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Summary. In this article, we formalize in the Mizar system [T} 4] some
properties of vector spaces over a ring. We formally prove the first isomorphism
theorem of vector spaces over a ring. We also formalize the product space of vector
spaces. Z-modules are useful for lattice problems such as LLL (Lenstra, Lenstra
and Lovész) [5] base reduction algorithm and cryptographic systems [6] 2.
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1. BUUECTIVE LINEAR TRANSFORMATION

From now on K, F' denote rings, V', W denote vector spaces over K, [ denotes
a linear combination of V', and T denotes a linear transformation from V to W.
Now we state the propositions:

(1) Let us consider a field K, finite dimensional vector spaces V, W over
K, a subset A of V| a basis B of V, a linear transformation 7' from V to
W, and a linear combination [ of B\ A. Suppose A is a basis of ker T" and
A C B. Then T(} 1) = > (T @Qx1).

(2) Let us consider a field F', vector spaces X, Y over F, a linear transfor-

mation 7" from X to Y, and a subset A of X. Suppose T is bijective. Then
A is a basis of X if and only if T°A is a basis of Y.
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(3) Let us consider a field F', vector spaces X, Y over F, and a linear transfor-
mation T from X to Y. Suppose T is bijective. Then X is finite dimensional
if and only if Y is finite dimensional.

(4) Let us consider a field F, a finite dimensional vector space X over F,
a vector space Y over F, and a linear transformation 7" from X to Y.
Suppose T is bijective. Then

(i) Y is finite dimensional, and
(i) dim(X) = dim(Y).
PROOF: For every basis I of X, dim(Y) = I. O

(5) Let us consider a field F', vector spaces X, Y over F, a linear combination
[ of X, and a linear transformation T from X to Y. If T' is one-to-one, then
T®l=Ta@xl.

PRrROOF: For every element y of Y, (T ®1)(y) = >, CFS(l,T,y). O

2. PROPERTIES OF LINEAR COMBINATIONS OF MODULES OVER A RING

Now we state the proposition:

(6) Let us consider a field K, a vector space V over K, subspaces Wy, Wo
of V', a basis I; of W1, and a basis Iy of Ws. If V' is the direct sum of W;
and Ws, then I; N Iy = (.

Let us consider a field K, a vector space V over K, subspaces Wy, Wy of
V', a basis I; of W1, a basis Is of W5, and a subset I of V. Now we state the
propositions:

(7) Suppose V is the direct sum of W; and Wy and I = I; U I. Then
Lin(I) = the vector space structure of V.

PROOF: Reconsider Is = I; as a subset of V. Reconsider I, = I5 as a subset
of V. For every vector x of V., x € Wy + Wy iff © € Lin(I3) + Lin(I4). O

(8) If V is the direct sum of W; and Wy and I = I} U I, then [ is linearly

independent.
ProOOF: Consider [ being a linear combination of I such that > 1 = Oy
and the support of [ # (0. Iy N Iy = (). I misses Is. Reconsider I3 = Iy,
I, = I, as a subset of V. Consider [; being a linear combination of I3, ls
being a linear combination of I such that [ = I; + ls. Reconsider I3 = I3
as a linear combination of I. Set vy = Y I3. v1 # Oy by [3 (25)]. O

(9) Let us consider a field K, a vector space V over K, subspaces Wi, Wo
of V', a basis I of W1, and a basis I of Ws. If W7 NW5 = 0y, then Iy U1
is a basis of W7 + Wh.
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PROOF: Set I = I1 U I5. Reconsider W = W7 + W5 as a strict subspace of
V. Reconsider W3 = Wy, W4 = W5 as a subspace of W. Reconsider Iy = I
as a subset of W. For every object x, x € W3 N Wy iff x € Oy. For every
object x, x € W iff x € W3 + Wy. I is base. [J

3. FIRST IsoMOPHISM THEOREM

Let us consider a field K, a finite dimensional vector space V over K, and
a subspace W of V. Now we state the propositions:

(10) There exists a linear complement S of W and there exists a linear trans-
formation T from S to V' /1 such that T is bijective and for every vector
v of V such that v € S holds T'(v) = v+ W.
PROOF: Set S = the linear complement of W. Set Vi = "/y;. Define
P[vector of V,vector of V1] = $3 = $; + W. Consider f; being a function
from the carrier of V into the carrier of Vi such that for every vector v
of V., Plv, fi(v)]. Set T' = fi[(the carrier of S). For every vector v of V'
such that v € S holds T'(v) = v+ W. The carrier of V; C rngT. For every
objects 1, o such that z1, 9 € the carrier of S and T'(xz1) = T'(x2) holds
1 = 0. U

(11) (i) Y/ is finite dimensional, and

(ii) dim(¥/w) + dim(W) = dim(V).

The theorem is a consequence of (10) and (4).

Let K be aring, V, U be vector spaces over K, W be a subspace of V, and f
be a linear transformation from V to U. Assume the carrier of W C the carrier
of ker f. The functor //yy yielding a linear transformation from V' /y to U is
defined by

(Def. 1) for every vector A of V' /- and for every vector a of V such that A = a+W
holds it(A) = f(a).

The functor CQFunctional f yielding a linear transformation from v /e, 7 to

U is defined by the term

(Def. 2) f/kerf'
Observe that CQFunctional f is one-to-one.

Now we state the proposition:

(12) Let us consider a ring K, vector spaces V', U over K, and a linear trans-
formation f from V to U. Then there exists a linear transformation T
from V/kerf to im f such that

(i) T = CQFunctional f, and
(ii) T is bijective.
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ProOOF: Set T' = CQFunctional f. For every object x, x € rngT iff x €
rng f. O

Let K be aring, V, U, W be vector spaces over K, f be a linear transfor-
mation from V to U, and g be a linear transformation from U to W. One can
verify that the functor g - f yields a linear transformation from V to W.

4. THE PRODUCT SPACE OF VECTOR SPACES

Let K be a ring.

A sequence of vector spaces over K is a non empty finite sequence and is
defined by

(Def. 3) for every set S such that S € rng it holds S is a vector space over K.

Note that every sequence of vector spaces over K is Abelian group yielding.

Let G be a sequence of vector spaces over K and j be an element of dom G.
One can check that the functor G(j) yields a vector space over K. Let j be
an element of dom G. One can verify that the functor G(j) yields a vector space
over K. The functor multop G yielding a multi-operation of the carrier of K and
G is defined by

(Def. 4) lenit = lenG and for every element j of dom@G, it(j) = the left
multiplication of G(j).

The functor [[ G yielding a strict, non empty vector space structure over K

is defined by the term

(Def. 5) ([1G,I1°(+¢; )i, (0g, )i, [1° multop G).
Let us note that [] G is Abelian, add-associative, right zeroed, right comple-
mentable, vector distributive, scalar distributive, scalar associative, and scalar
unital.

5. CARTESIAN PRODUCT OF VECTOR SPACES

From now on K denotes a ring.

Let K be aring and G, F' be non empty vector space structures over K. The
functor prodmlt(G, F') yielding a function from (the carrier of K) x ((the carrier
of G) x (the carrier of F')) into (the carrier of G) x (the carrier of F') is defined
by

(Def. 6) for every element r of K and for every vector g of G and for every vector
fof F.it(r, (g, f)) =(r-g. 7 f).

The functor G x F' yielding a strict, non empty vector space structure over

K is defined by the term
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(Def. 7)  {((the carrier of G)) x (the carrier of F'), prodadd(G, F), prodzero(G, F),
prodmlt(G, F)).

Let GG, F' be Abelian, non empty vector space structures over K. Note that
G x F is Abelian.

Let G, F be add-associative, non empty vector space structures over K. One
can verify that G x F' is add-associative.

Let G, F be right zeroed, non empty vector space structures over K. One
can verify that G x F' is right zeroed.

Let G, F' be right complementable, non empty vector space structures over
K. One can check that G x F is right complementable.

Now we state the propositions:

(13) Let us consider non empty vector space structures G, F' over K. Then

(i) for every set z, x is a vector of G x F' iff there exists a vector z; of
G and there exists a vector zo of F' such that x = (x1, x2), and

(ii) for every vectors z, y of G x F' and for every vectors z1, y; of G and
for every vectors zo, yo of F such that x = (x1, z2) and y = (y1, y2)
holds x + y = (x1 + y1, T2 + y2), and

(iii) 0G><F = (OG, OF), and

(iv) for every vector z of G x F' and for every vector z; of G and for every
vector zg of F and for every element a of K such that x = (z1, z2)
holds a -z = {(a - x1, a- xz2).

(14) Let us consider add-associative, right zeroed, right complementable, non
empty vector space structures GG, F' over K, a vector x of G x F', a vector
x1 of G, and a vector xg of F. Suppose x = (z1, x2). Then —z = (—x1,
*1‘2).

Let K be a ring and G, F be vector distributive, non empty vector space
structures over K. Let us note that G x F' is vector distributive.

Let G, F be scalar distributive, non empty vector space structures over K.
One can check that G x F is scalar distributive.

Let G, F be scalar associative, non empty vector space structures over K.
Let us note that G x F' is scalar associative.

Let G, F be scalar unital, non empty vector space structures over K. Let us
observe that GG x F' is scalar unital.

Let G be a vector space over K. One can check that the functor (G) yields
a sequence of vector spaces over K. Let G, F' be vector spaces over K. Let us
note that the functor (G, F') yields a sequence of vector spaces over K. Now we
state the proposition:
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(15) Let us consider a vector space X over K. Then there exists a function I
from X into [[(X) such that
(i) I is one-to-one and onto, and
(ii) for every vector x of X, I(x) = (z), and
(iii) for every vectors v, w of X, I(v 4+ w) = I(v) + I(w), and
(iv) for every vector v of X and for every element r of the carrier of K,
I(r-v)=r-1I(v), and
(v) 1(0x) = Oppxy-
PrROOF: Set C3 = the carrier of X. Consider I being a function from Cs
into [J(C3) such that I is one-to-one and onto and for every object = such
that € C3 holds I(z) = (z). For every vectors v, w of X, I(v + w) =
I(v) +I(w). For every vector v of X and for every element r of the carrier
of K, I(r-v)=r-I(v).O
Let K be a ring and G, F' be sequences of vector spaces over K. One can
verify that the functor G ~ F yields a sequence of vector spaces over K. Now
we state the propositions:
(16) Let us consider vector spaces X, Y over K. Then there exists a function
I from X x Y into [[(X,Y) such that

(i) I is one-to-one and onto, and

(ii) for every vector z of X and for every vector y of Y, I(x,y) = (x,y),
and

(iii) for every vectors v, w of X x Y, I(v+ w) = I(v) + I(w), and
(iv) for every vector v of X x Y and for every element r of K, I(r-v) =
r-I(v), and

(v) 1(0xxy) = 0H(X,Y>'
ProoOF: Set C3 = the carrier of X. Set C4 = the carrier of Y. Consider 1
being a function from C3 x C4 into [[(Cs,Cy) such that I is one-to-one
and onto and for every objects x, y such that z € C3 and y € Cy holds
I(z,y) = (x,y). For every vectors v, w of X x Y, I(v+ w) = I(v) + I(w).
For every vector v of X xY and for every element r of K, I(r-v) =r-1(v).
]

(17) Let us consider sequences of vector spaces X, Y over K. Then there
exists a function I from [T X x [TY into [[(X 7 Y) such that

(i) I is one-to-one and onto, and

(ii) for every vector z of [] X and for every vector y of []Y, there exist
finite sequences z1, y; such that = 27 and y = y; and I(x,y) =
1" Y1, and
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(iii) for every vectors v, w of [[X X [1Y, I(v+ w) = I(v) + I(w), and

(iv) for every vector v of [J X x []Y and for every element r of the carrier
of K, I(r-v) =r-1(v), and
v) I(OHXXHY) = OH(X”Y)'
PRrROOF: Reconsider C; = X, Co = Y as a non-empty, non empty finite
sequence. Consider I being a function from []Cy x [T Cy into [[(C1 ~ Cs)
such that I is one-to-one and onto and for every finite sequences x, y such
that = € []Cy and y € [[Cs holds I(z,y) = x ~y. Set P, = [[ X. Set
P, = []Y. For every natural number k such that £k € dom X Y holds
X " Y (k) = (C1™Cq)(k). For every vector x of [] X and for every vector y
of []Y, there exist finite sequences x1, y1 such that x = 1 and y = y; and
I(z,y) = x1 " y1. For every vectors v, w of Py X Py, I(v+w) = I(v)+I(w).
For every vector v of P; x P, and for every element r of the carrier of K,
I(r-v)=r-I(v) by [7, (9)]. O
(18) Let us consider vector spaces G, F over K. Then

(i) for every set x, x is a vector of [[(G, F') iff there exists a vector x; of
G and there exists a vector zo of F' such that x = (z1, z2), and

(ii) for every vectors z, y of [[(G, F) and for every vectors zj, y; of G
and for every vectors 2, y2 of F' such that = = (z1, z2) and y = (y1,
y2) holds x +y = (x1 + y1, x2 + y2), and

(iii) OH<G7F> = (0g,0p), and
(iv) for every vector z of [[(G, F) and for every vector x; of G and for

every vector zg of F' such that x = (x1,x92) holds —x = (—xz1, —x9),
and

(v) for every vector = of [[(G, F') and for every vector z; of G and for
every vector g of F' and for every element a of K such that x = (x1,
x9) holds a -z = (a-x1,a - 3).

PROOF: Consider I being a function from G x F' into [[(G, F') such that I is
one-to-one and onto and for every vector x of G and for every vector y of F,
I(z,y) = (x,y) and for every vectors v, w of G x F', [(v+w) = I(v)+I(w)
and for every vector v of Gx F' and for every element r of K, I(r-v) = r-I(v)
and Oe.r = I(0gxF). For every set x, z is a vector of [[(G, F) iff there
exists a vector x1 of G and there exists a vector xg of F' such that z = (z1,
x9). For every vectors z, y of [[(G, F) and for every vectors z1, y; of G
and for every vectors xa, yo of F' such that z = (z1,22) and y = (y1,¥2)
holds = +y = (x1 + y1, z2 + y2). OH(G7F> = (0g,0p). For every vector = of
[I{G, F) and for every vector x1 of G and for every vector xy of F' such
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(1]

that © = (z1,22) holds —z = (—x1, —z2). For every vector z of [[(G, F)
and for every vector x1 of G and for every vector z2 of F' and for every
element a of K such that z = (x1,22) holds a -z = (a - x1,a - x9). O
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Summary. In this article, we formalize in the Mizar system [I} 4] the F.
Riesz theorem. In the first section, we defined Mizar functor ClstoCmp, compact
topological spaces as closed interval subset of real numbers. Then using the former
definition and referring to the article [I0] and the article [5], we defined the
normed spaces of continuous functions on closed interval subset of real numbers,
and defined the normed spaces of bounded functions on closed interval subset of
real numbers. We also proved some related properties.

In Sec.2, we proved some lemmas for the proof of F. Riesz theorem. In Sec.3,
we proved F. Riesz theorem, about the dual space of the space of continuous
functions on closed interval subset of real numbers, finally. We applied Hahn-
Banach theorem (36) in [7], to the proof of the last theorem. For the description
of theorems of this section, we also referred to the article [§] and the article [6].
These formalizations are based on [2], [3], [9], and [I1].
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1. THE NORMED SPACE OF CONTINUOUS FUNCTIONS ON CLOSED INTERVAL

Now we state the propositions:
(1) Let us consider a real number d. Then |sgnd| < 1.

(2) Let us consider a real number z. Then |z| =sgnz - .
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Let A be a non empty, closed interval subset of R. The functor Cls2Cmp(A)
yielding a strict, compact, non empty topological space is defined by
(Def. 1) there exist real numbers a, b such that a < b and [a,b] = A and it =
[CL, b]T
Now we state the propositions:

(3) Let us consider a strict, non empty subspace X of R, a real map f of
X, a partial function g from R to R, a point x of X, and a real number
xg. Suppose g = f and & = zg. Then for every subset V of R such that
f(x) € V and V is open there exists a subset W of X such that x € W
and W is open and f°W C V if and only if ¢ is continuous in z.

(4) Let us consider a strict, non empty subspace X of R, a real map f of
X, and a partial function g from R to R. If g = f, then f is continuous iff
g is continuous. The theorem is a consequence of (3).

(5) Let us consider a non empty, closed interval subset A of R. Then the carrier
of Cls2Cmp(A4) = A.

(6) Let us consider a non empty, closed interval subset A of R, and a function
u. Then u is a point of C(Cls2Cmp(A); R) if and only if domu = A and u
is a continuous partial function from R to R. The theorem is a consequence
of (5) and (4).

(7) Let us consider a non empty, closed interval subset A of R, and a po-
int v of C(Cls2Cmp(A);R). Then v € BoundedFunctions(the carrier of
Cls2Cmp(A)).

2. PRELIMINARIES

Now we state the proposition:

(8) Let us consider a non empty, closed interval subset A of R, and real

numbers a, b. Suppose A = [a,b]. Then there exists a function x from
A into BoundedFunctions A such that for every real number s such that
s € [a,b] holds if s = a, then x(s) = [a,b] — 0 and if s # a, then
z(s) = ([a, s] — 1)+-(]s,b] — 0).
PROOF: Define Clobject] = $1 = a. Define F(object) = [a,b] — 0. De-
fine G(object) = ([a,$1(€ R)] — 1)+-(]$1(€ R),b] — 0). Set B =
BoundedFunctions A. For every object s such that s € [a, b] holds if C]s],
then F(s) € B and if C[s], then G(s) € B. Consider z being a function
from [a,b] into B such that for every object s such that s € [a, b] holds if
C[s], then z(s) = F(s) and if C[s], then z(s) = G(s). For every real number
s such that s € [a,b] holds if s = a, then z(s) = [a,b] — 0 and if s # a,
then z(s) = ([a, s] — 1)+(]s,b] — 0). O
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Let A be a non empty, closed interval subset of R, D be a partition of A,
m be a function from A into BoundedFunctions A, and i be a natural number.
Assume i € Seg(len D + 1). The functor Dpl(m, D, i) yielding a point of the R-
normed algebra of bounded functions on the carrier of Cls2Cmp(A) is defined
by the term
m(inf A), if i =1,
(Det. 2) { m(D(i — 1)), otherwise.
Let o be a function from A into R. The functor Dp2(g, D, ) yielding a real
number is defined by the term
o(inf A), if 1 =1,
(Det. 3) { o(D(i — 1)), otherwise.
Now we state the propositions:

(9) Let us consider a non empty, closed interval subset A of R, a partition
D of A, a function m from A into BoundedFunctions A, and a function p
from A into R. Then there exists a finite sequence s of elements of the R-
normed algebra of bounded functions on the carrier of Cls2Cmp(A) such
that

(i) lens =len D, and
(ii) for every natural number i such that ¢ € dom s holds s(i) = sgn(Dp2(p,

PROOF: Set V' = the R-normed algebra of bounded functions on the carrier
of Cls2Cmp(A). Define P[natural number, set] = $2 = sgn(Dp2(p, D, $1 +
1)—Dp2(e, D, $1))- (Dpl(m,D,$; +1) —Dpl(m, D, $;)). Consider s being
a finite sequence of elements of V such that doms = Seglen D and for
every natural number i such that ¢ € Seglen D holds P[i, s(7)]. O

(10) Let us consider a real linear space V, a functional f in V, and a finite
sequence s of elements of V. If f is additive, then f(>"s) =>(f-s).
PROOF: Define P[natural number| = for every real linear space V for
every functional f in V for every finite sequence s of elements of V' such
that lens = $; and f is additive holds f(>_s) = > (f - s). P[0]. For every
natural number n such that P[n] holds P[n+1]. For every natural number
n, Pln]. O

(11) Let us consider a non empty set A. Then every element of the R-normed
algebra of bounded functions on A is a function from A into R.

(12) Let us consider a non empty, closed interval subset A of R, a finite
sequence s of elements of the R-normed algebra of bounded functions on
the carrier of Cls2Cmp(A), a finite sequence z of elements of R, a function
g from A into R, and an element ¢t of A. Suppose lens =lenz and g =) s
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and for every natural number k& such that k£ € dom z there exists a function
s1 from A into R such that s; = s(k) and z(k) = s1(¢). Then g(t) = Y z.
PROOF: Define P[natural number| = for every non empty, closed interval
subset A of R for every finite sequence s of elements of the R-normed
algebra of bounded functions on the carrier of Cls2Cmp(A) for every finite
sequence z of elements of R for every function g from A into R for every
element ¢ of A such that lens = $; and lens = lenz and ¢ = Y s and
for every natural number k such that k£ € dom z there exists a function
s1 from A into R such that s; = s(k) and z(k) = s1(¢) holds g(t) = Y 2.
P0]. For every natural number n such that P[n] holds P[n+ 1]. For every
natural number n, Pln]. O

Let us consider a non empty, closed interval subset A of R, a partition
D of A, and an element ¢ of A. Suppose inf A < D(1). Then there exists
an element ¢ of N such that

(i) i € dom D, and

(ii) ¢ € divset(D, 1), and
(iii) 4 =1 or inf divset(D, i) < t < supdivset(D,1).

Let us consider a non empty, closed interval subset A of R, a function
o from A into R, and a real number B. Suppose 0 < vol(A). Suppose for
every partition D of A and for every var-volume K of p and D such that

inf A < D(1) holds Y. K < B. Let us consider a partition D of A, and
a var-volume K of g and D. Then >’ K < B.

3. F. RiIESz THEOREM

Now we state the propositions:
(15)

Let us consider a non empty, closed interval subset A of R, a function p
from A into R, and a point f of DualSp C(Cls2Cmp(A); R). Suppose p is
bounded-variation and for every continuous partial function u from R to

R such that domu = A holds f(u) = /u(w)dm Then || f|| < TotalVD(p).

0
PROOF: Set X = C(Cls2Cmp(A); R). For every continuous partial function
u from R to R such that u € the carrier of X holds f(u) = /u(:c)dx For

0

every continuous partial function u from R to R and for every point v of

X such that domu = A and u = v holds |/u($)dx| < [jv]| - TotalVD(p).
0

0
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(16) Let us consider a non empty, closed interval subset A of R, and a point

1]

x of DualSp C(Cls2Cmp(A);R). Suppose 0 < vol(A). Then there exists
a function g from A into R such that

(i) o is bounded-variation, and

(ii) for every continuous partial function u from R to R such that domu =

A holds z(u) = /u(x)daf, and
0

(iii) [|z] = TotalVD(p).

PROOF: Set X = C(Cls2Cmp(A);R). Set V' = the R-normed algebra of
bounded functions on the carrier of Cls2Cmp(A). Set A; = the carrier of
Cls2Cmp(A). A1 = A. Reconsider h = x as a Lipschitzian linear functional
in X. Consider f being a Lipschitzian linear functional in V| F' being
a point of DualSp V' such that f = F' and f[(the carrier of X) = h and
| F'|| = ||=||. Consider a, b being real numbers such that a < band [a,b] = A
and Cls2Cmp(A) = [a, b]7. Consider m being a function from A into
BoundedFunctions A such that for every real number s such that s € [a, ]
holds if s = a, then m(s) = [a,b] — 0 and if s # a, then m(s) =
([a,s] — 1)+-(]s,b] —— 0). The carrier of V' = BoundedFunctions A.
Reconsider o = f - m as a function from A into R. For every partition D
of A and for every var-volume K of ¢ and D such that a < D(1) holds
> K < ||z||. For every partition D of A and for every var-volume K of p
and D, >~ K < ||z||. Consider V; being a non empty subset of R such that
V1 is upper bounded and V; = {r, where r is a real number : there exists
a partition ¢t of A and there exists a var-volume Fy of ¢ and ¢ such that
r =3 Fy} and TotalVD(g) = sup V;. For every continuous partial function

u from R to R such that domu = A holds z(u) = /u(z)daz lz|| <

TotalVD(p). O
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1. PRELIMINARIES

From now on n denotes a natural number.
Note that there exists a natural number which is non trivial and non prime.
Now we state the proposition:
(1) Let us consider an even natural number n, and an element x of Rp. Then
ac” } ORF'
PROOF: Define P[natural number] = 2>%1 > Og_. For every element z of
Ry, 22 > Og,,. For every natural number k, P[k]. O
Let us consider a ring R and an element a of R. Now we state the proposi-
tions:
(2) 2xa=a+a.
(3) a®>=a-a.
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Let F be a field and a be an element of F'. Note that - reduces to a.

One can check that Z/2 is non trivial and almost left invertible.

Let n be a non trivial, non prime natural number. Note that Z/n is non
integral domain-like and Z/6 is non degenerated.

2. SOME MORE PROPERTIES OF POLYNOMIALS

Let R be a non degenerated ring. Observe that every non zero polynomial
over R is non-zero and every polynomial over R which is monic is also non zero.

Let p be a non zero polynomial over R. One can check that degp is natural.

Let R be a ring, p be a zero polynomial over R, and ¢ be a polynomial over
R. Let us observe that p * ¢ is zero and ¢ * p is zero.

Let us observe that p + ¢ reduces to ¢ and ¢ + p reduces to q.

Let p be a polynomial over R. One can check that p *x 0.R reduces to 0.R
and p x 1.R reduces to p and 0.R * p reduces to 0.R and 1.R * p reduces to p.

One can check that 1g - p reduces to p.

Now we state the propositions:

(4) Let us consider an integral domain R, a polynomial p over R, and a non
zero element a of R. Then deg(a - p) = degp.

(5) Let us consider an integral domain R, a polynomial p over R, and an ele-
ment a of R. Then LC(a - p) =a-LCp.

(6) Let us consider an integral domain R, and an element a of R. Then
LC(alR) = a. The theorem is a consequence of (5).

(7) Let us consider an integral domain R, a polynomial p over R, and ele-
ments v, z of R. Then eval(v - p,z) = v - eval(p, z). The theorem is a con-
sequence of (4).

(8) Let us consider a ring R, and elements a, b of R. Then eval(a|R,b) = a.

Let R be an integral domain and p, ¢ be monic polynomials over R. Let us
note that p * ¢ is monic.

Let a be an element of R and k be a natural number. One can check that
(rpoly(1,a))* is non zero and monic.

Now we state the propositions:

(9) Let us consider a non degenerated ring R, an element a of R, and a non
zero element k£ of N. Then LCrpoly(k,a) = 1g.
(10) Let us consider a non degenerated, well unital, non empty double loop
structure R, and an element a of R. Then (—a, 1r) = rpoly(1,a).
(11) Let us consider an integral domain R, a polynomial p over R, and an ele-
ment x of R. Then eval(p,z) = Og if and only if rpoly(1,x) | p.
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(12) Let us consider an integral domain F', polynomials p, ¢ over F, and
an element a of F. Suppose rpoly(1,a) | p * g. Then

(i) rpoly(1,a) | p, or
(ii) rpoly(1,a) | g.
The theorem is a consequence of (11).

(13) Let us consider an integral domain R, a polynomial p over R, and a non
zero polynomial ¢ over R. If p | ¢, then degp < degg.

(14) Let us consider a non degenerated commutative ring R, a polynomial ¢
over R, a non zero polynomial p over R, and a non zero element b of R. If
q|p,then q|b-p.

(15) Let us consider a field F', a polynomial ¢ over F', a non zero polynomial
p over F, and a non zero element b of F. Then ¢ | p if and only if ¢ | b- p.
The theorem is a consequence of (14).

Let us consider an integral domain R, a non zero polynomial p over R,
an element a of R, and a non zero element b of R. Now we state the propositions:

(16) rpoly(1,a) | p if and only if rpoly(1,a) | b- p. The theorem is a consequ-
ence of (11), (7), and (14).

(17) (rpoly(1,a))™ | p if and only if (rpoly(1,a))™ | b- p.

PROOF: Define P[natural number] = if (rpoly(1,a))®* | b p, then
(rpoly(1,a))% | p. For every natural number k, P[k]. O
Let R be an integral domain, p be a non zero polynomial over R, and b be
a non zero element of R. Let us note that b - p is non zero.

3. ON ROOTS OF POLYNOMIALS

Let R be a non degenerated ring. One can check that 1.R and has not roots.

Let a be a non zero element of R. One can verify that a[R and has not
roots and every polynomial over R which is non zero and has roots is also non
constant and every polynomial over R which and has not roots is also non zero.

Let a be an element of R. One can check that rpoly(1,a) is non zero and
has roots and there exists a polynomial over R which is non zero and has not
roots and there exists a polynomial over R which is non zero and has roots.

Let R be an integral domain, p be a polynomial over R with non roots, and
a be a non zero element of R. Let us note that a - p and has not roots.

Let p be a polynomial over R with roots and a be an element of R. Note
that a - p has roots.

Let R be a non degenerated commutative ring and ¢ be a polynomial over
R. One can verify that p * ¢ has roots.
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Let R be an integral domain and p, ¢ be polynomials over R with non roots.
One can check that p * ¢ and has not roots.

Let R be a non degenerated commutative ring, a be an element of R, and
k be a non zero element of N. Let us note that rpoly(k,a) is non constant and
monic and has roots.

Let R be a non degenerated ring. Let us observe that there exists a polyno-
mial over R which is non constant and monic.

Let R be an integral domain, a be an element of R, £ be a non zero natural
number, and n be a non zero element of N. Note that (rpoly(n,a))* is non
constant and monic and has roots.

Let R be a ring and p be a polynomial over R with roots. Note that Roots(p)
is non empty.

Let R be a non degenerated ring and p be a polynomial over R with non
roots. Let us observe that Roots(p) is empty.

Let R be an integral domain. One can check that there exists a polynomial
over R which is monic and has roots and there exists a polynomial over R which
is monic and has not roots.

Now we state the propositions:

(18) Let us consider a non degenerated ring R, and an element a of R. Then
Roots(rpoly(1,a)) = {a}.

(19) Let us consider an integral domain F', a polynomial p over F', and a non
zero element b of F'. Then Roots(b - p) = Roots(p). The theorem is a con-
sequence of (7).

(20) There exist polynomials p, g over Z/6 such that Roots(p*q) € Roots(p)U
Roots(q).

(21) Let us consider an integral domain R, and elements a, b of R. Then
rpoly(1,a) | rpoly(1,b) if and only if @ = b. The theorem is a consequence
of (18).

(22) Let us consider an integral domain R, and a non zero polynomial p over
R. Then Ws(p) < degp.

4. MORE ABOUT BAGS

_ Let X be a non empty set and B be a bag of X. We introduce the notation
B as a synonym of > B.

Observe that there exists a bag of X which is zero and there exists a bag of
X which is non zero.

Let b1 be a bag of X and by be a bag of X. One can check that b; + bo is
X-defined and by + by is total.



ON ROOTS OF POLYNOMIALS AND ALGEBRAICALLY CLOSED FIELDS 189

Let us consider a non empty set X and a bag b of X. Now we state the
propositions:
(23) b =0 if and only if support b = (.
(24) b is zero if and only if support b = 0.
(25) b is zero if and only if rngb = {0}.
Let X be a non empty set, by be a non zero bag of X, and b, be a bag of X.
One can check that b1 + bs is non zero.
(26) Let us consider a non empty set X, a bag b of X, and an element z of
X. Suppose support b = {z}. Then b = ({z}, b(x)) -bag.
(27) Let us consider a non empty set X, a non empty bag b of X, and an ele-

ment x of X. Then support b = {z} if and only if b = ({z}, b(z))-bag and
b(x) # 0. The theorem is a consequence of (26).

Let X be a set and S be a finite subset of X. The functor Bag(S) yielding
a bag of X is defined by the term
(Def. 1) (S,1)-bag.
Let X be a non empty set and S be a non empty, finite subset of X. Observe
that Bag(S) is non zero.
Let b be a bag of X and a be an element of X. The functor b\ a yielding
a bag of X is defined by the term
(Def. 2) b+ (a,0).
Let us consider a non empty set X, a bag b of X, and an element a of X.
Now we state the propositions:

(28) b\ a=0if and only if a ¢ support b.

(29) support(b\ a) = support b\ {a}.

(30) (b\a)+ ({a},b(a))-bag = b.

(31) Let us consider a non empty set X, an element a of X, and an element

n of N. Then ({a},n)-bag = n. The theorem is a consequence of (23).

5. ON MULTIPLE ROOTS OF POLYNOMIALS

Let R be an integral domain and p be a non zero polynomial over R with
roots. One can verify that BRoots(p) is non zero.
Now we state the propositions:
(32) Let us consider a non degenerated commutative ring R, a non zero po-
lynomial p over R, and an element a of R. Then multiplicity(p,a) = 0 if
and only if rpoly(1,a) { p.
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(33) Let us consider an integral domain R, a non zero polynomial p over
R, and an element a of R. Then multiplicity(p,a) = n if and only if
(rpoly(1,a))” | p and (rpoly(1,a))™*! { p. The theorem is a consequence
of (10).

(34) Let us consider an integral domain R, and an element a of R. Then
multiplicity (rpoly(1,a),a) = 1. The theorem is a consequence of (13) and
(33).

(35) Let us consider an integral domain R, and elements a, b of R. If b # a,
then multiplicity (rpoly(1,a), b) = 0. The theorem is a consequence of (21)
and (32).

(36) Let us consider an integral domain R, a non zero polynomial p over R,
a non zero element b of R, and an element a of R. Then multiplicity(p,a) =
multiplicity (b - p, a). The theorem is a consequence of (33), (14), and (17).

(37) Let us consider an integral domain R, a non zero polynomial p over R,
and a non zero element b of R. Then BRoots(b - p) = BRoots(p). The
theorem is a consequence of (36).

(38) Let us consider an integral domain R, and a non zero polynomial p over
R without roots. Then BRoots(p) = EmptyBag(the carrier of R).

(39) Let us consider an integral domain R, and a non zero element a of R.
Then BRoots(a[R) = 0. The theorem is a consequence of (23).

(40) Let us consider an integral domain R, and an element a of R. Then

BRoots(rpoly(1,a)) = 1. The theorem is a consequence of (10).

(41) Let us consider an integral domain R, and non zero polynomials p, ¢
over R. Then BRoots(p * ¢) = BRoots(p) + BRoots(q).

(42) Let us consider an integral domain R, and a non zero polynomial p over
R. Then BRoots(p) < degp.
PROOF: Define Plnatural number] = for every non zero polynomial p over
R such that degp = $; holds BRoots(p) < degp. P[0]. For every natural
number k, P[k]. O
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6. THE PoOLYNOMIAL X" +1

Let R be a unital, non empty double loop structure and n be a natural
number. The functor npoly(R,n) yielding a sequence of R is defined by the
term

(Def. 3) 0.R+:[0 — 1g,n+— 1g].
One can check that npoly (R, n) is finite-Support and npoly(R, n) is non zero.

Let us consider a unital, non degenerated double loop structure R. Now we
state the propositions:

(43) degnpoly(R,n) = n.
(44) LCnpoly(R,n) = 1g.

(45) Let us consider a non degenerated ring R, and an element x of R. Then
eval(npoly(R,0),z) = 1g.

(46) Let us consider a non degenerated ring R, a non zero natural number n,
and an element x of R. Then eval(npoly(R,n),z) = z" + 1g.

PROOF: Set ¢ = npoly(R,n). Consider F' being a finite sequence of ele-
ments of R such that eval(q,z) = >~ F and len F = leng and for every
element j of N such that j € dom F holds F(j) = ¢(j—'1)-powerp(z, j—'1).
Consider f; being a sequence of the carrier of R such that Y F' = fi(len F)
and f1(0) = Or and for every natural number j and for every element v
of R such that j < lenF and v = F(5+ 1) holds fi(j + 1) = fi(j) + v.
Define Plelement of N] = $; = 0 and f1($1) = 0g or 0 < $; < len F' and
fi($1) =1g or §; =len F and f1($1) = 2™ + 1g. For every element j of N
such that 0 < j <len F holds P[j]. O

(47) Let us consider an even natural number n, and an element x of Ry.
Then eval(npoly(Rg,n),x) > Og,. The theorem is a consequence of (45),
(1), and (46).

(48) Let us consider an odd natural number n. Then eval(npoly (Rp, n), —1r;)
= Og,. The theorem is a consequence of (46).

(49) eval(npoly(Z/2,2),17/3) = 0z/2. The theorem is a consequence of (46)
and (2).
Let n be an even natural number. Let us note that npoly(Rg,n) and has not
roots.

Let n be an odd natural number. Observe that npoly(Rp,n) has roots and
npoly(Z/2,2) has roots.
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7. THE POLYNOMIALS (2 —aq) * (x — ag) * ... x (x — ay)

Let R be a ring.
A product of linear polynomials of R is a polynomial over R and is defined
by
(Def. 4) there exists a non empty finite sequence F of elements of PolyRing(R)
such that it = [ F' and for every natural number ¢ such that ¢ € dom F
there exists an element a of R such that F'(i) = rpoly(1,a).
Let R be an integral domain. One can verify that every product of linear
polynomials of R is non constant and monic and has roots.
Now we state the propositions:

(50) Let us consider an integral domain R, and a product of linear polyno-
mials p of R. Then LCp = 1p.

(51) Let us consider an integral domain R, and an element a of R. Then
rpoly(1,a) is a product of linear polynomials of R.

(52) Let us consider an integral domain R, and products of linear polynomials
p, q of R. Then p * ¢ is a product of linear polynomials of R.

Let R be an integral domain and B be a non zero bag of the carrier of R.
A product of linear polynomials of R and B is a product of linear polynomials
of R and is defined by
(Def. 5) degit = B and for every element a of R, multiplicity(it,a) = B(a).
Let us consider an integral domain R, a non zero bag B of the carrier of R,
a product of linear polynomials p of R and B, and an element a of R. Now we
state the propositions:

(53) If a € support B, then eval(p,a) = Og. The theorem is a consequence of
(11).

(54) (i) (rpoly(1,a)”® | p, and
(ii) (rpoly(1,a))P@*! {p.

The theorem is a consequence of (33).
Let us consider an integral domain R, a non zero bag B of the carrier of R,
and a product of linear polynomials p of R and B. Now we state the propositions:

(55) BRoots(p) = B.

(56) degp = BRoots(p). The theorem is a consequence of (55).

(57) Let us consider an integral domain R, and an element a of R. Then
rpoly(1,a) is a product of linear polynomials of R and Bag({a}). The
theorem is a consequence of (51), (34), and (35).

(58) Let us consider an integral domain R, non zero bags By, Bs of the carrier
of R, a product of linear polynomials p of R and B1, and a product of linear
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polynomials g of R and Bs. Then p * ¢ is a product of linear polynomials
of R and B;j + Bs. The theorem is a consequence of (52), (56), and (55).

(59) Let us consider an integral domain R. Then every product of linear
polynomials of R is a product of linear polynomials of R and BRoots(p).
PROOF: Define P[natural number| = for every product of linear polyno-
mials p of R such that degp = $; holds p is a product of linear polynomials
of R and BRoots(p). P[1]. For every natural number k such that k£ > 1
holds P[k]. O

Let R be an integral domain and S be a non empty, finite subset of R.
A product of linear polynomials of R and S is a product of linear polynomials
of R and Bag(.S). Now we state the proposition:

(60) Let us consider an integral domain R, a non empty, finite subset S of R,
and a product of linear polynomials p of R and S. Then degp = S.
Let us consider an integral domain R, a non empty, finite subset S of R,
a product of linear polynomials p of R and S, and an element a of R. Now we
state the propositions:

(61) If a € S, then rpoly(1,a) | p and (rpoly(1,a))? { p. The theorem is
a consequence of (54).

(62) If a €S, then eval(p,a) = Og. The theorem is a consequence of (61).

(63) Let us consider an integral domain R, a non empty, finite subset S of R,
and a product of linear polynomials p of R and S. Then Roots(p) = S.
The theorem is a consequence of (62), (22), and (60).

8. MAIN THEOREMS

Now we state the proposition:

(64) Let us consider an integral domain R, and a non zero polynomial p over

R with roots. Then there exists a product of linear polynomials ¢ of R and
BRoots(p) and there exists a polynomial r over R with non roots such that
p = ¢ *r and Roots(q) = Roots(p).
PROOF: Define P[natural number| = for every non zero polynomial p
over R with roots such that degp = $; there exists a product of linear
polynomials ¢ of R and BRoots(p) and there exists a polynomial r over R
with non roots such that p = ¢« r and Roots(¢q) = Roots(p). P[1] by (11),
[9, (1)], (51), [8, (23), (27), (24)]. For every natural number k such that
1 < k holds P[k|. Consider d being a natural number such that degp = d.
O

Let us consider an integral domain R and a non zero polynomial p over R.
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(65) Roots(p) < BRoots(p). The theorem is a consequence of (64), (56), (55),
(22), and (38).

(66) BRoots(p) = degp if and only if there exists an element a of R and
there exists a product of linear polynomials g of R such that p = a-q. The
theorem is a consequence of (64), (56), (55), (59), (4), (37), and (38).

Now we state the proposition:

(67) Let us consider an integral domain R, and polynomials p, ¢ over R.
Suppose there exists a subset S of R such that S = max(degp, degq) + 1
and for every element a of R such that a € S holds eval(p, a) = eval(q, a).
Then p = ¢q. The theorem is a consequence of (22).

Let F' be an algebraic closed field. Note that every non constant polynomial
over F has roots and R is non algebraic closed and every finite integral domain
is non algebraic closed and every ring which is algebraic closed is also almost
right invertible.

Now we state the propositions:

(68) Let us consider an algebraic closed field F', and a non constant poly-
nomial p over F'. Then there exists an element a of F' and there exists
a product of linear polynomials ¢ of F' and BRoots(p) such that a-q = p.
The theorem is a consequence of (64).

(69) Let us consider an algebraic closed field F. Then every non constant,
monic polynomial over F' is a product of linear polynomials of F' and
BRoots(p). The theorem is a consequence of (68).

(70) Let us consider a field F'. Then F' is algebraic closed if and only if every
non constant, monic polynomial over F' is a product of linear polynomials
of F. The theorem is a consequence of (69).
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Summary. In this article we formalize several basic theorems that cor-
respond to Pell’s equation. We focus on two aspects: that the Pell’s equation
z? — Dy? = 1 has infinitely many solutions in positive integers for a given D not
being a perfect square, and that based on the least fundamental solution of the
equation when we can simply calculate algebraically each remaining solution.

“Solutions to Pell’s Equation” are listed as item #39 from the “Formalizing
100 Theorems” list maintained by Freek Wiedijk at http://www.cs.ru.nl/F.
Wiedijk/100/| .

MSC: [11D45 103B35
Keywords: Pell’s equation; Diophantine equation; Hilbert’s 10th problem
MML identifier: PELLS_EQ, version: 8.1.06 5.44.1305

0. INTRODUCTION

Pell’s equation (alternatively called the Pell-Fermat equation) is a type of a
diophantine equation of the form 22 — Dy? = 1 for a natural number D. If D is a
perfect square, then Pell’s equation can be rewritten as (z—+/dy)-(z++v/dy) = 1.
Similarly, the trivial solution (z,y) = (1,0) is not very interesting. Therefore
it is often assumed that D is not a square and only nontrivial solutions (non
zero pairs of integers) are considered. The first nontrivial solution (x1,y;), if the
solutions are ordered by their magnitude, is called the fundamental solution and
determine all other solutions since the n-th solution x,, ¥, can be expressed in
terms of the fundamental solution by z, + y,vVD = (z1 + y1vVD)".
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Pell’s equation has an exceptional history, described in detail in [5l [I0].
Firstly, John Pell (1611-1685) has nothing to do with the equation, except the
fact that Leonhard Euler (1707-1783) mistakenly attributed to Pell a solution
method founded by William Brouncker (1620-1684). Solutions of Pell’s equation
for special cases (e.g., D = 2) were even considered in India and Greece around
400 BC. The first description of a method which allowed to construct a nontrivial
solution of the equation for an arbitrary D can be found, e.g. in Euler’s Algebra,
but the method was described without any justification guaranteeing that it
would find at least one solution. The first proof of correctness was published by
Joseph Louis Lagrange [4].

Motivation The solution of Pell’s equation has been applied in many branches
of mathematics. Most basically, the sequence of fractions % approximates v/ D
arbitrarily closely, where (x;,;) is i-th solution for a given not square natural
D. Note also that Stormer’s theorem applies Pell’s equations to find pairs of
consecutive smooth numbers.

From our point of view, the most significant application of Pell’s equation
was done in the proof of Matiyasevich’s theorem [6] that we try to formalize in
the Mizar system [I]. That theorem states that every computable enumerable
set is diophantine. It implies the undecidability of Hilbert’s 10th problem. The
proof is based mainly on a particular case

2 — (a® —1)y? =1, (0.1)

where a is a natural number. Note that the pair (a, 1) is the fundamental solution
of the equation, so it seems that we do not need to consider a complicated con-
struction of the fundamental solution for an arbitrary non square D to analyze
all solutions of . Such a case of Pell’s equation has been already formalized
in HOL Light [2] and Metamath [7]. However, in our formalization we consider
Pell’s equation in the general case. This decision is a consequence of the fact
that Matiyasevich to show that the equality y,(a) = y is diophantine used Pell’s
equation for D = (a? — 1) - (2 - y?)2, where y,(a) is the n-th solution of .
From Amthor’s approach [3] to the cattle problem we can obtain a solution of
Pell’s equation for D based on the fundamental solution of , since for each
solution (7, %) calculated for D there exists some n such that

T+7-(2-y%) = (a+1Va)™ (0.2)

But this approach is more difficult to formalize than Dirichlet’s argumentation
to obtain existence of the fundamental solution in the general case, as considered
by W. Sierpinski [9].



PELL’S EQUATION

Contributions We formalize theorems related to the solvability of Pell’s equ-
ation imitating the approach considered in [9]. We formalize the Dirichlet’s ap-
proximation theorem as Theorem |§|7 to show that |z — yv/D| can be arbitrarily
close to 0. Then we show in Theorem [I2] that there exist infinitely many pairs
(z,y) where |22 — Dy?| < 2v/D + 1. Next, using several times the infinite va-
riant of the pigeonhole principle in the justification of Theorem [13], we indicate
two pairs of such solutions that fulfill the additional list of congruence, suffi-
cient to construct a nontrivial solution of Pell’s equation for a given non square
D in the proof of Theorem Since we can give another nontrivial solution
(ac + Dbd, cb + ad) based on any two nontrivial solutions (a, b), (¢, d) we show
in Theorem [17] that there exist infinitely many solutions in positive integers for
a given not square D. Then we show in Theorem [19] that such solutions can
be ordered and we specify the fundamental solution in Definition [3] Finally,
we show in Theorem [21] that each nontrivial solution can easily be calculated
algebraically based on the fundamental solution.

1. PRELIMINARIES

From now on n, ny, ne, k, D denote natural numbers, r, r{, r9 denote real
numbers, and x, y denote integers.
Now we state the propositions:
(1) Let us consider integers ¢, j. If j < 0, then 7 < i mod j < 0.

(2) Let us consider integers i, j. If j # 0, then |i mod j| < |j|. The theorem
is a consequence of (1).

(3) Let us consider a natural number D, and integers a, b, ¢, d. If a + (b -
VD) =c+ (d-+/D), then a = ¢ and b = d.

(4) Let us consider natural numbers ¢, d, n. Then there exist natural num-
bers a, b such that a + (b- vD) = (¢ + (d- VD))",
PROOF: Set ¢; = ¢+ (d - VD). Define P[natural number] = there exist
natural numbers a, b such that a + (b- VD) = ¢,*'. P[0]. If P[n], then
Pln+1]. P[n]. O

(5) Let us consider integers ¢, d, and a natural number n. Then there exist
integers a, b such that a + (b- VD) = (¢ + (d - VD))".
PROOF: Set ¢; = ¢ + (d - VD). Define P[natural number] = there exist
integers a, b such that a + (b- v/D) = ¢;%. P[0]. If P[n], then P[n + 1].
Pln]. O

(6) Let us consider a natural number D, integers a, b, ¢, d, and a natural
number n. Suppose a + (b- VD) = (¢+ (d-vD))". Then a — (b- VD) =
(c— (VD))"
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PROOF: Set S = v/ D. Define P[natural number| = for every integers a, b,

¢, d such that a+ (b-8) = (c+ (d- 5))* holds a — (b-S) = (¢ — (d- S))™.
P|0]. If P[n], then Pn + 1]. P[n]. O

2. SOLUTIONS TO PELL’S EQUATION — CONSTRUCTION

Now we state the propositions:

(7)

(8)

(9)

There exists a finite sequence F' of elements of N such that

(i) len FF =n+ 1, and

(ii) for every k such that k € dom F holds F(k) = |k —1-v/D| + 1, and
(iii) if D is not square, then F' is one-to-one.
PROOF: Define F(natural number) = [$; — 1-v/D| + 1. Consider p being
a finite sequence such that len p = n+1 and for every k such that & € dom p
holds p(k) = F(k). rngp C N. O

Let us consider real numbers a, b, and a finite sequence F' of elements of

R. Suppose n > 1 and len F' = n + 1 and for every k such that k£ € dom F'
holds a < F(k) < b. Then there exist natural numbers 4, j such that

(i) i, j € dom F', and

(i) @ # j, and
(iii) F(i) < F(j), and

(iv) F(j) - F(i) < t=2.
PROOF: Define P(natural number) = ]Ja + $171'n(b7a),a + $1'(zfa)]. Define
H[object, object] = for every natural number k such that $; € P(k) holds
k = $5. For every object = such that = € |a, b] there exists a natural number
k such that = € P(k) and k € Segn. For every object x such that = € ]a, b]
there exists an object y such that H[z,y]. Consider f being a function
such that dom f = |a, b] and for every object x such that x € ]a,b] holds
Hz, f(x)]. Set f1 = f-F.mgF C dom f. rng f; C Segn. fi is one-to-one.
U

If D is not square and n > 1, then there exist integers x, y such that
y#0and |y <nand 0<z—(y-vVD) < i
ProoF: Consider x being a finite sequence of elements of N such that
lenz = n + 1 and for every k such that & € domx holds xz(k) = |k —1-
VD] 4 1 and if D is not square, then z is one-to-one. Define U (natural
number) = z($1) — ($; — 1-v/D). Consider u being a finite sequence such
that lenu = n+ 1 and for every k such that k£ € domu holds u(k) = U(k).
rng u C R. For every k such that & € domu holds 0 < u(k) < 1. Consider
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n1, ng being natural numbers such that ny, no € domwu and ny # ne and
u(n1) < u(ng) and u(ng) — u(n1) < 2 u(ng) # u(ng). O

(10) Suppose D is not square and n # 0 and |y| < nand 0 < z—(y-vD) < L.
Then |22 — (D -y?)| <2- VD + 5.

(11) If D is not square, then there exist integers z, y such that y # 0 and
0 <z—(y-VD)and |22 — (D -y?)| < 2-+D + 1. The theorem is
a consequence of (9) and (10).

(12) Suppose D is not square. Then {(z, y), where x, y are integers : y # 0
and |22 — (D -9?)| < 2-vVD+1and 0 <z — (y - vD)} is infinite.
PROOF: Set S = {(x, y), where z,y are integers : y # 0 and |22 — (D -
y?)| <2-vV/D+1and 0 < z— (y-vD)}. There exists a function f from S
into R such that for every integers z, y such that (z, y) € S holds f({z,
y)) = — (y - VD). Consider f being a function from S into R such that
for every integers x, y such that (z, y) € S holds f({z, y)) = = — (y- VD).
S is not empty. Reconsider R = rng f as a finite, non empty subset of
R. inf R > 0. Consider n being a natural number such that % < infR
and n > 1. Consider z, y being integers such that y # 0 and |y| < n and
0<z—(y-vVD)< 2 |22—(D-y?)|<2VD+5.2.VD+5 <2-vV/D+1.
]

(13) Suppose D is not square. Then there exist integers k, a, b, ¢, d such that

(i) 0 # k, and
(i) a2 — (D -b%) =k =c2 — (D -d?), and
(iii) @ = ¢ (mod k), and
(iv) b=d (mod k), and
(v) laf # |c] or [b] # |d].

PROOF: Set S = {(z, y), where x is an integer, y is an integer : y # 0 and
|22 —(D-y?)| < 2-v/D+1 and 0 < z—(y-v/D)}. Define P[object, object] =
for every integers x, y such that (x, y) = $; holds $3 = 2% — (D - y2). For
every object x1 such that z1 € S there exists an object u such that Pz, u].
Consider f being a function such that dom f = S and for every object x1
such that x1 € S holds Pz, f(x1)]. Reconsider M = [2-+/D + 1] as
an element of N. Define Plinteger] = $; # 0. Define F(set) = $;. Set
S1 = {F(i), where ¢ is an element of Z : —M < i < M and P[i|}. S; is
finite. rng f C 5. Consider k; being an object such that k1 € rng f and
f~Y({k1}) is infinite. Consider k being an element of Z such that k = k;
and —M < k < M and Pk]. Set Z = f~1({k}). Define R[object, object] =
for every integers z, y such that (x, y) = $; holds $o = (x mod k,
y mod k). For every object z1 such that 21 € Z there exists an object u
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such that R[xi,u]. Consider g being a function such that domg = Z
and for every object 1 such that z; € Z holds R[z1,¢g(x1)]. Define
Rlobject] = not contradiction. Set K = {F(i), where i is an element of
Z: —lk| <i < |k| and R[i]}. K is finite. rng ¢ C K x K. Consider a; being
an object such that a; € rng g and g~*({a1}) is infinite. Consider X being
an object such that X € g~!({a1}). Consider z, y being integers such that
X = (z,y) and y # 0 and |2% — (D-y?)| < 2-v/D+1and 0 < z— (y- VD).
There exist integers a, b, ¢, d such that a2 — (D -b%) =k = ¢ — (D - d?)
and a = ¢ (mod k) and b =d (mod k) and (|a| # |¢| or |b] # |d|). O

3. PELL’S EQUATION

Now we state the proposition:
(14) #39: SOLUTIONS TO PELL'S EQUATION:
If D is not square, then there exist natural numbers z, y such that 22 —
(D -y?) =1 and y # 0. The theorem is a consequence of (13).
Let D be a natural number.
A Pell’s solution of D is an element of Z x Z and is defined by
(Def. 1) ((it)1)%2 — (D - ((it)2)?) = 1.
Let D1, D5 be real-membered, non empty sets and p be an element of D; X
Dsy. We say that p is positive if and only if
(Def. 2) (p)1 is positive and (p)2 is positive.
One can check that there exists an element of Z x Z which is positive.
Let p be a positive element of Z xZ. Observe that (p); is positive as an integer
and (p)2 is positive as an integer.
Now we state the propositions:
(15) Let us consider square natural number D, and a positive element p of
Z X Z.If D > 0, then p is not a Pell’s solution of D.
(16) If D is not square, then there exists a Pell’s solution p of D such that p
is positive. The theorem is a consequence of (14).
Let D be a natural number. One can verify that there exists a Pell’s solution
of D which is positive.

(17) THE CARDINALITY OF THE PELL’S SOLUTIONS:
Let us consider a natural number D. Then the set of all a; where a; is
a positive Pell’s solution of D is infinite.
PROOF: Set P = the set of all a; where a; is a positive Pell’s solution
of D. Set a; = the positive Pell’s solution of D. m(P) C N. Reconsider
P, = m3(P) as a finite, non empty subset of N. Set b = max P». Consider
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a being an object such that (a, b) € P. Consider a; being a positive Pell’s
solution of D such that (a, b) = a;. O

4. SOLUTIONS TO PELL’'S EQUATION — SHAPE

In the sequel p, p1, p2 denote Pell’s solutions of D.
Now we state the propositions:

(18) If D is not square, then p is positive iff (p); + ((p)2 - VD) >
PROOF: If p is positive, then (p)y + ((p)2 - vV D) > 1. O
)

)
(19) Suppose 1 < (p1)1 + ((p1)2 - VD) < (p2)1 + ((p2)2 - VD) and D is not
square. Then

(i) (p1)1 < (p2)1, and
(i) (p1)2 < (p2)2-

The theorem is a consequence of (18).

(20) Let us consider a natural number D, a positive Pell’s solution p of D,
integers a, b, and a natural number n. Suppose n > 0 and a + (b - \/T)) =
((p)1 + ((p)2 - VD))". Then (a, b) is a positive Pell’s solution of D. The
theorem is a consequence of (6) and (18).

Let D be a natural number. The minimal Pell’s solution of D yielding a po-
sitive Pell’s solution of D is defined by

(Def. 3) for every positive Pell’s solution p of D, (it); < (p)1 and (it)2 < (p)2.
Now we state the proposition:

(21) Let us consider a natural number D, and an element p of Z x Z. Then p is

a positive Pell’s solution of D if and only if there exists a positive natural
number n such that (p); + ((p)2 - VD) = ((the minimal Pell’s solution of
D)1 + ((the minimal Pell’s solution of D)s - vD))".
PROOF: Set m = the minimal Pell’s solution of D. Set ¢ = (m)1. Set
u = (m)a. Set S = V/D. Set = (p)1. Set y = (p)2. If p is a positive Pell’s
solution of D, then there exists a positive natural number n such that
x4+ (y-S)=(t+ (u-S5))" by (18), (19), [8, (51), (57)]. (=, y) is a positive
Pell’s solution of D. [
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Summary. In this paper we give a formal definition of the notion of no-
minative data with simple names and complex values [I5] [16, 19] and formal
definitions of the basic operations on such data, including naming, denaming
and overlapping, following the work [19].

The notion of nominative data plays an important role in the composition-
nominative approach to program formalization [I5] [I6] which is a development
of composition programming [18]. Both approaches are compared in [14].

The composition-nominative approach considers mathematical models of com-
puter software and data on various levels of abstraction and generality and pro-
vides mathematical tools for reasoning about their properties. In particular, no-
minative data are mathematical models of data which are stored and processed
in computer systems. The composition-nominative approach considers different
types [14, [I9] of nominative data, but all of them are based on the name-value
relation. One powerful type of nominative data, which is suitable for representing
many kinds of data commonly used in programming like lists, multidimensional
arrays, trees, tables, etc. is the type of nominative data with simple (abstract)
names and complex (structured) values. The set of nominative data of given type
together with a number of basic operations on them like naming, denaming and

overlapping [19] form an algebra which is called data algebra.
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In the composition-nominative approach computer programs which process
data are modeled as partial functions which map nominative data from the car-
rier of a given data algebra (input data) to nominative data (output data). Such
functions are also called binominative functions. Programs which evaluate con-
ditions are modeled as partial predicates on nominative data (nominative pre-
dicates). Programming language constructs like sequential execution, branching,
cycle, etc. which construct programs from the existing programs are modeled as
operations which take binominative functions and predicates and produce bino-
minative functions. Such operations are called compositions. A set of binominati-
ve functions and a set of predicates together with appropriate compositions form
an algebra which is called program algebra. This algebra serves as a semantic
model of a programming language.

For functions over nominative data a special computability called abstract
computability is introduces and complete classes of computable functions are
specified [16].

For reasoning about properties of programs modeled as binominative func-
tions a Floyd-Hoare style logic [I} 2] is introduced and applied [12] 13 8] 1T} [9} [10].
One advantage of this approach to reasoning about programs is that it naturally
handles programs which process complex data structures (which can be quite
straightforwardly represented as nominative data). Also, unlike classical Floyd-
Hoare logic, the mentioned logic allows reasoning about assertions which include
partial pre- and post-conditions [11].

Besides modeling data processed by programs, nominative data can be also
applied to modeling data processed by signal processing systems in the context
of the mathematical systems theory [4} [ [7), 5} [3].

MSC: 68Q60 03B70 |03B35

Keywords: program semantics; software verification; nominative data

MML identifier: NOMIN_1, version: 8.1.06 5.44.1305

1. PRELIMINARIES

From now on a, a1, as, v, v1, v2,  denote objects, V, A denote sets, m, n
denote natural numbers, and S, S1, So denote finite sequences.
Now we state the propositions:

(1) Let us consider a finite sequence f. If n € dom f, then ((z) ™ f)(n+1) =
f(n).

(2) Let us consider a function f. Suppose dom f = N. Then f[Segn is
a finite sequence.

(3) Let us consider finite sequences f, g. Then
(i) dom f C domg, or
(ii) domg C dom f.
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Let f, g be finite sequences. One can check that f+-¢ is finite sequence-like.
Let f1, fo be functions. Note that fo U fi[(dom f; \ dom f5) is function-like.
Let f, g be functions and z, y be objects. We say that f(x) = g(y) if and
only if
(Def. 1) (v € dom f iff y € dom g) and if z € dom f, then f(z) = g(y).

2. DEFINITION OF SIMPLE-NAMED COMPLEX-VALUED NOMINATIVE DATA

Let us consider V and A.

A nominative set of V' and A is a partial function from V to A. Let us note
that there exists a nominative set of V' and A which is finite.

A nominative data with simple names from V and simple values from A is
a finite nominative set of V' and A. The functor NDgg(V, A) yielding a set is
defined by the term

(Def. 2) the set of all d where d is a nominative data with simple names from V'
and simple values from A.
Let us note that NDgg(V, A) is non empty.
Now we state the propositions:

(4) If x € NDgg(V, A), then z is a nominative data with simple names from
V' and simple values from A.

(5) NDss(V,A) C V5A.

(6) 0 € NDgs(V, A).

(7) Let us consider sets A, B. If A C B, then NDgg(V, A) C NDgs(V, B).

(8) Let us consider finite functions f, g. Suppose f ~ g and f, g € NDgg(V, A).

Then f Ug € NDgg(V, A). The theorem is a consequence of (4).

Let us consider V' and A. The functor FNDgc(V, A) yielding a function is
defined by

(Def. 3) domit = N and it(0) = A and for every natural number n, it(n +1) =
NDgs(V, AU it(n)).
Now we state the propositions:
(9) (FNDsc(V, A4))(1) = NDgs(V, A).

(10) (FNDgc(V,A))(2) = NDgs(V, AUNDgs(V, A)). The theorem is a conse-
quence of (9).

(11) A CUFNDgc(V, A).

(12) If 1 < n, then ) € (FNDgc(V, A))(n). The theorem is a consequence of
(6).
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Let us consider V', A, and n. One can check that FNDgc(V, A)| Segn is finite
sequence-like.
Now we state the proposition:

(13) If m # 0 and m < n, then (FNDgc(V, A))(m) C (FNDgc(V, A))(n).
PRrROOF: Set S = FNDg¢(V, A). Define P[natural number] = if m < $;,
then S(m) C S($1). For every natural number &k such that P[k]| holds
P[k + 1]. For every natural number k, P[k]. O

Let us consider V and A. Let S be a finite sequence. We say that S is a rank
sequence if and only if
(Def. 4) S(1) = NDgg(V, A) and for every natural number n such that n, n+1 €
dom S holds S(n + 1) = NDgg(V, AU S(n)).

Now we state the propositions:
(14) If S is a rank sequence, then S # ().
(15) If S is a rank sequence and S; C S and S; # 0, then S; is a rank

sequence.

(16) If Sis a rank sequence and n € dom S, then S[n is a rank sequence. The
theorem is a consequence of (15).

(17) If S is a rank sequence, then S ~ (NDgg(V, A U S(lenS))) is a rank
sequence.

(18) If 1 < n, then FNDgc(V, A)[ Segn is a rank sequence. The theorem is
a consequence of (9).

(19) If S is a rank sequence and n € dom S, then S(n) = (FNDgc(V, A))(n).
PROOF: Set F' = FNDg¢(V, A). Define P[natural number| =if $; € dom S,
then S($1) = F($1). For every n such that P[n] holds P[n + 1]. For every
n, Pln]. O

(20) If S is a rank sequence, then S = FNDgc(V, A)[dom S. The theorem is
a consequence of (19).

(21) If Sp is a rank sequence and Sy is a rank sequence, then S ~ Ss.
PROOF: Define P[natural number| = if $; € dom S;Ndom Sy, then S ($;) =
S2(81). P[0]. For every n such that P[n] holds P[n + 1]. For every n, Pln].
]

(22) If Sy is a rank sequence and Sy is a rank sequence, then S; C Sy or
Sy € S7. The theorem is a consequence of (20) and (3).

(23) If S; is a rank sequence and Ss is a rank sequence, then S1+-Sy = 57 or
S1+4-S2 = Sa. The theorem is a consequence of (21) and (3).

(24) If S; is a rank sequence and Sy is a rank sequence, then S1+-Ss is a rank
sequence.
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(25) If S is a rank sequence and m < n and n € dom S, then S(m) C S(n).
The theorem is a consequence of (19) and (13).

(26) Let us consider a finite sequence F'. Suppose F' is a rank sequence. Then
there exists a finite sequence S such that
(i) lenS =1+ len F', and
(ii) S is a rank sequence, and
(iii) for every natural number n such that n € dom S holds S(n) =
NDgs(V, AU ((4) ™ F)(n)).

PROOF: Set G = (A)"F. Define F(object) = NDgg(V, AUG($1)). Consider
S being a finite sequence such that len S = len G and for every natural
number n such that n € dom S holds S(n) = F(n). For every natural
number n such that n € dom F holds G(n + 1) = F(n). S is a rank
sequence by (1), [I7, (20)]. O

(27) (NDgg(V, A)) is a rank sequence.

(28) (NDgs(V, A),NDgs(V, AUNDgg(V, A))) is a rank sequence. The theorem
is a consequence of (27) and (17).

(29) (NDsgs(V, A),NDgs(V, AUNDgs(V, A)), NDgs(V, AUNDgs(V, AUNDgs(V,
A)))) is a rank sequence. The theorem is a consequence of (17) and (28).

Let us consider V' and A.
A non-atomic nominative data of V and A is a function and is defined by
(Def. 5) there exists a finite sequence S such that S is a rank sequence and
itelys.
From now on D, D, Dy denote non-atomic nominative data of V and A.
Now we state the propositions:

(30) () is a non-atomic nominative data of V' and A. The theorem is a conse-
quence of (27).

(31) D e UFNDsc(V, A)

(32) Let us consider a set d. If d C D, then d is a non-atomic nominative
data of V' and A. The theorem is a consequence of (4).

(33) There exists a natural number n such that D is a nominative data with
simple names from V" and simple values from AU (FNDgc(V, 4))(n). The
theorem is a consequence of (19) and (4).

Let us consider V' and A. Note that every non-atomic nominative data of V'
and A is finite.
Now we state the propositions:

(34) 1If D1 = Dy and S is a rank sequence and D1, Dy € S(m), then D1UDy €

S(m). The theorem is a consequence of (4) and (8).
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(35) 1If D1 =~ Dy and S is a rank sequence and S; C Sy and Dy € |JS7 and
Dy € |J S, then Dy U Dy € |JSs. The theorem is a consequence of (25)
and (34).

(36) If Dy =~ Dg, then Dy U D5 is a non-atomic nominative data of V' and A.
The theorem is a consequence of (22) and (35).

(37) If Dy = Dy, then D1+-D5 is a non-atomic nominative data of V' and A.
The theorem is a consequence of (36).

Let us consider V' and A. A nominative data with simple names from V' and
complex values from A is a set and is defined by

(Def. 6) it € A or it is a non-atomic nominative data of V" and A.
The functor NDgc(V, A) yielding a set is defined by the term

(Def. 7) the set of all D where D is a nominative data with simple names from
V and complex values from A.

Let us observe that NDgc(V, A) is non empty. Now we state the propositions:
(38) 0 € NDgc(V, A). The theorem is a consequence of (30).

(39) If z € NDgc(V, A), then z is a nominative data with simple names from
V and complex values from A.

(40) NDgc(V, A) = UFNDgc(V, A). The theorem is a consequence of (39),
(11), (31), (4), and (18).

(41) D e NDgc(V, A).

(42) If D ¢ A, then D € NDgc(V, A) \ A. The theorem is a consequence of
(41).

(43) Ifz € NDgc(V, A)\A, then z is a non-atomic nominative data of V" and A.

(44) Let us consider a nominative data D with simple names from V and
complex values from A. Then D € |JFNDgc(V, A). The theorem is a con-
sequence of (11) and (31).

3. EXAMPLES OF SIMPLE-NAMED COMPLEX-VALUED NOMINATIVE DATA

Let us consider v and a. The functor ND(v,a) yielding a set is defined by
the term

(Def. 8)  v——a.
Observe that ND(v, a) is function-like and relation-like.
Now we state the propositions:
(45) If v eV and a € A, then ND(v,a) € NDgg(V, A).
(46) If v € V and a € A, then ND(v,a) is a non-atomic nominative data of
V and A. The theorem is a consequence of (27) and (45).
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Let V, A be non empty sets, v be an element of V', and a be an element of
A. Observe that the functor ND(v, a) yields a non-atomic nominative data of V
and A. Now we state the proposition:

(47) If v € V and a € A, then ND(v,a) is a nominative data with simple
names from V' and complex values from A. The theorem is a consequence
of (46).

Let us consider v, v, and aj. The functor ND(v,v1,a1) yielding a set is
defined by the term

(Def. 9) vr'—>(v1|'—>a1).

Note that ND(v,v1,a1) is function-like and relation-like.

Now we state the propositions:

(48) If{v,v1} C Vanda; € A, then ND(v,v1,a1) € NDgg(V, AUNDgg(V, A)).

(49) If{v,v1} CV and a; € A, then ND(v,v1,a;) is a non-atomic nominative
data of V' and A. The theorem is a consequence of (28) and (48).

Let V, A be non empty sets, v, v; be elements of V, and a be an element
of A. Let us note that the functor ND(v, v1,a) yields a non-atomic nominative
data of V and A. Now we state the proposition:

(50) If {v,n1} € V and a1 € A, then ND(v,v;1,a;) is a nominative data
with simple names from V and complex values from A. The theorem is
a consequence of (49).

Let us consider v, v;, a, and a;. The functor ND(v,v1,a,a;) yielding a set
is defined by the term

(Def. 10)  [v — a,v1 — ay].

Let us note that ND(v,v1,a,a;) is function-like and relation-like.

Now we state the propositions:

(51) If {v,v1} CV and {a,a1} C A, then ND(v,v1,a,a1) € NDgg(V, A). The
theorem is a consequence of (45) and (8).

(52) If {v,v1} €V and {a,a1} C A, then ND(v,v1,a,a1) is a non-atomic
nominative data of V' and A. The theorem is a consequence of (27) and
(51).

Let V, A be non empty sets, v, v; be elements of V', and a, a; be elements
of A. Let us observe that the functor ND(v, v1, a,a1) yields a non-atomic nomi-
native data of V' and A. Now we state the proposition:

(563) Suppose {v,v1} C V and {a,a1} € A. Then ND(v,v1,a,a1) is a nomi-
native data with simple names from V and complex values from A. The
theorem is a consequence of (52).

Let us consider v, vy, v2, a, and a;. The functor ND(v,v1,v9,a,ay) yielding
a set is defined by the term
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(Def. 11)  [v — a,v; — va——aq].

Let us note that ND(v, v1,v2,a,a;) is function-like and relation-like.

Now we state the propositions:

(54) Suppose {v,v1,v2} € V and {a,a1} € A. Then ND(v,v1,vs,a,a1) €
NDgs(V, AU NDgs(V, A)).
PROOF: Set g = ND(v,v1,v2,a,a1). rngg € AUNDgg(V, A). O

(55) If {v,v1,v2} C V and {a,a1} C A, then ND(v,v;,v2,a,a1) is a non-
atomic nominative data of V' and A. The theorem is a consequence of (54)
and (28).

Let V, A be non empty sets, v, v1, v2 be elements of V, and a, a; be elements
of A. One can check that the functor ND(v,v;,v9,a,a1) yields a non-atomic
nominative data of V' and A. Now we state the propositions:

(56) Suppose {v,v1,v2} € V and {a,a1} € A. Then ND(v,v1,v9,a,a1) is
a nominative data with simple names from V' and complex values from A.
The theorem is a consequence of (55).

(57) (x) is a non-atomic nominative data of {1} and {z}.
PRrROOF: (a;> S NDss({l},{x}). O

4. OPERATIONS ON SIMPLE-NAMED COMPLEX-VALUED NOMINATIVE DATA

Let us consider V, A, v, and D. Assume v € dom D. The functor v =, D
yielding a nominative data with simple names from V and complex values from
A is defined by the term
(Def. 12)  D(v).
Let v, D be objects. Assume D is a nominative data with simple names from
V and complex values from A. Assume v € V. The functor =v(D) yielding
a non-atomic nominative data of V and A is defined by the term
(Def. 13) v——D.
Let a be an object and f be a V-valued finite sequence. Assume len f > 0.
The functor =(V, A, f, a) yielding a finite sequence is defined by
(Def. 14) lenit = len f and it(1) = =(f(len f))(a) and for every natural number
n such that 1 <n < len it holds it(n+ 1) = =(f(len f — n))(it(n)).
Now we state the proposition:
(58) Let us consider a V-valued finite sequence f. Suppose 1 < n < len f.
Then (=(V, A, f,a))(n) is a non-atomic nominative data of V' and A.
Let us consider V and A. Let f be a V-valued finite sequence and a be
an object. The functor = f(a) yielding a set is defined by the term
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(Def. 15)  (=(V, 4, f,a))(len=(V, A, f,a)).
Now we state the propositions:

(59) Let us consider a V-valued finite sequence f. Suppose len f > 0. Then
= f(a) is a non-atomic nominative data of V" and A. The theorem is a con-
sequence of (58).

(60) Let us consider a non empty set V, and an element v of V. Then
=(v)(a) = =v(a).

(61) Let us consider a non empty set V', and elements vy, vy of V. Suppose a
is a nominative data with simple names from V and complex values from
A. Then =(v1,v2)(a) = vi=—(va——a). The theorem is a consequence of
(58).

(62) Let us consider a nominative data D with simple names from V and
complex values from A. If v € V', then v =, =v(D) = D.

(63) If v € dom D, then =v(v =, D) = v——D(v). The theorem is a conse-
quence of (33).

Let us consider V and A. Let di, dy be objects. Assume d; is a nominative
data with simple names from V' and complex values from A and ds is a nomi-
native data with simple names from V' and complex values from A.

The functor d;V,ds yielding a nominative data with simple names from V
and complex values from A is defined by

(Def. 16) (i) there exist functions fi, fo such that f; = d; and fo = dy and
it = foU fi[(dom f; \ dom fo), if d; ¢ A and dy ¢ A,
(ii) it = da, otherwise.
Let di, da2, v be objects.
The functor d;V}dy yielding a nominative data with simple names from V/
and complex values from A is defined by the term
(Def. 17)  d1Va(=v(d2)).
Now we state the propositions:
(64) If D1 ¢ A and Dy ¢ A, then D1V, Dy = Dy U Dy [(dom D; \ dom Ds).
(65) If D1 ¢ Aand Dy ¢ A and dom Dy C dom Ds, then D1V, Dy = D,. The
theorem is a consequence of (64).
(66) If D¢ A, then DV,D = D. The theorem is a consequence of (65).
(67) Suppose v € V and v——a; ¢ A and v——as ¢ A and a; is a nominative
data with simple names from V and complex values from A and ay is
a nominative data with simple names from V and complex values from

A. Then (v——a1)V,(v——az) = v——as. The theorem is a consequence of
(65).
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(68) Suppose {vi,v2} €V and v; # v and vi——a; ¢ A and vo——ay ¢ A
and a7 is a nominative data with simple names from V' and complex values
from A and a9 is a nominative data with simple names from V' and complex
values from A. Then (vi——a1)V,(va——ag) = [v2 — a2, v1 — a;]. The
theorem is a consequence of (64).

(69) Suppose {v,vi,v2} € V and v # v; and as € A and vi——a; ¢ A
and v——(vo——az) ¢ A and a; is a nominative data with simple names
from V' and complex values from A. Then (vi——a1)V{(va——a2) = [v —
vo——ag,v1 — a1]. The theorem is a consequence of (47) and (68).

Let us consider V', A, and v. The functor v =, yielding a partial function
from NDgc(V, A) to NDgc(V, A) is defined by

(Def. 18) dom it = {d, where d is a non-atomic nominative data of V and A : v €
dom d} and for every non-atomic nominative data D of V' and A such that
D € dom it holds it(D) = v =, D.

The functor =v yielding a function from NDgc(V, A) into NDgc(V, A) is
defined by

(Def. 19) for every nominative data D with simple names from V' and complex
values from A, it(D) = =v(D).

The functor V¢ yielding a partial function from NDgc(V, A) x NDgc(V, A)
to NDgc(V, A) is defined by

(Def. 20) dom it = (NDgc(V, A) \ A) x NDgc(V, A) and for every non-atomic no-
minative data d; of V and A and for every object do such that d; ¢ A and
do € NDsc(V, A) holds it((dl, dz)) = dlvgdg.
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Summary. Some authors have formalized the integral in the Mizar Ma-
thematical Library (MML). The first article in a series on the Darboux/Riemann
integral was written by Noboru Endou and Artur Kornilowicz: [6]. The Lebesgue
integral was formalized a little later [13] and recently the integral of Riemann-
Stieltjes was introduced in the MML by Keiko Narita, Kazuhisa Nakasho and
Yasunari Shidama [12].

A presentation of definitions of integrals in other proof assistants or proof
checkers (ACL2, COQ, Isabelle/HOL, HOL4, HOL Light, PVS, ProofPower) may
be found in [I0] and [4].

Using the Mizar system [1], we define the Gauge integral (Henstock-Kurzweil)
of a real-valued function on a real interval [a,b] (see [2], [3], [I5], [14], [I1]). In
the next section we formalize that the Henstock-Kurzweil integral is linear.

In the last section, we verified that a real-valued bounded integrable (in sense
Darboux/Riemann [6] [7, [§]) function over a interval a, b is Gauge integrable.

Note that, in accordance with the possibilities of the MML [9], we reuse
a large part of demonstrations already present in another article. Instead of
rewriting the proof already contained in [7] (MML Version: 5.42.1290), we slightly
modified this article in order to use directly the expected results.
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(1) Ifa—b<candb<a,then |b—a|<c.

(2) Ifb—a<canda<b, then |b—al<ec.

(3) fa<b<cand|a—d <eand|c—d| <e, then |b—d| <e.

(4) If for every ¢ such that 0 < ¢ holds |a — b| < ¢, then a = b.

(5) Let us consider non negative real numbers b, ¢, d. Suppose d < 2-;\(;\'

Then
(i) b is positive, and
(i) c is positive.
(6) Ifa##0, thena-%:g.
(7) Let us consider non negative real numbers b, ¢, d. Suppose a < b-c-d
and d < ﬁ Then a < §. The theorem is a consequence of (5) and (6).

2. VECTOR LATTICE / RIESZ SPACE

Let X be a non empty set and f, g be functions from X into R. The functor
min(f, g) yielding a function from X into R is defined by
(Def. 1) for every element x of X, it(x) = min(f(x), g(x)).
One can verify that the functor is commutative. The functor max(f, g) yielding
a function from X into R is defined by
(Def. 2) for every element x of X, it(x) = max(f(x), g(x)).
Note that the functor is commutative.
Let f, g be positive yielding functions from X into R. One can check that
min(f, g) is positive yielding and max(f, g) is positive yielding.
Let f, g be functions from X into R. We say that f < g if and only if
(Def. 3) for every element x of X, f(x) < g(x).
Now we state the proposition:
(8) Let us consider a non empty set X, and functions f, g from X into R.
Then min(f,g) < f.
Let us consider a non empty, real-membered set X. Now we state the pro-
positions:
(9) If for every real number r such that r € X holds sup X = r, then there
exists a real number r such that X = {r}.
(10) If for every real number r such that r € X holds inf X = r, then there
exists a real number r such that X = {r}.
(11) Let us consider a non empty, lower bounded, upper bounded, real-
membered set X. Suppose sup X = inf X. Then there exists a real number
r such that X = {r}. The theorem is a consequence of (9).
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3. SOME PROPERTIES OF THE X FUNCTION

In the sequel X, Y denote sets, Z denotes a non empty set, r denotes a real
number, s denotes an extended real, A denotes a subset of R, and f denotes
a real-valued function.

Now we state the propositions:

12
13

Xxy is a function from Y into R.

If A C|r,s], then A is lower bounded.

If A C]s,r[, then A is upper bounded.

If rng f C [a, b], then f is bounded.

If a < b, then {a,b} C [a,b].

Xx,y is bounded. The theorem is a consequence of (16) and (15).
If X misses Y, then for every element = of X, Xy x(z) = 0.

—_— — ~— — — ~— —

Let us consider a function f from Z into R. Then f is constant if and
only if there exists a real number 7 such that f =7 Xz 7.

(20) Xx x is positive yielding.

4. REFINEMENT OF TAGGED PARTITION

In the sequel I denotes a non empty, closed interval subset of R, 77 denotes
a tagged partition of I, D denotes a partition of I, T" denotes an element of
the set of tagged partitions of D, and f denotes a partial function from I to R.
Now we state the propositions:
(21) If f is lower integrable, then lower_sum( f, D) < lower_integral f.
(22) If f is upper integrable, then upper_integral f < upper_sum(f, D).

Let A be a non empty, closed interval subset of R. The functor tagged-divs(A)
yielding a set is defined by

(Def. 4) for every set x, x € it iff x is a tagged partition of A.

One can check that tagged-divs(A) is non empty.
Let T; be a tagged partition of A. The functor T}-tags yielding a non empty,
non-decreasing finite sequence of elements of R is defined by

(Def. 5) there exists a partition D of A and there exists an element 1" of the set
of tagged partitions of D such that it =T and 71 = (D, T').

Now we state the propositions:
(23) If Ty = (D, T), then T = Tj-tags and D = Tj-partition.
(24) len(T3-tags) = len(Ti-partition). The theorem is a consequence of (23).
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Let A be a non empty, closed interval subset of R and 77 be a tagged partition
of A. The functor len T} yielding an element of N is defined by the term
(Def. 6) len(T}-partition).
The functor dom 7} yielding a set is defined by the term
(Def. 7) dom(T1-partition).
Now we state the propositions:
(25) Let us consider a non empty, closed interval subset I of R, a partition D
of I, and an element T of the set of tagged partitions of D. Then rngT C I.
(26) Let us consider a non empty, closed interval subset I of R, positive
yielding functions ji, jo from I into R, and a ji-fine tagged partition T}

of I. If j1 < jo, then T7 is a jo-fine tagged partition of I. The theorem is
a consequence of (23), (24), and (25).

5. DEFINITION OF THE GAUGE INTEGRAL ON A REAL BOUNDED INTERVAL

Let I be a non empty, closed interval subset of R, f be a partial function
from I to R, and 77 be a tagged partition of I. The functor tagged-volume(f, T7)
yielding a finite sequence of elements of R is defined by

(Def. 8) lenit = lenT; and for every natural number i such that i € dom 7 holds
it(i) = f((T1-tags)(i)) - vol(divset(7T;-partition, 7)).
The functor tagged-sum( f,77) yielding a real number is defined by the term
(Def. 9) > (tagged-volume(f,T7)).
Now we state the proposition:
(27) IfY C X, then Xxy = Xy,y-
From now on f denotes a function from I into R.
Now we state the propositions:
(28) If I is non empty and trivial, then vol(I) = 0.
(29) Let us consider a real number r. If I = {r}, then for every partition D
of I, D = (r).
Let I be a non empty, closed interval subset of R and f be a function from
I into R. We say that f is HK-integrable if and only if

(Def. 10) there exists a real number J such that for every real number ¢ such
that € > 0 there exists a positive yielding function j from I into R
such that for every tagged partition 77 of I such that 77 is j-fine holds
| tagged-sum(f,T1) — J| < e.

Assume f is HK-integrable. The functor HK-integral( f) yielding a real num-
ber is defined by
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(Def. 11) for every real number e such that € > 0 there exists a positive yielding
function j from [ into R such that for every tagged partition 77 of I such
that T3 is j-fine holds | tagged-sum(f,T1) — it| < e.

Now we state the propositions:
(30) Let us consider a function f from I into R. Suppose I is trivial. Then
(i) f is HK-integrable, and
(ii) HK-integral(f) = 0.
The theorem is a consequence of (20), (12), and (29).
(31) If A misses [ and f = X4 1, then tagged-sum(f,T7) = 0.
PROOF: For every natural number ¢ such that ¢ € dom 77 holds
(tagged-volume(f,T1))(i) = 0. O
(32) If A misses I and f = X4z, then f is HK-integrable and
HK-integral(f) = 0. The theorem is a consequence of (12) and (31).
(33) If I C Aand f=Xay, then f is HK-integrable and HK-integral( f)
= vol(I). The theorem is a consequence of (12) and (27).

Let I be a non empty, closed interval subset of R. One can check that there
exists a function from I into R which is HK-integrable.

6. THE LINEARITY PROPERTY OF THE GAUGE INTEGRAL

In the sequel f, g denote HK-integrable functions from I into R and r denotes
a real number.
Now we state the propositions:

(34) Let us consider a natural number i. Suppose i € dom 77.
Then (tagged-volume(r - f,71))(i) =
r - f((T1-tags)(i)) - vol(divset(T}-partition, 7)).
(35) tagged-volume(r - f,T7) = r - (tagged-volume(f,11)).
PROOF: For every natural number ¢ such that
i € dom(tagged-volume(r - f,T7)) holds (tagged-volume(r - f,T1))(i) =
(r - (tagged-volume(f,T1))) (7). O
(36) Let us consider a natural number i. Suppose i € dom T;. Then (tagged-
volume(f + g,71))(i) = f((T1-tags)(i)) - vol(divset(T-partition,
i)) + (g((T1-tags)(i)) - vol(divset(T1-partition, 7))). The theorem is a con-
sequence of (23), (24), and (25).
(37) tagged-volume(f + g,T1) =
(tagged-volume( f,T1)) + (tagged-volume(g, T1)).
PROOF: For every natural number i such that i € dom(tagged-volume
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(38)

(39)

(40)

ROLAND COGHETTO

(f +g,T1)) holds (tagged-volume(f + g,7T1))(i) = ((tagged-volume( f,
T1)) + (tagged-volume(g, T1))) (). O

Suppose f is HK-integrable. Then

(i) r- f is an HK-integrable function from I into R, and

(ii) HK-integral(r - f) = r - HK-integral(f).

PrOOF: Consider J being a real number such that for every real number
e such that € > 0 there exists a positive yielding function j from I into
R such that for every tagged partition 77 of I such that 73 is j-fine holds
| tagged-sum(f, T7) — J| < . For every real number ¢ such that ¢ > 0 there
exists a positive yielding function j from I into R such that for every tagged
partition 77 of I such that T3 is j-fine holds | tagged-sum(r- f, T7)—(r-J)| <
e.
(i) f+ g is an HK-integrable function from I into R, and

(ii) HK-integral(f + ¢g) = HK-integral(f) + HK-integral(g).
ProOOF: Consider J; being a real number such that for every real number
€ such that € > 0 there exists a positive yielding function j from I into
R such that for every tagged partition 77 of I such that 73 is j-fine holds
| tagged-sum(f, T7) — Ji1| < €. Consider J being a real number such that
for every real number € such that € > 0 there exists a positive yielding
function j from [ into R such that for every tagged partition 77 of I such
that T} is j-fine holds | tagged-sum(g, T1) — J2| < €. For every real number
€ such that € > 0 there exists a positive yielding function j from I into
R such that for every tagged partition 77 of I such that 77 is j-fine holds
| tagged-sum(f + ¢, T1) — (J1 + J2)| < e. O

Let us consider a function f from I into R. Suppose f is constant. Then

(i) f is HK-integrable, and

(ii) there exists a real number 7 such that f =r-X;; and

HK-integral(f) = r - vol(1).

The theorem is a consequence of (19), (12), (33), and (38).

7. RIEMANN INTEGRABILITY AND GAUGE INTEGRABILITY

Let I be a non empty, closed interval subset of R. Note that there exists
a function from I into R which is integrable.

Let X be a non empty set. Observe that there exists a function from X into
R which is bounded.

Now we state the proposition:
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(41) Let us consider a bounded function f from I into R.
Then |suprng f — inf rng f| = 0 if and only if f is constant. The theorem
is a consequence of (11).

Let I be a non empty, closed interval subset of R. Observe that there exists
an integrable function from /I into R which is bounded.

Let us consider a partial function f from I to R. Now we state the proposi-
tions:

(42) If f is upper integrable, then there exists a real number r such that for
every partition D of I, r < upper_sum(f, D).

(43) If f is lower integrable, then there exists a real number r such that for
every partition D of I, lower_sum(f, D) < r.

(44) Let us consider a function f from I into R, and partitions D, D; of I.
Suppose D(1) =inf I and D; = D;. Then
(i) upper_sum(f, D1) = upper_sum(f, D), and

(ii) lower_sum(f, D1) = lower_sum(f, D).
PROOF: (upper_volume(f, D))(1) = 0 by [5, (50)]. (lower_volume(f,
D))(1) =0 by [ (50)]. O

In the sequel f denotes a bounded, integrable function from I into R.

Now we state the propositions:

(45) Let us consider a natural number i. Suppose i € dom T;. Then (lower_vo-
lume( f, T7-partition)) (i) < (tagged-volume(f,T1))(i) < (upper-volume( f,
Ti-partition))(¢). The theorem is a consequence of (23).

(46) > lower_volume( f, T1-partition) < Y (tagged-volume(f,T7)) <
>~ upper_volume( f, T-partition). The theorem is a consequence of (45).

(47) Let us consider a real number e. Suppose I is not trivial and 0 < e. Then
there exists a partition D of I such that

(i) D(1) #inf I, and

(ii) uppersum(f, D) < integral f + 5, and
(iii) integral f — § < lower_sum(f, D), and
(iv) upper_sum(f, D) — lower_sum(f, D) < €.

The theorem is a consequence of (44).
From now on j denotes a positive yielding function from I into R.
(48) If j=r-Xrr, then 0 <r.
In the sequel D denotes a tagged partition of I. Now we state the proposition:
(49) If j =r-X;rand D is j-fine, then dp_partition < 7-
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PROOF: Reconsider g = X1 as a function from I into R. For every natural
number 4 such that ¢ € dom(D-partition) holds
(upper_volume(g, D-partition)) (i) < 7. dp-partition < 7. O
From now on 71, ro, s denote real numbers, D, Dy denote partitions of I,
and f1 denotes a function from I into R. Now we state the propositions:

(50) There exists a natural number 7 such that
(i) i € dom D, and
(ii) minrngupper_volume(f1, D) = (upper_volume(fi, D))(7).

(51) Let us consider a function f from I into R, and a real number e.
Suppose fi = Xy and r; = minrngupper_volume(f;,D;) and ry =
_ min(ry,r2)
2.lenD1.|Supfngf_mfmgﬂ and 0 < ry and 0 < rp and s = =52 and
j=s- f1 and T} is j-fine. Then

(i) 97 -partition < minrng upper_volume(fi, D1), and

. - .
(11) 5T1—part1t10n < 3en D1 -[suprng f—infrng f|*
The theorem is a consequence of (49).

(52) Let us consider a finite sequence p of elements of R. Suppose for every
natural number i such that ¢ € domp holds r < p(i) and there exists
a natural number i such that ig € dom p and p(ig) = r. Then r = inf rng p.

(53) Suppose f1 = Xy,1. Then
(i) 0 < minrngupper_volume(fi, D), and
(ii) 0 = minrngupper_volume(fi, D) iff divset(D, 1) = [D(1), D(1)].
PRrOOF: Consider iy being a natural number such that i9 € dom D and
min rng upper_volume( f1, D) = (upper_volume(fi, D))(ip). 0 =
min rng upper_volume( f1, D) iff divset(D, 1) = [D(1), D(1)]. O
(54) If divset(D, 1) = [D(1), D(1)], then D(1) = inf I.
(55) Let us consider a bounded, integrable function f from I into R. Then
(i) f is HK-integrable, and
(ii) HK-integral(f) = integral f.
The theorem is a consequence of (40), (12), (17), (28), (30), (47), (53),

(54), (41), (20), (46), (51), (21), (22), (7), (1), (2), and (3).

Let I be a non empty, closed interval subset of R. Note that every function
from [ into R which is bounded and integrable is also HK-integrable.
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Summary. In this article, we formalize in the Mizar system [I} [7] the Le-
besgue type integral and convergence theorems for non positive functions [§],[2].
Many theorems are based on our previous results [B], [6].
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1. PRELIMINARIES

Let X be a non empty set and f be a non-negative partial function from X
to R. Observe that —f is non-positive.
Let f be a non-positive partial function from X to R. One can check that
—f is non-negative.
Now we state the propositions:
(1) Let us consider a non empty set X, a non-positive partial function f
from X to R, and a set E. Then f|E is non-positive.
(2) Let us consider a non empty set X, a set A, a real number r, and a partial
function f from X to R. Then (r- f)[A =1 (flA).
(3) Let us consider a non empty set X, a set A, and a partial function f
from X to R. Then —f]A = (—f)] A. The theorem is a consequence of (2).
(4) Let us consider a non empty set X, a partial function f from X to R,
and a real number c. Suppose f is non-positive. Then
(i) if 0 < ¢, then c- f is non-positive, and
(i) if ¢ <0, then c¢- f is non-negative.
@ 2017 University of Bialystok
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(5) Let us consider a non empty set X, a o-field S of subsets of X, a o-
measure M on S, and a partial function f from X to R. Then

(i) max4(f) is non-negative, and
(ii) max_(f) is non-negative, and
(iii) |f| is non-negative.

(6) Let us consider a non empty set X, a partial function f from X to R,
and an object x. Then

(i) f(x) < (maxy (f))(x), and
(i) f(z) > —(max_(f))(z).

(7) Let us consider a non empty set X, a partial function f from X to R,
and a positive real number r. Then LE-dom(f,r) = LE-dom(max (f), ).

(8) Let us consider a non empty set X, a partial function f from X to R, and
anon positive real number r. Then LE-dom( f,r) = GT-dom(max_(f), —r).

(9) Let us consider a non empty set X, partial functions f, g from X to R,
an extended real a, and a real number r. Suppose r # 0 and g = 7 - f.
Then EQ-dom(f,a) = EQ-dom(g,a - r).

(10) Let us consider a non empty set X, a o-field S of subsets of X, a partial
function f from X to R, and an element A of S. Suppose A C dom f.
Then f is measurable on A if and only if max(f) is measurable on A and
max_ (f) is measurable on A.

Let X be a non empty set, f be a function from X into R, and r be a real
number. Note that the functor r - f yields a function from X into R. Now we
state the proposition:

(11) Let us consider a non empty set X, a real number r, and a without 400

function f from X into R. If » > 0, then r - f is without +oo.
Let X be a non empty set, f be a without +oo function from X into R,

and r be a non negative real number. Let us note that r - f is without +o0o as

a function from X into R.
Now we state the proposition:

(12) Let us consider a non empty set X, a real number r, and a without +oo

function f from X into R. If » < 0, then r - f is without —oo.
Let X be a non empty set, f be a without +oco function from X into R, and
r be a non positive real number. One can check that r - f is without —oo.
Now we state the proposition:

(13) Let us consider a non empty set X, a real number r, and a without —oo
function f from X into R. If » > 0, then r - f is without —oo.
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Let X be a non empty set, f be a without —oo function from X into R, and
r be a non negative real number. One can check that r - f is without —oo.
Now we state the proposition:

(14) Let us consider a non empty set X, a real number r, and a without —oo

function f from X into R. If r < 0, then r - f is without 4oc.
Let X be a non empty set, f be a without —oo function from X into R, and
r be a non positive real number. One can check that r - f is without +oo.
Now we state the proposition:

(15) Let us consider a non empty set X, a real number r, and a without —oo,
without +oo function f from X into R. Then r - f is without —oo and
without 4o00.

Let X be a non empty set, f be a without —oo, without 400 function from
X into R, and r be a real number. Note that 7 - f is without —oo and without
+00.

Now we state the propositions:

(16) Let us consider a non empty set X, a positive real number r, and a func-
tion f from X into R. Then f is without +ooc if and only if r- f is without
+00.

(17) Let us consider a non empty set X, a negative real number r, and a func-
tion f from X into R. Then f is without +oo if and only if 7 - f is without
—00.

(18) Let us consider a non empty set X, a positive real number r, and a func-
tion f from X into R. Then f is without —oo if and only if - f is without
—00.

(19) Let us consider a non empty set X, a negative real number r, and a func-
tion f from X into R. Then f is without —oo if and only if 7 - f is without
+00.

(20) Let us consider a non empty set X, a non zero real number r, and
a function f from X into R. Then f is without —oco and without +oo if and
only if r- f is without —oo and without +o0o. The theorem is a consequence
of (16), (18), (17), and (19).

(21) Let us consider non empty sets X, Y, a partial function f from X to R,
and a real number r. Suppose f =Y —— r. Then f is without —oo and
without +o0.

(22) Let us consider a non empty set X, and a function f from X into R.
Then

(i) 0-f=X+—0, and

(ii) 0- f is without —oo and without +oo.

229
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PROOF: For every element x of X, (0- f)(z) = (X — 0)(x). O
(23) Let us consider a non empty set X, and partial functions f, g from X
to R. Suppose f is without —oo and without 4+oc0. Then
(i) dom(f + ¢) = dom f Ndom g, and
(ii) dom(f — g) = dom f Ndom g, and
(iii) dom(g — f) = dom f Ndom g.
Let us consider a non empty set X and functions fi, fo from X into R. Now
we state the propositions:
(24) Suppose fo is without —oo and without +oo. Then
(i) fi+ f2 is a function from X into R, and
(ii) for every element x of X, (f1 + f2)(x) = fi(x) + fa(x).
The theorem is a consequence of (23).
(25) Suppose fi is without —oco and without +oo. Then
(i) fi — fo is a function from X into R, and
(i) for every element x of X, (f1 — f2)(x) = fi(z) — fa(z).
The theorem is a consequence of (23).
(26) Suppose fz is without —oo and without +oo. Then
(i) fi — fo is a function from X into R, and

(ii) for every element x of X, (f1 — f2)(x) = fi(x) — fa(x).
The theorem is a consequence of (23).

(27) Let us consider non empty sets X, Y, and partial functions fi, fo from
X to R. Suppose dom f; CY and fy =Y ~— 0. Then

(i) fi+ fe=fi, and
(ii) f — f2 = f1, and
(iii) fo — fi =—f.
The theorem is a consequence of (21) and (23).
Let us consider a non empty set X, a o-field S of subsets of X, a o-measure
M on S, and partial functions f, g from X to R. Now we state the propositions:
(28) If f is simple function in S and g is simple function in S, then f 4+ g is
simple function in S.
Proor: Consider F' being a finite sequence of separated subsets of S, a
being a finite sequence of elements of R such that F' and a are represen-
tation of f. Consider G being a finite sequence of separated subsets of S,

b being a finite sequence of elements of R such that G and b are repre-
sentation of g. Set I} = lena. Set Iy = lenb. Define H(natural number) =
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F(($1 —'1diviy)+1)NG(($1 —'1 mod I3) +1). Consider F; being a finite
sequence such that len F; = [y -l and for every natural number k such that
k € dom F} holds Fy(k) = H(k). For every natural numbers k, [ such that
k, 1 € dom F; and k # [ holds Fi(k) misses Fi(l). dom(f + g) = Urng F7.
For every natural number k& and for every elements x, y of X such that
k € dom Fy and z, y € Fi(k) holds (f + ¢)(z) = (f +9)(y). O

(29) If f is simple function in S and g is simple function in S, then f — g is
simple function in S. The theorem is a consequence of (28).

(30) Let us consider a non empty set X, a o-field S of subsets of X, and

a partial function f from X to R. If f is simple function in .S, then —f is
simple function in S.

(31) Let us consider a non empty set X, and a non-negative partial function
f from X to R. Then f = max(f).
PRrOOF: For every element x of X such that x € dom f holds f(x) =
(max, ())(z). O

(32) Let us consider a non empty set X, and a non-positive partial function
f from X to R. Then f = —max_(f).
PRrOOF: For every element x of X such that x € dom f holds f(x) =
(—max_(f))(z). O

(33) Let us consider a non empty set C, a partial function f from C to R,
and a real number c. Suppose ¢ < 0. Then

(1) maxs (- f) = (—¢) - max_(f), and
(i) max_(c- f) = (—c) - max, (f).
PROOF: For every element x of C such that z € dommax, (c- f) holds

(max4(c- f))(x) = ((—c) - max_(f))(x). For every element x of C such
that x € dommax_(c- f) holds (max_(c- f))(z) = ((—¢) - max4(f))(z). O

(34) Let us consider a non empty set X, and a partial function f from X to
R. Then max (f) = max_(—f). The theorem is a consequence of (33).

(35) Let us consider a non empty set X, a partial function f from X to R,
and real numbers 71, ro. Then ry - (ro - f) = (r1-72) - f.

(36) Let us consider a non empty set X, and partial functions f, g from X
to R. If f = —g, then g = —f. The theorem is a consequence of (35).

Let X be a non empty set, F' be a sequence of partial functions from X
into R, and r be a real number. The functor r - F' yielding a sequence of partial
functions from X into R is defined by

(Def. 1) for every natural number n, it(n) =r - F(n).

The functor —F yielding a sequence of partial functions from X into R is

defined by the term
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(Def. 2) (—1)-F.
Now we state the proposition:
(37) Let us consider a non empty set X, a sequence F' of partial functions
from X into R, and a natural number n. Then (—F)(n) = —F(n).
Let us consider a non empty set X, a sequence F' of partial functions from
X into R, and an element = of X. Now we state the propositions:
(38) (—F)#x = —F+#ua. The theorem is a consequence of (37).

(39) ) F#x is convergent to oo iff (—F')#x is convergent to —oo, and

(i
(ii) F#x is convergent to —oo iff (—F')#x is convergent to +oo, and
i)

(ii

F+#x is convergent to a finite limit iff (—F)#x is convergent to a
finite limit, and

(iv) F#ux is convergent iff (—F)#x is convergent, and
(v) if F#x is convergent, then lim((—F)#x) = —lim(F#z).
The theorem is a consequence of (38).
Let us consider a non empty set X and a sequence F of partial functions
from X into R. Now we state the propositions:

(40) If F has the same dom, then —F has the same dom. The theorem is
a consequence of (37).

(41) If F is additive, then —F is additive. The theorem is a consequence of
(37).

(42) Let us consider a non empty set X, a sequence F' of partial functions
from X into R, and a natural number n. Then (3-F_,(—F)(a))wen(n) =
(—=(Za=0 F(@))ren) (n)-

PROOF: Define P[natural number] = (325 _(—F)(a))xen($1) =
(—(>h—0 F(a))ken)($1). PJ0]. For every natural number k such that P[k]
holds P[k + 1]. For every natural number k, P[k]. O

(43) Let us consider a sequence s of extended reals, and a natural number n.
Then (Y5 (—s)(@))wen(n) = — (55 5(a))sen(n).
PROOF: Define P[natural number] = (35 _(—s)(a))ken($1) =
—(>25 g s(a))ken($1). For every natural number k such that P[k] holds
P[k + 1]. For every natural number k, P[k]. O

Let us consider a sequence s of extended reals. Now we state the propositions:

(44) Ch—o(=s)(@))ken = —(>on—0S(a))rken. The theorem is a consequence

of (43).
(45) If s is summable, then —s is summable. The theorem is a consequence
of (44).
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Let us consider a non empty set X and a sequence F of partial functions
from X into R. Now we state the propositions:

(46) If for every natural number n, F(n) is without +o0o, then F' is additive.
(47) If for every natural number n, F(n) is without —oo, then F' is additive.

(48) Let us consider a non empty set X, a sequence F' of partial functions

from X into R, and an element = of X. Suppose F'#x is summable. Then
(i) (=F)#x is summable, and
(i) S(—F)#e) = —S(F#ta).

The theorem is a consequence of (45), (38), and (44).

(49) Let us consider a non empty set X, a o-field S of subsets of X, and a se-
quence F of partial functions from X into R. Suppose F is additive and has
the same dom and for every element z of X such that z € dom(#'(0)) holds
F#x is summable. Then Im(}"5_(—F)(a))weny = —lIm(>-5_o F(a))ken-
PROOF: Set G = —F. For every element n of N, (38 _( G())ken(n) =
(—(>h—0 F(a))ken)(n). For every element z of X such that z € domlim
(Xo6=0 G(@))ren holds (im(3-5_g G(a))ren)(x) =
(—lim(3-5—0 F(a))ren)(z). O

(50) Let us consider a non empty set X, a o-field S of subsets of X, sequ-

ences F, G of partial functions from X into R, and an element E of S.
Suppose £ C dom(F'(0)) and F' is additive and has the same dom and
for every natural number n, G(n) = F(n)[E. Then im(}>°5_y G(a))ken =
Hm(3> "5 F(a))kenlE.
PROOF: For every element x of X such that z € F holds F#x = G#«x.
Set P = (3 n_o F(@))ken. Set Po = (3> _ G(a))ken- For every element
x of X such that z € domlim P, holds (lim P»)(z) = (lim P;)(z). For
every element z of X such that z € dom(lim P»[E) holds (lim P [E)(x) =
(lim P, [E)(x). O

2. INTEGRAL OF NON POSITIVE MEASURABLE FUNCTIONS

Now we state the propositions:

(51) Let us consider a non empty set X, a o-field S of subsets of X, a o-
measure M on S, and a non-negative partial function f from X to R.
Then ["max_(—f)dM = [’ fdM. The theorem is a consequence of (32),
(36), and (35).

(52) Let us consider a non empty set X, a o-field S of subsets of X, a o-
measure M on S, a partial function f from X to R, and an element A of S.
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Suppose A = dom f and f is measurable on A. Then [ —fdM = —[ fdM.
The theorem is a consequence of (36), (10), (5), and (34).

(53) Let us consider a non empty set X, a o-field S of subsets of X, a o-
measure M on S, a non-negative partial function f from X to R, and
an element F of S. Suppose F = dom f and f is measurable on E. Then

(i) fmax_(f)dM =0, and

(i) [T max_(f)dM = 0.
PROOF: max_(f) is measurable on E. For every object = such that = €
dommax_(f) holds (max_(f))(z) =0. O

Let us consider a non empty set X, a o-field S of subsets of X, a o-measure
M on S, a partial function f from X to R, and an element E of S. Now we
state the propositions:

(54) If E = dom f and f is measurable on E, then [ fdM = [maxy(f)dM—
J max_(f)dM. The theorem is a consequence of (10) and (5).

(55) If E C dom f and f is measurable on E, then [(—f)[EdM = —[ f[EdM.
The theorem is a consequence of (3) and (52).

(56) Let us consider a non empty set X, a o-field S of subsets of X, and
a partial function f from X to R. Suppose there exists an element A of
S such that A = dom f and f is measurable on A and (f qua extended
real-valued function) is non-positive. Then there exists a sequence F' of
partial functions from X into R such that

(i) for every natural number n, F(n) is simple function in S and
dom(F(n)) = dom f, and

(ii) for every natural number n, F'(n) is non-positive, and

(iii) for every natural numbers n, m such that n < m for every element x
of X such that z € dom f holds F(n)(x) > F(m)(x), and

(iv) for every element x of X such that = € dom f holds F'#x is conver-
gent and lim(F#z) = f(z).
The theorem is a consequence of (37), (30), and (39).

(57) Let us consider a non empty set X, a o-field S of subsets of X, a o-
measure M on S, an element F of S, and a non-positive partial function f
from X to R. Suppose there exists an element A of S such that A = dom f
and f is measurable on A. Then

(i) [fdM = — [T max_(f)dM, and
(i) [ fdM = — [T —fdM, and
(iil) [fdM = —[ —fdM.
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PRrOOF: Consider A being an element of S such that A = dom f and f is
measurable on A. f = —max_(f). —f = max_(f). For every element x of
X such that € dommaxy (f) holds (max,(f))(z) =0. O

(58) Let us consider a non empty set X, a o-field S of subsets of X, a o-
measure M on S, and a non-positive partial function f from X to R.
Suppose f is simple function in S. Then

(G) [fdM = —["—fdM, and
(ii) [ fdM = — [ max_(f)dM.
The theorem is a consequence of (30), (57), (32), and (36).
Let us consider a non empty set X, a o-field S of subsets of X, a o-measure
M on S, a partial function f from X to R, and a real number c. Now we state
the propositions:
(59) If f is simple function in S and f is non-negative, then [c¢- fdM =
c- ["fdM.
(60) Suppose f is simple function in S and f is non-positive. Then
Q) fc-fdM = —c- [ —fdM, and
(i) [c-fdM = —(c- ['—fdM).
The theorem is a consequence of (35), (30), and (59).

(61) Let us consider a non empty set X, a o-field S of subsets of X, a o-
measure M on S, and a partial function f from X to R. Suppose there
exists an element A of S such that A = dom f and f is measurable on A
and f is non-positive. Then 0 > [ f dM. The theorem is a consequence of
(57).

(62) Let us consider a non empty set X, a o-field S of subsets of X, a o-
measure M on S, a partial function f from X to R, and elements A, B, E
of S. Suppose E = dom f and f is measurable on E and f is non-positive
and A misses B. Then [ fl(AUB)dM = [ flAdM + [ f|BdM. The
theorem is a consequence of (3) and (52).

(63) Let us consider a non empty set X, a o-field S of subsets of X, a o-
measure M on S, a partial function f from X to R, and elements A, E of
S. Suppose E = dom f and f is measurable on £ and f is non-positive.
Then 0 > [ flAdM. The theorem is a consequence of (61) and (1).

(64) Let us consider a non empty set X, a o-field S of subsets of X, a o-
measure M on S, a partial function f from X to R, and elements A, B, E
of S. Suppose E = dom f and f is measurable on E and f is non-positive
and A C B. Then [ flAdM > [ fIBdM. The theorem is a consequence
of (3) and (52).
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3. CONVERGENCE THEOREMS FOR NON POSITIVE FUNCTION’S INTEGRATION

Now we state the propositions:

(65) Let us consider a non empty set X, a o-field S of subsets of X, a o-
measure M on S, an element E of S, and a partial function f from X to
R. Suppose E = dom f and f is measurable on E and f is non-positive
and M(E N EQ-dom(f, —c0)) # 0. Then [ fdM = —oo. The theorem is
a consequence of (9) and (52).

(66) Let us consider a non empty set X, a o-field S of subsets of X, a o-
measure M on S, an element F of S, and partial functions f, g from X to
R. Suppose E C dom f and E C dom g and f is measurable on E and g is
measurable on £ and f is non-positive and for every element x of X such
that « € F holds g(x) < f(z). Then [g]/EdM < [ f|EdM. The theorem
is a consequence of (3) and (52).

(67) Let us consider a non empty set X, a sequence F' of partial functions
from X into R, a o-field S of subsets of X, an element E of S, and
a natural number m. Suppose F' has the same dom and E = dom(F(0))
and for every natural number n, F(n) is measurable on F and F(n) is
without +o00. Then (35 _ F(a))ken(m) is measurable on E. The theorem
is a consequence of (37), (42), and (46).

(68) Let us consider a non empty set X, a o-field S of subsets of X, a o-
measure M on S, a sequence F of partial functions from X into R,
an element E of S, a sequence I of extended reals, and a natural number
m. Suppose E = dom(F(0)) and F is additive and has the same dom
and for every natural number n, F(n) is measurable on E and F(n) is
non-positive and I(n) = [ F(n)dM. Then [(3F5_o F(«))ken(m)dM =
(S £(0)) weni(m).

PROOF: Set G = —F. Set J = —I. G(0) = —F(0). G has the same
dom. For every natural number n, F(n) is measurable on E and F(n) is
without 4+o00. For every natural number n, G(n) is measurable on E and
G(n) is non-negative and J(n) = [ G(n)dM. [(}1r_y G(a))ken(m)dM =
(5 () e (m)- [ (—(S—g () wert)(m) M = (g (@) wen(m).
(S0 Fl@))wen)(m) dM = —(55_y () nen(m).

[ = (55 Fe))nen(m) dM = —(S_q I(a))ren(m).

(g F(@))ren(m) AM = (3o I(a) wen(m). O

(69) Let us consider a non empty set X, a o-field S of subsets of X, a o-
measure M on S, a sequence F of partial functions from X into R, an ele-
ment F of S, and a partial function f from X to R. Suppose E C dom f
and f is non-positive and f is measurable on E and for every natural
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number n, F(n) is simple function in S and F(n) is non-positive and
E C dom(F(n)) and for every element x of X such that x € E holds
F#x is summable and f(z) = Y (F#=x). Then there exists a sequence [
of extended reals such that

(i) for every natural number n, I(n) = [ F(n)[EdM, and

(ii) I is summable, and
(i) [fIEAM =>"1.
PROOF: Set ¢ = —f. Set G = —F. G is additive. For every natural
number n, G(n) is simple function in S and G(n) is non-negative and
E C dom(G(n)). For every element x of X such that z € E holds G#x
is summable and g(z) = Y_(G#x). Consider J being a sequence of exten-
ded reals such that for every natural number n, J(n) = [G(n)[EdM
and J is summable and [g[EdM = " J. For every natural number n,
I(n) = [F()[EdAM. [gIEAM = —[ fIEdAM. lim(35_oI(a))xen =
—[glEdM. O

(70) Let us consider a non empty set X, a o-field S of subsets of X, a o-
measure M on S, an element E of S, and a partial function f from X to
R. Suppose E C dom f and f is non-positive and f is measurable on E.
Then there exists a sequence F of partial functions from X into R such
that

(i) F is additive, and

(ii) for every natural number n, F'(n) is simple function in S and F'(n)
is non-positive and F'(n) is measurable on F, and

(iii) for every element z of X such that x € E holds F#zx is summable
and f(x) = Y (F#z), and

(iv) there exists a sequence I of extended reals such that for every natural
number n, I(n) = [ F(n)[EdM and I is summable and [ f[EdM =

I

PROOF: Set ¢ = — f. Consider GG being a sequence of partial functions from
X into R such that G is additive and for every natural number n, G(n) is
simple function in S and G(n) is non-negative and G(n) is measurable on
FE and for every element x of X such that x € E holds G#x is summable
and g(z) = > (G#x) and there exists a sequence J of extended reals
such that for every natural number n, J(n) = [G(n)[EdM and J is
summable and [g¢g[EdM = ) J. For every natural number n, F(n) is
simple function in S and F'(n) is non-positive and F'(n) is measurable on
E. For every element x of X such that x € F holds F#x is summable and
f(x) = S (F#x). There exists a sequence I of extended reals such that
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for every natural number n, I(n) = [ F(n)[EdM and I is summable and
JfIEAM =>1.0
Let us consider a non empty set X, a o-field .S of subsets of X, a o-measure
M on S, a sequence F of partial functions from X into R, and an element E of
S. Now we state the propositions:

(71) Suppose E = dom(F'(0)) and F has the same dom and for every natu-
ral number n, F(n) is non-positive and F(n) is measurable on E. Then
there exists a sequence Fy of (X-5R)N such that for every natural num-
ber n, for every natural number m, Fj(n)(m) is simple function in S and
dom(F(n)(m)) = dom(F(n)) and for every natural number m, Fj(n)(m)
is non-positive and for every natural numbers j, k such that j < k for every
element = of X such that = € dom(F'(n)) holds Fi(n)(j)(x) > Fi(n)(k)(z)
and for every element x of X such that x € dom(F'(n)) holds Fi(n)#z is
convergent and lim(Fy(n)#z) = F(n)(z).

PROOF: Define Qlelement of N,set] = for every sequence G of partial
functions from X into R such that $5 = G holds for every natural number
m, G(m) is simple function in S and dom(G(m)) = dom(F($;)) and
for every natural number m, G(m) is non-positive and for every natural
numbers j, k such that j < k for every element x of X such that = €
dom(F'($1)) holds G(j)(x) > G(k)(x) and for every element x of X such
that € dom(F'($1)) holds G#z is convergent and lim(G#x) = F($1)(z).
For every element n of N, there exists a sequence G of partial functions
from X into R such that for every natural number m, G(m) is simple
function in S and dom(G(m)) = dom(F'(n)) and for every natural number
m, G(m) is non-positive and for every natural numbers j, k such that
j < k for every element x of X such that z € dom(F(n)) holds G(j)(z) >
G(k)(x) and for every element = of X such that z € dom(F(n)) holds
G#ux is convergent and lim(G#x) = F(n)(x). For every element n of N,
there exists an element G of (X--R)N such that Q[n, G]. Consider F; being
a sequence of (X -R)N such that for every element n of N, Q[n, Fy(n)]. For
every natural number n, for every natural number m, Fj(n)(m) is simple
function in S and dom(Fi(n)(m)) = dom(F'(n)) and for every natural
number m, Fj(n)(m) is non-positive and for every natural numbers j, k
such that j < k for every element = of X such that € dom(F'(n)) holds
Fi(n)(j)(x) > Fi(n)(k)(x) and for every element x of X such that = €
dom(F'(n)) holds Fj(n)#x is convergent and lim(Fy(n)#zx) = F(n)(z). O

(72) Suppose E = dom(F'(0)) and F is additive and has the same dom and
for every natural number n, F(n) is measurable on E and F'(n) is non-
positive. Then there exists a sequence I of extended reals such that for eve-
ry natural number n, I(n) = [ F(n)dM and [(}r_y F(a))ken(n)dM =
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(5o I(@)eeni(n):

PROOF: Set G = —F. G(0) = —F(0). G has the same dom. For every natu-
ral number n, G(n) is measurable on £ and G(n) is non-negative. Consider
J being a sequence of extended reals such that for every natural number n,
J(n) = [ G(n)dM and [(S5_o G(a))wen(n) AM = (S J(a))wen(n).
For every natural number n, F'(n) is measurable on E and F'(n) is without
~+o00. U

(73) Suppose E C dom(F'(0)) and F' is additive and has the same dom and for
every natural number n, F(n) is non-positive and F'(n) is measurable on
FE and for every element x of X such that x € E holds F#ux is summable.
Then there exists a sequence I of extended reals such that

(i) for every natural number n, I(n) = [ F(n)[EdM, and
(ii) I is summable, and
(i) flim(SE_g F(a))enl EdM = S1.

PROOF: Set G = —F. G(0) = —F(0). G is additive. G has the same dom.
For every natural number n, G(n) is non-negative and G(n) is measu-
rable on E. For every element x of X such that x € FE holds G#z is
summable. Consider J being a sequence of extended reals such that for
every natural number n, J(n) = [G(n)|EdM and J is summable and
Jlm(Yr_ G(a))wen[EdAM = " J. For every natural number n, I(n) =
[ F(n)[EdM. Define H(natural number) = F($;)[E. Consider H being
a sequence of partial functions from X into R such that for every natural
number n, H(n) = H(n). im(>"5_o H(®))keny = Im(>h_o F(@))ken|E.
Define K(natural number) = G($;)[E. Consider K being a sequence of
partial functions from X into R such that for every natural number n,
K(n) = Kn). im(3h_o K())weny = Im(Yr_o G(a))wen|E. For every
element n of N, H(n) = (—K)(n). im(> 5 _o H(a))ken =
—lim(>°5_o K(a))ken. For every natural number n, K(n) is measura-
ble on E and K(n) is without —oo. [(=lim(>"5F_o K(@))ken)[EdAM =
—[Im(>h_g K(a))ken[EdM. O

(74) Suppose E = dom(F'(0)) and F(0) is non-positive and F' has the same
dom and for every natural number n, F(n) is measurable on E and for
every natural numbers n, m such that n < m for every element x of X
such that € E holds F'(n)(z) > F(m)(z) and for every element z of X
such that x € F holds F'#uz is convergent. Then there exists a sequence [
of extended reals such that

(i) for every natural number n, I(n) = [ F(n)dM, and

(ii) I is convergent, and
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(1]

2l
8]
(4]
[5]
(6]
(7]
(8]

(ifi) [lim FdM = limI.

PROOF: Set G = —F. G(0) = —F(0). For every natural number n, G(n)
is measurable on E by [4, (63)], (37). For every natural numbers n, m
such that n < m for every element z of X such that x € E holds
G(n)(z) < G(m)(z). For every element x of X such that x € E holds
G#x is convergent. Consider J being a sequence of extended reals such
that for every natural number n, J(n) = [ G(n)dM and J is convergent
and [limGdM =limJ. Set I = —J. For every natural number n, I(n) =
[ F(n)dM. For every element x of X such that z € domlim G holds
(lim G)(x) = (—lim F)(z) by (38), [8, (17)]. [limGdM = —[lim FdM.
U
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Formal Introduction to Fuzzy Implications
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Summary. In the article we present in the Mizar system the catalogue of
nine basic fuzzy implications, used especially in the theory of fuzzy sets. This
work is a continuation of the development of fuzzy sets in Mizar; it could be
used to give a variety of more general operations, and also it could be a good
starting point towards the formalization of fuzzy logic (together with t-norms
and t-conorms, formalized previously).

MSC: 03B52 168T37 103B35
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0. INTRODUCTION

As it is well known, the implication operator plays a crucial role in the clas-
sical two-valued logic. Based on this logical connective, we can define binary
conjunction and disjunction, and also unary negation operator. In the field of
fuzzy logic, the notions of t-norm and t-conorm are an abstraction of the clas-
sical conjunction and disjunction. Similarly, we can treat the notion of a fuzzy
implication, as a generalization of a classical implication.

Fuzzy sets, a tool for modelling uncertainty, proposed by Zadeh [12], were
formally introduced in Mizar in [I0]. This approach is quite natural in the Mizar
Mathematical Library [9], has rich continuation there [3] as it is significantly
closer to set theory than another tool for doing so, namely rough sets by Pawlak
[11], as recalled in the context of lattice theory in [5].

In order to cope with basic constructions present in the theory of fuzzy im-

plications, we had to define a number of examples of binary connectives. It is

(© 2017 University of Bialystok
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especially important to have some, because taking into account the expressive
power of registrations of clusters in the Mizar system and the role of attributes,
most of theorems are stated in the form of the abovementioned registrations.
Having prepared such formal background, properties can be calculated automa-
tically via the mechanism of the type expansion.

In our formal approach, we follow closely the book [I].

A function I : [0,1]2 — [0,1] is called a fuzzy implication if it satisfies, for
all x,z1,z2,y1,y2 € [0,1], the following conditions:

if r1 < g, then I(Ilay) (332)?/)’

>1 (I13)

if y1 <y, then I(z,y1) < I(z,y2), (I4)
1(0,0) = 1, (I5)

1(1,1) =1, (16)

1(1,0) = 0. (I7)

The functions satisfying equations (I3), (I4), and (I5) are called in our for-
malism, 00-dominant , 11-dominant , and 10-weak ,
respectively.

The mutual independence of the axioms was shown using I_1, [_o, I_3, I_4,
I_5 (see definitions [Def. 9| - [Def. 13|in the present paper) — each one violating
exactly one among properties (I1) — (I5). Of course, these are not examples
of fuzzy implications in the current setting, although Zadeh implication I_q is
considered in the literature as multi-valued implication.

In the set of all fuzzy implications, denoted by FZ, we have Iy and I; as
the least and the greatest elements (with the ordinary pointwise ordering of
functions) for arbitrary x,y € [0, 1] as

)1, ifrz=0o0ry=1
lo(w,y) = { 0, otherwise

)1, fx<lory>0
Lz, y) = { 0, otherwise

Together with formal description of triangular norms and conorms (introdu-
ced in [2] and described in [7]) introducing fuzzy implications is the fundamental
step towards defining fuzzy logic within the Mizar Mathematical Library. Both
formal aproaches to the theory of rough and fuzzy sets could be compared in a
more sophisticated way as initiated in [8]. Of course, the Mizar system is much
more efficient in the logical reasoning than in calculations in the style of compu-
ter algebra systems (although in the field of rough sets it resulted in a number
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Table 0.1: Nine basic fuzzy implications ([1], p. 4)

Name Def. Defining formula
Lukasiewicz Def. |14] | Itk (z,y) = min(1,1 — x + y)
.. 1, ifz<y
Godel Def. 16| | Igp(z,y) = { y. otherwise
Reichenbach Def. 17 | Irc(z,y) =1 —2x+ 2y
Kleene-Dienes | Def. |18 | Ixp(z,y) = max(1l — z,y)
1 if x <y
Def. [19| | 1 = ’
Goguen ef. 19 | Iac(z,y) { Y, otherwise
1, ifz<y
h Def. 20| | L = ’
Rescher ef. 20| | Irs(z,y) { 0. ifz>y
)1 ifr=0and y=0
Yager Def. 21| | Iyg(z,y) = { o ifz>0ory >0
1, ifzr<l
Weber Def. 22| | Iwp(z,y) = { g ifx—
1 ite<y
F Def. 23| | L = ’
odor of- 23 | Trn(z,9) { max(l —z,y), ifzx>y

of quite interesting observations [6] ), hence formalizing fuzzy numbers [4] is less

promising than the present one.

The main aim of the Mizar article was to introduce formally nine important

examples of fuzzy implications (see Table 0.1).

1.

Let us consider elements a, b of [0, 1]. Now we state the propositions:
max(b, min(1 —a,1 — b)) € [0,1].
min(1,1 —a+b) € [0, 1].

w N

1—a+(a-b)€]0,1].
max(1 —a,b) € [0,1].

ot

A~ N~/
=) W~
o — Y Y —

If a > b, then 2 € [0,1].

PRELIMINARIES

If a >0 or b >0, then b* € [0,1].

243
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2. BASIC ATTRIBUTES DEFINING Fuzzy IMPLICATIONS

Let f be a binary operation on [0,1]. We say that f is antitone w.r.t. 1st
coordinate if and only if

(Def. 1) for every elements xj, x9, y of [0,1] such that 1 < x5 holds f(z1,y) >

f(z2,9).

We say that f is isotone w.r.t. 2nd coordinate if and only if

(Def. 2) for every elements x, y1, y2 of [0, 1] such that y; < yo holds f(z,y1) <

f(,y2).

We say that f is 00-dominant if and only if
(Def. 3)  f(0,0) = 1.

We say that f is 11-dominant if and only if
(Def. 4)  f(1,1) = 1.

We say that f is 10-weak if and only if
(Def. 5)  f(1,0) = 0.

We say that f is 01-dominant if and only if
(Def. 6) f(0,1) = 1.

We say that f has properties of a fuzzy implication if and only if

(Def. 7) f is antitone w.r.t. 1st coordinate, isotone w.r.t. 2nd coordinate, 00-
dominant, 11-dominant, and 10-weak.

We say that f has properties of a classical implication if and only if
(Def. 8) f is 00-dominant, 01-dominant, 11-dominant, and 10-weak.

3. EXAMPLES SHOWING INDEPENDENCE OF AXIOMS

The functor I_; yielding a binary operation on [0, 1] is defined by
(Def. 9) for every elements z, y of [0,1], it(z,y) = max(l — z, min(z,y)).
One can verify that I_; is isotone w.r.t. 2nd coordinate, 00-dominant, 11-
dominant, and 10-weak.
The functor I_9 yielding a binary operation on [0, 1] is defined by
(Def. 10) for every elements z, y of [0,1], it(z,y) = max(y, min(1 —z,1 — y)).
Let us note that I_s is antitone w.r.t. 1st coordinate, 00-dominant, 11-
dominant, and 10-weak.
The functor I_3 yielding a binary operation on [0, 1] is defined by
(Def. 11) for every elements x, y of [0, 1], if y < 1, then it(x,y) =0 and if y = 1,
then it(z,y) = 1.
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Let us observe that I_3 is antitone w.r.t. 1st coordinate, isotone w.r.t. 2nd
coordinate, non 00-dominant, 11-dominant, and 10-weak.

The functor I_,4 yielding a binary operation on [0, 1] is defined by

(Def. 12) for every elements x, y of [0, 1], if = 0, then it(z,y) = 1 and if z > 0,
then it(z,y) = 0.

Observe that I_, is antitone w.r.t. 1st coordinate, isotone w.r.t. 2nd coordi-
nate, 00-dominant, non 11-dominant, and 10-weak.

The functor I_5 yielding a binary operation on [0, 1] is defined by

(Def. 13) for every elements z, y of [0, 1], it(z,y) = 1.

Observe that I_5 is antitone w.r.t. 1st coordinate, isotone w.r.t. 2nd coordi-
nate, 00-dominant, 11-dominant, and non 10-weak.

4. CATALOGUE OF Fuzzy IMPLICATIONS

The FLukasiewicz implication yielding a binary operation on [0, 1] is defined

by
(Def. 14) for every elements z, y of [0,1], it(z,y) = min(1,1 — x + y).

Note that the Lukasiewicz implication is antitone w.r.t. 1st coordinate, iso-
tone w.r.t. 2nd coordinate, 00-dominant, 11-dominant, and 10-weak and there
exists a binary operation on [0, 1] which has properties of a fuzzy implication
and every binary operation on [0, 1] which has properties of a fuzzy implication
is also antitone w.r.t. 1st coordinate, isotone w.r.t. 2nd coordinate, 00-dominant,
11-dominant, 10-weak.

Every binary operation on [0, 1] which is antitone w.r.t. 1st coordinate, isoto-
ne w.r.t. 2nd coordinate, 00-dominant, 01-dominant, 11-dominant, and 10-weak
has also properties of a fuzzy implication and every binary operation on [0, 1]
which has properties of a classical implication is also 00-dominant, 01-dominant,
11-dominant, 10-weak.

Every binary operation on [0, 1] which is 00-dominant, 01-dominant, 11-
dominant, and 10-weak has also properties of a classical implication and every
binary operation on [0, 1] which has properties of a fuzzy implication has also
properties of a classical implication.

A fuzzy implication is an antitone w.r.t. 1st coordinate, isotone w.r.t. 2nd
coordinate, 00-dominant, 1l-dominant, 10-weak binary operation on [0,1].
The functor FZ yielding a set is defined by the term

(Def. 15) the set of all f where f is a fuzzy implication.
The Godel implication yielding a binary operation on [0, 1] is defined by
(Def. 16) for every elements z, y of [0,1], if x < y, then it(z,y) = 1 and if x > vy,
then it(x,y) = y.
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Let us note that the Godel implication is antitone w.r.t. 1st coordinate,
isotone w.r.t. 2nd coordinate, 00-dominant, 11-dominant, and 10-weak.
The Reichenbach implication yielding a binary operation on [0, 1] is defined
by
(Def. 17) for every elements z, y of [0,1], it(z,y) =1 —z + (z - y).
Let us note that the Reichenbach implication is antitone w.r.t. 1st coordi-
nate, isotone w.r.t. 2nd coordinate, 00-dominant, 11-dominant, and 10-weak.
The Kleene-Dienes implication yielding a binary operation on [0, 1] is defined
by
(Def. 18) for every elements z, y of [0,1], it(z,y) = max(l — z,y).
Let us observe that the Kleene-Dienes implication is antitone w.r.t. 1st coor-
dinate, isotone w.r.t. 2nd coordinate, 00-dominant, 11-dominant, and 10-weak.
The Goguen implication yielding a binary operation on [0, 1] is defined by
(Def. 19) for every elements z, y of [0, 1], if z <y, then it(z,y) = 1 and if > y,
then it(x,y) = £.
One can verify that the Goguen implication is antitone w.r.t. 1st coordinate,
isotone w.r.t. 2nd coordinate, 00-dominant, 11-dominant, and 10-weak.
The Rescher implication yielding a binary operation on [0, 1] is defined by
(Def. 20) for every elements z, y of [0,1], if x < y, then it(z,y) = 1 and if x > vy,
then it(x,y) = 0.
Let us note that the Rescher implication is antitone w.r.t. 1st coordinate,
isotone w.r.t. 2nd coordinate, 00-dominant, 11-dominant, and 10-weak.
The Yager implication yielding a binary operation on [0, 1] is defined by
(Def. 21) for every elements z, y of [0,1], if x = y = 0, then it(z,y) = 1 and if
x>0 ory >0, then it(z,y) = y*.
One can check that the Yager implication is antitone w.r.t. 1st coordinate,
isotone w.r.t. 2nd coordinate, 00-dominant, 11-dominant, and 10-weak.
The Weber implication yielding a binary operation on [0, 1] is defined by
(Def. 22) for every elements x, y of [0,1], if x < 1, then it(z,y) =1 and if z = 1,
then it(x,y) = y.
Let us note that the Weber implication is antitone w.r.t. 1st coordinate,
isotone w.r.t. 2nd coordinate, 00-dominant, 11-dominant, and 10-weak.
The Fodor implication yielding a binary operation on [0, 1] is defined by
(Def. 23) for every elements x, y of [0, 1], if x < y, then it(z,y) =1 and if z > vy,
then it(z,y) = max(1l — z,y).
One can check that the Fodor implication is antitone w.r.t. 1st coordinate,
isotone w.r.t. 2nd coordinate, 00-dominant, 11-dominant, and 10-weak.
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5. BOUNDARY Fuzzy IMPLICATIONS

The functor I yielding a binary operation on [0, 1] is defined by

(Def. 24) for every elements z, y of [0,1], if z =0 or y = 1, then it(z,y) = 1 and
if x >0 and y < 1, then it(x,y) = 0.

One can verify that I is antitone w.r.t. 1st coordinate, isotone w.r.t. 2nd
coordinate, 00-dominant, 11-dominant, and 10-weak.
The functor I; yielding a binary operation on [0, 1] is defined by
(Def. 25) for every elements x, y of [0,1], if z < 1 or y > 0, then it(x,y) = 1 and
if z =1 and y = 0, then it(x,y) = 0.
One can verify that I; is antitone w.r.t. 1st coordinate, isotone w.r.t. 2nd
coordinate, 00-dominant, 11-dominant, and 10-weak.
Let f be a binary operation on [0,1]. We say that f satisfies (LB) if and
only if
(Def. 26) for every element y of [0,1], f(0,y) = 1.
We say that f satisfies (RB) if and only if
(Def. 27) for every element z of [0, 1], f(z,1) = 1.
Now we state the propositions:

(7) Let us consider a fuzzy implication I, and an element y of [0,1]. Then

1(0,y) = 1.
(8) Let us consider a fuzzy implication I, and an element z of [0,1]. Then
I(z,1) =1

Observe that every fuzzy implication satisfies (LB) and (RB).
Let us consider a fuzzy implication I. Now we state the propositions:

(9) Ip < I. The theorem is a consequence of (7) and (8).
(10) I< .
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