Control system for ecological
modernization of enterprises
(on the example of the Republic of Armenia)’

Andranik S. Akopov

Professor, Department of Business Analytics

National Research University Higher School of Economics

Address: 20, Myasnitskaya Street, Moscow, 101000, Russian Federation
E-mail: aakopov@hse.ru

Armen L. Beklaryan

Lecturer, Department of Business Analytics

National Research University Higher School of Economics

Address: 20, Myasnitskaya Street, Moscow, 101000, Russian Federation
E-mail: abeklaryan @hse.ru

Armen K. Saghatelyan

Director, Center for Ecological- Noosphere Studies

National Academy of Sciences of the Republic of Armenia
Address: 68, Abovian Street, Yerevan, 0025, Republic of Armenia
E-mail: ecocentr@sci.am

Lilit V. Sahakyan

Deputy Director, Center for Ecological- Noosphere Studies
National Academy of Sciences of the Republic of Armenia
Address: 68, Abovian Street, Yerevan, 0025, Republic of Armenia
E-mail: lilit.sahakyan @cens.am

Abstract

The article examines a system for controlling the ecological modernization dynamics of enterprises developed
with the help of simulation modelling methods and implemented using the example of the Republic of Armenia
(RA). The system has been developed for strategic decision-making directed at modernization of enterprises of
RA, their transformation from an initial non-ecological state towards the state of ecologically pure manufacturing.

The main feature of the software developed is an original agent-based model describing the dynamics
of the ecological-economics system. The system has been implemented using the AnyLogic platform. This
model is integrated with a multidimensional data warehouse, genetic optimizing algorithm (modified for the
bi-objective optimization problem of an ecological-economics system), a subsystem of simulation results
visualization (Graphs, Google Maps) and other software modules designed with use of the Java technologies.

The target functionalities of the bi-objective optimization problem of the ecological-economics system are
minimized integrated (accumulated) volume of total emissions into the atmosphere and maximized integrated
(averaged) index of industrial production of the agent’s population. The problem was formulated and solved
for the first time. Moreover, values of objectives are calculated by means of simulation, as the result of activity
of all agent-enterprises in a population and taking into account their internal interaction. The 270 enterprises
of RA which are the main stationary sources of emissions of harmful substances were selected for the
research. In addition, there is a generalized agent-consumer and the agent-government completing ecological
regulation through the mechanisms of penalties, subsidies and rates of emissions fees. The simulation core is
the developed algorithm of behavior for each agent-enterprise providing the mechanism of agent transition
from an initial non-ecological state towards other possible states. At the same time, control of the evolutionary
dynamics of agents is implemented with the help of the suggested genetic algorithm. As a result, the system we
developed makes it possible to search Pareto-optimal decisions for a bi-objective optimization problem of the
agent-based ecological-economics system.
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Introduction

eciding about a modernization (transforma-
Dtion) of enterprises in the direction of ecologi-
cally pure manufacturing (low-waste) is a dif-
ficult task that requires you to develop an agent-based

simulation model in order to consider the agent-enter-
prises behavior individually [1-2].

The complex solution for such problem requires the
creation of a hybrid intelligent system seeking the best
trade-offs among possible decisions on the ecological
modernization of enterprises.

It should be noted that such intelligent systems can be
built on simulation models aggregated with evolutionary
optimization algorithms through the target functions, in
particular, with genetic algorithms [3—4].

The simulation modelling [5] is a very effective tool for
investigating the dynamics of complex systems and it can
be applied in support of a mechanism of the adaptive, in
particular, strategical control of such systems [6—7, 13].

Designing simulation models can be based on using
together the system dynamics methods [8] and agent-
based modelling [9] and as well as on the intelligent
integration of developed models with evolutionary al-
gorithms type of genetic algorithms intended for a mul-
ticriteria optimization [10].

In modern times, a novel direction is taking shape,
which is related to the creation of agent-based simula-
tions for ecological-economics systems [12]. The use of
such models to form and visualize Pareto optimal sub-
sets [14] has special interest.

Thus, this work is devoted to an original information-
analytical system designed with the use of simulation
modelling methods and it is intended for control of the
dynamics of the ecological modernization of enterprises
as implemented in the Republic of Armenia.

The main users of the system are departments of the
government ecological regulation, the Ministry of Natu-
ral Resources and Environment, the Ministry of Emer-
gency Situations and other regulators.

Initial datasets have been provided for simulation
modeling by the Center of Ecological-Noosphere Stud-
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ies of the National Academy of Sciences of the Republic
of Armenia. The system developed has been published
on the Internet and is available on the website Attp.//
smartersim.com/ecmodel.

It should be noted that at this stage we have investigat-
ed only problems of minimization of emissions in the at-
mosphere without taking note of other components (for
example, water pollution, soil pollution, etc.).

1. Simulation
of the ecological-economics system

The formal description of the model and bi-objec-
tive optimization problem of the ecological-economics
system will be considered below. Thus, the system has
some target functions. They are the Integrated Vol-
ume of Total Emissions (expected and accumulated for
the simulation period that equals a period of strategic
planning) and the Integrated Index of Industrial Pro-
duction. The main objective consists in searching for
the best trade-offs allowing you to maximize the first
objective and minimize the second objective through
rational control of the dynamics of transformation of
agent-enterprises from their initial non-ecological
state toward a target state of ecologically pure manu-
facturing.

There are 270 agent-enterprises characterized by sig-
nificant emissions levels, the generalized consumer and
agent-government that carry out ecological regulation in
the model.

Let’s denote:

+je{l,2,.., J(H} —the index of the agents-enterpris-
es having stationary sources of emissions;

+ 5,€ {1,2, ..., S/.(t)} — the index of stationary sources
of emissions of j-th agent-enterprise (if the parameter
;= 0, then the 5, -th source of emissions is closed, if
;= 1, then the sj—th of emissions is saved);

+reft, i, +1, ..., f,+T} — the simulation time by
years ( T'the strategical planning horizon, that equals ten

years: 2016 — 2025);

+ 5/. € {1, 0} — the matrix of transitions between pos-
sible states of for an j-th agent-enterprise — the control
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parameter, that sets up with the help of suggested genetic
algorithm (if J,=1, the transition from the current state
to new stats for an j-th agent-enterprise is allowed, if
9= 0 the transition is blocked);

+ stj(t) e{l, 2, 3, 4} — possible states of an j-th agent-
enterprise (if stj(t) =1, it is non-ecological manufactur-
ing, if s¢,(r) =2, it is partial modernization, if sz,(#) =3,
it is ecologically pure manufacturing, if s¢,(r) =4, itis a
closed enterprise);

+ /lj(t) — the share of subsidies in the investment ex-
penditure of an j-th agent-enterprise that will be paid in
the case of transition to the state of a partial moderniza-
tion. It is set up by an agent-government (0 < /lj(t) <1);

+ ryj(t) — the share of penalties in the profit of an j-th
agent-enterprise that will be paid in case the emission
limit is exceeded. It is set up by an agent-government
O<n(n<1);

+ Ej(stj(t)) — the total emissions of an j-th agent-en-
terprise that depends on its current state stj(t) e{l, 2,
3,4} If stj(t) =1, the volume of the total emissions is a
maximum. If stj(t) =4, there is no emissions;

+ E/ — the limit of total emissions for j-th agent-en-
terprises, which is set up for each agent-enterprise in-
dividually (taking into account the geographic location,
remoteness from settlements and other parameters);

+ K(stj(t)) — the volume of output of an j-th agent-
enterprise that depends on its state stj(t) e{l, 2, 3, 4}.
While the state of the agent is changing, its volume of the
output that depends on the production capacity and the
production efficiency is changing, too. Production ca-
pacity is going down and production efficiency is being
increased in the process of the ecological modernization
of an agent-enterprise.

4+ V(1 —1) — the volume of output of an j-th agent-
enterprise for a previous year;

J(t) Vj )

* 27

j=1

— the index of the physical volume of

industrial production for a population of agent-enter-
prises;
J (1)
+ Z E (t) — the total emissions for the population of
j=1
agent-enterprises;

+ Pj’(stj(t) € 1) — the profit of an j-th agent-enterprise
calculated for the first state of a non-ecological manu-
facturing;

+ P/(st(1) € 2) P"(st,(1) € 3) — the profit of an j-th
agent-enterprise calculated for the second and the third
states of a partial and full state respectively;
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+ zj(t) — the relative ecological ranking of j-th agent-
enterprise:
E.(H)
4,0 =55
S E0
j=1

4 p(f) — a small random number (generated by the
randomizer);

(1)

4+ {7, ), ,} — the known time delays that relate to
transitions to new states (in the range of 1—3 years),
which are caused by the inertial process of the ecological
modernization.

The suggested algorithm of agent-enterprise behav-
ior is based on analysis of potential advantages of tran-
sitions to new states through the ecological moderniza-
tion if appropriate financial possibilities are available.
At the same time, the agent-government can incentiv-
ize such transitions, in particular, through the subsidies
and penalties, and the growth of emissions fee rates. As
a result of this, the ecologically regulated profit will be
more for a new state for an agent-enterprise. Hence,
the new state is preferable for the agent. On the other
hand, the agent-government can restrict such transi-
tions with the help of technological and financial limi-
tations.

If J; (9 =1, the speed of the ecological modernization
of an j-th agent-enterprise will be maximum, however
this also causes reduced production capacities and even
the full closure of the enterprise if the ecological laws
and limitations are exceeded for some years.

Such an effect for the population of agent-enterprises
can cause a reduction of the integrated index of indus-
trial production.

Thus, possible states of an j-th agent-enterprise are:
1, iftet, orst; (1) ¢ 12, 3, 4},
2,ifo,(t—71)=1 and
(Pj"(st_,.(t) e2)= P/(st) 1) orz, (1) p(t)),
3, ifo(t—71,)=1 and
(Pj’”(sz [(€3)2 P (st,(r) €2)orz,(t) 2 p(t)),
4, ifo,(t-1,)=1 and (Ej (t)> E(t) and
o, = 0foralls; €l 2, ..., Sj(t)})

st ()=

)

The formula (1) means that each agent-enterprise
considers its ecological state regarding the whole popu-
lation of agent-enterprises.

73



MODELING OF SOCIAL AND ECONOMIC SYSTEMS

If growth of total emissions for the agent-enterprise
regarding other agents is observed, the probability of its
transition to a new state is increasing too.

At the same time, the main factor having an impact on
such transition is the estimation of the potential profit in
comparison with the current profit which is completed
by the agent-enterprise, as well as the external control
a(nell, 0}.

We can now formulate the bi-objective optimization
problem of the ecological-economics system.

The problem. The need to maximize the Integrated
Index of Industrial Production and to minimize the In-
tegrated Volume of Total Emissions for the whole popu-
lation of agent-enterprises:

WG Y (f)
max — |,
0, (1) t=t, j=1 I/,(t _1)

to+T J (1)
'gz"}{ 22 (r)},

t=t, j=1

3

under restrictions:
5,0 €150},
st(nefl, 2,3, 4}
0<y(n<1,0<i(n<1
Jjel{l,2,..,J(@)}
te{t, ,+1, .., ¢ +T}.
and other restrictions having a clear economic sense (for
example, the limit of investment capital).

In work [1] we see the description of the main model
characteristics of the ecological-economics system of
the Republic of Armenia in more detail.

The problem (3) was solved with the help of the genetic
optimization algorithm that was developed, as modified
for application in multi-agent large-scale systems [10]

Such an algorithm is related to the type of the SPEA2
(Strength Pareto Evolutionary Algorithm). Its base im-
plementation is described in the work [11]. In contrast to
the previously developed algorithms of SPEA u SPEA2,
the genetic algorithm suggested in this work was adapted
for the problem of binary control of transitions between
possible states of agents. Hence, it takes into account the
specifics of multi-agent simulation systems under opti-
mization.

As a result, the minimization of agents target functions
(on the level of fitness-functions) is carried out without
coding (and decoding) of appropriate chromosomes in
the discrete decisions space, limited by possible states of
an agent.
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The aggregation of the genetic algorithm with the sim-
ulation model on the agent level allows us to improve
significantly the time efficiency of the procedure for
seeking non-dominated decisions (Pareto optimal de-
cisions), because it reduces the length of chromosomes
and the population size significantly.

Thus, the use of the suggested genetic algorithm for
the control of agent transitions is necessitated firstly by
the large-scale optimization problem (the evolutionary
dynamics of 270 agents having many of their own pa-
rameters is optimized for a horizon of planning equal to
10 years). Secondly, it is necessitated by the specifics of
the needed evolution of non-dominated decisions with-
out using the difficult operations of coding and decod-
ing chromosomes, which usually precede operations of
crossing over and mutation.

2. The software
system developed

The system developed is intended for those seeking the
best trade-offs in the context of the bi-objective optimi-
zation problem (3) considered and it allows us, in par-
ticular:

4 To simulate “What-1F” scenarios for the analysis of
effects of different parameters of the government eco-
logical regulation system on the main characteristics of
the ecological-economics system (for example, on the
dynamics of total volume of emissions; on the number
of diagnosed diseases caused by emissions in the atmos-
phere; on the number of non-ecological, partial ecologi-
cal, closed enterprises; on equilibrium fee rates for emis-
sions by kinds of emissions, etc.).

4 To form the subset Pareto optimal decisions to seek
the best trade-offs. That means to carry out optimization
experiments for the bi-objective problem of the ecolog-
ical-economics system considered, target functions of
which are the integrated (accumulated for the strategi-
cal planning period) volume of total emissions and the
integrated index of industrial production (estimated for
the whole population of agent-enterprises).

The following main technologies were applied to de-
velop the information system:

4 AnyLogic — a simulation system which allows you to
implement hybrid models based on both system dynam-
ics methods and agent-based modelling methods;

4 MS SQL Server — a data warehouse which is used
as a data base for statistical datasets (by agents), as well
as for saving (rewriting) and transferring the simulation
results;

BUSINESS INFORMATICS No. 2(36) — 2016
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4 JSF (Java Server Faces) — the software platform for
web-applications built on Java program language; it is
used for the creation of the user interface which is inte-
grated with the simulations on the AnyLogic (they are
independent Java-modules), with the data base of the
system (through the JDBC), with the developed genetic
algorithm (EJB) and geographical maps (Google Maps)
to visualize the evolutionary dynamics of agents.

The aggregated architecture of the software system is
represented in Figure 1.

It should be noted that the system functionality con-
sists of such blocks as “What-If” experiments; optimi-
zation experiments, the visualization of scenarios char-
acteristics of the ecological-economics systems; the
visualization of the Pareto-front; the visualization and
analysis of local decisions which can be picked up on the
front; the visualization of the evolutionary dynamics of
agent-enterprises on the geographical map.

The respective information is represented on the web-
site of the system in more detail http.//smartersim.com/
ecmodel.

3. Results
of simulation modeling

The main result of the simulation modeling is the
Pareto-front that was formed with the help of the sug-
gested genetic algorithm for the bi-objective optimiza-

The Genetic

Algorithm
(EJB)

The model

tion problem of the considered ecological-economics
system in the Republic of Armenia (Figure 2).

As shown in the Figure 2, the best decisions from
the government point of view are decisions on eco-
logical modernization (the matrix 5j(t) e {1, 0},
jell, 2, ..., J(n)}) characterized by an Integrated Volume
of Total Emissions which does not exceed 1.5 million
tons and an Integrated Index of Industrial Production
which is more than 100%, meaning positive manufac-
turing growth.

It should be noted that investigations of different sce-
narios for the development of the ecological-econom-
ics system of the Republic of Armenia have been com-
pleted. They include the scenario without modernization
(5j= 0 forall je({l, 2, ..., J(¥)}), the scenario of “fast”
modernization (5j= 1 for all j e {1, 2, ..., J(}), and
the scenario of the “Pareto optimal modernization”
5j(t) € {1, 0} calculated with the help of the suggested
genetic algorithm.

As the result of the simulation, we obtained the
best scenario for the ecological-economics system:
the scenario of the “Pareto optimal modernization”,
whereby the Integrated Volume of Total Emissions
has been reduced by 25% compared with the initial
scenario (without modernization) while assuring pos-
itive growth of the industrial production (when the
Integrated Index of Industrial Production is more
than 100%).

anylogic*

A
JDBC

Database (MS SQL Server)

Web interface

Framework
(Java Server

Faces)

Fig. 1. The aggregated architecture of the software system
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Fig. 2. The Pareto-front for the bi-objective optimization problem of the ecological-economics system

Conclusion

Thus, we developed a new software system which is
intended for researching the impact of important pa-
rameters of government regulation on the main char-
acteristics of the ecological-economics system, and it
is being implemented in the Republic of Armenia. The
software system can be adapted for other countries and
regional ecological-economics systems if the datasets
required are available. The feature of the system we

created is the developed agent-based simulation im-
plemented with the AnyLogic platform and integrated
with the suggested genetic algorithm, data warehouse,
and a geographical map like Google Map to visualize
the evolutionary dynamics of agent-enterprises. The
results obtained confirm the existence of optimal sce-
narios for ecological modernization that significantly
reduce the level of total emissions into the atmosphere
while safeguarding positive dynamics of industrial pro-
duction. m
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AHHOTAIUA

CraThsl MOCBSILEHA CHCTEME YIpaBiIeHUS JTUHAMHUKON BSKOJOIMUYECKOW MOAEpHM3AMU TPEaNpUsITUid,
pa3paboTaHHO ¢ UCIMOJb30BAaHUEM METOIOB MMMUTALIMOHHOIO MOICJIMPOBAHUSI U peaM30BaHHON Ha IpUMeEpe
Pecriyonuku Apmenust (PA). Cuctema npenHa3HayeHa il oOecriedeHusl MOMIep KK TPUHSTUSI CTPaTErMYecKuX
pellleHnii TT0 MOIEPHU3ALMU TIpennpusITuii PA ¢ menblo Ux TpaHchOpMallMM M3 MCXOTHOTO HEIKOJIOTUYECKOTO
COCTOSTHMSI B HAITPaBJIEHUH KOJOTUIECKH YUCTOTO (MaJIOOTXOMHOTO) TTPOU3BOICTBA.

Oco0eHHOCThIO Pa3pabOTaHHOTO MPOrPAMMHOIO KOMILIEKCA SBJSIETCS, TIPEXIe BCEro, OpUrMHaIbHAsl areHTHast
MOIENTb, OIMMCHIBAIONIAS IWHAMUKY 3KOJOTO-3KOHOMHUYECKOM CHCTEMBI, peaM30BaHHAas C KCIOIb30BaHHEM
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MOIEJIINPOBAHUWNE COLUAJIBHBIX 1 SDKOHOMHUYECKUX CUCTEM

mwiatrpopmel  AnylLogic. [laHHas Momelb MHTEIPHpPOBAaHA C MHOTOMEPHBIM HMH(MOPMALMOHHBIM XPAaHWIUIIEM,
reHETUYECKHM ONTUMU3ALMOHHBIM AITOPUTMOM (MOIM(ULIMPOBAHHBIM I 33124 OUKPUTEPUATBHON ONITUMU3ALIK
5KOJIOr0-3KOHOMUYECKOM CHCTEMBI), MOACUCTEMOI BU3yalM3alliKd PE3yJIbTaTOB MomeaupoBaHMs (rpacdUKu, KapTbl
Google Maps) 1 IpyruMu IpOrpaMMHBIMUA MOIYJISIMH, CIIPOSKTUPOBAHHBIMU C UCITOJIb30BaHUEM TEXHOJIOTHIA Java.

BniepBoie cchopMmynupoBaHa U pellieHa OUKpUTeprabHasi ONTUMU3AlMOHHAs 3a/1a4ya 9KOJI0TO-9KOHOMUYECKOU
cucteMbl, (QYHKIIMOHAJIAMU KOTOPOW SIBJISTIOTCSI MUHUMU3UPYEMbIiI WHTETPUPOBAHHEIN (HAKOTUIEHHBIN) OO0bEeM
COBOKYITHBIX BBIOPOCOB BPEIHBIX BEIECTB B aTMOChepy 1 MAaKCUMU3UPYEMbIIl MHTETPUPOBAHHBIN (YCpEIHEHHBIN)
UHAEKC puznyeckoro oobeMa BblycKa (MOMy/sLUY Npeanpusatuii). [1pu aToM 3HaYeHUS LeneBbIX (YHKIIMOHATIOB
BBIYMCIISTIOTCS] C TOMOIIBIO pa3paboTaHHOW UMUTALIMOHHONM MOJENM KaK Pe3yJIbTaT NesITeIbHOCTY BCEi MOMyIsiuu
areHTOB-MPEANPUSITUI, C YIETOM UX BHYTpEHHero B3aumoneictBus. [dns uccienoBaHus ObuiM oToOpaHbl 270
npennpusaTuii PA, SIBISIONUXCST OCHOBHBIMU CTAlIMOHAPHBIMU MCTOYHWKAMU BHIOPOCOB BpEMHBIX BellecTB. B
MO MMeeTcs 00OOIIEeHHBIN areHT-TIOTPeOnTeNh, a TAKKe areHT-TOCYNapCTBO, PEaT3yIOMUil IKOJIOTUIeCKOe
peryJaupoBaHue yepe3 MexaHu3MbI ITpacdoB, CyOCUINIT U CTABOK TUIATEXeN 3a BHIOPOCHL. AnpoM Monemnu siBisieTcst
pa3paboTaHHBIN AJITOPUTM TMOBEAEHMST KaXIOro areHTa-NpeAnpusTHsi, oOecreurBaloIMii MeXaHU3M Iepexona
areHTa U3 UCXONHOTO HEIKOJIOTMYECKOTO COCTOSIHUS K APYTMM BO3MOXHBIM CcOCTOSIHMSIM. [1pu 3TOM ympaBieHue
9BOJIIOIIMOHHONM JWHAMMKOW AareHTOB OCYIIECTBISIETCS C UCMOJb30BAHUEM MPEMJIOKEHHOTO T€HEeTUYEeCKOTO
anroput™Ma. B pesynsrate pa3paboTaHHasl CHUCTeMa TO3BOJISIET OCYIIECTBIISITH MOUCK ONTUMAIBbHBIX 110 [lapeto
pelieHu ist OUKPUTEPUATBHON ONITUMU3AIIMOHHON 3a1a41 pacCMaTPpUBAEMON 9KOJIOTO-IKOHOMUIECKOM CUCTEMBI
areHTHOTO THUTIA.

KioueBbie ciioBa: areHTHOE MOJICIMPOBAHUEC, UMUTALIMOHHOC MOJACIMPOBAHUE, 3KOJIOI0-9KOHOMUYECCKAA CUCTEMA,
T€HETUYECCKHUEC aJITOPUTMbI, MHOTOKPpUTEpHUAJIbHadA ONITUMMU3aLl M.
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