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HIGHLIGHTS

Quantified Evaluation for Decisions (Q.E.D.) is a methodology for evaluating the
environmental quality impacts of programs and actions so such impacts can be aggregated
and compared with the economic impacts, and trade-offs between the two categories can be
analyzed. Such comparisons and trade-off analyses meet recent legislative requirements
that government programs be evaluated on multiple criteria to provide policymakers with
information on achievement or lack of achievement of various societal goals and objectives.

This report discusses the conceptualization and application of the Q.E.D. methodolo-
gy. Presented first is the environmental-agricultural problem setting; second, the role of
human values and perceptions in evaluation, and third, the specifics of how the system is
structured and applied. The report then discusses procedures for developing information on
trade-offs among alternative goals and/or objectives, and gives suggestions for presenting
the resulting information to decisionmakers. Application to a water quality improvement
project is used as an example throughout.

The Q.E.D. methodology permits the combining of (1) objective information on
physical and biological impacts of a plan with (2) objectively determined information on
people's attitudes and values toward the environment, and (3) objective and/or subjective
information on people's perceptions of environmental attributes, to produce indices rating
the degree to which a plan achieves environmental quality objectives. In addition, measures
of the impacts on the various components of environmental quality can easily be provided
to decisionmakers. The methodology provides all the information in a quantitative form
which has many advantages in terms of ease and efficiency in comparing alternatives.

The presentation of a trade-off curve between economic and environmental goals has
the advantage of explicitly demonstrating what is being given up in dollar terms to gain an
improved environment. In addition, the trade-off curve can be used to summarize for the
decisionmaker the relative effects of many alternative plans.

For delivering the information derived in Q.E.D. and the trade-off analysis, tradi-
tional reports, and/or computerized information systems can be used. The latter have the
potential to increase greatly the efficiency with which information can be transferred to
decisionmakers, thus resulting in the potential for more alternatives to be considered (as
well as alternatives to be considered in more detail) than currently possible. Use of the
procedures for planning and evaluation contained in the Q.E.D. methodology should lead
to improved applications of multiple objective planning.
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Quantified Evaluation for Decisions:
Measuring Achievement of Environmental Goals

and Analyzing Trade-offs

Russell L. Gum, Louise M. Arthur, Eric B. Oswald,
and William E. Martin

ABSTRACT

Federal legislation requires that governmental programs be evaluated on a wide set of
criteria to provide policymakers with information on the achievement or lack of achieve-
ment of goals and/or objectives. A methodology to identify and quantify measures of
achievement is described. In addition, the methodology is designed to facilitate the
comparison of alternatives in terms of trade-offs among conflicting goals and/or objec-
tives. An example is presented for quantifying and evaluating the achievement of environ-
mental goals and objectives in water quality improvement projects.

The trade-offs between environmental quality and economic well-being are discussed
and the usefulness of the methodology for providing assistance to policymakers in making
such trade-offs described.

Keywords: Environmental quality, trade-offs, planning, water resources, environmen-
tal evaluation, environmental impacts, evaluation systems, water quality.

Quantified Evaluation for Decisions (Q.E.D.) is a methodology for
evaluating the environmental quality impacts of programs and actions, so
such impacts can be compared with the economic impacts, and trade-offs
between the two categories can be analyzed. The need for such a method-
ology derives from two trends. One is increasing public concern about the
quality of the environment; the other is the increasing concern for govern-
mental accountability and efficiency. As a result of these two trends, recent
federal legislation requires that governmental programs be evaluated on a
wide set of criteria to provide policymakers with information on the
achievement or lack of achievement of various societal goals and/or
objectives, including environmental quality. Environmental quality evalu-
ations are required, for example, under the Water Resources Council's
Principles and Standards (P&S), the Resource Conservation Act (RCA),
the Resource Planning Act (RPA), and for Environmental Impact State-
ments (EIS).

Procedures and methods for accomplishing such environmental eval-
uations have been developing over many years. The Q.E.D. system has



evolved from other multiple objective planning systems: Strawman (Tech-
nical Committee, 1971), TECHOM (Technical Committee, 1974), and
System for Quantified Planning Inquiry (Arthur, Bouwes, and Gum,
1976). This report discusses the conceptualization and application of the
Q.E.D. system. Presented first is the environmental-agricultural problem
setting; second, the role of human values and perceptions in evaluation;
and third, the specifics of how the system is structured and applied. The
report then discusses procedures for developing information on trade-offs
among alternative goals and/or objectives, and gives suggestions for
presenting the resulting information to decisionmakers. Application to a
water quality improvement project is used as an example throughout.

Environmental-Agricultural Problem Setting

Some adverse environmental impacts, which are directly or indirectly
related to agricultural production, include erosion of prime agricultural
land, groundwater pollution, fish kills from pesticide applications, de-
struction of aquatic habitat from sedimentation, near extinction of some
mammalian species from land use changes, and desertification from over-
grazing. Although beneficial effects of production also occur-preservation
of scenic beauty in rural areas, provision of wildlife habitat, and others-
concern over the negative environmental consequences has led to the
design and implementation of governmental programs to improve envi-
ronmental quality in rural areas, and to the review of the direct and indirect
environmental impacts of other agricultural programs. To evaluate the
effects of these governmental programs on the rural environment, it is first
necessary to understand the interaction of the rural environment and
agricultural production systems.

A very simple illustration of the rural environment-agricultural pro-
duction system is displayed in Figure 1.' Two aspects of this system are of
critical importance: 1) the feedback from agricultural production to the
agricultural resource base (e.g., soils, water) and to the ecosystem, and 2)
the linkages among agricultural production, the ecosystem, and the human
values system; the perceived quality of ecosystems and land systems meet
human needs and values as do agricultural products. It is obvious from
such a system that trade-offs exist between environmental quality and
agricultural production. Because of the dynamic nature of the feedback
loops, these trade-offs exist both at the present and between the present
and future. It is also apparent that these trade-offs can and should be
measured in terms of their impacts on human values or goals.

' For simplicity, the resource base and ecosystems are separated although interdependences exist here as well.
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Resource Base

Agricultural Production

Ecosystem

Achievement of
Human Values

Figure 1. Rural environment/agricultural production system.



Human Values and Perceptions in Decisionmaking

Many strategies and institutional arrangements exist for deciding on
and managing programs that deal with the rural environment production
system. However, all strategies perform the same basic functions and
process the same general types of information (Figure 2). Conceptually,
the decision/management system receives information on the achievement
(or nonachievement) of human or social goals-which we label value
indicators-and makes policy and management decisions which impact the
physical-biological-social systems-which we label real systems. The real
system is observed and technical measurements (indicators) made of its
state. The technical measurements are then translated by human percep-
tion and values into value indicators of goal achievement.

If the transformation from technical measurements to value indica-
tors is not recognized or not made properly, serious aberrations are
introduced into the decision/management system. The simplest type of
aberration occurs when a single physical characteristic is identified and
measured, but no analysis is made of the relationship between human
values or perceptions and the physical characteristic. An assumption is
made that the physical characteristic has values in and of itself, or that
however the physical characteristic is measured, the measurement is ap-
propriate as a value indicator. For example, land subsidence caused by
groundwater withdrawals is often noted as a critical problem in and
regions. Evaluations such as "the land has subsided 10 meters at the basin
center" are made, suggesting that 10 meters is a direct indicator of human
values. However, there is no direct one-to-one relationship between the
distance the land surface sinks and human values. In one basin in Arizona,
for instance, the land has sunk approximately 10 meters at the center of a
basin which is about 50 km in diameter. The impacts on humans consist of
costs of maintenance of wells and a few thousand dollars a year to repair
highway cracks (McCauley and Gum, 1975). Yet, land subsidence is often
mentioned as a major reason for building the Central Arizona Project to
import water at a cost of several billion dollars (Griffin, 1980).

Another example of the same aberration is the use of gross erosion as
the appropriate measure of the water quality effects of erosion. In fact,
reducing gross erosion may have little effect on water quality. Factors such
as habitat types, particle size, distribution of sediment, and timing of
erosion events must be considered in physically or biologically describing
the environmental impacts of erosion. In addition, the human values
related to the maintenance of land productivity, the aesthetics of water
systems, and the need for wildlife habitats need to be considered explicitly
in managing erosion. If such values are ignored, scarce resources may be
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spent to solve problems which have no significant impacts on human
values. The solution of these nonproblems may have significant negative
impact on human values because of the wasted resources.

Many other cases exist in which physical facts are used inappropriately
as evaluative measures. Scientists are often reluctant to use anything but
"hard" physical facts for any purpose. This is fine for "science," but it is
inappropriate for decisionmaking which is related to achievement of
human goals. In its simplest form, governmental decisionmaking requires
the merging of information on human values with information on the
expected results of alternative proposed actions in order to select among
possible alternatives. Methodologies are needed to incorporate directly the
value and perceptual process into the decision process.

Traditional decision tools such as cost-benefit analysis provide
decisionmakers with quantified information on the economic and (pre-
sumably human) value of proposed actions and/or projects. Other tools
such as Environmental Impact Statements have simply provided descrip-
tive information on the physical and biological impacts of proposed
actions and projects. Although policymakers often use quantified infor-
mation on the economic value of a proposed action or project as a basis for
decisions, direct use of quantified information on physical and biological
effects of proposed actions is not currently standard practice.

Many decisionmakers have relied upon vague, intuitive methods to
place human values on physical and biological impacts; others have turned
to researchers' efforts to create hypothetical markets for the environmen-
tal goods and measure values in monetary units. A third approach, and the
one used in the Q.E.D. system, is that of defining and developing a
nonmonetary value index for environmental quality. Such an approach
permits multiple objective planning procedures to be used, and analyses to
be made of trade-offs between the economic and environmental effects of
a policy.

Conceptual Process of Q.E.D.

The Q.E.D. methodology for evaluating environmental quality (EQ)
impacts involves a hierarchy of concepts and a recursive process (Figure 3).
First, general EQ must be broken down or disaggregated into component
parts, until a point is reached where human perceptions of physical
changes in the components are possible (Perceived EQ Attributes). These
perceived (or perceivable) attributes must then be linked to technical
measurements or indicators of the physical impacts of particular actions.

Once this linkage is established and program actions applied, the
process reverses. Information from the lower levels is aggregated to form
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Figure 3. Conceptual hierarchy of the Q.E.D. environmental account.

information for higher levels. Measures of the effects of proposed actions
on technical indicators (at the bottom of the hierarchy) are used to estimate
the actions' effects on perceived EQ attributes; the measures of impact on
EQ attributes are then used to determine the effects on EQ components;
and finally, the latter measures are used to estimate the measure of general
EQ impact.

The process of transforming the technical impacts of the policy
actions into valuations of general EQ involves quantification of the human
valuation of these technical aspects. In economic analyses, market prices
are used to indicate the relative human value of physical measures such as



pounds of rice or kwh of electricity. Similarly, in analyses of EQ, human
values must be used to weigh the importance of various technical measures
of environmental impacts, such as the number of fish killed or acres of bear
habitat created. The Q.E.D. system incorporates human values into meas-
urement process in the following manner. First, the technical indicators are
translated into measures of perceived EQ attributes, defined as the smallest
unit, where change in a technical indicator can be directly perceived by
people without special instruments. An example of a perceived EQ attri-
bute is water clarity. People can observe water clarity directly but cannot
judge water clarity in terms of turbidity units. Such a judgment must come
from experiments on perception or other technical sources. For example,
Judge (1975) estimated that the relationship between turbidity and the
perceived attribute water clarity could be modeled by a power function: z

perceived water clarity = turbidity `89 (1)

where perceived water quality is measured on a scale of 0-10 and turbidity
is measured in Jackson Candle Units. These estimates were based upon
actual observations of how people rated the clarity of samples of drinking
water of varying turbidity. Of critical importance to the Q.E.D. system is
that people can perceive the attributes and judge their quality, and that
scientists can observe and quantify this perception-evaluation process.

Human values are also used to develop measures for the EQ compo-
nents. The measure of an EQ component is based on aggregation of
measures of the attributes which comprise the components. To continue
the example of water clarity, water clarity might be combined with water
odor and debris to form an EQ component of water appearance. To
develop an actual measure of water appearance, the relationship in value
terms of the EQ attributes (clarity, odor, debris) to the EQ component
(appearance) must be defined. In the Q.E.D. system, the relationship is
defined as a power function:'

water appearance = claritya * odorb * debris` (2)

where a, b, and c are the preference weights (powers) which define the
relative importance of the attributes in determining the component. The
sum of the preference weights must equal one. Such a function was
estimated by Judge (1975) as:

water appearance = clarity .38 * odor .37 * debris .25 (3)

' Further support for a power function comes from Eckman and Kunnapas (1%1), Gregson and Russell (1%5), Hamblin (1971),
Maskowitz (1972), Stevens (1%9), Ward (1973).

' Although the true nature of the function is largely unknown, the bulk of the literature in this area supports use of the power
function. See Dawson and Brinker (1971), Gregson and Russell (1965), Hamblin (1971), Hamblin and Smith (1966), Maskowitz (1966),
and Stevens (1966).



The same procedure of using a power function with preference weights is
used to combine the EQ component measures into the general EQ measure.
By repeating the process for each policy alternative, a set of measures of
EQ impacts is generated.

The EQ measures then can be compared to the economic benefits or
costs of each policy alternative. This comparison results in a set of
trade-offs which can be presented to decisionmakers.

The above process is reasonable both in theory and in practice for the
evaluation of rural environment versus agricultural production problems.
In general the process seems very complicated, but it becomes relatively
simple for most applied problems. In addition to providing information on
trade-offs to decisionmakers, the process has the characteristic of forcing
the analyst to think of the human dimensions of a problem, not just the
technical aspects of a supposed problem. It may be this characteristic of the
methodology which is of the most value.

Implementation of Q.E.D.

The implementation of the conceptual process described above re-
quires the following steps:

1. Definition of the problem.

2. Definition of EQ components and attributes.

3. Preference weighting of components and attributes.

4. Definition of technical indicators.

5. Quantification of linkages between technical indicators and perceived attributes.

6. Specification of policy alternatives.

7. Modeling impacts of policy alternatives on technical indicators.

8. Evaluation of EQ effects of alternatives.

Definition of the Problem, EQ Components, and Attributes
The first step is simply to define the general limits of the problem set,

for example, the evaluation of water quality and erosion problem in
Oregon's Willow Creek watershed (USDA, 1977). Step two is to define the
aspects of human value associated with the identified problem. One set of
values includes products bought and sold in the marketplace. These values
can be evaluated in traditional economic terms, using market observations
of prices and quantities, and this part of the evaluation will not be
discussed. Of concern here are values of nonmarket goods, EQ in particu-
lar. The EQ components and attributes can be developed by using the
following rules:

11



1. 1 ne components/ attributes should not overlap, but the same
technical indicators can appear under more than one attribute.

2. All attributes of any one component should be independent, i.e.
reflect truly different values people hold.

3. All components should be independent.
4. Attributes of any component should be exhaustive, that is, should

include all attributes thought to comprise the component, or at
least include all attributes of the component which will be impacted
by any of the alternatives considered.

Rule one allows one technical indicator to have impacts on multiple
attributes. For example, the measure of suspended sediment could impact
the water clarity attribute as well as the aquatic habitat attribute; cases are
possible in which a technical indicator could influence one attribute in a
positive way and another in a negative way, but the normal case would be
for the components to react in the same direction to a change in a technical
indicator. Thus, the system allows components to be joint products of
technical indicators. This does not mean, however, that values are being
double counted, but rather that because of joint production, technical
indicators can influence the values in more than one component of envi-
ronmental quality.

Rules two and three prohibit values from being double counted. By
definition, attributes of a component and all components must reflect
different human values. Rule four insures that impacts of the alternatives
will be measured in a comprehensive manner.

Derivation of EQ component/attribute "tree" may require the partic-
ipation of both experts and the general public, the public to identify
attributes and the experts to aggregate the attributes into components. The
attribute/component identification process can be formalized as a survey
for public input and as a Delphi procedure for the expert input. In some
cases (especially when the subject has already been addressed formally by
other researchers), it might be more easily accomplished informally; for
example, experts may be able to go to the literature for information on
public perceptions or may find the components dictated by law or conven-
tion. In the case of water quality, similar attribute structures have been
defined by Technical Committee (1974); Barker (1971); Coughlin (1975);
David (1971); Dornbush and Barranger (1973); Greeley, Johnson, Rowe,
and Turett (1972); Horton (1965); Kooyonjian and Clesceri (1974); Oswald
(1978); Newsome (1972); and Willeke (1968). The similarity of these
descriptions of water quality demonstrate the general validity of such
approaches. The EQ component/attribute tree developed for the Willow
Creek study is displayed in Figure 4.

12
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Preference Weighting of Components and Attributes
It is obvious that all the attributes and components relevant to any

given planning problem are not of equal importance. In the real world,
trade-offs must be made between competing goals. To provide policymak-
ers with information on the relative importance of the components/attributes
within the Q.E.D. system (Step 3 above), it is necessary to select a function
to aggregate the values from the attributes to components and then to
environmental quality and to estimate the parameters of this function.
Although many functional forms could be used, the form corresponding
"best" to experimental results on the human perception and value process
is a power function homogenous of degree 1 (Footnotes 2 and 3). The
parameters of such a function are simply the exponents of the elements and
can be referred to as preference weights. For example, the multi-attribute
utility function corresponding to the component/attribute tree in Figure 4
is a power function, as used in equations (1) to (3). The general form of the
function is:

E.Q. attribute/component index = H Xiwi
i = 1,n

(4)

where,
Xi is the measure of a policy's effect on component/attribute i,

and wi is its preference weight,

and n components/attributes are to be aggregated into a measure of impact
on the next highest component/attribute in the hierarchy (e.g., Figures 3
and 4).

Because EQ in the Q.E.D. framework is defined as "perceived"
environmental quality-that is, EQ as judged by any relevant group of
individuals-the aggregation weights, wi, represent the perceived impor-
tance of the various attributes and components of EQ. The preference
weights can be generated by several different approaches. One reasonable
approach is to use an opinion survey of the general public (or a relevant
subset) to develop these weights. A second approach is to use the opinions
of the policymakers. In either case, the dependence of the Q.E.D. planning
methodology on quantitative relationships and manipulations within the
hierarchical structure requires that the achieved preference weights exhibit
the properties of ratio scales. Several ratio-scaling techniques are adapta-
ble for Q.E.D. applications (Stevens, 1968). Based on tests of alternative
methods, the Metfessel General Allocation test (Metfessel, 1947), modified
for use in phone survey, was selected (Gum, 1976; Gum, Arthur, and
Magleby, 1978; Gum, Judge, Kimball, and Wilson, 1973; Stuby, Carpen-
ter, and Arthur, 1979). The modified approach is a rank and distribute

14



process, wherein the respondents are first asked to rank a set of goals and
then to distribute 100 points among the goals to indicate the relative
importance of each. An example of the procedure is described below."

Using an interactive computer terminal, an interviewer reads the ques-
tions from the terminal screen and enters the response. The computer then
makes any necessary calculations, determines which question should fol-
low, and displays it to the interviewer. The questions are in the following
format, where * indicates wording or numbers determined or calculated
and inserted by the computer program.

"Several factors affect the quality of water in rivers and streams. Considering the
following factors, which is most important to you personally:

1. that the water is at least as clear as it is now?

2. that the smell doesn't get any worse?

3. or that there is no more litter or debris in the water than there is now?

Which of the three do you feel is most important?
..................................................................................................(Answer)

Which of the two remaining are most important?
They are ...................................* and ....................................

Now we would like you to distribute a total of 100 points among the three to show the
importance of each. You give the most points to the one that is most important and so on.
But remember, you only have 100 points to distribute among the three. How many of the
points would you give to (most important *)? ................(Answer) How many of the
............... * remaining points for (second most important *)?...............(Answer). This
leaves ............... * points for (third most important *)."

Ratings must sum to 100, but can be distributed in any manner.
Hypothetical responses for 4 respondents might be:

R1 R2 R3 R4 Mean

Mean
Preference

Weight

Clarity 0 50 60 37 36.75 .37
Odor 0 50 20 26 24.00.24
Debris 100 0 20 37 39.25.34
Total 100 100 100 100

The resulting numbers serve as a basis for the preference weights for
equation (1). The preference weights are simply the response divided by
100.

Complete results for an analysis of predator controls using the rank and distribute technique are presented in Gum, Arthur, and
Magleby (1978) and Stuby, Carpenter, and Arthur (1979). A discussion of the statistical properties of the rank and distribute type of
question is presented in Carpenter and Blackwood (1979).

15



The individual preference weights can be used in several ways. First,
the weights can be averaged as in the example above. For most applications
of the Q.E.D. system, the mean should be adequate. Alternatively, howev-
er, the individual preference weights can be used to calculate EQ measures
for each alternative and each individual in the sample; then by assuming
each individual's preference is equally important, the EQ ratings for each
alternative can be averaged across individuals. Because of the nonlinear
nature of the EQ preference function, the results from the two approaches
likely will differ slightly.

A third alternative is to separate individuals into interest groups and
report the EQ measures by interest groups. Finally, individual responses
can be statistically analyzed and individuals sorted into groups with
common values (e.g., using cluster analysis). The EQ measures for each of
the common value groups could then be reported (Gum et al., 1976 and
1978). These latter two approaches may be used when decisionmakers are
interested in the distribution of impacts among individuals.

Definition of Technical Indicators

The fourth step in the Q.E.D. evaluation process is to define the
technical indicators to be measured. Data availability, model availability,
the specific characteristics of the problem, and research resource con-
straints determine the choice of technical indicators. A very large number
of possible technical parameters exist for the example of erosion and water
quality improvement. For example, the U.S. Environmental Protection
Agency has a data system which reports more than 2,000 different physical
and biological water quality parameters (technical indicators). To select
among the alternative technical indicators, two questions must be an-
swered; 1) Is variation in the EQ attributes (e.g., clarity, debris, odor; see
Figure 3) related to changes in the technical indicator? and, 2) Do models
exist to relate the variation in technical indicators to the policy alternatives
to be evaluated?

A perfect study would select technical indicators and models which
would accurately and completely relate all possible alternative plans to the
human goals. Perfect studies do not, nor will they ever, exist. Trade-offs
exist among accuracy, completeness, analysis time, and analysis cost. In
fact, the selection of technical indicators, modeling approach, and analyti-
cal technique is a decision involving multiple objectives. For the Willow
Creek application the technical indicators listed on the following page were
selected. These technical indicators were judged to measure almost all the
changes in the environmental quality components caused by the alternative
policy to be considered (Figure 4).



EQ Attributes/Components

Natural Resources
Land

Productivity
Scenic Beauty

Water
Productivity
Scenic Beauty

Quantity
Appearance

Debris
Odor
Clarity

Algae
Sediment

Air Quality

Biota Quality
Aquatic Component
Riparian Habitat
Terrestrial Component

Cultural Resource

Human Health

Recreation Quality
Fishing Quality
Swimming Quality
Boating Quality
Hunting Quality

Technical Indicator

Years of topsoil remaining
Composite index of land use-beauty value

Water yield in acre feet per year

Flow in cfs

Percent of water surface affected by debris
Summer waterflow in cfs

Percent water affected by algae
Suspended sediment in mg/I.
Number of days particulate quality standards

are exceeded
Index of riparian habitat quality
(Oswald, 1980)

Actual accounting of resources and effects

Contaminated drinking water sources

Water Scenic Beauty Index
{(composite index of quantity
and quality consideration)
Terrestrial component (sub-index) of riparian

habitat index

Quantification of Linkages
After technical indicators have been chosen, they must be related

mathematically to the EQ attributes (Step 5). For example, if mg/l of
sediment is chosen as the technical indicator for the measure of the soil
component of water clarity, then a transformation of these physical units
into perceived value units must be determined. In quantifying this relation-
ship, two major problems are encountered. First, value is subjectively
perceived, not measured by a directly observable physical "yardstick."
Secondly, although the general public perceives achievement of social
goals (e.g., environmental goals), the technical phenomena that underlie
their perceptions are usually understood only by specialists. The first
problem can be reconciled by using surrogate indices of value or goal
achievement. The second problem can be solved by collecting information
on connective relationships from groups of people who have knowledge of



the perceptions of others and of the technical measures. A multidiscipli-
nary group usually is required because of the wide range of technical
indicators impinging on environmental quality.

The decisions made by this group of experts fall into two categories.
The group should: 1) attempt to achieve consensus on the current value of
EQ attribute both in terms of the technical indicators and the surrogate
index; and, 2) establish the functional relationship between the technical
indicator and attribute's value scale.

One procedure for arriving at a consensus is the Delphi method. The
Delphi method assumes that most people have experience and understand-
ing, but their information is biased and incomplete. Delphi compensates
for these difficulties by pooling the judgments of a group in an effort to
expand experiences and understanding as well as cancel biases. The proce-
dure involves the following steps:

A. Members of the group are asked to respond individually to a set of
very specific questions.

B. The responses are fed back to the group. Controlled feedback is
used to reduce semantical noise, while allowing respondents to
re-think their second-round answer.

C. If responses are again widely distributed, the questions are asked
again.

D. Step B and C are repeated until the group achieves a near
consensus.

The outcome of each successive round is usually less diverse. In
general, there is a direct relationship between the deviation of an individu-
al's response from the median and the proportion of change in response
between rounds. Convergence towards the median, even if the median
itself changes, gives the statistical response a greater degree of credibility.
(Conversely, in the case where individual responses diverge, uncertainty
increases.)

Group decisions have both advantages and disadvantages. Groups
tend to possess a greater total amount of knowledge. In addition, decision
comprehension and flexibility of thought are facilitated by group decision-
making. In extensive experimentation, Dalkey (1969) found overall group
judgments were 45 percent more accurate than individual responses. As a
disadvantage, group decisions tend to create varying degrees of manipula-
tion, domination, competition, and pressure to conform. Fortunately,
most of these shortcomings can be controlled by the group conductor.

Most experiments using the Delphi method deal with responses to
factual questions, yet the Delphi principle can be applied to value judg-
ments as well. Even though there is no standard by which to measure the



accuracy of a value judgment, we do not believe that perceptions of the
environment are capricious. Given a range of opinions, the median is more
likely to be representative of general beliefs than any individual response.
Like factual judgments, group judgments about perceptions should exhibit
a reasonable distribution of individual responses, and second-round an-
swers should converge towards a median. A similar group of experts
should produce similar results in a second experiment.

To develop the technical indicator to attribute relationships necessary
for the Q.E.D. system, a graphic Delphi procedure can be used. The expert
group indicates its opinions about the technical indicator to attribute
relationship in graphical form. The graphs are then summarized and the
Delphi process repeated until a consensus is reached. An example of the
graphical approach is presented in Figure 5. Each individual on the panel
draws the technical indicator to attribute function and then repeats the
procedure after summary measures of the entire panel's results are presented.

On the vertical-axis is the index of water clarity, with 10 being defined
as the clearest possible water and 0 as the least clear. On the horizontal-axis
is the measure of suspended sediment concentration in mg/l. It is logical
that water with no suspended sediment is clear; thus, all the "experts"
started their functions at the water clarity index of 10 and the correspond-
ing sediment concentration of 0. However, the experts in the example
disagreed on the rate of decline in water clarity as a function of increasing
concentration of suspended sediment (for example, lines A and B, Figure
5). After several rounds of the Delphi process, they agreed on the relation-
ship displayed as line C in Figure 5. Line C suggests that at a concentration
of 0 ppm, people will perceive the water to be perfect on the clarity index.
As the concentration of sediment increases, the value index will decrease
until approximately 2,200 ppm of sediment, then people are unable to
perceive any further degradation in water clarity.

If our management system is a daily or instantaneous system, the
above measure is appropriate; if, on the other hand, a management system
is an annual system, then the problem of aggregating over time arises.
Consider Figure 6. If severe storm events cause extremely high levels of
sediment runoff and if mean sediment is used as a technical measure, the
value of the attribute index could be zero. If median concentration is used,
the index would be much higher and also a more logical representation of
people's average perceptions of water clarity over the entire year. A better
method would be to calculate the water quality values for each day of the
year and average these values (perhaps by a geometric mean to better
represent responses to extremes) for a yearly measure of the goal. Other
attributes will have similar seasonal fluctuations; thus, particular attention
must be paid to such occurrences in the process of evaluation of alternatives.
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Figure 6. Example of timing problems in attribute measurement.
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Specification of Policy Alternatives
The next step in the evaluation process is to define the possible

alternatives to be investigated. These might range from construction
alternatives to economic incentives to legal regulations and others. In the
evaluation being conducted for the Willow Creek subbasin in Oregon,
alternatives will include the structural practices of terracing, diversions,
sediment ponds and grade stabilization; the vegetative and management
practices of grassed waterways, reduced tillage, residue management, and
contour or strip cropping.

Modeling Impacts of Policy Alternatives on Technical Indicators
Once a set of alternatives is defined, it is necessary to relate the

alternatives to the technical measures. If, for example, the alternatives
include alternative land management techniques, then their impact on
erosion and sediment in waterways must be modeled. As in the selections
of technical indicators, the selection of models of the technical effects of
alternatives depend on the specifics of the problem and the resources



available for the research. The basis model selected for the Willow Creek
study was the Chemical Runoff and Erosion from Agricultural Manage-
ment Systems (CREAMS; Knisel, 1980). The model will allow the estima-
tion of the timing and character, as well as amounts of chemicals and
sediment produced by agricultural production systems. In addition, a
habitat model is needed to estimate the impact of alternatives on wildlife.
The selected model is based on the Habitat Evaluation Procedures (HEP)
of the U.S. Fish and Wildlife Service (revised 1978).5

Evaluation of EQ Effects
Once the technical impacts of the alternatives have been modeled, they

can be expressed in the component values by use of the transformations
developed in Step 5 of the process. An example of the evaluation of two
alternatives using the Q.E.D. is presented below.

Assume Plans X and Y are similar with respect to all technical
indicators except sediment concentration. Plan X results in a sediment
concentration of 1,400 mg/I and Plan Y in sediment concentration of
250 mg/l. From Figure 5, Line C, the level of the attribute water clarity is
2.0 for Plan X and 7.0 for Plan Y. If the preference weights for water
clarity, debris, and odor are .5, .3, .2, respectively, and if the attribute
measures for debris and odor for both plans are 8, then the measure of
water appearance for Plan X is:

Water appearance = 2.5 X 8 3 X 8.2 = 4

for Plan Y is:
Water appearance = 7.5 X 8.3 X 8.2 = 7.5

By using preference weights for the remaining components, the informa-
tion on changes in clarity can be aggregated into measures of changes in
environmental quality.

If the above steps have been completed, all the information necessary
to relate proposed policy actions to the achievement of the general envi-
ronmental quality has been developed. Specifically, the following have
been accomplished:

A. Environmental quality has been defined in terms of a component-
attribute taxonomy by the process of disaggregating overall quality into a
hierarchical array of components (such as air quality and water quality),
the lowest level being attributes that can be perceived directly (e.g., odor,
water clarity, etc.).

B. The relative importance (to the public) of each attribute and
component in determining environmental quality has been determined.

'A further discussion of the Riparian Habitat model can be found in Oswald (1981).
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C. The technical indicators that underlie perception of attributes (e.g.,
flow in cfs, suspended sediment in mg/l, etc.) have been identified.

D. Functional relationships between technical indicators and attri-
butes have been determined.

E. The impact of policy actions upon the technical indicators has been
defined.

Using the information developed for Q.E.D., the effects of a pro-
posed plan can be measured in terms of an index of achievement of
environmental quality, and the environmental impacts of various policy
alternatives can be compared.

Trade-off Analysis
There are several alternative methods available for using the Q.E.D.

approach in a trade-off analysis framework. All the alternatives require as
input a measure of economic benefits, such as described in the Principles
and Standards (P&S) National Economic Development Account, to com-
pare to environmental benefits.

One approach is to follow P&S regulations and compare three alterna-
tive plans to the without project situation: (1) an Economic Development
Plan (ED), (2) an Environmental Quality (EQ) Plan, and (3) a Compro-
mise Plan. The summary information presented to decisionmakers would
be net economic benefits and the environmental index. For example:

Change in economic
account

Millions of dollars

Change in EQ index

Units

Without 0 0
ED + 20 -30

EQ -10 +20
Compromise +5 -10

Such a simplistic analysis generates little information on actual environ-
mental-economic trade-offs. It would be useful, for example, to know if an
alternative exists which could improve both ED and EQ, however slightly.

More detailed information on trade-offs can be developed in two
ways. One approach is to analyze a large number of alternatives. In a study
of predator control, for instance, the economic and environmental impacts
of 625 alternative plans were analyzed (Gum et al., 1978). The plans were
sorted into efficient and inefficient (i.e., lower in both economic and
environmental benefits than other plans) categories and the range of
efficient plans was presented to policymakers.

2
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Figure 7. Efficiency frontier between economic benefits and environmental quality for
trade-off analysis.

A second approach is to use a mathematical programming model to
develop only the set of efficient alternatives. The objective is to maximize
either economic or environmental benefits, subject to varying constraints
of the other objective. For instance, separable programming has been used
to maximize the nonlinear EQ index subject to various economic con-
straints (Stellern et al., 1979). Trade-offs among the various efficient
alternatives that result can be displayed graphically for decisionmaker



review and analysis (Graphs A and B, Figure 7). Although the precise
practical meaning of a sacrifice of X units of EQ index is not always
known, decisionmakers may find that the trade-off frontier is less demand-
ing than that in Situation A. In Figure B several units of EQ (ED) can be
gained without any sacrifice in ED (EQ). Even in the cases similar to
Situation A, however, the decisionmaker is presented more options than in
the three plan case and can make a more informed decision.

Information Delivery

All that remains is to get the information generated by Q.E.D. and the
trade-off analysis to the policymakers. Q.E.D. is amenable to two general
modes of information delivery: (1) traditional written report presented in
the style required by the planning procedures (e.g., as in Principles and
Standards), and (2) an interactive computerized information system. The
latter information system would include:

1. A list of all plans discovered which lie on the production possibili-
ties frontier (Figure 7); and

2. Measures of the general EQ impact of each plan, as well as
measures of impact on EQ components and attributes.

The information system is designed to present only the information
requested by the policymaker and to allow almost instantaneous retrieval
of the desired information. Thus, when the number of alternative plans is
very large or policymakers require detailed information on impacts on EQ
components or attributes, the information system can greatly increase the
efficiency of information delivery. Furthermore, the very use of a comput-
erized system can induce researchers to consider more alternatives and in
more detail. For further discussion of the development of information
systems, see Gum and Arthur, 1977; Gum, Arthur, and Magleby, 1978;
Gum, Layton, and Arthur, 1976; and Layton and Gum, 1975.

A Final Illustration
Although a water quality problem has been used in this report to

illustrate the application of Q.E.D., a brief review of another application
will further illustrate the generality and usefulness of the methodology. A
predecessor version of Q.E.D. (then called SQPI - System for Quantified
Planning Inquiry) was used to quantify and aggregate the various socio-
environmental quality impacts of predator control, so as to permit economic-
environmental trade-off analyses of alternative policies and programs
(Gum et al., 1978; Gum and Martin, 1979; and Arthur, 1981).
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In this case, a hierarchy of socio-environmental components, attri-
butes, and technical indicators was developed as shown in Figure 8. A
nationwide survey of public attitudes and preferences toward wildlife and
predator control was then conducted, which included point allocation
questions that permitted the formulation of ratio measures of preference
for the items in the hierarchy. These ratio measures, as we described
earlier, permitted the items to be compared directly and aggregated.

The alternative actions (policy/program variables) considered were
the various control methods (trapping, toxicants, gunning, etc.) and the
expenditure level for each. The physical impacts linkages or relationship
between these alternative actions and the technical indicators were devel-
oped through simulation models based on research results and through a
modified Delphi procedure which included various wildlife experts.

After all linkages and preference weights were established, a large
number of alternative actions were evaluated and socio-environmental
quality index scores calculated. At the same time, economic models con-
sidered the dollar costs and benefits of control to the farmer and the public,
and estimated the net economic benefit of each alternative. With two
measures (an economic and an environmental) for each alternative, com-
parisons were made, the efficient alternatives identified, and trade-off

Coyote population
effects on other

wildlife populations

Figure 8. Hierarchy of socio-environmental impacts, social indicators, and decision vari-
ables: coyote control.



analysis performed to provide information for policy decisions. To further
facilitate decisionmaking, the information system was computerized so
that a user could ask a "what if" question (what if this mix of controls were
used and this amount of dollars were expended?) and quickly get estimated
economic and environmental results to compare with other alternatives
under consideration.
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