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Abstract

Introduction. Modern scientific and applied literature examines the problems of cable cars functioning quite
thoroughly. First of all, it concerns ensuring the reliability and safety of traffic, both during operation and during project
development.

In addition, the paper considers the relationship of cable cars with the environment and the level of environmental load
from this type of transport. A good solution could be the use of mathematical models that can take into account a set of
parameters and criteria that characterize the cable car as a system. The same approach would be useful for optimizing
technical characteristics of the object. However, there is no description of such a solution in the literature. This gap is
partially filled by the presented work. The study aims to create a model of multivariable optimization of cable car
technical characteristics for the transportation of municipal solid waste (MSW).

Material and Methods. To clarify the theoretical basis, the literature describing the problems of cable cars and their
solutions in general has been studied. Mathematical calculations were justified by a volume of equations that proved
their adequacy in determining the useful transport work, load, adjustment of time and speed of cargo movement and
other significant parameters of the system under study. When forming the model, we proceeded from the principles of
L.S. Pontryagin (needle variation) and Hamilton — Ostrogradsky (kinematics of a certain road segment). Text data
about the features of the system elements and their interaction were summarized in tables. The main calculations results
were visualized in the form of graphs.

Results. The solution to the problem of optimal control of the cable car on which solid waste was moved was presented.
The motion control vector was shown as a vector of optimized technical parameters of the system: speed of movement,
rope tension, number and weight of containers. The well-known solution to the optimization problem was reproduced in
a general form, which involved determination of a control vector function and its corresponding trajectory with the
achievement of a minimum of the target functional. The weak point of the system of differential equations for the
realization of the goals of this scientific work was noted. In this regard, it was proposed to consider the investigated
section of the cable car as a dynamic system with distributed parameters. The formulation of the multi-criteria
optimization problem was described in detail. The advantages of reducing the number of criteria taken into account
were listed and the use of the reduction method, which was based on the hierarchical structuring of the system of partial
optimality criteria, was justified. Four main elements of the municipal solid waste (MSW) transportation system were
considered in interrelation. This was a cable car, a transport and logistics point, a transport and logistics terminal and an
environment that generated solid waste. Within the framework of this work, we considered an urbanized environment.
The sub-elements of the named elements were listed and 12 directions of their interactions were shown. In detail, within
the framework of a three-level hierarchy, four main complex indicators of the complexity of the system under study
were described: environment, road, point and terminal. The solution of a multi-criteria optimization problem was
shown, calculations were performed for the optimized parameters — the characteristic of the complexity of the road and
the characteristic of the terrain. The results of calculations were presented in the form of graphs. Thus, the dependences
of the optimized parameters on the weight of the loaded container, the length and speed of the cable car were illustrated.
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Conclusions. The main result of the study is an idea of the possibility of a mathematical solution of a multivariable and
multi-criteria problem of optimizing two characteristics of a cable car (complexity and terrain feature). The proposed
approach allows you to change the hierarchy in the complex of indicators. The results of this scientific work can be
used, if necessary, to integrate the road project with neural network models, to work with fuzzy linguistic indicators, to
solve applied problems.

Keywords: cable car complexity, cable car environment complexity, transportation of municipal solid waste, multi-
criteria optimization
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AHHOTALUA

Beeoenue. CoBpeMeHHas HaydHas M TpPUKIATHAS JHTEpaTypa IOBOIBHO OOCTOSTENBHO PAacCMATPUBAET IMPOOIIEMBI
(YHKIMOHUPOBaHU KaHATHRIX AOpOr. B mepByro oduepens pedb MAET O BOMpPOCax OOECIeYeHHs HAACKHOCTH H
0€30MacHOCTH IBIKCHHS — KaK BO BPeMs IKCILTyaTalllHd, TaK U B IPoIecce pa3paboTKH MPOEKTa.

Kpome TOrO, paccMaTpuBaeTcs B3aWMOCBS3b KAaHATHBIX JOPOT C OKPYXAamoMmed cpenod, BBLICHIETCS YPOBEHBb
9KOJIOTHYECKOW HATPY3KH OT JAaHHOTO BHAA TPAHCHOPTA. XOPOUIMM pPEIICHHEM MOIJIO OBl CTaTh HCHOJIh30BaHUE
MaTeMaTHYECKUX MOJIENeH, CTIOCOOHBIX yUUTHIBATh KOMIUIEKC MTapaMEeTPOB U KPUTEPHEB, XaPaKTEPU3YIOUINX KaHATHYIO
JIOPOTY KaK CHCTeMY. DTOT K€ MOJX0J] OblI OBl MOJe3€H IJs ONTUMHU3AIUU TEXHUYECKHX XapaKTEPUCTHK OOBEKTa.
OpHako B JHTEpaType HE NPEACTABICHO OMNMCAaHHE Takoro pemieHus. JlaHHBIII mpoben OTY4AaCTH BOCIIOJIHSAET
mpencTraBieHHas pabora. Ee menp — co3maHuMe MOJENH MHOTONApaMeTPUYECKON ONTHMH3ALMN TEXHHYECKHX
XapaKTEePUCTUK KAHATHOM JIOPOTH AJIsl TPAHCIIOPTUPOBKH TBEPABIX ObITOBBIX 0TX0110B (THO).

Mamepuanvt u memoowt. JIns yTOUYHEHHWS TEOPETUYECKOH 0a3bl HM3y4deHa IUTEpaTypa, B IEJIOM OIMCHIBAIOIIAS
mpoOJeMbl KaHATHBIX JOPOT WM WX peHmIeHHs. MareMaTWdecKue pacueThl OOOCHOBAaHBI OOBEMHOH TOHOOpKOit
YpaBHEHHIA, [IOKa3aBIIMX aJCKBATHOCTh TP ONPEACICHUU TIIOJIC3HOW TPAHCIOPTHOH paboThl, HArpys3KH,
KOPPEKTHPOBKH BPEMEHH U CKOPOCTH TEpEMEIIEHHsI TPY30B H IPYTHX 3HAYAMBIX MapaMEeTPOB UCCICTyEMOH CHCTEMBI.
[pu popmupoBanmu mMoxenu ucxomwan u3 npuHunoB JI.C. [lorTpsruHa (Wronpyaras Bapuanus) ¥ [ aMumbTOHA —
OcTtporpajackoro (KMHEMaTHKa OIMpPENeJIeHHOrO OTpe3ka JOoporu). TeKcToBbie NaHHble 00 O0COOEHHOCTSIX JJIEMEHTOB
CHCTEMBI U UX B3aUMOACHCTBUM CBEAEHBI B TaOIMIIBL. MITOTH TTIaBHBIX PacyeTOB BU3YyaIM3UPOBAHBI B BHJIE TPa(hUKOB.
Pezynomamut uccnedosanus. llpencraBieHo pelleHHe 3aaddl ONTHMAJIBHOTO YIPaBJIEHHMS KaHATHOW TOPOTOH, MO
KoTopo#t mepememaioT ThO. Bexkrop ympaBieHns IBHKEHHEM IOKa3aH KaK BEKTOP ONTUMH3HPYEMBIX TEXHHYECKHX
IapaMeTpoB CHUCTEMBI: CKOPOCTb ABIKCHMS, HATSHKCHHE KaHaTa, YUCIO W Bec KOHTeHHepoB. Bocmpomsomutcs
W3BECTHOE pEIICHHE 3aJadd ONTHMH3alUK B OOIIEM BHIE, KOTOPOE IPEAINoJaraeT OINpeleieHHe BEKTOp-(YHKIUN
VIpaBJICHUS U COOTBETCTBYIONICH €My TPAaeKTOPUU C JOCTIKCHHEM MUHUMyMa [eseBoro (yHkmuoHana. OTMEYeHO
cimaboe mecto cucteMbl MU depeHIMATbHBIX YPAaBHEHUH U pealn3aldyl [eield NaHHOW HaydyHOW paboTel. B aToit
CBSI3W TPEAJIOKEHO paccMaTpuBaTh HCCIEAYeMbI YYacTOK KaHATHOM JOpOrM KakK JUHAMHYECKYIO CHCTEMY C
pacrpeneieHHBIMU TTapaMeTpaMu. JleTampHO OIMcaHa ITOCTAaHOBKA 3aJadydl MHOTOKPUTEPHATIBHON ONTHMH3AIHH.
[lepeurciaeHb! TpeNMyIIECTBA COKPAIIEHHS KOJMYECTBA YIUTHIBAEMBIX KPUTEPHEB U 000CHOBAHO NMPUMEHEHHE METoaa
PEeAyKIH, KOTOPBIA 0a3upyeTcs Ha MepapXU4ecKoil CTPYKTYypH3alMK CHCTEMBI YaCTHBIX KPUTEPHEB ONTHMAIBHOCTH.
PaccMOTpeHBI BO B3aMMOCBS3HM YETHIPE TJIABHBIX JJIEMEHTA CHCTEMBI TPAHCIIOPTHPOBKH TBEPABIX OBITOBBIX OTXOJ0B
(TBO). D10 KaHaTHas AOPOTA, TPAHCHOPTHO-JIOTHCTUYECKUH ITyHKT, TPAHCIIOPTHO-TOTUCTHYECKUH TEPMUHA U CpeAa,
kotopasi reHepupyer ThO. B pamkax naHHOW paboThl pedb uaeT o0 ypOaHu3umpoBaHHOU cpene. [lepeuncneHs
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MIOJIPJIEMEHTHl HA3BAaHHBIX HJIEMEHTOB M IIOKa3aHbl 12 HampaBieHHH HMX B3auMoOJeHcTBHMiA. [leTaibHO, B paMKkax
TPEXypPOBHEBOIl MEPAapXHH, ONHMCAHBI YSTHIPE TVIABHBIX KOMIUIEKCHBIX ITOKa3aTeJsi CIOKHOCTH M3Y4aeMOH CHCTEMBI:
cpenma, Jopora, IyHKT M TepMuHad1. [loka3aHO pelleHHe MHOTOKPHTEPHAILHOW 3aJauyd ONTHUMHU3ALHH, BBHIIOJHEHEI
pacdeThl N0 ONTHMHU3HPYEM IapaMeTpaM — XapaKTEePUCTHKA CIOKHOCTH JOPOTH M XapaKTEePHCTHKA MECTHOCTH.
PesynpTaThl pacueToB mpencTaBieHbl B BHAE TIpadukoB. TakuMm 00pa3oM HPOMIUTIOCTPUPOBAHBI 3aBHCHMOCTH
ONTHMH3UPYEMBIX NTapaMEeTPOB OT MACCHI 3arpyKEHHOTO KOHTEeHHEepa, AJIMHBI U CKOPOCTH KaHATHON JOPOTH.
Oécyacoenue u 3axniouenue. OCHOBHOW WTOT HCCIIEAOBaHUS — C(HOPMHPOBAHO NPEJICTABICHHE O BO3MOXHOCTH
MaTeMaTUYeCKOro peIIeHHs MHOTONapaMeTpU4ecKod W MHOTOKPHTEPUAIbHOW 3aJaudl ONTUMH3ALUH  JBYX
XapaKTEePUCTUK KaHATHOM JOPOTH (CIOXKHOCTh U 0COOEHHOCTh MECTHOCTH). I1pe/iioskeHHBIN T0IX0/1 TO3BOJISIET MEHSITh
Hepapxvi0 B KOMIUIEKCE IOKaszaTeneld. Pe3ynbraThl JaHHOW Hay4yHOW pabOTBI MOXHO UCIIOJB30BaTh IpPHU
HEOOXOAMMOCTH HWHTErpallid TPOEKTa JIOPOTM C HEHPOCETEeBBIMH MOJEJISIMH, B paboTe C HEYETKUMH
JIMHTBUCTHYECKMME MOKa3aTeISIMU, JUIS PELICHHS IIPUKIAJHBIX 3a1ad.

KnroueBble cjioBa: CIOXHOCTh KaHAaTHOW JOPOTH, CIOKHOCTH CPEAbl KAHATHOW NOPOTH, TPAHCIIOPTHPOBKA TBEPHABIX
OBITOBBIX OTX0JJOB, MHOTOKPUTEPHAIbHAS ONTHMHU3AIHs

BﬂaFOHaPHOCTI/l. ABTOpLI BBIPAXKAKOT NPHU3HATCIIBHOCTD KOJUJICTaM 3a4 TOMOIIb.

Jass uurupoBanus. Mapuenko H0.B., [epromes B.B., ITonos C.1., Mapuenko 2.B. Moaenb MHOronapameTpuyecKkoi
OIITUMU3ALMN XapaKTEPUCTUK KAHATHON JOPOTH B CHCTEME TPAHCHOPTHUPOBKH TBEPIBIX OBITOBBIX OTXOMOB. bezonacrhocme
mexHozennvix u npupoouvix cucmem. 2023;7(4):80-96. https://doi.org/10.23947/2541-9129-2023-7-4-80-96

Introduction. Modern cable cars are high-tech complexes for passengers and cargo movement. Numerous scientific
and applied studies are devoted to them. Technical features of these objects are being studied. The issues of their
relationship with the environment are being clarified. Following the trends of recent years, the authors have found out
the level of environmental load from this type of transport. The focus of attention is always on ensuring the reliability
and safety of traffic — both during operation and during the development of the project.

Many authors and teams have studied the issues of improving technical characteristics of cable cars by improving
their designs. The results of such studies have been implemented in passenger and cargo rope transport projects [1-3].
In [4, 5], a different approach to the problem of reliability and safety of operation of the objects under consideration is
presented. In this case, the quality of the project is determined by the number of factors that affect the stability of the
system. In this regard, it would be advisable to consider the possibilities of multiparametric and multi-criteria
optimization of the technical characteristics of cable cars. However, there are no publications on this topic in modern
scientific literature.

The work aims to show the possibility of creating a model of multiparametric optimization of technical
characteristics of a cable car for the transportation of municipal solid waste (MSW).

Materials and Methods. Within the framework of the presented scientific work, the data from the literature devoted
to the issue under study are summarized. One of the approaches to solving the problem is described in [6]. Solid waste
is collected in removable containers, compacted, placed in vacuum and delivered by truck to a transport and logistics
point. Here the container is moved to the cargo cable car. It connects the transport and logistics point with the transport
and logistics terminal, where the container is loaded onto an intermediate decelerating conveyor, removed from the
cable car, unloaded, then washed and disinfected. The described scheme assumes environmental control of processes, as
well as maintenance and repair.

Let us consider a section of a cable car between two supports (Fig. 1). Let us assume that the supports are located at
the same height and at distance | from each other. Between them there can be one or more containers weighing
G.«i(i=1,...,n)each.
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Fig. 1. Diagram of the process of transporting containers on a cable car

n
On a section of the cable car, the containers with cargo with a total weight of G| ZZGK,- are delivered at a certain
i=1
distance, and then it is an effective transportation 4, equal to the product of cargo in tons | times the distance in km:

A = Grp . Irp = z (nizl) (Gxi : Irpi)'
Transport work is measured in ton-kilometers. The productivity of the transport process is the useful transport work
per unit of time:

W — GFPITT)
t

where t — time taken to move the load with total weight G, to the distance of the total load from the support
il =2 bl /.
Value v=1_/t represents the speed of movement of goods by cable car. In the first approximation, it can be

considered equal to the speed of the rope. In general, taking into account the slackness of the rope with containers by
value h, the speed of movement of goods on the cable car will be slightly less than the speed of the rope.

An effective process is the delivery of as much cargo as possible in less time to a given distance. In our case, loads
with a given total weight >G_ are moved by a cable car at a distance | between two supports. Then the task of

increasing efficiency is reduced to minimizing travel time t,_ :

G|
:Zn T min.
v .G,

i=1

TP

When solving problems to reduce the transportation time, such characteristics of the cable car as the speed of
movement v, the tension of the rope T, the number of containers between the supports n and the weight of one container
with a load G, vary. Value G, is assumed to be the same for all containers. Then the task of increasing efficiency is
reduced to maximizing:

V) G, — max. (1)
=)

The speed of movement of cargo cable cars is limited by standards in the field of industrial safety®. The speed
parameter is usually limited by the dynamic coefficient u:

u=—,
A,
where A — amplitude of the container vibrations depending on the speed of the rope; A — static (or equilibrium)

amplitude, i.e. static deformation of the elastic bond (maximum rope sagging) under the action of weight forces of all
containers at zero or very low speed of movement the rope.

10b utverzhdenii federal'nykh norm i pravil v oblasti promyshlennoi bezopasnosti "Pravila bezopasnosti passazhirskikh kanatnykh dorog i funikulerov". Order
of the Federal Service for Environmental, Technological and Nuclear Supervision No. 441 dated November 13, 2020. Electronic Fund of Legal and Regulatory
and Technical Documents. URL.: https://docs.cntd.ru/document/573191373 (accessed 25.09.2023).
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Changes in the shape and frequency of vibrations [7] lead to changes in dynamic loads on ropes and other power
elements. Overload acting on the container in the vertical direction along the z axis:

P
p=—t=1+Z,
P, g

where P — dynamic load, P, — static load, 7 — acceleration of the container in the direction of the vertical z axis.

Therefore, we will proceed from the safety requirements. We take into account the influence of rope tension and
parameters from expression (1) on the dynamic coefficient and the magnitude of overloads. In this case, solution to the
problem of increasing efficiency requires solution to the optimization problem of the cable system dynamics, which is
described by a finite set of parameters. Thus, we are talking about a multiparameter problem.

Results

Formulation of the optimization problem for systems with lumped and distributed parameters. To solve the
problem, we apply L.S. Pontryagin's needle variation [8] to the invariant features of the actual motion of a dynamical
system.

In the classic formulation of the optimal control problem, the cable car between the supports is considered as a
holonomic dynamic system the mechanical connections of which are reduced to geometric ones. For the system under
consideration, Hamilton—Ostrogradsky principle [9] is valid, according to which on trajectory q(t), that does not
contain kinematic foci:

1
8 =[(8T+8'A)dt=0, )
0
t=0, q(0) = qo, t = t, q(t) = g,
80, =98¢, =0, @)

at)
where J — target functional; 7= 7(q, ) — Kinetic energy; A = [ Qdq — work of generalized forces that depend
q(0)

on generalized coordinates; q(t) = [qu, ..., gn]" €R" — vector of specified generalized coordinates; (t) = [Q4, ..., Qn] e
R" — vector of generalized forces; t = [0, t] — time; & — symbol of variation; 6’ — symbol of infinitesimal increment
of quantities.

Vector of generalized forces depends on control vector u(t):

ui)eR™ Q=0Q(q,q,u,t), m<n. 4)

The motion control vector is a vector of optimized technical parameters of the system: speed of movement, rope
tension, number and weight of containers.

In general, the optimization problem involves determining the control vector function u(q,q) and the

corresponding trajectory q(t), so that the minimum of the target functional is achieved:

J :‘k[F(q,q)dt—> min. (5)

Under conditions (2), (3) and control constraints:
ueG,, (6)
where G, — closed set of permissible controls in the space of functions [0, td set at a finite time interval; F(q,q) —
sign-constant function.
Let us suppose, in the first approximation, the rope system is modeled as dynamic and consists of a finite number of
concentrated masses (containers) connected by elastic constraints. In this case, to solve the optimization problem, it is
necessary to determine the laws of speed change v(t) =x(t), rope tension T =f(t), the values of the number of

containers n(x,X) and their weight G,;, — T such that the target functional J takes the minimum value:

J:tj‘{(x—xk)z+8(X—>{ka}dt—>min. (7)

0
Initial and terminal conditions for (7):
t =0, x(0)=0, X(0) =V, t= t,, X(t, )= LX(t,) = V- (8)
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In addition, taking into account (2), we keep in mind the ordinary differential equations of motion of the dynamical
system under consideration. Restrictions are imposed on the speed of movement, the amount of tension, the number and
weight of containers:
0<T<T

max !

Vo SVESV S l<n<n; G, <Gy <G u- 9)
In addition, the acceleration of containers in the direction of the x axis, in the transverse direction (along the z axis),

as well as the transverse deviations of the i-th container w(x;,t) along the z axis are limited:

5('i (t) < Xmax’ Zt (t) < Zmax’ W(Xi ,t) < Wmax' (10)
To solve the optimization problem, instead of target functional (7), an extended functional is considered:
t, Y2 X
J=]| 1x2+p X—+judx dt, (11)
0 2 2 Xo

where p — Lagrange multiplier.

Let us mention the weak point of constructing a system of ordinary differential equations of motion of the dynamic
system under consideration with a variable number of concentrated masses and variable boundary conditions. The fact
is that in order to implement this approach, it is necessary to introduce a number of assumptions that reduce the
reliability of optimization results. Therefore, we consider the corresponding section of the cable car as a dynamic
system with distributed parameters. In this case, to study the dynamic processes of a system with a mobile discrete and
distributed inertial load, we use the partial differential equation of transverse rope vibrations reduced to a homogeneous
differential equation:

o*w o’w o’w
X) — + 2p(X)V——— (T —p(X)V*) —-=0, 12
P(¥) =z +2p0v—— = (T =p(V) —3 (12)
where p(X)=p,+> G, 8(x=x); p, — mass of the rope length unit; G,, — mass of the i—th concentrated
i=1

load; 8(x—xi) — Dirac function; x, — coordinate determining the position of the i-th load; 7 — rope tension;

w(x,t) — transverse deviation; v — longitudinal velocity of the rope.

A detailed review of methods for solving optimization problems for dynamic systems with distributed parameters,
including hyperbolic systems of form (10) with controlled connections at the boundaries, is given [9]. Most methods are
based on the assumption that of all the permissible control actions on the system under consideration, only one
corresponds to the optimal state of the process, i.e. solution of differential equation (10). Another assumption is the
convexity of the set of permissible controls in the target functional — for example, as in (7). At the same time, for
systems with distributed parameters, the absence of optimal control or the presence of multimodal functions in the
target functional with multiparametric optimization is acceptable. In addition, the complexity of obtaining the necessary
(and, preferably, sufficient) optimality conditions does not guarantee the adequacy of the results of solving a model
optimization problem to the optimization goals for a real object. This disadvantage is also characteristic of dynamical
systems modeled by ordinary differential equations.

The above proves the relevance of developing approaches that will overcome the shortcomings noted above. It
concerns the methods of so-called suboptimal management. These include multi-criteria optimization methods used in
decision-making or selection tasks. In this case, they make it possible to consider simultaneously a larger number of
parameters of the optimized system in a multidimensional space of criteria (indicators).

Formulation of a multi-criteria optimization problem. Let U — n-dimensional vector of optimized technical
parameters of the system (control vector) and n > 1. In our case n = 4. Vector components: u; — speed of movement,
u; — rope tension, us — number of containers, us — weight of one container. As noted above, restrictions can be
imposed on vector U, which is a closed set CTU of form (6), which is called the set of acceptable values of the vector of
optimized parameters. The dimension of this set is r > n. Constraints and limiting functions have form (9) and (10).

Let us introduce vector optimality criterion K(U), defined on the set CTU in m-dimensional arithmetic space
(criterion space) R.'. Here m>1, i.e. in the limiting case, for m = 1 the optimization problem becomes single-criteria,
for m > 1 — multi-criteria. The components of the vector optimality criterion are particular optimality criteria:

K(U) = {ki(U), ko(V), ..., km(U)}. (13)

They may also be subject to restrictions. This is due to the need to bring to a dimensionless form and a single scale
of changes in values, for example, in the proposed model

0<kiU)<1,i=[1,...,m]. (14)
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In addition, in the general case, when forming particular optimality criteria, depending on the optimization goal, the
values of some particular criteria should be increased, and the values of others should be reduced. Let us note, however,
that the task of criterion minimization by introducing an inverse transformation is reduced to the task of maximization.
Therefore, let us assume that maximization of all partial optimality criteria is desirable in the developed model.

We also note possible limitations on the value of m, i.e. on the number of particular optimality criteria (indicators)
formed when solving specific problems. Obviously, one criterion, even a complex one, cannot cover all the
requirements. Modern computer technologies make it possible to solve problems with a large amount of data without
loss of accuracy, so many researchers maximize the number of particular criteria, use even those factors that practically
do not affect the result of optimization. At the same time, an increase in the dimensionality of the system makes it
difficult to build and may disrupt the stability of computational algorithms, especially in target functionals with
multimodal functions.

From a mathematical point of view, reducing the number of criteria reduces the complexity of computational
algorithms and opens up the possibility of a simple graphical interpretation of the results (for example, for two-
dimensional or three-dimensional criterion spaces). In addition, the verification of algorithms is simplified. The problem
can be reduced to a single-criteria one, and there are many proven methods for solving it. In general, reducing the
dimension of the formed system of partial optimality criteria (indicators) greatly simplifies the solution to the
optimization problem.

Most often, the method of eliminating duplicate or insignificant indicators is used for reduction. However, it is
possible to mistakenly exclude important factors. Therefore, within the framework of the presented work, a reduction
method was used based on the hierarchical structuring of a system of partial optimality criteria without their artificial
exclusion [10].

So, let us consider the functions (processes) of the system under consideration with an optimized object — a cable
car (Fig. 2).

7
1 > 3
Urbanized environment Transport and
8 logistics point

Transport and logistics
terminal

Fig. 2. Functional diagram of the MSW transportation system

Four elements of the MSW transportation system are described in [6].

1. Urbanized environment determines:

— layout of settlements;

— transport infrastructure;

— terrain and landscape;

— natural and climatic conditions;

—weight and volume of generated solid waste;

— time of removal of solid waste.

2. Cable car performs the main function — moving solid waste to the disposal site. The main (including optimized)
characteristics of this element of the system:

— type of cable car;

— number of containers on the road and between supports;

— rope tension;

— rope diameter;

— speed of movement;

— step of discrete drives;

— space between the supports.
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3. Solid waste is collected and stored for some time at a transport and logistics point. Its main characteristics:

—area;

— height of indoor premises;

— loading and unloading performance;

— dimensions and technical capabilities of conveyors;

— number of empty containers.

4. In the transport and logistics terminal, solid waste is unloaded, moved from the cable car to the disposal site.
Emptied containers are sent for washing, storage and inspection. The main characteristics of this element of the system
are:

—area;

— height of indoor premises;

— dimensions and technical capabilities of conveyors;

— loading and unloading performance;

— parameters of equipment for washing, drying and disinfection of empty containers;

— number of empty containers.

Table 1 describes the interactions of the elements, which are shown in Figure 2 with numbers from 1 to 12.

Table 1
Interaction of elements of the MSW transportation system by cable car

N Direction Interacting elements

0

1 | Urbanized environment — cable car Volume and weight of solid waste; volume, weight, number of
containers; technical characteristics of the road

2 | Cable car — urbanized environment Cable car operation processes; ecological state of the environment;
safety indicators of intersected objects (roads, water barriers, buildings,
agricultural land, etc.)

3 | Cable car — transport and logistics Number and weight of empty containers; speed and regularity of arrival

point of containers at the point

4 | Transport and logistics point - cable car | Number and weight of loaded containers; speed and regularity of arrival
of containers on the cable car

5 | Cable car — transport and logistics Number and weight of loaded containers; speed and regularity of receipt
terminal of containers in the terminal

6 | Transport and logistics terminal — cable | Number and weight of empty containers; speed and regularity of arrival
car of containers on the cable car

7 | Urbanized environment — transport and | Route length; transport infrastructure; container volume and weight;
logistics point vehicle load capacity; number of vehicles and containers per vehicle;

vehicle speed; speed and regularity of container arrival at the transport
and logistics point; climatic conditions

8 | Transport and logistics point — Processes of operation of a transport and logistics point; environmental
urbanized environment situation

9 |Urbanized environment — transport and | Volume and weight of solid waste; natural and climatic conditions
logistics terminal

10 | Transport and logistics terminal — Processes of operation of the transport and logistics terminal;
urbanized environment environmental situation

11 | Transport and logistics terminal — Volume and weight of solid waste; number of empty, excluded and
transport and logistics point added containers; maintenance and repair processes

12 | Transport and logistics point — Volume, weight of solid waste; number of filled, excluded and added
transport and logistics terminal containers

Figure 3 shows the interaction of the main parameters of the system under consideration for a conditional Rostov-
on-Don district in the form of a diagram.
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| Rope tension |
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- speed of their arrival at
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i
Container unloading speed

Speed of movement of the

container on the conveyor
Transport and L

logistics terminal Container washing speed

Number of containers
and the speed of their
return to the cable car
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Fig. 3. Scheme of functional interaction of the main indicators of the MSW transportation system from the conditional
Rostov-on-Don district

Figures 2 and 3 allow us to build a hierarchy of indicators (Fig. 4).

Comprehensive indicator of cable car technical efficiency according to
the optimized parameters

Indicator of the
complexity of the
transport and logistics
terminal K4

i Indi r of th
Indicators of the Indicators of the dicator of the

i lexity of th
complexity of the complexity of the cable complexity of the

urbanized environment car K transport and logistics
K1 2 point K3

Fig. 4. Hierarchical structure of criteria characterizing the cable car as a system

Tables 2 and 3 show the examples of complex indicators of technical complexity of building and functioning of an
eco-friendly system for removal of solid household waste by cargo cable transport in an urbanized environment.
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Table 2
Comprehensive indicators of technical complexity of the cable car as a solid waste transportation system
Indicator level Dimension, unit of
st 2nd 3rd measurement
Very bad
Bad
Layout of the area K Average
Layout of the settlement 4 H g
. Good
with transport v g
infrastructure Ky ery goo
Length of paved
State of the transport infrastructure Ki1» | streets to the total
length of streets
. Bad
Terrain and landscape of
the area Ky Average
Good
Weight Ki31 t
Characteristics of solid | SMW Volume Kis> m?
Complexity of an household waste (day) Solid
piextty ot Kis Structure Kias Liquid
urbanized environment Ky —
No classification
Temperature Kia; C°
Natural and climatic Wind velocity Kia, m/s
conditions K14 Humidity Kiss %
Number of sunny days in summer K4 | Units
Frequency of solid waste removal Kis1 Once a week
Number of trucks Kis, Units
Transportation costs (fuel and lubricants, Rub
i maintenance) Kis3 '
Removal of solid - -
Number of containers per car Kisa Units
household waste Kis
Route length Kiss km
Vehicle speed Kisg km/h
Container volume Kis7 m?3
Container weight Kisg kg
Cable car length K11 m
Number of containers on the cable car .
N Units
and between the supports K12
Cable car characteristics | Rope tension Kzi3" kN
K2 Cable car speed Ka14” m/s
. Distance between supports K m
Cable car complexity K - m PP 20
Rope diameter K16 mm
Weight of loaded containers K17 kgr
Height difference Ka21 m
Terrain characteristics Bad
K2 Obstacles along the way K2z, Average
Good
Layout of a transport Occupied area K311 m?
and logistics point Ks1 | Height of indoor spaces Ka2 m
. L Number of unloading platforms K Units
Transport and logistics Characteristics of - gp 2 -
. . . . Number of loading platforms Ksz, Units
point complexity Ks loading and unloading - -
operations K Unloading performance Ksz3 Units /hour
. Loading performance Kz2s Units /hour
Characteristics of the Conveyor length Kaz; m
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conveyor for empty Number of containers to be placed Kzz, | Units
containers Kas Number of empty containers sent for Units
storage Kssz
. Conveyor speed K m/s
Characteristics of the Yorsp Sk
. Conveyor length Kas m
accelerating conveyor -
K Load capacity Kaza3 t
* Drive power Kz kw
Conveyor speed K m/s
Characteristics of the YOrsp *
. Conveyor length Kazs; m
decelerating conveyor -
K Load capacity Ksss t
® Drive power Kass kw
. Occupied area K m?
Terminal size Ka1 - D - —
Height of indoor spaces Kai2 m
Conveyor speed K m/s
Characteristics of the YOrsp *
. Conveyor length Kazs; m
decelerating conveyor -
Ke Load capacity Ksss t
2 Drive power K3ss kWt
Parameters of the Efficiency Kas1 Un?ts /hour
solid waste from the £ unloadi It .
container Kus Number of unloading platforms Kass Units
Line length Kas1 m
Number of washing positions Kas, Units
Parameters of Wat K MPa
Transport and logistics equipment for washing, |21 PTESSUIe fa4s
terminal complexity K, | drying and disinfection h tics of d K Bad
of empty containers K aracteristics of detergents Kass Average
Good
Drying speed Kass min
Conveyor length Kus; m
Characteristics of the Number of containers to be placed Kas, | Units
conveyor for Number of empty containers sent for Units
maintenance and repair | maintenance and repair Kass
of empty containers Kas Bad
Container maintenance Kasa Average
Good
o Conveyor speed Kae1 m/s
Characteristics of the Conveyor length Kasz m
accelerating conveyor Load capacity Kus t
Ko Drive power Kags kw

K" — optimized parameters.
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Intervals of changes in cable car complexity indicators

Table 3

Level 3 Indicator Unit odf_measgrement, Change interval
imension

Cable car length K11 m 1000...50000
Number of containers on the cable car and between the supports Kz, | Units 1...20
Rope tension Kz13” kN 10...15
Cable car speed Ko1" m/s 0.5...5
Distance between the supports Kzis m 40...150
Rope diameter Kz16" mm 10...1000
Weight of loaded containers K17 kg 500...1500
Height difference Ko21 m 0...2000

Bad
Obstacles along the way Kzz, Average 0...1

Good

In general, there should be at least two indicators at each level of the hierarchy (with the exception of the topmost
one, which represents the target function). When grouping particular criteria at each level, the number of criteria
(indicators) in the group can vary from one to some specified maximum value, i.e. 1 <m < mmax. At m =1 the indicator
of the upper level moves to the lower one without change and vice versa. The maximum value is determined by the
dimension of the criterion space and the complexity of constructing a computational optimization procedure in this
space. Let us take Mmax= 8.

All criteria (indicators) of the lower level can be measurable and immeasurable. The examples for the first case:
"height difference”, "total length". For the second case — "relief" (simple, complex, very complex). To describe such
criteria, it is proposed to use the methods of fuzzy set theory, i.e. to determine the function of an object belonging to the
corresponding set, as in [10].

So, let us formulate the task of multi-criteria optimization to the maximum for each group of partial optimality
criteria at all levels. It is necessary to determine the vector function of the optimized system parameters (control vector)
U on a closed set G, so that the maximum of the target functional is achieved

K(U) — max (15)
under condition (13) and constraints (9, 10 and 14).
G, — closed set of permissible controls in the space of specified functions (permissible values of the vector of

u

optimized parameters).
Vector U™ e G, is the global solution to problem (15) if K(U*) > K(U) forall U €G, .

To solve the multi-criteria optimization problem, we will use scalarization method of vector criterion (13). To this
end, we apply the additive function:

K, (U)=>ak (U). (16)
i=1
For coefficients o; the conditions must be met:
Q, ZOHpI/IiZI,...,m;ZOLi =1. 17)
i=1

Then initial problem (15) is reduced to finding the maximum of integral indicator (16). In this case, the method of
determining the coefficients a; is especially important. These are the convolution coefficients of vector criterion (13)
from the multicriteria space to the numerical axis of scalar criterion (16) with the physical meaning "better" — "worse".

To calculate the convolution coefficients, one can use the methodology proposed in [10]. In this case, fuzzy relations
on pairs of objects from the training sample and integral scalar exponent (16) are considered. A computational
procedure is constructed for the functional that determines the magnitude of the discrepancy.

After determining the convolution coefficient vectors for all criteria of the hierarchy, it is necessary to find the
vector function of the optimized parameters of the system (control vector) U, when additive function (16) reaches the
maximum for the criterion of the upper level of the hierarchy (objective function). At the same time, on a set of
parameters, the objective function can have several local maxima. Among them, you need to find a global one. There
are several computational methods for solving such problems [11]. The so-called evolutionary methods have certain
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advantages. Some of them are implemented on the basis of a specialized multidisciplinary platform ModeFrontier. To
solve this problem, we propose genetic algorithm [12].

Calculations. The optimized parameters of the cable car, as shown in Table 2, are included in K> indicator:
K, =0,6K,, +0,4K,,.

K21 (cable car complexity characteristic) is determined by the formula:
K, =0,1K,,;, +0,15K,,, +0,15K,,, +0,25K,,, + 0,1K, . + 0,1K, . +0,15K,,,.

K2, (terrain characteristics), determined by the formula:
K, =0,5K,,, +0,5K,,,.
The use of applied software products made it possible to show the results of calculations in the form of graphical
dependencies K21 and Kz on the optimized parameters in Fig. 5-8. At the same time, the numerical values of the
variable parameters were determined according to Table 2.
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Fig. 5. Dependence of K21 coefficient on the weight of the loaded container
with a cable car with a length of 20 thousand meters
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Fig. 6. Dependence of K21 coefficient on the weight of the loaded container
with a cable car with a length of 40 thousand meters
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Figures 5 and 6 demonstrate a pronounced extremum for Ky, indicator (cable car complexity characteristic) in the
weight range of the loaded container 2500-4500 kg. This can be explained by the fact that when using containers with
low mass, it is necessary to increase their number to ensure a given performance. As a result, the number of elements of
the system increases, that is, it becomes more complicated. The use of containers with a large mass requires the
introduction of elements such as additional discrete drives, vibration damping systems, increasing the thickness of the
rope, etc., which also complicates the system.
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Fig. 7. Dependence of K2 coefficient on the speed of a cable car with a length of 20 thousand meters
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Fig. 8. Dependence of K2 coefficient on the speed of a cable car with a length of 40 thousand meters

Figures 7 and 8 show that in the speed range of the cable car 1.5...3.5 m/s, K indicator has the lowest difficulty
values, since at low speeds more containers are required, and at high speeds additional devices are needed to stabilize
movement.

Discussion and Conclusion. The paper considers cable car complexity and terrain features as cable car optimized
parameters. In the first case, for optimization, it is necessary to take into account the length of the road, the number of
containers, the weight of loaded containers, the tension and diameter of the rope, the speed of the cable car and the
distance between the supports. In the second case, the calculation is based on the data on the height difference and
possible obstacles along the way. Both groups of these parameters demonstrate the complexity of the cable car in terms
of technology and environment (indicator of the 1st level Ky)
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A model for solving a multiparametric and multi-criteria problem of optimizing the characteristics of a cable car is
proposed. It allows you to change the hierarchy of indicators. This approach can be used if it is necessary to integrate
the project with neural network models, to work with fuzzy linguistic indicators, and to solve applied problems.
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3asenennulil 6K1A0 COABMOPO8
10.B. Mapuenko, C.U.IlomoB — pa3paboTka KOHIENIUA HUCCICAOBaHHSA, (OYHKIIMOHAILHON  CXEMBI
TPAHCIIOPTHPOBKH TBEPJBIX OBITOBBIX OTXOJOB, CXCMBI (DYHKIIMOHAIHHOTO B3aUMOJICHCTBUS OCHOBHBIX ITOKa3aTelci

CHCTEMBI, pa3paboTKa HepapXHIECKOIl CTPYKTYpHI KPHTEPHEB.
10.B. MapueHk0O — TMOCTAaHOBKa M pEIICHHE 3aJa4dl MHOTOKPHTCPHANBHOW ONTHMH3ALMU JJIsS CHCTEM C

COCPEIOTOUEHHBIMH U pacIpeIeICHHBIMY ITapaMeTPaMu.
O.B. MapueHko — ompeneneHue ONTUMHM3HPYEMBIX MapaMeTpOB KaHaTHOM AOpOTH, PacCMOTPEHHE HPUMEpPOB
KOMIUIEKCHBIX ITOKa3aTeNe TeXHHYECKOH CI0KHOCTH IOCTPOCHUS M (YHKIMOHHUPOBAHUS CHCTEMBI BBIBO3a TBEPIBIX

OBITOBBIX OTXOJIOB I'PYy30BbIM KaHATHBIM TPAHCIIOPTOM.
Konghnuxm unmepeco: aBTOpbl 3a4BIAIOT 00 OTCYTCTBUH KOH(INKTa HHTEPECOB.

Bce agmopul npouumanu u 0006punu okoOH4YaAmMenbHLI 6APUAHNT PYKONUCU.



