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ABSTRACT

Watershed ecosystems consist of numerous resources which have important

environmental, social, cultural, and economic values. The mutual existence and

interaction among different resources within the watershed ecosystem calls for a

multiobjective watershed resources management analysis. These objectives are often

uncertain since they are based on estimation and/or measurement data. Probabilistic

methods or fuzzification are usually the methods used in modeling these uncertainties.

Selection of the best decision alternative is based on using some Multiple

Criterion Decision Making (MCDM) technique. Through simulation in this dissertation,

we examine the probabilistic model to address the watershed management problem. In

particular, the distance-based methods, which are the most frequently used MCDM

techniques, are employed in the problem analysis. In most cases, several interest groups

with conflicting preferences are willing to influence the final decision. In our study, a

new method is suggested to incorporate their preference orders into the DM's final

preference. The application of MCDM techniques combined with stochastic simulation

and conflicting preference orders is new in the watershed management literature.

Detailed analysis and comparison of the numerical results will help to decide on the

suitability of the MCDM technique in watershed resources management. In particular,

our numerical results indicate that in practical applications the best alternative selection is

significantly influenced by the uncertainties in the payoff values. Hence, in situations

where suitable data are available, our methodology is highly recommended.



CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem

Public land managers face the complex challenge of responding to people's

increasing needs in terms of natural resources while trying to preserve the beauty and

productivity of the environment. They are searching for ways to find and assess the

management practices that will yield reasonable combinations of products and values

from timber, water, range forage, wildlife habitat, scenic beauty, and recreation resources.

Therefore, in the management of public lands, especially in watershed management,

several objectives should be considered simultaneously. Since these objectives are

conflicting in nature, Multiple Criterion Decision Making (MCDM) is the appropriate

approach.

In this dissertation, MCDM will be used to find satisfying management strategies

for watershed areas. This problem cannot be solved in a routine manner, since the most

appropriate methods have to be selected fitting the nature of the problem, and the

uncertainty of the model parameters must also be taken into account. In this dissertation,

both issues will be analyzed and discussed. The problem of the method choice will be

addressed mainly in the section on multicriterion decision methodology where the

advantages and disadvantages of the different techniques will be discussed. Since the

distance-based methods appear to be the most satisfactory for our purposes, these

techniques will be our choice. In the literature, the uncertainty of model parameters are

handled by randomization or fuzzification. If randomization is used, then there are also

two ways to solve the problem. In special cases, the distributions of the results can be

given in closed forms with no need for simulation, which is the usual approach in the

12
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absence of a closed form solution. If fuzzification is the approach, then a membership

function is defined for all uncertain parameters and, by using fuzzy programming, the

membership functions of the results are constructed. There is a gap between the well

developed MCDM theory and actual applications. The usual claim to avoid sophisticated

methodology is based on recognizing the inaccuracy and uncertainty of the input data.

This research is meant to fill this gap by providing a sophisticated methodology which

takes this uncertainty into account. According to our best knowledge, the model and

methodology reported in this dissertation are the first of their kind in water resources

research. Although the area of watershed management enjoys a broad literature, the

application of MCDM techniques in combination with stochastic simulation and

conflicting preference orders as discussed in the present work is unique.

In this dissertation, stochastic simulation will be combined with MCDM to find

satisfying long-term management strategies.

1.2 Contributions of the Author and Collaborators

The methodology introduced and applied in this dissertation is a general tool not

only for the enhancement of management of ecological systems of arid and semiarid

regions in the U.S. and all over the world, but also, it can be used to handle more

alternatives and more complicated set of criteria. With minor modifications, our

methodology can be extended to solve problems when the criteria are not independent by

simulating stochastically dependent variables. In addition, it may be applicable in many

areas of applied sciences.

The main contributions of the research reported in this dissertation can be

summarized as follows.

1. A comprehensive multiple criterion decision model has been developed, which

considers the most important criteria types such as water production, livestock
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production, wildlife values, wood production, aesthetics, and management cost. The

selected alternative treatment plans are those which are examined most frequently in the

literature. To our best knowledge, to date, this is the most complex model (based on the

most comprehensive set of criteria) developed in the literature for watershed

management.

2. Our methodology enables the decision maker to incorporate the different and

usually conflicting preferences of the major interest groups into the decision process.

3. We could consider several uncertainty levels by the special selection of the

distributions of the payoff matrix elements. While the deterministic case has no

associated uncertainty, the triangular distributions correspond to a medium level of

uncertainty and the uniform distribution model pertains to the highest level of

uncertainty. Our numerical study has led to a series of comparisons between these

uncertainty levels with the choice of several distance-based methods. The numerical

results show that the difference between any one of the uncertain case and the

deterministic case is much larger than the difference between the two uncertain cases.

This finding shows the importance of considering the uncertainty in the method.

4. A software package has been developed to solve discrete MCDM problems.

This package was actually used in our computations.

The research reported in this dissertation and in the appended papers are based

mainly on the contributions of the author of this dissertation. He was fully responsible

for formulating and finalizing the model, selecting the solution method, and performing

the actual computations. The method selection step required a very concise and detailed

literature review and a deep understanding of the available methods. Dr. Ffolliott was

very helpful in finalizing the model and in providing different sources for data. He also

helped the author of this dissertation in the model verification and interpretation of the

numerical results. His contributions in finalizing the three appended papers are also
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recognized. Dr. Szidarovszky has helped the author in working out the mathematical

details in constructing the efficient simulation algorithm. He also helped the author in

testing the discrete MCDM program package.

1.3 Outline of the Dissertation

A general introductory background is outlined in chapter 1. Chapter 2 presents a

review of the pertinent literature. Since our research field is interdisciplinary (watershed

management and operations research), the literature review in itself is divided into four

parts. In the first part, the main concepts, problems in, and references on watershed

management are presented. The second part is devoted to the concepts and theory of

MCDM, and in the third part, MCDM methodology is reviewed. In the fourth part,

applications of operations research in water resources are outlined. Chapter 3 then

summarizes the present study and reports on the new results which were obtained after

the appended papers were submitted for publication. In particular, a special weighting

procedure is introduced to combine the preference orders of the different interest groups

into one set of importance factors. Two cases are discussed and their numerical results

are presented and briefly analyzed. The list of references is given next, followed by the

appendices which contain the three papers and the listing of the discrete MCDM solution

package.

Three papers are published reporting our results on the subject of this dissertation

in refereed journals. The 1st Paper is published in Pure Mathematics and Applications

(PU.M.A.) journal. Paper 2 and 3 are published in Technology (Journal of the Franklin

Institute) and Applied Mathematics and Computation, respectively.

In Paper 1, the Pinyon-Juniper woodlands on the Beaver Creek watershed is

examined. The weighting method is used to find the best decision alternative. Since the

different criteria are difficult to be compared to each other, before using the weighting
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method, all criteria have been normalized. The preference orders of three interest groups

are considered simultaneously, and hence three sets of numerical results are obtained and

compared. No uncertainty of the payoff values is considered in paper 1, therefore only

the deterministic case is presented.

In Papers 2 and 3, the Ponderosa Pine Forest on the Beaver Creek with a more

detailed set of criteria is investigated, that is, the case study is different and improved

compared to the study in Paper 1. In Paper 2, the normalized weighting method is used

again, but the deterministic case is now compared to a medium level of uncertainty when

triangular distributions are assumed to represent the payoff elements. Clearly, other

similar distribution types can also be applied. We have selected the triangular and

uniform distributions, since they are easy to interpret and the corresponding simulation

procedure is simple. In Paper 3, two levels of uncertainty (medium and high) are

compared to each other and to the deterministic case. Six distance-based methods are

applied: t. ,,e 2 distances from the ideal point and from the nadir. Since the two cases

with the £ 1 metric are equivalent (leading to the same solution), only five methods are

applied in our numerical study. In this paper, the preferences of five special interest

groups are considered which means that the entire computation is repeated five times.

1.4 Further Research

There are many different avenues one can take to further develop the present

research. We will present here a partial list of some directions that may be followed in

order to extend the study subject of this research work.

(a) The computer program can be extended to a user-friendly interactive system

guiding the decision maker in model and method selection and in comparing results.

(b) Other types of distributions may be applied in modeling the uncertainty in the

payoff values.
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(c) Assuming dependence among the criteria, a procedure can be developed to

generate stochastically dependent values.

(d) The present model can be extended to a dynamic decision model, and a

stochastic multiobjective dynamic programming method may be developed for its

solution.
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CHAPTER 2

LITERATURE REVIEW

This chapter is divided into four parts. In the first section , the main concepts and

references on watersheds and watershed management will be discussed. The general

theory and concepts of MCDM will be presented in the second section while in the third

section the MCDM methodology is outlined followed by the discussion of the

applications of MCDM in water resources management in the fourth section.

2.1 Watershed and Watershed Management

A watershed is an area which is topographically delineated drained by a stream

system (i.e., the total land area above some point on a stream or river that drains past that

point). The watershed is a hydrologic unit that often is used as a combination of a

physical-biological unit and a socioeconomic-political unit (Brooks et al., 1991). A river

basin is defined in a similar fashion but is normally larger in size. Typical and known

examples are the Amazon Basin, the Mississippi Basin, and the Mekong Basin which

include lands that drain through these rivers and their tributaries into the ocean.

The process of guiding and organizing the use of the land and other resources on a

watershed to provide desired goods and services without harming soil and water

resources is categorically known as the watershed management. The interrelationships

among land use, soil, and water and the linkages between uplands and downstream areas

are also recognized. Management practices may encompass such policies as changes in

land use, vegetative cover, and other structural and nonstructural actions designed to

achieve specific watershed management objectives. These objectives may include the

rehabilitation of degraded lands, protection of the soil and water systems of the land for

the production of food, fiber, forage, and other land products, enhancement of water
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quantity or quality, and to preserve the natural beauty of the area (Black, 1990: Brooks et

al., 1991).

Accordingly, we have to incorporate soil and water conservation and land-use

planning into a broader logical framework by focusing on issues such as the following:

- People are positively and negatively affected by the interaction of water with

other resources, and in turn, people have a large influence on the nature and severity of

such interactions by the ways in which they use resources and by the quantities they use.

- The effects of these interactions follow watershed boundaries, not political

boundaries, since water flows downhill regardless of how people define their political

boundaries. Thus, what is done in the highlands of one political unit (country,

community, or landowner) can significantly affect another political unit occupying a

downslope or downstream position in the watershed. Before planning watershed

management practices, it is therefore important to understand and consider the watershed

degradation factor.

Watershed degradation is normally associated with natural as well as human

problems that will affect its use. From one viewpoint, therefore, this degradation is the

physical manifestation of problems such as soil erosion, polluted water, evidence of

frequent flooding, sediment-filled channels and reservoirs, and shortage of portable

water. Natural phenomena, human activities, or some combination of the two often cause

watershed degradation and the resulting upland and downstream impacts often leads to

interstate conflicts. The causes of these conflicts must be understood in order to take

appropriate measures, and, so that inappropriate or ineffective measures are avoided. The

main causes of watershed degradation are as follows (FAO 1986; Brooks et al., 1991):

• Natural Causes

- Geologic instability

- High-intensity, long-duration rainfall
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- Steep river gradients

- Shallow soils on steep slopes

- Fire.

• Human Causes

- Deforestation, which is a combination of the following:

- Unwise and poorly designed and executed logging is often carried out

with no guidelines or requirements to protect the soil and riparian (stream

bank) systems. The cause of such practices sometimes can be traced to the

need for log exports to deal with foreign debt. The main problem is that

the governments are unwilling or unable to impose controls or to enforce

guidelines on loggers,

- Repeated shifting of cultivation without adequate follow periods, caused

by high population densities in the uplands. The main difficulty is the fact

that no alternative means of producing food and fuelwood are available,

- Fuelwood cutting due to fuel shortages, especially under conditions of

large rural populations.

- Conversion of forests to grazing lands or cultivated croplands to meet the

demand for food by an expanding population,

- Forest fires set by local inhabitants,

- Inappropriate farming practices,

- Uncontrolled land-use changes,

- Inappropriate cultivation practices,

- Road construction on fragile lands,

- Overgrazing by livestock,

- Improper collection, transportation, treatment, and utilization of water,

- Socioeconomic and institutional problems,
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- Land-tenure problems,

- Inadequate policy and legislative support,

- Scarcity of skilled workers,

- Lack of unified planning and extension for integrated watershed

management,

- Inadequate community participation.

In order to deal with this complicated problem the following recommendations are

offered concerning the role of watershed management in forestry and related projects.

• The development of projects on forested watersheds and the introduction of trees

into agricultural systems directly affect the welfare of people in the uplands and in

downstream communities.

• Project planners should always consider the effects of upland forestry and

agricultural development on water and sediment flow to downstream reservoirs,

irrigation systems, flood plains, and urban areas.

• Expectations of benefits from upland watershed management-forestry

interventions by downstream interests need to be realistic.

• The planting of trees in and of itself does not necessarily control soil erosion:

Long term management of the watershed system, particularly on soil surface and

understory vegetation, is critical in achieving tangible erosion control.

• The development of appropriate watershed management practices depends on the

physical and biological characteristics of the watershed, including the type of

ecosystem, climate, and topography, and the socioeconomic conditions, including

the policy, institutional, and local community/farmer setting.

• Watershed management must be supported by local people and all levels of

government. Without such support, programs cannot be sustained. Projects must

not seek support from any one group to the exclusion of the others.



• Large, complex, and multifaceted projects have had limited success because of

weak institutions and an inadequate operational capacity. Mechanisms are needed

to promote small-scale projects like those developed by many nongovernment

organizations, which seem to be more effective in getting the cooperation of local

people and farmers.

• Development agencies should monitor and evaluate the environmental and

ecological impacts of forestry projects more rigorously.

Three technical papers are appended in the present dissertation which discuss the

multiple use watershed management for two of the largest forest types (Pinyon-Juniper

and Ponderosa Pine) in Arizona. Therefore, it is imperative to develop an understanding

of the multiple use watershed resource management and to characterize these two forest

types in the subsequent section.

2.1.1 Multiple Use Watershed Management

The multiple use concept is best understood when the management of watershed

resources produce more than one product of amenity. In almost any discussion of natural

resources management, multiple use is cited as a guiding principle. Although there has

been little difficulty in gaining a general acceptance of the multiple use concept, it is not

always as simple to implement multiple use programs. It is mostly believed that water or

timber production is not necessarily the sole production functions of a watershed, and that

forage, wildlife, livestock, and recreation should be considered in management decisions.

Yet, how much managerial effort should be spent on each land use is a problem that

decision makers and land managers have not been able to resolve. Reconciliation of

conflicting interests is an important responsibility of all types of land managers.

In order to achieve sustained and integrated watershed management a multiple use

perspective is needed, particularly in developing countries, where large rural populations
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depend upon a variety of resources that are produced in upland watershed. It is also true

that much of the intensive farming, grazing, and wood harvesting that takes place in these

countries is leading to watershed degradation and adverse downstream impacts. Multiple

use management seeks to manage the natural resource mixture for the most beneficial

combination of present and future uses. The general idea of maximizing benefits from a

given natural resource base is not necessarily new, but it has become more important as

the competition for limited and interrelated natural resource products increases.

Every watershed does not necessarily have to be managed for all possible natural

resource products simultaneously. Instead, most watersheds are utilized for a wide array

of natural resource products in varying degrees, as dictated by relative levels of supplies

and demands. Multiple use can be accomplished by one or more of the following options

(Brooks et al., 1991):

• Concurrent and continuous use of several natural resource products obtainable

on a particular watershed, requiring the production of several goods and services

from the same area.

• Alternating or rotating the use of the various natural resources products, or

combinations thereof, on a watershed.

• Geographic separation of uses or use combinations, so that multiple use is

accomplished across a mosaic of land management units on a watershed, with any

particular unit of land being put to the single use to which it is most suited.

Since these options are all legitimate multiple use management practices, they

should be applied in the most appropriate combinations. From society's point of view,

multiple use involves a broader set of parameters than would be considered by a private

investor. In general, society is more interested in conserving benefits for future

generations, whereas the private investor is more apt to making decisions based, in large

part, upon relatively short-term profit motives. To the extent possible, effective multiple
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use management should accommodate the full spectrum of today's needs while providing

for tomorrow's requirements.

Resource-oriented and area-oriented types are the two fundamental types of

multiple use management. Resource-oriented multiple use management refers to the

alternative uses of one or more natural resources. For example, timber can be managed

for lumber, fuelwood, or pulp. Such management is dependent upon the knowledge of

interrelationships describing how the management of one natural resource affects the

utilization of others, or how one use of a particular natural resource affects other uses of

the same resource. Substitutions between and among natural resource products, and the

associated benefit-cost comparisons of alternative production combinations are taken into

account. Understanding the production capacities of natural resources is a pre-requisite

in a resource-oriented multiple use management practice. However, to accomplish an

effective and efficient multiple use, natural resources must not only be related to each

other but also related to the needs and desires of people.

According to Brooks et al. (1991), area-oriented multiple use management refers

to the production of a mix of products and amenities from a given land area. Area-

oriented multiple use must consider the physical, biologic, economic, and social factors

relating to resource product development in a particular area. This provides a framework

in which information concerning the management of land units can be arranged,

analyzed, and evaluated. Area-oriented multiple use draws the information needed to

describe resource potentials from resource-oriented multiple use, which then relates to the

dynamics of local, regional, and national demands. Area-oriented multiple use

management is not necessarily intended to replace other forms of land management but to

complement them.

2.1.2 The Pinyon-juniper forests
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Adjacent to and surrounding the commercial forest types in the state of Arizona

lies the pinyon-juniper woodland zone, the largest forest type in Arizona. Situated at

lower elevations and generally characterized with less annual precipitation than the

commercial forest types, the pinyon-juniper woodlands may exhibit a lower water yield

improvement potential per unit area. However, because of its extensive distribution. over

14 million acres, the total impact of water yield improvement practices that may be

implemented statewide could, conceivably, affect the availability of recoverable water

supplies. The pinyon-juniper woodlands in Arizona occupy the semiarid climatic region.

Within this climatic region, however, wide fluctuations in temperatures, wind movement,

precipitation, and evaporation may occur. Generally, the pinyon-juniper woodlands are

characterized by higher temperatures, higher wind movements, lower precipitation

amounts, lower relative humidity, and much higher evaporation rates than the commercial

forest types (Preston 1968).

The area extent of the zone in the pinyon-juniper woodlands is, in part,

determined by the temperatures in that region. Generally, temperatures are about 6° F

higher than in the ponderosa pine zone immediately above, and about 5° F lower than in

the grasslands below. Within the zone temperatures range widely from the growing

season highs are exceeding 90°F to the winter lows below 0°F. The mean maximum,

minimum, and annual temperatures of the region are 67°F, 37°F, and 52°F, respectively

(Ffolliott, 1975)

The amount of average annual precipitation has a pronounced year-to-year

fluctuations and vary from 12 to 24 inches, increasing with increased elevation. Open

stands of pinyon-juniper are associated with annual precipitation amounts of less than 15

inches, while dense stands are associated with greater amounts. Characteristically,

summer storms are of high intensity and short duration, while low-intensity winter storms

may last up to three or more days. Winter snows can be frequent within the woodland
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The area occupied by the pinyon-juniper woodlands cannot necessarily be

considered a high-yielding watershed in comparison with the commercial forest types on

the state. The reasons for the relatively low runoff may be due , in part, to the low

precipitation amounts and the high evaporation rates that characterize the zone.

However, while the water yield per unit area may be low, the total yield from the

woodland zone could be of significance in the overall water supply budget (Ffolliott,

1975).

Generally, based on a water budget analysis, Rowe (1956) concluded that the

annual water yield from the zone was certainly less than the presumed 2.4 inches

considered a composite average for the Basin as a whole. More precisely, estimates of

the annual yield ranging from 0.75 to 1.25 inches, depending on overstory density and

topographic position. In a comprehensive report on the forest resources of Arizona,

Spencer (1966) made a conservative estimate of 1.1 inches annual water yield from the

pinyon-juniper woodlands. Presumably, this estimate represents an average value for the

woodland zone as an entity.

As far as a descriptive information, unfortunately little is known to exist to

characterize erosion rates, sediment yields, and water quality in the pinyon-juniper

woodland zone. It has been suggested, however, that the rates of erosion and

sedimentation increases as a result of the suppression of the herbaceous vegetation

beneath pinyon-juniper overstories (Arnold and Schroeder, 1955). Furthermore, erosion

in the Rio Grande River Basin has been related to the condition of lesser plant cover on

the watershed (Dortignac, 1956). Some specific knowledge of sediment yields can be

obtained from experimental work carried out in Utah and on the Beaver Creek Watershed

in north-central Arizona.

Based on six years of record utilizing the catchment basin and splitting device, the
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Watershed varied from 0.01 to 0.31 ton per acre (Clary et al., 1973). Winter sediment

yields associated with the large proportion of the annual water yield from the zone ranged

from a trace to 0.31 ton per acre, while summer yields ranged from 0 to 0.27 ton per acre.

Assessments of water quality based on the above methodology are studied and

results reported for untreated experimental watersheds in the pinyon-juniper woodlands

on the Beaver Creek Watershed. The average values given in this report for the pH is 7.0

and for TDS, Si02, Ca, Mg, Na, K, HCO3, SO4, Cl, and F are 104, 13, 22, 4.1, 4.5, 3.5,

96, 7.0, 2.5, and 0.2 rngfi, respectively. These assessments characterize single samples of

water quality from two experimental watersheds in an elevational range of 5,200 to 5,500

feet, sampled at different points in time, and a single sample from an experimental

watershed in an elevational range of 6,200 to 6,500 feet. Generally, all of the Beaver

Creek Watershed samples tested were of Cl-S1 quality standards. Also, water from the

experimental watersheds in the lower elevational range was moderately hard, while water

from the experimental watershed in the higher elevational range was soft. Overall, the

total dissolved solids (TDS) contained in the streamflow from the pinyon-juniper

woodlands on the Beaver Creek Watershed are greater than that of the ponderosa pine

forest zone (Clary et al., 1973).

Many wildlife species enjoy the protective cover and food provided by the

pinyon-juniper woodlands. Elk, deer, turkey, small game (squirrels, rabbits, etc.), and

rodents, utilize the woodlands to some extent throughout the year (Kundaeli and

Reynolds, 1972; Reynolds 1972). However, the relative importance of pinyon and

juniper as cover and in the diet of wildlife is not always well understood (Barger and

Ffolliott, 1972).
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2.1.3 Management Status of Pinyon-Juniper

It is not as simple to sketch a composite picture of the management emphasis

placed by the responsible administrators on the pinyon-juniper woodlands in Arizona.

The objectives of public and private land managers concerned with deriving satisfactions

from the natural resource mix that characterizes the pinyon-juniper woodlands are not

always the same. Generally, the public land manager is interested in preserving benefits

for future generations, which often may require investment beyond the current limited

business economics. On the other hand, the private land manager may make decisions

based upon relatively short-term profit motives that are commonly related to limited

natural resource products and uses. Of the over 14 million acres that comprise the

pinyon-juniper woodland zone in Arizona, some areas have already undergone overstory

eradication or control for whatever the management purpose. Unfortunately, a complete

knowledge of the proportions of the zone that have been treated and, thereby, must be

removed from consideration in future management planning is not available. Partial

information about land management responsibilities, as of 1961, indicates that the area of

land worked by the USDA Forest Service was approximately 250,000 acres, the USDA

Bureau of Land Management about 75,000 acres, Indian lands just under 350,000 acres,

and state and private lands about 600,000 acres (Lamb, 1964). Additional acreages have

been treated since 1961 (Warskow 1967), but the amount is unknown. In recent years,

though, control measures have largely been restricted to relatively small selective areas

(Barger and Ffolliott, 1972).

2.1.4 The Ponderosa Pine Forests

Many natural resources products for the state of Arizona are supplied by the

ponderosa pine forests in Arizona, which predominate on the nearly 5 million acres of
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commercial forest land. This vegetation zone, for example, yields water for municipal,

agricultural, and industrial developments, furnishes a diversity of primary wood products,

and contributes forage for domestic livestock and wildlife populations. In addition , these

forests provide for numerous forms of recreational and aesthetic uses.

The state of Arizona where moisture is commonly in short supply is climatically a

natural region for the ponderosa pine to grow. Hot and dry winds are common during the

growing season, and excessive transpiration and deficient soil moisture often curtail

growth (Schubert, 1972). In general, ponderosa pine is commonly found in a subhumid

and a microthermal temperature province characterized by summer rainfall deficiencies.

In contrast to the surrounding low elevation lands, the ponderosa pine forests in Arizona

receive a relative abundance of annual precipitation. Most of the zone averages 20 to 25

inches of precipitation annually, with approximately 15 inches of annual precipitation

representing the minimum amount necessary to maintain ponderosa pine as a vegetation

type. The higher elevations tend to have a greater occurrence of precipitation events, as

well as the total precipitation amounts, although this effect is altered somewhat by the

interactions of storm patterns and topography (Beschta and Thorud, 1973).

The major source of water for streamflow in ponderosa pine forests is the

precipitation occurring during the winter months. About one-half of the annual

precipitation amount occurs during this period. Winter precipitation in Arizona

originates primarily from the Pacific Ocean (Schubert, 1972). Rain, and sometimes hail,

occur during the summer conventional storms, with high rainfall intensities in localized

areas. In contrast, precipitation intensities during winter storms are lower, with

precipitation occurring as snow or a combination of rain and snow. Winter storms often

last from one to three days, and are normally followed by periods of clear weather.

Ponderosa pine forests in Arizona have quite a variable temperature range. Cool

air masses from Canada may cause temperatures to drop below zero in the high plateaus
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and mountain regions of central and northern Arizona. The lowest temperature recorded

in the ponderosa pine vegetation zone in Arizona was -37°F at Fort Valley on January 12.

1967, and at Maverick on January 13, 1963 (Schubert, 1972). In the summer, afternoon

temperatures may reach 80° F and higher, and then drop to as low as 35°F at night.

Perhaps the largest single contributor of water to many of the river basins in

Arizona is the ponderosa pine forests, which dominate the commercial forest area in the

state. For example, Barr (1966) reported that the ponderosa pine forest is the source of

nearly one-half of the total runoff in the Salt River Basin of central Arizona. Further, the

knowledge of water yield, sediment rates, etc., is important in developing an

understanding of the relative significance of the ponderosa pine forests in the state and

the potentials for improving water yield by vegetation management. The annual water

yield from individual watersheds in ponderosa pine forests is varied, primarily because of

natural variability in watershed characteristics (physiography, vegetation, climate, etc.).

Thus, average estimates of annual water yield values are difficult to generate. As already

implied, drier watersheds in the zone may yield as little as one inch of runoff annually,

while wetter watershed may produce up to eight inches (Croft, 1956). The results of

water yield improvement tests on the Workman Creek Watershed, reported that the

annual water yield for three untreated ponderosa pine experimental watersheds averaged

3.2 to 3.4 inches (based on a variable number of years of record). Additionally, annual

water yield from two untreated ponderosa pine experimental watersheds on Castle Creek

(based on 10 years of record) averaged 2.7 inches (Rich, 1973).

The amount of sediment yields in the ponderosa pine forests vary in time. It is

reported that the annual total sediment yields from untreated experimental watersheds in

the ponderosa pine forest zone on Beaver Creek (based on 26 station years) varied from a

trace (less than 0.005 tons per acre) to 6 tons per acre, with an average 0.6 ton per acre.

Excluding this extreme event, annual sediment yields have averaged only 0.02 ton per
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acre (Brown et al., 1973). These data reflect measurements of sediment produced in a

100-year storm, which occurred on September 5, 1970 (Baker et al., 1971; Thorud and

Ffolliott, 1973).

The water quality samples obtained from Beaver Creek were taken from a flume,

either dipped or with a DH-48 hand sampler. All of the samples were stored in glass, and

sent to the USDA Geological Survey Laboratory in Tucson, Arizona, for analysis.

Summaries of water quality, as assessed by the above methodologies, for untreated

experimental watersheds in the ponderosa pine forests on the Beaver Creek Watershed.

The values measured for the pH is 7.4 and for TDS, Si02, Ca, Mg, Na, K, HCO3, SO4,

PO4, NO3, Fe, Mn, and F are 44, 13, 5.1, 2.8, 1.9, 0.7, 24, 6.0, 0.16, 0.16, 0.2, 0.10, and

0.10 mg/1, respectively. In essence, these summaries characterize the sample of water

quality from five experimental watersheds in an elevational range of 6,500 to 7,500 feet.

These water quality samples, although small in number and from one location, may

indicate some of the water quality characteristics in the ponderosa pine forests in Arizona

(Brown et al., 1973).

It is well known that the ponderosa pine forests provide important habitat

components for many species of wildlife in Arizona. In particular, elk, deer, turkey,

small game and rodents, game and non-game birds utilize this vegetation zone for

protective cover and food, both seasonally and on a year-long basis (Burk, 1973; Patton,

1973a). In 1990 Big game, Small game, and Waterfowl habitat on public land in Arizona

were 14137, 14150, and 30 thousands of acres, respectively. On public land the numbers

of Big game animals are numerous, i.e., 33900 counts comes under Deer category. The

different types of deer includes, whitetail, blacktail, and mule (Pia Montoya, 1993).

There are heavy recreational activities in the ponderosa pine forests in Arizona.

The desire to escape the summer heat of the large, desert cities (Phoenix, Tucson, etc.) is

a compelling reason to seek out the higher, cooler forest lands. The total number of visits
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to Arizona National Park System during 1990 were 20.4 and 3.0 millions for recreation

and non-recreation, respectively. The Arizona park system is a source of income for the

state. During 1990, the total Big game permits issued were 166639. The peimits issued

from 1983 to 1990 are about the same, which shows the maintaining status of the park

system, but no enhancement. In the case of the total visitors in the northern Arizona park

and other recreation areas, it increased from 12.6 to 20.0 millions during 1980 to 1989,

while from 1989 to 1991 there was no significant increase. The visitors who enjoyed the

scenic beauty of the parks and other recreation areas were 3.9 millions during the year

1980 and increased to 6.1 million up to 1991. On water-based recreation areas the visits

were 7.6 millions which increased to 14.4 millions from 1980 to 1991. Overall, the

number of visitors in the Arizona parks and recreation areas are increasing day by day

(Pia Montoya, 1993).

2.1.5 Management Status of Ponderosa Pine

Most of the ponderosa pine forests in Arizona are under some form of public

ownership or trusteeship, and these public land managers are concerned with supplying a

wide variety of natural resource products and uses for both present and future

generations. Therefore, management emphasis in the ponderosa pine forests has

generally been placed on meeting the specified objectives of public land management.

Timber management activities, which dominated ponderosa pine forest management

plans since the gold rush days of the mid 1800's, have an impact on virtually all of the

uses of the forest. In addition to providing a flow of primary wood products, timber

management activities, or timber manipulations in general, may benefit water yields and

forage production by opening up forest stands. Similarly, recreational and aesthetic

values may be improved in the long run, following short periods of patience (Schubert,

1972).
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Considering the ponderosa pine forests in Arizona as an entity, management

emphasis in the zone is commonly directed at providing sustained yields of timber, water,

forage, and wildlife. This emphasis is often achieved within the framework of multiple-

use management plans that have been developed and implemented by various public land

management agencies (Tucker and Fitzpatrick, 1972).

2.1.6 Research Efforts

Different studies on multiple use of watershed resources and their management

have been conducted from which a few are presented here. Measurements of natural and

agricultural resource products can be represented as a product mix (Table 2.1). All

resource products derived from a particular area or class of land can be described

quantitatively in such a table. A product mix representing the existing situation (Mo) can

be compared to alternative multiple use practices (M1 and M2). A set of comparisons

form a basis for choosing a multiple use management system from a range of alternatives

by appraising the impacts of the management redirections upon upland (on-site)

productivity and externalities (downstream, etc.) as well (Brooks et al., 1991).

Using the product mix representation in Table 2.1, one can select the best course

of action to meet management objectives by assigning values and performing an

economic analysis comparing the existing condition with various multiple use

alternatives. Importantly, an analysis should also consider the changes in products and

amenities over time. For example, under the existing condition (Mo), soil erosion may

result in a decline in productivity over time as well as increases in usable downstream

water yield. The true benefits of each alternative, compared to the existing conditions,

are represented by differences in on-site productivity and externalities over time.
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Table 2.1	 A product mix for a southwestern ponderosa pine-forested watershed

(adopted from McConnnon et al. 1965)

Management Alternatives

Item Mo M1 M2 M3

(Per Hectare)

Timber Cut (m3 ) 0.0 9.0 4.9 3.8

Timber Growth (m 3 ) 4.2 2.5 5.5 5.2

Livestock (kg gain) 0.068 0.48 0.0045 0.27

Wildlife (number of deer) 0.021 0.034 0.032 0.033

Water (cm) 15.0 22.0 16.0 18.0

The above table represents a comparison of product mixes for different

management alternatives for a ponderosa pine watershed. These comparisons show what

is gained and lost in multiple use terms, assuming that a response to management

redirection can be accurately estimated. If things remain as they are, Mo, the annual

outputs per hectare will be 4.2 m3 of timber growth, enough forage for 0.068 kg of

livestock gain, 0.021 deer, and 15 cm of water. With conversion of moist sites to grass,

MI, the annual outputs will be 2.5 m 3 of timber growth, forage for 0.48 kg of livestock

gain, 0.034 deer, and 22 cm of water; 9 m 3 of timber will be cut on each hectare. Column

M2 and M3 contain the response elements of uneven-aged and even-aged forest

management, respectively. It is important to note that, if Mo is the "best" as judged by an

assessment of the gains and losses in natural resource products, the existing land

management practice should be continued.

Barr (1956) estimated a probable increase in annual water yield of 13 to 25 mm
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from the removal of pinyon-juniper in Arizona (about 5.5x10 6 ha) if the land was

reseeded with grasses. A study of pinyon-juniper removal by Collings and Myrick

(1966), however, found no significant change in water yield. Skau (1964 a , b) reported

that any change in water yield from pinyon-juniper removal would probably result from

reduced interception and evapotranspiration losses. Clary et al. (1974), after reviewing

all documented hydrologic results from the southwestern pinyon-juniper type , stated that

the possibility of increasing water yield through overstory removal was only marginal.

Results of a study on multiple resource changes over time associated with strip

cutting a ponderosa pine forest in Arizona are presented by O'Connel and Brown (1972).

They reported that a one-third strip-cut treatment was applied to a 1267-acre watershed in

north-central Arizona to increase water yield, while providing acceptable sediment

concentrations and enhancing wood and herbage values at the same time. The treatment

involved clearing one-third of the area in alternate, irregularly shaped strips that

measured a width of approximately 60 ft. The strips were designed to trap and retain

snow (Brooks et al., 1991), and their margins were irregularly shaped to stimulate natural

openings. Ponderosa pine seedlings were planted in the cut strips, and the trees were

thinned to a basal area of 80 ft2/acre in the intervening forested strips. A 90-year rotation

is proposed on the watershed with three cuttings at 30-year intervals. By clear cutting an

adjacent 60-ft strip at each cutting, a step-type forest is anticipated.

Slopes also affect water yield response to clear cutting. On a north slope in Idaho,

a substantial gain (270-350 mm) in potential water yield per year resulted from the

removal of transpiring plant cover, elimination of snow interception by a closed-canopied

forest, and gradual reoccupation by herbaceous plants. On a south slope, small to

moderate increases (40-110 mm) in water yield resulted from clear cutting. Invading

shrub species on the south slope rapidly reoccupied the soil mantle and after four years

extracted more water from the soil during the extremely dry summer than did the original
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tree overstory and shrub understory (Cline et al. 1977).

Extensive studies of the effects of removing forest overstory have been conducted

by hydrologists. They concluded that forest clearing generally increases water yield in all

regions of the United States (Harr, 1983; Kattelmann et al., 1983) and also in many other

regions of the world. Where a major portion of water yield is from melting snow, the

effect of forest manipulation on streamflow depends, in part, on how these activities

influence both accumulation and melting characteristics of the snowpack. Clear-cutting

in patches, strips, or blocks increases snow accumulation in these areas and thus increases

the amount of water available for streamflow. Greater water yields can be expected from

cleared stands as a result of reduced interception and evapotranspiration losses, greater

source-area concentration of snowmelt water, and greater year-to-year carryover of soil

water (Gary, 1979).

Although, according to Baker (1984), the increase in annual streamflow is

statistically significant on the treated watershed, these increases may not be of practical

importance in many years from a management viewpoint. The results indicate that water

yields can be increased on basins with volcanic soil by chemically killing the pinyon-

juniper overstory and leaving the dead trees standing. This increase can be expected

about 1 out of every 2 years when precipitation equals or exceeds the winter average.

Therefore, a management system may be devised where dispersed upland pinyon-juniper

basins could be chemically treated to provide some additional water yield. Managers,

however, must recognize that these treated areas may not be aesthetically pleasing to

much of the public and that the use of chemical is opposed by environmentalists.

Furthermore, to justify and to make this treatment economically feasible, a land manager

might need to consider the additional increases in other resources such as additional

grazing (caused by increased herbage production) or increased benefits for wildlife.

Annual water yields were determined with three levels for overstory removal and
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three levels of strip cut with thinning applied on ponderosa pine watersheds (Baker.

1986). Water yield increases from a completely cleared watershed were statistically

significant for 7 years, losing significance after recovery and growth of Gambel oak and

herbaceous vegetation. Water yield increases were maintained 6 years after a light

overstory removal and 10 years following a heavy overstory removal cut. Significant

increases were obtained for 3-4 years following two levels of strip cut with thinning, but

were then lost on watersheds with a high percentage of southern exposure or low slopes.

Water yield increase remained at a 15% level during the first 6 years on a strip-cut

watershed with 60% of its area on northern aspects.

The dynamic nature of the expected production levels of water, wood, herbage,

and sediment yields from the watersheds on this 90-year rotation are illustrated in

reference Brooks et al. (1991) Water yields are increased periodically because of

redistribution of snow in a manner favorable to streamflow, reduced use of water by

vegetation, and increased surface runoff following each strip-cutting operation. The

exposure of bare soil and the reduction of tree cover at the time of strip cutting are

responsible for the indicated increase in herbage and sediment yield. The yields of all

three annual outputs, that is, water, herbage, and sediment, decline as the forest cover

becomes reestablished. In this reference, wood production is shown only in terms of the

amount of sawtimber available for harvest at the time of each cut and is calculated on the

basis of existing volume and known growth rates.

Water yield usually may increase when forests are clear cut or thinned, vegetation

on a watershed is converted from deep-rooted species to shallow-rooted species, and the

vegetative cover is changed from plant species with high interception capacities to

species with lower interception capacities. Further the amount of water yield change

depends, in large part, upon the soil and climatic conditions and the percentage of the

watershed that is affected. The largest increases in water yield often result from clear
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cutting forests. The length of time that water yields continue to exceed precutting levels

depends on the type of vegetation that regrows on the site and the rate of regrowth.

Higher water yield responses would be expected in regions with deep soils and high

annual precipitation, whereas responses would be lower in magnitude in dry climates.

Nevertheless, improving water yields has been emphasized in many semiarid regions,

where small increases in water yield can be important for humans and livestock needs.

Haupt (1979) found that aspect affected snow accumulation and melt rates in

conifer forests in Idaho. Snow accumulation on north-east, and west aspects were

respectively 35, 30, and 24% greater than on southfacing slopes. In California, Anderson

and West (1965) observed that northfacing slopes accumulated and retained more snow

than the southfacing slopes. Ffolliott and Thorud (1969) also found snow accumulation

to be greater on cool than on warm sites in Arizona. Hansen and Ffolliott (1968) also

observed that throughout the winter, a large portion of the snowpack would melt from

southerly aspects.

A worldwide research to study the change in water yield regimes due to a

substantial change in vegetation amount or type on a watershed was conducted by

Ffolliott and Thorud (1975). In general, changes that reduce evapotranspiration (ET)

increase water yield. Evapotranspiration can be reduced by changes in the structure and

composition of vegetation on the watershed. Evaporative processes generally account for

most of the annual precipitation on watersheds, consequently the potential to increase

water yield by decreasing ET is attractive. For example, 85-95% of the annual

precipitation is evaporated or consumptively used by plants on many watersheds in arid

and semiarid regions, leaving only 5-15% available for streamflow runoff. High-

elevation mountain watersheds in the snow zones of the world yield as high as 50% of

annual precipitation, but evapotranspiration still remains significant and potentially

subject to reduction through the management of vegetation in the watershed.
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Under forested conditions, evaporation losses from snowpack may be relatively

small, with most snowpack water equivalent appearing as melt at the bottom of the

snowpack. However, as openings are created by various harvesting practices,

evaporation losses may become more significant, especially for openings on sites

exposed to wind (Ffolliott and Thorud, 1975; Cline et al., 1977). The measured average

daytime evaporation rate of approximately 0.8 mm from December to early May in a

ponderosa pine stand in eastern Arizona. During the same period, daytime evaporation

losses in an opening were nearly twice as large (Ashton, 1966).

Intensity of storms sharply affects the erosion rates and sediment loads in the

streams from pinyon-juniper watersheds. A heavy storm soon after the trees were

removed from one watershed washed away much soil. In the long run, however, average

sediment loads from the treated watersheds do not significantly exceed those from the

Control watersheds. Small amounts of residues found in streamflows the year following

herbicide application soon disappeared, and all changes in water quality had been minor.

The following very useful conclusions and recommendations were made by Clary

et al. (1974) during the course of research:

• Conventional mechanical methods of pinyon-juniper removal cannot be

expected to increase water yields in the Utah juniper subtype.

• Overstory removal by herbicide appears to be the only vegetation treatment that

is likely to increase water yield from Utah juniper watersheds. Picloram

effectively controlled the pinyon-juniper overstory and changed the successional

pattern of herbaceous plants. Only 1.3 percent of the picloram left the watershed

in runoff water, and it ceased to be detectable in the water within 3 years after

application. Picloram was barely detectable in the soil mantle after 4 years.

• The areas of low tree densities in the alligator juniper subtype do no show

promise for increasing water yield.



40

• The felling treatment on related watersheds could have been advantageously

modified to retain the large mature and overmature alligator juniper trees. This

modification would have resulted in sizable cost savings, provided an

aesthetically appealing savanna aspect, retained more wildlife cover, and may

have maintained greater long-term early forage on these spring-fall ranges.

• There has been no meaningful change in sediment yields as a result of overstory

removal. Five of the seven pinyon-juniper water-quality samples met drinking

water, aquatic life, and irrigation standards. Two samples were slightly high in

iron to conform to the drinking water standard. Apparent differences in water

quality among watershed were not validated by statistical methods because of

inadequate sample sizes.

• Overstory removal in the Utah juniper subtype will result in a several fold

increase in herbage production. The value of this increase for livestock or wildlife

use is highly variable. The potential increase in livestock carrying capacity on

many Utah juniper areas is nearly 0.5 AUM per acre, but this potential is rarely

realized. An increase of about 0.21 to 0.32 AUM per acre is indicated for the

more successful pinyon-juniper conversion projects. Much lower increases are

typical when pinyon-juniper conversions are attempted on low potential sites or

when poor seeding techniques are used.

• The response by deer to the pinyon-juniper watershed treatments was, on the

average, neutral. All treatment increased the production of preferred plants, but

cover should be available nearby for the deer to maintain use of the areas. Deer

have responded positively to the herbicide treatment, which resulted in a fourfold

increase in palatable herbaceous forage plants and maintenance of relatively

heavy cover. Elk use of the pinyon-juniper watersheds was not heavy enough to

allow an evaluation of their responsf% The response of other wildlife species has
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not been measured.

• Current restrictions on herbicide use (the only treatment that increased water

yield) and the negative aesthetics of standing dead trees may limit juniper control

to mechanical methods for the foreseeable future. Since mechanical methods are

not likely to produce measurable water yield increases, the only economic returns

are from range values. Analysis of a number of pinyon-juniper conversion

attempts suggest that under 1972 economic conditions the more successful

projects just about break even from a benefit-cost standpoint. Projects which are

less successful than the best will produce a negative net return. Therefore,

considerable planning and forethought should precede any future pinyon-juniper

conversion attempt.

• Experience with herbicides on Beaver Creek and with fire elsewhere suggests

that these two methods may be the most fruitful areas for future juniper control

research from the combined standpoints of water production, forage production,

deer response, and economics.

Uprooting, spraying with herbicide, and cutting were the three techniques used to

remove pinyon and juniper trees. Spraying was the only treatment to increase streamflow

significantly. Controls over the use of herbicides currently limit the general use of this

technique, and mechanical removal, such as uprooting or cutting, is now the primary

means for converting pinyon-juniper woodlands. Increased grass is the most noticeable

change triggered by pinyon-juniper removal. The cost of removal, however, is usually

more than the value of the livestock forage gained, though the trees can sometimes be

sold for fenceposts and firewood to help offset costs (Carder, 1977).

A study on factors affecting forage consumption by cattle in Arizona Ponderosa

pine forests was conducted by Clary et al. (1978) . They reported that the forage
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consumed by livestock averaged 62 lb/acre where 97% of the consumption was perennial

grasses. Forage consumption increased as grass production increased and forest density

decreased. Two variables, the perennial grass production and Ponderosa pine density

(logarithm of basal area), accounted for 67% and 61%, respectively, of the variation in

pounds of forage consumed. Two combinations of variables accounted for over 75% of

the variation in forage consumed.

Utilization of perennial grasses averaged 34% by weight. Although percent

utilization of perennial grass was associated with perennial grass production , forest crown

cover (logarithm), and percent slope, correlations were too low to be of practical value.

Combining variables did not improve the correlations. Most topography and distance

variables related to forage consumption in other studies were not significant on Beaver

Creek. Possible reasons were that the topography is more gentle on the Coconino Plateau

than on many western mountain areas and that steep canyons were not sampled in this

study, so only limited variability was present. Likewise, the amount of rockiness and

average forage preference did not vary greatly.

A study on similar areas of the Coconino Plateau, however, described noticeable

effects on grazing used by physical factors such as distance to water and steepness and

length of slope. In this study, the allotments ranged from 13,000 to 29,000 acres with no

cross fences and a much lower density of developed watering places. The average

distance to water in the present study was about one-half that found by Glendening. In

addition, the allotment evaluated in the present study was cross-fenced into

approximately 6,500-acre units and was under a management system which included rest-

rotation and regular range riding. Under this management, cattle were well distributed,

utilizing the forage resource wherever it occurred. Variables that are correlated the most

with the amount of forage consumed were those that would be influenced by timber

management practices. Conversely, the factors unaffected by forest management
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practices, such as topography, surface characteristics, and distance to water. had little

relation to forage consumption. These results suggest that, with proper livestock

management, physical features on areas similar to Beaver Creek Watershed will not

severely restrict cattle movement except possibly on extreme slopes. Therefore, these

features should not greatly hinder cattle from utilizing forage produced following

reductions in forest overstory as a result of timber management practices (Glendening,

1944).

Utilizing source data from annual herbage production which had been obtained

through repeated measurements, though not necessarily taken in each year, in two

Arizona Ponderosa pine forests from 1959 to 1980, 18 herbage production-forest

overstory regression equations were developed and statistically analyzed. Soils were

stratified for some herbage components to improve sampling efficiencies. As a result of

this evaluation, equations meeting specified acceptance criteria were identified to assist

land managers in understanding the joint production of herbage and timber in these

forests. The regression equations are considered more useful for long-term planning

purposes than for predicting the level of herbage production in a particular year (Tapia et

al., 1990).

Studies of Ponderosa pine are encouraged by Brown et al. (1974) . They show

that properly managed stands may produce two or three times more wood each year than

when they are excessively crowded. Grasses and other plants foraged by livestock and

big game may increase 200 percent or more. However, skilled management is required

since habitat for turkeys, squirrels, and certain other small animals may deteriorate if the

forest is heavily thinned over large. They contend that depending on management goals

and the natural productivity of the site, a variety of techniques can be used to control

forest density. The choices include uniform thinning throughout the stand, harvesting

small patches or irregularly shaped strips, or combinations of these approaches.
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Wildlife, particularly small mammals and birds, are affected by Pinyon-juniper

controls. For example, birds that feed in trees are replaced by ground feeders. The

predominant game animal, the mule deer, is largely unaffected except that more forage is

made available in early spring when deer often need additional nourishment.

Avian ecologists have long been interested in relating breeding bird populations to

the vegetation of an area (Bond, 1957). As the structure of a habitat becomes more

complex, the number of different bird species increases (Karr, 1968). The population

density of blackburnian warblers and myrtle warblers appear to be closely correlated with

foliage volume. Moreover, foliage volume may be an important factor limiting the

densities of parula warblers and nuthatches (B aida, 1969). It was strongly suggested that

removing tall ponderosa pines (40 to 70 feet) may have a negative effect on the density

of Grace's warblers, whereas the removal of the understory may reduce the populations

of the gray-headed junco and the chipping sparrow. Bird population densities in a

particular habitat are believed to be regulated by many factors. Any alteration of that

habitat may affect the suitability of the habitat for a given species niche requirements.

Szaro and Balda (1979) recommended the forest managers can remove between

one-sixth and two-thirds of the available foliage of the ponderosa pine forest either in

strips (and probably in blocks) or by thinning without detrimentally affecting the

breeding bird community in terms of species richness, density, and diversity. Increased

densities on silviculturally cut and irregular strip shelterwood plots are probably at least

partially due to openings. However, forest treatments must consider that the quality of

the bird community on cut and control areas are not equal. Species found on the control

plat, such as the hermit thrush, red-faced warbler, western fly-catcher, and pygmy

nuthatch, are replaced on the cut areas by species such as the western wood pewee,

yellow-rumped warbler, and rock wren. When forests are emanated for tree and/or water

yield, some specific guidelines can be followed to minimize the impact of habitat
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modification on bird populations. Data show that the reduction of foliage volume by one-

sixth to two-thirds is of little real significance to forest managers. Foliage volume is

important to the birds because it is related to the resource base but is difficult and time

consuming to measure. Therefore, to maintain and/or increase (up to 35%) ponderosa

pine forest bird populations, the following guidelines were recommended:

• The total basal area of a given stand can be reduced by 15% to 50%. However,

large-scale removal should be in strips or blocks. In a uniform thinning operation,

consider removing only 30% of the total basal area.

• Remove no more than 45% of those trees with a d.b.h. of 9 inches or greater.

Leave a minimum of 32 tree per acre.

• Remove no more than 75% of those trees with a d.b.h between 6 and 9 inches.

Leave a minimum of 17 trees per acre.

• Remove 80% of the trees with a d.b.h. between 3 and 6 inches leaving

approximately 25 trees per acre.

• Gambel oak should not be removed at all. If absolutely necessary, remove no

more than 25% of the oaks.

• Several overmature trees per acre should be left to allow for adequate snag

recruitment.

• Snags should be left as nesting and roosting sites for cavity nesters.

Brown and Daniel (1984) modeled forest scenic beauty. They said that statistical

models were developed relating the public's perception of scenic beauty to forest features.

In order to develop these models, timber stands were delineated, using standard timber

management criteria, in two watersheds on the Coconino National forest, in north-central

Arizona. All stands were predominately of ponderosa pine, with Gambel oak mixed in

throughout, and ranged from 30 to 380 square feet of basal area. Overstory, herbage,
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downed wood, and ground cover features were measured in selected stands at 15 points

(sites) per stand, using widely accepted forest inventory procedures. Color slides were

also taken at each site, from which scenic beauty judgments were obtained. The physical

measurements of forest features were then statistically related to the scenic beauty

judgments. The models show that, for ponderosa pine stands similar to the study area,

herbage and large pine contribute to scenic beauty, while the number of pulp-sized and

small sawtimber-sized pine trees and downed wood detract from scenic beauty. Gambel

oak of all sizes improve scenic beauty. Slash is much more detrimental to scenic beauty

than natural downed wood. Lower overstory densities are preferred, as are lower degrees

of tree grouping. The models also suggest that moderate harvest of relatively dense

stands, such as most of those inventoried for this study, would improve scenic beauty

once the stand had recovered from obvious harvest effects, and that the recovery period

could be shortened considerably by slash removal. Furthermore, leaving some mature

pine and avoiding heavy grazing of the herbage response to harvest would enhance scenic

beauty.

The scenic beauty models are well-suited to use in forest planning. They can be

used to estimate the relative scenic beauty of existing forest areas as well as to predict the

impact of postulated changes in those areas given relatively modest measurable data

inputs. Additionally, because they use physical features as independent variables, they

can be easily linked to physical simulation models, allowing prediction of near-view

scenic effects along with more traditionally quantified forest characteristics.

Furthermore, their use supplements the information available from the application of the

Visual Management System by providing scenic beauty estimates that are based directly

on public perception and judgment, and that are mathematically related to manageable

forest features.

According to Brown and Daniel (1984), public sentiment and legislative mandate
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require that aesthetic and other intangible consequences of public land use be considered.

Landscape scenic beauty is one of the most important of our natural resources. Of the

many resources we use, preserve, and try to improve, scenic beauty has proven to be one

of the most difficult to measure in an objective and scientific manner. Undoubtedly, this

is because beauty is only partially defined by characteristics of the environment, and

depends, in large part, upon human judgment.

National Forests are a significant source of scenic beauty, and management must

be responsive to the value of this resource. Assessment of scenic beauty and of

management impacts on scenic beauty has, however, posed a difficult problem for public

land managers. At this stage they have to be very much concerned to achieve the best

combination out of multiple use watershed resources. The MCDM approach may play an

important role in the decision making for sustainable watershed resources management.

2.2 MCDM Concepts

According to Tabucanon (1988), "The process of decision making is the selection

of an act or courses of action from among alternative acts or courses of actions such that

it will produce optimal results under some criteria of optimization." This statement

however does not hold if several objectives and/or criteria are present. In such cases the

application of Multiple Criterion Decision Making (MCDM) is required.

Objectives indicate the directions of state changes in a system desired by the

decision maker(s). They reflect the aspirations of whoever is providing the value

structure and as such the directions sought (Hwang and Yoon, 1981; Tecle et al., 1988a).

Three possible ways to improve an objective are discussed in the literature: maximizing

the objective, minimizing it, or maintaining it at an existing level. The first two are self-
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evident. An example of the third situation is a farmer who wishes to maintain a constant

supply of water to a field where both an excess or deficient amount of water will

adversely affect output. Another viewpoint is to consider five types of satisfactory

objective conditions: near a target, greater than a threshold, less than a threshold, inside

an interval, outside an interval. Extended definitions of objectives with respect to these

concepts are available for example, in Monarchi et al. (1973), Bogardi and Duckstein

(1992).

The process of modeling and solving a problem with two or more

noncommensurable and conflicting objectives is known in literature as MCDM.

Objectives are noncommensurable if their level of attainment with respect to given

attributes cannot be measured in common units (Szidarovszky et al., 1978; Duckstein and

Gershon, 1983; Tecle and Duckstein, 1989). Objectives are conflicting if an increase in

the level of one objective can only be achieved by decreasing the attainment level of

another objective ( Steuer, 1986; Szidarovszky et al., 1986). Usually, a conflict arises

when the attainment of each objective in a problem requires the shared use of limited

available resources (Fraser and Hipel, 1989). Typical examples of objectives are

optimization of economic payoff, environmental quality, water supply, water quality, and

mitigation of natural and man-made hazards.

The dictionary meaning of criteria is a set of standard rules or tests on which

judgments on decisions can be based. In decision making theory, however, a criterion

may represent either an attribute or an objective. In this sense, a multicriterion decision

problem means either a multiattribute or a multiobjective decision problem, or both.

MCDM is, therefore, used to indicate the general field of study which includes a decision

process in the presence of two or more conflicting objectives and/or involving two or

more attributes.

Constraints are restrictions on attributes and decision variables which may or
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may not be expressed mathematically. They are usually dictated by such factors as

environment, physical processes, economics, cultural, legal and/or resources aspects

which must be satisfied in order to produce an acceptable solution. In mathematical term.

constraints describe functional dependencies between decision variables and parameters.

They are usually stated in the form of equalities (mass balance), inequalities (resources

constraints) or probabilistic statements (reliability constraints, chance constraints).

Attributes refer to the characteristics, factors, qualities, performance indices,

parameters of alternative management schemes, or other decision processes. An attribute

should provide a mechanism for evaluating certain levels of an objective; as such, it is

defined here as a measurable aspect of judgment by which a dimension of the various

decision variables or alternative management schemes can be characterized.

Decision variables or alternatives are the vehicles used to specify decisions

made by a decision maker (DM). In mathematical programming, they represent the

numerical variables whose values are to be determined and are denoted by xj ,

j =1, ..., J. The symbol x. a decision variable representing the jth quantity. For

example, water release from a reservoir at a given time is a typical decision variable in

reservoir models. In mathematical programming formulations, decision variables are

formulated to be nonnegative. In most cases these decision variables are continuous and

bounded. In problems involving both numerical and non-numerical data, the different

objectives can be constructed by using a set of discrete alternative actions. This

procedure is known as discretization. The members of this finite alternative set are

carefully selected by considering all important, relevant information on the problem and

its objectives and the alternative actions themselves (Gershon et al., 1982). Different

selection methods are presented in Ozernoy (1985, 1987). If too many alternatives are

present, then some filtering and/ or screening mechanisms such as ELECTRE I

(Benayoun et al., 1966; Gershon et al., 1982; Tecle, 1988) or exclusionary screening
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(Goicoechea et al., 1982) can be used to eliminate the dominated alternatives. Once the

selection process is completed, a one to one relationship between the alternatives and the

criteria has to be developed using some measurement scales (Voogd, 1983). Information

consisting of criteria versus alternatives measurements is then used to construct an

evaluation matrix upon which MCDM solution techniques are applied in order to select

the "best" alternatives. This concept has been extensively developed in many case

studies such as in Voogd (1983), Tecle et al. (1988a, b) to mention a few.

During the problem formulation stage of the mathematical decision process, one

should decide which quantities are to be treated as decision variables and which ones are

to be assumed as given parameters. They include quantities which remain relatively fixed

because the values are either objectively assigned and the DM has no control on their

values or he/she has learned from experience that the particular values of these quantities

always give good results leaving us with no reason to treat such quantities as decision

variables in their practical ranges.

Other aspects describing the decision maker's desires in dealing with a

multicriterion problem are goals, aspiration levels, and ideal points. Goals, also known

as targets, are conditions desired by the DM. In this sense, they are either to be achieved,

surpassed, or not exceeded. In a somewhat different sense, goals can be considered as

constraints because they are also designed to limit and restrict the alternative set (Hwang

& Yoon, 1981). Aspiration levels are special cases of goals. They cannot be achieved

simultaneously for all objectives: the goal point is usually not in the feasible region. But

when the goal point is in the feasible objective space, it is considered to be an aspiration

level. According to Kornai (1971), an aspiration level is defined as the vector of

outcomes of the various objectives under consideration, arising at the beginning of a

decision making process. "It expresses the first ideas of the DM about the decision to be

taken at the end of the process and taks into account his/her wishes and internal
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expectation. ..Attainment of the aspiration level is not excluded in principle..." (Kornai.

1971). This same meaning is also used in the works of Monarchi et al. (1973),

Wierzbicki (1980), and Kananen et al. (1990).

Another specific case of goal point but quite different from the aspiration level is

the ideal point. If optimal values to a problem are determined for each objective without

considering other objectives, the point having these optimal values as its coordinates in

the objective space is called an ideal (or utopia) point (Zeleny, 1973, 1974 a,b). The ideal

point for a multicriterion problem lies usually outside the feasible region in the objective

space. A multicriterion programming problem can be represented in vector notation as:

Maximize f(x)

subject to x E X
(2.1)

Set X is the feasible region in the J-dimensional decision space 10 , and in most

applications (such as linear cases) it forms a convex subset of the J-dimensional Euclidian

space. In many other applications, X is defined to be discrete (Zionts, 1981; Voogd,

1983; Szidarovszky et al., 1986). In the further special case when X is finite, the most

satisficing alternative plan has to be selected from the finite set X. It is important to note

at this point that the word "optimum" which includes both the maximization of desired

outcomes and the minimization of adverse criteria is replaced by the word "satisfactum"

and "optimize" is replaced by "satisfice" in this discussion. The reason is that when

dealing with two or more conflicting objectives, one cannot, in general, optimize all the

objectives simultaneously since an increase in one objective usually results in a decrease

of the other(s). In such circumstances, trade-offs between the objectives have to be made

in order to reach solutions that are not simultaneously optimum but still acceptable to the

DM with respect to all objectives (Goicoechea et al., 1982; Szidarovszky et al., 1986).
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In a mathematical programming problem such as the one defined by Equation

(2.1), the vector x of decision variables and the vector of the objective functions f(..sj

define two different spaces:

A. The J-dimensional space of the decision variables in which each

coordinate axis corresponds to a component of vector x.

B. The I-dimensional space of the objective function in which each

coordinate axis corresponds to a component of vector f(x).

Every point in the first space represents a solution and gives a certain point in the

second space which determines the quality of that solution in terms of the values of the

objective functions. This is made possible through a mapping of the feasible region in

the decision space X into the feasible region in the objective space F, using the I-

dimensional objective function:

The set

F = (f lf = f(x),x EX)

is called the objective space.

MCDM research in the 1960's and 1970's focused on the theoretical foundations

of multiple-objective mathematical programming and on procedures and algorithms for

solving multiple-objective mathematical programming problems.

Goal programming, introduced by Chames and Cooper (1961), was an early

contribution. While goal programming was further developed by Lee (1972) and Ignazio

(1976), vector optimization algorithms for computing the set of all nondominated

solutions attracted considerable interest (Geoffrion 1968: Evans and Steuer 1973; Yu
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and Zeleny 1975; Isermann 1977; Ecker et al., 1980). Since the large size of the

nondominated set usually makes it difficult to single out a final solution, interactive

procedures (Geoffrion et al., 1972; Wierzbicki, 1980; Spronk, 1981; Korhonen and

Laakso, 1986) become important and were studied in the 1980s. On the utility theory

side, the additive value model for the multiple objectives of Churchman and Ackoff

(1954) was introduced, and axiomatic developments were given by Debreu (1960), and

Scott (1964). Further extensions appear in Waldcer (1989). Axioms for multiattribute

models in expected utility theory were presented by Pollak (1967), Fishburn (1970), and

others. A comprehensive summary is given in Keeney and Raiffa (1976a), and a good

synthesis of these models appears in Dyer and Sarin (1979). Based on these

contributions, much of the work in the 1970's and 1980's has been common to both

MCDM and Multiattribute Utility Theory (MAUT). For example, the French school has

developed several approaches, including the ELECTRE methods (to be explained later)

that employ outranking relations (Roy 1973) as well as methods that use piecewise linear

approximations to utility or value functions (see, for example, Jacquet-Lagreze and

Siskos, 1982). Although the original papers of the French school are mainly published in

French, they are available in English as unofficial translation included in class notes for

MCDM courses in several U.S. and Canadian universities including the University of

Arizona. The influence of the French school is obvious in the PROMETHEE method of

Brans, et al., (1984).

During the 1970's and early 1980's, emphasis shifted toward the implementation

of MCDM models on computers with the aid of decision support systems (DSS).

Ginzberg and Stohr (1982) characterize a DSS as "a computer-based information system

used to support decision-making activities in situation where it is not possible or desirable

to have an automated system perform the entire decision process." A Multiple Criteria

Decision Support System (MCDSS) is simply a DSS that helps to implement MCDM or
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MAUT models. An early example is due to Dyer (1973). Characteristics of MCDSSs

that are often absent from other types of decision support systems include analyses of

multiple criteria, involvement of MCDM methods, and the integration of user input in the

modeling processes (See, for example, Jelassi et al., 1985). In addition , a number of

special methods such as MAPPAC and PRAGMA by Matarazzo (1988) have been

proposed for solving discrete multicriterion decision problems. In preference modeling,

the procedures are referred to as the multiple criteria decision aid (Vincke 1986) in

European literature. A large body of multiple criteria research also exists in the Soviet

literature. As discussed in Lieberman (1991), many of the articles are available only in

Russian and unfortunately no Engish translations exist. While most of the early Soviet

research is MCDM-related, there has been a rapid growth in discrete alternative methods

and MAUI-related topics in recent years. Important contributions include the work on

e-efficiency by Podinovsky and Noghin (1982); the method for solving nonlinear

multiple criteria optimization problems by discretized representation (Sobol and

Statnikov, 1981); application of Soviet behavioral and psychological research (Larichev,

1987), and the generalized reachable set ideas of Lotov (1984). With the new openness

between East and West, there are good opportunities to merge the two lines of research to

achieve new and improved MCDM/MAUT procedures. The Analytic Hierarchy Process

(AHP) (Saaty 1980, 1986) involves an importance-ratio assessment procedure and uses a

hierarchy to establish preferences and ordering problems: rank reversal, etc. A linear

model is then derived and used to rank alternatives. The method is embodied in a

software known as the Expert Choice . Further details are given in Golden et al. (1989).

A link between MAUI and MCDM is given in Stam and Kuula (1991),where

multicriteria optimization techniques are used as screening devices to produce small

groups of solutions, and AHP is used to determine which solution in the group is the most

preferred at each iteration.
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Recent research has focused on user interface and on supporting the entire

decision-making process from problem structuring through solution implementation. It is

planned that in the near future the software package shown in Appendix D will be

developed to an interactive software guiding the user in specifying the alternatives,

criteria, and preference order in selecting the most appropriate MCDM method and also

in comparing the numerical results. We view this as a healthy trend. One documented

application is the visual Pareto Race interactive system described by Korhonen and

Wallenius (1988). Their system incorporates procedures and models as integral

components of decision support systems, and problem structuring and formulation

receive the attention they deserve.

Other simple ideas have been particularly effective. One of these, embodied in an

approach of Lotfi et al., (1990), involves adjusting aspiration levels and obtaining rapid

feedback on the reasonableness of the demands. Another is the approach of Read and

Gear (1989) which uses rapid information exchange in negotiation problems.

A fascinating characteristic of MCDM and MAUT is its international scope. As

suggested above, the fields are not solely a product of North American and Western

European culture. They have long been of interest to the socialist economies of Eastern

Europe and Third World nations because of their applicability to centralized planning.

For example the dynamic model for restructuring the Hungarian industry was a typical

example of such works (Lengyel et al., 1984).

The International Institute for Applied Systems Analysis (HASA) in Laxenburg,

Austria has played an important role in developing, applying, and promoting MCDM and

MAUT. In addressing complex nonpolitical problems of global concern such as water

resources, forestry, energy planning, population, and environmental ecology, HASA has

been a major supporter of MCDM and MAUT for analyzing such problems. Through its

sponsorship of conferences and networking, IIASA has stimulated as series of east-west
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discussions.

The international and interdisciplinary flavors of MCDM and MAUT, as well as

the usefulness of multiple criteria in decision problems, have led to an explosive growth

in research as well as in publications during the 1980's. A popular newsletter, MCDM

WorldScan, is distributed to over 1000 readers in more than 55 countries, and there are

other newsletters in circulation. The Journal of Multi-Criteria Decision Analysis has

began publication in 1992. Numerous international conferences of different continents

have been sponsored by the International Society on Multiple Criteria Decision Making;

IIASA; the Society for Judgment and Decision Making; the Organization for Subjective

Probability, Utility and Decision Making; ESIGMA ( the European Summer Institute

Group on Multicriteria Analysis); the European Working Group on Multiple Criteria

Decision Aid; and the Chinese Special Interest Group on Multiple Criteria Decision

Making.

Psychologists and behavioral decision theorists have studied human decision

making in great detail. Since the late 1960's, Tversky, Einhorn and others have

developed new theories and paradigms to explain human decision behavior. See, for

example, Schoemaker (1980), and Dawes (1988). A popular approach is known as the

prospect theory (Kahneman and Tversky, 1979), which expresses outcomes as positive or

negative deviations from a given reference point. Its marginal value functions are

typically S-shaped, concave above the reference outcome and convex below it. An

enhanced version of prospect theory and a related theory based on comparisons of gains

and losses are given in Tversky and Kahneman (1990) and Luce and Fishburn (1991).

Behavioral research has had little impact on multiple criteria decision making. An

important exception is the theoretical generalizations of the classical axioms of Von

Neumann and Morgenstern (1967) and Savage (1954). These axioms are further

discussed in Keeney and Raiffa (1976a), and Wakker (1989). Very  few researchers in
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multiple objective mathematical programming and systems engineering have however

critically examined the assumptions postulated about human behavior.

The main question is how we should incorporate the existing behavioral and

psychological knowledge in a decision process. A valuable general reference is von

Winterfeldt and Edwards (1986), and special results are reported in Korhonen et al.

(1990) indicating that the decision "path" may affect the final choice. Such a result is

perhaps consistent with the cognitive equilibrium ideas of Zeleny (1989) in which a

solution is achieved only after adjustments have been made to bring the decision maker's

aspirations and understanding of the problem into harmony.

Although the technology of large main frame computers continues its rapid

advance, most implementations occur at the microcomputer level. Moreover, for large

problems there is a need for the capacity of mainframes. Microcomputers are also used to

prepare data. Mainframes are used only for the final computations. Recent computer

advances that impact decision making include computer graphics, both in terms of

graphical representation and colors, and advanced interfaces that may involve multiple

screens.

Recent developments in personal computers and software packages have shifted

attention towards the use of computer graphics to visualize multiple criteria decision

problems and decision alternatives. Although the problem of representing multivariate

data in a visual format is an old one, it is a relatively novel idea to develop good visuals

for MCDM and MAUT.

A software should be easy to use, and for enhanced utility, it should accommodate

a spreadsheet format. Several spreadsheet optimization systems have been developed

during the 1980's to support decision-making processes, and others are being developed.

In a typical application, the model builder expresses the problem in the language of a

spreadsheet, such as Lotus 1-2-3, rather than in algebraic notation. Another example is
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IFPS/Optimum, which is based on the IFPS planning system. These optimizes are

opening up new horizons for applications. Additional details can be found in Roy et al.

(1989). Because spreadsheet-based systems express models in a popular and widely

understandable way, further emphasis on their use in MCDM is on the horizon.

There is a tremendous need for good documented applications. Some good

applications have been published: see for example the bibliography in White (1990) and

the applications in Stadler (1988) and Eschenauer et al. (1990).

There is evidence, at least in Finland, that the public sector is increasingly

interested in using MCDM/MAUT models (Dyer et al., 1992). Most public sector

problems involve multiple conflicting objectives, whether in public health care systems,

environmental policy, water resources, energy, or macroeconomic planning, the

opportunities for MCDM applications are unlimited. A quotation from the Welcoming

Address of the honorable Mr. Pertti Salolainen, Finnish Minister for Foreign Trade, at

the IIASA International Workshop on Multiple Criteria Decision Support in Helsinki,

August 7, 1989 is worthwhile to be repeated here (Dyer et al., 1992) : "The Finnish

Government has applied multiple objective modes and decision support systems in the

past to help improve efficiency of operations or obtain a better understanding of complex

decision processes". An example of such an application is a study performed in

cooperation with the National Board of Economic Defense to help prepare contingency

plans for various emergency management situations, such as nuclear power plant

accidents, trade embargoes, and international conflicts. With the help of these models

Finland is now better prepared to face various emergency management situations. In

general, it is my opinion that the public sector in Finland has maintained a belief in the

usefulness of applying analytical decision tools in problem solving.

The key element in any decision making process is the presence of DM. The DM

is the individual or group of individuals whose desires have to be satisfied by the
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outcome of the multicriterion decision process. It is the responsibility of the DM to

identify the decision problem and specify the objectives. He/she has to directly or

indirectly furnish the final value judgment that may be used to rank available alternatives.

The analyst, on the other hand, is responsible for defining the decision model, conducting

the multicriterion decision process and presenting the results to the DM. This requires

that a wide range of activities be carried out by the analyst in the form of appropriate

problem formulation, and in quantitative and qualitative analysis of the problem

(Fishburn, 1970; Bell et al., 1977; Goicoechea et al., 1982; Voogd, 1983; Steuer, 1986;

Szidarovszky et al., 1986). These two types of activities are interconnected by

interactions between the DM and the analyst, which is an inherent characteristic of the

decision process. Its level is usually influenced by the DM's level of knowledge and

willingness to participate, the choice of the solution technique, and the nature of the

problem (Duckstein, 1984). The minimum interaction requirements are that the DM be

able to specify his/her preference structure on the objectives and then decide the

acceptability of the solutions to the problem when presented to him/her by the analyst.

The interaction becomes more elaborate and quite complex if interactive decision-making

methods are used as the latter involves a constant elicitation of preferences from the DM

(Sakawa and Seo, 1983; Roy, 1987).

A very important component of an MCDM process is the preference order of the

DM, which may be represented as quantitative numbers usually referred to as weights or

by means of ordinal expressions (Voogd, 1983), when no numerical indicators are given.

The weights in the decision makers' view represent the relative importance of the

objectives or utilities of a problem to one another ( Goicoechea et al., 1982; Mond and

Rosinger, 1985; Szidarovszky et al., 1986) and thus constitute a major part of the DM's

preference structure in a particular MCDM problem. From an application of the

multicriterion techniques, it appears that such preference structures of the DM can have a
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major influence on the final evaluation results (Gershon, 1984; Belton and Gear. 1985:

Szidarovszky et al., 1986). In some cases which a particular set of weights do not result

in a satisfactory solution, the process of changing progressively or iteratively the weights

until an acceptable solution is reached, can help the DM to arrive at his/her "true"

preference structure (Bogardi and Duckstein, 1992).

Because of the phenomenal growth on the number of available MCDM techniques

in recent years, an applied analyst may wonder which technique to use when confronted

with a real multicriterion problem. Such ambiguity can cause an inappropriate selection

of an MCDM technique resulting in a misleading solution and wrong conclusions. For

example, Cohon and Marks (1975) stated, in their classification of MCDM techniques

which can be used to solve water resources problems, that ELECTRE, an outranking

technique for comparing alternatives developed by Benayoun et al. (1966), was not

applicable to those problems. But later, Krzysztofowicz et al. (1977), demonstrated that

ELECTRE, in fact can be successfully applied to water resources problems. The latter

statement was confirmed in subsequent studies by Gershon et al. (1982), and Tecle and

Duckstein (1989) among others. Given such apparent contradictions, it is not surprising

to see a mismatch in practice between a real world problem and the MCDM technique

applied to solve that particular problem.

In the next part of this chapter, MCDM methodology will be discussed in detail.

In addition to method details the advantages and disadvantages of the different methods

will be discussed.

2.3 MCDM Methodology

The classification of MCDM techniques is based on the preference structure and

its mathematical formulation, and on the form of the final solutions desired by the

decision maker. According to Duckstein and Tecle (1993), there are five different types
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of MCDM techniques, namely:

(1) Preference order-based techniques

(2) Distance-based

(3) Value or utility-based

(4) Direction-based

(5) Mixed

Classification of the available MCDM techniques into the above five

categories are shown in Table 2.2 (adapted from Duckstein and Tecle, 1993). In order to

demonstrate the basic differences between categories and the different techniques

belonging to the same categories, the most important methods will be next described.

2.3.1 Preference Order-Based Techniques

In the selection of the most satisfying alternative, these techniques use outranking

relationships among alternatives. An outranking relation is established to represent the

preference order of a finite set of alternatives. Several examples of outranking types of

techniques are provided in the first column of Table 2.1, which is given at the end of

section 2.3. These techniques exhibit varying complexities during the solution process as

indicated in Saaty (1980), Goicoechea et al. (1982), and Vincke (1992). Outranking

techniques are excellent tools for hydrological and water resources designs under

conflicting objectives.

Four different preference relations between alternatives can be recognized: a strict

preference, indifference, weak preference and incomparability (Haimes et al., 1984). For

instance, given two alternatives x and y belonging to a finite set of available alternatives

A, a strict preference between x and y implies that there exist clear and positive reasons

to justify that one of them is significantly preferred to the other. In contrast, we have the

indifference relation when the difference between alternatives x and y becomes too small
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to be recognizable. In this case, the two actions are indifferent in the sense that there is

no clear and positive reasons to choose any of them as more preferred. When the

difference between alternatives is neither sufficiently small nor sufficiently large so as to

be indifferent or to constitute a strict preference, respectively, a weak preference

introduced by Roy (1973) may be used to describe the situation.

Now using these four distinct preference relations, the outranking relation

between any two alternatives x and y in A can be formally defined. Specifically, two

types of outranking relations are discussed in the literature (Roy, 1977). A deterministic

outranking relation asserts that, for a given pair of alternatives (x, y) alternative x

outranks alternative y if there exists sufficient evidence to support that alternative x is at

least as good as alternative y and there is no good reason to reject it. A crisp outranking

relation may thus represent either strict preference, or weak preference, or indifference.

On the other hand, a fuzzy outranking relation is finer than the deterministic one, since

credibility level of outranking of one alternative on another is given.

Overall, the key element of such schemes is a table of alternative versus criteria.

The criteria may include non-numerical measures, in which case techniques that can

handle such non-numerical criteria should be selected to use. Some of the available

MCDM techniques falling in the outranking categories are discussed next.

2.3.1.1 Sequential Optimization Method

Assume that the DM can order the objective functions in a strict preference and

the first objective function is the most important. They are ranked according to the

priority list as f1 , f2'...  With the sequential method in the first step the following

problem will be solved:
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maximize f ,( x) (assume a maximization problem)

subject to x E X

If f; denotes the optimal value of f1, then in the second step the following problem is

solved:

maximize

subject to f	 = f
	

(2.2)

XEX

Similarly, if f; denotes the optimal value of f2 , in the third step objective f3 is

maximized subject to the assumption that both f1 and f2 are on maximal levels.

In general, at the kth iteration the problem

maximize	 fk(I)

subject to	 f	 = fi* (i =	 k — I)
	

(2.3)

XEX

is solved. The procedure continues until either a unique optimal solution is obtained, or

all objectives are optimized. This method was proposed by Fishburn (1970); McGrew

and Haimes (1974).

Property: Any solution x * is necessarily a strongly non-dominated solution.

A weakness of the sequential method is the following. If the problem in the general form

of (2.3) has a unique optimal solution, then the procedure will terminate and the solution

does not depend on the other objectives. Consequently these objectives might have

unfavorable values. This weakness can be overcome by relaxing the optimal values of

f:' s in the constraints. The following steps can explain the procedure:
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1) Solve the problem

maximize	 f I ( x)

subject to	 x E X

and find the optimal value f, .

2) Solve the problem

maximize	 f 2 ( .x)

subject to	 f I ( x)	 f; — A

X EX

where A is a given positive constant.

3) In general, at step k one solves the problem

maximize	 fk(-)

subject to	 f	 f; — e	 ( i = 1,	 , k — 1)

XEX

where t i i = 1,..., k — 1 are the relaxing levels of the objectives fpf2,...,fk_i.

4) Terminate if k=I.

Then any optimal solution of the last step can be accepted as the solution of the

multiobjective programming problem. Figure 2.1 illustrates the sequential optimization

method.

It can be shown that the above modification of the sequential optimization method

gives only weak non-dominated solutions and if the optimal solution of the ith iteration is

unique, then the solution is strongly non-dominated.
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f

Figure 2.1 Illustration of the Sequential Optimization Method

2.3.1.2 Multiple Objective Linear Programming

The usual approach in Multiple Objective Linear Programming (MOLP) is first to

determine one nondominated extreme point and then find all other nondominated extreme

points by pivoting from basis to basis or extreme point to extreme point. For MOLP

problems, the set of nondominated extreme points is a connected set and any

nondominated point can be expressed as a convex linear combination of a set of

nondominated extreme points (Zeleny, 1974a).

Consider the problem:
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Maximize	 Cx

subject to	 Ax b
	

(2.4)

x -� 0

where C is an I x J objective function coefficient matrix. A is aGxJ constraint

coefficient matrix, x is a J x 1 decision variables vector, b is a G x 1 constraint vector and

0 is the J x 1 null vector, and all the constraints have been converted to equality form with

the addition of slack and/or artificial variables.

Generally, MOLP algorithms consist of the following steps:

1) Find an initial feasible extreme point

2) Find an initial nondominated extreme point

3) Find all nondominated extreme points.

Step 1: This step is similar to that for single objective linear programming; a new

objective function consisting of artificial variables is constructed and optimized. A

successful completion of this step indicates a consistent problem.

Step 2: Moving from the feasible point found in step 1, to a nondominated extreme point,

if it exists, will be performed in this step. If the constraint set has a nondominated point,

then at least one extreme point is nondominated. There are various approaches for

finding the initial nondominated extreme points (Kouada, 1975; Steuer, 1973; Zeleny

1974a). The following five approaches are mostly known from the literature ( Steuer

1973):

a. Perform sequential maximization

b. Perform sequential maximization with testing for extreme point

nondominance after each maximization stage

c.	 Perform sequential maximization with testing for extreme point

nondominance at each extreme point encountered
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d. Maximize a single objective function formed by equally weighting the

different original objectives and

e. Maximize the objective as formed above but with testing for extreme point

nondominance at each extreme point encountered.

Sequential maximization has been already discussed, so it will not be repeated here.

If the problem is bounded with respect to at least one objective function f,, then

an initial nondominated extreme point can be found by maximizing f,. This approach

has been incorporated into Zeleny's computer program for MOLP (Zeleny 1974a).

Step 3: Finding all nondominated extreme points. This step generates all the

nondominated extreme points once an initial nondominated extreme point has been

determined. The three approaches to accomplish this goal are:

a. Parametric approach (Szidarovszky et al., 1986); which is explained in the

section on weighting method.

b. Adjacent nondominated bases approach; which involves pivoting among all

nondominated bases. From each existing nondominated basis, new bases, which can be

arrived at in one pivoting step, are determined and tested for nondominance. For more

detailed discussion of this approach see Yu and Zeleny (1975) and Steuer (1973). In the

case of degeneracy, two or more bases can be associated with one nondominated extreme

point, and in such cases the adjacent basis approach will result in unnecessary pivoting.

c. Adjacent nondominated extreme point approach, which involves the pursuit of

all nondominated edges emanating from an existing nondominated extreme point as a

strategy for locating all nondominated extreme points. Note that all points on the

nondominated edge are nondominated and all nondominated extreme points are

connected, therefore this approach can be used to generate all nondominated extreme

points. Note also that in the case of nondegenerated problems, approaches b and c result

in the same procedure (Evans and Steuer 1973; Steuer 1973).
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2.3.1.3 The E-Constraint method:

In many applications, one objective, say f,, has the greatest preference for the

DM, and there are given real numbers Ek , which are considered lower bounds for

objective fk (k i) which means the DM will not accept any solution with lower value

than E l, in at least one of the objectives f4 . In such a case, the multiobjective

programming (maximization type) problem can be solved as a single-objective problem

as follows:

maximize fi(x)

subject to x E X

fk (x) �. ek (k i).

The solution of this problem can be accepted as the solution of the original

multiobjective programming problem. This method is called the 6-constraint method

(Cohon and Marks, 1974; Haimes and Wismer, 1972). Choice of i and the lower bounds

6, (k i) represent the subjective preference of the DM. If no feasible solution is found,

then the lower bounds ek are too high, therefore at least one of them needs to be relaxed.

Figure 2.2 shows the payoff set H, and the restricted payoff set H I. Objective f 1 is

optimized subject to the assumption that x belongs to HI. The most important objective,

f j , is optimized, and the other objectives are handled by the additional constraints that

specify their lower bounds.

It can be shown that:

1) Any optimal solution of the resulting single objective problem (2.5) is weakly

nondominated and if the optimal solution is unique, it is strongly nondominated.

2) Assume that x * is a strongly nondominated solution, then for any fixed i, the

bounds ek (k i) may be determined so that x * is an optimal solution of problem (2.5).

This statement is generally not true for weakly nondominated solutions.

(2.5)
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Figure 2.2 Illustration of the E -Constraint Method

2.3.1.4 ELECTRE 1

ELECTRE I is an interactive multiple-criteria decision making procedure designed to

handle qualitative and discrete alternatives and to handle situations where the decision

makers can only give a priori preferral information on a local level and can give a ranking

of the finite number of alternatives (Benayoun et al., 1966; Roy 1971). A fundamental

feature of ELECTRE I is the use of pair-wise comparisons in order to eliminate a subset

of less desirable alternatives, while choosing those alternatives which are preferred for

most of the criteria and yet do not cause an unacceptable level of discontent for any one
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criterion. Three concepts are developed in this methodology: concordance, discordance.

and threshold values.

The concordance between any two alternatives i and j is a weighted measure of

the number of criteria for which action i is preferred to action j (denoted i P j) or for

which alternative i is equivalent to alternative j (denoted i E j) and is given as:

C(i, ) = keA(i.j) 

I wk
(2.6)

where wk is the weight of criterion k, k=1,...K and A(i, j) = {k I iPj U , i.e. the set

of all criteria for which i is preferred to j or equivalent to j. The weights, which are

elicited from the DM, reflect his preference structure. Concordance matrix C(i,j) can be

thought of as the weighted percentage of criteria for which one action is preferred to

another. By definition, 0 C(i,j) ^ 1.

An interval scale common to each criterion is first defined for computing the

discordance matrix. This scale is used to compare the discomfort caused between the

"worst" and "best" criterion value for each pair of alternatives. A range of (1-150) may

be chosen where the highest value of the range is assigned to the "best" rating and the

"worst" rating would receive the lowest value of the range. The interval scale is

subjectively determined. Regarding qualitative criteria, the problem of applying a

numerical range to an ordinal scale presents theoretical difficulties which are fully

addressed in Rietreld (1980). For example, the evaluations (a,b,c,d,e) can be assigned in

the same manner as grades are given to students. The discordance index is defined as:



Max {fk (j)— fk (i)}
D(i,j) = Lei K 	*

where fk (j) is the evaluations of alternative j with respect to criterion k, and le is the

largest of the K criterion scales (Goicoiechea et al. 1982).

To synthesize both the concordance and discordance matrix and determine an

outranking relationship among the nondominated alternatives, threshold values (p,q),

both between zero and one are defined by the DM. Here p specifies the minimum limit of

concordance level and q defines the maximum level of discordance the DM is willing to

accept. The value p = 1 corresponds to full concordance which means that i should be

preferred to j for all criteria. The value of q=0 means no discordance. It is possible that

some choices of p and q might yield an infeasible problem. If this is the case, the values

of p and/or q must be relaxed. It is also possible that cycles will occur. That is, 1 P 2, 2

P 3, and 3 P I, which correspond to intransitivity. In such cases, the three nodes in

question can be collapsed into one new node.

The choice of parameters p and q is selected in an interactive manner. If one

particular choice of (p, q) does not lead to a satisfactory ordering of the alternatives, then

a new pair (p, q) is selected, continuing this process until the decision maker obtains

sufficient information for making his/her decision.

The method can be performed by the following steps (Szidarovszky et al. 1986):

Step 1. Select the weights wk for k=1,...K

Step 2. For each pair (i�j) of the alternatives, calculate the concordance index

C(i,j) by the use of equation (2.6)

Step 3. For each pair (i�j) of the alternatives compute the discordance index

D(i,j) by the use of equation (2.7)
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(2.7)
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Step 4. The decision maker should specify the values of p and q

Step 5. For each pair (i�j) check the inequalities

C(i, j) p and D(i, j) q

If both of the inequalities hold, then in the partial ordering, alternative i

is preferred to alternative j. Otherwise, there is no preference order

between i and j.

Step 6. Construct the preference graph, where the nodes are the alternatives

1,... K and the directed arcs show the preferences among the alternatives

Step 7. Ask the DM, whether he/she is satisfied with this partial ordering. That

is, on the basis of this partial ordering is he/she able to make the decision

or not. If he/she can, then the algorithm terminates and if not, then

repeat the procedure from Step 4.

The result of ELECTRE I is a preference graph which represents a partial

ordering of the alternative systems.

2.3.1.5 ELECTRE II

ELECTRE II is an extension of the ELECTRE I technique which aims at

outranking "completely" the different alternatives of the problem (Menuet, 1974). The

ELECTRE II methodology uses strong and weak outranking relationships among the

alternatives in order to construct a complete preference order of the alternatives. Let

{w,} reflect the DM's a priori relative preferences between criteria. The complete

ordering of the alternatives will be established to satisfy (for every criterion i ) the test of

concordance, and non-discordance. Define:
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.1÷(x,y)= {1 ^ i ^ I I fi (x)> f(y)}

1(x,y)={1 ^ i.S- I I fi (x)= f,ly»	 (2.8)
.1 - (x,y)= {1 ^ i I I f(x)<f(y)1

w+(x,y) = Iw i

iEr-(x, y )

w - (x,y)= Ewi

ier(x.y)

(sum of weights for which x is "better"

than ( preferred to) y)

(sum of weights for which x is

"indifferent" to y)

w - ( x,y) = E
,E,-(x.y)

(sum of weights for which x is

"worst" than y)

Note that

w + (x,y)+ w=(x,y)+w - (x,y)= iw,.

The concordance and discordance conditions are defined as follows:

a) The concordance condition for pair (x,y) is the following

w + (x,y)+w=(x,y)
i) C( x, y) =	 e'�

(x,y) + w=(x,y)+ w - (x,y)

and	 (2.9)

ii) (x,y) �_ w - (x,y)

where 6 is a number reflecting a minimum acceptable level of concordance for

dominance of x over y.
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b) The discordance space D i associated with the criterion fi is defined as

(f,(x),f(y)) E D. 44' f(y)- f(x)> P
	

(2.10)

where p<1 is a coefficient restricting the discordance space. Smaller discordance space is

allowed if we make p smaller.

A better discrimination between the elements of the decision set, and hence a

more refined and stricter ranking procedure will be given next. The set of three

concordance limits (C * , C° , C - ) represents "high", "average", and "low" levels in which

1 > C * > C° > C- 0.5 . Let R* , D,° and D;- denote the corresponding subsets of pairs

(f, (x), f,(y)). Any pair of alternatives (x,y) can thus belong to three discordance spaces:

f,(y)— f,(x) e : low discordance ( f i (x), f i (y)) E

qi° < fi (y)— fi (x) q: average discordance ( f i (x), fi (y)) E D,°

and 0 Di*

qi < fi (y)— fi (x) : (unacceptably) high discordance

x), fi (Y))e

Note that ./2* c 131,° .

Assume that the decision maker is able to specify the value E 1 as the maximum

tolerance level of unacceptability of an alternative. By definition

1) x strongly outranks y if

w+ ( x, y) w - (x,y)

and

i) lf C(x,y) � C * , and

(f(x), fi (y) E D and 0 Di*, i e 1- (x, y)
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(the concordance is high and the discordance is average) or

ii) If C( x, y) C° , and

( fi (x), fi(Y)) I)°, ic I - (x, y)

(the concordance is average and the discordance is low)

2) x weakly outranks y if

w ÷ (x, y) w - (x,

and

i) If C(x,y) C- , and

( fi ( x), f(y) D° and c	 c r(x, y)

(both concordance and discordance are low) or

ii) If C(x,y).� C° , and

( fi (x), fi (y)) E D° and D:

(both concordance and discordance are average).

Once the strong and weak outranking relationships are constructed, a final

complete ordering of the nondominated set of alternatives may be obtained using three

related but distinct ranking procedures (forward, backward, average) which are described

in Goicoechea et al. (1982); Gershon et al., (1982).

Forward Ranking

i) Identify all nodes in the graph Sf of weak ranking which have no precedents

(those that have no arcs directed into the node). Lets refer to this set as C.

ii) Identify the nodes in set C having no precedents in the graph SF of strong
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outranking. We refer to this set as A and give rank one to the elements of this set.

iii) Reduce the graphs SF and Sf by eliminating all nodes contained in the set A

and all arcs originating at those nodes.

iv) Identify all nodes having no precedents in the reduced graph at SF. These

nodes comprise a new set C, and the procedure outlined above is repeated. The new set

of nodes in set A receives the rank of two. This iterative procedure is continued until all

nodes of SF and Sf have been eliminated and all alternatives are ranked.

Backward Ranking

i) Reverse the direction of all arcs in SF and Sf . If alternative x was preferred to y

in the formal outranking, then y is now preferred to x in the reverse ranking. By

reversing the arc, a high concordance relationship becomes a low concordance and a low

discordance relationship becomes a high discordance.

ii) Follow the same steps in the forward ranking with one difference: the

alternative which is now ranked last is ranked first, and the remaining alternatives are

ranked in reverse order. This reestablishes the correct direction of the ranking process.

Median Ranking

Upon completion of the forward and backward ranking, an average of the two is

taken for each node. If alternative x was ranked first in the forward ranking and second

in the backward ranking, its average ranking is 1.5. The final stage of ELECTRE II is to

order the alternatives with respect to their median rankings, thus constructing a quasi-

order.

2.3.1.6 ELECTRE III

ELECTRE III (Roy, 1978) is a fuzzy outranking technique that deals with a finite

set of alternatives evaluated on a consistent family of criteria. The DM's preference is
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being modeled in ELECTRE III by using the concept of pseudo criterion. This concept

allows to model an indifference relation, a weak preference relation and a strict

preference relation as a result of combining indifference and preference thresholds with a

traditional criterion. These partial preferences have been aggregated in a fuzzy outranking

relation to set up a partial preference preorder of the alternatives. Applications of

ELECTRE III include the comparative study on the location of a nuclear power plant in

Roy and Bouyssou (1986), the determination of which Paris Metro stations should be

renovated in Roy et al. (1986), the programming of rural water supply systems in

Treichel (1987) and Roy et al. (1992).

As a first step in ELECTRE III, pairs of alternatives, (x,y), are compared with the

aim of assessing a credibility level of the affirmation that "x outranks y" (x S y) which

means that x is considered to be at least as good as y. The calculation of the credibility

d(x, y) of this affirmation is essentially based on two concepts called concordance and

discordance (Roy, 1990) and respects certain qualitative principles. In particular, it

excludes the possibility that a major disadvantage on one criterion might be compensated

by a number of minor advantages on other criteria.

Concordance index is generated to use the values of indifference and preference

thresholds associated with each criterion in order to characterize a group of criteria

considered to be in concordance with the affirmation being studied. It also assesses a

relative importance of this group of criteria compared with the remainder of the criteria.

J if f(y)-f 1 (x) ^ q

pi —(fi (y)— fi (x) if qi < f i ( y) - fi (x) ^ pi

ci(x,y)=	 pi q1

0	 if f,(y)-f,(x)>P,	 (2.11)
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	where p, and q - 	fixed indifference and preference thresholds, respectively.

Coefficients of importance wi are used to obtain the concordance index according to the

relation

Iwici(x,y)

	

C(x,y)= '=1 
	

(2.12)

This concordance index C(x,y) expresses the concordance degree of the

affirmation being studied. Let us note that the coefficients of importance wi are not used

in the sense of trade-off or scalarizing (utility function) coefficients.

The other concept, discordance, is applicable to characterize which criteria are not

in concordance with the affirmation under consideration, the ones whose opposition is

strong enough to reduce the credibility which would result from taking into account just

the concordance. A possible reduction should be also calculated. The formula for

calculating this discordance index is

0
	

if fi(Y)- fi(x)<

D (x, y) . (i,(Y) — flx))- P, 
v,— p,

I

if P, ^ 	 f,(x)<vi	 (2.13)

if fi (y)-f1 (x) �-v1

where vi is a "veto threshold" defined as the minimum value of discordance which gives
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criterion i the power to take all credibility away from the affirmation being studied even

when opposed to all other criteria in concordance with the affirmation.

The fuzzy outranking relation index D(x,y) is then calculated using the formula

C(x, y)	 if Io =ti:Di (a,b)> C(a,b)} =0

D(x,y) =

C(x,y)
n 	Di (x, y)

„ iv I— C(x, y)
otherwise

The results of the comparison of all possible pairs of alternatives are

summarized in this index D(x,y). These results are established from the data available by

using principles such as non-complete compensation that determines the credibility of the

outranking. Full compensation means that the sum of marginal decreases in some

objectives is fully compensated by the sum of marginal increases in the other objectives.

This may be true for money but not for problems involving risk or damages.

Two complete preorders are then constructed on the set of alternatives using a

technique called "distillation". The final partial preorder resulting from the method is a

set-theoretic intersection of these two preorders. The possibility of not having a priority

relation between two alternatives which is allowed in the partial preorder, is related to the

fact that in certain cases it is impossible to come to a conclusion in a priority relation

within a multicriterion framework. The details can be found in the literature, so they are

not discussed here.

2.3.2 Distance-Based Techniques

There are some MCDM techniques which are based on the concept of distance

from an "ideally good" or "ideally bad" point to arrive at the most satisfying solution.
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The distance is not limited to the geometrical sense of distance between two points , but it

is used as an equivalent measure of human preference. The latter interpretation of

distance is used as a measure of resemblance or proximity with respect to individual

coordinates, dimensions and attributes. This concept of distance is, therefore, used for

the purpose of deteimining solutions in reference to some point in the payoff space.

Distance-based methods are designed to identify non-dominated solutions which

are closest or farthest from good points (ideal, goal, ...) or bad points (anti ideal, nadir. ...)

by using some metrics (Szidarovszky et al., 1986).

Suppose f * = (f;,... f;) is the set of ideal simultaneous payoff values which is

introduced by the DM as an ideal point. We might have the following cases.

If f * belongs to the feasible set, then equations f(x)= f (i = 1,2,..., I) give the

best solution. In the case when f * is not feasible, we need to find a feasible solution

which is as close to f * as possible, i.e.,

Minimize p( f(x), f) 
(2.14)

Subject to x E X

where f (x) = (f, ( x )) and p is a distance between points in the I-dimensional space. The_

solution of this problem depends on the choice of f * and the distance metric p which is

used in the problem. Figure 2.3 demonstrates the feasible set, ideal point, and solution of

the problem.
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Figure 2.3 Illustration of the Distance-Based Methods

Generally, in the distance-based methods, the Minkowski metric is used, i.e.,

II	 YP
P p (g., b = IC» ai — bi r	 (p � 1)

i=1

with different values of p. The value p=1 implies the "longest" distance between two

points (all deviations are taken into account in direct proportions of their weights), while

p = 2 measures the "shortest" distance between any two points in a straight line in a

geometric sense. For 0<p<1, the largest deviation has the greatest influence. For p= co,

the largest deviation is the only one taken into account.

Mathematically, the distances are as follows:

81
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p,(ct,b)=Ici a i —b»
i=1

P2 (.42,b)=	 a, — b I
lff=1

pco (a,b)= Max ci la i — bi l ( Chebychev metric)

Another type of distance which is called the geometric distance is given as

pG (.2,)= Hci la i

i=1

2.3.2.1 General Properties

1) The optimal solutions of problem (2.14) are weakly nondominated for

distances pp (/ ^ p .̂ .) or rG , for non-negative weights c such that at least one of them

is greater than zero and for any choice of the ideal point satisfying

fi* � maxtf,(x) I E	 (2.15)

The optimal solution is strongly nondominated if it is unique.

2) Assume now that the feasible payoff set is convex and closed. If x* is a weakly

nondominated solution, then there is a suitable set of non-negative weights c. 	 that at

least one of them is greater than zero and x* is an optimal solution of problem (2.14) with

the distance function poo where f: is any ideal point satisfying (2.15).

3) If x * is a weakly nondominated solution, then there are non-negative weights

c. 	an arbitrary choice of f * satisfying (2.15) and for any p _� 1, such that at least one

of them is greater than zero and x is an optimal solution of the problem (2.14).



83

4) Any optimal solution of problem (2.14) with distance rp (/ p < 00) yields a

strongly nondominated solution assuming that all weights c are positive and ( satisfies

constraint (2.15).

5) If f,- > max{f,( x) I x E X} for i =	 I and c, > 0 for i = 1,... I, then any

optimal solution of problem (2.14) with geometric distance PG is strongly non-

dominated.

Column 2 of Table 2.1 shows several distance-based techniques developed to

date. Generally, the solution procedure in these techniques proceeds by first defining

some ideal point which is usually an unfeasible alternative. One major difference among

the techniques that belong to this group is the way they relate to the ideal point.

Compromise programming (CP) uses optimization procedures to find the ideal and the

feasible solution that is closest to the ideal point (Starr and Zeleny, 1977; Szidarovszky et

al., 1986; Tecle and Duckstein, 1992). Other techniques such as Cooperative Game

Theory (CGT) (Szidarovszky, et al., 1984) uses quite a different concept to determine the

solution, when the geometric distance from an undesirable point, called "status quo" is

maximized. Another group of techniques which also uses the concept of minimum-

distance from the target or "goal" is Goal Programming and its variants. But, in this case

the ideal point is given subjectively by the DM. Distance-based techniques are intuitively

satisfactory and can readily be used in water related problems. Some examples are given

next.

2.3.2.2 Compromise Programming

Compromise programming (CP) was first used in a multiple objective linear

programming context (Zeleny, 1973; Starr and Zeleny, 1977). It is a distance-based

technique designed to identify the so-called compromise solutions which are determined
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to be the closest, by some distance measure, to an ideal solution. Here, the ideal solution

is computed by the individual maximization of each objective.

An utopia solution, in general, can be defined as the vector f = (	 f;

where the f: are the solution to the problem stated as

maximize	 fi(x), i=1,...,1

Subject to	 x E X

if f, ( x) is to be maximized, otherwise —f, (x) is maximized.

The distance is selected as the Minkowski metric discussed earlier.

Upon determination of the distance of each alternative from the ideal solution, the

alternative with the minimum distance with respect to p is selected as the compromise

solution. Figure 2.4 illustrates the compromise programming for minimization problems.

If objective functions fi are not expressed in commensurable units, then a scaling

function is defined to ensure the same range for every objective function. In compromise

programming the objectives are scaled to the same interval (0,1) as

nx) . 1 f1* 

* fiJ

where f: and f *, are the maximal and minimal values of fi respectively. Therefore the

composite objective function can be written as

Minimize 1 p = [	 cf ( I f r* f '( 	)P

The set of all compromise solutions for the particular set of weights

(c1 ,..., c1 ) and for all I _̂  p .0 constitutes a compromise set. Usually only three points

of the compromise set ( p = 1, 2,..) are calculated and used.
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Figure 2.4 Illustration of Compromise Solution for Minimization Problem

For p = 1 and ci = 1 (all i), CP reduces to goal programming; for p = 1 and

E c. =1, CP reduces to a linear weighting approach and for p = c,.. and c i = 1,i = 1,...,1,

CP becomes a mini max problem. A set of formal relations between CF and several other

approaches for multicriterion decision programming was presented by Dinkelcach and

Isermann (1973).

Suppose that there is only a finite number of alternatives. A system versus

criteria array is then given as a matrix with elements f 1 . The numerical value of the
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element fii is the evaluation of the ith criterion with respect to the jth alternative.

Steps for determining a compromise solution are as follows.

Step 1. Input of system versus criterion array [f

Step 2. Determine the best f and the worst f. values for each criterion from the

matrix

f* = best f
JEJ

f. =worst f
u
 (i =1,	 ,I)

Step 3. Determine relative distance from the ideal point. Define first

= f	 ft./ )P ( j = 1,...,J,i =	 I) ,
-fi*

then

p - (1 d.	 j = 1,...,J)
i=1

for p e Q , where Q is an integer set, usually {(1,2,00)}.

Step 4. Determine

Minl ( p e Q)
JEJ

Step 5. Find the minimax solution (for p =	 as

— f(x) Min Max
JE.!	 iel 1 f1  — f. i l

Step 6. Compare the various compromise solutions, and find the best alternative.
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2.3.2.3 Goal Programming

This method allows the DM to specify a target for each objective. Goal

programming has most commonly been applied to linear problems. Loganathan and

Bhattacharya (1990) have evaluated several variants of goal programming including pre-

emtive goal programming, min-max goal-programming, fuzzy goal programming and

interval goal programming.

Define
f *

	) 	if fi* � fM

0	 otherwise

fi() - fi* 	f fi* < fi()

0	 otherwise

then problem (2.14) can be rewritten as

minimize	 max ci (d:' + dl)
subject to x E X

fi (x)—dï +di+ =

_� 0

* dl = 0

= 1,...,1)

for the distance p_,

minimize	 +ic(d+

subject to x E X

+di+ =

d7	 -� 0	 (i = 1,...,I)

di+ *di- =0

di4" =

dl =
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for the distance PP ( 1 ^ P < °° ) and

min imize 	11( d" +
i=1

subject to	 x e X

fi (x)—d," +d," =

d1 , di- 	0	 (i = 1,...,1 )

for the case of geometric distance (Ignizio, 1982). Sometimes a combination of the

composite objectives is used such as

minimize	 h,(cl - , ) (t =	 L)

subject to x E X

f(x)—d,- + di+ = f,* i =1, ...

d , c � 0

d,+ * d, = 0

where h, is a linear combination of the above mentioned distances.

The objective functions of the above problem are usually linear if all f, are linear

and the feasible set X is a polyhedron. Then, this problem can be solved by the modified

version of the simplex method (Ignizio 1982).

2.3.2.4 Goal Attainment Method

Gembicki (1974) proposed a new version of goal programming which is known as

the goal attainment method. Consider the problem:
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minimize	 y

subject to	 x E X

fi(-1)+ciy �

where f 	 a goal vector given by the DM and c is the vector of weights relating the

relative under- or over-attainment of the desired goals. Usually, it is assumed that c is

normalized, so that

I c, I = 1.
i=1

In case of over-attainment of the desired goals, the larger weighting coefficients

are associated with the more important objectives and for under-attainment of the desired

goal, the larger weighting coefficients are associated with the less important objectives.

The intersection of f: + c,y and the upper bound of the feasible set is the

minimum value of y. Although this method has fewer variables to work with, it has, like

the goal programming, the same disadvantages mainly with regard to the sensitivity of

the preferred solution to the goal vector and to the weights given by the DM. This

method has difficulty in determining the proper weighting coefficient c 1 when some of the

desired goals are under- and over-attained.



Figure 2.5 Goal Attainment Method for Two Objectives.

2.3.2.5 Composite Programming

Composite programming which is an extension of compromise programming

provides a two-level trade-off analysis: first with different .e p -distances within criteria,

second with different .e -distances among the objectives (Bardossy et al. 1985).

As mentioned before, compromise programming tries to achieve a solution that is

as "close" as possible to some ideal point. The family of t p -metrics is used in

compromise programming as the distance measure. In composite programming, the ,ep

90
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-metrics are combined to arrive at a more refined decision.

Bogardi and Bardossy (1983) have shown that :

i. Composite programming distance satisfies the usual mathematical properties of

distances.

ii. Composite programming is a real extension of compromise programming.

That is, compromise distance is a special case of composite distance , but not every

composite distance can be replaced by an equivalent compromise distance.

Every solution minimizing a composite distance also minimizes an 1,-

distance with different weights.

In composite programming, the combined distance is given as

p(:, y ) =	 q(ICP y,IP)
1

j=1

where the criteria {1,2, , I} are divided into subgroups Ii, and

qi ,c;> 0 and	 >	 /, / q < 00 .

2.3.3 Value or Utility-Based Techniques

Most of the MCDM techniques are based on the known preference order of the decision

maker (Szidarovszky et al., 1986). This group of methods is based on the hypothesis that

the DM's preference structure can be formally and mathematically represented by a value

or utility function. It is well known that value functions and utility functions are

different, and they serve different purposes. However, in the MCDM literature they are

discussed together in the format as given here. The DM's preference structure must

satisfy certain axiomatic conditions before the existence of a value or utility function can



9")

be established. Let X denote the set of alternatives. The axioms usually considered are

as follows:

(1) Completeness: For any two alternatives (x, y)e X, one of the following

must be true: either x is preferred to y, or y is preferred to x , or there is

no difference between them.

(2) Transitivity: For any alternatives (x, y, z)e X. the preference is transitive,

that is, if x is preferred to y and y to z, then x is preferred to z.

(3) Continuity: Given that x is preferred to y and y to z, there exists some

probability p, where 0<p<1, such that there is indifference between having

outcome y with certainty or getting x with probability p and z with probability

(1-p). In other words, there is a certainty equivalent to any gamble or lottery.

(4) Independence: Given that there is no difference between x and y, and z is any

third alternative, then there will be no difference between the following

strategies: Strategy 1 offers a probability p of receiving x and a probability

(1-p) of receiving z, strategy 2 offers a probability p of receiving y and a

probability (1-p) of receiving z.

The first two axioms are required in establishing a value function. However, not

all orders can be characterized by a real-valued function. For example, there is no value

function for lexicographic ordering (see, Szidarovszky et al., 1986). The third and fourth

axioms are of probabilistic nature; they are used in establishing utility functions.

Most applications in water resources are based on utility function, but in some

cases, value functions are used. For example, Duckstein et al. (1989) used value

functions in a multiobjective analysis of small hydropower plant operation.

If one conforms to the above four axioms, a utility function can be constructed

(Goicoechea et al., 1982). For multicriterion problems, utility functions can, in principle,

provide a complete ordering of the set of nondominated alternatives. If u is the utility
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function, then x is preferred to y if and only if u(x) > u(y). Then the nondominated

alternative may be taken as the preferred solution which yields the highest utility.

The utility-type MCDM techniques are based on the above axioms and use the

techniques known as multiattribute utility theory (MAUT). The details are described in

Keeney and Raiffa (1976a). It is worth noting that the above axioms are augmented by

two additional axioms to ensure a functional form of the utility function (additive or

multiplicative form). Other MCDM techniques also belonging to this group can be seen

in Column 3 of Table 2.1.

For modeling and resolving conflicts in water resources management the utility-

type techniques are certainly well adapted (Krzysztofowicz, 1978; Yakowitz et al., 1992).

These techniques may still require long and involved assessment procedures which

include verification of axioms and consistency checks.

3.3.3.1 The Weighting Method

Suppose a set of nonnegative (at least one positive) numbers as the relative

importance of the I objectives is known. The preferred solution of such a multiobjective

problem can be found by solving the single objective problem

Maximize	 icifi (x )
i=1

subject to	 x e X

(2.16)

where ci denote the relative importance of objectives 1,..., I.. In fact, the

multiobjective problem is reduced to a single objective problem. This process is called

the weighting method (Zadeh, 1963; Geoffrion, 1968; Goicoecha et al, 1982), and is

illustrated in figure 2.6. We can use this method for generating nondominated solutions
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by utilizing various values of ci. Note that the coefficients do not reflect the relative

importance of the objectives in the proportional sense, but are only parameters that are

varied in order to locate the nondominated set. Figure (2.7) illustrates this solution

concept.

Properties:

1) x * is weakly nondominated when x * is an optimal solution of (2.16). If x * is

unique (not necessarily), then x * is strongly nondominated.

2) If all weights are positive, there are optional solutions (unique or not) which

are strongly nondominated.

3) If the feasible set is convex and x * is a weakly nondominated solution, then

112 =f2 (2)

=f w

Figure 2.6 Illustration of Weighting Method
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there exist nonnegative weights c i such that at least one ci satisfies c >0 and x' is an

optimal solution of problem (2.16).

Note that:

i) In the case of strongly nondominated solutions this property also holds.

ii) If x* is a strongly nondominated solution, then positive coefficients c i

do not necessarily exist such that x * is optimal for problem (2.16)

4) If f, 's are linear for all i, X is a polyhedron, and x * is a strongly

nondominated solution, then there exist positive weights ci's such that x * is

the optimal solution of problem (2.16).

Figure 2.7 Illustration of the Parametric Approach
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As the figure shows, the optimal solution is in the nondominated set. Note that in

the case of nonconvex set , some points in the nondorninated set can not be found for any

selection of . c. As shown in Figure 2.8, if line L which is tangent at A with slope —	 is

moved further in the negative direction until it is a tangent at point B. this method will

find points B and C (with this value of c) but not point A, even though all three points A.

B, and C are nondominated (Haimes, 1975).

Figure 2.8 Parametric Method with Non-Convex Payoff Set.

2.3.2.2 Utility Function Assessment

In this section we describe utility function assessment. As we will see, it is based

on probabilistic considerations. In the case of value functions, marginal analysis is

performed, the details of which are not, however, discussed here.

Utility functions are defined over a set of one or several attributes with real
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values. In the case of several attributes, the assessed function is called multiattribute

utility function (MUF). For multiobjective problems, utility functions can, in principle,

completely order the set of nondominated solutions, as we have seen it earlier, and the

solution with the highest utility is referred to as the "best" solution.

Utility theory has been applied in all fields of applied sciences, especially in

consumer demand, economics, corporate management, public decision making, and

engineering (Goicoechea et al., 1992). Literature on utility theory and its applications in

different areas are very rich. The origins of utility theory, as a subject for rigorous study,

are to be found in the efforts of Jeremy Bentham, a 19th century British philosopher

(Bentham, 1948), who developed it as a tool for interpersonal comparison of preferences.

The utility axioms of Von Neumann and Morgenstern (1947) are useful in decision-

making, and the work of Pareto (1971) provided a foundation for recent developments in

welfare economics. More recently, entire monographs on the subject have been written

for example by Pratt et al. (1965), and Fishburn (1970). An excellent presentation of

analytical developments, with applications to a variety of real-world problems, appears in

Keeney and Raiffa (1976a).

The assessment of single attribute utility can be better understood by an example

related to the investment in two alternative projects. The worth and satisfaction attached

to money is not the same for all decision makers. The wealth of a decision maker and his

attitude toward risk have an effect on his utility function. A wealthy person would take

investment with high risk and high revenue but an unwealthy person will do just the

opposite. Whenever decision makers are willing to accept a certain outcome with a value

less than the expected value of the gamble, they are called risk-averse. When the

accepted outcome is equivalent to the expected value of the gamble, they are risk-neutral.

When a decision maker is willing to accept an outcome only when it is greater than the

expected value of the gamble, they are risk-preferrers or risk-seekers.
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The categories defined earlier determine the shape of utility curves. For risk-

averse decision makers, the utility curve is concave downward. For risk-neutral decision

makers, it is a straight line. And, finally, for risk-seekers, the utility curve is concave

upward. These three possibilities are displayed in Figure 2.9.

The assessment of a DM's utility function requires determination of several

points on the utility curve. The determination of these points can be accomplished in the

following way. Two monetary values, $x L and $x H , are chosen so that they are

sufficiently wide apart to encompass all the rewards and penalties in the decision

problem. Utilities are then arbitrarily assigned to these points. Typically u(xL ) = 0

where xL represents the lowest monetary value, and u(xH)=1 where xH represents the

highest monetary value.

The DM is then presented with a lottery involving xond x H having probabilities

p and 1-p, respectively. The DM is then asked what certain amount he would accept in

place of the above gamble. Once this value, x, has been determined, a correspondence

between x and p has been established. With this known correspondence, the utility of x

can now be calculated according to

u(x)=(1— p)u(x L )+ pu(xH )

=(1—p)0+p.1 (2.17)

=p

Any number of points on the DM's utility curve can be generated by varying p

and changing the gamble, or, alternatively, letting p = 0.5 and changing the value of x L

and/or x H.
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Figure 2.9 Three Types of Utility Curves

If desired, curve fitting procedures can be used to estimate the functional form of the



utility function ( Figure 2.10).
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Figure 2.10 Example of a Utility Function in Functional Form

Methods for assessing single-attribute utility functions have become fairly

standard (Raiffa, 1968; Schoemaker, 1980), and professional computer programs have

been developed for fitting functions to the "response points" of the DM (Keeney and

Raiffa, 1976b).

2.3.3.3 Multiattribute Utility Function Assessment

The techniques for the assessment of multiattribute value functions have been

described in Keeney and Raiffa (1976a) and illustrated for example in Mitwasi et al.

(1989).

The assessment of multiattribute utility function is based on two important

properties; the so-called preferential independence and utility independence axioms. In
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this case, it can be shown that only additive or multiplicative MUF's are possible and that

the DM is not required to consider preference tradeoffs among more than two attributes

simultaneously. It is also not required to consider lotteries with more than one level of an

attribute being varied. Under these conditions, let a DM's MUF be expressed as

u(x)=u(xi, X2, .•. ,Xn), where x i , i = 1,2,...., n, represent levels of the several attributes; the

MUF can then be expressed in one of the following two ways (Keeney and Raiffa,

1976a):

Li(	 Icitii( x i )
	

(2.18)

or

1 + ku( x) =	 kkiui( )1	 (2.19)

where u is scaled from 0 to 1, the component utility functions ui are also scaled from 0 to

1, the scaling constants ki are positive and less than 1, and k is a constant that satisfies the

equation

]+k=]J[1 + kkJ
	

(2.20)

This nonlinear equation can be solved by routine methods.

Equation (2.18) presents the additive form, whereas multiplicative form is

presented in equation (2.19). The selection of appropriate form to be used depends on

whether or not there is a preference or indifference between the two lotteries 1 and 2

shown in Figure 2.11, where xm, and x are defined as the most desirable and least

desirable levels of the ith attribute, respectively. It is noted that lottery 1 yields either the
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Figure 2.11 Graphical Representation of Two Lotteries  
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best or worst of both attributes, where lottery 2 yields the best of one and the worst of the

other. If lottery 2 is preferred to lottery 1 for all pairs, or the vice versa, then this, along

with the preferential independence and utility independence conditions, implies that the

multiplicative form is the appropriate utility function. If lottery 2 is preferred to lottery 1,

the DM is consistently risk averse, and - 1 <k <0. If lottery 1 is preferred to lottery 2,

the DM is a risk-seeker and 0 <k < 1. If lottery 1 is preferred to lottery 2 for some pairs

(i,j) and lottery 2 is preferred or indifferent to lottery 1 for other pairs, the reader is

referred to Krzysztofowicz and Duckstein (1979, 1980) for a discussion and possible

resolution of this apparent contradiction. Alternatively, it can be shown (Keeney and

Raiffa, 1976a) that the additive form applies when Ek, =1, and that the multiplicative
i=1

form applies otherwise. The procedure, then, is to evaluate the scaling constants k, and

add them up to determine the appropriate form.

The assessment of scaling constants k, can be performed by presenting the DM

with the following situations. Given the two consequences
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Xl = ( x L ,, i_I ' xm„ X L + J )
X2 =	 XL,,..., XL fi' xi , XL 	XLfl)

(2.21)

the level of xj is varied until such time as the DM is indifferent between x 1 and k). Let

represent this particular level. At this point of indifference the utilities of the

consequences are equal, that is, u(X 1 ) = u(x2 ). Assuming, as usual, that u,(xm,) = 1 and

u,(xL,) = 0 and using either (2.18) or (2.19), the equality u(X 1 ) = u(x,) can be expressed

as

	k. —k .0 .(x l! ) = 0	 (2.22)
J] J

which gives the relative values of ki and kj . Since uj is normalized, the procedure can be

applied only when ki >ki • Keeney and Raiffa suggest that the attributes be ranked first,

which would assure that this condition holds. Following this procedure in evaluating

tradeoffs, (n - 1) consistent indifference pairs can be assessed. Another equation can be

determined by asking the DM to decide on a probability p for the lottery where this (xi,

xi) pair is different from any of the other pairs considered to arrive at the (n - 1)

equations. Figure 2.12 represents such a lottery.

All other components of the lottery are assumed to be at the least desirable level

and consequently have zero utility values.

Once the probability value p is known , the DM would be indifferent between

	(xm„ xLi ) with certainty and (xm„	 ) with probability p and (XL„ x4 ) with probability 1

- p. There are now n equations with n unknowns and this system of nonlinear equations

can be solved by using routine methodology.
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Figure 2.12 Graphical Representation of a Third Lottery

Some theoretical and practical difficulties associated with the MUF concepts and

the above described assessment procedures are identified in the literature (Schoemaker,

1980). These difficulties include:

1. The stringency of the psychological presumptions underlying the procedures;

in fact, counter-examples have been found (Slovic et al., 1977).

2. The necessity of asking "extreme value" questions with a wide range of the

attributes, in order to keep the computational requirements for specifying a

utility function at a manageable level. Difficulties of this kind are discussed

further in Krzysztofowicz and Duckstein (1980).

3. The tedium of calculating the component utility functions and scaling

constants.

4. The lack of immediate feedback to the decision maker of the implications of

his preferences.
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5. The absence of an efficient procedure to "update" the DM's preferences and

conduct sensitivity analysis.

Some methods have been shown to overcome these psychological difficulties by

Krzysztofowicz (1978). In fact, Krzysztofowicz and Duckstein (1980) have shown how

to apply this methodology to water resources problems. The computational difficulties,

however, remain and it is not recommended to use the MUF technique for more than

three attributes, unless simplifying assumptions are made. In the next section, an

alternative approach is described.

2.3.3.4 Method of Geoffrion and Dyer

This method (Geoffrion and Dyer, 1972) uses gradient type algorithm which will

be able to solve the problem

maximize	 V( f	 ,f1 (_x))

subject to	 x E X
(2.23)

without the complete knowledge of function V. In general, for generating efficient

solutions we reformulate the problem as

maximize	 f 1 (x),	 ,

subject to	 x G X

as problem (2.23), where V is a value or utility function. To solve problem (2.23), we

only need some local information. Suppose the feasible set is specified by a set of

inequalities, that is,

X = {2f_l g(	 0},
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where

and assume that the following conditions are satisfied:

I) The set X is convex, closed and bounded,

ii) V is differentiable and convex on X

iii) f „i =	 I, is convex,

dv
iv) —> u,

where f l is the reference objective which will be explained later.

Geoffrion has selected a special gradient-type method. For better understanding,

the method will be first explained for the case where V is known; then the case where V

is not known explicitly will be described.

I. V is known explicitly 

Step 1: Choose an initial solution xo of the problem and set k=0.

Step 2. Compute the optimal solution of the problem

maximize	 VxV( fl (x" ) ),...,Mi k) )).y

subject to	 y e X
(2.24)

Suppose y" ) is the optimal solution. Now set z (k) = v (k) – x(k) .

Step 3: Determine the optimal solution of the problem

maximize	 V(fi(x") +tz"() ),...,f1 (x (k) +tz (k) ))
subject to	 0 < t < 1.

(2.25)
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Let t 	 the optimal solution. Set

x(k+1) = x (k) + t(k) Z (k)

and go back to step 2.

Step 4: Stop when I I x (k) — x"+ 1) II < E, where E is a positive error bound given

in advance.

H. V is not known explicitly

Problem (2.24) will be solved by a special gradient method when information on

the gradient will be supplied by the DM. By using the chain rule of derivatives, the

objective function can be rewritten as

av
maximize	 v x v(f,(x("),	 fi (x(k) ))y= {2d-.v xfi (P))_ _ (2.26) 

av
where — is the partial derivative of V with respect to f evaluated at point

af;

dV
(f) (x),...,f,(P ) )). After dividing function (2.26) by — and using

af,

(k) dV /df, 
w

aV / df

we have

maximize	 IwV f ( x (A) )y_
i= 1

subject to	 y E X
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where 14 k) are the weights which reflect the decision maker's trade-off between

objectives f .
 f, at the current point x (k) . Note that the trade-off is not made

between all pairs of the objectives f,. Instead, the trade-off between only the two pairs f,

and f, is used. In addition, these trade-off values are needed only at the current point.

However, before each iteration of step 2, these weights, w', should be specified by the

DM.

There are several ways to obtain the values 1,14'). One of the most frequently used

approach is the following:

W i -
Vfl
Vf,

where Vf, is a small change in the reference objective which compensates for a change

Vf, in the ith objective, assuming all other objectives remain unchanged.

Now problem (2.25) becomes a simple problem since we have only one decision

variable, t. Values of the functions f(P ) + tz ( ") can be computed and plotted over a

grid of points for 0 t 1. At this point, the decision maker can determine the value of t

for which the objectives are most preferred. The advantages of this method are its

simplicity, robust convergence properties and also the need of only local information on

the function V for application.

Dyer's method is a modification of the Geoffrion's algorithm for goal

programming. Consider the problem:
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minimize	 E
subject to	 x c X

f1 (x)— d + d1 = f:

d d -� 0

* di+ = 0

(2.27)

assuming that the decision maker's preference is nondecreasing which means that

minimization of the overachievement cl, is not necessary. The w, 's are the weights for

the objectives as before. In the Dyer's algorithm, problem (2.24) is replaced by problem

(2.27).

2.3.4 Direction-Based Techniques

In some interactive methods the Decision Makers are asked to state an initial

feasible solution and a preferred direction for the search for a compromise solution. For

example, the DM may prefer that high emphasis be given to one objective and much less

to the other objectives which means that the slope in the first direction should be much

larger than in the second. This defines a direction of search in the payoff space. Finding

the preferred solution is not difficult. After having the direction, a step size will be

chosen. The step size will be taken towards the specified direction, and the bisection

algorithm can be used to find the intercept of the straight line and the Pareto set. Figure

2.13 illustrates the direction-based method.

Adaptive search method (Beeson and Meisel, 1971), SWT (Haimes, et al., 1975)

PARETO RACE (Korhonen, et al., 1984), STEM, the Zionts and Wallenius approach

(Zionts, 1985), the evolutionary SEMOPS technique (Bogardi et al., 1988), and the

method of Malakooti (Al-Alwani, et al.,1992) are certainly in this category. The
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direction-based techniques are recommended whenever a decision maker is willing to

provide information for a directional search of "satisfactum" and feels comfortable to

communicate with a computer screen.

f2

Direction 1

fi
Figure 2.13 Illustration of the Direction-Based Method

2.3.5 Mixed Methods

There are some techniques listed in part in Column 5 of Table 2.1 that cannot be

placed under any one of the above categories. Many of them, however, can be considered

as generating techniques. A generating technique uses the vector of objective function to

identify and generate the subset of nondominated solutions in the initial feasible region

(Goicoechea et al. 1982). This is done by dealing strictly with the physical realities of the

problem without making any attempts to consider the DM's preference structure. In the

process, these techniques identify a set of nondominated solutions to help the DM gain
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insight into the physical realities of the problem under consideration. Examples of the

generating type of techniques include the Multiobjective Simplex Method (MOSM) of

Zeleny (1974a), the Vector Maximum Approach (VMA) of Steuer (1986) and PASEB of

Thanassoulis (1985).

Techniques having such characteristics that cannot be clearly identified with any

of the above four categories are included in this group. The adaptive search method

(Beeson and Meisel, 1971), the Lagrangian method (Neuman and Krzysztofowicz, 1977)

and the ellipsoid algorithm are examples of mixed type of MCDM techniques.

Techniques that include a combination of one or more characteristics of any of the above

four categories and other additional characteristics are also placed in this group.

PROTRADE by Goicoechea et al. (1979) is an example of the latter type which

combines both utility assessment and the distance concept to reach a compromise

solution. Multicriterion Q-analysis (MCQA) combines outranking and value concepts.

In the previous parts of this chapter, a large variety of MCDM models was

described. As we have seen, they differ in the types of preference orders of the decision

makers as well as in the particular methods of incorporating the preferences into the

decision process.

In Chapter 3 a watershed management problem will be described which was

solved by MCDM methodology. As it will be explained later, distance-based methods

and their special case, the weighting method are applied. At the conclusion of this part of

Chapter 2, our method selection will be briefly explained by giving the main reasons why

distance-based methods were selected;

a) The weights are easy to be obtained from the different interest groups, they

were easy to be interpreted. The two stage procedure seems to be useful in all cases of

large number of objectives.

b) The different weight systems can easily be combined to a final set of weights in



order to obtain the final decision.

c) The different distance types have specific meanings in term of compensation

possibilities between the objectives.

d) Distance-based methods have the largest flexibility, since in addition to the

weights the distance types may also be varied. With the selection of parameter p a large

variety of value functions can be created.

e) Distance-based methods are inexpensive, therefore they fit to repeated

applications, which are needed in our simulation study.
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Outranking
Type

ELECTRE I, II,
III, &IV

PROMETHEE I,
II, &HI

Conjuctive
Ranking

Exclusionary
Screening

Lexicographic
Method

Concordance
Method

Copeland's
Reasonable SWF

Metagame

Analytical
Hierarchical
Process (AHP)

Hypergame

Surrogate Worth
Trade-off (SWT)

Distance-based
Type

Compromise
Programming
(CP)

Composite
Programming

Nash ' s
Bargaining
Solution

Interactive Goal
Programming

Sequential
SEMOPS
Method

Dynamic CP

Nonlinear Goal
Programming

Goal Attainment
Method

Goal
Programming
(GP)

Displaced Ideal

Linear Integer
(GP)

Displaced Ideal

Filtering
Approach

SIGMOP

GPS TEM

Value or Utility
Type

E-Constraint
Method

Weighting
Method

Method of
Stewart

Weighted
Average method

Delphi Goal
Programming

MO Statistical
Method

Method of
Geoffrion

Method of Zionts
& Wallenius

Measurable
Value Method

Method of GDF

Global MAUT

Local MAUT

STRANGE

ESAP

SMOP

Direction-based
Type

Dynamic MOP

Visual
Interactive
Method

Ziont's
Interactive
Method

MO Simplex
Method
(Phillips/Zeleny)

Adaptive Search
Method

Reference
Objective

Method of Yu

PARETO RACE

Visual
Interactive
Method

Mixed Type

Ellipsoid
Algorithm

Lagrangian
Method

Stochastic MOP

MCQA I & II

MISE

Method of White PROTRADE

STEP Method

VODCA

TRADE

MOLPF

PASEB
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2.4 Applications of MCDM to Water Resources Management

In water resources management, depending on the application, several methods of

MCDM are used. This section does not attempt to provide guidance of the selection of a

particular MCDM technique to solve water resources management problems. The choice

of a particular technique to solve multiobjective problems is mostly due to the decision

maker's preference and what information and data are available to him. Several authors,

for example Roy (1971), Louks (1975). and Cohon and Marks (1973) have given

classification techniques and provided examples of multiobjective analysis. Harboe

(1992) provided examples of MCDM techniques for reservoir operations while Hipel

(1992) presented a historical evalution of decision making techniques with multiple

objectives. To the best of my knowledge, in water resources management, no attempt has

been made yet, in providing classification of MCDM techniques based on applications. I

mention here that the work of Harboe (1992) focused on reservoir systems only.

2.4.1 Reservoir Operation

Multipurpose reservoirs are used to satisfy several objectives including water

supply, hydropower production, flood control, and water quality (Ko et al., 1992).

Reservoir operation represents a challenge; the stochastic nature of inflows and curse of

dimensionality complicate the development of efficient methods (Yeh, 1985).

The first example of the application of MCDM techniques to be mentioned here is

the model developed by Laabs and Schultz (1992). Their paper presented a three-step

method for MCDM which reduces the decision maker interaction and renders his work

easier. In the first step of the model, systematic variation of weights associated with

different objectives is applied to generate a large set of non-dominated solutions. The

second step consists of statistically analyzing the performance (reliability) of the

generated non-dominated solutions via simulation. In the third step, the decision maker
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yet applies other MCDM techniques to select the optimal generating rule from the ones

obtained in the first step. In the paper, two multiobjective techniques were employed to

select the best solution: compromise programming (Zeleny, 1973) and sequential

multiobjective problem solving technique (SEMOPS) (Monarchi et al., 1973).

Another example of the application of MCDM to reservoir operation was

performed by Harboe (1992). Compromise programming was applied to a set of seven

alternatives. Operating rules were defined by two parameters: flood control parameter

whose value was determined by a percentage of the design value of the reservoirs, and

low-flow augmentation target value which was found by applying a dynamic

programming model combined with simulation (Harboe, 1983). Using identical

combined weights with different values of parameter p, (here p is the parameter of /p

distances), it was found that different alternatives became the best. For example, p = 1

showed that a large difference between the objective function values was not important,

since full compensation between the objectives was acceptable. On the other hand, when

p>l, a large difference between objectives was unacceptable and the choice for the best

alternative reflected that attitude.

Additional studies in the same area were performed considering five objectives

including low-flow augmentation and recreation as purposes (Harboe, 1983, 1992).

Compromise programming was used again. Using several sets of weights, one alternative

was judged the best overall: the chosen alternative had the minimum 1p metric for all

values of p.

When selecting operating policies for large reservoir systems, preliminary studies

are often needed on a simplified version of the system to determine the most promising

multiobjective methods. Ko et al. (1992) presented a method to guide policy makers in

the selection of the operating policy for complex systems. The method is given as

follows: First, a simplification of the original large-scale system is made by using one of
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its sub-systems. Second, different multiobjective methods are used to generate

nondominated solutions, including the weighting method and E-constraint method

(Cohon and Marks, 1973). Third, other multiobjective techniques are used to select the

most preferred solution among the many Pareto optimum solutions obtained before, such

as compromise programming and goal programming. In the final stage, comparisons

between final solutions are made where the most promising multiobjective method is

applied to the full-scale system.

2.4.2 Hydrologic Modeling

The reliance on land surface hydrologic models as tools in the study of

hydroclimatic is increasing as hydrologists examine emerging problems and exploit new

data sources. Hydrologic models are only as reliable as model assumptions, inputs, and

parameter estimates. Field measurements, prior information, and calibration are three

techniques used in parameter estimation.

The increase in use of multiobjective hydrologic models can be seen in the

prediction of hydrologic variables such as streamflows and water quality variables. As an

example of a multiple objective hydrologic model, we mention here the chemical content,

runoff, and erosion from Agricultural Management Systems (CREAMS) (Kneisel, 1980).

This model is designed to predict streamflow and sediment transport among other

hydrologic and related variables by using several objectives for calibration.

Yan and Haan (1991) used such a multiobjective approach to calibrate the

Precipitation Runoff Modeling System (PRMS) (Leavesley et al., 1983) of the U. S.

Geological Survey (USGS). PRMS is used to predict daily storm runoff and sediment

transport of several watersheds under different hydrologic regimes, climatic conditions,

and land use. The objectives used were storm peak, storm volume, and daily runoff. The

method employed by Yan and Haan (1991) was mostly a systematic application of the
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weighting method to generate nondominated solutions.

2.4.3 Screening Models and Water Resource Investment

The major aspects of the multiobjective screening model were demonstrated by

Cohon and Marks (1973) in an application to a water resource development and

allocation problem. Multiobjective analysis was shown to be a useful tool in analyzing

public expenditure problems. The quantification of the objective of regional water

allocation presented no difficulty in the analysis. The multiobjective linear programming

problem, which was formulated for the example river basin planning problem, was solved

by using the e-constraint method.

The use of the results of the multiobjective screening model as an aid to decision-

making was also discussed.

2.4.4 Ground Water Management

Duckstein et al. (1994) applied four multicriterion decision making (MCDM)

techniques to a typical ground-water management problem. Criteria representing

pumping yield, total costs, and water-shortage risk were considered. The hydrologic

model was based on the finite-element method and a combined embedding/response

matrix method. This model is then used to generate a finite number of discrete

representations of a nondominated set. Four MCDM techniques: compromise

programming, ELECTRE, multiattribute utility function, and UTA method were

examined as potential decision-aid tools to select the appropriate management scheme.

Comparison of the results shows that these quite different MCDM techniques lead to a

similar subset of recommended solutions. Adequacy of these techniques for ground-

water management is discussed from the points of view of technique characteristics,

decision-maker's expectations and analyst's knowledge required.
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Shafike, et al. (1992) used the MCDM techniques to analyze a groundwater

contamination management problem from the viewpoint of conflicting multiple

objectives. The groundwater management model was used to find a compromise strategy

for trading off fresh water supply, containment of the waste, and total pumping cost in a

hypothetical confined aquifer affected by previous waste disposal action. A groundwater

flow model was constructed to simulate the physical model. A linear system model was

then used to describe drawdown and velocity as functions of the decision variables which

were the pumping rates. A modified E-constraint method was used to generate the set of

nondominated solutions which were the alternative compromise strategies. Three

different MCDM techniques: compromise programming (CP), ELECTRE II, and MCQA

H, were used to select a "satisficing" alternative.

2.43 Water Quality Management

Yakowitz et al. (1992) developed a decision support system (DSS) to evaluate

environmental and economic consequences of alternative farming practices. The DSS,

with embedded computer simulation models, ranks feasible management practices using

multiobjective decision theory. The method combines graphically based scoring

functions and simple, yet powerful, linear programs to rank the alternative practices.

Testing the DSS was based on data from several watersheds in the Deep Loess Soil Major

Land Resource Area near Treynor, Iowa, and a field near Tifton, GA.

Dasand Haimes (1979) presented a multiobjective planning framework for a river

basin that considers both point and non-point source pollutants. The need for an

integrated approach to pollution abatement originating from these two sources is

discussed in the light of Public Law 92-500. Two broad-based planning objectives were

considered: economic development and environmental quality. The environmental
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quality model includes the following multiple objectives: (1) soil erosion. (2) phosphorus,

(3) biological oxygen demanding load in the stream. Nondominated solutions and trade-

offs among the objectives were examined for several alternative planning scenarios using

the surrogate worth trade-off (SWT) method.

2.4.6 Watershed Management

The most important problem in watershed management consists of the

development and application of plans to regulate usage of water resources on a

watershed. Plan development must consider the economic benefit and environmental

impact assessment of the proposed projects. The plan application has to implement

operating rules which are selected from studies of several alternatives under different

objectives including water supply for both agricultural and domestic use, sediment

control, and water quality among others. The role of multiobjective analysis in water

resources is so important that the U. S. Water Resources Council (1973) recommends

procedures to develop it into project evaluation. As a result of the need for efficient

methodology, the literature in that field is well developed (Cohon and Marks, 1973;

Monarchi et al., 1973).

Goicoechea et al. used TRADE method for solving the Charlston watershed

model. The Charleston watershed is located in the San Pedro River basin southeast of

Tucson, Arizona. Management of the watershed is mainly concerned with increasing

water runoff, increasing recreational benefits, increasing commercial benefits,

maintaining wildlife levels in the area and controlling sediment yield (Goicoechea et al.,

1976). All objectives must be addressed under the constraint of a fixed capital and land

area. For this watershed, five non-commensurate objectives were defined. The

objectives were: water runoff, recreational benefits, wildlife level, commercial benefits,

and control of sediment transport. Some of these objectives are conflicting. For
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example, increasing surface water runoff by conversion of riparian vegetation into

grassland results in increased soil erosion, thus increasing sedimentation.

Within the Charleston watershed, the goal is to determine if current land practices

should continue or ought to be replaced by new ones for a period of 30 years, which is

subdivided into three sub-periods of 10 years each to account for non-stationary. The

mathematical formulation of the problem required 11 variables for each decision period j

describing the amounts of land surfaces (in square miles) under current and new usage

during each sub-period.

The decision variables and the actual parameter values can be found in

Goicoechea et al. (1976). Constants in the objectives were obtained from optimization of

the current management practices; the objectives represent the differences between new

and current practices. The TRADE method is used for solving the model.

Das and Haimes (1979) used the Surrogate Worth Trade-off (SWT) method to

study point and non-point source pollutants in the Maumee river basin. The Maumee

River basin encompasses the three states of Michigan, Ohio, and Indiana. The basin is

subdivided into five planning regions which coincide with state boundaries. Non-point

source pollutants and sedimentation are considered important factors because of the

degradation of water quality resulting from extensive agricultural developments in the

region. Artificial fertilization and other land treatments to increase crop yield have the

adverse effects in contaminating rivers in the basin. Four objectives reflecting economic

development and environmental quality were selected. From the economical point of

view, pollution control cost and land resources management were considered while

sediment and phosphorus levels were used as water quality objectives. It was found that

water quality standards could be improved by decreasing pollutants discharged into the

stream. This will, however, increase the cost of wastewater treatment and land resource

management.
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The multiattribute utility approach of Keeney and Wood (1977) was used for

evaluating five planning alternatives for water resources development of the Tisza basin

in Hungary. The objectives under consideration were (1) water requirements in terms of

quantity and quality, (2) flood protection. (3) disposal of used water, (4) utilization of

resources including manpower and capital, (5) environmental impact, and (6) system

adaptation to changing goals and conditions.

Five alternatives were considered for evaluation. These alternatives were building

a multipurpose canal-reservoir system, a pumped reservoir system, a flatland reservoir

system, a mountain reservoir system, and a groundwater storage system. Using trade-offs

among attributes, it was found that all attributes and their corresponding utility functions

were independent. This facilitated the construction of the multiattribute utility function.

The construction of individual utility functions was accomplished by using 50-50 lotteries

(Keeney and Raiffa, 1976a). The multiattribute utility function chosen in this study was

of the multiplicative form (Keeney and Raiffa, 1976 a,b; Goioechea et al., 1982), which

was discussed earlier in this chapter.

The impacts of alternative forest watershed management practices are examined

by Tecle et al. (1988b) from a multicriterion viewpoint in order to select the most

satisfactory management scheme. The selection process is carried out using two types of

multicriterion decision making techniques as the outranking types of ELECTRE I and II,

and the distance-based type of compromise programming (CP). The process is illustrated

using the U.S. Forest Service Beaver Creek Experimental Watershed in the Salt-Verde

River Basin of Arizona. A discrete multicriterion decision problem was solved by the

combination of ELECTRE II and CP. Sensitivity analyses were performed and showed

that both methods are fairly robust with respect to parameter changes, while ELECTRE I

is highly sensitive to changes in threshold levels. Overall, the three techniques pointed

out that a 65 percent vegetation cut is the best management scheme, while the next best is



shown to be 50 percent vegetation cut.
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CHAPTER 3

PRESENT STUDY

In this chapter, the methodology will be outlined after a brief problem

formulation. After the methodology section , results and conclusions will be presented.

Further details of the area under consideration, the methodology, and the numerical

results can be found in the three papers appended to this dissertation. This chapter gives

the most important findings of the research.

3.1 Problem Formulation

The research leading to this dissertation examines a watershed management

problem in Arizona. Two different ecosystems were examined : the Pinyon-Juniper and

the Ponderosa Pine Forest. Paper 1 describes the first area, and Paper 2 and 3 discuss the

second area. The most simple methodology was reported in paper 1 which has been

extended and generalized in the two other papers. Therefore, from the methodology

standpoint, these later papers are more significant. Since the description of the Pinyon-

Juniper woodlands is given in the appended first paper in great detail, in this Chapter the

characteristics of only the Ponderosa Pine Forest and improved methodology are

outlined. Four watersheds located about 80 km south of Flagstaff, Arizona, in the

Ponderosa Pine Forest on the Beaver Creek drainage are considered in this research. This

ecosystem occupies about 1.7 million ha, which is about 20% of the Salt-Verde River

Basin in which Beaver Creek is located. However, nearly half of the overall water yield

in this basin originates from this type which indicates the importance of an effective

management strategy for this natural resource (Baker 1981, 1986).

Three of the four watersheds have been subjected to treatments designed to affect

multiple use values. The fourth watershed was used as an untreated control for purposes
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of comparison and evaluation. The evaluation criteria used here included quantity and

quality of water, forest overstory and understory vegetation, the capacities to carry

livestock and wildlife values, wood production, aesthetics, and management costs. As we

have pointed out earlier, these characteristics are mainly affected by treatment selections.

Prior to any treatment, all of the watersheds were stocked with stands of uneven-aged

ponderosa pine interspersed with woodland tree species, mostly oak and some juniper.

The watersheds were specifically subjected to:

1) clear-cutting,

2) uniform thinning, and

3) a combination of strip cutting and thinning treatments (Baker, 1981;1986).

Note that these are the most discussed treatment types in the literature.

In the first treatment method, a watershed of 184 ha in size was completely clear

cut, removing all merchantable poles and saw timber and felling the remaining non-

commercial wood. In order to trap and retain snow, reduce evapotranspiration losses, and

increase the surface drainage efficiency of the watershed, all slash and debris were

machine windrowed. Once the clearing treatment was completed, the woodland tree

species were allowed to sprout and grow.

The second treatment, uniform thinning, was performed by removing 75% of the

initial 30 m2/ha of basal area ( a measure of the density of the forest overstory). This

procedure left even-aged groups of trees resulting in an average basal area of 7 m2/ha.

All slash was windrowed in this treatment.

The combined strip cutting and thinning treatment started with an irregular strip

cut applied on the third watershed of approximately 546 ha in size. Within irregular

strips of 20 m in width, all the merchantable wood was removed and the remaining

nonmerchantable trees were felled. The intervening leave strips which averaged 35 m in

width were reduced to 25% of their basal area.
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More details on the ecosystem under consideration and the selected treatment

types as well as their related data can be found in the references given in the second and

third papers of the Appendix.

We have selected fourteen criteria reflecting the multiple use of the watershed

resources such as water quantity and quality, wildlife habitat, livestock production, wood

production, aesthetics, and management costs. Table 3.1 gives the evaluations of the

different criteria on the four watersheds in consideration before any one of the treatment

types has been applied. The pertinent references are discussed in the appended papers.

The rows correspond to the criteria and the columns correspond to the four watersheds

where the different treatment (including control) were later applied. The four watersheds

are identified with the treatment types which were later applied on them. Based on time

series of about twenty years long, for almost each payoff values, we identified a

minimum, maximum, and an average value. A value of zero was selected for aesthetics

and management costs in order to consider the affects of the treatments later.

Table 3.2 shows the payoff values after the treatments were applied. The

associated references are given in the appended papers. Using the available twenty-year

long time series, the minimum, maximum, and average values are presented. The

changes in the payoff elements due to the treatments are given in Table 3.3. We must

recognize that the system is dynamic and continuously changing. The life cycle of the

forest area under consideration is over 100 years. However, the time frame over which

the data were collected is quite small (about 20 years) relative to the long period of cyclic

changes. Therefore, for this time period, we can assume that the data are statistically

uniform and the changes are the consequences of the treatments.

Two cases of preference orders are also given in Table 3.3. They were provided

by the US Forest Services and used here in order to determine the preferences of the main



Table 3.1 Criteria, Alternatives, and Payoff Matrix

Criteria Watershed
No. 14

(Chosen for
Clear Cut)

No. 12
(Chosen for

Uniform
Thinning

75%)

No. 17
(Chosen for
Strip Cut

with
Thinning)

No. 13
(Chosen

for Control)

Water
Stream flow mean 5.5392 7.1209 4.71000 4.2599
(inch/year) min 0.7557 0.7436 3.0700 0.2096

max 18.4507 21.8667 6.3500 13.3365
Sediment mean 0.0512 0.0015 0.0300 0.1270
(ton/year) min 0.0000 0.0072 0.0100 0.0000

max 0.0689 0.0184 0.1100 1.1807
Wildlife
Deer mean 0.4300 0.8200 0.6200 0.3600
(pellet/group/ min 0.1700 0.2200 0.2300 0.1300
acre/month) max 1.6400 3.1500 1.0400 2.0500
Elk mean 1.0300 1.0600 0.4300 0.9800
(pellet/group/ min 0.6300 0.6700 0.1900 0.7100
acre/month) max 3.7100 3.6300 0.9300 2.5300
Pygmy nuthatch mean 13.2000 11.8000 5.3000 14.3000
(pair/100 acres) min 8.3000 9.3000 4.7000 11.2000

max 18.1000 14.3000 6.4000 17.4000
Violet-green swallow mean 6.7000 5.8000 1.5000 8.3000
(pair/100 acres) min 3.7000 1.7000 0.6000 4.7000

max 9.7000 9.9000 2.7000 11.9000
Cavity nesters mean 43.6000 52.6000 61.3000 50.1000
(pair/100 acres) min 34.2000 39.2000 41.3000 39.9000

max 49.3000 57.3000 68.2000 67.9000
Livestock
Herbage production mean 205.8000 145.0000 231.0000 176.5000
(pound/acre) min 186.4000 117.8000 169.0000 108.9000

max 219.9000 171.6000 306.0000 303.6000
Grass production mean 139.8000 85.1000 86.0000 81.8000
(pound/acre) min 135.1000 73.0000 86.0000 35.1000

max 145.9000 97.1000 86.0000 158.4000
Carrying capacity mean 0.0652 0.0397 0.0602 0.0382
(A U M /acre) min 0.0630 0.0331 0.0404 0.0164

max 0.0781 0.0453 0.0789 0.0739
Wood
Merchantable volume mean 41.1000 79.7000 129.3000 61.3000
(board feet/acre) min 37.7000 71.0000 101.7000 54.6000

max 47.6 90.8000 143.2000 69.3000
Growth mean 33.4000 40.0000 60.6000 49.8000
(cubic feet/acre) min 30.4000 34.8000 53.7000 44.8000

max 39.3000 47.7000 63.1000 58.3000
Aesthetics
(rank) mean 0.0000 0.0000 0.0000 0.0000
Management cost
(dollar/acre) mean 0.0000 0.0000 0.0000 - 0.0000
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Table 3.2 Payoff Values After Treatment

Criteria Alternatives
Clearcut Uniform

Thinning
Strip Cut
& Thinning
75%

Control

Water
Stream flow mean 8.4927 9.4392 5.6300 4.2599
(inch/year) min 0.4422 0.9703 4.9300 0.2096

max 21.5736 24.4803 6.3200 13.3365
Sediment mean 1.7006 0.2656 0.0400 0.1270
(ton/year) min 0.0035 0.0023 0.0000 0.0000

max 13.1142 1.3042 0.0700 1.8107
Wildlife
Deer mean 1.5400 3.6300 2.1200 0.3600
(pellet/group/ min 0.7700 1.0500 0.6100 0.1300
acre/month) max 2.3600 5.7200 3.4400 2.0500
Elk mean 0.5200 5.0300 1.0100 0.9800
(pellet/group/ min 0.2700 1.3800 0.7800 0.7100
acre/month) max 3.0500 6.8300 2.2300 2.5300
Pygmy nuthatch mean 0.0000 1.9000 6.0000 14.3000
(pair/100 acres) min 0.0000 0.7000 4.8000 11.2000

max 0.0000 3.1000 8.3000 17.4000
Violet-green swallow mean 0.0000 0.0000 3.2000 8.3000
(pair/100 acres) min 0.0000 0.0000 2.2000 4.7000

max 0.0000 0.0000 5.1000 11.9000
Cavity nesters mean 1.3000 24.3000 48.4000 50.1000
(pair/100 acres) min 0.7000 14.3000 39.3000 39.9000

max 2.3000 37.1000 49.4000 67.9000
Livestock
Herbage production mean 638.9000 561.7000 325.0000 176.5000
(pound/acre) min 137.2000 487.3000 274.0000 108.9000

max 1228.7000 632.5000 472.0000 303.6000
Grass production mean 308.2000 161.2000 96.1000 81.8000
(pound/acre) min 55.6000 140.2000 84.3000 35.1000

max 608.7000 180.5000 132.3000 158.4000
Carrying capacity mean 0.1440 0.0752 0.0835 0.0382
(A U M /acre) min 0.0259 0.0654 0.0481 0.0164

max 0.2840 0.0842 0.1230 0.0739
Wood
Merchantable volume mean 0.0000 27.4000 81.6000 61.3000
(board feet/acre) min 0.0000 25.9000 79.3000 54.6000

max 0.0000 32.3000 86.7000 69.3000
Growth mean 0.3000 13.9000 41.3000 49.8000
(cubic feet/acre) min 0.0000 12.5000 38.6000 44.8000

max 0.5000 15.7000 45.7000 58.3000
Aesthetics
(rank) mean -0.9300 -0.6600 -0.4800 0.0900

Management cost
(dollar/acre) mean 135.9100 63.1890 75.7900 0.0000
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Table 3.3 Combined Weights and Consequences of Treatment

Alternatives
Criterion Data

Type
Case 1	 Case 2 Clear

Cut
Uniform
Thinning

Strip Cut
and

75% Thinning,,
Water mean 2.95 2.32 0.92
Stream flow (inch/year) min 12	 12.5 -18.00 -20.90 -1.42

max 20.82 23.74 3.25
Sediment yield mean -1.65 -0.25 -.01
(ton/year) min 11	 12 -13.11 -1.30 -0.06

max +0.06 +0.016 +0.11
Wild Life mean 1.11 2.81 1.50
Deer min 4	 3.5 -0.87 -2.10 -0.43
(pellet/group/acre/month) max 2.19 5.50 3.21
Elk mean -0.51 3.97 0.58
(pellet/group/acre/month) min 4	 3.5 -3.44 -2.25 -0.15

max 2.42 6.16 2.04
Pygmy nuthatch mean -13.20 -9.9 0.70
(pair/100 acres) min 4	 3.5 -18.10 -13.6 -1.60

max -8.30 -6.2 3.60
Violet-green swallow mean -6.70 -5.8 1.70
(pair/100 acres) min 4	 3.5 -9.70 -9.7 -0.50

max -3.70 -1.7 4.50
Cavity nesters mean -42.30 -28.3 -12.9
(pair/100 acres) min 4	 3.5 -48.60 -43.00 -28.90

max -31.90 -2.1 8.10
Aesthetics mean -1.02 -0.75 -0.57
(rank) min 18	 15 -1.02 -0.75 -0.57

max -1.02 -0.75 -0.57
Livestock mean 433.10 416.7 94.00
Herbage Production min 6	 8 -82.70 315.7 -32.00

(pound/acre) max 1042.3 514.7 303.00
0

Grass mean 168.40 76.1 96.10
(pound/acre) min 5	 6.5 -90.30 43.1 84.30

max 473.60 107.5 132.30
Carrying capacity mean 0.08 0.0355 0.02
(AUM/acre) min 5	 6 -0.05 0.0201 -0.03

max 0.22 0.0511 0.08
Management cost mean -135.91 -63.189 -75.79
(dollar/acre) min 6	 6.5 -135.91 -63.189 -75.79

max -135.91 -63.189 -75.79
Wood Production mean -41.10 -52.3 -47.70
Growth (sell as wood) min 10	 9.5 -37.70 -64.9 -63.90
(board feet/acre) max -47.60 -38.7 -15.00
Growth (total wood) mean -33.10 -26.1 -19.30
(cubic feet/acre) min 7	 6.5 -39.30 -35.2 -24.50

max -29.90 -19.1 -8.00
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Table 3.4 Weights for Different Interest Groups

Case Water Users Livestock
Producer

Foresters Environmentalists Land Planners

1 3 3 3 6 1

2 4 4 1 3 2

special interest groups. The interest groups considered in this study are

- water users

-livestock producers

-foresters

-environmentalists

-land use planners.

Several departments of the University of Arizona (including the Department of

Psychology, Sociology, Hydrology and Water Resources) have conducted the actual

survey, and their findings have been presented to the Forest Service (Ffolliott, 1994).

Table 1 in paper 3 summarizes the weights given to the criteria by the different interest

groups. In addition, the US Forest Service has supplied two sets of importance factors

assigned to the interest groups, which are shown in Table 3.4. The weighting method

was then used again to obtain the corresponding two sets of combined weights, which are

also reported in Table 3.3.

The problem is therefore of a stochastic discrete multiobjective programming

type. A brief outline of the solution algorithm is given in the next section.

3.2 Methodology

Let the discrete multiobjective programming problem consist of M objectives and
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N alternatives. In addition, let A„,,, ( 1 .^ m M , 1 .̂ n N) denote the evaluation of

alternative n with respect to objective m. In order to treat the problem in a pure

maximization setup, all the minimizing objectives were multiplied by (-1). The payoff

matrix A therefore consists of MN elements A,,,,,. Let I,: and I denote the 'nth
nr

components for the ideal and nadir points, respectively, for a given objective m. If the

DM is unable to provide his or her ideal point and/or nadir selections, they can be chosen

as

—	 = max { am,: 1 n N	 (2)

= Am *: = min {a ,,,, : 	 n NJ.

Note that i,, and I are, in their respective order, the largest and smallest

possible values for criterion m. Define the scale factor s„, for the objective m as

sn, = An, — Am *.

It is also noted here that A * and A * are the largest and smallest values,

respectively, of objective m on the set of the given alternatives.

In our study, we have used compromise programming with the family of f p

metrics defined earlier in this dissertation. The case p=1 assumes full compensation

among the objectives, p= oc corresponds to no compensation, and the case of 1 < p < oc

assumes partial compensation. The details of the methods are also presented earlier.

We mention here that in the first two appended papers, the weighting method is

used, which seems to contradict the above statement. Distance-based methods using the

distance are equivalent to the weighting method. In this case, there is no need to

specify the ideal point or the nadir, which leads to simplicity in applications. In the first
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paper, no uncertainty of the payoff values was assumed; therefore the deterministic

weighting method was applied. In the second paper, the normalized weighting method is

used again, but we have modeled the data uncertainty with a triangle distribution. In the

third paper, several versions of distance-based methods are selected and a uniform-type

distribution is analyzed in addition to the deterministic and triangular distribution cases.

Therefore, the third paper should be considered as the most complex study, where

different uncertainty levels (including the complete information case) were compared

simultaneously with several method selections. However, we did not combine the group

preferences by using the DM's importance factors on the different interest groups.

The simulation details, the selected distribution types, and the simulation

algorithm are presented in the third paper, hence not repeated here.

3.3 Results and Conclusions

The numerical results are given in Tables 3.5, 3.6, 3.7, and 3.8. In Table 3.5, the

composite objective values are shown for the deterministic case, since no simulation is

used. Cases 1 and 2 refer to the two different weight sets, which are used by the DM to

aggregate the preferences of the interest groups. In these tables, method (3) refers to the

£, the distance from the ideal point. Methods (5) and (6) are based on the £2 distance

from the ideal point and from the nadir, respectively. Similarly, methods (7) and (8) use

the metric from the ideal point and from the nadir. With these notations, we are

consistent with those introduced in Paper 3. Note that the control or strip cut with

thinning appear to be the best choices in all cases. Tables 3.5 and 3.7 summarize the

simulation results for the cases of triangular and uniform distributions. For the triangular

distribution based on our computation, the control is the best for all methods except (5).

For the uniform distribution, the control is again the best for all methods except (5), and

in addition, the control became the best for method (5) with case 1. These findings are
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summarized in Table 3.8 . Figure 3.1 illustrates the effect of the different treatment

types on the water yield. Figures 3.2 and 3.3 depict similar effects on the sediment yield

and wildlife (elks).

Two significantly different cases were discussed in the numerical study: the

deterministic case and two cases with uncertainty. In the first case, we assumed complete

information on the payoff values, and in the second case, the uncertainty of the payoff

values was modeled by stochastic simulations. The triangular distribution assumes

higher probabilities around the mean value, and the probability decreases when departing

from the mean value. In the case of uniform distribution, we assume that under and

above the mean value, the different payoff values are equally probable. That is, the same

probability is assumed in the neighborhood of the mean value as in the neighborhood of

the endpoints of the interval. It is easy to see that triangular distributions correspond to

less uncertainty than uniform distributions. The results of the two uncertain cases

coincide except that they differ in the result of method (5) as applied to case 1 of the two

uncertain categories of Triangular and Uniform distributions. In contrast, there is a much

larger difference between the results of the mean value analysis and the uncertain cases.

This observation shows the importance of our approach, since the presence of uncertainty

in the payoff elements has a significant effect on the best alternative selection. Therefore,

the methodology presented in this dissertation is highly recommended in solving

uncertain MCDM problems, not only in watershed management, but in all fields of

applied sciences.



Table 3.5 Composite Objective Values for Mean Value Analysis

Method Case Control Clear Cut
Uniform

Thinning

Strip Cut

and Thinning

(3) 1 42.155 70.420 46.386 42.287
2 45.806 65.617 44.282 43.099

(5) 1 6.200 8.334 5.444 5.114
2 6.510 8.049 5.249 5.196

(7) 1 12.000 18.000 13.235 10.059
2 12.500 15.000 11.029 8.602

(6) 1 7.358 5.350 6.072 6.449
2 7.125 5.792 6.244 6.388

(8) 1 18.000 12.000 9.437 10.933
2 15.000 12.500 10.181 11.927
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Table 3.6 Probability Values for Triangular Distribution

Method Case Control Clear Cut Uniform

Thinning

Strip Cut

and Thinning

75%

( 3 ) 1 0.96693 0.00000 0.00020 0.03287
2 0.84915 0.00000 0.02159 0.12926

(5) 1 0.26961 0.00000 0.06528 0.66511
2 0.11192 0.00000 0.15429 0.73379

(7 ) 1 0.65814 0.00000 0.00000 0.34186
2 0.52496 0.00000 0.20927 0.26577

(6) 1 0.99919 0.00000 0.00000 0.00081
2 0.99548 0.00000 0.00000 0.00452

(8 ) 1 1.00000 0.00000 0.00000 0.00000
2 1.00000 0.00000 0.00000 0.00000
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Table 3.7 Probability Values for Uniform Distribution

Method Case Control Clear Cut Uniform
Thinning

Strip Cut
and Thinning

75%

(3) 1 0.98471 0.00000 0.00034 0.01495
2 0.90582 0.00000 0.02120 0.07298

( 5 ) 1 0.50251 0.00000 0.05692 0.44057
2 0.26848 0.00000 0.15016 0.58136

(7 ) 1 0.72100 0.00000 0.00000 0.27900
2 0.56925 0.00000 0.21355 0.21720

(6) 1 0.99916 0.00000 0.00000 0.00084
2 0.99514 0.00006 0.00028 0.00452

(8) 1 1.00000 0.00000 0.00000 0.00000
2 1.00000 0.00000 0.00000 0.00000
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Table 3.8 Summary of Results

(a) Mean value analysis
Groups Method (3) Method (5) Method (7) Method (6) Method (8)

1

2

Control

Strip Cut &
Thinning

Strip Cut &
Thinning

Strip Cut &
Thinning

Strip Cut &
thinning

Strip Cut &
Thinning

Control

Control

Control

Control

(b) Triangle distribution

I Control Strip Cut & Control Control Control
Thinning

2 Control Strip Cut & Control Control Control
Thinning

c Uniform distribution

1 Control Control Control Control Control

2 Control Strip Cut & Control Control Control
Thinning
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Abstract. Two watersheds located in the pinyon-juniper woodlands of north-

central Arizona that had been subjected to treatments designed to affect multiple

use values have been compared to a third watershed that remained as a control.

Multicriterion decision-making techniques are useful in evaluating these treatments
in a multiple use context. The problem is discrete with both quantitative and

qualitative criteria. The normalized weighting method was used and sensitivity

analysis was performed in finding the most appropriate treatment.
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1. Introduction

The planning and management for conservation and sustainable devel-
opment of watershed resources is a complex process which requires decision
making that involves several non-commensurable and conflicting objectives.
Noncommensurability reflects the multiplicity of the many different ways
that watershed resources problems can be viewed simultaneously. These
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problems can be analyzed in terms of their economic benefits, aesthetic val-
ues, physical and biological components, and the social and institutional
conditions imposed upon their utilization. Conflicts among objectives, on
the other hand, arise when these objectives cannot be optimized simultane-
ously, that is, when the situation is such that the value of one objective can
be increased only at the expense of another. This problem can be solved
through the application of multicriterion decision making (MCDIvI) tech-
niques.

2. Background consideration

There has been a rapid growth and diversification of MCDM techniques
in recent years (Haimes and Chankong, 1985; Steuer and Whisman, 1986;
Szidarovszky et al., 1986; Tecle, 1988; Tecle et al., 1994). The lack of guide-
lines to match an appropriate MCDM technique to specific problems has
limited their applications in watershed resource management. Justifications
for using MCDM techniques in solving watershed resources management
problems include:

1. The physical nature of the problem - A watershed is a topographically
delineated area that is drained by a stream system, that is, the total land
area above some point on a stream or river that drains past that point. The
watershed is a hydrologic unit used often as a physical-biological unit and a
socio-economic unit for the planning and management of natural resources
(Brooks et al., 1992). A watershed consists of many different resources as
elements and usually each resource type is managed for a different purpose.
A MCDM scheme is therefore needed to identify and evaluate the decision
alternatives.

2. Legal and institutional implication - Another reason for using MCDM
techniques in watershed resources management is related to the legal guide-
lines and institutional constraints on the use of the resources. Recognition of
the need for multicriterion resources management is becoming wide spread
among academicians and governmental institutions. For example, the USDA
Forest Service is required to implement plans that provide multiple use and
sustainable yields of goods and services from National Forest lands in a way
that maximizes long-term net public benefit in an ecologically-sound manner
(Kaufmann et al., 1994).
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3. Expertise and technological requirements - The amount of information
to be displayed at each iteration in many multicriterion decision problems is
large. For example, in a problem with 10 criteria and 20 alternatives, a payoff
matrix involving 200 pieces of information would have to be communicated
at each iteration when an interactive procedure involving computer/user in-
terface is used. Particular attention must be paid to the computer/user
interface process to facilitate the absorption of such large amounts of infor-
mation.

Many researchers and managers apply multicriterion decision making
in solving natural resources management problems. These applications are
mainly of the goal programming type with the use of linear numerical ob-
jective functions and constraints (Mattheiss and Land, 1984; Smith and
Theberge, 1987). However, other types of MCDM techniques are also avail-
able to solve watershed resources management problems. In general, the
steps in applying any one of the MCDM techniques to a watershed resources
management problem are:

1. Identify the nature and scope of the problem - The physical-biological
problem is identified by either visiting the watershed site and/or an exami-
nation of the data sets describing the problem.

2. Formulate the problem in a multicriterion context - The most im-
portant step in problem formulation process is the definition of objectives,
the selection of feasible management alternatives, and the identification of
the constraints. The objectives of the study reported upon in this paper
are based mainly on USDA Forest Service goals of multiple use manage-
ment with alternative treatment plans based on the most commonly used
technologies.

3. Analyze the problem by using MCDM techniques - Apply different
MCDM techniques to the data, which likely will give different answers, since
they are based on different preference structures of the decision makers.

4. Perform a sensitivity analysis and compare the results - Systematically
varying the values of some parameters, the MCDM techniques are repeated
to see how the results depend on the model parameters.

3. Problem formulation

Source data from three experimental watersheds located in the pinyon-
juniper woodlands on the Beaver Creek watershed in north-central Arizona
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(U.S.A.) were used to demonstrate the MCDM methodology. These three
watersheds were established to evaluate the effects of alternative land man-
agement practices on the multiple use values of the watersheds (Clary et al.,
1974). Two of the watersheds have been subjected to treatments designed to
affect multiple use value, while the third watershed remained as control for
evaluation purposes. Topics included in the data sets collected were water
quantity and quality, woodland overstory vegetation, understory vegetation,
livestock carrying capacities, wildlife values, recreation and aesthetics. The
treatments on the two watersheds were as follows:

(a) A cabling treatment was applied to a 131-hectare watershed in 1963.
The larger trees were uprooted by a heavy steel cable pulled between two
bulldozers. Small trees missed by the cabling treatment were hand chopped,
slash was burned, and the area was seeded with a mixture of forage species.

(b) A herbicide treatment was applied to a 147-hectare watershed in
1968 (by a helicopter) at the rate of 2.8 kg of picloram and 5.6 kg of 2,4-
D per hectare. The intent here was to reduce transpiration losses by killing
trees, evaporation losses by leaving the dead trees standing, and the problem
of overland water flow being trapped in soiled pits created when trees are
uprooted by cabling.

A third watershed was a 51-hectare control against which the cabling
and herbicide treatments were evaluated. Conditions on this watershed rep-
resented those obtained through custodial management, that is, through the
use of minimal managerial inputs. The characteristics and resources of this
watershed are indicative of what might be obtained if custodial management
was pursued in attempting to meet people's future desires for the pinyon-
juniper woodland.

In large-scale practices, these treatments might be combined in time and
space. Therefore, the different combinations of the treatment types become
the alternatives of the MCDM problem. In the first evaluation step, however,
the three basic treatment types are compared. These basic treatment plans
are the alternatives in this problem.

The alternatives were evaluated by using certain standards, rules, or
tests, which are called the criteria. In most applications, the criteria are
defined as real valued functions, in which higher function values indicate
higher preference by the decision maker. In this paper, the criteria are
called the objectives. The four major criteria types considered in this paper
were:
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1. Water production (Baker, 1982; Baker, 1984; Clary et al., 1974)

a) Stream flow

b) Sediment yield
2. Livestock production and wildlife values (Clary et al., 1974; Spring-

field, 1976)

a) Herbage production

h) Livestock forage

c) Deer forage

d) Habitat quality for selected species
3. Wood production (Barger and Ffolliott, 1972; Ffolliott and Clary,

1986)

a) Fuelwood growth
b) Fuelwood production

4. Aesthetics (Daniel and Boster, 1976)

5. Management costs (Aro, 1971; Barger and Ffolliott, 1972; Worley et
al., 1965)

a) Conversion costs
h) Maintenance costs

Notice that sediment yield and the management costs are to be minimized
in solving the problem; the others are to be maximized.

Some of the objectives can be described quantitatively, such as stream
flow (centimeters per year) and conversion costs (dollars). Other objec-
tives are qualitative and expressed in relative measures, like aesthetics values
which can be varied between very good "A" and very poor "E". Qualitative
data have been quantified as A = 100, B = 75, C = 50, D = 25, and E = 0.
The values for the minimizing objectives have been muhiplied by (-1).

The values in the payoff matrix elements were obtained from a group
of experts on the management of pinyon-juniper woodlands like those on
Beaver Creek Watershed (Table 1). The members of the group were selected
from water users, environmentalists, and livestock producers, the preference
orders of which are as follows:

1. Water users: water production, livestock production and wildlife val-
ues, aesthetics, wood production, and management costs.

2. Environmentalists: aesthetics, water production, livestock production
and wildlife values, wood production, and management costs.
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3. Livestock producers: livestock production and wildlife values, aesthet-
ics, water production, wood production, and management costs.

Since the preferences of the different groups are contradictory, three sets
of preference weights are simultaneously considered. Notice that water users
gave the highest priority to water production; environmentalists gave the
highest priority to aesthetics, and the livestock producers gave the highest
priority to livestock production and wildlife values. We may consider the
water users, the environmentalists and the livestock producers as represen-
tatives of the three major interest groups influencing the decision making
process.

4. Solution methodology

The normalized weighting method was selected here to solve the above
problem. This method consists of the following steps:

1. Since the different criteria have different units, their direct comparison
is not possible. Therefore, each criterion has to be transformed into a unitless
scale [0,1]. If M and N are the numbers of the criteria and alternatives,
respectively, and aij (1<i<M,1<j<N) is the evaluation of alternative
j with respect to criterion i, then the (i, j) element of the normalized payoff
matrix is given as:

aii — mini { aii} 
=

 maxi {mi .? } — mini {a} •

Notice that the denominator is nonzero, if criterion i is not constant. If a
criterion is constant, then it does not distinguish between the alternatives,
therefore, it can be eliminated from further analysis.

The resulting normalized payoff matrix for the problem under considera-
tion is presented in Table 2. Notice that each row of this new payoff matrix
has at least one zero and unit elements, and all other elements are between
0 and 1.

2. The representatives of the three interest groups were asked to give
preference weights for each criterion. Since the number of criteria were
relatively large, we selected a two-stage procedure. The eleven criteria belong
to five categories, as shown in Tables 1 and 2. The representatives of the
interest groups were asked to first assign relative importance weights to each
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criteria group by dividing 100 points among them. In the second stage,
they were asked to further divide these initial weights among the individual
criteria. The selection of 100 as the overall number of points to be divided
among the criteria is arbitrary, since the final preference order does not
change by multiplying the weights by the same positive constants. The
obtained sets of weights reflect three major types of preference orders as
stated before. The actual weights are also presented in Table 2.

3. The composite objective values were finally computed by the following
formula:

g = E
where w, is the weight for criterion i (1 < i < M). These values are
presented for the three interest groups in Table 3. The alternative with
the highest composite objective value is considered the best. That is, by
selecting this composite objective, the MCDM problem is formulated as a
single objective optimization problem.

Table 3 gives the composite objective values for all alternatives with the

three types of preferences. In the case of the first set of weights, the her-
bicide treatment has the largest composite objective value. Notice that in
this case, the criteria reflecting water productions have the largest weights.
Therefore, this selection is the best for water users. The control is the second
best alternative, and cabling is the least preferred. Notice that in the first
row of Table 3, that there are not large differences between the composite

objective values, 18% and 33%, respectively. The second set of weights re-
flects the preferences of a group of environmentalists, where aesthetics has
the largest weight (40%). In this case, the control becomes the best alterna-
tive, the herbicide treatment is the second best, and cabling is third. Notice
again that in the second row of Table 3, the composite objective value for
the best alternative is about the double of that for the second best alterna-
tive. The third set of weights reflects the preferences of livestock producers.
The control becomes again the best alternative, and the herbicide becomes
the second best. The composite objective value for the best alternative is
17% more than for the second best alternative, which is the least difference
between the alternatives for different sets of weights. The difference between
the second and third best is 58%.

The results based on the preference orders of the three interest groups
are conflicting to each other. Since in the final decision making process the
decision makers have to select only one "most satisfying" alternative, the
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conflicting preferences of the different interest groups should be combined
into one final preference order. We used the weighting method again. The
top management of the forest area under consideration has given importance
factors to the three interest groups. Water users were given 40%, both
environmentalists and livestock producers were rated by 30% each. Let ak
denote the rating for interest group k, and let Wk denote the weight of
criterion i given by interest group k. Then the combined weight for criterion
i is obtained as

= E akwik •

We repeated the entire computation by using these combined weights.
The composite objective values are given in Table 4. Control obtains the
highest composite objective value, therefore it is accepted as the overall best
alternative.

5. Conclusions

Watershed resources management problems are usually solved in refer-
ence to several criteria, which are typically conflicting to each other, and
therefore no single criterion can be taken as the only objective function. As
a consequence, the criteria have to be combined in such a way that all criteria
should play a significant role in selecting the most satisfying alternative.

In this paper, three decision alternatives were evaluated based on eleven
criteria. The normalized weighting method was applied to find the best al-
ternatives. Three different preference orders were considered in our analysis;
therefore, we repeated our calculations for each weight selection type. Since
the different criteria were expressed in different units, their direct comparison
was impossible. The criteria had to be first transformed into the same unit-
less scale, and then the resulted unitless payoff elements were compared. For
this comparison, any MCDM method could be used. However, the weighting
method seems to be the most appropriate, since it is easy to use, and the
composite objective values can easily be interpreted and compared.

Our results show that the best alternative selection depends upon the
preferences of the interest groups. lathe case of the weighting method, these
preferences are presented as weights associated to the different criteria. If the
number of criteria is large, a two-stage procedure has to be used for weight
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selections. The method applied in this paper can be always performed if the
problem is discrete, that is, there is a finite alternative set to choose from and
a finite set of criteria to evaluate the alternatives. In all cases, the decision
makers must participate in the analysis by supplying their preferences in the
form of weight. The solution algorithm is straightforward, and simple to be
applied.
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Multicriterion decision-making

Criterion Unit Alternative
Cabling Herbicide Control

Water Production
a) Stream flow cm/yr 2.00 2.89 1.85
b) Sediment yield ton/yr -0.12 -0.11 - 0.10

Livestock Production
and Wildlife Values

a) Herbage production kg/ha 912.49 767.88 125.55
b) Livestock forage kg/ha 248.86 91.92 33.63
c) Deer forage kg/ha 145.73 476.42 68.38
d) Habitat quality ordinal (D)25.00 (0)50.00 (A)100.00

Wood Production
a) Fuelwood growth m3/ha 0.00 39.55 50.40
h) Fuelwood production m3 /ha 0.00 0.00 0.13

Aesthetics ordinal (D)25.00 (E)0.00 (A)100.00
Management Costs

a) Conversion costs $/ha -95.92 -182.35 0.00
b) Maintenance costs $/ha -7.36 -20.60 - 3.66

Table 1: Evaluation of the different treatment types with respect to the
selected set of criteria
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Criterion Weight	 Alternative
1 2 3 Cabling Herbicide Control

Water Production
a) Stream flow 25 12 8 0.14 1.00 0.00
b) Sediment yield 15 8 5 0.00 0.50 1.00

Livestock Production
and Wildlife Values

a) Herbage production 4 5 4 1.00 0.81 0.00
b) Livestock forage 20 10 14 1.00 0.27 0.00
c) Deer forage 7 6 20 0.19 1.00 0.00
d) Habitat quality 7 7 20 0.00 0.33 1.00

Wood Production
a) Fuelwood growth 3 4 3 0.00 0.78 1.00
b) Fuelwood production 3 4 3 0.00 0.00 1.00

Aesthetics 13 40 20 0.25 0.00 1.00
Management Costs

a) Conversion costs 2 2 2 0.47 0.00 1.00
b) Maintenance costs 1 2 1 0.78 0.00 1.00

Table 2: Normalized payoff matrix

Composite objective Weight
set

Alternative

Cabling Herbicide Control
1 33.83 52 78 44.00

Composite objective value 2 30.32	 • 34.18 67.00
3 29.64 46.45 54.00

Table 3: Composite objective values with respect to different weights
Note: Underlined values are the composite objectives with the highest value

Composite objective
Alternative

Cabling Herbicide Control
Composite objective value 31.52 45.30 53.90

Table 4: Composite objective values with respect to the combined preference
Note: Underlined value is the composite objectives with the highest value
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An MCDM problem in watershed management, where the payoff values are considered uncertain is

examined. This uncertainty is treated by a special simulation method, where 100 000 random payoff

matrices are generated, and the best decision alternative is selected for each case by using the normalized

weighting method. This combination of MCDM methodology and stochastic simulation is the basis of
a special expert system. The decision process of our case study relies on this expert system, which can

be applied in similar cases in natural resources management. The computational results are compared to

those obtained by the mean-value analysis. Our study shows that simulation provides more realistic

decisions and, therefore, is recommended to practitioners if the data are available.

INTRODUCTION

There has been a growing awareness during the last
20 y to consider decision models based on multiple
criteria, due largely to the fact that most operational
problems cannot be formulated as single. criterion
problems. Industrial planning and control, trans-
portation, telecommunication, public administration,
natural resource management, land use planning, and
water resources development are a few examples in
which multiple criteria have to be considered simult-
aneously (Khalili 1986).

The process of modeling and solving a problem with
two or more noncommensurable and conflicting
criteria is known as Multiple Criterion Decision Making
(MCDM). The management of natural resources on
watershed lands is patently a multicriterium problem,

*To whom correspondence should be addressed.

since the simultaneous exposure of the conflicting
objectives for the solution of these problems usually
requires an MCDM approach (Tecle 1988; Tecle et al.
in press). There are several different motivations for
researchers to suggest the application of MCDM
techniques for resolving natural resource management
problems. First, a multicriterion problem can be
analyzed in terms of its practicality and feasibility for
a certain set of conditions and their economic benefits.
Secondly, conflicts among objectives arise when these
objectives cannot be optimized simultaneously.
Another motivation is the inherent complexity of
natural resources management problems, which can be
described in terms of the scale and physical
composition of the system, the number of decision
makers, and the technical requirements during the
decision making process. Further reasons for using
MCDM techniques to solve watershed management
problems include:
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problems. Industrial planning and control, trans-
portation, telecommunication, public administration,
natural resource management, land use planning, and
water resources development are a few examples in
which multiple criteria have to be considered simult-
aneously (Khalili 1986).

The process of modeling and solving a problem with
two or more noncommensurable and conflicting
criteria is known as Multiple Criterion Decision Making
(MCDM). The management of natural resources on
watershed lands is patently a multicriterium problem,

*To whom correspondence should be addressed.

since the simultaneous exposure of the conflicting
objectives for the solution of these problems usually
requires an MCDM approach (Tecle 1988; Tecle et al.
in press). There are several different motivations for
researchers to suggest the application of MCDM
techniques for resolving natural resource management
problems. First, a multicriterion problem can be
analyzed in terms of its practicality and feasibility for
a certain set of conditions and their economic benefits.
Secondly, conflicts among objectives arise when these
objectives cannot be optimized simultaneously.
Another motivation is the inherent complexity of
natural resources management problems, which can be
described in terms of the scale and physical
composition of the system, the number of decision
makers, and the technical requirements during the
decision making process. Further reasons for using
MCDM techniques to solve watershed management
problems include:

199
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1. Psychology in decision making. When eva-

luating a set of possible alternative actions, the

Decision Maker (DM) should try to make adjustments,

and develop compromises among the multiple

objectives (Rietveld 1980). This notion of multiplicity

of objectives has some psychological aspects.

Modeling with multiple objectives is based largely

upon individual behavior, judgment, and preferences.

Note that individual behavior is a function of

environmental stimuli and a combination of three sets

of interval properties—motivational, emotional, and

cognitive conditions of the individual concerned.

2. Physical nature of the problem. The term

"watershed" refers to an area of land whose surface

water concentrates at one point (Brooks et al. 1992).

Apart from this, a watershed can contain some other

resource elements. Each of these resources will likely

be managed for different purposes (Johnson 1973).

Here, the identification and evaluation of resources for

different objectives need a multicriterion watershed

management scheme.

3. Legal and institutional implications. Legal

guidelines and institutional constraints imposed upon

the use of watershed lands suggest the application of

MCDM techniques to obtain a feasible situation to

avail the resources. For example, the USDA Forest

Service requires that resource utilization plans reflect

multiple use values as well as the sustainable yields of

goods and services from the National Forest Systems

(USDA Forest Service 1982).

4. Expertise and technological requirements.
There is generally a large amount of multiple-criteria

information at each iteration being displayed. A small-

scale problem with 15 criteria and 10 alternatives

involves 150 pieces of information available in each

iteration. Only MCDM techniques provide an efficient
approach to the evaluation of such a bulky set of

information.

Natural resource planning processes, especially those
involving watershed management problems, have
already availed the techniques of MCDM. However,
until recently, the major emphasis has mainly been
placed on using linear numerical objective functions
and constraints (Smith and Theberge 1987). An ad-
ditional complication in using the MCDM method-
ology is the uncertainty in the knowledge of model and

physical parameters. This uncertainty can be handled

mathematically by using either fuzzy-sets or stochastic

methods (Szidarovszky et al. 1986).
Pareto (1896) was probably the first to introduce the

innovative idea of Pareto optimality which is the basis

of the solutions of multicriterion decision problems.

Later, a significant contribution was made by Koop-

mans (1951), who used the concept of efficient vectors

and introduced the concept of non-dominated solutions

for modern MCDM problems. One of the most

significant works of the 1950s was the introduction of

goal programming by Charnes and Cooper (1961). A

variety of algorithms were developed for solving

nonlinear multicriterion problems during the 1970s

(Monarchi 1972; Monarchi et al. 1973; Haimes et al.

1975). There are also algorithms that have capabilities

to handle both linear and nonlinear and both discrete

and continuous problems (Zionts and Wallenius 1976;

Goicoechea et al. 1982). A summary of MCDM
methods and game theory, as well as their applications
in several fields of business and engineering, including
natural resources management, is presented in

Szidarovszky et al. (1986).
In general, there is a four-step procedure for applying

MCDM techniques in the solution of natural resources
management problems as follows. Problem identific-
ation in its true perspective is the first step. The second
step is to develop an MCDM model by identifying the

decision makers, decision alternatives, criteria, and

physical and economic constraints. Next, an ap-

propriate MCDM method is applied to analyze the data
and select the best decision alternatives. Finally, the

numerical results are then interpreted and sensitivity
analysis is performed to see how the results depend on
the uncertain parameters.

In this paper, a multiobjective optimization model

will be formulated to find the best treatment type in

watershed management. The uncertainty of the data will

be considered by randomization. The weighting method

will be applied for several preference structures. This

combination of MCDM methodology and stochastic

simulation is the basis of a special expert system, which

is applied in the present case study. The numerical
results will be analyzed and compared.

SITE SELECTION

Source data from four watersheds located about 80
km south of Flagstaff, Arizona, in the ponderosa pine
forest type on the Beaver Creek drainage, were used
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here to demonstrate the formation of a MCDM
problem, These four watersheds were established to
evaluate the effect of alternative land management
practices on the multiple use values of watershed lands
in ponderosa pine forest which occupies about 1.7
million ha in Arizona. Although the ponderosa pine
forest occupies only about 20% of the Salt-Verde River
Basin in which Beaver Creek is located, nearly 50% of
the total water yield in this basin originates from
Ponderosa pine forest, and therefore, the management
of this area requires special attention (Baker 1981,
1986).

Three of four watersheds have been subjected to
treatments designed to affect multiple use value, while
one watershed remained as an untreated control for
evaluation purposes. Resource topics considered and
included in the source data sets were water quantity
and quality, forest overstory vegetation, understory
vegetation, livestock carrying capacities, wildlife
values, and recreation and aesthetics. Before treatment,
all of the watersheds were stocked with uneven-aged
stands of ponderosa pine interspersed with woodland
tree speices (predominately oak and some juniper). The
specific treatments imposed on the watersheds subject
to manipulation were clear-cutting, uniform thinning,
and a combined strip cutting and thinning treatment,
which are briefly described below:
Alternative 1. On a completely clear cut water-
shed,184 ha in size, all merchantable poles and saw
timber were removed and the remaining noncom-
mercial wood felled. All slash and debris were machine
windrowed to trap and retain snow, reduce evapo-
transpiration losses, and increase surface drainage
efficiency of the watershed. The woodland tree species
were allowed to sprout and grow after the clearing
treatment.
Alternative 2. On a 121 ha watershed treated by
uniform thinning, 75% of the initial 30 m2/ha of basal
area (a measure of the density of the forest overstory)
was removed, leaving even-aged groups of trees with
an average basal area of 7 m2/ha. All slash was
windrowed.
Alternative 3. An irregular strip cut was applied to a
third watershed, approximately 546 ha in size. All
merchantable wood was removed within irregular
strips 20 m wide and the remaining nonmerchantable
trees felled. The forest overstory in the intervening
leave strips, which averaged 35 m width, was reduced
to 25% of their basal area. The overall treatment
resulted in a nearly 60% reduction in the basal area on

the watershed. Slash was piled and burned in the
cleared strips.
Alternative 4. A 351 ha watershed served as a control
against which the other three treatments was
evaluated. Conditions on this watershed represented
those obtained through custodial management, that is,
with a minimum of managerial inputs. The character-
istics and resources of this watershed are indicative of
what might be obtained in the future if custodial
management is pursued in attempting to meet people's
desires.

PROBLEM FORMULATION

In formulating the decision problem in an MCDM
framework, the decision alternatives, the criteria, and
the payoff matrix have to be determined.

The four treatment types described in the previous
section are the alternatives. The six major criteria types
to be considered in the problem were as follows:

1) Water (Baker 1981, 1986) consisting of stream flow,
and sediment yield.

2) Wildlife (Neff et al. 1979; Neff 1980; Szaro and
Balda 1979a, 1979b; Cunningham et al. 1980) con-
sisting of deer, elk, pygmy nuthatch, violet-green swal-
low, and cavity nesters.

3) Aesthetics (Daniel and Boster 1976; Brown and
Daniel 1984).

4) Livestock (Clary and Pearson 1969; Clary et al.
1978; Bojorquez et al. 1990) consisting of herbage
production, perennial grass production, and livestock
carrying capacity.

5) Wood (Ffolliott and Worley 1965; Barger and
Ffolliott 1969; Ffolliott et al. 1983) consisting of
merchantable volume and growth.

6) Management costs (Worley et al.1965).

Whereas sediment yield and the management costs
are to be minimized, all other criteria are to be max-
imized. The payoff values for the minimizing criteria
were multiplied by (-1) so that the modified objective
function could be maximized. In this study, the
chemical quality of the stream flow was not considered
as a criterion because the concentrations of chemical
constituents in the stream flow from the watersheds
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studied were not statistically different, indicating that

the treatments had no significant effect on the water

quality (Ffolliott 1990). Furthermore, these con-

centrations did not exceed the maximum allowable

concentrations proposed by the Environmental Protect-

ion Agency (EPA) and the Department of Environ-

mental Quality for the State of Arizona (Ffolliott

1990). Hence, water quality did not play any role

neither in the constraints nor in the alternative

selection.
After the decision alternatives and criteria were

identified, the payoff matrix had to be constructed. The

elements of the payoff matrix were taken from the

references presented with the list of criteria. The data

were then updated by more recent measurements, and

management costs were adjusted by an inflation factor.

In the payoff table, there are no data presented for

control since the payoff values were selected to

evaluate only the effect of the different treatments

compared to control. Therefore, all the values cor-

responding to the control are equal to zero. Using time

series of historical data for each criterion, except

aesthetics and management costs, a minimal, maximal,

and mean value were selected. For aesthetics and

management costs, only mean values were available

from the literature.

DECISION PROCESS

In the problem formulation, the decision alternatives,

the criteria, and the payoff matrix were specified. Since

multiple criteria were present, additional preferences

were needed to compare the different criteria and

formulate composite objectives. In applying the

weighting method, importance factors were needed,

which were obtained from an unpublished report

presented to the USDA Forest Service by a group of

several departments of the University of Arizona

(including the Department of Psychology, Sociology,

and Hydrology and Water Resources). This research

group performed a survey on the preferences of the
major decision making groups concerned with the

conservation and sustainable management of natural

resources on Arizona's watershed lands, including:

1) Water users (downstream concerns)
2) Livestock producers (upstream concerns)
3) Foresters (upstream concerns)
4) Environmental advocates (upstream-downstream
concerns)
5) Land use planners (upstream-downstream concerns).

Each group gave a set of weights to the criteria,

which were determined in a two-stage process. Each

group was asked first to divide 100 points among the

six criteria types. After the relative importance points

were determined for each type, these experts were

asked again to divide these points further among the

individual criteria belonging to each type. The five

weight sets obtained from the five groups of experts

(decision-making groups) are presented in Table 1.

The payoff values in each entry contain the mean,

minimum, and maximum values, respectively. In

practical applications there is usually only one decision

maker, who wants to combine the preferences of the

different interest groups in the final decision. A

possible approach consists of the following steps. The

decision maker first assigns importance factor to each

group, and the weighted average of the importance

factors presented by the different groups is then

computed and accepted as the final weight. Assuming

that group k assigned the relative importance factor c k ,

to criterion i and the other decision maker selected the

weight ak to group k, the combined importance factor

for criterion i is computed by the following equation:

E a
k 

C

E

The methods of the next two sections can be then

applied with these combined weights. In this case

study, no combined weights were used in order to

illustrate the dependence of results on the different

preference orders.

MEAN VALUE ANALYSIS

An MCDM analysis was initially performed based

only on the mean values of the payoff matrix. The

classical weighting method was applied by computing

a composite criterion value for each alternative j, as

where
	 c tii + c2 t2 i +	 + c i tu ,	 (I)

I	 = number of criteria;
= number of alternatives;

tI = mean evaluation value of alternative j with
respect to criterion i

c, = importance weight for criterion i, which is a
weighted sum of the evaluations of alternative n with
respect to all criteria. The weights were selected as
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Table I. Criteria, weights. alternatives, and payoff values.

Criteria Weights Alternatives

(Five decision making groups)
1	 2	 3	 4 5

Clear cut Uniform
thinning

75%

Strip cut and
thinning

Water 20 10 15 7.5 10 mean 7.49 5.89 2.34
Stream flow min -45.72 -53.09 -3.60
(cm/y) max 52.88 60.30 8.25

Sediment 20 10 10 7.5 7.0	 mean 1.4966 0.2268 0.0090
(t/y) min -0.0544 -0.0145 -0.0997

max 11.8911 1.1791 0.0544
Wildlife

Deer 2 3 2 7 3.4	 mean 2.74 6.94 3.70
(pellet/group/ min -2.15 -5.19 -1.06
ha/month) max 5.41 13.59 7.93
Elk 2 3 2 7 3.3	 mean -1.26 9.80 1.43
(pellet/group/ min -8.50 -5.56 -0.37
ha/month) max 5.98 15.22 5.04
Pygmy nuthatch 2 3 2 7 3.3	 mean -32.61 -24.46 1.73
(pair/100 ha) min -44.72 -33.60 -3.95

max -20.50 -15.32 8.89
Violet-green swallow 2 3 2 7 33	 mean -16.55 -14.33 4.20
(pair/100 ha) min -23.97 -24.46 -1.23

max -9.14 -4.20 11.12
Cavity nesters 2 3 2 7 3.3	 mean -104.52 -69.92 -31.87
(pair/100 ha) min -120.09 -106.52 -71.41

max -78.82 -5.19 20.01
Livestock

Herbage production 7 15 5 2 5.6	 mean 485.35 466.97 105.34
(kg/ha) min -92.68 353.78 -35.86

max 1168.04 576.79 339.55
Grass production 7 10 5 2 5.5	 mean 188.71 85.28 107.69
(kg/ha) min -101.19 48.30 94.47

max 530.73 120.47 148.26
Carrying capacity 6 10 5 1 5.5	 mean 0.20 0.09 0.05
(A U M /ha) min -0.12 0.05 -0.07

max 0.54 0.13 0.20
Wood

Merchatable volume 10 10 20 5 8.3	 mean -0.3834 -0.4878 -0.4449
(m 3/ha) min -0.4440 -0.6054 -0.5961

max -0.3517 -0.3610 -0.1399
Growth 5 5 15 5 8.3	 mean -2.31 -1.82 -1.35
(m 3/ha) min -2.75 -2.46 -1.71

max -2.09 -1.34 -0.56
Aesthetics

(rank) . 10 10 10 30 16.6	 mean -1.02 -0.75 -0.57

Management costs
(S/ha) 5 5 5 5 16.6	 mean 335.83 156.14 187.28
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the importance factors given by the decision-makers.

That is, for the more important criteria, their payoff
values are multiplied by larger weights; for less
important criteria, they are multiplied by smaller
weights. The main disadvantage of this approach is that
in most applications, the different criteria are measured
in different units and, therefore, the composite criterion
(Eq. 1) is difficult to interpret. As a consequence, a
normalized version of the weighting method was
actually used in solving the formulated problem. In
doing so, each criterion was first normalized as

t. —	 j}
j •

maxIt i 1— xrdn{t
'

i i }

The normalized payoff values t , are dimensionless
scalars in the unit interval [0, 1] showing the percen-
tage points of their locations between the minimal
(0%) and maximal (100%) values. The modified
composite criterion value for alternative i was then
defined as

—
C I / I	 C

2 
1
2 j 

+.	 C
/ 

r
' 	

=	 (3)

and the alternative with the highest composite criterion
value was accepted as the solution to the problem.

In our problem, we had I= 14, J = 4, and the payoff
values to i =1,2,...,1; j=1,2,...,J were selected as the
mean values given in Table 1. For example, t jj = 7.49
and t I2 = 5.89. The values of the composite criteria for
all five weight sets were then computed. The results of
these calculations are presented in Table 2. For each
DM group, the best composite-criterion values are
shown. The results show that uniform thinning is the
best alternative for the water users and livestock
producers. The irregular strip cut treatment is the best
alternative for the foresters. The control is the best
alternative for environmentalists and land use planners.
Notice also that the third alternative (irregular strip cut)
was the second best alternative for water users and
livestock producers. The difference between the two
best alternatives is the smallest for the water users. It
is interesting that the clear cut treatment was not
among the best two alternatives for any of the DM
groups.

SIMULATION ANALYSIS

In the previous section, expected values were used
for each payoff matrix element in the solution of the

problem. However, expected values alone do not
reflect the uncertainty of these values. To overcome
this problem, a simulation study was conducted to take
into account the level of uncertainty in the elements of
the payoff matrix. In each of the 100 000 simulations
performed, random values of each payoff matrix
element were generated. The triangle density shown in
Fig. I was selected as the appropriate representation of
the distribution, where m, M, and e represented the
minimal, maximal, and mean values, respectively.

The height of the triangle must be 2/(l-m) to have
a unit area under the curve. Mathematically. this
density function can be given as

	

" 2(x — m)	
if m5x5c

(M — m)(e — m)

	2(M — x) 	
if e<x5M

m)(M e)

O	 otherwise

The corresponding cumulative distribution function
is the integral of f(x). If xE(m,e], then simple
calculation shows that

2(t —m)m) 
F(x) — f 	  =

m (M — m)(e — m) 	 (M — m)(e — m)

and if ze(e, Alb then similarly

	e 	 v i , .... m)	 x 2(M— 61) 	F(x)— f 	 "—	 dill- f	 de
m (M — m)(e—m)	 e(M—rti)(M —e)

	

=1 
	(x— M)2 
(M — m)(M — e)

Furthermore, F(x) = 0 if x s m , and F(x) =./ifx> M.
It is known (see Rubinstein 1981) that if X is uniformly
distributed in the unit interval [0, ]], then Y = FAX)
follows the given distribution function F(x). To
generate random values of Y, equation F(Y) = X had to
be solved for Y. Simple calculations show that the
solution in our case is given as

if X < F(e) = e m
M — m

Y=

M —4(1— X)(M — m)(m — e) if X 2 F(e) =  e m .
M — m

(2)

f(x) —

(x  m)2

+.4X(M — m)(e— M)
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Fig. I. Density function for pay-o ff values.
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Table 2. Composite criteria values for mean value analysis.

Composite value Decision	 Alternatives
making
groups   

Clear cut
	

Uniform
	

Strip cut and	 Control
thinning 75% thinning

1 40.790 61.431' 59.057 50.123
Composite 2 46.185 58.612' 54.102 42.984
criteria 3 30.790 52.251 59.856* 54.523
value 4 15.265 48.143 58.501 69.728*

5 27.943 51.768 53.996 61.594*

• The best composite criteria values.

Table 3. Probability mass functions obtained by simulation.

Decision	 Alternatives
making
groups

Clear cut
	

Uniform
	 Strip cut and	 Control

thinning 75% thinning

1 0.00014 0.26350 0.28172 0.45464*

Probability 2 0.00553 0.28884 0.51165* 0.19398

mass	 functions 3 0.0 0.0 0.03670 0.96330*

4 0.0 0.0 0.00010 0.99990*

5 0.0 0.0 0.00097 0.99903*

• The highest probalility values for the five expert (DM) groups.

I x)

After random values of all matrix elements were
generated, the payoff table was normalized in the
same way as it was done in the previous section, and
the weighting method was applied for the resulting
random normalized payoff matrix. The weights are
either obtained from the different interest groups, or
computed as combinations of these weights by the
decision maker. The best alternative was selected
based on the same composite objective functions as
before. Therefore, during the entire simulation
procedure, it was determined how many times the

different alternatives were found optimal, and these
frequencies were divided by the total number of
simulations to obtain a discrete distribution on the set
of the alternatives. The probability value associated
with each alternative represents the probability that
the particular alternative is the best. The alternative
with the highest probability value was accepted as
the overall best alternative. The simulation procedure
was repeated with all the five sets of weights. The
resulting probability mass functions are given in
Table 3.
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The highest probability values for the five expert

(DM) groups are marked with asterisks in Table 3. It is
interesting to compare these results to those in Table 2.
Observe that the worst alternative for each group is the

first one. Notice that (in Table 2) this alternative was

the worst for water users, foresters, environmentalists,
and land use planners, and the second worst for
livestock producers. For the latter two expert groups,
the best and second best alternatives (control and
combined strip cut and thinning) also coincide. The
two best alternatives are interchanged for the second
and third DM groups. In addition, the difference
between the two best alternatives (Table 2) is less that
10% for these groups. Therefore, the discrepancy
between the two tables is not significant for these
groups. However, for the water users, the best alter-
native from Table 3 is only the third best in Table 2,
where a difference of about 20% can be observed
between this alternative and the best. The original data
presented in Table 1 have to be examined to explain
why this discrepancy occurs. Notice that water users
gave high weights for the first two criteria (20-20
points). For the best alternative (uniform thinning),
large uncertainty can be seen in the first criteria with
5.89 mean, -53.09 minimal, and 60.30 maximal values.
The range is 113.39, which is 1925% of the mean
value. This large uncertainty is the reason why this
alternative did not become again the best in the
simulation study. Hence, the simulation study does not
duplicate the mean value analysis. It really takes into
account the level of uncertainty of the model
parameters in selecting the best decision alternative.
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ABSTRACT

Discrete multiobjective programming problems are examined under uncer-
tain knowledge of the payoff values. Besides mean value analysis, two types
of distributions are considered, triangular and uniform probability density func-
tions (PDFs). A problem in forestry management illustrates the methodology.
The numerical results are analyzed and compared with a set of distance based
methods.

1. INTRODUCTION

In practical multiobjective optimization problems, the objectives are
usually based on estimations and/or measurement data; therefore, they are
uncertain. This uncertainty is usually modeled by probabilistic methods
or by fuzzification (see, for example, [1, 2]). In the first case, the uncertain
parameters are considered as random variables with distributions indicated
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by either their nature or some subjective judgment of the decision makers.
In applying fuzzification, a membership function is defined for all uncer-
tain parameters and therefore the objective functions are also considered to
be fuzzy functions. In both cases, the best decision alternative is selected
by using some multiobjective programming method. The most frequently
used methods are the distance-based techniques. An ideally "good" point
(called the ideal point) is first defined and the feasible alternative having
minimal distance from the ideal point is determined and accepted as the
solution. A useful alternative method first selects an especially "bad" point
(called the nadir) and the feasible alternative with maximal distance from
the nadir is selected as the solution. In the case of discrete problems, the
solution is obtained by enumeration, and for continuous problems, an ap-
propriate single-objective optimization method has to be used. The result
depends on the particular distance function being selected. Using different
kinds of distances and/or weights may result in different answers (see, for
example, [3]).

In this paper, a discrete forestry management problem is used as a
case study to illustrate the methodology and the dependence of the best
alternative on the type and weights of the distances selected and on the type
of distributions modeling the uncertainty of the objective function values.
The mathematical methodology is first presented and the case study is then
outlined. The numerical results are finally compared and analyzed.

2. THE MATHEMATICAL METHODOLOGY

Consider a discrete multiobjective programming problem with M ob-
jectives and N alternatives. Let a,,,,(1 < in < M,1 < n < N) denote the
evaluation of alternative n with respect to objective m. We assume that
higher objective values indicate better alternatives. (Otherwise, we have
to multiply the corresponding objective function values by [--1]). We can
now define the M x N payoff matrix with (m, n) element amn . For each
objective m, let /77., denote the ideal value, and let /Tn • denote the mth
component of the nadir. In cases when the decision-makers are unable to
supply their ideal point and/or nadir selections, we might choose:

= 21;n := max{amr, : 1 < n < N}
= Am := min{ am, : 1 <n < N}.

The scale sm of objective in is defined as

Sm = A;.„ — Am ..
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Notice that Am* (or Am .) is the largest (or the smallest) value of objective

m on the set of the given alternatives. In our study, three types of distance

functions to be optimized as indicated are selected:

(i) / 1 : distances

from ideal point:

min ECm7t —
 amn I 

m=1

from nadir:

max E cm 	 •
m=1	 sm

(ii) 1 2 : distances

from ideal point:

m — a
min E c,„ 	

Sm

m, 

)2m=1

from nadir:

max E cm 
(amn — /m . ) 2

Sm

(iii) t oo : distances

from ideal point:

(7)

{MaX MaX Cm
lamn — /m .

Sm
	(8)

The c.,(1 < m < M) weights reflect the relative importances of the differ-

ent objectives. They are usually supplied by the decision makers and it is

assumed that for all m, cm > 0 and Emm=1 cm = 1.
Consider now the special case when the ideal point and nadir are se-

lected as given in (1) and (2). Since for all m,

183

Sm
(3)

(4)

(5)

(6)
m=1

min max { cm 	airm  1
sm 	f

from nadir:



2(x — 'mn)

I.'
(Xmn — Xmn)(e — Xmn)

fmn(x) =	 2(Xmn — x)

(Xmn — xmn)(Xmn — e)
o
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[4;1 — amn1
 =	

4., — /m . + ./m. — amn
cm 	 cm

Sm	 Sm

= cm
,` — /m .1	 amn — /m .

cm 	
Sm	 Sm

l amn — /m .1
= cm cm

Sm

the minimizer of distance (3) coincides the maximizer of distance (4). That
is, in this special case, methods (3) and (4) coincide. In the further special
case of equal weights (that is, when cm =-- 1/M for all M), the minimizer
of distance (7) coincides with the maximizer of distance (8). Consequently,
methods (7) and (8) are also equivalent. Notice also that in addition meth-
ods (3) and (4) are equivalent to the well-known weighting method.

The uncertainty of the objective values is modeled by selecting a dis-
tribution for each uncertain value. It is assumed that for each element of
the payoff matrix, the decision makers are able to present a minimal, a
maximal, and a mean value, which are denoted by xmn, Xmn, and emn,
respectively. In our study, we consider the following three distribution
types:

(a) Mean value analysis with probability mass function

fmn(x) = 01
if x =- emn
if x emn ; (9)

(b) Triangular distribution with density function

if xmn < X < e

if e <z  Xmn
	 (10)

otherwise,

where

e = 3emn — xmn — Xmn;



e — Xmn if U <
Xmn — Xmn

Xmn —	 — U)(Xrnn Xmn)(Xmn — e)	 otherwise.

2:m, + N/U(Xin, — xmn)(e — xmn)
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(c) Uniform distribution with density function

Xmn	 emn
if xmn < x < em ,-,

fmr,(x)
(emn	 Xmn)(Xmn

emn	 Xmn
Imn)

if emn <	 < Xmn
(Xmn — emn)(Xmn

0

Xmn)

otherwise.

Notice that case (a) corresponds to the deterministic knowledge of the
payoff values, that is, when complete information is available on the a,
values. In case (b), we require that the expectation be equal to e rnn . This
is the reason for the given selection of parameter e. In case (c), the PDF
is a step function. The constants are selected in such a way that the area
under the curve of the function be unity, and the expectation, equal to
e„. Functions (9), (10), and (11) are illustrated in Figure 1.

Random values from the above distributions can be generated using a
routine method. In case (a), the a, value always equals e mn. In case (b),
the probability distribution function is given as

0 if x < xmn

(x — xmn ) 2
if xmn <	 < e

Fmn (x) -= (Xmn — X(rrn_n)ex( rn—n)X2 inn)

1 if e <	 < Xmn

if x > Xmn•

( Xmn)(X	
,

7rin — e)
1

It is well known that if U is uniformly distributed on the unit interval
[0, 1], then V = F;27,1 (U) follows the given distribution function Fmn (see,
for example, [4]). A routine calculation shows that:
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(12)
Consider now the uniform case. The distribution function is now:
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x
mn
	 e 

mn
	 X mn

(a) (b) (c)   

FIG. 1. Illustration of the distributions of the payoff values.

Fmn (x) =

mn Xmn

0	 if x < Xmn

(Xinn emn)(X Xmn) 

(emn Xmn) (Xmn Xmn)
mn emn	 (emn Xmn)(X emn) 

(Xmn emn)(Xmn Xmn)
1

Similarly

.

if Xmn < X < emn

if emn < < Xmn,

if x > Xmn-

 to the previous case, let U be again uniformly distributed in [0,
1 ] ; then the random variable from this distribution can be obtained by the
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transformation

( emn — zmn )(Xmn — xm„),,
xmn + 	

Xmn — emn

V	 e,, 	
(Xmn — ernn )(Xmn — Xmn)

emn — zinn

Xmn — inn

Xmn emn
(u
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X-nn — emn
if U < 	

Xm , — 'mn

otherwise.

(13)
Based on the above observations, the following simulation procedure can
be used to select the overall best alternative for each given distance-based
method. Select a large number S as the number of simulation runs. Us-
ing the above procedure, generate S random payoff matrices (in which the
elements are considered to- be independent of each other). For each payoff
matrix, use the selected method to find the best alternative and register
the number of times each alternative is found to be optimal. By dividing
these frequencies by S, we obtain estimates of the probability that each al-
ternative is the best. The alternative with the highest probability estimate
is then selected as the overall best choice.

3. CASE STUDY

For illustration purposes, a simple discrete watershed management prob-
lem will illustrate the methodology. Similar models have been investigated
by Khalili [5], Tecle [6], and Tecle et al. [7]. Tecle and Duckstein [8] present
a method to find the most appropriate multiobjective programming method
in forest management; however, they do not consider the uncertainty in the
objective functions.

Source data from four watersheds located about 80 km south of Flagstaff,
Arizona in the ponderosa pine forest type on the Beaver Creek drainage
are used. These four watersheds were established to evaluate the effect of
alternative land management practices. Although ponderosa pine forest
occupies only about 20% of the Salt—Verde River Basin in which Beaver
Creek is located, nearly 50% of the total water yield in this basin originates
from this type and therefore the management of this area requires special
attention [9, 10].

Three of four watersheds have been subjected to special treatments
designed to affect multiple use, while one watershed remained as a control
for evaluation purposes. The specific treatments were clearcutting, uniform
thinning, and a combined strip cutting and thinning.

(1) On all completely clearcut watershed, 184 ha in size, all merchantable
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poles and saw timber were removed and the remaining noncommer-
cial wood felled. In addition, all slash and debris were machine
windrowed to trap and retain snow, reduce evapotranspiration losses,
and increase surface drainage efficiency of the watershed. The wood-
land tree species were allowed to sprout and grow after the clearing
treatment.

(2) On the 121 ha watershed treated by uniform thinning, 75% of the
initial 30 m2 /ha of basal area (a measure of the density of the forest
overstory) was removed, leaving even-aged groups of trees with an
average basal area of 7 m2 /ha. All slash was again windrowed.

(3) An irregular strip cut was applied to a third watershed, which is
approximately 546 ha in size. All merchantable wood was removed
within irregular strips 20 m wide and the remaining nonmerchantable
trees felled. The forest overstory in the intervening leave strips, which
averaged 35 m width, was reduced to 25% of their basal area. The
overall treatment resulted in a nearly 60% reduction in basal area on
the watershed. Slash was piled and burned in the cleared strips.

(4) As mentioned above, one watershed was a control against which the
other three treatments were evaluated. Conditions on this watershed
represented those obtained through "custodial management," that
is, with a minimum of managerial inputs. The characteristics and
resources of this watershed are indicative of what might be obtained
in the future if custodial management is pursued in attempting to
meet people's desires.

These four treatments are the alternatives in this study. The six major
criteria groups are the following:

(1) Water production [9, 10]

(i) Streamflow
(ii) Sediment yield

(2) Wildlife habitat use [11-15]

(i) Deer
(ii) Elk

(iii) Pygmy nuthatch
(iv) Violet-green swallr,-,v
(IT) Cavity nesters

(3) Aesthetics [16, 17]
(4) Livestock production [18-201

(i) Total herbage production
(ii) Perennial grass production
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(iii) Livestock carrying capacity

(5) Management costs [21]
(6) Wood production [22-24]

(i) Growth of merchantable wood
(ii) Growing stock (merchantable and nonmerchantable wood).

Only sediment yield and the management costs are minimized; all other
criteria are maximized. The payoff values for the minimizing criteria are
multiplied by (-1).

After the decision alternatives and criteria were identified, the payoff
matrix had to be constructed. The elements of the payoff matrix have
been taken from the references presented with the list of criteria. The
data were updated by using more recent measurements and an inflation
factor. The resulting payoff table was then given to a group of experts for
evaluation. These experts were selected from the major decision making
groups concerned with conservation and the sustainable management of
natural resources on Arizona's watershed lands including

(1) Water users (downstream concerns)
(2) Livestock producers (upstream concerns)
(3) Foresters (upstream concerns)
(4) Environmentalists (upstream-downstream concerns)
(5) Land use planners (upstream-downstream concerns).

The available set of data and the judgment of the experts did not lead
to single payoff values. Instead, for each element of the payoff matrix, we
identified a mean, a minimum, and a maximum value. Each payoff value
reflects the increase or decrease resulting from applying the corresponding
treatment. Therefore, for control, all values are equal to zero. The relative
importance factors of the criteria were also obtained from the same experts.
Each group specified weights for the criteria, which were determined in a
two-stage process. We asked each group first to allocate 100 points among
the six criteria groups. After the relative importance points were deter-
mined for each group, we asked the experts again to divide these points
further among the individual criteria belonging to each group. The five
weight sets obtained from the five decision-making groups are presented in
Table 1. The payoff values in each entry contain the mean, minimum, and
maximum values, respectively. Because of the reasons explained above, no
data are presented for control.
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4. NUMERICAL RESULTS

Mean value analysis was first performed. The probability mass function
of each payoff value was selected as is given by (9), that is, each element
was assumed to be equal to the given mean value. The ideal point and
nadir were chosen by (1) and (2). As was discussed earlier, methods (3)
and (4) are equivalent to each other; therefore, methods (3), (5), (6), (7),
and (8) were applied. The numerical results are shown in Table 2 and the
best composite objective values are boldfaced. For each method, the first
row shows the results for the first decision making group (water users);
the second row contains the results for the second decision making group
(livestock producers), and so on. For the first three groups, the distance
minimizing methods gave the same best alternatives. For groups 4 and 5,
there is a discrepancy between the results of the different methods; both
control and strip cut become the best. The two distance maximizing meth-
ods gave similar results. They coincide for groups 1, 2, 4, and 5 and differ
only for group 3. For groups 1 and 2, the distance minimizing and distance
maximizing results are quite different. Furthermore, control is found to be
the best most frequently; therefore, we may conclude that this is the best
overall alternative. Strip cut and thinning is found to be the second best,
uniform thinning is in third place most frequently, and finally, clearcut is
found to be the worst alternative with the highest frequency.

Simulation results for triangular distribution are reported in Table 3,
where the highest probability values are circled. For group 1, control (three
times) and strip cut with thinning (twice) become the best alternatives. For
the second group, each alternative becomes the best and worst once; for
group 3, control becomes the best four times and strip cut with thinning,
only once. For groups 4 and 5, control is always the best. Similarly to
the previous case, control, strip cut with thinning, uniform thinning, the
clearcut is the overall order of the alternatives. Simulation results for a
uniform distribution are presented in Table 4. The best alternatives are
almost always the same as in the previous case. For methods (3), (7), and
(6), they coincide. For method (5) and group 3, control and strip cut with
thinning are interchanged. Notice that these alternatives are the two best
ones in these cases. For method (8) and group 2, the best alternatives
(clearcut and uniform thinning) change places. Overall, the order of the
alternatives is the same as before.

5. CONCLUSIONS

In comparing the results we can draw the following conclusions:
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(1) There is a very small difference between the two cases of triangular
and uniform distributions. The triangular distribution reflects much
less payoff value uncertainty than the uniform distribution. These
two cases correspond to uncertain knowledge of the payoff values.

(2) Notice that mean value analysis corresponds to the deterministic case.
The difference between this case and any one of the two uncertain
cases is much larger than the difference between the two uncertain
cases. This fact may be considered as an encouragement to use the

TABLE 2
COMPOSITE OBJECTIVE VALUES FOR MEAN VALUE ANALYSIS

Method Group Control Clearcut
Uniform
thinning

Strip cut
and thinning

1

2

49.877

57.016

59.210

53.815

38.569

41.388
40.943

45.898

(3) 3 45.477 69.210 47.749 40.144
4 30.272 84.735 51.857 41.498

5 38.406 72.057 48.232 46.004

1 6.841 7.664 4.656 5.116

2 7.323 7.287 4.994 5.455

(5 ) 3 6.319 8.290 5.447 5.011
4 5.184 9.114 6.015 4.944
5 5.945 8.441 5.504 5.293

1 20 20 7.353 13.763
2 15 10 7.353 11.744

(7) 3 15 20 11.828 10.322
4 7.5 30 22.059 16.765
5 10 16.6 12.206 9.276

1 6.858 6.349 6.674 6.655
2 6.292 6.743 6.494 6.162

(6) 3 6.998 5.506 5.846 6.695
4 8.144 3.687 5.698 6.438
5 7.650 5.209 5.816 6.000

1 20 20 16.970 19.879
2 10 15 14.432 10

(8) 3 15 15 11.797 20
4 30 7.5 7.941 13.235
5 16.6 10 8.882 8.3
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TABLE 3
PROBABILITY VALUES FOR TRIANGLE DISTRIBUTIONS

Method Group Control Clearcut

Uniform
thinning

75%
Strip cut

and thinning

1 0.45464 0.00014 0.26350 0.28172

2 0.19398 0.00553 0.28884 0.51165

(3 ) 3 0.96330 0 0 0.03670

4 0.99990 0 0 0.00010

5 0.99903 0 0 0.00097

1 0.06388 0.00012 0.33057 0.60543

2 0.00638 0.00024 0.33375 0.65963

(5 ) 3 0.45540 0 0.04784 0.49676

4 0.80342 o 0.00001 0.19657

5 0.54616 o 0.04492 0.40892

1 0.10178 0.00578 0.44102 0.45142

2 0 0.37303 0.50339 0.12358

(7 ) 3 0.54862 0.00028 0.10306 0.34804

4 1 0 0 0
5 0.69219 0 0 0.30781

1 0.87665 0.00012 0.06537 0.05786

2 0.75822 0.02235 0.08966 0.12977

(6) 3 0.99656 0 0 0.00344

4 1 o 0 o
5 1 o o o

1 0.42463 0.23394 0.23571 0.10572

2 0 0.57095 0.42905 0
(8) 3 0.72091 0 o 0.27909

4 1 0 0 0
5 1 o o 0

simulation methodology introduced in this paper.

(3) 
The differences between the results of the distance maximizing cases
as well as the differences between the distance minimizing cases are
much smaller than the differences between the two groups of methods.
This property is interpreted by noticing that the locations of the ideal
point and the nadir are independent of each other and at the same
time determine the optimal decisions.
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TABLE 4

PROBABILITY VALUES FOR UNIFORM DISTRIBUTIONS

Method Group Control Clearcut

Uniform
thinning

75%
Strip cut

and thinning

1 0.54916 0.00731 0.22275 0.22078

2 0.27567 0.01452 0.26774 0.44207

(3) 3 0.97493 o 0.00001 0.02506

4 0.99997 o o 0.00003

5 0.99972 0 0 0.00028

1 0.13190 0.00308 0.29468 0.57034

2 0.03653 0.00251 0.34597 0.61499

(5 ) 3 0.64035 0 0.02873 0.33092

4 0.95403 0 0.00002 0.04595

5 0.78613 0 0.03240 0.18147

1 0.12553 0.06119 0.38629 0.42699
2 0 0.30872 0.59482 0.09646

(7) 3 0.58652 0 0.07283 0.34065

4 1 0 o 0
5 0.74446 0 o 0.25554

1 0.83955 0.01101 0.08420 0.06524

2 0.69743 0.03378 0.11580 0.15299

(6) 3 0.99660 o o 0.00340

4 1 0 0 0
5 1 0 0 0

1 0.68967 0.14684 0.12551 0.03798

2 0 0.48161 0.51839 0

(8) 3 0.52670 0 0 0.47330

4 1 0 0 0
5 1 0 0 0

(4) As indicated by the numerical results, the weights have a much larger
effect on the optimal decisions than the actual type of distance mea-
sure. Therefore, much more attention has to be given to the appro-
priate selection of the weights than to the selection of the type of
distance function.

Based on our computer study, we also conclude that in practical appli-
cations, the uncertainty of the payoff values have a significant effect on the
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best alternative selection and therefore, our methodology is highly recom-
mended whenever suitable data are available.
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SUBROUTINE WEIGHTING(ii,jj,c,key,w,i0)

************************************************************************

* Best alternative selection by the weighiting method.

• = number of alternatives, at most 100.

• jj = number of criteria, at most 20.

• c(i,j) = payoff matrix elements.
• key(j) = +1 if maximizing, -1 if minimizing criterion j.

• w(j) = weight for objective j.

• output = i0, which is the index of best alternative.
************************************************************************

dimension c(100,20),key(20), w(20), g(100)

**************************************************

* Multiply the minimizing objective columns by -1
**************************************************

do j=1,jj

if (key (j).eq.-1) then
do i=1,ii

c(i,j)=-c(i,j)

end do

end if

end do

************************************

* Compute composite objective values
************************************

do i=1,ii

g(i)=0.0

do j=1,jj

g(i)=g(i)+w(j)*c(i,j)



end do

end do

*****************************

* Find index for maximal g(i)
*****************************

gbest= g(1)

i0=1

do i=2,ii

if (g(i).gt.gbest) then

gbest=g(i)

i0=i

end if
end do

*********************************

* Get back original payoff matrix
*********************************

do j=1,jj

if (key(j).eq.-1) then

do i=1,ii

c(i,j)=-c(i,j)

end do
end if

end do

return

end
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SUBROUTINE EPSCONSTR(ljj,c,key,b,j0,i0)

************************************************************************

* Best alternative selection by the epsylon-constraint method.

* ii= number of alternatives, at most 100.

• jj= number of criteria, at most 20.

• c(i,j)= payoff matrix elements.

• key(j)= +1 if maximum, -1 if minimum for criterion j.

• b(j)= lower (for maximum) or upper (for minimum) bound of criterion j.

• j0= most important objective.

* output=i0, which is the index of best alternative.
******************************** ****************************************

dimension c(100,20),key(20),b(20)

************************* ***** ******************************

* Multiply the minimizing objective columns and bounds by -1
************************************************************

do j=1,jj

if (key(j).eq.- 1) then
do i=1,ii

c(i,j)=-c(i,j)

end do

b(j)=-b(j)

end if

end do

******** ****** ***************** ****** *****************

* Check feasibility and find best feasible alternative
******************************************************

i0=0

kk=0



do i=1,ii

do j=1,jj

if (j.ne.j0) then

if (c(i,j).It.b(j)) go to 1

end if

end do

if (kk.eq.0) then

i0=i

best=c(i,j0)

kk=1

else
if (c(i,j0).gt.best) then

i0=i

best=c(i,j0)

end if

end if

1	 continue

end do

************************

* Get back original data
************************

do j=1,jj

if (key(j).eq.-1) then

do i=1,ii

c(i,j).-c(i,j)

end do
b(j)=-b(j)

end if

end do
return
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SUBROUTINE SEQUENTIAL(ii,jj,c,key,ipr,i0,eps)

***********************************************************

* Best alternative selection by the sequential method
* ii= number of alternatives, at most 100.

* jj= number of criteria, at most 20.

* c(i,j)=payoff matrix elements.
* key(j)=+1 if maximum, -1 if minimum for criterion j.
* ipr= jj-element array of priority order of criteria.
* output= i0, which is the index of best alternative.

* eps= small number in checking optimality.
***********************************************************

dimension c(100,20),key(20),ipr(20),iopt(100),ix(100)

***************************************************

* Multiply the minimizing objective columns by (-1)
***************************************************

do j=1,jj

if (key(j).eq.-1) then
do i=1,ii

c(i,j)=-c(i,j)

end do

end if

end do

****************

* Initialization
****************

nopt=ii

do i=1,ii

iopt(i)=i
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end do

***********************

* Find best alternative
***********************

do j=1,jj

11=ipr(j)

if (nopt.eq.1) go to 1

best =c(iopt(1),11)

do kk=2,nopt

if (c(iopt(kk),11).gt.best) best=c(iopt(kk),11)

end do
nx=0

do kk=1,nopt

if (c(iopt(kk),11).gt.best-eps) then

nx=nx+1

ix(nx)=iopt(kk)

end if
end do
nopt=nx

do i=1,nx

iopt(i)=ix(i)

end do
1	 i0=iopt(1)

************************

* Get back original data
************************

do j=1,jj

if (key(j).eq.-1) then
do i=1,ii

c(i,j)=-c(i,j)
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end do

end if

end do

return
end
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SUBROUTINE DISTMIN1(iijj,c,key,w,itype,pideal,i0)

* ** * * ** * ** ** ** ***** ******* ************ *** **** **** ***** ******************

* Best alternative selection with distance minimization with given ideal

• point.

• ii=number of alternatives, at most 100.

• jj= number of criteria, at most 20.

• c(i,j)=payoff matrix elements.
• key(j)= +1 if maximum, -1 if minimum for criterion j.
• w(j)=weight for criterion j in distance.

• itype=distance type, itype=1,2,or 3 if in distance p=1,2,or infinity.

• pideal(j)=ideal value for criterion j.
• output=i0, which is the index of best alternative.
************************************************************************

dimension c(100,20),key(20),w(20),pideal(20)

****************************************** ************************

* Multiply the minimizing objective columns and ideal points by -1
******************************************************************

do j=1,jj

if (key(j).eq.-1) then
do i=1,ii

c(i,j)=-c(i,j)

end do

pideal(j)=-pideal(j)

end if

end do

******************* ***** *****************

* Find closest alternative to ideal point
*****************************************



do i=1,ii

d=0.0

do j=1,jj

if (itype.eq.1) d=d+w(j)*abs(c(i,j)-pideal(j))

if (itype.eq.2) d=d+w(j)*(c(i,j)-pidea1(j))**2

if (itype.eq.3) then
x=abs(c(i,j)-pideal(j))*w(j)

if (x.gt.d) d=x

end if
end do
if (i.eq.1) then

i0=1

best=d

else
if (d.lt.best) then

i0=i

best=d

end if
end if

end do

**************>1c*********

* Get back original data
********************* ***

do j=1,jj

if (key(j).eq.-1) then
do i=1,ii

c(i,j).-c(i,j)

end do
pideal(j)=-pideal(j)

end if
end do
return
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SUBROUTINE DISTMIN2(ii,jj,c,key,w,itype,i0)

************************************************************************

* Best alternative selection with distance minimization with computed

ideal point.

• ii=number of alternatives, at most 100.

• jj=number of criteria, at most 20.

• c(i,j)=payoff matrix elements.

• key(j). +1 if maX111111111, -1 if minimum for criterion j.

• w(j)=weight for criterion j in distance.
• itype= distance type, itype=1,2,or 3 if in distance p=1,2,or infinity.

• output=i0, which is the index of best alternative.
************************************************************************

dimension c(100,20),key(20),w(20),pideal(20)

** *******************

* Compute ideal point
*********************

do j=1,jj

x=c(1,j)

do i=2,ii

if (key(j).eq.1) then

if (c(i,j).gt.x) x=c(i,j)

else

if (c(i,j).1t.x) x=c(i,j)

end if
end do

pideal(j)=x

end do

*************************************

* Call distance minimizing subroutine



*************************************

call distminl(ii,jj,c,key,w,itype,pideal,i0)

return
end
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SUBROUTINE DISTMAX1(ii,jj,c,key,w,itype,pideal,i0)

************************************************************************

* Best alternative selection with distance maximization with given

ideally bad point.

• ii=number of alternatives, at most 100.

• jj= number of criteria, at most 20.

• c(i,j)=payoff matrix elements.

• key(j)= +1 if maximum, -1 if minimum for criterion j.

• w(j)=weight for criterion j in distance.

• itype=distance type, itype=1,2,or 3 if in distance p=1,2,or infinity.

• pideal(j)=ideal value for criterion j.

• output=i0 which is the index of best alternative.
************************************************************************

dimension c(100,20),key(20),w(20),pideal(20)

************************************************************************

* Multiply the minimizing objective columns and ideally bad values by -1
************************************************************************

do j=1,jj

if (key(j).eq.-1) then

do i=1,ii

c(i,j)=-c(i,j)

end do

pideal(j)=-pideal(j)

end if

end do

***************************************************************

* Find alternative with largest distance from ideally bad point
***************************************************************



do i=1,ii

d=0.0

do j=1,jj

if (itype.eq.1) d=d+w(j)*abs(c(i,j)-pideal(j))

if (itype.eq.2) d=d+w(j)*(c(i,j)-pideal(j))**2

if (itype.eq.3) then
x=abs(c(i,j)-pideal(j))*w(j)

if (x.gt.d) d=x

end if
end do
if (i.eq.1) then

i0=1

best=d

else
if (d.gt.best) then

i0=i

best=d

end if
end if

end do

******** ******* **** *****

* Get back original data
************************

do j=1,jj

if (key(j).eq.-1) then
do i=1,ii

c(i,j)=-c(i,j)

end do

pideal(j)=-pideal(j)

end if
end do
return
end
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SUBROUTINE DISTMAX2(ii,jj,c,key,w,itype,i0)

************************************************************************

* Best alternative selection with distance maximization with computed
ideally bad point.

• ii=number of alternatives, at most 100.

jj=number of criteria, at most 20.

• c(i,j)=payoff matrix elements.
• key(j)= +1 if maximum, -1 if minimum for criterion j.
• w(j)=weight for criterion j in distance.
• itype= distance type, itype=1,2,or 3 if in distance p=1,2,or infinity.
• output=i0, which is the index of best alternative.
************************************************************************

dimension c(100,20),key(20),w(20),pideal(20)

***************************

* Compute ideally bad point
***************************

do j=1,jj

x=c(1,j)

do i=2,ii

if (key(j).eq.1) then
if (c(i,j).1t.x) x=c(i,j)

else
if (c(i,j).gt.x) x=c(i,j)

end if
end do
pideal(j)=x

end do

*************************************

* Call distance maximizing subroutine



*************************************

call distmaxl(ii,jj,c,key,w,itype,pideal,i0)

return
end
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SUBROUTINE GAMETHEOR(ii,jj,c,key,i0)

** * ***** *** * ************************** ************ ************ **** **

* Best alternative selection with maximizing geometric distance from

* status quo point.

* ii=number of alternatives, at most 100.

* jj=number of criteria, at most 20.

* c(i,j)=payoff matrix elements.

* key(j)= +1 if maximum, -1 if minimum for criterion j.

* output=i0, which is the index of best alternative.
********************************************************************

dimension c(100,20),key(20),status(20)

********** ***** ************* ***** ************* ***

* Multiply the minimizing objective columns by -1
*************************************************

do j=1,jj

if (key(j).eq.-1) then

do i= 1,ii

c(i,j)=-c(i,j)

end do

end if

end do

******************* *******

* Compute status quo point
**************************

do j=1,jj

x=c(1,j)

do i=2,ii

if(c(i,j).1t.x) x=c(i,j)
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end do
statu s (j )=x

end do

*******************************************************

* Find largest geometric distance from status quo point
*******************************************************

do i=1,ii

d=1.0

do j=1,ii

d=d*(c(i,j)-status(j))

end do
if (i.eq.1) then

i0=1

best=d

else

if (d.gt.best) then

i0=i

best=d

end if
end if

end do

*********************************

* Get back original payoff matrix
*********************************

do j=1 'ii

if (key(j).eq.-1) then

do i=1,ii

c(i,j)=-c(i,j)

end do
end if
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end do

return

end
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SUBROUTINE WEIGHTNORM(ii,jj,c,key,w,i0)

***************************************************************

* Best alternative selection by the normalized weighting method
• ii=number of alternatives, at most 100.

• jj=number of criteria, at most 20.

• c(i,j)=payoff matrix elements.
• key(j)= +1 if maximum, -1 if minimum for criterion j.
• w(j)=weight for criterion j in distance.
• output=i0, which is the index of best alternative.
***************************************************************

dimension c(100,20),key(20),w(20),d(100,20)

********************* ** **

* Normalize payoff matrix
** ******* ****** ****** ****

do j=1,jj

small=c(1,j)

big=c(1,j)

do i=2,ii

if (c(i,j).gt.big) big=c(i,j)

if (c(i,j).1t.small) small=c(i,j)

end do
do i=1,ii

d(i,j)=(c(i,j)-small)/(big-small)

end do
end do

***********************

* Call weighting method
***********************
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call weighting (ii,jj,d,key,w,i0)

return
end
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SUBROUTINE DMINNORM1(iijj,c,key,w,itype,pideal,i0)

************************************************************************

* Best alternative selection with distance minimization with given

* ideal point and normalized payoff matrix.
* ii=number of alternatives, at most 100.

* jj=number of criteria, at most 20.

* c(i,j)=payoff matrix elements.
* key(j)= +1 if maximum, -1 if minimum for criterion j.
* w(j)=weight for criterion j in distance.
* itype(j)=distance type, itype=1,2,or 3 if in distance p=1,2,or infinity.
* pideal(j)=ideal point for criterion j.
* output=i0, which is the index of best alternative.
************************************************************************

dimension c(100,20),d(100,20),key(20),w(20),pideal(20),

+ dideal(20)

******* ** ***** ** *************** **********

* Normalize payoff matrix and ideal point
*****************************************

do j=1,jj

small=c(1,j)

big=c(1,j)

do i=2,ii

if (c(i,j).gt.big) big=c(i,j)

if (c(i,j).1t.small) small=c(i,j)

end do
do i=1,ii

d(i,j)=(c(i,j)-small)/(big-small)

end do

dideal(j)=(pideal(j)-small)/(big-small)

end do



*********************************

* Call distance minimizing method
*********************************

call distminl (ii,jj,d,key,w,itype,dideal,i0)

return
end
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SUBROUTINE DMINNORM2(ii,jj,c,key,w,itype,i0)

************************************************************************

* Best selection with distance minimization with calculated ideal point
* and normalized payoff matrix.

* ii=number of alternatives, at most 100.

* jj=number of criteria, at most 20.

* c(i,j)=payoff matrix elements.

* key(j)= +1 if maximum, -1 if minimum for criterion j.

* w(j)=weight for criterion j in distance.
* itype(j)=distance type, itype=1,2,or 3 if in distance p=1,2,or infinity.

* output=i0, which is the index of best alternative.
************************************************************************

dimension c(100,20),d(100,20),key(20),w(20)

*************************

* Normalize payoff matrix
*************************

do j=1,jj

small=c(1,j)

big=c(1,j)

do i=2,ii

if (c(i,j).gt.big) big=c(i,j)

if (c(i,j).1t.small) small=c(i,j)

end do
do i=1,ii

d(i,j)=(c(i,j)-small)/(big-small)

end do
end do

***** ****** * ** ******** ***********

* Call distance minimizing method



*********************************

call distmin2(ii,jj,d,key,w,itype,i0)

return

end
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SUBROUTINE DMAXNORM1(ii,jj,c,key,w,itype,pideal,i0)

************************************************************************

* Best alternative selection with distance maximization with given
ideally bad point and normalized payoff matrix.

• ii=number of alternatives, at most 100.

• jj=number of criteria, at most 20.

• c(i,j)=payoff matrix elements.
• key(j)= +1 if maximum, -1 if minimum for criterion j.
• w(j)=weight for criterion j in distance.
• itype(j)=distance type, itype=1,2,or 3 if in distance p=1,2,or infinity.
• pideal(j)=ideal point for criterion j.
• output=i0, which is the index of best alternative.
************************************************************************

dimension c(100,20),d(100,20),key(20),w(20),pideal(20),

+ dideal(20)

*************** ********** ******************* ***

* Normalize payoff matrix and ideally bad point
***********************************************

do j=1,jj

small=c(1,j)

big=c(1,j)

do i=2,ii

if (c(i,j).gt.big) big=c(i,j)

if (c(i,j).1t.small) small=c(i,j)

end do
do i=1,ii

d(i,j)=(c(i,j)-small)/(big-small)

end do

dideal(j)=(pideal(j)-small)/(big-small)



end do

*********************************

* Call distance maximizing method
*********************************

call distmaxl (ii,jj,d,key,w,itype,dideal,i0)

return
end
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SUBROUTINE DMAXNORM2(iijjAkey,w,itype,i0)

************************************************************************

* Best alternative selection with distance maximization with calculated

ideally bad point and normalized payoff matrix.

• ii=number of alternatives, at most 100.

• jj=number of criteria, at most 20.

• c(i,j)=payoff matrix elements.
• key(j)= +1 if maximum, -1 if minimum for criterion j.

• w(j)=weight for criterion j in distance.

• itype(j)=distance type,itype=1,2,or 3 if in distance p=1,2,or infinity.
• output=i0, which is the index of best alternative.
********* *********** *************** *********** ************** *********** *

dimension c(100,20),d(100,20),key(20),w(20)

*********** *** ***********

* Normalize payoff matrix
****************** *******

do j=1,jj

small=c(1,j)

big=c(1,j)

do i=2,ii

if (c(i,j).gt.big) big=c(i,j)

if (c(i,j).1t.small) small=c(i,j)

end do
do i=1,ii

d(i,j).(c(i,j)-small)/(big-small)

end do
end do

*********************************

* Call distance maximizing method



** ***** ********* * ********* *** ****

call distmax2(ii,jj,d,key,w,itype,i0)

return

end
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