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Abstract. As part of the solution of problem optimiza-

tion of large-scale facilities carried out formalization of 
the system description of large-scale monitoring, defined 
the composition and the relationship subsets of elements, 
relationships, topologies and properties. Formulated the 
mathematical model and the task of reengineering topo-
logical structures of centralized three-tier system of large-
scale monitoring based on indices of cost and efficiency. 
The proposed mathematical model explicitly set relation 
between costs for the reengineering and time processing 
messages in the system from its structure and topology. 
The analysis of the objective function revealed that enve-
lopes their local extrema are one-extreme (relative to the 
number of nodes in the system). Considering this, pro-
posed a method of directed inspection of local extrema, 
which allow to find best solutions in terms of the mini-
mum additional cost. Selection of the single solution from 
a set of effective proposed to carry out the method of hi-
erarchy analysis or cardinalist approach aided by the addi-
tive function of general utility. The values of the 
weighting coefficients of the utility functions is carried 
out by an expert or based on comparator identification. 

Practical application these results allows reduce the 
time of obtaining solutions and more accurate solving of 
large dimension problem. 
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INTRODUCTION 
 

In modern conditions, a lot of scientific and research, 
social and economic, as well as technical decisions are 
based on the data provided by large-scale monitoring sys-
tems (LSMSs). This is exemplified by the systems of as-
tronomic, ecological, radiation, geological and hydro-
meteorological, economic and medical monitoring. 

Changes of the monitoring conditions (emerging new 
objects of observation, stricter requirements to the opera-
tiveness and accuracy of observations) and (or) new tools 
(appliances and technologies) lead to inefficiency of the 
current variant of the system construction. Any attempts 
to adapt the system do not secure the best outcome.  

The most effective variant of the system construction 
can be obtained through its reengineering, which suggests 
a fundamental reconsideration of the current state of the 
observed objects, the entire system, tools and technolo-
gies of monitoring, as well as through its radical redesign. 

The notion “reengineering” was suggested and origi-
nally interpreted in the study [1] that revealed reengineer-
ing principles for business processes of companies. Most 
contemporary publications on various aspects of reengi-
neering problem also refer to reengineering business pro-
cesses or software structures, and use the notion of “reen-
gineering” alongside such notions as “redesign”, “evolu-
tion”, “migration”, “modernization”, and “restructuring” 
[2–5].  

In LSMSs, operativeness and cost indices largely de-
pend on the applied technology, structure, and parameters 
of the elements and links, as well as on their topology 
(site implementation). This peculiarity predetermines the 
need to solve the problem of technological, structural, 
topological and parametric optimization in the process of 
reengineering LSMSs. 

Since the monitoring practice applies a relatively 
small set of technologies, types of elements, nodes and 
links, the most difficult task is optimization of the LSMS 
structure and topology.  

The analysis of contemporary publications on the de-
sign of monitoring systems has revealed that the main 
objective of monitoring systems is collection of the neces-
sary information at minimum cost [6–8]. 

Minimized additional costs [7] (alongside minimized 
regular costs), the required or maximized control owing to 
a multiple coverage of the monitoring zone [8], a maxi-
mum coverage of the monitored objects (with regular and 
irregular coverage radii) [9–11] and a minimized average 
time of information receipt (optimal operativeness) [12] 
are used as criteria in the tasks of optimization of moni-
toring systems. Restrictions on probabilistic supply of 
information to a specified number of consumers [13] and 
the location of the monitoring points [14] serve as addi-
tional limitations. 

Mathematical models and methods for solving the 
problems of the analysis and synthesis of other large-scale 
objects in the fields of transportation, communication and 
logistics can be applied in reengineering LSMSs [7, 15–
16]. 

The analysis has revealed that the most common are 
monitoring systems with radial nodal structures that con-
tain a single center, one level of nodes and a plurality of 
elements distributed between the nodes of the system 
(each node covering its subset of the monitored objects). 
Design and (or) operation costs as well as operativeness 
(time of information receipt) costs serve as indicators of 
the monitoring system efficiency. Therefore, a topical 
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problem lies devising a method that would solve a two-
criteria task of reengineering topological structures of 
LSMSs in terms of the costs and operativeness. 

 
FORMALIZATION OBJECTIVE OF  

REENGINEERING TOPOLOGICAL STRUCTURES 
OF LSMSs 

 
Formalization of the generalized LSMS description is 

based on the suggested in the study [15] scheme for large-
scale objects. The LSMS is viewed as a system 

>=< G R, E,S , where: E is a set of elements in the sys-
tem, R is a set of relations (links) between the elements, 
and G is a topological implementation of the monitoring 
system structure <E, R>. 

Topological implementation of the LSMS is based on 
the topological complex of elements GE, relations GR, and 
data transmission trajectories GA. The process of reengi-
neering must distinguish between the subsets of intrinsic 
and the required properties of the system – P′  and P ′′ , 
respectively. The sets of properties P′  and P ′′  are sub-

sets of the universal set of properties UP  that can be ob-

tained on universal sets of elements UE , relations RU  , 
and topologies GU  [15]:  

 

),,( UUUU GREP ϕ= , 

 
where  ϕ is a mapping. 

The EU set consists of various types of elements that 
can be applied in reengineering LSMS. The RU set is de-
termined by the EU set composition, whereas the latter is 
determined by composition of the EU and RU sets. Mean-
while, the difference between the sets of elements in the 
new E ′′  and the existing E′  structures determines the set 
of elements that ought to be included in the new structure:  

 

EEE ′′′=+ \ . 
 
Accordingly, it is possible to identify a subset of ele-

ments in the existing LSMS structure that can be excluded 
from further consideration in the process of reengineering 
LSMS:  

 

EEE ′′′=− \ . 
 
The set of elements ES, that can be reapplied in reen-

gineering, presented as an intersection of the sets E′ and 
E ′′ : 

 
SSS EEEEEEEEE ∪∪∩

+− =′′=′′′′= ,, . (1) 

 
Since composition of the sets of relations between the 

elements R′ , R ′′  and the topologies G′ , G ′′  is deter-
mined by composition of the sets E′  andE ′′ , we can 
identify the corresponding subsets of relations that ought 
to be included in LSMSs during their reengineering, ei-

ther reused or not used at all:  

 

,\,\ RRERRR ′′′=′′′= −+  

,,, SSS RRRRRRRRR ∪∪∩
+− =′′=′′′′=         (2) 

GGGGGG ′′′=′′′= −+ \,\ , 
SSS GGGGGGGGG ∪∪∩

+− =′′=′′′′= ,, . 

 
The scheme of interconnections between such catego-

ries as “element”, “relation”, “topology” and “property” 
in reengineered LSMSs allows introduction of sets of new 

properties PPP ′′′=+ \  and properties that are or can be 

excluded from consideration PPP ′′′=− \ .  
At the first stage, a set of feasible solutions during 

reengineering LSMS S}s{S* ′′⊆=  is determined by 

subsets of elements ,EEE U* ⊆′′⊆  their relations 
U* RRR ⊆′′⊆ and topologies .GGG U* ⊆′′⊆  Further 

stages of reengineering the topological structure of 

LSMSs allow selection of subsets of elements *o EE ∈ , 

relations *o RR ∈  and topologies  *o GG ⊆  from a fea-

sible area  }s{S* = . Using the above subsets we obtain a 

set of the required properties  UPP ⊆′′  that are specified 
as objective functions, either cost and (or) functional limi-
tations. 

The set of tasks (stages) of the structural and topolog-
ical reengineering LSMS largely coincides with the set of 
problems of synthesis the initial version LSMS, but will 
be different by productions, input data and limitations. 

According to the suggested in [6] general decomposi-
tion scheme for reengineering LSMSs, the meta-level task 
can be presented as follows: 

 

)},s(K,s{

}S,C,Q,s,Objs{:TaskMetaTask
oo

**0
1

→

→′=
 (3)    

 
where: Objs  – a set of quantitative and qualitative char-

acteristics of the LSMS objects; s – the existing realiza-

tion LSMS; *Q – the required set of the system functional 

qualities; *C  – marginal values of the system cost; S ′ – 

the area of reengineering (feasible patterns), os  – a new 

LSMS pattern obtained during its reengineering;  )s(K o  

– criterial assessment of the selected pattern and topology 
of the LSMS. 

The objective of reengineering the topological struc-
ture of a three-tier LSMS that is based on the same-type 
elements, nodes and links and regards reengineering costs 
as well as operativeness requirements is considered in the 
following formulation.  

Specified: 

– a set of the system elements n,1i},i{I ==  that 

cover the entire set of the monitored objects; 
– the existing pattern of the topological structure  
Sa ∈  (where S  is a set of feasible topological patterns) 

determined by the sites of elements  n,1i},i{I == , 

nodes n,1i],y[y i =′=′  (where y′  is a Boolean variable; 

if there is an i-element based node, ;1y =′  other-

wise 0y =′ ), the center (the system center is sited on the 
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base of the element 1i = ), as well as links between the 

elements, nodes and the center n,1j,i],x[x ij =′=′  

(where ijx′  is a Boolean variable; if the elements i and j 

are linked directly, 1xij =′ ; otherwise 0xij =′ ); 

– the cost of setting up (operation of) nodes ],c[ ii  

n,1i =  and links ],c[ ij  n,1j,i = . 

It is necessary to identify the optimum in terms of ef-

ficiency and cost topological structure Sso ∈  (where 
S is a set of feasible patterns) that is determined by the 

number of nodes u  their sites  n,1i],y[y i ==  (the cen-

tral node is sited on the base of the first element, i.е. 
1y1 = ) and the scheme of links between the elements, 

nodes and the center n,1j,i],x[x ij ==  in view of the 

specified constraints of costs and operativeness. 
In order to simplify the model and taking into ac-

count the symmetry a square matrix of links (between 
system elements, nodes and center) and the cost will re-
place the triangular upper diagonal matrix. 

Whereas the initial set of feasible solutions is deter-
mined by the following [5]: 
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where S  – a set of feasible patterns of topological struc-
tures of LSMSs; s – a pattern of the topological structure; 

n,1j,i],x[x ij == –  a matrix of links (where ijx is a 

Boolean variable; if the elements i and j  are linked di-

rectly, 1xij = ; otherwise 0xij = ; if the system node is i -

element based, 1xii = ; otherwise ;0xii =  n,1i = ), n  – a 

number of the system elements, and  n,1j,i],c[ ji =′′  is 

the cost of links between the elements i′  and j . 

The cost of the existing LSMS pattern  Sa),a(C ∈  

consists of the costs of the center )a(CC , nodes )a(CU , 

elements )a(CE , and links between the nodes and the 

center )a(CUC  as well as the elements and the nodes 

)a(CEU  [7]: 

 
).a(C)a(C)a(C)a(C)a(C)a(C EUEUCUC ++++= (5) 

 
By analogy, estimate the cost )b(C  of the optimal 

pattern LSMS for new conditions of functioning, (exclud-
ing the current topological structure Sa ∈ ) can be repre-

sented as: 

).b(C)b(C)b(C)b(C)b(C)b(C EUEUCUC ++++= (6) 

 
A desirable goal consists in minimizing the additional 

costs )b,a(C∆ . Meanwhile, the difference in the costs 

(5) and (6)  
 

)b(C)a(C)b,a(C −=∆ ,                 (7) 

 
fails to account for the possible use of parts of the existing 
topological  structure Sa ∈ . 

In view of the above equation (7), a particular criteri-
on of the minimum additional costs: 

 

Ss
1 min)s,a(k

∈
→ , 

 
(with the possible use of a part of the existing topological 
structure Sa ∈ ) can be presented as follows: 

 

(8),min]xx)g(d)xx)(1e[(c
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where ic  –  the cost of the elements, nodes and the center 

in the new structure, n,1i = ; ijx′ and ijx  –  respectively, 

elements of the matrices of adjacency (links) between the 
elements, nodes and the center in the existing structure 

]x[x ij′=′ and in the reengineered structure ]x[x ij=  (if 

the elements i and j  are linked directly, 1xij =′  or 

1xij =  ; otherwise 0xij =′  or 0xij = ); id   – the cost of 

modernizing an element, a node, or the center in the new 

structure  n,1i = ; ie  – the cost of dismantling the nodes 

in the existing structure n,1i = ; ig   – the cost of re-

sources that can be reused after dismantling the nodal 

equipment n,1i = ; n,1j,i],c[ ij =  – the cost of links 

between the elements  i and ;j and S  –  a set of feasible 

patterns of the topological structures of LSMSs. 
The second desirable objective is minimizing the 

maximum time for receipt of the information on the moni-
tored objects. The task under consideration allows use of 
the deterministic operativeness model that takes into ac-
count the dependence of information time on the system’s 
topological structure. The model would facilitate assess-
ment of the strictly specified operation technology that 
determines the intensity of the same-type flows of infor-
mation from and to the center:  

 

n,1i,const],[,const],[ iiiiii ===== βββααα  

 
in the channels and nodes of the system.  

The entire time of information receipt from each el-

ement of the system n,1i},i{I == can be presented as 

consisting of the following time intervals: (1) receipt of a 

request from the center Ciτ , (2) transmission of the re-
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quest via the center-node channel CU
iτ , (3) processing of 

the request in the node 1U
iτ , (4) transmission of the re-

quest via the node-element channel UE
iτ , (5) receipt of the 

information by the system elementE
iτ , (6) transmission of 

the response via the element-node channel EU
iτ , (7) pro-

cessing of the response in the node 2U
iτ , and (8) transmis-

sion of the response via the node-center channel UC
iτ : 

 

.n,1i),s()s(

)s()s()s()s(k
UC
i

2U
i

EU
i

E
i

UE
i

1U
i

CU
i

C
ii2

=++++

++++==

ττττ

τττττ
     (9) 

 
The time intervals for transmission of requests and 

responses via the channels center-node )s(CU
iτ , element-

node )s(EU
iτ  as well as processing of requests and re-

sponses in the nodes )s(1U
iτ , )s(2U

iτ , n,1i =  depend on 

the amount of elements connected to each of the nodes (of 
the LSMS topological structure). Meanwhile, time inter-

vals for receipt of a request from the center C
iτ , receipt of 

the information by the system element E
iτ and transmis-

sion of the response via the element-node channel EU
iτ are 

independent from the system’s topological structure.  
Since a desirable goal is minimizing the maximum 

time for receipt of the information on the monitored ob-
jects, the efficiency criterion (based on the above equation 
(9) can be presented as follows: 
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where: iq and ijq  – bandwidths of the center-node and 

node-element channels; 1h  and 2h  – velocities of pro-

cessing the request and the response in the system nodes. 
When the monitoring system uses a not strictly de-

terministic data collection technology that causes hetero-
geneous flows in the network, the correlations (9) – (10) 
are used for preliminary assessment of the operativeness. 
Imitation models would secure a reliable assessment of 
the time for information receipt in LSMSs [17–18]. 

 
A METHOD FOR REENGINEERING 
THE TOPOLOGICAL STRUCTURES  

 
A mathematical model of a two-criteria task of reen-

gineering the LSMS topological structures includes for-
malized criteria of costs (8) and operativeness (10): 

 

,
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where: *
1k  and *

2k  – marginal values of costs on reengi-

neering )s,a(k1 and operativeness )s(k2 , respectively. 

A set of feasible solutions (4) generally consists of 

two subsets KS SSS ∪= , where SS is a subset of agree-

ment, in which particular criteria of costs )s,a(k1 and 

efficiency )s(k2 can change concertedly, while KS is a 

subset of compromise (effective options), in which partic-
ular criteria of costs )s,a(k1 and efficiency )s(k2  are 

strictly contradictory.  
An optimal solution of any multi-criteria objective 

belongs to the area of compromise [21]. In a solvable dis-
crete two-criteria objective (11), an optimal solution 

Sso ∈  belongs to a subset of compromise SSs Ko ⊆∈ . 

None of solutions of the KS subset can be improved by 
all particular criteria simultaneously. In view of the latter, 
selection of the best option of topological structures 

Sso ∈  for LSMSs consisting of relatively few elements 
ought to be accompanied by formation of a set of alterna-

tives S  and a subset of compromise KS . The approach is 
as follows [22]. 

The first of generated options s  is integrated in the 

set KS . Each of further alternatives Ss ∈′  is compared 
to each option belonging to the set of compromise 

.Ss K∈  If a generated option Ss ∈′  is the best of all 

subset KS  options in terms of costs and efficiency, it is 

integrated in the subset of effective options .KS  If an 

option KSs ∈′  is worse than the new one Ss ∈′ , it is 

excluded from the subset KS . 
When the generation of alternative options Ss ∈  (4) 

is completed, the subset of effective optionsKS is formed. 

In general, SCardSCard K <<  which allows a consid-

erable reduction of the memory capacity to store alterna-
tive options and save time for their further analysis. 

The method of hierarchy analysis [23] is suggested 
for selecting the only solution from the subset of effective 

options .Sso ∈  
Given the volumes of the existing LSMS and the ini-

tial set of feasible solutions (4), the set of effective solu-
tions (11) can be quite potent. Therefore, the best com-

promise solution .Sso ∈  ought to be found with the 
cardinalist approach aided by the additive function of 
general utility: 

 
,max)s()s()s(P

Ss
2211 ∈

→+= ξηξη            (12) 

 
where: iη – coefficients of significance of particular crite-

ria  
 

1,2,1i,10),s(k 21ii =+=≤≤ ηηη ; 

,)]k)s(k/()k)s(k[()s( i
iiiii

µξ −+− −−=      (13) 

 

where: )s(ki , −
ik , )s(ki

+ , 2,1i =  – the current (for an 

option Ss ∈ ), the worst and the best values of a particu-
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lar criterion i ; 2,1i,i =η  – a weight coefficient of a par-

ticular criterion i , and 2,1i,i =µ is a parameter that de-

termines the type of the utility function of a particular 
criterion i .  

The analysis of the objective functions (8) and (10) 
revealed that the envelopes of their local extrema are sin-
gle-extreme dependences on the number of nodes in the 
system. Therefore, the maximum point of the general util-
ity function (12) is between the minima of the cost func-
tion (8) and the efficiency function (10) by the number of 
nodes in the system  u . 

Therefore we suggest that the task of reengineering 
of the LSMS topological structures should be solved with 
the method of a directed enumeration of local extrema of 
the objective function (12).  

The method can be applied via preliminary assess-

ment of weight coefficients n,1i,i =η  as well as parame-

ters n,1i,i =µ  of the utility functions of particular crite-

ria (12) – (13). They can be found by means of the meth-
ods of expert assessment or comparatory identification 
[19–20].  

The method of comparatory identification of the pat-
tern of multi-factor assessment (12) consists in the follow-
ing. A decision-maker or an expert determines the qualita-

tive utility on the set of options KSs ∈ going by the val-
ues of particular criteria of cost (8) and operativeness 
(10). The qualitative utility can be expressed by a set of 
binary relations of equivalence, of lax and strict prefer-
ences: 

 

z},y,Szy,:z){(y,)(SR KK
E ≻∈=  

z},y,Szy,:z){(y,)(SR KK
NS ≻∈=  

}zy,Sz,y:)z,y{()S(R KK
S ≻∈=  

 
and generally represented by the order of one of the fol-
lowing functions: 
 

,s...sss:)S(R mji
oKO

E ≈≈≈≈  

mji
oKO

NS s...sss:)S(R ≥≥≥≥ ,            (14) 

,s...xxx:)(SR mji
oKO

S ≻≻≻≻  

 
where: m  – capacity of the subset of options used in se-
lection of the pattern parameters (12) – (13).  

Systems of equations and (or) inequalities are based 
on the set order of alternatives (14) and complemented by 
the following ratios:  

 

2,1i,0,10 ii =>≤≤ µη и 121 =+ηη . 

 
The best values of parameters can be selected by the 

criterion of the minimum error in the recovery of the deci-
sion-maker’s (expert’s) preferences.  

However such formulation of the task is not correct 
(by Hadamard). In general, such task may have no solu-
tion at all (if the decision-maker mistakenly has specified 

preferences )s(RO ), or have more than one solution. The 

only solution can be found by means of a regularized 
original task, i.е. an additional criterion. Preferences 

based on the relationship of strict preference )S(R K
S are 

found due to such criteria as the maximized minimum 
difference of the general utility function (12) of adjacent 

options )S(Rs,s KO
S1jj ∈+ or the maximum sum of their 

differences. 
Preferences that can be expressed as a ratio of 

equivalence )S(R K
E  are provided with such criterion as 

the minimum sum of the modules of values difference in 
the general utility function (12). A lax preference 

),S(R K
NS requires pre-selection of binary relations of the 

strict preference )S(R K
S  and the equivalence )S(R K

T .  

The method of a directed enumaration of local ex-
trema of the objective function (12) is as follows. Pre-
sumably the system lacks nodes, i.е. 0u = . The general 
utility function’s (12) value is calculated for the known 

values of the weight coefficients n,1i,i =η  and parame-

ters n,1i,i =µ  of the utility functions of particular crite-

ria. If the selected topological structure satisfies the con-
straints of the objective (11), the obtained value of the 
generalized criterion is viewed as record 

),0u,s(P)s(P o* == and the obtained option – аs locally 

optimal os . 
Let us increase the number of nodes: 1u = . Analyz-

ing the options for the topological structure with a single 
node we find the best option among those which meet the 

objective constraints: )1u,s(P* = . 
If ),s(P)1u,s(P o** <= the best option is os , 

where the number of nodes is 0u = . Otherwise, we in-
crease the number of nodes in the system ( 1u:u += ) and 
distinguish best option of the topological structure among 
those which satisfy the objective constraints until the val-

ue of )u,s(*P  decreases )s(*P o .  

 
CONCLUSION 

 
1. The study formulates the task and presents a new 

mathematical model for reengineering the topological 
structures of centralized three-tier large-scale monitoring 
systems (LSMSs) in view of the indices of efficiency and 
cost, which is aimed at optimization of large-scale ob-
jects.  

2. The analysis of objective functions of the task has 
revealed that such functions are one-extreme (relative to 
the number of nodes in the system). On this basis, we 
have suggested the method of a directed inspection of 
local extrema of the objective function to solve the prob-
lem of reengineering the topological structures in terms of 
their efficiency and cost. In contrast to the methods of 
exhaustive search, the suggested approach considerably 
narrows the search area and facilitates the search of effec-
tive solutions.  
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