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Abstract

Land management is an important anthplex activityrequiringdecision makers to
simultaneously consider diversalues Strategidrameworkssuchas integrated land
management (ILM) and ecosystdrased management (EBM) provide guiding principles, but do
not dictate specific techniques fmtegrating multiple valueshenanalysingandmanagement
decisionsMultiple-criteria decision analysis (MCDA3 an established set of methods for
supportingdecisions by taking into account many perspectives. MCDAiissaricallybeen
combined with gegraphic information systems (Gl&hd carprovide scenarianaly®s for ILM
and EBM. However, thaseof GIS-based MCDAby landmanagement decision makers is
limited by accessibility challenges, where accessibility refers tedlse of understanding ansku
of available methods and toolBhe goal of tis research is to support lamdanagement decision
makers and analysts in simultaneously considenultiple values by improving the accessibility
of GIS-based MCDAThe objectives are fd) identify specfic accessibility challenges for land
managers in using GiBased MCDA to support ILM and EBMZ2) design a generic approach to
GlS-based MCDA that addressesme of thexccessibility challengadentified, (3)implement
the approachy developing Gl$asel MCDA custom softwareand @) validatethe approach
throughan appliedandmanagementase studyThe primaryaccessibility challengilentifiedis
thatGIS-based MCDA toolsre most often focuseath the evaluation phasé decisionmaking
which assume that theproblemis alreadywell understood and structurethe approacland GIS
softwaredeveloped in this thesis helpddresshis challengeby providingexploration tools
integrated with evaluation tools asdpplemented with geovisualisation capébs. Casestudy
participant feedbackevealed that exploratidacilitatesunderstanishg and structuringf land

management decisigroblens in preparatiorfor evaluation.
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Chapter 1 Introduction

1.1 Contextand problem
Land management is inherent in the policies aigiies of many organisatiorend
affects manytherinterest groupsMunicipal and regional planning authorities, for instance, are
concerned with landse zoning and enforcement, real estate development, property management,
water supply, and sewage handling, and all constituent residents and budinessegested
interest In forestmanagementhere are a large numberme#rspective that must be considered,
representingnterestdrom recreation like hiking, hunting, and snowmaobilitmindustrial
development such dargescaleagriculture and energyenerationto pure conservatio(Dolter,
pers. comm., 2009; Hammond, 200%nd management feusan important and complex
activity that requires decision makers and analysts to simultaneously consider diverse values.
Integrated land management (ILM)astrategicconcept used that seetks
fisystematically and practically assist in managing tafteand identifying wiAwin situations
among environmental, economic and social condiiim$&and-use planning and decisions
(Bizikova, 2009)ILM appearsprimarily in policy and internationadevelopment contexts
(Environment CanadandUnited Nations Commission on Sustainable Developpn#£0;
Russell, 2008)not in academic reaech. With regards to achieving ILM, ecosystdrased
management (EBM} a tem that appears both in academic and practical contexts. It is a set of
principles and guidelines thatiginally covered planning and management of only biotic
phenomenon, butasexpandd totakeinto account social, economic, and ecological facitois
planning proces@Kappel, et al., 2006 EBM seeks to manage human activities withuttesv that
human systems and natural systemewalve, and in particular focason how social and
economicactivitiesare embedded in and affect ecosysiéirayzer, 208, Hammond, 2009
Methodsfor analysing specific local and regional decisions to ensure they are consistent
with strategigorinciplesarerequired Given that there are often high stakes and that
simultaneously considering many perspectives and fagt@agnitively complex, the methods

need tdbe transparent and systematéherea€EBM has been identifieds a relevant framework



for analysingand managementecisiors (Luther et al., 200 Hearn et a| 2008;Eddy, 2010, it
requiresspecific tools andiechniques for performing integrated analysis.

Multiple-criteria decision analysis (MCDA3 a suite of methodologid¢isat carhelp
decision makerand analystsombire multiple factors andit typically results in a ratingr
ranking of alternativegBelton and Stewart, 2002yICDA combined withgeographic
informationsystem (GIS)offers a set of methods thedn providdransparent and systematic
decisionsupport foran integrated approach to land managerigrin et al., 2001; Eastman,
2005). Fig. 11 showsone view ofhow ILM, EBM, GIS, and MCDA relate to each other. This

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

4 /\ ILM \

GIS

EBM

C

MCDA

N Y J

research focus

Fig. 1.1. Research focus shown with a hatch pattern at the intersectigogfaphic information system
(GIS), multiplecriteria decision analysis (MCDA&nd integrated land management (ILM). Ecosystem
based management (EBM) is one set of principlesrdettaking ILM.

MCDA methods have been combined with GIS in various wags the last 2@ears
(Carver, 1991; Malczewski, 2006ahd applied to many different land management problems.
However, accessibilitgf GIS-based MCDA definedhereas theease of understanding and use of
available methods and toopls limited for landmanagers withowgufficientexperience iusing
GIS or MCDAtools and techniqgueSome of the ecessibility challengesf existing GlSbased
MCDA approacheare dudo the breadth and complexity of thiversefields of information
used in a given analysito thelimited transparency and usability of tools and techniques
available, ando the lack of suppoifior and focus on first defining the problem through an

exploration phase of decision analy&gploration involves problem understanding, refinement



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

them.

1.2 Goal and objectives
The goal of this research is to support lamahagement decision makers and analysts
simultaneously considielg multiple values by improving the accessibility of Gisased MCDA.
In helping to attain this goalpecific research objectived this thesignclude the following
1. ldentify specificaccessibility challenges for land managers in u€itgtbased MCDA to
support ILM and BM.
2. Design a generic approathGISbased MCDAthat addressesome of thexccessibility
challengesdentified
3. Implementthe approachy developingcustomGIS-basedVICDA software.

4. Validate the approach through an applied lamahagement case study.

1.3 Questionsand hypothesis
The research problem and gésdd to a number of research questions:
1 What are some of the accessibility challenges ofl&zSd MCDA for land management?
1 How can the process of selecting appropriate-@Sed MCDA methods for a partianl
landmanagemerproblem beguided
1 Which usability enhancements from other areas of GIS researchheigitorporated in a
customised software systemitoprove the accessibility of GiBased MCDA?
1 How can a generic approach that addresses accegsihdilenges bealidate®
Theresearch hypothesis is that im@posedapproach will improve the ability of land

management decision makers and analysts to simultaneously consider diverse values.

1.4 Methods
Fig. 12 summariseshe research methodology organisingthe methodsandfields of
researchnto groupsand depicting them along the projéiateline. Themethods were employed

in parallel andnfluencedeach othethrough feedback loops
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1 GIS-based MCDA
o0  geographic information systems (GIS)
o  multiple criteria decision analysis (MCDA)
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1 Agile methods
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-
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Communications
1  presentations (individual and group)
1 reports, papers, journal articles
1 thesis

Fig. 1.2. Researcimethodstheir relationshipsand relative timelines

The initial project concept was refined in a literature review that covered thefsiiage
art of nonspatial MCDA methods and their adaptatioisIS-based MCDA, both generally and
more specificallyin relation to land manageme#ithough lessexhaustivereview of the
literature fromotherresearch fieldssuch as geovisualisation and spatialina analytical
processing (SOLAP)vasincludedwithin the scope oAddressingiccessibilitylimitationsin

GlS-based MCDA.



The central research methimdolvedthe designof an approach thabnsiderseveral of
the identified opportunities for improving Gl&sed MCDA accessibilityA number of
accessibility ideas come from the field of geovisualisatidrich strives to actively engage users
in a process of discovery using maps linked to graphs, tables, and other information displays
(MacEachren and Kraak, 200ykes et al., 2005; Dodge et al., 2008)r instanceinformation
is initially presented atie summary levehndmeansare providedo quickly drill down for
details inlocatiors or categories of interest (Keim et al., 2005; Rivest et al., 2005).

A case studyvas used to test the approach and validate the resttases based in the
Humber regpn on thewestcoastof the Island oNewfoundlandwhere a number of researchers
and practitioners arendeavoung to achieve ILM through EBMEddy, 2010) The regiorhas
an extensive history in harvesting and management of timber resources, plimaidyion 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 conservatiom cempetewith it for land allocations (Fig. 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, 2007Y.ourism has grown into a yeesund industry encompassing hunting,
fishing, skiing, golfingsnowmobiling, hikingandwildlife viewing, with a variety of classes of
accommodations. In the past decatle tourismand recreatiosector has been exerting
increasing influence in harvest planning and other land management processes (Chaisson, pers.
comm., 2009; Kelly, pers. comm., 200Band management complexity is compounded by the
fact that the highest priority forest values amamanyresidentsof the Idand ofNewfoundland
are norconsumptive and nerecreational, 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 repiesavhen analysing landanagement decisions

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

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 lamdnagement decision suppbave
been identifiedy interest groupé the regionDolter, pers. comm., 2009; Doucet, pers. comm.,
2009; Jennings, pers. comm., 2Q0B)ey include(a) combining qualitative anguantitative
decision criteria(b) exploring alternatives and their consequen@sjnderstanding the impact
of favouring different perspectives, a(d) helping reach compromise or consensus. It is also
evident from thestrategiaegionatplanning intiative for Corner Brook and the Humber Valley
currently underway that land management has gaingespreadittention in the region (Downer,
pers. comm., 2009; CBCL Limited et al., 2010).

Key casestudyactivities included participant recruitmerdentification ofpotential

criteria to represergarticipant perspectiveacquisitionof relevantdata,explorationto help



structure the problem, amdaluation(Fig. 14). Case study participants consisted of experienced
land-managememdecision makerandaralysts in the Humbeegion.Qualitative feedback from
participants was obtained in the courséndividual andgroup meetingsn a focus group

(appendixA), andwith the use of questionnairegppendixB).

May 2009 Jul.- Aug. Oct. - Nov.
Aldea generation AData collection AData collection
AScoping ASoftware ASoftware
meeting development development
Aparticipant AScenario Ascenario
recruitment analysis analysis
Jun. Sept. Dec. 2009
AMeeting 1 AMeetings 2 & 3 AMeeting 4
AStudy area AMCDA AMCDA
APotential Exploration Evaluation
criteria AObjective AFocus group
identification AQuestionnaire
ACriteria
identification

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

An important aspect of the research involiregroving software tools, therefoee
customdevelopedsoftwaresystemwas required to demonstrate the improvemarasrporated in
the designed approadReferred to as thilultiple-Criteria Decision Analysis SysteriiCDAS),
anAgile software engineering methodolo@®eck et al., 2001; Hunt, 2008)as employed in its
developmento facilitate rapidorogrammingand feedback cycles.dg-centred desigprinciples
(Detweiler, 2007)nternational Organization for Standardizati@d10)provided a focus on
usability and ensured user input and feedback were central to the process.

Communication of research ideas and progress to both acadedapplied audiences
facilitated feedback on and refinement of the approach and meffwetsoncept for theesearch
was presented at the Humber River Basin Workshop (October 2088)e Department of
Geography (April 2009)Research results were pemted athe 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),



the Aldrich Interdisciplinary Comfrence (March 2010), and the Society for Conservation GIS
Annual Conference (July 201@thics approval for this project using these methods was obtained
from Memori al Uni v e Interdepaytmeatél Cahenittefe onuEthidd iraHurdad s
Researclbefore 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 usea manuscripformat wherén chapters 2 and 3 are papers that have been
submitted to peereviewedjournals.Chapter 2 is a literature review of Gitased MCDAbased
on an articlesubmitted tdhe journalGeography Compast first introduces the reader to the
nonspatial foundations of MCDANd th& discusses thiategration of MCDA methods with
GIS. It aims to make GHBased MCDA more accessible to decision makadsanalystby
categorsing and introducingavailable methods and providiggidelinesfor selectingnethodgo
apply tolandmanagement problemh also identifies@search opportunities fanproving the
accessibility of Glhased MCDAChapter Jresent@napproach to Gldased MCDAthat
addresses a number of accessibility challerthesMCDAS software that demonstrates the
approachandthe results of the land magement case study used for testing and validdtien
based oranarticle thathas been puldhedin the journalForest Ecology and Management
Chapter3 helps address some of tbigallengesdentified inchapter 2, particularly the research
gap in GB-based MCDAthat isconcerned witla lack of explicit recognition and support for an
exploration phase to help understand and structpreldem.It also demonstrates enhanced
accessibilityby integrating several concepts fréine field ofgeovisualisatin. Chapter 4
summarisefiow the researcfuestionave been addressetiscusses how the hypothesis has
been validatedgxpands on the significance of the wakdpresent®pportunities fofurther
application andesearchFurther information on theedign of MCDASs presentedn appendix
C (preliminary design of a multipleriteria exploration technigue called coincidence analysis),
and functionality details are provideddppendix D (MCDAS higHevel architecture) and
appendix E (MCDAS user documiation).



1.6 Co-authorship satement

After | had expressed interest in working in GIS and foredtegdncepfor the project
came fronthesis cesupervisor Joan Luthe@nd her colleagues tite Canadian Forest Servjce
and was further developed in discussiavith thesis ceupervisor Rodolphe Devillers of
Memorial University of Newfoundland and mhe first formal communication of the general
ideas was in a funding proposal completed by the thesispervisors. More specific ideas were
generated by mydedluring preliminary literature review, and formalisedny thesis proposal
and ethics proposal which were reviewed iteratively by the thesigmervisors. | organised and
executed the practical aspects of the research, including preliminary discuggidngerested
parties design othe decision analysepproactand itsdevelopment asustom software
recruitment oftasestudy participarg logistics and chairing for castudy meetingsand
communication of the results in various forumnalsocoordinatedthe data analysis, which took
the form ofgroupdecision analysis as directed e input,perspectivesand priorities of the
case study participants. Joan Luther and thesis committee member Brian Eddy also attended the
case study meetings aadsisted byarticipatingin the discussionsaking notesand providing
feedbaclafter the meeting®Design reviewsoftwarefeedback, and other guidance for the case
study and data analysis aspects of the researchpnmiieled byall three thesis comitee
membersRegarding 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. |
wrote the entire first draft of both papeasd therthe hesis committee provided feedback and
suggested ways to improve them. Hence, | was the primary author of both journal articles, and
Rodolphe Devillers, Joan Luthend Brian Eddyvere ceauthorsl amtheauthor of this

document that integrates the aeghnd researcim asinglemanusript.
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Chapter 2 A review of GIS-basedmultiple -criteria decisionanalysis

(MCDA)

Abstract

Important and complex spatial decisions, such as allocating land to development or
conservatiororiented goals, require information and tools to aid in understanding the inherent
tradeoffs. They also require mechanisms for incorporating and documenting the value judgements
of theinterest groupsand decision makers. Multipleiteria decisionanalysis (MCDA) is a
family of techniques that aid decision makers in formally structurinji-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 terminologieseans 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 makrs. 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 faasieauisly
optimising multiple goals, to more common singlgective techniques based on weighted
addition of criteria values, attainment of criteria thresholds, or outranking of alternatives. There is
substantial research that demonstrates ways to c@glavith multicriteria methods, and to
adapt MCDA for use in spatially continuous problems. Increasing the accessibility-bb648
MCDA provides new opportunities for researchers and practitioners, includinbased

participation and advanced viswgtion 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 alternat usually requires trading off different considerations. Route selection, for
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instance, may be a traddf among distance, driving time, road quality and scenery. Different

people facing the same problem may apply different values and reach differdaosicorscin
addition to being a product of values, decisio
motivations and expectations (Ajzen and Fishbein, 2088}ecisions increase in complexity

and importance, so does the need to formalisertkderlyingdecisionmaking processusing

available information, and to document tredue judgements arrdtionalebehind thedecisions

Multiple-criteriadecisionan al ysi s ( MCDA) <can be defined as
approaches which seek to take explicitcantt of [key factors] in helping individuals or groups
expl ore deci si 0 naadStevad2002npa2). Fo approximiteadyl20 years,

MCDA methods have been used for spatial problems by coupling them with geographic
information systems (GISCarver 1991; Malczewski2006a). The goal of this paper is to make

the GISbased 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
mary fields. The GIS literature is filled with tools, scenarios, and cases involving spatial decision
support (2008 dkpmdsadHimenikSappington2009; NyergesindJankowski

2010), so there is a major challenge for newcomers in even ideni@yfgased MCDA

research and tools. It requires an understanding of the conceptssgat@i 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.

Section2.2 introduces MCDAandsection2.3 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 irsection2.4, which organises brief descriptions of key MCDA methods. We then
discuss the spatial extension of MCDAsattion2.5, particularly spatially continuous problems
that are ideally suited to modelling with GIS. Research trends in the field dfaski MCDA
are also reviewed. Secti@®b is geared toward the practitioneoyering 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 alterndiases on
multiple incommensurable factors/criteria, using decision rules to aggregate those criteria to rate
or rank the alternatives (MalczewskB99a; Figueira et aR005; Eastmar2009). Although the
decision criteria normally cannot all be maxintise selecting an alternative or action, MCDA
researchers and practitioners do not view it simply as a quantitative optimisation problem that
identifies the best potenti al Asol utions. 0 I ns
the values athsubjectivity that are applied to the more objective measurements, and
understanding their implications (BeltandStewart 2002; Roy 2005). The field is often
referred to asnultiple-criteriadecisionrma ki ng ( MCDM) , but decision fal
(MCDA) better reflects the more subtle and broa@&ging intentions.

MCDA grew out of and in reaction to singteiterion optimisation techniques, most
notably linear programming. These were developed during World War Il and honed in the early
days of tle business management field of Operations Research, in both contexts without
considering secondary consequences that require multiple criteria (ZE9&2y. Simple and
somewhat crude approaches to reconciling multiple criteria require alternatives ttneesome
or all criteria based on cuafff values. These approaches are namedcoompensatory methods, in
that increases in the value of one criterion cannot be offset by decreases in the value of another
(Hwang and Yoon1981).

Among advocates of mosmphisticated compensatory approaches that facilitate criteria
tradeoffs, two prominent schools of MCDA (American and European, summarised ir2Tiable
evolved simultaneously but somewhat separately during the 1960s and 1970s. Both schools
shared the compts 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 asedtieatribute
utility theory (Keeney an®aiffa, 1976), multiplying weights by normalised criteria values (for
instance converted to a continuou% 6cale) and summing these to derive a score or rating for

each alternative. Another set of methods imithe American school centred on the idea of

15



specifying desirable or satisfactory outcomes and using mathematical programming to come as
close as possible to these in criteria outcome space {ghimkinsional space where each

dimension represents the pitids values of one criterion) (Dykstra984). The word

Aiprogrammingod is used in the sense of the prog

the analysis. The European school moved away from the Operations Research idea of obtaining
an optimum, ad developed outranking relations to help decision makers compare alternatives in a
pairwise manner to rank their preferences for the alternatives in gasiays (Roy 1968a cited

in Roy andvanderpooten1996; Vincke 1992). A key assertion in this appiah 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 valfienction approachataggregation, is the Analytic Hierarchy

Process (AHP) developed by Saaty (1980). AHP usesnisércomparison of criteria to derive

relative weights.

Table 2.1. Early schools of MCDA

American School European (French) School
Assumptions  Precise knowledge and judgements, Imprecision in evaluating criteria,

optimal decisions optimal decisions not achievable
Goal Rating and selection of alternatives Ranking of alternatives

Aggregation Value/utility function, multicriteria Outranking
Approaches and multiobjective optimisation

Key Decision Sciences Institute LAMSADE i

Institutions http://www.decisionsciences.org/ http://www.lamsade.dauphine.fr/
Institute for Operations Research an EURO Working Group
the Management Semces Multicriteria Decision Aidingi
http://www.informs.org 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 (RogndVanderpooten1996, are now widely recognised and are reflected

in the accepted definitions of MCDA. The wvari
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toolkit to be applied as appropriate to different problems or phases of the same problem.

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

issues as frameworks for method integration (BedtotiStewart 2002) and application in

distributed collaborative environments (Cani99; Malczewskil999a), and resulted in a

growthi n MCDAOGs range of application beyond its o
instance, MCDA now has a strong history in environmental and resource applications such as

forest management (MendonandMartins, 2006; DiazBalteiroandRomerqg 2008.

Perhaps MCDAG6s greatest strength is its abi
guantitative 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 decisatyse based solely on
economic (monetary) valuation. There is substantial literature on economic valuation of non
monetary phenomenon, such as ecosysfemas and services (van Kooten &dte, 2000;

Turner et al.2008). A practical challenge of sucppsioaches 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 biasesghterath
Pratq 2006) by either sing a normonetary common denominator (a continuous scale ke 0

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

2.3 Method selectionfactors

One approach to succinctly categorising virtually all MCDA scenarios is theriatsn
with various problem types, @roblématiquesThese 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 grogpsgription (learning about the problem),
design (developing new alternatives for possibly addressing the problem), and portfolio (selecting
a subset ofleernatives) (Roy, 1996; Belton aigtewarf 2002).

Other factors that describe decision problemaffarct 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
(Malczewskj 2006a). Othewise, the methods must be extended using approaches such as
aggregated weighting (MalczewskiP99b) or voting (HwangndLin, 1987). Group

approaches open up a variety of issues, often studied in Collaborative GIS research (Rinner
2001; BalramandDragi e y2006; Joerin et 312009).

Decision phase: The phase or phases of the decision process to be supported. There are many
ways to organise and describe decision phases (Tarizhfronson 2001; Anderson et al.

2003; Bouyssou et aR006), with a gtical 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 focusealavant criteria or factors with measurable
attributes, and thus corresponding techniques are often oaliiéigle-criteria evaluation

(MCE) ormultiple-attribute decisionmaking (MADM) (Jankowski1995; Malczewski

1999a). Withmultiple-objectivedecison 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 (Eastmai @2%:.

Malczewskj 2004).

Numberof alternatives: Scenarios with a limited number of clear alternatives (like analysing
three preselected locations for a new fire station) are discrete problems that usually culminate
in a single selection (ChakhandMousseayp2007). A large or infiniteaumber of alternatives
(like identifying all possible sites for the new fire station) signifies a continuous problem
usually characterised as screening, search, obdinjtaating (Malczewskj1999a Eastman
2009).

Existence of constraints: Limitatisron 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 ge (Eastmar2009) or provide corridors of connectivity (Chaklaad
Mousseap2008).

Risk toleranceTh e deci si on maker so6 | g008)landadsiretoi sk t ol
guantify the risk inherent in a choice (Chen et2001; Eastmar2005). Folinstance, when
screening alternatives, a ritiderant decision maker might be willing to accept alternatives

that meet just a few criteria or even one criterion. A-aigkrse decision maker, on the other
hand, may accept only alternatives that meetriaéirca.

Uncertainty: Whether the criteria and weighting should be modelled with certainty (i.e.,
deterministically) or uncertainty (i.e., probabilistically or fuzzily) (Malczew$RPB9a; Jiang
andEastman2000; Shepard005).Uncertainty may be any dlie types identified in the

resource management literatuvéynne, 1992Mitchell, 2002),but is oftertheindeterminate

type The choice to model uncertainty or not may simply be basedoaielling preference.

For instance, in a lardassification problen, 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: &tHer 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 andlousseau2008).

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

Stewarf 2002). Given the large number of methods and their vastly different assumptions (see
discussion of the early schools of & in the Introduction), this is a very practical

consideration that results in technique biases.

Computational resource capacity: Another practical consideration is available software
(Malczewskj 1999a; Weistroffer et al2005) and hardware, and thesa tiave 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 thempioaess called preference

disaggr ghad dwagtr Biskos00d; Siskos2005).

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 BflAg).therefore, not
intendedo 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, 1999#)the decision maker orralyst determines
tha themultiple objectives are either complementary or can be prioritisedbkinattribute
decisionmaking (MADM) methods can be applied repeatedly in alevel or stepwise fashion
(Malczewskj 1999a; Eastmar2009). If the muliple objectives are in confliatulti-objective
decisionmaking (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 satistacy solution close to the optimum. Unfortunately, there is no easy

definition of what constitutes a filarged numbe

capacity of the software or algorithm being used.

20



Multiple
objectives?

Tradeoff
criteria?

Compementary
objectives?

Prioritize
objectives?

Large number of
alternatives?

Largenumber of
alternatives?

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
compenstory approaches are easier to understand and apply, but they require including or
excluding alternatives based on hardaffis. Compensatory approaches are more realistic and
subtle in their modelling, as they allow criteria outcomes to be traded offshgaich 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 compeisry 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 instancepngensatory techniqg
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 (Cdi®@t; 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 resiifty outputs (Malczewskil999b; Store andangas 2001; Feickand
Hall, 2004).

2.4.1 Non-Compensatoryaggregationmethods
Often used for screening as well as selection;ammpensatory methods include:

1 Conjunctive: Accept alternatives if they meet aaffitvalue on every criterion.
Implementations involving spatial problems often use binary overlay (M¢cHa69;
Jankowskj1995), where the objects or cells in each layer are set to 1 if they passdiffe cut
for that criterion and 0 otherwise. The layers amaltioed using an intersection operation
(Il ogical AND) to identify fAsol uZ22 @onjuneivee as 0O
methods are risk averse because all criteria must be fully met (Ea2008j

1 Disjunctive: Accept alternatives that mieecutoff value onat 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 istakisg

method, becausenty one criterion must be met (Eastmag09).
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EQUALS

“Solution” Areas

Geology Criterion (granitoid lithography)

AND

RoadDistance Criterion (<= 1km from road)

AND

Slope Criterion (<= 10° slope)

AND

WaterDistance Criterion (>= 200m from water)

Fig. 2.2. Conjunctive example. Binary overlay for mineral exploration site identification, showing areas that
meet the selected coff on all criteria.
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91 Lexicogmaphic: 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; Jankowskil995).

1 Elimination by Aspects: Use a lexicographic approcit also enforce a conjunctive eff
for each criterion (Malczewski999a).

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

alternative on every criterion (Jankowsk995).

2.4.2 Weighting methods
The following methodsra used to derive relative criteria weights/importance before

applying a compensatory aggregatiortimoel (Malczewski, 1999a; Belton agdewart 2002;

NyergesandJankowskj2010):

1 Ranking: Ranks/orders the criteria, then converts the ranks to weigtgs usin

0 Rank sum each rank value divided by the sum of all rank values.

0 Rank reciprocd 1 divided by each rank value.

0 Rank exponed a rank sum with the numerator and denominator raised to a power
between 0 and 1, thereby reducing the resulting weight diffesence

1 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).

1 Tradeoff Analysis: Directly assesses tradeoffs between pairs of criteria to determing-the c
off values at which they are considered equally important.

91 Analytic Hierarchy Process (AHP): Compares criteria-pase on a ratio scale and
subsequently computes overall relative weights based on aggregate calculations ef all pair
wise ratios (Schmotcet al, 2001; Saaty2005; Eastmar2009). AHP is more than a criteria
weighting method, as it also provides an additive, hierarchical aggregation of criteria3Fig.

shows AHP weighting of three of the criteria from the mineral exploration example.
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WEIGHT - AHP weight derivation o || &=

Pairwise Comparison 9 Point Continuous Rating Scale
179 177 175 173 1 3 5 7 9
extremely  very strongly  strongly moderately  equally moderately  strongly  very stongly  extremely

Less Important More Important
Pairwise comparison file to be saved : [MinetaIExp _J I Calculate weights
- ~
RoadDistance ISIope IWatelDislance Module Results On|(eE) @
RoadDistance |1 -
Slope 173 1 The eigenvector of weights is :
WaterDistance|1/5 _1 RoadDistancs 8

0.65
Slope : 0.18
WaterDistance : 0.15

m

Compare the relative importance of WaterDistance to Slope
Consistency ratic = 0.03

Consistency is acceptable.

OK Close Help

Print Contents | Save to File |

Fig. 2.3. Weight derivation using AHP in IDRISI GI$itp://www.clarklabs.org! First, the criteria are
compared patwise. For instance, WaterDistance is consideodaktstrongly less important than Road
Distance (1/5). Then the eigenvector of thepage 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
(2/1).

2.4.3 Compensatory aggregation methods
Compensatory decision rules not requiring yvéise comparison of alternatives are of
two types:
1 Additive methods thanormalise criterion scores to enable comparison of performance on a
common scale:

0 Weighted Linear Combination (WLC): Also known as simple additive weighting, this
approach multiplies normalised criteria scores by relative criteria weightadh
alterrative (Carver, 1991Geldermann anBentz 2007; SugumaraandBakker, 2007;
NyergesandJankowski2010). WLC can sum all weighted criteria values in a single
step, or proceed hierarchically so that each group of related criteria (such as wildlife,
touriam and agriculture in a rural landanagement problem) is first aggregated before
being combined with other groups. In F&#4, the earlier mineral exploration example is

analysed using singletep WLC, showing criteria normalisation and weighting, and the
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resulting map of aggregated suitability scores. Because it supports fulbtfamte

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

between conjunctive and disjunctive approaches and is thus consideredeutisik

technique (Eastma2009).

——

L P

Fig. 2.4. WLC example. Mineral exploration site identification based on the inputs from Fig. 2, leaving the
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Geology criterion as a hard constraint, but using continuous valuegfRotdDistance, Slope and

possible maximum of 1).

WaterDistance criteria. Continuous values are normalised tb sc@le, 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 slen. Darker areas are more suitable, with the highest rated area scoring 0.86 (of a

o Fuzzy Additive Weighting: Adapts WLC using nerisp criteria and weight values

deri ved

from

fuzzy

' ingui stimdglulaowd fi er s

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

techniques, including AHP and OWA (Gorsevski et2006; Gentizi et al, 2007,

BoroushakiandMalczewskj 2008).
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0 Ordered Weighted Averaging (OWA): Extends WLC usirigeda-order weights to

control the levels of criteria tradwf, allowing decision makers to place themselves along

a continuous spectrum of risk tolerance (Riramed Malczewski2002; Bell et al.2007;

Eastman2009).

1 Non-Additive methods that use tloeiginal criteria scores:

o Ideal Point: Identifies a point in criteria outcome space (ndlitiensional space
consisting of all possible combinations of criteria values) by specifying the preferred
value of each criterion (Malczews®004; NyergesandJarkowski, 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 ag2001; Liu et al.2006).

o Nondominated 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 (Malczewski1999a; Lotov et al2004).

0 Reasonable Goals Method: Extends the-dominated set to help visually select
from the alternatives using a series of #lfmensional graphs of criteria outcome

space (Jankowski et a1.999).

2.4.4 Outranking aggregation methods
Outranking methods undertake paiise comparison of a discrete seatiernatives to

rank them based on concordance (the set of criteria for which one alternative dominates another)
and discordance (the opposite set) (BedndStewarf 2002). The outranking philosophy
recognises that decision makers are subject to amisgand evolving value judgements, even
during the MCDA process. Welkinown methods of this type include:
1 ELECTRE: A family of outranking methods (ELECTRE |, II, IlI, IV and TRI) that have

evolved along with the European school of MCDA (Joerin e@01, 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, apgaet for criteria lhat cannot be
weighted (Belton an&tewarf 2002).

1 PROMETHEE: An outranking method that supports various criterion preference functions
such as kshaped, linear and flat (no threshold) (BrandMareschagl2005; Marinonj 2006;
GeldernannandRentz 2007).

2.4.5 Mathematical programming methods
The following methods attempt to find the optimal way to satisfy goals by solving
systems of equations:

1 Linear/Integer Programming: Mathematically optimises by maximising or minimising a
single criteron value using constraints, commonly employed in Operations Research and
Management Science (WisniewsRD02; Anderson et al2003). An example is to minimise
the driving time to visit a specific set of customers, subject to speed limit constraints. To
apply this approach, multbbjective problems are converted to a sir@igective using value
functions (in the case of deterministic models) or utility functions (in the case of probabilistic
models) (Malczewskil999a).

1 Goal/Compromise Programming: Finide alternative that minimises overall deviation or
distance from usespecified ideal points or aspiration/reservation levels simultaneously for
multiple objectives (Anderson et @2003; Baja et al2007; Ghosh2008).

1 Interactive Programming (ReferenPoint): Uses successively refined aspiration/reservation
levels for each objective to select a feasible alternative (Malcze¥@899a; Zeng et al2007;

Janssen et ak008).

2.4.6 Heuristic methods

Due to computational limitations, mathematical optimisatsonot 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 rastlayers, 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 opti mal isol utiono:

1 Multiple-objectivelandallocation (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.995; Eastmar2009).

1 Geneticalgorithms (GA): Allocates cells based on a taalderror process that introduces
small changes (evolutionary mutations) and tests for solution improvement (Malgzewski
2004; Aerts et al2005; BoneandDr a g i, 2089).i |

1 Simulatedannealing (SA): Allocates cells based on an iterative random process that tests for
overall improvement at each step (Possingham,&2G00; DuhandBrown, 2007;

http://www.uqg.edu.au/marxan/

GA, SA, and other techniques such as cellular automata (CA) (Malcze@ld; White
et al, 2004; MyintandWang 2006) are collectively referred to as geocomputation when used in
spatial problems. They can be applied to related aspects of spatial decisiam, sujghas time

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

2.5 GIS-based MCDA

The basic intention underlyirgpatialisedapplications of MCDA is to augment the
traditional guestion ft ifowmh atfd AwihtelP®E)hGISMad cizteiv
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 maiG1S-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 pawwise 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). Oneaggh to opening up additional methods
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for these problems is to convert them to a smaller number of discrete alternatives. For instance,

strategic regional planning exercises (ehtfp://www.geog.leds.ac.uk/papers/9%,

http://www.cbhvregionalplan.ca¢an employ representative scenarios showing a few possible

land configurations for debate and discussion. A risk of this approach, though, is pptentia
biasing subsequent analyses by excluding good alternative configurations @elttewart
2002). Another option for spatially continuous study areas is classification into homogeneous
zones based on criteria vasuer categories (van Herwijnen aRiktveld 1999; Joerin et al.
2001; ChakhaandMousseau2008). 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 afigld 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
(Malczewskj 2006a, b). These literature reviews also reveal use of many different combinations
of methods and apprdaes. 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/gmcda.htn) for case studies in their areas of interest.

Despite the breadth of methods and applications;dak&d MCDA can still be
categorised as a niche field. A fiedgecific researcroup and related journal

(http://publish.uwo.ca/~jmalczew/gimdalid not survive. No¥GGIS publications such a@eurnal

of Multi-Criteria Decision AnalysifOperations Resear¢iecision SciencesndManagement

Scienceare important sources of information, but rarely publish-@&li8nted material. GFdased

MCDA publishing typically occurs in the general GlSciences literature or in applieai@mted

journals. These trends were confirmed with aceaf the Scopus citation database using the

guery (AGI SO AND (" mul t i-griteréa decisian't ORr"'mubicritdriec i si on "
decision” OR "MCD*" OR "multiple criteria evaluation"” OR "mutiriteria evaluation” OR

"multicriteria evaluation" ORMCE")) resulted in 279 articles, broken down by year in Ei§.

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.
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Fig. 2.5. GIS-based MCDA article count by year (framtp://www.scopus.cojm

Fig. 2.6 lists the journals containing three or more of the 279 articles. They are
overwhelmingly in the G, Environmental and Planning fields, with the leader being the
International Journal of Geographical Information Scien©ae of the fewnoteworthy academic
conferencefor the field is the Urban and Regional Information Systems Association

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

general decision research, applicatspecific fields or industry events for dissemination. No

academic institution is a clear leadie GISbased MCDA, although a selection of leading

researchers is provided in Tal@. This list was generated by the author during literature review
based on the researchersé apparent prominence,

publicationsin the field.
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Fig. 2.6. GIS-based MCDA article count by journal (fromttp://www.Scopus.com

Table 2.2. Selected Gl$hasel MCDA researchers.

Researcher Institution Link

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

Salem Chakhar Université ParidDauphine http://www.lamsade.dauphine.fr/~chakhar/

Suzandr a g i | Simon Fraser University  http://www.sfu.ca/dragicevic

Ronald Eastman  Clark University http://www.clarku.edu/academiccatalogffitc
bio.cfm?id=61

Piotr Jankowski San Diego State Universit http://geography.sdsu.edu/People/Faculty/je
owski.html

Florent Joerin Université Laval http://www.adt.chaire.ulaval.ca/l chaire/pre
ntation_titulaire.php

Jacek Malczewski University of Western http://geography.uwo.cakalty/malczewskij
Ontario

Oswald Marinoni Commonwealth Scientific http://www.csiro.au/people/Oswald.Marinon
and Industrial Research  html
Organisation

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

Claus Rinner Ryerson University http://www.ryerson.ca/~crinner
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2.6 GIS-based MCDA Software

An important factor in the aessibility of research and methods is the availability of tools
that implement them. Gi8ased 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 couplng: 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 itBmost G
packages without custom programming (Malczewslkd 9 9 a ) . For instance, ES

of products littp://www.esri.cor provides the building blocks needed to implement WLC,

including weighting overlay and mapgabra. There are numerous free and commercial ArcGIS
addons implementing other GiBased MADM techniques (Marinqr2004; Boroushakand

Malczewskj 2008;http://arcscripts.esri.coyn Only two packages, IDRIShd CommonGIS,

provide full integration of MCDA (Nyerges and Jankow$X110).

IDRISI (http://www.clarklabs.org is a commercial GIS that includes decisgupport

modules based on WLC, AHP, OWA akiDLA, among othes, plus a wizard to assist in
selection of appropriate decision techniques (Eastg@09). Fig.2.7 shows a spatially
continuous example of | DRIOE) CoomOVEBIE capabilitie

(http://www.commongi€om) , or i gi nal | y c¢ a l-bassdiprofrénetisatransin e s 0 ,

a web browser or as a desktop application, and provides a number e€nitedia decision
capabilities including Ideal Point, WLC, OWA and Pareto Sets.Z8gshows a discretd/LC

example from Jankowski et al. (2001), depicting interactivity and-gnaph linking.
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Fig. 2.7. IDRISI MCE example (from RinneR003a). Users specify criteria weights and optionally select
constraints, ten evaluate all locations within the study area using283rating scale. It employs a custom




7 Number of estimated unmet visits
U|§|||||||||1|0.10

v Percent of population on medicare

g'k""""'1|g_1g

v Fertility rate
O'l""""'1IO.10

v Low-weight birth rate

Availability of emergency medical services

0'l""""'1|010
! ¥ ;
5( v Availability of obstetrical care

0 7 e R I 010
A b .
| Y Buden on on-call providers

v Population farther than 35 miles from the Nans

Twin_Falls
i L L T I | 010 INumber of estimated unmet visits 14733
L! Percent of population on medicare 17.80
V' Emergency room visils Fertility rate 88.94
—— Low-weight birth rate 6.63
i gL E o o 1 I 0.10 JAvailability of emergency medical services 0.0003
| A vailability of obstetrical care 0.0009
V' Poverty rate Burden on on-call providers 2.98
Eonintia fiial Population farther than 35 miles from the nearest hospital 100
FIpURe: I sooros E mergency room visits 18115.0
1 : Poverty rate 1383

Fig. 2.8. CommonGIS MCE example (from Jankowskial, 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 sg@rbetween the selected county and the textual infdoma
in the bottom right(2) between the highlighted counties in the map and the parallel coordinates graph to
the left, and3) 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 isection 4.6. Mathematical optimisation is typically integrated by loose

coupling of GIS with packages or libraries such as those provided by Lindo (Malcz£98d%;

http://www.lindo.comy), or using custom programs to tightly couple the algorithms (Ghosh
2008). An important question is the ora@éiintegration (van Herwijnen ariRietveld 1999;
Malczewskj 2006a), as it can irdduce biases related to the steps performed by each tool. Fully
integrated GlSased MODM is required to flexibly address this issue. Progress toward this goal
has been made in the realms of nature conservation anrddarmlanning, as several

organisatbns have developed packaged-add tightly coupled with ArcGIS
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(http://www.natureserve.org/prodServices/vista/overview.jsp

http:/gg.usm.edu/pat/overview.htrttp://www.placeways.cojnCustomisation and integration

generally also hide technical complexity, and therefore, work toward the goal of accessibility. It is
important, however, thahe 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 researcipattools, and applications in Glfased
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 complexityf 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 Giased MCDA more accessible. The need for cursory tesdatm
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 underlyimethods and improved integration of
MCDA with GIS software, there are many other opportunities for increasing accessibility. We
conclude by highlighting two of them: wddased delivery and improved visualisation.

The Internet is an obvious deployment matf for collaborative Gl$hased MCDA and
decision support, and this approach is not new (Cat@&9; Rinner2003b; Masorand

Dr a g i, 20@6yhitpt//www.collaborativegis.comhttp://141.117.104.183/argoomap/tgst/

Web-based applications have certainly helped the momenturartitipatory GIS (PGIS), a
newer subdiscipline that emerged from the GIS and society debates (PitRS) as a broad
research umbrella regarding sopalitical aspects ahterest grouggngagement using GIS
(JankowskiandNyerges 2001a; Craig et gl2002; HaklayandTobon 2003; Weiner an#farris,
2008).Researchers are beginningetplicitly combineMCDA and PGIS $iméaoet al., 2009;
Boroushaki and Malczewski, 20180d it is possible that GiBased MCDA will be increasingly
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positioned as a compent of PGISRegardlessan important element of PGIS that Gb&sed
MCDA practitionerscouldembrace in order to ensure broad acceptance is incorporating
traditionaland local knowledge (Sheppard aviditner, 2005; Mcintyre et a].2008; Rantanen
andKabhila, 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 f&lection of criteria and alternatives (Rams609). Beyondte

PGIS realm, Gl$hased MCDA can look to Web 2.0 (Haklay ef 2008;

http://oreilly.com/web2/archive/whag-web-20.htm) for developments like crowdsourcing

(HudsonSmith et al., 2009 oore, 201)) whereby members of the public could suggest novel
alternatives in a decision problem.

GIS and magbased applications have always provided visual appeal. However, the visual
element of the platform is far from stagnant, being driven by tireasing expectations of web
users and those performing advanced interactive analysisdsk MCDA could add to its
limited visualisation research (such as Jankowski £2@01; Rinner2007; Lidouh et a).2009),
by considering how to incorporate wiisation advances from a number of other fields. These

include a reinvented Cartography (Slocum et24109;http://cartography?2.oryy/which vies with

Geovisualisation (Dykes et a2005; Dodge et gl2008; Sher etal., 2009;

http://www.geovista.psu.edufor leadership in interactive electronic mapping. Also noteworthy

are Cybercartography, which incorporates both visual and/isoal senses (Taylp2005;
TaylorandCaquard2006), and Geovisual Analytics, an extension of Exploratory Data Analysis
(Andrienko et al.2007). Increased accessibility to @&sed MCDA requires more than making

tools and information about their algorithms available; the experiencebmuigh and engaging.
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Chapter 3 An approach to GlS-basedmultiple -criteria decision
analysis thatintegratesexploration and evaluation phases:Case

study in a forestdominated landscape

Abstract

The increasing importance and complexity of land and natural resource management are
creating a need for ecosystdased management (EBM). Multipteiteria 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,
GlIS-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 apgovastipporting an
exploration phase to help structure a problem and integrating the exploration and evaluation
phases in an eagg-use software system. The approdudised on coincidence analysis of birary
valued inputgiuringexploration and weighteslmmationof continuousvalued inputgiuring
evaluationwas validated through a laimdanagement case study in a fordeinated landscape
with a variety ofinterest groupsCasestudy participants used the approach to rate areas within a
timber harvest plabased on their potential for conflict with conservation values. Thestadg
decision analysis determined that betweefdlaBd 6.6% of the harvest plan area hadlative
conservation rating of 0.30 or higher on a scale-df The system was madead@iable to the
forest industry and othénterested partie® 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 esitbalt an exploration phase is effective
in helping understand a problem and prepare for multipteria evaluation (MCE)t also
uncovered some user complexity in the software tool, due in part to the flexible design of the

software for use in other prashs and locations.
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3.1 Introduction

Landmanagement decisions are becoming increasingly important. Growing populations
and consumerism are putting pressure on natural resources and biodiversity (Food and Agriculture
Organization and United Nations Environm@&nbgramme, 1999; Dearden and Mitchell, 2005;
Knight, 2009). Moreover, public awareness of lananagement and sustainability issues is
growing in many sectors, including forestry, and is placing greater expectations on managers to
balance competing valuéRammel 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, oftn 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 moreransparencyn 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 vateyest group$o allow
them to make more informed decisions. Accordingly, there is a recent trend tedefidng
ecosystenbased management (EBM) of land resources. EBM integrates ecological, social,
and economic objectives (Layzer, 2008), often referred targgeabottom 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., 20@nyg 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; Didalteiro 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 ypfestexample,

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 arepayian 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 dems-support systems (SDSSs) (Malczewski, 1999a; Nyerges and
Jankowski, 2010). If Gi®ased MCDA models include relevant criteria, they can be used to
support land and resource management practices that follow EBM principles.

A number of limitations assodid with GISbased MCDA are preventing it from being
used more widely in support of EBMde chapter)2First, it is often assumed that decision
problems are well understood and can be formally structuredsplatial MCDA researchers
have highlighted thanportance 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 proaesséiera
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 decisimaking processA second limitation is the
complexity of these methods for untrained users. Participatory and collaborative GIS have, for
i nstance, rai sed this challenge (Jankowski and
next generation of toolsould benefi from easyto-use interactive interfaces so that GIS analysts
are notalwaysneeded to formulateasicqueries, 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
manyavailable methods are perceived by decision makers as being a black box (Belton and
Stewart, 2002; Kangas and Kangas, 2005; Lagken, 2007).

The objectives of this paper are to present a generic approach-bm&d& MCDA that:

(a) Supports an exploration phaddand-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 denisiking process in a
transparent and interaoe system that allows users without advanced GIS or MCDA training
to carry out the analyses.

A land-management case studly thewestcoastof theislandportionof the province of
Newfoundlandand LabradgrCanada, a region historically dominated by $otearvesting and
management, was used to test the approach. In more recent years, -tiegisi@gnprocesses
about land use in the region have included a number of iotieeest groupsuch as the tourism
and wildlife conservation sectors (CBCL Limitedagt 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 approachos
natural resou managers to integrate diverse values as required by EBM.

Section 2 provides background on MCDA and its-B#Sed application to spatially
continuous langnanagement problems. Section 3 elabordteapproach, which combines a
usercentred design (UCD) ethodology, a process supporting two phases of analysis, and the
development of an integrated software system. Section 4 describes tnealangement case
study that was used to test and validate the approach through participant feedback. Section 5
discuses how the feedback from castady participants validatéseresearch objectives, some
limitations ofthework along with opportunities for further research, and Hwapproach

supports the broader goals of EBM in forested landscapes.

3.2 Background

MCDA is a set of methods used in support of decisiaking processes. Fig§.1
presents a simplified combination of several decisnaking process models (Turban and
Aronson, 2001; Anderson et al., 2003; Bouyssou et al., 2006). If an identified probleloeis to
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 criteriahighwthey 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 regsented in Fig3.1 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 implementatidrfieedback loop recognizes the

importance of critical posimplementation analysis,step thatconfusinglyfor the purpose®f

thisresearch s often cal | e-MCOAa@ecisidnpracessesn o i n non

Problem
Identification

A 4
Exploration

repeat as
required feedback

Evaluation of
Alternatives

A 4
Selection and
Implementation

Fig. 3.1. A simplified decisionmakingprocess. 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 methogdayed, MCDA is about aiding and
documenting the decision process, not making the decision (Belton and Stewart, 2002; Roy,
2005). While MCDA can support both fAdiscreteo
Aconti nuous o pr obdfiretersamberroBatternatiges) aGlS isaparticaarly 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 muHgpleria ratings or scores.

Whereas exploration could facilitate learning about where potential criteriadhiera
spatial context, the GiBased MCDA literature has not yet explicitly targeted this phase of the

process. One potential advantage of encouraging an exploration phase in a-dessnon
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process is avoiding the tendency to fully structure a pnolblefore alinterest groupnput has
been considered (Ramsey, 2009). Use ofkaSed MCDA is affected by a number of challenges
of fusabilityo, defined as Athe extent to whic
specified goals with efféiweness, 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 ifb@$8d MCDA may also relate
to the complexity of the GIS software employed. Identified challenges include reducing cognitive
complexity for decision makers (Jankowski and Nyerges, 20019dunting UCD principles,
particularly for the humdrcomputer interface (Haklay and Tobo6n, 2003), and integrating data
and technology into decisiema ki ng processes (Balram and Dragi

Recent advances in the field of geovisualisation offer pialeét 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 etal. (20@8, 4) as fia cognitive process of
engagement with graphical signs that make up the disptajiffers from passive observation of
a static scene, in that its purpose is also to discover unknowns, rather than to see \elalyis alr
known. o0 Flexible interaction is driven not onl
demands oévemoresophisticated information users (Dykes et al., 2005). An important construct
from this field is the visual exploration paradigm: st@ith 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 featurechisome GlShased MCDA studies (Jankowski et al., 2001; Rinner and Taranu,
2006). In geovisualisation, maps and graphics can become active instruments inuhe end s 6
thinking process (MacEachren and Kraak, 2001). For example, providing dynamic linkg amon
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
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(Devillers et al., 2007), then drill down for additionatails 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
recalculatindinked 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 argpatda informéon in
integrated and eadg-use analytical packages (Taylor, 2005; Eddy and Taylor, 2005). While no
perfect solution exists to present large volumes of complex data intelligibly tocexpert

audience, these advances in balancing richness of informaiih ease of understanding can

offer effective ways of supporting the exploration and evaluation phases ehkamahement

decision analysis.

3.3 Approach

Three elements defirtbe overall approach. First, a UCD is criticalttee objective of
providing transparent and effective MCDA tools. Second, the exploration and evaluation phases
are integrated in a decision analysis process. Finathyltiple-criteria decisionanalysissystem

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

3.3.1 User-centred design

UCD is a philosophy that pays extensive att
computer interaction (Detweiler, 200wternational Organization for Standardizati@010). It is
now acommonmethodology in softwareeds i gn, whereby userso6 needs a
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 andlata processing that underlie analysis tools. Researchers in participatory GIS have
emphasised the need for more UCD in GIS applications (Haklay and Tobon, 2G88). In
proposedapproach, 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
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decision objectives, criteria, and weighiB)e latter appears to be a novel application of the UCD

paradigm.

3.3.2 Two phases of analysis

The exploration and evaluati phases of GlBased MCDA are central tbhe 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. Therare many GIS overlay methods available to support this type of analysis. Because
this project aims at integrating exploratory analysisiarkeping with the UCD philosophy of
usability and transparendy,employs a simple exploration method based dnaby overlay
techniques (Bonhat@arter, 1994) where pixels record the presence or absence of a phenomenon.
Theex pl oration tool is called ACoincidence Anal
depending on the situation, represent either cortisynergy. Several GiBased processing
steps are involved in coincidence analysis (Big). A critical first step is the conversion of
textual, continuous, dntervalinput values contained in vector polygons or raster layers to binary
values, whera value of 1 is assigned if the input value meets theftaind a value of 0O if the
cutoff 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 tbitscavhere 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 hawebinary value of 1 for that location. Because Coincidence Analysis is
based on an additive binary technique, it is a simple way to introdue@ISoexperts to MCDA

using spatial overlay.
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Fig. 3.2. Coincidenceanalysis 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, 20Dgken, 2007). As in the exploration phase,
several GlSbhased processing steps are used in MCE &3). However, in the evaluation phase,
the continuous or ordinal criteria values associated with vector polygons or raster layers (which

can include rawneasurements, probability values, or fuzzy quantifiers) are first normalised to a
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common scale (ithisimplementation, a value between 0 and 1).The range of variation is retained
between a minimum and maximum value, which are set by the user, basedamgtn 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 MCHmg or suitability score for that location. The
weighted overlay formula is

Vi= BV

whereV, is the overall value or rating of thth alternative or locationl & 1 toM
alternatives/locations)V; is the weight of théth criterion J = 1 toN criteria), andv,; is the
normalised value of thdth criterion for thelth alternative/location (Malczewski, 1999a; Nyerges
and Jankowski, 2010). Weighting establishes the relative importance of the criteriathaad in
approach, all weights sum to 1. Thigans 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.

Input 1
vector
polygons

Input 3
normal
raster

Normalise, Normalise
convert
Normal Normal
raster raster

A 4
Calculate MCE rating using weighted value
summation

!

Fig. 3.3. Multiple-criteria evaluation (MCE) geoprogging.
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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 higlevel user requirements (Tat8el). The exploration phase activities help
users build coincidence analysis scerarkor instance, browsing and visualising the distribution
of potential criteria data values using histograms can help users decide onrdHevalutes 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
geovisualistion techniques, introduced iecion 2, based on map cofsucharts, drildown,
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 as&é within a single system supports the cyclical, iterative

nature of lanédmanagement planning (Siméo et al., 2009).

Table 3.1. High-level conceptual requirements of MCDAS based on user activities.

GIS-basedMCDA user activity Decision phase

Browsing potential criteria layers using maps and their underlying attribut¢Exploration
tables

Understanding the distribution of potential criteria data values using histo(Exploration
Understanding potential criia by consulting metadata and referenced Exploration
documentation

Building coincidence malysis scenarios to explore potential criteria layer Exploration
interactions and help structure the decision problem

Building MCE scenarios to rate locations gselected criteria Evaluation
Interactively analysing scenario outputs using coordinated map and chartBoth

and drilldown

Repeating the process as required, reusing criteria and incorporating outfBoth
previous analyses
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MCDAS is a custonsoftware 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). Italso adopts UCD (Detweiler, 2007), whereby MCDAS was compiled frequently to
solicit user feedback, fine tune the higlvel requirements, and test and refine features in
development without breaking existing functionality. MCDAS is a Windows® applicttain
was developed using Microsoft Visual Studio 2008® with the C#® programming language, and
based on the ArcGIS 9.3® platform. The highel software components underlying MCDAS
consist of libraries made available by the Microsoft and ArcGIS develomnegitbonments and
custombuilt components. MCDAS has been placed in the public domain with a small sample

data sefor download ahttp://arcscripts.esri.com/details.asp?dbid=168856DAS has both

backend data and frorgnd 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 interfacd & components.
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Fig. 3.4. Multiple-criteria decision analysis system (MCDAS) user interface, sho{ingpp toolbar(2)
table of contents (available map layers) p&dBemetadata pan€4) analysis panwith two tabs (one each
for coincidence analysis and MCHE}) map pane(6) charts pane, an(@) additional popip windows, such
as the Aldentifyo window.

For coincidence analysis, users can select map colours from custom colour ramps based
on trafficlight 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 counarajuesent 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 thap causes the charts to recalculate based on
the visible extents in the map display. Detailed -didivn 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 ofts composition. Similarly for MCE, a variety of output colour ramps are available

and the distribution of MCE output values are automatically summarised in a-sgiminronised
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hi stogram. An fAldentifyo tool usaesdectedlobation char't

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 usingradaagement
case study that involved a group of experienced deaisakers. The location of the case study is
Forest Management District 15, which covers over 560,000ha, mostly within the Humber River
Basin, inthe province oNewfoundlandand LabradgrCanada (see Fi§.5). Interest groups
include forest and agricultuiedustries, domestiase 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 iomasosat
tension between forestry managers and conservatientedperspectivess perhaps the most

critical landmanagement issue (CBCL Limited et al., 2010).
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Fig. 3.5. Casestudy location in the province dlewfoundland and Labrador, Canada.

3.4.2 Decisionmaking 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 ae 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 scibased informatiointo 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 methodvas usedo makeinitial contactsn the Humber regioand
brainstorm about the proje&iven the logistics of scheduling five group sessitimsanticipated
time commitment of up to 25 hoursperpersomd t he pr oj ect 6s fitocus on
was decided thaix participantsvould bea manageable numbétospective participants were
selected from among those who had been introduced to the prifeet goal of ensuring broad
set of perspectives were represenidtk six people who agreed to papiaterepresented the
following perspectives: pulp and paper industry, forestry regulation and management,
wildlife/ecology, tourism, regional planning, and poliocused researcithe autholacted as
participantobserver (Johnson and Johnson, 2003; Kearns, 2005), facilitatigg des
application of the Gl$hased MCDA approach and supporting data sets for the case study while
also gathering feedback. Based on discussions withstadg participants and othigrterested
parties general decisiosupport requirements were ideigf andincludedcapaciiesto integrate
gualitative and quantitative factors, explore alternatives and their consequences, understand the
impact of favouring different perspectives, and help reach consensusjoroise. Key steps in
the casestudy deci®n 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 ticgpats using a

formal process.

3.4.3 Data

Casestudy 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 veathose identified by the cas&udy 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 drinkiwgter 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 wetpws 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 fopainhother 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 rese@her, 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. Casstudy participants were also given access to the software anfdidasa
outside the meetings. Group analysis began with an exploration of each potential criterion layer.
Participants typically started with a discussi
followed by visualisation of its spatial extent anstidbution of values. For instance, FR)6
shows AVi sual Qualityod, a potentially importan
indication of the extent to which a given site is visually pleasing based on a study that used
landscape photograptsqueston tourists andhe general publi@bout theitopinions.The
responsekelpedcalibrate a model for assigning a visual quality rating to landscapes based on
factors such as vegetative variety and topographic variety (Piercey, 2008). The mapa#av
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. Fig3.7 shows coincidence analysis inputs and outputs for a scehar
identifies stands for possible forest harvesting. Four input criteria and associatéfd cut
conditions are based on the attributes of fore
Cl asso, ADensityo, ASite @upofile).tOutgut areasmwidh lafje?Wo r k i n
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 efdlwn information balloon above the
bar chart at the bimm right of Fig.3.7. Casestudy participants tried various eoff conditions
and experimented with a variety of coincidence analysis scenarios covering tourism (€334, Fig.
shows the coincidence between t hreom VRasweaead Rwaad
layer), timber harvesting vs. tourism, and conservation. An enforcement scenario compared the

i ndu s tyeay ltasrestplan with areas of legislated protection (parks, wildlife reserves,
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