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ABSTRACT

Land-use decisions and planning processes deal with large volumes of basic data where technical knowledge
must be coordinated with the decision makers’ views of society. This fact makes spatial planning a very
complex process. This paper addresses a regional scale zoning issue through cartographic modeling using geo-
graphic information science through a case study. It utilizes a theoretical framework that can potentially assist
planners in this regard, namely the multicriteria evaluation (MCE) theory. The paper demonstrates an approach
that combines geographic information system with MCE techniques for the land-use decision support system
on the strategic scale. A national geographic database was established for the desert land of Egypt. Criteria for
industrial development of land including the land constraints and potential resources were identified based on
selected objectives and strategy proposed by decision makers. Factors were ranked, scaled and assigned a rela-
tive importance weight. The constraints were masked out. Running the cartographic model produced the land
suitability index for industrial development. The suitability index was further classified into five phases of suit-
ability zones. The result is a zoning map for potential sites for residing industrial-based activities with varying
classes of suitability. The applied methodology can provide what-if land-use scenarios based on the strategic
objectives and their relative selective set of criteria.

Keywords: decision support systems, geographic database, geographic information system, land-use strategy,
remote sensing, suitability, zoning map.

1 INTRODUCTION
1.1 The study region

The geographic location of Egypt lies between longitudes 22° and 32° north and between latitudes
24° and 37° east. The country is bordered by the Gaza Strip 11 km, Israel 255 km, Libya 1,150 km
and Sudan 1,273 km. The total area of Egypt amounts to 1,001,450 km?2. Land occupies 995,450 km?
and the water bodies occupy 6,000 km?. Deserts occupy almost 96% of the Egyptian land cover. A
vast majority of its 78 million population in 2006 was mainly concentrated in the Nile Valley and the
Delta as well as in the coastal zone along the Mediterranean Sea. Inhabited area represents only 4%
of the total territory. Rich in unexplored potentials, the vast desert zones are being joined and
accessed by the development corridors linking the Egyptian cities and towns.

1.2 Objectives of the study

The Egyptian government adopts a strategy for future urban development and population redistribu-
tion outside the Nile Delta and Valley through exploring the potentials and resources of the vast
desert lands. Therefore, the main objective of this study is to contribute to the efforts of exploring the
desert resources and their suitability to locating zones for industrial development.

Another objective of this study is to explore the potentials of remotely sensed data and geographic
information sciences in linking the gap between geoscience conceptual theories and land-use decisions
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in the field of regional planning. The study attempts to apply the multicriteria evaluation (MCE) theory
in a geographic information system (GIS) environment for producing a suitability index map for locating
new industrial zones in the Egyptian deserts.

1.3 Literature review

Decision-making problem arises when there is a difference between the present state and the desirable
state, the need for change is identified and there are at least two courses of action possible. Prefera-
bly, the best alternative should be selected. Solving such a problem can be managed by dividing it
into smaller, easier to handle parts, analyze each part separately and integrate all the analysis results
into one meaningful proposal [1]. This fact applies to land-use and zoning decisions. Belka [1] and
Heywood [2] explain that cartographic modeling is an example of an advanced method of GIS
analysis. It consists of data pre-processing, graphical representation of the process of modeling as a
flowchart and execution of the model using GIS operations. Cartographic modeling applies map
algebra tools together with other basic analysis operations in GIS. Multicriteria decision making
(MCDM) is a term that includes multiple attribute decision making (MADM) and multiple objective
decision making (MODM). MADM is applied when a choice out of a set of discrete actions is to be
made. MADM is often referred as multicriteria analysis (MCA) or MCE. The main objective of
MCDM is ‘to assist the decision maker in selecting the “best” alternative from the number of feasi-
ble choice alternatives under the presence of multiple [decision] criteria and diverse criterion
priorities’. Every MCDM technique has common procedure steps, which are called a general model
Jankowski [3]. Despite the close relationship between the geographic information science and land-
use studies, there has been little constructive dialogue on the relationship between MCDM and
land-use analysis and practical applications. Spatial MCDM refers to the use of MCA to spatial deci-
sion problems Voogd [4]. MCA is a family of operations research tools that have experienced very
successful applications in different domains since 1960. It has been coupled with GIS since the early
1990s for an enhanced decision making. Remotely sensed data together with GIS have been recently
used in land-use decision analysis. Cartographic modeling and suitability mapping of land in accord-
ance to its potentials and constraints using MCE techniques have been broadly applied. Eastman [5]
explains that in order to define the suitability of an area for a specific practice, several criteria need
to be evaluated. MCE has been developed to improve spatial decision making when a set of alterna-
tives need to be evaluated on the basis of conflicting and incommensurate criteria. It is an effective
decision-making tool for complex issues that use both qualitative and quantitative information. It has
been utilized around the world for land suitability modeling and is concerned with how to combine
the information from several criteria to form a single composite index of evaluation. A criterion may
be a factor providing suitability of phenomenon of continuous measure or may be a constraint to
limit the alternatives under consideration. The MCE in its weighted linear combination method
introduces a soft or ‘fuzzy’ concept of suitability in standardizing criteria. It is scaled to a particular
common range where suitable and unsuitable areas are continuous measures. The aggregation
method uses weighted linear combination, which retains the variability of continuous criteria and
allows criteria to trade off with each other. Sahoo et al. [6] explains that MCE is primarily concerned
with how to combine the information from several criteria to form a single index of evaluation. As
the criteria are measured at different scales, they are standardized and transformed such that all fac-
tor maps are positively correlated with suitability [7]. Belka [1] and Jankowski [3] explain that the
weighted summation allows for evaluation and ordering of all alternatives based on the criteria pref-
erences by decision makers. Example of raster based MCE is given by Rapaport and Snickars [8]
and Grossardt et al. [9].
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1.4 Data sets

The primary datasets used were obtained from various national and international sources. The land
cover map was obtained from the Food and Agriculture Organization (FAO) [10]. The hydro-geological
maps were obtained from the National Water Resources Center Research Institute for Groundwater
[11]. Current and future protectorates maps from the Egyptian Environmental Affairs Agency
(EEAA) [12]. The topographic base map was obtained from the Military Survey Department [13].
Mines and quarries map was obtained from the Egyptian Center of Building Researches [14]. The
geological map was obtained from the Egyptian General Petroleum Corporation, CONOCO [15].
Above mentioned datasets were obtained in analogue form.

2 METHODOLOGY

Cartographic modeling is an example of an advanced method of GIS analysis. In general terms, a
model is a representation of reality; it represents only those factors that are important to the work
flow and creates a simplified, manageable view of the real world. Different solutions can be obtained
by modifying parameter values in the model to explore ‘what-if” scenarios and obtain different solu-
tions, such as applying the same model to different geographic locations by changing the input data
[16]. A cartographic model is a ‘methodology for structuring a GIS analysis scheme’ [2]. MCDM is
a term that includes MADM and MODM. MADM is applied when a choice out of a set of discrete
actions is to be made. In MODM, it is assumed that the best solution can be found anywhere in the
feasible alternatives space, and therefore is perceived as continuous decision problem. MADM is
often referred as MCA or MCE. Instead, MODM is more close to Pareto optimum searching with
use of mathematical programming techniques [1, 3, 17].

The acquired maps were on-screen digitized, rectified and saved as feature classes. A geographic
database was created. The geographic database and the thematic layers were projected to the Univer-
sal Transverse Marketer, UTM WGS84. These vector pre-processed data (thematic layers) were
converted into raster in order to prepare for further analysis. In raster format, the GIS environment
is set for the extent of study area and if necessary a mask is set for constraint zones, it also avoids the
topological errors common in vector analysis. Data layers excluding linear features were converted
to raster format. Using ESRI Spatial Analyst, the raster calculator and distance functions were used
[16]. A flowchart was designed for the model (Fig. 1).

2.1 Defining and mapping the criteria maps

MCE terminology introduces the term evaluation criteria, which contains both objectives and
attributes. Objectives describe the purpose of a change and the attributes define the way the change
will be measured. However, the objectives are further formulated by a set of criteria. If attributes
can have numerical values, they can be referred as scores [1]. Selecting a proper set of evaluation
criteria can be done by means of literature study, analytical studies or survey of opinions. Litera-
ture can be found with some authors providing literature review of criteria evaluation to a specific
spatial decision problem. Governmental agencies and governmental publications can provide
guidelines for selection of evaluation criteria. Another method is to recognize objectives from
governmental or other documents and review relevant literature to identify attributes associated
with every objective. Opinions’ survey is aimed at people affected by decision or a group of
experts, where several formalized techniques exist [3, 6].

Identifying the land’s potentials and constraints for zoning industrial sites in the desert was
done through intensive literature and expert consultations. The criteria set included constraints
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Figure 1: Conceptual design for deriving the land suitability index.

thematic maps that consist mainly of hazardous zones such as rock-collapse risk zones and sand
dunes as well as protected zones such as cultivated lands, natural vegetation and protected areas.
The criteria also included factors thematic maps such as recourse maps, mines and quarries, water
and power supply, rock type and distance maps. The selected criteria sets are explained in the
following section.

2.2 Preparation of the criteria maps

Criterion maps are produced as an output of the criteria identification phase. These maps are the
input for the MCE cartographic model. The process includes data acquisition, reformatting,
georeferencing, compiling and documenting relevant data stored in graphical and tabular form,
which is manipulated and analyzed to obtain desired information. For this study, a base map for
the study area was created and the thematic layers were exported to a geographic database and
used to produce several criterion maps. The selected criteria maps used as input for the analysis
is described in this section (Fig. 2). As the movement on the land does not happen in all direc-
tions but on strictly defined networks (such as roads, railways and utility lines), the use of
consecutive buffer zones was applied using the straight distance function in ArcGIS software
(Fig. 2).
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2.2.1 Mines and quarries

The availability of mines or quarries is an essential factor for industrial activities in the Egyptian
desert, which is rich in building materials and a variety of mining resources. The mines and quarry
sites were mapped and used as factor maps.

2.2.2 Water resources

Due to water scarcity, the availability of surface or underground water resource is one of the essential
factors for identifying new industrial zones. Both surface and underground water resources were
scanned, digitized and used as factor maps.

2.2.3 Power supply

The proximity of the site to a power supply such as high electric lines or power stations is an essen-
tial economic factor for locating an industrial activity. The high electric lines and power stations
were mapped from the topographic map, saved as a feature class and used as factor maps.

2.2.4 Rock type map

As the study area is mostly a desert environment, therefore agriculture land is given a first priority
compared to industrial activity. Due to the absence of a soil map for some desert zones, the rock type
was mapped from the geological map, saved as a feature class and used as a guide in order to avoid
soils that are favorable to future cultivation and land reclamation.

2.2.5 Proximity to shorelines

The proximity to shorelines is an economic factor for industrial development. Shorelines can habitat
ports and harbors that promote exchange of goods, raw materials and trade. Therefore, the distance
to a shoreline was considered as a factor. The shoreline was mapped, saved as a feature class and the
distance to shorelines was used as a factor map.

2.2.6 Proximity to cities

Due to the vast desert areas, the proximity of an industrial site to an urban settlement is an essential
economic factor as urban areas provide the manpower resource in addition to the basic services. The
cities boundaries were digitized from the topographic map, a distance function was applied and used
as a factor map.

2.2.7 Proximity to roads

As roads are the main arteries for any development site, providing accessibility and linking its
remote areas, it is a main factor in the selection of industrial zones. Roads were digitized from the
topographic map. A distance function was applied to the road layer and used as a factor map.

2.2.8 Cultivated lands

The cultivated land in Egypt is mainly concentrated in Nile Delta and Valley in addition to some
coastal belts and few desert oases. The arable land is legally protected from land-use changes. The
cultivated lands of Egypt were derived from the FAO Africover project data available online [10].
The cultivated lands layer was downloaded, updated using a recent version of Landsat ETM+ image
and used as a constraint layer.

2.2.9 Natural vegetation

The desert natural vegetation in Egypt has environmental and economic values. Therefore, it was an
objective of the study to help preserve natural vegetation zones. FAO land cover was used to extract
the natural vegetation layer which was used as a constraint.
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2.2.10 Sand dunes
Sand dunes are one of the obstacles for locating new projects in Egypt. As dunes are affected by wind,
sand dunes’ movement may cause burial of roads, constructions and dwellings. It was considered as
one of the constraints to locating new industrial zones. FAO dataset was used to extract the sand dunes
layer from the land cover. The dunes layer was exported as a feature class in the geodatabase and was
used as a constraint.

2.2.11 Protected areas

Natural protectorates have environmental values for preservation of scenic sites, flora and fauna.
National parks were considered a constraint to locating new industrial sites. The protected areas map
was obtained from the EEAA [12], converted to a digital form, rectified, projected and exported to
the geographic database as a feature class and used as a constraint map.

2.3 Criteria weighting and standardization

Criterion weights are usually determined in the consultation process with decision makers, which
results in ratio values being assigned to each criterion map. They reflect the relative preference of
one criterion over another. The straight rank sum weighting of criteria has been described by Malc-
zewski [17], McHarg [18], Jankowski and Richard [19], Malczewski [20] and Bernhardsen [21]. The
method was selected for this study due to its simplicity that promotes its applicability by the decision
makers. In straight ranking, factors are ranked in order, from most to least relative important in the
selected criteria list. After the ranks were established, weights were assigned to the factors, a table
was constructed to weight every criterion and then the total score for each alternative was calculated
[see Table 1 and eqn (1)].

w,=(n-r+ D/SUM@n -1, + 1) (1)

where w is the normalized weight for the jth factor, n is the number of factors under consideration,
r; is the rank position of the factor. , is the factor number.

As long as the criteria and the criterion maps have different scales of measurement, they cannot
be compared by their raw scores. In order to allow comparability, which is essential to MCE, the

Table 1: Criteria ranking and applying relative weights for suitability.

Rank Criteria (layer) Weight Normalized weight
(n—rj+ 1) (n—rj+ D/SUM(n —r, + 1)

1 Mines 8 17.5%

1 Quarries 8 17.5%

2 Lithology 7 15.3%

3 Power supply (layers) 6 13%

5 Near settlements 4 8.7%

4 Road network 5 10.8%

6 Shorelines 3 6.4%

4 Water resources (layers) 5 10.8%

26 Sum 46 100%
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criterion maps should be standardized. Both linear and nonlinear standardization procedures exist.
If it concerns deterministic maps, where each alternative is related to a single value, linear scale
transformation methods are most frequently used. Standardization methods, including probabilis-
tic and fuzzy relationships, are described thoroughly by Jankowski [3] and Bernhardsen [21].
Thus, normalization of the factor maps to a common suitability scale was done to allow for map
overlay functions.

2.4 Weighted overlay

Raster overlaying is known as scalar overlaying because it uses mathematical operations such as
addition, subtraction, multiplication and division. It is described as map algebra; the result is a raster
layer [1, 3]. The standardized and weighted factor maps were overlaid using ArcGIS9 spatial analyst
software [16]. The resultant factors fuzzy index maps were multiplied by the constraint map to mask
out the restricted zones. The average suitability score is calculated as shown in eqn (2):

n

2 (W, xS
§= i=1
W,

2

where S is the weighted average suitability score, W, is weight for ith map and Sij is score for jth class
of the ith map. The assigned importance weight W, depends on the variable significance with respect
to the land suitability S for a studied activity.

2.5 Development corridors — suitability scenarios

A 40 km buffer zone was created around the development corridors to limit the analysis within the
corridors’ vicinity. Such buffer was used to clip the resultant suitability index map, which was
then classified into 11 classes using the natural breaks method. The five highest values were
selected and used to propose a scenario of five phases for potential sites for locating industrial
zones in the desert (Fig. 4).

3 RESULTS AND DISCUSSIONS
The suitability factors maps provided a new vision for the spatial distributions of essential
parameters for land-use decision making. Standardized classes of aquifer units are shown in
Fig. 2a. Such map reveals the distributions of ground water in the Egyptian desert. Extensive
aquifers are present in the Western Desert and central zones in Sinai Peninsula. Similarly, the
standardized map for rock type (shown in Fig. 2b) identifies the most suitable rock units. Such
units exist in the Western Desert as well as the Eastern Desert and in the middle of Sinai Penin-
sula. The distance to cities map provides a distance scale for the spatial distribution of cities in
Egypt through consecutive buffer zones (Fig. 2¢). The nearest buffers are the most suitable loca-
tions for zoning industrial cities within a buffer distance of 40 km from cities. Distance to
power supply provided a vision to the spatial distribution of the service in the desert zones.
Highest suitability score was assigned to the buffer zone of 44 km distance (Fig. 2d). Distance
to mines resource map reflect zones within mines vicinity, mainly existing in the Eastern Desert
and parallel to the Red Sea shoreline. The buffer zone of 52 km from mines was given the
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Figure 2: Factor maps: (a) aquifer units’ suitability, (b) rock type (lithology) suitability map, (c) distance
to cities, (d) distance to power supply, (e) distance to mines and (f) distance to roads.

highest suitability score (Fig. 2e). Distance to roads and accessibility map revealed the most
suitable zones within 13 km around a road (Fig. 2f).

Running the MCE model resulted in the suitability index for the spatial distribution of the most
favorable industrial development zones in the Egyptian territory based on the selected set of criteria.
Highest suitability scores that comply with the selected criteria set were recorded in Sinai Peninsula,
the Eastern Desert and along the Nile Valley. Such zones reflect the potential sites for site selection
of new industrial zones in the desert.

Classification of the suitability index map to a range of suitability values facilitated the com-
parison of the various zones in the desert (Fig. 3). From the suitability map, the authors outlined
a strategy for industrial development zones. Spatial distribution of highest suitability values
depicted by the highest value (class 11) was selected for proposed priority phases of potential
sites for industrial development. Accordingly, class 10 can be assigned for the second phase,
and eventually an industrial zoning strategy of several phases was composed (Fig. 4) based on
the resultant suitability map.
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Figure 3: Suitability map for locating industrial zones in the Egyptian desert.

4 CONCLUSION AND RESEARCH APPLICABILITY
This study focuses on the necessity of integrating land resources, potentials and constraints in the
land-use decision strategies as an attempt to achieving sustainable planning in Egypt. The use of
remotely sensed data, GIS databases and MCE has proved to be a useful tool for achieving the
above goal.
The study used analytical methods that include studying spatial relations such as distance func-
tions as well as employment of the qualitative attributes such as aquifers and rock types. However,
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Figure 4: The proposed strategy for residing industrial development around the development corridors.

In reality, the interconnection of the anthropogenic factors and the physical environment forms a
more complex system. The reason is that the spatial elements change by the anthropogenic factor.
The construction of a new development corridor or the reclamation of a new protectorate area can
change the model result. Thus, this kind of models requires regular updates of the database. Data
availability is important for designing of the analysis functions and process. However, flexibility of
GIS-based method makes it easy to incorporate additional data sources; the presented evaluation
criteria realize the preservation policy for the land constraints and sensitive zones such as natural and
cultivated lands in addition to non-favorable sites such as sand dunes. Their point is to illustrate what
kind of criteria should be taken into consideration in suitability analysis; also, it is possible for addi-
tional goals to be set for zoning of industrial sites. The parameter values of the input data set can be
easily modified to provide different ‘what-if scenarios’. This is quite a helpful tool for decision mak-
ers in land-use planning as the same model can be applied to different geographic areas by changing
the input data. The applied technique bridges the gap to a multidisciplinary approach for land-use
planning on the different levels. Applying this technique on regional coarse scales provides indicator
maps that, despite of their need to more detailed analysis, can be used as guidelines for zoning plans
and land-use strategies. These maps point out promising zones and hotspots for specific land-use
decisions. This technique also provides unlimited possibilities to create land-use scenarios based on
a selected set of criteria. The selective criteria should be a reflection of the decision makers’ objec-
tives and priorities. Various scenarios can be produced by altering the input parameters, ranks and
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relative weights through which ‘what-if” scenario outputs are made possible. This technique can be
time and cost saving for land-use decision makers.

The resultant suitability map can be used as an indicator and guideline by urban planners to make
sustainable land-use decisions on the broad regional scale. The methodology adopted in this study
can be used by the regional land-use planners. It is recommended that the land-use decision makers
adopt the MCE technique in a GIS environment. It is also recommended that further studies be con-
ducted to apply this technique in the various land-use planning levels. This integrated approach is
believed to overcome the shortcomings of the current planning practice especially in developing
countries, owing mainly to the lack of integrated vision and evaluative scenarios in the land-use
planning sector.
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