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Multi-objective decision support for transport proposals: getting it right
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“University of Queensland

- This paper considers fandamental elements of multi-objective decision support (MODS)
“'for transport proposals, with a view to “getting it right”.

‘onsideration is given to identification of objectives, measurement of outcomes and value
‘transformations, weighting of objectives and attributes, and characterisation of uncertainty
“and sensitivity testing.

‘Further, it is suggested that although relatively sophisticated MODS technologies have been
‘developed in recent years, MODS based on additive weighting has potential to complement
“more traditional cost-benefit techniques in a broader assessment of transport proposals that
“iricludes not only efficiency criteria but also non-monetary and intangible impacts. Additive
‘weighting has the advantage of transparency and has shown to be readily understood by
“decision-makers and stakeholders.

ime recent developments and variants of additive weighting are considered (including

tochastic and fuzzy versions which more adequately acknowledge the uncertainty

ervasive in decision-making) It is believed that these developments have potential to
enhance the effectiveness of transport decisions

t1is concluded that although some limitations of MODS are apparent, MODS technology
has significant potential in comprehending the diverse range of impacts associated with
transport proposals and affords substantial opportunities for more rational and
omprehensive assessment and more effective and accountable decision-making.
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Introduction

This paper advocates the merits of multi-objective decision support (MODS), in particular
additive weighting, as a tool for transport planners in context of grappling with the
complexities of multiple conflicting objectives, multiple stakeholders, and considerable
uncertainty. It is well known that major transport investment proposals frequently engender
widespread community concern and opposition Commonly significant benefits accrue to
some sections of the community whilst other sections of the community (and the wider
environment) suffer significant disbenefits. Rarely are the disbenefits of transport proposais
fully accounted for since it is common for economic criteria, in particular, travel-time .
savings, construction cost, and operating cost to predominate in the assessment of transport
proposals. However, it is increasingly recognised that this traditional approach towards the
assessment of proposals is deficient, and that broader, more encompassing assessment is
required taking account of non-efficiency criteria and non-monetary impacts (eg Haris, '
1994; McFall et al, 1994). MODS technology and MODSSs (multi-objective decision
support systems) facilitate this.

MODSS

A decision support system (DSS) implies a computer program that will assist individuals = : - -
and groups in their decision processes, supports rather than replaces judgements of PR
individuals, and improves the effectiveness of the decision process (Janssen, 1992). The
focus of a DSS is on procedural rationality (quality of decision process) rather than -
substantive rationality (quality of decision) MODSS is a DSS which explicitly
acknowledges the existence of multiple objectives pervasive in decision-making
Substantial development of MODS in recent years has resulted in an overwhelming vatiety
of technologies. Currently, however, MODSSs ate rather pragmatic and not based onany -
firm theory In addition, their quality is demonstrated by their usefilness in practical
situations o

It is believed that MODS should form the basis of a broader assessment of transport -
proposals under consideration by transport authorities to facilitate the synthesis of complex-.
and conflicting information towards more effective and accountable decisions. Houghton -
(1998) has also recently advocated the use of MODS in the context of transport. .
infrastructure decisions within the framework of ecologically sustainable development - -
(ESD) Sl

In MODS, P; (i=1,...,]) is a set of proposals (projects, alternatives, options} identified .fOI' o
a decision problem, O; (=1....7} is a set of objectives, X| is a measure (attribute) indicat_mg
the degree to which O is met. x; indicates a specific amount (level) of Xj For examyle_.
‘maximise savings in travel time’ is an objective, ‘savings in travel time” is an attributé, and :
200 hours’ is a level A basic component of a MODS system is an ouicome matrix _Wh“:h :
arrays the proposals (rows) against the athiibutes (columns) and is represented as X = [_Xg']_ :
where x;; is the outcome of proposal P; (i = 1,..,]) on atribute X; (j = 1. ). s
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Objectives should be complete (all important dimensions of proposals should be Covered)

operational (atributes should be meaningful to both decision-makers and stakeholder; '
involved in the decision process); non-redundant (objectives should not contajp
redundancies in the form of conceptualising or measuring essentially the same thing in
different ways); decomposable (such that performance along different objectives can he
assessed independently); and, minimal (the number of objectives should be as few g5
possible) (Keeney and Raiffa, 1976) In this latter respect, however, the numbe; of
objectives should be sufficient to adequately characterise the proposals. A rule of thump

based on the cognitive limitations of information processing is that the number of attributes -

should not exceed 10 or so and perhaps be of the order of 7 (Belton and Vickers, 1990},

Stakeholder input into the process of structuring values in terms of objectives and

operationalising objectives in terms of attributes (in addition to the expression of ttade-offs S

between attributes) is essential and may be implemented through workshops, focus groups,
or surveys (Keeney et al, 1990) Increasingly, computer networks or the Internet may assist
in this task

Measurement of outcomes and value transformation
A basic element of MODS is the outcome mairix Fundamental to the outcome matrix is

the level of measurement of outcomes achievable and this is an important determinant of -
the possibilities for MODS technology. Outcomes may be measured on an ordinal scale or

on a cardinal scale (ie. interval or ratio scale). Differences between ordinal, interval and - "

ratio scales are not always well understood In the context of MODS for transport
proposals, arithmetic is sometimes performed on numbers that is not justified by their level
of measurement, for example, Schiager (1965). Though cardinal scales are more precise and:

convey more information than oxdinal scales, it should be noted that cardinal scales are .
more difficult to construct and are more sensitive to ‘noise’ (and therefore more error - -

prone) Most frequently in MODSS, attributes will be measured along a mixture of both - -
ordinal and cardinal scales and such mixed outcomes must be manipulated in particular -
ways in order to achieve some degree of comparability (Voogd, 1983) For additive
weighting, at least an interval scale of measurement for atiributes is desirable. '

For cardinal outcomes, a fransformation of outcomes is often necessary to yield values.” .

Value transformation of outcome scores may take many different forms, The simplestis2.

linear transformation which maps outcome scores (along a given atiribute) into the unit -

interval so that the worst performing proposal attains a score of zero and the best -

performing proposal attains a score of one (Voogd, 1983). Local scales are completely
defined by the proposals under consideration whereas giobal scales involve some globally
worst and best performing proposals The latter scales are more flexible but demand moze ..
information (Belton and Vickers, 1990).
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More realistic, though more difficult to specify, are non-finey transformations or value
. functions (Keeney and Raiffa, 1976) which imply unequal changes in value for equal
éhanges in outcome scores. Most commonly a unit change at the ‘lower performan_ce’ end
- of the attribute scale is valued more than a unjt change at the higher performance' end of

‘assessing transit system designs
‘{Janarthanan and Schneider, 1986). This includes a linear range of value between
acceptable and ideal outcomes with diminishing marginal value towards the minimur and
_maximum outcomes for a given attribuie Where quantitative natural scales are unavailable,
value functions may be constructed through direct rating or

_s__sociated with objectives/atiributes is a set of positive weights ot priorities. In the case
T multiple decision-makers and stakeholders, multiple sets of weights will exist Weights,
are values and represent the importance, significance or salience

een as a weakness of
akers and stakeholders,




Swmith, PN

No obvious criterion is available to test the validity of any elicitation method (Rowe and -

Pierce, 1982). Searches for convergent validity (that is, for similar estimates generated by

different methods) have produced negative results in that different methods lead ¢, -
inconsistent estimates (Rowe and Pierce, 1982; Schoemaker and Waid, 1982; Jaccard et

al, 1986). Examination of the theoretical soundness of weight elicitation methods ig anothey
possible approach, particularly for additive weighting, where the meaning of attribute .
weight is clearly defined (Hobbs, 1980).

Often, prioritisation or weighting of attributes is made in terms of abstractions {such as. ._
travel-time saved or social dislocation as, for example, travel-time saved for commuters ig *
more important than social dislocation) rather than in terms of specific amounts (such a5
x minutes of tfravel-time saved for commuters is more important than displacing y-
households). It arguable whether the former type of statements have any real meaning.
though many decision-makers and stakeholders are usually quite able to respond to such:
questions concerning importance, and the majority of practical applications of MOD
technology adopt weighting procedures that are independent of outcomes (eg Schimpele
and Grecco, 1968; Jessiman et al, 1967; Saaty, 1980; Edwards, 1977; Edwards and
Newman, 1982} However, the hypothesis has been advanced that individuals have som:
plausible set of proposals and ranges in mind when judging importance and therefore
Judgement of the relative importance of attributes should only change when the
environment radically changes for the plausible set of proposals {Gabtielli and von
Winterfeldt, 1978). More recently, GRaphical Point Allocation (GRAPAY h'a's_' been'
proposed which implicitly assumes this view (Leon, 1997). AR

Often, 2 weight matrix might be represented as W = [w;"], where is the weight as signed to -
attribute X; by stakeholder Sy, 0 < w;* < 1 and >4=w;¥ = 1, Vk. In some situations weights
or priorities may be aggregated over stakeholders yielding a single set of weights (that:

w; = fiw;', wi,.. . wiS), where f(+) is some aggregation function, for example, an average). -
Sometimes, ‘political’ weights {ou, cy,..., cx}, 0< 0y <1 and Ty you = 1, are included
to represent the relative ‘power’, “influence’, or ‘importance’ of stakeholders groups:
Again, it is unclear as to how best to determine these weights, thought in a democratic
society, the relative number of members in each group might approximate relative po

Uncertainty and sensitivity testing

Uncertainty can arise in many aspects of MODS, for example, regarding the out
proposals with respect to the attributes, with respect to the weighting of atiributes, ar
respect to the values to be associated with outcomes at any given point in time Th
other sources of uncertainty, for example, uncertainty concerning the completene
set of attributes. Recognition of uncertainty is often not an explicit compone;
Estimation of maximum, minimum (and possibly modal) outcomies with re
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attributes is more in the spirit of limitations of current estimation/forecasting methods. Such
limitations are recognised by MODS technologies involving statistical uncertainty (Kahne,
1975} or deterministic uncertainty (Smith, 1994)

Uncertainty or imprecision surtounding atiribute weights is also cornmon and also can be
incorporated using statistical or deterministic uncertainty, Voogd {1983) suggests that
where only an importance order of attiibutes is given (for example, w; > w, > vy and
2w =1 for I=3) underlying {cardinal) weights may be approximated by exploring the
implications of extreme weight sets (for J=3 atiributes: (1.0,0), (1/2,1/2,0), (1/3,1/3,1/3))
' based on random weight sets within the
e, tri e weight sets might be generated. Though
there are several other possibilities, a ‘best’ proposal might be considered to be that which
is ranked first with greatest frequency Given an importance order such as WiZw= >
wy and 2 yw; = 1, rank-order centroid (ROC) weights defined as averages of extreme
- points also reflect weight uncertainty Thus, w; = (1/DZi5(1/i) and for J = 3, w;=11/18,
w2 =5/18, w;y =2/18.

However, if weights do not inherently acknowledge uzcertainty, then it is a simple matter
to test the sensitivity of the resulting preference order of proposals o variations in an
i attribute weight. For example, the change (if any) in the weight of a given attribute that wili
result in the second “best’ proposal becoming equal ‘best® o perhaps ‘best’ overall may be
- informative to decision-makers {Smith, 1992a)

MODS technology

A wide range of relatively sophisticated MODS technologies has been developed in recent
ears, for example, multi-aitr ibute uttliry theory (Keeney and Raiffa, 19 76), the analytical
lerarchy process (CAHP’) (Saaty, 1980), and outranking methods such as ‘EL ECTRE’

(Elimination Et Choix T'radiusant la REalité) (Roy, 1991y and

ieoretical questions have been taised about its validity,

‘EC Pro’ advanced decision support software (Expert Choice Inc) has enhanced its
Opularity and application ‘REMBRANDT’ is a software Package that has been developed
 adjust for the contended flaws in the AHP (Lootsma, 1992)

-makers with their problems, and that complicated,
unicate models and elicitation methods, should be
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avoided Additive weighting is both well tried and minimally demanding on decis; o .'
makers and stakeholders in terms of eliciting responses concerning values It faciiitatz;

separate assessment of technical judgements (outcomes) and attribute weights (valueg) 5

combining them in a rational and consistent manner. Further, there are a number of recent

developments of additive weighting which prima facie enhance its use as a MODS R

technology. Formally, additive weighting is expressed as follows
V(X %2, X)) = 2=t IWVi(Xg)

where vi(x;) is a uni-dimensional (attribute) value function and w; is a weight associated
with atiribute X;. Value functions are scaled such that vi(") = 1 and vi(xjo) = 0 where x."
Xy denotes the best level and worst level of attribute X, respectively. Again value ﬁlncﬁoi]l;
may be defined locally or globally.

Substantial support for linear models such as additive weighting as a robust approximation = :- .'
to more complex models is well known in the context of behavioural decision—making R

Dawes and Cotrigan (1974), for example, cite a number of studies of individual decision-

making processes in which linear models perform well In each study, the common ":

characteristic was that independent variables (attributes) each had a monotonic relationship

to the dependent variable (aggregate value). Dyer and Larsen (1985) document further s

empirical and theoretical studies supporting this conclusion

Additive weighting has been used in the context of transport related decisions (for example, :

Jessiman et al, 1967; Schimpeler and Grecco, 1968; Bor and Hoel, 1977; Cerwenka, 1982; '.
Scott, 1987; Pearman and Hopkinson, 1989; Kulkarni et al, 1993) Schwartz and Eichhorn '

(1997) document the use of additive weighting involving stakeholders in a collaborative o

process to resolve controversial transport issues.

Additive weighting appears in various forms as “SMAUP” (Einhorn and McCoach, 1977),

‘SMART® (Edwards, 1977), ‘SMARTS’ and ‘SMARTER® (Edwazds and Barron, 1994),

‘GRAPA’ (Leon, 1997), and (along with the AHP) forms the basis of recent MODSSs such - .
as ‘Logical Decisions’ decision support software (Logical Decisions), and Criterium’

(InfoHarvest) Additive weighting forms the basis of “VISA’ (Belton and Vickers, 1990) -

and is a component of the ‘DEFINITE’ DSS (Janssen, 1992; Janssen and van Herwijnen,

1994) as both the weighted summation and the expected value method It has been endorsed '

by the U.S. National Academy of Science as an approach to selecting nuclear waste
disposal sites (Merkhofer and Keeney, 1987).

It is important to recognise that some critics have considered additive weighting as naive o
and too simple as a MODS technology. In addition, the *linearity trap’, which suggests that =
for convex sets of efficient (non-dominated) solutions additive weighting is indeterminate .-

to the extent that different combinations of weights may equally identify the best proposal,
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has been discussed (Zeleny, 1982). This may also account for the robustness of additive
weighting. Also if the set of efficient solutions is non-convex, then some proposals may
never be selected Additive weighting implies that indifference surfaces among levels of
attributes are hyperplanes and do not admit changes in preference under extreme conditions.

In additive weighting, independence or dependence between attributes must be considered.
In particular, attributes should be value independen:. This means that the preferences
between alternate levels of a given attribute are independent of the levels attained by the
other attributes. Often no testing of this independence condition is undertaken. However,
the assumption of value independence is considered to be an adequate approximation in that
it is claimed that quite substantial amounts of deviation from it make Hitle difference to the
_ aggregate value of proposals (Edwards, 1977). When conditional monotonicify is present
. (that is, more is preferred to less of an attribute), failure to meet this requirement is
 contended not to cause inaccurate results.

- In additive weighting, the weight of an attribute should be interpreted as the change in the
aggregate value for a proposal resulting from a unit of change in the value function for a
given attribute (Hobbs, 1980). Decision-makers and stakeholders should thus be asked to

- make judgements concerning the relative importance of increments on each attribute and

- not the attribute in abstract. Elicitation of weights should therefore be based on one of the
methods that yield theoretically valid weights, for example, the trade-off method. However,
- though the trade-off method guarantees theoretically valid weights it is based on an
assumption that stakeholders are able to make valid trade-offs. Zhu and Anderson {1991)
- identify some systematic inconsistencies in an attempt to validate the trade-off method {in
~ addition to attempting to validate the rating and allocation methods). Swing weights have
also been proposed which involve asking stakeholders to compare a change (or swing) from
the least preferred to the most-preferred value on one attribute to similar changes in another
tiribute (Edwards and Barron, 1994).

- ROC weights are the basis of SMARTER (Edwards and Barron, 1994) justified by recent
- Tesearch by Barron and Barzett (1996) though in this case, outcome ranges on attributes are
“ 1anked rather than the attributes themselves, The requirement that no more than 2 tank order

of importance of attributes or attribute ranges be elicited from decision-makers and
_ stakeholders is consistent with a view of simplicity in decision-making and, in particular, with
-a view that procedures for eliciting responses from individuals be minimally demanding
- (Hajkowicz, 1997) Schwartz and Eichhorn (1998) recommend weighting attributes by point
- allocation, again for reasons of simplicity and ease of response from stakeholders.

‘With respect to additive weighting, sensitivity analysis is straightforward. Usually it is
‘assumed that the weights are normalised such that 2 Jw; =1 and that component value
functions are in the range [0,1] Then for a given atiribute, the weight may be varied from
.:Q_to 1 on the horizontal axis of a graph (with compensating changes in the remaining
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attribute weights to ensure that 2-1;w; = 1) and the associated aggregate value for each
proposal (also in the range [0,1]) may be plotted on the vertical axis The aggregate valye
of proposals will be a linear function of the vatiable weight for the given attribute If the
aggregate value scores for proposal P; lie above those of proposal Py for all possible weights
in the range [0,1], then proposal Pjisa ‘robust’ or ‘dominant’ proposal relative to P, with
respect to that attribute. More frequently, lines for each proposal will infersect at
particular point (weight) thus reversing aggregate preference for the proposals represented
by the lines. Such crossover points give some perspective on how the aggregate preference
(value) for proposals is dependent on the weight assigned by decision-makers or .- D
stakeholders and to what extent variation in a weight will reverse preference. '

Yakowitz et al (1993) use an importance order of attributes (wi=w2 = .. 2wj) in additive . :
weighting which has found expression in a MODSS under development for the Queensland - E
Department of Natural Resources (Robinson, 1998). This approach is conceptually simple :

and provides the decision-maker with evidence if one proposal is dominant over another . - -7
Proposal P; dominates proposal Py (with respect to additive weighting) if and only if for 7.
every set of weights {w1, wa ... Wi}, consistent with the importance order of attributes,

T aWiviE) 2 2=10WiVi(Ek) with at least one weight set satisfying this as a strict :
inequality. Given an importance order of attributes, the best and worst overall value for =
each proposal can be identified by a linear program, which amount to finding the minimum '

and maximum value of the partial sums for each proposal P; i=1, ., '

sij = (143) 2 Vi) ji=1,. ]

When outcomes are not known with certainty, u#ility functions may be used to capture.
dacision-maker and stakeholder attitudes towards risk (Keeney and Raiffa, 1976), though 1.
the need to elicit gambles for lotteries involving hypothetical consequences can be onerous i
for both Less demanding is stochastic additive weighting (Kahne, 1975) which allows for o

the incorporation of uncertainty using outcomes and weights expressed as uniform probability. " i
density functions (iriangular ot trapezoidal probability density functions may also be used) oo
The method involves generating uniform random variates h=1,2, .. ) for weights (mja’)) and i
outcomes (p;), and aggregating as follows R

v = o™ pg®

A frequency distribution showing how many times each proposal is ranked first, second, &6 - i
may be analysed to identify a ‘best’ proposal L

Where only soff data regarding outcomes (o1 a mixture of hard and soft outcomes), Juzy:
additive weighting has been advocated in the context of transport proposals (Smith, 1992b, -
1994; Teng and Tzeng, 1996) which facilitates the additive aggregation of fuzzy numbers.
representing linguistic tatings of the performance of proposal P; with respect to attribute X5+
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tjj (82 ‘superior’, ‘poor’, ‘low’, ‘medinm’, *high’, “very high’, etc) and importance of
attribute X;, w; (eg. “important’, ‘eritical’, ‘rather important’). This takes the form

v, = (UD 8w ® rji}

Vi is a fuzzy number representing the aggregate performance of proposal P;, & denotes
fuzzy addition and ® denotes fuzzy multiplication For example, in the case of =}
attributes, V;, might be expressed as

Vi = (I/T)Y{critical ® low ® rather important ® very high}

where w; = critical, w, = rather important, r;; = low and iz = very high. Usually, fuzzy
numbers are defined on base set [0,1] in which case the aggregate value of proposals, V;,
1s a fuzzy number in [0,1]. Various strategies are available to ‘defuzzify’ these numbers to
identify a *best’ proposal. Though fuzzy additive weighting aggregates linguistic ratings of’
performance and linguistic expressions of attribute importance, crisp (non-fuzzy) measures
of performance measured in interval oy 1atio scale terms may also be combined with soft
linguistic ratings of performance. Various methods are available to facilitate decision-maker
* and stakeholder input in terms of the definition of fuzzy numbers representing linguistic
. 1atings of performance and attribute importance.

. Itis important to note that the overall evaluation of proposals based on additjve weighting
- should not be considered as the end of the analysis but must be used to further develop
- understanding and promote further discussion between stakeholders and decision-makers
" A MODSS based on additive weighting and mcorporating interactive visual display of the

X ute weights, etc. would provide a powerful tool for

-makers and stakeholders the information they have provided,

made and initial attempts to synthesise this information This
_ d as a catalyst for learning about the values of decision-makers
- and stakeholders.

:__Conclusion
Inthe context of planning for transport, decision-making is ultimately the responsibility of

elected representatives in the political arena Transport planners provide only supporting
Wnformation to those invested with the power to make key decisions. Clearly transport
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planners should seek to provide more incisive as against more voluminous information ang
MODSS should impart to decision-makers greater insight and clarity rathey thay. =
obfuscation (Wyatt, 1996). In particular, additive weighting within a visual interactive = .
computer-based MODSS has potential to achieve this, involving complete transparency, A
flexibility (to facilitate the learning process through iteration), graphic presentation of ) -

relevant information (in particular, the performance profiles of proposals), and complete e
sensitivity analysis (particularly regarding attribute weights as perceived by decisiop. .

makers and stakeholders and implications for the aggregate preferences of proposals)

MODS technology has significant potential in comprehending the diverse range of impacts -
associated with transport proposals affording substantial opportunities for more rational anq -
broader assessment. In view of its relative simplicity, ease-of-understanding, and the -
minimal demands placed on decision-makers and stakeholders, additive weighting has beer; -
advocated for MODS in the context of transport proposals. S
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