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OPTIMIZATION OF PARALLEL LINKS IN REDUNDANT UTILITY STRUCTURES

The publication states that an important problem in the design, operation and reconstruction of various
networks of engineering infrastructure is to determine the reliability of structurally complex systems. Modeling the
reliability of technical systems seems to be a rather complex task. It is emphasized that the ways of rational
redundancy of a complex structure of systems presuppose the well-known method of minimal paths and connections.
The problem of the optimal arrangement of a system with a redundant structure has certain limitations in
accordance with the available resources, such as the lower value of the probability of the system's connectivity,
which serves as an optimization criterion. The paper investigates a system with identical components. The article
discusses many possible forms of the structure of the system. Structural reliability expressions are calculated for all
combinations used in determining the lower and upper values of structural reliability. In the process of constructing
a redundant structure, it is necessary to determine a variant of its form, which maximizes the value of reliability
under the established restrictions on the available resources invested in the construction and operation of the
system using the cost parameter for some form of its structure. The peculiarity of the system reliability function is
considered when it increases, which has a discrete argument and consists of a number of some functions. In the
presented geometric model, a number of operations are used to determine and concretize the requirements for the
variants of the forms of the components of the system under study for their different properties, and the forms that
do not meet these conditions for the variants of the component in terms of resources are removed. Here the
requirements for the probability of connectivity are defined, according to which unsuccessful forms of possible
structures of the system are removed. The work uses an algorithm to extract from a set of reasonable options for
some options for components by resources. The specified variant of the structure form is assumed to be optimal
according to the criteria. If the number of variants of the structure shape is large enough, then to find the optimal
solution, another algorithm is used, in which the value of the objective function is checked, which determines the
conditions for the probability of connectivity in design decisions. It is noted that in practical application the
obtained solutions can be approximate.
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Formulation of the problem establish and substantiate the requirements for the
reliability of the system and its components, in the
choice of the main directions and rational strategies for
project reliability assurance, in the development of
issues to ensure the reliability of systems [0, 17].

An important problem in the process of design,
operation, and reconstruction of various networks of
engineering infrastructure is to determine their
reliability [0, 0, 0].

Today, the problem of modeling the reliability of ~ Analysis of recent research and publications
technical systems seems to be quite difficult. To solve
this problem, research is needed in separate scientific
areas. This is explained by the fact that the dimension of
the structures of the networks widespread in practice is
constantly increasing. Complex solution to reliability
problems increases their efficiency and help to obtain
qualitatively new results [0, 0]. The reliability of the
existing technical systems tends to be constantly
decreasing. Delaying essential maintenance, refurbish-
ment, and replacement of system components can lead
to disaster [0]. Reliability is an important issue in the
design and reconstruction of engineering networks:
water supply, gas, electricity, networks of mobile
operators, etc. [0, 0].

The main tasks of the reliability study are to

The ways of rational redundancy of the complex
structure of the system wusing minimal paths are
published in [0]. In the study of systems, the fault tree
method is used. Sections and minimum paths are
determined [0, O]. Next, the reliability of the systems is
calculated [0, 0]. The problem of the optimal structure
of a system with a redundant structure and identical
components has certain limitations in accordance with
the available resources. Here, the lower value of the
system  connectivity probability serves as an
optimization criterion [0]. The solution to the problem is
based on the operations of studying a certain number of
structures and optimizing their reliability [0]. The
purpose of this work is to develop optimization models
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for the reliability of systems structures, such as
engineering networks of cities with a redundant
structure of components.

Statement of the main research material

identical
kieK,

Let the system under
components have n parts
jed={1,2,..n},i=12,..n

The K components are provided with the
parameter y;, which describes the state of the k;
component: y; = 1, if the component k; is functioning.
Otherwise, yi = 0 if the component k; is out of order. The
value Y ={y,,...,y,} simulates the possible states in
which the system is located.

The components K of the structure of the system
use the following elements: ey main and h; parallel,
having Tj of different types T; ={L,...,t*;}. It is also a

study with
(components)

set of indices of element types, hi is the number of
parallel connections of elements e of the t-th type,
hire[ai,bii]. Here air and by are integers, i = 1,2, ..., n,
which are extreme numbers of parallel connections of
components. Elements ej; have the reliability ri(ei) and
other specific properties: gic(eir), ceC={1,...,m},
iel ={1,2,...,m}, which, for example, can be the cost

of building, operating the
consumption, etc.

The quantity @i={¢gi=(hit , ei)|hic [ai,bi], teTi},
will be considered as the set of possible forms
¢i=(hi,eir) of the component k;. Then the reliability of
the structure form ¢i=(hi,ei) and its properties are
determined by the expression [0]:

system, its energy

ri(i)=1-(1-ri(ei) ™2, gic(i)= (hi+1)gic(eir),
ceC,iel.

M

Let <1>:1_[<Di be the set of possible forms

iel
¢ ={p,,....¢,} of practical implementation of the

structure of the system, and the value of @ is the
number of forms of variants in the corresponding set:

o=, :H[zwn -, +1>], 2)

iel iel \ teT;

where air and bj; are extreme integer numbers of
parallel component connections, i = 1,2, ..., n.

In the process of investigating the reliability of the
system, the minimum sections of the structure 7,
X(r) — (X;([T)""’y'gr))' T=1.To, Z(jr) ={0:1}. X(jr) :[0,1],

- =@ =@
and the minimum paths of the structure y, ',....y, ,

& =A{dy,- Do} 9(;):[0,1], are determined. Each

Byoienuymeo ma yuginoha inscenepisn

minimal section of the structure y(T)

corresponds to a

set ¢(r)=(j, ..., j0) of indices r =1,...,n, for

which the j-th state is equal to zero y”=0. In

combinations of c(z;) and c(z,), 7, #7, there may be

common ej; elements for different intersections.
Let us calculate the expressions for structural

reliability for all combinations c(z), 7 =17, :

hy+1
Loy @b =1- [T (1-Q-n()) @)
iec(r)
used in the definition R, (¢) — the lower value of
structural reliability [0]:

RH ((1’) =R, (pc(l) ((pilm 1 %o ),---, DPeyy (%m) v---r%m) =

)

=I]r. (D By) 4
=1
Each minimal path of the structure X\,
@$=12,..,¢, corresponds to a separate combination
d(p) =(,....i”), 1=12,..,n of indices jeJ for
jed. For all d(),
@=12,....¢h,, we find the dependences of reliability:

which combinations

hy +1

rd(d;)(d)i(dl)""ld)i(rﬁ) =1- H (1'(1"’[(61';)) )
' ! i<d (¢) ®)

D=Loorthy,

determining rq - the upper value of the level of
reliability of the structure of the system:

RB@) = RB(”d(n(‘i)ilm :---rﬂbilm)r---i”d(%)(‘pil(m v---:‘pifxm) )) =

o (6)
=1- H rd(,p) (d)il"“ yeen qbilwf) ) )
b=1

The reliability R(¢) of the system variant is
determined [0, 0]:

R@) =2 oW r ()" Q-r(@)™ @

yeY iel

and corresponds to the
Ry (#) < R(p) < Ry () -

In the process of building a redundant structure, it
is necessary to determine a variant of its form
¢ ={d,....,}, which maximizes the value Rnu(¢®)

under the established restrictions on the existing

inequality:
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resources bj, invested in the construction and operation
of the utility network, and is expressed:

R ((1’) H (z)(qb()l ())—>max, (8)

with the condition

gi(qb)z_Z(hit"'l)g(eit)Sbia iel, (9)
d={dy b }=]2 . (10)

iel

where the parameter gi(¢) is the cost of the ¢;
form of the network structure.

Some variants of the form corresponding to
condition (9) will be considered successful. A
successful variant ¢~ that maximizes expression (8) is

onm

optimal.

A feature of the problem is that Ru(¢) is a growing
function of a discrete argument, consisting of a number
of some functions r,, ((j)( yreen B ). Combinations of

expressions c(z,) and c(z,), 7, # 7, can have common

constituents, so the same variable is used in expressions
[ (qbil(,) ""’d’igm) and r, (¢( . qbiVZ,) in a joint

component.

In the model (7) - (9), a number of operations [0]
are used to define and concretize the requirements for
the variants of the forms of the components of the
system under study for their different properties and
remove the forms that do not meet these conditions for
the variants of the component in terms of resources.
Here the requirements for the probability of
connectivity are defined, according to which
unsuccessful forms of possible structures of the system
are removed.

An algorithm can be used to extract from a set of
reasonable options for given conditions some options
for a component by resources e, teT, iel, for
example. In this case, it becomes possible to
correspondingly reduce the upper limit , of the interval

of the number of parallel connections together with the
extraction of components ¢, =4, , e, . The algorithm is

presented as follows:
1. We will assume that

BY =By blu=by keK?, s=0.
2. Let's calculate the following requirements

KO=K,, jel,

j?

di§5)=bi— Z mln{oclt +1)g(e)}-
=Ll '€
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The number of the remaining types of components
is determined by the formula:

d(S)
TED =Jt)| ———-1{>a
gl](e]t)

and new boundaries are defined:

d(S)
b =min| b, min| ——-1||, teT?, jel
O

30F b =b), TEW =T, then the settlement
process is considered complete. Then we assume that

v R(s) v (s+D)
b =bj”, T'=Tj

teTj(s), jedJ

. Otherwise, it is necessary to

increase the value and go to step 2. This algorithm is
over. After sp the sequence of his actions is formed by
some sets T';<T;, boundaries, and sets of possible
c D,
structure of the system. Using this algorithm can lead to
different options in this situation:

1. If an empty set is obtained @' =& for one
component k;, then it cannot be used, and problem (6),
(8) has no solution.

2. There are many variations of the shape
D' = H(D';t . Then a certain variant of the form ¢’

jed

of the structure of the system is determined:

options for components @, jed in the

$)= ﬁ T @iﬁf) reen %,) ) — max ,

¢={d...d}=]]2.

iel

Accordingly, the features of the function R, (¢)

and the components of the variant ¢’ are present in the
sets and do not depend on each other.

According to criterion 1 [0], a successful variant of
the form of the structure ¢’ is assumed to be optimal. If
the variant of the form of the structure ¢ is
unsuccessful, and the number of variants
|@'|=]] |@1] of the set @' is small @'<N, where the

jed
number is assigned taking into account the
computational capabilities of the technique, then the
optimal variant of ¢* is determined on the set @’ by
checking each variant or by discrete optimization
algorithms [Q].

3. If the number of options in the set @' is large
enough: |<D' |>>N, then a different algorithm is used

to find the optimal one.



Then the condition for the value of the objective
function is checked:

Ri(@)=R,, 11

where R e (min R, (), maxR, (qb)) . The size

ped
determines the conditions for the probability of
connectivity in design decisions.

An algorithm designed to search for and extract
unsuccessful options from @&; according to the
conditions of the component probability connectivity is
represented [0]:

1. We assign

KO =K/, o =a;, keK], jeJ, s=0.

2. Let's calculate

b= max_ R, (), v=(v,..vn)

helad™ A1

&, = (hi,ex) =min{gy | € @', R, (¢, p,) =R, }
Let's define the conditions:

rlgfn), = RH (g_b]_!"'d,\)il""¢n)

Let's find a set of components that do not meet the
given conditions:

T =g Ry (o h) <1, G €@ 1eTOY, je,

and many types of components T.® =T T

that have not been seized. The limits of the interval of
the number of parallel connections are

al™ = max(@, min(h, | Ry @y, (b, €), s h,))) 2 7,
hi(ls+1) c [ai(ts)’b(sii], he Hi(s)
3 1f afV =a5, T T T =T then the
search should be stopped. Otherwise, go to item 2 with

an increase in the value s=s+1. This algorithm is over,
for the number of K{ and the limits «j, jeJ are

final. Using this operation gives new sets and limits, a
reduced set of options @' — @ .

Solution (7), (9) is intended for optimization, but
the criterion of the model is the value R, (¢), not the

function (6). In practical application, the solutions
obtained can be approximate.

Conclusions

The formalization of geometric models is carried
out to optimize the structural connectivity of networks
using the redundancy of links. Operations were
developed and algorithms for solving problems were
used.

The developed optimization models are based on
the method of minimum connections and optimization
of the efficiency of systems with an unbranched
network of components. Reliability optimization models
and methods are applicable in the design and
reconstruction of various engineering networks.
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Byoienuymeo ma yuginoha inscenepisn

wsxie ma nepemunis. 3adaua onmumanvhoi 6y008uU cucmemu 3 HAOIUWKOBOIO CMPYKIMYPOIO MA€E NeGHI
00MedICceHHs. BIONOBIOHO 00 HAABHUX PecypCi8, MAKi SIK HUICHE 3HAYEHHs UMOGIPHOCMI 38 SI3HOCMI CUcmeMu, o
cnyeye Kpumepiem onmumizayii. Bupasu cmpykmyproi HaOitiHocmi 004uUCIioromsca O1s 8Cix KOMOiHayill, wo
3ACMOCOBYIOMbCA Y USHAYEHHT HUICHBO2O MA 8ePXHbO20 3HAUEeHb CMPYKMYpHOI Hadiunocmi. ¥ npoyeci no6yoosu
HAOMUUKOBOT CIMPYKMYpU He0OXIOHO eusHavamu it popmy, wo MaKcumizye eruduny HadiliHOCMI 3a 6CMAHOBIEHUX
006MedHceHb Ha HASBHT pecypcu, 8KIA0eH] 8 n0OY008Y ma (YYHKYIOHY8ANHSA CUCEMU 3 GUKOPUCTNAHHAM NAPAMEmpPY
sumpam Ha Oesky ¢opmy ii cmpykmypu. Pozenadaemsca ocobaugicms yukyii HaditiHocmi cucmemu, Ko 80HA €
3DPOCMaroyoio, Wo Mae OUCKPEMHUN APSYMEHm [ CKA1adaemscs 3 psaody Oesxkux Qyukyit. ¥ npedcmaenenii mooerni
BUKOPUCMAHO P50 ONnepayill GU3HAYEHHs. Ma KOHKPemu3ayii 6umoe 0si 6apianmie oopm cKi1adosux 00CiioHNcy8anol
cucmemu 3a pisHUMU IX 81ACMUBOCMAMU MA BUIYHEHO QopMU, WO He BI0N08I0alOmd YUM YMO8AM HA 8aApiaHmu
KoMnoHeHma no pecypcam. Tym 6usnauaromocs 6umocu  UMOGIDHOCMI 38 A3HOCMI, BIONOBIOHO 00 AKUX
BUTYUAIOMBCS. HE8OANT (POPMU MOICIUBUX CMPYKMYp cucmemu. Y pobomi GUKOPUCMOBYEMbCA ANOPUMM  OJlsl
BUNYUEHHS 3 MHOMCUHU OOYITbHUX 8apIaHMi6 OesaKi eapianmu KOMROHEHMI8 No pecypcam. 3a3HaueHo, wo 80anull
sapianm ¢opmu CMpYKmMmypu 3a Kpumepiamu NPUUMAEMbCA ONMuMAtbHum. Axwo uucno eapianmis gopmu
CmMpyKmypu € 00CmMAamHbo 6eIUKUM, MO Olsl 3HAXOOJCEHHS ONMUMAILHO20 PIUMEHHS 3ACMOCO8YEMbC THUULL
AneOPUMM, 8 SIKOMY NepeGipACMbCsl 3HAYEHHS Yinbosol (yHKYIl, AKe 6U3HAYAE YMOBU UMOGIPHOCMI 36 A3HOCMI Y
NPOeKMHUX piuieHHsAx. 3a3HaueHo, WO y NPAKMUYHOMY 3ACMIOCYBAHHI OMPUMAHI DIWEHHs MOdCymb Oymu
HAORUINICEHUMU.

Knrouosi cnosa: cmpykmypHe MoOento8ants, UMOGIPHICMb 36 A3HOCHI, HAOIUHICMb cucmeMmuy, OnMmumi3ayisi
HaoitiHocmi.

63



