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Use of GIS technology and cellular automata for modeling multiple 
socio-economic scenarios of regional spatial development and inter-regional 
cooperation
Igor Musikhin a and Alexander Karpik b

aDepartment of Photogrammetry and Remote Sensing, Siberian State University of Geosystems and Technologies, Novosibirsk, Russia; 
bDepartment of Space and Physical Geodesy, Siberian State University of Geosystems and Technologies, Novosibirsk, Russia

ABSTRACT
The advancement of effective spatial planning to support sustainable development and inter- 
regional cooperation has become an issue of serious concern for regional authorities. Spatial 
planning research helps to identify economic clusters and analyze their changing spatial 
patterns, which is important for understanding regional economic space dynamics and poten-
tial inter-regional cooperation. To support decision-makers in the development of efficient 
plans of spatial development encompassing the identification of the best-suited territories, 
a combined Geographic Information System (GIS) based approach to interpret qualitatively 
expressed multiple socio-economic scenarios in quantitative map-based terms of graded 
suitability, and a formalized approach to the socio-economic evaluation of the territory is 
offered. Based on GIS technology coupled with integrated cellular automata decision analysis 
techniques, the study provides a method that performs socio-economic assessment of the 
study area according to the generated scenarios of regional spatial and socio-economic 
development. The proposed method is applied to Primorsky and Khabarovsk Krais, located in 
the Russian Far East. Socio-economic scenarios of spatial development initiated by investors 
and regional authorities were assessed and evaluated. The generated socio-economic scenar-
ios illustrate how the unified set of spatial and socio-economic variables can be linked and used 
to gain insights into inter-regional socio-economic and spatial development. The application 
results demonstrate the advantage of the proposed method in identifying the best-suited unit 
areas for targeted regional development.
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1. Introduction

Almost a century ago, Hotelling (1929) noted that 
space is a fundamental concept underlying much of 
economics where it is responsible for resource appli-
cations and efficient spatial planning (Walsh 1997; Yu 
et al. 2005; Billaud et al. 2020) since then it has been 
repeatedly confirmed in mainstream and transitional 
economics (Hooimeijer 1991; Hanink 1997; Gjestland, 
Thorsen, and Ubøe 2006; Li et al. 2015).

Starting from 2016 spatial planning research has 
been markedly increasing and has now been extended 
to not only urban and regional planning but also 
public administration, environmental studies, and 
other disciplines dealing with various economy-based 
and space-related factors (Pacuk, Palmowski, and 
Tarkowski 2018; Stead 2021; Zhang et al. 2022). 
Spatial planning research helps identify industrial 
clusters and analyze their changing spatial patterns, 
which is important for understanding regional eco-
nomic space dynamics (Yang et al. 2012). 
A comprehensive scope based on social, economic, 
and space relations is essential in elaborating sound 
interaction policies of regional industries and their 

production chains. In its turn, effective regional inter-
action significantly improves production and territor-
ial management systems triggering competitive 
growth and economic development (Batey 2000; 
Diao et al. 2009; Li et al. 2015; Bell and Morse 2018; 
Han et al. 2021).

Adopted in 2019 the Strategy of Spatial 
Development of the Russian Federation (SDS) intro-
duces a summary of important spatial economic pro-
cesses going on in Russia, addresses the current 
problems of the regions, contains main policy priori-
ties, rules, and measures to be implemented, and sets 
goals to be reached by 2025. The SDS presents a list of 
decision rules concerning the location of infrastruc-
ture facilities but does not provide mechanisms and 
tools necessary for the preliminary assessment of exist-
ing socioeconomic and spatial situations to target the 
development and make the implementation of 
a regional SDS more efficient and less financially and 
resource intensive. The only proposed tool for unlock-
ing the potential of regions and achieving the goals of 
the SDS is a mechanism that establishes the criterion 
and procedure for making decisions on establishing 
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zones with preferential business conditions. Taking 
into consideration the vast spatial differences of the 
country, the reliability of a single development 
mechanism for different territories seems questionable 
(Kuznetsova 2019). Isaev (2022) emphasizes that to 
understand the process of regional economic growth 
it is necessary to study its key driving factors, to 
recognize the mechanisms by which these factors 
show their impact, and to find how a particular com-
bination of the factors affects the regional system in 
response to certain stimuli. According to Seliverstov 
et al. (2019), unlocking a territory potential is based on 
an in-depth study of its specificity, competitive advan-
tages, and limitations. The mandatory elements of 
a regional SDS should be scenarios of spatial develop-
ment, options for the spatial emplacement of techno-
logical platforms, and mechanisms for implementing 
the established priorities and achieving the goals of 
spatial development.

Advanced regional planning strategies promote 
inter-regional economic development, population 
flow, and industrial cooperation with higher tendency 
to agglomeration and diffusion of regional industries 
in geographical space (Wang 2022b). Currently, there 
is a trend toward gathering high- and middle-end 
manufacturing and service industries in the agglom-
eration megacity, while labor-intensive middle- and 
low-end processing industries and agriculture move 
to its satellite cities. Based on this concept, Brabyn and 
Jackson (2019) revealed a match between regional 
development and population change demonstrating 
that places growing in population attract investment. 
Alternatively, regional investment (or lack thereof) 
may change migration patterns. A number of studies 
have also stated that public facilities significantly influ-
ence the distribution of population, manufacturing, 
production, and service industries (Tsai 2014; Li 
et al. 2021; Saxena, Jat, and Clarke 2021).

The analysis of the drivers of net migration indi-
cates the importance of economic conditions, lifestyle, 
and access to essential services, which should be con-
sidered when planning regional change. Since infor-
mation on various aspects of regional socio-economic 
and spatial development is collected for diverse pur-
poses, this creates difficulties when combining hetero-
geneous datasets and explains the scarcity of successful 
empirical research on regional development analysis. 
In this regard, the process of regional socio-economic 
and spatial development scenario building should 
involve a scoping study addressing comprehensive 
analysis and quantitative simulations of the study 
area to develop qualitative storylines of expected and 
desired changes. The results can then be represented 
in maps or Geographic Information Systems (GIS), 
which are crucial in communicating spatial informa-
tion that cannot be properly conveyed by text or 
numbers (Xinyan et al. 2019). Moreover, the ideas 

generated by the scoping study scenario building are 
well described, structured, and parameterized and can 
be successfully used for quantitative simulations 
(Mora et al. 2020).

Recent advances in GIS technology enable to manip-
ulate large amounts of heterogeneous data and construct 
the topological structure underlying complicated spatial 
phenomena (Wang 2022a). The technology integrates 
common dataset operations with the benefits of unique 
visualization and geographic analysis offered by maps. 
The GIS spatial modeling capabilities are beginning to 
improve such analyses and to extend their sophistication 
across the field (Bateman, Lovett, and Brainard 2003), 
which makes GIS technology and GIS-built databases 
valuable in explaining events, planning strategies, and 
predicting outcomes. Nevertheless, the capabilities of 
the state-of-the-art GIS are occasionally limited in 
advanced spatial and socio-economic scenario-based 
modeling. In this regard, cellular automata (CA), a cell- 
based method used to model two-dimensional space, has 
attracted growing attention in scenario-based regional 
planning (Li and Yeh 2000; Aburas et al. 2016; 
Shafizadeh-Moghadam et al. 2017; Avin and 
Goodspeed 2020) because it can be easily integrated 
with the GIS environment (Alsharif and Pradhan 2014; 
Aburas et al. 2016). The capability to model complex 
dynamic systems as well as flexibility and the ability to 
integrate the spatial and temporal dimensions of the 
processes are primary reasons for the widespread appli-
cation of the CA method to stimulate future spatial 
changes (Santé et al. 2010).

Despite its indisputable advantages, the conven-
tional CA method is not strong enough to create 
realistic simulations of future spatial changes because 
of such limitations as simplicity of the overall structure 
and its inability to apply quantitative socio-economic 
factors for modeling multiple scenarios of regional 
spatial development. Hence, traditional models based 
on the CA method should be modified (Clarke, 
Hoppen, and Gaydos 1997) and combined with quan-
titative systems to achieve better results (White and 
Engelen 2000), which can be accomplished by using 
quantitative factors apart from dynamic factors and by 
considering both spatial and temporal rules 
(Mohammadi, Sahebgharani, and Malekipour 2013). 
To overcome these limitations and improve simula-
tion accuracy, the conventional CA-based models are 
integrated with advanced models (e.g. Markov Chain 
(MC); logistic regression (LR); frequency ratio; analy-
tic hierarchy process (AHP); slope, land use, exclu-
sion, urban extent, transportation, and hillshade 
(SLEUTH); artificial neural network, agent-based 
model, binomial logistic regression, and support vec-
tor machines). These integrated models include pre-
dictive variables affecting the dynamics of socio- 
economic and spatial transformation (Aburas et al. 
2016; Saganeiti et al. 2021).
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Currently, the contradiction of sparse population, 
large deposits of natural resources, vast spaces of 
Asian regions of Russia, and need in the development 
of efficient relationships among different regional ele-
ments of existing and planned production chains led 
to the valorization of socio-economic and spatial plan-
ning change in the country. Since domestic policy-
makers have highlighted the socio-economic and 
spatial development of the Far East as being of red- 
hot policy interest, this is a useful case-study area.

Here, we reveal a formal planning-constrained 
modeling framework based on the use of spatial data-
sets derived from GIS-built database combined with 
open-source GIS software that implements integrated 
cellular automata algorithms for the generation and 
further analysis of socio-economic and spatial scenar-
ios of regional development and then apply it to 
Primorsky and Khabarovsk Krais located in the 
Russian Far East (Asian Russia).

This paper describes a Spatial and Socio-Economic 
Development Framework (SSEDF) method based on 
GIS data processing and integrated CA modeling. 
Compared to conventional CA models, the proposed 
CA model provides more flexibility, intuitiveness, and 
ability to model complex systems simulating multiple 
scenario-based plans of regional spatial development 
and economic growth patterns. To some extent, it is 
similar to the CA-AHP model (Mohammadi, 
Sahebgharani, and Malekipour 2013) that provides 
strong integration and good accuracy (Aburas et al. 
2016). Both models rely on experts’ and stakeholders’ 
opinion when developing relation rulesand defining 
weights and socio-economic and spatial driving fac-
tors, and effectively use land suitability maps accord-
ing to multiple criteria (e.g. social, environmental, 
economic, and weights). The main difference is their 
operation steps. The integration of spatial, time- 
dependent, and socio-economic factors by means of 
qualitative and quantitative relation rules allowed the 
proposed CA model to avoid complex operation steps 
used in other integrated CA models (Aburas et al. 
2016). The introduction of conditional statements 
and rules connecting economic, social, and spatial 
factors of a territory in the proposed integrated CA 
model improved the results of land use simulation. 
The follow-up cost-benefit and cost-effectiveness ana-
lysis of the simulated multiple scenario-based plans 
enabled to find the least-cost scenario-based plan of 
regional spatial and socio-economic development to 
be implemented in order to achieve the SDS goals 
most efficiently, in due time, and at a lower cost. The 
SSEDF method does not pretend to address all the 
problems associated with weak planning systems, yet 
it considers many of them, including issues of inclu-
sion and socio-economic and spatial development. 
The SSEDF method was initially developed in 2020– 
2021 to address a gap in strategic planning of socio- 

economic and spatial development, which is com-
monly observed in transshipment and raw material 
resource-based regions of Asian Russia. The method 
was first applied in the Novosibirsk region, Russia, in 
2021, and then further improved. The SSEDF’s main 
assignment is to serve large territories (e.g. regions and 
countries) having difficulties or unable to implement 
sound socio-economic and spatial development plans 
according to a predefined policy discourse or 
approved development strategies, a situation currently 
occurring in Asian regions of Russia and, more in 
general, in global Asia. The SSEDF method enables 
to (i) capture and analyze the system of topographical 
and special objects and relations between socio- 
economic and spatial factors in a given territory; (ii) 
evaluate the spatial structure of the territory that 
empirically emerges from the analysis; (iii) model 
and estimate different scenarios characterizing the 
targeted level of socio-economic and spatial develop-
ment of the territory; and (iv) formulate strategic 
socio-economic and spatial planning recommenda-
tions or development actions according to identified 
priorities.

The paper is organized as follows: First, we intro-
duce the spatial and socio-economic profiles of the 
study area. Second, we reveal the priority development 
sectors and driving factors of the study area and 
describe how the operational spatial datasets were 
generated, validated, and used. Third, we discuss the 
scenario-building process within the context of the 
Khabarovsk and Primorsky Krais and describe the 
SSEDF method for extracting quantitative informa-
tion from qualitative narratives formulated to describe 
socio-economic and spatial scenarios of regional 
development and inter-regional cooperation. Fourth, 
we give spatial representations of these scenarios as 
alternative ways of regional socio-economic and spa-
tial development and inter-regional cooperation 
mapped for the two eastern regions of Asian Russia. 
The research results can provide policy suggestions for 
the coordinated development of regional economic 
integration. The main contribution of the study is 
the suggestion of a novel approach to improve simula-
tion capability of the integrated CA-based models.

2. Materials and methods

2.1. Study area

The two regions in this study are Primorsky and 
Khabarovsk Krais located in the Russian Far East, 
Figure 1. The study area covers 952,306 km2 and 
belongs to Asian Russia. The krais were chosen as 
a case study for investigating the level of spatial and 
socio-economic development of the territories because 
the region is a subject of significant public investment 
activity, which requires a better understanding of the 
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linkages and feedback mechanisms between spatial 
and socio-economic factors.

Primorsky Krai borders China and North Korea in 
its southwestern corner and Khabarovsk Krai in the 
north. It has the largest and most balanced economy 
among the regions of the Russian Far East. The krai’s 
compact territory is well endowed with infrastructure. 
Its road network is 11,117 km. The total length of the 
railways is 1,625 km. Shipping companies provide 80% 
of marine shipping services in the Russian Far East. 
Most of the territory is mountainous, 79% of the 
region is forested. The main source of electricity in 
the area is thermal power plants with total generation 
capacity of 2,777.8 MW. The region’s proximity to 
Pacific Rim markets gives it an edge in developing 
foreign trade with Japan, China, and South Korea. 
Major trade items include ferrous metals, seafood, 
and timber products.

Khabarovsk Krai is bordered by Magadan region to 
the north, Sakhalin region to the east, Primorsky Krai 
to the south, Amur region, Jewish Autonomous 
region, and the Sakha Republic to the west. The 
north of the krai is occupied by a vast mountainous 
area. The forests cover more than 67% of the territory. 
The krai’s road network is 10,950.1 km. The region is 
the most industrialized territory of the Russian Far 
East, producing 30% of the total industrial products 
in the Far Eastern Economic Region (large-scale air-
craft-building, shipbuilding, and metal cutting and 
foundry machines enterprises). The region’s main 
source of electricity is thermal power plants with 
a total generation capacity of 2,231.3 MW. The terri-
tory of the krai is rich in mineral resources (e.g. coal, 
gold, wolfram, non-ferrous metals, chrome, ore, lime-
stone, tin, marble, and granite).

Major industrial activities of the study area are 
shown in Table 1.

2.2. Data collection

The main dataset used in the paper is a digital topo-
graphic map derived from a 2016 survey by the 

Federal Service for State Registration, Cadastre and 
Cartography (Federal Spatial Data Fund of the 
Federal Scientific and Technical Center for Geodesy, 
Cartography and Spatial Data Infrastructure) covering 
the territory of Siberia and the Far East. Digital topo-
graphic maps were used to generate basic layers and 
for geo-referencing. The map was updated in GIS 
“Panorama” through panchromatic and multispectral 
satellite images with resolution ranging from 30 to 70  
m (JSC “Russian Space Systems”). To improve the 
results of the socio-economic scenarios and regional 
development simulation the updated digital map was 
supplemented with non-topographic datasets derived 
from official open sources (Table A1 in Appendix) and 
then incorporated into the GIS database designed for 
socio-economic modeling and spatial development of 
the Asian regions of Russia (Certificate of State regis-
tration #2022621350). The database has over 
18.0 million items represented in 28 separate thematic 
layers at a scale of 1:100,000.

All datasets were projected into geographic coordi-
nate systems—State Coordinate System 2011 (GSK- 
2011) and World Geodetic System 1984 (WGS84)— 
with a common spatial resolution of 100 m.

2.3. Data preparation and analysis

The scoping study and the analysis of the research on 
strategic socio-economic and spatial development of 
Primorsky and Khabarovsk Krais (Vorozhbit et al. 

Figure 1. The study area. (a) Asian Russia, (b) Primorsky and Khabarovsk Krais.

Table 1. Key production industries of the study area.

Industrial activities

Region’s industrial output, %

Primorsky 
Krai

Khabarovsk 
Krai

Chemical production 1.8 1.4
Electrical and optical machinery and 

equipment
0.7 0.0

Electricity, gas, and water supply 17.0 16.4
Food products and beverages 12.3 8.3
Forestry and logging 3.4 3.6
Manufacturing 52.8 26.8
Metallurgy 3.9 7.9
Mining 5.1 23.0
Petroleum products production 3.0 12.3
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2018; Chichkanov and Belyaevskaya-Plotnik 2018; 
Prokapalo et al. 2021, 2022; Isaev 2022) revealed the 
list of regional priority development areas:

● Transport and logistics infrastructure
● Settlement transport accessibility
● International transit cargo flows
● Petrochemical and gas chemical industry
● Shipbuilding clusters
● Fishing and aquatic food production
● Fish and seafood processing industries
● Advanced wood processing
● Organic farming and livestock production
● Energy and utility infrastructure
● Mechanical engineering
● Aircraft manufacturing
● Ferrous and non-ferrous metallurgy.

These driving factors were taken into consideration 
when modeling socio-economic scenarios of 
regional development and inter-regional economic 
cooperation.

According to the scoping study, regional and local 
experts and stockholders formulated qualitative rules 
allowing the economic assessment and valuation of the 

study area. Once the rules were quantified, each then 
was expressed as a conditional statement that was 
applied to the relevant digital datasets, as illustrated 
in Table A2.

Then, the territory of Primorsky and Khabarovsk 
Krais was divided into 23,696 unit areas using a grid 
with a grid cell of 10 × 10 km, Figure 2(a,b).

The area used for building accessibility maps was 
inscribed within a circle with radius of 700 km from 
the center of the study area, Figure 2(c). To exclude 
noises caused by the semantic data of the adjacent 
territories, all of the analyzed layers were tailored to 
the study area in GIS “Panorama”.

To model socio-economic scenarios quantifying 
the consequences of alternative inter-regional devel-
opment trajectories, 10 × 10 km grid-based thematic 
maps representing cost and accessibility of a unit 
area to key infrastructures and resources (e.g. settle-
ments, natural resources, industrial enterprises, and 
power lines) were developed from topographic maps 
using the standard cost distance functions available in 
GIS “Panorama” (see Figure 3 and Table A3).

The cost maps identified the current state of the 
unit area having numerical description of its topogra-
phical and non-topographical objects, while 

Figure 2. Data preparation. (a) division of the study area into unit areas, (b) the size of the grid cell, (c) analyzed area.

Figure 3. Building accessibility maps from topographic maps: (a) railway, (b) accessibility to the railway, (c) fluvial network, and (d) 
accessibility to navigational rivers.
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accessibility maps captured the potential of the unit 
area, showing its proximity to key infrastructures and 
industrial clusters.

Thus, each of the developed cost and accessibility 
maps (layers) contained unique information related to 
the unit areas of the study region, as shown in 
Figure 4.

From the developed sets of cost and accessibility 
maps, all semantic issues belonging to the unit areas 
were then incorporated into the Grid-Based Database 
(GBD) coherent with the grid forming the unit areas, 
Figure 5. Because the data were then processed in 
WGS84 projection, the squares of the unit areas gen-
erated in GSK-2011 were different. Thus, to ensure 
unbiased comparison, all numeric data in GBD were 
calculated per square kilometer of a particular unit 
area.

These data were analyzed using the SSEDF method 
allowing the extraction of quantitative information 
from qualitative narratives formulated to describe 
socio-economic and spatial scenarios of regional 
development (e.g. frequency and percentage counts, 

correspondence and residual analyses, and selected 
unit area metrics). The data and processes implemen-
ted are shown in Figure 6.

2.4. SSEDF method

The scenario-based level of spatial and socio- 
economic development of the territory was estimated 
using Spatial and Socio-Economic Development 
Framework (SSEDF) method. The SSEDF method 
was designed to support national and regional govern-
ment decision-making by setting out a spatio- 
economic vision of development and strategy specific 
to a given region with a view to maximizing the 
benefits from public and private investments, and 
bringing spatially balanced (in terms of best location) 
and efficient regional development patterns.

The SSEDF method is based on the combination of 
two techniques:

The socio-economic and spatial multi-criteria eva-
luation is an expert- and stakeholder-based formula-
tion of qualitative and quantitative (QQ) relation rules 

Figure 4. Accessibility maps: (a) systemically important enterprises, (b) fishing and aquatic food production enterprises, (c) 
railways, (d) aircraft manufacturing enterprises, (e) river and seaports, (f) airports, (g) power generating companies, (h) shipbuild-
ing enterprises, (i) settlements, (j) paved roads, (k) electric power lines, and (l) oil pipelines.
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to connect socio-economic and spatial factors (as con-
ditional statements applied to relevant digital data-
sets), enabling economic and spatial assessment of 
the study area. The rules are used to analyze social, 
economic, and spatial factors, evaluate their availabil-
ity, and identify targeted clusters strategically inter-
connected within a given region. The technique 
provides an unbiased and overall vision of the actual 
socio-economic and spatial situation in the region and 
the study area.

The cellular automata model is used to simulate and 
forecast regional development patterns. The CA 
model of the study area is represented as a 10 × 10  
km grid-based database. Each cell of the GBD contains 
the number of the objects belonging to the unit area, 
their quantity attributes, and distances from the center 
of the unit area to the nearest topographic and non- 
topographic objects located within and beyond its 
borders.

According to Figure 6, the SSEDF method includes 
the following steps:

(1) The socio-economic and spatial analysis starts 
with the scoping study of the region through 
the collection and organization of existing data, 
including approved plans, strategies and poli-
cies related to socio-economic and spatial 
development at national and regional levels. 

As a result, the main socio-economic and spa-
tial driving factors of the study area are defined.

(2) In line with the defined driving factors, the 
database is updated with non-topographic 
data and datasets taken from the official open 
sources.

(3) The socio-economic and spatial multi-criteria 
evaluation of the study area is organized by 
gathering national, regional, and local experts 
and stakeholders. The latter familiarize them-
selves with the SSEDF method, discuss preli-
minary results of the scoping study, suggest and 
develop QQ relation rules that insure the con-
nection of socio-economic and spatial driving 
factors, develop the QQ sequences (scenarios), 
define GBD characteristics (e.g. size of a grid 
cell, coordinate system, accessibility step, and 
distance threshold), and select the location of 
reference unit areas. The developed QQ rela-
tion rules allow socio-economic and spatial 
multi-criteria assessment and valuation of 
a unit area.

(4) The emerging socio-economic and spatial 
structure of the region, visualized as scenario- 
based graded suitability maps, results from the 
combination of the CA model and the sets of 
QQ-based scenarios used as its transition rules. 
Before a QQ relation rule is brought into play as 

Figure 5. Description of a unit area in the grid-based database.
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a CA model transition rule it should be vali-
dated. Therefore, suitability values (QQcalc) of 
the selected reference unit areas are pre- 
calculated and then compared with those 
(QQsim) obtained for the same unit areas when 
the QQ relation rule is applied as a CA model 
transition rule. The QQ relation rule is accepted 
if QQcalc ≠ 0 and QQsim/QQcalc lies within the 
interval (0.98, 1]; otherwise, it should be 
adjusted or removed.

(5) Based on the emerging socio-economic and 
spatial structure, strategic recommendations 
are formulated on where priority investments 
should be made. They form the basis for 
elaborating the socio-economic and spatial 
action plans, which should take into consid-
eration on-going or planned interventions.

(6) In the end, the SSEDF is validated through 
a workshop bringing together experts, regional 
decision-makers, practitioners, and stake-
holders, and then disseminated.

2.5. Data processing

To process data incorporated into the GBD we used 
QGIS, an open-source GIS, which allowed the devel-
opment of our own software.

For this purpose, the generated in GIS “Panorama” 
grid-based database and the uniform grid representing 
unit areas were exported to QGIS as MIF/MID and 
MTV files. In this regard, the coordinates of the uni-
form grid were re-projected from the GSK-2011 into 
the WGS84 for further modeling, spatial analysis, and 
QQ-based scenario generation. MIF/MID files repre-
sented the GBD. The MTV file contained the informa-
tion about the coordinates of the generated unit area 
grid.

A classical cellular automata system consists of a regular 
lattice of sites – cells, states, neighborhoods, and rules (Von 
Neumann 1966; Jørgensen and Fath 2008). In our case, 
cells are the unit areas that manifest some adjacency or 
proximity. The state of a cell (unit area) is derived from 
cost map values and can change according to the formu-
lated QQ relation rules (Table A2). Neighborhood 

Figure 6. Methodological flowchart. Generation of graded suitability maps from an integrated CA and scenario-based model.
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relations of the unit area are represented by accessibility 
map values. Both cost and accessibility values are stored in 
the GBD. Standard cellular automata is generalized as 
follows (Li and Yeh 2000): 

Stþ1 ¼ f St;Nð Þ (1) 

where S is the set of all possible states of the cellular 
automata, N is the neighborhood of all cells providing 
input values for the function f, and f is the transition 
function that defines the change of the state from t to t  
+ 1. In our study, the rule-based structure of this type 
of cellular automata is defined as 

Sx;y ¼ math:ceil
1
n
�
Xn

k¼1
þ=�ð ÞVx;y

lk

� �

(2) 

where Sx,y is a state of the cellular automata in the grid 
cell (unit area) with coordinates {x, y}, n is the number 
of thematic layers taken from the GBD for joint pro-
cessing under a chosen socio-economic and spatial 
development scenario, Vx,y is the value estimate (suit-
ability value) of the particular unit area with coordi-
nates {x, y} in the thematic layer l, and math.ceil() is 
the procedure that rounds a number upward to the 
nearest integer. Here Sx,y ∈N0 ={0, 1, 2, 3, 4, 5} where 
0 means that the unit area does not meet the require-
ments of the QQ-based scenario (totally unsuitable), 
conversely 5 means the fully met requirements (most 
suitable), and Vx,y∈ [0, 5]. Value estimate (+)Vx,y 

represents the compliance level of the unit area to 
the formulated QQ relation rules and is expressed as 
follows 

þð ÞVx;y
lk ¼ Rlk �

vx;y
lk � minvlk

maxvlk � minvlk
(3) 

where Rlk is a suitability value matching the QQ 
relation rule formulated for a particular thematic 
layer l, vx,y is the value taken from the cell (unit 
area) of the GBD with coordinates {x, y} belonging 
to the thematic layer l or its allocated area, and 
min v and max v are the minimum and maximum 
values in the cells (unit areas) belonging to the 
thematic layer l. Rlk ∈N0 ={0, 1, 2, 3, 4, 5}.

In scenarios that consider the deficiencies of unit 
areas – (–)Vx,y, the suitability values of QQ relation 
rules should be inversed (i.e. 0 becomes 5, 1 becomes 
4, 2 becomes 3, etc.), and the (–)Vx,y is calculated as 

�ð ÞVx;y
lk ¼ 5 � þð ÞVx;y

lk (4) 

Scenarios are generated according to the driving fac-
tors of the study area and formulated QQ relation 
rules that connect socio-economic and spatial factors, 
Table A2. For instance, a scenario that considers 
populated (A.1) unit areas that have a well-developed 
basic infrastructure (railways (E.1), paved roads (E.2) 
and river transport (E.3)) is represented as 

E:1þ E:2þ E:3þ A:1 (5) 

A scenario that takes into account uninhabited or 
underpopulated unit areas the suitability values of 
QQ relation rules formulated for A.1 (populated 
areas) should be inversed. In this case, the scenario is 
represented as (A.1)in. Thus, a scenario that considers 
underpopulated (A.1)in unit areas that have arable 
lands (C.1) is described as 

C:1þ A:1ð Þ
in (6) 

In order to make cellular automata more sensitive to 
the impacts of particular items (e.g. seasonality, pipe-
line capacity, railway capability, and drops in naviga-
tional water levels) Equation (2) can be expressed as 

Si;j ¼ math:ceil
1

Pn
k¼1 wlk

�
Xn

k¼1
þ=�ð ÞVi;j

lk � wlk

� �� �

(7) 

where wlk is the weight factor of the particular item of 
the developed scenario in the layer l, wlk ∈ (0, 1], The 
weight factors rely on expert’s opinion by answering 
the Analytic Hierarchy Process (AHP) form.

Thus, in coupling GIS with an integrated CA 
model, the latter serves as an analytical engine, provid-
ing a flexible framework for building socio-economic 
and spatial scenarios, and QGIS visualizes the results 
of the modeling as graded suitability maps.

2.6. Validation of the CA model

The validation of the integrated CA model based on 
multiple scenarios was carried out according to the 
principle of equifinality (Dzhurka 2022). First, the 
suitability values of a number of pre-selected reference 
unit areas were calculated according to a particular 
scenario using GIS “Panorama.” The calculated values 
were double-checked and approved by regional 
experts and stakeholders. Then, the Kappa coefficient 
was calculated to check the accuracy and validity of the 
CA models. Depending on the scenario, the value of 
the Kappa coefficient varied from 0.981 to 0.993. As 
stipulated by the United States Geological Survey clas-
sification scheme (Anderson et al. 1976) the simula-
tion is acceptable when the value of Kappa index is 
greater or equal to 0.85. Hence, it was concluded that 
the developed CA model was accurate and capable of 
the simulation suitability maps.

2.7. Visualization of socio-economic scenarios of 
regional development as graded suitability maps

The grid-based database captured the current and 
potential states of a certain unit area lying within the 
study region, and the use of cellular automata made it 
possible to model the involvement of the unit areas 
that met the QQ-based scenario requirements into 
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different socio-economic activities. Based on the 
results of the scoping study 39 thematic layers were 
generated in the GBD, Table A3, which allowed 39n 

possible combinations of different groups of socio- 
economic scenarios, where n is the number of layers 
included into a particular scenario.

In the study, we examined 55 QQ-based scenarios 
that combined from 2 to 7 different thematic layers, 
Table A4. The QQ-based scenarios were built accord-
ing to the requests of Potential Investors (PI) and 
Regional Authorities (RA) that had been previously 
formulated in the research on strategic socio- 
economic and spatial development of the study area 
(Vorozhbit et al. 2018; Chichkanov and Belyaevskaya- 
Plotnik 2018; Prokapalo et al. 2021, 2022; Isaev 2022). 
The scenario indices used to determine the unit areas 
that had a sufficient degree of marketability to take 
care of the needs of the potential investors or pending 
requests from regional authorities were not intended 
to be fixed or prescriptive but to capture the territories 
best suited to the conditions of socio-economic and 
spatial development.

The scenarios demonstrate an attempt to quantify 
the narratives summarized in Table A2 and are used 
here to represent the spatial modeling method. In this 
study, the QQ-based scenarios were built for those 
socio-economic drivers of positive changes in the 
study area that could ensure the generation of new 
or stimulation of existing production chains incor-
porated into regional or inter-regional industrial 
clusters.

In order to use the QQ-based scenarios as a basis for 
quantifying the level of socio-economic and spatial devel-
opment of a unit area we next needed to transform them 
into graded suitability maps. Our QGIS model used 
a two-step process that started with QQ relation rules 
to act as CA transition rules followed by a grading pro-
cess to identify the suitability value of a unit area.

Each socio-economic and spatial driving factor had 
a series of six QQ relation rules indexed from 0 (totally 
unsuitable) to 5 (most suitable) to determine the suit-
ability level of a unit area. The relation rules were 
expressed as conditional statements that were applied 
to the relevant digital datasets (thematic layers) of the 
GBD to produce a series of Boolean values and find 
the relation rule that meets all of the conditional rules 
for that driving factor. Then, the rule’s index was 
assigned to the correspondent unit area of the suit-
ability map. For a multi-factor scenario, the resulting 
value assigned to the unit area of the suitability map 
was calculated as an arithmetic mean of all defined 
indices, which was then rounded to the nearest inte-
ger. Visualization results of the graded suitability maps 
generated in accordance with some QQ-based scenar-
ios and then combined with a geographic map are 
shown in Figure 7.

3. Results

The SSEDF method enabled to estimate the potential 
of the study area for regional socio-economic and 
spatial development and inter-regional cooperation 
using our own open-source software for QGIS, inte-
grated CA model, GBD, and QQ-based relation rules 
for multiple socio-economic and spatial scenario gen-
eration and simulation.

Among the driving factors that contributed to 
regional development, population density, access to 
basic and transport infrastructure, and power supplies 
were estimated to have greater importance on inter- 
regional cooperation processes within the study area.

The two groups of scenarios based on investor 
requests and regional authorities’ intentions were 
revealed from the previously done research on strate-
gic socio-economic and spatial development of the 
study area and following scoping study. Each scenario 

Figure 7. Generation of suitability maps according to defined scenarios. (a) developed railway net – E.1, (b) developed paved road 
net – E.2, (c) developed river and sea transportation net – E.3, (d) populated areas – A.1, (e) populated areas with developed 
railway, paved road, river and sea transportation nets – E.1 + E.2 + E.3 + A.1.
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identified the best-suited unit areas in the Khabarovsk 
and Primorsky Krais supplemented with their coordi-
nates, transport connectivity, and detailed topo-
graphic and non-topographic information. These two 
groups of scenarios and generated suitability maps had 
notable differences.

The graded suitability maps generated according to 
PI scenarios showed that industrial inter-regional 
cooperation in the fields of shipbuilding, aircraft man-
ufacturing, fishing and aquatic food production, and 
international transit cargo flows was available in the 
central and southern regions of the study area, 
Figure 8. Industrial expansion here was a common 
feature and was particularly marked in densely popu-
lated areas with existing transport infrastructures, 
accessibility to systematically important enterprises, 
and sustainable power supplies (Table 2).

The GBD structure made it possible to trace trans-
port connectivity between neighboring unit areas 
automatically, which is essential when forming indus-
trial clusters. The results of the targeted scenario pro-
cessing enabled to connect adjacent unit areas with 
suitability values 4 and 5 into industrial clusters. The 
analysis of the PI-based graded suitability maps (unit 
areas with suitability rates 4 and 5) and the compar-
ison of obtained numerical data show that southern 
part of Khabarovsk Krai and all Primorsky Krai have 
high chances in establishing successful shipbuilding 
(41.9% of the specified area), aircraft manufacturing 
(37.9%), and railway and maritime transportation 
(46.5%) cluster cooperation. Generally, from 6% to 
14.7% of the study area meet investor requirements. 
Under the stipulation that regional authorities pro-
mote favorable economic, social, and labor conditions 
for inducing the population growth, inter-regional 

cooperation in fishing and aquatic food production 
may attract investment in spatial development of 
42.4% of the territory, Figure 9.

The graded suitability maps generated according to 
RA scenarios revealed the main problems of the north-
ern territories of the Khabarovsk Krai and priority 
measures to be taken in order to integrate its sparsely 
populated areas into primary economic activities. The 
analysis of the generated graded suitability maps based 
on RA scenarios of socio-economic and spatial regio-
nal development (unit areas with suitability rates 4 
and 5), and the comparison of obtained numerical 
data show that the northern part of Khabarovsk Krai 
suffers a number of basic infrastructure problems. 
According to the conclusions made from the analysis 
of generated suitability maps and calculated numerical 
data, regional authorities and policymakers should 
focus on the spread of inter-settlement paved road 
network (49.2% of the specified territory is populated 
but has no access to paved roads); construction of 
power generating facilities and development of elec-
tricity transmission network infrastructure (79.2% of 
populated and 23.1% of undersized areas are pressed 
for power supply); establishment of local backbone 
enterprises in the populated areas (64.7% of settled 
areas with good transport infrastructure have no back-
bone enterprises), Figures 10 and 11, Table 3. 
Otherwise, the situation may be compounded by 
further out-migration.

In general, the validation of the CA transition rules 
based on the formulated QQ relation rules proved 
their applicability and efficiency. As a rule, the average 
deviation between the pre-calculated and simulated by 
the CA model values for reference unit areas was less 
than 2%, Table A5. Nevertheless, the obtained results 

Figure 8. Visualization of graded suitability maps according to PI scenarios. Unit areas that: (a) have access to sea and air transport, 
shipbuilding clusters, and uninterrupted power supply – D.5 + E.5 + E.6 + B.1, (b) have access to railway and air transport – E.1 + 
E.5, (c) are well populated and have access to railway and air transport, fishing and aquatic food production enterprises, and 
uninterrupted power supply – D.1 + E.1 + E.5 + B.1 + A.1, (d) have uninterrupted power supply but no systemically important 
enterprises – B.1 + (D.7)in, (e) are well populated, have fishing and aquatic food production enterprises, access to railway transport, 
developed paved road net, and uninterrupted power supply – D.1 + E.1 + E.2 + B.1 + A.1, (f) are well populated and have 
uninterrupted power supply – B .1 + A.1.
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show that the use of generated suitability maps is 
preliminary.

It turned out that some of the formulated QQ 
relation rules used as CA transition rules in the 
SSEDF method demonstrated weak points in proces-
sing polygonal objects (e.g. large cities and arable 
lands) if they had been divided into different unit 
areas by the 10 × 10 km grid. In two cases, when the 
grid divided large cities (A.1), arable lands, and agri-
cultural fields (C.1), the CA transition rules failed to 
model the real situation properly.

The small number of large cities divided into 2–5 unit 
areas made it possible to recalculate the population den-
sity values for all adjoining unit areas, and then enter 
them into the correspondent cells of the GBD. The found 
solution allowed further application of A.1 scenarios 
based on the previously formulated QQ relation rules.

Since there was a large number of arable lands 
and fields divided by the grid into different unit 
areas, all of the multiple scenarios that included 
C.1 were removed from further analysis of the gen-
erated suitability maps.

Table 2. Suitability rate of the unit areas identified under PI scenarios.

Analyzed data: QQ-based scenarios, formulated as QQ reference rules
Suitability value 

(S x,y)
Number of unit 

areas

E.1 + E.2 + E.3 + A.1 (populated unit areas with developed railway, paved road, river and sea transportation nets) 
A.1: population density, settlement accessibility 
E.1: railway accessibility, railway station accessibility, total length of railways, number of railways, railway loading 

ramp accessibility 
E.2: paved roads accessibility, total length of paved roads 
E.3: waterway accessibility, number of waterways

0 
1 
2 
3 
4 
5

0 
159 

5,573 
9,791 
8,172 

1
D.5 + E.5 + E.6 + B.1 (unit areas that have access to shipbuilding clusters, uninterrupted power supply, sea and air 

transport) 
B.1: power line accessibility, total length of power lines 
D.5: shipbuilding enterprises accessibility, number of shipbuilding enterprises 
E.5: seaport accessibility 
E.6: airport accessibility

0 
1 
2 
3 
4 
5

0 
430 

8,189 
5,146 
8,460 
1,471

E.1 + E.5 (unit areas that have access to railway and air transport) 
E.1: railway accessibility, railway station accessibility, total length of railways, number of railways, railway loading 

ramp accessibility 
E.5: seaport accessibility

0 
1 
2 
3 
4 
5

0 
988 

6,221 
5,445 
7,567 
3,475

B.1 + (D.7)in (unit areas that have uninterrupted power supply but no systemically important enterprises) 
B.1: power line accessibility, total length of power lines 
D.7: systemically important enterprises accessibility, number of systemically important enterprises

0 
1 
2 
3 
4 
5

0 
0 

2,013 
19,333 
2,350 

0
D.1 + E.1 + E.5 + B.1 + A.1 (well populated unit areas that have access to railway and air transport, fishing and 

aquatic food production enterprises, and uninterrupted power supply) 
A.1: population density, settlement accessibility 
B.1: power line accessibility, total length of power lines 
D.1: fishing and aquatic food production enterprises accessibility, number of fishing and aquatic food production 

enterprises 
E.1: railway accessibility, railway station accessibility, total length of railways, number of railways, railway loading 

ramp accessibility 
E.5: seaport accessibility

0 
1 
2 
3 
4 
5

0 
557 

9,379 
6,713 
7,046 

1

D.1 + E.1 + E.2 + B.1 + A.1 (well populated unit areas that have fishing and aquatic food production enterprises, 
access to railway transport and developed paved road net, and uninterrupted power supply) 

A.1: population density, settlement accessibility 
B.1: power line accessibility, total length of power lines 
D.1: fishing and aquatic food production enterprises accessibility, number of fishing and aquatic food production 

enterprises 
E.1: railway accessibility, railway station accessibility, total length of railways, number of railways, railway loading 

ramp accessibility 
E.2: paved roads accessibility, total length of paved roads

0 
1 
2 
3 
4 
5

0 
0 

8,424 
5,226 

10,045 
1

D.4 + E.1 + E.2 + E.6 + A.1 (well populated unit areas that have aircraft manufacturing enterprises, access to 
developed paved road net, railway and air transport) 

A.1: population density, settlement accessibility 
D.4: aircraft enterprises accessibility 
E.1: railway accessibility, railway station accessibility, total length of railways, number of railways, railway loading 

ramp accessibility 
E.2: paved roads accessibility, total length of paved roads 
E.6: airport accessibility

0 
1 
2 
3 
4 
5

0 
453 

7,383 
6,887 
8,968 

1

B.1 + A.1 (well populated and have uninterrupted power supply) 
A.1: population density, settlement accessibility 
B.1: power line accessibility, total length of power lines

0 
1 
2 
3 
4 
5

0 
263 

8,896 
11,382 
3,154 

1

Supplementary data: geographic coordinates, access cost, transport communication, topographic and non-topographic attributes of the unit area
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Figure 9. Inter-regional cluster cooperation. (a) shipbuilding, (b) international transit cargo flows, (c) aircraft manufacturing, (d) 
fishing and aquatic food production.

Figure 10. Visualization of graded suitability maps according to RA scenarios. Unit areas that: (a) are well populated and have no 
access to developed paved road net – A.1 + (E.2)in, (b) are populated and have no uninterrupted power supply – A.1 + (B.1)in, (c) 
are populated, have access to railway transport and developed paved road net, but have no systemically important enterprises – 
(D.7)in + E.1 + E.2 + A.1, (d) are populated and have systemically important enterprises – D.7 + A.1 (e) have systemically important 
enterprises that suffer power supply – D.7 + (B.1)in, (f) are populated and suffer power supply A.1 + (B.1)in.

Figure 11. Regional spatial development of populated areas. (a) construction of paved road network, (b) construction of power 
generating facilities, (c) development of electric power network infrastructure, (d) establishment of backbone enterprises.
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4. Discussion

In this paper, we describe a SSEDF method to extract 
quantitative information from qualitative narratives 
formulated to describe socio-economic and spatial 
scenarios of regional development and inter-regional 
industrial cooperation, illustrating its use on the 
example of Khabarovsk and Primorsky Krais. It was 
demonstrated that the functionality provided by GIS 
coupled with an integrated CA model could consider-
ably enhance the incorporation of spatial, economic, 
and other heterogeneous and supplementary datasets 
in a grid-based database for further data analysis and 
visualization as graded suitability maps combined 
with geographic maps. The developed GBD also lifted 
the legal restrictions connected with the disclosure of 
sensitive information, making the application of the 
SSEDF method accessible to a wide range of users.

The CA transition rules were based on the QQ 
relation rules formulated by regional and local experts 
and stakeholders for all of the defined social, eco-
nomic, and spatial driving factors. Among the most 
important driving factors, contributing to regional 
development and inter-regional cooperation pro-
cesses, the experts and stakeholders marked 

population density, access to basic and transport infra-
structure, and power supplies.

The QQ relation rules insured the connection of 
socio-economic and spatial driving factors of the study 
area, which allowed multi-criteria assessment and 
valuation of a unit area. Each socio-economic and 
spatial driving factor had a series of six QQ relation 
rules expressed as conditional statements applied to 
the relevant digital datasets of the GBD to produce 
a series of Boolean values and find the relation rule 
that met all of the conditional rules for that driving 
factor.

Two groups of multi-factor socio-economic and 
spatial scenarios initiated by investors and regional 
authorities were formulated and parameterized in 
order to estimate alternative socio-economic and spa-
tial development plans and strategies for two of the Far 
Eastern regions of Asian Russia. Multi-factor scenar-
ios consisted of a sequence of QQ relation rules that 
best met all of the conditional rules of the analyzed 
driving factors.

The graded suitability maps generated under PI 
scenarios show that the central and southern regions 
of the study area are most suited for industrial inter- 
regional cooperation. Industrial expansion here was 

Table 3. Suitability rate of the unit areas identified under RA scenarios.

Analyzed data: QQ-based scenarios, formulated as QQ reference rules
Suitability value 

(S x,y)

Number 
of 

unit areas

A.1 + (E.2)in (populated unit areas that have no access to developed paved road net) 
A.1: population density, settlement accessibility 
E.2: paved roads accessibility, total length of paved roads

0 
1 
2 
3 
4 
5

70 
2,085 

18,994 
2,617 

0 
0

A.1 + (B.1)in (populated unit areas that have no uninterrupted power supply) 
A.1: population density, settlement accessibility 
B.1: power line accessibility, total length of power lines

0 
1 
2 
3 
4 
5

0 
638 

18,124 
4,934 

0 
0

(D.7)in + E.1 + E.2 + A.1 (populated unit areas that have access to railway transport and developed paved road net, but 
have no systemically important enterprises) 

A.1: population density, settlement accessibility 
D7: systemically important enterprises accessibility, number of systemically important enterprises 
E.1: railway accessibility, railway station accessibility, total length of railways, number of railways, railway loading ramp 

accessibility 
E.2: paved roads accessibility, total length of paved roads

0 
1 
2 
3 
4 
5

9 
17,237 
6,453 

0 
0 
0

D.7 + A.1 (populated unit areas that have systemically important enterprises) 
A.1: population density, settlement accessibility 
D.7: systemically important enterprises accessibility, number of systemically important enterprises

0 
1 
2 
3 
4 
5

99 
2,178 

11,297 
10,116 

5 
1

D.7 + (B.1)in (unit areas that have systemically important enterprises and suffer power supply) 
B.1: power line accessibility, total length of power lines 
D.7: systemically important enterprises accessibility, number of systemically important enterprises

0 
1 
2 
3 
4 
5

0 
2,350 

19,333 
2,013 

0 
0

A.1 + (B.1)in (populated unit areas that suffer power supply) 
A.1: population density, settlement accessibility 
B.1: power line accessibility, total length of power lines

0 
1 
2 
3 
4 
5

0 
7,932 

13,483 
2,281 

0 
0

Supplementary data: geographic coordinates, access cost, transport communication, topographic and non-topographic attributes of the unit area
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marked in densely populated areas with existing trans-
port infrastructures, accessibility to backbone enter-
prises, and sustainable power supplies. The analysis of 
the PI scenarios shows that the specified area of 
Khabarovsk and Primorsky Krais has good prospects 
for establishing successful shipbuilding, aircraft man-
ufacturing, railway and maritime transportation clus-
ter cooperation. Currently, up to 14.7% of the study 
region meet investor requirements with unit areas 
having suitability values 4 (very suitable) and 5 (most 
suitable). Although the PI scenarios show large poten-
tial in the development of industrial inter-regional 
cooperation in the central and southern regions of 
the study area, the issue of labor inflow is essential 
because each PI scenario includes the same 
population.

The graded suitability maps generated according to 
RA scenarios reveal key infrastructure problems in the 
northern part of the Khabarovsk Krai. The analysis of 
the specified territory identified priority measures to 
be taken in order to integrate its sparsely populated 
areas into primary economic activities. According to 
the conclusions made from the analysis of RA scenar-
ios, regional authorities should focus on the develop-
ment of inter-settlement paved road network, 
establishment of local backbone enterprises, construc-
tion of power generating facilities and electricity trans-
mission network.

The scenarios presented and underlying principles 
of their construction show how it is possible to con-
nect socio-economic and spatial factors and move to 
targeted multi-factor quantitative analysis of the terri-
tory initiated by different groups of actors.

Further refinement of the scenario-building techni-
que is possible by introducing new quantitative rules, 
and use of predefined scenario-based datasets. From 
the modeling standpoint, predefined QQ relation rules 
and their parameters heavily depend on the study area, 
which is why they should be recalibrated during phase 
3 of the SSEDF method and then validated before 
applied for the analysis of a new region. Formulation 
of the qualitative rules and quantitative expressions 
describing the state of the study area as well as data 
used for scenario generation need careful considera-
tion with respect to their scale and quality (Swetnam 
et al. 2011; Myadzelets 2018).

One further issue not dealt with explicitly in this 
paper is the storage of old GIS databases in the data-
bank, which will make it possible to use the presented 
integrated CA model coupled with other models for 
simulating dynamics of spatial development. 
Combined with the SSEDF method, they will be able 
to simulate suitability maps generated for driving 
socio-economic and spatial factors taking into account 
tendencies and dynamics of the evolving processes 
(Alsharif and Pradhan 2014). According to Aburas 

et al. (2017), the integrated CA-AHP, CA-LR, and CA- 
SLEUTH models provide good solutions in terms of 
multi-scenario simulation of spatial and socio- 
economic development. Among them, the integrated 
CA-AHP model has very strong advantages in effec-
tive use of suitability maps for spatial development 
according to multiple environmental, dynamic, and 
socio-economic criteria and weights of factors; so far, 
it has not been widely applied and described in the 
literature (Aburas et al. 2016).

The complexity of spatial and socio-economic pat-
terns makes simulating future changes using just one 
approach difficult, which necessitates the integration 
of a set of models to provide a flexible environment for 
the analysis and simulation of social, economic, and 
spatial phenomena.

5. Conclusions

Spatial planning research is important for understand-
ing regional economic space dynamics and the identi-
fication of inter-regional economic clusters. This 
study demonstrates that coupling GIS technology 
with integrated CA models can be used to simulate 
regional development based on different socio- 
economic and spatial scenarios of inter-regional coop-
eration. The study has suggested that programming 
the cellular automata inside a GIS can be used as an 
appropriate planning tool to model regional develop-
ment under complicated and changeable factors. The 
results of modeling can provide convenient guidelines 
for policymaking and regional management in coun-
tries with transitional economies, especially in Asia 
where inter-regional socio-economic cooperation is 
rapidly expanding in a highly spread pattern.

The study results show that there is a need to 
broaden standard cellular automata models in solving 
regional problems based on the principles of sustain-
able development. Regional, inter-regional, and global 
constraints can be embedded in integrated cellular 
automata models and thus manage regional spatial 
development and inter-regional socio-economic 
cooperation.

The comparison of actual state of the study area and 
the results of simulated socio-economic and spatial 
development scenarios show that these models pro-
duce much better regional forms of socio-economic 
cooperation and spatial development in terms of com-
pactness and resource conservation. The comparison 
also indicates that the models based on cellular auto-
mata have produced more plausible results than 
a previous model that we have developed for the 
Novosibirsk region (Musikhin 2022a, 2022b).

Thus, the coupling of integrated CA models with 
GIS is of mutual benefit. Cellular automata provides 
some lacking simulation models in GIS. In its turn, the 
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use of GIS enables cellular automata to become more 
realistic by taking into consideration real-world data, 
socio-economic and spatial factors, and constraints in 
their modeling. The combination of quantitative rules 
used for the generation of multiple socio-economic 
scenarios of spatial development at regional and inter- 
regional levels provides a powerful alternative for ter-
ritory assessment compared to traditional methods. 
The incorporation of various kinds of constraints in 
cellular automata enables planners and policymakers 
to compare the costs and benefits of different devel-
opment scenarios that are necessary for the formula-
tion of plans for sustainable inter-regional socio- 
economic cooperation. The development of cellular 
automata within GIS also greatly enhances the ability 
of dynamic spatial and socio-economic modeling 
within GIS.
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Appendix

Table A1. Official open source non-topographic datasets incorporated into project’s GIS database.
Dataset Official open source

Climatic zoning https://geographyofrussia.com/klimaticheskoe-rajonirovanie-rossii/; https:// 
geographyofrussia.com/seli-v-rossii/

Description and exact location of existing license areas https://rfgf.ru/ReestrLic/
Geography and exact location of river and sea ports http://morflot.gov.ru/deyatelnost/rechnoy_flot/vvt.html
Land use statistics https://egrp365.org/map/
List of systemically important industrial companies, their characteristics 

and exact location
https://minpromtorg.gov.ru/activities/sistema/; https://sbis.ru/

List of the Federal public roads (classification) https://rosavtodor.gov.ru/opendata/7717509757-klassifikator/view
List, characteristics, and the exact location of metallurgical enterprises https://xn–80aegj1b5e.xn–p1ai/factories
List, characteristics, and the exact location of mineral processing plants https://xn–80aegj1b5e.xn–p1ai/factories
List, production capacity, and the exact location of electric power plants https://energybase.ru; https://energybase.ru
Permafrost areas, their characteristics, description, and exact location https://nationalatlas.ru/
Scheme of the main gas pipelines and operating underground gas 

storage facilities belonging to the Gazprom Group
https://www.gazprom.ru/about/production/transportation/https://www.gaz 

prom.ru/f/posts/34/784381/map-develop-2019-ru.jpg
Schemes and description of macroregions, and their largest cities http://government.ru/docs/35733/
Schemes of Russian railways https://www.expresstk.ru/karty-zheleznyh-dorog
Schemes of trunk oil pipelines of Transneft https://www.transneft.ru/pipelines/
State Register of airfields and heliports, their description and exact 

location
https://favt.gov.ru/dejatelnost-ajeroporty-i-ajerodromy-reestr-grajdanskih- 

ajerodromov-rf; https://maps.aopa.ru/
State Register of licenses for use of subsoil resources, their description 

and exact location
https://rfgf.ru/ReestrLic/

State Register of subsoil plots granted for use, their description and 
exact location

https://rfgf.ru/ReestrLic/

Table A2. QQ reference rules. Qualitative socio-economic rules and their subsequent quantitative expressions used as CA transition 
rules.

Qualitative rules Quantitative rules Suitability rate (value)

A. Socio-economic activity can expand where there is no human 
resource deficiency

1 Population density
the population density within the unit area is ≤ 100 persons 

per km2
0

the population density within the unit area is > 100 
but≤300 persons per km2

1

the population density within the unit area is > 300 
but≤500 persons per km2

2

the population density within the unit area is > 500 
but≤1000 persons per km2

3

the population density within the unit area is > 1000 
but≤1500 persons per km2

4

the population density within the unit area is > 1500 persons 
per km2

5

(Continued)
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Table A2. (Continued).
Qualitative rules Quantitative rules Suitability rate (value)

B. Socio-economic activity can expand where there is no power 
shortage

1 Energy supply
there are no power lines within the unit area 0
the ratio of the length of the power lines to the square of the 

unit area is≤0.1
1

the ratio of the length of the power lines to the square of the 
unit area is > 0.1 but≤0.25

2

the ratio of the length of the power lines to the square of the 
unit area is > 0.25

3

there is a local power generating company within the unit area 4
there is no power shortage problems within the unit area 5

C. Socio-economic activity can expand where spatial conditions 
meet the agricultural requirements

1 Farming and livestock production
there are no fields and arable lands within the unit area 0
the ratio of fields and arable lands to the square of the unit 

area is≤0.2
1

the ratio of fields and arable lands to the square of the unit 
area is > 0.2 but≤0.4

2

the ratio of fields and arable lands to the square of the unit 
area is > 0.4 but≤0.6

3

the ratio of fields and arable lands to the square of the unit 
area is > 0.6 but≤0.8

4

the ratio of fields and arable lands to the square of the unit 
area is > 0.8

5

D. Socio-economic activity can expand where enterprises have 
a built infrastructure

1 Fishing and aquatic food production
there is no coastal infrastructure of the fishing industry and 

fishing or aquatic enterprises within the unit area
0

there is at least one fishing or aquatic enterprise but no 
industrial coastal infrastructure within the unit area

1

there is some industrial coastal infrastructure but no fishing or 
aquatic enterprise(s) within the unit area

2

there is some industrial coastal infrastructure and (a) fishing or 
aquatic enterprise(s) within the unit area

3

there is well-developed industrial coastal infrastructure but no 
fishing or aquatic enterprise(s) in the unit area

4

there is well-developed coastal infrastructure and (a) fishing or 
aquatic enterprise(s) within the unit area

5

2 Gas and petrochemical chemical industry
there is no railway/pipeline infrastructure and petro- and gas 

chemical enterprises within the unit area
0

there is at least one petro- or gas chemical enterprise but no 
railway or pipeline infrastructure in the unit area

1

there is some railway or pipeline infrastructure but no petro- 
and gas chemical enterprise(s) within the unit area

2

there is railway or pipeline infrastructure and (a) petro- or gas 
chemical enterprise(s) within the unit area

3

there is developed railway/pipeline infrastructure but no 
petro- or gas chemical enterprise(s) in the unit area

4

there is developed railway/pipeline infrastructure and (a) 
petro- or gas chemical enterprise(s) in the unit area

5

3 Wood processing
there is no transport infrastructure and advanced wood 

processing enterprises within the unit area
0

there is at least one wood processing enterprise but no 
transport infrastructure within the unit area

1

there is some transport infrastructure but no wood processing 
enterprise(s) within the unit area

2

there is transport infrastructure and (an) advanced wood 
processing enterprise(s) within the unit area

3

there is developed transport infrastructure but no advanced 
wood processing enterprise(s) in the unit area

4

there is developed transport infrastructure and (an) advanced 
wood processing enterprise(s) in the unit area

5

4 Aircraft manufacturing
there is no transport infrastructure, industrial research 

institutes and aircraft-building plant(s) within the unit area
0

there is at least one aircraft-building plant but no transport 
infrastructure within the unit area

1

there is some transport infrastructure but no aircraft-building 
plant(s) within the unit area

2

there is some transport infrastructure and (an) aircraft-building 
plant(s) within the unit area

3

there is developed transport infrastructure and (an) aircraft- 
building plant(s) within the unit area

4

there is good transport infrastructure, industrial research 
institute, and aircraft-building plant in the unit area

5

5 Shipbuilding clusters
there is no transport and coastal infrastructure, design bureaus 

and shipbuilding plants within the unit area
0

(Continued)
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Table A2. (Continued).
Qualitative rules Quantitative rules Suitability rate (value)

there is at least one shipbuilding or industrial mechanical 
engineering plant but no transport or coastal infrastructure 
within the unit area

1

there is some transport infrastructure and at least one 
industrial mechanical engineering plant in the unit area

2

there is some coastal infrastructure and at least one 
shipbuilding plant within the unit area

3

there is some coastal and transport infrastructure and at least 
one shipbuilding plant within the unit area

4

there is good transport and coastal infrastructure, industrial 
design bureau, shipbuilding or mechanical engineering 
plant(s) within the unit area

5

6 Ferrous and non-ferrous metallurgy
there is no transport infrastructure and metallurgical 

enterprise(s) within the unit area
0

there is some transport infrastructure but no metallurgical 
enterprise(s) within the unit area

1

there is at least one metallurgical enterprise but no transport 
infrastructure within the unit area

2

there is some transport infrastructure and (a) metallurgical 
enterprise(s) within the unit area

3

there is developed transport infrastructure and (a) 
metallurgical enterprise(s) within the unit area

4

there is good transport infrastructure, mining and 
metallurgical enterprise(s) within the unit area

5

7 Systemically important enterprises
there are no backbone enterprises within the unit area 0
there is at least one backbone enterprise that has a shortage of 

human resources within the unit area
1

there is a backbone enterprise, no shortage of human 
resources, but poor basic infrastructure in the unit area

2

there is a backbone enterprise and needed environment but 
poor power supply within the unit area

3

there is a backbone enterprise and all needed resources within 
the unit area

4

there are two or more backbone enterprises and all needed 
resources within the unit area

5

E. Socio-economic activity can expand where the basic 
infrastructure is sufficiently developed

1 Railway
there are no railways within the unit area 0
the ratio of the length of the railway to the square of the unit 

area is≤0.1
1

the ratio of the length of the railway to the square of the unit 
area is>0.1

2

there are two or more branch rail lines within the unit area 3
there is a railway junction within the unit area 4
there is a flat-car or railway station within the unit area 5
2 Paved roads
there are no paved roads within the unit area 0
the ratio of the length of the paved roads to the square of the 

unit area is≤0.1
1

the ratio of the length of the paved roads to the square of the 
unit area is>0.1

2

there are two or more paved roads within the unit area 3
there is a road junction within the unit area 4
the ratio of the length of the paved roads to the square of the 

unit area is≥0.25
5

3 River transport
there are no navigable rivers within the unit area 0
the ratio of the length of the navigable river to the square of 

the unit area is≤0.1
1

the ratio of the length of the navigable river to the square of 
the unit area is>0.1

2

there are two or more navigable rivers within the unit area 3
there are crossing navigable rivers within the unit area 4
there is a river port within the unit area 5
4 Pipelines
there are no pipelines within the unit area 0
the ratio of the length of the pipeline to the square of the unit 

area is≤0.1
1

the ratio of the length of the pipeline to the square of the unit 
area is>0.1

2

there are two or more pipelines within the unit area 3
there is a possibility to connect to the pipeline within the unit 

area
4

there is a distribution pipeline network with in the unit area 5

(Continued)
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Table A2. (Continued).
Qualitative rules Quantitative rules Suitability rate (value)

5 Maritime transport
there are no sea links within the unit area 0
there is a sea pier within the unit area 1
there is a fish port within the unit area 2
there is a general-purpose seaport within the unit area 3
there is a specialized seaport within the unit area 4
there is an industrial seaport within the unit area 5
6 Air transport
there are no airfields and airports within the unit area 0
there is a hard surface airfield (runway≤500 m) within the unit 

area
1

there is a hard surface aerodrome with scheduled routes (500  
m < runway≤1000 m) within the unit area

2

there is a hard surface cargo airport (1000 m < runway≤1300  
m) within the unit area

3

there is a hard surface cargo airport with scheduled routes 
(1300 m < runway≤1800 m)

4

there is a national/international airport (runway≥2600 m) 
within the unit area

5

F. Socio-economic activity can expand where there are fair 
storage facilities

1 Storage facilities and warehouses
there are no storage facilities within the unit area 0
there is at least one ground storage facility within the unit area 1
there is a cold storage depot either temporary storage 

warehouse or finished good warehouse within the unit area
2

there is a ground storage and at least one specialized storage 
facility within the unit area

3

there are at least two specialized storage facilities within the 
unit area

4

there are three or more specialized storage facilities within the 
unit area

5

Table A3. Thematic maps (layers) developed for the study area.
Thematic map (layer) Thematic map (layer)

Seaport accessibility, m Total length of oil transmission pipelines, m/km2

Waterway accessibility, m Population density, people/km2

Number of waterways Settlement accessibility, m
Airport accessibility, m Power line accessibility, m
Paved roads accessibility, m Total length of power lines, m
Total length of paved roads, m Systemically important enterprises accessibility, m
Number of paved roads Number of systemically important enterprises
Petrochemical and gas chemical enterprises accessibility, m Forestry and wood processing enterprises accessibility, m
Railway accessibility, m Number of forestry and wood processing enterprises
Railway station accessibility, m Total length of paved roads, m/km2

Fishing and aquatic food production enterprises accessibility, m Organic farming and livestock production enterprises accessibility, m
Total length of railways, m Shipbuilding enterprises accessibility, m
Number of railways Number of shipbuilding enterprises
Number of petrochemical and gas chemical enterprises Number of fishing and aquatic food production enterprises
Gas transmission pipeline accessibility, m Railway loading ramp accessibility, m
Total length of gas transmission pipelines, m Total length of railways, m/km2

Number of gas transmission pipelines Number of organic farming and livestock production enterprises
Total length of gas transmission pipelines, m/km2 Aircraft enterprises accessibility, m
Oil transmission pipeline accessibility, m Total length of oil transmission pipelines, m
Number of oil transmission pipelines
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Table A4. Socio-economic and spatial development scenarios simu-
lated in the research.

PI scenarios RA scenarios

B.1 + (D.7)in A.1 + (E.2)in

D.1 + E.1 + B.1 + A.1 A.1 + (B.1)in

D.1 + E.1 + B.1 + A.1 + F.1 A.1 + (E.1)in

D.1 + E.1 + E.5 + B.1 + A.1 A.1 + (E.2)in + (B.1)in

D.1 + E.2 + B.1 + A.1 A.1 + (E.4)in

D.1 + E.2 + B.1 + A.1 + F.1 A.1 + (E.5)in

D.1 + E.3 + B.1 + A.1 A.1 + (E.6)in

D.1 + E.3 + B.1 + A.1 + F.1 C.1 + (A.1)in

D.1 + E.5 + B.1 + A.1 C.1 + (B.1)in

D.1 + E.5 + B.1 + A.1 + F.1 C.1 + (E.2)in

D.2 + E.1 + B.1 + A.1 C.1 + (E.2)in + (B.1)in + (A.1)in

D.2 + E.1 + B.1 + A.1 + F.1 C.1 + A.1 + (E.2)in

D.2 + E.2 + B.1 + A.1 C.1 + A.1 + B.1 + (E.2)in

D.2 + E.2 + B.1 + A.1 + F.1 C.1 + A.1 + E.2 + (B.1)in

D.2 + E.4 + B.1 + A.1 C.1 + A.1 + E.2 + B.1+ (F.1)in

D.2 + E.4 + B.1 + A.1 + F.1 D.3 + A.1 + (E.1)in

D.2 + E.5 + B.1 + A.1 D.3 + A.1 + (E.1)in + (B.1)in

D.2 + E.5 + B.1 + A.1 + F.1 D.3 + A.1 + (E.1)in + B.1 + (F.1)in

D.3 + E.1 + E.2 + B.1 + A.1 D.3 + A.1 + (E.1)in + B.1 + F.1
D.3 + E.1 + E.2 + B.1 + A.1 + F.1 D.3 + A.1 + (E.2)in

D.3 + E.2 + B.1 + A.1 D.3 + A.1 + (E.2)in + (B.1)in

D.3 + E.2 + B.1 + A.1 + F.1 D.3 + A.1 + (E.2)in + B.1 + (F.1)in

D.4 + E.1 + E.2 + E.6 + B.1 + A.1 D.3 + A.1 + (E.2)in + B.1 + F.1
D.4 + E.2 + E.6 + B.1 + A.1
D.5 + E.1 + E.2 + E.5 + E.6 + B.1 + A.1
E.1 + E.2 + E.3
E.1 + E.2 + E.3 + F.1
E.1 + E.5
E.2 + C.1 + B.1
E.2 + C.1 + B.1 + A.1
E.4 + E.5
E.1 + E.5 + F.1
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Table A5. Validation of the CA transition rules.

Reference unit areas (QQsim/QQcalc)

QQ-based scenarios 1 2 3 4 5 6 7 Remark

A.1 population density 0.988 0.000 0.982 0.989 0.912 0.983 0.991 Modified1

settlement accessibility 0.993 0.997 0.984 0.991 0.990 0.988 0.993 Accepted

B.1 power line accessibility 0.984 0.988 0.984 0.989 0.985 0.984 0.990 Accepted
total length of power lines 0.991 0.989 0.987 0.990 0.989 0.988 0.990 Accepted

C.1 presence of fields and arable lands 0.000 n/a 0.999 n/a n/a 0.000 0.997 Removed2

D.1 fishing industry and fishing or aquatic enterprises accessibility 0.991 0.989 0.990 0.987 0.989 0.990 0.991 Accepted

presence of industrial coastal infrastructure 0.994 n/a n/a 1.000 0.999 1.000 0.989 Accepted
D.2 gas and petrochemical chemical industry accessibility 0.990 0.988 0.989 0.992 0.990 0.988 0.988 Accepted

presence of industrial transport infrastructure 0.993 1.000 0.998 0.999 1.000 0.996 n/a Accepted
D.3 wood processing enterprises accessibility 0.989 0.984 0.988 0.991 0.989 0.990 0.987 Accepted

presence of industrial infrastructure 0.994 0.994 1.000 0.996 0.989 0.988 1.000 Accepted

D.4 presence of aircraft-building plants n/a 1.000 n/a 0.998 1.000 n/a n/a Accepted
aircraft-building plants accessibility 0.987 0.989 0.991 0.987 0.984 0.988 0.983 Accepted

presence of industrial transport infrastructure n/a 0.989 0.993 0.991 1.000 0.997 n/a Accepted
D.5 presence of transport and coastal infrastructure n/a 0.998 n/a 0.991 0.998 1.000 1.000 Accepted

industrial transport and coastal infrastructure accessibility 0.991 0.982 0.990 0.998 0.992 0.992 0.988 Accepted
presence of mechanical engineering plants n/a 1.000 0.997 1.000 1.000 0.998 n/a Accepted

D.6 presence of metallurgical enterprises n/a 0.999 0.998 0.992 1.000 1.000 n/a Accepted

industrial transport infrastructure accessibility 0.990 0.992 0.987 0.990 0.994 0.990 0.991 Accepted
D.7 presence of backbone enterprises n/a 1.000 1.000 0.995 0.992 n/a 0.983 Accepted

backbone enterprises accessibility 0.990 0.993 0.991 0.991 0.999 0.997 0.998 Accepted
industrial transport infrastructure accessibility 0.989 0.991 0.989 0.988 0.990 0.991 0.993 Accepted

E.1 railway accessibility 0.988 0.993 0.988 0.991 0.989 0.990 0.994 Accepted
presence of industrial infrastructure n/a 1.000 n/a 1.000 0.998 n/a n/a Accepted

E.2 paved roads accessibility 0.997 0.994 0.991 0.990 0.991 0.993 0.992 Accepted

presence of paved roads n/a 0.987 1.000 0.991 0.993 0.994 n/a Accepted
E.3 river port accessibility 0.991 0.991 0.990 0.992 0.991 0.994 0.991 Accepted

presence of navigational rivers n/a 1.000 0.996 0.999 0.997 1.000 n/a Accepted
navigational rivers accessibility 0.989 0.987 0.990 0.992 0.993 0.990 0.991 Accepted

E.4 presence of pipelines n/a 1.000 0.999 1.000 0.997 0.998 n/a Accepted
distribution pipeline network accessibility 0.990 0.993 0.994 0.991 0.993 0.996 0.998 Accepted

E.5 accessibility to industrial seaports 0.993 0.995 0.995 0.997 0.990 0.994 0.995 Accepted
accessibility to specialized seaports 0.994 0.994 0.996 0.997 0.991 0.994 0.996 Accepted
accessibility to general-purpose seaports 0.992 0.991 0.992 0.991 0.992 0.987 0.993 Accepted

accessibility to fishing ports 0.995 0.990 0.995 0.994 0.995 0.992 0.993 Accepted
accessibility to sea piers 0.996 0.999 0.994 0.994 0.993 0.993 0.991 Accepted

E.6 accessibility to national/international airports 0.997 0.997 0.994 0.996 0.995 0.995 0.992 Accepted
accessibility to hard surface cargo airport 0.996 0.998 0.995 0.995 0.998 0.995 0.996 Accepted

accessibility to airfields 0.987 0.991 0.991 0.992 0.988 0.993 0.990 Accepted
presence of airfields and airports 1.000 0.998 1.000 0.997 0.999 1.000 1.000 Accepted

F.1 presence of storage facilities n/a 1.000 n/a 0.991 0.990 n/a n/a Accepted

accessibility to storage facilities 0.993 0.990 0.993 0.997 0.992 0.991 0.993 Accepted
1The rule failed when applied to cities divided by the 10 × 10 km grid into different unit areas. 
2The rule failed when applied to arable lands and fields divided by the 10 × 10 km grid into different unit areas.
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