prove the following propositions:

(15) For every finite lattice L holds LOWER sub(Join-IRR L) is a ring of sets.

(16) Let L be a finite lattice. Then L is distributive if and only if there exists
a non empty ring of sets X such that L and (X, C) are isomorphic.
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The articles [4], [1], [2], [5], [6], and [3] provide the terminology and notation for
this paper.
The following propositions are true:

(1) 1¢ # Oc.
(2) For all elements x1, y1, z2, y2 of R holds (x1 + y1i) + (x2 + y21) =
(z1 4 2) + (Y1 + y2)i-
The strict double loop structure Cp is defined by the conditions (Def. 1).

(Def. 1)(i)  The carrier of Cp = C,
(ii)  the addition of Cp = +¢,
(ili)  the multiplication of Cy = -,
(iv)  the unity of Cp = 1¢, and

(v)  the zero of Cy = Oc.

Let us observe that Cg is non empty.

Let us observe that Cg is add-associative right zeroed right complementable
Abelian commutative associative left unital right unital distributive field-like
and non degenerated.

We now state several propositions:

(3) For all elements 1, y; of the carrier of Cp and for all elements xo, yo of
C such that x1 = 29 and y; = y2 holds 1 + y1 = z2 + yo.

(4) For every element x; of the carrier of Cy and for every element x9 of C
such that 21 = x5 holds —x1 = —x9.
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(5) For all elements z1, y; of the carrier of Cp and for all elements x2, yo of
C such that x1 = x9 and y; = yo holds x1 — y1 = z2 — ¥o.

(6) For all elements z1, y; of the carrier of Cp and for all elements xa, yo of
C such that x1 = x9 and y; = y2 holds x1 - y1 = 2 - ys.

(7) For every element x; of the carrier of Cy and for every element x5 of C

such that 1 = z2 and z1 # Oc, holds x1 =L

(8) Let 1, y1 be elements of the carrier of Cp and z3, y2 be elements of C.
If 21 = x2 and y; = y2 and y1 # Ocy, then % = f/—;
(9) Ocp =0c.
(10) 1¢, = 1c.
(11) 1c, + 1cp # Ocp-
Let z be an element of the carrier of Cp. The functor z* yielding an element
of Cp is defined by:
(Def. 2) There exists an element 2’ of C such that z = 2’ and 2* = 2/*.

Let z be an element of the carrier of Cy. The functor |z| yielding an element
of R is defined by:
(Def. 3) There exists an element 2" of C such that z = 2’ and |z| = |2/|.
We now state the proposition
(12) For every element x; of the carrier of Cr and for every element zo of C
such that 1 = x5 holds x1* = x9™*.
In the sequel z, z1, 232, 23, 24 denote elements of the carrier of Cp.
One can prove the following propositions:
(13 21+ (22 + 23) = (21 + ZQ) + z3.
(14) (The zero of Cp) + z = z and z + the zero of Cp = z.
(15) 21 -(22-23) = (21 22) - 23.
(16) z-(21+20)=z-21+z2-20and (21 +22) - 2=21 -2+ 29" 2.
(17

~— — — ~— —

(The zero of Cp) - z = the zero of Cg and z - the zero of Cp = the zero
of (CF

(18) (The unity of Cp) - z = z and z - the unity of Cp = z.
(19) —the zero of Cy = the zero of Cy.

(20) If —z = the zero of Cp, then z = the zero of Cp.

(21) z+4 —z = the zero of Cp and —z + z = the zero of Cp.
(22) If 21 4+ 29 = the zero of Cp, then zo = —2z1 and 21 = —25.
(23) ——z=2z.

(24) 1If —z1 = —z9, then 21 = 2.

(25) Ifz1+z=2z20+4+zo0r 21 + 2=z + 29, then z; = 2z9.

(26) —(2z1+ 22) = —21 + —22.

(27) (—2z1)-22=—21-22 and 21 - —23 = —21 - 22.
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(28) (—z1)-—22 =21 - 22.

(29) —2z = (—the unity of Cp) - 2.

(30) 21 — 29 =21+ —209.

(31) If z; — 29 = the zero of Cp, then z; = 2.

(32) =z — z = the zero of Cp.

(33) z — the zero of Cy = z.

(34) (The zero of Cp) — 2z = —=z.

(35) 21— —z9 = 21 + 22.

(36) —(2z1 — 22) = —21 + 22.

(37) —(z1 — 2z2) = 22 — 21.

(38) 21+ (22 — 23) = (21 + 22) — 23.

(39) 21— (22— 23) = (21 — 22) + 23.

(40) 2z — 29 — 23 = 21 — (22 + 23).

(41) 2z = (214 2) — 2.

(42) z1=(z1—2) + z.

(43) z-(z1—22)=2z-2z1—2-29and (21 —22) - 2=21-2— 22" 2.
(44) If z # the zero of Cp, then z - 27! = the unity of Cy and 27! - 2 = the

unity of Cg.

(45) If 21 - z9 = the zero of Cp, then z; = the zero of Cg or zo = the zero of
Cr.

(46) If z # the zero of Cp, then 27! # the zero of Cp.

(47) If z; # the zero of Cp and z3 # the zero of Cr and 237! = 257!, then
zZ1 = Z292.

(48) If z9 # the zero of Cg and if 21 - z5 = the unity of Cp or 29 - 21 = the
unity of Cp, then z; = 27 1.

(49) If 29 # the zero of Cp and if 21 - 20 = 23 Or 29-21 = 23, then 21 = z3-297"
and 21 = 2o~ - z3.

(50) (The unity of Cp)~! = the unity of Cg.

(51) If z; # the zero of Cy and 2o # the zero of Cp, then (z1 - 29)"% =
2171 . 2271.

(52) If z # the zero of Cp, then (271)71 = 2.

(53) If z # the zero of Cp, then (—2)~t = —z~1.

(54) 1If z # the zero of Cp and if 21 - 2 =29 - z or 21 - 2 = 2z - 29, then 21 = 29.

(55) If z; # the zero of Cp and zo # the zero of Cp, then z;7! 4 27! =
(21 + 22) . (21 . 22)_1.

(56) If z1 # the zero of Cp and 2o # the zero of Cp, then z; 7! — 27! =
(ZQ — Zl) . (2’1 . 22)_1.

(57) If 29 # the zero of Cp, then 2L = 21 - 271,

z2

267
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If z # the zero of Cp, then 271 = M‘

(58)
( ) the unify of Cg ==z

(60) If z # the zero of Cp, then Z = the unity of Cr.
(61) If z # the zero of Cp, then M = the zero of Cp.
(62)

If z9 # the zero of Cy and j—; = the zero of Cg, then 2z;
Cr.

If 29 # the zero of Cg, then z - 2—1 = Z21

z2
If z # the zero of Cg, then 21 LE

1
2

If 29 # the zero of Cr, then - _1 =2z - 29.

—1

z2

If z; # the zero of Cy and 2y # the zero of Cy, then z; !

21 _ 221
29 z29 "

(73) 1If z9 # the zero of Cg and z3 # the zero of Cp, then -2 =

2923

(74) If z9 # the zero of Cy and z3 # the zero of Cp, then 23 =

z2

If z9 # the zero of Cg and z4 # the zero of Cg, then £ - £ =

22 24

If 21 # the zero of Cg and 29 # the zero of Cg, then 21—:1 =

)
)
)
)
67) If z; # the zero of Cp and 2y # the zero of Cp, then (%)_1 =2,
)
)
)
)
)

If z # the zero of Cp and 2o # the zero of Cg, then 2 =

22

= the zero of

Z1°23
2924 "

If z9 # the zero of Cy and Zl = the unity of Cg, then z; = z5.

21

z2

z1 "

If z1 # the zero of Cg and 2z 75 the zero of Cp, then 2 — = (21 - 29) L.

z

z2 21°22 "

212
292

and

(75) If z9 # the zero of Cp and z3 # the zero of Cy and z4 # the zero of Cy,
Z1

Z2 _ Z14
then = = 221
24

_ Z1-24+%23-22

Z2-Z4

Z1'Z4—23°22
2924 :

(76) If z9 # the zero of Cy and z4 # the zero of C, then % + i—i
(77) If z # the zero of Cp, then 2 + 2 = 21tz

(78) If 2 # the zero of Cp, then —ZL = =2t and —ZL = L.

(79) If 2 # the zero of Cp, then 2L = =21

(80) If zo # the zero of Cp and z4 # the zero of Cp, then 2L — 2 =
(81) If z # the zero of Cp, then 2 — 2 = =22,

(82) If z9 # the zero of Cp and if 2z - 29 = 23 or 29 - 21 = z3, then z; = i—;’
(83) (the zero of Cp)* = the zero of Cp.

(84) 1If z* = the zero of Cp, then z = the zero of Cp.

(85) (the umty of Cp)* = the unity of Cg.

(86) (=) =

(87) (21 + ,22) =21+ 2",

(88) (—2)* = —2z*.

(89) (21 —22)* = 21" — 29",
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(90) (21 . 22)* = Zl* . 22*.
(91) If 2z # the zero of Cp, then (z71)* = (2*)71.
(92) If 2 # the zero of Cp, then (Z)" = 2*
(93) |the zero of Cp| = 0.
(94) 1If |z| = 0, then z = the zero of Cp.
(95) 0 < |z|.
(96) z # the zero of Cy iff 0 < |z|.
(97) |the unity of Cp| = 1.
(98) 2| = |4I
(99) |2| = |2].
(100) [21 + 22| < [21] + |22]-
(101) |21 - ZQ’ < |2’1‘ + ’22‘.
(102) |Zl‘ - ’22| < |Zl + 22|.
(103) ’21‘ — ’22‘ < ‘Zl — 22‘.
(104) |21 — 22| = |22 — 21].
(105) |21 — 22| = 0 iff 21 = 29.
(106) 21 7& 29 iff 0 < |2:1 — ZQ|.
(107) |21 — 22| < |21 — 2| + |2 — 22].
(108)  [[z1] — |22|| <21 — 22l
(109) |21 2] = 1] - .
(110) If z # the zero of Cp, then |21 = |2|71.
(111) If 29 # the zero of Cy, then % =2
(112) |z-z| =z - 2*].
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Summary. All these results have been obtained by Darboux’s theorem in
our previous article [7]. In addition, we have proved the first mean value theorem
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The articles [15], [1], [2], [3], [6], [8], [4], [5], [9], [18], [12], [14], [13], [11], [10],
[17], and [16] provide the notation and terminology for this paper.

1. BASIC INTEGRABLE FUNCTIONS AND FIRST MEAN VALUE THEOREM

For simplicity, we use the following convention: ¢, n denote natural numbers,
a, r, x, y denote real numbers, A denotes a closed-interval subset of R, C' denotes
a non empty set, and X denotes a set.
We now state several propositions:
(1) For every element D of divs A such that vol(A) = 0 holds len D = 1.
(2) Xa 4 is integrable on A and integral X4 4 = vol(A).
(3) For every partial function f from A to R and for every r holds f is total
and rng f = {r} iff f =rXa4.
(4) Let f be a partial function from A to R and given r. If f is total and
rng f = {r}, then f is integrable on A and integral f = r - vol(A).
(5) For every r there exists a partial function f from A to R such that f is
total and rng f = {r} and f is bounded on A.
(6) Let f be a partial function from A to R and D be an element of divs A.
If vol(A) = 0, then f is integrable on A and integral f = 0.
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(7) Let f be a partial function from A to R. Suppose f is total and bounded
on A and f is integrable on A. Then there exists a such that infrng f < a
and a < suprng f and integral f = a - vol(A).

2. INTEGRABILITY OF BOUNDED TOTAL FUNCTIONS

We now state three propositions:

(8) Let f be a partial function from A to R and T be a DivSequ-
ence of A. Suppose f is total and bounded on A and dr is co-
nvergent and lim(éy) = 0. Then lower_sum(f,T) is convergent and
lim lower_sum( f,T) = lower_integral f.

(9) Let f be a partial function from A to R and T be a DivSequ-
ence of A. Suppose f is total and bounded on A and dr is co-
nvergent and lim(d7) = 0. Then upper_sum(f,T') is convergent and
lim upper_sum( f,T') = upper_integral f.

(10) Let f be a partial function from A to R. Suppose f is total and bounded
on A. Then f is upper integrable on A and f is lower integrable on A.

Let A be a closed-interval subset of R, let /1 be an element of divs A, and
let us consider n. We say that I; divides into equal n if and only if:
(Def. 1) lenl; = n and for every i such that ¢ € domI; holds I;(i) = inf A +

vol(4) .
len I1

Next we state a number of propositions:

(11) There exists a DivSequence T' of A such that d7 is convergent and

(12) Let f be a partial function from A to R. Suppose f is total and bounded
on A. Then f is integrable on A if and only if for every DivSequence T' of
A such that 07 is convergent and lim(d7) = 0 holds lim upper_sum( f, T') —
lim lower_sum(f,T") = 0.

(13) For every partial function f from C to R such that f is total holds
max (f) is total and max_(f) is total.

(14) For every partial function f from C to R such that f is upper bounded
on X holds max, (f) is upper bounded on X.

(15) For every partial function f from C' to R holds max (f) is lower bounded
on X.

(16) For every partial function f from C to R such that f is lower bounded
on X holds max_(f) is upper bounded on X.

(17) For every partial function f from C to R holds max_(f) is lower bounded
on X.
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(18) For every partial function f from A to R such that f is upper bounded
on A holds rng(f[X) is upper bounded.

(19) For every partial function f from A to R such that f is lower bounded
on A holds rng(f[X) is lower bounded.

(20) Let f be a partial function from A to R. Suppose f is total and bounded
on A and f is integrable on A. Then max, (f) is integrable on A.

(21) For every partial function f from C to R holds max_(f) = max4(—f).

(22) Let f be a partial function from A to R. Suppose f is total and bounded
on A and f is integrable on A. Then max_(f) is integrable on A.

(23) Let f be a partial function from A to R. Suppose f is total and bo-
unded on A and f is integrable on A. Then |f| is integrable on A and
|integral f| < integral | f|.

(24) Let f be a partial function from A to R. Suppose f is bounded on A and
total and for all z, y such that z € A and y € A holds |f(z) — f(y)| < a.
Then suprng f — inf rng f < a.

(25) Let f, g be partial functions from A to R. Suppose that

(i)  f is bounded on A,
i) ¢ is bounded on A,
) [ is total,
(iv) g is total,
) a>0,and
) for all , y such that x € A and y € A holds |g(x) —g(y)| < a-|f(x) —

f)l-

Then suprng g — infrng g < a - (suprng f — inf rng f).

(26) Let f, g, h be partial functions from A to R. Suppose that f is bounded
on A and ¢ is bounded on A and h is bounded on A and f is total and
g is total and h is total and a > 0 and for all x, y such that z € A
and y € A holds h(z) — h(y)| < a- (f(z) - f(y)| + |g(z) — g(y)]). Then
suprng h —infrngh < a- ((suprng f —infrng f) + (suprng g — inf rng g)).

(27) Let f, g be partial functions from A to R. Suppose that

) f is total and bounded on A,

) [ is integrable on A,

(iii) g is total and bounded on A,

) a>0,and

) for all z, y such that x € A and y € A holds |g(x) — g(y)| < a-|f(z) —

f)l

Then g is integrable on A.

(28) Let f, g, h be partial functions from A to R. Suppose that f is total
and bounded on A and f is integrable on A and ¢ is total and bounded
on A and g is integrable on A and h is total and bounded on A and
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a > 0 and for all z, y such that z € A and y € A holds |h(z) — h(y)| <
a-(|f(x) = fy)|+ |g(z) — g(y)]). Then h is integrable on A.

(29) Let f, g be partial functions from A to R. Suppose that

(1)

(ii)  f is integrable on A,
(i)
(iv)

f is total and bounded on A,

g is total and bounded on A, and
g is integrable on A.
Then f g is integrable on A.

(30) Let f be a partial function from A to R. Suppose f is total and bounded

[1]
2]

3]
[4]
[5]

[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]
18]

on A and f is integrable on A and 0 ¢ rng f and % is bounded on A. Then

% is integrable on A.
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Summary. In this article, we propose a new high-speed processing method
for encoding and decoding the RSA cryptogram that is a kind of public-key
cryptogram. This cryptogram is not only used for encrypting data, but also for
such purposes as authentication. However, the encoding and decoding processes
take a long time because they require a great deal of calculations. As a result,
this cryptogram is not suited for practical use. Until now, we proposed a high-
speed algorithm of addition using radix-2* signed-digit numbers and clarified
correctness of it ([5]). In this article, we defined two new operations for a high-
speed coding and encoding processes on public-key cryptograms based on radix-
2" signed-digit (SD) numbers. One is calculation of (axb) mod ¢ (a, b, ¢ are natural
numbers). Another one is calculation of (a®) mod ¢ (a, b, ¢ are natural numbers).
Their calculations are realized repetition of addition. We propose a high-speed
algorithm of their calculations using proposed addition algorithm and clarify
the correctness of them. In the first section, we prepared some useful theorems
for natural numbers and integers and so on. In the second section, we proved
some properties of addition operation using a radix-2*¥ SD numbers. In the third
section, we defined some functions on the relation between a finite sequence of
k-SD and a finite sequence of N and proved some properties about them. In the
fourth section, algorithm of calculation of (a * b) mod ¢ based on radix-2*¥ SD
numbers is proposed and its correctness is clarified. In the last section, algorithm
of calculation of (a®) mod ¢ based on radix-2* SD numbers is proposed and we
clarified its correctness.

MML Identifier: RADIX_2.

The notation and terminology used in this paper are introduced in the following
articles: [8], [6], [2], [3], [4], [9], [1], [5], [10], and [7].
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1. SOME USEFUL THEOREMS

In this paper k is a natural number.

The following propositions are true:
(1) For every natural number a holds a mod 1 = 0.

(2) Let a, b be integers and n be a natural number. If n > 0, then ((amodn)+
(bmodn))modn = (a+(bmodn))modn and ((amodn)+ (bmodn))modn =
((a mod n) + b) mod n.

(3) For all integers a, b and for every natural number n such that n > 0
holds a-bmodn = a- (bmodn)modn and a-bmodn = (amodn)-bmodn.

(4) For all natural numbers a, b, i such that 1 < i and 0 < b holds (a mod
bi) = bt = (a + bl "t) mod b.

(5) For all natural numbers i, n such that i € Segn holds i+ 1 € Seg(n+1).

2. PROPERTIES OF ADDITION OPERATION USING RADIX-2% SIGNED-DIGIT
NUMBERS

One can prove the following propositions:
(6) For every natural number k holds Radix k > 0.
(7) For every tuple x of 1 and k —SD holds SDDec z = DigA(z,1).

(8) For every integer x holds SD_Add_Data(x,k) + SD_Add-Carryz -
Radix k = x.

(9) Let n be a natural number, z be a tuple of n + 1 and k£ —SD, and x;
be a tuple of n and k —SD. Suppose that for every natural number ¢ such
that i € Segn holds x(i) = z1(¢). Then ) DigitSD x = > ((DigitSD z1) ~
(SubDigit(z,n + 1,k))).

(10) Let n be a natural number, = be a tuple of n+1 and k —SD, and z; be a
tuple of n and k£ —SD. Suppose that for every natural number ¢ such that
i € Segn holds z(i) = x1(i). Then SDDec z; + ((Radix k)g) - DigA(z,n +
1) = SDDec z.

(11) Let n be a natural number. Suppose n > 1. Let z, y be tuples of n

and k—SD. If & > 2, then SDDecz’ +' y + SD_Add_Carry DigA (z,n) +
DigA(y,n) - (Radix k)f; = SDDec x + SDDec y.
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3. DEFINITIONS ON THE RELATION BETWEEN A FINITE SEQUENCE OF k-SD
AND A FINITE SEQUENCE OF N AND SOME PROPERTIES ABOUT THEM

Let ¢, k, n be natural numbers and let x be a tuple of n and N. The functor
SubDigit2(z, i, k) yielding an element of N is defined by:
(Def. 1) SubDigit2(z, 7, k) = ((Radix k)5 t) - ().
Let n, k£ be natural numbers and let z be a tuple of n and N. The functor
DigitSD2(z, k) yields a tuple of n and N and is defined as follows:
(Def. 2)  For every natural number ¢ such that i € Segn holds ; DigitSD2(x, k) =
SubDigit2(x, i, k).
Let n, k be natural numbers and let z be a tuple of n and N. The functor
SDDec2(x, k) yielding a natural number is defined as follows:
(Def. 3) SDDec2(zx, k) = ) DigitSD2(z, k).
Let ¢, k, x be natural numbers. The functor DigitDC2(z, i, k) yields a natural
number and is defined as follows:
(Def. 4) DigitDC2(z, i, k) = (x mod (Radix k)§) + (Radix k)L,
Let k, n, x be natural numbers. The functor DecSD2(x, n, k) yielding a tuple
of n and N is defined by:
(Def. 5) For every mnatural number ¢ such that ¢ € Segn holds
(DecSD2(z, n, k))(i) = DigitDC2(z, i, k).
The following propositions are true:
(12) Let n, k be natural numbers, x be a tuple of n and N, and y be a tuple
of n and k£ —SD. If x = y, then DigitSD2(x, k) = DigitSD y.
(13) Let n, k be natural numbers, x be a tuple of n and N, and y be a tuple
of n and k —SD. If x = y, then SDDec2(x, k) = SDDecy.
(14) For all natural numbers z, n, k holds DecSD2(x, n, k) = DecSD(z, n, k).

(15) Let n be a natural number. Suppose n > 1. Let m, k be natural numbers.
If m is represented by n, k, then m = SDDec2(DecSD2(m,n, k), k).

4. A HIGH-SPEED ALGORITHM OF CALCULATION OF (a *b) MOD b BASED
ON RADIX-2*F SIGNED-DIGIT NUMBERS AND ITS CORRECTNESS

Let ¢ be an integer, let f, j, k, n be natural numbers, and let ¢ be a tuple
of n and k& —SD. The functor Tablel(q,c, f,j) yielding an integer is defined as
follows:

(Def. 6) Tablel(q,c, f,j) = q - DigA(c,7) mod f.
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Let ¢ be an integer, let k, f, n be natural numbers, and let ¢ be a tuple of n
and k —SD. Let us assume that n > 1. The functor Mul_.mod(q, ¢, f, k) yielding
a tuple of n and Z is defined by the conditions (Def. 7).

(Def. 7)(i) (Mul.mod(q,c, f,k))(1) = Tablel(q,c, f,n), and
(ii)  for every natural number i such that 1 < ¢ and ¢ < n — 1 there
exist integers I, I such that I; = (Mul.mod(g,c, f,k))(i) and I =
(Mul-mod(q, ¢, f,k))(i + 1) and I = (Radixk - I; + Tablel(q,c, f,n —’
i)) mod f.
One can prove the following proposition

(16) Let m be a natural number. Suppose n > 1. Let ¢ be an integer and
i1, f, k be natural numbers. Suppose i; is represented by n, k£ and
f > 0. Let ¢ be a tuple of n and k—SD. If ¢ = DecSD(i1,n, k), then
(Mul_mod(q, ¢, f,k))(n) = q - i; mod f.

5. A HIGH-SPEED ALGORITHM OF CALCULATION OF (a’) MOD b BASED ON
A RADIX-2% SIGNED-DIGIT NUMBERS AND ITS CORRECTNESS

Let n, f, 7, m be natural numbers and let e be a tuple of n and N. The
functor Table2(m, e, f, j) yielding a natural number is defined as follows:

(Def. 8) Table2(m,e, f,j) = (mgje) mod f.
Let k, f, m, n be natural numbers and let e be a tuple of n and N. Let us

assume that n > 1. The functor Pow_mod(m,e, f, k) yields a tuple of n and N
and is defined by the conditions (Def. 9).

(Def. 9)(i) (Pow_mod(m,e, f,k))(1) = Table2(m,e, f,n), and
(ii) for every natural number ¢ such that 1 < i and ¢ < n — 1 there exist
natural numbers is, i3 such that iy = (Pow_mod(m,e, f,k))(i) and i35 =
(Pow_mod(m, e, f, k))(i+1) and i3 = ((i2824**)mod f)-Table2(m, e, f,n—'
i) mod f.
One can prove the following proposition

(17) Let n be a natural number. Suppose n > 1. Let m, k, f, i4 be natural
numbers. Suppose i4 is represented by n, k and f > 0. Let e be a tuple of n
and N. If e = DecSD2(i4, n, k), then (Pow_mod(m, e, f,k))(n) = (my)mod
f
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Summary. In this article, we defined the Riemann definite integral of
partial function from R to R. Then we have proved the integrability for the
continuous function and differentiable function. Moreover, we have proved an
elementary theorem of calculus.

MML Identifier: INTEGRAS.

The articles [12], [13], [1], 2], (6], (3], 3], [14], (7}, (16], 9], [10], [4], [11], [8], and
[15] provide the notation and terminology for this paper.

1. SOME USEFUL PROPERTIES OF FINITE SEQUENCE

For simplicity, we adopt the following convention: ¢ denotes a natural number, a,
b, r1, ro denote real numbers, A denotes a closed-interval subset of R, C' denotes
a non empty set, and X denotes a set.

One can prove the following propositions:

(1) Let F, Fy, F» be finite sequences of elements of R and given 71, ro. If
Fy=(ri)"For Fy =F"(r1)and if F» = (ro) " F or Fy = F' ™ (ry), then
Z(Fl — Fg) =71 —To.

(2) Let Fy, F, be finite sequences of elements of R. If len F} = len F5, then
len(Fi + F») = lenF} and len(F; — Fy) = lenFy and ) (F1 + F») =
ZFl + ZFQ and Z(Fl — FQ) = ZFl — ZFQ

(3) Let Fy, Fy be finite sequences of elements of R. If len F; = len F, and
for every ¢ such that i € dom Fy holds Fy(i) < Fa(i), then > Fy < ) Fb.
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2. INTEGRABILITY FOR PARTIAL FUNCTION OF R, R

Let C be a non empty subset of R and let f be a partial function from R to R.
The functor f [ C yielding a partial function from C to R is defined as follows:

(Def. 1) f]C=f]C.
Next we state two propositions:

(4) For all partial functions f, g from R to R and for every non empty subset
CofRholds (f1C)(gC)=(fg)|C.

(5) For all partial functions f, g from R to R and for every non empty subset
CofRholds (f+g) | C=f]C+g|C.

Let A be a closed-interval subset of R and let f be a partial function from
R to R. We say that f is integrable on A if and only if:

(Def. 2) f | A is integrable on A.

Let A be a closed-interval subset of R and let f be a partial function from

R to R. The functor / f(x)dx yields a real number and is defined by:
A

(Def. 3) /f(a:)d:n = integral f [ A.
A

The following propositions are true:

(6) For every partial function f from R to R such that A C dom f holds
f 1 A is total.

(7) For every partial function f from R to R such that f is upper bounded
on A holds f [ A is upper bounded on A.

(8) For every partial function f from R to R such that f is lower bounded
on A holds f [ A is lower bounded on A.

(9) For every partial function f from R to R such that f is bounded on A
holds f [ A is bounded on A.

3. INTEGRABILITY FOR CONTINUOUS FUNCTION

The following propositions are true:
(10) For every partial function f from R to R such that f is continuous on A
holds f is bounded on A.
(11) For every partial function f from R to R such that f is continuous on A
holds f is integrable on A.

(12) Let f be a partial function from R to R and D be an element of divs A.
Suppose A C X and f is differentiable on X and ffX is bounded on
A. Then lower sum(f{y [ A,D) < f(supA) — f(inf A) and f(sup A4) —
f(inf A) < upper_sum(fiy | 4, D).
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(13) Let f be a partial function from R to R. Suppose A C X and f is
differentiable on X and ff y is integrable on A and ff y is bounded on A.

Then /fFX(SE)dZL‘ = f(sup A) — f(inf A).
A

(14) For every partial function f from R to R such that f is non-decreasing
on A and A C dom f holds rng(f[A) is bounded.

(15) Let f be a partial function from R to R. If f is non-decreasing on A and
A C dom f, then infrng(f[A) = f(inf A) and suprng(flA) = f(sup A).

(16) For every partial function f from R to R such that f is monotone on A
and A C dom f holds f is integrable on A.

(17) Let f be a partial function from R to R and A, B be closed-interval
subsets of R. If f is continuous on A and B C A, then f is integrable on
B.

(18) Let f be a partial function from R to R, A, B, C be closed-interval
subsets of R, and given X. Suppose A C X and f is differentiable on X
and ffX is continuous on A and inf A = inf B and sup B = inf C and

supC = sup A. Then B C A and C C A and /ffX(m)d:B = /ffX(x)dx—l—
A B

[ fixta)da.
C

Let a, b be elements of R. Let us assume that a < b. The functor [a, V|
yields a closed-interval subset of R and is defined as follows:

(Def. 4) [a,V'] = [a,].
Let a, b be elements of R and let f be a partial function from R to R. The

b
functor / f(x)dx yields a real number and is defined by:
a

X f(x)dzx, if a < b,
(Def. 5) / f(z)de = { Y]

- f(z)dz, otherwise.
['b,a']
We now state three propositions:
(19) Let f be a partial function from R to R, A be a closed-interval subset of

b
R, and given a, b. If A = [a, b], then /f(:z:)d:x = /f(:n)dx.
A a

(20) Let f be a partial function from R to R, A be a closed-interval subset of
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b
R, and given a, b. If A = [b, a], then —/ f(x)dx = /f(x)dx.
A a

(21) Let f, g be partial functions from R to R and X be an open subset

of R. Suppose that f is differentiable on X and g is differentiable on X
and A C X and fjy is integrable on A and fiy is bounded on A and

gix is integrable on A and gix is bounded on A. Then /ffX g(x)dx =
A

F(sup ) glsup 4) = f(int 4) - gt 4) ~ [ 7 gfx(o)da.
A
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Summary. This article is an introduction to convex analysis. In the be-
ginning, we have defined the concept of strictly convexity and proved some basic
properties between convexity and strictly convexity. Moreover, we have defined
concepts of other convexity and semicontinuity, and proved their basic properties.
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The papers [12], [3], [1], [4], [5], [9], [6], [13], [8], [16], [17], [11], [7], [10], [14],
[15], and [2] provide the notation and terminology for this paper.

1. SOME USEFUL PROPERTIES OF n-TUPLES ON R

We adopt the following convention: a, b, r, s, xg,  are real numbers, f, g
are partial functions from R to R, and X, Y are sets.
The following propositions are true:
(1) max(a,b) > min(a,b).
(2) Let n be a natural number, Ry, Ry be elements of R", and r;, ro be real
numbers. Then Ry ™ (r1) ¢ Re ™ (r2) = (R1 @ Ra) ™ (r1 - 12).
(3) Let n be a natural number and R be an element of R™. Suppose > R =0
and for every natural number ¢ such that i € dom R holds 0 < R(i). Let ¢
be a natural number. If i € dom R, then R(i) = 0.
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(4) Let n be a natural number and R be an element of R". Suppose that
for every natural number ¢ such that ¢ € dom R holds 0 = R(i). Then
R =n ~ (0 qua real number).

(5) For every natural number n and for every element R of R™ holds n
(0 qua real number) R = n — (0 qua real number).

2. CONVEX AND STRICTLY CONVEX FUNCTIONS

Let us consider f, X. We say that f is strictly convex on X if and only if
the conditions (Def. 1) are satisfied.
(Def. 1)(i) X C dom f, and
(i)  for every real number p such that 0 < p and p < 1 and for all real
numbers 7, s such that r € X and s € X and p-r+ (1 —p)-s € X and
r#sholds f(p-r+(L—p)-s)<p-f(r)+ (1 —p)-f(s)
We now state a number of propositions:
(6) If f is strictly convex on X, then f is convex on X.
(7) Let a, b be real numbers and f be a partial function from R to R. Then
f is strictly convex on [a,b] if and only if the following conditions are
satisfied:
(i) [a,b] C dom f, and
(ii)  for every real number p such that 0 < p and p < 1 and for all real
numbers r, s such that r € [a,b] and s € [a,b] and r # s holds f(p-r +
(1=p)-s)<p-f(r)+ QA —=p)- f(s).
(8) Let X beaset and f be a partial function from R to R. Then f is convex
on X if and only if the following conditions are satisfied:
(i) X Cdom f, and
(ii)  for all real numbers a, b, ¢ such that a € X and b € X and c € X and
a <band b < cholds f(b) < &2 f(a) + =2 - f(c).
(9) Let X be aset and f be a partial function from R to R. Then f is strictly
convex on X if and only if the following conditions are satisfied:
(i) X Cdom f, and
(ii)  for all real numbers a, b, ¢ such that a € X and b € X and ¢ € X and
a <band b < cholds f(b) < &=L - f(a) + =2 - f(c).
) If f is strictly convex on X and Y C X, then f is strictly convex on Y.
) f is strictly convex on X iff f — r is strictly convex on X.
12) If 0 < r, then f is strictly convex on X iff r f is strictly convex on X.
)

If f is strictly convex on X and g is strictly convex on X, then f + g is
strictly convex on X.
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(14) If f is strictly convex on X and g is convex on X, then f + g is strictly
convex on X.

(15) Suppose f is strictly convex on X but g is strictly convex on X but a > 0
and b > 0ora>0andb>0. Then a f + bg is strictly convex on X.

(16) f is convex on X if and only if the following conditions are satisfied:
(i) X Cdom f, and
(ii) for all @, b, r such that a € X and b € X and r € X and a < r and
r< b holds f(Tg—g(a) < f( )—a(a) and f() (a) < f(b) (7“)
(17) f is strictly convex on X if and only 1f the followmg conditions are
satisfied:
(i) X Cdom f, and
(ii)  for all @, b, r such that a € X and b € X and r € X and a < r and
r < b holds (2 fla) - () f@) ond f() f(a) < () fr)

—a -

(18) Let f be a partial functlon from R to R. Suppose f is total. Then for
every natural number n and for all elements P, E, F' of R™ such that
>>P = 1 and for every natural number i such that i € dom P holds

P(i) > 0 and F(i) = f(E(:)) holds f(>_(P e E)) < >.(P e F) if and only
if f is convex on R.

(19) Let f be a partial function from R to R, I be an interval, and a be a real
number. Suppose there exist real numbers 1, x2 such that z; € I and
x9 € I and 1 < @ and a < z9 and f is convex on I. Then f is continuous
in a.

3. DEFINITIONS OF SEVERAL CONVEXITY AND SEMICONTINUITY CONCEPTS

Let us consider f, X. We say that f is quasiconvex on X if and only if the
conditions (Def. 2) are satisfied.
(Def. 2)(i) X C dom f, and
(ii)  for every real number p such that 0 < p and p < 1 and for all real
numbers 7, s such that r € X and s € X and p-r+ (1 —p) - s € X holds
fp-r+ 1 —=p)-s) <max(f(r), f(s)).
Let us consider f, X. We say that f is strictly quasiconvex on X if and only
if the conditions (Def. 3) are satisfied.
(Def. 3)(i) X C dom f, and
(ii)  for every real number p such that 0 < p and p < 1 and for all real
numbers r, s such that r € X and s € X andp-r+ (1 —p)-s € X and
f(r) # f(s) holds f(p-r+(1—p)-s) <max(f(r), f(s)).
Let us consider f, X. We say that f is strongly quasiconvex on X if and
only if the conditions (Def. 4) are satisfied.
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(Def. 4)(i) X C dom f, and
(ii)  for every real number p such that 0 < p and p < 1 and for all real
numbers 7, s such that r € X and s € X and p-r+ (1 —p)-s € X and
r# sholds f(p-r+ (1 —p)-s) <max(f(r), f(s)).
Let us consider f, xg. We say that f is upper semicontinuous in zq if and
only if:
(Def. 5) x0 € dom f and for every r such that 0 < r there exists s such that 0 < s
and for every x such that € dom f and |x—z¢| < s holds f(z¢)—f(z) < .
Let us consider f, X. We say that f is upper semicontinuous on X if and
only if:
(Def. 6) X C dom f and for every xo such that xg € X holds f[X is upper
semicontinuous in xg.
Let us consider f, zg. We say that f is lower semicontinuous in xg if and
only if:
(Def. 7) xo € dom f and for every r such that 0 < r there exists s such that 0 < s
and for every z such that € dom f and |x—z¢| < s holds f(z)—f(xq) < .
Let us consider f, X. We say that f is lower semicontinuous on X if and
only if:
(Def. 8) X C dom f and for every zp such that xyp € X holds f[X is lower
semicontinuous in xg.
The following propositions are true:
(20) Let given xg, f. Then f is upper semicontinuous in xg and f is lower
semicontinuous in xg if and only if f is continuous in xg.
(21) Let given X, f. Then f is upper semicontinuous on X and f is lower
semicontinuous on X if and only if f is continuous on X.
(22) For all X, f such that f is strictly convex on X holds f is strongly
quasiconvex on X.
(23) For all X, f such that f is strongly quasiconvex on X holds f is quasi-
convex on X.
(24) For all X, f such that f is convex on X holds f is strictly quasiconvex
on X.
(25) For all X, f such that f is strongly quasiconvex on X holds f is strictly
quasiconvex on X.

(26) Let given X, f. Suppose f is strictly quasiconvex on X and f is one-to-
one. Then f is strongly quasiconvex on X.
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1. PRELIMINARIES

We use the following convention: x, X are sets, D is a non empty set, and
k, m, n are natural numbers.
The following two propositions are true:
(1) For every real number r holds max{r} =r.
(2) max{n} =n.
One can verify that there exists a finite sequence which is non trivial.
The following proposition is true
(3) For every trivial finite sequence f of elements of D holds f is empty or
there exists an element x of D such that f = (x).
Let x, y be sets. Note that (z, y) is non empty.
Let us observe that every binary relation has non empty elements.
One can prove the following proposition
(4) idy is bijective.
Let A be a finite set and let B be a set. Observe that A — B is finite.
Let z, y be sets. One can check that x——y is trivial.
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2. RESTRICTED CONCATENATION

Let f1 be a non empty finite sequence and let f2 be a finite sequence. Observe
that fi1 ~ f5 is non empty.
The following propositions are true:
(5) Let f1 be a non empty finite sequence of elements of D and fa be a finite
sequence of elements of D. Then (f; ~ f2)1 = (fi)1.
(6) Let f1 be a finite sequence of elements of D and fs be a non trivial finite
sequence of elements of D. Then (f1 ~ f2)ien(fi~fo) = (f2)1en fo-
(7) For every finite sequence f holds f ~ e = f.
(8) For every finite sequence f holds f ~ (z) = f.
(9) For all finite sequences fi, fa of elements of D such that 1 < n and
n < len f1 holds (f1 N f2)n = (fl)n
(10) For all finite sequences fi, fo of elements of D such that 1 < n and
n < len fy holds (fi ~ f2)ien fi+n = (f2)n+1-

3. AMI-STRUCT

For simplicity, we adopt the following convention: N is a set with non empty
elements, S is a von Neumann definite AMI over N, i is an instruction of S, I,
l1, la, I3 are instruction-locations of .S, and s is a state of S.

We now state the proposition

(11) Let S be a definite AMI over N, I be an instruction of S, and s be a
state of S. Then s+-((the instruction locations of S) — I) is a state of

S.

Let N be a set and let S be an AMI over N. Observe that every finite partial
state of S which is empty is also programmed.

Let N be a set and let S be an AMI over N. One can check that there exists
a finite partial state of S which is empty.

Let N be a set with non empty elements and let S be a von Neumann
definite AMI over N. Note that there exists a finite partial state of .S which is
non empty, trivial, and programmed.

Let N be a set with non empty elements, let S be an AMI over N, let i be
an instruction of S, and let s be a state of S. One can verify that (the execution
of S)(i)(s) is function-like and relation-like.

Let N be a set and let S be an AMI over N.

(Def. 1)  An element of the instruction codes of S is said to be an instruction type

of S.
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Let N be a set, let S be an AMI over N, and let I be an element of the
instructions of S. The functor InsCode(7) yields an instruction type of S and is
defined by:

(Def. 2) InsCode(I) = I4.

Let N be a set with non empty elements and let S be a steady-programmed
von Neumann definite AMI over N. Observe that there exists a finite partial
state of S which is non empty, trivial, autonomic, and programmed.

One can prove the following propositions:

(12) Let S be a steady-programmed von Neumann definite AMI over N, iy
be an instruction-location of S, and I be an instruction of S. Then i1——1
is autonomic.

(13) Every steady-programmed von Neumann definite AMI over N is pro-
grammable.

Let N be a set with non empty elements. One can check that every von Neu-
mann definite AMI over N which is steady-programmed is also programmable.
Let N be a set with non empty elements, let S be an AMI over N, and let
T be an instruction type of S. We say that T' is jump-only if and only if the
condition (Def. 3) is satisfied.
(Def. 3) Let s be a state of S, o be an object of S, and I be an instruction of S.
If InsCode(I) =T and o # ICg, then (Exec(I,s))(0) = s(0).
Let N be a set with non empty elements, let S be an AMI over N, and let
I be an instruction of S. We say that I is jump-only if and only if:

(Def. 4) InsCode(I) is jump-only.

Let us consider N, S, i, I. The functor NIC(i,!) yielding a subset of the
instruction locations of S is defined by:

(Def. 5) NIC(i,1) = {ICgliowing(s) : ICs =1 A s(l) = i}.

Let N be a set with non empty elements, let .S be a realistic von Neumann
definite AMI over N, let ¢ be an instruction of S, and let [ be an instruction-
location of S. Note that NIC(¢,1) is non empty.

Let us consider N, S, i. The functor JUMP(i) yields a subset of the instruc-
tion locations of S and is defined by:

(Def. 6) JUMP(i) = ({NIC(4,1)}.

Let us consider N, S, I. The functor SUCC(!) yielding a subset of the in-
struction locations of S is defined by:

(Def. 7) SUCC(I) = [J{NIC(3,1) \ JUMP(i)}.

One can prove the following propositions:

(14) Let S be a von Neumann definite AMI over N and i be an instruction
of S. Suppose the instruction locations of S are non trivial and for every
instruction-location [ of S holds NIC(7,1) = {i}. Then JUMP(:) is empty.
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(15) Let S be a realistic von Neumann definite AMI over N, i; be an

instruction-location of S, and ¢ be an instruction of S. If ¢ is halting,
then NIC(i,il) = {Zl}

4. ORDERING OF INSTRUCTION LOCATIONS

Let us consider N, S, l1, ls. The predicate I; < 2 is defined by the condition
(Def. 8).

(Def. 8) There exists a non empty finite sequence f of elements of the instruction
locations of S such that fi; =[; and fien f = l2 and for every n such that
1 <nandn <lenf holds fr,+1 € SUCC(fy).
Let us note that the predicate I1 < Iy is reflexive.
Next we state the proposition

(16) If Iy <y and 5 < I3, then [; < 3.
Let us consider N, S. We say that S is InsLoc-antisymmetric if and only if:
(Def. 9) For all [y, I3 such that Iy <o and ls < I3 holds I; = Is.

Let us consider N, S. We say that S is standard if and only if the condition
(Def. 10) is satisfied.

(Def. 10) There exists a function f from N into the instruction locations of S
such that f is bijective and for all natural numbers m, n holds m < n iff
f(m) < f(n).
One can prove the following three propositions:
(17) Let S be a von Neumann definite AMI over N and fi, fa be functions
from N into the instruction locations of S. Suppose that
(i)  fi1 is bijective,
(ii)  for all natural numbers m, n holds m < n iff fi(m) < fi(n),
) fo is bijective, and
) for all natural numbers m, n holds m < n iff fa(m) < fa(n).

Then f1 = f2.

(18) Let S be a von Neumann definite AMI over N and f be a function from
N into the instruction locations of S. Suppose f is bijective. Then the
following statements are equivalent

(i)  for all natural numbers m, n holds m < n iff f(m) < f(n),
(ii)  for every natural number k holds f(k+1) € SUCC(f(k)) and for every
natural number j such that f(j) € SUCC(f(k)) holds k < j.

(19) Let S be a von Neumann definite AMI over N. Then S is standard if and
only if there exists a function f from N into the instruction locations of S
such that f is bijective and for every natural number k holds f(k + 1) €

(i
(iv
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SUCC(f(k)) and for every natural number j such that f(j) € SUCC(f(k))
holds k < j.

5. STANDARD TRIVIAL COMPUTER

Let N be a set with non empty elements. The functor STC(NV) yielding a
strict AMI over N is defined by the conditions (Def. 11).

(Def. 11) The objects of STC(N) = N U {N} and the instruction counter of
STC(N) = N and the instruction locations of STC(N) = N and the in-
struction codes of STC(N) = {0,1} and the instructions of STC(N) =
{{0, 0), (1, 0)} and the object kind of STC(N) = (N — {(1, 0), (0,
0)})+-({N} — N) and there exists a function f from [] (the object kind
of STC(N)) into [] (the object kind of STC(N)) such that for every ele-
ment s of [](the object kind of STC(N)) holds f(s) = s+ ({N} —
succ s(N)) and the execution of STC(N) = ({(1,0)} — f)+-({(0,
0)} — 1d? (the object kind of STC(N)))-

Let N be a set with non empty elements. Note that the instruction locations
of STC(NV) is infinite.
Let N be a set with non empty elements. Observe that STC(N) is von
Neumann definite realistic steady-programmed and data-oriented.
Next we state several propositions:
(20) For every instruction ¢ of STC(N) such that InsCode(i) = 0 holds i is
halting.
(21) For every instruction ¢ of STC(N) such that InsCode(i) = 1 holds i is
non halting.

(22) For every instruction ¢ of STC(NV) holds InsCode(i) = 1 or InsCode(i) =
0.
(23) Every instruction of STC(N) is jump-only.
(24) For every instruction-location ! of STC(N) such that [ = k holds
SUCC(l) = {k,k + 1}.
Let N be a set with non empty elements. Observe that STC(N) is standard.
Let N be a set with non empty elements. Observe that STC(N) is halting.
Let N be a set with non empty elements. One can check that there exists a
von Neumann definite AMI over N which is standard, halting, realistic, steady-
programmed, and programmable.
Let N be a set with non empty elements, let S be a standard von Neumann
definite AMI over N, and let k be a natural number. The functor ilg(k) yields
an instruction-location of S and is defined by the condition (Def. 12).
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(Def. 12) There exists a function f from N into the instruction locations of S
such that f is bijective and for all natural numbers m, n holds m < n iff
f(m) < f(n) and ilg(k) = f(k).

We now state two propositions:

(25) Let S be a standard von Neumann definite AMI over N and ki, k2 be
natural numbers. If ilg(k;) = ilg(k2), then k; = ko.

(26) Let S be a standard von Neumann definite AMI over N and [ be an
instruction-location of S. Then there exists a natural number &k such that
I =ilg(k).

Let N be a set with non empty elements, let S be a standard von Neumann
definite AMI over NN, and let [ be an instruction-location of S. The functor
locnum(/) yields a natural number and is defined as follows:

(Def. 13) ilg(locnum(l)) = 1.

One can prove the following propositions:

(27) Let S be a standard von Neumann definite AMI over N and l;, Iy be
instruction-locations of S. If locnum(l/;) = locnum(lz), then I3 = I5.

(28) Let S be a standard von Neumann definite AMI over N and ki, ko be
natural numbers. Then ilg(k1) < ilg(k2) if and only if k1 < ko.

(29) Let S be a standard von Neumann definite AMI over N and l;, Iy be
instruction-locations of S. Then locnum(l;) < locnum(ly) if and only if
I < lo.

(30) 1If S is standard, then S is InsLoc-antisymmetric.

Let us consider N. Observe that every von Neumann definite AMI over N
which is standard is also InsLoc-antisymmetric.

Let N be a set with non empty elements, let S be a standard von Neumann
definite AMI over N, let f be an instruction-location of S, and let k be a natural
number. The functor f + k yielding an instruction-location of S is defined by:

(Def. 14)  f + k = ilg(locnum(f) + k).

Next we state three propositions:

(31) For every standard von Neumann definite AMI S over NV and for every
instruction-location f of S holds f + 0 = f.

(32) Let S be a standard von Neumann definite AMI over N and f, g be
instruction-locations of S. If f + k =g+ k, then f =g.

(33) For every standard von Neumann definite AMI S over N and for every
instruction-location f of S holds locnum(f) + k = locnum(f + k).

Let N be a set with non empty elements, let S be a standard von Neumann
definite AMI over N, and let f be an instruction-location of S. The functor

NextLoc f yields an instruction-location of S and is defined as follows:

(Def. 15) NextLoc f = f + 1.
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The following propositions are true:

(34) For every standard von Neumann definite AMI S over N and for every
instruction-location f of S holds NextLoc f = ilg(locnum(f) + 1).

(35) For every standard von Neumann definite AMI S over N and for every
instruction-location f of S holds f # NextLoc f.

(36) Let S be a standard von Neumann definite AMI over N and f, g be
instruction-locations of S. If NextLoc f = NextLocg, then f = g.

(37) ilgrovy (k) = k.

(38) For every instruction i of STC(N) and for every state s of STC(NV) such
that InsCode(i) = 1 holds (Exec(i, s))(ICgrc(n)) = NextLocICs.

(39) For every instruction-location [ of STC(N) and for every instruction ¢
of STC(N) such that InsCode(i) = 1 holds NIC(i,[) = {NextLoc}.

(40) For every instruction-location [ of STC(N) holds SUCC(l) =
{l, NextLocl}.

Let N be a set with non empty elements, let S be a standard von Neumann
definite AMI over NV, and let 7 be an instruction of S. We say that 7 is sequential
if and only if:

(Def. 16) For every state s of S holds (Exec(i, s))(ICs) = NextLocICs;.

The following propositions are true:

(41) Let S be a standard realistic von Neumann definite AMI over N, i1 be
an instruction-location of S, and i be an instruction of S. If 7 is sequential,
then NIC(7,41) = {NextLoc1,}.

(42) Let S be a realistic standard von Neumann definite AMI over N and ¢
be an instruction of S. If ¢ is sequential, then 4 is non halting.

Let us consider N and let S be a realistic standard von Neumann definite
AMI over N. Observe that every instruction of S which is sequential is also non
halting and every instruction of S which is halting is also non sequential.

One can prove the following proposition

(43) Let S be a standard von Neumann definite AMI over N and i be an
instruction of S. If JUMP (%) is non empty, then 7 is non sequential.

6. CLOSEDNESS OF FINITE PARTIAL STATES

Let N be a set with non empty elements, let S be a von Neumann definite
AMI over N, and let F' be a finite partial state of S. We say that F' is closed if
and only if:
(Def. 17) For every instruction-location ! of S such that | € domF holds
NIC(m F,l) C dom F.
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We say that F' is really-closed if and only if:

(Def. 18) For every state s of S such that F' C s and ICs € dom F' and for every
natural number & holds IC computation(s)) (k) € dom F.
Let N be a set with non empty elements, let S be a standard von Neumann
definite AMI over N, and let F' be a finite partial state of S. We say that F is
para-closed if and only if:

(Def. 19) For every state s of S such that F' C s and IC; = ilg(0) and for every
natural number & holds IC computation(s)) (k) € dom F.

The following propositions are true:
(44) Let S be a standard steady-programmed von Neumann definite AMI
over N and F be a finite partial state of S. If F' is really-closed and
ils(0) € dom F, then F' is para-closed.

(45) Let S be a von Neumann definite steady-programmed AMI over N and
F be a finite partial state of S. If F' is closed, then F' is really-closed.

Let N be a set with non empty elements and let .S be a von Neumann definite
steady-programmed AMI over N. One can verify that every finite partial state
of S which is closed is also really-closed.

We now state the proposition

(46) For every standard realistic halting von Neumann definite AMI S over
N holds ilg(0)——haltg is closed.

Let N be a set with non empty elements, let S be a von Neumann definite
AMI over N, and let F' be a finite partial state of S. We say that F is lower if
and only if the condition (Def. 20) is satisfied.

(Def. 20) Let [ be an instruction-location of S. Suppose | € dom F. Let m be an
instruction-location of S. If m < [, then m € dom F.

The following proposition is true

(47) For every von Neumann definite AMI S over N holds every empty finite
partial state of S is lower.

Let N be a set with non empty elements and let .S be a von Neumann definite
AMI over N. Observe that every finite partial state of S which is empty is also
lower.

The following proposition is true

(48) For every standard von Neumann definite AMI S over N and for every
instruction ¢ of S holds ilg(0)——1 is lower.

Let N be a set with non empty elements and let S be a standard von
Neumann definite AMI over N. Note that there exists a finite partial state of S
which is lower, non empty, trivial, and programmed.

We now state two propositions:
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(49) Let S be a standard von Neumann definite AMI over N and F' be a lower
non empty programmed finite partial state of S. Then ilg(0) € dom F.

(50) Let N be a set with non empty elements, S be a standard von Neumann
definite AMI over N, and P be a lower programmed finite partial state of
S. Then m < card P if and only if ilg(m) € dom P.

Let N be a set with non empty elements, let S be a standard von Neumann
definite AMI over N, and let F' be a non empty programmed finite partial state
of S. The functor LastLoc F' yields an instruction-location of S and is defined
by the condition (Def. 21).

(Def. 21) There exists a finite non empty subset M of N such that M =
{locnum(l); [ ranges over elements of the instruction locations of S: [ €
dom F'} and LastLoc F' = ilg(max M).

We now state several propositions:

(51) Let S be a standard von Neumann definite AMI over N and F' be a non
empty programmed finite partial state of S. Then LastLoc F' € dom F.

(52) Let S be a standard von Neumann definite AMI over N and F', G be non
empty programmed finite partial states of S. If F' C G, then LastLoc F' <
LastLoc G.

(53) Let S be a standard von Neumann definite AMI over N, F' be a non
empty programmed finite partial state of S, and I be an instruction-
location of S. If [ € dom F, then [ < LastLoc F.

(54) Let S be a standard von Neumann definite AMI over N, F be a lower non
empty programmed finite partial state of S, and G be a non empty pro-
grammed finite partial state of S. If F' C G and LastLoc F' = LastLoc G,
then F' = G.

(55) Let N be a set with non empty elements, S be a standard von Neumann
definite AMI over N, and F' be a lower non empty programmed finite
partial state of S. Then LastLoc F' = ilg(card F - 1).

Let N be a set with non empty elements and let S be a standard steady-
programmed von Neumann definite AMI over N. Note that every finite partial
state of S which is really-closed, lower, non empty, and programmed is also
para-closed.

Let N be a set with non empty elements, let S be a standard halting von
Neumann definite AMI over N, and let F' be a non empty programmed finite
partial state of S. We say that F' is halt-ending if and only if:

(Def. 22) F(LastLoc F') = haltg.
We say that F' is unique-halt if and only if:

(Def. 23) For every instruction-location f of S such that F'(f) = haltg and f €
dom F’ holds f = LastLoc F.
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Let N be a set with non empty elements and let S be a standard halting
von Neumann definite AMI over N. One can check that there exists a lower non
empty programmed finite partial state of S which is halt-ending, unique-halt,
and trivial.

Let N be a set with non empty elements and let S be a standard halting
realistic von Neumann definite AMI over N. One can check that there exists a
finite partial state of .S which is trivial, closed, lower, non empty, and program-
med.

Let N be a set with non empty elements and let S be a standard halting
realistic von Neumann definite AMI over N. Observe that there exists a lower
non empty programmed finite partial state of S which is halt-ending, unique-
halt, trivial, and closed.

Let N be a set with non empty elements and let S be a standard halting
realistic steady-programmed von Neumann definite AMI over N. Observe that
there exists a lower non empty programmed finite partial state of S which is
halt-ending, unique-halt, autonomic, trivial, and closed.

Let N be a set with non empty elements and let S be a standard halting
von Neumann definite AMI over N.

(Def. 24) A halt-ending unique-halt lower non empty programmed finite partial
state of S is said to be a pre-Macro of S.

Let N be a set with non empty elements and let S be a standard realistic
halting von Neumann definite AMI over N. One can verify that there exists a
pre-Macro of S which is closed.
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1. PRELIMINARIES

We follow the rules: k, m are natural numbers, z, X are sets, and NV is a set
with non empty elements.

Let f be a function and let g be a non empty function. One can verify that
f+-g is non empty and g+-f is non empty.

Let f, g be finite functions. Note that f+-¢ is finite.

Next we state two propositions:

(1) For all functions f, g holds dom f ~ domg iff f ~ g.
(2) For all finite functions f, g such that dom f N domg = @ holds
card(f+-g) = card f + card g.
Let f be a function and let A be a set. Note that f \ A is function-like and
relation-like.
One can prove the following two propositions:
(3) For all functions f, g such that z € dom f\dom g holds (f\g)(z) = f(z).

(4) For every non empty finite set F' holds card F — 1 = card F —' 1.
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2. PrRobpucCT LIKE SETS

Let S be a functional set. The functor [[¢ yields a function and is defined
as follows:

(Def. 1)(i)  For every set « holds « € dom ][ iff for every function f such that
f € S holds « € dom f and for every set ¢ such that i € dom[]g holds
[[g(¢) = mS if S is non empty,

(i) [Ig =0, otherwise.
The following two propositions are true:
(5) For every non empty functional set S holds dom[[¢ = ({dom f : f
ranges over elements of S'}.
(6) For every non empty functional set S and for every set i such that
i € dom][]g holds [[¢(i) = {f(4) : f ranges over elements of S}.
Let S be a set. We say that S is product-like if and only if:
(Def. 2) There exists a function f such that S =[] f.
Let f be a function. One can check that [] f is product-like.
Let us mention that every set which is product-like is also functional and
has common domain.
Let us observe that there exists a set which is product-like and non empty.
The following four propositions are true:
(7) For every functional set S with common domain holds dom[[q =
DOM(S).
(8) For every functional set S and for every set i such that i € dom []¢ holds
[Is(i) = mS.
(9) For every functional set S with common domain holds S C [[]]g -
(10) For every non empty product-like set S holds S =[] ]]s.

Let D be a set. Observe that every set of finite sequences of D is functional.

Let i be a natural number and let D be a set. One can check that D’ has
common domain.

Let ¢ be a natural number and let D be a set. Note that D is product-like.

3. PROPERTIES OF AMI-STRUCT

One can prove the following propositions:

(11) Let N be a set, S be an AMI over N, and F' be a finite partial state of
S. Then F'\ X is a finite partial state of S.
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(12) Let S be a von Neumann definite AMI over N and F' be a programmed
finite partial state of S. Then F'\ X is a programmed finite partial state
of S.

Let N be a set with non empty elements, let S be a von Neumann definite
AMI over N, let i1, i2 be instruction-locations of S, and let I1, Is be elements
of the instructions of S. Then [i; — [3,i3 — I5] is a finite partial state of S.

Let N be a set with non empty elements and let S be a halting AMI over
N. Observe that there exists an instruction of S which is halting.

We now state three propositions:

(13) Let S be a standard von Neumann definite AMI over N, F' be a lower
programmed finite partial state of S, and G be a programmed finite partial
state of S. If dom F' = dom G, then G is lower.

(14) Let S be a standard von Neumann definite AMI over N, F' be a lower
programmed finite partial state of S, and f be an instruction-location of
S. If f € dom F, then locnum(f) < card F.

(15) Let S be a standard von Neumann definite AMI over N and F' be a lower
programmed finite partial state of S. Then dom F' = {ilg(k); k ranges over
natural numbers: k < card F'}.

Let N be a set, let S be an AMI over N, and let I be an element of the
instructions of S. The functor AddressPart(I) is defined by:

(Def. 3) AddressPart(I) = I5.

Let N be a set, let S be an AMI over N, and let I be an element of the
instructions of S. Then AddressPart(/) is a finite sequence of elements of | J NV U
the objects of S.

We now state the proposition

(16) Let N be a set, S be an AMI over N, and I, J be elements of the
instructions of S. If InsCode(/) = InsCode(J) and AddressPart(l) =
AddressPart(J), then I = J.

Let N be a set and let S be an AMI over N. We say that S is homogeneous
if and only if:

(Def. 4) For all instructions I, J of S such that InsCode(I) = InsCode(J) holds
dom AddressPart(I) = dom AddressPart(.J).

The following proposition is true

(17) For every instruction I of STC(NN) holds AddressPart(/) = 0.

Let N be a set, let S be an AMI over N, and let T" be an instruction type
of S. The functor AddressPartsT is defined by:

(Def. 5)  AddressPartsT = {AddressPart([); ] ranges over instructions of S:
InsCode(I) =T'}.

Let N be a set, let S be an AMI over N, and let T" be an instruction type

of S. One can check that AddressPartsT is functional.
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Let N be a set with non empty elements, let S be a von Neumann definite
AMI over N, and let I be an instruction of S. We say that [ is explicit-jump-
instruction if and only if the condition (Def. 6) is satisfied.
(Def. 6) Let f be a set. Suppose f € JUMP(I). Then there exists a set k
such that k£ € dom AddressPart(/) and f = (AddressPart(/))(k) and
[T addressParts nsCode(r) (k) = the instruction locations of S.

We say that [ has ins-loc-in-jump if and only if the condition (Def. 7) is satisfied.
(Def. 7) Let f be a set. Given a set k such that k& € dom AddressPart(/) and

[ = (AddressPart(I))(k) and []sqqressparts mscode(r) (k) = the instruction
locations of S. Then f € JUMP(I).

Let N be a set with non empty elements and let .S be a von Neumann definite
AMI over N. We say that S is explicit-jump-instruction if and only if:

(Def. 8) Every instruction of S is explicit-jump-instruction.
We say that S has ins-loc-in-jump if and only if:
(Def. 9) Every instruction of S has ins-loc-in-jump.
Let N be a set and let S be an AMI over N. We say that S has non trivial
instruction locations if and only if:
(Def. 10) The instruction locations of S are non trivial.
Let N be a set with non empty elements. Note that every von Neumann

definite AMI over N which is standard has non trivial instruction locations.

Let N be a set with non empty elements. One can verify that there exists a
von Neumann definite AMI over N which is standard.

Let N be a set with non empty elements and let S be an AMI over N with
non trivial instruction locations. Observe that the instruction locations of S is
non trivial.

The following proposition is true

(18) Let S be a standard von Neumann definite AMI over N and I be an
instruction of S. If for every instruction-location f of S holds NIC(Z, f) =
{NextLoc f}, then JUMP(I) is empty.

Let N be a set with non empty elements and let I be an instruction of
STC(N). Observe that JUMP(I) is empty.
Let N be a set and let S be an AMI over N. We say that S is regular if and
only if:
(Def. 11) For every instruction type T of S holds AddressPartsT is product-like.
Next we state the proposition
(19) For every instruction type 17" of STC(NN) holds AddressPartsT = {0}.

Let N be a set with non empty elements. Observe that STC(V) is homoge-
neous explicit-jump-instruction and regular and has ins-loc-in-jump.
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Let N be a set with non empty elements. Note that there exists a von
Neumann definite AMI over N which is standard, halting, realistic, steady-
programmed, programmable, explicit-jump-instruction, homogeneous, and re-
gular and has non trivial instruction locations and ins-loc-in-jump.

Let N be a set with non empty elements, let .S be a regular AMI over NV, and
let T' be an instruction type of S. Observe that AddressPartsT is product-like.

Let N be a set with non empty elements, let S be a homogeneous AMI over
N, and let T be an instruction type of S. Observe that AddressPartsT has
common domain.

Next we state the proposition

(20) Let S be a homogeneous AMI over N, I be an instruction of
S, and z be a set. Suppose x € dom AddressPart(l). Suppose
[T AddressParts msCode(r) (#) = the instruction locations of S. Then
(AddressPart(I))(x) is an instruction-location of S.

Let N be a set with non empty elements and let S be an explicit-jump-
instruction von Neumann definite AMI over N. Note that every instruction of
S is explicit-jump-instruction.

Let N be a set with non empty elements and let S be a von Neumann
definite AMI over N with ins-loc-in-jump. Observe that every instruction of S
has ins-loc-in-jump.

The following proposition is true

(21) Let S be a realistic von Neumann definite AMI over N with non trivial
instruction locations and I be an instruction of S. If I is halting, then
JUMP(I) is empty.

Let N be a set with non empty elements, let S be a halting realistic von
Neumann definite AMI over N with non trivial instruction locations, and let I
be a halting instruction of S. One can verify that JUMP(I) is empty.

Let N be a set with non empty elements and let S be a von Neumann definite
AMI over N with non trivial instruction locations. Observe that there exists a
finite partial state of .S which is non trivial and programmed.

Let N be a set with non empty elements and let S be a standard halting
von Neumann definite AMI over N. One can verify that every non empty pro-
grammed finite partial state of S which is trivial is also unique-halt.

Let N be a set, let S be an AMI over N, and let I be an instruction of S.
We say that I is instruction location free if and only if:

(Def. 12) For every set =z such that =z € domAddressPart(/) holds
[T AddressParts nsCode(r) (%) # the instruction locations of S.

The following propositions are true:

(22) Let S be a halting explicit-jump-instruction realistic von Neumann de-
finite AMI over N with non trivial instruction locations and I be an in-
struction of S. If I is instruction location free, then JUMP(/) is empty.
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(23) Let S be a realistic von Neumann definite AMI over N with ins-loc-in-
jump and non trivial instruction locations and I be an instruction of S. If
1 is halting, then [ is instruction location free.

Let IV be a set with non empty elements and let S be a realistic von Neumann
definite AMI over N with ins-loc-in-jump and non trivial instruction locations.
Observe that every instruction of S which is halting is also instruction location
free.

We now state the proposition

(24) Let S be a standard von Neumann definite AMI over N with ins-loc-in-
jump and I be an instruction of S. If I is sequential, then [ is instruction
location free.

Let N be a set with non empty elements and let S be a standard von
Neumann definite AMI over N with ins-loc-in-jump. One can check that every
instruction of S which is sequential is also instruction location free.

Let N be a set with non empty elements and let S be a standard halting
von Neumann definite AMI over N. The functor Stop S yielding a finite partial
state of S is defined by:

(Def. 13) Stop S =ilg(0)——haltg.

Let N be a set with non empty elements and let S be a standard halting
von Neumann definite AMI over N. Note that Stop S is lower non empty pro-
grammed and trivial.

Let N be a set with non empty elements and let S be a standard realistic
halting von Neumann definite AMI over N. One can check that Stop S is closed.

Let N be a set with non empty elements and let S be a standard halting
steady-programmed von Neumann definite AMI over N. Note that Stop S is
autonomic.

We now state three propositions:

(25) For every standard halting von Neumann definite AMI S over N holds
card Stop S = 1.
(26) Let S be a standard halting von Neumann definite AMI over N and F'
be a pre-Macro of S. If card F = 1, then F' = Stop S.
(27) For every standard halting von Neumann definite AMI S over N holds
LastLoc Stop S = ilg(0).
Let N be a set with non empty elements and let S be a standard halting von
Neumann definite AMI over V. Note that Stop S is halt-ending and unique-halt.
Let N be a set with non empty elements and let S be a standard halting
von Neumann definite AMI over N. Then Stop S is a pre-Macro of S.
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4. ON THE COMPOSITION OF MACRO INSTRUCTIONS

Let N be a set with non empty elements, let S be a homogeneous regular
standard von Neumann definite AMI over N, let I be an element of the instruc-
tions of S, and let k& be a natural number. The functor IncAddr(/, k) yielding
an instruction of S is defined by the conditions (Def. 14).

(Def. 14)(i) InsCode(IncAddr(7,k)) = InsCode(I),

(i) dom AddressPart(IncAddr(/,k)) = dom AddressPart(/), and

(iii)  for every set m such that n € dom AddressPart(I) holds if
[T AddressParts nsCode(r) (?) = the instruction locations of S, then there exi-
sts an instruction-location f of S such that f = (AddressPart(l))(n)
and (AddressPart(IncAddr(Z,k)))(n) = ilg(k + locnum(f)) and if
[T AddressParts mscode(r) ()~ #  the instruction locations of S, then
(AddressPart(IncAddr(Z, k)))(n) = (AddressPart(I))(n).

Next we state three propositions:

(28) Let S be a homogeneous regular standard von Neumann definite AMI
over N and I be an element of the instructions of S. Then IncAddr(7,0) =
I.

(29) Let S be a homogeneous regular standard von Neumann definite AMI
over N and I be an instruction of S. If I is instruction location free, then
IncAddr(I,k) = I.

(30) Let S be a halting standard realistic homogeneous regular von Neumann
definite AMI over N with ins-loc-in-jump. Then IncAddr(haltg, k) =
haltg.

Let N be a set with non empty elements, let S be a halting standard realistic
homogeneous regular von Neumann definite AMI over N with ins-loc-in-jump,
let I be a halting instruction of S, and let k£ be a natural number. Observe that
IncAddr(Z, k) is halting.

We now state several propositions:

(31) Let S be a homogeneous regular standard von Neumann definite AMI
over N and I be an instruction of S. Then AddressPartsInsCode(I) =
AddressParts InsCode(IncAddr (7, k)).

(32) Let S be a homogeneous regular standard von Neumann definite AMI
over N and I, J be instructions of S. Given a natural number k such that
IIlCAddI‘(I, k) = IIlCAddI‘(J, k) Suppose HAddressParts InsCode(I) (x) = the
instruction locations of S. Then [],gqressparts nsCode(s)(#) = the instruc-
tion locations of S.

(33) Let S be a homogeneous regular standard von Neumann definite AMI

over N and I, J be instructions of S. Given a natural number &k such that
IncAddr(Z, k) = IncAddr(J, k). Suppose []aqdressParts nsCode(r)(€) # the
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instruction locations of S. Then [], qressparts nsCode(s) () # the instruc-
tion locations of S.

(34) Let S be a homogeneous regular standard von Neumann definite AMI
over N and I, J be instructions of S. If there exists a natural number &
such that IncAddr(7, k) = IncAddr(J, k), then I = J.

(35) Let S be a homogeneous regular standard halting realistic von Neumann
definite AMI over N with ins-loc-in-jump and I be an instruction of S. If
IncAddr(/, k) = haltg, then I = haltg.

(36) Let S be a homogeneous regular standard halting realistic von Neumann
definite AMI over N with ins-loc-in-jump and I be an instruction of S. If
I is sequential, then IncAddr(7, k) is sequential.

(37) Let S be a homogeneous regular standard von Neumann definite AMI
over N and I be an instruction of S. Then IncAddr(IncAddr(I, k), m) =
IncAddr(Z, k + m).

Let N be a set with non empty elements, let .S be a homogeneous regular
standard von Neumann definite AMI over N, let p be a programmed finite
partial state of S, and let k£ be a natural number. The functor IncAddr(p, k)
yields a finite partial state of S and is defined as follows:

(Def. 15) dom IncAddr(p, k) = domp and for every natural number m such that
ils(m) € domp holds (IncAddr(p, k))(ils(m)) = IncAddr (g (m)p; k)-

Let N be a set with non empty elements, let .S be a homogeneous regular
standard von Neumann definite AMI over N, let F' be a programmed finite par-
tial state of S, and let k be a natural number. One can check that IncAddr(F, k)
is programmed.

Let N be a set with non empty elements, let S be a homogeneous regular
standard von Neumann definite AMI over N, let F' be an empty programmed
finite partial state of S, and let £ be a natural number. One can verify that
IncAddr(F, k) is empty.

Let N be a set with non empty elements, let S be a homogeneous regular
standard von Neumann definite AMI over N, let F' be a non empty programmed
finite partial state of S, and let £ be a natural number. One can verify that
IncAddr(F, k) is non empty.

Let N be a set with non empty elements, let .S be a homogeneous regular
standard von Neumann definite AMI over N, let F' be a lower programmed
finite partial state of S, and let £ be a natural number. One can verify that
IncAddr(F, k) is lower.

The following propositions are true:
(38) Let S be a homogeneous regular standard von Neumann definite

AMI over N and F be a programmed finite partial state of S. Then
IncAddr(F,0) = F.
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(39) Let S be a homogeneous regular standard von Neumann definite AMI
over N and F be a lower programmed finite partial state of S. Then
IncAddr(IncAddr(F, k), m) = IncAddr(F, k + m).

Let N be a set with non empty elements, let S be a standard von Neumann
definite AMI over N, let p be a finite partial state of S, and let k£ be a natural
number. The functor Shift(p, k) yielding a finite partial state of S is defined by
the conditions (Def. 16).

(Def. 16)()  dom Shift(p,k) = {ils(m + k);m ranges over natural numbers:
ilg(m) € dom p}, and

(i)  for every natural number m such that ilg(m) € domp holds

(Shift(p, k))(ils(m + k)) = p(ils(m)).

Let N be a set with non empty elements, let S be a standard von Neumann
definite AMI over N, let F' be a finite partial state of S, and let k be a natural
number. Note that Shift(F, k) is programmed.

Let N be a set with non empty elements, let S be a standard von Neumann
definite AMI over N, let F' be an empty finite partial state of S, and let k be a
natural number. One can check that Shift(F, k) is empty.

Let N be a set with non empty elements, let S be a standard von Neumann
definite AMI over N, let F' be a non empty programmed finite partial state of
S, and let k be a natural number. One can check that Shift(F, k) is non empty.

We now state four propositions:

(40) Let S be a standard von Neumann definite AMI over N and F be a
programmed finite partial state of S. Then Shift(F,0) = F.

(41) Let S be a standard von Neumann definite AMI over N, F' be a finite
partial state of S, and k be a natural number. If £ > 0, then ilg(0) ¢
dom Shift(F, k).

(42) Let S be a standard von Neumann definite AMI over N and F be a
finite partial state of S. Then Shift(Shift(F,m), k) = Shift(F, m + k).
(43) Let S be a standard von Neumann definite AMI over N and F be a
programmed finite partial state of S. Then dom F' ~ dom Shift(F’ k).

Let N be a set with non empty elements, let .S be a homogeneous regular
standard von Neumann definite AMI over N, and let I be an instruction of S.
We say that I is IC-good if and only if:

(Def. 17) For every natural number k and for all states si, so of S such that sy =
51+ (ICs=—(ICy,) + k)) holds ICgyec(1,6,) + k = ICEyec(IncAddr(1,k),s2)-

Let N be a set with non empty elements and let .S be a homogeneous regular

standard von Neumann definite AMI over N. We say that S is IC-good if and
only if:

(Def. 18) Every instruction of S is IC-good.
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Let N be a set with non empty elements, let S be an AMI over N, and let
I be an instruction of S. We say that I is Exec-preserving if and only if the
condition (Def. 19) is satisfied.

(Def. 19) Let s, s2 be states of S. Suppose s; and sy are equal outside the instruc-
tion locations of S. Then Exec(I, s1) and Exec(I, s2) are equal outside the
instruction locations of S.

Let N be a set with non empty elements and let S be an AMI over N. We
say that S is Exec-preserving if and only if:

(Def. 20) Every instruction of S is Exec-preserving.
One can prove the following proposition

(44) Let S be a homogeneous regular standard von Neumann definite AMI
over N with ins-loc-in-jump and I be an instruction of S. If I is sequential,
then I is IC-good.

Let N be a set with non empty elements and let .S be a homogeneous regular
standard von Neumann definite AMI over N with ins-loc-in-jump. Observe that
every instruction of S which is sequential is also IC-good.

The following proposition is true

(45) Let S be a homogeneous regular standard realistic von Neumann definite
AMI over N with ins-loc-in-jump and I be an instruction of S. If I is
halting, then [ is IC-good.

Let N be a set with non empty elements and let S be a homogeneous regular
standard realistic von Neumann definite AMI over N with ins-loc-in-jump. Note
that every instruction of S which is halting is also IC-good.

The following proposition is true

(46) For every AMI S over N and for every instruction I of S such that I is
halting holds I is Exec-preserving.

Let N be a set with non empty elements and let S be an AMI over N.
Observe that every instruction of S which is halting is also Exec-preserving.

Let N be a set with non empty elements. One can verify that STC(N) is
IC-good and Exec-preserving.

Let N be a set with non empty elements. One can check that there exists
a homogeneous regular standard von Neumann definite AMI over N which is
halting, realistic, steady-programmed, programmable, explicit-jump-instruction,
IC-good, and Exec-preserving and has ins-loc-in-jump and non trivial instruc-
tion locations.

Let N be a set with non empty elements and let S be an 1C-good homo-
geneous regular standard von Neumann definite AMI over N. Note that every
instruction of S is IC-good.

Let N be a set with non empty elements and let S be an Exec-preserving
AMI over N. Note that every instruction of S is Exec-preserving.
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Let N be a set with non empty elements, let S be a standard von Neumann
definite AMI over N, and let F' be a non empty programmed finite partial state
of S. The functor CutLastLoc F' yielding a finite partial state of S is defined by:

(Def. 21) CutLastLoc F' = F'\ (LastLoc Fi— F(LastLoc F)).

The following propositions are true:

(47) Let S be a standard von Neumann definite AMI over N and F be a non
empty programmed finite partial state of S. Then dom CutLastLoc F' =
dom F'\ {LastLoc F'}.

(48) Let S be a standard von Neumann definite AMI over N and F be
a non empty programmed finite partial state of S. Then dom F =
dom CutLastLoc F' U {LastLoc F'}.

Let N be a set with non empty elements, let S be a standard von Neumann
definite AMI over N, and let F' be a non empty trivial programmed finite partial
state of S. Note that CutLastLoc F' is empty.

Let N be a set with non empty elements, let S be a standard von Neumann
definite AMI over N, and let F' be a non empty programmed finite partial state
of S. Observe that CutLastLoc F' is programmed.

Let N be a set with non empty elements, let S be a standard von Neumann
definite AMI over NV, and let F' be a lower non empty programmed finite partial
state of S. Note that CutLastLoc F' is lower.

We now state three propositions:

(49) Let S be a standard von Neumann definite AMI over N and F' be a non
empty programmed finite partial state of S. Then card CutLastLoc F =
card F' — 1.

(50) Let S be a homogeneous regular standard von Neumann definite AMI
over N, I be a lower non empty programmed finite partial state of
S, and G be a non empty programmed finite partial state of S. Then
dom CutLastLoc F' N dom Shift(IncAddr(G, card F —' 1), card F —' 1) = ().

(51) Let S be a standard halting von Neumann definite AMI over N, F'
be a unique-halt lower non empty programmed finite partial state of S,
and I be an instruction-location of S. If I € dom CutLastLoc F, then
(CutLastLoc F))(I) # haltg.

Let N be a set with non empty elements, let .S be a homogeneous regular
standard von Neumann definite AMI over N, and let F', G be non empty pro-
grammed finite partial states of S. The functor F'; G yields a finite partial state
of § and is defined by:

(Def. 22) F; G = CutLastLoc F+- Shift(IncAddr(G, card F —' 1), card F —' 1).

Let N be a set with non empty elements, let S be a homogeneous regu-
lar standard von Neumann definite AMI over N, and let F', G be non empty
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programmed finite partial states of S. Note that F'; G is non empty and pro-
grammed.
We now state the proposition

(52) Let S be a homogeneous regular standard von Neumann definite AMI
over N and F', G be lower non empty programmed finite partial states of
S. Then card(F; G) = (card F' + card G) — 1 and card(F; G) = (card F' +
card G) —' 1.

Let N be a set with non empty elements, let .S be a homogeneous regular
standard von Neumann definite AMI over N, and let F', G be lower non empty
programmed finite partial states of S. Observe that F'; G is lower.

We now state four propositions:

(53) Let S be a homogeneous regular standard von Neumann definite AMI
over N and F', G be lower non empty programmed finite partial states of
S. Then dom F' C dom(F'; G).

(54) Let S be a homogeneous regular standard von Neumann definite AMI
over N and F', G be lower non empty programmed finite partial states of
S. Then CutLastLoc F' C CutLastLoc F'; G.

(55) Let S be a homogeneous regular standard von Neumann definite AMI
over N and F', G be lower non empty programmed finite partial states of
S. Then (F'; G)(LastLoc F') = (IncAddr(G, card F —' 1))(ilg(0)).

(56) Let S be a homogeneous regular standard von Neumann definite AMI
over N, F', G be lower non empty programmed finite partial states of S,
and f be an instruction-location of S. If locnum(f) < card F' — 1, then
(IncAddr(F,card F —' 1))(f) = (IncAddr(F; G,card F —' 1))(f).

Let N be a set with non empty elements, let .S be a homogeneous regular
standard realistic halting steady-programmed von Neumann definite AMI over
N with ins-loc-in-jump, and let F', G be halt-ending lower non empty program-
med finite partial states of S. Observe that F'; GG is halt-ending.

Let N be a set with non empty elements, let S be a homogeneous regular
standard realistic halting steady-programmed von Neumann definite AMI over
N with ins-loc-in-jump, and let F', G be halt-ending unique-halt lower non
empty programmed finite partial states of S. Observe that F'; GG is unique-halt.

Let N be a set with non empty elements, let S be a homogeneous regular
standard realistic halting steady-programmed von Neumann definite AMI over
N with ins-loc-in-jump, and let F'; G be pre-Macros of S. Then F'; G is a pre-
Macro of S.

Let N be a set with non empty elements, let S be a realistic halting steady-
programmed IC-good Exec-preserving homogeneous regular standard von Neu-
mann definite AMI over IV, and let I, G be closed lower non empty programmed
finite partial states of S. Observe that F'; G is closed.

We now state several propositions:
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(57) Let S be a homogeneous regular standard halting realistic von Neumann
definite AMI over N with ins-loc-in-jump. Then IncAddr(Stop S, k) =
Stop S.

(58) For every standard halting von Neumann definite AMI S over N holds
Shift(Stop S, k) = ilg(k)——haltg.

(59) Let S be a homogeneous regular standard halting realistic von Neumann
definite AMI over NV with ins-loc-in-jump and F' be a pre-Macro of S. Then
F; StopS =F.

(60) Let S be a homogeneous regular standard halting von Neumann definite
AMI over N and F be a pre-Macro of S. Then Stop S; F' = F.

(61) Let S be a homogeneous regular standard realistic halting steady-
programmed von Neumann definite AMI over N with ins-loc-in-jump and
F, G, H be pre-Macros of S. Then (F; G); H = F; (G; H).
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The papers [16], (9], [11], [12], (13], (19], [2], (3], [5], (6], [4], (1], [20], [21], [17],
[8], [7], [13], [18], [14], and [10] provide the terminology and notation for this
paper.

For simplicity, we adopt the following convention: R denotes a good ring, r
denotes an element of the carrier of R, a, b denote Data-Locations of R, i1, is, i3
denote instruction-locations of SCM(R), I denotes an instruction of SCM(R),
s1, s2 denote states of SCM(R), T denotes an instruction type of SCM(R),
and k denotes a natural number.

Let us note that Z is infinite.

One can verify that INT.Ring is infinite and good.

Let us mention that there exists a 1-sorted structure which is strict and
infinite.

Let us mention that there exists a ring which is strict, infinite, and good.

We now state the proposition

(1) ObjectKind(a) = the carrier of R.
Let R be a good ring, let I1, ls be Data-Locations of R, and let a, b be
elements of R. Then [l; — a,ly — b] is a finite partial state of SCM(R).
We now state a number of propositions:

(2) a ¢ the instruction locations of SCM(R).

(3) a#ICscm(r)-

(4) Data-Locgcom # the instruction locations of SCM(R).
()

5) For every object o of SCM(R) holds 0 = ICgcm(r) Or 0 € the instruc-

tion locations of SCM(R) or o is a Data-Location of R.
(6) If iQ 7é i3, then Next(ig) 7é Next(ig).
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(7) If s; and sy are equal outside the instruction locations of SCM(R), then
s1(a) = sa(a).

) InsCode(haltSCM(R)) 0.

) InsCode(a:=b) =

) InsCode(AddTo(a b)) =

) InsCode(SubFrom(a b)

) InsCode(MultBy( b)) =

) InsCode(a:=r) =

) InsCode(goto 22) = 6.

) InsCode(if a = 0 goto iz) = 7.

) If InsCode(I) = 0, then I = haltgcm(r)-

) If InsCode(I) = 1, then there exist a, b such that I = a:=b.

) If InsCode(I) = 2, then there exist a, b such that I = AddTo(a,b).

) If InsCode(I) = 3, then there exist a, b such that I = SubFrom(a,b).
20) If InsCode(I) = 4, then there exist a, b such that I = MultBy(a, b).

) If InsCode(I) = 5, then there exist a, r such that [ = a:=r.
) If InsCode(I) = 6, then there exists i3 such that I = goto i3.
) If InsCode(I) = 7, then there exist a, i3 such that I = if a = 0 goto is.
) AddressPart(haltgcn(r)) = €.
) AddressPart(a:=b) = (a, b).
) AddressPart(AddTo(a, b)) = (a,b).
) AddressPart(SubFrom(a, b)) = (a,b).
) AddressPart(MultBy(a, b)) = (a,b).
) AddressPart(a:=r) = (a,r).
) AddressPart(goto is) = (ia).
) AddressPart(if a = 0 goto iz) = (i2,a).
) If T'=0, then AddressPartsT = {0}.

Let us consider R, T'. Observe that AddressPartsT is non empty.
We now state a number of propositions:

IfT =1, then dom [T qqressparts = {1, 2}-
If T'= 2, then dom [ [ 5 gdressparts 7 = 11,2}
If T'= 3, then dom [ [ xgdressparts 7 = 11,2}
If T = 4, then dom [Txqaressparts 7 = {1, 2}
If T'=5, then dom [ [ 5 gdressparts 7 = 11,2}

T = 6 then dom HAddressPartsT {1}
ItT = 77 then dom HAddressPartsT - {17 2}

HAddressParts InsCode(a:=b) (1) = Data-Locscm-

W W w w
S O =~ W

W w
O oo

A~ N N /N /N N/~
B~ w
(a=) ~
T N D N
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N
—_

HAddressParts InsCode(a:= )( ) = Data-Locsc-

HAddressParts InsCode(AddTo(a,b)) ( ) Data-Locscm.
Data-Locgcm.

N
w N

HAddressParts InsCode(AddTo(a,b)) (

N
=

HAddressParts InsCode(SubFrom(a,b)) ( ) Data‘LOCSCM-
) = Data-Locscm.-

N
X

HAddressParts InsCode(SubFrom(a,b)) (
HAddressParts InsCode(MultBy(a,b)) (1) Data-Locgcm-
HAddressParts InsCode(MultBy(a,b)) (2) = Data-Locscm.
[T AddressParts InsCode(a:=r) (1) = Data-Locscwm.

W
\]

=~ IS
oo D
N e e e e e N N N N N

49 HAddressParts InsCode(a:=r) (2) = the carrier of R.

50) T addressParts InsCode(goto i) (1) = the instruction locations of SCM(R).

51 HAddressParts InsCode(if a=0 goto 22)(1) = the instruction locations of
SCM(R).

(52) HAddressParts InsCode(if a=0 goto 22)(2) = Data_LOCSCM‘
(53) NIC(haltgcn(r),i1) = {i1}-
Let us consider R. One can check that JUMP (haltgcn(r)) is empty.
Next we state the proposition
(54) NIC(a:=b,i1) = {Next(i1)}.
Let us consider R, a, b. Observe that JUMP (a:=b) is empty.
We now state the proposition
(55) NIC(AddTo(a,b),i1) = {Next(i1)}.
Let us consider R, a, b. One can check that JUMP(AddTo(a,b)) is empty.
One can prove the following proposition
(56) NIC(SubFrom(a,b),i1) = {Next(i1)}.
Let us consider R, a, b. Note that JUMP(SubFrom(a, b)) is empty.
Next we state the proposition
(57) NIC(MultBy(a,b),i1) = {Next(i1)}.
Let us consider R, a, b. One can verify that JUMP(MultBy(a,b)) is empty.
One can prove the following proposition
(58) NIC(a:=r,i1) = {Next(i1)}.
Let us consider R, a, r. Note that JUMP (a:=r) is empty.
The following propositions are true:
(59) NIC(goto iz2,i1) = {i2}.
(60) JUMP(goto i2) = {ia}.
Let us consider R, is. Note that JUMP(goto i2) is non empty and trivial.
We now state two propositions:
(61) iy € NIC(if a = 0 goto iz, i) and NIC(if a = 0 goto iz, i;) C
{ig, Next(il)}.
(62) JUMP(if a = 0 goto iz) = {ia}.
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Let us consider R, a, i3. Observe that JUMP(if a = 0 goto i) is non empty
and trivial.
One can prove the following two propositions:
(63) SUCC(Zl) = {il, Next(il)}.
(64) Let f be a function from N into the instruction locations of SCM(R).
Suppose that for every natural number k holds f(k) = ig. Then
(i)  f is bijective, and
(ii)  for every natural number k holds f(k+1) € SUCC(f(k)) and for every
natural number j such that f(j) € SUCC(f(k)) holds k < j.

Let us consider R. Note that SCM(R) is standard.
Next we state three propositions:

(65) ilscm(r) (k) = ik
(66) Next(ilgcmr)(k)) = ilsemr) (k +1).
(67) Next(i1) = NextLoc ;.
Let R be a good ring and let k£ be a natural number. The functor dlr(k)
yields a Data-Location of R and is defined as follows:
(Def. 1) dlg(k) = dg.
Let us consider R. Observe that InsCode(haltgcny(g)) is jump-only.
Let us consider R. Note that haltscm(r) is jump-only.
Let us consider R, is. Note that InsCode(goto i) is jump-only.
Let us consider R, i5. One can check that goto iy is jump-only.
Let us consider R, a, i3. Observe that InsCode(if a = 0 goto i2) is jump-
only.
Let us consider R, a, i2. Note that if a = 0 goto 2 is jump-only.
In the sequel S denotes a non trivial good ring, p, ¢ denote Data-Locations
of S, and w denotes an element of the carrier of S.
Let us consider S, p, g. One can check that InsCode(p:=q) is non jump-only.
Let us consider S, p, ¢. One can check that p:=q is non jump-only.
Let us consider S, p, g. Observe that InsCode(AddTo(p, ¢)) is non jump-only.
Let us consider S, p, q. Note that AddTo(p, ¢) is non jump-only.
Let us consider S, p, q. Note that InsCode(SubFrom(p, ¢)) is non jump-only.
Let us consider S, p, g. Note that SubFrom(p, ¢) is non jump-only.
Let us consider S, p, g. Observe that InsCode(MultBy(p,q)) is non jump-
only.
Let us consider S, p, ¢. One can verify that MultBy(p, ¢) is non jump-only.
Let us consider S, p, w. Note that InsCode(p:=w) is non jump-only.
Let us consider S, p, w. Note that p:=w is non jump-only.
Let us consider R, a, b. Observe that a:=b is sequential.
Let us consider R, a, b. Observe that AddTo(a,b) is sequential.
Let us consider R, a, b. Note that SubFrom(a, b) is sequential.
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Let us consider R, a, b. One can verify that MultBy(a, b) is sequential.

Let us consider R, a, r. Note that a:=r is sequential.

Let us consider R, i5. One can check that goto i is non sequential.

Let us consider R, a, i9. Observe that if ¢« = 0 goto i3 is non sequential.
Let us consider R, i5. Note that goto io is non instruction location free.
Let us consider R, a, io. Note that if a = 0 goto i2 is non instruction loca-

tion free.

Let us consider R. One can check that SCM(R) is homogeneous and explicit-

jump-instruction and has ins-loc-in-jump.

Let us consider R. Observe that SCM(R) is regular.
Next we state two propositions:

(68) IncAddr(goto iz, k) = goto ilgcm(r) (locnum(iz) + k).
(69) IncAddr(if a = 0 goto iz, k) = if a = 0 goto ilgcm(r)(locnum(iz)+k).

Let us consider R. One can check that SCM(R) is IC-good and Exec-

preserving.
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are defined, and it is proved that a measurable cardinal is strongly inaccessible.
Filters on sets are defined, some facts related to the section about cardinals are
proved. Existence of the Ulam matrix on non-limit cardinals is proved.

MML Identifier: CARD_FIL.

The notation and terminology used here are introduced in the following papers:
[13], [2], [1], [5], [9], [6], [7], [3], [4], [14], [10], [12], [11], and [8].

1. SOME FACTS ABOUT FILTERS AND IDEALS ON SETS

One can verify that there exists an ordinal number which is limit.
Let X, Y be sets. Then X \ Y is a subset of X.
We now state the proposition

(1) For every set x and for every infinite set X holds {z} < X.

Let X be an infinite set. Observe that X is infinite.

The scheme ElemProp deals with a non empty set A, a set B, and a unary
predicate P, and states that:

P[B]
provided the following condition is met:
e B € {y;y ranges over elements of A : P[y|}.

For simplicity, we follow the rules: N is a cardinal number, M is an aleph,
X is a non empty set, Y, Z, Z1, Zo, Y1, Y5 are subsets of X, and S is a subset
of 2.
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One can prove the following proposition
(2)i) {X} is a non empty subset of 2%,
(i) 0¢{X}, and
(iii) for all Y3, Y2 holds if Y1 € {X} and Y2 € {X}, then Y1 NY>2 € {X} and
if Y1 € {X} and Y] C Y5, then Y5 € {X}.
Let us consider X. A non empty subset of 2% is said to be a filter of X if:
(Def. 1) 0 ¢ it and for all Y7, Y3 holds if Y7 € it and Y5 € it, then Y1 NY; € it
and if Y7 € it and Y7 C Y5, then Y5 € it.
The following propositions are true:
(3) Let F be a set. Then F' is a filter of X if and only if the following
conditions are satisfied:
(i) F is a non empty subset of 2%,
(i) 0 ¢ F,and
(ili) for all Y7, Y5 holds if Y7 € F and Y2 € F, then Y1 NYs € F and if
Y1 € Fand Y] C Yy, then Y5 € F.
(4) {X} is afilter of X.

In the sequel F', Fy, F5, Uy denote filters of X.
The following propositions are true:
(5) X eF.
(6) IfY € F, then X \Y ¢ F.
(7) Let I be a non empty subset of 2X. Suppose that for every Y holds Y € I

iff Y¢ € F. Then X ¢ I and for all Y7, Y5 holds if Y7 € I and Y, € I, then
YiUYs el andif Y] € I and Ys C Yy, then Y5 € 1.

Let us consider X, S. We introduce dual S as a synonym of 5°.
In the sequel S is a non empty subset of 2¥.
Let us consider X, S. One can verify that S¢ is non empty.
One can prove the following two propositions:
(8) dualS ={Y:Y°e S}
(9) dualS ={Y°:Y € S}.
Let us consider X. A non empty subset of 2% is said to be an ideal of X if:
(Def. 2) X ¢ it and for all Y7, Ys holds if Y] € it and Ys € it, then Y1 UY; € it
and if Y7 € it and Y5 C Y7, then Y5 € it.
Let us consider X, F'. Then dual F' is an ideal of X.
In the sequel I is an ideal of X.
Next we state two propositions:

(10) For every Y holds Y ¢ F or Y ¢ dual F' and for every Y holds Y ¢ I or
Y ¢ dual I.

(11) 0el.
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Let us consider X, N, S. We say that .S is multiplicative with N if and only
if:
(Def. 3) For every non empty set S such that S; C S and 5:1 < N holds (5] €
S.
Let us consider X, N, S. We say that S is additive with N if and only if:
(Def. 4) For every non empty set S such that S; C S and 8:1 < N holds |J S; €
S.
Let us consider X, N, F'. We introduce F' is complete with N as a synonym
of F'is multiplicative with V.
Let us consider X, N, I. We introduce [ is complete with N as a synonym
of I is additive with V.
One can prove the following proposition
(12) If S is multiplicative with N, then dual S is additive with N.
Let us consider X, F'. We say that F' is uniform if and only if:
(Def. 5) For every Y such that Y € F holds Y = X.
We say that F'is principal if and only if:
(Def. 6) There exists Y such that Y € F and for every Z such that Z € F holds
Y CZ.
We say that F'is an ultrafilter if and only if:
(Def. 7) For every Y holds Y € For X \Y € F.
Let us consider X, F', Z. The functor Extend_Filter(F, Z) yields a non empty
subset of 2% and is defined as follows:
(Def. 8) Extend Filter(F, Z) ={Y : \/y, (Y2e{YiNZ:Y1 € F} N Y2CY)}
We now state two propositions:

(13) For every Z; holds Z; € Extend_Filter(F, Z) iff there exists Z such that
Zo€e Fand ZonNZ C Z;.

(14) 1If for every Y; such that Y1 € F holds Y1 N Z # (), then Z €
Extend_Filter(F, Z) and Extend_Filter(F,Z) is a filter of X and F C
Extend_Filter(F, 7).

In the sequel S denotes a subset of 2¥.
Let us consider X. The functor Filters X yielding a non empty subset of 22*
is defined by:
(Def. 9) Filters X = {S: S is a filter of X}.
We now state the proposition
(15) For every set S holds S € Filters X iff S is a filter of X.
In the sequel F3 is a non empty subset of Filters X.
One can prove the following propositions:

(16) If for all Fy, F5 such that Fy € F3 and Fy € F3 holds Fy; C F, or F C Fy,

then (J F3 is a filter of X.
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(17) For every F there exists Uy such that F' C U; and Uj is an ultrafilter.
In the sequel X denotes an infinite set, Y denotes a subset of X, and F, Uy
denote filters of X.
Let us consider X. The functor Frechet_Filter X yielding a filter of X is
defined by:
(Def. 10) Frechet Filter X = {Y : X:\Y < ?}
Let us consider X. The functor Frechet_Ideal X yields an ideal of X and is
defined as follows:
(Def. 11)  Frechet_Ideal X = dual Frechet_Filter X.
One can prove the following propositions:
18) Y € Frechet Filter X iff X \ Y < X.
19) Y € Frechet Ideal X if ¥ < X.
20) If Frechet_Filter X C F, then F' is uniform.
21) If Uy is uniform and an ultrafilter, then Frechet_Filter X C Uj.

Let us consider X. One can check that there exists a filter of X which is non
principal and an ultrafilter.

Let us consider X. One can check that every filter of X which is uniform
and an ultrafilter is also non principal.

(
(
(
(

Next we state two propositions:

(22) For every an ultrafilter filter F' of X and for every Y holds Y € F'iff
Y ¢ dual F.

(23) If F' is non principal and an ultrafilter and F' is complete with ?, then
F' is uniform.

2. INACCESSIBLE AND MEASURABLE CARDINALS, ULAM MATRIX

We now state the proposition
(24) N+ <2V

We say that Generalized Continuum Hypothesis holds if and only if:

(Def. 12) For every N holds N+ = 2.
Let I; be an aleph. We say that Iy is inaccessible if and only if:

(Def. 13) I is regular and limit.

We introduce I is inaccessible cardinal as a synonym of I is inaccessible.

Let us note that every aleph which is inaccessible is also regular and limit.
We now state the proposition

(25) Rq is inaccessible.
Let I; be an aleph. We say that Iy is strong limit if and only if:
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(Def. 14) For every N such that N < I holds 2V < 1.

We introduce I is strong limit cardinal as a synonym of I; is strong limit.
Next we state two propositions:

(26) N is strong limit.
(27) 1If M is strong limit, then M is limit.

One can check that every aleph which is strong limit is also limit.
Next we state the proposition

(28) If Generalized Continuum Hypothesis holds, then if M is limit, then M
is strong limit.
Let I} be an aleph. We say that I is strongly inaccessible if and only if:
(Def. 15) I; is regular and strong limit.

We introduce I is strongly inaccessible cardinal as a synonym of I; is strongly
inaccessible.

Let us observe that every aleph which is strongly inaccessible is also regular
and strong limit.

The following propositions are true:
(29) Rq is strongly inaccessible.
(30) If M is strongly inaccessible, then M is inaccessible.

Let us note that every aleph which is strongly inaccessible is also inaccessible.
Next we state the proposition

(31) If Generalized Continuum Hypothesis holds, then if M is inaccessible,
then M is strongly inaccessible.

Let us consider M. We say that M is measurable if and only if:

(Def. 16) There exists a filter Uy of M such that U; is complete with M and Uy
is non principal and an ultrafilter.

We introduce M is measurable cardinal as a synonym of M is measurable.
We now state two propositions:

(32) For every limit ordinal number A and for every set X such that X C A
holds if sup X = A, then [J X = A.

(33) If M is measurable, then M is regular.
Let us consider M. Note that M ™ is non limit.

Let us note that there exists a cardinal number which is non limit and
infinite.

Let us observe that every aleph which is non limit is also regular.

Let M be a non limit cardinal number. The functor predecessor M yields a
cardinal number and is defined as follows:

(Def. 17) M = (predecessor M)™.

Let M be a non limit aleph. One can check that predecessor M is infinite.
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Let X be a set and let N, Ny be cardinal numbers. An Inf Matrix of N, Ny,
X is a function from [ N, N | into X.

For simplicity, we follow the rules: X denotes a set, M denotes a non limit
aleph, F' denotes a filter of M, N1, Ny denote elements of predecessor M, K1,
K5 denote elements of M, and T denotes an Inf Matrix of predecessor M, M,
2M,

Let us consider M, T'. We say that T' is Ulam Matrix of M if and only if the
conditions (Def. 18) are satisfied.

(Def. 18)(i)  For all Ny, K;, Ko such that K; # Ky holds T'(Ny, K1) NT(Ny, K»)
is empty,
(ii)  for all Ky, Ny, Ny such that Ny # Ny holds T'(Ny, K1) NT(Na, K1) is
empty,
(iii) for every Ny holds M \ | J{T' (N1, K1) : K1 € M} < predecessor M, and
(iv)  for every K; holds M\ J{T(N1, Ki): Ny € predecessor M} <
predecessor M.

The following four propositions are true:
(34) There exists T such that T is Ulam Matrix of M.
(35) Let given M and I be an ideal of M. Suppose I is complete with M and

Frechet_TIdeal M C I. Then there exists a subset S of 2™ such that S = M
and for every set X; such that X; € S holds X; ¢ I and for all sets X,
X5 such that X7 € S and X5 € S and X; # X5 holds X1 N Xy = 0.

(36) For every X and for every cardinal number N such that N < X there
exists a set Y such that Y € X and Y = N.

(37) For every M it is not true that there exists F' such that F is uniform
and an ultrafilter and F' is complete with M.

In the sequel M is an aleph.
The following four propositions are true:

3 If M is measurable, then M is limit.

39) If M is measurable, then M is inaccessible.

40) If M is measurable, then M is strong limit.

41) If M is measurable, then M is strongly inaccessible.

oo
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1. PRELIMINARIES

In this article we present several logical schemes. The scheme FinRecExD2
deals with a non empty set A, an element B of A, a natural number C, and a
ternary predicate P, and states that:
There exists a finite sequence p of elements of A such that lenp =
C but p; = B or C = 0 but for every natural number n such that
1 <nand n < C holds P[n, pn, Pn+1]

provided the parameters meet the following conditions:

e Let n be a natural number. Suppose 1 < n and n < C. Let x be
an element of A. Then there exists an element y of A such that
Pln,z,y], and

e Let n be a natural number. Suppose 1 <n and n < C. Let z, y1,
y2 be elements of A. If P[n,z,y1] and P[n, z, yo], then y; = yo.

The scheme FinRecUnD2 deals with a non empty set A, an element B of
A, a natural number C, finite sequences D, £ of elements of A, and a ternary
predicate P, and states that:

D=¢&
provided the parameters meet the following requirements:

e Let n be a natural number. Suppose 1 <n and n < C. Let z, y1,

y2 be elements of A. If P[n,z,y1] and P[n, z, ys], then y; = yo,
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e lenD = C but D; = B or C = 0 but for every natural number n
such that 1 < n and n < C holds P[n,D,, Dy+1], and
e lenf& = C but & = B or C = 0 but for every natural number n
such that 1 < n and n < C holds P[n, &, Entil.
The scheme Finlnd deals with natural numbers A, B and a unary predicate
P, and states that:
For every natural number i such that A < ¢ and ¢ < B holds P[i]
provided the following conditions are satisfied:
e P[A], and
e For every natural number j such that A < j and j < B holds if
Plj], then P[j + 1].
The scheme FinInd2 deals with natural numbers A, B and a unary predicate
P, and states that:
For every natural number i such that A <14 and i < B holds P[i]
provided the parameters satisfy the following conditions:
e P[A], and
e Let j be a natural number. Suppose A < j and j < B. Suppose
that for every natural number j’ such that A < j' and 7/ < j
holds P[j']. Then P[j + 1].
The scheme IndFinSeq deals with a set A, a finite sequence B of elements of
A, and a unary predicate P, and states that:
For every natural number ¢ such that 1 < ¢ and ¢ < len B holds

P[B(i)]
provided the following conditions are satisfied:
e P[B(1)], and

e For every natural number ¢ such that 1 < 4 and i < len B holds if
P[B(i)], then P[B(i + 1)].
Let us mention that every non empty double loop structure which is com-
mutative and right distributive is also distributive.
The following two propositions are true:
(1) Let L be an add-associative right zeroed right complementable distribu-
tive non empty double loop structure and z, y be elements of the carrier
of L. Then (—z) -y = —z-y.
(2) Let L be a unital associative non trivial non empty double loop structure,
a be an element of the carrier of L, and n, m be natural numbers. Then
power; (a, n +m) = powery (a, n) - powery (a, m).
Let us note that every non empty multiplicative loop structure which is well
unital is also unital.
One can prove the following proposition

(3) For every well unital non empty double loop structure L holds 1;, = 1;,.
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Let us note that there exists a non empty double loop structure which is
Abelian, right zeroed, add-associative, right complementable, unital, well unital,
distributive, commutative, associative, and non trivial.

2. ABOUT FINITE SEQUENCES AND THE FUNCTOR SGMX

Next we state a number of propositions:

(4) Let D be a set, p be a finite sequence of elements of D, and k be a
natural number. Suppose k € dom p. Let ¢ be a natural number. If 1 < ¢
and 7 < k, then 7 € dom p.

(5) Let L be a left zeroed right zeroed non empty loop structure, p be a
finite sequence of elements of the carrier of L, and 7 be a natural number.
Suppose i € domp and for every natural number ¢ such that ¢/ € dom p
and ¢’ # i holds py = 0p. Then > p = p;.

(6) Let L be an add-associative right zeroed right complementable distribu-
tive unital non empty double loop structure and p be a finite sequence of
elements of the carrier of L. If there exists a natural number ¢ such that
i € domp and p; = 0r, then [[p = 0r.

(7) Let L be an Abelian add-associative non empty loop structure, a be an
element of the carrier of L, and p, ¢ be finite sequences of elements of the
carrier of L. Suppose that

(i) lenp=leng, and

(ii)  there exists a natural number i such that ¢ € domp and ¢; = a+p; and
for every natural number i’ such that ¢/ € dom p and ' # ¢ holds ¢;; = py.
Then Y g=a+ > p.

(8) Let L be a commutative associative non empty double loop structure, a
be an element of the carrier of L, and p, ¢ be finite sequences of elements
of the carrier of L. Suppose that

(i) lenp =leng, and

(ii)  there exists a natural number i such that i € domp and ¢; = a - p; and
for every natural number i’ such that ¢/ € dom p and i’ # ¢ holds ¢;; = py.
Then [[g=a-][]p.

(9) Let X be a set, A be an empty subset of X, and R be an order in X. If
R linearly orders A, then SgmX(R, A) = e.

(10) Let X beaset, A be a finite subset of X, and R be an order in X. Suppose
R linearly orders A. Let i, j be natural numbers. If i € dom SgmX(R, A)
and j € dom SgmX(R, A), then if (SgmX(R, A)); = (SgmX(R, A));, then
i = 3.

(11) Let X be a set, A be a finite subset of X, and a be an element of X.
Suppose a ¢ A. Let B be a finite subset of X. Suppose B = {a} UA. Let R
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be an order in X. Suppose R linearly orders B. Let k£ be a natural number.
Suppose k € dom SgmX (R, B) and (SgmX(R, B))x = a. Let i be a natural
number. If 1 <7 and i < k — 1, then (SgmX(R, B)); = (SgmX (R, A));.

(12) Let X be a set, A be a finite subset of X, and a be an element of
X. Suppose a ¢ A. Let B be a finite subset of X. Suppose B = {a} U
A. Let R be an order in X. Suppose R linearly orders B. Let k be a
natural number. Suppose k € dom SgmX(R, B) and (SgmX(R, B))r =
a. Let i be a natural number. If k¥ < ¢ and i < lenSgmX(R, A), then
(SgmX(R, B))it1 = (SgmX(R, A));.

(13) Let X be anon empty set, A be a finite subset of X, and a be an element
of X. Suppose a ¢ A. Let B be a finite subset of X. Suppose B = {a}UA.
Let R be an order in X. Suppose R linearly orders B. Let k be a natural
number. If k + 1 € domSgmX(R, B) and (SgmX(R, B))i11 = a, then
SgmX(R, B) = Ins(SgmX (R, A), k,a).

Let n be an ordinal number. Then &,, is an order in n.

3. EVALUATION OF BAGS

Next we state the proposition
(14) For every set X and for every bag b of X such that supportb = () holds
b = EmptyBag X.

Let X be a set and let b be a bag of X. We say that b is empty if and only

if:
(Def. 1) b= EmptyBag X.

Let X be a non empty set. Observe that there exists a bag of X which is
non empty.

Let X be a set and let b be a bag of X. Then support b is a finite subset of
X.

Next we state the proposition

(15) For every ordinal number n and for every bag b of n holds <,, linearly
orders support b.

Let X be a set, let z be a finite sequence of elements of X, and let b be a
bag of X. Then b - x is a partial function from N to N.

Let n be an ordinal number, let b be a bag of n, let L be a non trivial unital
non empty double loop structure, and let = be a function from n into L. The

functor eval(b, z) yields an element of L and is defined by the condition (Def. 2).
(Def. 2) There exists a finite sequence y of elements of the carrier of L such that
(i) leny = len SgmX(&,, supportb) + 1,

(11) Yy = 1L7
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(iii) eval(b,x) =[]y, and
(iv)  for every natural number i such that 1 < ¢ and i < leny holds y; =
power ((x - SgmX (S, support b));_1, (b- SgmX (&, support b));_1).
Next we state three propositions:

(16) Let n be an ordinal number, L be a non trivial unital non empty
double loop structure, and = be a function from n into L. Then
eval(EmptyBagn,z) = 1.

(17) Let n be an ordinal number, L be a unital non trivial non empty double
loop structure, u be a set, and b be a bag of n. If supportb = {u}, then
for every function z from n into L holds eval(b, z) = power (z(u), b(u)).

(18) Let n be an ordinal number, L be a right zeroed add-associative right
complementable unital distributive Abelian non trivial commutative asso-
ciative non empty double loop structure, by, by be bags of n, and = be a
function from n into L. Then eval(b; + bz, x) = eval(by, z) - eval(b, z).

4. EVALUATION OF POLYNOMIALS

Let n be an ordinal number, let L be an add-associative right zeroed right
complementable non empty loop structure, and let p, ¢ be Polynomials of n, L.
Note that p — ¢ is finite-Support.

The following proposition is true

(19) Let L be a right zeroed add-associative right complementable unital
distributive non trivial non empty double loop structure, n be an ordinal
number, and p be a Polynomial of n, L. If Support p = ), then p = 0_(n, L).

Let n be an ordinal number, let L be a right zeroed add-associative right
complementable unital distributive non trivial non empty double loop structure,
and let p be a Polynomial of n, L. Note that Support p is finite.

Next we state the proposition

(20) Let n be an ordinal number, L be a right zeroed add-associative ri-
ght complementable unital distributive non trivial non empty double loop
structure, and p be a Polynomial of n, L. Then BagOrder n linearly orders
Support p.

Let n be an ordinal number and let b be an element of Bagsn. The functor
bT yields a bag of n and is defined as follows:

(Def. 3) b =b.

Let n be an ordinal number, let L be a right zeroed add-associative right
complementable unital distributive non trivial non empty double loop structure,
let p be a Polynomial of n, L, and let « be a function from n into L. The functor
eval(p, z) yields an element of L and is defined by the condition (Def. 4).



336 CHRISTOPH SCHWARZWELLER AND ANDRZEJ TRYBULEC

(Def. 4) There exists a finite sequence y of elements of the carrier of L such that

) leny = len SgmX(BagOrder n, Support p) + 1,
(ii) y1 =0y,
i) eval(p,z) => vy, and
) for every natural number i such that 1 < ¢ and ¢ < leny holds y; =
(p - SgmX(BagOrder n, Support p));—_1 - eval(((SgmX(BagOrder n,
Support p));—1) T, x).
One can prove the following propositions:

(21) Let n be an ordinal number, L be a right zeroed add-associative ri-
ght complementable unital distributive non trivial non empty double
loop structure, p be a Polynomial of n, L, and b be a bag of n. If
Support p = {b}, then for every function = from n into L holds eval(p, z) =
p(b) - eval(b, x).

(22) Let n be an ordinal number, L be a right zeroed add-associative ri-
ght complementable unital distributive non trivial non empty double loop
structure, and x be a function from n into L. Then eval(0_(n, L),x) = 0f,.

(23) Let n be an ordinal number, L be a right zeroed add-associative ri-
ght complementable unital distributive non trivial non empty double loop
structure, and x be a function from n into L. Then eval(1_(n, L),z) = 1f.

(24) Let n be an ordinal number, L be a right zeroed add-associative ri-
ght complementable unital distributive non trivial non empty double loop
structure, p be a Polynomial of n, L, and x be a function from n into L.
Then eval(—p, x) = —eval(p, x).

(25) Let n be an ordinal number, L be a right zeroed add-associative right
complementable Abelian unital distributive non trivial non empty double
loop structure, p, ¢ be Polynomials of n, L, and x be a function from n
into L. Then eval(p + ¢, z) = eval(p, z) + eval(q, x).

(26) Let n be an ordinal number, L be a right zeroed add-associative right
complementable Abelian unital distributive non trivial non empty double
loop structure, p, ¢ be Polynomials of n, L, and x be a function from n
into L. Then eval(p — ¢, z) = eval(p, z) — eval(q, x).

(27) Let n be an ordinal number, L be a right zeroed add-associative right

complementable Abelian unital distributive non trivial commutative asso-

ciative non empty double loop structure, p, ¢ be Polynomials of n, L, and

x be a function from n into L. Then eval(p *x q,z) = eval(p, x) - eval(q, ).
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5. EvALuAaTION HOMOMORPHISM

Let n be an ordinal number, let L be a right zeroed add-associative right
complementable unital distributive non trivial non empty double loop structure,
and let  be a function from n into L. The functor Polynom-Evaluation(n, L, x)
yielding a map from Polynom-Ring(n, L) into L is defined by:

(Def. 5)  For every Polynomial p of n, L holds (Polynom-Evaluation(n, L, x))(p) =
eval(p, ).

Let n be an ordinal number and let L be a right zeroed Abelian add-
associative right complementable well unital distributive associative non trivial
non empty double loop structure. One can check that Polynom-Ring(n, L) is
well unital.

Let n be an ordinal number, let L be an Abelian right zeroed add-associative
right complementable well unital distributive associative non trivial non empty
double loop structure, and let x be a function from n into L.

Note that Polynom-Evaluation(n, L, x) is unity-preserving.

Let n be an ordinal number, let L be a right zeroed add-associative ri-
ght complementable Abelian unital distributive non trivial non empty double
loop structure, and let x be a function from n into L. One can verify that
Polynom-Evaluation(n, L, x) is additive.

Let n be an ordinal number, let L be a right zeroed add-associative right
complementable Abelian unital distributive non trivial commutative associative
non empty double loop structure, and let = be a function from n into L. Note
that Polynom-Evaluation(n, L, z) is multiplicative.

Let n be an ordinal number, let L be a right zeroed add-associative right
complementable Abelian well unital distributive non trivial commutative asso-
ciative non empty double loop structure, and let x be a function from n into L.
One can verify that Polynom-Evaluation(n, L, x) is ring homomorphism.
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1. PRELIMINARIES

The following four propositions are true:

(1) Let L be an add-associative right zeroed right complementable non
empty loop structure and p be a finite sequence of elements of the carrier
of L. If for every natural number 4 such that i € domp holds p(i) = 0p,
then » p=0r.

(2) Let V be an Abelian add-associative right zeroed non empty loop struc-
ture and p be a finite sequence of elements of the carrier of V. Then
>_p=>_Rev(p).

(3) For every finite sequence p of elements of R holds > p = > Rev(p).

(4) For every finite sequence p of elements of N and for every natural number
i such that ¢ € domp holds > p > p(i).

Let D be a non empty set, let ¢ be a natural number, and let p be a finite
sequence of elements of D. Then py; is a finite sequence of elements of D.

Let D be a non empty set and let a, b be elements of D. Then (a,b) is an
element of D?.

Let D be a non empty set, let k£, n be natural numbers, let p be an element
of D*, and let ¢ be an element of D™. Then p " ¢ is an element of D*+".

Let D be a non empty set and let n be a natural number. One can check
that every finite sequence of elements of D" is finite sequence yielding.
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Let D be a non empty set, let k, n be natural numbers, let p be a finite
sequence of elements of DF, and let ¢ be a finite sequence of elements of D™.
Then p ™ ¢ is an element of (D¥7)*.

In this article we present several logical schemes. The scheme NonUnigPiSe-
qFzD deals with a non empty set A, a natural number B, and a binary predicate
P, and states that:

There exists a finite sequence p of elements of A such that domp =
Seg B and for every natural number k£ such that k € Seg B holds
P[k’, Tk p]
provided the following condition is satisfied:
e For every natural number k such that k € Seg B there exists an
element d of A such that P[k,d].

The scheme SeqOfSeqLambdaD deals with a non empty set A, a natural
number B, a unary functor F yielding a natural number, and a binary functor
G yielding an element of A4, and states that:

There exists a finite sequence p of elements of A* such that

(i) lenp =B, and

(i)  for every natural number k such that & € SegB holds
lenmp = F(k) and for every natural number n such that n €
dom 7gp holds (mp)(n) = G(k,n)

for all values of the parameters.

2. THE LEXICOGRAPHIC ORDER OF FINITE SEQUENCES

Let n be a natural number and let p, ¢ be elements of N". The predicate
p < q is defined by the condition (Def. 1).
(Def. 1) There exists a natural number ¢ such that i € Segn and p(i) < ¢(i) and
for every natural number & such that 1 < k and k < ¢ holds p(k) = q(k).
Let us note that the predicate p < ¢ is antisymmetric. We introduce ¢ > p as a
synonym of p < gq.
Let n be a natural number and let p, ¢ be elements of N”. The predicate
p < q is defined by:
(Def. 2) p<gqorp=gq.
Let us note that the predicate p < ¢ is reflexive. We introduce ¢ > p as a
synonym of p < q.
We now state three propositions:
(5) Let n be a natural number and p, g, r be elements of N”. Then
(i) ifp<gqandq<r, then p<r, and
(i) ifp<gandg<rorp<gandg<rorp<gqandgqg<r then p<r.
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(6) Let n be a natural number and p, g be elements of N™. Suppose p # q.
Then there exists a natural number i such that i € Segn and p(i) # q(i)
and for every natural number k such that 1 < k and k& < ¢ holds p(k) =
q(k).

(7) For every natural number n and for all elements p, ¢ of N holds p < ¢
orp>gq.

Let n be a natural number. The functor TuplesOrdern yielding an order in
N™ is defined by:
(Def. 3) For all elements p, ¢ of N holds (p, ¢) € TuplesOrdern iff p < q.

Let n be a natural number. Note that TuplesOrdern is linear-order.

3. DECOMPOSITION OF NATURAL NUMBERS

Let 7 be a non empty natural number and let n be a natural number. The
functor Decomp(n, i) yielding a finite sequence of elements of N is defined by:
(Def. 4) There exists a finite subset A of N’ such that Decomp(n,i) =
SgmX(TuplesOrderi, A) and for every element p of N’ holds p € A iff
dYp=n.
Let 7 be a non empty natural number and let n be a natural number. Note
that Decomp(n, i) is non empty one-to-one and finite sequence yielding.
The following propositions are true:
(8) For every natural number n holds len Decomp(n, 1) = 1.
(9)
(10) For every natural number n holds Decomp(n, 1) = {(n)).
(11)

For every natural number n holds len Decomp(n,2) =n + 1.

For all natural numbers i, 7, n, ki, ko such that (Decomp(n, 2))(i) = (ki,
n —"k1) and (Decomp(n,2))(j) = (k2,n —" k2) holds i < j iff k1 < ko.
(12) For all natural numbers i, n, k1, ko such that (Decomp(n,2))(i) = (ki,

n—"ky) and (Decomp(n,2))(i + 1) = (ka,n —' ko) holds ko = k1 + 1.
(13) For every natural number n holds (Decomp(n,2))(1) = (0, n).
(14) For all natural numbers n, ¢ such that ¢ € Seg(n + 1) holds
(Decomp(n,2))(i) = (i =" 1,(n+ 1) =" 4).
Let L be a non empty groupoid, let p, g, r be sequences of L, and let ¢ be a

finite sequence of elements of N3. The functor prodTuples(p, ¢, 7,t) yielding an
element of (the carrier of L)* is defined by:

(Def. 5) lenprodTuples(p,q,r,t) = lent and for every natural number k& such
that k € Seglent holds (prodTuples(p, q,7,t))(k) = p(mimit) - q(mamyt) -
r(mamit).

One can prove the following propositions:
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(15) Let L be a non empty groupoid, p, ¢,  be sequences of L, ¢t be a finite
sequence of elements of N3, P be a permutation of domt, and ¢; be a
finite sequence of elements of N3, If t; = ¢- P, then prodTuples(p, q,7,t1) =
prodTuples(p, g, r,t) - P.

(16) For every set D and for every finite sequence f of elements of D* and
for every natural number i holds f[i = f |i.

(17) Let p be a finite sequence of elements of R and ¢ be a finite sequence of
elements of N. If p = ¢, then for every natural number ¢ holds p[i = q[i.

(18) For every finite sequence p of elements of N and for all natural numbers
i, j such that i < j holds > (p[i) < > (plJ).

(19) Let p be a finite sequence of elements of R and i be a natural number.
If i <lenp, then p[(i+1) = (p[i) ~ (p(i +1)).

(20) Let p be a finite sequence of elements of R and i be a natural number.
If i <lenp, then Y (pl(i+1)) = > (pli) + p(i +1).

(21) Let p be a finite sequence of elements of N and i, j, k1, ko be natural
numbers. Suppose i < lenp and j < lenp and p(i +1) # 0 and p(j + 1) #
0and 1 < ky and 1 < kg and k1 < p(i + 1) and ko < p(j + 1) and
d2(pli) + k1 = > (plj) + ko. Then i = j and k1 = ko.

(22) Let Dy, Dy be sets, f1 be a finite sequence of elements of D1*, fo be a
finite sequence of elements of Do*, and i1, 42, j1, jo be natural numbers.
Suppose i1 € dom f; and iy € dom fo and j; € dom fi(i1) and jo €
dom fa(iz) and fi = f2 and Y(fil(in —' 1)) + 51 = X (f2(i2 =" 1)) + ja.

Then il = iz and jl = j2.

4. POLYNOMIALS

Let L be a non empty zero structure. A Polynomial of L is an algebraic
sequence of L.
The following proposition is true

(23) Let L be a non empty zero structure, p be a Polynomial of L, and n be
a natural number. Then n > len p if and only if the length of p is at most
n.

Now we present two schemes. The scheme PolynomialLambda deals with a
non empty loop structure A, a natural number BB, and a unary functor F yielding
an element of the carrier of A, and states that:

There exists a Polynomial p of A such that lenp < B and for
every natural number n such that n < B holds p(n) = F(n)
for all values of the parameters.
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The scheme FzDLoopStrSeq deals with a non empty loop structure A and a
unary functor F yielding an element of the carrier of A, and states that:
There exists a sequence S of A such that for every natural number
n holds S(n) = F(n)
for all values of the parameters.
Let L be a non empty loop structure and let p, ¢ be sequences of L. The
functor p 4 ¢ yielding a sequence of L is defined by:
(Def. 6) For every natural number n holds (p + ¢)(n) = p(n) + q(n).
Let L be a right zeroed non empty loop structure and let p, ¢ be Polynomials
of L. Note that p + ¢ is finite-Support.
One can prove the following two propositions:
(24) Let L be a right zeroed non empty loop structure, p, ¢ be Polynomials
of L, and n be a natural number. Suppose the length of p is at most n and
the length of ¢ is at most n. Then the length of p 4+ ¢ is at most n.
(25) For every right zeroed non empty loop structure L and for all Polyno-
mials p, ¢ of L holds support(p + ¢) C support p U support gq.
Let L be an Abelian non empty loop structure and let p, ¢ be sequences of
L. Let us note that the functor p 4+ ¢ is commutative.
One can prove the following proposition
(26) For every add-associative non empty loop structure L and for all sequ-
ences p, ¢, 7 of L holds (p+q)+r=p+ (¢ + 7).
Let L be a non empty loop structure and let p be a sequence of L. The
functor —p yielding a sequence of L is defined by:
(Def. 7) For every natural number n holds (—p)(n) = —p(n).
Let L be an add-associative right zeroed right complementable non empty
loop structure and let p be a Polynomial of L. Observe that —p is finite-Support.
Let L be a non empty loop structure and let p, ¢ be sequences of L. The
functor p — ¢ yields a sequence of L and is defined as follows:
(Def. 8) p—g=p+ —q.
Let L be an add-associative right zeroed right complementable non empty
loop structure and let p, ¢ be Polynomials of L. Note that p— g is finite-Support.
Next we state the proposition
(27) Let L be a non empty loop structure, p, ¢ be sequences of L, and n be
a natural number. Then (p — ¢)(n) = p(n) — q(n).
Let L be a non empty zero structure. The functor 0. L yielding a sequence
of L is defined as follows:
(Def. 9) 0.L =N+—0y.
Let L be a non empty zero structure. One can check that 0. L is finite-
Support.
We now state three propositions:



344 ROBERT MILEWSKI

(28) For every non empty zero structure L and for every natural number n
holds (0. L)(n) = 0f.

(29) For every right zeroed non empty loop structure L and for every sequence
pof L holds p+0.L = p.

(30) Let L be an add-associative right zeroed right complementable non
empty loop structure and p be a sequence of L. Then p —p = 0. L.

Let L be a non empty multiplicative loop with zero structure. The functor
1. L yielding a sequence of L is defined by:

(Def. 10) 1.L=0.L+-(0,1p).
Let L be a non empty multiplicative loop with zero structure. Observe that
1. L is finite-Support.
Next we state the proposition

(31) Let L be a non empty multiplicative loop with zero structure. Then
(1.L)(0) = 1, and for every natural number n such that n # 0 holds
(1.L)(n) = 0.

Let L be a non empty double loop structure and let p, g be sequences of L.
The functor p*q yields a sequence of L and is defined by the condition (Def. 11).

(Def. 11) Let ¢ be a natural number. Then there exists a finite sequence r of
elements of the carrier of L such that lenr =i+ 1 and (p*xq)(i) = > r
and for every natural number k such that & € domr holds r(k) = p(k -/
1)-q((i+1) —"k).

Let L be an add-associative right zeroed right complementable distributive
non empty double loop structure and let p, ¢ be Polynomials of L. Note that
p * ¢ is finite-Support.

Next we state three propositions:

(32) Let L be an Abelian add-associative right zeroed right complementable
right distributive non empty double loop structure and p, ¢, r be sequences
of L. Then px (q+7r)=p*xq+p*r.

(33) Let L be an Abelian add-associative right zeroed right complementable
left distributive non empty double loop structure and p, ¢, r be sequences
of L. Then (p+q)xr=p*xr+qx*r.

(34) Let L be an Abelian add-associative right zeroed right complementable
unital associative distributive non empty double loop structure and p, g,
r be sequences of L. Then (p*q) *xr =px* (q*r).

Let L be an Abelian add-associative right zeroed commutative non empty
double loop structure and let p, ¢ be sequences of L. Let us observe that the
functor p * ¢ is commutative.

We now state two propositions:

(35) Let L be an add-associative right zeroed right complementable right
distributive non empty double loop structure and p be a sequence of L.
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Then px0.L =0.L.

(36) Let L be an add-associative right zeroed right unital right complementa-
ble right distributive non empty double loop structure and p be a sequence
of L. Then px1.L = p.

5. THE RING OF POLYNOMIALS

Let L be an add-associative right zeroed right complementable distributive
non empty double loop structure. The functor Polynom-Ring L yields a strict
non empty double loop structure and is defined by the conditions (Def. 12).

(Def. 12)(i)  For every set x holds = € the carrier of Polynom-Ring L iff = is a
Polynomial of L,
(ii)  for all elements z, y of the carrier of Polynom-Ring L and for all sequ-
ences p, q of L such that xt =p and y =q holds x+y=p+q,
(iii) for all elements z, y of the carrier of Polynom-Ring L and for all sequ-
ences p, ¢ of L such that z =p and y =q holds -y = p*q,
(IV) OPolynom—RingL =0.L, and

(V) ]-Polynom—RingL =1.1L.

Let L be an Abelian add-associative right zeroed right complementable di-
stributive non empty double loop structure. Observe that Polynom-Ring L is
Abelian.

Let L be an add-associative right zeroed right complementable distributive
non empty double loop structure. One can check the following observations:

* Polynom-Ring L is add-associative,
* Polynom-Ring L is right zeroed, and
* Polynom-Ring L is right complementable.

Let L be an Abelian add-associative right zeroed right complementable com-
mutative distributive non empty double loop structure. Note that Polynom-Ring L
is commutative.

Let L be an Abelian add-associative right zeroed right complementable
unital associative distributive non empty double loop structure. Observe that
Polynom-Ring L is associative.

Let L be an add-associative right zeroed right complementable right unital
distributive non empty double loop structure. Observe that Polynom-Ring L is
right unital.

Let L be an Abelian add-associative right zeroed right complementable di-
stributive non empty double loop structure. Note that Polynom-Ring L is right
distributive and Polynom-Ring L is left distributive.
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Solving Roots of Polynomial Equations of
Degree 2 and 3 with Real Coefficients
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Summary. In this paper, we describe the definition of the first, second,
and third degree algebraic equations and their properties. In Section 1, we defi-
ned the simple first-degree and second-degree (quadratic) equation and discussed
the relation between the roots of each equation and their coefficients. Also, we
clarified the form of the root within the range of real numbers. Furthermore, the
extraction of the root using the discriminant of equation is clarified. In Section
2, we defined the third-degree (cubic) equation and clarified the relation between
the three roots of this equation and its coefficient. Also, the form of these ro-
ots for various conditions is discussed. This solution is known as the Cardano
solution.

MML Identifier: POLYEQ_1.

The terminology and notation used in this paper are introduced in the following
articles: [4], [3], [2], [1], [5], and [6].

1. EQUATION OF DEGREE 1 AND 2

Let a, b, x be real numbers. The functor Polyl(a, b, z) yields a real number
and is defined as follows:
(Def. 1) Polyl(a,b,z) =a-z+b.
One can prove the following three propositions:

(1) For all real numbers a, b, x such that a # 0 holds if Polyl(a,b,z) = 0,

_ b
then xz = —.

(2) For every real number x holds Poly1(0,0,z) = 0.
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(3) For all real numbers a, b, x such that @ = 0 and b # 0 it is not true that
there exists a real number x such that Polyl(a,b,x) = 0.
Let a, b, ¢, x be real numbers. The functor Poly2(a,b,c,z) yields a real
number and is defined by:
(Def. 2) Poly2(a,b,c,z) =a-22+b-x +c.
One can prove the following propositions:
(4) For all real numbers a, b, ¢, a’, V', ¢ such that for every real number
x holds Poly2(a, b, c,x) = Poly2(a’,b',c/,z) holds a = @’ and b = ¥’ and
c=7.
(5) Let a, b, ¢ be real numbers. Suppose a # 0 and A(a,b,c) > 0. Let

x be a real number. If Poly2(a,b,c,z) = 0, then = = —bty/Alabe) ”zi(a’b’c) or
_ —b—v/A(a,b,c)

T = 5o .

(6) For all real numbers a, b, ¢, x such that a # 0 and A(a, b, c) = 0 holds if
Poly2(a,b,c,x) = 0, then = = —%.

(7) For all real numbers a, b, ¢ such that a # 0 and A(a,b,c) < 0 it is not
true that there exists a real number x such that Poly2(a, b, c,z) = 0.

(8) For all real numbers a, b, ¢, x such that @ = 0 and b # 0 holds if for

every real number z holds Poly2(a, b, c,z) =0, then x = —¢.
(9) For all real numbers a, b, ¢, x such that @ = 0 and b = 0 and ¢ = 0 holds
Poly2(a,b,c,xz) = 0.
(10) For all real numbers a, b, ¢ such that @ = 0 and b = 0 and ¢ # 0 it is not
true that there exists a real number x such that Poly2(a, b, c,z) = 0.
Let a, x, x1, x2 be real numbers. The functor Quard(a, z1, 2, z) yielding a
real number is defined by:
(Def. 3) Quard(a,z1,z2,z) =a- ((x —z1) - (x — x2)).
Next we state the proposition
(11) Let a, b, ¢, x, x1, x2 be real numbers. Suppose a # 0. Suppose that
for every real number x holds Poly2(a, b, ¢, z) = Quard(a, 1, x2, x). Then

b= (214 22) and € = 21 - 2.

2. EQUATION OF DEGREE 3

Let a, b, ¢, d, x be real numbers. The functor Poly3(a,b, ¢,d, x) yielding a
real number is defined as follows:

Def. 4) Poly3(a,b,c,d,x) =a -z +b-22+c-z+d.
N

Next we state the proposition
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(12) Let a, b, ¢, d, d', V', ¢, d’ be real numbers. Suppose that for every real
number z holds Poly3(a, b, ¢,d, x) = Poly3(d’, ¥, ¢, d', z). Then a = o’ and
b=b andc=c and d=d'.

Let a, x, x1, x2, x3 be real numbers. The functor Tri(a,z1, z2, x3, ) yields
a real number and is defined as follows:
(Def. 5) Tri(a,z1,x2,23,2) = a- ((x —x1) - (x — z2) - (x — x3)).
One can prove the following propositions:

(13) Let a, b, ¢, d, z, x1, T2, x3 be real numbers. Suppose a # 0. Suppose
that for every real number x holds Poly3(a, b, ¢, d, x) = Tri(a, x1, x2, x3,x).
Then g = —(v1+w2+23) and § = x1 - w2 + 22 - x3 + 71 - 23 and % =
—X1 -T2 X3.

(14) For all real numbers y, h holds (y+h)3 = (y3)+(3-h-y2+3-h2-y) +hd,.

(15) Let a, b, ¢, d, = be real numbers. Suppose a # 0. Suppose
Poly3(a,b,c,d,x) = 0. Let a1, a2, as, h, y be real numbers. Suppose

y:x—l—:}%andh:—:,)fba anda1zgandagzgandagzg.Then
(y2)+((3-h+a1)-y%+(3-h2+2-(a1-h)+az)-y) +((hd) +a1-h%+(ag-h+a3)) =
0.

(16) Let a, b, ¢, d, = be real numbers. Suppose a # 0. Suppose
Poly3(a,b,c,d,x) = 0. Let a1, as, as, h, y be real numbers. Suppose
C

y=x+ 3 L andh——?baandal:gandagzaandagzg.Then

() +0- 2 + 225y 4 (2- (53 + B4igte) = 0.

(17) Let a, b, ¢, d, y be real numbers. Suppose a # 0. Suppose (y3) + 0 -
y? + M cy+(2- (3ba)% + M) = 0. Let p, ¢ be real numbers. If
p= 3%312b and g =2 - ( ) + 3 “3da§b'c, then Poly3(1,0,p,q,y) = 0.

(18) Let p, ¢, y be real numbers. Suppose Poly3(1,0,p,q,y) = 0. Let u, v be
real numbers. If y = u+v and 3-v-u+p =0, then (u) + v3 = —¢ and
(ud) vl = (=5}

(19) Let p, ¢, y be real numbers. Suppose Poly3(1,0,p,q,y) = 0. Let u, v be
real numbers. Suppose y=u+wvand 3-v-u+p=0. Then

. 2
(i) y—\/— \/ \/ -\ + (53, or
.o 2
(ii) y:\/ 14 q4+(§)f<]+§’/ L+ G+ 53, or

o s

(20) Let a, b, ¢, d, x be real numbers. Suppose a = 0 and b # 0 and A(b, ¢, d) >

0. If Poly3(a,b,c,d,x) = 0, then z = 7%27_%(1)’0’@ or x = 7027%(1)”)

(21) Let a, b, ¢, d, p, q, © be real numbers. Suppose a # 0 and b = 0 and

p=~Sandq= g. Suppose Poly3(a, b, ¢, d, z) = 0. Let u, v be real numbers.
Suppose x =u+wv and 3-v-u+ p = 0. Then
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. 2 2
O 2= -t R A - B o
. 2 2
(i) $=§’/—M+ 4‘.‘az+(;.~,2)%+§’/—2‘i1+ 24 (£, or
2 k 2
(iif) fﬂ=§’/—2‘i— faz+(gﬁl)%+§/—2i— 2 ()3
(22) Let a, b, ¢, d, x be real numbers. Suppose a # 0 and A(a,b,c) > 0
and d = 0. If P01y3(a7b) ¢, d, JJ) = 07 then x = 0 or x = %Ti(am or
-a

(23)

(24)

Let a, b, ¢, d, x be real numbers. Suppose a # 0 and b = 0 and ¢ < 0 and
d = 0. If Poly3(a,b,c,d,z) =0,thenzx =0 or . = \/—S or x = —/—=.
Let a, b, ¢, d, x be real numbers. Suppose a # 0 and ¢ = 0. Suppose

Poly3(a,b,c,d,x) = 0. Let h be a real number. Suppose a - x + b = h and
h;«éOand%<0. Thenx:%ora@:\/—% or:c:—\/—%.
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Summary. This article introduces the fuzzy theory. At first, the definition
of fuzzy set characterized by membership function is described. Next, definitions
of empty fuzzy set and universal fuzzy set and basic operations of these fuzzy
sets are shown. At last, exclusive sum and absolute difference which are special
operation are introduced.
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The terminology and notation used in this paper have been introduced in the
following articles: [8], [1], [5], [9], [3], [4], [6], [7], and [2].

1. DEFINITION OF MEMBERSHIP FUNCTION AND FuUzzy SET

In this paper C is a non empty set and c¢ is an element of C.
We now state the proposition

(1) mg(Xce) < [0,1].
Let us consider C. A partial function from C to R is said to be a membership
function of C' if:

(Def. 1) domit = C and rngit C [0, 1].
The following proposition is true

(2) Xc,c is a membership function of C.

@ 2001 University of Bialystok
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In the sequel f, h, g, h1 denote membership functions of C.
Let C be a non empty set and let h be a membership function of C. A set
is called a FuzzySet of C, h if:
(Def. 2) Tt =[C, h°C].
Let C' be a non empty set, let h, g be membership functions of C, let A be
a FuzzySet of C, h, and let B be a FuzzySet of C', g. The predicate A = B is
defined as follows:
(Def. 3) For every element ¢ of C holds h(c) = g(c).

Let C be a non empty set, let h, g be membership functions of C, let A be
a FuzzySet of C, h, and let B be a FuzzySet of C', g. The predicate A C B is
defined by:
(Def. 4) For every element ¢ of C holds h(c) < g(c).
In the sequel A denotes a FuzzySet of C, f, B denotes a FuzzySet of C, g,
D denotes a FuzzySet of C, h, and D; denotes a FuzzySet of C, hy.
One can prove the following propositions:
(3) A=Biff AC Band B C A.
(4) ACA.
(5) f AC Band BC D, then AC D.

2. INTERSECTION, UNION AND COMPLEMENT

Let C be a non empty set and let h, g be membership functions of C. The
functor min(h, g) yielding a membership function of C' is defined by:
(Def. 5) For every element ¢ of C' holds (min(h, g))(c) = min(h(c), g(c)).
Let C be a non empty set and let h, g be membership functions of C. The
functor max(h, g) yields a membership function of C' and is defined by:
(Def. 6) For every element ¢ of C' holds (max(h, g))(c) = max(h(c), g(c)).
Let C' be a non empty set and let h be a membership function of C. The
functor 1-minus h yielding a membership function of C is defined by:
(Def. 7) For every element ¢ of C holds (1-minush)(c) =1 — h(c).
Let C be a non empty set, let h, g be membership functions of C, let A be a
FuzzySet of C, h, and let B be a FuzzySet of C, g. The functor A N B yielding
a FuzzySet of C, min(h, g) is defined as follows:
(Def. 8) AN B =[C, (min(h,g))°C].
Let C' be a non empty set, let h, g be membership functions of C, let A be
a FuzzySet of C, h, and let B be a FuzzySet of C, g. The functor AU B yields
a FuzzySet of C, max(h, g) and is defined by:
(Def. 9) AUB =[C, (max(h,g))°C].
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Let C' be a non empty set, let h be a membership function of C, and let A
be a FuzzySet of C', h. The functor A€ yielding a FuzzySet of C, 1-minush is
defined by:

(Def. 10) A°=[C, (1-minus h)°C'].
We now state a number of propositions:
(6) min(h(c), g(c)) = (min(h, g))(c) and max(h(c), g(c)) = (max(h, g))(c).
(7) max(h,h) = h and min(h,h) = h and max(h,h) = min(h,h) and
min(f,g) = min(g, f) and max(f,g) = max(g, f).

(8) f=ygiff A=B.

(9) AnNA=Aand AUA=A.

(10) ANB=BNAand AUB=BUA.

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

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

(12) (AuB)UD =AU (BUD,).

(13) (AnB)ND=ANn(BND).

(14) max(f,min(f,g)) = f and min(f, max(f, 9)) = /.

(15) AUANB=Aand AN(AUB) = A.

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

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

(17) AUBND=(AUB)N(AUD)and AN(BUD)=ANBUAND.
(18) 1-minus l-minush = h.

(19) (A°)° = A.

(20) 1-minusmax(f, ) = min(1-minus f, I-minus g) and 1-minusmin(f, g) =

max(1-minus f, 1-minus g).

(21) (AUB)*=A°NB°and (ANB)°= A°U B°.

3. EMPTY Fuzzy SET AND UNIVERSAL Fuzzy SET

Let C' be a non empty set. A set is called an Empty FuzzySet of C if:
(Def. 11) It =[C, (Xp,c)°C.

Let C be a non empty set. A set is called a Universal FuzzySet of C' if:
(Def. 12) Tt =}C, (Xcc)°C.

In the sequel X is a Universal FuzzySet of C and E is an Empty FuzzySet

of C.
One can prove the following two propositions:

(22) mg(Xgc) € [0,1].
(23) Xp,c is a membership function of C'.
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Let C be a non empty set. The functor EMF C' yields a membership function
of C' and is defined as follows:

(Def. 13) EMF C = X .
Let C be a non empty set. The functor UMF C yields a membership function
of C' and is defined as follows:
(Def. 14) UMFC = X¢ 0.
One can prove the following propositions:
(24) For every membership function h of C such that h = X¢ ¢ holds | C,
(Xc,0)°C is a FuzzySet of C, h.
(25) For every membership function h of C' such that h = X holds [ C,
(Xp,c)°C'] is a FuzzySet of C, h.
(26) E is a FuzzySet of C, EMF C.
(27) X is a FuzzySet of C', UMF C.

Let C' be a non empty set. We see that the Empty FuzzySet of C is a
FuzzySet of C, EMF C.

Let C be a non empty set. We see that the Universal FuzzySet of C' is a
FuzzySet of C, UMF C.

In the sequel X denotes a Universal FuzzySet of C' and E denotes an Empty
FuzzySet of C.

One can prove the following propositions:

(28) Let a, b be elements of R and f be a partial function from C to R.
Suppose rng f C [a,b] and dom f # () and a < b. Let « be an element of
C.If x € dom f, then a < f(z) and f(x) <b.

(29) E C A.

(30) ACX.

(31) For every element = of C' and for every membership function h of C
holds (EMF C)(z) < h(z) and h(z) < (UMF C)(x).

(32) max(f,UMFC) = UMFC and min(f,UMFC) = f and
max(f, EMF C) = f and min(f, EMF C) = EMF C.

(33) AUX =X and ANX = A.

(34) AUE=Aand ANE=E.

(35) AC AUB.

(36) If AC D and BC D, then AUB C D.

(37) For all elements a, b, ¢ of R such that a < b holds max(a, ¢) < max(b, c).
(38) If AC B, then AUD C BUD.

(39) If AC Band DC Dy, then AUD C BUD;.

(40) I AC B, then AUB = B

(41)

W
=

ANBCA.
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(42) ANBC AUB.
(43) I DC Aand D C B, then DC ANB.

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

(45) For all elements a, b, ¢ of R such that a < b holds min(a, ¢) < min(b, ¢).
(46) If AC B, then AND C BN D.

(47) If AC Band D C Dy, then AND C BN Ds.

(48) If AC B, then ANB = A.

(49) TACBand ACD and BND = E, then A = E.

(50) TANBUAND=A, then AC BUD.

(51) fACBand BND=E, then AND = E.

(52) If ACE, then A=E.

(53) AUB=Eiff A=E and B = E.

(54) A=BUDiff BC Aand D C A and for all hy, Dy such that B C Dy

and D g D1 holds A Q Dl.

(55) A=BnDiff AC Band A C D and for all hy, D; such that D; C B
and D7 C D holds D; C A.

(56) f ACBUD and AND =E, then AC B.

(57) A C Biff B¢ C A°.

(58) If A C B, then B C A°.

(59) If A° C B, then B° C A.

(60) (AUB)°C A° and (AU B)° C B“.

(61) A° C (AN B)¢ and B° C (AN B)-.

(62) 1-minus EMF C = UMF C and 1-minus UMF C' = EMF C.
(63) E°=X and X° = E.

4. EXCLUSIVE SUM, ABSOLUTE DIFFERENCE

Let C' be a non empty set, let h, g be membership functions of C, let A be
a FuzzySet of C, h, and let B be a FuzzySet of C', g. The functor A=B yields
a FuzzySet of C, max(min(h, l-minus g), min(1-minush, g)) and is defined as
follows:

(Def. 15) A=B = [ C, (max(min(h, 1-minus g), min(1-minus h, g)))°C 1.
The following propositions are true:
(64) A-B=ANB°UA°NB.
(65) A-B = B-A.
(66) A~FE = Aand E-A = A.
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7) A-X = A°and X—A = A°.

8) ANBUBNDUDNA=(AUuB)N(BUD)N(DUA).
9) ANBUA°NB°C (A-B)".

0) (A-B)UANBC AUB.

)

A=A = AN A°.
Let C be a non empty set and let h, g be membership functions of C'. The

functor |h — g| yields a membership function of C' and is defined as follows:
(Def. 16) For every element ¢ of C holds |h — g|(c) = |h(c) — g(c)].

Let C be a non empty set, let h, g be membership functions of C, let A be a

FuzzySet of C, h, and let B be a FuzzySet of C, g. The functor |A — B| yielding
a FuzzySet of C, |h — g| is defined by:

(Def. 17) |[A—B|=[C, |h—g|°C].

REFERENCES

Czestaw Bylifiski. Functions and their basic properties. Formalized Mathematics, 1(1):55—
65, 1990.
Czestaw Bylinski. Some basic properties of sets. Formalized Mathematics, 1(1):47-53,

1990.
Jarostaw Kotowicz. Partial functions from a domain to the set of real numbers. Formalized

Mathematics, 1(4):703-709, 1990.

Jarostaw Kotowicz. Real sequences and basic operations on them. Formalized Mathematics,
1(2):269-272, 1990.

Konrad Raczkowski and Pawel Sadowski. Topological properties of subsets in real numbers.
Formalized Mathematics, 1(4):777-780, 1990.

Andrzej Trybulec and Czestaw Byliniski. Some properties of real numbers. Formalized
Mathematics, 1(3):445-449, 1990.

Zinaida Trybulec. Properties of subsets. Formalized Mathematics, 1(1):67-71, 1990.
Zinaida Trybulec and Halina Swicczkowska. Boolean properties of sets. Formalized Ma-
thematics, 1(1):17-23, 1990.

Edmund Woronowicz. Relations defined on sets. Formalized Mathematics, 1(1):181-186,
1990.

Received May 18, 2000



FORMALIZED MATHEMATICS

Volume 9, Number 2, 2001
University of Bialystok

Basic Properties of Fuzzy Set Operation
and Membership Function

Takashi Mitsuishi Katsumi Wasaki Yasunari Shidama
Shinshu University Shinshu University Shinshu University
Nagano Nagano Nagano

Summary. This article introduces the fuzzy theory. The definition of the
difference set, algebraic product and algebraic sum of fuzzy set is shown. In
addition, basic properties of those operations are described. Basic properties of
fuzzy set are a little different from those of crisp set.
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The articles [3], [1], [2], [4], and [5] provide the terminology and notation for
this paper.

1. BASIC PROPERTIES OF MEMBERSHIP FUNCTION AND DIFFERENCE SET

For simplicity, we follow the rules: C' denotes a non empty set, ¢ denotes
an element of C', f, h, g, h1 denote membership functions of C'; A denotes a
FuzzySet of C, f, B denotes a FuzzySet of C, g, D denotes a FuzzySet of C, h,
Dy denotes a FuzzySet of C', hy, X denotes a Universal FuzzySet of C, and F
denotes an Empty FuzzySet of C.
We now state four propositions:
(1) For every element = of C' and for every membership function h of C
holds 0 < h(z) and h(z) < 1.
(2) For every element x of C' holds (EMF C)(z) =0 and (UMF C)(z) = 1.
(3) For every c such that f(c¢) < h(c) holds (max(f, min(g,h)))(c) =
(min(max(f, g), h))(c).
(4) TACD,then AUBND=(AUB)ND.
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Let C be a non empty set, let f, g be membership functions of C, let A be
a FuzzySet of C, f, and let B be a FuzzySet of C, g. The functor A\ B yielding
a FuzzySet of C', min(f, 1-minus g) is defined as follows:

(Def. 1) A\ B =[C, (min(f, 1-minusg))°C{.

Next we state a number of propositions:

(5) A\ B=An B

(6) 1l-minusmin(f, 1-minus g) = max(1-minus f, g).

(7) (A\B)°=A°UB.

(8) For every ¢ such that f(c) < g¢g(c) holds (min(f,l-minush))(c) <

(min(g, 1-minus h))(c).
(9) If AC B, then A\ D C B\ D.
(10) For every ¢ such that f(¢) < g(c) holds (min(h,l-minusg))(c) <
(min(h, 1I-minus f))(c).
(11) I AC B, then D\ BC D\ A.
(12) For every c¢ such that f(c) < g¢g(¢) and h(c) < hi(c) holds
(min(f, 1-minus h1))(c) < (min(g, I-minus h))(c).
(13) If AC Band D C Dy, then A\ D; C B\ D.
(14) For every ¢ holds (min(f, 1-minus g))(c) < f(c).
(15) A\ BCA.
(16) For every c holds (min(f, 1-minus g))(c) < (max(min(f, 1-minus g),
min(1l-minus f, g)))(c).

(17) A\ B C A-B.

(18) A\ E=A.

(199 E\A=E.

(20) For every ¢ holds (min( f, 1-minus g))(¢) < (min(f, I-minus min(f, g)))(c).
(21) A\BCA\ANB.

(22) For every ¢ holds (max(min(f,g), min(f, 1-minus g)))(c) < f(c).

(23) For every ¢ holds (max(f, min(g, 1-minus f)))(c) < (max(f,g))(c).

(24) AU(B\A) CAUB.

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

(26) min(f, I-minus min(g, 1-minus h)) = max(min(f, 1-minus ¢), min(f, h)).
(27) A\(B\D)=(A\B)UAND.

(28) For every c holds (min(f, g))(c) < (min(f, 1-minus min(f, I-minus g)))(c).
(29) ANBC A\ (A\B).

(30) For every c holds (min(f, I-minus ¢))(c) < (min(max(f, g), l-minus g))(c).
(31) A\BC(AUB)\B.

(32) min(f, I-minus max(g, b)) = min(min(f, I-minus g), min(f, I-minus h)).
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(33) A\ (BUD)=(A\B)Nn(A\D,).

(34) min(f, 1-minusmin(g, h)) = max(min(f, 1I-minus ¢), min(f, I-minus h)).
(35) A\BND=(A\B)U(A\D).

(36) min(min(f, l-minus g), I-minus A) = min(f, l-minus max(g, h)).

(37) A\B\D=A\(BUD).

(38)

For every ¢ holds (min(max(f,g), l-minus min(f, g)))(c) > (max(min(f,
1-minus g), min(g, 1-minus f)))(c).
(39) (A\B)U(B\A)C (AUB)\ ANB.
(40) min(max(f,g), l-minus h) = max(min(f, 1-minus h), min(g, 1-minus h)).
(11) (AUB)\D=(A\D)U(B\D).
(42) For every ¢ such that (min(f, 1-minus g))(c) < h(c) and (min(g, I-minus
f))(c) < h(c) holds (max(min(f, I-minus g), min(1-minus f, g)))(c) < h(c).
(43) If A\BCDand B\ ACD, then A~B C D.
(44) An(B\D)=AnB\D.
(45)  For every ¢ holds (min(f, min(g, 1-minus h)))(c) < (min(min(f, g),
1-minus min(f, h)))(c).
(46) AN(B\D)CANB\AND.
(47) For every c holds (min(max(f, g), 1-minus min(f, g)))(c) > (max(min(f,
1-minus g), min(1-minus f, g)))(c).
(48) A-BC (AUB)\ANB.
(49) For every c holds (max(min(f, g), l-minus max(f, g)))(c) < (1-minus max
(min(f, 1-minus g), min(1-minus f, g)))(c).
(50) ANBU(AUB) C (A= B).
(51) min(max(min(f, I-minus ¢), min(1-minus f, g)), l-minus A) = max(min
(f, 1-minus max(g, h)), min(g, I-minus max(f, h))).
(52) (A=B)\D=(A\(BUD))U(B\ (AUD)).
(53) For every ¢ holds (min( f, 1-minus max(min(g, 1-minus 2), min(1-minus g,
h))))(c) > (max(min(f, I-minus max(g, h)), min(min(f, g), h)))(c).
(54) (A\(BUD)UANBNDCA\(B=-D).
(55) For every c such that f(c) < g(c) holds g(c) >
(max(f, min(g, 1-minus f)))(c).
(56) If AC B, then AU(B\ A) C B.
(67) For every c holds (max(f,g))(c) > (max(max(min(f, 1-minus g),
min(1-minus f, ¢)), min(f, g)))(c).
) (A-B)UANBC AUB.
) If min(f, 1I-minus g) = EMF C, then for every ¢ holds f(c) < g(c).
60) If A\B =E, then A C B.
) If min(f,g) = EMF C, then min(f, I-minus g) = f.

359
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(62) If ANDB =FE, then A\ B = A.

2. ALGEBRAIC PRODUCT AND ALGEBRAIC SUM

Let C be a non empty set and let h, g be membership functions of C'. The
functor h - g yielding a membership function of C is defined as follows:

(Def. 2) For every element ¢ of C holds (h - g)(c) = h(c) - g(c).

Let C be a non empty set and let h, g be membership functions of C. The
functor h @ g yielding a membership function of C' is defined as follows:
(Def. 3) For every element ¢ of C holds (h @ g)(c) = (h(c) + g(c)) — h(c) - g(c).
Let C be a non empty set, let h, g be membership functions of C, let A be

a FuzzySet of C, h, and let B be a FuzzySet of C, g. The functor A - B yields a
FuzzySet of C, h - g and is defined as follows:

(Def. 4) A-B=1[C, (h-g)°C].
Let C be a non empty set, let h, g be membership functions of C, let A be a
FuzzySet of C, h, and let B be a FuzzySet of C, g. The functor A ® B yielding
a FuzzySet of C, h @ ¢ is defined by:

(Def.5) A®B=}C, (hag)°C].

We now state a number of propositions:

(63) For every c holds (f - f)(c) < f(c) and (f @ f)(c) > f(c).
(64) A-ACAand ACAg A

(65) f-g=g-fand fOg=gO [

(66) A-B=B-Aand A® B=B® A.

67) (f-9)-h=1f-(9-h)

(68) (A-B)-D=A-(B-D).

69) (fogloh=[fa(gah).

(70) (AeB)®D=A®(Ba D).

(71) For every ¢ holds (f - (f @ g))(c) < £(c) and (£ & f - g)(c) > £(¢).
(72) A-(A@B)CAand ACADA-B.

(73) For every c holds (f-(g® h))(c) < (f-g® f-h)(c).

(714) A-(B@D)CA-BDA-D.

(75) For every c holds ((f@® g) - (f®h))(c) < (f®g-h)(c).
(76) (AeB)-(AeD)CA®B-D.

(77) 1-minus f - ¢ = l-minus f @ l-minus g.

(78) (A-B)°= A°® B-.

(79) 1-minus f @ g = l-minus f - 1-minus g.

(80) (A® B)°= A°- B“.
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(81) f @ g = l-minus l-minus f - 1-minus g.

(82) A@ B = (A°- B°)“.

(83) f -EMFC =EMFC and f-UMFC = f.

(84) A-E=Fand A-X = A.

(85) f@®EMFC = f and f @ UMFC = UMF C.

(86) A@E=Aand AdX =X

(87) For every c holds (EMF C)(c) < (f - 1-minus f)(c).
(88) For every ¢ holds (UMF C)(c) > (f & 1-minus f)(c).
(89) ECA-A°and A® A° C X.

(90) For every c holds (f - g)(¢c) < (min(f, g))(c).

(91) A-BC ANB.

(92) For every ¢ holds (max(f, g))(c) < (f & g)(c).

(93) AUBC A® B.

(94) For all real numbers a, b, ¢ such that 0 < ¢ holds ¢- max(a,b) = max(c-

a,c-b) and c¢- min(a,b) = min(c- a,c-b).
(95) For all real numbers a, b, ¢ holds ¢ + max(a,b) = max(c + a,c+ b) and
¢+ min(a,b) = min(c + a,c + b).

(96) f-max(g,h) = max(f - g, f - h).
(97) f-min(g,h) = min(f - g, f - h).
(98) A-(BND)=(A-B)N(A-D)and A-(BUD)=A-BUA-D.
(99) £ @max(g, h) = max(f & g, f & h).
(100) f @ min(g,h) =min(f & g, f O h).
(101) A (BUD)=(A®B)U(A@D)and A@BND=(A®B)N(A® D).
(102) For every ¢ holds (max(f,g) - max(f, h))(c) < (max(f,g-h))(c).
(103) For every c holds (min(f, g) - min(f,h))(c) < (min(f,g-h))(c).
(104) (AUB)-(AUD)CAUB-Dand (ANB)-(AND)CAN(B-D).
(105) For every element ¢ of C' and for all membership functions f, g of C

holds (f ® g)(¢) =1 - (1 = f(¢)) - (1 = g(c)).
(106) For every c holds (max(f,g @ h))(c) < (max(f,g) ® max(f,h))(c).
(107) For every c holds (min(f,g @ h))(c) < (min(f, g) & min(f, h))(c).
(108) Au(BeD)C(AUB)®(AUD)and AN(B&D)CANB&AND.
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The articles [8], [7], [1], 5], [2]. [6], [9], [3], [14], [10], [12], [13], [4], and [11]
provide the terminology and notation for this paper.

1. PRELIMINARIES

The following propositions are true:
(1) For every element z of C holds ||z|| = |z|.
(2) For all elements 1, y1, T2, y2 of R holds (z1 + y1i) - (x2 + y21) = (27 -
Ta — Y1+ Y2) + (z1- Y2 + 22 - )i
(3) For every real number r holds (r + 0i) - i = 0 + ri.
(4) For every real number r holds |r + 0i| = |r|.

(5) For every element z of C such that |z| # 0 holds |z| + 0i z.

— 2.
T |z[+0¢

2. SOME Facts oN THE FIELD OoOF COMPLEX NUMBERS

Let z, y be real numbers. The functor = + yic, yielding an element of Cr is
defined by:

(Def. 1) x4+ yic, =z + yi.

@ 2001 University of Bialystok
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The element ic,, of Cr is defined by:
(Def. 2) i, =.

One can prove the following propositions:

6) icy =0+ 1¢ and ic, = 0 + licy.
7 |Z(CF| =1.
8) icp - icp = —lcp-

9
0

(—1cp) - —1gp = 1gg-
For all real numbers 1, y1, 2, y2 holds (z1 + y1icy) + (x2 + yaicy) =
(w1 + x2) + (41 + y2)ice-
(11) For all real numbers x1, yi1, x2, y2 holds (x1 + yiicy) - (x2 + y2icy) =
(7122 —y1-y2) + (21 Y2 + 22 - Y1 )ice.
(12) For every element z of the carrier of Cy holds ||z|| = |z].

— o~~~ —
S~ N N N

(

(13) For every real number r holds |r 4 Oic,| = |r|.
(14) For every real number r holds (r + Oic;) - icp = 0+ ricg.
Let z be an element of the carrier of Cp. The functor R(z) yields a real
number and is defined as follows:
(Def. 3) There exists an element 2’ of C such that z = 2’ and R(z) = R(2/).
Let z be an element of the carrier of Cp. The functor J(z) yields a real
number and is defined as follows:
(Def. 4) There exists an element 2z’ of C such that z = 2’ and (z) = J(2').
The following propositions are true:
(15) For all real numbers x, y holds R(z + yic,) = = and I(z + yic,) = y.
(16) For all elements z, y of the carrier of Cg holds R(z + y) = R(z) + R(y)
and S(z +y) = S(x) + I(y).
(17) For all elements z, y of the carrier of Cg holds R(z - y) = R(z) - R(y) —
S(x) - 3(y) and S(z - y) = R(z) - I(y) + R(y) - ().

(18) For every element z of the carrier of Cr holds (2) < |z
(

<zl
(19) For every element z of the carrier of Cp holds ¥(z) < |z|.

3. FUNCTIONALS OF VECTOR SPACE

Let K be a 1-sorted structure and let V' be a vector space structure over K.
(Def. 5) A function from the carrier of V into the carrier of K is said to be a
functional in V.
Let K be a non empty loop structure, let V' be a non empty vector space
structure over K, and let f, g be functionals in V. The functor f + g yielding a
functional in V is defined by:
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(Def. 6) For every element z of the carrier of V holds (f + g)(z) = f(z) + g(z).

Let K be a non empty loop structure, let V be a non empty vector space
structure over K, and let f be a functional in V. The functor —f yielding a
functional in V is defined by:

(Def. 7) For every element x of the carrier of V holds (—f)(z) = —f(z).

Let K be a non empty loop structure, let V be a non empty vector space
structure over K, and let f, g be functionals in V. The functor f — g yielding a
functional in V' is defined by:

(Def.8) f—g=f+—g.
Let K be a non empty groupoid, let V' be a non empty vector space structure
over K, let v be an element of the carrier of K, and let f be a functional in V.
The functor v - f yields a functional in V and is defined by:

(Def. 9) For every element z of the carrier of V holds (v f)(z) = v - f(x).

Let K be a non empty zero structure and let V' be a vector space structure
over K. The functor OFunctional V' yields a functional in V and is defined as
follows:

(Def. 10) OFunctional V = Qy +—— Of.

Let K be a non empty loop structure, let V be a non empty vector space
structure over K, and let F' be a functional in V. We say that F' is additive if
and only if:

(Def. 11) For all vectors x, y of V holds F(z +y) = F(z) + F(y).

Let K be a non empty groupoid, let V' be a non empty vector space structure
over K, and let F' be a functional in V. We say that F' is homogeneous if and
only if:

(Def. 12) For every vector x of V and for every scalar r of V holds F(r-xz) = r-F(z).

Let K be a non empty zero structure, let V' be a non empty vector space
structure over K, and let F' be a functional in V. We say that F' is O-preserving
if and only if:

(Def. 13) F(0y) = 0.

Let K be an add-associative right zeroed right complementable Abelian as-
sociative left unital distributive non empty double loop structure and let V' be
a vector space over K. Note that every functional in V' which is homogeneous
is also 0-preserving.

Let K be a right zeroed non empty loop structure and let V' be a non empty
vector space structure over K. Note that OFunctional V' is additive.

Let K be an add-associative right zeroed right complementable right distri-
butive non empty double loop structure and let V' be a non empty vector space
structure over K. Observe that OFunctional V' is homogeneous.

Let K be a non empty zero structure and let V' be a non empty vector space
structure over K. Observe that OFunctional V' is 0-preserving.
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Let K be an add-associative right zeroed right complementable right distri-
butive non empty double loop structure and let V' be a non empty vector space
structure over K. Observe that there exists a functional in V' which is additive,
homogeneous, and 0-preserving.

The following propositions are true:

(20) Let K be an Abelian non empty loop structure, V' be a non empty vector
space structure over K, and f, g be functionals in V. Then f4+g =g+ f.

(21) Let K be an add-associative non empty loop structure, V' be a non
empty vector space structure over K, and f, g, h be functionals in V.
Then (f+g)+h=f+(g9+h).

(22) Let K be a non empty zero structure, V be a non empty vector
space structure over K, and x be an element of the carrier of V. Then
(OFunctional V') (z) = Ok.

(23) Let K be a right zeroed non empty loop structure, V' be a non empty
vector space structure over K, and f be a functional in V. Then f +
OFunctional V' = f.

(24) Let K be an add-associative right zeroed right complementable non
empty loop structure, V be a non empty vector space structure over K,
and f be a functional in V. Then f — f = OFunctional V.

(25) Let K be a right distributive non empty double loop structure, V' be a
non empty vector space structure over K, r be an element of the carrier
of K, and f, g be functionals in V. Thenr-(f+g)=7r-f+7r-g.

(26) Let K be a left distributive non empty double loop structure, V' be a
non empty vector space structure over K, r, s be elements of the carrier
of K, and f be a functional in V. Then (r+s)-f=r-f+s- f.

(27) Let K be an associative non empty groupoid, V' be a non empty vector
space structure over K, r, s be elements of the carrier of K, and f be a
functional in V. Then (r-s) - f=r-(s- f).

(28) Let K be a left unital non empty double loop structure, V' be a non
empty vector space structure over K, and f be a functional in V. Then
1g-f=T.

Let K be an Abelian add-associative right zeroed right complementable right
distributive non empty double loop structure, let V be a non empty vector space
structure over K, and let f, g be additive functionals in V. Observe that f + ¢
is additive.

Let K be an Abelian add-associative right zeroed right complementable right
distributive non empty double loop structure, let V be a non empty vector space
structure over K, and let f be an additive functional in V. One can verify that
— f is additive.

Let K be an add-associative right zeroed right complementable right di-
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stributive non empty double loop structure, let V' be a non empty vector space
structure over K, let v be an element of the carrier of K, and let f be an additive
functional in V. Observe that v - f is additive.

Let K be an add-associative right zeroed right complementable right distri-
butive non empty double loop structure, let V be a non empty vector space
structure over K, and let f, g be homogeneous functionals in V. Observe that
f + g is homogeneous.

Let K be an Abelian add-associative right zeroed right complementable right
distributive non empty double loop structure, let V be a non empty vector space
structure over K, and let f be a homogeneous functional in V. One can check
that — f is homogeneous.

Let K be an add-associative right zeroed right complementable right distri-
butive associative commutative non empty double loop structure, let V' be a non
empty vector space structure over K, let v be an element of the carrier of K,
and let f be a homogeneous functional in V. Observe that v - f is homogeneous.

Let K be an add-associative right zeroed right complementable right distri-
butive non empty double loop structure and let V' be a non empty vector space
structure over K. A linear functional in V' is an additive homogeneous functional

inV.

4. THE VECTOR SPACE OF LINEAR FUNCTIONALS

Let K be an Abelian add-associative right zeroed right complementable right
distributive associative commutative non empty double loop structure and let
V be a non empty vector space structure over K. The functor V* yielding a non
empty strict vector space structure over K is defined by the conditions (Def. 14).

(Def. 14)(i)  For every set = holds x € the carrier of V* iff z is a linear functional

inV,

(ii)  for all linear functionals f, g in V holds (the addition of V*)(f, g) =
f+ay,

(ili)  for every linear functional f in V' holds (the reverse-map of V*)(f) =
_f7

(iv)  the zero of V* = OFunctional V, and

(v)  for every linear functional f in V" and for every element x of the carrier
of K holds (the left multiplication of V*)(x, f) =z - f.

Let K be an Abelian add-associative right zeroed right complementable right
distributive associative commutative non empty double loop structure and let
V' be a non empty vector space structure over K. One can check that V* is
Abelian.

Let K be an Abelian add-associative right zeroed right complementable right
distributive associative commutative non empty double loop structure and let
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V' be a non empty vector space structure over K. One can verify the following
observations:

* V™ is add-associative,
* V™ is right zeroed, and
% V* is right complemented.

Let K be an Abelian add-associative right zeroed right complementable left
unital distributive associative commutative non empty double loop structure
and let V be a non empty vector space structure over K. One can check that
V* is vector space-like.

5. SEMI NORM OF VECTOR SPACE

Let K be a 1-sorted structure and let V' be a vector space structure over K.
(Def. 15) A function from the carrier of V' into R is said to be a RFunctional of
V.

Let K be a 1-sorted structure, let V' be a non empty vector space structure
over K, and let F' be a RFunctional of V. We say that F' is subadditive if and
only if:

(Def. 16) For all vectors x, y of V holds F(z +y) < F(x) + F(y).

Let K be a 1-sorted structure, let V' be a non empty vector space structure
over K, and let I’ be a RFunctional of V. We say that I is additive if and only
if:

(Def. 17) For all vectors x, y of V holds F(z +y) = F(z) + F(y).

Let V be a non empty vector space structure over Cg and let F' be a RFunc-
tional of V. We say that I’ is Real-homogeneous if and only if:

(Def. 18) For every vector v of V' and for every real number r holds F((r + Oicy,) -
v)=r-F(v).

One can prove the following proposition

(29) Let V be a vector space-like non empty vector space structure over Cp
and F' be a RFunctional of V. Suppose F' is Real-homogeneous. Let v be a
vector of V' and r be a real number. Then F((0+ ric,)-v) =7 F(icp - v).

Let V be a non empty vector space structure over Cp and let F' be a RFunc-
tional of V. We say that F' is homogeneous if and only if:

(Def. 19) For every vector v of V' and for every scalar r of V' holds F(r -v) =
r| - F(v).

Let K be a 1-sorted structure, let V' be a vector space structure over K, and

let F' be a RFunctional of V. We say that F' is O-preserving if and only if:
(Def. 20) F(0y) =0.
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Let K be a 1-sorted structure and let V' be a non empty vector space struc-
ture over K. One can verify that every RFunctional of V' which is additive is
also subadditive.

Let V be a vector space over Cr. Note that every RFunctional of V' which
is Real-homogeneous is also O-preserving.

Let K be a 1-sorted structure and let V' be a vector space structure over K.
The functor ORFunctional V' yielding a RFunctional of V' is defined as follows:

(Def. 21) ORFunctional V = Qy —— 0.

Let K be a 1-sorted structure and let V' be a non empty vector space struc-
ture over K. Note that ORFunctional V' is additive and ORFunctional V' is 0O-
preserving.

Let V' be a non empty vector space structure over Cg. Note that ORFunctional V'
is Real-homogeneous and O0RFunctional V' is homogeneous.

Let K be a 1-sorted structure and let V' be a non empty vector space struc-
ture over K. Note that there exists a RFunctional of V' which is additive and
0-preserving.

Let V be a non empty vector space structure over Cg. One can check that
there exists a RFunctional of V' which is additive, Real-homogeneous, and ho-
mogeneous.

Let V be a non empty vector space structure over Cg. A Semi-Norm of V'
is a subadditive homogeneous RFunctional of V.

6. THE HAHN BANACH THEOREM

Let V' be a non empty vector space structure over Cg. The functor RealVS V'
yielding a strict RLS structure is defined by the conditions (Def. 22).

(Def. 22)()  The loop structure of RealVS V' = the loop structure of V', and
(ii)  for every real number 7 and for every vector v of V holds (the external
multiplication of RealVS V')(r, v) = (r + Oic,) - v.

Let V' be a non empty vector space structure over Cr. Observe that Real VS V'
is non empty.

Let V be an Abelian non empty vector space structure over Cg. Observe
that RealVSV is Abelian.

Let V be an add-associative non empty vector space structure over Cg. One
can check that RealVSV is add-associative.

Let V' be a right zeroed non empty vector space structure over Cp. Note
that RealVSV is right zeroed.

Let V be a right complementable non empty vector space structure over Cr.
One can check that RealVSV is right complementable.
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Let V be a vector space-like non empty vector space structure over Cr. Note
that RealVSV is real linear space-like.
One can prove the following three propositions:
(30) For every non empty vector space V' over Cr and for every subspace M
of V holds RealVS M is a subspace of RealVSV.
(31) For every non empty vector space structure V over Cg holds every
RFunctional of V is a functional in RealVSV.

(32) For every non empty vector space V over Cy holds every Semi-Norm of
V' is a Banach functional in RealVS V.

Let V' be a non empty vector space structure over Cr and let [ be a functional
in V. The functor projRe! yielding a functional in RealVSV is defined by:

(Def. 23) For every element i of the carrier of V' holds (projRel)(i) = R(I(7)).

Let V' be a non empty vector space structure over Cr and let [ be a functional
in V. The functor projlm! yields a functional in RealVSV and is defined as
follows:

(Def. 24) For every element i of the carrier of V holds (projlm1)(i) = ¥(I(z)).

Let V' be a non empty vector space structure over Cr and let [ be a functional
in RealVS V. The functor lg_.c yielding a RFunctional of V' is defined by:

(Def. 25) Ip—c =1.

Let V be a non empty vector space structure over Cr and let [ be a RFunc-
tional of V. The functor lc_g yields a functional in RealVSV and is defined
by:

(Def. 26) lc—r =1.

Let V' be a non empty vector space over Cg and let [ be an additive functional
in RealVS V. One can check that lgr_¢ is additive.

Let V be a non empty vector space over Cg and let [ be an additive RFunc-
tional of V. Observe that lc_g is additive.

Let V be a non empty vector space over Cr and let [ be a homogeneous
functional in RealVS V. Observe that Ig_.c is Real-homogeneous.

Let V be a non empty vector space over Cr and let [ be a Real-homogeneous
RFunctional of V. One can verify that [¢c_g is homogeneous.

Let V' be a non empty vector space structure over Cr and let [ be a RFunc-
tional of V. The functor i-shift [ yields a RFunctional of V' and is defined by:

(Def. 27) For every element v of the carrier of V' holds (i-shiftl)(v) = l(icy - v).

Let V' be a non empty vector space structure over Cr and let [ be a functional
in RealVSV. The functor prodRelm! yielding a functional in V is defined as
follows:

(Def. 28) For every element v of the carrier of V' holds (prodRelml)(v) =
(lRﬂc)(v) + (—(i—Shift lﬂgﬂc)(v))i@F.
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The following four propositions are true:

(33) Let V be a non empty vector space over Cr and [ be a linear functional
in V. Then projRel is a linear functional in RealVS V.

(34) Let V be a non empty vector space over Cp and [ be a linear functional
in V. Then projlm! is a linear functional in RealVSV.

(35) Let V be a non empty vector space over Cr and [ be a linear functional
in RealVS V. Then prodRelm/ is a linear functional in V.

(36) Let V be a non empty vector space over Cg, p be a Semi-Norm of V,
M be a subspace of V', and [ be a linear functional in M. Suppose that
for every vector e of M and for every vector v of V such that v = e holds
|l(e)] < p(v). Then there exists a linear functional L in V such that L[the
carrier of M = [ and for every vector e of V holds |L(e)| < p(e).
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1. SOME PROPERTIES OF PRODUCTS

One can prove the following propositions:

(1) For every function F' and for all sets i, z; and for every subset A; of F'(7)
such that (proj(F,i))~*({x1}) N (proj(F,i)) "1 (A1) # 0 holds z; € A;.

(2) For all functions F', f and for all sets ¢, 1 such that x; € F(i) and
fe]F holds f+- (i,z1) € ][] F-

(3) For every function F and for every set i such that ¢ € dom F and [[ F # 0
holds rng proj(F,i) = F(i).

(4) For every function F' and for every set i such that i € dom F' holds
(proj(F, i)~ (F(i)) = [T F.

(5) For all functions F', f and for all sets 4, x; such that z; € F(i) and
i €domF and f € [[F holds f +- (i,x1) € (proj(F,i)) " ({x1}).

(6) Let F, f be functions, i1, i2, x2 be sets, and Az be a subset of F(iz).
Suppose x2 € F(i1) and iy € domF and f € [[F. If iy # i9, then
f € (proj(F,iz)) " (A2) iff f +- (i1, 22) € (proj(F,iz)) ' (Aa).

(7) Let F be a function, i1, iz, xo be sets, and As be a subset of F(is).
Suppose [[F # 0 and o € F(i1) and 43 € dom F and i2 € dom F and
Ag # F(ig). Then (proj(F,i1)) 1({z2}) C (proj(F,iz)) 1 (As) if and only
if i1 = i9 and z9 € As.
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The scheme ElProductFEx deals with a non empty set A, a topological space
yielding nonempty many sorted set B indexed by A, and a binary predicate P,
and states that:

There exists an element f of [[ B such that for every element ¢ of
A holds P[f(1),1]
provided the parameters have the following property:
e For every element ¢ of A there exists an element x of B(i) such
that Pz, 1].

One can prove the following propositions:

(8) Let I be a non empty set, J be a topological space yielding nonempty
many sorted set indexed by I, ¢ be an element of I, and f be an element
of [TJ. Then (proj(J,i))(f) = f(i).

(9) Let I be a non empty set, J be a topological space yielding nonempty
many sorted set indexed by I, i be an element of I, 21 be an element of J (1),
and A be a subset of J (7). If (proj(J, 7)) ™' ({z1}) N (proj(J,i)) "1 (A1) # 0,
then z; € A;.

(10) Let I be a non empty set, J be a topological space yielding no-
nempty many sorted set indexed by I, and ¢ be an element of I. Then
(proj(,1)) (@) = Q9.

(11) Let I be a non empty set, J be a topological space yielding nonempty
many sorted set indexed by I, ¢ be an element of I, z; be an element of
J(i), and f be an element of []J. Then f +-(i,21) € (proj(J,i)) " *({x1}).

(12) Let I be a non empty set, J be a topological space yielding no-
nempty many sorted set indexed by I, i1, i3 be elements of I, x5 be
an element of J(i1), and Az be a subset of J(iz). If Az # €(;,), then
(proj(J,i1)) " ({z2}) C (proj(J,iz))~L(Asg) iff iy = iz and x9 € As.

(13) Let I be a non empty set, J be a topological space yielding nonempty
many sorted set indexed by I, i1, i be elements of I, xo be an element
of J(i1), Aa be a subset of J(i2), and f be an element of []J. If i1 # 2,
then f € (proj(J,iz)) ™! (Ag) iff f +- (i1, 22) € (proj(J,iz))~'(As2).

2. SOME PROPERTIES OF COMPACT SPACES

One can prove the following three propositions:

(14) Let T be a topological structure and F' be a family of subsets of 7'. Then
F is a cover of T if and only if the carrier of T'C | J F.

(15) Let T be a non empty topological structure. Then T is compact if and
only if for every family F' of subsets of T" such that F is open and Qp C |J F
there exists a family G of subsets of T" such that G C F and Qp C G
and G is finite.
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(16) Let T be a non empty topological space and B be a prebasis of T'. Then
T is compact if and only if for every subset F' of B such that Qp C JF
there exists a finite subset G of F' such that Qr C |JG.

3. THE TicHONOV THEOREM

The following propositions are true:

(17) Let I be a non empty set, J be a topological space yielding nonempty
many sorted set indexed by I, and A be a set. Suppose A € the product
prebasis for J. Then there exists an element ¢ of I and there exists a subset
Aj of J(i) such that Ay is open and (proj(J,i))~1(4;) = A.

(18) Let I be a non empty set, J be a topological space yielding nonempty
many sorted set indexed by I, ¢ be an element of I, x; be an element
of J(i), and A be a set. Suppose A € the product prebasis for J and
(proj(J,4)) 1 ({z1}) € A. Then A = QR ; or there exists a subset A;
of J(i) such that A; # Q4 and 71 € Ay and A; is open and A =
(proj(J, 1)) (A1),

(19) Let I be a non empty set, J be a topological space yielding nonempty
many sorted set indexed by I, i be an element of I, and F; be a
non empty family of subsets of J(i). If Q;; € (JFi, then 0, C
U{(proj(J,i)) 1 (A1) : Ay ranges over elements of F}}.

(20) Let I be a non empty set, J be a topological space yielding nonempty
many sorted set indexed by I, i be an element of I, z1 be an ele-
ment of J(i), and G be a subset of the product prebasis for J. Suppose
(proj(J,4)) 1 ({z1}) € UG and for every set A such that A € the pro-
duct prebasis for J and A € G holds (proj(J,i))"1({z1}) € A. Then
0, cUa.

(21) Let I be a non empty set, J be a topological space yielding nonempty
many sorted set indexed by I, ¢ be an element of I, and F be a subset of the
product prebasis for J. Suppose that for every finite subset G of F' holds
QR ; ¢ |JG. Let a1 be an element of J(i) and G be a finite subset of F.
Suppose (proj(J,i)) " ({z1}) € UG. Then there exists a set A such that
A € the product prebasis for J and A € G and (proj(J,4)) " *({z1}) C A.

(22) Let I be a non empty set, J be a topological space yielding nonempty
many sorted set indexed by I, i be an element of I, and F be a subset
of the product prebasis for J. Suppose that for every finite subset G of F
holds Q9 ;  |JG. Let z;1 be an element of J(i) and G be a finite subset
of F. Suppose (proj(J,i)) " ({z1}) € [UG. Then there exists a subset A;
of J(i) such that Ay # Q,(;) and 21 € A1 and (proj(J,4)) ' (A1) € G and
Aq is open.

375
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(23) Let I be a non empty set, J be a topological space yielding nonempty
many sorted set indexed by I, 7 be an element of I, and F' be a subset of
the product prebasis for J. Suppose for every element i of I holds J(i) is
compact and for every finite subset G of F holds Q@ ; Z |JG. Then there
exists an element x1 of J(i) such that for every finite subset G of F' holds

(proj(J,i)) " ({z1}) Z UG-

(24) Let I be a non empty set and J be a topological space yielding nonempty
many sorted set indexed by I. If for every element ¢ of I holds J(i) is
compact, then [[J is compact.
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The terminology and notation used in this paper are introduced in the following
papers: (8], [12], [1], [13], [9], [15], [14], [16], [11], [3], [6], 7], [2], [10], and [4].
Let T be a non empty FR-structure. We say that T is upper if and only if:
(Def. 1) {—|z : x ranges over elements of T} is a prebasis of T'.
Let us mention that there exists a top-lattice which is Scott, up-complete,

and strict.
Let T be a topological space-like non empty reflexive FR-structure. We say
that T is order consistent if and only if the condition (Def. 2) is satisfied.
(Def. 2) Let = be an element of T'. Then
(i) |z ={z}, and
(ii)  for every eventually-directed net N in 7" such that z = sup N and for
every neighbourhood V' of = holds N is eventually in V.
One can verify that every non empty reflexive topological space-like FR-
structure which is trivial is also upper.
Let us mention that there exists a top-lattice which is upper, trivial, up-
complete, and strict.
The following propositions are true:
(1) For every upper up-complete non empty top-poset 7" and for every subset
A of T such that A is open holds A is upper.
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(2) For every up-complete non empty top-poset 7" such that 7" is upper holds
T is order consistent.

(3) Let T be a Scott up-complete non empty reflexive transitive antisym-
metric FR-structure and x be an element of T'. Then |« is directly closed
and lower.

(4) Let T be a Scott up-complete non empty reflexive transitive antisymme-
tric FR-structure and .S be a subset of 7. Then S is closed if and only if
S is directly closed and lower.

(5) Let T be a Scott up-complete non empty reflexive transitive antisymme-
tric FR-structure and x be an element of 7. Then |z is closed.

(6) Let S be an up-complete reflexive antisymmetric non empty relational
structure and T be a non empty reflexive relational structure. Suppose
the relational structure of S = the relational structure of T'. Let A be a
subset of S and C be a subset of T. If A = C and A is inaccessible, then
C is inaccessible.

(7) For every up-complete non empty reflexive transitive antisymmetric re-
lational structure R holds there exists a topological augmentation of R
which is Scott.

(8) Let R be an up-complete non empty poset and T' be a topological au-
gmentation of R. If T is Scott, then T is correct.

Let R be an up-complete non empty reflexive transitive antisymmetric re-
lational structure. Observe that every topological augmentation of R which is
Scott is also correct.

Let R be an up-complete non empty reflexive transitive antisymmetric rela-
tional structure. Note that there exists a topological augmentation of R which
is Scott and correct.

The following propositions are true:

(9) Let T be a Scott up-complete non empty reflexive transitive antisymme-
tric FR-structure and z be an element of 7. Then {z} = |z.
(10) Every up-complete Scott non empty top-poset is order consistent.
(11) Let R be an inf-complete semilattice, Z be a net in R, and D be a subset
of R. Suppose D = {[ |r{Z(k); k ranges over elements of the carrier of Z:
k > j} : j ranges over elements of the carrier of Z}. Then D is non empty
and directed.

(12) Let R be an inf-complete semilattice, S be a subset of R, and a be an
element of R. If a € S, then [ |rS < a.

(13) For every inf-complete semilattice R and for every monotone reflexive
net N in R holds liminf N = sup N.

(14) Let R be an inf-complete semilattice and S be a subset of R. Then
S € the topology of ConvergenceSpace(the Scott convergence of R) if and
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only if S is inaccessible and upper.

(15) Let R be an inf-complete up-complete semilattice and T be a topological
augmentation of R. If the topology of T' = o(R), then T is Scott.

Let R be an inf-complete up-complete semilattice. One can check that there
exists a topological augmentation of R which is strict, Scott, and correct.
One can prove the following two propositions:

(16) Let S be an up-complete inf-complete semilattice and T' be a Scott to-
pological augmentation of S. Then o(S) = the topology of T'.

(17) Every Scott up-complete non empty reflexive transitive antisymmetric
FR-structure is a Ty-space.

Let R be an up-complete non empty reflexive transitive antisymmetric rela-
tional structure. Note that every topological augmentation of R is up-complete.
The following propositions are true:

(18) Let R be an up-complete non empty reflexive transitive antisymmetric
relational structure, 7' be a Scott topological augmentation of R, z be an
element of 7', and A be an upper subset of T. If z ¢ A, then —|x is a
neighbourhood of A.

(19) Let R be an up-complete non empty reflexive transitive antisymmetric
FR-structure, T' be a Scott topological augmentation of R, and S be an
upper subset of T'. Then there exists a family F' of subsets of T such that
S = (F and for every subset X of T such that X € F holds X is a
neighbourhood of S.

(20) Let T be a Scott up-complete non empty reflexive transitive antisymme-
tric FR-structure and S be a subset of T'. Then S is open if and only if S
is upper and property(S).

(21) Let R be an up-complete non empty reflexive transitive antisymmetric

FR-structure, S be a non empty directed subset of R, and a be an element
of R.If a € S, then a < | | S.

Let T be an up-complete non empty reflexive transitive antisymmetric FR-
structure. One can check that every subset of T' which is lower is also pro-
perty(S).

One can prove the following propositions:

(22) For every finite up-complete non empty poset 7" holds every subset of T’
is inaccessible.

(23) Let R be a complete connected lattice, T' be a Scott topological augmen-
tation of R, and x be an element of 7. Then — |z is open.

(24) Let R be a complete connected lattice, T' be a Scott topological augmen-
tation of R, and S be a subset of T'. Then S is open if and only if one of
the following conditions is satisfied:

(i) S = the carrier of T', or
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(i) S € {—|z : z ranges over elements of T'}.

Let R be an up-complete non empty poset. One can check that there exists
a correct topological augmentation of R which is order consistent.

Let us observe that there exists a top-lattice which is order consistent and
complete.

The following three propositions are true:

(25) Let R be a non empty FR-structure and A be a subset of R. Suppose
that for every element x of R holds |z = @ If A is open, then A is
upper.

(26) Let R be a non empty FR-structure and A be a subset of R. Suppose
that for every element x of R holds |z = {x}. Let A be a subset of R. If
A is closed, then A is lower.

(27) For every up-complete inf-complete lattice 7" and for every net N in T
and for every element ¢ of N holds liminf(/N[i) = liminf N.

Let S be a non empty 1-sorted structure, let R be a non empty relational
structure, and let f be a function from the carrier of R into the carrier of S.
The functor R * f yielding a strict non empty net structure over S is defined as
follows:

(Def. 3) The relational structure of R * f = the relational structure of R and the
mapping of R* f = f.

Let S be a non empty 1-sorted structure, let R be a non empty transitive
relational structure, and let f be a function from the carrier of R into the carrier
of S. One can check that R * f is transitive.

Let S be a non empty 1-sorted structure, let R be a non empty directed
relational structure, and let f be a function from the carrier of R into the
carrier of S. Note that R x f is directed.

Let R be a non empty relational structure and let N be a prenet over R. The

functor inf_net N yields a strict prenet over R and is defined by the condition
(Def. 4).

(Def. 4) There exists a map f from N into R such that
(i) infnet N = N * f, and
(ii)  for every element i of the carrier of N holds f(i) = [ |r{N(k); k ranges
over elements of the carrier of N: k > i}.

Let R be a non empty relational structure and let NV be a net in R. One can
verify that inf_net IV is transitive.

Let R be a non empty relational structure and let NV be a net in R. Note
that inf_net IV is directed.

Let R be an inf-complete non empty reflexive antisymmetric relational struc-
ture and let N be a net in R. One can verify that inf_net IV is monotone.
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Let R be an inf-complete non empty reflexive antisymmetric relational struc-
ture and let NV be a net in R. One can verify that inf_net IV is eventually-directed.
We now state several propositions:

(28) Let R be a non empty relational structure and N be a net in R. Then
rng (the mapping of inf net N) = {[ |[r{N(4); i ranges over elements of the
carrier of N: i > j} : j ranges over elements of the carrier of N}.

(29) For every up-complete inf-complete lattice R and for every net N in R
holds supinf_net N = liminf V.

(30) For every up-complete inf-complete lattice R and for every net N in R
and for every element i of N holds sup inf_net N = lim inf (N [4).

(31) Let R be an inf-complete semilattice, N be a net in R, and V be an
upper subset of R. If inf_net N is eventually in V, then IV is eventually in
V.

(32) Let R be an inf-complete semilattice, N be a net in R, and V be a lower
subset of R. If N is eventually in V', then inf_net N is eventually in V.

(33) Let R be a topological space-like order consistent up-complete inf-
complete non empty top-lattice, N be a net in R, and x be an element of
R. If x < liminf N, then z is a cluster point of N.

(34) Let R be an order consistent up-complete inf-complete topological space-
like non empty top-lattice, N be an eventually-directed net in R, and x
be an element of R. Then x < liminf N if and only if x is a cluster point
of N.
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The terminology and notation used in this paper have been introduced in the
following articles: [16], [1], [2], [7], [14], [6], [13], [11], [9], [10], [8], [5], [17], [15];
[12], [4], and [3].

1. PRELIMINARIES

One can prove the following propositions:

(1) For all functions f, g such that [[ f =[] ¢ holds if f is non-empty, then
g is non-empty.

(2) For every set X holds 2 C X iff there exist sets z, y such that z € X
and y € X and = # y.

(3) For every set X such that 2 C X and for every set z there exists a set
y such that y € X and = # y.

(4) For every set X holds 2 C X iff X is non trivial.

(5) For every set X holds 3 C X iff there exist sets z, y, z such that z € X
and y € X and z € X and = # y and x # z and y # 2.

(6) For every set X such that 3 C X and for all sets x, y there exists a set
z such that z € X and = # 2z and y # z.

@ 2001 University of Bialystok
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2. PARTIAL LINE SPACES

Let S be a topological structure. A block of S is an element of the topology
of S.
Let S be a topological structure and let =, y be points of S. We say that z,
y are collinear if and only if:
(Def. 1) x =y or there exists a block [ of S such that {z,y} C .
Let S be a topological structure and let T" be a subset of the carrier of S.
We say that T is closed under lines if and only if:
(Def. 2) For every block [ of S such that 2 C [N7T holds I C T.
We say that T is strong if and only if:
(Def. 3) For all points z, y of S such that z € T and y € T holds z, y are collinear.

Let S be a topological structure. We say that S is void if and only if:
(Def. 4) The topology of S is empty.
We say that S is degenerated if and only if:
(Def. 5) The carrier of S is a block of S.
We say that S has non trivial blocks if and only if:
(Def. 6) For every block k of S holds 2 C %.
We say that S is identifying close blocks if and only if:
(Def. 7) For all blocks k, [ of S such that 2 C %N holds k = 1.
We say that S is truly-partial if and only if:
(Def. 8) There exist points x, y of S such that x, y are not collinear.
We say that S has no isolated points if and only if:
(Def. 9) For every point = of S there exists a block [ of S such that z € [.
We say that S is connected if and only if the condition (Def. 10) is satisfied.

(Def. 10) Let z, y be points of S. Then there exists a finite sequence f of elements
of the carrier of S such that
(i) ==f(1),
(i)  y = f(len f), and
(ili)  for every natural number i such that 1 < ¢ and ¢ < len f and for all
points a, b of S such that a = f(i) and b = f(i+1) holds a, b are collinear.
We say that S is strongly connected if and only if the condition (Def. 11) is
satisfied.

(Def. 11) Let = be a point of S and X be a subset of the carrier of S. Suppose X
is closed under lines and strong. Then there exists a finite sequence f of
elements of 2the carrier of S gych that

M) X = f,
(i) ¢ flenf),
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(iii)  for every subset W of the carrier of S such that W &€ rng f holds W is
closed under lines and strong, and
(iv)  for every natural number ¢ such that 1 < ¢ and ¢ < len f holds 2 C

)N fi+1).
One can prove the following propositions:

(7) Let X be a non empty set. Suppose 3 C X. Let S be a topological
structure. Suppose the carrier of S = X and the topology of S = {L; L
ranges over subsets of X: 2 = L}. Then S is non empty, non void, non
degenerated, non truly-partial, and identifying close blocks and has non
trivial blocks and no isolated points.

(8) Let X be a non empty set. Suppose 3 C X. Let K be a subset of X.
Suppose K = 2. Let S be a topological structure. Suppose the carrier
of S = X and the topology of S = {L; L ranges over subsets of X: 2 =
f} \ {K}. Then S is non empty, non void, non degenerated, truly-partial,
and identifying close blocks and has non trivial blocks and no isolated
points.

One can verify that there exists a topological structure which is strict, non
empty, non void, non degenerated, non truly-partial, and identifying close blocks
and has non trivial blocks and no isolated points and there exists a topological
structure which is strict, non empty, non void, non degenerated, truly-partial,
and identifying close blocks and has non trivial blocks and no isolated points.

Let S be a non void topological structure. Note that the topology of S is
non empty.

Let S be a topological structure with no isolated points and let x, y be points
of S. Let us observe that x, y are collinear if and only if:

(Def. 12) There exists a block [ of S such that {z,y} C L.

A PLS is a non empty non void non degenerated identifying close blocks
topological structure with non trivial blocks.
Let F be a binary relation. We say that F'is TopStruct-yielding if and only
if:
(Def. 13) For every set x such that x € rng F' holds z is a topological structure.
Let us mention that every function which is TopStruct-yielding is also 1-
sorted yielding.
Let I be a set. Observe that there exists a many sorted set indexed by I
which is TopStruct-yielding.
Let us note that there exists a function which is TopStruct-yielding.
Let F' be a binary relation. We say that F' is non-void-yielding if and only
if:
(Def. 14) For every topological structure S such that S € rng F' holds S is non
void.
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Let F' be a TopStruct-yielding function. Let us observe that F' is non-void-
yielding if and only if:
(Def. 15) For every set i such that ¢ € rng F' holds i is a non void topological
structure.
Let F be a binary relation. We say that F' is trivial-yielding if and only if:
(Def. 16) For every set S such that S € rng F" holds S is trivial.
Let F' be a binary relation. We say that F' is non-Trivial-yielding if and only
if:
(Def. 17) For every 1-sorted structure S such that S € rng F' holds S is non trivial.
Let us observe that every binary relation which is non-Trivial-yielding is also
nonempty.
Let F' be a 1-sorted yielding function. Let us observe that F' is non-Trivial-
yielding if and only if:
(Def. 18) For every set i such that ¢ € rng F' holds i is a non trivial 1-sorted
structure.
Let I be a non empty set, let A be a TopStruct-yielding many sorted set
indexed by I, and let j be an element of I. Then A(j) is a topological structure.
Let F be a binary relation. We say that F' is PLS-yielding if and only if:
(Def. 19) For every set x such that = € rng F' holds z is a PLS.
One can verify the following observations:
* every function which is PLS-yielding is also nonempty and TopStruct-
yielding,
x every TopStruct-yielding function which is PLS-yielding is also non-void-
yielding, and
x every TopStruct-yielding function which is PLS-yielding is also non-
Trivial-yielding.
Let I be a set. One can check that there exists a many sorted set indexed
by I which is PLS-yielding.
Let I be a non empty set, let A be a PLS-yielding many sorted set indexed
by I, and let j be an element of I. Then A(j) is a PLS.
Let I be a set and let A be a many sorted set indexed by I. We say that A
is Segre-like if and only if:
(Def. 20) There exists an element ¢ of I such that for every element j of I such
that i # j holds A(j) is non empty and trivial.
Let I be a set and let A be a many sorted set indexed by I. Note that {A}
is trivial-yielding.
The following proposition is true

(9) Let I be a non empty set, A be a many sorted set indexed by I, i be an
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element of I, and S be a non trivial set. Then A +- (¢,.5) is non trivial-
yielding.
Let I be a non empty set and let A be a many sorted set indexed by I.
Observe that {A} is Segre-like.
We now state two propositions:

(10) For every non empty set I and for every many sorted set A indexed by
I and for all sets ¢, S holds {4} +- (7, 5) is Segre-like.

(11) Let I be a non empty set, A be a nonempty l-sorted yielding many
sorted set indexed by I, and B be an element of the support of A. Then
{B} is a many sorted subset indexed by the support of A.

Let I be a non empty set and let A be a nonempty 1-sorted yielding many
sorted set indexed by I. One can check that there exists a many sorted subset
indexed by the support of A which is Segre-like, trivial-yielding, and non-empty.

Let I be a non empty set and let A be a non-Trivial-yielding 1-sorted yielding
many sorted set indexed by I. Note that there exists a many sorted subset
indexed by the support of A which is Segre-like, non trivial-yielding, and non-
empty.

Let I be a non empty set. Observe that there exists a many sorted set indexed
by I which is Segre-like and non trivial-yielding.

Let I be a non empty set and let B be a Segre-like non trivial-yielding many
sorted set indexed by I. The functor index(B) yielding an element of [ is defined
by:

(Def. 21) B(index(B)) is non trivial.

Next we state the proposition

(12) Let I be a non empty set, A be a Segre-like non trivial-yielding many
sorted set indexed by I, and i be an element of I. If i # index(A), then
A(7) is non empty and trivial.
Let I be a non empty set. Note that every many sorted set indexed by I
which is Segre-like and non trivial-yielding is also non-empty.
One can prove the following proposition
(13) Let I be a non empty set and A be a many sorted set indexed by I.
Then 2 C m if and only if A is non-empty and non trivial-yielding.
Let I be a non empty set and let B be a Segre-like non trivial-yielding many
sorted set indexed by I. Note that [[ B is non trivial.
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3. SEGRE’S PRODUCT

Let I be a non empty set and let A be a nonempty TopStruct-yielding many
sorted set indexed by I. The functor Segre_Blocks A yields a family of subsets
of [] (the support of A) and is defined by the condition (Def. 22).

(Def. 22) Let = be a set. Then = € Segre_Blocks A if and only if there exists a
Segre-like many sorted subset B indexed by the support of A such that
x = [[ B and there exists an element ¢ of I such that B(i) is a block of
A(3).
Let I be a non empty set and let A be a nonempty TopStruct-yielding many
sorted set indexed by I. The functor Segre Product A yielding a non empty
topological structure is defined as follows:

(Def. 23) Segre_Product A = (][ (the support of A),Segre_Blocks A).
The following propositions are true:

(14) Let I be a non empty set and A be a nonempty TopStruct-yielding many
sorted set indexed by I. Then every point of Segre_Product A is a many
sorted set indexed by I.

(15) Let I be a non empty set and A be a nonempty TopStruct-yielding many
sorted set indexed by I. If there exists an element ¢ of I such that A(7) is
non void, then Segre_Product A is non void.

(16) Let I be a non empty set and A be a nonempty TopStruct-yielding many
sorted set indexed by I. Suppose that for every element i of I holds A(7)
is non degenerated and there exists an element i of I such that A(7) is non
void. Then Segre_Product A is non degenerated.

(17) Let I be a non empty set and A be a nonempty TopStruct-yielding many
sorted set indexed by I. Suppose that for every element i of I holds A(%)
has non trivial blocks and there exists an element i of I such that A(7) is
non void. Then Segre_Product A has non trivial blocks.

(18) Let I be a non empty set and A be a nonempty TopStruct-yielding
many sorted set indexed by I. Suppose that for every element ¢ of I holds
A(3) is identifying close blocks and has non trivial blocks and there exists
an element i of I such that A(i) is non void. Then Segre Product A is
identifying close blocks.

Let I be a non empty set and let A be a PLS-yielding many sorted set
indexed by I. Then Segre_Product A is a PLS.
One can prove the following propositions:
(19) Let T be a topological structure and S be a subset of the carrier of T
If S is trivial, then S is strong and closed under lines.



ON SEGRE’S PRODUCT OF PARTIAL LINE SPACES 389

(20) Let S be an identifying close blocks topological structure, I be a block of
S, and L be a subset of the carrier of S. If L = [, then L is closed under
lines.

(21) Let S be a topological structure, [ be a block of S, and L be a subset of
the carrier of S. If L =, then L is strong.

(22) For every non void topological structure S holds Qg is closed under lines.

(23) Let I be a non empty set, A be a Segre-like non trivial-yielding many
sorted set indexed by I, and z, y be many sorted sets indexed by I. If
x € [[Aand y € [[ A, then for every set ¢ such that ¢ # index(A) holds
(i) = y(i).

(24) Let I be a non empty set, A be a PLS-yielding many sorted set indexed
by I, and x be a set. Then x is a block of Segre_Product A if and only if
there exists a Segre-like non trivial-yielding many sorted subset L indexed
by the support of A such that © = [[ L and L(index(L)) is a block of
A(index(L)).

(25) Let I be a non empty set, A be a PLS-yielding many sorted set indexed
by I, and P be a many sorted set indexed by I. Suppose P is a point of
Segre_Product A. Let ¢ be an element of I and p be a point of A(7). Then
P +- (i,p) is a point of Segre_Product A.

(26) Let I be a non empty set and A, B be Segre-like non trivial-yielding
many sorted sets indexed by I. Suppose 2 C [[AN]] B. Then index(A) =
index(B) and for every set i such that ¢ # index(A) holds A(i) = B(3).

(27) Let I be a non empty set, A be a Segre-like non trivial-yielding many
sorted set indexed by I, and N be a non trivial set. Then A+-(index(A), N)
is Segre-like and non trivial-yielding.

(28) Let S be a non empty non void identifying close blocks topological struc-
ture with no isolated points. If S is strongly connected, then S is connected.

(29) Let I be a non empty set, A be a PLS-yielding many sorted set indexed
by I, and S be a subset of the carrier of Segre_Product A. Then S is non
trivial, strong, and closed under lines if and only if there exists a Segre-
like non trivial-yielding many sorted subset B indexed by the support of
A such that S = [[ B and for every subset C of the carrier of A(index(B))
such that C' = B(index(B)) holds C' is strong and closed under lines.
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The articles [11], [15], [12], [3], [2], [17], [4], [18], [1], [13], [14], [9], [6], [7], [19],
[16], [20], [5], [8], and [10] provide the terminology and notation for this paper.

1. PRELIMINARIES

The following propositions are true:
(1) For every natural number n holds 0 =" n = 0.
(2) Let D be a set, p be a finite sequence of elements of D, and ¢ be a natural
number. If i < lenp, then p[(i + 1) = (pli) ~ (p(i + 1)).
(3) Let D be a non empty set, p be a finite sequence of elements of D, and
n be a natural number. If 1 < n and n < lenp, then p = (p[(n —' 1))

(p(n)) ™ (Pin)-
(4) Let L be an add-associative right zeroed right complementable non
empty loop structure and n be a natural number. Then ) (n +— 0r) = 0f.

2. ABOUT POLYNOMIALS

The following propositions are true:

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

(6) For every non empty zero structure L holds len 0. L = 0.
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(7) For every non degenerated non empty multiplicative loop with zero struc-
ture L holds len1. L = 1.

(8) For every non empty zero structure L and for every Polynomial p of L
such that lenp = 0 holds p = 0. L.

(9) Let L be a right zeroed non empty loop structure, p, ¢ be Polynomials
of L, and n be a natural number. If n > lenp and n > leng, then n >
len(p + q).

(10) Let L be an add-associative right zeroed right complementable non
empty loop structure and p, ¢ be Polynomials of L. If lenp # len ¢, then
len(p + q) = max(len p, len q).

(11) Let L be an add-associative right zeroed right complementable non
empty loop structure and p be a Polynomial of L. Then len(—p) = len p.

(12) Let L be an add-associative right zeroed right complementable non
empty loop structure, p, ¢ be Polynomials of L, and n be a natural number.
If n > lenp and n > leng, then n > len(p — q).

(13) Let L be an add-associative right zeroed right complementable distribu-
tive commutative associative left unital field-like non empty double loop
structure and p, ¢ be Polynomials of L. If lenp > 0 and leng > 0, then
len(p*q) = (lenp +leng) — 1.

3. LEADING MONOMIALS

Let L be a non empty zero structure and let p be a Polynomial of L. The
functor Leading-Monomial p yielding a sequence of L is defined as follows:

(Def. 1) (Leading-Monomial p)(lenp —' 1) = p(lenp —' 1) and for every natural
number n such that n # lenp —" 1 holds (Leading-Monomial p)(n) = 0.
The following proposition is true
(14) For every non empty zero structure L and for every Polynomial p of L
holds Leading-Monomialp = 0. L +- (lenp —" 1, p(lenp —' 1)).
Let L be a non empty zero structure and let p be a Polynomial of L. Observe
that Leading-Monomial p is finite-Support.
We now state several propositions:
(15) For every non empty zero structure L and for every Polynomial p of L
such that len p = 0 holds Leading-Monomial p = 0. L.
(16) For every non empty zero structure L holds Leading-Monomial 0. L =
0. L.

(17) For every non degenerated non empty multiplicative loop with zero struc-
ture L holds Leading-Monomial 1. L = 1. L.
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(18) For every non empty zero structure L and for every Polynomial p of L
holds len Leading-Monomial p = len p.

(19) Let L be an add-associative right zeroed right complementable non
empty loop structure and p be a Polynomial of L. Suppose lenp # 0.
Then there exists a Polynomial ¢ of L such that leng < lenp and
p = q + Leading-Monomial p and for every natural number n such that
n < lenp — 1 holds g(n) = p(n).

4. EVALUATION OF POLYNOMIALS

Let L be a unital non empty double loop structure, let p be a Polynomial of
L, and let = be an element of the carrier of L. The functor eval(p, z) yields an
element of L and is defined by the condition (Def. 2).

(Def. 2) There exists a finite sequence F' of elements of the carrier of L such that
eval(p,z) = > F and len F' = lenp and for every natural number n such
that n € dom F holds F(n) = p(n —'"1) - powery (z, n —'1).

Next we state several propositions:

(20) For every unital non empty double loop structure L and for every element
x of the carrier of L holds eval(0. L, z) = 0p..

(21) Let L be a well unital add-associative right zeroed right complementable
associative non degenerated non empty double loop structure and = be an
element of the carrier of L. Then eval(1. L,z) = 1r.

(22) Let L be an Abelian add-associative right zeroed right complementable
unital left distributive non empty double loop structure, p, ¢ be Polyno-
mials of L, and z be an element of the carrier of L. Then eval(p + ¢, x) =
eval(p, z) + eval(q, x).

(23) Let L be an Abelian add-associative right zeroed right complementable
unital distributive non empty double loop structure, p be a Polynomial of
L, and x be an element of the carrier of L. Then eval(—p, z) = —eval(p, z).

(24) Let L be an Abelian add-associative right zeroed right complementable
unital distributive non empty double loop structure, p, ¢ be Polynomials
of L, and x be an element of the carrier of L. Then eval(p — ¢q,z) =
eval(p, x) — eval(q, z).

(25) Let L be an add-associative right zeroed right complementable ri-
ght zeroed distributive unital non empty double loop structure, p be
a Polynomial of L, and z be an element of the carrier of L. Then
eval(Leading-Monomial p, z) = p(lenp —' 1) - power (z, lenp —' 1).

(26) Let L be an add-associative right zeroed right complementable distri-
butive commutative associative field-like left unital non degenerated non
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empty double loop structure, p, ¢ be Polynomials of L, and = be an
element of the carrier of L. Then eval(Leading-Monomialp * ¢,z) =
eval(Leading-Monomial p, x) - eval(q, z).

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

5. EvALuATION HOMOMORPHISM

Let L be an add-associative right zeroed right complementable distributive
unital non empty double loop structure and let x be an element of the carrier
of L. The functor Polynom-Evaluation(L, ) yields a map from Polynom-Ring L
into L and is defined by:

(Def. 3) For every Polynomial p of L holds (Polynom-Evaluation(L,x))(p) =
eval(p, ).

Let L be an add-associative right zeroed right complementable distribu-
tive associative well unital non degenerated non empty double loop struc-
ture and let x be an element of the carrier of L. One can verify that
Polynom-Evaluation(L, x) is unity-preserving.

Let L be an Abelian add-associative right zeroed right complementable di-
stributive unital non empty double loop structure and let z be an element of
the carrier of L. One can verify that Polynom-Evaluation(L, x) is additive.

Let L be a field and let  be an element of the carrier of L. Observe that
Polynom-Evaluation(L, ) is multiplicative.

Let L be a field and let x be an element of the carrier of L. Note that
Polynom-Evaluation(L, x) is ring homomorphism.
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Summary. This article defines two while-loop statements on SCMPDS,
i.e. “while<0” and “while>0”, which resemble the while-statements of the com-
mon high language such as C. We previously presented a number of tricks for
computing while-loop statements on SCMFSA, e.g. step-while. However, after
inspecting a few realistic examples, we found that they are neither very useful
nor of generalization. To cover much more computation cases of while-loop sta-
tements, we generalize the computation model of while-loop statements, based
on the principle of Hoare’s axioms on the verification of programs.

MML Identifier: SCMPDS_8.

The notation and terminology used here are introduced in the following articles:
[14], [15], [19], [16], [1], [3], [17], [4], [5], [20], [2], [12], [13], [22], [23], [10], [6], [9],
(7], [8], [11], [21], and [18].

1. PRELIMINARIES

In this paper z, a denote Int positions and s denotes a state of SCMPDS.
We now state the proposition
(1) For every Int position a there exists a natural number i such that a =
intposz.
Let ¢ be a state of SCMPDS. The functor Dstatet yielding a state of
SCMPDS is defined by the condition (Def. 1).

I This research is partially supported by the National Natural Science Foundation of China
Grant No. 69873033.
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(Def. 1) Let = be a set. Then
(i) if x € Data-Locgcm, then (Dstatet)(z) = t(x),
(i) if z € the instruction locations of SCMPDS, then (Dstatet)(z) =
goto 0, and
(iii)  if x = ICscmpDs, then (Dstatet)(x) = inspos0.
One can prove the following four propositions:
(2) For all states t;, ta of SCMPDS such that t;[Data-Locscm =
to [Data-Locgcy holds Dstatet; = Dstate to.
(3) For every state t of SCMPDS and for every instruction i of SCMPDS
such that InsCode(i) € {0,4,5,6} holds Dstatet = Dstate Exec(i, t).
(4) (Dstates)(a) = s(a).
(5) Let a be an Int position. Then there exists a function f from [] (the
object kind of SCMPDS) into N such that for every state s of SCMPDS

holds
(i) if s(a) <0, then f(s) =0, and
(ii)  if s(a) > 0, then f(s) = s(a).

2. THE CONSTRUCTION AND SEVERAL BASIC PROPERTIES OF “WHILE<(0”
PROGRAM

Let a be an Int position, let ¢ be an integer, and let I be a Program-block.

The functor while < 0(a, 7, ) yielding a Program-block is defined by:
(Def. 2) while < 0(a,4,I) = ((a,i) >= 0_gotocard I +2); I; goto (—(card I + 1)).

Let I be a shiftable Program-block, let a be an Int position, and let ¢ be an
integer. Observe that while < 0(a,, I) is shiftable.

Let I be a No-StopCode Program-block, let a be an Int position, and let ¢
be an integer. Note that while < 0(a, 4, I) is No-StopCode.

Next we state several propositions:

(6) For every Int position a and for every integer i and for every Program-
block I holds card while < 0(a, 4, ) = card I + 2.

(7) Let a be an Int position, 7 be an integer, m be a natural number, and
I be a Program-block. Then m < card I + 2 if and only if insposm €
dom while < 0(a, i, I).

(8) Let a be an Int position, i be an integer, and I be a Program-block. Then
(while < 0(a,i,I))(inspos0) = (a,i) >= 0_gotocard I + 2 and (while <
0(a,4,I))(insposcard I + 1) = goto (—(card I + 1)).

(9) Let s be a state of SCMPDS, I be a Program-block, a be an Int position,
and i be an integer. If s(DataLoc(s(a),i)) > 0, then while < 0(a,i,1) is
closed on s and while < 0(a, 7, I) is halting on s.
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(10) Let s be a state of SCMPDS, I be a Program-block, a, ¢ be Int posi-
tions, and ¢ be an integer. If s(DataLoc(s(a),i)) > 0, then IExec(while <
0(a,i,1),s) = s+- Start-At(inspos card I + 2).

(11) Let s be a state of SCMPDS, I be a Program-block, a be an
Int position, and ¢ be an integer. If s(DataLoc(s(a),i)) > 0, then
ICiExec(while<0(a,i,I),s) = insposcard I + 2.

(12) Let s be a state of SCMPDS, I be a Program-block, a, b be Int posi-
tions, and 7 be an integer. If s(DataLoc(s(a),)) > 0, then (IExec(while <
0(a,i,1),s))(b) = s(b).

In this article we present several logical schemes. The scheme WhileLHalt
deals with a unary functor F yielding a natural number, a state A of SCMPDS,
a No-StopCode shiftable Program-block B, an Int position C, an integer D, and
a unary predicate P, and states that:

F(A) = F(A) or P[A] but while < 0(C, D, B) is closed on A but
while < 0(C, D, B) is halting on A
provided the following conditions are met:

e card B > 0,

e For every state ¢ of SCMPDS such that P[Dstatet] and
F(Dstatet) = 0 holds ¢(DataLoc(A(C), D)) > 0,

e P[Dstate A], and

e Let ¢ be a state of SCMPDS. Suppose P[Dstate t] and ¢(C) = A(C)
and t(DataLoc(A(C),D)) < 0. Then (IExec(B,t))(C) = t(C) and
B is closed on t and B is halting on ¢ and F(Dstate IExec(B,t)) <
F(Dstatet) and P[Dstate I[Exec(B,t)].

The scheme WhileL Exec deals with a unary functor F yielding a natural
number, a state A of SCMPDS, a No-StopCode shiftable Program-block B, an
Int position C, an integer D, and a unary predicate P, and states that:

F(A) = F(A) or P[A] but IExec(while < 0(C,D,B),A) =
[Exec(while < 0(C, D, B), IExec(B, A))
provided the parameters meet the following conditions:

e cardB > 0,

e A(DataLoc(A(C),D)) <0,

e For every state t of SCMPDS such that P[Dstatet] and
F(Dstatet) = 0 holds ¢(DataLoc(A(C), D)) > 0,

e P[Dstate A], and

e Let t be a state of SCMPDS. Suppose P|[Dstate t] and ¢(C)
and t(DataLoc(A(C),D)) < 0. Then (IExec(B,t))(C) =t
B is closed on t and B is halting on ¢ and F(Dstate [Exec(
F(Dstatet) and P[Dstate IExec(B, t)].

One can prove the following propositions:

= A(C)
(C) and
B,t)) <
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(13) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a be an Int position, ¢ be an integer, X be a set, and f be a function
from [] (the object kind of SCMPDS) into N. Suppose that

(i) cardI > 0,

(i)  for every state t of SCMPDS such that f(Dstatet) = 0 holds
t(DataLoc(s(a),)) > 0, and

(iii)  for every state t of SCMPDS such that for every Int position x such
that z € X holds t(x) = s(z) and t(a) = s(a) and t(DataLoc(s(a),i)) < 0
holds (TExec(I,t))(a) = t(a) and f(DstateIExec(I,t)) < f(Dstatet) and
I is closed on t and halting on ¢ and for every Int position = such that
x € X holds (IExec(I,t))(x) = t(x).
Then while < 0(a, i, I) is closed on s and while < 0(a, 4, I) is halting on s.

(14) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a be an Int position, ¢ be an integer, X be a set, and f be a function
from [] (the object kind of SCMPDS) into N. Suppose that

(i) cardl >0,

(ii))  s(DataLoc(s(a),)) <0,

(iii)  for every state t of SCMPDS such that f(Dstatet) = 0 holds
t(DataLoc(s(a),)) > 0, and

(iv)  for every state ¢t of SCMPDS such that for every Int position = such
that € X holds t(z) = s(x) and t(a) = s(a) and ¢t(DataLoc(s(a),)) < 0
holds (IExec(l,t))(a) = t(a) and I is closed on t and halting on ¢ and
f(Dstate IExec(1,t)) < f(Dstatet) and for every Int position = such that
x € X holds (IExec(I,t))(x) = t(x).
Then IExec(while < 0(a, i, I), s) = IExec(while < 0(a, i, I),IExec(!, s)).

(15) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a be an Int position, ¢ be an integer, and X be a set. Suppose
that

(i) cardI >0, and

(ii)  for every state t of SCMPDS such that for every Int position x such
that x € X holds t(x) = s(x) and t(a) = s(a) and t(DataLoc(s(a),)) <
0 holds (IExec(I,t))(a) = t(a) and (IExec([,t))(DataLoc(s(a),i)) >
t(DataLoc(s(a),7)) and I is closed on ¢ and halting on ¢ and for every
Int position x such that z € X holds (IExec(1,t))(x) = t(x).
Then while < 0(a, i, I) is closed on s and while < 0(a, 4, I) is halting on s.

(16) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a be an Int position, ¢ be an integer, and X be a set. Suppose
that

(i)  s(DataLoc(s(a),i)) < 0,
(ii) cardI >0, and
(iii)  for every state t of SCMPDS such that for every Int position z such
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that x € X holds t(x) = s(x) and t(a) = s(a) and t(DataLoc(s(a),i)) <
0 holds (IExec(I,t))(a) = t(a) and (IExec(I,t))(DataLoc(s(a),i)) >
t(DataLoc(s(a),7)) and I is closed on ¢ and halting on ¢ and for every
Int position x such that z € X holds (IExec(,t))(z) = t(x).

Then IExec(while < 0(a, i, ), s) = IExec(while < 0(a, i, I),IExec(!, s)).

3. THE CONSTRUCTION AND SEVERAL BASIC PROPERTIES OF “WHILE>(0"
PROGRAM

Let a be an Int position, let ¢ be an integer, and let I be a Program-block.

The functor while > 0(a, 7, I) yields a Program-block and is defined by:
(Def. 3) while > 0(a,4,I) = ((a,i) <= 0_gotocard I +2); I; goto (—(card I + 1)).

Let I be a shiftable Program-block, let a be an Int position, and let i be an
integer. One can verify that while > 0(a, ¢, I) is shiftable.

Let I be a No-StopCode Program-block, let a be an Int position, and let i
be an integer. Note that while > 0(a, 4, I) is No-StopCode.

Next we state several propositions:

(17) For every Int position a and for every integer i and for every Program-
block I holds card while > 0(a, ¢, I) = card I + 2.

(18) Let a be an Int position, ¢ be an integer, m be a natural number, and
I be a Program-block. Then m < cardl + 2 if and only if insposm €
dom while > 0(a, i, I).

(19) Let a be an Int position, i be an integer, and I be a Program-block. Then
(while > 0(a,,))(inspos0) = (a,i) <= 0_gotocard ] + 2 and (while >
0(a,i,1I))(insposcard I + 1) = goto (—(card I + 1)).

(20) Let s be a state of SCMPDS, I be a Program-block, a be an Int position,
and i be an integer. If s(DataLoc(s(a),i)) < 0, then while > 0(a,i,1) is
closed on s and while > 0(a, 7, I) is halting on s.

(21) Let s be a state of SCMPDS, I be a Program-block, a, ¢ be Int posi-
tions, and ¢ be an integer. If s(DataLoc(s(a),4)) < 0, then IExec(while >
0(a,i,I),s) = s+- Start-At(inspos card I + 2).

(22) Let s be a state of SCMPDS, I be a Program-block, a be an
Int position, and ¢ be an integer. If s(DataLoc(s(a),i)) < 0, then
ICIExec(whﬂe>0(a,i,I),s) = inspos card I + 2.

(23) Let s be a state of SCMPDS, I be a Program-block, a, b be Int posi-
tions, and ¢ be an integer. If s(Dataloc(s(a),i)) < 0, then (IExec(while >
0(a,i,1),s))(b) = s(b).

Now we present two schemes. The scheme WhileGHalt deals with a unary
functor F yielding a natural number, a state A of SCMPDS, a No-StopCode
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shiftable Program-block B, an Int position C, an integer D, and a unary predicate
P, and states that:
F(A) = F(A) or P[A] but while > 0(C, D, B) is closed on A but
while > 0(C, D, B) is halting on A
provided the parameters meet the following conditions:
e cardB > 0,
e For every state t of SCMPDS such that P[Dstatet] and
F(Dstatet) = 0 holds ¢(DataLoc(A(C), D)) < 0,
e P[Dstate A], and
e Let ¢ be a state of SCMPDS. Suppose P[Dstate t] and ¢(C)
and t(DataLoc(A(C),D)) > 0. Then (IExec(B,t))(C) =t
B is closed on t and B is halting on ¢ and F(Dstate IExec(
F(Dstatet) and P[Dstate I[Exec(B,t)].

The scheme WhileGEzec deals with a unary functor F yielding a natural
number, a state A of SCMPDS, a No-StopCode shiftable Program-block B, an
Int position C, an integer D, and a unary predicate P, and states that:

F(A) = F(A) or P[A] but IExec(while > 0(C,D,B),A) =
[Exec(while > 0(C, D, B), IExec(B, .A))
provided the following conditions are satisfied:

e card B > 0,

e A(DataLoc(A(C),D)) > 0,

e For every state ¢t of SCMPDS such that P[Dstatet] and
F(Dstatet) = 0 holds t(DataLoc(.A(C), D)) < 0,

e P[Dstate A], and

e Let ¢ be a state of SCMPDS. Suppose P[Dstate t] and ¢(C)
and t(DataLoc(A(C),D)) > 0. Then (IExec(B,t))(C) =t
B is closed on t and B is halting on ¢ and F(Dstate IExec(
F(Dstatet) and P[Dstate I[Exec(B,t)].

One can prove the following propositions:

(24) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a be an Int position, i, ¢ be integers, X, Y be sets, and f be a
function from [] (the object kind of SCMPDS) into N. Suppose that

(i) cardI >0,
(ii)  for every state t of SCMPDS such that f(Dstatet) = 0 holds
t(DataLoc(s(a),i)) <0,
(iii) for every x such that x € X holds s(z) > ¢+ s(DataLoc(s(a),)), and
(iv)  for every state t of SCMPDS such that for every x such that z € X holds
t(x) > c+t(Dataloc(s(a),?)) and for every x such that z € Y holds t(x) =
s(z) and t(a) = s(a) and t(DataLoc(s(a),7)) > 0 holds (IExec(I,t))(a)
(a) and I is closed on ¢ and halting on ¢ and f(Dstate [Exec(I,t))
f(Dstatet) and for every x such that x € X holds (IExec(Z,t))(x)

= A(C)
(C) and
B,t)) <

= A(C)
(C) and
B,t)) <

VAl
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¢+ (IExec(I,t))(Dataloc(s(a),?)) and for every x such that x € Y holds
(IExec(I,t))(x) = t(x).
Then while > 0(a, i, I) is closed on s and while > 0(a, 4, I) is halting on s.

(25) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a be an Int position, i, ¢ be integers, X, Y be sets, and f be a
function from [ (the object kind of SCMPDS) into N. Suppose that

(i)  s(DataLoc(s(a),i)) > 0,
(ii) cardI >0,

(ili)  for every state t of SCMPDS such that f(Dstatet) = 0 holds
t(DataLoc(s(a),i)) <0,

(iv)  for every x such that = € X holds s(z) > ¢+ s(DataLoc(s(a),?)), and

(v) for every state t of SCMPDS such that for every  such that x € X holds
t(x) > c+t(DataLoc(s(a),?)) and for every z such that x € Y holds t(x) =
s(z) and t(a) = s(a) and t(DataLoc(s(a),)) > 0 holds (IExec(I,t))(a)
t(a) and I is closed on t and halting on ¢ and f(DstateExec(I,t))
f(Dstatet) and for every x such that z € X holds (IExec(/,t))(x)
¢+ (IExec(I,t))(DataLoc(s(a),i)) and for every x such that € Y hol
(IExec(I,t))(x) = t(x).
Then IExec(while > 0(a, i, ), s) = IExec(while > 0(a, i, I),IExec(I, s)).

(26) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a be an Int position, ¢ be an integer, X be a set, and f be a function
from [] (the object kind of SCMPDS) into N. Suppose that

(i) cardl >0,
(ii)  for every state t of SCMPDS such that f(Dstatet) = 0 holds
t(DataLoc(s(a),i)) < 0, and

(iii)  for every state t of SCMPDS such that for every x such that z € X
holds ¢(z) = s(z) and ¢(a) = s(a) and t(DataLoc(s(a),i)) > 0 holds
(IExec(I,t))(a) = t(a) and I is closed on ¢ and halting on ¢ and
f(DstateIExec(,t)) < f(Dstatet) and for every z such that € X holds
(IExec(I,t))(x) = t(x).

Then while > 0(a,i,I) is closed on s and while > 0(a,%,I) is halting
on s and if s(DataLoc(s(a),?)) > 0, then IExec(while > 0(a,i,1),s) =
IExec(while > 0(a, i, I),IExec(I, s)).

(27) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a be an Int position, 7, ¢ be integers, and X, Y be sets. Suppose
that

(i) cardl >0,
(ii)  for every x such that € X holds s(z) > ¢+ s(DataLoc(s(a),7)), and

(iii)  for every state t of SCMPDS such that for every x such that z € X
holds ¢(z) > ¢+ t(DataLoc(s(a),?)) and for every x such that =z € Y
holds t(xz) = s(z) and t(a) = s(a) and t(DataLoc(s(a),i)) > 0 holds

=WV A

S
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(28)

(i)

(29)

(i)
(i)
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(IExec(I,t))(a) = t(a) and I is closed on ¢ and halting on ¢ and
(IExec(I,t))(DataLoc(s(a),?)) < t(DataLoc(s(a),4)) and for every x such
that z € X holds (IExec(I,t))(x) > ¢+ (IExec(I,t))(DataLoc(s(a),4)) and
for every x such that z € Y holds (IExec(I,t))(z) = t(z).

Then while > 0(a,,I) is closed on s and while > 0(a,i,I) is halting
on s and if s(DataLoc(s(a),i)) > 0, then IExec(while > 0(a,i,I),s) =
IExec(while > 0(a, i, I),IExec(!, s)).

Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a be an Int position, ¢ be an integer, and X be a set. Suppose
that

card I > 0, and

for every state t of SCMPDS such that for every = such that z € X
holds ¢(z) = s(z) and ¢(a) = s(a) and t(DataLoc(s(a),i)) > 0 holds
(IExec(I,t))(a) = t(a) and I is closed on ¢ and halting on ¢ and
(IExec(I,t))(DataLoc(s(a),?)) < t(DataLoc(s(a),4)) and for every x such
that € X holds (IExec(I,t))(z) = t(x).
Then while > 0(a,i,I) is closed on s and while > 0(a,4,I) is halting
on s and if s(DataLoc(s(a),?)) > 0, then IExec(while > 0(a,i,I),s) =
IExec(while > 0(a, i, I),IExec(I, s)).

Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a be an Int position, ¢, ¢ be integers, and X be a set. Suppose
that

cardI > 0,

for every x such that x € X holds s(z) > ¢+ s(DataLoc(s(a),7)), and

for every state ¢ of SCMPDS such that for every x such that x € X holds
t(x) > c+t(DatalLoc(s(a),i)) and t(a) = s(a) and ¢t(DataLoc(s(a),i)) > 0
holds (IExec(l,t))(a) = t(a) and [ is closed on ¢t and halting on ¢ and
(IExec(I,t))(DataLoc(s(a),?)) < t(DataLoc(s(a),)) and for every x such
that € X holds (IExec(I,t))(z) > ¢+ (IExec(I,t))(DataLoc(s(a),1)).
Then while > 0(a,i,I) is closed on s and while > 0(a,4,I) is halting
on s and if s(DataLoc(s(a),?)) > 0, then IExec(while > 0(a,i,I),s) =
IExec(while > 0(a, i, ), IExec(I, s)).
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Summary. The goal of this article is to examine the effectiveness of “for-
loop” and “while-loop” statements on SCMPDS by insert sort. In this article,
first of all, we present an approach to compute the execution result of “for-loop”
program by “loop-invariant”, based on Hoare’s axioms for program verification.
Secondly, we extend the fundamental properties of the finite sequence and com-
plex instructions of SCMPDS. Finally, we prove the correctness of the insert sort
program described in the article.
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The terminology and notation used in this paper have been introduced in the
following articles: [16], [19], [1], [3], [4], [20], [2], [13], [15], [9], [5], [8], [6], [7],
[12], [10], [11], [17], [21], [18], and [14].

1. PRELIMINARIES

In this paper n, py are natural numbers.
Let f be a finite sequence of elements of Z, let s be a state of SCMPDS, and
let m be a natural number. We say that f is FinSequence on s, m if and only if:

(Def. 1) For every natural number i such that 1 < i and ¢ < len f holds f(i) =
s(intposm + 7).
We now state four propositions:

(1) Let f be a finite sequence of elements of Z and m, n be natural numbers.
If m > n, then f is non decreasing on m, n.
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(2) Let s be a state of SCMPDS and n, m be natural numbers. Then there
exists a finite sequence f of elements of Z such that len f = n and for every
natural number ¢ such that 1 < i and ¢ < len f holds f(i) = s(intposm+i).

(3) Let s be a state of SCMPDS and n, m be natural numbers. Then there
exists a finite sequence f of elements of Z such that len f = n and f is
FinSequence on s, m.

(4) Let f, g be finite sequences of elements of Z and m, n be natural numbers.
Suppose that 1 <n and n <len f and 1 < m and m < len f and len f =
leng and f(m) = g(n) and f(n) = g(m) and for every natural number k
such that k # m and k # n and 1 < k and k < len f holds f(k) = g(k).
Then f and g are fiberwise equipotent.

The following propositions are true:

(5) For all states s1, s2 of SCMPDS such that for every Int position a holds
s1(a) = sa(a) holds Dstate s; = Dstate s3.

(6) Let s be a state of SCMPDS, I be a No-StopCode Program-block, and
j be a parahalting shiftable instruction of SCMPDS. Suppose I is closed
on s and halting on s. Then I; j is closed on s and I; j is halting on s.

(7) Let s be a state of SCMPDS, I be a No-StopCode Program-block, J be a
shiftable parahalting Program-block, and a be an Int position. If I is closed
on s and halting on s, then (IExec(l; J, s))(a) = (IExec(J, IExec(1,s)))(a).

(8) Let s be a state of SCMPDS, I be a No-StopCode parahalting Program-
block, J be a shiftable Program-block, and a be an Int position. If J is
closed on IExec(7, s) and halting on IExec([, s), then (IExec(I; J,s))(a) =
(IExec(J, IExec(I, s)))(a).

(9) Let s be a state of SCMPDS, I be a Program-block, and J be a shiftable
parahalting Program-block. Suppose I is closed on s and halting on s.
Then I; J is closed on s and I; J is halting on s.

(10) Let s be a state of SCMPDS, I be a parahalting Program-block, and
J be a shiftable Program-block. Suppose J is closed on IExec(,s) and
halting on IExec(/, s). Then I; J is closed on s and I; J is halting on s.

(11) Let s be a state of SCMPDS, I be a Program-block, and j be a para-
halting shiftable instruction of SCMPDS. Suppose I is closed on s and
halting on s. Then I; j is closed on s and I; j is halting on s.

2. COMPUTING THE EXECUTION RESULT OF FOR-LOOP PROGRAM BY
LoOOP-INVARIANT

In this article we present several logical schemes. The scheme ForDownHalt
deals with a state A of SCMPDS, a No-StopCode shiftable Program-block B,
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an Int position C, an integer D, a natural number £, and a unary predicate P,
and states that:
P[A] or not P[A] but for-down(C,D,&,B) is closed on A but
for-down(C, D, £, B) is halting on A
provided the following requirements are met:
e £>0,
e P[Dstate A], and
e Let t be a state of SCMPDS. Suppose P[Dstate t] and ¢(C) = A(C)
and t(DataLoc(A(C), D)) > 0. Then (IExec(B; AddTo(C,D,—£),t))(C) =
t(C) and (IExec(B; AddTo(C,D,—-£),t))(DataLoc(A(C),D)) =
t(DataLoc(A(C),D)) — &€ and B is closed on ¢ and B is halting
on t and P[Dstate IExec(B; AddTo(C, D, —£),t)].

The scheme ForDownFzxec deals with a state A of SCMPDS, a No-StopCode
shiftable Program-block B, an Int position C, an integer D, a natural number
£, and a unary predicate P, and states that:

P[A] or not P[A] but IExec(for-down(C,D,&,B), A) =

[Exec(for-down(C, D, &, B), IExec(B; AddTo(C,D, &), A))
provided the parameters meet the following conditions:

o £>0,

A(DataLoc(A(C), D)) > 0,
P[Dstate A], and
Let t be a state of SCMPDS. Suppose P[Dstatet] and ¢(C) = A(C)
and t(DataLoc(A(C), D)) > 0. Then (IExec(B; AddTo(C,D,—£),t))(C) =
t(C) and (IExec(B; AddTo(C,D,—E),t))(DataLoc(A(C), D)) =
t(DataLoc(A(C),D)) — £ and B is closed on ¢ and B is halting
on t and P[Dstate I[Exec(B; AddTo(C,D, —£),t)].

The scheme ForDownEnd deals with a state A of SCMPDS, a No-StopCode
shiftable Program-block B, an Int position C, an integer D, a natural number
&, and a unary predicate P, and states that:

P[A] or not P[A] but (IExec(for-down(C, D, &, B), A))(DataLoc(A(C), D)) <
0 but P[Dstate [Exec(for-down(C, D, &, B), A)]
provided the parameters have the following properties:

o £>0,

e P[Dstate A], and

e Let ¢ be a state of SCMPDS. Suppose P[Dstate t] and ¢(C) = A(C)
and t(DataLoc(A(C), D)) > 0. Then (IExec(B; AddTo(C,D,—&),t))(C) =
t(C) and (IExec(B; AddTo(C,D,—&),t))(DataLoc(A(C),D)) =
t(DataLoc(A(C),D)) — £ and B is closed on ¢t and B is halting
on t and P[Dstate I[Exec(B; AddTo(C, D, —E),t)].

We now state three propositions:

(12) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a, z, y be Int positions, i, ¢ be integers, and n be a natural number.
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Suppose that
(i) n>0,

(ii)  s(z) > s(y) + ¢, and

(iii)  for every state ¢ of SCMPDS such that t(z) > t(y) + ¢ and t(a) = s(
and t(DataLoc(s(a),7)) > 0 holds (IExec(I; AddTo(a,i, —n),t))(a) = t(a)
and (IExec(I; AddTo(a,i,—n),t))(Dataloc(s(a),?)) = t(DataLoc(s(a),1)
—n and I is closed on ¢ and halting on ¢ and (IExec(I; AddTo(a,i, —n),t))
(x) > (IExec(I; AddTo(a,i,—n),t))(y) + c.
Then for-down(a,i,n,I) is closed on s and for-down(a,i,n,I) is halting
on s.

(13) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a, z, y be Int positions, ¢, ¢ be integers, and n be a natural number.
Suppose that

(i) n>0,
(i) s(z) > s(y) +c.
(iii)  s(DataLoc(s(a),7)) > 0, and
) for every state t of SCMPDS such that t(x) > t(y) + ¢ and t(a) = s(a)

and t(DataLoc(s(a),7)) > 0 holds (IExec(I; AddTo(a,i, —n),t))(a) = t(a)

and (IExec(I; AddTo(a,i,—n),t))(DataLoc(s(a),?)) = t(DataLoc(s(a),1)

—n and [ is closed on ¢ and halting on ¢ and (IExec(I; AddTo(a,i,—n),t))

(x) > (IExec(I; AddTo(a,i, —n),t))(y) + c.

Then IExec(for-down(a,i,n, I), s) = IExec(for-down(a,i,n, I),

[Exec(I; AddTo(a,i,—n),s)).

(14) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a be an Int position, ¢ be an integer, and n be a natural number.
Suppose that

(i)  s(DataLoc(s(a),i)) > 0,
(i) n>0,
(ili) cardI >0,
)
)

(iv

(iv)  a # DataLoc(s(a),i), and

(v for every state t of SCMPDS such that ¢(a) = s(a)
holds (IExec(I,t))(a) = t(a) and (IExec(I,t))(DatalLoc(s(a),i)) =
t(DataLoc(s(a),4)) and I is closed on ¢ and halting on ¢.
Then for-down(a,i,n,I) is closed on s and for-down(a,i,n,I) is halting
on s.

3. A PROGRAM FOR INSERT SORT

Let n, po be natural numbers. The functor insert-sort(n,pg) yielding a
Program-block is defined by the condition (Def. 2).
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(Def. 2) insert-sort(n,pg) = (GBP:=0); ((GBP);:=0); ((GBP)2:=n — 1);
((GBP)3:=pp); for-down(GBP, 2,1, AddTo(GBP, 3,1);
((GBP,4) := (GBP, 3)); AddTo(GBP, 1,1); ((GBP,6) := (GBP,1));
while > 0(GBP, 6, ((GBP, 5) := (intpos4, —1));
SubFrom(GBP, 5, intpos 4, 0); (if GBP > 5 then
((GBP,5) := (intpos 4, —1)); ((intpos 4, —1) := (intpos 4, 0));
((intpos4,0) := (GBP,5)); AddTo(GBP,4,—1); AddTo(GBP,6,—1)
else Load((GBP)gs:=0)))).

4. THE PROPERTY OF INSERT SORT AND ITS CORRECTNESS

We now state two propositions:

(15) cardinsert-sort(n, pp) = 23.

(16) 1If pg > 7, then insert-sort(n,po) is parahalting.
One can prove the following propositions:

(17) Let s be a state of SCMPDS, f, g be finite sequences of elements of Z, and
ko, k be natural numbers. Suppose that s(as) > 7+ s(ag) and s(GBP) =0
and k = s(ag) and ko = s(as) — s(ag) — 1 and f is FinSequence on s, ko
and ¢ is FinSequence on IExec(Is, s), kg and len f = leng and len f > k
and f is non decreasing on 1, k. Then

(i)  f and g are fiberwise equipotent,
(ii) g is non decreasing on 1, k + 1,
(iii)  for every natural number ¢ such that ¢ > k4 1 and ¢ < len f holds
f(i) = g(i), and

(iv) for every natural number ¢ such that 1 <14 and ¢ < k+ 1 there exists a
natural number j such that 1 < j and j < k+ 1 and g(¢) = f(j),
where a4 = intpos4, ag = intpos6, Is = W;, Wi, = while >
O(GBP,G,Bl), Bl = kil; k?g; Il, ]{21 = (GBP,5) = (intpos4,—1), k‘g =
SubFrom(GBP, 5,intpos 4,0), I; = if GBP > 5 then T} else F}, T} =
ks; kq; ks; ke; k7, ks = (GBP,5) := (intpos4, —1), k4 = (intpos4, —1) :=
(intpos4,0), ks = (intpos4,0) := (GBP,5), k¢ = AddTo(GBP,4,—1),
k7 = AddTo(GBP, 6, —1), and F; = Load((GBP)g:=0).

(18) Let s be a state of SCMPDS, f, g be finite sequences of elements of Z, and
Po, n be natural numbers. Suppose pg > 6 and len f = n and len g = n and
f is FinSequence on s, py and g is FinSequence on IExec(insert-sort(n, po+
1), ), po- Then f and g are fiberwise equipotent and g is non decreasing
on 1, n.
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Quick Sort on SCMPDS!
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Summary. Proving the correctness of quick sort is much more complicated
than proving the correctness of the insert sort. Its difficulty is determined mainly
by the following points:

e Quick sort needs to use a push-down stack.

e [t contains three nested loops.

e A subroutine of this algorithm, “Partition”, has no loop-invariant.
This means we cannot justify the correctness of the “Partition” subroutine by
the Hoare’s axiom on program verification. This article is organized as follows.
First, we present several fundamental properties of “while” program and finite
sequence. Second, we define the “Partition” subroutine on SCMPDS, the task of
which is to split a sequence into a smaller and a larger subsequence. The definition
of quick sort on SCMPDS follows. Finally, we describe the basic property of the
“Partition” and quick sort, and prove their correctness.

MML Identifier: SCPQSORT.

The terminology and notation used here have been introduced in the following
articles: [18], [19], [23], [21], [1], [3], [4], [6], [24], [2], [15], [26], [17], [11], [7], [10],
8], [9], [12], [14], [5], [13], [20], [25], [22], and [16].

1. THE SEVERAL PROPERTIES OF “WHILE” PROGRAM AND FINITE
SEQUENCE

In this paper n, pg denote natural numbers.

Let I, J be shiftable Program-blocks, let a be an Int position, and let k; be
an integer. Observe that if a > k; then I else J is shiftable.

Next we state the proposition

I This research is partially supported by the National Natural Science Foundation of China
Grant No. 69873033.
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(1) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, J be a shiftable Program-block, a, b be Int positions, and k1 be an
integer. Suppose s(DataLoc(s(a), k1)) > 0 and I is closed on s and halting
on s. Then (IExec(if a > k; then I else J, s))(b) = (IExec(Z, s))(b).

One can prove the following propositions:

(2) Let s, s1 be states of SCMPDS, I be a No-StopCode shiftable Program-
block, a be an Int position, ¢ be an integer, and m be a natural num-
ber. Suppose card/ > 0 and [ is closed on s and halting on s and
s(Dataloc(s(a),i)) > 0 and m = LifeSpan(s+- Initialized(stop I)) + 2
and s; = (Computation(s+- Initialized(stop while > 0(a,4,1))))(m). Then
s1|Data-Locscm = [Exec(!, s)[Data-Locscy and s1+- Initialized (stop while >
0(a,i,I)) = s1.

(3) Let s be a state of SCMPDS and I be a Program-block. Suppose that
for every state t of SCMPDS such that ¢t[Data-Locgoy = s[Data-Locsom
holds I is halting on ¢. Then [ is closed on s.

(4) For all instructions i1, ia, i3, i4 of SCMPDS holds card(iy; ia; i3; i4) = 4.

(5) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a, z, y be Int positions, and i, ¢ be integers. Suppose that

(i) cardI >0,

(ii)  s(xz) > ¢+ s(DataLoc(s(a),d)), and

(ili)  for every state t of SCMPDS such that t(x) > ¢ + t(DataLoc(s(a), 1))
and t(y) = s(y) and t(a) = s(a) and t(Dataloc(s(a),i)) > 0
holds (IExec(I,t))(a) = t(a) and I is closed on t and halting
on t and (IExec(l,t))(DataLoc(s(a),i)) < t(DataLoc(s(a),i)) and
(IExec(I,t))(x) > c+(IExec(,t))(Dataloc(s(a),?)) and (IExec(I,t))(y) =
t(y).

Then while > 0(a,i,I) is closed on s and while > 0(a,%,I) is halting
on s and if s(DataLoc(s(a),?)) > 0, then IExec(while > 0(a,i,I),s) =
IExec(while > 0(a, i, I),IExec(I, s)).

(6) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-

block, a, z, y be Int positions, and i, ¢ be integers. Suppose that
(i) cardI >0,

(i)  s(z) > ¢, and

(ili)  for every state ¢ of SCMPDS such that t(z) > ¢ and t(y) = s(y) and
t(a) = s(a) and t(DataLoc(s(a),)) > 0 holds (IExec(I,t))(a) = t(a) an
I is closed on t and halting on ¢ and (IExec(I,t))(DataLoc(s(a),)
t(DataLoc(s(a),7)) and (IExec(I,t))(x) > ¢ and (IExec(I,t))(y) = t(y).
Then while > 0(a,i,I) is closed on s and while > 0(a,%,I) is halting
on s and if s(DataLoc(s(a),?)) > 0, then IExec(while > 0(a,i,I),s) =
IExec(while > 0(a, i, I),IExec(!, s)).

<
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(7) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a, x1, x2, x3, x4 be Int positions, and i, ¢, mq be integers. Suppose
that

(i) cardl >0,

(i) s(z4) = (s(z3) — ) + s(z1),

(iii)  my < s(x3) — ¢, and

(iv)  for every state t of SCMPDS such that t(x4) = (t(xz3) — ¢) +
t(x1) and m; < t(xs) — ¢ and t(xy) = s(z2) and t(a) = s(a) and
t(DataLoc(s(a),i)) > 0 holds (IExec(I,t))(a) = t(a) and I is closed on ¢
and halting on ¢ and (IExec(I,t))(DataLoc(s(a),)) < t(DataLoc(s(a),7))
and (IExec(I,t))(x4) = ((IExec(I,t))(x3) — ¢) + (IExec(I,t))(x1) and
my < (IExec(I,t))(x3) — c and (IExec(l,t))(x2) = t(x2).

Then while > 0(a,i,I) is closed on s and while > 0(a,%,I) is halting
on s and if s(DataLoc(s(a),?)) > 0, then IExec(while > 0(a,i,1),s) =
IExec(while > 0(a, i, I),IExec(I, s)).

(8) Let f be a finite sequence of elements of Z and m, ki, k, n be natural
numbers. Suppose that m < k and k < n and k&1 = k — 1 and f is non
decreasing on m, k1 and f is non decreasing on k + 1, n and for every
natural number ¢ such that m < i and ¢ < k holds f(i) < f(k) and for
every natural number i such that k£ < i and ¢ < n holds f(k) < f(i). Then
f is non decreasing on m, n.

(9) Let f, g be finite sequences and z be arbitrary. Suppose = € dom g and
f and g are fiberwise equipotent. Then there exists arbitrary y such that
y € domyg and f(z) = g(y).
(10) Let f, g, h be finite sequences. Then f and g are fiberwise equipotent if
and only if A~ f and h ™ g are fiberwise equipotent.

(11) Let f, g be finite sequences and m, n, j be natural numbers. Suppose
that f and g are fiberwise equipotent and m < n and n < len f and for
every natural number i such that 1 < ¢ and ¢ < m holds f(i) = g(i) and
for every natural number ¢ such that n < i and ¢ < len f holds f(i) = g(¢)
and m < j and 5 < n. Then there exists a natural number k£ such that
m < k and k <n and f(j) = g(k).

2. PROGRAM PARTITION IS TO SPLIT A SEQUENCE INTO A SMALLER AND A
LARGER SUBSEQUENCE

The Program-block Partition is defined by the condition (Def. 1).

(Def. 1) Partition = ((GBP,5) := (GBP,4)); SubFrom(GBP, 5, GBP, 2);
((GBP,3) := (GBP,2)); AddTo(GBP,3,1); while > 0(GBP, 5, while >
0(GBP,5,((GBP,7) = (GBP,5)); AddTo(GBP,5, —1); (GBP,6) :=
(intpos4,0)); SubFrom(GBP,6,intpos2,0); (if GBP > 6 then
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AddTo(GBP, 4, —-1); AddTo(GBP,7,—1) else Load((GBP)5:=0)));

while > 0(GBP, 7, ((GBP, 5) := (GBP, 7)); AddTo(GBP,7,1);
((GBP,6) := (intpos2,0)); SubFrom(GBP,G,intpos 3,0); (if GBP >
6 then AddTo(GBP,3,1); AddTo(GBP,5,—1) else Load((GBP)7:=0)));
(if GBP > 0 then 5 else (((GBP,6) := (intpos4,0)); ((intpos4,0) :=
(intpos 3,0)); ((intpos3,0) := (GBP,6)); AddTo(GBP, 5, —2);
AddTo(GBP,3,1); AddTo(GBP,4,—-1)))); ((GBP,6) := (intpos4,0));
((intpos 4,0) := (intpos2,0)); ((intpos2,0) := (GBP, 6)).

3. THE CONSTRUCTION OF QUICK SORT

Let m, po be natural numbers. The functor QuickSort(n,pg) yielding a
Program-block is defined by the condition (Def. 2).

(Def. 2)  QuickSort(n, py) = (GBP :=0); (SBP :=1); ((SBP),,:=po + 1);
((SBP)p,+1:=p1); while > 0(GBP, 1, ((GBP, 2) := (SBP, p; + 1));
SubFrom(GBP, 2, SBP, p;); (if GBP > 2 then ((GBP,2) := (SBP,p1));
((GBP,4) := (SBP,p; + 1)); Partition; (((SBP,p1 + 3) := (SBP,p1 +
1)); ((SBP,p1 + 1) := (GBP,4)); ((SBP,p; + 2) := (GBP,4));
AddTo(SBP,p; + 1,—1); AddTo(SBP,p; + 2,1);

AddTo(GBP, 1,2)) else Load(AddTo(GBP,1,—2)))), where p; = pg + n.

4. THE BASIC PROPERTY OF PARTITION PROGRAM

The following four propositions are true:
(12) card Partition = 38.

(13) Let s be a state of SCMPDS and mq, py be natural numbers. Suppose
s(GBP) = 0 and s(intpos4) — s(intpos2) > 0 and s(intpos2) = m; and
m1 2 pp + 1 and pg > 7. Then Partition is closed on s and Partition is
halting on s.

(14) Let s be a state of SCMPDS, m1, pg, n be natural numbers, and f,
f1 be finite sequences of elements of Z. Suppose that s(GBP) = 0 and
s(intpos4) — s(intpos2) > 0 and s(intpos2) = my and my > po + 1 and
s(intpos4) < po+n and pp > 7 and f is FinSequence on s, pp and len f = n
and f; is FinSequence on IExec(Partition, s), po and len f; = n. Then

(i)  (IExec(Partition, s))(GBP) = 0,

(ii)  (IExec(Partition, s))(intpos 1) = s(intpos 1),

(iii)  f and f; are fiberwise equipotent, and

(iv)  there exists a natural number my such that my = (IExec(Partition, s))



QUICK SORT ON SCMPDS 417

(intpos4) and m; < my and my < s(intpos4) and for every natural num-
ber i such that my < ¢ and i < my4 holds (IExec(Partition, s))(intposmy) >
(IExec(Partition, s))(intpos i) and for every natural number i such that
mg < ¢ and ¢ < s(intpos4) holds (IExec(Partition, s))(intposmy) <
(IExec(Partition, s))(intpos¢) and for every natural number 4 such
that ¢ > po + 1 but ¢ < s(intpos2) or i > s(intpos4) holds
(IExec(Partition, s))(intposi) = s(intposi).
(15) Partition is No-StopCode and shiftable.

5. THE BASIC PROPERTY OF QUICK SORT AND ITS CORRECTNESS

One can prove the following three propositions:
(16) card QuickSort(n,po) = 57.

(17) For all natural numbers pg, n such that py > 7 holds QuickSort(n, pg) is
parahalting.

(18) Let s be a state of SCMPDS and pp, n be natural numbers. Suppose
po = 7. Then there exist finite sequences f, g of elements of Z such that
) lenf=n,

) f is FinSequence on s, py,

) leng=n,

(iv) g is FinSequence on IExec(QuickSort(n, po), s), po,

) f and g are fiberwise equipotent, and

) g is non decreasing on 1, n.
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Justifying the Correctness of the Fibonacci
Sequence and the Euclide Algorithm by
Loop-Invariant!

Jing-Chao Chen
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Summary. If a loop-invariant exists in a loop program, computing its
result by loop-invariant is simpler and easier than computing its result by the
inductive method. For this purpose, the article describes the premise and the final
computation result of the program such as “while<0”, “while>0”, “while<>0”
by loop-invariant. To test the effectiveness of the computation method given
in this article, by using loop-invariant of the loop programs mentioned above,
we justify the correctness of the following three examples: Summing n integers
(used for testing “while>0”), Fibonacci sequence (used for testing “while<07),
Greatest Common Divisor, i.e. Euclide algorithm (used for testing “while<>0").

MML Identifier: SCPINVAR.

The notation and terminology used here have been introduced in the following
papers: (18], [22], [19], [1], [3], [4], [6], [7], [24], [23], [2], [5], [16], [26], [27], [12],
8], [11], [9], [10], [13], [15], [14], [21], [25], [20], and [17].

1. PRELIMINARIES

For simplicity, we adopt the following rules: m, n are natural numbers, i, j
are instructions of SCMPDS, I is a Program-block, and a is an Int position.
One can prove the following propositions:

(1) For all natural numbers n, m, [ such that n | m and n |l holds n | m —1.

I This research is partially supported by the National Natural Science Foundation of China
Grant No. 69873033.
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(2) m|niff m | n qua integer.

(3) ged(m,n) = ged(m, |n —m|).

(4) For all integers a, b such that a > 0 and b > 0 holds aged b = aged b—a.
(5) (¢; 7; I)(inspos0) =i and (i; j; I)(inspos1) = j.

(6) Let a, b be Int positions. Then there exists a function f from [] (the

object kind of SCMPDS) into N such that for every state s of SCMPDS
holds

(i) if s(a) = s(b), then f(s) =0, and

(ii)  if s(a) # s(b), then f(s) = max(|s(a)|, |s(b)]|).

(7) There exists a function f from [] (the object kind of SCMPDS) into N
such that for every state s of SCMPDS holds

(i) if s(a) > 0, then f(s) =0, and

(ii) if s(a) <0, then f(s) = —s(a).

2. COMPUTING DIRECTLY THE RESULT OF “WHILE<0” PROGRAM BY
LoOP-INVARIANT

The scheme WhileLEnd deals with a unary functor F yielding a natural
number, a state A of SCMPDS, a No-StopCode shiftable Program-block B, an
Int position C, an integer D, and a unary predicate P, and states that:

FA) = F(A) or P[A] but F(DstatelExec(while <
0(C,D,B),.A)) =0 but P[Dstate IExec(while < 0(C, D, B), A)]
provided the parameters satisfy the following conditions:

e card B > 0,

e For every state t of SCMPDS such that P[Dstatet] holds
F(Dstatet) = 0 iff t(DataLoc(A(C), D)) > 0,

e P[Dstate A], and

e Let ¢ be a state of SCMPDS. Suppose P[Dstate t] and ¢(C)
and t(DataLoc(A(C),D)) < 0. Then (IExec(B,t))(C) =t
B is closed on t and B is halting on ¢ and F(Dstate IExec(
F(Dstatet) and P[Dstate I[Exec(B,t)].

= A(C)
(C) and
B,t)) <

3. AN EXAMPLE: SUMMING DIRECTLY n INTEGERS BY LOOP-INVARIANT

Let n, pp be natural numbers. The functor sum(n, py) yields a Program-block
and is defined as follows:
(Def. 1) sum(n,pg) = (GBP:=0); (intpos 1:=0); (intpos 2:=—n); (intpos 3:=pg +
1); while < 0(GBP, 2, AddTo(GBP, 1, intpos 3,0); AddTo(GBP,2,1);
AddTo(GBP, 3,1)).
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We now state the proposition

(8) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a, b, ¢ be Int positions, n, 7, pg be natural numbers, and f be a finite
sequence of elements of Z. Suppose that card I > 0 and f is FinSequence
on s, pp and len f = n and s(b) = 0 and s(a) = 0 and s(intposi) = —n
and s(c) = po + 1 and for every state ¢ of SCMPDS such that there exists
a finite sequence g of elements of Z such that ¢ is FinSequence on s, pg
and len g = t(intposi) + n and ¢(b) = > g and t(c) = pp + 1 + leng and
t(a) = 0 and t(intposi) < 0 and for every natural number ¢ such that
i > po holds t¢(intposi) = s(intposi) holds (IExec(I,t))(a) = 0 and I is
closed on ¢ and halting on ¢ and (IExec(/,t))(intposi) = t(intposi)+1 and
there exists a finite sequence g of elements of Z such that g is FinSequence
on s, pp and leng = t(intposi) + n + 1 and (IExec(I,t))(c) = po + 1 +
len g and (IExec(1,t))(b) = >_ ¢ and for every natural number 7 such that
i > po holds (IExec(I,t))(intposi) = s(intposi). Then (IExec(while <
0(a,i,1),s))(b) = > f and while < 0(a,4,I) is closed on s and while <
0(a,i,T) is halting on s.

One can prove the following proposition

(9) Let s be a state of SCMPDS, n, pg be natural numbers, and f be a
finite sequence of elements of Z. Suppose py > 3 and f is FinSequence
on s, po and len f = n. Then (IExec(sum(n, pg), s))(intpos1) = > f and
sum(n, po) is parahalting.

4. COMPUTING DIRECTLY THE RESULT OF “WHILE>(0" PROGRAM BY
LooP-INVARIANT

The scheme WhileGEnd deals with a unary functor F yielding a natural
number, a state A of SCMPDS, a No-StopCode shiftable Program-block B, an
Int position C, an integer D, and a unary predicate P, and states that:

F(A) = F(A) or P[A but F(DstatelExec(while >
0(C,D,B),A)) = 0 but P[Dstate [Exec(while > 0(C, D, B), A)]
provided the parameters meet the following requirements:

e card B > 0,

e For every state ¢ of SCMPDS such that P[Dstatet] holds
F(Dstatet) = 0 iff t(DataLoc(.A(C), D)) <0,

e P[Dstate A], and

e Let t be a state of SCMPDS. Suppose P|[Dstate t] and t(C) = A(C)
and t(DataLoc(A(C),D)) > 0. Then (IExec(B,t))(C) = t(C) and
B is closed on t and B is halting on ¢t and F(Dstate IExec(B,t)) <
F(Dstatet) and P[Dstate IExec(B, t)].
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5. AN EXAMPLE: COMPUTING DIRECTLY FIBONACCI SEQUENCE BY
LOOP-INVARIANT

Let n be a natural number. The functor Fib-macron yields a Program-block
and is defined by:

(Def. 2)  Fib-macron = (GBP :=0); (intpos 1:=0); (intpos 2:=1); (intpos 3:=n);
while > 0(GBP, 3, ((GBP,4) := (GBP, 2)); AddTo(GBP,2,GBP, 1);
((GBP,1) := (GBP,4)); AddTo(GBP,3,-1)).

We now state the proposition

(10) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a, fo, fi be Int positions, and n, ¢ be natural numbers. Suppose

that
(i) cardI >0,
(i) s(a) =0,
(i) s(fo) =0,
(v) s(f) =1,
(v) s(intposi) =n, and
(vi)  for every state t of SCMPDS and for every natural number & such

that n = t(intposi) + k and t(fy) = Fib(k) and ¢(f1) = Fib(k + 1) and
t(a) = 0 and t(intposi) > 0 holds (IExec(I,t))(a) = 0 and I is closed
on t and halting on ¢ and (IExec(/,t))(intposi) = t(intposi) — 1 and
(IExec(I,t))(fo) = Fib(k + 1) and (IExec(Z,t))(f1) = Fib(k + 1+ 1).
Then (IExec(while > 0(a,i,I),s))(fo) = Fib(n) and (IExec(while >
0(a,i,1),s))(f1) = Fib(n + 1) and while > 0(a,i,I) is closed on s and
while > 0(a, 7, ) is halting on s.
One can prove the following proposition

(11) For every state s of SCMPDS and for every natural number n holds
(IExec(Fib-macron, s))(intpos 1) = Fib(n) and (IExec(Fib-macron, s))
(intpos2) = Fib(n + 1) and Fib-macron is parahalting.

6. THE CONSTRUCTION OF “WHILE<>0" LOOP PROGRAM

Let a be an Int position, let ¢ be an integer, and let I be a Program-block.
The functor while <> 0(a, i, I') yields a Program-block and is defined as follows:
(Def. 3) while <> 0(a,i,I) = ((a,i) <> 0_goto2); goto (card I + 2); I;
goto (—(card I + 2)).
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7. THE BASIC PROPERTY OF “WHILE<>0" PROGRAM

One can prove the following propositions:

(12) For every Int position a and for every integer ¢ and for every Program-
block I holds card while <> 0(a,,I) = card I + 3.

(13) Let a be an Int position, i be an integer, m be a natural number, and
I be a Program-block. Then m < card 4 3 if and only if insposm €
dom while <> 0(a, i, I).

(14) For every Int position a and for every integer ¢ and for every Program-
block I holds insposO € domwhile <> 0(a,,I) and insposl €
dom while <> 0(a, 1, I).

(15) Let a be an Int position, i be an integer, and I be a Program-
block. Then (while <> 0(a,i,I))(inspos0) = (a,i) <> 0_goto2 and
(while <> 0(a,?,I))(inspos1l) = goto (cardl + 2) and (while <>
0(a,4,I))(inspos card I + 2) = goto (—(card I + 2)).

(16) Let s be a state of SCMPDS, I be a Program-block, a be an Int position,
and i be an integer. If s(DataLoc(s(a),)) = 0, then while <> 0(a,,I) is
closed on s and while <> 0(a, ,I) is halting on s.

(17) Let s be a state of SCMPDS, I be a Program-block, a, ¢ be Int positions,
and ¢ be an integer. If s(DataLoc(s(a),i)) = 0, then IExec(while <>
0(a,i,I),s) = s+- Start-At(inspos card I + 3).

(18) Let s be a state of SCMPDS, I be a Program-block, a be an
Int position, and ¢ be an integer. If s(DataLoc(s(a),i)) = 0, then
IC Exec(while<>0(a,i,I),s) = insposcard [ + 3.

(19) Let s be a state of SCMPDS, I be a Program-block, a, b be Int positions,
and i be an integer. If s(DataLoc(s(a),i)) = 0, then (IExec(while <>
0(a,i,1),s))(b) = s(b).

Let I be a shiftable Program-block, let a be an Int position, and let i be an
integer. Observe that while <> 0(a, 4, I) is shiftable.

Let I be a No-StopCode Program-block, let a be an Int position, and let ¢
be an integer. Note that while <> 0(a, i, I) is No-StopCode.

8. COMPUTING DIRECTLY THE RESULT OF “WHILE<>0” PROGRAM BY
LoOOP-INVARIANT

Now we present three schemes. The scheme WhileNHalt deals with a unary
functor F yielding a natural number, a state A of SCMPDS, a No-StopCode
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P, and states that:

F(A) = F(A) or P[A] but while <> 0(C, D, B) is closed on A
but while <> 0(C, D, B) is halting on .4

provided the following conditions are satisfied:

The scheme WhileNExec deals with a unary functor F yielding a natural
number, a state A of SCMPDS, a No-StopCode shiftable Program-block B, an

card B > 0,

For every state ¢ of SCMPDS such that P[Dstatet] and
F(Dstatet) = 0 holds ¢(DataLoc(A(C), D)) = 0,
P[Dstate A, and

Let ¢ be a state of SCMPDS. Suppose P[Dstate t] and ¢(C)
and t(DataLoc(A(C),D)) # 0. Then (IExec(B,t))(C) =t
B is closed on t and B is halting on ¢ and F(Dstate [Exec(
F(Dstatet) and P[Dstate IExec(B, t)].

= A(C)
(C) and
B,t)) <

Int position C, an integer D, and a unary predicate P, and states that:

F(A) = F(A) or P[A] but [Exec(while <> 0(C,D,B),A) =
[Exec(while <> 0(C, D, B), IExec(B, .A))

provided the parameters meet the following conditions:

The scheme WhileNEnd deals with a unary functor F yielding a natural
number, a state A of SCMPDS, a No-StopCode shiftable Program-block B, an

card B > 0,

A(DataLoc(A(C),D)) # 0,

For every state ¢ of SCMPDS such that P[Dstatet] and
F(Dstatet) = 0 holds ¢(DataLoc(A(C), D)) = 0,

P[Dstate A], and

Let t be a state of SCMPDS. Suppose P[Dstate t] and ¢(C) = A(C)
and t(DataLoc(A(C), D)) # 0. Then (IExec(B,t))(C) = t(C) and
B is closed on t and B is halting on ¢ and F(Dstate [Exec(B,t)) <
F(Dstatet) and P[Dstate [Exec(B,t)].

Int position C, an integer D, and a unary predicate P, and states that:

F(A) = F(A) or P[A but F(DstateExec(while <>
0(C,D,B),.A)) =0 but P[Dstate IExec(while <> 0(C, D, B), A)]

provided the parameters satisfy the following conditions:

card B > 0,

For every state t of SCMPDS such that P[Dstatet] holds
F(Dstatet) = 0 iff ¢(DataLoc(A(C),D)) =0,

P[Dstate A, and

Let ¢ be a state of SCMPDS. Suppose P[Dstate t] and ¢(C)
and t(DataLoc(A(C), D)) # 0. Then (IExec(B,t))(C) =t
B is closed on t and B is halting on ¢ and F(Dstate IExec(
F(Dstatet) and P[Dstate IExec(B, t)].

= A(C)
(C) and
B,t)) <
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We now state the proposition
(20) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-
block, a, b, ¢ be Int positions, and 4, d be integers. Suppose that

(i) cardI >0,

(i) s() =d

(iii)  s(b) >0,

(iv)  s(e) >0,

(V§ s(DataLoc(d, 7)) = s(b) — s(c), and

for every state t of SCMPDS such that ¢(b) > 0 and t(c) >
and t(a) = d and t(DataLoc(d,i)) = t(b) — t(c) and t(b) # t(c) holds
(IExec(I,t))(a) = d and I is closed on ¢ and halting on t and if t(b) > t(c),
then (IExec(I,t))(b) = t(b) — t(c) and (IExec(I,t))(c) = t(c) and if
t(b) < t(c), then (IExec(l,t))(c) = t(c) — t(b) and (IExec(I,t))(b) = t(b)
and (IExec(7,t))(DataLoc(d,7)) = (IExec(I,t))(b) — (IExec(I,t))(c).
Then while <> 0(a, i, ) is closed on s and while <> 0(a,4,I) is halting
on s and if s(DataLoc(s(a),i)) # 0, then IExec(while <> 0(a,i,1),s) =
IExec(while <> 0(a, i, I),IExec(I, 5)).

9. AN EXAMPLE: COMPUTING GREATEST COMMON DIvISOR (EUCLIDE
ALGORITHM) BY LOOP-INVARIANT

The Program-block GCD-Algorithm is defined by:
(Def. 4) GCD-Algorithm = (GBP :=0); ((GBP, 3) := (GBP, 1));

SubFrom(GBP, 3, GBP, 2); while <> 0(GBP, 3, (if GBP > 3 then
Load(SubFrom(GBP, 1, GBP, 2)) else Load(SubFrom(GBP,2, GBP,1)));
((GBP,3) := (GBP, 1)); SubFrom(GBP, 3, GBP, 2)).

Next we state the proposition

(21) Let s be a state of SCMPDS, I be a No-StopCode shiftable Program-

block, a, b, ¢ be Int positions, and 4, d be integers. Suppose that

(i) cardI >0,
(i) s(a) =d,
(iii)  s(b) >0,
(iv)  s(c) >0,
(v)  s(DataLoc(d,i)) = s(b) — s(c), and
(vi)  for every state t of SCMPDS such that ¢(b) > 0 and t(c) > 0

and t(a) = d and t(DataLoc(d,i)) = t(b) — t(c) and ¢(b) # t(c) holds
(IExec(I,t))(a) = d and I is closed on ¢ and halting on t and if ¢(b) > t(c),
then (IExec(I,t))(b) = t(b) — t(c) and (IExec(I,t))(c) = t(c) and 1f
t(b) < t(c), then (IExec(l,t))(c) = t(c) — t(b) and (IExec(I,t))(b) =
and (IExec(I,t))(DataLoc(d,i)) = (IExec(1,t))(b) — (IExec(I,t))(c).
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Then (IExec(while <> 0(a,i,1),s))(b) = s(b) ged s(c) and (IExec(while <>
0(a,i,1),s))(c) = s(b)ged s(c).

We now state the proposition

(22) card GCD-Algorithm = 12.

The following proposition is true

(23) Let s be a state of SCMPDS and z, y be integers. Sup-

[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
18]
[19]

[20]
[21]

22]

[23]

pose s(intposl) = z and s(intpos2) = y and =z > 0 and
y > 0. Then (IExec(GCD-Algorithm,s))(intposl) = xgedy and
(IExec(GCD-Algorithm, s))(intpos2) = xgedy and GCD-Algorithm is
closed on s and GCD-Algorithm is halting on s.
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The notation and terminology used here are introduced in the following papers:
[11], [1], 4, [8], [9], [7], [10], [3], [5], [2], and [6].
A relational structure is said to be a chain if:
(Def. 1) Tt is a connected non empty poset or it is empty.
One can verify that every relational structure which is empty is also reflexive,
transitive, and antisymmetric.
One can verify that every chain is reflexive, transitive, and antisymmetric.
Let us note that there exists a chain which is non empty.
One can check that every non empty chain is connected.
Let L be a 1-sorted structure. We say that L is countable if and only if:

(Def. 2) The carrier of L is countable.

Let us observe that there exists a chain which is finite and non empty.
Let us mention that there exists a chain which is countable.
Let A be a connected non empty relational structure. Observe that every
non empty relational substructure of A which is full is also connected.
Let A be a finite relational structure. Observe that every relational substruc-
ture of A is finite.
We now state the proposition
(1) For all natural numbers n, m such that n < m holds (n,C) is a full
relational substructure of (m, C).
Let L be a relational structure and let A, B be sets. We say that A, B form
upper lower partition of L if and only if:
(Def. 3) AU B = the carrier of L and for all elements a, b of L such that a € A
and b € B holds a < b.

Next we state four propositions:

@ 2001 University of Bialystok
429 ISSN 1426-2630



430 MARTA PRUSZYNSKA AND MAREK DUDZICZ

(2) Let L be a relational structure and A, B be sets. If A, B form upper
lower partition of L, then AN B = ().
(3) Let L be an upper-bounded antisymmetric non empty relational struc-

ture. Then (the carrier of L)\ {T1}, {T1} form upper lower partition of
L.

(4) Let Ly, Lo be relational structures and f be a map from Lj into Lo.

Suppose f is isomorphic. Then
(i)  the carrier of Ly # () iff the carrier of Ly # 0,

(ii)  the carrier of Ly # () or the carrier of L; = (), and

(i)  the carrier of Ly = 0 iff the carrier of Ly = ().

(5) Let Ly, Lo be antisymmetric relational structures and A, By be subsets
of Lq. Suppose A1, By form upper lower partition of Li. Let As, By be
subsets of Lo. Suppose Az, Bs form upper lower partition of Ls. Let f
be a map from sub(A;) into sub(Asz). Suppose f is isomorphic. Let g be
a map from sub(Bj) into sub(Bz). Suppose ¢ is isomorphic. Then there
exists a map h from L; into Lo such that h = f+-¢g and h is isomorphic.

Let n be a natural number. Observe that n + 1 is non empty.
The following proposition is true

(6) Let A be a finite chain and n be a natural number. If the carrier of A =
n, then A and (n,C) are isomorphic.
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Summary. Formalization of [14, pp. 192-199], chapter IV. Partition Lat-
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MML Identifier: LATTICES.

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

1. PRELIMINARIES

Let A be a non empty set and let P, R be binary relations on A. Let us
observe that P C R if and only if:

(Def. 1) For all elements a, b of A such that {a, b) € P holds {a, b) € R.

Let L be a relational structure. We say that L is finitely typed if and only
if the condition (Def. 2) is satisfied.

(Def. 2) There exists a non empty set A such that

(i) for every set e such that e € the carrier of L holds e is an equivalence
relation of A, and

(ii)  there exists a natural number o such that for all equivalence relations
e1, eo of A and for all sets x, y such that e; € the carrier of L and es € the
carrier of L and (z, y) € e; U e there exists a non empty finite sequence
F of elements of A such that len ' = 0 and x and y are joint by F', e; and
€9.
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Let L be a lower-bounded lattice and let n be a natural number. We say
that L has a representation of type < n if and only if the condition (Def. 3) is
satisfied.

(Def. 3) There exists a non trivial set A and there exists a homomorphism f from
L to EqRelPoset(A) such that

(i)  f is one-to-one,

(i)  Im f is finitely typed,

(iii)  there exists an equivalence relation e of A such that e € the carrier of
Im f and e # id4, and
(iv)  the type of Im f < n.

Let us mention that there exists a lattice which is lower-bounded, distribu-
tive, and finite.

Let A be a non trivial set. Observe that there exists a non empty sublattice
of EqRelPoset(A) which is non trivial, finitely typed, and full.

One can prove the following propositions:

(1) For every non empty set A and for every lower-bounded lattice L and
for every distance function d of A, L holds succ () C DistEsti(d).

(2) Every trivial semilattice is modular.
(3) Let A be a non empty set and L be a non empty sublattice of

EqRelPoset(A). Then L is trivial or there exists an equivalence relation e
of A such that e € the carrier of L and e # id4.

(4) Let Ly, Lo be lower-bounded lattices and f be a map from L; into
Lo. Suppose f is infs-preserving and sups-preserving. Then f is meet-
preserving and join-preserving.

(5) For all lower-bounded lattices L1, Lo such that L; and Ly are isomorphic
and Lj is modular holds Ls is modular.

(6) Let S be a lower-bounded non empty poset, 7' be a non empty poset,
and f be a monotone map from S into 7. Then Im f is lower-bounded.
(7) Let L be a lower-bounded lattice, z, y be elements of L, A be a non
empty set, and f be a homomorphism from L to EqRelPoset(A). If f is

one-to-one, then if f°(z) < f°(y), then x < y.

2. THE JONSSON THEOREM

We now state two propositions:
(8) Let A be a non trivial set, L be a finitely typed full non empty sublattice
of EqRelPoset(A), and e be an equivalence relation of A. Suppose e € the
carrier of L and e # id 4. If the type of L < 2, then L is modular.
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(9) For every lower-bounded lattice L such that L has a representation of
type < 2 holds L is modular.

Let A be a set. The functor new_set2 A is defined by:
(Def. 4) newset2 A= AU{{A},{{A}}}.

Let A be a set. One can verify that new_set2 A is non empty.

Let A be a non empty set, let L be a lower-bounded lattice, let d be a
bifunction from A into L, and let ¢ be an element of | A, A, the carrier of
L, the carrier of L. The functor new_bi_fun2(d, q) yielding a bifunction from
new_set2 A into L is defined by the conditions (Def. 5).

(Def. 5)(i)  For all elements u, v of A holds (new_bi_fun2(d, q))(u, v) = d(u, v),
(i) (new bifan2(d, ))({A}, {A}) = L,
i) (new bi fun2(d, ) ({{A}}, {{A}}) = L1,
(iv)  (new.bifun2(d,q))({A}, {{A}}) = (d(a1, ¢2) Ugs) Mqa,
)
)

—
—
—
—

(v)  (new bi_fun2(d, ))({{A}}, {A}) = (d(qr, g2) Ugs) M s, and
(vi for every element u of A holds (new_bi_fun2(d,q))(u, {A}) =
d(u, g1) U g3 and (new_bi_fun2(d,q))({A}, v) = d(u,q1) U g3 and
(new_bi_fun2(d, q))(u, {{A}}) = d(u, ¢2)Ugs and (new_bi_fun2(d, q))({{A}},
u) = d(u, g2) U qs.
Next we state several propositions:

(10) Let A be a non empty set, L be a lower-bounded lattice, and d be a
bifunction from A into L. Suppose d is zeroed. Let ¢ be an element of | A,
A, the carrier of L, the carrier of L]. Then new_bi_fun2(d, q) is zeroed.

(11) Let A be a non empty set, L be a lower-bounded lattice, and d be a
bifunction from A into L. Suppose d is symmetric. Let ¢ be an element
of [ A, A, the carrier of L, the carrier of LJ. Then new_bi_fun2(d, q) is
symmetric.

(12) Let A be a non empty set and L be a lower-bounded lattice. Suppose L is
modular. Let d be a bifunction from A into L. Suppose d is symmetric and
satisfies triangle inequality. Let ¢ be an element of [ A, A, the carrier of
L, the carrier of L. If d(q1, q2) < g3 U g, then new_bi_fun2(d, q) satisfies
triangle inequality.

(13) For every set A holds A C new_set2 A.

(14) Let A be a non empty set, L be a lower-bounded lattice, d be a bifunction

from A into L, and ¢ be an element of [ A, A, the carrier of L, the carrier
of L]. Then d C new_bi_fun2(d, q).

Let A be a non empty set and let O be an ordinal number. The functor

ConsecutiveSet2(A, O) is defined by the condition (Def. 6).
(Def. 6) There exists a transfinite sequence Lg such that
(i)  ConsecutiveSet2(A, O) = last Ly,
(i) dom Lo = succO,
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(i) Lo(0) = A,
(iv)  for every ordinal number C' and for every set z such that succ C' € succ O
and z = Lo(C) holds Ly(succ C) = new_set2 z, and
(v)  for every ordinal number C' and for every transfinite sequence L; such
that C' € succ O and C' # () and C is a limit ordinal number and L1 = Ly[C
holds Lo(C) = Jrng L;.
One can prove the following three propositions:
(15) For every non empty set A holds ConsecutiveSet2(A, () = A.

(16) For every non empty set A and for every ordinal number O holds
ConsecutiveSet2(A, succ O) = new_set2 ConsecutiveSet2(A, O).

(17) Let A be a non empty set, O be an ordinal number, and T be a transfinite
sequence. Suppose O # () and O is a limit ordinal number and dom T =
O and for every ordinal number O; such that O; € O holds T(O;) =
ConsecutiveSet2(A, O1). Then ConsecutiveSet2(A,O0) = |JrngT.

Let A be a non empty set and let O be an ordinal number. Note that
ConsecutiveSet2(A4, O) is non empty.
We now state the proposition

(18) For every non empty set A and for every ordinal number O holds A C
ConsecutiveSet2(A, O).

Let A be a non empty set, let L be a lower-bounded lattice, let d be a bi-
function from A into L, let g be a sequence of quadruples of d, and let O be an
ordinal number. Let us assume that O € dom ¢q. The functor Quadr2(q, O) yiel-
ding an element of [ ConsecutiveSet2(A, O), ConsecutiveSet2(A, O), the carrier
of L, the carrier of L] is defined by:

(Def. 7)  Quadr2(q, O) = ¢q(0).

Let A be a non empty set, let L be a lower-bounded lattice, let d be a

bifunction from A into L, let ¢ be a sequence of quadruples of d, and let O

be an ordinal number. The functor ConsecutiveDelta2(q, O) is defined by the
condition (Def. 8).

(Def. 8) There exists a transfinite sequence Lg such that
(i)  ConsecutiveDelta2(q, O) = last Ly,

(ii) dom Lo = succO,

i) Lo(0) = d.

(iv) for every ordinal number C and for every set z such
that succC € succO and z = Lo(C) holds Lg(succC) =
new_bi_fun2(BiFun(z, ConsecutiveSet2(A, C), L), Quadr2(q, C')), and

(v)  for every ordinal number C' and for every transfinite sequence L; such
that C' € succ O and C' # () and C is a limit ordinal number and L1 = Ly[C
holds Lo(C) = Jrng L;.

Next we state several propositions:
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(19) Let A be a non empty set, L be a lower-bounded lattice, d be a bi-
function from A into L, and ¢ be a sequence of quadruples of d. Then
ConsecutiveDelta2(q, () = d.

(20) Let A be a non empty set, L be a lower-bounded lattice, d be
a bifunction from A into L, g be a sequence of quadruples of d,
and O be an ordinal number. Then ConsecutiveDelta2(q,succO) =
new_bi_fun2(BiFun(ConsecutiveDelta2(q, O), ConsecutiveSet2(A4, O), L),

Quadr2(q, 0)).

(21) Let A be a non empty set, L be a lower-bounded lattice, d be a bifunc-
tion from A into L, ¢ be a sequence of quadruples of d, T be a trans-
finite sequence, and O be an ordinal number. Suppose O # () and O is
a limit ordinal number and domT" = O and for every ordinal number
O such that O; € O holds T'(O;) = ConsecutiveDelta2(q, O1). Then
ConsecutiveDelta2(q, O) = |Jrng T.

(22) For every non empty set A and for all ordinal numbers O, Oy, Os such
that O1 C O holds ConsecutiveSet2(A, O1) C ConsecutiveSet2(A, O3).

(23) Let A be a non empty set, L be a lower-bounded lattice, d be a bi-
function from A into L, ¢ be a sequence of quadruples of d, and O be
an ordinal number. Then ConsecutiveDelta2(g, O) is a bifunction from
ConsecutiveSet2( A, O) into L.

Let A be a non empty set, let L be a lower-bounded lattice, let d be a
bifunction from A into L, let ¢ be a sequence of quadruples of d, and let
O be an ordinal number. Then ConsecutiveDelta2(q,O) is a bifunction from
ConsecutiveSet2( A, O) into L.

The following propositions are true:

(24) Let A be anon empty set, L be a lower-bounded lattice, d be a bifunction
from A into L, g be a sequence of quadruples of d, and O be an ordinal
number. Then d C ConsecutiveDelta2(q, O).

(25) Let A be a non empty set, L be a lower-bounded lattice, d be a bi-
function from A into L, O1, O2 be ordinal numbers, and ¢ be a sequ-
ence of quadruples of d. If O; C Oq, then ConsecutiveDelta2(q, O1) C
ConsecutiveDelta2(q, O2).

(26) Let A be a non empty set, L be a lower-bounded lattice, and d be a
bifunction from A into L. Suppose d is zeroed. Let ¢ be a sequence of qu-
adruples of d and O be an ordinal number. Then ConsecutiveDelta2(q, O)
is zeroed.

(27) Let A be a non empty set, L be a lower-bounded lattice, and d be a bi-
function from A into L. Suppose d is symmetric. Let ¢ be a sequence of qu-
adruples of d and O be an ordinal number. Then ConsecutiveDelta2(q, O)
is symmetric.
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(28) Let A be a non empty set and L be a lower-bounded lattice. Suppose L is
modular. Let d be a bifunction from A into L. Suppose d is symmetric and
satisfies triangle inequality. Let O be an ordinal number and ¢ be a sequ-
ence of quadruples of d. If O C DistEsti(d), then ConsecutiveDelta2(q, O)
satisfies triangle inequality.

(29) Let A be a non empty set, L be a lower-bounded modular lattice, d be
a distance function of A, L, O be an ordinal number, and ¢ be a sequence
of quadruples of d. If O C DistEsti(d), then ConsecutiveDelta2(q, O) is a
distance function of ConsecutiveSet2(A, O), L.

Let A be a non empty set, let L be a lower-bounded lattice, and let d be a
bifunction from A into L. The functor NextSet2 d is defined by:

(Def. 9) NextSet2d = ConsecutiveSet2(A, DistEsti(d)).

Let A be a non empty set, let L be a lower-bounded lattice, and let d be a
bifunction from A into L. Note that NextSet2d is non empty.

Let A be a non empty set, let L be a lower-bounded lattice, let d be a
bifunction from A into L, and let ¢ be a sequence of quadruples of d. The
functor NextDelta2 q is defined as follows:

(Def. 10) NextDelta2 ¢ = ConsecutiveDelta2(q, DistEsti(d)).

Let A be a non empty set, let L be a lower-bounded modular lattice, let d
be a distance function of A, L, and let ¢ be a sequence of quadruples of d. Then
NextDelta2 ¢ is a distance function of NextSet2d, L.

Let A be a non empty set, let L be a lower-bounded lattice, let d be a
distance function of A, L, let A; be a non empty set, and let d; be a distance
function of Ay, L. We say that Ay, dy is extension2 of A, d if and only if:

(Def. 11) There exists a sequence ¢ of quadruples of d such that 4; = NextSet2d
and d; = NextDelta2 q.

Next we state the proposition

(30) Let A be a non empty set, L be a lower-bounded lattice, d be a distance

function of A, L, A1 be a non empty set, and d; be a distance function of

Aq, L. Suppose Aj, d; is extension2 of A, d. Let x, y be elements of A and

a, b be elements of L. Suppose d(z, y) < allb. Then there exist elements

z1, 22 of Ay such that di(z, z1) = a and d;(z1, 22) = (d(z, y) Ua) M b and

di(z2, y) = a.

Let A be a non empty set, let L be a lower-bounded modular lattice, and

let d be a distance function of A, L. A function is called a ExtensionSeq2 of A,
d if it satisfies the conditions (Def. 12).

(Def. 12)(i) domit =N,
(i) it(0) = (A4, d), and
(i)  for every natural number n there exists a non empty set A’ and there
exists a distance function d’ of A’, L and there exists a non empty set
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Ap and there exists a distance function d; of Ay, L such that Ai, d; is
extension2 of A’ d’ and it(n) = (A, d') and it(n + 1) = (A4, d1).

We now state several propositions:

(31) Let A be a non empty set, L be a lower-bounded modular lattice, d be
a distance function of A, L, S be a ExtensionSeq2 of A, d, and k, [ be
natural numbers. If k£ <[, then S(k)1 C S(I)1.

(32) Let A be a non empty set, L be a lower-bounded modular lattice, d be
a distance function of A, L, S be a ExtensionSeq2 of A, d, and k, [ be
natural numbers. If £ <[, then S(k)2 C S(I)2.

(33) Let L be a lower-bounded modular lattice, S be a ExtensionSeq2 of the
carrier of L, dp(L), and F; be a non empty set. Suppose F; = [J{S5(i)1 :
i ranges over natural numbers}. Then (J{S(i)2 : ¢ ranges over natural
numbers} is a distance function of Fy, L.

(34) Let L be a lower-bounded modular lattice, S be a ExtensionSeq2 of the
carrier of L, dp(L), F1 be a non empty set, F» be a distance function
of F1, L, x, y be elements of Fi, and a, b be elements of L. Suppose
Fy = U{S(i)1 : i ranges over natural numbers} and F» = [J{S(i)2 : i
ranges over natural numbers} and Fy(x, y) < a U b. Then there exist
elements z1, z9 of Fy such that Fy(z, z1) = a and Fy(z1, 29) = (Fa(x,
y)Ua)Mband Fy(ze, y) = a.

(35) Let L be a lower-bounded modular lattice, S be a ExtensionSeq2 of the

carrier of L, dp(L), F} be a non empty set, F be a distance function of Fi,

L, f be a homomorphism from L to EqRelPoset(F1), e1, e2 be equivalence

relations of FY, and x, y be sets. Suppose that

f=a(F),
Fy = J{S(i)1 : i ranges over natural numbers},

(iii) Fp» = J{S(%)2 : i ranges over natural numbers},
(iv) e € the carrier of Im f,
(v) ez € the carrier of Im f, and

(z, y) € e1 Ues.
Then there exists a non empty finite sequence F' of elements of Fj such
that len FF = 2 4+ 2 and x and y are joint by F', e; and es.

(36) For every lower-bounded modular lattice L holds L has a representation
of type < 2.

(37) For every lower-bounded lattice L holds L has a representation of type
< 2 iff L is modular.
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