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Abstract: This paper describes an agent-based model (ABM) that was developed 
to simulate the negotiation process of stakeholders over different land development 
scenarios in the Elbow River watershed in southern Alberta, an area subject to 
considerable urbanization pressure due to its proximity to the fast growing City of 
Calgary. In this initial phase of development, the stakeholders represented as 
agents include representatives of a Municipal District and two non-profit 
organizations. The modeling framework contains three main components: a web 
interface designed to facilitate the interactions of the users with the system, a 
PostgreSQL database in which data regarding the stakeholders’ preferences are 
stored that uses PostGIS plugin for spatial functionalities, and  an ABM developed 
in Java that accesses Repast Simphony libraries to simulate the negotiation 
process among stakeholders. The negotiation starts by a development plan being 
submitted by a user (stakeholder) through the web interface. The ABM module 
receives this plan and conducts the negotiation process in a step-wise manner. In 
each time step, the agents move the proposed plan to a new location and evaluate 
that location based on their stored criteria, using GIS tools provided by Repast 
Simphony and PostGIS. The limits of the search space are specified by the plan 
proposer. As the decision makers are often not willing to assign crisp numerical 
values to the relative importance of their criteria, in this model the users compare 
their preferences using linguistic expressions. Due to the uncertainty and fuzzy 
nature of such comparisons, the agents make use of a fuzzy Analytic Hierarchy 
Process (AHP) to prioritize their criteria and to bring fuzziness into the pairwise 
comparison of AHP. In the final step, the ABM investigates the highly ranked 
locations of all agents to find a common area which is outputted as the result of the 
negotiation. The proposed simulation model facilitates the interactions of 
stakeholders who have different perspectives regarding potential land development 
scenarios in the watershed and allow them to reach an acceptable agreement 
considering their own preferences along with other stakeholders’ preferences.  
 
Keywords: Agent-based modeling, negotiation, Fuzzy analytic hierarchy process, 
coupled natural/human systems   
 
1 INTRODUCTION 

 
Landscapes are coupled natural/human systems in which both social and 
biological factors interact in shaping patterns and dynamics (Turner et al. 2007), 
and neglecting any of these components yields an incomplete picture (Walsh and 
McGinnis 2008). One of the most critical aspects of such systems is the role of 
“human actors”. Due to the technical complexities involved in modeling human-like 
behaviors, this component has either been neglected or underestimated in 
computer modeling of natural systems. These difficulties are not only caused by 
the complicated nature of human decision making, but are also related to the 
interactions of human actors with themselves and their surrounding environment. 
Therefore, in many computer models, a community of people are substituted by an 
average, ignoring different and even conflicting viewpoints involved in that 
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community. Moreover many conflicts between the stakeholders can be resolved 
through consideration of others’ viewpoints and appreciation of their perspectives 
(Forester, 1999). 
The goal of this study is to incorporate viewpoints of human actors (stakeholders) 
in the context of land development in the Elbow River watershed in southern 
Alberta considered as a coupled natural/human system. Moreover this study aims 
at creating an environment through which the stakeholders can learn and 
appreciate each other’s’ perspectives about land development in the watershed 
and find the alternative plan that satisfies their preferences. To achieve this goal, 
an agent-based model was developed which employs the fuzzy AHP technique to 
simulate the negotiation process of the stakeholders. Compared to other methods, 
such as participatory approaches (Bousquet et al., 2005), optimization techniques 
(Ito et al. 2012), and knowledge-based approaches (Klein, 2004), the fuzzy AHP 
technique offers several advantages.  
In participatory approaches, the status and legitimacy of the researchers in the 
process could be questionable (Bousquet et al., 2005); it also requires the strong 
involvement of the stakeholders throughout the modeling process, which is not 
feasible in many cases. Optimization techniques require a priori knowledge of the 
utility functions of the stakeholders (Kersten and Noronha, 1998), which are not 
always available or meaningful. In comparison, the fuzzy AHP is a multi-criteria 
decision making approach that takes into account the vagueness of the human 
thinking in a context of uncertainty. First proposed by Van Laarhoven and Pedrycz 
(1983), fuzzy AHP has long been used in group decision making (Mikhailov, 2003), 
though employing it in an ABM framework (López-Ortega and Rosales, 2011; Gao 
and Hailu, 2012) is a fairly new notion. While in classical AHP, the stakeholder is 
asked to provide a deterministic comparison of his criteria, in fuzzy AHP he can 
express them as linguistic judgment intervals (Leung and Cao, 2000).   
In this paper, three stakeholders who represent a Municipal District and two non-
profit organizations are represented as agents. A web-based application is 
developed so that the users (stakeholders) can easily access the system. During 
the negotiation process, agents of the model use the fuzzy AHP method to find the 
alternative which satisfies the preferences of all agents in a cumulative manner. 
The ABM serves as a simulation laboratory through which the stakeholders are 
able to explore various scenarios of land development and examine how their 
perspectives are perceived by other stakeholders in order to find the best-fit 
scenario.  
 
2 METHODOLOGY 
 
2.1 Study area 
 
The Elbow River, which is an important tributary of the Bow River in southern 
Alberta, originates from Elbow Lake in the Elbow-Sheep Wildland Provincial Park in 
the Canadian Rockies. Passing Bragg Creek, Springbank and the Tsuu T'ina 
reserve, it enters the City of Calgary where it merges into the Bow River. The 
watershed occupies an area of 1200 km2 and supports several uses including 
supplying the drinking water, irrigation for crops, and various recreational activities. 
Sixty-five percent of the watershed is located in the Kananaskis Improvement 
District and the remaining area is divided among the Municipal District of Rocky 
View (20%), the Tsuu T'ina Nation (10%), and the City of Calgary (5%) (Elbow 
River Watershed Partnership 2012). Figure 1 shows a detailed map of the 
watershed boundaries. 
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Then each agent performs a fuzzy AHP operation on the results to prioritize the 
criteria and sort the locations based on the weighted criteria. The analytic hierarchy 
process (AHP) is an extensively used technique for multi criteria decision making 
(Saaty 2008). The basic idea behind the AHP is structuring the problem into a 
hierarchy of different levels. Each level of this hierarchy consists of a number of 
elements which can be compared to one another, two at a time.  The AHP uses 
these comparisons to prioritize the elements of the hierarchy. Although the AHP 
approach has been a popular approach for several years, in many cases the 
decision maker’s preference model is uncertain and fuzzy (Mikhailov 2003); 
therefore this approach is being criticized for neglecting the vagueness of the 
human thinking (Deng 1999). To avoid assigning crisp values to the human 
preference model, such uncertain judgments can be expressed as fuzzy sets or 
fuzzy numbers. Fuzzy set theory is a mathematical theory proposed by Zadeh 
[1965] to model the vagueness or imprecision of human cognitive processes. 
A normal fuzzy set ෩ܰ is a triangular fuzzy number which can be expressed as 
ሺ݈,݉,  are the lower and ݑ ሻ where where ݉ is the most possible value and ݈ andݑ
the upper bounds. This number has a linear piecewise continuous membership 
function ߤே෩ሺݔሻ with the following characteristics (Dubois and Prade 1980): 
1. A continuous mapping from Ը to the closed intervalሾ0,1ሿ; 
ሻݔே෩ሺߤ .2 ൌ 0 for all ݔ ∈ ሾെ∞, ݈ሿ and for all	ݔ ∈ ሾݑ,∞ሿ; 
3. Strictly linearly increasing on ሾ݈,݉ሿ	and strictly linearly decreasing on ሾ݉,  ;ሿݑ
ሻݔே෩ሺߤ .4 ൌ 1 for	ݔ ൌ ݉. 
 
The fuzzy AHP process workflow contains four main steps: 
 

1- Fuzzifying the crisp pairwise comparison matrix  

After the user submits the pairwise comparison of his criteria by verbal judgments, 
the pairwise comparison matrix of criteria is built using Table 1. In the first step, the 

crisp PCM, ܣ ൌ 
ܽଵଵ ⋯ ܽଵ
⋮ ⋱ ⋮

ܽଵ ⋯ ܽ

൩ is fuzzified using the membership function to 

obtain the fuzzy PCM, ܣሚ ൌ 
ܽଵଵܽଵଵܽଵଵ௨ ⋯ ܽଵܽଵܽଵ௨

⋮ ⋱ ⋮
ܽଵܽଵܽଵ௨ ⋯ ܽܽܽ௨

൩.  

 
Table 1. Scales in pairwise comparisons (Adapted from Saaty 2008) 

Intensity of importance Verbal judgment of preference 

1 Equally Important 

3 Weakly more important 

5 Strongly more important 

7 Very strongly more important 

9 Absolutely more important 

 
2. Fuzzy extent analysis 

Fuzzy extent analysis is applied to get the fuzzy decision or performance matrix 
ሺ పܺ
෪ ሻ and fuzzy weights ෩ܹ . This will yield the fuzzy weighted performance matrix ෨ܲ. 

෨ܺݎ	ݓఫ෦ ൌ
∑ ೕ
ೖ
ೕసభ

∑ ∑ ೕ
ೖ
ೕసభ

ೖ
సభ

               

	

෨ܺ ൌ

ۏ
ێ
ێ
ۍ
ሺݔଵଵݔଵଵݔଵଵ௨ሻ
ሺݔଶଵݔଶଵݔଶଵ௨ሻ

⋮
൫ݔݔݔ௨൯ ے

ۑ
ۑ
ې
      ෨ܲ ൌ ෨ܺ ∗ ෩ܹ ൌ

ۏ
ێ
ێ
ۍ
ሺݓݔଵଵݓݔଵଵݓݔଵଵ௨ሻ
ሺݓݔଶଵݓݔଶଵݓݔଶଵ௨ሻ

⋮
൫ݓݔݓݔݓݔ௨൯ ے

ۑ
ۑ
ې
ൌ ൦

ଵܲ ଵܲ ଵܲ௨

ଶܲ ଶܲ ଶܲ௨
⋮

ܲ ܲ ܲ௨

൪          

 
When this stage is finished, the total weighted performance matrix for each 
alternative is calculated. 
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3. Alpha cut analysis 

To make a crisp choice among the alternatives, the alpha-cuts-based method is 
needed for checking and comparing fuzzy numbers (Wang 1997). The alpha cut is 
determined to account for the uncertainty in the fuzzy range chosen. 
 

෨ܲఈ ൌ ൦

ሾଵఈ, ଵఈሿ
ሾଶఈ, ଶఈሿ

⋮
ሾఈ, ఈሿ

൪ 

 
௧ߙ ൌ ሾߙ ∗ ሺݕݖݖݑ݂_݈݁݀݀݅ܯ െ ሻሿݕݖݖݑ݂_ݐ݂݁ܮ   ݕݖݖݑ݂_ݐ݂݁ܮ
ோ௧ߙ ൌ ݕݖݖݑ݂_ݐ݄ܴ݃݅ െ ሾߙ ∗ ሺܴ݄݅݃ݕݖݖݑ݂_ݐ െ  ሻሿݕݖݖݑ݂_݈݁݀݀݅ܯ
 
 

4. Lambda function and normalization of crisp values 

Through the alpha cut analysis, two values are obtained, namely Alpha_Right 
(maximum range) and Alpha_Left (minimum range), which need to be converted 
into a crisp value. This is done by applying the Lambda function which represents 
the attitude of the stakeholder. 
 
݁ݑ݈ܸܽ_ݏ݅ݎܥ ൌ ߣ ∗ ோ௧ߙ  ሾሺ1 െ ሻߣ ∗  ௧ሿߙ

ఒܥ ൌ
ഊ
∑ഊ

  

ఒܥ ൌ ߣ ∗ ఈ  ሺ1 െ ሻߣ ∗ ߣ ఈ, where ൌ ሾ0,1ሿ																ܥఒ ൌ ൦

ଵఒܥ
ଶఒܥ
⋮
ఒܥ

൪ 

 
After prioritizing the alternative locations for each agent, a conditional sum is 
conducted to find the location that is most satisfying to all agents. The results are 
summed based on the minimum satisfaction percentage inputted by the user. By 
enforcing the conditional summation of results, we ensure that all agents are 
satisfied at a certain level. This will avoid a result which is biased towards a single 
agent or a group of agents. 
   
2.2.4 Running simulations 
 
In a run of the system, four main steps are followed: 
 

1. A land development plan, along with a number of parameters is proposed 
by the user through the web interface and is transferred to the ABM. 

2. At each time step, each agent in the model moves the development plan 
around a search space and evaluates each new location. 

3. Each agent employs the fuzzy AHP approach to prioritize the locations 
based on its stored preferences. 

4. The agents report the results and the best location for the development 
plan is determined through a conditional sum of the results. 

 
To test the capabilities of the system, a hypothetical land development plan along 
with the negotiation parameters were proposed through the web interface (refer to 
section 2.2.3 for the details regarding these parameters). The model was tested 
using three agents.  
 
3 RESULTS 
 
Figure 4 illustrates the web page designed for the output of the negotiation 
process. The location proposed as the most satisfactory location for all agents is 
shown in this figure. A transparent mesh is overlaid on top of the map that 
represents the candidate locations which have been evaluated by the agents. On 
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