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ABSTRACT: An increasingly important aspect of water resource planning involves the selection of alternatives, the assignment of priorities to subbasins or specific projects, or the disbursement of funding to high priority programs. All these activities require an evaluation of competing alternatives, projects, or watersheds/subbasins in an organized, comprehensive, and defensible manner. Much research has been done over the last decades on multi-criteria evaluation techniques with the aim of developing simple, understandable, yet effective decision support tools. Approaches include simple weighted summation matrix techniques, concordance-discordance analysis, GIS overlay techniques, and mixed data multi-criteria techniques. All attempt to include economic, environmental, social, technical, political, and other considerations within the decision making process. One of the most powerful tools is a sophisticated, spreadsheet based multi-criteria evaluation program called EVAMIX. This program has been used on numerous water resources projects in places as diverse as the Gaza Strip and Chester County, Pennsylvania.
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BACKGROUND

    Matrix based methods of evaluation have been available since the early 1960s. Their development was specifically targeted for planners and engineers to evaluate alternative plans, sites, or technologies with the objective of selecting the best one, or ranking the alternatives for presentation to decision makers. Most of the early matrix based methods appeared in the USA during the 1960s for use in urban and regional planning, and were later applied to traffic and transportation research (Hill, 1967 and 1968). These techniques, called weighted summation, are often incorrectly applied with mixed units, and can only handle data in a quantitative fashion.

    During the 1970’s, further research refined the techniques in a Goals Achievement Matrix (Hill et. al., 1972, 1974, Miller, 1980) to handle mixed units by normalizing the scores. In France and the Netherlands, researchers looked to other ways to avoid the numerical problems of units of measure and mixed data (Benayou et al, 1966, Davidson et al, 1976, Voogd, 1976) by using a pair-wise comparison approach called “concordance/discordance analysis”.  EVAMIX, developed during the 1980s (Voogd, 1981, 1982, 1983, Maimone, 1985), was designed to make use of the best aspects of both concordance/discordance analysis and the Goals Achievement Matrix to handle both quantitative and qualitative data in a mathematically rigorous fashion.

THE MULTI-CRITERIA EVALUATION PROGRAM EVAMIX

    EVAMIX is a matrix based, multi-criteria evaluation program that makes use of both quantitative and qualitative criteria within the same evaluation, regardless of the units of measure. Although this feature appears to exist in several other similar programs, upon closer examination it becomes clear that most programs either deal with quantitative criteria as if they are qualitative, or qualitative criteria as if they are quantitative. In either case, the evaluation process is distorted. The algorithm behind EVAMIX maintains the essential characteristics of quantitative and qualitative criteria, yet is designed to eventually combine the results in a single appraisal score. This unique feature gives the program much greater flexibility than most other matrix based evaluation programs, and allows the evaluation team to make use of all data available to them in its original form. 

    Figure 1 shows conceptually how EVAMIX handles both quantitative (also called cardinal) and qualitative (also called ordinal) data. In the first step, the evaluation matrix is split into two sub-matrices, one with only cardinal criteria, and one with only ordinal criteria. Next, the priority of each criterion, as defined by the user or stakeholders, is assigned to one of two vectors as well. Using the scores and weights, dominance scores “ a” and “A”, for ordinal and cardinal data respectively, are calculated. A dominance score is a number that represents the degree to which alternative A dominates alternative B. A dominance score is calculated for each potential pair of alternatives for each criterion. For the cardinal criteria, the difference in the values assigned to each alternative is preserved in the equations. Thus, the dominance score for alternative A over B would be much higher if A is significantly better than B, but would be small if the two scored almost equal for that criterion. 
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Figure 1: EVAMIX Flow Chart

    For ordinal criteria, only the fact that A is better than B is recorded, but the degree of difference is not included in the equations. In this way, EVAMIX treats qualitative or ordinal criteria correctly by only recognizing the order of preference, not the degree of preference.

   Once the dominance scores are calculated (one for each possible alternative pair for each of the criteria), these must be standardized in such a way that that relative value of the scores for both ordinal and cardinal criteria can be recombined without distorting the calculations. There are several techniques to do this, and EVAMIX offers a choice. Having standardized the scores, they can be recombined, using the weighting matrix to assign relative importance to the overall dominance score. This is shown in figure 1 as the calculation of Mab, which represents the dominance of A over B across all criteria, both ordinal and cardinal. There is one “M” calculated for each possible pair of alternatives. 

    The last step is to calculate the appraisal score “S”. This is a single number, attached to a single alternative, and represents the overall worth of that alternative relative to the other alternatives based on the criteria selected, and the weights attached to the criteria. This number is used to determine the final ranking of alternatives from best to worst, or most important to least important.

    Evamix offers several important advantages when used in planning studies.

· The alternatives under consideration are clearly defined.

· The criteria used in evaluating the alternatives are explicit and measurable.

· The algorithm can handle both quantitative and qualitative data, utilizing all available data to the highest degree of measurability possible.

· The priorities underlying the evaluation are made explicit, and can be flexibly applied to highlight the effect that weighting has on the final ranking.

· The technique is flexible enough to handle new data as it becomes available.

· The technique is applied using widely available software (Excel spreadsheets).

    The use of EVAMIX requires the development of a two dimensional matrix consisting of the options to be evaluated (columns) and a set of evaluation criteria (rows).  For every combination of options and criteria, a score is assigned.  The choice of the criteria is governed, in part, by the need for the scoring to be as objective as possible.  By objective, we mean that the scores should represent impartial data and information useful in making decisions.  The criteria must be clear and unambiguously defined, and can be set up as either quantitative criteria (e.g. cost in dollars, yield in cubic meters per year, population affected), or qualitative criteria (e.g. political feasibility, technical feasibility, social feasibility).  

    The choice of whether to define a criterion as quantitative or qualitative depends on the feasibility of describing the impact with numbers, the availability of data to assign scores to each option, and the reliability of the data.  For example, one aspect of the social impact of a particular option may be the number of farmers whose access to high quality water might be limited by the implementation of each option.  This criterion can clearly be defined in quantitative terms, with the units defined as number of farmers impacted in thousands of farmers.  If available data on the number and location of farms exist, this criterion could be defined as quantitative.  If gaining hard data within the time frame of the plan is difficult, or the data are unreliable, it may not be appropriate to assign a quantitative number to a particular option.  The criteria then can be “downgraded” to a qualitative status, in which case, the number of farmers impacted could simply be defined as “high”, “medium”, or “low”, and the scores assigned as qualitative scores.

    The next step in the development of the evaluation procedure is the selection of weighting factors for each of the criteria.  While the scoring process strives to be as objective as possible and could be carried out by the project team, the selection of weights is inherently subjective and should be done by the decision makers, planners, or stakeholders.  Unlike the matrix of scores, numerous possible weight sets are possible, and often no consensus can be reached on one set of criteria weights.  In this case, EVAMIX can be run multiple times to evaluate the effect of different weighting schemes.  For example, assume the following three criteria: cost (dollars), number of farmers impacted (high, medium, low), and amount of fresh water available (millions of cubic meters).  If cost is critical, then the weighting scheme could assign 50% to cost, 25% to number of farmers, and 25% to the amount of fresh water available.  If, however, water is deemed most important, the weighting could be 60% to fresh water, 30% to farmers, and 10% to cost.

    A variety of approaches are possible in developing criteria weights, and all have their use in different situations. 

· The planning team could develop several sets representing extreme points of view (e.g. a cost oriented set, an environment oriented set, a agriculturally oriented set, etc.) By using extreme weight sets, the options can be analyzed and the sensitivity of the evaluation to assumed weights can be tested. This approach is often used when consensus is impossible to reach, or when stakeholders cannot actively participate in the evaluation process.

· Workshops can be held in which decision-makers and stakeholders participate in exercises designed to develop a representative set of criteria weights.

· Various stakeholder groups could be asked to submit their criteria weights, and each set of weights could be used in a separate evaluation with the results used to reach consensus. 

    When the matrix is complete with all weights and scores determined, EVAMIX is run and the options ranked from most favorable to least favorable. The rankings represent a very organized and consistent use of both the objective data and the subjective priorities of the decision-makers. 

    In summary, the following are required for an EVAMIX evaluation:

· A distinct set of alternatives to evaluate. These can be alternative plans, engineering options, or even a set of watersheds or subbasins. 

· A set of clearly defined criteria used to compare the alternatives. These should be as broadly based as possible, including economic, environmental, social, technical, political, and other considerations.  

· Scores assigned to every watershed for each criterion.

· An explanation of the scores.  The explanation should include data used, or provide the rationale for the score.

· Weighting factors assigned to each criterion. These weights should represent the relative importance of each criterion.

CHESTER COUNTY WATER RESOURCES PLAN

    The first application illustrates the use of EVAMIX to prioritize watersheds for funding stormwater planning. Chester County, in southeastern Pennsylvania, forms the headwaters of 21 watersheds. By Pennsylvania State law, the county is responsible for developing stormwater management plans for each watershed within its jurisdiction.  All 21 watersheds were, in effect, competing for State funding to develop stormwater management plans under the State mandate. The intent of the evaluation was to identify those watersheds that needed more immediate attention, and therefore should first be funded. EVAMIX was used to prioritize those areas in most critical need of stormwater management programs to reduce the rate and volume of runoff. 

    The following set of criteria was developed for the evaluation and prioritization of all watersheds for stormwater runoff related actions.

1. Percent Impervious Surface: a quantitative criterion (+N). High percent impervious is a good indicator of potential urban runoff quantity problems. Watersheds with higher percent impervious are in need of more immediate water quantity analysis.

2. Estimated Annual Runoff: a quantitative criterion (+N) in inches per year. Related to percent impervious and land use mix, high annual runoff indicates a need for water quantity measures.

3. Severity of Flooding Occurrence: a qualitative criterion (Q). Watersheds are grouped into high, medium, and low categories based on the reports of known flooding problems collected during the course of the study. A score of 2 is assigned to watersheds with more than 5 known flooding problems. A score of 1 is assigned to those with 1 to 5 known flooding problems. A score of 0 is assigned to those with no known flooding problems.

4. Expected Change in Impervious Surface: a quantitative criterion (+N). Based on the expected change in impervious surface between 1998 and 2020, higher scores represent a greater need for planning and analysis.

5. Population in Downstream Subbasin: a quantitative criterion (+N). A higher population in the most downstream subbasin is a measure of the potential severity of downstream flooding.

6. Sensitive Downstream Areas: a qualitative criterion (Q). Areas of cultural/recreational importance, such as historical sites, parks, and other cultural/historical sites, that may be sensitive to flooding are given a high score (2). If no such sites exist, a score of 1 is given.  This includes cultural/recreational areas in the most downstream areas of the watershed, and cultural/recreational areas in known areas of flooding.

7. Number of Sensitive Resources: a quantitative criterion (+N). If more sites are listed, the watershed receives a higher priority.

8. Percentage of urban land use in watershed: a quantitative (+N) criterion. A higher percentage of urban land is likely to cause a more disturbed and complex flow regime, giving these highly urbanized watersheds a higher priority for Act 167 stormwater planning. Urban land use is considered the total percentage of land in commercial, industrial, parking, high-density residential, multi-family residential, transportation, and urban land use categories.

9. Presence of Reservoir: a qualitative (Q) criterion. Increased stormwater runoff can potentially impact reservoirs by depositing sediment in the reservoir following significant rainfall. Those watersheds with a reservoir are ranked higher (1) than those without a reservoir (0).

    Scores were developed for each of the 21 watersheds for all nine criteria. Table 1 shows a portion of the EVAMIX input matrix for illustrative purposes.

Table 1: Illustrative Input Matrix for Chester County Stormwater Prioritization

	Criteria
	Type
	Brandywine
	Chester
	Christina
	Conestoga
	Crum

	% Impervious
	+N
	11%
	19%
	27%
	13%
	19%

	Annual Runoff (in/yr)
	+N
	9.39
	9.70
	13.48
	12.50
	9.45

	Flooding Problems
	Q
	2
	2
	1
	0
	2

	% change/Imperv.
	+N
	2.0%
	2.9%
	2.4%
	0.9%
	1.0%

	Downstream Pop.
	+N
	38,000
	60,000
	62,000
	10,000
	54,000

	Hist/Cult Downstream
	Q
	2
	1
	1
	1
	1

	# of Sensitive Resources
	+N
	13
	1
	1
	1
	0

	% Urban Land Use
	+N
	6.2%
	11.5%
	29.2%
	13.6%
	8.1%

	Presence of a Reservoir
	+N
	1
	1
	0
	0
	1


    In this example, the prioritization was used to make recommendations to the state for funding applications. Thus, the planning team used equal criteria weighting, and presented the results in tabular form in the report. Additional EVAMIX simulations will be used to refine the analysis as the need arises. Table 2 shows some partial results of the EVAMIX ranking, illustrating how EVAMIX calculates appraisal scores using two different mathematical techniques, and results in a ranking of options.
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	Watersheds
	Appraisal #1
	Appraisal #2
	Rank #1
	Rank #2
	Priority Group

	Brandywine
	0.003093
	0.2600
	1
	1
	High

	Trout
	0.002781
	0.2279
	2
	2
	High

	Chester
	0.002403
	0.1964
	3
	3
	Medium

	Darby
	0.002197
	0.1811
	4
	4
	Medium

	Christina
	0.002179
	0.1715
	5
	5
	Medium

	Valley
	0.001354
	0.1136
	6
	6
	Low

	Schuylkill
	0.001166
	0.0985
	7
	7
	Low


GAZA STRIP WATER RESOURCES PLA N

    Another recent application of EVAMIX took place in the Gaza Strip (see Figure 2). In this case, the application displays the use of this decision support tool in a completely different manner, namely to organize a complex decision process and to support a high level planning group in making key water resource decisions. In Gaza, there are severe shortages of drinking water, serious concerns about the quality of the available water, and two major competing uses for the water: drinking water for the cities and towns, and irrigation for agriculture. The goal was to develop a comprehensive plan for water resources that identified a preferred set of actions, which would then be presented for funding by international funding agencies. The complexity of the decision process lay in the sheer number of options possible, and the difficulty in combining them into rational, defensible, and optimal combinations to form a comprehensive plan. 


    The approach developed was to group the options into categories of actions that all had a similar objective (comparing like things). This made them accessible for evaluation using EVAMIX. There were two sets of option groups: actions designed to improve water quantity, and options designed to improve water quality. The groups of water quantity options and several representative options within each group are presented below to illustrate the complexity of the problem. In all, over 100 options were identified for evaluation.

Water Quantity Option Categories

QN-1: Alternative Source Options

· Seawater desalination in Gaza using Reverse Osmosis (RO) membrane technology

· Import Water in Tankers from Turkey

· Import Water from West Bank via a pipeline

QN-2: Agricultural Demand Options

· Reduce Agricultural Activity and increase imports of food (virtual water)

· Increase Irrigation Efficiency through drip irrigation

· Improve water quality to reduce demand related to soil flushing

QN-3: Domestic Demand Options 

· Tariff: pricing to suppress demand

· Water conservation measures

· Separate drinking/cooking water from other domestic use

QN-4: Commercial/Industrial Demand Options

· Stimulate low water use industry

· Water Conservation Measures

QN-5: Water/Wastewater Distribution Options

· Separate Fresh Water/Brackish water lines

· Timed fresh water delivery for a few hours each day

· Reduce leakage/system loss

· Separate treated wastewater distribution system for agriculture with surface storage capacity

· Recharge of Wastewater Using aquifer as storage and distribution system and individual wells for withdrawal

QN-6: Wastewater Collection Options

· Collection and pumping to centralized treatment plants

· Separation of stormwater and wastewater

QN-7: Wastewater Treatment Options

· Secondary Treatment plus recharge for indirect use

· Tertiary Treatment (membrane desalination) to unrestricted agricultural standards

QN-8: Wastewater Reuse Options

· Direct agricultural reuse

· Conjunctive use: agricultural in dry season, recharge in wet season

· Single North-South pipeline for pressure distribution

· Sell/Trade treated wastewater to Israel for fresh water (two liters wastewater for every one liter fresh water)

QN-9: Pumping Management Options

· Full Palestinian Water Authority control of all pumping

· Palestinian Water Authority Control of public supply and regulated agricultural pumping

QN-10: Enhanced Stormwater Collection Options

· Centralized collection and recharge in basins

· Dispersed collection and recharge through drywells and perforated pipes

· Household collection and storage in cisterns

    The evaluation of each of the 10 groups of options included criteria selected from several of the following 7 categories of impacts, depending on the relevance to the option group.

1. Financial and Economic Impacts

2. Technical Considerations

3. Source Viability

4. Political Considerations

5. Institutional Considerations

6. Environmental Impacts

7. Social Impacts

    The planning process involved using EVAMIX to evaluate each of the 17 option groups separately. This was done in a two-day workshop involving the primary decision-makers from within the Palestinian Water Authority (PWA), the Ministry of Planning, and the Ministry of Environment.  EVAMIX matrices were projected on a screen, and initial criteria weights were applied. EVAMIX supplied the relative rankings of the option interactively, stimulating a discussion of the results among the officials participating. Criteria weights were often varied, stimulating more discussion. In many cases, the EVAMIX results helped to focus the debate to such a degree that consensus was reached without further analysis. Although debate was often lively, we invariably reached a consensus on the ranking of the alternatives within a reasonable amount of time. Over the course of the workshop, the most promising technologies within each of the 17 groups were identified. These were later assembled into an overall plan of action, which was quickly adopted by the PWA as the water resources plan to be presented to funding agencies.

CONCLUSIONS

    Decision support tools are often considered to be too complex for most applications, and are not used enough in many engineering and planning applications. EVAMIX was developed as a mathematically sophisticated decision support tool that is simple to use, spreadsheet based, and has a wide variety of applications. Some of the primary benefits of applying such a tool are:

· to provide a tool to organize complex decisions and make them more accessible to a rational decision process

· to make use of all available data, both quantitative and qualitative, and provide complete flexibility in using the data

· to clarify the objective elements of the decision (the matrix of data, criteria, and alternatives) and to place the entire decision process into one matrix

· to separate out the subjective aspect of the decision process by relegating it to the criteria weights

· to provide the opportunity to test the sensitivity of the results to both the quality of the data and the relative priorities of the decision makers

· to produce results that are reproducible and organized. This can be critical for controversial decisions where subsequent court challenges are possible.

    EVAMIX has been used to site sludge processing plants, to organize water resource plans, to develop groundwater management strategies, to assess coastal aquifer management options, to prioritize watersheds for implementation of watershed restoration measures, and to prioritize spill sites for cleanup by a major electric power utility. It can be an effective tool in any situation where evaluation of alternatives is part of the process, and can also be an effective tool in getting active participation of stakeholders during critical phases of any planning process.

ACKNOWLEDGMENTS

     The primary author of EVAMIX is Henk Voogd, professor of Planning at the University of Groningen, The Netherlands. His support and advice have been invaluable on a host of projects where EVAMIX has played a critical role.

REFERENCES

Benayoun R., Sussman N. (1966), Manuel de Reference du programme Electre, Note de Synthese et Formation 25, Direction

    Scientifique, SEMA, Paris.

Davidson R.R., Farquhar P.H. (1976), A Bibliography on the Method of Paired Comparisons, 1976, Biometrics, 

     vol. 32, pp 241 – 252.

Hill, M. (1972), Multidimensional Evaluation of Regional Plans Serving Multiple Objectives, 

     Papers of the Regional Science Association, 1972, 29, pp. 139 – 165.

Hill, M., Alterman R. (1974), Power Plant Site Evaluations: The Case of the Sharon Plant in Israel, 1974, 

     Journal of Environmental Management, 2:, pp 179 - 196.

Maimone M., An Application of Multi-Criteria Evaluation in Assessing Municipal Solid Waste Treatment and 

     Disposal Systems, 1985, Waste Management and Research, vol. 3, pp. 217 – 231.

Miller D.H. (1980), Project Location Analysis Using the Goals Achievement Method of Evaluation, 

     Journal of the American Planning Association, April 1980, pp. 195 – 208.

Voogd H. (1976), Concordance Analysis: Some Alternative Approaches, 1976, Research Paper 2, 

     Research Centre for Physical Planning, PSC – TNO, Delft, The Netherlands.

Voogd H. (1981), Qualitative Multi-Criteria Evaluation Methods for Development Planning, 1981, 

     The Canadian Journal of Regional Science, 4 (1), pp 73 – 87.

Voogd H. (1982), Multi-Criteria Evaluation with Mixed Qualitative and Quantitative Data, 1982, 

     Environment and Planning, vol. 9, pp 221 – 236.

Voogd H. (1983), Multi-Criteria Evaluation for Urban and Regional Planning, 1983, Pion Limited, London.

� EMBED Word.Picture.8  ���





Appraisal Score





Figure 2: Location of Gaza Project





Table 2: Illustration of EVAMIX Appraisal Results
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