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Abstract: Land-use optimization is an effective technique to produce optimal benefits in urban land-
use planning. There are many approaches and methods to optimize land-use allocation. However,
the focus on addressing urban sustainability in land-use optimization is very limited. In this study,
we presented a GIS-based multicriteria decision-making (GIS-MCDM) approach to optimize the
location of a new residential development considering sustainability dimensions (social, economic,
and environmental benefits). Rajshahi City in Bangladesh was taken as a case study. Different types
of data, including land use, land cover, ecosystem service value, land surface temperature, and carbon
storage, were used to define sustainability criteria. Five physical criteria, three sustainability criteria,
and two constraints were used to optimize residential land. Fuzzy membership functions were used
to standardize the criteria. The ordered weighted averaging (OWA) was used to produce a residential
suitability map. Finally, the multiobjective land allocation (MOLA) module of TerrSet v 19.0 was
check for used to generate optimal locations under an alternative decision scenario. The findings suggest that
updates about 9.00% more sustainability benefits can be achieved using our approach. Using our proposed
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approach, we also generated six alternative decision scenarios. Among the alternative decision
strategies, “high risk-no trade-off” proved to be the most optimal decision strategy that generated
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the highest sustainability benefit in our case.
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concern to devise effective urban land-use planning that can produce optimal benefits.
This problem is more acute in high-density countries such as Bangladesh. For example,
published maps and institutional affil- 11 2021, the urban population of Bangladesh was 38.90% [2], and it was projected that the
{ations. urban population will rise to 57% by 2050 [3]. This higher rate of the urban population
causes unplanned urban development in Bangladesh. Current practice in urban land-use

planning, especially in developing countries, exhibits inefficient patterns and allocation
BY of land uses, which, in turn, produce a lot of problems in the face of sustainable urban
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economic development, and results in desirable social and environmental outcomes [9-11].
Like other countries, Bangladesh has also started to prepare proper urban development
planning (e.g., structure plan, urban area plan, and detailed area plan), but the inclusion of
sustainability in urban development planning is still far from the expectation [12-14].

Land-use allocation concerning urban sustainability involves social, economic, and
environmental aspects. However, in reality, there exist many conflicting and competing
objectives among social, economic, and environmental outcomes. One objective may be
optimized at the expense of another objective. For example, if residential development is
to take place in a low-lying area, it may fulfill the demand for urban housing, but it will
create problems with urban drainage. Construction of building structures may increase
economic benefit, but it will deteriorate the environment and urban health. Therefore,
careful land allocation is of paramount importance in land-use planning. Sustainable land-
use optimization involves optimizing the composition and configuration of land-use types
within a geographical area in order to meet the requirements of sustainable development.
Typically, this method balances trade-offs between several land-use objectives (e.g., social,
economic, and environmental benefits), intending to maximize net benefits across all
outcomes. Often, one objective may only be optimized at the expense of other objectives [15].
However, the main problem is that, in early studies, the inclusion of sustainability criteria
is very limited due to the complexity of calculating social, economic, and environmental
benefits in land-use allocation. For example, Wang, Zhang, and Wang [16] optimized
land-use allocation in Dawa District, a district of Northeast China, but they did not include
social benefits due to the difficulty in the quantification of social benefits.

Rahman and Szabd [17] conducted an extensive systematic literature review on
multiobjective urban land-use optimization using preferred reporting items for system-
atic reviews and meta-analyses (PRISMA). In their systematic review, they investigated
55 journal papers (screened out from 2291 journal articles) to identify and analyze different
aspects of urban land-use optimization problems, where they identified that sustainability
criteria were merely touched upon in urban land-use optimization problems. While some
studies partially considered sustainability dimensions, the quantifications of sustainabil-
ity indicators lacked appropriate methods. For example, Song and Chen [18] optimized
land-use allocation using the NSGA-II method considering four objectives, including maxi-
mization of agricultural suitability, construction suitability, conservation suitability, and
spatial compactness; Zheng et al. [19] optimized land-use allocation in Wuhan, China,
to balance ecosystem services and economic benefits; Cao, Zhang, and Wang [20] opti-
mized land-use allocation considering land-use compatibility and environmental benefits.
A nondominated sorting genetic algorithm (NSGA) was employed by Cao et al. [21] to solve
a multiobjective land-use optimization problem (NSGA-II-MOLU) that aimed to reduce
conversion costs and increase accessibility while also ensuring that land-use types were
compatible with one another. Using a genetic algorithm, Haque and Asami [22] optimized
urban land-use allocation by considering the maximization of land price and minimization
of incompatibility between nearby land-use categories in an area. Neema and Ohgai [23]
used genetic algorithms to find the best locations for urban parks and open spaces based on
four objective functions, using the Euclidian distances between the facility and the demand
points, in a multiobjective optimization model. If we critically look at the optimization
objectives of the above studies, we could see that those studies did not directly include
three dimensions of sustainability.

The studies mentioned in the above text also noted that public participation was
very negligible to optimize land-use allocation, but only quantitative optimization was
insufficient to meet the public agreement. To integrate public opinion decision making,
the multicriteria decision-making (MCDM) approach was introduced in many disciplines.
MCDM is a collection of techniques that aim to determine a preference order among alterna-
tive decision options based on their performance in terms of multiple criteria [24]. Land-use
decision is a spatial allocation problem in which the geographic information system (GIS)
plays an important role in the spatial planning and management of land-use planning.
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MCDM integrated with GIS can help in many complex land-use decision supports, and
interest in this integration is increasing day by day to solve many complex spatial problems.
Combining MCDM procedures with GIS capabilities is becoming increasingly popular
because of the GIS’s capacity to handle enormous amounts of complicated geo-referred
data from many sources at a variety of spatial, temporal, and spatial scales, resulting
in a time-efficient analysis [25]. GIS-based multicriteria decision making (GIS-MCDM)
can be defined as a process of integrating and transforming geographic data (input map
criteria) and value judgments (decision makers” preferences and uncertainties) into an
overall assessment of the decision alternatives [26]. Due to its applicability to solving the
complex spatial problem, GIS-MCDM was applied in the decision making of the many
land-use allocation problems. However, although the GIS-MCDM approach incorporated
public participation, the inclusion of sustainability criteria was overlooked. It was also
noted that only the physical criteria dominated in the GIS-MCDM approach in land-use
decision making with little attention to the inclusion of sustainability criteria. For example,
Nguyen et al. [27] designed a GIS-based multicriteria land suitability analysis for sustain-
able land-use planning at the regional level in Central Vietnam. They used seven criteria
for their suitability analysis. Although they used environmental criteria, other two criteria
(social and economic) were absent.

Given the above, this study aims to fill the gaps by presenting a GIS-based multicriteria
decision-making (GIS-MCDM) approach to optimize residential land-use allocation while
considering three dimensions of sustainability (maximization of social, economic, and
environmental benefits) and incorporating stakeholder opinion. This study specifically
seeks two research questions: (a) how can we integrate sustainability criteria into land-
use optimization problems, and (b) does inclusion of sustainability criteria increase the
overall sustainability benefits? The contribution of this paper is twofold: (a) integration
of sustainability factors to optimize residential land-use allocation and (b) use of our
developed method (calculation of social and environmental benefit) in the optimization
process. Previously, some proxy variables were used to measure social and environmental
benefits. In our previous studies, we developed a method for calculating social and
environmental benefits in urban land-use allocation [28,29]. In this study, we applied our
methods to quantify the social and environmental benefits of land-use allocation.

The rest of the paper is structured as follows. Section 2 describes the literature review.
Section 3 describes the data used in this study and the methods followed for optimizing
residential location based on selected factors and constraints. This section describes the
methods to calculate, standardize, and aggregate the factors to derive combined land-use
suitability for residential development. Section 4 presents and discusses the findings of
the study. Finally, this paper ends with Section 5, which contains concluding remarks on
this study.

2. Literature Review

Urban land-use optimization planning is very important to achieve long-term urban
sustainability. However, it becomes a global challenge, especially in developing countries,
to optimize urban land-use allocation in the face of rapid urbanization, migration, and
climate change [4,30-32]. Sustainable urban land-use optimization/allocation is considered
an effective tool to achieve urban sustainability. Sustainability is one of the important goals
of urban land-use planning, which requires taking into account the social, economic, and en-
vironmental benefits of people [33,34]. Sustainable land-use planning encompasses social,
economic, and environmental components, each of which has a distinct objective. Addition-
ally, optimality is a fundamental principle of sustainable land-use planning. Owing to this,
many researchers conducted land-use optimization. For example, Handayanto et al. [35]
combined particle swarm optimization, genetic algorithms, and a local search method into
a single hybrid optimization method for land-use planning in Bekasi City, Indonesia. They
used four criteria to optimize land-use allocation. These are maximizing compactness, com-
patibility, dependency, and suitability. Li et al. [36] applied a particle swarm optimization
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algorithm to optimize urban land-use allocation while maximizing spatial compactness,
land ecosystem service value, land-use suitability, and land transformation benefit. Mo-
hammadi et al. [31] optimized land-use allocation using nondominated sorting genetic
algorithm-II (NSGA-II) while maximizing spatial compactness, floor area ratio, land-use
compatibility, and economic benefit and maximizing mixed use. However, these studies
tried to optimize land-use allocation mainly based on the spatial configuration of urban
land-use types in which urban sustainability was ignored. While there are some studies on
sustainable land-use optimization [37,38], they did not consider all the three dimensions
(social, economic, and environmental) of sustainability.

Although some of the early studies included sustainability criteria partially, they
did not use any established method to quantify sustainability indicators. They used
a single variable-based measure to quantify sustainability dimensions. For example,
Zhang et al. [39] quantified social benefit as a function of the value of social security ser-
vices, Yuan et al. [38] quantified social benefit using the spatial compactness of an area,
and Cao et al. [37] used spatial accessibility as a proxy for social sustainability. However,
focusing exclusively on a single metric may not be the optimal way to assess social benefit.
Jenks and Jones [40], for example, noted that while spatial compactness in cities offers
numerous social benefits, it may result in less living space, reduced access to open spaces,
less affordable housing, and bad health. Even a compact city may suffer negative conse-
quences if land uses are incompatible. If the land uses are compatible but there is a lack
of accessibility, the social benefit is also reduced. Thus, compatibility and accessibility are
also factors in determining social benefit. Similarly, there may be additional indicators
contributing to the social benefit metric. As a result, we argue that many indicators can
be ascribed to the social benefit metric. As a result, some form of the composite index
is necessary to quantify societal gain. To resolve this problem, Rahman and Szab¢6 [29]
developed a composite index to quantify social benefit in land-use allocation. In the
same way, there was no established method to quantify environmental benefits. Several
researchers used several methods to measure environmental benefits in urban land-use
allocation. Yuan et al. [38], for example, employed carbon storage as a proxy for quantify-
ing environmental benefits, assuming that carbon storage can help sustain air pollution
levels. Numerous studies have also used spatial compactness as a proxy for environmental
benefits, assuming that a compact city is more sustainable and livable [41], provides better
access to city facilities and promotes public health and well-being [42], and can maximize
the overall environmental benefits of people [43]. However, environmental benefits can
also be measured according to the approach proposed by Rahman and Szab¢ [29].

In the introduction section, it was mentioned that public participation was very neg-
ligible in the early land-use optimization problem. To overcome this, the multicriteria
decision-making (MCDM) approach was introduced [44,45]. With the help of an MCDM
process, decision making is aided by helping to structure the problem and providing all par-
ties involved with a common language for discussing and learning about the problem [46].
Since its inception, MCDM has been applied in many fields including land-use planning.
For example, Zhang et al. [47] proposed a GIS-based multicriteria decision analysis tech-
nique to resolve conflicts in urban land-use allocation games. They developed a spatial
conflict resolution strategy to help stakeholders and planners to formulate specific land-
use proposals through an iterative modification process. However, they did not mention
sustainability criteria in conflict resolution. Mendas and Delali [48] integrated multicriteria
decision analysis in GIS to develop land suitability for wheat cultivation in the region of
Mleta in Algeria. They also did not include sustainability criteria in their suitability analysis.
Luan et al. [49] conducted a land-use suitability assessment for urban development using a
GIS-based MCDM approach in Ili Valley, China. They used 13 criteria for land suitability
assessment. Although they grouped some subcriteria under socioeconomic factors, still,
sustainability criteria were not fully addressed. Romano et al. [25] integrated geographical
information systems (GIS) and multicriteria decision analysis (MCDA) to evaluate the
potential of a rural coastal area, located in northern Puglia (Southern Italy), to improve its
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sustainable development through the restoration of farmland. They used only physical
criteria for sustainable allocation of farmland. In fact, there was no specific inclusion of
sustainability criteria. Therefore, it is evident that although stakeholder participation was
addressed in the MCDM approach in land-use optimization/allocation, still, the inclusion
of sustainability criteria (social, environmental, and economic) is weak. This inevitably re-
quires incorporating both sustainability criteria and a participatory approach in sustainable
urban land-use optimization.

In this study, we used the MCDM approach to select the optimal location for a new
residential area. We used five physical criteria and three sustainability criteria (social,
economic, and environmental benefits) to determine the optimal location while maximizing
the sustainability benefits. First, we created suitability maps for each criterion using the
fuzzy membership function. Then, we created a combined suitability map using ordered
weighted average (OWA) [50] techniques for different decision risk scenarios. Finally, we
identified the optimal location considering overall sustainability benefits.

3. Materials and Methods
3.1. Study Area

This study was conducted in the Rajshahi Metropolitan Area (RMA) of Bangladesh.
It is one of Bangladesh’s eight administrative divisions and one of the country’s eight
metropolitan cities. Rajshahi is located in the country’s northwestern region. The famous
river the Padma forms the southern border with the Rajshahi division, while another
famous river, the Jamuna, forms the eastern border. Rajshahi is located in the Barind
Tract at a height of 23 meters above sea level at 24°22/26''N 88°36’04"'E. The city is about
243 km from the capital city, Dhaka, and is close to the India—Bangladesh border. The
area and population of this metropolitan city are 365.55 km? (Figure 1) and 1.3 million,
respectively. Rajshabhi is a significant administrative, educational, cultural, and business
center. Due to the city’s high concentration of educational institutions and large student
population, it is referred to as Bangladesh’s educational city. This city is home to the
divisional headquarters. According to the Koppen climate classification, Rajshahi has a
tropical wet and dry climate. Monsoons, high temperatures, high humidity, and moderate
rainfall characterize Rajshahi’s climate.

(a) Bangladesh | | (b) Rajshahi District

]

>z

7
ot
24°16'0"N 24°20'0"N 24°24'0"N 24°28'0"N

88°27'0"E 88°33'0"E 88°39'0"E 88°45'0"E

Figure 1. (a) Location of Rajshahi district in relation to Bangladesh; (b) location of the study area in
relation to Rajshahi district; (¢) administrative boundary of the study area.

3.2. Dataset

In this study, we used a variety of datasets. The primary data used in this study
include land use and land cover, road network and other physical features, and a digital
elevation model (DEM). These data were sourced from the Rajshahi Development Authority
(RDA), Bangladesh. These data were in raster and ESRI shapefile format and were used to
derive land suitability maps for different factors. The land cover data were created from
Landsat images. The description of the detailed methodology of land cover classification
can be found in Rahman and Szabé [51]. In addition, ecosystem service value, land surface
temperature, carbon storage, and so forth were used in this study. The description of these
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data and processing can be found in Rahman and Szab¢ [28]. All the data were processed
using ArcGIS 10.8 software. In addition to these data, other data were used to calculate the
social, economic, and environmental benefits. This is described in the relevant section.

3.3. Methodology

In Section 2, we described the different methods used to optimize urban land-use allo-
cation. It was identified that many heuristic approaches and participatory approaches were
applied to find the optimal land for future allocation. However, many heuristic approaches
merely included public participation, although public participation is an indispensable
part of urban land-use decision making. Considering the above, we applied the MCDM
approach for land-use optimization.

In this study, we used the GIS-based MCDM approach to optimize the location of new
residential development. We added sustainability dimensions in the process of land-use
optimization. The whole process of optimizing the location for new residential develop-
ment involves two major steps: (a) evaluation of land suitability mapping of residential
development using multicriteria evaluation (MCE) and (b) identification of optimal location
for new residential development. The whole process is presented in Figure 2.

Problem: Sustainable
land-use optimization

|

Establish criteria (factors

and constraints)

| Calculate factor value |

| Standardize factor valuel

Establish factor weights
(using AHP)

Decide level of risk and
trade-off (assigning
second weight)

Ordered weighted
averaging (OWA)

Land allocation using
MOLA

Optimized land
allocation under
different decision

Figure 2. Land-use optimization process using the MCDM approach.

3.3.1. Evaluation of Land Suitability

In the MCDM approach, four major steps are performed for the evaluation of land
suitability. These are (a) calculation of criteria value, (b) standardization of criteria,
(c) weighting of criteria, and (d) weighted aggregation of criteria. A brief description
of these steps is given below.

3.3.1.1. Calculation of Criteria Value

The first step in the evaluation of land suitability is to calculate the value of the criteria.
A criterion is a basis for judgment that is quantifiable and evaluable. Criteria can be divided
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into two categories—factors and constraints—and they can apply to either an individual’s
attribute or the entire decision set in question. In the context of an activity, a factor is a
criterion that either increases or detracts from a given alternative’s suitability. The most
frequent scale used to quantify it is a continuous scale, whereas constraints are used to limit
the choices considered. An excellent example of a constraint would be the exclusion of areas
designated as wildlife reserves from development. Constraints are typically expressed as a
Boolean (logical) map, with areas excluded from consideration denoted by a 0 and those
available for consideration denoted by a 1 [52]. In this study, we selected five physical
factors, three sustainability factors, and two constraints for residential land suitability
analysis. The physical factors and constraints were selected based on the local authority
and stakeholders through focus group discussion (FGD) as well as existing regulations
for new development. We also added sustainability factors to address sustainability in
land-use optimization for new residential development. The list of factors and constraints
is shown in Table 1.

Table 1. List of factors and constraints used for residential land suitability.

Criteria Types Name

Distance from the town center
Distance from main roads
Physical factors Distance from existing residential land
Distance from brickfield

Factors Land elevation

Social benefit
Sustainability factors Environmental benefit
Economic benefit

Existing land use

Constraints Existing water bodies

Distance (Euclidian distance) from main roads, existing residential land, and brickfield
were calculated using the “DISTANCE” operator of TerrSet v 19.0 software, and distance
from the town center was calculated using the “COST” operator with the “cost grow”
algorithm available in the same software. Land elevation value was sourced from sec-
ondary sources, as mentioned in Section 3.2. Social benefits were calculated following our
earlier developed method [29]. Environmental benefits were calculated using the method
developed by Rahman and Szab¢ [28]. Economic benefit was calculated following the
methodology developed by Gong et al. [53]. We are not going to repeat the methods here.
Interested readers can find the detailed methodology in the referred literature. Constraints
were developed from existing land uses of the study area.

3.3.1.2. Standardization of Criteria Value

Since different scales are used to measure the criteria, it is required to standardize and
transform the factors before combining them to ensure that all factors” maps are positively
correlated with suitability. For example, a land residential development is more suitable
if it is located near main roads but far from brickfields. Therefore, we need to transform
the suitability so that higher value always remains of higher suitability. There are many
procedures for standardization, such as fuzzy membership function, Bayesian probability
theory, and Dempster—Shafer theory [54]. However, the fuzzy membership function is the
most popular and convenient for this kind of study since it provides a strong logical process
of standardization [55]. Therefore, the fuzzy membership function (FMF) was used in our
study to standardize the factors. A fuzzy set is defined by a fuzzy membership grade (also
known as a possibility) that ranges between 0.0 and 1.0, signifying a continuous progression
from nonmembership to complete membership. It is very important to determine the shape
and type of membership functions and variable threshold values (effective range) before
implementing fuzzy sets for standardizing criteria maps. In this study, we followed the
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guidelines by Eastman [56] to determine the shape and type of fuzzy membership function
in the standardization process of factors. There are many procedures of standardization,
but the simplest is linear scaling, which can be expressed in Equation (1).

o (Ri - Rmin)

xX; = x standardized_range 1
! (Rmux - Rmin) B & ( )

where R = raw score of factor.

The standardized value of factor varies. In this study, we used a standardized range
between 0 and 1, where 0 represents the lowest suitability and 1 represents the highest
suitability. The evaluation criteria with fuzzy membership function type, control points,
and function shape used in this study are presented in Table 2.

Table 2. The factors, fuzzy membership function, control points, and shape of the function used in
this study.

Fuzzy Control Points
Factors Membership Shape of Function
Function a b c d
Distance from city center Linear 0 1531 Monotonically decreasing
Dlste}nce from Linear 30 7648 Monotonically decreasing
main roads

DIStan.C ¢ frqm existing Linear 30 3222 Monotonically decreasing
residential land

Distance from brickfield Sigmoidal 500 3000 Monotonically increasing

Land elevation Linear 12 22 Monotonically increasing

Social benefit Linear 0.23 0.8 Monotonically decreasing

Environmental benefit Linear 0.05 0.84 Monotonically decreasing

Economic benefit Linear 0.08 1 Monotonically decreasing

Constraint maps were developed by consulting the existing regulations. Two constraint
maps were prepared: land-use constraint and water constraint. Existing regulations pro-
hibit new development in water bodies and already-developed land. Only agricultural land
is allowed for new development. Control points and other criteria in Table 2 were deter-
mined with the consultation of the local authority, stakeholders, and representatives of local
people through FGD. Based on the FGD, it was decided that new residential development
should take place within proximity of the city center, main roads, and existing residential
land. Therefore, the suitability of residential development decreases with the increase in
distance from these factors. This decrease in a linearly correlated and thus a linear fuzzy
membership function with monotonically decreasing shape was used for standardization
of these factors setting control points between the lowest and highest values. Residential
development is prohibited within 500 m of brickfields. Participants in the FGD agreed
that land suitability for residential development increases beyond 500 m of brickfield, and
the maximum suitability reaches 3000 m. The suitability after 3000 m from the brickfield
remains the same. This function cannot be described by a simple linear relationship. It
is best described by an increasing sigmoidal curve. Therefore, we used a monotonically
increasing sigmoidal function to rescale the values in the distance-from-the-brickfield image
setting the control points at 500 and 3000 m. Existing regulation also prohibits residential
development on land having elevations of less than 12 m. Therefore, land suitability in-
creases beyond 12 m of elevation. This relationship between land suitability and elevation
was positively correlated. Thus, a linear fuzzy membership function with a monotonically
increasing shape was used to rescale the elevation image setting control points 12 and 22 m
(highest value). It was decided in the FGD that the new residential development can be
developed in a location where existing social, environmental, and economic benefits are low.
The logic is that new development will eliminate the benefits of those locations (although
the new development will create some social, economic, and environmental benefits, these
are new benefits that will be derived), so the loss of social, economic, and environmental
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benefits can be minimized. Thus, the social, economic, and environmental benefits can
be maximized by allocating land for new residential development in locations where the
existing benefits are lower. Therefore, in these cases, we used a monotonically decreas-
ing linear fuzzy membership function to rescale the social, economic, and environmental
benefits (values).

3.3.1.3. Weighting of Criteria

In the MCDM approach, the calculation of weights of different factors is very im-
portant. Different methods are used to derive weights, including the AHP method [57],
entropy method [58], analytic network process [59], and Delphi method [60]. Among oth-
ers, AHP is the most popular and used globally in the decision-making process. To consider
the viewpoints of stakeholders and to reach a consensus on the preferred choices, we
used the AHP method to determine the weights of the different factors. Details of the
AHP method can be found elsewhere [61,62]. Nonetheless, a basic summary of the AHP
procedure is provided here. The AHP technique compares the criteria pairwise and assigns
each criterion a numerical value in the range of 1 to 9 based on stakeholder judgments. This
number indicates the precedence of one criterion over another in the pair in question [57].
An FGD was held to ascertain the degree of importance attached to the various indicators.
This FGD involves a variety of stakeholders, including local development authorities,
representatives of the local population, and urban planners. It should be highlighted that
the entire FGD group was treated as a single individual. As a result, the consensus values
from FGD were utilized to rate the intensity of each indicator’s importance. The value of
this scale, its accompanying definition, and an explanation are listed in Table 3.

Table 3. The fundamental scale of numbers is used in the AHP method.

Intensity of Importance Definition Explanation
1 Equal importance Two activities contribute equally to the objective
. E i djud t slightly f tivit
3 Moderate importance of one over another xperience and judgment shghty favor one achivity
over another
. . E i j ly f ivi
5 Essential or strong importance xperience and judgment strongly favor one activity
over another
. An activity is strongly favored, and its dominance
7 Very strong importance . .
demonstrated in practice
The evidence favoring one activity over another is of
9 Extreme importance the highest
possible order of affirmation
Int diate values bet th .
2,4,6,8 ntermediate vatues between the When compromise is needed

two adjacent judgments

Source: adapted from Saaty [63].

A pairwise matrix was created once the intensity values for each factor were obtained
using the FGD. Then, the weight values of factors can be obtained by computing the primary
eigenvector of the pairwise comparison square reciprocal matrix and then normalizing the
sum of the components to unity as Equation (2) [64]:

i W, =1 )
i=1

However, decision makers may make incoherent (subjective) assessments, in which
case the aforementioned consistency requirement is not always met. As a result, it was
critical to verify the matrix’s accuracy after getting the weight values. AHP gives quantita-
tive measures for evaluating this. Consistency is quantified using a consistency ratio. The
consistency ratio (CR) is calculated using Equation (3):

_CI

CR_E

®)
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where, CI and RI represent the consistency index and the random index, respectively, in
which
Amax — 1

Cl = 4)
where Ay, is the largest or principal eigenvalue of the matrix and 7 is the order of the
matrix. Rl is the average of the resulting consistency index depending on the order 7.

If CR < 0.1, the pairwise comparison matrix is considered to be consistent, and the
weight values produced can be used. If CR > 0.1, the matrix is judged incoherently and
must be corrected by changing the element values [63].

n—1

3.3.1.4. Weighted Aggregation of Criteria

The concept of decision rules or evaluation algorithms is central to GIS-MCDM.
A decision rule is a process through which criteria are chosen and combined to arrive at a
particular evaluation, as well as how evaluations are compared and acted upon. Typically,
decision rules include techniques for integrating criteria into a single composite index and
an explanation of how alternatives will be compared using this composite index [65]. In
GIS, there are three primary types of decision (or combination) rules: Boolean overlay,
weighted linear combination (WLC), and ordered weighted averaging (OWA).

Boolean overlay reduces all criteria to logical declarations of suitability and then
combines them using one or more logical operators, such as intersection (AND) and
union (OR). Boolean evaluation is a very severe form of decision making. When paired
with a logical AND (the intersection operator), a location must satisfy all criteria to be
included in the decision set. If even one requirement is not met, the site is eliminated. This
technique is fundamentally risk-averse, and it chooses places using the most conservative
strategy possible—a location is chosen only if all criteria are met. On the other hand, when
a logical OR (union) is utilized, the converse is true—a location is included in the decision
set even if only one criterion passes the test [55]. Thus, this is a gambling technique that
entails (supposedly) high risk and does not produce decisions with an intermediate level
of risk (Figure 3). Boolean overlay results in the selection of appropriate sites and rejection
of others without knowing their suitability level. All criteria have equal weight in the final
composite suitability map, and a component with a high weight cannot compensate for a
minor factor (trade-off) when determining a site’s suitability [66]. These limitations can
be solved by introducing weight to the factors and combining them to find the composite
suitability of different levels.

(WLC)
Full trade-off

8
)
=
= (OWA)

No trade-off

Risk-averse Risk Risk-taking
(AND) (OR)

Figure 3. Decision strategy triangle within the continuum of risk and trade-off dimension, adapted
from Eastman [56].

WLC involves standardizing continuous criteria (factors) to a common numeric range
and then combining them using a weighted average. WLC enables criteria to make trade-
offs between their qualities. Very poor quality might be offset by several extremely excellent
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qualities. This operator is neither AND nor OR—it is in between these two extremes. It is
neither risk-averse nor risk-taking. It is proved that vector methods to MCDM are domi-
nated by Boolean strategies, whereas raster systems are dominated by WLC solutions [26].
WLC is defined by complete trade-off and average risk, which is precisely halfway between
AND and OR operations, that is, neither excessive risk aversion nor extreme risk-taking
(Figure 3). WLC can be expressed by Equation (5):

S':

j Ww;X; ()

M-

i=1

where §; is the composite suitability (of the jth pixel or area); w; = weight of factor i;
X; = criterion score of factors i; n = total number of factors.

However, none is superior—they merely offer two opposed perspectives on the
decision-making process—what can be called a choice strategy. The WLC approach is
not always appropriate for territorial analysis due to the inherent risk of concealing a
limiting factor between the high values of other criteria. Thus, the decision maker has
limited control over Boolean and WLC methods to decide the level of risk and trade-off
in decision making. To avoid this problem, the ordered weighted average (OWA) was
proposed by Yager [50]. The third method, OWA, is identical to the WLC procedure, except
that OWA requires additional weights, referred to as order weights, and calculates the
factor weights’ combination. This method provides a comprehensive range of decision
methods along the two fundamental dimensions of the degree of trade-off and degree of
risk associated with the solution [55] (Figure 3). OWA can be expressed by Equation (6):

=Y (9 ©)
= Lj=14j0)

where S; is the suitability at the ith location of the area, n is the number of indicators, u jis
the original weight factor of the criteria, v; is the ordered weight of the criteria such that
vj € [0, 1] forj=1,2,...,n,and Z}Ll vj = 1, z;; is the ordered value of the criteria at ith
location.

In the case of OWA, two sets of weights are used. The first weight (1) of the criteria
can be determined using many methods, including the analytic hierarchy process (AHP)
method, as described in Section 3.3.1.3. The second weight, which is known as ordered
weight, was assigned to the ordered criteria based on either increasing order or decreasing
order depending on the level of acceptable risk and type of criteria. In this study, we used
OWA with different combinations of ordered weights to generate alternatives with different
levels of trade-off and risk following the guidelines of Eastman [56]. The combination of
ordered weights is presented in Table 4.

Table 4. Ordered weights used in different strategies.

Decision Strategies

Ordered Weights

Average Level of Risk—Full Trade-Off 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125

Low Risk—No Trade-Off 1 0 0 0 0 0 0 0

High Risk—No Trade-Off 0 0 0 0 0 0 0 1
Low Level of Risk—Some Trade-Off 04 0.3 0.12 0.07 0.05 0.03 0.02 0.01
High Level of Risk—Some Trade-Off 0.01 0.02 0.03 0.05 0.07 0.12 0.3 0.4
Average Level of Risk - No Trade-Off 0 0 0 0.5 0.5 0 0 0

3.3.2. Optimized Allocation of Suitable Land

In this study, we used the multiobjective land allocation (MOLA) module of TerrSet v 19.0
software to optimize residential land-use allocation under different levels of risk and trade-
off. MOLA is considered a spatial optimization model that allocates appropriate uses to
specific land units based on a variety of criteria, factors, and constraints [18]. The MOLA
module performs this through a decision heuristic. It is intended to allocate locations by
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the total area thresholds set by the decision maker. Here, we allocated 1000 hectares of
land for new residential development. This area was decided based on consultation with
the authority. It can be mentioned that we used a total of eight factors and two constraints
(Table 1) to optimize the residential land allocation. Out of these factors, five are physical
criteria and three are sustainability criteria. In the traditional GIS-MCDM approach, only
physical criteria were used to optimize land allocation. However, in this study, we added
the sustainability criteria (social, economic, and environmental) to make sustainable land-
use allocation decisions. To compare the result between the traditional approach and our
approach (by adding sustainability criteria), we optimized the residential land allocation
both adding sustainability criteria and without adding sustainability criteria. Then the
sustainability value (social, economic, and environmental benefits) was calculated for both
scenarios. Then we generated optimized land allocation, adding sustainability criteria
under different levels of risk and trade-off decisions. Finally, we also calculated the values
of sustainability in different decision scenarios to compare which decision produces the
highest sustainability benefits. The decision strategy that can maximize the sustainability
benefit (social, economic, and environmental benefits) can be decided as the optimal
solution for land-use decisions.

4. Result and Discussion
4.1. Criteria of Residential Land-Use Decision

In this study, we used five physical factors, three sustainability factors, and two constraints
to optimize residential land-use decisions. The values of the factors are presented in
Figure 4. These physical factors are very common and were also used in many other studies
for land-use suitability and optimization problems [27,52,66]. However, the sustainability
factors are not common to include in the land-use optimization problem.

Distance from the brickfield is the first factor in this study. In the study area, there
are six brickfields. The values of distance from brickfields are presented in Figure 4a and
the standardized value of the same is presented in Figure 5a. The standardized value
illustrates the suitability scale of residential development considering individual criteria.
From Figure 4a, it is seen that the brickfields are mainly located at the periphery of the
study area. In the suitability map (Figure 4a), it is seen that most of the area is suitable for
residential development in terms of the first criteria. Within 500 m, there is no suitability
value since, according to existing regulation, residential development within 500 m of
brickfield is prohibited. Suitability tends to increase beyond 500 m and continue to increase
up to 3000 m. After 3000 m of distance, the suitability is the same since it is considered
that there will be no negative impact on residential development beyond 3000 m from the
brickfield. In the case of distance from the main road (Figures 4b and 5b), the suitability
increase if the land is located near the main road. This strategy was also used in other
studies, like the study by Assefa et al. [52]. From Figure 5b, it is observed that the suitability
of residential development is comparatively higher throughout the area since the main
roads are evenly distributed all over the area. It can be noted that the suitability is very
low in the lower part of the study area since there exists a river and there are no roads
within the area. In the case of the city center (Figure 5d), the suitability decreased from the
city center since the new development is preferred within the proximity of the city center.
Therefore, residential suitability is lower along the periphery in case of distance from the
city center. Land height is another criterion for the selection of residential development. As
per existing regulation, residential development on land having a height of less than 12 m
is prohibited since it is low land and these lands are at risk of flooding and waterlogging.
Therefore, the suitability increases with the increase in land height as evident in Figure 5e.
Although land height was also used in many other studies for suitability analysis, the
threshold value of land height is different because the land elevation is different in different
places. Some studies also considered land slope for residential site suitability [67], but we
did not consider slope since in our cases most of the land is flat.
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Figure 4. Values of factors and constraints used in the residential land-use optimization prob-
lem: (a) distance from brick field; (b) distance from main road; (c) distance from residential land;
(d) distance from city center; (e) digital elevation model; (f) social benefit index; (g) economic benefit
index; (h) environmental benefit index; (i) water body constraint; (j) land use constraint.



ISPRS Int. ]. Geo-Inf. 2022, 11, 313

14 of 22

Suitability scale: distance from brick field Suitability scale: distance from main road
0255 10
B F—=km (b)

N

Suitability scale: distance from city center
a4

0255 10
B F—=km

A

(d)

*, '
py High: 1 "JIP m High : 1 V o
A %

S low:0 “oow:0

Suitability scale: Digital Elevation Model (DEM) Suitability scale: Social benefit index
025 5 10 > 025 5
E—F——km it | (e)
.. AN .c”‘.' Y g o e
s - | N & _
gy High : 1 '- r,u:":s\‘ﬁ w High : 1
Elow:0 . low:0

Suitability scale: Economicl benfit index Suitability scale: Environmental benfit index

Figure 5. Residential land suitability scale (standardized value) for different factors: (a) distance from
brick field; (b) distance from main road; (c) distance from residential land; (d) distance from city center;
(e) digital elevation model; (f) social benefit index; (g) economic benefit index; (h) environmental
benefit index.

The values of sustainability benefits were also included in the suitability mapping.
The value of the social benefit and its standardized value are presented in Figures 4f and 5f,
respectively. According to Figure 5f, the social benefit in the study area is average, with the
lowest and highest values being 0.23 and 0.8. The suitability of residential development
is higher where the social benefit value is lower. The logic is that if the new residential
development takes place in the low-benefit area, then the loss of social benefit will be
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minimized. The same is also true for economic benefits and environmental benefits. It is
wise to select the land for residential development where the benefits of social, economic,
and environmental values are lower so that the loss of these benefits can be minimized. In
other words, in this way, sustainability benefits can be maximized. In addition to physical
and sustainability factors, we also used two constraints to limit the new residential devel-
opment. These constraints are presented in Figure 4i,j. The constraints were determined
according to the existing regulation. Existing regulation prohibits the development of the
water body, and only agricultural land is allowed for new development.

4.2. Weighted Suitability of Residential Land

After calculating the land suitability for individual factors, we calculated the combined
land suitability based on the weights assigned to different factors. The weights of different
factors were calculated based on the AHP method described in Section 3.3.1.3. The weights
of different factors are presented in Table 5.

Table 5. Weights of different factors.

Factors Weight
Distance from brickfield 0.06
Digital elevation model (DEM) 0.05
Distance from main roads 0.16
Distance from the town center 0.10
Distance from existing residential land 0.11
Social benefit 0.27
Economic benefit 0.04
Environmental benefit 0.22

Based on the weights of different factors, we generated the weighted suitability of
residential land using the OWA method. The land suitability was derived from varying
levels of risk and trade-offs. In this study, we generated a suitability scale for six different
land-use decision strategies: (a) average risk—full trade-off, (b) average risk—no trade-
off, (c) low risk—no trade-off, (d) low risk—some trade-off, (e) high risk—no trade-off,
and (f) high risk—some trade-off, following the ordered weights in Table 4. However,
some studies followed different strategies to derive weighted suitability. For example,
Masoudi et al. [68] separated environmental factors and applied a low level of risk and no
trade-off reorder weight for environmental factors in which the first environmental factor
was assigned weight 1, and for the rest of the factor weights, 0 was applied. However, in
our study, we generated six alternative decision strategies for the decision makers. The
suitability scale for different decision strategies is presented in Figure 6. In the case of the
average risk—full trade-off decision (Figure 6a), the lowest and highest suitabilities are 0.31
and 0.90, respectively. This scenario is the output of a simple weighted linear combination.
This is the average situation of decision making. In this scenario, it is seen that most of the
area is not highly suitable for residential land. In the case of the average risk—no trade-off
decision (Figure 6b), the suitability increased since more weight was given to the higher
value of each cell. Thus, it is observed that most of the land is highly suitable for residential
development. In the case of the low risk—no trade-off decision (Figure 6¢), the suitability
was suddenly decreased. The reason is that in this strategy, the suitability was determined
based on the lowest value of different factors. Therefore, the suitability value was reduced.
However, in the next scenario (Figure 6d), the suitability was increased since some extent
of trade-off was allowed with the low-risk decision. In the case of the high-risk—no trade-
off decision (Figure 6e), the suitability value was highly increased because, in this case,
the suitability was determined based on the highest value of the factors. Therefore, the
suitability value was increased drastically. If some degree of trade-off was allowed with
high risk, then the suitability was decreased to some extent (Figure 6f).
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Figure 6. Weighted suitability of residential land under different decision strategies: (a) average
risk—full trade-off; (b) average risk—no trade-off; (c) low risk—no trade-off; (d) low risk—some
trade-off; (e) high risk—no trade-off; (f) high risk—some trade-off.

4.3. Optimum Location for Residential Development

Based on the weighted suitability under different decision strategies, we generated
optimal locations for residential development. First, we generated optimal location con-
sidering sustainability factors (social, economic, and environmental benefit) and without
considering sustainability factors to understand to what extent sustainability benefit was
derived in both situations. The result of optimal location is presented in Figure 7.

Itis observed from Figure 7 that there is a difference in allocation under the two scenarios.
In the case of Figure 7a, the shape of the land allocation is much more compact compared
with the output in Figure 7b. In Figure 7b, the right part of the allocated land is linearly
scattered. To understand the impact of this allocation on sustainability benefits, we cal-
culated total sustainability benefits for both scenarios. It can be mentioned that the total
sustainability value was calculated from Figure 4f-h. To calculate the total sustainability
benefit, the restricted land was excluded. The value of sustainability benefits is presented
in Table 6.
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Figure 7. Optimal location of residential land: (a) considering sustainability and (b) without
considering sustainability.

Table 6. Sustainability benefit values of optimal land allocation.

Sustainability Dimension

Sustainability Benefit Value (Unitless)

% Increase of Benefit

Without Considering Sustainability Considering Sustainability Considering Sustainability
Social benefit 95,370.08 100,775.70 5.67
Environmental benefit 62,277.21 67,616.00 8.57
Economic benefit 20,283.13 25,553.56 25.98
Total 177,930.42 193,945.26 9.00

In the traditional GIS-MCDM approach, sustainability benefits were hardly considered.
Although some studies looked at some aspects of sustainability in land-use optimization,
the ways they measured sustainability indicators were not well established. For example,
Song and Chen [18] used the NSGA-II method to find the best land allocation, taking into
account four goals: maximizing agricultural suitability, construction suitability, conserva-
tion suitability, and spatial compactness. Zheng et al. [19] maximized ecosystem services
and economic benefits while allocating urban land use. However, in these studies, we in-
cluded all three aspects of sustainability for land-use allocation. From Table 6, it is observed
that sustainability benefits were increased when sustainability factors were considered in
the land-use optimization process. Table 6 shows that economic benefit was increased by
25.98% and overall sustainability benefit was increased by 9% compared with the tradi-
tional GIS-MCDM approach applied in many studies, such as Hajehforooshnia et al. [69],
Mendas and Delali [48], and Masoudi et al. [68]. Although the study by Masoudi et al. [68]
aimed to evaluate different land-use suitabilities to achieve sustainable land-use planning,
the study did not include social, economic, and environmental dimensions directly. Rather,
that study considered some environmental factors (e.g., water resource, soil, and cover) to
address sustainability.

The optimal residential development locations under different decision strategies
are presented in Figure 8. By different decision strategies, we mean a different level of
risk and trade-off. As we mentioned in Section 3.3.1.4., two sets of weights were used to
derive aggregated suitability. The first weights of factors were derived through AHP that
cannot be changed. However, the second weight, which is the known ordered weight, can
be varied to control the level of risk and trade-off. We applied a different combination
of ordered weights to control the level of risk, as presented in Table 4. However, some
studies used a different combination of ordered weights to control the level of risk and
trade-off. For example, Masoudi et al. [68] applied a low level of risk and no trade-off
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for environmental factors, so the first environmental factor was assigned weight 1, and
for the other factors, weight 0 was applied. They used such order since they grouped
environmental factors separately, but we did not divide factors into any group. In fact,
for our case, no such social or environmental group was required because we already
calculated social and environmental values considering multiple indicators, as described in
Rahman and Szab¢ [29].

Optimum location: Average Risk and Full Tradeoff Optimum location: Average Risk-No Tradeoff

(d)

I Optimum location I Agricultural | Core city 6 55 & T N
I Residential Restricted [__!Metropolitan area ~=——=——m A

Figure 8. Optimum location of new residential development under different decision strategies:
(a) average risk and full trade-off; (b) average risk and no trade-off; (c) low risk and no trade-off;
(d) low risk and some trade-off; (e) high risk and no trade-off; (f) high risk and some trade-off.

Figure 8. The optimum locations of new residential development are illustrated
under different decision strategies. It is seen from Figure 8 that the optimum location
of new residential development varies under different decision strategies. In the case of
Figure 8a,b,d.f, there are three parts of optimal location, whereas in Figure 8c, there are
two optimal locations, and in Figure 8e, optimal location is concentrated in one location.
These are the alternatives for new residential development. However, to aid the decision
maker, we also computed the sustainability values of land allocation under different
decision strategies. The sustainability values are presented in Table 7.
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Table 7. Sustainability benefit values under different decision strategies.
Sustainability Values Under Different Decision Strategies (Unitless)
Sustainability Dimension
ARFT ARNT HRNT HRST LRNT LRST

Social benefit 64,970.11 65,502.01 66,184.19 63,883.22 64,851.03 65,333.28
Environmental benefit 21,122.65 21,331.75 21,432.61 20,814.49 21,088.68 21,256.21
Economic benefit 184,282.03 185,542.07 188,179.53 182,448.89 184,897.84 185,908.95

Total benefit 64,970.11 65,502.01 66,184.19 63,883.22 64,851.03 65,333.28

ARFT = average level of risk—full trade-off, ARNT = average level of risk—no trade-off, HRNT = high risk and
no trade-off, HRST= high level of risk—some trade-off, LRNT = low risk and no trade-off, LRST= low level of
risk—some trade-off.

Table 7 shows that the sustainability benefit values of optimum land allocation are
different under different decision strategies. It is observed that the highest sustainability
benefit value was derived from the high risk and no trade-off decision (Figure 8e), followed
by low level of risk—some trade-off (Figure 8d) and average level of risk—no trade-off
(Figure 8b). The lowest sustainability value was derived from the high level of risk—some
trade-off decision (Figure 8f). In this study, we optimized residential land-use locations,
focusing on urban sustainability. We also calculated the value of sustainability in a different
scenario. However, some other studies considered sustainability in land-use optimization
but did not consider all three aspects of sustainability. For example, Cao et al. [37] and
Yuan et al. [38] optimized sustainable land-use allocation but only considered the social
benefit of land-use allocation; Cao, Zhang, and Wang [20] optimized land-use allocation by
taking the compatibility of land-use and environmental advantages into account.

5. Conclusions

This paper presents a GIS-based multicriteria decision-making (GIS-MCDM) approach
to optimize the location of new residential development. The traditional GIS-MCDM
approach only considered physical factors to optimize urban land-use allocation, and
sustainability dimensions (social, economic, and environmental benefits) were rarely ad-
dressed to optimize land-use allocation. In this study, we presented a GIS-MCDM approach
to optimize residential land-use allocation by addressing social, economic, and environmen-
tal factors. The main contribution of this paper is the integration of sustainability factors to
optimize residential land-use allocation, which was not addressed earlier. The study demon-
strated that about 9.00% more sustainability benefits can be derived using our proposed
approach. This proves that the proposed approach is much more efficient compared with
the traditional approach. Using our proposed approach, we generated six alternative deci-
sion scenarios of optimum locations for new residential development (Figure 8). Among the
alternative decision strategies, the “high risk—no trade-off” (Figure 8e, Table 7) decision
strategy generated the highest sustainability benefit in our case. In this study, we used
the OWA technique to aggregate multiple criteria. There are also some other functions to
aggregate the criteria, such as Bonferroni and Choquet integral, which could generate a
different result, but we did not use these functions. This is one of the limitations of this
study. Future studies can use some other aggregation functions, such as Bonferroni and
Choquet integral, to compare the results. The proposed approach and findings of the study
can be used to support land-use decision making in cities to achieve sustainable urban de-
velopment. Since the global urban population is increasing, it becomes a global concern to
devise an appropriate technique to plan urban land-use sustainably. However, the previous
techniques merely touched upon the sustainability issues in land-use optimization. Against
this background, the proposed approach incorporated sustainability criteria to optimize
urban land-use location. Therefore, the proposed approach has practical implications for
decision makers concerning sustainable urban land-use planning.
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