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Abstract complexes, their homologies and applications

Cataranciuc Sergiu, Soltan Petru

Abstract. The complex of multi-ary relations K" is defined in a more natural
way than it was defined in [18,58,59]. The groups of homologies and co-homologies
of this complex over the group of integer numbers are constructed. The methods
used for these constructions are for the most part analogous with classical methods
[2,32,52], but sometimes they are based on methods from [18,44,58]. The importance
and originality consist in application of the multi-ary relations of a set of objects in
construction of homologies. This allows to extend areas of theoretical researches and
non-trivial practical applications in a lot of directions. Other abstract structures,
which are developed in a natural way from generalized complex of multi-ary relations
are also examined. New notions such as the notions of abstract quasi-simplex and its
homologies, the complex of abstract simplexes and the complex of the n-dimensional
abstract cubes are introduced.

Mathematics subject classification: 18F15, 32Q60, 55-99.
Keywords and phrases: Complex, manifold, abstract cube, quasi-simplex, multi-
dimensional Euler tour.

1 Generalized complex of multi-ary relations

The topology of multi-ary relations is certainly a part of algebraic topology
[32, 56,61, 62], but it is that branch of the topology which represent high modern
abstract examinations and purely theoretical researches. The results of this article
deal with investigations made during ten years. They were made in order to obtain
not only practical aspects but also non-trivial applications. So only after we obtained
those results we decided to present them in this article in a brief way. At the
beginning there was the complex of multi-ary relations for which the sequence of
elements of any relation does not admit repetition of elements. This complex is
an abstract cell complex (W), but the complex presented in this article is more
operable.

Defining multi-ary relations over the Cartesian product of a set of elements X
allows to generalize some previous results [58], and it is also more natural to do in
theoretical and applicative terms. The notion of generalized complex of multi-ary
relations over an arbitrary set of elements was presented first in [17]. Then the groups
of homologies over the group of integer numbers were constructed. This complex
generalizes several classical notions like the notion of finite and directed graph. The
directed graph is defined in terms of binary relations [5], but it is without loops. This
fact cannot be ignored as can be seen from applications [7]. The complex defined
in [58] is a finite, discrete structure, without loops. It needs some additional effort

(© Cataranciuc Sergiu, Soltan Petru, 2010

31



32 CATARANCIUC SERGIU, SOLTAN PETRU

when it is used in studying and solving some theoretical and practical problems.
This mathematical object has a lot of properties which are related to the subject of
discrete combinatorial geometry [37]. From these considerations, on the one hand,
it would be natural to study the impact of the topology of multi-ary relations over
the research objects where the mentioned situation can be treated, for example,
by using following families of objects: a) the system @ of quasi-groups with n
algebraic operations or the system () of n groups with n independent elements
and one algebraic operation [64], b) the system of fuzzy sets [47], etc. To be more
precise, it would be interesting to study an abstract, multidimensional, oriented
and without boundaries manifold [15] that is determined from mentioned objects.
On the other hand, by using multi-ary relations there could be modelated a lot of
processes of applicative domains. For example, the water formula HoO could be
treated as an element of a family of three-ary relations {(H, H, O)} which does
not belong to the complex of multi-ary relations, because in the triplet {(H, H, O}
the element H appears two times (see [58]). From the above results the necessity
it results to expand the notion of complex of multi-ary relations by introducing
a notion of complex of multi-ary relations that would be more general. In that
case any chemical formula [25] could be treated as a generalized complex of multi-
ary relations. There are also other facts which deal with the generalized complex.
Anticipating the following results, we repeat that this object, in its abstract form,
leads to the non-trivial applications. The applications appear for example in the
process of transmission and reception of information, in the formation of a finite
database of any dimension, in the cryptography and in graph theory when a class of
graphs is indicated, elements of which could be involved in the 1-dimensional skeleton
of the multidimensional cube from R} (here R} is the vectorial n-dimensional space
with norm the ||z|| = |z1| + |z2]| + ... + |zn|). The last mentioned allows to present
an algorithm of the median calculation (the Torricelli point) of labeled and weighted
graphs, and the algorithm is metric-free (without using any metric) [59,60].

Now, define this object.

Let X = {x1, x2, ..., =} be a finite set of elements, that is a subset of
aset M, cardM < oco. Let X = X', X2 ... X" .. (n > 1) be the
succession of Cartesian products [40-42] of the set X : X"t = X™. X, 1 <m <
n. Any nonempty subset R™ C X™ is said to be an m-ary relation of elements
from X (the set R* C X! is a subset of elements from X). According to the
mentioned above, an m-ary relation R™ is a family of ordered successions named
sequences. Each sequence consists of m elements of X. Generally speaking, the

sequence (i, Tiy, ..., Ti,) € R™ could contain some elements from X several
times. For this kind of sequence any subsequence (zj,, zj,, ..., xj), 1 <1 <m,
which preserves the order of elements of (x;,, %, ..., i, ) is called a hereditary
subsequence.

Now, let us consider a finite family of relations {R', R?, ..., R"'}.
Definition 1.1. A family of relations {R', R2%, ..., R"*'} which satisfies the

conditions:
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1. R" =X'=X;

2. R £ (),
3. any hereditary subsequence (zj,, xj,, ..., z;), 1 <1 <m < n+1, of the
sequence (Tyy, Tiy, ..., ;) € R™ belongs to the l-ary relation R!,

is called a generalized complex of multi-ary relations (G-complex) and is
denoted by
Rn+1 — (Rl R2 o Rn+1).

From Definition 1.1 we obtain that the set R™ of a generalized complex R"t! is
not empty for each 1 <m <n+ 1.

The study of generalized complex of multi-ary relations is interesting because
this notion covers a lot of classical notions like graphs [5, 7, 12], hypergraphs [5,
6, 24, 71], matroids [9, 10, 66], simplicial complexes, etc. Certainly, this complex
could be interpreted as a particular case of the abstract cellular complex [32]
(CW), but these new mathematical structures serve as effective models for solving
a lot of theoretical and applicative problems [28,29, 43, 46, 50, 53]. Remark that
the object R"*! has advantage over the structures mentioned above. Thus, if it is
compared with cellular complex (CW) then it is seen that the R"*! is formed from
the elementary ”bricks”, maybe with non-isomorphic deformations, like there are
the abstract quasi-simplexes (the so-named finite-dimensional loops). Consider the
generalized complex of relations R? = (R!, R?). It is obvious that this complex
(Definition 1.1) represents a directed graph [7,11,12]. This allows us to consider the
generalized complex of relations R"*! as an oriented and hereditary hypergraph
(according to C. Berge [6]). The last notion could be rarely found in the bibliography
of speciality, and it represents a structure different from the notion of hypergraph
[5,6,45,71]. Next, we will describe a procedure that allows to obtain the notion of
hypergraph in the form of generalized complex and the so-called cycles of hypergraph
in a natural form. This will be different from the known one, and it will be starting
from the notion of oriented hypergraph [65] transformed into a complex of abstract
simplexes.

Definition 1.2. If there are two G-complexes of multi-ary relations R{”H =

(R, R?, ..., R™Y and R™' = (R', R?, ..., R*"), 1 < m < n, such that
Rll CRY foralll, 1 <1<m+1, then RTH is called a G-subcomplex of R™" .
In case RT = (RY, R?, ..., R™), then the subcomplex R is called the

skeleton of R"*! and is denoted sk(m+1)R"+.

It is easy to see that sk(2)R"*! of any G-complex of multi-ary relations
R n > 1, is a directed graph [6]. This complex could be represented by the
pair R? = (X, R?), where X is the set of vertices and R? is a binary relation, which
can also have elements (z, x), called loops [5,7,45]. Relations of degree more than
two with repetition of elements will be studied later.
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Definition 1.3. The G-complex of multi-ary relations R"t! = (R', R?, ..., R"t1)
is said to be connected if for any two elements x;, x; € R', there is a sequence

X; = Ty, Ty, ..., Ty, = T; of elements from R such that at least one of the pairs
(z1,, T1,,,) and (x4,,,, x1,) belongs to relation R%, for anyr =1, 2, ..., s—1. The
sequence of pairs (xy,, Tt,), (Tty, Tig)s -y (Tt, 4, Tt,), 15 called a linear chain of

dimension one that joins the elements x; and xj. The x;, x; are called extremities
of this chain.

We will denote the chain of dimension one that joins the elements x; and x; by
LY(x;, ;). Later we will pass to the algebraic representation of the chain L (z;, ;).

Definition 1.4. If R+ = (R!, R}, ..., R"*Y) and R™*! = (R}, R3, ...,
R;‘ZH), ny < ng, are two G-complexes of multi-ary relations, then

Rn+1 _ RTL1+1UR”2+1 — (R%UR%, R%UR%, sy
+1 +1 +2 +1
RU'™ URY™, Ry, LRy*™)

is called the union, and
R =RMH AR = (RIN Ry, RINRS, ..., R n Ry,
is called the intersection of these two G-complexes.

According to [40,41] it is easy to verify that both the union and the intersection
of two G-complexes of multi-ary relations is also a G-complex of multi-ary relations.

If in a G-complex of multi-ary relations R"*! = (R', R?, ..., R"*!) we have
R!' = 0, and therefore R? = R3 = ... = R*""! = (), then R""! is called an empty
complex. Two G-complexes of multi-ary relations the intersection of which is an
empty G-complex are called disjoint.

Theorem 1.1. A G-complex of multi-ary relations R" ' is connected if and only
if it does mot contain two nonempty G-complexes of multi-ary relations R™ 1 and
R which are disjoint and satisfy the equality:

Rn+1 — RTL1+1 U RTLQ—I—I‘

Proof. Necessity. Let R = (R', R?, ..., R™!) be a connected G-complex
of multi-ary relations and z € R' = X be an arbitrary element. We will denote
by R. the set of all elements 2/ from X for which there exists at least one chain
L'(z, 2'). We assert that if an element, for example z; ;» of an ordered sequence
(Tiys Tiyy wvvy Tijy ooy x,) € R 1 < m < n+ 1, is from the set R}, then
any other element of this sequence is from R!. By this way, we construct the G-
subcomplex of multi-ary relations R™*+! = (R, R?, ..., R;”H) such that any

sequence of elements (z} , ] z; ) from R{", 1 <my < ny+ 1, contains an

i27 ey Zml

element z’ for which there exists the chain L!(x, 2').
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Now we construct the second G-complex of relations R+ = (R, R2, ...
R;‘ZH) from R"™! so that RY? = R™\R", ms = 1, 2, ..., n+ 1. The next
equalities:

R=0, R3=10, ..., Ry =,

are true, because we obtain a contradiction with the fact that the complex R+ is
connected otherwise. It follows that R™*! is empty.

Because the element z € X was arbitrarily chosen, we obtain that in R"*! two
nonempty, disjoint G-complexes it does not exist as it is mentioned in the theorem.

Sufficiency. Let us suppose that R™*! does not contain two nonempty, disjoint
G-subcomplexes of multi-ary relations R+ and R™*! which satisfy the condition
from theorem, and R"*! is not connected. In the same way as it is described in first
part of the proof of this theorem, we construct two nonempty, disjoint G-complexes
of multi-ary relations R™*! and R™*! so that R"t! = R™+l y R+ This
contradicts theorem’s condition. d

Now let us fix an arbitrary element T € X. We will denote by X the subset of
all elements 2’ € X, including 7, for which there exists at least one chain L!(Z, z)

in R™"t1. Next, we construct the sequence of Cartesian products of the set X:
X' = X, 72, ..., X" ..., where X"t X" - X, and form the sets

R"=X"NR™, m=1,2, ..., n+1.
Let n1 < n be the maximal index value which satisfies the relation Rnﬁ_l # 0.

Remark 1.1. The sets of relations El, RQ, cee R satisfy conditions I-11I from
Definition 1.1 and, thus, this family represents a generalized complex of multi-ary
relations.

Definition 1.5. The G-complex of multi-ary relations 7?%1“ = (El, EQ, e

RMH) is called a connected component of R" ! complex.

Each element T € Rl determines in R"*! the same connected component. So
the index T can be omitted from the notation Rg”’l, and then we will denote the
connected component just R+, It is obvious that R™*t ¢ R*H1, i e. R™MH! is
a G-subcomplex of R"+1,

Theorem 1.2. If {R™*1 Rr2tl  Rt1) represent the family of all connected
and pairwise distinct components of G-complex of R relations, then the relations:

R =Rl gRetly |y R (1.1)
are true, where R¥T'NARYT =0 foralli # 3,4, j=1,2, ..., q.

Proof. Considering the construction of a connected component, that contains a given
element T € X, we obtain that is true the inclusion

R c Rl yRretly Ly Rt
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At the same time, because of the fact that connected components are some G-
subcomplexes of multi-ary relations of the complex R"*!, we obtain

RutlyRretly |y RMtl c gL

From these two relations we have the equality (1.1).

Now, let us suppose that there exist two connected components R™ ! and R™ 1,
i # 7, so that RM T n R+ £ ().

In this case we obtain that for each element z € R} and for each y € le- there
is a chain L!(x, y) in R"L. Therefore we have R"*1 C R™*! and the reverse
Rt c R™M*TL. So we obtain that R™*! = R"*1.This contradicts theorem’s
conditions. It follows that the assumption R™ ! N R+ =£ () is false. O

Definition 1.6. The G-complex of multi-ary relations R"t! = (R', R?, ..., R"t1)
is called locally complete if for any m = 1, 2, ..., n and for any sequence
(iy, Tigy -+, Ti,,) € R™, the relation R™ also contains all sequences that corre-
spond to the m! permutations of elements x;,, iy, ..., T;

m °

Any directed and symmetric graph can be an example of locally complete G-
complex of multi-ary relations [4,45]. We will denote such a graph by R? = (R!, R?),
where R? is a binary and symmetric relation defined on the set of elements from R!.
A locally complete G-complex of multi-ary relations is, also, a G-complex constructed
on the family of Cartesian products of the set X, i. e.

R = (x = X1, X% ..., X",

Following the goal announced in the title of this article, by analogy to the known
classical bibliography in the combinatorial topology and topological algebra fields
[1,2,8,13,16,27,39,51, 52,56, 63, 70|, further we will also use other notations and
notions, that are equivalent to those mentioned. These notations and notions will be
used to study the properties of the complex of multi-ary relations, which are needed
to solve practical problems.

Definition 1.7. The sequence (xi,, Ti,, ..., Ti,,) € R™ L, which has pairwise
distinct elements, is said to be an abstract simplex of dimension m and is
denoted by S™ = (ziy, Tiy, ..., ¥;,) € R™T m = dimS™. Any sequence of
elements (xj,, xj,, ..., xj;) € RS which is a hereditary subsequence from S,
is called a face of dimension | of a simplex Si", and it will be denoted by S;- =
(o, Tjyy -ovy Tj,), S;- C S™. Sometimes we will use to call the faces of dimension
zero - vertices, and those of dimension one are called edges of simplex S, 0 <
m < n.

If R™*! is finite and any sequence from R™, 1 < m < n + 1, satisfies Definition
1.7, then R"*! is a complex of multi-ary relations as in [17,18,44]. Having in mind
the examinations of this particular case of R"*!, we will remind some additional
aspects, that will be useful in the future.
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A subset formed by m+ 1 pairwise distinct elements from the set X can generate
several abstract simplexes of dimension m. The maximal number of it coincides with
the number of different permutations of the m 4 1 elements. This means that there
are (m + 1)! simplexes. It follows that distinct abstract simplexes of dimension m
that are stretched on m + 1 vertices from X could be imagined as membranes that
strain these vertices.

Further we will denote by S™ the set of all simplexes with dimension m that are
determined by sequences from R™*1.

By this way the complex of relations R"*! = (R!, R2?, ..., R"™!) can be
represented as follows:

s"=R', s'=R? ..., §" =R"!
and
(S°, st, ..., s") =K" (1.2)

We will also keep the name of complexr for K", where n = dimK" is called the
dimension of K. We have sk(m+1)R""!=sk(m)K".
Let S7" € 8™ be an abstract simplex of dimension m.

Definition 1.8. The set of all simplexes of the dimension greater or equal to m
from K™ with a common face S;" € S™ is called the star of the simplex Si"*, m =
0,1, 2, ..., n, and it is denoted by stS!"™ [16, 33].

Remark 1.2. The complex of relations K™ is not a simplicial abstract complez [32],
because the same set of vertices can determine more that one abstract simplex.

Depending on what is needed, the complex of multi-ary relations will be repre-
sented in one of the two equivalent forms [57]:

K™= (R', R%, ..., R™),
Kr=(s° s, ..., Sh.

The family of simplexes S from K" will be represented in the following way
S™ = {ST", Sy, ..., Su 1, (1.3)
where 0 < m < n, and «, is the cardinal of this family, a,,, = card S™.

Definition 1.9 (see [2,4,32]). For any complex of relations K* = (S°, S, ..., S"),
we define the function of integer values

n

WK™ = S (~1ay, (1.4)

1=0

that is called the Euler characteristic of the complex K", where o; = cardS?,
0<1<n.
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Further we will operate as in Definition 1.7.

Definition 1.10. Any sequence (ziy, iy, .., ¥;,) € R™Y of a G-complex of
multi-ary relations K* = Rt = (R, R%, ..., R"Y) is said to be an abstract
quasi-stmplex of dimension m, and it is denoted by Q™ = (xiy, iy, - .., Ti,)-

The family of all quasi-simplexes of dimension m is denoted by Q™, 0 < m < n.

By Definition 1.1, we have that a sequence (z;,, i, ..., %;,) from the re-
lation R™*! could have some repetitions of elements. For example, the sequence
(zi;, ®i;, ..., xi;), with only one element z;, € X. it is possible that the com-

plex R"*1. Here the element z; ; 18 m + 1 times repeated, and this sequence rep-
resents a generalization of loop from graph theory [5]. We will keep the notion
of loop of more dimension. But, at the same time the generalized loops could
have more complicated forms. The problem of loops classification for a sequence
(Tigy Tiy, -+, Ti,) € R™FL 1 < m < n, is solved through the notion of isomor-
phism, and it is connected to the subject of another article. This leads us to the
following remark.

Remark 1.3. Any abstract simplex is a quasi-simplex, but not any quasi-simplex
is an abstract simplex. The sequence (x;y, iy, ..., X, ) 15 not an abstract simplex
because the element x;, appears in this sequence at least two times.

Further we will denote by Q™, 0 < m < n, the set of all quasi-simplexes with m
dimension that are determined by the elements from R™!.

Definition 1.11. A quasi-simplez Q' = (xjy, Tjyy -y Tj,) € Q' which is a hered-
itary subsequence of the quasi-simpler Q™ = (i, iy, ..., Ti,) € Q™ is called a
quasi-face of dimension | of the quasi-simplex Q™.

It is obvious that the face of @™, 1 < m < n, represents a quasi-simplex too
(see Definition 1.10).
It is easy to verify next two assertions, that are mentioned in [58].

Assertion 1.1. If K™ and K™ are two subcomplexes of multi-ary relations of the
complex K™ then

X (K™ UK™) = x(K™) 4+ x(K™) = x (K™ N K").

Theorem 1.3. If the sequence K™, K"2, ..., K™ represent all connected compo-

nents of the K™ then
q

X(K™) =7 x(K™). (1.5)

i=1

We have to mention that multi-ary relations R', R?, ..., R"*! that represent
the G-complex of multi-ary relations R"™! (see Definition 1.1) are families of abstract
quasi-simplexes is of dimension 0,1,...,n. We denote them by Q°, Q!, ..., Q™.
Thus the G-complex of R"t! relations can be regarded as a complex of abstract

quasi-simplexes K" = (Q°, Q!, ..., Q).
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2 The orientation of quasi-simplexes and the incidence matrices

Let K* = (Q°, Q!, ..., Q") be a G-complex of relations, and Q7 € Q™,

j € A, be an arbitrary quasi-simplex, represented by the sequence QY =
(o> Tjys oy @), 0 <m < n. We consider A, = card Q™, m =0,1,...,n.

For the sequence of indexes (jo, ji, ..., jm) we will denote by t(jo, j1, - -, Jm)

the number of all transpositions [40] of this sequence. We have to mentioned that
if j. > js, where s > r, and if after j,. there are some indexes equal to js; then the
number of transpositions grows with this number.

Definition 2.1. If the number t(jo, j1, ..., jm) related to the quasi-simplex Q7' €
Q™ is even then the Q;” s said to be a positively oriented quasi-simplexr and it
is denoted by +Q7'. Otherwise, if t(jo, j1, ..., jm) is odd then the QT is said to

be a negatively oriented quasi-simplex and it is denoted by —Q;”. The oriented
quasi-simplex Q;” € Q™ will be denoted by:

Q;ﬂ = [LZ']'O, Ljpy ey a:jm].

Now let Q;-z_l € Q™! be a quasi-simplex of dimension m — 1 which is obtained
from the quasi-simplex Q;” € Q™ by the elimination of the vertex xj,. Thus Q;’;‘l
is a quasi-face of the simplex Q;-” that is opposite to the vertex x; . From these
considerations the quasi-simplex Q;z_l can be denoted as follows:

m—1 _ ... ) ) ) )
i [jor Ty -5 Tip_rs Tjpyrs - Tjml-

Definition 2.2. Two quasi-simplezes Q;-” e Q™ and le_l € QM are called
coherent if:

1. Q;n_l is a quasi-face of the quasi-simplex Q;-” that is opposite to the vertex
T € QF, i.e. le_l = ;Z_l;

2. the quasi-simplexes Q;” and Qg”_l = Q;’;‘l are equally oriented, i.e. both are
positively oriented or both are negatively oriented.

If the second condition from Definition 2.2 does not hold then quasi-simplexes

Q;” and Qg”_l = Q;’;‘l are called non-coherent. In this case the quasi-simplexes

Q" and (—1)@;’:_1 are equally oriented.

We have to mention that according to the rule of sign determination of a quasi-
simplex all quasi-simplexes with zero dimension are considered to be positively ori-
ented [1,13,52,57].

We will not extend the notions of coherence and non-coherence to the quasi-
simplexes whose difference of dimensions is bigger than 1.
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Definition 2.3. The coefficient of A-incidence of the quasi-simplex Q;-” e Q™
0 < m <n, with respect to quasi-simplex sz_l e QM1 is the following number

+1, if Q7" and sz_l are coherent quasi-simplezes,
gj(m, A) =4 -1, ifQT and Q™! are non-coherent quasi-simplexes,
0, in the rest,

where i € Ayp—1 = card Q™1 j € A, = card Q™.

The coefficient of A-incidence of quasi-simplexes Q;” and sz_l in the given
order will be denoted by [Q;ﬂ : Q;”_l} = E;(m, A).

Definition 2.4. The coefficient of V-incidence of quasi-simplex Q7" € Q™, 0 <
m—+1

m < n, with respect to quasi-simplex Q, € QML s the following number
+1, if Q;” and Q?H'l are coherent quasi-simplezxes,
52 (m, V)=<¢ —1, if Q7' and szﬂ are non-coherent quasi-simplezes,
0, in the rest,

where i € A, = card Q™, | € Ay = card QM1

The coefficient of V-incidence of quasi-simplexes Q;” and leH in the given

order, will be denoted by [Q;’"b : ;’“’1] = 5§- (m, V).

For the A-incidence and the V-incidence coefficients it is easy to verify the
following relations:

ei(m, A)=¢el(m—1, V), wherel <m <n,
m

j
,V):&T?(m—i—l, A), where0<m<n-—1,

where i € A1 = card Q"1 j € A, = card Q™, 1 € A} = card Q.
The concepts of A-incidence and V-incidence are met in bibliography [1,13,35,56]
and they are dealing with different mathematical objects.

Remark 2.1. The symbols A and ¥V are borrowed from works [14, 36], and in our
opinion they are more convenient for further explanations.

Remark 2.2. Coefficient of incidence [Q;” : le_l} of the quasi-simplexes Q}” =

m—1 __ .
[Tjo, x5, -y x5, and Q] = [Tiyy Tiy, ---y Xi, | for which the sequence
Tigs Tiy, -y Tip,_y 4f formed from the elements of QJ*, but it is not an hereditary
subsequence of succession [xj,, xj,, ..., xj,], is equal to zero. In this case the quasi-
. m—1 - . . m __
simplex Q; is not a quasi-face of the quasi-simplex Qj = [Tjo, Tjis -y Tjl-

Definition 2.5. We consider the next two matrices for the G-complex of relations

Kr=(@Q°% Q' ..., Q"):
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1. I'™(A) = (6; (m, A)), where i and j are the number of the lines and respectively
of the columns of matrix I™(A), and i € Ap—1, j € A, 1 < m < n. This
matriz is called the matrixz of A-incidence of dimension m;

2. I"™(V) = (Eé (m, V)), wherel and j are the number of the lines and respectively
of the columns of matriz I"™(V), and j € Ay, 1 € A1, 0 <m <n—1. This
matriz is called the matriz of V-incidence of dimension m.

The fact that the set X from which the G-complex of multi-ary relations is
constructed is a finite set implies that the matrices I"™(A), I"™(V) are also finite
(see Definition 1.1). Without making any significant efforts the G-complex could be
defined over an infinite set X. In these conditions, obviously, the matrices will be
infinite.

Assertion 2.1. For the generalized complex of K" relations we have that the pairs
of matrices I™(A), I™"1(V), 1 <m < n, and I™(V), I™THA), 0 <m <n—1,
are conjugated, i.e.:

(™ (A))" = 1""H(V),
(V)" =1"THA).

3 The homologies of G-complex of multi-ary relations

Suppose a G-complex of multi-ary relations K" = (QY, Q!, ..., Q") be given
and Z is the additive group of integer numbers. By analogy with Definition 1.8, for
the quasi-simplex Q;” € K™ we will introduce the notion of quasi-star of Q;-”. It
will be the set of all quasi-simplexes from K™ for which Q7" is their quasi-face and
it will be denoted by qst (Q;-”), 0 < m < n. For the quasi-simplex Q? € Q" the set
gst (Q;‘) is empty.

The quasi-simplex Q;” € Q™ contains m + 1 faces of m — 1 dimension, which we
will denote by Qgg_l, Qg;_l, v anm_l. Let us consider that in the quasi-star gst (Q;”)

there are some ¢ quasi-simplexes of m + 1 dimension for which Q;” is a hereditary

m—+1 m—+1 m—+1

face. These quasi-simplexes will be denoted by Q71" QT ..., QT

Definition 3.1. The following sums:

AQY = (m, M@ et m QT .+ m AQET (3

where 1 <m < n, j €Ay, and

QY =) (m, VIQRT 4 P (m, VIQET . m, VIQETL (3.2)

where 0 <m <n—1, j € Ay, will be called, respectively, the A-border (algebraic
border) and V-border (co-border) of the quasi-simplex Q7 € Q™. A-border of
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Q;-” will be denoted by AQ;”, and V-border of this quasi-simplex will be denoted by
VQ;”, 0<m<n.

We consider AQZQ = 0 and VQ} = 0 for each quasi-simplex Q? € QY and for
each quasi-simplex Q7 € Q", where i € Ay =card X, j € Ay, = cardQ".

The formulas (3.1) and (3.2) can be simplified. For example, let the quasi-
simplex Q;” = (%o, Tjyr- -+ Tjy,---,Tj,) be represented by the corresponding in-
dexes: Q' = (Jo,J1y -+« Jks -+ Jm), and let its quasi-faces of (m — 1) dimension
Q;’;‘l of Q;»” be the opposite face to the vertex ji, 0 < k < m. Then, accord-
ing to the definition of coherence of quasi-simplexes Q7" and (—1)’“@7}2_1, where
(—1)k = z—:?(m, A), the sum (3.1) can be written as follows:

AQT = (-1)°QF '+ (-D'QF .+ (DT + .+ (-1)QET (3.1)

As in [32,52] it could be proved that AAQT =0, VVQ]" = 0, for any quasi-
simplex Q;»” eQm 0<m<n.

Other coefficients of A-incidence, which do not occur in the sum (3.1'), are equal
to zero by Definition 2.2.

The advantages of the formulas (3.1) and (3.2) will be applied below. Now let
f : K™ — Z be an unequivocal application of the complex of relations K" to the
group of integer numbers. For a negatively oriented (see Definition 2.1) simplex
Q™ € Q™ we agree to write f,(—Q™) = —fm(Q™). Let us denote f(QI") = pi,
where p; € Z, for any Q" € Q™. For simplicity and for keeping in mind the
pro-image of p;, instead of f(Q!") = p; we will write p;Q7*, 0 < m < n.

Definition 3.2. For the family of quasi-simplexes Q™ = {Qm, 5, ...,QZ:”}, 0<
m < n, the finite sum
QY + p2Q3" + ... + Pa,, Qur, (3.3)

is called the m-dimensional chain of the G-complex of relations K" and it is
denoted by L™. The set of all chains L™ will be denoted by L™, 0 < m < n.
Let L' = Y plQ™and LT = Y p?Q™ be two m-dimensional chains of
Q7 eQm QreQm
the G-complex K.

Definition 3.3. The relation

THLY = ) (i +p)QY (3.4)
Q;ﬂe(@'m

is called the sum of the chains LT and L3'.
Next theorem is obvious.

Theorem 3.1. The set L™ of all m-dimensional chains of a G-complex of multi-
ary relations K™ with the addition operation defined by the relation (3.4) forms a
commutative group.
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The group of m-dimensional A-chains will be denoted by AL™.
Definition 3.4. For a finite m-dimensional chain L™ € L™, 0 < m < n, the
equality
AL =) pilg" (35)
lee(@m
s called the A—algebraic border of the chain L™.
In case m = 0, according to Definition 3.1, it follows AL? = 0.

From all mentioned above, each chain L™ € L™ will be also called A-chain.
In classical literature the terminology mentioned in [32] is also applied.

Remark 3.1. The operation of defining a A-algebraic border of the A-chain L™ €
L™ is a homomorphism [40]:
A(m): L™ — L™ 1<m<n.

It is natural to call this homomorphism a A-homomorphism. This is even nec-
essary, since we will use also other homomorphism, which signification is different.
The mentioned A-homomorphism can be obtained by applying the respective oper-
ations for creating the A-border, for Q" (see (3.1')), Q" € Q™, and if we consider

AQT = L™t € £m~1 0 < m < n. We will denote by ImA(m) the image, and by
KernA(m) the kernel of the homomorphism A(m) [40].

Theorem 3.2. For each L™ € L™ the following equality holds
AAL™ =0, m=0,1, ..., n.

The proof of this theorem can be done exactly as in [32] applying the known
relation AAQ!" = 0 (see Definition 3.1).
From the proof of Theorem 3.2 we obtain

Assertion 3.1. For a G-complex of multi-ary relations K™ the next equality holds
Im=YA)-I™(A) =0, (3.6)
1<m<n.

Definition 3.5. The chain L™ € L™ with the property AL™ = 0 is said to be the
A-cycle of dimension m of the G-complex K", and it is denoted by Z™(A) = L™,
0<m<n.

Let

I =plQT +pQ5 + ..+l Q.
and
5 =plQT +P3QE + .. + Pl QI
be two chains of dimension m, o, = cardQ™.
Is obvious
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Theorem 3.3. With respect to the addition of A-chains, the set of all A-cycles of
dimension m forms a commutative subgroup of the group L™.

We will denote the subgroup of A-cycles of AL™ by Z™(A), 0 < m <n.

Definition 3.6. If there exist two A-chains L™ € L™ and L™ € L™ with
properties:

a) Lm = ALm+1;

b) AL™ =0,
then L™ is called A-cycle of dimension m A-homological with 0. In this case
we will use the notation L™ = Z™(A) ~ 0. Two A-cycles Z{"(A) and ZJ'(A) that
belong to Z™(A) are said to be A-homologous if Z"(A)—ZJ'(A) ~0,0<m <n
/1,13, 59,63, 70].

The fact that AL™ represents a A-cycle homological with 0 shows the situ-
ation that in K™ the chain AL™ bounds in the m-dimensional skeleton of K" a
G-subcomplex of the sk(m)K".

The following theorem is obvious.

Theorem 3.4. The set of all m-dimensional A-cycles that are A-homologous with
0, with respect to the additive operation defined in AL™, forms a subgroup of the
group Z™(A). We denote this group by Z{'(A).

We obtain the existence of the group Zg'(A) from Theorem 3.2. It is obvious
that Zg(A) ~ 0, i.e. in a G-complex of relations K™ A-chains of dimensions n + 1
do not exist.

Definition 3.7. The factor-group Z™(A)/Zg' (A) of the G-complex of multi-ary re-
lations K™ is called the group of A-homologies (the group of direct homolo-
gies) of dimension m over the group Z, and it is denoted by A™(K"), 0 < m < n.
The ranks of these groups are called Betti numbers. In works [1,32, 52, 56] these
groups are denoted by Hpy,(K™), 0 < m < n.

Obviously we can write it as follows [32]:
A™(K™) = KernA(m)/ImA(m), 1 <m <n.

Our goal is to narrow the concept of complex of relations like in [17], but not so
much as it is done in [58,59]. It is worth to mention that all results could be also
generalized in the case of a more general complex of relations, which is without any
restrictions on dimension (by analogy see [54, 55]).

Further applying the group of integer numbers Z, we form the so-called groups of
co-homologies [13,32] of G-complex of multi-ary relations ", with restriction that
the chain L™ C L™ represents, obviously, a finite sum. From now this chain will be
called V-chain (co-chain).

Simplifying the notations, we introduce the notion of V-chain (co-chain), which
coincides with the notion of the chain with the respective dimension.
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Definition 3.8. For a V-chain L™ € L™, 0 < m < n, the equality

VL= Y piver
Q7 eQm

is called the V—algebraic border (co-border) of the chain VL™. In case m =n
we consider VL™ = 0.

Remark 3.2. The operation of creating a V-border of the V-chain L™ € L™ is a
homomorphism:
V(m): L™ — L" 0<m<n-—1.

We will denote by ImV(m) the image, and by KernV(m) the kernel of V-
homomorphism V(m), 0 <m <n — 1.

Definition 3.9. The V-chain L™ € L™ with the property VL™ = 0 is said to be
the V-cycle of dimension m of the G-complex of K™ relations, and it is denoted by
Zm(V)=L",0<m<n.

VL™ = Z™(V) is a V-cycle of dimension n, according to Definition 3.8. If we
introduce the notion of sum of V-chains, we obtain

Theorem 3.5. The set of all V-cycles of dimension m with respect to the addition
of V-chains forms a commutative subgroup of the group V.L™.

This subgroup will be denoted by Z™(V), 0 < m < n.

Definition 3.10. If there exist two A-chains L™ € L™ and L' € L™ with the
properties:

a) L™ = VL™ L

b) VL™ =0,
then L™ is said V-cycle of dimension m being V-homological with 0. In this case
we will use the (usual) notation [32]:

L™ =2"(V)~0.
Two cycles Z{*(V) and Z§*(V) from Z™(V) are said to be V-homologous if
Z1"(V) = Z3'(V) ~ 0,1 <m < n.
Is obvious

Theorem 3.6. With respect to the addition defined in VL™, the set of all m-
dimensional V -cycles V-homological with zero, forms a subgroup of the group Z™ (V)
and will be denoted by Z{* (V).

Definition 3.11. The factor-group Z™(V)/Z§* (V) of the G-complex of multi-ary
relations K™ is called the group of V-homologies (simply co-homologies) of
dimension m over the group Z of integers, and it is denoted by V,,(K™), 0 < m < n.
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Remark 3.3. We remind that V,,(K™), 0 < m < n, is defined considering the finite
V-chains of K".

Obviously we can, also, write it as follows:
Vin(K™) = KernV(m)/ImV(m), 0<m <n.

Let us remember that the existence of the group Z{'(A), 0 < m < n, of a G-
complex of multi-ary relations results from the equality AAL™ =0, 0 < m < n.
This situation generates the necessity to formulate some additional results.

Theorem 3.7. For each V-chain L™ € VL™ of the G-complex of multi-ary relations
K™ the next equality holds

VVL™ =0, 0<m<n.

The proof of Theorem 3.7 is done exactly as in [32], by applying the known
relation VVQ!"* = 0 (see Definition 3.1).

Remark 3.4. For the groups of direct homologies and co-homologies of a G-complex
of multi-ary relations K™, the procedure of orientation of its quasi-simplexes is an
auziliary problem and it does not depend on the structure of these groups [13,32,52].

Definition 3.12. A G-complex of multi-ary relations n > 1 is called acyclic if
AL(K™) = A%(K") = ... = A™(K") 0.

In order to formulate the next theorem we need some classical notions (see [13,
52]), and we will prove an auxiliary lemma (we repeat it for our abstract case).

Let Q" = {QY, @9,..., ng} be a family of 0-dimensional simplexes (vertices)
of a G-complex of multi-ary relations, and let L% = p1QY + p2Q9 + ... + paOQgO be
an arbitrary A-chain from AL°.

Definition 3.13. The operator
I1:1°-7,
with the property I(L°) = p1 + pa + ... + Doy, is called the index of A-chain LP.
It is obvious that for any two arbitrary A-chains L?, Lg € £9 is true the relation
I(L9 4+ L9) = 1(LY) + I1(LY). (3.7)
Lemma 3.1. If ALC is the group of 0-dimensional A-chains of a G-complex of

relations K" = (Q°, Q', ..., Qm), then each chain L° € AL® is homological with 0
if and only if I(L°) = 0.
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Proof. Let Q' € Q! be an arbitrary quasi-simplex, positively oriented and rep-
resented by pair Q! = ( ?, Q?), where Q?, Q? € Q°% i # j. In this case
Alp-QY) = pAQ? — pAQY, it follows we have I(A(p - Q')) = 0. According to
relation (3.7), for each Z°(A) € Z°(A) we obtain I(Z°(A)) = 0, so the necessary
condition of lemma is true.

Now prove the reverse assertion. From connectedness of the G-complex K" we
obtain that for each two elements QY, Qg € QY there exists a sequence of 1-
dimensional quasi-simplexes Qill, }2, ...,Qﬁt, for which Qllk and Q}kﬂ, 1<k <
t — 1, are adjacent and for which the origin of Qzl1 coincides with QZQ, and extremity
of Qill coincides with Q?. More over, the elements of this sequence can be oriented
in such a way that all of them be positively oriented in the A-chain L' = inll +
QUQZ-I2 +... +pQ}t, where p € Z is also positive. We observe that AL' = pQ? —p@QY.
Thus, according to (3.7), pQ? ~ p@Y. This leads to the relation L' € AL, which
means that A-chain is homological with pQ?. Then, because L' is homological with
pQY, it results I(L') = p. By this way we have the relation L' ~ I(L')QY, from
where results that if I(L') = 0, then L' ~ 0. O

We will just remind the next statement because it is classic and it is abstractly
proved.

Theorem 3.8. If G-complex of multi-ary relations K* = (Q°, Q!, ..., Q") is
connected, then A°(K™) is isomorphic with the group of integer numbers Z .

Remark 3.5. If a G-complex of multi-ary relations K™ satisfies equality (1.1), then
A™(K™) = A™(KY) @ A™(Ky) @ ... @ A™(KY),
where 0 < m <n. If m =0 then

Ak =2ZeoZo.. ©Z. (3.8)

q times

Definition 3.14. A connected and acyclic G-complex of multi-ary relations K™ is
called an oriented n-tree of multi-ary relations.

The importance of these notions will be showed in further researches, when the
results mentioned in the beginning of first section will be elaborated. For n = 1 the
respective construction represents an oriented, connected graph without cycles. So,
if X! is connected then this represents an oriented tree [7].

Definition 3.15. If K" is a locally complete G-complex of multi-ary relations and
it is transformed into an abstract quasi-simplicial complex, according to those men-
tioned in §1, then K™ will be called a symmetric G-complex of multi-ary relations.

If it will be necessary, each element of Q", 0 < m < n, can be oriented, according
to § 2.

In § 1, the notion of Euler characteristic of complex of multi-ary relations K"
was introduced (see the relation 1.3).
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The importance of this characteristic is well known [52,60]. Let p,,(A™(K™)) be
the rank of the group A™(K") of K.

n

X(K") = (1), (3.9)

m=0

is the Euler characteristic (see (1.4)), where «,, means now the number of quasi-
simplexes of dimension m of G-complex K", 0 < m < n.

Then, according to (3.9), we have an analogical result to that obtained by
Poincare and Kolmogorov [13,63].

Theorem 3.9 (Euler-Kolmogorov). For any G-complex of multi-ary relations
K" = (Q° QY ..., Q") the equality holds

n

X(K™) = Y (=1 pn (A" (K™)).

m=0

The proof is done exactly as in works [52, 58].

At the end of this section we propose a definition and an important assertion.

Let K* = (Q° Q!, ..., Q") be a complex. Analyze the complex Ky =
(Qg, Q}i, ..., QF), where every m-dimensional abstract quasi-simplex Q" is con-
sidered to be a cell complex [32] with the dimension n —m, denoted by Qg ™0 <
m < mn, i € Ay. All these complexes with the dimension n — m are denoted by
Q57,0 <m < n, and they of course respect the incidences.

Definition 3.16. The abstract complex KU} constructed above is called the dual
complex of K".

For example, a zero-dimensional simplex, which is incident with n simplexes of
(n — 1) dimension of a n-dimensional simplex, represents a CW with dimension n.
It has the form of a n-dimensional simplex, and it has as cells the set of all faces,
including one improper face (the interior of n-dimensional simplex).

Assertion 3.2. The complex KJ} is a connected cell-complex (CW).

Let
HY(KYy, Z), HY(KY, Z), ..., Hiy (Kly, Z) (3.10)

be the group succession of the direct homologies of K. If we examine more carefully
the sequence (3.10) then we have:

Theorem 3.10. For K} complex the following relations are true:
Vo(K", Z) = Hy(Ky, Z),

V(K" Z) = HT, 7).
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According to this theorem we obtain that the Klomogorov-Alexander theorem
[13,32], which is about the duality of groups of homologies and co-homologies for
topological spaces, is also valid in the case of a generalized complex of multi-ary
relations K. Thus, we obtain:

Theorem 3.11. For the complex K™ the following equalities are true:
AYK™, Z) =V, (K", Z),

AN K™ Z) =V, (K", Z), (3.12)

A"(K™,Z) = Vo(K", Z).

Remark 3.6. It was possible not to use CW. But in this case it was necessary to
define what represents an abstract n-dimensional polyhedron (the border of which is
an abstract (n — 1)-dimensional sphere). This thing is a niggling question, and we
leave it for the moment without any attention. Further we will be interested only in
the definition of the abstract n-dimensional cube.

4 The complex of abstract cubes

As it was mentioned above any sequence (mil,aziz, s T +1) € R™* that does
not contain repetition of elements could be considered an abstract m-dimensional
simplex, 0 < m < n. Therefore, each complex of multi-ary relations K™ can be also
regarded as a complex of abstract simplexes

Kr={s"s',...,s"},

where S™ represents the set of all m-dimensional simplexes that are determined by
the elements from R™t! and any two simplexes S' € S and S¥ € S¥, 0 < I, k < n,
have either an empty intersection or their intersection is a p-dimensional simplex
SP € SP, p < min{l,k}. Using abstract simplexes the abstract n-dimensional cube
[15,19] and the abstract complex of cubes are defined.

We will use the inductive definition of the abstract n-dimensional cube and its
vacuum.

Definition 4.1.

1. The abstract 0-dimensional cube and the abstract 1-dimensional cube coincide
with the abstract simplexes of the same dimension. The vacuums of these cubes
coincide with the vacuums of the respective simplexes.

2. Consider two pairs of 0-dimensional cubes SY, S and SY, SY. The 2-ary
relations of these two pairs of cubes S?, Sg and Sg, SE determine the existence
of 1-dimensional cubes ST = (S, S9), S3 = (5%, SY), Si = (S, SY9) and
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St = (89, S9). Form the 2- and 3-ary relations between these pairs of cubes.

These determine a simplicial complex that is formed from the new abstract

simplezes St = (59, S9), S? = (89, 89, SY), S3 = (SY9, SY, SY) and the

four 1-dimensional simplezes mentioned above St, S3, Si, Si. The union of
0 0 0

vacuums S%, S3 and Si of new obtained simplexes is called the vacuum of the
2-dimensional abstract cube and it will be denoted:

o 0 0 0

I’ = 57U S5 US;.

The abstract 2-dimensional cube is denoted by I?, and it is defined by its vac-
uum as follows:

4 0
r=|Jstur.
=1

The complex determined by the mentioned family of simplexes is said to be a
2-dimensional pro-cube. The 2-dimensional pro-cube will be denoted by I*(A).

3. Suppose that the notion of abstract i-dimensional cube and pro-cube is
known I' and I'(A), 1 < i < n —1, as well as the notion of cube’s vacuum
with the same dimension is known.

4. We will define the notion of abstract n-dimensional cube by using the notion
of (n — 1)-dimensional cube. Consider 2n copies of (n — 1)-dimensional cube
I{‘_l, I;‘_l, . Ign_l with the corresponding pro-cubes I{‘_l(A), Izn_l(A), -
Ign_l(A). Let us have i-ary relations, 2 < i < n, among the 0-dimensional
cubes that determine some simplexes which form an abstract simplicial com-

0
plex. The vacuum of the n-dimensional cube, denoted by I™, represents
the union of all vacuums of the simplexes that do mot intersect the pro-cubes

I}l_l(A), 1 < j <2n. The abstract n-dimensional cube is defined by using
n 0

its vacuum in the following way: I = | IZ-"_1 U I™. The simplicial complex

I"(A) will be called pro-cube of I™.

i=1

Definition 4.2. [19] An abstract cube I"™, which according to Definition 4.1 is used
by the I cube formation, 0 < m < n—1, is called an own face of the n-dimensional
cube I™.

Definition 4.3. The family of non-empty and finite abstract cubes I = {I™, 0 <
m < n} is said to be an abstract cubic complex with dimension n if the following
properties are true:

1. for¥I®, It € I™, 0 < s, t < m, the relation I* NI € I™ or I* NIt = 0 is true;
2. each face I¥ of any I € I, 0 < k < n, is an element from I";

3. el
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By analogy with the orientation of quasi-simplexes the orientation of a n-
dimensional cube I™, that is constructed on a set of vertices X = {x1, 2, ..., zom}
is defned. The positively oriented cube is denoted by +1", and the negatively ori-
ented cube is denoted by —I".

Let us consider an unequivocal application h : Z" — Z, with the property: if
I e I™ 0 <m <nis an abstract negative oriented cube, then h(—I") = —h(I™).
We consider the image h(I]") = g; € Z. For convenience, instead of h(I]") we’'ll use
the notation g;I™", and instead of h(—1I/") we’ll write —g;I™.

The following notions allow, by analogy with the elements of the complex of
multi-ary relations, to define the coherence and non-coherence of the abstract cube
I™ € 7™ and cubic’s variety.

Definition 4.4. The sum of all m-dimensional cubes of the cubic complex I™
" :gllin—l—gglgn—l—...—l—gﬁmlg;ﬂ <m <n, (4.1)
where By, represents the cardinal of the set of all abstract cubes of dimension m from

I, is called a m-dimensional (-chain of cubes of the I™ complez.

Bm
Definition 4.5. The sum of two O-chains of abstract cubes LT" = 29}[{“ and
i=1
Bm
5= Zg?lim, is the expression:
i=1

Bm

THLY =Y (g +9) I (4.2)
i=1

It is easy to verify

Theorem 4.1. With respect to the operation 4.2, the set of all m-dimensional [J-
chains, denoted by L, 0 < m < n, of cubic complex I™ forms an abelian group.

We denote by I"™ the family of all m-dimensional cubes of cubic complex Z",
0 < m < n. We have to mention that each cube I € I has m pairs of opposite faces
with m — 1 dimension. Let I z'To_l and IZ”J"”l_ ! he opposite faces of an m-dimensional
cube I € 7", j € {0,1,...,m — 1}.

Definition 4.6. For the m-dimensional cube I € I, 1 < m < n the expression

m—1
o = 3 (-1 (gt - )
§=0

is called O-border of I cube.

As has been done in the case of generalized complex of multi-ary relations, the
notion of coherent and non-coherent abstract cubes is defined, as well as the notion
of coefficients of incidence.

By analogy with the classic situation we define cubic homologies.
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Definition 4.7. [-border of the chain L™ € LT is the following sum
Bm
OL™ = Zgi[llim7 9i €Z, 1 <0< B
i=1

The O-chain L™, for which OL™ = 0 is called O-cycle of dimension m.
Theorem 4.2. Let L™ € L7 be a O-chain. The following equality is true:
OdL™ =o.
There are two types of [-cycles of cubic complex Z™ :
1. m-dimensional square-cycles which represent a O-border of a (-chain L™,

2. m-dimensional square-cycles which do not represent a [J-border of a [J-chain
Lt

With respect to the addition for chains, the set of all [J-chains of dimension m
of 7™ 0 < m < n, which verify the B property from above, form an abelian group.
This is denoted by Z™(0) C L5, m € {0,1,...,n}.

With respect to the same addition, the set of all [(J-chains of dimension m of the
complex Z", 0 < m < n, which verify the A property from above, form an abelian
group. It is denoted Z§*(0) C LB, m € {0,1,...,n}.

Definition 4.8. The factor-group Z™(0)/Z§*(0) is said to be the group of O-
homologies of dimension m of the cubic complex I", and it is denoted by
o™z Z), 0 <m<n.

The following conditions are true
0%z, )= 7

OY(z", z)y=0? (", 2)= ... 20" (1", Z) =0,

means that the complex of abstract cubes 3" is connected and acyclic. For such a
complex an analogue result to the Helly theorem [14] can be formulated.

Let §" be a family of n-dimensional cubic complexes that are connected and
acyclic.

Hypothesis. If for any two compleves T, 7% € S" the condition
I'Nn7? e §"

is true, then the intersection of all cubic complexes from " is not empty and it

represents an abstract n-dimensional cubic complex.
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5 Applicative aspects

As it was mentioned in the beginning, the results presented in this article
were obtained long ago but they weren’t presented for the publication because the
authors were aware of the possible applicative ideas. And only, when those ideas
took shape, and the results were obtained (the articles are being prepared for the
publications), we decided to present the main theoretical ”trunk”, giving in a brief
form three nontrivial applicative aspects.

5.1 Application in the hypergraphs theory

Hypergraphs represent some discrete mathematical structures that, accord-
ing to those mentioned above, can be regarded as particular cases of G-complex of
multi-ary relations and which are used in solving many theoretical and applicative
problems.

The notion of hypergraph in Berge sense [6] is known: a hypergraph is the pair
H = (X; FE), where X is a labeled set of vertices, and F is a set of edges that contains
at least two vertices. For this hypergraph H, a succession of edges ey, ea, ..., ¢,, with
the property e;Ne;+1 # &, 1 <i < p, p®1 = 1(mod:p), is called a cycle. This notion
of cycle is not operable. Having the mentioned ”trunk” we asked ourselves: would
it be possible to define in a more natural way the notion of cycle for a hypergraph?
The time proved that it is possible.

According to the definition, both the set of vertices X and the set of edges F,
of a hypergraph H can be finite or infinite; more over - the number of vertices that
forms an edge e € E can be infinite [3]. For simplicity, let consider now only the
case where X and FE are finite sets.

Let E = {e1,ea,....,em,} be a set of edges of a hypergraph. For every edge
ei = (Tiy, Tigy ory :Eiqi), 1 <7 < 'm, we construct in accordance with those mentioned
in §1, a generalized complex of multi-ary relations R{" on the set of vertices X; =
{ Tiys Tigs e Tig, } The union R% U R%2 U ... U RI is a G-complex of multi-ary

relations RY, with dimension ¢ = 1121%}( {q:}, constructed on the set of vertices
<i<m

X =A{z1,29, ..., zpn}.

From G-complex RY, in accordance with those described in §2, we obtain the
simplicial-abstract complex K971 and the group succession of direct homologies.

Each element of such group, i.e. a r-dimensional A-cycle, 0 < r < g—11is a
cycle in Berge sense. But, if in hypergraph a cycle in Berge sense exists, then the
hypergraph contains only one 1-dimensional A-cycle. We believe that A-cycles are
more natural: they offer more detailed information about H. But if we introduce
also the co-homologies, then we obtain much more information about the hypergraph
‘H, which possibly will lead to other practical aspects.

We have to mention that those described above could be also extended to infinite
hypergraphs, where the edges are determined by an arbitrary number of vertices.
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5.2 Median calculation

The median applications are well-known in solving some practical problems. If
n

(X, d) is a finite metric space and f(x) = > d(z, x;)p(x;) is a definite function on
i=1

the set X = {x1, 2, ..., z,} with the elements weight p(z;) > 0, 1 < i < n, then
the point z* € X which minimizes the function f(z) is called a median.

Median calculation of a metric space by examining the corresponding function
could become quite difficult, what will lead to an inefficient solving of this prob-
lem. In the works [20-22, 60] for some special complexes efficient algorithms of
median calculation are exposed, without using the metric. The ideas described in
the mentioned works can be used at the median calculation of an abstract complex of
n-dimensional cubes, which is a particular case of the complex of multi-ary relations.

From the complex of abstract cubes

I"={QY:0<p<n, A€eA, dimA<oo},

defined above, we will require that for homology groups of this complex over the
group of Z integers, the relations hold

0%z, Z2) =z, 047", Z) = ... = 01", Z) = 0.

The median problem formulated on the 1-dimensional skeleton of the Z"™ is solv-
ing efficiently, without using metric. 1-Dimensional skeleton sk(1)Z™ is a graph
which we will denote by H = (X,: U). The median of this graph H is calculated on
sk(1)I™, where I"™ is an unitary cube of the normed space R}*, and m is determined
by I". For = € sk(1)I" the norm is | z ||=| 1 | + | 2 | +...# | i |. The median
of H = (X,: U) coincides with the median calculated on sk(1)I™. Our hypothesis
is: a metric graph, wider than the one mentioned, for which the median would be
calculated without using metric, does not exist.

5.3 Posthumous problem and the generalization of Euler border

Let a sequence be formed from k elements 0 and 1. We formulate the problem:
if we have a disk with a big enough border, how many sequences of k£ length is possible
to place on this border so that none of them would be repeated (Posthumous [7]).
The problem is solved with a strongly oriented graph, which represents an Euler tour,
obtaining 2* sequences which represent a generalized complex of 4-ary relations.
This situation is applied in the communication systems which are operating with
two elements: 0 and 1.

Next we expose our generalizations about an FEuler tour, formed from p-
dimensional and concordant cubes, 1 < p <n [13].

In the works [19, 23] it is mentioned that an n-dimensional cubic tour Vi*(O),
which is concordantly oriented, has an Euler tour of any dimension m, 1 < m <
n. We will remark that such property isomorphicly possesses each n-dimensional
manyfold that is oriented and without borders [13, 15, 68]. In this situation the
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Posthumous problem is positively solved, no matter how big the length k of the
sequence will be. The exception is only the abstract sphere.

Let V/*(O); and V]*(0)2 be two abstract n-dimensional isomorphic cubic tours,
that are non-concordant oriented. We eliminate the interior int/" and int/3 of
the cubes I, I3 and stick together their isomorphic and coherent borders. Thus
a manifold of the second level V4*(0) is obtained. This manifold is concordantly
oriented, and it has an n-dimensional Euler tour Ey U Es \ (intI] Uintl}). If k; is
the length of the tour E; (the number of cubes), and ks is the length of Es, then
the Euler tour in V3*(OJ) will have the length k; + ko — 2 [15].

Using the same idea of sticking together the manifold of second level V3 (O) with
a new manifold of first level V*(OJ), we obtain a manyfold of third level V3*(OJ), for
which also an Euler tour exists. Thus, in an inductive way we can obtain a manifold
V() of p level which has an Euler tour. The Posthumous problem is solved with
the same classic algorithm [7], by obtaining an n-dimensional circular tour (Euler
tour) which covers the whole manifold V;*(0J). From here two applicative aspects
result.

1. It is possible to construct a virtual device of a compact shape of a manifold
V() which would be covered by an Euler tour and which can be made mobile
E} so that each n-dimensional cube would contain a package of information that
does not repeat. For this tour E} a timer would also exist to stop the tour at the
necessary cube. This situation will give the possibility to store as more information
as possible by the increase of k£ and p.

2. The idea exposed in 1), in V,?(0) case allows us to generalize the constructed
device according to the classical problem of Posthumous for the transmission and
reception of information with Euler bidimensional tour with the binary elements 0
and 1, however big the length is, depending on the p increase, having in tangency
other manifold V;/(0). The 2-dimensional cube of V,?(0) can be done in three-
dimensional package. So on such a manifold any volume of knowledge can be stored.

The practical importance of this problem is well known and can be applied in
different problems of transmission and reception of information. The application
from cryptography, for example, would have the following issue: to determine a
word where every arrangement from k letters of the alphabet appears just once.

The device from 2 represents an invention with possible practical applications
and would be accomplished by engineers.
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