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Abstract 

Land management is an important and complex activity requiring decision makers to 

simultaneously consider diverse values. Strategic frameworks such as integrated land 

management (ILM) and ecosystem-based management (EBM) provide guiding principles, but do 

not dictate specific techniques for integrating multiple values when analysing land-management 

decisions. Multiple-criteria decision analysis (MCDA) is an established set of methods for 

supporting decisions by taking into account many perspectives. MCDA has historically been 

combined with geographic information systems (GIS) and can provide scenario analyses for ILM 

and EBM. However, the use of GIS-based MCDA by land-management decision makers is 

limited by accessibility challenges, where accessibility refers to the ease of understanding and use 

of available methods and tools. The goal of this research is to support land-management decision 

makers and analysts in simultaneously considering multiple values by improving the accessibility 

of GIS-based MCDA. The objectives are to (1) identify specific accessibility challenges for land 

managers in using GIS-based MCDA to support ILM and EBM, (2) design a generic approach to 

GIS-based MCDA that addresses some of the accessibility challenges identified, (3) implement 

the approach by developing GIS-based MCDA custom software, and (4) validate the approach 

through an applied land-management case study. The primary accessibility challenge identified is 

that GIS-based MCDA tools are most often focused on the evaluation phase of decision making, 

which assumes that the problem is already well understood and structured. The approach and GIS 

software developed in this thesis helps address this challenge by providing exploration tools 

integrated with evaluation tools and supplemented with geovisualisation capabilities. Case-study 

participant feedback revealed that exploration facilitates understanding and structuring of land-

management decision problems in preparation for evaluation. 
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Chapter 1 Introduction  

1.1 Context and problem 

Land management is inherent in the policies and activities of many organisations and 

affects many other interest groups. Municipal and regional planning authorities, for instance, are 

concerned with land-use zoning and enforcement, real estate development, property management, 

water supply, and sewage handling, and all constituent residents and businesses have a vested 

interest. In forest management, there are a large number of perspectives that must be considered, 

representing interests from recreation like hiking, hunting, and snowmobiling, to industrial 

development such as large-scale agriculture and energy generation, to pure conservation (Dolter, 

pers. comm., 2009; Hammond, 2009). Land management is thus an important and complex 

activity that requires decision makers and analysts to simultaneously consider diverse values. 

Integrated land management (ILM) is a strategic concept used that seeks to 

ñsystematically and practically assist in managing trade-offs and identifying win-win situations 

among environmental, economic and social conditionsò in land-use planning and decisions 

(Bizikova, 2009). ILM appears primarily in policy and international-development contexts 

(Environment Canada and United Nations Commission on Sustainable Development, 2000; 

Russell, 2008), not in academic research. With regards to achieving ILM, ecosystem-based 

management (EBM) is a term that appears both in academic and practical contexts. It is a set of 

principles and guidelines that originally covered planning and management of only biotic 

phenomenon, but has expanded to take into account social, economic, and ecological factors in a 

planning process (Kappel, et al., 2006). EBM seeks to manage human activities with the view that 

human systems and natural systems co-evolve, and in particular focuses on how social and 

economic activities are embedded in and affect ecosystems (Layzer, 2008; Hammond, 2009). 

Methods for analysing specific local and regional decisions to ensure they are consistent 

with strategic principles are required. Given that there are often high stakes and that 

simultaneously considering many perspectives and factors is cognitively complex, the methods 

need to be transparent and systematic. Whereas EBM has been identified as a relevant framework 
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for analysing land management decisions (Luther et al., 2007; Hearn et al., 2008; Eddy, 2010), it 

requires specific tools and techniques for performing integrated analysis. 

Multiple-criteria decision analysis (MCDA) is a suite of methodologies that can help 

decision makers and analysts combine multiple factors, and it typically results in a rating or 

ranking of alternatives (Belton and Stewart, 2002). MCDA combined with geographic 

information system (GIS) offers a set of methods that can provide transparent and systematic 

decision support for an integrated approach to land management (Joerin et al., 2001; Eastman, 

2005). Fig. 1.1 shows one view of how ILM, EBM, GIS, and MCDA relate to each other. This 

project is situated in the area of overlap of these fields. 

 
ILM 

EBM 

 

MCDA 

 

GIS 

 

research focus 
 

Fig. 1.1. Research focus shown with a hatch pattern at the intersection of geographic information systems 

(GIS), multiple-criteria decision analysis (MCDA), and integrated land management (ILM). Ecosystem-

based management (EBM) is one set of principles for undertaking ILM. 

MCDA methods have been combined with GIS in various ways over the last 20 years 

(Carver, 1991; Malczewski, 2006a) and applied to many different land management problems. 

However, accessibility of GIS-based MCDA, defined here as the ease of understanding and use of 

available methods and tools, is limited for land managers without sufficient experience in using 

GIS or MCDA tools and techniques. Some of the accessibility challenges of existing GIS-based 

MCDA approaches are due to the breadth and complexity of the diverse fields of information 

used in a given analysis, to the limited transparency and usability of tools and techniques 

available, and to the lack of support for and focus on first defining the problem through an 

exploration phase of decision analysis. Exploration involves problem understanding, refinement, 



3 

 

and structuring, particularly specifying the decision objective(s) and the criteria for evaluating 

them. 

1.2 Goal and objectives 

The goal of this research is to support land-management decision makers and analysts in 

simultaneously considering multiple values by improving the accessibility of GIS-based MCDA. 

In helping to attain this goal, specific research objectives of this thesis include the following: 

1. Identify specific accessibility challenges for land managers in using GIS-based MCDA to 

support ILM and EBM. 

2. Design a generic approach to GIS-based MCDA that addresses some of the accessibility 

challenges identified. 

3. Implement the approach by developing custom GIS-based MCDA software. 

4. Validate the approach through an applied land-management case study. 

1.3 Questions and hypothesis 

The research problem and goal lead to a number of research questions: 

¶ What are some of the accessibility challenges of GIS-based MCDA for land management? 

¶ How can the process of selecting appropriate GIS-based MCDA methods for a particular 

land-management problem be guided? 

¶ Which usability enhancements from other areas of GIS research might be incorporated in a 

customised software system to improve the accessibility of GIS-based MCDA? 

¶ How can a generic approach that addresses accessibility challenges be validated? 

The research hypothesis is that the proposed approach will improve the ability of land-

management decision makers and analysts to simultaneously consider diverse values. 

1.4 Methods 

Fig. 1.2 summarises the research methodology by organising the methods and fields of 

research into groups and depicting them along the project timeline. The methods were employed 

in parallel and influenced each other through feedback loops. 
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Time 

Literature Review 

Design of Approach 

¶ GIS-based MCDA 

o geographic information systems (GIS) 

o multiple criteria decision analysis (MCDA) 

¶ geovisualisation 

o cybercartography 

o spatial online analytical processing (SOLAP) 

Case Study 

¶ scoping and participant recruitment 

¶ user-centred design (UCD) 

¶ meetings (individual and group) 

¶ data collection 

¶ qualitative feedback 

o focus group 

o questionnaire 

Software Development 
¶ user-centred design (UCD) 

¶ Agile methods 

Communications 
¶ presentations (individual and group) 

¶ reports, papers, journal articles 

¶ thesis 

 

Fig. 1.2. Research methods, their relationships, and relative timelines. 

The initial project concept was refined in a literature review that covered the state of the 

art of non-spatial MCDA methods and their adaptation in GIS-based MCDA, both generally and 

more specifically in relation to land management. Although less exhaustive, review of the 

literature from other research fields, such as geovisualisation and spatial on-line analytical 

processing (SOLAP), was included within the scope of addressing accessibility limitations in 

GIS-based MCDA. 
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The central research method involved the design of an approach that considers several of 

the identified opportunities for improving GIS-based MCDA accessibility. A number of 

accessibility ideas come from the field of geovisualisation, which strives to actively engage users 

in a process of discovery using maps linked to graphs, tables, and other information displays 

(MacEachren and Kraak, 2001; Dykes et al., 2005; Dodge et al., 2008). For instance, information 

is initially presented at the summary level, and means are provided to quickly drill down for 

details in locations or categories of interest (Keim et al., 2005; Rivest et al., 2005). 

A case study was used to test the approach and validate the research. It was based in the 

Humber region  on the west coast of the Island of Newfoundland, where a number of researchers 

and practitioners are endeavouring to achieve ILM through EBM (Eddy, 2010).  The region has 

an extensive history in harvesting and management of timber resources, primarily in relation to 

supplying fibre for a pulp and paper mill in the city of Corner Brook. The pulp and paper industry 

contributes approximately $135 million annually to the regional economy (CBCL Limited et al., 

2010), but alternative uses and conservation now compete with it for land allocations (Fig. 1.3). 

For instance, wildlife management gained the attention of policy makers in the 1990s and 2000s 

based on concerns over the endangered (now threatened) Newfoundland marten (Forsey et al., 

1995; Hearn, 2007). Tourism has grown into a year-round industry encompassing hunting, 

fishing, skiing, golfing, snowmobiling, hiking, and wildlife viewing, with a variety of classes of 

accommodations. In the past decade, the tourism and recreation sector has been exerting 

increasing influence in harvest planning and other land management processes (Chaisson, pers. 

comm., 2009; Kelly, pers. comm., 2009). Land management complexity is compounded by the 

fact that the highest priority forest values among many residents of the Island of Newfoundland 

are non-consumptive and non-recreational, such as protection and scenic beauty (Bath, 2006). 

There appears to be a consensus among land managers in the Humber region that it is desirable to 

have as many perspectives as possible represented when analysing land-management decisions 

(Doucet, pers. comm., 2009; Jennings, pers. comm., 2009; Wood, pers. comm., 2009). 
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Recreation and Tourism 

Forestry 

Wildlife and Ecology 

Agriculture 

Municipal and Regional 

Planning 

 

Fig. 1.3. A selection of key land management values in the Humber region. 

A number of other requirements for effective land-management decision support have 

been identified by interest groups in the region (Dolter, pers. comm., 2009; Doucet, pers. comm., 

2009; Jennings, pers. comm., 2009). They include: (a) combining qualitative and quantitative 

decision criteria, (b) exploring alternatives and their consequences, (c) understanding the impact 

of favouring different perspectives, and (d) helping reach compromise or consensus. It is also 

evident from the strategic regional-planning initiative for Corner Brook and the Humber Valley 

currently underway that land management has gained widespread attention in the region (Downer, 

pers. comm., 2009; CBCL Limited et al., 2010). 

Key case-study activities included participant recruitment, identification of potential 

criteria to represent participant perspectives, acquisition of relevant data, exploration to help 
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structure the problem, and evaluation (Fig. 1.4). Case study participants consisted of experienced 

land-management decision makers and analysts in the Humber region. Qualitative feedback from 

participants was obtained in the course of individual and group meetings, in a focus group 

(appendix A), and with the use of a questionnaire (appendix B). 

May 2009

ÅIdea generation

ÅScoping 

meeting

ÅParticipant 

recruitment

Jun.

ÅMeeting 1

ÅStudy area

ÅPotential 

criteria 

Jul.- Aug.

ÅData collection

ÅSoftware 

development

ÅScenario 

analysis

Sept.

ÅMeetings 2 & 3

ÅMCDA 

Exploration

ÅObjective 

identification

ÅCriteria 

identification

Oct. - Nov.

ÅData collection

ÅSoftware 

development

ÅScenario 

analysis

Dec. 2009

ÅMeeting 4

ÅMCDA 

Evaluation

ÅFocus group

ÅQuestionnaire

 

Fig. 1.4. Approximate timeline for the case study component of the research. 

An important aspect of the research involved improving software tools, therefore a 

custom-developed software system was required to demonstrate the improvements incorporated in 

the designed approach. Referred to as the Multiple-Criteria Decision Analysis System (MCDAS), 

an Agile software engineering methodology (Beck et al., 2001; Hunt, 2006) was employed in its 

development to facilitate rapid programming and feedback cycles. User-centred design principles 

(Detweiler, 2007; International Organization for Standardization, 2010) provided a focus on 

usability and ensured user input and feedback were central to the process.  

Communication of research ideas and progress to both academic and applied audiences 

facilitated feedback on and refinement of the approach and methods. The concept for the research 

was presented at the Humber River Basin Workshop (October 2008) and the Department of 

Geography (April 2009). Research results were presented at the ESRI Regional User Conference 

(November 2009), the Canadian Forest Service (December 2009), the Department of Geography 

(February 2010), the Humber River Basin Workshop (February 2010), GIS Day (March 2010), 
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the Aldrich Interdisciplinary Conference (March 2010), and the Society for Conservation GIS 

Annual Conference (July 2010). Ethics approval for this project using these methods was obtained 

from Memorial University of Newfoundlandôs Interdepartmental Committee on Ethics in Human 

Research before the case study began. Case study participants were provided with a research 

overview, and formally provided their consent to participate. 

1.5 Thesis organisation 

This thesis uses a manuscript format wherein chapters 2 and 3 are papers that have been 

submitted to peer-reviewed journals. Chapter 2 is a literature review of GIS-based MCDA based 

on an article submitted to the journal Geography Compass. It first introduces the reader to the 

non-spatial foundations of MCDA and then discusses the integration of MCDA methods with 

GIS. It aims to make GIS-based MCDA more accessible to decision makers and analysts by 

categorising and introducing available methods and providing guidelines for selecting methods to 

apply to land-management problems. It also identifies research opportunities for improving the 

accessibility of GIS-based MCDA. Chapter 3 presents an approach to GIS-based MCDA that 

addresses a number of accessibility challenges, the MCDAS software that demonstrates the 

approach, and the results of the land management case study used for testing and validation. It is 

based on an article that has been published in the journal Forest Ecology and Management. 

Chapter 3 helps address some of the challenges identified in chapter 2, particularly the research 

gap in GIS-based MCDA that is concerned with a lack of explicit recognition and support for an 

exploration phase to help understand and structure a problem. It also demonstrates enhanced 

accessibility by integrating several concepts from the field of geovisualisation. Chapter 4 

summarises how the research questions have been addressed, discusses how the hypothesis has 

been validated, expands on the significance of the work, and presents opportunities for further 

application and research. Further information on the design of MCDAS is presented in appendix 

C (preliminary design of a multiple-criteria exploration technique called coincidence analysis), 

and functionality details are provided in appendix D (MCDAS high-level architecture) and 

appendix E (MCDAS user documentation). 
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1.6 Co-authorship statement 

After I had expressed interest in working in GIS and forestry, the concept for the project 

came from thesis co-supervisor Joan Luther and her colleagues at the Canadian Forest Service, 

and was further developed in discussions with thesis co-supervisor Rodolphe Devillers of 

Memorial University of Newfoundland and me. The first formal communication of the general 

ideas was in a funding proposal completed by the thesis co-supervisors. More specific ideas were 

generated by myself during preliminary literature review, and formalised in my thesis proposal 

and ethics proposal which were reviewed iteratively by the thesis co-supervisors. I organised and 

executed the practical aspects of the research, including preliminary discussions with interested 

parties, design of the decision analysis approach and its development as custom software, 

recruitment of case-study participants, logistics and chairing for case-study meetings, and 

communication of the results in various forums. I also coordinated the data analysis, which took 

the form of group decision analysis as directed by the input, perspectives, and priorities of the 

case study participants. Joan Luther and thesis committee member Brian Eddy also attended the 

case study meetings and assisted by participating in the discussions, taking notes, and providing 

feedback after the meetings. Design review, software feedback, and other guidance for the case 

study and data analysis aspects of the research were provided by all three thesis committee 

members. Regarding the two journal articles that form the core (chapters 2 and 3) of this thesis, 

the general outlines were developed and refined in meetings of the thesis committee and me. I 

wrote the entire first draft of both papers, and then the thesis committee provided feedback and 

suggested ways to improve them. Hence, I was the primary author of both journal articles, and 

Rodolphe Devillers, Joan Luther, and Brian Eddy were co-authors. I am the author of this 

document that integrates the articles and research in a single manuscript. 
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Chapter 2 A review of GIS-based multiple-criteria decision analysis 

(MCDA)  

Abstract 

Important and complex spatial decisions, such as allocating land to development or 

conservation-oriented goals, require information and tools to aid in understanding the inherent 

tradeoffs. They also require mechanisms for incorporating and documenting the value judgements 

of the interest groups and decision makers. Multiple-criteria decision analysis (MCDA) is a 

family of techniques that aid decision makers in formally structuring multi-faceted decisions and 

evaluating the alternatives. It has been used for about two decades with geographic information 

systems (GIS) to analyse spatial problems. However, the variety and complexity of MCDA 

methods, with their varying terminologies, means that this rich set of tools is not easily accessible 

to the untrained. This paper provides background for GIS users, analysts and researchers to 

quickly get up to speed on MCDA, supporting the ultimate goal of making it more accessible to 

decision makers. A number of factors for describing MCDA problems and selecting methods are 

outlined then simplified into a decision tree, which organises an introduction of key methods. 

Approaches range from mathematical programming and heuristic algorithms for simultaneously 

optimising multiple goals, to more common single-objective techniques based on weighted 

addition of criteria values, attainment of criteria thresholds, or outranking of alternatives. There is 

substantial research that demonstrates ways to couple GIS with multi-criteria methods, and to 

adapt MCDA for use in spatially continuous problems. Increasing the accessibility of GIS-based 

MCDA provides new opportunities for researchers and practitioners, including web-based 

participation and advanced visualisation of decision processes. 

2.1 Introduction  

People often make spatial decisions, in both personal and professional matters: what route 

to take on a daily commute, where to locate a new branch office, or which forest stands to harvest. 

Selecting an alternative usually requires trading off different considerations. Route selection, for 
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instance, may be a trade-off among distance, driving time, road quality and scenery. Different 

people facing the same problem may apply different values and reach different conclusions. In 

addition to being a product of values, decisions are also affected by the decision makersô 

motivations and expectations (Ajzen and Fishbein, 2008). As decisions increase in complexity 

and importance, so does the need to formalise the underlying decision-making processes using 

available information, and to document the value judgements and rationale behind the decisions. 

Multiple-criteria decision analysis (MCDA) can be defined as ña collection of formal 

approaches which seek to take explicit account of [key factors] in helping individuals or groups 

explore decisions that matterò (Belton and Stewart, 2002, p. 2). For approximately 20 years, 

MCDA methods have been used for spatial problems by coupling them with geographic 

information systems (GIS) (Carver, 1991; Malczewski, 2006a). The goal of this paper is to make 

the GIS-based MCDA field more accessible to a wider audience. This includes the GISciences 

community of researchers, analysts, and users, and ultimately experts and decision makers in 

many fields. The GIS literature is filled with tools, scenarios, and cases involving spatial decision 

support (Dragiĺeviĺ, 2008; Thomas and Humenik-Sappington, 2009; Nyerges and Jankowski, 

2010), so there is a major challenge for newcomers in even identifying GIS-based MCDA 

research and tools. It requires an understanding of the concepts of non-spatial MCDA, hence a 

related goal is to make sense of the sheer variety of MCDA methods and the many ways they can 

be integrated with GIS. 

Section 2.2 introduces MCDA, and section 2.3 lists a number of factors used to categorise 

decision scenarios and select formal methods. These selection factors are used to build a methods 

decision tree in section 2.4, which organises brief descriptions of key MCDA methods. We then 

discuss the spatial extension of MCDA in section 2.5, particularly spatially continuous problems 

that are ideally suited to modelling with GIS. Research trends in the field of GIS-based MCDA 

are also reviewed. Section 2.6 is geared toward the practitioner, covering available software and 

coupling strategies for integrating MCDA with GIS. The Conclusion identifies opportunities 

related to making the field more accessible. 
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2.2 MCDA background 

MCDA aids decision makers in analysing potential actions or alternatives based on 

multiple incommensurable factors/criteria, using decision rules to aggregate those criteria to rate 

or rank the alternatives (Malczewski, 1999a; Figueira et al., 2005; Eastman, 2009). Although the 

decision criteria normally cannot all be maximised in selecting an alternative or action, MCDA 

researchers and practitioners do not view it simply as a quantitative optimisation problem that 

identifies the best potential ñsolutions.ò Instead, the focus is on eliciting and making transparent 

the values and subjectivity that are applied to the more objective measurements, and 

understanding their implications (Belton and Stewart, 2002; Roy, 2005). The field is often 

referred to as multiple-criteria decision making (MCDM), but decision ñanalysisò or ñaidingò 

(MCDA) better reflects the more subtle and broader-ranging intentions. 

MCDA grew out of and in reaction to single-criterion optimisation techniques, most 

notably linear programming. These were developed during World War II and honed in the early 

days of the business management field of Operations Research, in both contexts without 

considering secondary consequences that require multiple criteria (Zeleny, 1982). Simple and 

somewhat crude approaches to reconciling multiple criteria require alternatives to meet one, some 

or all criteria based on cut-off values. These approaches are named non-compensatory methods, in 

that increases in the value of one criterion cannot be offset by decreases in the value of another 

(Hwang and Yoon, 1981). 

Among advocates of more sophisticated compensatory approaches that facilitate criteria 

tradeoffs, two prominent schools of MCDA (American and European, summarised in Table 2.1) 

evolved simultaneously but somewhat separately during the 1960s and 1970s. Both schools 

shared the concepts of decision alternatives and criteria, but differed in their philosophy and 

approach to aggregating criteria. The early American school of MCDA followed the Operations 

Research tradition. One set of its methods used a value or utility function based on multi-attribute 

utility theory (Keeney and Raiffa, 1976), multiplying weights by normalised criteria values (for 

instance converted to a continuous 0-1 scale) and summing these to derive a score or rating for 

each alternative. Another set of methods within the American school centred on the idea of 
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specifying desirable or satisfactory outcomes and using mathematical programming to come as 

close as possible to these in criteria outcome space (multi-dimensional space where each 

dimension represents the possible values of one criterion) (Dykstra, 1984). The word 

ñprogrammingò is used in the sense of the program of action that is recommended as a result of 

the analysis. The European school moved away from the Operations Research idea of obtaining 

an optimum, and developed outranking relations to help decision makers compare alternatives in a 

pair-wise manner to rank their preferences for the alternatives in various ways (Roy 1968a cited 

in Roy and Vanderpooten, 1996; Vincke, 1992). A key assertion in this approach is that decision 

makers do not have precise preconceptions of the relative importance of the criteria, and that 

decision aiding should help them develop this insight. A somewhat less prominent school of 

MCDA, also based on the value-function approach to aggregation, is the Analytic Hierarchy 

Process (AHP) developed by Saaty (1980). AHP uses pair-wise comparison of criteria to derive 

relative weights. 

Table 2.1. Early schools of MCDA 

 American School European (French) School 

Assumptions Precise knowledge and judgements, 

optimal decisions 

Imprecision in evaluating criteria, 

optimal decisions not achievable 

Goal Rating and selection of alternatives Ranking of alternatives 

Aggregation 

Approaches 

Value/utility function, multi-criteria 

and multi-objective optimisation 

Outranking 

Key 

Institutions 

Decision Sciences Institute ï 

http://www.decisionsciences.org/ 

Institute for Operations Research and 

the Management Sciences ï 

http://www.informs.org 

LAMSADE ï 

http://www.lamsade.dauphine.fr/ 

EURO Working Group ï 

Multicriteria Decision Aiding ï 

http://www.inescc.pt/~ewgmcda/ 

 

As MCDA has grown, the clear divisions among the schools have diminished. For 

instance, subtleties introduced by the European school, such as recognition of subjectivity and 

imperfect knowledge (Roy and Vanderpooten, 1996), are now widely recognised and are reflected 

in the accepted definitions of MCDA. The various techniques are considered tools in the analystôs 

http://www.decisionsciences.org/
http://www.informs.org/
http://www.lamsade.dauphine.fr/
http://www.inescc.pt/~ewgmcda/
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toolkit to be applied as appropriate to different problems or phases of the same problem. 

Consequently, the primary research challenges moved from development of methods, to such 

issues as frameworks for method integration (Belton and Stewart, 2002) and application in 

distributed collaborative environments (Carver, 1999; Malczewski, 1999a), and resulted in a 

growth in MCDAôs range of application beyond its original focus in logistics and business. For 

instance, MCDA now has a strong history in environmental and resource applications such as 

forest management (Mendoza and Martins, 2006; Diaz-Balteiro and Romero, 2008). 

Perhaps MCDAôs greatest strength is its ability to simultaneously consider both 

quantitative and qualitative criteria, as long as the latter can be represented using an ordinal or 

continuous scale. One result is that MCDA is an alternative to decision analysis based solely on 

economic (monetary) valuation. There is substantial literature on economic valuation of non-

monetary phenomenon, such as ecosystem goods and services (van Kooten and Bulte, 2000; 

Turner et al., 2008). A practical challenge of such approaches is avoiding dismissal by decision 

makers of these often very large and theoretical valuations when pitted against hard economic 

criteria like jobs and exports. MCDA approaches can help overcome economic biases (Herath and 

Prato, 2006) by either using a non-monetary common denominator (a continuous scale like 0-1) 

or avoiding altogether the need to convert criteria from their original values. 

2.3 Method selection factors 

One approach to succinctly categorising virtually all MCDA scenarios is their association 

with various problem types, or problématiques. These include choice (making a single selection 

or recommendation), ranking (establishing a preference order for some or all of the alternatives), 

sorting (separating alternatives in classes or groups), description (learning about the problem), 

design (developing new alternatives for possibly addressing the problem), and portfolio (selecting 

a subset of alternatives) (Roy, 1996; Belton and Stewart, 2002). 

Other factors that describe decision problems or affect the choice and implementation of 

MCDA methods include: 
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¶ Number of decision makers: MCDA techniques designed for individuals can be applied for 

group decisions where consensus can be achieved through education or negotiation 

(Malczewski, 2006a). Otherwise, the methods must be extended using approaches such as 

aggregated weighting (Malczewski, 1999b) or voting (Hwang and Lin, 1987). Group 

approaches open up a variety of issues, often studied in Collaborative GIS research (Rinner, 

2001; Balram and Dragiĺeviĺ, 2006; Joerin et al., 2009). 

¶ Decision phase:  The phase or phases of the decision process to be supported. There are many 

ways to organise and describe decision phases (Turban and Aronson, 2001; Anderson et al., 

2003; Bouyssou et al., 2006), with a critical distinction for MCDA between the problem 

exploration/structuring phase and the evaluation/recommendation phase. 

¶ Number of objectives: With a single objective (such as recommending the site for a new fire 

station), the decision maker(s) can focus on relevant criteria or factors with measurable 

attributes, and thus corresponding techniques are often called multiple-criteria evaluation 

(MCE) or multiple-attribute decision making (MADM) (Jankowski, 1995; Malczewski, 

1999a). With multiple-objective decision making (MODM), it is necessary to establish 

whether the objectives are in synergy or conflict (for instance allocating urban land either to 

housing or green space) and to group the criteria by objective (Eastman et al., 1995; 

Malczewski, 2004). 

¶ Number of alternatives: Scenarios with a limited number of clear alternatives (like analysing 

three pre-selected locations for a new fire station) are discrete problems that usually culminate 

in a single selection (Chakhar and Mousseau, 2007). A large or infinite number of alternatives 

(like identifying all possible sites for the new fire station) signifies a continuous problem 

usually characterised as screening, search, or suitability rating (Malczewski, 1999a; Eastman, 

2009). 

¶ Existence of constraints: Limitations on solutions, either in the form of alternatives/areas to 

be excluded from consideration or conditions that the recommended solution must meet. 

Common constraints in spatially continuous problems are that recommended areas must be a 
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minimum contiguous size (Eastman, 2009) or provide corridors of connectivity (Chakhar and 

Mousseau, 2008). 

¶ Risk tolerance: The decision makersô level of risk tolerance (Eastman, 2009) and desire to 

quantify the risk inherent in a choice (Chen et al., 2001; Eastman, 2005). For instance, when 

screening alternatives, a risk-tolerant decision maker might be willing to accept alternatives 

that meet just a few criteria or even one criterion. A risk-averse decision maker, on the other 

hand, may accept only alternatives that meet all criteria. 

¶ Uncertainty: Whether the criteria and weighting should be modelled with certainty (i.e., 

deterministically) or uncertainty (i.e., probabilistically or fuzzily) (Malczewski, 1999a; Jiang 

and Eastman, 2000; Shepard, 2005). Uncertainty may be any of the types identified in the 

resource management literature (Wynne, 1992; Mitchell, 2002), but is often the indeterminate 

type. The choice to model uncertainty or not may simply be based on modelling preference. 

For instance, in a land-classification problem, the transition from woodland to wetland could 

be modelled with crisp boundaries (either one or the other) or fuzzy boundaries (with one or 

more classification levels where the land is partially wooded and partially wet). 

¶ Measurement scales and units: Whether it is possible to convert heterogeneous criteria based 

on various measurement scales (such as currency and qualitative survey results) to a common 

scale, and whether decision makers are comfortable with representing criteria numerically 

(Joerin et al., 2001; Chakhar and Mousseau, 2008). 

¶ Experience: The training and experience of the analyst and decision makers (Belton and 

Stewart, 2002). Given the large number of methods and their vastly different assumptions (see 

discussion of the early schools of MCDA in the Introduction), this is a very practical 

consideration that results in technique biases. 

¶ Computational resource capacity: Another practical consideration is available software 

(Malczewski, 1999a; Weistroffer et al., 2005) and hardware, and these can have budget 

implications. 

¶ Direction of problem solving: Typically, problems are worked forward in support of a new 

decision. However, existing decisions can be worked backward to elucidate the value 
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judgements that would be needed to support them, in a process called preference 

disaggregation (Jacquet-Lagr¯ze and Siskos, 2001; Siskos, 2005). 

2.4 MCDA methods 

Given the diversity of MCDA methods, selection of an appropriate method or 

combination of methods depends on the context. The decision tree of Fig. 2.1 is, therefore, not 

intended to be comprehensive or definitive, but provides one approach to simplifying the selection 

process. The clearest separation of methods is based on whether or not there are multiple 

objectives (Jankowski, 1995; Malczeswki, 1999a). If the decision maker or analyst determines 

that the multiple objectives are either complementary or can be prioritised, then multi-attribute 

decision making (MADM) methods can be applied repeatedly in a two-level or stepwise fashion 

(Malczewski, 1999a; Eastman, 2009). If the multiple objectives are in conflict, multi-objective 

decision making (MODM) methods are required. The choice is based on the number of 

alternatives, between mathematical programming for locating an optimal solution, and heuristic 

methods for locating a satisfactory solution close to the optimum. Unfortunately, there is no easy 

definition of what constitutes a ñlargeò number of alternatives as it depends on the computational 

capacity of the software or algorithm being used. 
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Yes 

Yes No Yes 

Yes No 

Yes No 

Multiple 

objectives? 

Trade off 

criteria? 

Use non-

compensatory 

methods 

(2.4.1). 

Complementary 

objectives? 

Use 2-level MADM: 

1. Solve each objective. 

2. Combine objective 

solutions. 

Prioritize 

objectives? 

Yes No 

No 

Use stepwise MADM: 

1. Solve each 

objective in 

order by priority. 

2. Exclude solution 

from subsequent 

steps. 

Large number of 

alternatives? 

No 

Use 

heuristic 

methods 

(2.4.6). 

Use 

mathematical 

programming 

(2.4.5). 

MODM MADM 

Large number of 

alternatives? 

Use weighting 

(2.4.2) then 

compensatory 

methods (2.4.3), or 

use outranking 

methods (2.4.4). 

Use weighting 

(2.4.2) then 

compensatory 

methods (2.4.3). 

 

 

Fig. 2.1. MCDA methods decision tree. Shaded action nodes (dark grey) indicate the numbered subsection 

of the paper that describes the set of methods. 

The MADM side of the tree is divided based on the question of trading off criteria. Non-

compensatory approaches are easier to understand and apply, but they require including or 

excluding alternatives based on hard cut-offs. Compensatory approaches are more realistic and 

subtle in their modelling, as they allow criteria outcomes to be traded off against each other on a 

continuous scale, so that a loss in one criterion can be compensated for by a gain in another. Note 

that MODM methods are generally compensatory by nature, and therefore always support criteria 

tradeoffs. Like MODM, selection of compensatory MADM methods is also differentiated based 

on the number of alternatives. 
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It is important to realise that the methods are not mutually exclusive, due to the 

complexities and multiple phases of decision analysis. For instance, non-compensatory techniques 

could be used for preliminary screening of alternatives, followed by a compensatory method to 

support final selection. Multiple techniques can also be applied in parallel as part of a strategy to 

validate the robustness of the recommendations (Carver, 1991; Roy, 2005). A more common 

approach to sensitivity analysis is to run multiple iterations using the same method, each time 

making slight adjustments in the inputs (such as the selection and weighting of criteria) to assess 

the sensitivity of the resulting outputs (Malczewski, 1999b; Store and Kangas, 2001; Feick and 

Hall, 2004). 

2.4.1 Non-Compensatory aggregation methods 

Often used for screening as well as selection, non-compensatory methods include: 

¶ Conjunctive: Accept alternatives if they meet a cut-off value on every criterion. 

Implementations involving spatial problems often use binary overlay (McHarg, 1969; 

Jankowski, 1995), where the objects or cells in each layer are set to 1 if they pass the cut-off 

for that criterion and 0 otherwise. The layers are combined using an intersection operation 

(logical AND) to identify ñsolution areasò that meet criteria, as shown in Fig.2.2. Conjunctive 

methods are risk averse because all criteria must be fully met (Eastman, 2009). 

¶ Disjunctive: Accept alternatives that meet a cut-off value on at least one criterion (Hwang and 

Yoon, 1981). It can also be implemented for spatial problems using binary overlay, where the 

map criteria layers are combined using a union (logical OR) operation. It is a risk-taking 

method, because only one criterion must be met (Eastman, 2009). 
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Fig. 2.2. Conjunctive example. Binary overlay for mineral exploration site identification, showing areas that 

meet the selected cut-off on all criteria. 
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¶ Lexicographic: Rank/order the criteria, then eliminate alternatives hierarchically by 

comparing them on the highest ranked criterion, followed by the second highest ranked, etc. 

(Carver, 1991; Jankowski, 1995). 

¶ Elimination by Aspects: Use a lexicographic approach, but also enforce a conjunctive cut-off 

for each criterion (Malczewski, 1999a). 

¶ Dominance: Look for dominant alternatives that score at least as high as every other 

alternative on every criterion (Jankowski, 1995). 

2.4.2 Weighting methods 

The following methods are used to derive relative criteria weights/importance before 

applying a compensatory aggregation method (Malczewski, 1999a; Belton and Stewart, 2002; 

Nyerges and Jankowski, 2010): 

¶ Ranking: Ranks/orders the criteria, then converts the ranks to weights using: 

o Rank sumðeach rank value divided by the sum of all rank values. 

o Rank reciprocalð1 divided by each rank value. 

o Rank exponentða rank sum with the numerator and denominator raised to a power 

between 0 and 1, thereby reducing the resulting weight differences. 

¶ Rating: Rates the criteria using a common scale (such as any value between 0 and 1) or point 

allocation (for instance allocating 100 points among all criteria). 

¶ Trade-off Analysis: Directly assesses tradeoffs between pairs of criteria to determine the cut-

off values at which they are considered equally important. 

¶ Analytic Hierarchy Process (AHP): Compares criteria pair-wise on a ratio scale and 

subsequently computes overall relative weights based on aggregate calculations of all pair-

wise ratios (Schmoldt et al., 2001; Saaty, 2005; Eastman, 2009). AHP is more than a criteria 

weighting method, as it also provides an additive, hierarchical aggregation of criteria. Fig. 2.3 

shows AHP weighting of three of the criteria from the mineral exploration example. 
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Fig. 2.3. Weight derivation using AHP in IDRISI GIS (http://www.clarklabs.org/). First, the criteria are 

compared pair-wise. For instance, WaterDistance is considered to be strongly less important than Road 

Distance (1/5). Then the eigenvector of the pair-wise comparisons is used to determine the overall criteria 

weights. The consistency ratio ensures, in this example, that the comparisons Slope/RoadDistance (1/3) and 

WaterDistance/RoadDistance (1/5) are sufficiently consistent with the comparison WaterDistance/Slope 

(1/1). 

2.4.3 Compensatory aggregation methods 

Compensatory decision rules not requiring pair-wise comparison of alternatives are of 

two types: 

¶ Additive methods that normalise criterion scores to enable comparison of performance on a 

common scale: 

o Weighted Linear Combination (WLC): Also known as simple additive weighting, this 

approach multiplies normalised criteria scores by relative criteria weights for each 

alternative (Carver, 1991; Geldermann and Rentz, 2007; Sugumaran and Bakker, 2007; 

Nyerges and Jankowski, 2010). WLC can sum all weighted criteria values in a single 

step, or proceed hierarchically so that each group of related criteria (such as wildlife, 

tourism and agriculture in a rural land-management problem) is first aggregated before 

being combined with other groups. In Fig. 2.4, the earlier mineral exploration example is 

analysed using single-step WLC, showing criteria normalisation and weighting, and the 

http://www.clarklabs.org/
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resulting map of aggregated suitability scores. Because it supports full trade-off or 

compensation among criteria values, WLC is mid-way on the risk tolerance continuum 

between conjunctive and disjunctive approaches and is thus considered a risk-neutral 

technique (Eastman, 2009). 

 

Fig. 2.4. WLC example. Mineral exploration site identification based on the inputs from Fig. 2, leaving the 

Geology criterion as a hard constraint, but using continuous values for the RoadDistance, Slope and 

WaterDistance criteria. Continuous values are normalised to a 0-1 scale, with optional scale reversal for 

criteria where less is better. Then they are weighted (in this case equally) and summed to produce the 

continuous output shown. Darker areas are more suitable, with the highest rated area scoring 0.86 (of a 

possible maximum of 1). 

o Fuzzy Additive Weighting: Adapts WLC using non-crisp criteria and weight values 

derived from fuzzy linguistic quantifiers such as ñhigh,ò ñmedium,ò and ñlowò 

(Malczewski, 1999a). Fuzzy methods are often applied in combination with other 

techniques, including AHP and OWA (Gorsevski et al., 2006; Gemitzi et al., 2007; 

Boroushaki and Malczewski, 2008). 
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o Ordered Weighted Averaging (OWA): Extends WLC using criteria-order weights to 

control the levels of criteria trade-off, allowing decision makers to place themselves along 

a continuous spectrum of risk tolerance (Rinner and Malczewski, 2002; Bell et al., 2007; 

Eastman, 2009). 

¶ Non-Additive methods that use the original criteria scores: 

o Ideal Point: Identifies a point in criteria outcome space (multi-dimensional space 

consisting of all possible combinations of criteria values) by specifying the preferred 

value of each criterion (Malczewski, 2004; Nyerges and Jankowski, 2010). This ideal 

point may not be close to a feasible alternative, but there are a number of methods for 

selecting one, such as the Technique for Order Preference by Similarity to Ideal 

Solution (TOPSIS) (Chen et al., 2001; Liu et al., 2006). 

o Non-dominated Set: Identifies the set of alternatives that score at least as high as 

every other alternative on at least one criterion, also called the efficient set or Pareto 

set (Malczewski, 1999a; Lotov et al., 2004). 

o Reasonable Goals Method: Extends the non-dominated set to help visually select 

from the alternatives using a series of two-dimensional graphs of criteria outcome 

space (Jankowski et al., 1999). 

2.4.4 Outranking aggregation methods 

Outranking methods undertake pair-wise comparison of a discrete set of alternatives to 

rank them based on concordance (the set of criteria for which one alternative dominates another) 

and discordance (the opposite set) (Belton and Stewart, 2002). The outranking philosophy 

recognises that decision makers are subject to ambiguous and evolving value judgements, even 

during the MCDA process. Well-known methods of this type include: 

¶ ELECTRE: A family of outranking methods (ELECTRE I, II, III, IV and TRI) that have 

evolved along with the European school of MCDA (Joerin et al., 2001; Bouyssou et al., 

2006). ELECTRE can handle various problem types (choice, ranking, sorting) and approaches 

to decision modelling. It introduced thresholds for declaring indifference or preference 
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between two alternatives on a particular criterion, and support for criteria that cannot be 

weighted (Belton and Stewart, 2002). 

¶ PROMETHEE: An outranking method that supports various criterion preference functions 

such as U-shaped, linear and flat (no threshold) (Brans and Mareschal, 2005; Marinoni, 2006; 

Geldermann and Rentz, 2007). 

2.4.5 Mathematical programming methods 

The following methods attempt to find the optimal way to satisfy goals by solving 

systems of equations: 

¶ Linear/Integer Programming: Mathematically optimises by maximising or minimising a 

single criterion value using constraints, commonly employed in Operations Research and 

Management Science (Wisniewski, 2002; Anderson et al., 2003). An example is to minimise 

the driving time to visit a specific set of customers, subject to speed limit constraints. To 

apply this approach, multi-objective problems are converted to a single-objective using value 

functions (in the case of deterministic models) or utility functions (in the case of probabilistic 

models) (Malczewski, 1999a). 

¶ Goal/Compromise Programming: Finds the alternative that minimises overall deviation or 

distance from user-specified ideal points or aspiration/reservation levels simultaneously for 

multiple objectives (Anderson et al., 2003; Baja et al., 2007; Ghosh, 2008). 

¶ Interactive Programming (Reference Point): Uses successively refined aspiration/reservation 

levels for each objective to select a feasible alternative (Malczewski, 1999a; Zeng et al., 2007; 

Janssen et al., 2008). 

2.4.6 Heuristic methods 

Due to computational limitations, mathematical optimisation is not possible when there 

are a large number of alternatives (such as developing an investment portfolio from the thousands 

of available stocks and other instruments). This issue also manifests itself in spatially continuous 

problems modelled using raster layers, where every possible outcome of every raster cell is an 
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alternative. The following methods can be used to allocate cells among conflicting objectives, 

with the aim of a close to optimal ñsolutionò: 

¶ Multiple-objective land allocation (MOLA): Allocates each cell to the objective with the 

closest ideal point. Objectives can optionally be weighted unequally, so that a cell may be 

allocated to an objective with a higher weight even when there is an objective with a closer 

ideal point (Eastman et al., 1995; Eastman, 2009). 

¶ Genetic algorithms (GA): Allocates cells based on a trial-and-error process that introduces 

small changes (evolutionary mutations) and tests for solution improvement (Malczewski, 

2004; Aerts et al., 2005; Bone and Dragiĺeviĺ, 2009). 

¶ Simulated annealing (SA): Allocates cells based on an iterative random process that tests for 

overall improvement at each step (Possingham et al., 2000; Duh and Brown, 2007; 

http://www.uq.edu.au/marxan/). 

GA, SA, and other techniques such as cellular automata (CA) (Malczewski, 2004; White 

et al., 2004; Myint and Wang, 2006) are collectively referred to as geocomputation when used in 

spatial problems. They can be applied to related aspects of spatial decision support, such as time 

series used to predict the future outcome of proposed alternatives resulting from MCDA. 

2.5 GIS-based MCDA 

The basic intention underlying spatialised applications of MCDA is to augment the 

traditional question of ñwhatò with the additional question of ñwhereò (Malczewski, 1999a). GIS-

based MCDA also facilitates calculation and analysis of spatial criteria such as distance, travel 

time, and slope. Virtually all MCDA methods can be applied to spatial problems, as shown by the 

examples and the many GIS-oriented references in the methods just elaborated. As discussed 

earlier, many MCDA methods can only be applied to a small number of alternatives due to 

computational limitations (in the case of mathematical optimisation) or practical considerations 

(in the case of pair-wise comparisons). This limits the choice of methods in spatially continuous 

problems, which attempt to rate or allocate swaths of land (i.e., where every cell or parcel of land 

is potentially part of the recommended solution). One approach to opening up additional methods 

http://www.uq.edu.au/marxan/
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for these problems is to convert them to a smaller number of discrete alternatives. For instance, 

strategic regional planning exercises (e.g., http://www.geog.leeds.ac.uk/papers/99-8/, 

http://www.cbhvregionalplan.ca/) can employ representative scenarios showing a few possible 

land configurations for debate and discussion. A risk of this approach, though, is potentially 

biasing subsequent analyses by excluding good alternative configurations (Belton and Stewart, 

2002). Another option for spatially continuous study areas is classification into homogeneous 

zones based on criteria values or categories (van Herwijnen and Rietveld, 1999; Joerin et al., 

2001; Chakhar and Mousseau, 2008). This limits the number of alternatives to the combination of 

possible outcomes for the zones, although often with a loss of spatial resolution. 

An important element of accessibility for any field is a vibrant research community. Use 

of MCDA with and in GIS has been an active and growing topic of research since the early 1990s 

(Malczewski, 2006a, b). These literature reviews also reveal use of many different combinations 

of methods and approaches. Leading application areas include environment/ecology, 

transportation, urban/regional planning, waste management, hydrology/water resources, 

agriculture and forestry. The reader is encouraged to refer to Malczewski (2006a; 

http://publish.uwo.ca/~jmalczew/gis-mcda.htm) for case studies in their areas of interest. 

Despite the breadth of methods and applications, GIS-based MCDA can still be 

categorised as a niche field. A field-specific research group and related journal 

(http://publish.uwo.ca/~jmalczew/gimda/) did not survive. Non-GIS publications such as Journal 

of Multi-Criteria Decision Analysis, Operations Research, Decision Sciences and Management 

Science are important sources of information, but rarely publish GIS-oriented material. GIS-based 

MCDA publishing typically occurs in the general GISciences literature or in application-oriented 

journals. These trends were confirmed with a search of the Scopus citation database using the 

query (ñGISò AND ("multiple criteria decision" OR "multi-criteria decision" OR "multicriteria 

decision" OR "MCD*" OR "multiple criteria evaluation" OR "multi-criteria evaluation" OR 

"multicriteria evaluation" OR "MCE")) resulted in 279 articles, broken down by year in Fig. 2.5. 

Other combinations of search terms could yield additional relevant articles, but these results are 

representative of the steady progression of the publications in the field. 

http://www.geog.leeds.ac.uk/papers/99-8/
http://www.cbhvregionalplan.ca/
http://publish.uwo.ca/~jmalczew/gis-mcda.htm
http://publish.uwo.ca/~jmalczew/gimda/
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Fig. 2.5. GIS-based MCDA article count by year (from http://www.scopus.com). 

Fig. 2.6 lists the journals containing three or more of the 279 articles. They are 

overwhelmingly in the GIS, Environmental and Planning fields, with the leader being the 

International Journal of Geographical Information Science. One of the few noteworthy academic 

conferences for the field is the Urban and Regional Information Systems Association 

(http://www.urisa.org/) annual conference. Again, researchers have to look to general GISciences, 

general decision research, application-specific fields, or industry events for dissemination. No 

academic institution is a clear leader in GIS-based MCDA, although a selection of leading 

researchers is provided in Table 2.2. This list was generated by the author during literature review 

based on the researchersô apparent prominence, their stated research interests, and their 

publications in the field. 

http://www.scopus.com/
http://www.urisa.org/


32 

 

 

Fig. 2.6. GIS-based MCDA article count by journal (from http://www.scopus.com). 

Table 2.2. Selected GIS-based MCDA researchers. 

Researcher Institution  Link  

Steve Carver University of Leeds http://www.geog.leeds.ac.uk/people/s.carver/ 

Salem Chakhar Université Paris-Dauphine http://www.lamsade.dauphine.fr/~chakhar/ 

Suzana Dragiĺeviĺ Simon Fraser University http://www.sfu.ca/dragicevic 

Ronald Eastman Clark University http://www.clarku.edu/academiccatalog/facult

ybio.cfm?id=61 

Piotr Jankowski San Diego State University http://geography.sdsu.edu/People/Faculty/jank

owski.html 

Florent Joerin Université Laval http://www.adt.chaire.ulaval.ca/1_chaire/prese

ntation_titulaire.php 

Jacek Malczewski University of Western 

Ontario 

http://geography.uwo.ca/faculty/malczewskij 

Oswald Marinoni Commonwealth Scientific 

and Industrial Research 

Organisation 

http://www.csiro.au/people/Oswald.Marinoni.

html 

Timothy Nyerges University of Washington http://faculty.washington.edu/nyerges 

Claus Rinner Ryerson University http://www.ryerson.ca/~crinner 

http://www.scopus.com/
http://www.geog.leeds.ac.uk/people/s.carver/
http://www.lamsade.dauphine.fr/~chakhar/
http://www.sfu.ca/dragicevic
http://www.clarku.edu/academiccatalog/facultybio.cfm?id=61
http://www.clarku.edu/academiccatalog/facultybio.cfm?id=61
http://geography.sdsu.edu/People/Faculty/jankowski.html
http://geography.sdsu.edu/People/Faculty/jankowski.html
http://www.adt.chaire.ulaval.ca/1_chaire/presentation_titulaire.php
http://www.adt.chaire.ulaval.ca/1_chaire/presentation_titulaire.php
http://geography.uwo.ca/faculty/malczewskij
http://www.csiro.au/people/Oswald.Marinoni.html
http://www.csiro.au/people/Oswald.Marinoni.html
http://faculty.washington.edu/nyerges
http://www.ryerson.ca/~crinner
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2.6 GIS-based MCDA Software 

An important factor in the accessibility of research and methods is the availability of tools 

that implement them. GIS-based MCDA software can be categorised based on the level of 

integration of MCDA capabilities within GIS. Jankowski (1995; 2006) defines three levels of 

GIS-MCDA coupling: full (a single software package provided by the vendor), tight (a common 

user interface and data management, achieved through package customisation) and loose (based 

on data exchange between packages). Most MADM techniques can be implemented in most GIS 

packages without custom programming (Malczewski, 1999a). For instance, ESRIôs ArcGIS suite 

of products (http://www.esri.com) provides the building blocks needed to implement WLC, 

including weighting overlay and map algebra. There are numerous free and commercial ArcGIS 

add-ons implementing other GIS-based MADM techniques (Marinoni, 2004; Boroushaki and 

Malczewski, 2008; http://arcscripts.esri.com).  Only two packages, IDRISI and CommonGIS, 

provide full integration of MCDA (Nyerges and Jankowski, 2010). 

IDRISI (http://www.clarklabs.org ) is a commercial GIS that includes decision-support 

modules based on WLC, AHP, OWA and MOLA, among others, plus a wizard to assist in 

selection of appropriate decision techniques (Eastman, 2009). Fig. 2.7 shows a spatially 

continuous example of IDRISIôs WLC capabilities (Rinner, 2003a). CommonGIS 

(http://www.commongis.com), originally called ñDescartesò, is a Java-based program that runs in 

a web browser or as a desktop application, and provides a number of multi-criteria decision 

capabilities including Ideal Point, WLC, OWA and Pareto Sets. Fig. 2.8 shows a discrete WLC 

example from Jankowski et al. (2001), depicting interactivity and map-graph linking. 

http://www.esri.com/
http://arcscripts.esri.com/
http://www.clarklabs.org/
http://www.commongis.com/
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Fig. 2.7. IDRISI MCE example (from Rinner, 2003a). Users specify criteria weights and optionally select 

constraints, then evaluate all locations within the study area using a 0-255 rating scale. It employs a custom 

web-based interface to the non-Web IDRISI package. 
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Fig. 2.8. CommonGIS MCE example (from Jankowski et al., 2001), showing counties of Idaho measured 

on ten healthcare criteria. Interactivity includes the ability to visually select counties in the map, and to set 

criteria weights using sliders. Links can be seen (1) between the selected county and the textual information 

in the bottom right, (2) between the highlighted counties in the map and the parallel coordinates graph to 

the left, and (3) among the criteria weights, the overall county score at the bottom of the graph and the 

county shading in the map. 

IDRISI is the only GIS package to have full coupling of a MODM method, the MOLA 

heuristic described in section 4.6. Mathematical optimisation is typically integrated by loose 

coupling of GIS with packages or libraries such as those provided by Lindo (Malczewski, 1999a; 

http://www.lindo.com/), or using custom programs to tightly couple the algorithms (Ghosh, 

2008). An important question is the order of integration (van Herwijnen and Rietveld, 1999; 

Malczewski, 2006a), as it can introduce biases related to the steps performed by each tool. Fully 

integrated GIS-based MODM is required to flexibly address this issue. Progress toward this goal 

has been made in the realms of nature conservation and land-use planning, as several 

organisations have developed packaged add-ons tightly coupled with ArcGIS 

http://www.lindo.com/
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(http://www.natureserve.org/prodServices/vista/overview.jsp; 

http://gg.usm.edu/pat/overview.htm; http://www.placeways.com). Customisation and integration 

generally also hide technical complexity, and therefore, work toward the goal of accessibility. It is 

important, however, that the underlying methods and assumptions are well documented, to avoid 

creating a black box that is not trusted. 

2.7 Conclusions 

This paper has provided an overview of the background and methods of MCDA, and its 

spatial extension using GIS. Although research output, tools, and applications in GIS-based 

MCDA continue to expand, the field has not achieved widespread acceptance. One reason is that 

it is often considered to be just an element of spatial decision support. Another reason is the 

breadth and complexity of available methods, particularly when viewed from the perspective of 

someone with little or no background in formal decision analysis. This introduction to the field is 

but one step toward making GIS-based MCDA more accessible. The need for cursory treatment 

of the methods selected for presentation here, and the exclusion of many other techniques and 

important issues, speaks to the richness that awaits those who choose to delve further into this 

field. In addition to continued refinement of the underlying methods and improved integration of 

MCDA with GIS software, there are many other opportunities for increasing accessibility. We 

conclude by highlighting two of them: web-based delivery and improved visualisation. 

The Internet is an obvious deployment platform for collaborative GIS-based MCDA and 

decision support, and this approach is not new (Carver, 1999; Rinner, 2003b; Mason and 

Dragiĺeviĺ, 2006; http://www.collaborativegis.com/; http://141.117.104.183/argoomap/test/). 

Web-based applications have certainly helped the momentum of Participatory GIS (PGIS), a 

newer sub-discipline that emerged from the GIS and society debates (Pickles, 1995) as a broad 

research umbrella regarding socio-political aspects of interest group engagement using GIS 

(Jankowski and Nyerges, 2001a; Craig et al., 2002; Haklay and Tobón, 2003; Weiner and Harris, 

2008). Researchers are beginning to explicitly combine MCDA and PGIS (Simão et al., 2009; 

Boroushaki and Malczewski, 2010) and it is possible that GIS-based MCDA will be increasingly 

http://www.natureserve.org/prodServices/vista/overview.jsp
http://gg.usm.edu/pat/overview.htm
http://www.placeways.com/
http://www.collaborativegis.com/
http://141.117.104.183/argoomap/test/
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positioned as a component of PGIS. Regardless, an important element of PGIS that GIS-based 

MCDA practitioners could embrace in order to ensure broad acceptance is incorporating 

traditional and local knowledge (Sheppard and Meitner, 2005; McIntyre et al., 2008; Rantanen 

and Kahila, 2009). Doing this effectively requires approaches that support the 

exploration/structuring phase of decision processes, not just the evaluation/recommendation 

phase, to avoid a biased pre-selection of criteria and alternatives (Ramsey, 2009). Beyond the 

PGIS realm, GIS-based MCDA can look to Web 2.0 (Haklay et al., 2008; 

http://oreilly.com/web2/archive/what-is-web-20.html) for developments like crowdsourcing 

(Hudson-Smith et al., 2009; Poore, 2010), whereby members of the public could suggest novel 

alternatives in a decision problem. 

GIS and map-based applications have always provided visual appeal. However, the visual 

element of the platform is far from stagnant, being driven by the increasing expectations of web 

users and those performing advanced interactive analysis. GIS-based MCDA could add to its 

limited visualisation research (such as Jankowski et al., 2001; Rinner, 2007; Lidouh et al., 2009), 

by considering how to incorporate visualisation advances from a number of other fields. These 

include a reinvented Cartography (Slocum et al., 2009; http://cartography2.org/), which vies with 

Geovisualisation (Dykes et al., 2005; Dodge et al., 2008; Salter et al., 2009; 

http://www.geovista.psu.edu/) for leadership in interactive electronic mapping. Also noteworthy 

are Cybercartography, which incorporates both visual and non-visual senses (Taylor, 2005; 

Taylor and Caquard, 2006), and Geovisual Analytics, an extension of Exploratory Data Analysis 

(Andrienko et al., 2007). Increased accessibility to GIS-based MCDA requires more than making 

tools and information about their algorithms available; the experience must be rich and engaging. 
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Chapter 3 An approach to GIS-based multiple-criteria decision 

analysis that integrates exploration and evaluation phases: Case 

study in a forest-dominated landscape 

Abstract 

The increasing importance and complexity of land and natural resource management are 

creating a need for ecosystem-based management (EBM). Multiple-criteria decision analysis 

(MCDA) combined with geographic information systems (GIS) can integrate factors related to the 

triple bottom line of ecological, economic, and social perspectives required by EBM. However, 

GIS-based MCDA is limited in this role because it rarely integrates or encourages an exploration 

phase in preparation for structured evaluation and inexperienced users may find MCDA methods 

and GIS software difficult to use. This paper presents a novel approach for supporting an 

exploration phase to help structure a problem and integrating the exploration and evaluation 

phases in an easy-to-use software system. The approach, based on coincidence analysis of binary-

valued inputs during exploration and weighted summation of continuous-valued inputs during 

evaluation, was validated through a land-management case study in a forest-dominated landscape 

with a variety of interest groups. Case-study participants used the approach to rate areas within a 

timber harvest plan based on their potential for conflict with conservation values. The case-study 

decision analysis determined that between 1.3% and 6.6% of the harvest plan area had a relative 

conservation rating of 0.30 or higher on a scale of 0-1. The system was made available to the 

forest industry and other interested parties to support harvest plan adjustments, demonstrating 

how such tools can be used to improve and integrate our knowledge of forest ecology and 

management. Assessment of participant feedback revealed that an exploration phase is effective 

in helping understand a problem and prepare for multiple-criteria evaluation (MCE). It also 

uncovered some user complexity in the software tool, due in part to the flexible design of the 

software for use in other problems and locations. 
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3.1 Introduction  

Land-management decisions are becoming increasingly important. Growing populations 

and consumerism are putting pressure on natural resources and biodiversity (Food and Agriculture 

Organization and United Nations Environment Programme, 1999; Dearden and Mitchell, 2005; 

Knight, 2009). Moreover, public awareness of land-management and sustainability issues is 

growing in many sectors, including forestry, and is placing greater expectations on managers to 

balance competing values (Rammel et al., 2007; Pollard et al., 2008). Consequently, the 

responsibilities involved in land management are becoming more complex. For example, 

conflicting objectives, such as allocating land based on economic development or conservation 

interests, often have to be taken into consideration and there are diverse criteria available to gauge 

such objectives (Herath and Prato, 2006; Brownsey and Rayner, 2009).  

As land management increases in importance and complexity, and because the public 

requires more transparency in decision processes, there is a greater need to formalise and 

rationalise decisions with available scientific information. This requires approaches for 

integrating very heterogeneous data, making them available to the various interest groups to allow 

them to make more informed decisions. Accordingly, there is a recent trend toward redefining 

ecosystem-based management (EBM) of land resources. EBM now integrates ecological, social, 

and economic objectives (Layzer, 2008), often referred to as a triple bottom line (Bennett et al., 

2006). It recognises human dimensions as key functional components of the ecosystem, and is 

being applied across natural resource sectors including wildlife (Sage et al., 2003), water 

resources (Gregersen et al., 2007), and forestry (Luther et al., 2007; Hearn et al., 2008; 

Hammond, 2009). 

Multiple-criteria decision analysis (MCDA) is a set of methods that offers structured and 

systematic decision support for EBM of land and natural resources (Mendoza and Martins, 2006; 

Prato and Herath, 2007; Diaz-Balteiro and Romero, 2008). MCDA supports decision makers in 

simultaneously considering multiple factors and their value judgements about the relative 

importance of those factors (Belton and Stewart, 2002; Roy, 2005). In forestry, for example, 

MCDA has been often applied to harvest scheduling decisions based on criteria such as stand age, 
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height class, species composition, proximity to production facilities, and accessibility, as well as 

on constraints such as protected areas, riparian zones, and landscape fragmentation limits. 

Geographic information systems (GIS) have been combined with MCDA in various ways, from 

helping to calculate spatial criteria such as distance and slope, to providing a basis for 

sophisticated spatial decision-support systems (SDSSs) (Malczewski, 1999a; Nyerges and 

Jankowski, 2010). If GIS-based MCDA models include relevant criteria, they can be used to 

support land and resource management practices that follow EBM principles. 

A number of limitations associated with GIS-based MCDA are preventing it from being 

used more widely in support of EBM (see chapter 2). First, it is often assumed that decision 

problems are well understood and can be formally structured. Non-spatial MCDA researchers 

have highlighted the importance of undertaking an exploration phase to help structure the problem 

in preparation for a more formal evaluation phase (Belton and Stewart, 2002; Bouyssou et al., 

2006). Moreover, participatory GIS research has identified that decision processes are often 

biased by having predetermined alternatives and criteria (Ramsey, 2009). However, the GIS-

based MCDA literature does not cover research in methods and tools to integrate preliminary 

exploration and problem structuring in a decision-making process. A second limitation is the 

complexity of these methods for untrained users. Participatory and collaborative GIS have, for 

instance, raised this challenge (Jankowski and Nyerges, 2001; Balram and Dragiĺeviĺ, 2006). The 

next generation of tools would benefit from easy-to-use interactive interfaces so that GIS analysts 

are not always needed to formulate basic queries, produce charts, and generate maps on behalf of 

the users (McHugh et al., 2009). MCDA methods must also be easy to use and understand, yet 

many available methods are perceived by decision makers as being a black box (Belton and 

Stewart, 2002; Kangas and Kangas, 2005; Løken, 2007). 

The objectives of this paper are to present a generic approach to GIS-based MCDA that: 

(a) Supports an exploration phase of land-management decision making with tools that facilitate 

exploratory analysis and visualisation and help structure the problem for evaluation. 
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(b) Integrates the exploration and evaluation phases of the decision-making process in a 

transparent and interactive system that allows users without advanced GIS or MCDA training 

to carry out the analyses. 

A land-management case study on the west coast of the island portion of the province of 

Newfoundland and Labrador, Canada, a region historically dominated by forest harvesting and 

management, was used to test the approach. In more recent years, decision-making processes 

about land use in the region have included a number of other interest groups such as the tourism 

and wildlife conservation sectors (CBCL Limited et al., 2010). This has resulted in more complex 

land-management decisions, and a need for SDSS has been identified (Kucera et al., 2010). The 

case study also demonstrates the approachôs applicability to the broader goal of assisting land and 

natural resource managers to integrate diverse values as required by EBM. 

Section 2 provides background on MCDA and its GIS-based application to spatially 

continuous land-management problems. Section 3 elaborates the approach, which combines a 

user-centred design (UCD) methodology, a process supporting two phases of analysis, and the 

development of an integrated software system. Section 4 describes the land-management case 

study that was used to test and validate the approach through participant feedback. Section 5 

discusses how the feedback from case-study participants validates the research objectives, some 

limitations of the work along with opportunities for further research, and how the approach 

supports the broader goals of EBM in forested landscapes. 

3.2 Background 

MCDA is a set of methods used in support of decision-making processes. Fig. 3.1 

presents a simplified combination of several decision-making process models (Turban and 

Aronson, 2001; Anderson et al., 2003; Bouyssou et al., 2006). If an identified problem is to be 

evaluated systematically, it must be structured to suit the evaluation method being used. This 

structuring is the key outcome of an exploration phase. To apply MCDA methods, structuring 

must include selection of decision objectives and the criteria by which they will be evaluated. In 

MCDA, the evaluation phase involves aggregating criteria values for each alternative, typically by 
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applying criteria weights, to determine a rating or ranking of alternatives. The iterative nature of 

decision analysis is represented in Fig. 3.1 by the arrow in each direction between the exploration 

and evaluation phases. The recommendation(s) from the evaluation phase are subsequently 

carried forward for final selection and implementation. A feedback loop recognizes the 

importance of critical post-implementation analysis, a step that, confusingly for the purposes of 

this research, is often called ñevaluationò in non-MCDA decision processes. 

 

feedback 
repeat as 

required 

Problem 

Identification 

Exploration 

Evaluation of 

Alternatives 

Selection and 

Implementation 
 

Fig. 3.1. A simplified decision-making process. This project concentrates on the exploration and evaluation 

phases, which can be repeated as required. 

MCDA offers a wide range of methods that can apply to different types of problems. It is 

now widely recognised that, regardless of the methods employed, MCDA is about aiding and 

documenting the decision process, not making the decision (Belton and Stewart, 2002; Roy, 

2005). While MCDA can support both ñdiscreteò problems (selecting from a few alternatives) and 

ñcontinuousò problems (rating a large or infinite number of alternatives), GIS is particularly well 

suited to evaluating spatially continuous MCDA problems such as rating the suitability of all 

parcels or cells within a larger study area (Malczewski, 1999a). Many spatial criteria such as land 

cover, forest inventory, and wildlife range encompass large continuous areas. GIS can combine 

these using overlay techniques to derive multiple-criteria ratings or scores.  

Whereas exploration could facilitate learning about where potential criteria interact in a 

spatial context, the GIS-based MCDA literature has not yet explicitly targeted this phase of the 

process. One potential advantage of encouraging an exploration phase in a decision-making 
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process is avoiding the tendency to fully structure a problem before all interest group input has 

been considered (Ramsey, 2009). Use of GIS-based MCDA is affected by a number of challenges 

of ñusabilityò, defined as ñthe extent to which a product can be used by specified users to achieve 

specified goals with effectiveness, efficiency, and satisfaction in a specified context of use" 

(International Organization for Standardization, 1998). For example, MCDA methods require 

varying degrees of comfort with mathematics and decision notation, which often puts the burden 

of a learning curve on decision makers. Usability challenges in GIS-based MCDA may also relate 

to the complexity of the GIS software employed. Identified challenges include reducing cognitive 

complexity for decision makers (Jankowski and Nyerges, 2001), introducing UCD principles, 

particularly for the humanïcomputer interface (Haklay and Tobón, 2003), and integrating data 

and technology into decision-making processes (Balram and Dragiĺeviĺ, 2006). 

Recent advances in the field of geovisualisation offer potential for addressing MCDA 

usability issues and for presenting the complexities and richness of information that characterise 

spatial decisions. Geovisualisation builds upon the more general field of information visualisation 

described by Dodge et al. (2008, p. 4) as ña cognitive process of learning through the active 

engagement with graphical signs that make up the display... it differs from passive observation of 

a static scene, in that its purpose is also to discover unknowns, rather than to see what is already 

known.ò Flexible interaction is driven not only by the capabilities of the technology, but by the 

demands of evermore sophisticated information users (Dykes et al., 2005). An important construct 

from this field is the visual exploration paradigm: start with an overview, then zoom in on or filter 

areas or items of interest, and drill down for full details as required (Keim et al., 2005; Plaisant, 

2005). 

Geovisualisation extends beyond the conventional mapping capabilities of GIS, and has 

been featured in some GIS-based MCDA studies (Jankowski et al., 2001; Rinner and Taranu, 

2006). In geovisualisation, maps and graphics can become active instruments in the end-usersô 

thinking process (MacEachren and Kraak, 2001). For example, providing dynamic links among 

maps, tables, and statistical charts can help users discover new relationships in the data (Bédard et 

al., 2006). The capability to present information in summarised interfaces such as dashboards 



54 

 

(Devillers et al., 2007), then drill down for additional details can be applied to a variety of user 

interface elements, including map legends, statistical charts, and data tables (Rivest et al., 2005). 

Usability is significantly enhanced by synchronisation of views (Baldonado et al., 2000), such as 

recalculating linked charts based on changes in visible map extents (Slocum et al., 2001). 

Developing guiding principles for implementing these techniques is a focus of the field of 

cybercartography, which seeks to dynamically synthesise spatial and non-spatial information in 

integrated and easy-to-use analytical packages (Taylor, 2005; Eddy and Taylor, 2005). While no 

perfect solution exists to present large volumes of complex data intelligibly to a non-expert 

audience, these advances in balancing richness of information with ease of understanding can 

offer effective ways of supporting the exploration and evaluation phases of land-management 

decision analysis. 

3.3 Approach 

Three elements define the overall approach. First, a UCD is critical to the objective of 

providing transparent and effective MCDA tools. Second, the exploration and evaluation phases 

are integrated in a decision analysis process. Finally, a multiple-criteria decision analysis system 

(MCDAS) demonstrates the approach in a transparent and interactive software system. 

3.3.1 User-centred design 

UCD is a philosophy that pays extensive attention to the end userôs experience in humanï

computer interaction (Detweiler, 2007; International Organization for Standardization, 2010). It is 

now a common methodology in software design, whereby usersô needs and computer interaction 

are placed at the centre of the design process (Macaulay et al., 2009). UCD is helpful for 

considering the usability of user interfaces as well as issues such as the level of trust in the 

algorithms and data processing that underlie analysis tools. Researchers in participatory GIS have 

emphasised the need for more UCD in GIS applications (Haklay and Tobón, 2003). In the 

proposed approach, UCD is applied both to the design and development of the supporting 

software and to the process of exploring and structuring the decision problem (selecting the 



55 

 

decision objectives, criteria, and weights). The latter appears to be a novel application of the UCD 

paradigm. 

3.3.2 Two phases of analysis 

The exploration and evaluation phases of GIS-based MCDA are central to the proposed 

approach. A key requirement for supporting exploration phase activities is to allow decision 

makers to explore where multiple land values, represented in separate GIS layers, interact 

spatially. There are many GIS overlay methods available to support this type of analysis. Because 

this project aims at integrating exploratory analysis and in keeping with the UCD philosophy of 

usability and transparency, it employs a simple exploration method based on  binary overlay 

techniques (Bonham-Carter, 1994) where pixels record the presence or absence of a phenomenon. 

The exploration tool is called ñCoincidence Analysisò to reflect the fact that input data can, 

depending on the situation, represent either conflict or synergy. Several GIS-based processing 

steps are involved in coincidence analysis (Fig. 3.2). A critical first step is the conversion of 

textual, continuous, or interval input values contained in vector polygons or raster layers to binary 

values, where a value of 1 is assigned if the input value meets the cut-off and a value of 0 if the 

cut-off is not met. An optional step allows for grouping layers, whereby two or more input layers 

are combined to create a grouped binary layer, with a value of 1 at locations where either of the 

group inputs have a value of 1. The final step sets the coincidence output value, also known as the 

layer count, at each location (i.e., at each raster cell in the study area) by counting and identifying 

the input layers that have a binary value of 1 for that location. Because Coincidence Analysis is 

based on an additive binary technique, it is a simple way to introduce non-GIS experts to MCDA 

using spatial overlay. 
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Fig. 3.2. Coincidence analysis geoprocessing. 

The evaluation phase rates/ranks alternatives using the selected criteria and weights. 

Because of its transparency and simplicity, a weighted overlay method is used for multiple-

criteria evaluation (MCE) (Belton and Stewart, 2002; Løken, 2007). As in the exploration phase, 

several GIS-based processing steps are used in MCE (Fig. 3.3). However, in the evaluation phase, 

the continuous or ordinal criteria values associated with vector polygons or raster layers (which 

can include raw measurements, probability values, or fuzzy quantifiers) are first normalised to a 
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common scale (in this implementation, a value between 0 and 1).The range of variation is retained 

between a minimum and maximum value, which are set by the user, based on the range of values 

present in the data or from known theoretical minima and maxima. Normalised values for each 

criterion input layer at each location are then multiplied by their respective weights and summed 

across all criteria to provide an overall MCE rating or suitability score for that location. The 

weighted overlay formula is 

VI = ɆJ WJVIJ 

where VI is the overall value or rating of the Ith alternative or location (I = 1 to M 

alternatives/locations), WJ is the weight of the Jth criterion (J = 1 to N criteria), and VIJ is the 

normalised value of the Jth criterion for the Ith alternative/location (Malczewski, 1999a; Nyerges 

and Jankowski, 2010). Weighting establishes the relative importance of the criteria, and in this 

approach, all weights sum to 1. This means the highest possible MCE rating for a location is 1.0, 

which would result from the presence of all criteria at their maximum value at that location. 
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Fig. 3.3. Multiple-criteria evaluation (MCE) geoprocessing. 
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3.3.3 Integrated system (MCDAS) 

Integration of the exploration and evaluation phases of MCDA in a single system is 

guided by a set of high-level user requirements (Table 3.1). The exploration phase activities help 

users build coincidence analysis scenarios. For instance, browsing and visualising the distribution 

of potential criteria data values using histograms can help users decide on the cut-off values for 

converting data to binary (as required by coincidence analysis). The evaluation phase incorporates 

a simple weighted overlay MCE using the criteria chosen as a result of the exploration phase. 

Effectively analysing the outputs from both phases of analysis benefits from interactive 

geovisualisation techniques, introduced in section 2, based on map colours, charts, drill-down, 

and dynamic synchronisation among interface elements (Baldonado et al., 2000; Slocum et al., 

2001; Rivest et al., 2005). In addition to facilitating data sharing throughout the MCDA process, 

the integration of the two phases of analysis within a single system supports the cyclical, iterative 

nature of land-management planning (Simão et al., 2009). 

Table 3.1. High-level conceptual requirements of MCDAS based on user activities. 

GIS-based MCDA user activity  Decision phase 

Browsing potential criteria layers using maps and their underlying attribute 

tables 

Exploration 

Understanding the distribution of potential criteria data values using histograms Exploration 

Understanding potential criteria by consulting metadata and referenced 

documentation 

Exploration 

Building coincidence analysis scenarios to explore potential criteria layer 

interactions and help structure the decision problem 

Exploration 

Building MCE scenarios to rate locations using selected criteria Evaluation 

Interactively analysing scenario outputs using coordinated map and chart views 

and drilldown 

Both 

Repeating the process as required, reusing criteria and incorporating outputs of 

previous analyses  

Both 
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MCDAS is a custom software application which fully integrates GIS and MCDA. Its 

development follows Agile principles, a family of software development methodologies where 

user requirements and implementation evolve rapidly and in parallel (Beck et al., 2001; Hunt, 

2006). It also adopts UCD (Detweiler, 2007), whereby MCDAS was compiled frequently to 

solicit user feedback, fine tune the high-level requirements, and test and refine features in 

development without breaking existing functionality. MCDAS is a Windows® application that 

was developed using Microsoft Visual Studio 2008® with the C#® programming language, and 

based on the ArcGIS 9.3® platform. The high-level software components underlying MCDAS 

consist of libraries made available by the Microsoft and ArcGIS development environments and 

custom-built components. MCDAS has been placed in the public domain with a small sample 

data set for download at http://arcscripts.esri.com/details.asp?dbid=16856. MCDAS has both 

back-end data and front-end tools running on a local computer, but the approach can be easily 

adapted to a variety of configurations depending on the need for scalability and the location of 

data. 

Fig. 3.4 shows the resulting MCDAS user interface and its components. 

http://arcscripts.esri.com/details.asp?dbid=16856
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Fig. 3.4. Multiple-criteria decision analysis system (MCDAS) user interface, showing (1) top toolbar, (2) 

table of contents (available map layers) pane, (3) metadata pane, (4) analysis pane with two tabs (one each 

for coincidence analysis and MCE), (5) map pane, (6) charts pane, and (7) additional pop-up windows, such 

as the ñIdentifyò window. 

For coincidence analysis, users can select map colours from custom colour ramps based 

on traffic-light colours, where green implies favourable or desirable, red implies undesirable or 

unfavourable, and yellow implies intermediate or cautionary (Devillers et al., 2007). Interpolated 

shades of these colours are used when more than three layer count values are present in the 

coincidence output layer. A pie chart summarises the area of each layer count, and a bar chart 

shows how each input layer breaks down by layer count; both charts synchronise their colours 

with the map display. Zooming in on or panning the map causes the charts to recalculate based on 

the visible extents in the map display. Detailed drill-down is supported on the map to identify the 

input layers occurring at a particular location and on any chart bar or slice to show a further 

breakdown of its composition. Similarly for MCE, a variety of output colour ramps are available 

and the distribution of MCE output values are automatically summarised in a colour-synchronised 
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histogram. An ñIdentifyò tool uses a bar chart to breakdown the MCE score at a selected location 

into the weighted values of the input layers that contributed to the score. 

3.4 Case study 

3.4.1 Study area 

To validate the proposed approach, MCDAS has been tested using a land-management 

case study that involved a group of experienced decision makers. The location of the case study is 

Forest Management District 15, which covers over 560,000ha, mostly within the Humber River 

Basin, in the province of Newfoundland and Labrador, Canada (see Fig. 3.5). Interest groups 

include forest and agriculture industries, domestic-use woodcutters, recreational users, tourism 

and outfitting operators, wildlife managers, conservation organisations, and municipalities. The 

largely rural character of the region means there is not excessive pressure toward urbanisation, so 

tension between forestry managers and conservation-oriented perspectives is perhaps the most 

critical land-management issue (CBCL Limited et al., 2010). 
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Fig. 3.5. Case-study location in the province of Newfoundland and Labrador, Canada. 

3.4.2 Decision-making context 

Corner Brook Pulp and Paper Limited (CBPPL), a subsidiary of Kruger, operates a paper 

mill in the city of Corner Brook. Forest harvesting and silviculture in support of wood fibre for 

the mill are the primary agents of landscape change in the region. The current planning process 

involves public consultations and takes into account both regulated and voluntary areas of non-

harvest (CBPPL, 2008). However, incorporating more science-based information into the process 
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is desired by all interest groups. Identification of specific areas for protection, beyond more 

general protection goals, can help fulfil sustainability and stewardship responsibilities. 

A snowball method was used to make initial contacts in the Humber region and 

brainstorm about the project. Given the logistics of scheduling five group sessions, the anticipated 

time commitment of up to 25 hours per person, and the projectôs focus on methods and tools, it 

was decided that six participants would be a manageable number. Prospective participants were 

selected from among those who had been introduced to the project with a goal of ensuring a broad 

set of perspectives were represented. The six people who agreed to participate represented the 

following perspectives: pulp and paper industry, forestry regulation and management, 

wildlife/ecology, tourism, regional planning, and policy-focused research. The author acted as 

participant-observer (Johnson and Johnson, 2003; Kearns, 2005), facilitating design and 

application of the GIS-based MCDA approach and supporting data sets for the case study while 

also gathering feedback. Based on discussions with case-study participants and other interested 

parties, general decision-support requirements were identified and included capacities to integrate 

qualitative and quantitative factors, explore alternatives and their consequences, understand the 

impact of favouring different perspectives, and help reach consensus or compromise. Key steps in 

the case-study decision process included identifying potential criteria to represent different values, 

sourcing corresponding data, identifying and structuring the problem, evaluating a chosen 

objective using selected criteria, and gathering qualitative feedback from the participants using a 

formal process. 

3.4.3 Data 

Case-study data layers were divided into groups by layer type to organise the MCDAS 

table of contents. Reference layers included a variety of base maps to provide context for other 

layers. Potential criteria layers were those identified by the case-study participants as representing 

important values. Approximately 40 potential criteria layers were considered, which covered 

physical characteristics such as land elevation and slope, forest inventories, wildlife and plant 

habitats, and watersheds for drinking-water supplies as well as human activities such as farming, 

mineral exploration, waste management, conservation, outfitting, fishing, forest harvesting, 
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hiking, snowmobiling, and driving. Four other layer types were outputs of the coincidence 

analysis and MCE processing: binary layers, coincidence output layers, normalised layers, and 

MCE output layers. A layer could have multiple designations, such as the output for one 

coincidence analysis scenario being used as input for another scenario, or a potential criteria layer 

being used as a reference layer in a different scenario, facilitating experimentation. 

3.4.4 Decision analysis 

Most decision analysis occurred in group meetings. The sessions were facilitated by the 

lead researcher, who provided introductory training and operated MCDAS. Some analysis 

scenarios were prepared before the meetings, and others were built and run by the group during 

the meetings. Case-study participants were also given access to the software and data for use 

outside the meetings. Group analysis began with an exploration of each potential criterion layer. 

Participants typically started with a discussion of the layerôs meaning and general importance, 

followed by visualisation of its spatial extent and distribution of values. For instance, Fig. 3.6 

shows ñVisual Qualityò, a potentially important criterion for tourism. This layer provides an 

indication of the extent to which a given site is visually pleasing based on a study that used 

landscape photographs to question tourists and the general public about their opinions. The 

responses helped calibrate a model for assigning a visual quality rating to landscapes based on 

factors such as vegetative variety and topographic variety (Piercey, 2008). The map allows users 

to visualise which areas have higher visual quality (darker), and the histogram shows the overall 

distribution of values. Exploring potential criteria is an important step in preparing for evaluation. 
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Fig. 3.6. Visual quality, a criterion that is potentially important for tourism. 

After exploring individual criteria, the next step involved identifying where potential 

criteria coincide. Fig. 3.7 shows coincidence analysis inputs and outputs for a scenario that 

identifies stands for possible forest harvesting. Four input criteria and associated cut-off 

conditions are based on the attributes of forest stands contained in the inventory layer: ñAge 

Classò, ñDensityò, ñSite Qualityò, and ñWorking Groupò (species profile). Output areas with layer 

count of 4 (dark green) met all the criteria; those with layer count of 1 (dark red) met just a single 

criterion. More detailed information was provided in a drill-down information balloon above the 

bar chart at the bottom right of Fig. 3.7. Case-study participants tried various cut-off conditions 

and experimented with a variety of coincidence analysis scenarios covering tourism (e.g., Fig. 3.4 

shows the coincidence between the ñVisual Qualityò layer and the ñViewshed from Paved Roadsò 

layer), timber harvesting vs. tourism, and conservation. An enforcement scenario compared the 

industryôs 25-year harvest plan with areas of legislated protection (parks, wildlife reserves, 


























