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Abstract. In this paper, a community-modelling (COMMOD)
framework for integrating of system dynamics models with
agent-based systems and geographic information systems in the
context of modelling and simulation of sustainable community
development is proposed. The proposed framework has been
developed for local government of Kuldiga District in Kurzeme
Region, Latvia. The combined modelling framework is
considered as an invaluable tool in assisting decision-makers in

development planning allowing evaluation of alternative
scenarios and planning options.
Keywords: Sustainable Community, System Dynamics,

Multi-Agent Modelling.

INTRODUCTION

Sustainable development has become a widely used term. It
originated from the term Limits to Growth [1], which was first
used in a report called Club of Rome published in 1972
according to Forrester's system dynamics modelling on urban
and globe problems in his books Urban Dynamics [2] and
World Dynamics [3]. The concept of sustainable development
has recently been discussed in different studies, and many
attempts have been made to define sustainable development as
a practical approach [4, 5].

The term sustainable community is closely related to
sustainable development; however the definition of
sustainable community varies according to the interest, needs,
and culture of different communities [6]. Sustainable
community is a community planned, built or modified to
promote sustainable living. A sustainable community demands
a mutual balance among economic, social, political and
natural environmental development.

This article presents a concept and theoretical specification
for a combined system dynamics and agent-based model of
sustainable community development for local government of
Kuldiga District in Kurzeme Region, Latvia. The paper
presents an initial stage of development of the model, so no
results are currently available regarding calibration, validation
or main findings about sustainable community development in
the study site.

Latvia aspires to the principles of sustainable development,
which have been included in the Law of Regional
Development (01.01.2009) and in the Latvia's Sustainable
Development Strategy 2030 [7]. Although Latvia aspires to
the principles of sustainable development, there exist a
relatively small number of theoretical studies and practical

results in the area of simulation modelling of sustainable
development. Therefore the proposed framework presents a
novel approach in the context of spatial and regional planning
in Latvia.

The goal of the proposed COMMOD modelling framework
is to provide a technical decision support tool for stakeholders
and decision-makers in territorial management planning
allowing them to evaluate alternative development scenarios
and planning options. The hypothesis of the research is that
the quality of life and sustainability are the primary goals and
criteria of sustainable community development. The modelling
framework is based on an overall concept of sustainable
community and regional development as an continuous
process defined neither by fixed goals nor by specific means
of achieving them.

METHODOLOGY

In recent years, new forms of simulation have come into
popular use in urban, environmental and economic research,
supported by an array of interdisciplinary advances in many
scientific areas, especially in the computer and geographical
sciences. Generally all simulation models can be roughly
divided into two categories: macroscopic (top-down) and
microscopic (bottom-up) models. The microscopic models are
most commonly based on Cellular Automata (CA) or
Multi-Agent Systems (MAS) formalism and are often applied
to the simulation of spatial systems in dynamic and high-
resolution contexts. Modelling systems behaviour with explicit
dependency on the geographic space requires a geographic
information support that is usually accomplished within
Geographic Information Systems (GIS). Agent-based models
give importance to the definition of each agent’s internal
structure and are focused on the definition of rules modifying
the state of the agents and relations between them.

The use of top-down systems-thinking approach by
involving the creation of a system dynamics models has been
given increasing attention in the recent years [8, 9], because
system dynamics is particularly suited to the investigation of
complex systems containing many interconnected elements
with complicated interactions. System dynamics ascribes a
great importance to definition of the model structure, and
establishes relations between variables of stock, flow and
auxiliaries [2]. However, the system dynamics has
disadvantages in revealing the spatial pattern change of
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regional growth, and in incorporating those spatial variables
into modelling.

An integration of the system dynamics and agent-based
concepts can be fruitful allowing combining the best
properties of each single concept. In the recent years, several
ideas and practical implementations for integrating system
dynamics and agent-based concepts have been proposed
[10, 11].

A. Ildentification of Systems and Components

All of the components in the system, which are related to
sustainable development, should be considered. A key
challenge to developing a sustainable development model is
deciding on the scope of the system to study and prioritizing
the issues or questions to address.

In order to select key components to represent system
behavior, this study examines analytical indicators, which are
used in the previous studies dealing with sustainable
development [12, 13, 14]. Indicators are quantitative or
qualitative measurements of the state of something that is
important to us, like our body temperature, heart beat or blood
pressure [13]. The choice of indicators is a critical determinant
of the behavior of a sustainable system, poorly chosen
indicators can cause serious malfunctions [12]. Orientors are
labels for certain categories of concerns or interests [13].
Different systems may have the same orientors, but would
have different corresponding indicators.
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Fig. 1. Conceptual design of the COMMOD framework to study sustainable
community development (adapted from [4]).

GIS

In this study, 42 key indicators based on expert discussions
and workshops are chosen, they are grouped into three
subsystems (human system, support system, natural system)
and categorized by 7 composite indicators or basic orientors
proposed by H. Bossel [13]. The seven basic orientors are
aggregated into three dimensions [15]: social cohesion,
economical cohesion, environmental balance. The main
indicator - the quality of life — is calculated from the basic
orientors and dimensions.
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B. Identification of Relationships and Interactions

The long-term goal of the research project is to develop a
multi-scale, spatially explicit, dynamic systems model linking
components at five spatial scales (Figure 1): global (world and
the European Union), country, regional, municipality and
local. The given concept of a multi-scale model is borrowed
from an integrated spatial decision support system developed
for local government in New Zealand [4].

The world, the European Union and Latvia scales represent
external drivers and scenarios such as climate, economy and
legislation change that will influence Kurzeme Region and
Kuldiga District. The regional scale represents a system
dynamics model of economy-environment interaction model
of Kurzeme Region. The district scale contains an
economy-environment interaction model of Kuldiga District.

Sustainable development should be compliant with
legislation of the Republic of Latvia and the European Union.
The model should balance and integrate the social, economic
and environmental components of the community of the
region.

C. Concept of System Dynamics Sub-Model

The top-down model should cover a broad range of issues
that a region faces on the path to sustainable development, for
example, demographic shifts, environmental degradation,
education, healthcare, economic growth. Summarizing these
key issues the system dynamics modelling part distinguishes
four main systems containing six aggregated sub-components
or sectors. In Figure 2 a conceptual structure of the system
dynamics model is shown.

Assessment Functions

Model Core Indicators & Orientors Component

Human System i v

Social Sector

> | Government | f=|

Human System

Quality

Individual
Development

Support System

™" auality

Sustainable

Input Data / Support System
/

Quality of
Life

|—p| Basic Orientors

Economic Indicators /
Sector Indices

Scenarios Natural System

Quality

Infrastructure

Total System
Quality

=
Natural System

e Resources &
Environment

Decision Maker

Fig. 2. The conceptual system dynamics sub-model [23].

The proposed model structure is based on prominent works
in the field [13, 16]:

1. Human system: the human system represents the social
dimension of sustainable development. The sustainable
development concept requires a strong human basis, such as
people capability of acting effectively; accordingly, efforts
must focus on promoting education, abilities, and
opportunities for each individual as well as for the community.
The human system has three components:

(a) The individual development sector.
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(b) The social system sector.

(c) The government sector.

2. Support system: the support system implements the
economic aspect of sustainable development. The growth of
economy is the most important precondition for meeting
human needs and for any lasting improvements in the living
conditions. The support system has two components:

(a) The infrastructure sector.

(b) The economic system sector.

3. Natural system: the natural system represents the
environmental aspect of sustainable development. The natural-
environmental constraint to human development is the main
reason for any concern about sustainability. This system has
one component:

(a) The resources and environment sector.

4. Indicator system: the indicator system consolidates
information from the other components for the purpose of
calculating indicators of the system state.

D. Concept of Agent-Based Sub-Model

The multi-agent sub-model of the COMMOD framework
consists of three inter-related levels (Figure 3) representing the
dynamics of the human community at detailed level:
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Fig. 3. The conceptual COMMOD multi-agent sub-model [23].

A household agent represents an individual household, the
members of which have spatial knowledge about the
landscape environment. The household agent model contains a
collection of person agents representing individuals of a
household. The dynamics of household and person agents
includes natural changes, which occur regularly without any
actions of the agents (e.g. person’s age), and externally-driven
changes, which occur due to interventions from outside of the
system (e.g. education status, wage level), as well as impacts

due to the effects of agent activities during simulation. Each
agent contains a predefined rule set determining the agent’s
behaviour and reaction to external stimuli.

The landscape environment is a system consisting of
spatially structured landscape agents. Each landscape agent
represents a fixed land cell corresponding to the geographical
data from a GIS-raster layer. The landscape environment
contains two sub-models for simulation of agricultural yield
dynamics and forest yield dynamics.

The industrial environment contains spatially organized
enterprise agents representing industrial production and
service companies in a given region. Households provide the
labour force.

IMPLEMENTATION OF SYSTEM DYNAMICS SUB-MODEL

Based on the conceptual model, this study develops a
sustainable development system dynamics model using the
software Vensim 5.10. The model implementation is based on
the existing experience presented by such well known system
dynamics models as WORLD2 [3], Miniworld [8],
WORLD3 [9], T21 [17].

Sustainable development requires a long-term perspective,
and uncertainty in long-term prediction is high. The time
horizon of the model is 30 years, from 2010 to 2040. This time
horizon is sufficiently long meaning that the future of the
system is relatively independent from its initial conditions.
The time step of the calculations is one year.

On the basis of the conceptual model, the flowcharts of the
sustainable development system are defined below, with
consideration of system characteristics. The variables are
identified and relevant equations are established based on the
feedbacks and cause-and-effect loops. The details of the
contents and structures of the four sub-models and their
components are described as follows and their corresponding

stock-flow diagrams are presented in each section,
respectively.

A. Human System Component

The human system component contains individual

development, social system and government sectors.

The individual development sector contains elements of
social integration and participation, material standard of
living, adult education, leisure and recreation.

The social system sector implements behavioural aspects of
population development (Figure 4), income composition,
social groups and organizations, social security, medical care
and old age provision.

The entire population is divided into four population
cohorts. Each cohort has births and in migration input flows,
as well as deaths and out migration output flows. Both
out-migration OM and in-migration IM are modelled based on
a logit function of the form [5]:

OM _ eao +0,POP+a, LR+a,GL+0; ACC

, (1

| M — eao +04POP+a;, LR+, GL+03 ACC
9
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where ..., are parameters;

POP is the number of residents in a region;

LR is land rent;

GL is the area of green land in a region;

ACC is access attractiveness in the modelled region.

Human System

Social Sector

Fig. 4. Population sub-model [23].

The government sub-model (Figure 5) represents a regional
government and administration, public finances and taxes.
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Fig. 5. Government sub-model [23].

B. Support System Component

The support system component consists of two sectors -
infrastructure sector and economic system sector.

The infrastructure sector implements elements of supply
system (energy, water, food, goods, services), waste disposal,
health services, tourism objects, facilities for education and
training, research and development. An increasing population
results in increasing demand for infrastructure capacities.

The economic system sector simulates industrial production
(Figure 6), agricultural production, consumption, commerce
and trade processes, labour and employment.

The industrial production sub-model is based on the
classical Cobb-Douglas production function with parameters
adapted to Latvia [18, 19]:

Y=A-K* L™, Q)
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where Y is industrial output;

A is total factor productivity or Solow residual;
K is industrial capital input;

L is employment in industrial production;

« is capital elasticity.
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Fig. 6. Industrial production sub-model [23].

Currently the parameters of industrial capital and
employment elasticity are constants, their values are obtained
from a regression analysis performed by the Bank of Latvia. In
the future, the industrial capital and employment elasticity
should be made as variables, to more precisely model a long
term economic delopment.

The services sub-model has a similar structure to the sub-
model of industrial production.
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Fig. 7. Agricultural production sub-model [23].

For modelling of agricultural production (Figure7), a
modified Cobb-Douglas function is used, where the area of
agricultural land is used as an additional factor [20]:

Y=AL“-K’.Z"7, 3

where Y is agricultural output;
A is agricultural technology;
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K is agricultural capital input;
Z is land input;
L is employment in agriculture;
o is employment elasticity;
[ is capital elasticity.
Similar function has been previously used [21,22] to
describe and model agricultural output for certain time period
in Latvia.

C. Natural System Component

The natural system component by implementing the
resources and environment sector represents a natural
environment, atmosphere and hydrosphere, natural resources,
ecosystems, depletion of non-renewable resources,
regeneration of renewable resources, waste absorption,
material recycling and pollution. It also examines the effect of
soil erosion and other forms of environmental degradation and
their impact on other sectors, such as agricultural productivity
and nutrition.
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Fig. 8. Land use sub-model [23].

In Figure 8 a land sub-model of the natural system's
resources and environment sector is shown. The total land area
consists of different land types such as forest, agricultural
land, unused land and land used for urban & industrial
settlements referring to Kuldiga municipality. A transition
between different land types is driven by economic and
environmental factors. The expansion/increment of the
agricultural and wurban areas is a process of
transformation/conversion of the undeveloped land into the
developed land.

D. Indicators Component

The indicators component (Figure9) performs the
housekeeping tasks of consolidating information from the
other components for the purpose of calculating indicators of
the state of the system. This component implements 42
indicators aggregated into seven basic orientors and three
dimensions, as previously discussed in Subsection II. A.

RESULTS

Currently the model has not been fully completed and a
model calibration has not been performed. However, the first
preliminary simulation results have been obtained based on
statistical data for Kuldiga District in 2009. The main

statistical data source for model development is the database
of Central Statistical Bureau of Latvia.

Quality of
[

Fig. 9. A simplified structure of indicators component [23].
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Fig. 10. Preliminary simulation results: total population [23].

The simulated population dynamics (Figure 10) shows a
pattern corresponding population change trends to currently
observable in Kuldiga municipality, respectively, a rapid
population decrease due to high emigration rate and a
predomination of deaths over births. Latvia and also its
regions show the first signs of a recovery from the economic
crisis, and along with the economic growth the emigration rate
will decrease. However, if birth rate stays low then a trend of
population dynamics still will be decreasing. The simulated
GDP per capita (Figure 11) shows an increasing trend,
however in 2030 a decline will begin. That can be explained
by constrained demographical resources needed for a
sustainable economic development.

In Figures 12, 13 two possible population change scenarios
are shown. In the first scenario (Figure 12), the birth rate is
increased by factor 1.6. In this case the total population after
an initial decline period will return to the level close to the
initial value.

In the second scenario (Figure 13), the initial birth rate is
increased by factor 2. In this case the total population after an
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initial period of decline will start to grow. The initial decrease
of population in these scenarios can be explained by a
relatively high out-migration rate.

Year)

Fig. 11. Preliminary simulation results: GDP per capita [23].
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Fig. 12. Simulated population change scenarios: Birth rate increased by
factor 1.6 [23].
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Fig. 13. Simulated population change scenarios: Birth rate increased by

factor 2 [23].
CONCLUSIONS AND FUTURE WORK

In order to understand, analyse and forecast the temporal
and spatial factors influencing and determining the sustainable
community development, accurate evaluation of regional
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growth has become increasingly important. In this context, an
integrated system dynamics and agent-based model for
sustainable development assessment is presented. The key to
implementing a sustainable community development model is
the ability to successfully apply integrated cross-disciplinary
knowledge in social, cultural, economic and environmental
domains.

Research work and development continues and the
COMMOD framework model is currently being enhanced to
correctly represent regional and municipal processes along
with interaction with policies coming down from national and
the EU levels. Once fully developed, calibrated and tested, the
proposed framework will be an invaluable tool in assisting
decision-makers in sustainable development planning, as well
as an educational means in understanding how various
regional sub-systems function.
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Arnis Lektauers, Jekabs Trusins, Inese Trusina. Kombinéts daudzmérogu sistémdinamikas un agentu bazéts ietvars ilgtspéjigas kopienas modelé$anai
Pedgjos gados virkne zinatnisko méginajumu ir veérsti uz risinajumu iegtsanu ilgtsp€jigas attistibas procesu modeléSanai un imitacijai, izmantojot automatu
bazetus modelus, kas lauj pariet no vispar&ja méroga, apvienota statiska lidzsvara esosa telpiska att€lojuma uz daudz detalizétaka meéroga formam, kur imitacijas
modelgsanas centrd atrodas dinamiskie procesi. Saja raksta ir piedavats ilgtspejigas kopienas modelgSanas ietvars (COMMOD) sistemdinamikas modelu
integracijai ar agentu bazétam sistémam un geografiskajam informacijas sistémam ilgtspéjigas kopienas attistibas imitacijas model&sanas konteksta.

Piedavatais ietvars ir izstradats Kurzemes regiona Kuldigas pa$valdibai Latvija. Dota pétijumu projekta ilgtermina mérkis ir izstradat daudzmérogu telpiski
precizu dinamisku modeli, kas apvieno komponentus piecos telpiskos limenos: globalaja (pasaule un Eiropas Savieniba (ES)), nacionalaja, regionalaja, novada
un lokalaja [imeni. Regionalo limeni atspogulo Kurzemes regiona ekonomikas un vides mijiedarbibas sistémdinamikas modelis. Novada mérogs satur Kuldigas
novada ekonomikas un vides mijiedarbibas modeli.

Pétniecibas darbs un izstrade joprojam turpinas, un COMMOD ietvars paslaik tick paplaSinats, lai korekti att€lotu regionalos un pasvaldibas procesus lidztekus
mijiedarbibai ar nacionala un ES limena ietekmes procesiem. Kad piedavatais ietvars tiks pilniba izstradats, nokalibréts un notestéts, tas biis vertigs
paliginstruments 1émuma pienéméjiem ilgtsp&jigas attistibas planoSana, ka ari macibu lidzeklis izpratnes gusanai par to, ka funkcioné dazadas regionalas
apak$sistémas.

ApHnuc Jlekrayspe, Exadc Tpymunbim, MHece Tpymunsa. KomMOMHupoBaHHasi MHOroMacIITA0HAsi cMCTeMa Ha 0a3e CHCTEMHOI IMHAMHMKH M areHTOB
JIJ1S1 MOJIeJIMPOBAHHS YCTOHYMBOI 00LIMHBI

IMTocnexnue roxsl psii HAyYHBIX ITONBITOK OPUEHTHPOBAHBI HA MOJNYYEHHE PEIICHHI Ui MMUTAIMOHHOTO MOJEIUPOBAHUS IIPOLECCOB YCTOHYNBOTO Pa3BUTHS,
HCTIONB3Ysl aBTOMATHBIE MOJIEJIH, YTO HO3BOJISIET NEPEXOAUTh OT YKPYIHEHHOTO, HAXOJISIIErocsl B CTAaTHIECKOM PAaBHOBECHHU MPOCTPAHCTBEHHOTO NPEe/ICTaBICHHs
Bceobuiero macmraba, Kk popmaM HaMHOro 0OoJjiee JeTaNM3UPOBAHHOIO MaciiTada, rje B LIEHTPE UMUTAIMOHHOTO MOJEIUPOBAHUS HAXOMATCSA AUHAMHYECKUE
nporeccel. B 1aHHOM craThe NpeIokeHa cuUcTeMa MoJeaupoBaHus ycroiunBoil oboummHel (COMMOD) st HHTErpUpOBaHMS CHCTEMHO-IHMHAMHYECKHX
MoJIeNiel ¢ areHTHO-0a3MPOBAHHBIMU CHCTEMaMH U IeOMH()OPMAIHOHHBIMU CHCTEMAaMHU B KOHTEKCTE MMHUTALHOHHOTO MOJCIMPOBAHUS YCTOHYHBOTO Pa3sBUTHS
OOLIUHEI.

IpennoxxenHas cucrema paspaboraHa st camoynpasienus Kymmuru B Kypsemckom pernone JlatBuu. J[oarocpodHol Leibl0 TaHHOTO HAyYHOTO IPOEKTa
sBJIseTCA pa3paboTka MHOroMacIITaOHOM MPOCTPAHCTBEHHO-YETKON JMHAMHUYECKOH MOJEIH, KOTopas OObeIAMHAET KOMIOHEHTHI B IATH HMPOCTPAHCTBEHHBIX
Macuirtadax: B riobainsHoM (mup, EBponerickuii Coro3 (EC)), HalMOHAIBHOM, PErMOHAILHOM, OOJIACTHOM M JIOKAIbHOM MaciuTabe. PernoHanbHbIil ypoBEeHb
NPEeJICTaBIsIeT CUCTEMHO-AMHAMUYECKas MOJEIb B3aMMOJEHCTBHS SKOHOMHUKH M cpelsl Kypsemckoro permona. OOmacTHOW MacmTa® CONEpPIKUT MOJENb
B3aHMO/ICHCTBHUsI SKOHOMHUKH U cperbl Kymaurckoit obmactu.

HccnenoBarensckas pabota u pazpabotka nponoimkaercs, u cucreMa COMMOD paciupsiercst, 4ToObl KOPPEKTHO MPEAICTABIATh PErHOHANbHBIE U 00J1aCTHBIE
MIPOLECCHI MTAPAIIIENIBHO ¢ B3aMMOJCHCTBIEM C NIPOLECCaMU BIMSIHHS HallOHAIBHOTO ypoBHs U ypoBHs EC. Korna npemnoxenHas cucrema OyzeT HOJHOCTBIO
pas3paboTraHa, KaauOpoBaHa M MPOTECTUPOBAHA, OHAa OyJeT LEHHbIM BCIIOMOTaTeJIbHbIM HHCTPYMEHTOM IITaHMPOBIIMKAM YCTOHYMBOIO Pa3BHTHSA, U TaKKe
nocobueM s 00y4eHHs C ebio TOHUMaHus 00pa3a (yHKIIMOHUPOBAHHS Pa3HbIX PETHOHAIBHBIX ITOJJCUCTEM.
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