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Abstract: A planning support system for land consolidation has been developed that has,
at its heart, an expert system called LandSpaCES (Land Spatial Consolidation Expert
System) which contains a “design module” that generates alternative land redistributions
under different scenarios and an “evaluation module” which integrates GIS with
multi-criteria decision making for assessing these alternatives. This paper introduces the
structural framework of the latter module which has been applied using a case study in
Cyprus. Two new indices are introduced: the “parcel concentration coefficient” for
measuring the dispersion of parcels; and the “landowner satisfaction rate” for predicting
the acceptance of the land redistribution plan by the landowners in terms of the location of
their new parcels. These two indices are used as criteria for the evaluation of the land
redistribution alternatives and are transferable to any land consolidation project. Moreover,
a modified version of the ratio estimation procedure, referred to as the “qualitative rating
method” for assigning weights to the evaluation criteria, is presented, along with a set of
non-linear value functions for standardizing the performance scores of the alternatives and
incorporating expert knowledge for five evaluation criteria. The application of the module
showed that it is a powerful new tool for the evaluation of alternative land redistribution
plans that could be implemented in other countries after appropriate adjustments.
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A broader contribution has also been made to spatial planning processes, which might
follow the methodology and innovations presented in this paper.
Keywords: land consolidation; multi-attribute decision making; parcel concentration
coefficient; landowner satisfaction rate; qualitative rating method; value functions; GIS

1. Introduction
Land fragmentation occurs when single landholdings consist of numerous spatially separated land
parcels [1]. Land consolidation is considered to be the most effective land management approach for
solving this problem and is undertaken in many countries around the world [2,3]. Land consolidation
includes the process of land reallocation, which can itself be divided into two sub-processes, land
redistribution and land partitioning. Land redistribution comprises the preparation of a preliminary
plan to restructure land parcels in terms of their number, ownership, size, value and approximate
location based on legislation, the existing land tenure structure, rules of thumb and the experience of
the planner. For example, in Cyprus, the development of such a plan requires that a team of land
consolidation planners meet with each land owner in order to understand their preferences, the most
important aspect being where their new parcels should be located. An acceptable plan, determined
from a set of alternatives is then drawn up, which forms the basis of land partitioning in which new
parcels are created that consolidate the land holdings and minimize the amount of spatial separation
between the parcels belonging to each landowner.
One problem with the land consolidation process is the amount of time needed to complete each
land consolidation project. For example, the average project duration is 8–16 years in Germany,
10–12 years in the Netherlands, 8–12 years in Finland and 5–7 years in Sweden [4]. In Cyprus,
a project takes on average from 6 to 10 years [5] with 2–3 years spent on the preparation of the land
reallocation plan. The amount of time required is partly a function of the lack of adequate tools to
support land consolidation, since proprietary geographic information systems (GIS) are not capable of
handling the complexity involved. Demetriou et al. [6] have proposed a framework for an integrated
planning and decision support system (IPDSS) which encapsulates the entire land reallocation process
into an automated workflow. Using this framework embedded within a GIS environment, the LAnd
CONsolidation Integrated Support System for planning and decision making (LACONISS) system was
developed, which consists of three main sub-systems: a Land Fragmentation System (LandFragmentS) [7];
a Land Spatial Consolidation Expert System (LandSpaCES) [8]; and a Land Parcelling System
(LandParcelS) [9].
This paper is specifically concerned with a methodology for evaluation but we must acknowledge
that evaluation in the context of land consolidation may have different meanings according to whether
it refers to suitability evaluation, comprehensive project evaluation or land reallocation plan
evaluation. Suitability evaluation studies [10–12] are carried out before project implementation and
aim to investigate the potential for applying land consolidation. Comprehensive evaluation
studies [13–18] are broad based and consider the potential impacts of the whole project usually in
terms of three main components: economic efficiency which is related to the improvement of land

ISPRS Int. J. Geo-Inf. 2012, 1

274

fragmentation indices and the consequent agricultural benefits (e.g., production, productivity, farmers’
income); environmental impacts; and social impacts covering the potential project impacts to
landowners or a group of people or to society as a whole. This kind of evaluation can be applied
ex-ante or ex-post with the latter being the most usual case. The third type of evaluation, i.e., land
reallocation plan evaluation studies [19–22] has a narrow scope, focusing on the quality of the land
reallocation plan during the design stage, i.e., ex-ante evaluation. However, existing studies do not
present any methodological developments in this area because they use isolated indices regarding land
fragmentation such as the size, shape and dispersion of parcels and hence they do not provide a
systematic method for evaluating land reallocation or land redistribution plans. One reason may be that
land reallocation plans are usually generated manually, resulting in a single (although not necessarily
optimal) solution.
Thus, within the LACONISS system, the LandSpaCES sub-system consists of two components. The
first is a “design module”, which is an expert system (ES) that can generate alternative land
redistribution solutions [8] in an automated way. The second is an “evaluation module” that integrates
GIS with a multi-attribute decision-making method (MADM) to evaluate these solutions efficiently
and systematically according to the specific needs of each land consolidation project and to assist in
the selection of an optimum solution. The purpose of this paper is to outline the methodology that we
have developed for this evaluation process, which is embedded within LandSpaCES and which
incorporates new concepts such as the “parcel concentration coefficient” (PCC) for characterizing
parcel dispersion and the “landowner satisfaction rate” (LSR) which attempts to capture the
preferences of each landowner in an automated way. The methodology is then demonstrated on a real
land consolidation case study in Cyprus where ten alternative land redistribution solutions have been
generated under a set of different scenarios. More details of the generation of these alternative land
redistribution solutions can be found in Demetriou et al. [8].
2. Methodology
The evaluation of alternative land redistribution plans uses multi-attribute decision making
(MADM) methods [23,24] which attempt to find the best solution among a discrete number of
alternative solutions. The process is illustrated in Figure 1 where initially a set of alternative land
redistributions is generated and the planner has to select a set of evaluation criteria to assess these
alternatives. This produces an effect table with the alternatives in columns and the criteria in rows. The
performance of each alternative for each criterion is represented by a score that constitutes an element
of the effect table located in a cell of the matrix. The scores are standardized to values between 0 and 1
(representing worst and best performances of alternatives, respectively) and weights are chosen for
each criterion by the planner. The decision rules comprise the evaluation method utilized in order to
rank the alternatives. Finally, a sensitivity analysis is carried out aimed at assessing the robustness of
the ranking order followed by the output of a final recommendation about the most beneficial solution.
Each component of the process is now explained in further detail in the sections that follow. The entire
process described above has been embedded in a GIS environment (i.e., ArcGIS) by utilizing VBA and
ArcObjects [25,26]. Several authors refer to the integration of multi-criteria methods with GIS [27–30].
The role of GIS is critical in both designing and evaluating the alternative solutions [8]. In terms of the
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latter, GIS automatically provides all the metrics of each alternative for each of the evaluation criteria
involved, a task that would be impossible to carry out manually or through using conventional
non-spatial systems since the spatial component of the problem significantly increases the complexity
of the calculations.
Figure 1. General model of multi-attribute decision-making method (MADM) (adapted
from Sharifi et al. [31]).

2.1. Evaluation Criteria
The selection of the appropriate criteria begins with the definition of a hierarchical objective tree
specified via the goal, aims and objectives of the land consolidation problem [32]. Thereafter, a
specific land redistribution objective tree can be formulated (Figure 2) which contains the aims,
objectives and the corresponding criteria/attributes, which can be used in the evaluation of the
alternative land redistribution plans.
Whilst Figure 2 shows nine possible criteria, Demetriou et al. [32] suggest that only the following
five criteria are required: the mean size (as a percentage change before and after applying a solution) of
the new parcels (C1); the mean parcel concentration coefficient (C2); the change (as a percentage) in
the number of landowners (C3); the percentage of ownerships “completed” involving the percentage of
ownerships that had less than the minimum size limit provided by legislation and “complete” to reach
that minimum limit (C4); and the mean landowner satisfaction rate (C5). Both the PCC and LSR are
new concepts, which are explained in more detail below.
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Figure 2. The objective tree for the land redistribution problem.

2.1.1. Parcel Concentration Coefficient (PCC)
A basic measure of spatial dispersion is standard distance which is the spatial equivalent of the
standard deviation, showing how locations or points are scattered around the spatial mean [33,34]. The
spatial mean or mean center of gravity is an important spatial statistical measure of central tendency
which indicates the average location of a set of points defined in a Cartesian coordinate system. Thus,
standard distance measures the degree to which parcels (or more precisely the centroids of parcels) are
concentrated or dispersed around their geometric mean. Although, in practice, the dispersion of
holdings is dependent on the location of the farmstead or the village where the farmer resides, and in
this case transport distances could be calculated based on some assumptions [21], the extra information
needed is usually not available, so the mean center of parcels of a holding is a proxy criterion that
gives an adequate representation of the dispersion before and after land consolidation.
An extension of both statistics is the weighted mean center and the weighted standard distance
where centroids may have different attribute values representing the different sizes or land values of
each parcel. For instance, if the largest parcels of a holding are very much dispersed in terms of
location, this may have greater negative effects on production, productivity, labor and hence the
income of farmer, than if the smaller parcels are dispersed [19]. Thus, the weighted mean center of a
holding is a better indicator than the simple mean center because it reflects not only the spatial
dispersion of parcels but also the agricultural importance of each parcel.
Expressing these spatial statistics in the context of land consolidation, the mean center of the
parcels of a holding can be expressed as:
n
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where xhmc and yhmc are the co-ordinates of the mean center of the holding; xi and yi are the
co-ordinates of the centroid of parcel i; and n is the number of parcels belonging to a holding. The
weighted mean center of a holding can be calculated in a similar way as:
n
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where xwhmc and ywhmc are the co-ordinates of the weighted mean center of the holding and wi is the
weight of each parcel i. From these quantities, the dispersion of parcels (DoP) and the weighted
version of DoP can be calculated as:
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where both measures have been utilized previously by Tourino et al. [19]. However, the disadvantage of
these measures is that they may vary across an unlimited range of values with no explicit extreme values,
which renders interpretation difficult. In this research, a new indicator is developed called the parcel
concentration coefficient (PCC) for each holding which is measured on a scale between −1 and 1.
A value of zero indicates no change in the dispersion of a holding’s parcels before and after land
consolidation. The value of +1 refers to the situation of “perfect concentration” while −1 represents the
“worst concentration”. The DoP can be calculated for each holding twice, i.e., before (DoPb) and after
(DoPa) land consolidation and then combined to calculate the PCC for three situations:
1.

If DoPb  DoPa then PCC = 0 and the dispersion of parcels has not changed.

In this situation, land consolidation has not achieved any concentration of parcels for the holding
concerned independently of the number of new parcels allocated to a landowner (n') or the number of
original parcels owned by the landowner (n).
2.

If DoPb  DoPa the PCC can be expressed as:

 DoPb  DoPa

DoPb
PCC  
n'





(5)

In this situation, an improvement in the dispersion of parcels has occurred. The maximum value of 1
means that parcels have been concentrated after land consolidation into a single parcel, i.e., n' = 1 and
perfect concentration has been achieved. This happens when the DoPa equals 0 and consequently
n' = 1. The numerator in Equation (5) represents the proportional change of dispersion before and after
land consolidation of a holding. The denominator, i.e., n', adjusts the proportional change in dispersion
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(the level of concentration) since the PCC increases as n' decreases. In other words, the higher n', the
less the concentration of new parcels and hence PCC reduces towards a value of zero.
3.

If DoPb  DoPa , then the PCC is expressed as:

 DoPa  DoPb

DoPa
PCC  
n





(6)

In this situation, deterioration in the dispersion of parcels has occurred. This may occur when either
n' is greater than n (which is a very rare case) and/or when the parcels have been allocated at greater
distances. The extreme value of −1 means that the concentration of parcels after land consolidation has
worsened independent of the number of new parcels allocated since the basic aim of concentrating
parcels via land consolidation has completely failed. This happens when the DoPb equals 0 and
consequently n = 1. The denominator n adjusts the proportional change in dispersion, i.e., the level of
concentration, since the PCC increases as n increases. In other words, the greater the value of n, the
less extreme the difference (before and after a project) in parcel concentration and hence PCC reduces
towards zero because the dispersion was already poor.
2.1.2. Landowner Satisfaction Rate (LSR)
The landowner satisfaction rate (LSR) is an indicator that captures the satisfaction of the landowners
with regard to their preferences in terms of the location of their new parcels. It is based on the parcel
priority index (PPI) introduced in Demetriou et al. [8], which ranks the preferences of the landowners
regarding the locations of the new parcels they wish to receive. The calculation of the LSR involves
determining which preferences of each landowner have been satisfied and assigns a proportional
percentage of satisfaction (called the partial satisfaction rate, PSR) to each new parcel depending on
the ranking of the preference satisfied, with a maximum of 100%. A critical point in this process is that
the original parcels of a landowner (n), which are already in preference ranking order, are divided into
two parts. The first covers the situation up to n' whilst the other part covers the situation for the rest of
the parcels, i.e., from n−n'. Thus, if a new parcel falls in the first part, the PSR will be 100% but if it
falls in the second part, then the PSR is assigned proportionally, i.e., reduced, depending on n and n′.
This can be expressed mathematically as follows:
If n ≥ n' then the PSR for each new parcel i allocated to a landowner can be calculated as follows:

PSRi  mi P

(7)

where mi is a variable that takes into account the number of parcels originally owned by a landowner (n)
and the rank order of the preference of each original parcel i (ROi), and P is a linear function that
expresses decreasing satisfaction for each landowner. The two variables, mi and P are computed
as follows:
mi  n  ROi  1
(8)
is the mi value assigned to those new parcels that fall in the first part of original parcels as
explained earlier. In this case, the parameter ROi in Equation (8) is replaced by the number of new
parcels (n') as follows:
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(9)

P is a constant percentage for the redistribution of each holding which is calculated based on the two
parts mentioned earlier. In particular, the parcels that belong in the first part count as one sub-part
whilst the parcels that belong in the second part count as a separate sub-part. Thus, P results by
dividing 100% by the total number of sub-parts which always equals n−n'+1. Therefore, P can be
computed as:
100
P
(10)
n  n'  1
Combining Equations (8) and (10) yields:

PSRi 

100n  ROi  1
n  n'  1

(11)

The total LSR for each landowner j is then calculated as the mean value of the PSR:


LSR j 

n'


i 1

PSRi
n'

(12)

Similarly, the average LSR for the whole land consolidation area, i.e., the whole project, can be
calculated as the mean LSR of all landowners (l) who received property in the plan as follows:

LSR 

l

LSR j

j 1

l



(13)

The above assumptions become clearer by utilizing an example for calculating PSR and LSR. An
example is provided in Table 1 which involves a landowner who originally had five parcels (i.e., n = 5)
and after land consolidation receives 1, 2 or 3 parcels (i.e., n' = 1 to 3). Each cell of the table contains
the PSR value for each combination of n and n'.
Table 1. An example for the calculation of the partial satisfaction rate.
Number of New Parcels (n') Allocated to the Landowner
n

1

2

3

1

maxM × P = 5 × 20 = 100%

maxM × P = 4 × 25 = 100%

maxM × P = 3 × 33.33 = 100%

2

M2 × P =(5 – 2 + 1) × 20 = 80%

maxM × P= 4 × 25 = 100%

maxM × P = 3 × 33.33 = 100%

3

M3 × P = (5 – 3 + 1) × 20 = 60%

M3 × P = (5 – 3 +1 ) × 25 = 75%

maxM × P = 3 × 33.33 = 100%

4

M4 × P = (5 – 4 + 1) × 20 = 40%

M4 × P = (5 – 4 + 1) × 25 = 50%

M4 × P = (5 – 4 + 1) × 33.33 = 66.66%

5

M5 × P = (5 – 5 + 1) × 20 = 20%

M5 × P = (5 − 5 + 1) × 25 = 25%

M5 × P = (5 – 5 + 1) × 33.33 = 33.33%

For example, if a landowner has been allocated one parcel (i.e., first column) in the same location as
its fourth preference (i.e., fourth row), then the PSR and hence the LSR (because n' = 1) is 40%.
Similarly, if the landowner has been allocated two parcels (i.e., second column), say in the same
location as the first (i.e., first row) and fourth preference (i.e., fourth row), then the PSR is 100% and
50% for the location of the first parcel and second parcel, respectively. In this case, the average LSR is
calculated as 75%.
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2.2. Weighting the Criteria
There are several methods available to weight the evaluation criteria including direct ranking; swing
weights; ranking; rating; pairwise comparison; trade off analysis; and qualitative translation [23,31,35].
The most popular are the ranking and rating methods because of their simplicity. However, there are
problems with assigning weights to a fine scale, e.g., to two decimal points in the direct ranking
method. In addition, other ranking methods (e.g., the rank sum, rank reciprocal and rank exponent
method) do not provide the potential to rank two or more criteria with equal importance, which is
relevant for this problem. To develop a simple fit-for-purpose method that allows planners to assign
weights while overcoming the aforementioned problems, a modified version of the ratio estimation
procedure has been developed that uses a similar qualitative scale as found in pair-wise comparison
method is hereafter called the “qualitative rating method”. The criteria are classified into the following
seven classes of importance: extremely high; very high; high; intermediate; moderate; low; and very
low, which are more intuitive to rank than a number or score, and the criteria may have the same
importance using this method. Each class has a predefined range of importance from 0 to 100 as shown
in Table 2 but the rate of increase in importance in the lower part of the scale is 10 points whilst in the
upper part it is double, i.e., 20 points. This represents an imposed weighting in favor of the higher
classes. Although this scoring seems arbitrary, in practice this is realistic since planners and decision
makers tend to ignore the less important criteria in the decision-making process. After selecting the
importance of each criterion, the weights are standardized based on the score assigned to each criterion
so that the weights sum to 1.
Table 2. The scale of importance and the relevant scores utilized by the qualitative rating method.
Rank Order

Scale of Importance

Score

Classes

1

Extremely high

100

2

Very high

80

3

High

60

4

Intermediate

40

Middle

5

Moderate

30

Lower

6

Low

20

7

Very low

10

Upper

Whatever method is employed for assigning weights to criteria, the planner needs to be aware that the
weights of the criteria should be aligned with the range of the corresponding performance scores [35,36].
In other words, the larger the range of a performance score for a criterion, the greater the importance
(hence the weight) of that criterion in terms of its contribution in the ranking of alternatives. This is
known as the range sensitivity principle [37].
2.3. Standardization Process
Standardization (or normalization) is the process of transforming the scores of the evaluation
criteria into the same scale so that they can be combined and compared. Several standardization
methods have been developed, which generally fall into: linear scale transformations [23,31] and
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value/utility function approaches. Linear methods (maximum, interval and goal standardization) are
most commonly adopted because of simplicity and a predefined behavior but they have two main
disadvantages. First, they assume a linear association between the original values and the standardized
values when, in practice, this relationship is more complex; and second, they ignore the judgments of
the decision makers as they have no input in the development of the simple linear standardization
functions that are commonly used. These limitations are overcome by using value functions, which
encapsulate human judgment in a mathematical form. These functions translate the performance score
of an alternative for a criterion into a value score between 0 and 1, representing the degree to which a
certain decision objective is achieved. A number of methods have been developed for the creation of
value functions. The most common are the midvalue, Evalue and direct rating methods [35]. The latter
has been utilized in this research because of simplicity and flexibility in terms of assigning values that
depend on the criterion concerned. Direct value rating involves the following five steps for
each criterion:
1. Identify the minimum and maximum values of the criterion which correspond to values of 0 (worst)
and 1 (best), respectively. In the context of this research, the minimum and maximum values for
criteria C1, C3 and C4 were identified from 40 year statistical records provided by the Land
Consolidation Department (LCD) of Cyprus for 74 land consolidation projects. For criteria C2 and
C5, the minimum values are zero and the maximum values are 1 and 100%, respectively.
2. Define characteristics of the value function, i.e., monotonicity, shape, etc.
3. Assign values to selected criterion scores at equal intervals between the minimum and maximum.
4. Fit a mathematical equation through these points using appropriate software.
5. Validate the functions as representations of preference.
The values functions for C1 to C5 for the Cyprus case study are presented in Figure 3(a–e) and as
Equations (14–18) respectively.
Figure 3(a) shows a concave benefit value function for the mean percentage change in the size of
parcels represented as:
V ( xi ) 

xi
13.754  0.882 xi  2.290 xi

(14)

The value function increases sharply from 0 to 0.8 since the latter value corresponds to 100%, a
score considered by experts as easily achievable, and then gradually increases up to the maximum
score of 600% which is the highest ever achieved in land consolidation projects. Figure 3(b) is another
concave benefit value function for mean PCC:
V ( xi ) 

xi
0.181  0.975 xi  0.153xi

2

(15)

A maximum score of 1 which denotes perfect concentration of parcels whilst a minimum of 0
means that nothing has changed in terms of the parcel concentration after land consolidation. A mean
PCC of more than 0.5 (which corresponds to a value of 0.8 or 80%) is highly satisfactory for the
experts, since on most occasions, it is not always possible to join all the parcels of a holding into a
single parcel.
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Figure 3. The value functions for the evaluation criteria.

Figure 3(c) shows a mixed bell-shaped benefit-cost value function for the percentage change in the
number of landowners:

V ( xi )  7.914  10 6 xi  6.368  10 4 xi  1.361  10 2 xi  3.208  10 2 xi  1.332  10 3
4

3

2

(16)

The curve increases rapidly from 0 to the peak (20%) where this range includes holdings that are
much smaller in size than the minimum limits provided by legislation. These properties will be
redistributed (by compensation) to the other landowners either mainly to “complete” their property at
the minimum size or increase the size of other properties. The rest of the function then falls steeply
from 20% to 40%, which represents a negative effect since a high percentage of landless landowners
would be generated, with many not agreeing to leave their property for compensation.
Figure 3(d) shows an s-shaped benefit value function for percentage of ownerships completed:

V ( xi ) 

xi
420.714  7.681xi  106.064 xi

(17)
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The convexity in the first part of the function (0 to 25%) represents a low satisfaction rate for the
objective. The second linear section (25 to 40%) presents a significant increase in satisfaction where
many land redistribution alternatives are expected to fall. The final concave section (40 to 60%) is the
most desirable in terms of alternative performance but is the most difficult to achieve. The final benefit
value function represents the mean LSR as a convex curve (Figure 3(e)):

V ( x )  3.906  10 9 x4  8.623  10 7 x 3  6.441  10 5 x2  1.161  10 3 x  1.984  10 4
i
i
i
i
i

(18)

This function increases slowly from 0 to 60% corresponding to values of 0 to 0.3, respectively,
representing low importance and then increases steeply between 60 to 90%, representing the most
significant part of the function. Thus, the objective “to maximize the acceptance of the plan by the
landowners” is achieved only at high values, i.e., greater than 80%.
2.4. Ranking the Alternatives
A value function approach is then utilized for ordering the alternative land redistributions, which is
the weighted average of the single attribute values:
Vj 

N

w v

i ij

(19)

i 1

where Vj is the overall value (or performance score) of the jth alternative (j = 1 to M), vij is the
standardized value of the score αij of the jth alternative with respect to the ith criterion/attribute (i = 1 to
N) measured by utilizing an appropriate value function, and wi is the normalized weight for
criterion/attribute i such that:
N

w

i

1

(20)

i 1

The alternative with the highest Vj is the best alternative compared with the other competitive
alternative solutions.
It is noted that in contrast to the value function approach, other popular aggregation methods that
can be utilized for evaluating a set of discrete alternatives include outranking methods that involve a
pairwise comparison between all the alternatives. Chakhar and Mousseau [38] proposed a general
framework to incorporate these methods into a GIS.
2.5. Sensitivity Analysis
Sensitivity analysis (SA) investigates the impact of changes in the inputs on the decision outcomes. It
is a critical task for decision-making processes since it reveals how reliable the final decisions are [30].
For MADM, two important elements need to be examined: the weights of the evaluation criteria and
the criterion scores (or performance measures) [23,39]. However, SA is not common practice in spatial
multi-criteria decision problems, and where it has been used, only the sensitivity of the weights has
been considered [40].The sensitivity of criterion weights is crucial because the process of assigning
weights is subjective and may demonstrate significant variation between the decision makers’
perceptions and preferences. In addition, the available methods for defining the weights may lead to
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different results. Thus, a decision maker can take better decisions if he/she is aware of how critical
each criterion is. Triantaphyllou [37,41] developed a methodology for individual decision making,
which calculates the percentage change needed to alter the current weight of each relevant criterion so
as to reverse the ranking order of the corresponding pair of alternatives for each combination of
alternative pairs and for each criterion. The “percent top critical criterion” (that may alter the ranking
of the best alternative), the “percent any critical criterion” (that may alter the ranking of any
alternative) and a sensitivity coefficient for each criterion can be calculated. In the case of group
decision making, e.g., in multi-stakeholder participatory processes, other methods can be used such as
that provided by Jankowski et al. [42] in their web-based Choice Modeler system that involves
extensive sensitivity analysis capabilities at three different levels (global, local and spatial).
In addition, the standardization process of utilizing value functions also involves considerable
subjectivity, since the value functions have been defined by experts and the process of assessing them
is inherently prone to uncertainties. The percentage change needed to alter the current performance
score (of the first alternative from the pair) so as to reverse the rank order of the corresponding pair of
alternatives for each combination of alternative pairs and for each criterion can be calculated [37,41].From
this, the “most critical alternative”, the competing alternative to the best alternative, and the percentage
change in the relevant performance score that will alter the ranking can be calculated. The above
methodology has been incorporated into the evaluation module of LACONISS and is applied in the
case study described in the next section.
3. Case Study
The evaluation methodology has been applied to an actual land consolidation project that was
carried out in the district of Paphos, which was amongst the first land consolidation projects
undertaken in Cyprus. The village administrative boundaries cover a total area of 492 ha of lowland
while the extent of the consolidated area covered 195 hectares. The data for this land consolidation
project were digitized; more details can be found in Demetriou et al. [8]. The system was applied with
ten different sets of input facts generating ten alternative land redistributions. These facts represent
eleven decision variables: the minimum parcel area limit (in m2) for the land consolidation area as set
by legislation (F1); the minimum size limit (in m2) of the holding for a landowner to receive a parcel in
the new plan as set by the Committee (F2); the minimum land value limit (in monetary values) of the
holding for a landowner to receive a parcel in the new plan as set by the Committee (F3); the lower limit
(in m2) of a small holding size (F4); the upper limit (in m2) of a small holding size (F5); the lower limit
(in m2) of a medium holding size (F6); the upper limit (in m2) of a medium holding size (F7); the lower
limit (in m2) of a large holding size (F8); the weight attached to the parcel area for the calculation of
the parcel priority index(PPI ) (F9); the weight attached to the parcel land value for the calculation of
the PPI (F10); and the minimum residual area limit (in m2) for the creation of a new parcel for those
landowners who receive more than one parcel (F11). Each alternative is described briefly in Table 3 by
comparing the facts with those of alternative 1, i.e., the solution given by the experts.
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Table 3. The description of the ten alternative land redistributions.
Alternative

Description

A1

Experts solution (Irrigated project)

A2

Medium area and land value minimum limits

A3

High area and land value minimum limits

A4

Unequal PPI weights for area and land value

A5

Low small-medium-large holdings sizes

A6

High minimum area of new parcels with high area and land value minimum limits

A7

Low minimum area of new parcels with high area and land value minimum limits

A8

Low area and land value minimum limits with low small-medium-large holdings sizes

A9

Inverse unequal PPI weights for area and land value (comparing to alt-4)

A10

Arid project

These alternative solutions were evaluated based on two different scenarios. Scenario I involves
changing the weights of the criteria based on four different cases while Scenario II focuses on different
project objectives under two different situations.
3.1. Evaluating Alternatives: Scenario I
3.1.1. Ranking Alternatives
Ranking alternatives is carried out using four cases. In case 1, all five criteria have the same weight.
In case 2, the weights were assigned to each of the five criteria in the following descending order of
importance: extremely high, very high, high, intermediate and moderate. In contrast, the weights in
case 3 were assigned in ascending order of importance, whilst in case 4, they were assigned based on
the judgment of the principal author as: extremely high, high, high, intermediate and very high,
respectively. The performance score and the rank order of each alternative for each case are shown in
Table 4 and a graphical representation is provided in Figure 4.
A number of interesting findings can be reported. For example, no one alternative was found to be
the best in all cases. In particular, alternatives 3 and 10 are ranked as best in cases 1, 3 and 2, 4
respectively. However, alternative 3 presents a more stable behavior in all cases than alternative 10,
because the former ranked second in both cases in which the latter ranked first. In contrast, alternative
10 involves a high unreliability because it is the only alternative that presents so much distance in
ranking positions (i.e., first, sixth and ninth) while all the other alternatives change at worst by two
positions in terms of ranking. As a result, alternative 3 is classified as the best alternative. Alterative 3
also achieves a better balance in terms of performance scores i.e., a trade-off between all criteria.
Regardless it performs best only in C3 whilst alternative 10 achieves the highest performance scores in
criteria C1 and C2 and the worst in C3 and C5 in all four all cases (Figure 5).
The variability of the performance scores of the best and worst alternatives appears to vary greatly
per case, i.e., 21.4%, 29.8%, 16.1% and 23.2% respectively, which means that different facts and
different weight schemes may produce considerably varying alternatives. Furthermore, the ranking of
alternative 1 (that represents the solution given by human experts in the case study), i.e., fifth or sixth
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in the four cases, indicates that it underperforms compared to alternatives 2, 3, 4 and 9 with which it is
comparable in terms of facts. This proves that the system may produce better solutions than the
experts. Moreover, it is clear that alternative eight ranks last in all cases. A general finding is that the
ranking of alternatives is very sensitive to the alteration of the weights of the criteria, which has also
been found by Janssen and Rietveld [13]. Therefore, planners should be aware both of the weights
assigned to each criterion and hence the weighting method utilized.
Table 4. The performance score and the ranking order of each alternative for four
weighting scenarios.
Case 1
Ranking Alternative
1
A3
2
A2
3
A4
4
A9
5
A1
6
A10
7
A5
8
A6
9
A7
10
A8

Case 2
Score Alternative
0.823
A10
0.820
A3
0.809
A2
0.809
A4
0.808
A9
0.804
A1
0.787
A5
0.737
A6
0.735
A7
0.647
A8

Case 3
Score Alternative
0.791
A3
0.765
A2
0.761
A9
0.751
A4
0.749
A1
0.749
A5
0.729
A7
0.652
A6
0.646
A10
0.555
A8

Case 4
Score Alternative
0.875
A10
0.873
A3
0.863
A2
0.863
A4
0.862
A9
0.839
A1
0.818
A5
0.816
A6
0.815
A7
0.734
A8

Figure 4. Ranking of alternatives for four different criteria weighting cases.

Score
0.797
0.789
0.784
0.775
0.774
0.773
0.750
0.695
0.690
0.612
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Figure 5. Performance of alternatives for all criteria in four cases.

3.1.2. Sensitivity Analysis
Table 5 and Figure 6 show the sensitivity coefficient variability for all criteria for each case; the
higher the sensitivity coefficient, the more sensitive is that criterion in terms of changing the rank of
the best alternative or any pair of alternatives. It is apparent that all the criteria are very sensitive in
case 3. The reason is that the weighting scheme in case 3 can be considered as a paradox in terms of
the importance of criteria that would normally be assigned by land consolidation experts because the
first two and the last two criteria have a significant distance in terms of weighting class. As a result, a
slight change in the weights towards a more reasonable scheme causes a change in the rank order of
the alternatives. In contrast, the criteria are much less sensitive for the other three cases because they
involve a “sensible” weighting pattern in terms of practice.
Table 5. Sensitivity coefficient and weight for criteria for the four cases.
Criteria
C1
C2
C3
C4
C5

Case 1
SensC
Weight
0.081
0.200
0.028
0.200
0.077
0.200
0.068
0.200
0.032
0.200

Case 2
SensC
Weight
0.025
0.323
0.006
0.258
0.018
0.194
0.010
0.129
0.035
0.097

Case 3
SensC
Weight
0.382
0.097
0.241
0.129
0.096
0.194
0.196
0.258
0.341
0.323

Case 4
SensC
Weight
0.068
0.294
0.016
0.176
0.024
0.176
0.024
0.118
0.026
0.235
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Figure 6. Variability of the sensitivity coefficient for each criterion for four cases.

Table 6 shows the most critical criteria and the alternatives. The “percent top critical criterion”
(PTCC) is C1 for cases 1, 2 and 4. That is, if the weight for C1 changes by 55.8%, 46.2% and 14.7%,
the ranking of best alternatives will alter, i.e., alternatives 3, 10 and 4 for the relevant cases will
change. It is noted that the “qualitative rating” method involves a change of 90% from best (i.e.,
extremely high importance) to worst (i.e., very low importance) (Table 2). Hence it is not impossible
to have this magnitude in the percentage changes mentioned earlier. Criterion C1 is the most critical for
three out of four cases since it presents the highest range of values for the former and a low range of
values for the latter case. Similarly, the “percent any critical criterion” (PACT) is C1 for cases 1, 3 and 4,
and if the weights of C1 change by 12.3%, 2.6% and 14.7% respectively, then any ranking may change.
Table 6. Critical criteria and alternatives for each scenario.
Percent top critical criterion
Percent any critical criterion
Most critical alternative

Case 1
C1
C1
A9

Case 2
C1
C5
A9

Case 3
C4
C1
A4

Case 4
C1
C1
A1

In addition, the most sensitive alternative in terms of changing ranking is alternative 9 (because of
C4 and C1, respectively) for cases 1 and 2, alternative 4 (because of C5) for case 3, and alternative 1
(because of C5) for case 4. Another interesting finding extracted from Table 5 is that there is no
association between the sensitivity coefficient and the weights for each criterion for the three first
cases since the correlation coefficient (R) was calculated as 0, −0.24, −0.09, respectively. However,
there is a relationship (R = 0.79) in case 4 perhaps because this case involves weights assigned by the
expert and they have not been randomly defined as in the first three cases. In addition, the most critical
criterion is that with the highest weight, a result that confirms the finding of Triantaphyllou [37].
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3.2. Evaluating Alternatives: Scenario II
For Scenario II, the ranking of alternatives is carried out using two cases. In case 1, the objective of
the project focuses only on minimizing land fragmentation, i.e., only two criteria (C1 and C2) are
involved in the evaluation. In case 2, only C3, C4 and C5 are involved in the evaluation, which
represent the objective “minimizing social impacts”. The ranking of alternatives for each case is shown
in Table 7. From this table and Figure 7, it can be seen that alternative 10 is ranked first in case 1 while
alternative 3 is ranked best in case 2. In other words, alternative 10 is best in terms of minimizing land
fragmentation but worst at minimizing social impacts. In contrast, alternative 3 is best at minimizing
social impacts but is also ranked second in case 1, i.e., minimizing land fragmentation, revealing again
stability in performance. This clearly illustrates that the objectives of a project play a crucial role in the
ranking order in addition to the weight of the criteria.
Table 7. The performance score and the ranking order of each alternative for the two scenarios.
Ranking
1
2
3
4
5
6
7
8
9
10

Scenario 1
Alternative
Score
A10
0.750
A3
0.631
A2
0.625
A4
0.624
A1
0.621
A9
0.620
A5
0.593
A6
0.472
A7
0.471
A8
0.352

Scenario 2
Alternative
A3
A2
A9
A1
A4
A5
A6
A7
A8
A10

Score
0.951
0.950
0.934
0.933
0.933
0.916
0.913
0.912
0.843
0.839

Figure 7. Ranking of alternatives for the two cases.

Once again the variability of performance scores of alternatives ranked best and worst for case 1 is
extremely high (53.1%) but it is low for case 2 (11.8%). This indicates that the input facts in the
“design module” strongly influence the outcome solutions regarding minimizing land fragmentation
and, in contrast, only slightly influence the outcomes regarding minimizing social impacts. As a result,
this finding suggests flexibility for the planner in the former case and limitations for the planner in the
latter case because of the strict provisions in the legislation.
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The sensitivity analysis shows that the most sensitive criteria are those associated with case 2
(Figure 8). In particular, the criteria for case 2 are more sensitive than those of case 1 regardless of the
higher variability of the values in the former case. This is a controversial finding compared with that for
scenario I. This finding reveals that the selection of the criteria involved in the evaluation process, and
hence the objectives of a project, play a crucial role in the ranking in addition to the weight of the criteria.
Figure 8. Variability of the sensitivity coefficient for each criterion for the two cases.

Based on the previous analyses, the best solution is alternative 3 for both scenarios because it
presents the most stable behavior in terms of rank order. Thus, planners would definitely make a
decision to implement this solution. The outcome of this evaluation, i.e., the best solution, is now
passed onto the land partitioning module (LandParcelS) for the automatic generation of the new
parcels in terms of shape, size, land value and location. This is the function of the last module of
LACONISS (see [9] for more details).
4. Conclusions
This paper has presented a GIS-based methodology for evaluating alternative land redistribution
solutions that is embedded as an evaluation module within LACONISS. The methodology was then
demonstrated using a case study of an actual land consolidation project in Cyprus. The evaluation
module represents a powerful new tool for the comprehensive evaluation of alternative land
redistribution plans. In addition, two new measures were introduced: the parcel concentration
coefficient for measuring the dispersion of parcels, and the landowner satisfaction rate for predicting
the acceptance of the land redistribution plan by the landowners in terms of the location of the newly
allocated parcels. These indices have general and practical applicability that could be transferred to any
land consolidation project. Moreover, a new approach, referred to as the “qualitative rating method”,
was presented, which captures a more realistic way to assign weights to the evaluation criteria. Finally,
a set of non-linear value functions for standardizing the performance scores of the alternatives for five
evaluation criteria were developed, demonstrating how expert knowledge is encapsulated in the
evaluation process. The main contribution of this work in the area of land consolidation is that the
evaluation module presented can also be applied in other countries that implement land consolidation
projects after appropriate adjustments. A broader contribution has also been made to spatial planning
processes, which might follow the methodology presented in this paper. In addition, the dispersion
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metric could be adopted by other spatial disciplines (e.g., in ecosystem analysis) that deal with the
study of the dispersion of point entities between an existing and a new status due to a course of action.
Finally, the paper has demonstrated that the role of GIS in spatial decision making is critical not only
for formulating alternative solutions for the problem concerned but also for evaluating these solutions
through embedding tools such as MADM. The role of the planner in investigating and evaluating the
various alternatives is facilitated so as to reach the optimum decision for implementation.
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