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DEVELOPMENT OF A COORDINATION METHOD FOR EFFECTIVE
DECISION-MAKING IN A HIERARCHICAL MULTILEVEL INDUSTRIAL
SYSTEM

In modern conditions of manufacturing the ever increasing size of enterprises leads to objective changes in the interdependence of their
subordinated structures. The resulting complexity requires modernization of the process management systems. One important direction
task in this modernization is the development of effective methods of coordination. Therefore, this article addresses the problem of
coordination in decision making among a group of autonomous production units. The object of study is the local decision making process
on a dairy plant, which operate with three production lines. The subject of study is the coordination of operations when there is only one
packaging machine. The objective of this work is to increase the overall effectiveness index of a system of production units by means of
optimal resource allocation and synchronization of operations of technological processes. For effective coordination it is proposed a
method that ensures the optimization of processes while considering the particular preferences of each local decision-making unit. For each
subordinated decision unit or coordinator, an objective function measures the effectiveness of the subprocesses activities. The coordinator
affects the lower-level decision-making so that the performance of the whole system is optimized. It incorporates a hierarchical multilevel
system for the management of activities, and the detailed mathematical modeling of the sequencing of operations. The method proposed
is based on the theory of fuzzy sets and fuzzy logic. The decision-making process is accomplished by a minimax estimation of the
membership functions. The coordinated operations give as result a higher global effectiveness. Additionally, for the comparison of
preferences, the normalized criteria of effectiveness based on the technological characteristics of each process are suggested.

Keywords: coordination of subprocess, fuzzy method, hierarchical multilevel system, decision-making.

NOMENCLATURE

opt is an optimal (desired or acceptable) value of the

performance of the whole system for the problem being T i? a compleFion time;
solved; t,, is a start time of the first subprocess;

B is a volume of buffer i: t,, 1s a start time of operation of the packing and transfer
/ ’ device;

R, is a coordination vector (resource allocation);
S is a vector of sequencing of activities;

B is a maximum capacity of the temporary stores;

maxi

C is a production cost;

E is a effectiveness criterion of the system;
eff; is a value of a normalization constant;
K, is a central coordinator;

K |, are the subordinated coordinators;
K, is a coordinator of the packing device;
P is a revenue;

p, is a performance of the production lines;
p, is a performance of the packing device;
R_is a finished product;

R is a raw material;
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t, is a buffer 7 loading time;
1, is a moment of completion of the process;
t , is a buffer i unloading time;
L, is an end time of operation of the packing and the
transfer device;
1 is a processing time;
X , is a decision vector (raw material request);
o;, A; are coordination variables;
G i is a measure that takes into account the statistical

characteristics of the subprocess.
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INTRODUCTION

In modern conditions of manufacturing the ever
increasing size of enterprises leads to objective changes in
the interdependence of their subordinated structures. The
resulting complexity requires modernization of the process
management systems. One important direction task in this
modernization is the development of effective methods of
coordination.

The objective of this paper is to increase the overall
effectiveness index of a system of production units by means
of optimal resource allocation and synchronization of
operations of technological processes.

1 PROBLEM STATEMENT

Given a system comprised of a set of subprocesses
(production lines) <SP,, SP,, ..., SP > with the inputs (raw
material) <R , R, ... , R, > intermediate outputs (produced
units) <R , R, .. R > and the following restrictions: buffers
<B,, B,, ..., B >; production line performances < p , p,, ...
p,>, performance of a shared single packing and transfer
mechanism p . Taking into account the physical and
technical constraints the problem of system coordination is
to find a decision vector < R, R, ... , R, > in order to
obtain E = F(eff)—>opt, where in E is the effectiveness
criterion of the system and eff the effectiveness criteria of
the different subprocesses.

As the object of study let’s consider the problem of
coordination of local decisions of a dairy plant, which
produces three types of dairy products. The technological
process of preparation and packaging of milk is a complex
technological task automation, which should provide some
technological operations: receiving, separation,
homogenization, normalization, packaging and packing. Each
operation is a time-consuming process that requires
continuous monitoring. The objective of the management
system is the coordination of the operations when there is
only one packaging machine. The presence of only one
packaging device makes it very difficult the parallel operation
of all the lines, and therefore it leads to downtime and loss
of profits. Figure 1 shows the typical scheme of coordination
of the dairy plant.
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Figure 1 — Scheme of coordination: mp— mass flow,
— — data flow,— — subprocess pending for packing and transfer
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2 REVIEW OF THE LITERATURE

The problem of development of science-based
hierarchical management systems becomes relevant in a
continuous adaptation of modern industries to external
changes. It is important to highlight the Mesarovic’s theory
of management of hierarchical multilevel systems [1] among
one of the most significant developments in the field of
hierarchical structures of a different nature. Also significant
contributions were made in the work of the following
researchers, T. Malone and K. Crowston, A. A. Voronin,
S. P. Mishin, V. N. Burkova, D. A. Novikov, M. B. Gubko,
M. J. Beckmann and several other researchers [2-9]. The
basis of most of these works on classical is the methods of
mathematical programming, game theory, the theory of
dynamic systems. The study of hierarchical systems has a
number of basic problems of operation and control. In
particular, the problem of decomposition of the system, the
task of coordinating the system, the task of accounting for
uncertainty of parameters and variables in hierarchical
decision-making systems are of interest [10].

The coordination method of the multi-level hierarchical
system, of course, has an impact on its most important
characteristics, such as efficiency, reliability, and cost.
Therefore, the determination of the optimal coordination
method is an important task in the design of complex process
control systems [1-10].

The principal methods focus mostly on iterative and non-
iterative algorithms for deterministic coordination. However,
the variety of problems of coordination, the large size of the
problem, the uncertainty in estimating the state of the
coordinated processes requires further research. In
particular, the published studies do not consider the problem
of resource allocation in relation to the task of synchronizing
parallel processes [10—13].

3 MATERIALS AND METHODS

The main task in the development of a multi-level system
is the specification of system elements. In the simplest case,
a coordinator K can be modeled by input/output relation
K c Ix0, Iis the set of inputs and O the set of outputs. In
most cases, the mapping from one set to another is not
expressed explicitly. The input and output variables and
parameters of the coordinators are showed in fig. 2.

Coordinator
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Figure 2 — Coordinators’ input and output variables and parameters
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One key factor in process management systems is the
performance analysis. This analysis ensures that the system
meets the technical requirements; the final products are
delivered on time, and manufactured within reasonable
costs. For each subordinated decision unit or coordinator,
an objective function eff, measures the effectiveness of the
subprocesses activities and is a function of the sub-systems
input and output variables. The objective of the coordinator
is to affect the lower-level decision-making so that the
performance of the whole system is optimized. Having a
performance index for each subprocess allows to make the
sub-system decision-making problems independent from
each other and to remove the possible «conflicts» caused
by the interconnections between the sub-systems.

The full use of productive capacity is an objective
optimization of industrial processes. The amount of
resources allocated to each subprocess determines the
degree of utilization. However, if the assignment exceeds
the performances then the lines work in low-efficiency
regimes. The efficiency criterion must, therefore, consider
these factors, equation (1):

2
_(Xi_Tj
effi = el exp p;i. ' O

pi

One of the issues when measuring effectiveness criteria
of the different subprocesses concerns the scale, fig. 3.
Scaling coefficients are used to represent all numerical
quantities to comparable orders of magnitude; in this case
they are normalized to one.

To formalize the effectiveness criterion of the packing
and transfer device, it is necessary to formulate the model
of the process, a Gantt chart is shown in fig. 4.
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A wide range of problems, including the coordination of
production activities are solved using search methods.
These methods aim to find an optimal solution within a
search space QQ, defined by a series of constraints. In most
cases, the search requires high computational costs.
Analytical methods, such as gradient-based methods are
not applicable when the space is multidimensional search
or the task has a combinatorial nature. For this reason
researchers prefer heuristic methods such as genetic
algorithms or random search methods [10, 12—-14].

Then the criterion of effectiveness of the packing machine
can be written as follows in the equation (2):

i&
i1 P
effs ==l

tfu —loy
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The task of the coordinator of the packing machine is to
minimize coefficient eff,. The sequencing of the operations
is carried out as follows:

1. Finding the number k of subprocesses that can work
in parallel, equation (3):
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Figure 3 — Effectiveness criteria of the different subprocesses
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Figure 4 — Model of the process
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re(l,n) k+1
2P =Pi <Py < QD 3)
i=l i=l
2. The k subprocesses are sequenced according to the
value of the buffer load time so that if 7, > tlj then 7, <ty
3. The remaining n—k subprocesses are sequenced from
the lowest to the highest according to the buffer loading
time.
4. The start time of the subprocess k+1 is equal to
equation (4):

tg)—t .
irer(lﬁi)( £i) = Uk @)
For the calculation of the start time and final time of
operations, the following procedure is proposed:
Let to consider the parallel processes. The start time of
the process is equal to the start time of the first subprocess
t,,=0, and the start time for the 7 subprocess is given equation

)

i
t  =@G-DI- 3 5
== Zt,j Q)
ie(L,k) J=2
where T}, is the sum of #;; and #,,. The completion time of the

sub-processes is written as ¢ i loi And the process time
b is given by equation (6):

piT (6)

From these equations, the completion time of the parallel
subprocesses k is given by equation (7):

t = t . + max ke & .

f max 01 ; 7
. Lk 7

l:arg(tpmax) i) Pu

For subprocesses n—k, that work in series, the start time and
the completion time are calculated by equations (8) and (9):

telk+ j)=tolk+ j)+1,(k+ ) ®)
tolk+j)=t g —t1(k+ ) ©)
Therefore,
n n
U=kl fmax = 2 it Dlpis (10)
i=k+1 i=k+1

The start time of the packing device 7 =t, and the
completion time ¢, =7, .
A number of sub-processes can work in parallel if the

conditions illustrated in fig. 5 are met by equation (11):

tp +ty =Ty,
z tui = Tlu’

n k (11)
Ztli = (k_l)z Lui.
i=1 i=1
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Figure 5 — Gant diagram of the analysis for the completion time of
the subprocesses

The coordination can be achieved through the variation
of the quantities stored in temporary spaces and the variation
of the performance of the lines. By the introduction of the
coordination variables a.; for temporary store B, and A; for
machines performance, equation (11) can be rewritten in the
parametric form as the equation (12):

T :f(o“i’ki)’

s.t. (12)
i o;Bmax; _ (n 71)i o;Bmax; .

i1 hispi i=1 PulisPi

Thus, the coordination task is reduced to finding a vector
X(a;,A;), which satisfies the above-mentioned conditions:

min|Zt1((xi,7»i)—(n —1)ztu (G,i,li)s
s.t.

o< [amin > O max ] >

Le [)\‘min 7}‘max]>

The values O pnin> Omax> Amins Amax. €nsure that the
subprocesses operate in the rank of better efficiency.
Equation (13) is solved either by genetic algorithms or a
random search method, based on sampling and local search.

As the criterion for evaluating the effectiveness of the upper-
level coordinator, it is proposed the relationship between the net
profit and maximum completion time in the equation (14):

P-C
E=""—.
. (14)

(13)

It is worth noting that the execution time 7' depends on
the amount of raw material, designated by each line and its
technical parameters. Thus, the selected criterion is a
function of the resources allocated to each line and the
sequencing of operations.

The overall decision-making is based on the
coordination of the decision of the subprocesses. These
decisions are the result of the optimization procedures. The
value of optimization problems can be modisied with a set
of weight coefficients, in order to make the subprocesses
decision problems independent from each other.
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When designing complex systems, there is often
ambiguity in one or more of the following elements:
constraints, demands or objectives. This imprecision arises
because of the scarcity of information or the same nature of
processes, which does not allow a satisfactory formulation
of the design goals, and thus the inability to assess the
relative importance objectives.

4 EXPERIMENTS

To coordinate the making decision process of the object
of this study it applied the proposed a mechanism based on
fuzzy sets [11]. Formulating a fuzzy coordination problem
entails developing membership functions m for each
constraint and each objective. It is important that the
membership functions are normalized to comparable value,
usually 1. The membership function of a subprocess is the
coordination function of that subprocess. On the other hand,
the criteria of effectiveness, which act as the degree of
satisfaction of the subprocess is the coordination function.

It is desirable to find a solution that maximizes the value
of each criterion. However, such a situation occurs only in
ideal cases, therefore, for real problems a compromise
solution is required. This leads to the need to specify the
sequence of application of the criteria and the relative
importance. The minimax criterion for the solution of the
decision-making problem allows overcoming the
disadvantages that appear when applying the additive and
multiplicative indicators. The intersection of the membership
function of subprocesses objectives, including the upper-
level coordinator, yields the membership function of the
system:

Ho :min(HOaul’MZ"”aun)' (15)

The value that maximizes the global decision is defined
as follows:

max Hg(¥)= max minpg (Lo, 1o, ly)- (16)
xeX xeX
The block diagram shows the management process, with
the resolution of optimization problems of local
subprocesses and the coordination of the isolated
solutions.
1. Begin.
2. Selection of the solution vector.
3. Selection of weight coefficients.
4. For i=1 to n subprocess:
a) assigning solution vector to lower levels subsystems;
b) solution of local optimization problems;
¢) calculation of membership functions.
5. End for.
6. Calculation of the global membership function Hg.

7. If Hg < minp, repeat from step 2.
8. End.

5 RESULTS

Figures 6 and 7 show the evolution of the values of the
coefficient of effectiveness as a function of the iterations of
the process of coordination. The top figure corresponds to
system index and lower figure to subprocesses. At the point
of coordination, all subprocesses operate within the ranges
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Figure 6 — Coefficient of effectiveness of system with
coordination and without coordination

08
08
07 A
06
FHos |
04
03 1
0.2
01

1 2 3 4 5 6 7 8
iteration steps

——cff | —W—off 7 —k—eff 3

Figure 7 — Coefficient of effectiveness of subprocesses

set forth in the optimization process and under these
conditions the overall effectiveness is higher for the case
with coordination compared with the case without
coordination.

6 DISCUSSION

The results fully support that coordination has a positive
effect on the performance of control systems. However, the
determination of the effectiveness criteria exerts a large
influence on the results. For example, if to take the balance
of the criteria of effectiveness as the stopping condition
then in the second iteration the program would have stopped.
This fact would have led to a suboptimal result as it is clearly
illustrated in Figures 6—7. Another important aspect that we
have found is the stability of the algorithm. Even though,
the behavior of the curves for the indices of effectiveness
for each subsystem seems to be erratic, the overall result
has a monotonous improvement in each iteration. The
method was developed with the characteristics and
peculiarities of a specific application under certain
conditions; therefore is necessary to take into consideration
these conditions for other applications.

CONCLUSION

A fuzzy method for the coordination of the activities of a
dairy plant was developed. It incorporates a hierarchical
multilevel system for the management of activities, and the
detailed mathematical modeling of the sequencing of
operations. The decision-making process was accomplished
by a minimax estimation of the membership functions. The
coordinated operations give as result a higher global
effectiveness.
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AcnupaHT KageIpbl KOMIBIOTEPHBIX CUCTEM YIPaBIICHNs, BUHHUIIKNIT HAallMOHAIBHBIM TEXHNUYECKUI yHUBepcuTeT, BUHHMIA; IpenofaBa-
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PA3PABOTKA KOOPIUHALIMOHHOI'O METOJA [1JISI 9®®EKTUBHOI'O IIPUHSTUSA PEILEHUMA B UEPAPXUYEC-
KO MHOT'OYPOBHEBOU MPOMBIILIJIEHHON CUCTEME

B ycnoBusX cOBpEMEHHOTO IPOU3BOACTBA MPOUCXOAT OOBEKTHBHBIC H3MEHEHHS B ()YHKIMOHUPOBAHUU MPOMBIIITICHHBIX PEIIPUITHH,
YTO CBSI3aHO C POCTOM HX Pa3MEPOB M CIOKHOCTBIO BO B3aMMO3aBHCHMOCTH MOAYMHEHHBIX CTPYKTYp. [losToMy Ha nmpennpustun Heodbxoquma
MOZEPHHU3ANNs CUCTEM ympaBieHHs mnporeccamu. OTHUM U3 BaXKHBIX 3aJaHUH B 3TOH MOJICPHM3ALNH SABIACTCS pa3padorka 3((EeKTUBHBIX
MeToz10B KoopauHanuy. [1o3ToMy B JaHHOH CTaThe paccCMaTpHBAIOTCS MPOOIEMbl KOOPIUHALNY B IIPHHATHU PEIICHUI B TPYIIIIe aBTOHOMHBIX
MIPOU3BOJCTBEHHBIX eAUHUL. OOBEKTOM HCCIIEOBaHUS SABIISIOTCS MPOIECCHl NPHHATHSA JIOKAJIBHBIX PEHICHWH HAa MOJIOKO3aBOJE, HA KOTOPOM
paboraeT Tpu IPOU3BOACTBEHHBIE TMHIUH. [IpeMeToM ncene1oBaHus SBISETCS KOOPAMHALINS ONepaltii, KOTia MIMEETCs TOJIBKO OHA YIIAKOBOY-
Has MamuHa. Llens 1anHO# paboThl — yBeMMUUTH 00N HHAEKC 3()(HEeKTUBHOCTH CHCTEMBI IPOU3BOCTBEHHBIX CAMHHUIL 3@ CUET ONTHMAILHOTO
pacIpeneNeHus PecypcoB M CHHXPOHHU3AIMHU ONepanyii TEXHOIOTHIECKoro nponecca. s 3¢ pekTHBHON KOOpAMHAIINN MPEIaraeTcs METox,
KOTOPBIA 00ECTIeYNBAET ONTUMM3AINIO IPOIECCOB IPH PACCMOTPEHHN KOHKPETHBIX NMPEANOYTEHUH Ka)KIOTO JIOKAIBHOTO ONIOKa MPUHATHS
pemeHuid. {71 KaXKI0ro MOAYNHEHHOTO OJIOKA TPUHATHUS PEIICHUH MM KOOPIUHATOpPA, eneBas QyHKIUA u3MepsaeT 3 PEeKTHBHOCTD JICATENbHO-
cTu noanponeccoB. KoopauHarop BIMsET Ha MpOLECC MPUHATUS PEIICHUIT 6oliee HIU3KOro YPOBHS, TAK YTO NIPOM3BOJUTEIBHOCTD CHCTEMBI B
L[eJIOM ONTUMH3NpyeTcs. KoopanHaTtop conepKuUT MepapXu4ecKyl0 MHOTOYPOBHEBYIO CHCTEMY JUIS YHPABIICHHUS AEATEIBHOCTBIO, a TaKXkKe
JleTaIbHOE MaTeMaTHIEeCKOE MOZISTMPOBAHKE TTOCIIEI0BATEILbHOCTH orepanuii. IIpenyiokeHHbIil METOl OCHOBAaH HA TEOPUH HEYETKUX MHOXECTB
1 HedeTKol soruku. [Iporecc npuHATHA peleHnil 0CyIecTBIAETCA TOCPEICTBOM MHHIMAKCHOM OLIeHKH (DyHKIIUH MpHHAIIexkHoCcTH. Koopau-
HUPOBaHHBIE ONIEPAIMHU JAIOT B KAaUECTBE pe3ynbrara Ooliee BEICOKYI0 obansHyro 3¢ dexTuBHOCTS. Kpome Toro, 11 cpaBHEHUS PEIIOYTEHUI
MIPEATIOKEHBI HOPMUPOBAHHbBIE KPUTEPUH 3 PEKTHBHOCTH, OCHOBAHHBIC HA TEXHOJOTHYECKHX XapaKTEPUCTUKAX KaXKIOro Mporiecca.

KrodeBble cj10Ba: KOOpAWHANUS MOAIIPOLIECCa, HEUETKUI METOA, HepapXudeckas MHOTOypOBHEBas CHCTEMa, IPUHATHE PEIICHUH.

baitac M. M.

ActimpaHT kKadeapu KOMIT IOTEPHUX CHUCTEM YIpPaBJiHHS, BIHHUIBKUI HaliOHANPHUIN TEeXHIYHUU yHiBepcuTeT, BiHHHWIS; BHKIaIadka
«Universidad de la Peninsula de Santa Elenay, ExBagop

PO3POBEKA KOOPIMHALIMHOI'O METOAY JJIsI EGEKTUBHOI'O IPUMAHATTS PIIIEHB B IEPAPXIYHINA BATATOP-
IBHEBII1 IPOMUCJIOBIA CUCTEMI

B ymoBax cy4acHOro BHpPOOHHUIITBA BiIOYyBarOThCs 00’€KTHBHI 3MiHH y (DYyHKI[IOHYBaHHI IMPOMHCIOBHX MIiAMPHUEMCTB, IO TIOB’SI3aHO 3
pOCTOM iXHIX PO3MIpIB 1 CKJIaJHICTIO Y B3a€MO3aJIEKHOCTI MiAMeruX cTpykTyp. ToMy Ha mignmpueMcTBi HEOOXiqHA MOIEpHi3allis CHCTEM
kepyBaHHs nporecamu. OIHUM 3 BaXXJIMBUX 3aBIaHb Y Il MOJEpHI3allii € po3poOka eeKTHBHUX METOMIB KoopauHarii. Tomy B maHiii crarrti
PO3DIAAAIOTECS TPOOJIEMH KOOPAMHALLiT B IPUUHATTI PillieHb Y IPYIi aBTOHOMHUX BHPOOHHYMX ONUHHUIL. O0’€KTOM JOCIIKEHHS € MPOLIECH
NPUHHSTTS JIOKAJIBHUX DillIeHb HA MOJIOKO3aBO/Ii, Ha SIKOMY TIPALioe TpU BUpOoOHUYI JiHii. [IpeaMeToM TOCITiKEeHHS € KOOpMHALs onepailiii,
KOJIM € TUIbKH OJJHA MTaKyBaJbHa ManinHa. Mera 1aHoi poO0TH — 30UIbIINTH 3arajibHuil iHAEKC eEeKTHBHOCTI CHCTEMH BUPOOHUYHUX OTMHULB 32
PaxyHOK ONTHMAaJbHOTO PO3IOITY pecypciB i CHHXpOHI3awil onepanii TexHomoriyHoro mnpouecy. [t eeKTHBHOT KOOpAMHALT TPONOHY€ETh-
csl MeTo[I, 110 3a0e3nedye ONTHMI3alliio MPOLECiB MPH PO3MIII KOHKPETHUX TepeBar KOKHOTO JIOKAJIBHOTO ONOKY MpUIHATTS pimeHb. s
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KOXXHOTO IiANOPSIIKOBAHOTO OJIOKY NPUHHATTS pillleHb a00 KOOPAUHATOPA, LiNboBa (QYHKIIA BUMIPIOE epEKTUBHICTb JisIbHOCTI MiANPOLECIB.
KoopauHarop BIuMBae Ha HPOLEC NPUIHATTS pillleHb OLIBII HU3BKOIO PIBHA TaK, IO IPOLYKTUBHICTb CHCTEMHU B LIJIOMY OHNTUMI3Y€ThCS.
Koopaunarop MiCTUTh i€papXiuHy OaraTopiBHEBY CHCTeMY IJId KepPyBaHHsS AIUIBHICTIO, a TAKOX NETallbHE MaTeEMAaTH4YHE MOJEIIOBAHHS IO-
CITIIIOBHOCTI orepaliif. 3anpornoHOBaHUI METO/ 3aCHOBAHUM Ha TeOopil HEUITKUX MHOXHUH i HediTkoi Jioriku. IIpouec npuiiHATTs pimeHs
31ifCHIOETBCS 32 JOIMOMOIOI0 MiHIMAKCHOTO OLIHIOBaHHS (yHKLiH HanexHocti. KoopauHoBaHi onepatii 1atoTh sSIK pe3yabTaT OUIbII BUCOKY
niobanbHy edekTuBHICTb. KpiM ToOro, 1s MOpiBHAHHS HEepeBar 3alporoHOBaHI HOPMOBaHI KpuTepii epeKTUBHOCTI, 3aCHOBAHI Ha TEXHOJIOTIY-
HHUX XapaKTepPUCTHKAaX KOXHOTO HpOLECY.

KuouoBi ciioBa: xoopauHallis MiJNpoLECy, HEUITKUI MeTox, iepapxiuHa GaraTopiBHEBa CHCTeMa, NPUIHATTA pillleHb.
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