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Objective: Urban expansion is one of the complex and challenging issues in urban planning.
Currently, cities are facing major developments such as population, population density, economic
and social changes due to frequent changes and technological advancements. Cellular automata, as a
powerful computer simulation method, is used to model and predict urban physical expansion. The
aim of the present study is to use the cellular automata method to model and analyze the physical
expansion of Tabriz. In this regard, the study aims to investigate the impact of various factors such as
population growth, urban development, changes in urban structure density, and urban development
policies on the physical growth of Tabriz using the Markov chain model. Using this method, it is
possible to predict future changes in the city and analyze the impact of various urban development
decisions on the city's physical structure. To achieve this goal, satellite images from 2017, 2019,
2021, and 2023 were first analyzed and classified using the maximum likelihood classification
method. After this stage, land use maps of Tabriz city were extracted. The results of the change
detection showed a significant expansion of residential areas and a significant decrease in wasteland
and agricultural lands during this six-year period. These changes clearly indicate fundamental
changes in the land use structure of Tabriz city and can be used as a basis for future planning and
natural resource management in this region. The urban development trend forecast in 2033 was
carried out using the Markov chain model with a kappa index of 81.14. The results of these analyses
indicate that the Markov model has very good accuracy in simulating and predicting land use
changes. In addition, the results obtained from the analyses performed using the models show that
Tabriz city is progressing and expanding in a centralized and nuclear manner in different stages of its
development and expansion. This progress is clearly visible in all directions and dimensions,
indicating a growing trend and fundamental changes in the urban structure of this region. Therefore,
emphasizing the use of more advanced models such as Markov chains can greatly help improve the
accuracy of predictions and analyses related to land use changes. The results of this research can be
used in urban planning and urban resource management decisions. Also, this research can contribute
to sustainable development and improving the quality of life in Tabriz city.
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Extended Abstract

Introduction

In the present era, land use research plays a key role in urban design. The excessive development of urbanization
in developing countries, such as Tabriz, has caused problems in the physical structure and irregular patterns of
land use. In these societies, land use has been mainly shaped in an old-fashioned way and without prior planning,
in accordance with the wishes of property owners. In recent years, the expansion and development of urban
areas, especially in developing countries, has taken on an accelerated trend. This rapid growth has often been
accompanied by unpleasant consequences such as damage to the ecosystem, loss of biodiversity, and the spread
of slums (Kazem et al., 2015). It is estimated that by 2025, the vast majority of the world's population will reside
in urban areas (Feng et al., 2009). Urban development, as a complex and self-governing complex, consists of
nonlinear interactions between various factors. This trend is manifested by patterns of macro-spatial
concentration and has a level of uncertainty that includes rapid and unexpected changes. Understanding this
process in urban planning and management is of great importance in achieving a sustainable urban pattern. These
policies seek to respond to new demands arising from the increasing concentration of population in cities. In this
regard, predicting changes and trends towards development and expansion in the future is of particular
importance. Urban modeling and simulation are key tools in this process. These tools help planners and decision-
makers to evaluate the possible impacts of their policies on urban growth patterns by analyzing existing data and
simulating different scenarios. The use of these methods can lead to improving the quality of life in cities,
reducing environmental problems, and increasing the efficiency of infrastructure. As a result, the use of urban
modeling and simulation as a strategic approach in urban planning helps to achieve sustainable development and
optimal resource management. Today, spatial information systems and remote sensing technology are
recognized as key tools in the process of urban development planning and management. These technologies,
along with various urban development modeling methods, help planners to accurately analyze growth patterns
and spatial changes. Urban development maps, as one of the results of these technologies, can provide valuable
information about the existing structures and future needs of cities. These maps allow urban planners to
effectively determine the growth path of the city and its infrastructure and make better decisions in the field of
resource allocation and infrastructure development. As a result, the integration of spatial information systems
and remote sensing with urban development models helps to improve the quality of urban planning and
management and leads to the realization of sustainable and efficient development in cities. Cellular automata
have emerged as a powerful tool for simulating urban growth due to their ability to model complex spatial
dynamics and emergent behaviors. These models operate on a network in which each cell represents a specific
type of use and the state of each cell evolves according to predefined rules influenced by neighboring cells. The
flexibility of the automata allows them to incorporate various factors such as land use policies, access, and
environmental constraints, making them suitable for urban planning and management (Abolhasani, 2016).

Therefore, researchers, architects, professionals, and policymakers in the fields of environmental
management, natural resources, and urban planning increasingly require accurate data on functional
developments and urban development to adopt effective solutions and provide practical suggestions for the
future. This accurate and up-to-date information forms the basis for informed decision-making and the design of
efficient strategies for the optimal management of urban growth and the protection of natural resources.

Data and Method
Study Area

The city of Tabriz, with an area of 244.51 square kilometers (and an urban area of 1014.45 square kilometers), is
known as the third largest city in Iran in terms of area, after Tehran and Mashhad. The city is located at 46.25
degrees east longitude and 38.2 degrees north latitude from the Greenwich meridian, and its altitude varies
between 1300 and 2100 meters above sea level. According to the census statistics of 1395 solar year, the
population of Tabriz was 1,584,855 people (within the city limits: 1,727,476 people) and increased to 1,643,960
people in 2022; this indicates Tabriz's fifth position as the most populous city in Iran and also its 344th global
rank in terms of population. Tabriz city is bordered by Varzeghan city to the north, Maragheh city to the south,
Haris and Bostan Abad cities to the east, and Osku and Shabestar cities to the west. The location of the study
area can be seen in Figure (1).
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In this study, OLI sensor data for the years 2017, 2019, 2021, and 2023 were used to extract land use maps
(Figure 2). In such a way that a 6-year period has been considered. These images have suitable conditions in
terms of lack of cloud cover and precipitation before recording. Due to the presence of mountainous areas
around the city of Tabriz, which may cause errors in classification, some areas were excluded from the region
boundary.

Satellite Imagery Preprocessing and Classification

Satellite image preprocessing refers to the initial steps taken to correct various distortions in raw image data
before further analysis. This process is crucial to ensure the accuracy and usability of satellite images in
applications such as change detection, object recognition, and image classification. Preprocessing steps enhance
the quality of satellite images and make them suitable for further analysis, such as classification and feature
extraction. Techniques such as principal component analysis and normalized difference vegetation index (NDVI)
are often used after preprocessing to analyze specific features such as vegetation cover (Navin, 2020).
Preprocessing includes geometric, radiometric, and atmospheric correction. In this study, after performing
atmospheric corrections and corrections using the FLAASH method, the images were highlighted, spectral
indices were calculated, and images were classified using the maximum likelihood method.

Preparation of different land use layers

With a detailed understanding of the region, the existing land uses were divided into four categories including
urban areas, barren lands, vegetation and agricultural lands. After the satellite image interpretation operation was
completed, the additional steps included assigning appropriate colors to the map classes, removing common
boundaries between polygons with the same land use using the Dissolve function in the GIS environment, and
assigning appropriate codes to each class in the produced maps. Finally, the land use maps were prepared.

Estimating the accuracy of the produced maps

Estimating the accuracy is of great importance in order to better understand the results obtained and use these
results in decision-making processes. Usually, the parameters related to determining accuracy include overall
accuracy, producer accuracy, user accuracy, kappa coefficient, overall kappa, user error, producer error and
overall error (Peters, 1991). After preparing land cover maps from satellite images, it is necessary to evaluate
their accuracy to determine how well the produced map matches the ground realities. The classification accuracy
of the classified images was calculated using the Kappa index and based on formula (1) presented in the
following equation.

Modeling with CA-Markov Model

The cellular Markov automaton (CA_Markov) model is a hybrid modeling approach that combines cellular
automata and Markov chain processes to simulate land use and land cover changes over time. The model is
particularly useful for predicting spatial changes in land use by considering the probabilities of land cover
transitions and spatial landscape characteristics. The model uses historical land cover data to create a matrix that
specifies the probability of changes between different land cover types at specified time intervals (Pontius,
2005). CA-Markov helps analyze the complex behavior of land use systems and can simulate the interactions
between different land use types. The Markov chain model is known as an effective method for modeling the
temporal and spatial dynamics of land cover and use changes, and geographic information system (GIS) and
remote sensing (RS) data can be efficiently used in this process (Gordon and Meentemeyer, 2006). To monitor
spatial patterns of land cover and use in Tabriz city, first a Markov chain model was used to create a matrix of
transition probability and area of changes of various land cover classes, which provides more accurate
information about the transition between different classes. After that, land cover change prediction was
performed using the CA-Markov model based on the transition probabilities obtained from the Markov chain
analysis, which allows for the preparation of a map of land cover simulation in the future.

Validation of Modeled Maps

Evaluation of modeled maps using the error matrix, also known as the confusion matrix, is a standard method for
assessing the accuracy of thematic maps. This approach provides a quantitative measure of the degree to which
map classifications match reference data. In recent research, CA models are usually validated by comparing
simulated output with real observations (using comparative, visual, and error and confusion matrices) (Sante et
al., 2010). Therefore, in this study, methods such as the kappa index and the error matrix have been used to
evaluate the model.
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Results and Discussion
Land Use Change Map

The results obtained from measuring the area of land uses in the study area in specific time intervals are
presented in Table (2) and Figure (3). These results show that in the first two years, the area of land under
vegetation, urban areas and agricultural lands increased, while wasteland, rangelands and watersheds decreased.
Since 2019, except for residential areas that have grown, other lands, especially vegetation, agricultural lands
and wasteland, have experienced a significant decrease. In general, during the years under study, the area of

residential areas has increased by about 2 thousand hectares, which shows an increase compared to the first year,
which was 14,525 hectares. In contrast, vegetation has decreased from 6 hectares to 5 hectares since 2017. Also,
watersheds and rangelands have not changed much over the years.

The assessment of land use changes between 2017 and 2023 showed an increase in area in urban and
residential areas by approximately (1700 hectares), pastures (141 hectares) and a decrease in area in barren lands
(1000 hectares), vegetation (0.7 hectares), water areas (0.7 hectares), and agricultural lands (793 hectares). As
can be seen in Table (2), the largest increase in area has occurred in urban areas. These areas have allocated
1746.9 hectares of other land uses during the 8-year period, the largest amount of which includes 670 hectares of
pastures, 570 hectares of agricultural lands, and 480 hectares of barren lands. The results of land use changes in
the years under review can also be seen in the form of a graph. These results show that Tabriz city has developed
rapidly due to increased migration and fundamental changes have been made in its internal structure and texture.
Also, these changes have had significant impacts on agricultural and wasteland lands. In addition, during the
mentioned period, agricultural lands have decreased in area, most of which has been occupied by built-up areas.

Evaluation of the CA_MARKOV model

Land cover maps for the years 2017 and 2019 were used to predict the land cover status in 2021. This was done
to examine the efficiency and validity of the model in forecasting and modeling using maps produced by the
Markov chain model and actual land cover maps. To create the 2021 land use forecast map, the 2017 and 2019
land use maps and the area transfer probability matrix that was previously created with the MARKOQOV tool were
combined using the CA spatial mechanism to predict the 2021 land use map in the TerrSet environment. The
kappa coefficient calculated from the error matrix between the map obtained from modeling and the land use
map (Figure 3) of 2021 was 81.14%. Also, the difference between the predicted and processed area in 2021 is
shown in Table (3).

Land cover maps for 2017 and 2023 were used to estimate the land cover status in 2033. As can be seen in
Table (4) and Figure (5) comparing 2023 and 2033, except for the urban land use area, which has increased
significantly, the rest of the land uses will decrease in 2033. Rangeland, agricultural land, and barren land land
uses will decrease more than watershed and vegetation land uses. In general, what is clear from this simulation is
that due to the increase in population in Tabriz city in 2033, the area of urban land will increase. Table (5) also
shows the area of land uses predicted in 2033 using CA_MARKOV.

Conclusion

In this study, in order to clarify the changes, the post-classification comparison method and horizontal tabulation
were used. The assessment of land use changes between 2017 and 2023 showed an increase in area in urban and
residential areas by approximately 1700 hectares, rangelands by 141 hectares, and a decrease in area in barren
lands by 1000 hectares, vegetation by 0.7 hectares, water area by 0.7 hectares, and agricultural lands by 793
hectares. The study concluded that the largest increase in area occurred in urban areas. These areas have
allocated about 1746.9 hectares of other land uses during the 8-year period, of which the largest share includes
670 hectares of rangelands, 570 hectares of agricultural lands, and 480 hectares of barren lands. The results of
land use changes in the years under study show that Tabriz city has developed rapidly due to increased
immigration and fundamental changes have been made in its internal structure and texture. In many previous
studies that have analyzed the physical development of cities, only the trend of this development has been
examined in a specific time period, and in many of these studies, the physical development of cities has been
evaluated up to the present. In the present study, in addition to evaluating the physical development trend of
Tabriz city in four time periods corresponding to the years 2017, 2019, 2021, and 2023 using the Markov chain
model, its development has also been predicted until 2033. Also, the physical development of the study area in
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relation to the geomorphological condition of the region has been examined. Also, in the results of this study, the
changes have had significant effects on agricultural lands and wastelands. In addition, in the aforementioned
period, agricultural lands have decreased in area, most of which has been occupied by built-up areas. Given that
preventing the expansion of residential land as a response to population growth and the one-way flow of
migration from villages to cities for settlement and employment creation and economic growth seems to be an
inevitable process, providing appropriate management solutions, such as the establishment and development of
industrial estates and the identification and location of new areas for urban and industrial development, is
absolutely necessary. Tabriz city is expanding in a concentrated manner and in all directions at various stages of
its growth.

The CA-Markov model, which is a combination of two Markov chain and autonomous cell models, is widely
used to predict land use changes. This model helps to analyze and simulate spatial and temporal changes in land
use and is especially important in studies related to natural resource management and urban planning. This
model is a powerful tool for predicting and analyzing land use changes that, by combining the features of
Markov chain and autonomous cells, allows for a more detailed examination of spatial and temporal trends. This
model has many applications, especially in the fields of natural resource management and urban planning. Based
on the results obtained from this study, a comparison was made between the simulated map and the reference
map extracted from the 2021 image classification to examine the capability of the CA-Markov model. This
comparison showed the accuracy and precision of the combined model of autonomous cells and Markov chain in
predicting future land use changes. In particular, the calculated Kappa index for this model was 81.14, indicating
its high capability in simulating and predicting land use changes. These findings clearly show that the CA-
Markov model can be used as an effective tool in analyzing and predicting future developments in the field of
land use..
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