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Structural Mechanics

New Optimal Planning of Restoration
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Basis of Q Analysis and Fuzzy Set Theory
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New methods of optimal planning of restoration work and technical diagnostics of sea berths showing
the dynamics of damage by means of Q analysis of combinatorial topology and theory of fuzzy sets
are reported in the paper. The existing methods of technical diagnostics of sea berth and structures
based on the analysis of data of measuring the parameters of structures often lead to wrong results.
Often the data obtained are not amenable to statistical methods of processing. The non-measurable
and non-formalizable parameters of the processes effecting technical parameters of the design are
not taken into account. The developed method makes it possible to overcome the problems. Based on
the obtained algorithms and fuzzy technology the software package was created. © 2023 Bull. Georg.
Natl. Acad. Sci.
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The task of technical diagnostics of berths, building structures is to identify damage and defects in building
structures. forecasting and establishing the causes of damage. Finally, making a decision on the possibility
of further operation of the facility, optimal planning and implementation of restoration work [1-3].

Existing methods of technical diagnostics of berths, building structures are based on the analysis of data
on measuring the parameters of structures.

Accordingly, to assess the technical condition of buildings and make decisions about its further
operation, methods of mathematical statistics are used. It should be noted that the use of statistical methods
in the case of fuzzy data and in tasks that cannot be fully formalized is incorrect. The fact is that the methods
of mathematical statistics can be used, when the statistical data are described by a model of a random
process [4].

Today, for mathematical modeling and control with fuzzy data and non-formalizable problems, the

theory of fuzzy sets and fuzzy technologies is used [5].

© 2023 Bull. Georg. Natl. Acad. Sci.
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The theory of fuzzy sets is not a fuzzy theory, but a logical interpretation of fuzziness and non-
formalizable problems. When using it, the decision is made by a combination of expert knowledge and
current measurements carried out at the object of study.

We can consider any building-construction, a berth as a set of a finite number of ,,structural elements*,
»technological processes®, etc. By ,,structural element®, ,technological process, we mean any structural

unit, means of their connection, methods, etc. Therefore, the mathematical model of a building-construction
can be considered as a set of mathematical relations A(A4, 4,...,) that exist among the ,structural elements*,

(4,B,...) ,technological processes* (S, P,...) etc. among other sets. Obviously, each ,structural element*

is uniquely determined by the elements of the set o {k Lk ,...,kn} from which it is made. Formalization

of the problem in this way allows us to consider the mathematical model of the structure as a simplicial
complex, the study and analysis of which is carried out by the method of combinatorial topological analysis
[8,10]. The mathematical model of a structure, presented as a simplicial complex, makes it possible to detect
all kinds of connections between the structural elements of a structure and observe what quantitative and
qualitative changes will be caused in ,,space‘ time, when each ,,structural element* is affected [6, 7].

The simplicial complex [8, 9] is the pair K= (K,S), in whichK = {ko,kl,...,kn} is some finite set
(whose elements are called vertices of the complex X ). S is the set of its non-empty subsets, which are
called simplices of the given complex, such that:

1. For any element k; € K , the one-element set {kl-} is the simplex of this complex: {ki} es.

2. If ceS and r co,then 7 €S.

A pair of simplices o and 7, g — connected, if K contains a finite sequence of simplices
O, Pi>Pas--» Pp»T> 10 Which any two successive terms have a common facet of dimension at least ¢, i.e.
They have at least g+1 common vertex. Such a sequence is called a g path in K . If two faces are q -

connected, then they are also p-connected for all p < ¢ . A complete description of the g — connection
components of the complex K , forall q= 0,1,2,...,dimf , is called the O analysis of this complex.

The vector Q =(Q,,0,,....,0 _), iscalled Q — vector of the complex K . It encodes information about
dim K

how many ¢ — related "parts" the complex K consists of. Lower dimensional simplices (< g) create
"gaps" that prevent the "spread or movement of information" within the K complex. Therefore, the O —

vector in a certain sense reflects the global geometry of the complex, its structural stability.
One of the main characteristics of the connectedness of the complex is the eccentricity, which shows
how important this simplex is for the stability of the complex. Simplex eccentricity o is calculated by the

formula:
q9—q

ecc(o) = ,
qg +1

where 2] is the dimension of the simplex 0'(21 =dim o-), and
* . . v ' Yi W\Yi
q =max{0<i<dimo|do €K suchthat c #0 and o :(0') .

Here o and (0')n respectively denote the equivalence class — Y; for o and o.
A simplicial complex by a system is understood as a quadruple (X;Y;p;7), where X and Y are sets,
pc XxYand 7 —isamapping 7:K, — R, i.e., a correspondence in which each simplex corresponds
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to a real number. 7 is called a model K, on a simplicial complex. For example , 7 can be given by the

mapping f:p—>R :

Alxoixisn )= Y, Zizof(xj;y)-

v, (xin)ep
f and 7z have the following physical content: f(x;y) it is the cost (time, money, etc.) in the system
incurred to implement links (x; ) in the complex. 7z (o) is the cost incurred to make all connections to o.

The increment 7 of the model makes it possible to optimize rehabilitation work according to various criteria
[7, 8].

When representing the mathematical model of the object under study in the form of simplicial complex,
to show the connection between two sets, the corresponding incidence matrix is used - a matrix, each
element of which is either 1 (with a given connection between the corresponding elements), or 0 (when
there is no given connection between the corresponding elements). It should be noted here that in many
cases, if the relationship between individual elements of two sets is insignificant (small) compared to other
relationships, or the relationship is not formalized, then for the application of @ analysis, such a
relationship is considered non-existent [6, 9] . Obviously, with further use of the model obtained with such
an assumption, a lot of information is lost, which can lead to incorrect results.

The method developed by us [8] allows not only to overcome this problem, but also to make the
assessment of the stability of a structure (structure) more accurate than when applying the classical QO
analysis. In this case, he matrix elements are not the numbers 0 and 1, a membership functions
corresponding fuzzy sets.

Suppose A4 = {al;az;...;a

S} and B = {bl;bz;...;bs} are some sets, and we characterize the relationship

between these sets of a linguistic variable [10]. Denote by X; X LX? o XP fuzzy subsets corresponding

to linguistic variables, a by u, : AxB —[0;1],, (for each p e [1;_P] ) membership function X7 . Suppose

that for eachpair (a,;b,) thereis atleastone p €[l;P] such that x,(a,;b,) =1; Let X " denote the support
of the membership function s, of the corresponding fuzzy sets. The carrier of the membership function
U, is the set of all pairs (a;b) € Ax B satisfying the condition: x,(a;b) > 0. Since our goal is to study
the relationship between different sets of the system under consideration, we consider the case when the
condition is fulfilled: U;l X(f = Ax B and the sorting of sets is possible X7 levels, in other words, if
P > p,, then X7 denotes a higher level of connection than X 72 (for example, if we characterize the

relationship between two elements of the set 4 And B linguistic variable "technical condition", fuzzy

subsets (terms) can be: X [ »good; X 2_ ,temporarily acceptable; X 3_ not working* .
The "fuzzy matrix" corresponding to each relation A,, will be constructed as follows: for each

s €[1;S], r €[1;R], the element at the intersection of the corresponding row and column of the matrix A

(denoted (a,;b, ) symbol) is a vector:

(ay:b,)= (,ul (ay:b,): 1y (ag;b, )ses 1, (ay:b, ))
The coordinate of the O, structure vector, shows the restrictions on the exchange of information at the
p level, between the elements of the set 4”. The larger Q,, the greater the resistance at the level p for

the implementation of the connection between the elements of the set 4”. The eccentricity p, element

level a, ofthe set A” is defined as follows:

Bull. Georg. Natl. Acad. Sci., vol. 17, no. 1, 2023
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4, (Po) -4, (1)
qs (Po) .

The eccentricity of the element a, at the level p, shows the degree of ,,separation®, (,,originality) of

Eccpo (as ) =

this element. ,,Feature®, the degree of ,,separation” of the element a, will be largest when g, ( Po) =0.
When the element a, cannot connect (exchange information) with another element even at the p, level.
On the basis of the above methodology and algorithms, a software package for technical diagnostics of
berths and structures was created, based on the statistical data of the port of Poti. Using the methods of
combinatorial topology, fuzzy set theory and Fuzzy technologies, allowed, along with the statistical data
obtained by measuring the structural parameters of structures, to use uncontrolled, non-formalizable factors
affecting the technical condition of the berth (erosion of a monolithic concrete base; degree of corrosion of
sheet pile structural parameters of structures and defects in their adhesion; damage to reinforced concrete
structures of the superstructure from the effects of natural factors, etc.). To assess the technical condition
of the berth, the Takagi-Sugeno method [10] was used, based on the methodology of neural networks and

fuzzy logic.
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