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Abstract
Analysts frequently use GIS technology to develop site suitability models to predict or reveal specific geographical areas that meet defined criteria.  Geographically-based information layers such as elevation, utility infrastructure, meteorology data, population, and land coverage serve as inputs to the models with each layer given a weighting value to emphasize or de-emphasize its impact on the calculation of the entire model.   Deciding on appropriate weighting values for each input layer can become a complex process; therefore, a tool assisting the analyst in estimating weight values would be beneficial.   This project adapted a weight estimation procedure first proposed in 1954 by C. West Churchman and Russell L. Ackoff to a browser-based application suitable for use as an individual or as part of Delphi Method process.   The application was tested in a Delphi process to develop a rain-fed agriculture potential model covering a portion of western Africa.  The results confirmed that this procedure could be applied successfully towards developing a suitability model.  Suggestions for further improvements to the application to improve its interface as well as how to use the tool in a group setting are included.
Introduction

Analysts frequently use GIS technology to develop expert models to predict or reveal specific geographical areas that meet defined criteria.  Geographically-based information layers such as elevation, utility infrastructure, meteorology data, population, and land coverage serve as inputs to the models with each layer given a weighting value to emphasize or de-emphasize its impact on the calculation of the entire model.   For example, slope may have a greater impact on deciding the placement of a highway than land cover; therefore, the slope layer would have a higher weight than the land cover layer.  Deciding on appropriate weighting values for each input layer can become a complex process; therefore, a tool to assist in estimating the weighting values would help an analyst think through weighting decisions.   Similarly, such a tool would also help in gathering weight estimations derived through a Delphi Method process.  

Eliciting Expert Opinion – Delphi and Decision Support Systems
Delphi can be described as a method to structure a group communication process so that the process effectively allows a group of individuals to deal with a complex problem (Linstone and Turoff, 1975, p. 3).   The method typically uses a series of questionnaires sent to a group of pre-selected dispersed experts.  The questionnaires are designed to elicit each expert’s individual opinion on the problem.  Results are kept anonymous and are compiled into a matrix to allow the experts to view the other responses, to debate the choices, and begin to refine their views through an iterative process.  The process specifically seeks to avoid committee group-think while providing an expert consensus on the problem.   Delphi is often used for forecasting but can also be used for strategic decision making or for identifying underlying causes to a specific problem (Linstone and Turoff, 1975, pp. 3-7). 

The method can also be used to decide upon the appropriate input layers and associated weights for a geographical model; however, the experts who contribute to the design of the model, while knowledgeable of the model’s overall subject, often do not fully understand geographic information system technology and how information may be represented geospatially.  Particularly, the experts may not be familiar with the subtleties behind weighting geospatial data; thus, a procedure that would guide them through weighting decisions would be helpful. 

Many examples of software-based expert elicitation approaches can be found; however, few have directly addressed eliciting opinion as it relates to GIS models until recently.   Denham and Mengersen (2007), for example, developed a method to gather expert opinion via the use of a combination of GIS, statistical routines and graphing functions with which the expert interacts.  They concluded that the more complex the geospatial model, the more knowledgeable the expert must be about the statistical distribution of their input variables rather than just being expert about their subject.   Thus they recommended that, for an expert opinion to be useful, models should be kept as simple as possible using the expert opinion to highlight areas needed for more data collection or to point out alternative approaches to the model (Denham and Mengersen, 2007, p. 132).
To help elicit what the expert is truly knowledgeable about, others have turned to querying experts on the attractiveness or quality of the different input variables usually via applying a Decision Support System tool rather than asking the expert to make a definitive judgment.   Two methods using this approach include the MACBETH model and the Analytical Hierarchy Process (AHP).   The MACBETH (Measuring Attractiveness by a Categorical Based Evaluation Technique) approach uses qualitative judgments about the differences of attractiveness of options.  Bana e Costa et al. (2008) used MACBETH to prioritize bridges and tunnels in Portugal for repair based on susceptibility to seismic activity.  The expert group first ranked the structures in decreasing order of priority and then compared the structures pair-wise using the MACBETH qualitative differences approach to determine a conclusive overall ranking.  The prioritization model derived through this process was then integrated into a GIS (Bana e Costa et al., 2008).  

AHP was developed by Thomas Saaty, a professor of mathematics now at the University of Pittsburgh.  The University of Cambridge (Richards, 2007) notes on its website that AHP can be used to compare variables otherwise difficult to quantify. The AHP method builds a hierarchy of variables, clusters them, and then compares all possible pairs within in each cluster. This provides a weighting for each element and a consistency ratio that reflects the consistency of the data (Richards, 2007).  Nataraj (2005) applied AHP in conjunction with a GIS to determining best routes for pipelines.  For this application, the various input factors were divided into major categories and then into sub-factors, creating a hierarchical tree of variables.  Each group of sub-factors was subjected to the AHP weighting process and the relative scores of each pair of factors were arranged in an Eigen value matrix.   The approach resulted in a normalized group of weights that were applied against several proposed pipeline routes.  Interestingly, the longest pipeline route ended up being the most cost-effective as it was calculated to possess the least amount of inherent risk (Nataraj, 2005).

Churchman and Ackoff Value Estimation Procedure

Predating the methods described above by approximately 20 years, C. West Churchman and Russell L. Ackoff (1954) presented a method that systematically allows the application of a value measure to an outcome.  The method presents an individual with two tests designed to elicit the individual’s opinion on the importance of outcomes.  The first test asks the individual to rank the various outcomes in order of importance and assign tentative quantitative values to the outcomes.   The second test asks the individual about combinations of the outcomes such as whether the highest ranked outcome is more valuable than the combination of the second and third ranked outcomes and so on.  The results of the second test usually alter the first set of judgments resulting in a more precise ranking of the value an individual places on the outcomes.   There are two different recursive procedures that can be applied to the second test depending on the number of outcomes involved.   The procedure can be used with multiple individuals and the results are averaged and normalized to arrive at an overall consensus of the outcome values (Churchman, 1953, pp. 176-178). 

Applying Churchman/Ackoff to Geospatial Modeling

 
This project investigated the feasibility of applying the Churchman/Ackoff method to determining weighting factors for a geospatial model.   MDA Federal, Inc. sponsored the transformation of the procedure into a browser-based application that would guide the expert participants through the procedure via a series of questions and interactive displays.   The model chosen to test the procedure was a simple suitability model addressing the potential for agriculture in Liberia taking into account cost to market.   The participants, all MDA Federal Inc. employees, were experienced in creating geospatial models.

The participants were asked to use the tool to derive weights for the following sixteen data layers:
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Figure 1 - Initial Layer Set
The tool first asks the user to sort the layers into an initial order by clicking and dragging the layers.  Then the tool randomly selects a layer to be the control and assigns it a value of 50.  The rest of the layers are divided into random groupings of nearly equal size of no more than 4 layers each.  The control layer is then added to each group and the participant assigns initial values to the rest of the layers in each group relative to the control layer.
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Figure 2 - Assigning Initial Weight Values (Control layer is highlighted in red)

Once the initial values are determined, the tool will then guide the user through a series of questions focusing on the relative weight of a layer to a combination of the weights of the other layers: 
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Figure 3 - Determining Relative Weight Values
The user chooses one of the three statements on the right and clicks on it.   The weights are adjusted by the tool according to the participant’s choice.  The tool recursively works it way through the groups and layers and the participant continues to choose the statement that best applies.  Once the tool has finished, the final ranking result is displayed (Figure 4) and the answers are stored in a database.
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Figure 4 - Example of Results View

Results
Table 1 shows the average weight, standard deviation, and high and low weights computed from the first round results.   The model was run using the average, high and low weights of the eight layers with the highest average weighting out of the original sixteen layers (those above the bold line in Table 1) and the results were presented to the participants in a follow-up meeting.  Upon examining the model results, one of the participants observed that the average model closely mirrored a similar model he had just run using a different methodology and that this was a great example of the “wisdom of the crowd” phenomenon.  All participants agreed that model results were close to what they expected to see.   The group opted to remove the lowest scoring nine layers for the second round to make the weighting decisions more difficult.  
	Round 1
	Mean
	StdDev
	High
	Low

	Prox to Fresh Water
	14.02
	6.73
	21.89
	7.29

	Precipitation
	11.95
	5.38
	20.30
	5.57

	Land Cover
	10.97
	7.36
	18.26
	0.41

	Terrain Characteristics
	10.65
	5.95
	17.46
	3.10

	Prox to Major Waterway
	8.93
	7.81
	21.91
	2.59

	Market Forces
	8.64
	3.91
	14.21
	5.27

	Slope
	7.85
	5.20
	15.93
	4.06

	Population Density
	5.23
	3.76
	9.62
	0.24

	Prox to Roads
	4.29
	1.16
	5.57
	3.04

	FAO Soils
	3.18
	2.82
	6.36
	0.08

	Prox to Railroads
	3.17
	3.10
	8.52
	1.15

	Water Reference Layer
	3.01
	2.94
	7.29
	0.24

	Relative Elevation Relief
	2.71
	2.82
	6.58
	0.24

	Road Reference Layer
	2.63
	2.86
	7.24
	0.16

	Prox to Airfields
	1.56
	1.00
	3.18
	0.62

	SRTM
	1.23
	1.30
	3.41
	0.24


Table 1 - First Round Results
Table 2 presents the second round results.  Overall, the layer rankings reflected the consensus that water and land are essential to successful agriculture potential.  This opinion is reflected in the second round average model results which emphasizes the water features.  Variance among the weights was larger than the first round, likely due to score distribution among fewer layers.  
	Round 2
	Mean
	StdDev
	High
	Low

	 Land Cover                   
	23.14
	15.14
	41.81
	0.60

	 Precipitation               
	20.22
	14.68
	40.70
	2.09

	 Prox to Major Waterway 
	14.46
	11.18
	29.10
	2.27

	 Prox to Fresh Water    
	14.06
	4.87
	21.54
	8.30

	 Terrain Characteristics
	12.25
	11.89
	31.80
	0.00

	 Market Forces               
	11.06
	4.69
	17.01
	4.99

	 Slope                       
	4.83
	4.60
	11.34
	0.60


Table 2 - Second Round Results
Individual versus Delphi Group
After the first round discussions, an additional participant stepped forward.  This participant did not attend either the orientation or post-first round discussions.  The participant relied on the presentation slides and the instructions within the tool to perform his analysis.  The weights contributed from this participant were not used to run the model as they were gathered under difference circumstances, but they were used to compare results between an individual versus a group.  The first round results agreed for the most part with that of the group, particularly in identifying the most significant layers in the model.  The second results were less consistent although the new scores affected the relative order of the layers.  The main difference arose in the amount of disagreement between the new participant’s weights compared to those of the collective group.  To measure this, the absolute value z-score was calculated for each participant comparing his weight to the mean weight and standard deviation for each layer.  The z-scores were then averaged for each participant.   Table 3 compares the average z-scores of the participants for each round.  Notably, the experts that participated in the group discussion maintained an average z-score less than 1 while the individual had an average z-score of 1.2 for both rounds.  This result illustrates the importance of group discussion to reach consensus in a Delphi process.  
	 
	New expert
	Expert 1
	Expert 2
	Expert 3
	Expert 4
	Expert 5

	First Round
	1.21
	0.45
	0.66
	0.67
	0.65
	0.88

	Second Round
	1.20
	0.46
	0.83
	0.88
	0.55
	0.77


Table 3 - Average Z-scores
Reaction to the Method

Overall, the method appears as a viable approach to gathering weights in a Delphi process as the resultant model produced consistent results with an existing proven model.  The participants expressed some frustration with the recursive nature of the method noting they started to experience “weighting fatigue” as they worked through seemingly endless groups of layers and questions.  One commented he was sure he did not consider the last grouping as carefully as the first.  Others did not think their final results reflected their ranking/weighting expectations. This led to a discussion on the method’s purpose itself.  One participant was quite familiar with this method and had used it in the past.  According to the participant, Ackoff believed that experts should have their opinions challenged through this type of process as an important step in developing an appropriate measure of value. 
The random grouping of the layers confused some of the participants.  They did not care for having the total group of layers split and mixed into new groups; instead, they wanted to compare a layer against layers of closer rank. This frustration may be an illustration of Ackoff’s point – that an expert should be challenged through mixing up the answers to see if the expert comes to the same answer.  One additional frustrating aspect of the method is that when there are only two layers left to consider, the process stops.  This may impede the ability to further define value of the least weighted layers in each group.  
Further Development

The tool shows promise as an application to help determine weights of a model.  However, clearly some opportunity exists for further refinement.   The mathematical algorithm used in the software to calculate the weights should be re-examined.  The algorithm currently used in the application followed the procedure exactly as given in the Churchman/Ackoff paper whenever possible.  However, there was some vagueness in the paper describing the actual mathematical procedure.  For example, in the application when a layer was deemed more valuable than the others, the other weights were totaled and if the judged layer was not greater than the total, it was assigned the value of the combination total plus 1.  In the paper, this calculation was described as an “adjustment” with no further description of any mathematical process.   Further exploration into how best to “adjust” the values would help to strengthen the weighting algorithm.
Other improvements include providing the ability to eliminate layers from the model.  The tool currently provides an opportunity to suggest a new layer but does not permit removing one from the weighting process.  One drawback to implementing this option would be that each participant would end up with a different final set of layers.  It might be better to simply allow the expert to assign a value of zero to the layer and maintain the layer’s existence throughout the round.   The participants also expressed a strong desire to see their initial ranking and final results together in the final screen.  They commented that it was difficult to remember exactly where they started and they wanted to get a sense of how the tool took their answers and changed the ranking. 
One option when using the application in the Delphi process would be to discuss and rank the categorical data first.  For example, the participants would use the tool to determine relative importance of the various land cover types to the overall goal of the model.   This would allow the categorical data to be recoded to reflect the participants’ views of the importance of each category before considering the overall layers compared to the other main layers.  Because the method requires some explanation, an orientation meeting with the participants on the methodology is highly recommended.  The orientation should emphasize the point that the participant is considering one layer versus the combination of the others as well as to emphasize thinking in relative vice absolute terms.  All the participants here agreed this would be important especially in a group consisting of subject-matter experts with little or no GIS experience.
Ultimately, the tool shows some promise as an alternative approach to the pairwise comparison approach.  The resulting weights indicated that a successful suitability model could be arrived at using this type of tool within a Delphi process. Some additional refinement of the software tool and some adjustments in how the tool is presented to an expert group would greatly improve its application towards developing geospatial models.
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