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Abstract
Predictive modeling and land use/land cover change studies in complex systems are well advanced. Cellular automata (CA)-
Markov chain (MC) can be defined as one frequently preferred method for this purpose. This paper aims to adapt the CA-MC 
model to the simulation of residential areas in the city. The proposed method was tested in the city center of Kastamonu, 
Türkiye, using four time periods: 1985, 2011, 2015, and 2021. Spatio-temporal change maps were produced using ArcGIS 
10.0 software. Land use simulation of the urban center, including residence units for 2031 and 2057, was performed using the 
integrated CA-MC technique. The method’s suitability was demonstrated with the Kappa index of agreement values (Kstandart: 
0.93; Klocation: 0.98; Kno: 0.98; and KlocationStrata: 0.95). Within the scope of the study, two different scenarios were designed 
as short term (S1) and long term (S2). According to the predictions for 2031, there was a residential area increase of 15% in 
S1 and 29% in S2. When we reach 2057, these growth values were measured as 50% according to S1 and 72% according to S2.
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Introduction

Urban population is expected to increase by 2.5 billion 
in the next thirty years (UN, 2019) and land degradation 
that occurs with this growth appears as a severe global 
problem researching worldwide (Chaplot, 2021; Hussein, 
2021; Isinkaralar, 2022a; Kapović Solomun et al. 2021). 
Urban land is located at the intersection of individuals’ 
relationships with the environment, and land is a funda-
mental resource for humanity (Booth et al. 2004; Seto and 

Shepherd 2009). Land use/land cover change (LULCC) can 
occur with the effect of both human-induced activities and 
natural processes (Garg et al. 2019; Genet, 2020; Liu et al. 
2021). In addition, it is a multi-dimensional research topic 
(Dullinger et al. 2021; Weng et al. 2020) from local to 
global, such as the urban economy (Samie et al. 2020), eco-
logical sustainability (Rimal et al. 2019; Kindu et al. 2018), 
and climate change (Ahmed et al. 2022; Roy et al. 2022; 
Yilmaz and Isinkaralar, 2021). It can be affected by many 
different factors and has a dynamic structure. However, it 
is known that the main driving force is the acceleration of 
migration to urban areas and the rapid urbanization that 
occurs as a result of the dynamics (Esbah, 2007; Ishtiaque 
et al. 2017; Isinkaralar, 2022b; Liu, 2018).

Land degradation is directly related to agriculture, forest 
water surface, etc., depending on the increase in built-up 
areas (Amir Siddique et al. 2021; Sonu and Bhagyanathan, 
2022). It means the reduction of quality lands and biodiver-
sity (Mani et al. 2021). When viewed indirectly, the dam-
age to the ecological cycle progresses to the threat to food 
security, the increase in air pollution values, and the con-
sequences that threaten human health (Ghoma et al. 2022; 
Isinkaralar et al. 2022; Kumar et al. 2021). It is essential 
to monitor land losses, which affect many levels, from a 
single living thing living in the city to the global system, 
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and conduct comprehensive research (Sandifer 2015). The 
United Nations Conference on Environment and Develop-
ment (UNCED, 1992) emphasizes the need for an extensive 
investigation of LULCC.

LULC studies can be considered a prerequisite for better-
planned land use (de Mello et al. 2020). It has been involved 
in many research topics such as urban planning (Liu et al. 
2020; Wang and Maduako 2018), watershed management 
(Sun, 2013; Rajaei et al. 2021), urban heat island (Has-
san et al. 2021; Zhang et al. 2013), sustainability (Binda-
jam 2021; Rodríguez-Rodríguez 2017), and urban land-
scape (Sharma and Joshi 2015). In studies investigating 
urban growth forecasts, the land classification approach is 
prominent.

This study aims to predict the growth of residential areas 
at the building level in the city center as a form of land use, 
with the effects of two different scenarios. Housing areas 
meet the need for shelter, which is one of the most basic 
needs of the citizens and is the function with the most sig-
nificant spatial size in urban land use. It reflects the primary 
morphology of the city together with the planned urban 
services. In this context, the growth of the Kastamonu 
city center, located in the northern region of Türkiye, was 

modeled via an integrated methodology. The study includes 
simulations for two different target years. The usability of 
the modeling for residential area growth was being investi-
gated by following interconnected steps.

Simulation methodology

Making growth forecasts consists of four consecutive steps. 
First, the data required for the temporal-spatial change of 
residential areas were obtained and organized to be used 
in forecast maps. After the collection of data, the statistical 
similarity of these maps was measured with the Kappa sta-
tistic values. In the fourth step, estimations were produced 
for the target years within the scope of two different sce-
narios (Fig. 1).

Study area and database

The main material of this study is the residential area of Kas-
tamonu city center (Fig. 2). The city is defined as a medium-
sized city among Turkish cities. The urban center was built 
in the valley between the sloping areas in the east–west 

Fig. 1   Workflow of the research 
procedure
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direction. For this reason, it shows a linear development in 
the north–south direction. It can be said that the university 
located in the north of the city is one of the factors that affect 
the change of the morphological structure.

The northern development area, where the campus is 
located, has developed rapidly as a result of the housing 
demands  of the students and university staff, and high-rise 
buildings and commercial uses have quickly chosen this area 

Fig. 2   Location of the Kasta-
monu city center
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in the last period. Accordingly, the rate of spatial increase in 
the housing stock gains momentum in Fig. 3.

The transportation connection and housing proposal 
opened on the northeastern axis of the city turned the devel-
opment in this direction. Due to the limited areas suitable for 
settlement in the city’s south, the southward action has been 
limited to a large extent, and the city has tended to grow in 
one direction towards north.

A high historical data  is required in the study carried 
out to reveal the temporal changes of residential areas and 
to realize their estimations depending on the purpose of the 
study. The data for 1985, 2004, 2011, and 2015 have been 
partially compiled using the archieves of local government 
and planning institutions. The data of 2021, which reveals 
the current land use, was carried out with the control of 
the remote sensing technique through fieldwork. During the 
fieldwork, the residential parcels  in the field were processed 
and compared with the satellite image. The data set was 
created by bringing all the data together in the ArcGIS 10.0 
software. The northeastward growth behavior of residential 
areas is clearly seenincluded in Fig. 4.

Interpretation of Kappa 

It is necessary to statistically analyze the compatibility of the 
maps obtained with each other before including them in the 
estimation process. Kappa simulation has the logic of esti-
mating a period when we know the land use, using data from 
two different time zones, and checking its compatibility with 
the reference map (Aburas et al. 2021). It can be expressed 
as a kind of verification or calibration approach.

In this study, an estimate of the 2021 map, which we 
know how it is today, was made using data from 1985 and 
2011. The compatibility of the obtained prediction map 

(Fig. 5d) with the comparison map (Fig. 5c) as a reference 
was analyzed.

Kappa  values (Kstandart: 0.93; Klocation: 0.98; Kno: 0.98; 
and KlocationStrata: 0.95) are presented in Fig. 6. The overall 
accuracy of the  agreement was above 93%, which indicates 
the “excellent” performance of the model proposed in this 
study.

Scenario design

Creating a scenario approach according to different possi-
bilities makes it easier for us to interpret the options that 
may come up. In this study, prediction maps were modeled 
according to other initial conditions. Accordingly, two dif-
ferent scenarios were developed. First, the initial time frame 
was accepted as 1985, and the S1 estimate was added to the 
2021 map. Accordingly, the city’s development reaches its 
current state in the longer term.

In the other scenario, the changes that have occured since 
2015 are considered. For a short period, S2 forecast maps 
were produced depending on the speed of change. Thus, it 
was possible to compare the current growth rate with the 
past growth rate.

CA‑MC process for urban growth simulation

Today, the rapid development of remote sensing and 
computer-based mapping methods has enriched model 
approaches (Cetin et al. 2021; Kilicoglu et al. 2021; Onac 
et al. 2021). Cellular automata (CA) have been the most 
widely used method in making predictions since the 1990s. 
CA is a discrete dynamic system in which the state of each 
cell at time t + 1 is determined by the states of its neighbor-
ing cells at a time according to the pre-defined transition 

Fig. 3   Development of residen-
tial areas (ha)
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Fig. 4   Spatio-temporal change 
of residential areas
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rules (Mondal et al. 2016). However, CA has been mainly 
criticized for failing to predict a leap beyond neighborhood-
based limitations and producing growth predictions in the 
form of oil stains.

The use of some methods integrated into CA can over-
come this obstacle. Some of them are artificial neural 

networks (Saha et al. 2021; Babu et al. 2021), fractal-based 
modeling (Sadeghi, 2021), and Markov chain (Kundu et al. 
2021; Kushwaha et al. 2021; Rahnama 2021). Thus, the 
advantages of the integrated methods are combined, and the 
model is strengthened.

Fig. 5   Visual comparison of 
reference and predicted land 
use for 2021 (a: 1985, b: 2011, 
c: reference map of 2021, d: 
predicted map of 2021)

Fig. 6   Agreement values
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This study uses a prediction technique based on CA con-
trolling spatial interactions and a Markov chain algorithm 
managing temporal dynamics. Based on the nature of the 
MC process (Guan et al. 2011) and the definition of con-
ditional probability, the prediction of land-use change is as 
follows:

(1)S(t + 1) = Pij × S(t)

where S(t) and S(t + 1) denote the row vectors at time step 
t and time step t + 1; P refers to the transition probabil-
ity matrix for a prior time interval, which is calculated as 
follows:

(2)⇑ Pij ⇑=
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Fig. 7   2031 simulations  (a) S1 
and (b) S2, and 2057 simula-
tions  (c) S1 and (d) S2

701Applied Geomatics (2022) 14:695–705



1 3

where Pij indicates the transition probability from land-use 
type i to j.

This study produced predictions with Terrset software 
based on the CA-MC modeling principle. First , a 10-year 
development process was investigated. Then, the simula-
tion was carried out for 2057 by trying to predict the time 
between 1985 and 2021.

Results

Spatio‑temporal mapping

 CA-MC modeling, maps are exhibited in Fig. 7. The city 
center is a protected area, and the slope values in its imme-
diate vicinity support the growth in the northern axis. The 
growth between S1 and S2 can be observed from the given 
maps. This situation reveals the recent acceleration in the 
development of residential areas in the city.

It has been determined that the growth rate, which is 15% 
in the long-term forecasts according to S1 in the predictions 
made for 2031, takes 2015 as the starting year in S2, and since 
it produced a growth approach for the last period, this rate has 
nearly doubled and reached 29%. In the simulations made 
with the target of 2057, these growth values were measured 
as 50% growth in S1 and 72% in S2 compared to 2021 (Fig. 8).

Discussion and future work

Studying the growth possibilities based on scenarios allows 
us to think about alternatives. Thus, we can examine differ-
ent conditions. In another study, where the current trend is 

discussed as short term and long term, the growth of the city 
of Erbil (Iraq) is modeled, and landscape changes are exam-
ined (Mitsova et al. 2011). Feng and Liu (2012) selected 
the SLEUTH model to predict urban growth under different 
scenarios. In addition, chaotic processes such as disasters 
and large investments can be included in the scenarios in 
future studies.

While growth models focus on established areas, Irwin 
et al. (2003) discussed housing growth at the parcel scale 
with a microeconomic growth model. It evaluated the poli-
cies of different scenarios regarding rural and open space 
growth. Agyemang et al. (2022) used a CA-based model 
to simulate housing growth within the framework of infor-
mal urbanization. In studies on the change in some housing 
areas, there are perspectives such as consumer preferences 
(Beghestani 2021) and housing typology (Xu et al. 2020).

In future studies, within the scope of estimations for the 
growth of residential areas, the number of residences can 
be enriched with criteria such as building order and parcel 
layout. Consumer behaviors can also be analyzed and inte-
grated into the process through research to be carried out 
locally. It can be enriched by identifying areas suitable for 
development by analyzing natural features.

Conclusion

Urban growth models spatialize the possibilities of the 
future. This research model the growth of residential areas 
in  cities , emphasizing the problem of land degradation from 
a global perspective. The CA-MC model has been used in 
many studies in urban growth estimations, which are fre-
quently discussed in the related literature. In this study, the 

Fig. 8   Prediction  of residential 
growth (ha)
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model’s applicability was investigated in residential areas, 
which constitute a function of urban land use. Kappa values 
revealed that the model statistically showed a high predic-
tive performance (> 0.93). An increase in residential areas 
gaining momentum has been remarked in the short-term 
scenario.
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