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Abstract

Decison meking in the environmenta arena is dways a Multicriteria problem. The relevant information
should therefore be represented holigticaly through an evaluation matrix. This task cdls for usng
evauation indices. Furthermore, the problem is characterised by conflicts of interest and, consequently, by
the need for public involvement and negotiation. Hence, such indices should be easily understandable, and
should make evident what are the impacts on the interests at stake. The indices proposed in the literature
show, however, a number of structura weaknesses when they are used to face this task. More in generd,
there is ill a gap between the essentidly technica phase of Impact Assessment and the actua evaduation
phase, where ethica and mora vaue judgements about the relative importance of the different impacts are
involved and should be made explicit. With this in mind, a set of ‘requirements that evauation indices
should fulfil in order to support active public involvement in the decison making process are proposed and
discussed in relation to a case study.
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INTRODUCTION

Environmenta decision making requires to trade-off between different, incommensurable effects. It dso
involves conflicts of interest among different interest groups of people (groups in what follows), and
therefore negotiation aimed at conflict resolution is required. Decison making is a process. the terms of the
problem are gradudly refined, additiona information is collected, processed and andysed, people are
involved, and so on. Neverthdess, there is dways one (or more) step(s) in which an evauation is required.
The evauation-negotiation task cannot be correctly performed without a clear, summarised and haolistic
view of the problem at hand. Multicriteria Andlysis (MCA) provides a framework which can greatly help in
this respect [Nijkamp and Benat, 1997]. Accordingly, the information should be organised in an
evaluation matrix (also called effect table), which is atwo-entry table where each column corresponds to
one specific project dternative (dternative in what follows), and each row corresponds to one of the
relevant effects (pogtive or negative). The information contained in each cdll is arepresentation of the effect
asessed. This representation should be easly understandable by the people involved. Moreover, it should
make evident the relative performance of the alter natives, in terms of impact on the interests a sake. This
god can hardly be reached if not through suitable eval uation indices.

The indices topic may seem an old-fashioned one. Indeed, a great deal of research has been carried out
on the subject of environmenta indices since the 70s (O'Connor [1972], Dee et d. [1972], Liu [1979],
Inhaber [1976], Ott [1978]), or even earlier [Horton, 1965]. This theme deserves, however, arenewed
interest because at least of three reasons:

I) The andytica tools which support Impact Assessment have been developed to a degree which alows
andysts ded with, and make predictions of, extensve and quditative information; however, a synthess is
required in order to present such information in a concise and congstent form;

i) The need for a holigtic gpproach to evauation based on a Multicriteria framework (which in turn
requires evauation indices) is being increasingly recognised [Nijkamp and Beinat, 1997; Gregory €t d.,
1992; Renn et d., 1993];

i) The anadyss have, in a certain sense, reduced their ams, by leaving a greater scope to the sectorid
experts in the form of ‘descriptive cause-effect modds (formdised through evauation indices [Benat,



1995)); this implies to recognise the need for a separate and explicit dicitation of subjective preferences to
carry out the eval uation-negotiation task.

Many advocate that adopting evauation indices rises the risk of loss of information, or mis-representation
[see for instance Andrews, 1974; Eisd and Gaudette, 1974; Elliott, 1981]. Nevertheless, as it will be
gpparent then, many of these problems arise because indices are not designed expresdy to dedl with the
evauation-negotiation problem outlined above; they are rather diagnogtic or classfying tools, and are not
aufficiently structured.

This paper is an attempt to identify the requirements that any index should fulfil to be effective in a
decison making process in which the public is actively involved and conflict issues explicitly
addressed. It is intended to advance the way in which indices can be used in impact assessment and

evaluation, and to resolve some of the conceptual difficulties surrounding the way in which MCA is

applied.

The reader would probably expect now an analyss of indices from the literature to identify common
weaknesses and then infer some guiddines. Thisis actudly the naturd process undertaken, however limited
gpace does not alow to reproduce it here.

| therefore adopt a somehow axiomatic approach: let me first state the requirements that, once fulfilled,
guarantee that an index is suitable in the sense specified above,

While discussing such requirements the underlying motivations will be gpparent.

Afterwards, an example case-study is presented that should clarify the concepts. Findly, a brief review of
some classic indices from the literature will be undertaken to show the rdlevancy of the requirements
proposed.

Although thisis unlikely to be a classcd sructure for a paper, it is one that complies with space limits and,
a atime, provides the ideas | am willing to communicate in the mogt structured form | found. Further

motivations and details for the framework proposed here are presented in Nardini [1997a,b; 1998].

REQUIREMENTS THAT EVALUATION INDICES SHOULD FULFIL



A - Impacts and indices. Only the effects to which a judgement of ‘good’ or ‘bad’ can be directly assigned

are to be consdered in the evauation of a set of project alternatives. These are ‘fundamenta effects in
the sense that someone's satisfaction (satisfaction in the following) is being modified. Let me denote such
type of modification an impact. There are, of course, other effects (impacts) but these are just intermediate
relationships among the causes and the fundamentd effects, and do not have to be considered in the find
evauation because no vaue judgement can be associated with them. There should be, then, an index for
each positive or negative impact identified as relevant. They should be, however, asfew as possible.

B - Index and satisfaction. Each index should be a measure of the (rdative) satisfaction that a given

group associates with a given impact. There are not ‘objective indices because each index necessarily
contains the subjective vaue judgements of the corresponding group (through its representetive, Delphi
sessons, or other options). Hence, the index is dways a Vaue Function (or Utility Function when
uncertainty is explicitly conddered) in the sense specified by Keeney and Raiffa [1976] (see ds0 the
Appendix), i.e. it is a mathematical representation of human preferences. As a consequence, any index is
positively oriented, i.e. the larger its numerical value, the higher is the satisfaction.

For each impact there is a set of atributes (and corresponding indicators) which are rdlevant for the
determination of the associated level of satisfaction. These are cdled, in the Keeney and Raiffa [1976]
terminology, natural attributes (possibly ‘constructed’). For instance, natural (constructed) attributes for
the satisfaction associated with the impact on “human relationships, could be: the degree of brotherhood,
the frequency with which people meset a private houses, the likelihood of robberies, the frequency of socid

events, etc.

It is however quite common practice to adopt instead proxy atributes, i.e. attributes which lie at an upper
levd in the cause-effect network. For example, most frequently used attributes in environmenta problems
are concentrations of the air pollutants, like NOx, SO2, dudts, etc. There is a very good reason to use
proxy attributes: the relationship (the ‘mode’) between causes (the proxy attributes) and effects (the
natural attributes describing, for instance, hedlth conditions) is very often unknown, because empirical
evidence or its satisfactory interpretation (a mathematical mode, or a clear verbd description) is lacking. In
al these cases, the only piece of factud (objective) information available is that described by the proxy
attributes.



Nevertheless, people do not understand technical information so to be able to associate vaue judgement
with it. Then experts can and should be cdled to implement the ‘mode’ (an example can be found in
Keeney et d. [1984]). This ‘expert based modd’ (which isin itsdlf aVaue Function) should, however, just
be an assessment tools, but it should not cover the whole evaluation index. In this latter case, in fact, the
expert would have to represent both the ‘modd’ and, implicitly, the subjective value judgements of the
group. Thisis often difficult and even questionable because anytime something is implicit, there is a loss of
trangparency. The reault is that the index does not represent satisfaction, but mixes the two types of
subjective judgements in an unclear fashion.

The use of an ‘expert based model’ implies a drawback. Even if there may be agreement about the factua
information at the level of the proxy attributes, the agreement is likely to reduce at the level of the natural
attributes, because subjective judgements of the expert, hisher persond training, skill and non-formalised
knowledge areinvolved. A countermeasureis certainly offered by working with panels of experts instead of
sngle experts. An interesting methodology to ded with thistopic is presented in Beinat [1995, chap.6].

C - Communicahility. Associated with the numericad vaues of an evaduation index, there must be a

representation of the information corresponding to the impact described. This representation must be such
to dlow each group to perform its own preferentia ranking of the alternatives from the particular point of
view of that impact. This information can be visud or verba. In a near future, however, multimedia and
virtud redity will certainly support dso other types of information, like sounds and, why nat, tactile and
gustatory-odorous sensations. For ingtance, to communicate the satisfaction for use-vaue of a water
supply service, a numerica description can be given of the price of water, and a verba one for the
frequency and intensty of water shortages; in the future, aso the taste of water could perhaps be provided.
Also communicability, aswell as the previous requirement, cals for usng only natural attributes. In fact,
with reference to the case of the proxy atributes ‘ concentrations of contaminants, dthough it is clear that
lower concentrations are better, a non technicaly expert person (e.g. the people from the group) is not
able to evaluate how important isa change in these atributes, when compared to a change in the attributes
characterising other impacts, as, for insgtance, an income increase. It is thus impossible to trade-off among
impacts on a conscious and transparent base. The problem aso exists when proxy indicators refer directly
to standards (as is typicdl in pollution topics): when concentrations are lower than the admitted standard, it



is easy to conclude that ‘there is no problem’; however, when they pass the standards, the intuitive
interpretation is just one of ‘fear’, which is counterproductive for negotiation purposes.

D - Intengve and extensve dimensons. The satisfaction depends on intensive as wdl as on extensive

variables. To see this, congder the following example: it seems obvious that the forest ecosystem A
(‘good’ qudlity) is preferred to the forest ecosystemn B (‘ medium’ quality) from the point of view, say, of the
existence and option vaue. If, however, we know that ecosystem A is just one square kilometre in Sze,
while the B is 100 times bigger, our preferences might change. Indeed, we could be willing to dedicate the
available budget to the conservation of B instead of A (it is assumed, of course, that no intermediate options
are possible). Another example: a noisy indudtria plant can be located in Ste A (generating a ‘subtle-to-
medium’ noise effect to the local community A), or in Ste B (generating a‘medium’ noise effect to the loca
community B). It seems naturd to prefer Ste A from the point of view of the vaue associated with a nice,
dlent surrounding. If, however, we consder that community A is 10 times smdler than the B, we might
change our judgement.

In both cases, the corresponding index, to be correct, should incorporate both qudity (ecosystem qudlity,
and noise, respectively) and extenson (ecosystem area, and number of people in the community,

respectively).

E - Spatid and tempord variability. The evauation index should be given a structure such that the spatia

and tempord variability of the attributes consdered are taken into account (this issue is further discussed in
Nardini 98). For example, an energy plan alternative, a a nationd level, could affect (because of
thermo/hydro power plants) a st of different rivers. If a comparison among different energy plan
alternatives has to be carried out from the point of view of, say, recregtiond vaue (among others), then
the corresponding evauation index should spatially aggregate the ements (river dretches) contributing to
that type of satisfaction.

Spatid variability also exists at smaler scales and must be handled. For instance, water qudity in ariver
generdly varies greatly from section to section. It can be good on the average, but very bad downstream of
a sawerage system discharge. Which qudity to consider or how to average among the different vaues,
depends on what the index is intended to measure. This must clearly be decided and specified.



Anaogous macro and micro-scale reasonings hold for the tempora dimension. For instance, dissolved
oxygen (DO) can be arelevant proxy indicator to characterise a river from the point of view of, say, the
productive use-vaue (fishing). However, DO may be very high during the day (even over-saturated), and
very low (close to zero) during the night, because of eutrofication. Then, a suitable aggregation of these
vaues mugt be congdered for the evaluation index. (In this specific case the worgt value is perhaps sufficient
if the fish species of interest is very sendtive to low DO concentrations.) On the other hand, an example of
tempora aggregation on a macro-scae is the very common time discounting gpplied to a stream of future

economic benefits [see for instance Dixon and Hufschmidt, 1986).

F - Internad coherence. Each numericd vaue of an evaluation index is associated with a particular degree of

satisfaction. This corresponds to a given situation described by the naturd indicators (dy,ds,..,dy). It is
possible that different situations produce the same numerical vaue of the index. This mugt imply that such
Stuations are consdered indifferent in terms of satisfaction, that is, the involved person (group) does not
prefer one to the other. In addition, if situation A is preferred to situation B, then the numerica vaue of
the index must be greater for situation A than for the B (because it is postively oriented). | propose to
qudify an index asinternally coherent if the above holds for dl the possble situations.

To verify that an index accomplishes with this property, the idealis as follows. Firdt, sdect a sufficiently
numerous set of (real or fictitious) situations. Then, ask the affected group to perform a preferentia
ordering of such situations. This is the product of an holigtic, intuitive-based judgement, and is consdered
the ‘true ordering'. If the index is perfect, then the ordering it provides should coincide with the ‘true’ one,
otherwise the index must be refined, or changed. When many attributes are involved, however, it is very
difficult, or just impossible, that a person produces a consistent, holistic ordering. For this reason, according
to the method proposed among others by Beinat [1995, chap.5], it is recommendable to compare and
order situations which differ only because of two attributes a a time, the others being congtants. Of
course, many sub-sets of thistype can be prepared, by changing the pair of attributes considered.

Notice that if an index is internally coherent it means that, dthough based on subjective vaue
judgements, its structure is not arbitrary, but actudly represents the preference structure of the group
involved.



G - Predictability. It must be possible to predict the numerica vaues tha the index would assume, given
future situations produced by the implementation of the alternatives. Otherwise, it cannot be used in the
evauation. The structure of the index must therefore be such that the required information can be collected
a reasonable cost and in areasonable time. It is uselessto adopt very refined Sructures if it isimpossble to
obtain the information required. The frontier between refinement of the index structure and quantity of
information required is, however, amatter of trade-off to be defined during the decison process itself.

H - Summarisation The index should summarise the find effect of both direct and indirect impacts (causd
factors) on the component to which a satisfaction is assgned. For instance, the redisation of a road
crossing on a pristine ecosystem certainly will generate a (negative) direct impact on it. An indirect impact
might then be generated by the consequent settlement of people adong the road. From the point of view of
the ecosystem quality, to be measured by an index, what countsis the combined effect of the two impacts.

| - Ussfulness. This is perhaps an obvious requirement: the numerica vaue of the index must vary among
the alternatives, otherwise it means that they are completdy indifferent from the point of view of that
impact and the index would be usdless. Less obvious is perhaps the fact that any attribute which, athough
relevant to determine the satisfaction associated with a given impact, does not change among the
alternatives consdered can be omitted from the forma sructure of the index. It must, however, be
mentally consdered when different impacts are compared (i.e. when judgements about their relative
importance are expressed). For instance, suppose that the impact ‘recreation’ of a set of alternatives refer
to the same water body (e.g. ‘lake Known') and would affect only its water qudity. Then, thereis no need
(contrary to requirement d) to explicitly include the extensive dimension into the index structure, because it
does not vary among the alter natives. The judgement of relative importance of this impact with respect to
others may depend, however, on the extenson (for a given quality -including visuad and culturd atributes- a
large lake is likdly to count more than a smal one, dthough exceptions are well possible). But this, as the
name suggests, is mentdly .. known.

J - Uncetanty. The effects deriving from the implementation of a project are dways affected by
uncertainty. This may originate from: i) the stochadticity of the exogenous inputs driving the socio-economic-

environmental system (e.g. the prices of agriculturd products; the occurrence of volcanic eruptions; etc.); ii)



errors or incompleteness in the information concerning the current state of the system (e.g. lack of a census
of the endemic species of a river); iii) erors or imprecisons in the ‘modds used to estimate the future
impacts (eg. badly cdibrated mathematicad modds, wrong assumptions, misunderstanding of the results;
mistakes in expert based assessments; etc.); iv) difficulty in expressng precise judgements when assessng
the satisfaction associated with different situations, or in the expert-based trandation of the proxy
attributes into natural attributes.

Uncertainty can be conddered a two different levels @) that of the Multicriteria Andyss (MCA)
technique adopted to support the preferentid ranking of the alternatives; or b) that of the evauation

indices (objectives).

At the firsd (MCA) levd, three tools are available: i) MultiAttribute Utility Theory (MAUT) [Keeney and
Raiffa, 1976]; ii) scenario analysis; iii) sensitivity analysis.

The following discusson may be skipped by those readers not directly interested in the issue of how
evauation indices can be linked to MCA techniques in the evaduation phase. Logicdly, however, thisis, to
me, the right place to deal with these issues.

MAUT bascdly is dill the only theoreticaly rigorous gpproach explicitly designed to solve a Multicriteria
problem with uncertainty. Conceptudly, it can tackle the first three types of uncertainty specified above.
Namely, MAUT supplies ‘the bet’ solution. For this, it supports the definition and congtruction of the
MultiAttribute Utility Function (UF) u(dy,d,,..,d,), which is a function of dl the indicators (dy,ds,..,d, ), and
incorporates the subjective preferences of who is making the decision, with respect to both the attributes
and uncertainty (the Utility Function is a VF extended to the uncertain case). The theoretical developments
show that the ‘best solution’ turns out to be the one to which the maximum expected vaue of the UF
corresponds. Nevertheless, MAUT is hardly applicable to the type of problem here considered because,
even if the public were actively involved in the condruction of such a UF (what is probably impossible
because of the lack of the necessary theoretica background and because of lack of time), no function could
avoid the exigence of interest conflictd Furthermore, the determination of the involved multidimensiona
probability digtribution (required to compute the expected vaue) is dways a very difficult task, sometimes
theoreticdly refutable, and certainly not transparent and understandable to common people, and thus
questionable.



Scenario-analysis is a much less structured, but much smpler approach. A scenario is a guessed pattern
of the uncertain, un-controllable exogenous inputs affecting the socio-economic-environmental system. The
idea is to repeat the MCA evauation for a number of different possble scenarios, and findly draw a
synthetic conclusion by applying some empirical or formdised rule (e.g. the ‘worst case’ or ‘least regret’
rules. see French [1988], and aso Loucks et d. [1981]). This tool is explicitly suited for the first type of
uncertainty (see above).

Findly, sensitivity analysis (see for instance Janssen [1992]) can and should be used to assess how
relevant are the consegquences of lack of information, or of possible errors in assessments and/or predictions

(i.e. the last three types of uncertainty).

The second level & which uncertainty can be dedt with is that of the evauation indices. The idea is to
transform each uncertain evauation index into a deterministic equivaent. The rationd for thisis twofold: On
the one hand, people find extremely much easier to compare determinigtic things, ingtead than uncertain
objects, therefore, to be able to substitute each origind uncertain situation -very difficult to be represented-
with a delerminidtic equivdent sSituation is a very dtractive idea. On the other hand, scenario and
sensitivity analysis can in any case be gpplied, so that no indght islost.

To transform the uncertain index into a deterministic equivalent three practical possibilities can be adopted:

1- ‘Naive approach’: uncertainty is ignored, so that the indicators are dedt with as if they were
deterministic, and =0 is the index. This is perhaps the most commonly adopted approach to address the
third type of uncertainty (typicdly the mean vaues are directly used for the indicators and uncertainty
consideration is delegated to the sengtivity analysis only)™.

2- ‘Wad-Laplace hybrid approach’: The Wald criterion [French, 1988], dso known as the worst case
criterion, corresponds to a strong risk-averse attitude. It isapplicableina ‘drict uncertainty’ framework in
which it is assumed that the probabilities of the uncertain outcomes are not known. It implies that the
indicators can assume vaues only in given uncertainty ranges, which is exactly the type of information thet a
person is spontaneoudy used to handle. The Laplace criterion [0.c]] is the classic, commonly adopted

criterion, of congdering the expected vaue of the outcome, which gives an idea of the average

! Some of the assessment techniques available to build VFs [Beinat, 1995] deal with the ‘imprecise’ information which
characterizes ‘ expert based models’. Through such techniques, the second and especially the fourth type of uncertainty
isincorporated into the evaluation index. This approach can be considered avariant of the ‘naif’ approach because again
the actitude against risk is not explicitly taken into consideration.
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performance. Theworst case performance corresponds to the vaue v tha the uncertain evauation index
assumes given the worst possible combination of values of the indicators in their uncertainty ranges. The
average performance corresponds to the expected value v=E[v] of the index (E[] denotes expectation).
When making a decision in presence of uncertainty, it is sometimes sufficient to integrate the Wald criterion
with the Laplace criterion. A smple, but meaningful possibility for the sought deterministic-equivalent
evauation index is then to build a VF of the type v(v, v), which aggregates the wor st case performance and
the average performance according to the subjective risk-attitude specific to the person involved (expert
or group representative).

Furthermore, by playing then with the internal coherence property of the VF, it may be possibleto find a
fictitiousindifferent situation characterised by the fact that its average performance coincides with the worst
case performance (i.e. v=V), while the overdl vaue of the VF is maintained. In such a way the origina
uncertain situation is transformed in a (fictitious) deterministic equivaent.

By accepting increasing degrees of empiricism, other variants are possble. For instance, instead of the
expected vaue E[v] (often impossible to compute because the required probability didtribution is not
known), a surrogate can be used, like the value which the index assumes when the indicators are given
their mean (or average) vaues.

Or, findly, the sought determinigtic index can be built directly as a VF whose arguments are the average
and the worst case vaues, respectively, assumed by the indicators. This approach was adopted, for
instance, by Castro [1996].

3- ‘MAUT approach’: thisis the most theoretically sound approach that can be adopted, but also the most
difficult to gpply. According to this goproach, the evauation index must be built as a (MultiAttribute) Utility
Function u(d;,d,,..,dy). Then, from MAUT, it is known that the ‘utility’ U (that is the satisfaction)
associated with the origina uncertain situation is given by the expected vaue of such a Utility Function;
that is in foomulas U = Eu(dy,d,,..,dn)]. The interesting thing is that the origind uncertain situation can
now be ingtantly subdtituted with the new fictitious determinigtic situation C defined by a particular set of
vaues (d;°,d.5,..,d,°) of theindicators such that the corresponding deterministic Utility equates the expected
Utility of the uncertain situation; i.e,, such that: u(d;%,d.5,..,d,Y) = E[u(dy,ds,..,d,)]. Of coursg, dl this is
possble only if the multidimensiond probability ditribution of the indicators values exigts and is known.

11



This is actualy the technique applied in the Arbia case sudy (see later) for the Hydraulic risk impact.
That case was not particularly complex because just one attribute isinvolved (scdar UF).

Notice that the main critique about the gpplicability of MAUT (see above) can be overcome now a the
level of the evaluation indices. In particular, there is now only one ‘decison maker’ (the representative of
the group) and there are not interest conflicts, by definition of group.

It can aso be observed that, when MAUT is adopted for each evauation index, the ranking of the
alternatives given by the criterion of the weighted sum of the deterministic equivaent objectives (which is
the principa dthough not unique ranking criterion in Multicriteria Andlys's, see for ingtance Janssen [1992])
is substantialy coincident with the ranking produced by MAUT if goplied a the leve of the overdl problem
(there may be a difference according to the way in which weights are determined). To see this, first note
that adopting the weighted sum as a ranking criterion is equivdent to assuming that the overdl Utility
Function has an additive structure. This, according to Keeney [1992], is actudly the case when the
consdered impacts are ‘fundamenta’, i.e. it is possible to directly attach to them a satisfaction; and this is,
by definition, our case. Notice, then, that the expected vaue of the additive Utility Function (a weighted sum
of the stochastic objectives) is equa (being expectation alinear operator) to the sum of the expected vaues
of the scdlar functions, i.e. it is equd to the weighted sum of the deterministic equivaent objectives.

AN EXAMPLE

A very short example of an environmenta decison making problem is given now to illudrate the gpplication
of the concepts presented above. Given the limits of space it is impossible to describe it with sufficient
detalls, these can be found in Nardini and Bacci [1999]. The object is the planning of a small-scae flood-
control work on the Arbiariver (Sena, Italy) amed at the protection of the town of Taverne d Arbia. The
work is an eath-bank with a fixed pre-cdibrated out-flow mouth that alows smdl floods to pass
unmodified, while floods with return periods higher than 5 years are partidly and temporarily stored
upstream to reduce flood pesks downstream. Four project alternatives were initidly consdered,
depending on the location, al characterised by the same cost (1 billion Lira). The do-nothing, no-cost
(‘Alt.0") alternative was dso included. Alternative A (not presented in the evaluation matrix in Fig.1)
was later discarded because clearly dominated. In Fig.1, each impact is represented through one or more
indicators (the meaning of which is reminded in the third column of the matrix and briefly discussed next).

12



For any given impact, the numerica vaue of the corresponding evauation index (denominated objectives
J) is ds0 shown. This dlows an immediate preferentia ranking of the alternatives (1 stands for the best

gtuation and O for the worst one amongst the alternatives). For the curiodity of the reader, alternative D

was the one findly sdected.
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Fig.1- An example of evaluation matrix (Arbia project, Sena, Italy)

Impact on Type of value (V) Explanation (attributes) ALTO | ALTB | ALTC | ALTD
Interest group (G)
Hydraulicrisk | V: economic, water height h, [cm] over
safety threshold occurring once every 10 42 33 32 33
G: residents years
objective Jr (normalised) 0 0.9523 1 0.9157
V: economic, safety accessto future funding for
Strategic G: residents further hydraulic works no yes yes yes
objective Js (normalised) 0 1 1 1
V: existence, ‘long term state of the ecosystem’
recreation, with:
Ecosystem aesthetic Non-naturality of veget. species 74% 55% 57% 55%
(a=20.15 ha) G: environ.lists (negatively oriented)
everybody N. of rare species 12 - 12 - 12 20
objective Je (normalised) 0 0.7796 | 0.6992 1
Gravel and V: use of transport
sand infrastructure obstacol
processing G: processing firm accessibility tothework area normal ated normal | normal
objective J. (normalised) 1 0 1 1
V: aesthetic, Main sight* of the earth-bank site
recreational, (units affected)
Sight existence B (a=9.7) 7 6" 7 7
G: residents, C (a=14.2) 4 4 » 4
people on the D (a=4.8) 3 3 3 w
way, ev.body
objective Jp (normalised) 1 0 0.2764 | 0.9917
Damage to| V: economic M ean annual damage [ML /year] 0.9 21 23 4.2
farmers G: farmers
objective Ja (normalised) 1 0.6509 | 0.5877 0
V: economic Investment
Cost G: SienaProvince [billion Lira] 0 1.0 1.0 1.0
tax-payers
objective Jc (normalised) 1 0 0 0

*The reader should imagine a picture (with or without project depending on the case) instead of the image code (the »
refers to a modification of the project occurred during the DM process): space does not allow the complete presentation.
In parenthesis is indicated the extensive dimension of the impact, i.e. the number ‘a’ of conventional units involved (1
unit=100 m of country road from which the work isvisible).

**For the editor: in case space limits can be overcome | could provide the pictures mentioned.

That might help**

An explanation of the meaning of the impacts and indices (see Fig.1) is now briefly provided. To darify the
terminology, notice that to each alter native some impacts are associated which imply a modified levd of
the rlevant satisfaction component as seen by the involved interest group; this level is measured by an
objective that is an ad hoc evauation index intended to fulfil the Requirements (and built according to the
framework presented in Nardini 1998).
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Hydraulic risk: The index adopted is a deterministic equivaent of the stochastic variable ‘river water height’.
The ‘threshold’ is the height under which there are no flood damage in the town of Taverne d Arbia
Events with return periods different than 10 years may well occur, but the 10-years-event is used as a
reference to compare the alternatives. All other events are incorporated, together with the risk-averse
attitude of the involved people, because the index is the expected vaue of a suitable Utility Function. It can
be noted that the benefit of the project (about 10 cm reduction) is very limited. This was a quite surprising
result that only the adoption of an indicator (water height h,) clearly associated with the (economic& safety)
values at stake made evident.

Strategic: If the project is cancelled, future funding for further works is very unlikely to be obtained.
Ecosystem: The ‘long term state of the ecosystem’ affected by the work, and/or modified as part of an
environmenta  enhancement accompanying the project, was characterised by a set of nine indicators
(specified in the origind report). These characterise the ecosystem from the point of view of the existence
and recregtional values. The origind complex Stuations have then been subgtituted with smpler, but
completdy equivdent fictitious Stuations, by teking advantage of the property of interna coherence
discussed above. These smpler situations are characterised just by the two indicators shown?.

Gravel-sand processing: Nearby site B there are some equipment for the processing of gravel and sand of a

locd firm. The redisation of the earth-bank would imply a modification of the access road with consequent
distiurb to the trangt of the vehicles of the firm.

Sght: Thisrefersto the visua effect that the people passing on the roads from which the work can be seen,
as wdll as the people resident in houses located close to the stes, would experience. The evauation index
(objective) takes into account both the subjective gppreciation of the sights (see the note at the foot of the
meatrix) and indirectly the number (a) of people involved in each alternative

Agriculture: Thisisthe economic value of the harvest which is expected to be lost on the average because
of the flooding of the agricultura land upstream of the earth-bank.

Cost: The alter natives were designed under a budget congraint of 1 billion Lira

2The Non-naturality of the vegetational speciesisameasure of how many ‘non natural’ species are present and itis
defined over the cardinal scale: very low =presence of ‘exogenous species’ (anthropocore, exotic, or indicating
sinanthropic environments) over 80%; |low=presence equal 70%; medium= presence equal 60%; high=presence lower
than 50%. A situation is therefore more desirable when the value of thisindicator islower.



Let us now see what is the role played by the Requirements in this case study.

Impacts and indices; index and satisfaction; communicability

The impacts were identified by the team supported by the information gathered through a public
involvement process. The few impacts considered correspond to relevant components of the quality of life
of the groups of people somehow affected. In the matrix (Fig.1), the groups affected are clearly shown as
well as the values at stake, i.e. the reasons why the satisfaction of such groups would be modified. The
only exception perhaps is the 'Strategic’ objective; the satisfaction associated with it is actudly of the same
type involved by the 'Hydraulic risk’, dthough displaced in the future. (Further comments are presented
below at the Uncertainty section.)

Attention was paid to adopt, as far as possible, natural attributes. Water height used in the Hydraulic risk
impact is not, however, redly a naturd indicator. Economic losses, or at least water height and associated
urbanised area being flooded, would prove better choices. But the necessary deeper andysis was, as often
is the case, incompatible with the budget and time limits of the planning phase.

The reaction of the people involved during the public meetings set up ensured that communicability was
achieved to a sufficient degree.

Intensive and extensive dimensions

In the Arbia case study this type of problem appeared both for the impacts‘ ecosystem’ and ‘sight’.

In the case of 'Sght’ the relevancy of this issue may not appear evident. To see this, note that consdering
only the preferential ordering of the visual aspects of the Stes would be a migtake. In fact, the number of
people (a) affected changes sgnificantly (dthough not dramaticaly). Therefore, a given (negatively) dtered
sght produces aworse find satisfaction (index vaue) when associated with a higher a, than with a lower

a.

Spatial and temporal variability
For the impact ‘ecosystem’ the micro-scale tempord variability was handled by assessing and predicting
the values of the indicators with reference to only one given period in the year-cycle (when the fidd surveys
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were caried out). That is, the variability during the year was ignored, by relying on the naturd yearly
periodicity of naturd phenomena The macro-scae time variability was handled, according to a gtrict
sugtainability approach, by referring only to the long term conditions, that is, by conceptudly setting the
discount rate to zero.

The spatid variability was conddered when rdevant, i.e. for 'ecosysem’ and 'sght. In fact, the
representation given for each of such impacts is the result of a spatia aggregation over the stes involved.
The methodology adopted to carry out this delicate operation cannot be explained here for limits of space
(see Nardini and Bacci [1999] for detals), but in smple words it conssts of a corrected weighted
averaging based on the extension, in the case of 'ecosystems, or number of people, in the case of 'sight'.

Internal coherence

All indices are Vaue Functions and therefore, by congtruction, they areinternally coherent, a least with a
reasonable approximation. In particular, the index ‘ecosystem’ was built on the bass of a complex
guestionnaire posed to a set of sectord experts (arelated experience is described in Senior [1996]). Then,
by exploiting internal coherence, the origind situations described by nine indicators were transformed into
fictitious situations differing among them because of two indicators only (see the evaluation matrix in
Fig.1), the others being held congtant (including the extension). These new situations are equivaent to the
origind ones in the sense tha the index vaues (and thus the ordering) are maintained, and o is the
judgement about the satisfaction.

Predictability

The indices are predictable with the techniques (e.g. hydrologicad modds), experts and information
avalable. Uncertainty is however high (an analysis was undertaken in Nardini and Bacci [1999]).
Nevertheless, what counts mogt is not absolute precison, but rather relative precison among the
alternatives, and thisis certainly much higher.

Summarisation

This requirement does not add much in this case because the andyss was limited to the most rdlevant
impacts and these were all direct.
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Usefulness

For the impact ‘ecosysten?’, in the Arbia case study, it can be noted that the extenson is not explicitly
consdered amongst the indicators (Fig.1). Thisis because after the spatial aggregation (see point E above),
the area of the globd, equivaent ecosysem was the same for al the alternatives. Therefore, it is just
reminded as a congtant attribute (see the first cell at the left in the ecosystemn row).

Uncertainty

This was consdered explicitly for the 'Hydraulic risk' through a MAUT gpproach: the index vaue is indeed
the expected vaue of a Utility Function of the stochagtic variable ‘water height'. Rigoroudy spesking, one
should have incorporated in the probability distribution of such variable aso the uncertainty associated with
possble future funding, while dropping the 'Strategic' objective. The gpproach adopted is a common
‘escamotage’; it however introduces some degree of confusion because it is not clearly stated what is its
contribution in terms of the only things with which a satisfaction judgement can be associated.

For the others, uncertainty was relegated to sengtivity andyss.

ANALY SIS OF SOME CLASSIC INDICES FROM THE LITERATURE

It isinteresting to andyse how atypicad environmenta index from the literature performs with respect to the
requirements. It must be noted that such indices are in general designed as diagnostic or management tools
to describe the present situation, or to classfy different items in order. They are not explicitly designed for
evauation in the sense specified in the Introduction (i.e. comparison and trading-off among the satisfaction
corresponding to future situations). The following should not therefore be interpreted as a critique, but asa
means of dlarifying the meaning and importance of the requirements.

Brown et d. [1970] proposed a generd Water Quality Index (WQI), known as the National Sanitation
Foundation index. It iswiddy used in the United States, and is based on nine of the most common varigbles
(DO, faecd coliforms, pH, BODS5, temperature T, nitrates, turbidity, suspended solids and phosphates) and
two groups of toxic substances. Each variablei (i=1,2,..,n) is measured by a corresponding indicator di: this
is trandated in a quality score through a suitable Vaue Function v(d). In Fig.2 the VF (caled ‘quality
score function’) for the faecal coliformsis shown as an example. For the toxicants the quaity score function

is more schemdic: it is unity if the toxicant concentration is lower than a threshold, while it is zero if the
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threshold is passed. The index is defined as a weighted sum of these functions; i.e: WQI=wyvy(dy)+..+
WnVn(dn) where w; isthe ‘weight’ for variablei. A modified verson exists which is defined as the product of
the n functions each one elevated at the power of w; .
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Fig.2 - Example of scalar Value Function (from Brown et al., 1970). Indicator d denotes the faecal coliforms concentration.

The dotted lines correspond to the expert judgements deviating most from the average (solid line).

From the point of view of the requirements, it is perhaps evident that requirement B (satisfaction) is not
fulfilled because the index represents a mixture of use-vaues (eg. potable; recreationd), and hedth,
aesthetics, exisence and option vaues, what implies a trade-off fixed a priori. Furthermore, the implicit
subjective value judgements are not those characteritic of the affected group, but those of the experts who
were involved in its condruction. Findly, it isbuilt on proxy attributes, hence vaue judgements are mixed
with the experts subjective technica judgements in an unclear fashion. The communicability (requirement C)
of theindex islow because it is ot based on natural attributes: A verba description is associated only with
the whole ranges of the possible values. The index considers only an intensive dimension (requirement D).
The index refers to a point in space and time; spatia and tempord variability are not explicitly consdered
(requirement E). They can be managed only by averaging the vaues assumed by the indicators. The same
holds for uncertainty (requirement J). Requirement F (nternal coherence) is perhaps the most critica
point, asit is practicaly dways the case. In fact, firdly, it is not explicitly checked that it holds at the level of
the ‘expert based modd’, i.e. the subjective trandation of the proxy indicators into natural indicators
implicitly carried out by the experts, second, the internal coherence should hold with respect to the vaue
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judgements of the groups affected, while in the index these judgements are delegated to the experts; third, it
would be hard to check it directly because communicability islow. Predictability (requirement G) is in
principle possible: mathematica models [e.g. Jorgensenn, 1994, Rinddi et d., 1979; Thomann and Mudller,
1987; Willis and Yeh, 1987] are the most spontaneous tool utilizable. However, the effort required to
quantitatively predict the value of dl the variables included in the index is considerable, if not prohibitive (see
Nardini et d. [1990] for BOD-DO river quality models). Summarisation (requirement H) can be fulfilled if
the model s adopted to predict the vaue of the indicators (concentrations) do consider all the relevant direct
and indirect causes.

Similar congderations hold for many other environmenta indices available in the literature (see the WQI of
House and Ellis [1987]; or that of Smith [1989]; or Bhargava's [1983]; or dso the air qudity index of
Fensterstock [1969]; the PINDEX of Babcock [1970], the ORAQI of Thomas et a. [1971], the PSI
described in Ott [1978]; or aso the environmentd qudity index of Dee et d. [1972 and 1973], Kimbal
[1972], Kreisd [1984]; or, the biological indices described in Metcalfe [1989)]).

In concluson, such indices are quite far from the ided mode proposed. Therefore, they would not be
redlly suitable to support an MCA-based evauation. This is, in my view, the main reason why evauation
indices are often criticised and consequently one of the reasons why Multicriteria Andyss not so widely
gpplied asit could.

CONCLUSIONS

In this paper it was noted that any decison making problem with environmenta concern is dways a
Multicriteria problem, in which interest conflicts are a condiitutive eement. The evauation-negotiation
should be based on a clear, summarised, and holistic view of the problem at hand. This view can hardly be
achieved if not through a synthetic representation of the relevant information based on suitable evaluation
indices.

Classic indices from the literature show a series of wesknesses that challenge their suitability for the DM
problem considered here. The conclusion from this observation should not be, however, that indices are not
useful or that they are ‘dangerous’; rather, it should be concluded that indices can be used under the
condition that they fulfil a well specified set of requirements. For this reason, | proposed a set of basic
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requirements and discussed them with reference to a Smple case study. The key role and usefulness of
evauation indices can now be synthesised as follows.

Perhaps their main usefulness lies in supporting the statement of the decisond problem. In fact, the
process of index-building ensures that the attributes redly relevant to represent the involved satisfaction
component (and associated values) have been considered. Otherwise, the index could not be internally
coherent. But dl thisis possble only if the group dearly identifies its rdevant impacts and corresponding
vaues a stake, what in general may not be abana task. In this sense, the index-building process produces
a dgnificant educetiona effect. At the same time, it forces to distinguish among factud information,
subjective technica judgements (experts), and ethica-mora vaue judgements, so contributing to assigning
the right respongbilities to the right persons.

The numerical values of the indices in conjunction with their intuitive representation, dlow get a very
gynthetic, holistic view of the decison problem a hand. It could be advocated that to get such a
representation it is not necessary to congtruct indices. However, if one agrees with the index requirements
that | propose, and therefore processes the information accordingly, then ghe is doing nothing ese than
actudly congructing evauation indices.

The index can be usad to represent in a Smpler way the rdlevant information. In fact, thanks to the
internal coherence property, it is possble to trandform a given situation (corresponding to the
implementation of agiven alternative) into another which is judged indifferent from the point of view of the
satisfaction, but is characterised by different ‘active’ atributes (i.e. attributes whose indicators assume
different vaues among the alternatives). In particular, only the attributes easiest to be represented can be
|eft active, while the others can be st at the same congtant value among the alter natives.

Multicriteria Analyss is highly smplified because it is now just a matter of trading-off among aonflicting
satisfaction components, clearly represented by numerical indices (objectives) which are postively
oriented and resume the information conveyed by the (natural) attributesin an internally coherent fashion.
Thereis, in other words, a clear separation between the essentidly technica task (involving andys, experts
and groups) of building a correct measure of the satisfaction, from the ethica-mord task of trading-off
and negotiating among conflicting interests.  This two-step gpproach is, to me, fundamenta to successfully
take advantage of the MCA potentidities in the decison problems here consdered where public

involvement is given an active role.
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Notice, furthermore, that some of the MCA techniques (e.g. ELECTRE [Roy, 1978]) are designed to
work directly on the (qualitetive) attributes, without usng more structured indices. However, a priori there
is not a rule which unequivocaly establishes the number of attributes to be adopted in order to characterise
agiven impact. An increase in the number of attributes could of course modify (improve) the degree of
refinement in the description of the impact. If the atributes are not previoudy aggregated into evauation
indices, it is possble, however, that different number of attributes lead to different rankings of the
alternatives, not because the relative importance assgned to that impact is judged higher, but just because
each attribute in any case receives a part of the find score (gpart when very particular decison rules are
adopted). Thisisvery likely to lead to incorrect decisons.

Of course, a detailed, clear documentation of the index-building process must accompany the evauation
matrix and be available to al interested parties.

Many of the concepts devel oped here for building evauation indices also gpply to building ‘expert based
models which trandate proxy attributes into natural ones. The advantage of adopting a more formalised
gpproach with respect to empirica and common gpproaches is twofold: i) the experts inevitably get more
ingght into the problem at hand because the object of their evduation is clarified and they are pushed to
improve their coherence both when the index is being built, and a posteriori, when its internal coherence
is checked [see for instance Beinat, 1995, and Senior, 1996]; ii) an agreed index alows the extrapolation of
the experts knowledge to other cases without requiring new and time-consuming and difficult-to-organise

working sessons.

Much can be done to improve the process of index congruction. In particular, multimedia and virtud redity

can greetly improve the communicability of the impacts.
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APPENDIX - AN OUTLOOK OF VALUE FUNCTIONS

Being the Vadue Function (VF) concept so fundamentd in the context of evauation indices, in this section,
for ease of the readers not used to this topic, a non technica idea of what it is and some fundamentd
comments are provided. A complete and interesting text on the argument is that of Beinat [1995], where
many assessment techniques to build VFs are discussed, interesting observations presented, and arich list

of referencesis provided.

The VF, as presented by Keeney and Raiffa [1976], is a mathematica tool that can be used to solve a
Multicriteria Andlysis problem, i.e. preferentialy rank the alter natives. The same concept can, however, be
adopted to preferentidly order different situations where each situation is characterised by specific vaues
of the n indicators (dy,d,,..,d,) adopted. Thisis the case of interest for building evauation indices.

A VF v can be scdar (i.e. a function v(d) of only one argument d; adso cdled ‘margind’ VF), or
MultiAttribute (i.e. a function v(dy,d,,..,d») of the multiple arguments d,d,,..,d,). Let me write in generd
V(A) to denote the value assumed by the VF in correspondence with the situation A. The basic properties
which characterise aVF are the following: if situation A is preferred to situation B, then v(A) > v(B); if A
isjudged indifferent with respect to B (i.e. generates the same satisfaction), then v(A) = v(B); findly, if A is
not preferred to B, then v(B)>=v(A).

A VF can be either ordinal or cardinal. An ordinal VF dlows performing a preferentia ordering of given
situations, according to the above rules. However, it does not represent the strength of preferences, i.e.
does not say how much a situation is preferred to another; furthermore, it is not unique. A cardinal VF
aso represents the strengths of preferences and, when exidts, it is unique. French [1988] proved thet if
three rather loose axioms of rationd choice hold, then an ordinal VF exists. The idea expressed by these
axiomsis, loosaly spesking, the following: given any pair of situations, an individua ether prefers one of
them or is indifferent between the two; furthermore, preference and indifference are trangtive. Analogoudy,
Dyer and Sarin [1979] and French [1988] stated the axioms under which acardinal VF exists. Theideais,
again loosaly speaking, that it is possible to express judgements of the type: ‘A is preferred to B more than
Cispreferredto D’.
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It is quite common the case in which it is possible to express judgements of this last type. This, however,
may require a certain effort. Not dways, hence, the inquired person (the expert or the representative of the
group) is willing to make the effort, or can dedicate the necessary time to the assessment. Therefore, the
information obtained, which is of a quditative type, would often dlow only the assessment of an ordinal
VF. Nevertheless, it is rather genera practice to assess ingtead the cardinal VF which better fits the
quditative answers. In fact, the assessment techniques for cardinal VF are better developed and relatively
easy to apply. Inany case, the a posteriori checking of internal coherence can ensure the correctness of
this procedure. In the following, therefore, reference is made only to cardinal VFs. An example of a

scdar cardinal VFisgivenin Fg.2.

It isimportant to note that a VF can be built only once the numericd ranges of its indicators are specified.
Indeed, the maximum numerica value tha the VIF can assume (eg. 1 if it is normaised) corresponds to the
‘best situation’ congdered, which is characterised by the set of best numerica vaues of dl the indicators.
Anaogoudy, the VF assumes its worst value (zero) in correspondence of the ‘worst Situation’,
characterised by the set of worst values of the indicators.  All the intermediate vaues that the VF can
assume do have meaning only asa comparisons between a given situation and these two extreme best and
worg situations. This rdlative nature of VFs is cartanly a weskness. However, it is dso a strength
because, by requiring only relative preference judgements, it alows VFs to be used dso in the case of
‘intangible’ impacts (e.g. psychologica ones).

Keeney and Raiffa [1976] demondrated that, when certain conditions hold, then the VF assumes a
particular mathematical Structure. They proved this in relation to three *canonical’ structures. The most
common one is the additive structure, which is the one adopted, for instance, in the first verson of the NSF
index of Brown et d. [1970] andysed above. Other two ‘canonicd’ structures exists. the multilinear and
the multiplicative Many evauation indices, however, were proposed which do not have any of these
canonica structures. The fact that a rigorous theory does not exist which states under which conditions the
VF does assume the particular non-canonica structure adopted does not imply that this is wrong. It just
does not support the fact that it is the right one for the case a hand. It is dways possible, however, to
empiricaly check a posteriori the internal coherence requirement: if it holds, then the sructure is dl right.
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As dready sad, this a posteriori checking should be dways performed to ensure the correctness of the
built VF.

Castro [1996], for instance, in order to assess the impact of the redisation of a water reservoir (on a
Chilean river) over the hedth of aloca community whose diet depends on trout, successfully experimented

with an additive-multiplicative structure to represent the ‘expert based modd’ of the relationship between
the couple ‘water temperature T and suspended solids concentration SS' and the loca trout productivity.

The rationd for this modd was the assumption that T and SS were the only indicators reliably predictable

in a quantitative fashion. The mathematica dructureis very intuitive; it is additive when the indicator vaues
belong to an intermediate interva; when any indicator lies outsde of the corresponding interva, then the

index assumes the vaue corresponding to the same additive structure multiplied by a an exponentia-decay
function. In this way, it is possble to represent the concept that a situation characterised by a very bad

vaue of one indicator should be judged globally very bad, no matter the value assumed by the other. That

is, the margind rate of subgtitution among the scdar VFs is not congtant. This structure isin particular much
less‘dragtic’ than the ‘worst case’ structure adopted, for instance, by Smith [1989].

It isworth noting [Keeney, 1992] that when the evauation index is built on the base of natural attributes it
amog dways has an additive structure. On the contrary, when it is built on the base of proxy attributes
this structure may not be adequate, so thet fulfilling internal coherence can be a problem. This is because
the value judgements incorporated into the VF necessarily refer, as already noted, to the natural attributes,
and these are bound to the proxy attributes by synergetic or antagonic non-linear reationships. Also the use
of sandards into the index structure can produce problems related to internal coherence. These problems
originate from the fact that one would expect that when one of the indicators passes its corresponding
threshold (standard), then the evauation index aso passes a ‘globa standard’ threshold; on the other hand,
when the index passes this ‘globa standard’, at least one of the indicators should pass its corresponding
gandard. Tomlinson [1988] showed that some of the most used VF mathematical structures (among which
the additive) do not show the desired behaviour just described. There are, indeed, ‘ambiguous regions
where the index passes the ‘globa standard’ but none of the indicators passes its own; and ‘regions of
eclipses where one or more of the indicators passes their own standards, while the index keegps lower than
the globa standard. This problem, however, vanishes when natural attributes are used, asit should be.
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FIGURE CAPTIONS

Fig.1- Anexample of evaluation matrix (Arbia project, Sena, Italy)

Fig.2 - Example of a quality score function v(d) (dightly modified from Brown et d. [1970]; d: faecd
coliforms/100 ml logarithmic scae).
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