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Abstract

This paper is the first to develop a measure osgorer surplus for the Random Regret Minimisation
(RRM) model. Following a not so well-known approagfoposed two decades ago, we measure
(changes in) consumer surplus by studying (changgsobserved behaviour, i.e. the choice
probability, in response to price (changes). Werpiet the choice probability as a well-behaved
approximation of the probabilistic demand curve aodordingly measure the consumer surplus as the
area underneath this demand curve. The develop#dreveneasure enables researchers to assign a
measure of consumer surplus to specific altermnafivéhe context of a given choice set. Moreover, w
are able to value changes in the non-price ate#utf a specific alternative. We illustrate how
differences in consumer surplus between randometemnd random utility models follow directly

from the differences in their behavioural premises.

Key words: Random Regret Minimisation; Consumer Surplus; avejf probabilistic demand

function; context dependency
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1. Introduction

McFadden (1981), Small and Rosen (1981), and Hamerfk084) were amongst the first to establish
the theoretical connection between discrete chaoimalelling, specifically the Random Utility
Maximisation (RUM) model, and welfare economics.tl®a and Ibanez (2013a) provide a
comprehensive overview of this literature, but monportantly also provide five assumptions under
which the indirect utility function is consistentitiv economic theory. Additive Income RUM
(AIRUM; McFadden 1981), for which the indirect itil function is linear in prices and income,
adheres to these five assumptions and providesetischoice modellers with its most well-known

monetary measure of consumer surplus, i.e. the wog®.g. Cochrane, 1975; De Jong et al. 2007).

In discrete choice models, (changes in) choiceairiiies are an appropriate way to reflect (change
in) behaviour in response to price or quality (aes). When demand is restricted to unity and the
Batley and Ibanez (2013a) assumptions are fulfillleen the choice probability can be interpreted as
probabilistic demand curve. Williams (1977) and Béiva and Lerman (1985) accordingly calculate
(changes in) the area underneath the demand corderive a Marshallian measure of consumer

surplus which coincides with the Hicksian LogSumaswee under AIRUM (e.g. McConnell 1995).

The five assumptions put forward by Batley and #éma(R013a) are, however, conflicting with many

of the behavioural phenomena observed in recentrigapstudies, such as compromise effects (e.g.
Boeri et al. 2012), cost damping (e.g. Batley 20h@terogeneity in cost sensitivities across goods
(e.g. Hess et al. 2007) and non-linear income &ff@cg. Dagsvik and Karlstrom 2005) to name a few.
By relaxing some of the aforementioned assumptiwasmay be able to better explain empirically

observed behaviour. However, the resulting funetidorm for the choice probabilities can no longer

be interpreted as probabilistic demand functiomgesithey no longer provide a solution to what is

known in the economic literature as the ‘integigpproblem’ (e.g. Deaton and Muellbauer 1980). As

a result, welfare analysis based on such incomsigidirect utility functions is limited; or sometes

argued to be meaningless.
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Relaxing some of the aforementioned assumptionginesxygiving up the notion of a fully rational
consumer. This is a direct result of incorporagtgments of irrationality, such as compromise eéffec
as done by the Random Regret Minimisation (RRM) ehd@horus 2010), in the deterministic part of
the ‘indirect utility’ function used to estimatesdrete choice models. This is in line with the ooti
that not all irrational behaviour would be captutedthe existence of an error term in the RUM
model. A potential solution emerges when one falawline of reasoning proposed by McConnell
(1995), who states thatf“there is a change in behaviour, there is alsosimiikely a change in
welfare”. In other words, if one is willing to accept tlaamodel is viable representation of (potentially
irrational) choice behaviour, this opens a dooraims meaningful welfare analysis, albeit — as we wi

show below — in a limited number of cases.

The perspective we adopt is simple. Although fer tehavioural phenomena described above choice
probabilities are still well-defined and they bebasonsistently and in a predictable fashion with
respect to price and quality changes, these chpiobabilities can no longer be interpreted as
probabilistic demand functions. However, if we trd@em as if they were we are able to develop a
monetary analogue to the traditional Marshallianstoner surplus. Such an approximation will be
inherently imperfect and reflects the price paid ddopting a behavioural economics approach. We
will discuss its limitations in more detail in Siect 5. The developed measure allows evaluating, in
monetary terms, the existence value of environnhegaiads and welfare implications of changes in

these environmental goods.

In this paper, we particularly focus on the Rand®agret Minimisation (RRM) model (Chorus 2010).
It is well-known for its ability to take compromigdfects in individual decision-making into account
(e.g. Guevara and Fukushi 2016). The compromiseiefirises in the RRM since bad performance on
one environmental attribute (e.g. water qualityn daardly be compensated by a very good

performance on another attribute (e.g. easy actd$s incorporation of RRM in the NLOGIT and

! Some readers may be familiar with Regret Theorgofthes and Sugden 1982). The RRM model is
distinctively different from Regret Theory, sindedbes not focus on choices under risk and uncgytaRegret

3
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Latent GOLD software packages (EconometricSoftve@E2; Vermunt and Magidson 2014), and its
inclusion in the second edition of the Applied Gl®mAnalysis textbook (Hensher et al. 2015), can be
considered evidence of the growing interest in R&ivbng scholars and practitioners, including those
in the field of environmental economics (e.g., @&t al., 2012; Boeri et al., 2012; Adamowiczlet a

2014). This provides a context for exploring to wieatent meaningful welfare measures can be
derived for RRM models, something which is espéciahportant in the field of environmental

economics. Our approach extends to more recentpgsed generalizations of RRM (e.g., van
Cranenburgh et al., 2015), as well as to othercehaiodels incorporating attributes of competing
alternatives in an alternative’s value functiorg(eChorus and Bierlaire 2013; Leong and Hensher

2015; Guevara and Fukushi 2016).

Section 2 defines the challenges arising when nme@seonsumer surplus for the RRM and other
non-utility theoretic models. Section 3 sets outreet these challenges and Section 4 illustrates ou
approach with an empirical application. Not suipg$y, the behavioural properties of the RRM
model have a direct impact on the derived welfagasares. Differences between RUM and RRM
welfare measures can be substantial, and can llg bastraced back to the shape of the regret
function. Section 5 discusses the interpretatiah lamitations of the obtained welfare measures. The
proposed measure is most relevant when applietldice situations with a well-defined set of choice
alternatives, such as mode or route choice aliggsatSection 6 concludes and provides directions f

future research.

Theory is operationalised by means of utility diffieces between alternatives and it aims to captalations of
Expected Utility theory predominantly in the cortex binary lotteries. The RRM model is instead @amed
with differences in attributes, and aims to (noreéirly) capture choice set composition effects uitimomial
and riskless choice situations. As a result, ikdirmore closely with extremeness aversion (Simoresmh
Tversky, 1992) than with Regret Theory.
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2. A brief introduction into consumer surplus and random regret

2.1 Welfare effects for utility functions linear in price

For ease of exposition, we start by adopting anlWVRindirect utility functionU; for alternativei in
(1) which is linear in pricg, and incomey. Its deterministic componei also comprises a function
f () of non-price attributeX; characterising the alternatiyeis the vector of parameters relati¥go

V; throughf (). Furthermoreg captures the unobserved elements of the utilingtion independent
of price, income and quality. The latter is typigalefined as a random variable. We assuante be
identically and independently distributed and tetthe form of a Type | Extreme Value Distribution
such that choice probabilities can be describettierform of the multinomial logit model (e.g. Train

2009).

U=Vitg=fX,B)ta- Y —p)te 1)

In this indirect utility function, it can be obsex thatz represents both the marginal disutility of price
and the marginal utility of income. It can be easiérified that the above specification satisfidls a
five assumptions described in Batley and lbanei3al As such, the behaviour described by (1) is
consistent with a consumer maximising his diredityitsubject to a monetary budget constratht
Using the properties of duality, i.e. the possipibf rewriting the utility maximisation problem as
expenditure minimisation problem, the Slutsky egumagllows separating demand responses to price
(or quality changes) in so-called income and stuigin effects. This separation is important in
understanding the difference between Hicksian andrshallian consumer surplus measures.
Marshallian consumer surplus embodies both incom# substitution effects as it is related to
observedchanges in demand. Because of including inconmecesff the Marshallian welfare measure
can be subject to the issue of path dependency Batley and Ibanez 2013b). The Hicksian
compensating variation filters out the income dffieg looking into how much income can be taken
away from (or has to be given to) a consumer atpgrice or quality change has taken place to make
him indifferent between the original and new siinrat Following Herriges and Kling (1999) we can

5
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define the compensating variati@V in (2) wherelJ refers to the choice set and the superscripts ‘0’
and ‘1’ respectively define the utility before aaffer the changéDue to the unobserved naturesof
the compensating variation is a random variableafoich typically the expected value is derived for

the purpose of social welfare analysis.

max;e; UL-(Y - p}’,XjO, a, B, ej) = maXje; UL-(Y - p} - CV, le, a, B, ej) 2)
It turns out that for the adopted AIRUM indirecility function the CV in (3) is defined by the
difference in the expected maximum utility befored after the improvement divided lay i.e. the
marginal utility of income (e.g. Small and Rose®1P For the multinomial logit model the expected
maximum utility is defined by the ‘LogSum’ (e.g. €wane, 1975; De Jong et al. 2007). Note that the

unknown constarnt in (3) drops out when identifying changes in expdanaximum utility.

cv = B(maxje; U})-E(maxje; Uf) _ In(%], exp(v}))+C-In(3), exp(v))-c ()

a a

Williams (1977) provides an interesting perspectiveobtaining the Marshallian consumer surplus,
also discussed by Ben-Akiva and Lerman (1985). Hitre choice probability; for alternativei is
viewed as the observed probabilistic demand functoy alternativei. A change in environmental
policy will have an impact on the vector of indiredilities V. Accordingly, the change in consumer
surplus arising from a change in environmentalgyolmproving alternative can be defined by (4).
As described by Ben-Akiva and Lerman (1985), thedgral is defined in utility terms and a common

money metric, in our case is required to translate this utility surplusoimhonetary terms.

1

AMCS = f“’% ni:/i)dvi - n(x]_, exp(v})) +-In(3], exp(v)))-C @)

o

2 The Hicksian equivalent variation (EV) takes thavrutility level as the point of departure and ei@s how
much compensation an individual requires to foragdmprovement. McFadden (1981) also denotes thai@lV/
EV as measures of willingness to pay and willingrntesaccept.

3 Williams’ (1977) measure is already defined in mi@my terms due to the use of a generalized cqsbaph.

6



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

The implemented linear relationship between incgpree) and utility ensures that the Marshallian
consumer surplus following any order of price chemgs path independent, i.e. does not exhibit
income effects (Batley and Ibanez 2013b)s a result, the Marshallian consumer surplus, the
Hicksian compensating variation and the equivaleatiation measures are identical. Welfare
calculations are possible for choice models withrerftexible error specifications. For example, the
family of Multivariate Extreme Value models haveszd form solutions that are reformulations of the
LogSum formula. Finally, ‘translational variancéioavs ignoringY in (1) during estimation without
influencing choice probabilities and welfare estiesa The inclusion ofY here is illustrative as it
makes explicit that consumers derive additionditytirom spending their residual income on the

numeraire good.

2.2 The restrictiveness of the economic framework

Section 2.1 illustrates that a well-defined ecormfmramework governs the use of the LogSum as a
measure of consumer welfare. The underlying assanmptsignificantly restrict the scope for
introducing flexible indirect utility functions irestimation. Violations of the Batley and lbanez
(2013a) assumptions may arise quicker than oneaxpgct. If such violations occur, the labelling of
U as an indirect utility function, is incorrect dsetconnection with a rational consumer maximising
his or her direct utility subject to a budget coaisit no longer holds. This poses choice modelstis

a trade-off between behavioural relevance and tssipility of conducting meaningful welfare
analysis. Behavioural relevance allows researchersxploit the wide range of econometrically
possible formulations of the ‘indirect utility futien’, i.e. the regression equation defining the
attractiveness of a specific alternative. Batley &ekker (2017), mathematically and graphically

show that in the context of a discrete choice nmdehere demand is restricted to unity, non-linear

* Technically, if the absolute value of prices afféiie choice probabilities, then this is an indimatof an
income effect (Jara-Diaz and Videla 1989).

s Adding aYto every alternative in the choice set does nacafthoice probabilities since choice probabilities
are entirely defined by utility differences.
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income effects are not consistent with economiorheAny additional income must be spent on the

numeraire good which by definition has to be pattependent, i.e. not subject to an income effect.

2.3 The RRM model - attribute level differences andhon-linearity

We set out to develop an approximation of the Maliiim consumer surplus for the Random Regret
Minimisation (RRM) model as presented in equatidh A detailed description of the RRM model is
provided in Chorus (2010), and a review of the niedeore properties and empirical comparisons

between RRM and RUM models can be found in Charas €2014).

R, = Zf:ﬂz%;ﬁ In (1 + exp (Hm(xjm - xim))) +In (1 + exp (HM(pj - pi))) + g (5)

The RRM model in (5) is particularly interesteddifferences in attribute levels across alternatives
That is, regreR (alternatively interpretable as the negative otiglen) utility) arises when alternative

i is outperformed by alternatijeon attributem. The consumer is assumed to select the alternative
with the lowest level of regret arél,is a parameter to be estimated for attribmteTlhe RRM treats
attribute level differences in a non-linear fashguch that the marginal regret of being outperfarme
by another alternative on attributeis increasing in the level of the attribute levéfedence. The
behavioural justification for this non-linearity rcdbe found in extremeness aversion (Simonson and
Tversky 1992) where people are argued to dislikeemely ‘bad’ attribute level performance and in
loss aversion in riskless choice contexts (Tvemky Kahneman 1991) where losses with respect to a
reference point (in this case: another alternagiatiribute level) weigh heavier than gains. Assult

of this model specification, the RRM model is atdeaccount for choice set composition effects and
tends to predict higher market shares for so-catlethpromise alternatives with an intermediate

performance on every attribute (e.g. Chorus andldie 2013, Guevara and Fukushi 20i@)jhe

® The non-linear specification of the RRM model deabestimation of a dispersion parameter in thet log
framework (van Cranenburgh et al. 2015). The re$earcan ensure that regret equals zero whentathatives
in the choice set are equivalent by subtractingrestant of sizeJ-1) M - In(2), but this constant is obsolete.

8
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RRM model clearly represents a decision model baseéhavioural decision theory (Edwards 1961,

Slovic et al. 1977; Einhorn and Hogarth 1981) rathan economics.

Unlike the AIRUM model, the RRM model does not datha connection between income and utility.
It is not a valid indirect utility function as iffers no opportunity to reflect a reduction in regr
achieved by spending residual income on the nuneegaiod. In effect, it lacks a common money
metric to transform changes in regret into monetaglfare measures. Formally, if we assume

8, = —0,, then for any income level the binary regret fumttieduces to

In (1 + exp (9, ((Y - pj) - (Y - pJ))) =In (1 + exp (GM(pj - pi))). Regret arising from
differencesn disposable income between any pair of alteveatremains solely determined by the

underlying price differences between these twaradiiives. A lump-sum increase in income will

therefore have no impact on regret.

Note that the specification of the regret functiorterms of non-linear attribute level differendes
significantly different from the non-linear in pecutility functions considered in e.g. Dagsvik and
Karlstrom (2005); Herriges and Kling (1999); Kartsh and Morey (2001); McFadden (1995). The
referred papers have explored methods to derivéHinsian) compensating variation in the presence
of income effects. Typically, simulation methods aequired, but Dagsvik and Karlstrém (2005) and
de Palma and Kalani (2011) provide analytical fdamuThese Hicksian measures, however, appear
not to be utility theoretic per the work of Batlapd Dekker (2017) and Batley and Ibanez (2013a,

2013b).

A distinguishing feature of the RRM model which psshallenges for the derivation of consumer
surplus, is that a deterioration in attribuig increases the regret of alternatiydut simultaneously
decreases the regret of all other alternatjves. Hence, not only the current users of (or those wh

switch to) alternative are affected by the changexip.
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In the next section, we use the regret functio(®)nto develop three specific cases of the RRM-thase
analogue of the Marshallian consumer surplus. JFirsdefines the welfare effects of changing the
price of alternativé. Second, we use McConnell (1995) to value thegmes of an alternative in the
choice set. Third, based on McConnell's method meadle to value changes in non-price attributes.
The approach allows researchers to extract additisalfare information from RRM models that have

already been estimated.

3. Consumer surplus in the RRM model

3.1 Changing the price of a single alternative

As mentioned in the introduction section, we ackieolge that RRM-based choice probabilities are
not consistent with the economic definition of arbtwllian (i.e. observed) probabilistic demand
function. We only interpret it as such since chgicebabilities provide the best information avalidab
on changes in behaviour in response to price aatitguehanges. We initially focus on the welfare
effect of a change in the price of alternativeBy focusing on a price change, our approximatbn
the Marshallian consumer surplus is directly exgpedsin monetary terms. Where Ben-Akiva and
Lerman (1985) take the integral over changes iireatl utility resulting from the price change, we
take the integral with respect to the change iogsti Please note the resemblance with standard-micr
economics (Neuberger 1971; Harris and Tanner 1@Mbh also measures the Marshallian consumer
surplus as the area underneath the uncompensateshdeurve with respect to price. In line with the
law of demand choice probabilities(p) are expected to fall in prices. Equation (6) déss the

change in consumer surplus as a result of the ehiany
ACSy,, = p?l m;(p;)dp; (6)

Choice probabilities are well-defined in the RRMdaband typically take the multinomial logit form

(e.g. Chorus 2010; Chorus et al. 2014), but do aavhply with the Independence of Irrelevant

10
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Alternatives axiom even when random errors aré. iAppendix A confirms that RRM-based choice
probabilities are monotonically decreasing pnsuch that the probabilistic demand function for
alternative is well-behaved. This result does not depend oms$isemptions regarding the error term.
Figure 1 illustrates the reduction in monetary comsr surplus arising from an increasepjinNote
that in the RRM model the change in choice prolitgbg not only caused by an increase in the regret
of alternative, but also by a simultaneous reduction in regretliobther alternatives# i. Changes in

pi might have a minor impact dR, but the change iR may be large such thatis still affected. By
focusing on changes in probability rather than cengating for changes in regret our approach
significantly differs from the indifference basegpaoach to marginal welfare measurement in the

RRM model discussed by Dekker (2014).

7T

p’ pt Pi

Figure 1: Reduction in consumer surplus as a resutif a price increase irp

3.2 Value of having an alternative in the choice se

McConnell (1995) points out that the preceding dogan also be used to determine the value of
having (access to) a particular alternative indheice set (up to a constant). Namely, by incregasin
the price of an alternative (by means of introdgcanhypothetical tak or alternative price levy) the

associated choice probability; reduces to zero. The consumer sur@usf having alternative in

the choice set (within either a RUM or RRM modslxhen defined by the integral over all possible

11
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positive values of; , i.e. the price increase, and denotes the amafumoney that can be collected

from the individual before demand reduces to zero.

C; = [, mt)d; (7)
McConnell (1995) showed that for the AIRUM mode¢ timtegral in (7) has a closed form solution

In(1-n})

equal toC; = , Wherea again represents the marginal utility of incomd aﬂ the probability

of selecting alternativé in the original situatior0. In practice, this is an alternative mathematical
formulation of the LogSum. Integrating down to@demand as McConnell (1995) suggests, assumes
that the estimated model is valid at extremely tbwice probabilities. The corresponding price Isyel
however, may lie outside the normal range over lvhiodels are estimated. The inclusion of a choke
price (e.g. Morkbak et al. 2010) might address prgblem in order to avoid making assumptions
about model behaviour in unobserved areas. Ther ligtan empirical rather than a theoretical matter

and is not restricted to the RRM model.

The differences between the linear-in-all-attrisuRRUM and the RRM model manifest themselves
whenJ > 2! First, they provide a different starting poing.ichoice probability, to (7). Second, the

shape of the probabilistic demand function variegsveen the two models. The marginal change in the

RUM-based choice probability due to levying a taxgiven by (8). This change ™" is largest

when 77°*™™ =0.5due to entropy. For the RRM model, the correspandierivative is given by (9).

RM
For larget, the derivative approacheh;m n'R IzRRM( RRM)(J -1)§, from below since

R
lim—-=0 and lim — GR = . The size difference betweeno and (J-1) /v then determines
t oo

- Ot

whether the choice probability in the linear-indatites RUM or RRM has a fatter tail. Faster

convergence to a zero choice probability reducestmsumer surplus of an alternative.

"RUM and RRM are behaviourally equivalent for binahoices, including welfare implications (Chorl2).

12



10

11

12

13

14

15

16

17

18

19

20

21

22

anRUM

x :—niR“M(l—lzRUM)a<Ofora>O (8)
o™ e RRMB_ —_ 7 RR a_R
o [JZ”J 5 B %tjw v

3.3 Valuing changes in the attributes of a singletarnative

Now moving to our third type of consumer surplusarmges in consumer surplus (i.e., the change in
existence value of the alternative) as a resulthainging the attribute levels of alternativeNVhen
introducing changes in the non-price attributesaltérnativei, the probabilistic demand curve in
Figure 1shiftsrather than that a changéngthe probabilistic demand curve is made. Accordingl
the change in consumer surplus cannot be simplgirdd by integrating over the change in price.
McConnell (1995) shows that the probabilistic dechdmnction can, however, still be applied to
derive this particular change in value. Equatiod) (then measures the difference in existence value
between the new and original situation as denotethé superscripts ‘1’and ‘0’ respectively. This

formulation can be applied to RUM, RRM and othetlalBehaved specifications of the choice model.

0

acs = [7(1) dt- [ 7°(1) ot (10)

0

McConnell shows that for the AIRUM model, the chanig consumer surplus is then given by

(1-2) -Infu-r)

acs = G- ="

, where thed and1 refer to respectively the value before and

after the change in attribute levels of alternativiot surprisingly, this is a simple reformulatioh

the difference in the LogSum between the two Sibnat

4. Empirical illustration

To illustrate our concepts of consumer surpluhiemRRM model, we use a dataset on route choice as

discussed in Chorus and Bierlaire (2013). Sectidndéscusses the dataset and estimates a linear-in-

13
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parameters and attributes RUM and an RRM modelid®ed.2 derives the value of having access to
a particular route. Section 4.3 derives the welfamglications of improving or deteriorating theueh
time on a particular route. The welfare calculadifor the RUM model have a closed form solution as
discussed in Section 3. For the RRM model thisls® d@he case, but we prefer to numerically
approximate the integrals reported in (7) and (118).analytical derivation is overly complex and
leaves too much scope for programming error. MATLABUIlt in integral() function is used for the

purpose of numerical approximation.

4.1 The Chorus and Bierlaire (2013) route choice daset

The Chorus and Bierlaire (2013) datasets comp888srespondents, all members of a Dutch internet
panel maintained by IntoMart. All respondents owiaedar, were employed and over 18 years old.
The sampling strategy was designed to ensure bmatséample was representative for the Dutch
commuter in terms of gender, age and education. [&he response rate was approximately 71 % and

the data were collected in April 2011.

Each respondent was presented with nine choics taskhich they were requested to choose between
three different routes for their commute that ddétdin terms of the following four attributes, with
three levels each: average door-to-door travel {gbe 60, 75 min), percentage of travel time spent
traffic jams (10, 25, 40 %), travel time variahil{$,15, £ 25 min), and total costs (5.5, 9, €12.5)

The choice tasks were then generated using a ‘aptinthogonal in the differences’ design (Street et

al. 2005).

Table 1 provides an overview of the estimated maguehmeters for a linear-in-parameters RUM
model and the RRM model. All parameters are ofetkgected sign and it can be observed db&toy,

such that for very expensive alternatives the ehprobability in the RRM model is decreasing more
rapidly than in the RUM model, in the context abttataset. In Sections 4.2 and 4.3 we will foaus o

two specific choice tasks (see Table 2), one witth @e without a clear compromise alternative. We

14



1 expect that in the case of the former differencetsvben the welfare effects between the RUM and

2 RRM model are larger due RRM’s possibility to captaompromise effects.
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Table 1: Estimation results for a basic RUM and RRMMNL model

Linear RUM model RRM model

Parameter estimate t-value  Parameter estimate  u¢-val
Average travel time -0.0673 -35.02  -0.0468 -33.31
Percentage of travel time in congestion -0.0273 7.1 -0.0181 -16.68
Travel time variability -0.0316 -12.04  -0.0210 QQ
Travel costs -0.173 -20.64 -0.1128 -19.79
Observations 3,510 3,510
Loglikelihood -2,613 -2,605

Table 2: Examples of choice-tasks featuring a compmise alternative and one without

Task: Alternative B acts as a compromise altermativ Route A Route B Route C
Average travel time (minutes) 45 60 75
Percentage of travel time in congestion (%) 10% 25% 40%
Travel time variability (minutes) 5 115 125
Travel costs (€) €12.5 €9 €55
YOUR CHOICE | O O

Task: no clear compromise alternative Route A Route B Route C
Average travel time (minutes) 60 75 45
Percentage of travel time in congestion (%) 10% 25% 40%
Travel time variability (minutes) +15 +25 5
Travel costs (€) €55 €12.5 €9
YOUR CHOICE O O O

4.2 Existence value of particular route

The model parameters and attribute levels are awedbito derive the model specific choice
probabilities (see Table 3), which serve as stgupioints for (7). The compromise alternative, Rdiite

in the first choice set, as expected receives &ehahare bonus in the RRM model compared to the
RUM model. Consequently, the other alternatives mising more extreme attribute levels are
assigned a lower choice probability in the RRM mo@hoice probabilities are more comparable
between RUM and RRM in the second choice set, enatbsence of a clear compromise alternative.
These differences in starting points are also ctdlibin the alternative specific CS measures pteden
in Table 3. In the first choice set, Routes A andr€ valued higher in the RUM model than in the
RRM model as a result of their higher choice prdiiggs. Since alternative A is the most expensive
alternative in the choice set, its RRM-based Cgaigicularly low due to the high level of marginal

regret caused by price increases (i.e. the taX.lé\g/ expected Route B is valued higher by the RRM
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model than by the RUM model due to being a compsenailternative. The additional popularity of
Route B results in a €0.14 increase in consumeplsir(existence value). Despite being cheap,
alternative C is not very popular in both the RUMI&RRM model and is therefore assigned a rather

low consumer surplus in both models.

Table 3: Value of the alternatives in the two choie sets presented in Table 1 (in euros)

Choice set 1 Observed RUM RRM
Choice 7T E(CS) sStd. 25% 97,5% 7 E(CS) Std. 2.5% 97,5%
share
Route A 68% 70% 7.00 0.49 6.09 8.03 67% 5.51 0.43724 6.42
Route B 27% 23% 1.49 0.08 1.35 1.65 27% 1.63 0.0491 1.78
Route C 5% 7% 0.44 0.04 0.37 0.52 6% 0.38 0.03 0.3245
Choice set 2 RUM RRM
Choice TT E(CS) Std. 25% 97,5% 7 E(CS) Std. 25% 97,5%
share
Route A 54% 51% 4.14 0.22 3.73 4.59 53% 4.49 0.2208 4 4.94
Route B 2% 3% 0.16 0.02 0.12 0.20 2% 0.12 0.02 0.08.16
Route C 44% 46% 3.61 0.27 3.12 4.16 45% 3.36 0.242 2 3.88

* Standard deviations and confidence intervalsiokthusing the Krinsky and Robb (1986,1990) methid
10,000 draws from the original variance covariamegdrix of parameter estimates.

Also for the second choice set the consumer surphtessures differ across alternatives and
behavioural models. For example, having accesotdeRA is valued €4.14 by the RUM model and
€4.49 by the RRM model. The higher value of RoutenAhe RRM model can be explained by its

higher choice probability and good performancesimts of price (implying a low marginal regret for

marginal price increases caused by the tax levgaid this results in lower choice probabilitiesda

hence access values, for the other two routesvelat the RUM model.

4.3 Changes in the travel time on a route

We illustrate the use of (10) by respectively imying and deteriorating (see Tables 4 and 5) the

average travel time of the routes presented in€ratidy five minute&.The non-linearity of (10) with

8 We treat changes in travel time in isolation. Tisatwve reduce (or increase) the travel time afratitive A by
five minutes and evaluate the change in consumgausufor alternative A. We then go back to theiahi
situation and repeat the same process for alteesaB and C.
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respect to average travel time implies that theiabd welfare effects are alternative and choite se
specific irrespective of the selected model. Wet &ty comparing the size of welfare gains and Issse
within the RUM, respectively the RRM model. Thelfffeliences between the size of welfare gains
predicted by the two models are discussed, and amelude by making the same comparison for

welfare losses which result from deteriorationgavel time.

As expected, strict welfare gains and losses asergbd as a result of improving, respectively
deteriorating the average travel time of the cosrsid alternative. Tables 4 and 5 also confirm the
theoretical expectation that for the RUM model wedfgains are larger than welfare losses associated
with respectively an improvement and equivalenedetation in average travel time. In general and
for all cases presented in Tables 4 and 5, ouralatadisplay this size difference for the RRM mode
The latter is, however, not theoretically guaradtbat after evaluating the entire design we oniy fi
two out of twenty-seven cases where the predictelfiave loss is larger than the predicted welfare
gain in the RRM modél.In those two cases the altered alternative isadirefast, cheap and also
performs top notch on the other attributes. Impnoets then only induce an incremental change in
choice probability, while the RRM model starts pwgt more weight on deteriorations in attribute

performance due to increasing levels of margingiete

The convexity of the regret function explains whifedtences between the welfare gains predicted by
the RUM and RRM model are largest when alternataresimproved on attributes on which they are
already well performing. For example, the welfaséngfor alternative A in choice set 1 predicted the
RUM model is about 49% larger than its RRM modalrterpart (see Table 4). Similarly, Route C
obtains a 32% higher welfare gain in the RUM madéhe second choice set (see Table 5). Note that
the 95% confidence intervals for the RUM and RRMdeloare non-overlapping in these two
examples. The RRM model tempers these welfare ghawause performing extremely well is not

valued much higher than performing well, i.e. maadiregret approaches zero for good performing

° In the design nine unique choice cards are induBach of the choice cards includes three altizemivhich
can be improved or deteriorated in terms of avetemeel time. This provides a total of twenty-sewses to
evaluate.
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attributes. These differences between the RUM aRi Rnodel are amplified even further when the
altered alternative already has a high choice pmititya in the original situation, as the other

alternatives in the choice set will then turn aubeé somewhat irrelevant in defining welfare impact

The differences in welfare gains between the RUM BRM model reduce in magnitude when an
alternative other than the fastest one is imprauetgrms of travel time. It can even be the cas¢ th
RRM predicts a higher welfare gain than the RUM eipdilthough such differences are non-
significant in our data, when the slowest alter@ais improved. Route C in the first choice sedris

example of such an alternative. Again, this isradiresult of the convexity of the regret function

which puts much emphasis on not performing woraa ttompeting alternatives, on a given attribute.

19



Table 4: Change in CS for choice set 1 after redunj/increasing travel time by 5 minutes (in €)

w N

At=-5 RUM RRM
Differencesin  Mean Std. 2.5% 97.5% Mean Std. 2.5% 97.5%  Ratio
CSs RUM-
RRM
Route A 1,43 0,09 1,27 1,61 0,96 0,06 0,85 1,09 1.49
Route B 0,50 0,02 0,47 0,54 0,48 0,02 0,45 0,52 1.04
Route C 0,17 0,01 0,15 0,19 0,17 0,01 0,15 0,20 0.97
At=+5 RUM RRM
Differencesin  Mean Std. 2.5% 97.5% Mean Std. 2.5% 97.5%  Ratio
CSs RUM-
RRM
Route A -1,30 0,08 -1,46 -1,14 -0,91 0,06 -1,04 -0,80 1.42
Route B -0,39 0,01 -0,42 -0,36 -0,40 0,01 -0,43 -0,37 0.97
Route C -0,12 0,01 -0,14 -0,11 -0,12 0,01 -0,14 -0,11 1.00

* Standard deviations and confidence intervalsiobthusing the Krinsky and Robb (1986,1990) metlvid
10,000 draws from the original variance covariamedrix of parameter estimates.

Table 5: Change in CS for choice set 2 after redumg/increasing travel time by 5 minutes (in €)

At=-5 RUM RRM
Differencesin  Mean Std. 2.5% 97.5% Mean Std. 2.5% 97.5%  Ratio
Cs RUM-
RRM
Route A 1,08 0,04 0,99 1,17 1,02 0,04 0,94 1,11 1.05
Route B 0,06 0,01 0,05 0,08 0,06 0,01 0,05 0,07 1.05
Route C 0,99 0,07 0,86 1,12 0,74 0,05 0,65 0,85 1.32
At=+5 RUM RRM
Differences in  Mean Std. 2.5% 97.5% Mean Std. 2.5% 97.5%  Ratio
Cs RUM-
RRM
Route A -0,91 0,04 -0,99 -0,84 -0,92 0,04 -1,00 -0,85 0.99
Route B -0,04 0,00 -0,06 -0,04 -0,04 0,01 -0,05 -0,03 1.10
Route C -0,82 0,06 -0,94 -0,72 -0,66 0,04 -0,76 -0,58 1.25

* Standard deviations and confidence intervalsiobthusing the Krinsky and Robb (1986,1990) metivil
10,000 draws from the original variance covariamedrix of parameter estimates.

The tendency of the RRM model to put more weight{r@hatively) bad attribute performances also
explains why we typically observe that the rationafifare effects of the RUM over the RRM model
decreases when switching from welfare gains toarelfosses. Route C in choice set one and Route B

in the second choice set are exceptions where sered an increase in the ratio after deterioratieg

performance of the slowest alternative.
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Route C in choice set one and Route B in the secboite set are already associated with a low
choice probability, where the RRM provides an adddl “penalty’ for bad attribute performance (see
Table 3). Further deteriorating the performancthese two routes does not affect choice probadsliti
that much, since both routes remain very unpopuldsoth RUM and RRM. However, the higher

initial choice probability for RUM allows for a lger welfare effect.

It can be considered remarkable that differencesdlfare predictions between the RUM and RRM
model particularly arise in extreme scenarios. THaRUM predicts larger welfare effects than RRM
when improving popular alternatives on attributdsch are already outperforming those of the other
alternatives; RRM shows larger (negative) welfaffeots when relatively popular alternatives are
deteriorated in the one or few attribute(s) on WWwhitey are already performing poorly. Despite the
subtleness — especially when applied in the condéxRRM models — of the consumer surplus
measure, these patterns can be traced back tadperties (i.e. convexity) of the regret functiarda
the implied preference for middle-of-the-road, aspased to extreme, attribute performance.
Noteworthy is that welfare implications of smallaciges in the attributes of compromise alternatives,
which receive a higher choice share in RRM modatel (have been shown in the previous section to
have a higher existence value for regret minim)sexe comparable between the RUM and RRM
model. This is a result of the fact that the imglions of the asymmetric regret function are less

pronounced at intermediate attribute levels.

As a final note, and before we discuss limitatiohshe proposed approach, it is worth emphasizing
here that the differences between RUM and RRM imgeof the value of alternatives and in the
welfare effects of changes in attribute values,lamger than what might be expected given the small
difference in model fit between the two models. sTinding is in line with the more general
observation (e.g., Chorus et al. 2014) that dedpéefact that RRM and RUM often differ hardly in

terms of model fit, application of the two modedsdead to markedly different policy implicatidhs

19 The recently proposed muRRM model (van Cranenbwegtal. 2015) does potentially lead to larger
differences in model fit. This is due to its alyiltb capture a wide range of levels of regret dvars
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5. Limitations of RRM-based consumer surplus

Section 4 illustrated that the proposed method lmarsuccessfully applied to derive a measure of
(changes in) the consumer surplus (existence valiigpecific alternatives within a specific choice

context. A direct result of using a different beiloawval model is that the differences in welfare and
welfare effects between the linear-in-parametecsattributes RUM and RRM model can be

substantial. These differences can be traced adkferences in the core behavioural properties of
the RRM and RUM model. Despite these promisingltgesthere are, however, issues regarding the
interpretation of the obtained RRM welfare measusiad limitations regarding the applicability oéth

proposed method. Both will be discussed in thisieec

5.1 Total surplus and aggregation bias

The proposed measure for changes in consumer suffollowing changes in attribute levels of an
alternative) that was put forward in Section 3.8rely focus on the existence value of alternaiive
For the RUM model this is inconsequential, sincly dme utility of alternative is affected by changes
in its attribute levels. Therefore, (10) also reyprets the change in total consumer surplus (Leéhea
choice set level) for the RUM model. In the RRM rabdhe attribute levels of alternativjehowever,
also enter the regret function of the other altévea in the choice set. Accordingly, (10) does not
capture changes in the existence value of the attemnatives in the choice set. Without lookintpin
the relevant equations, we already know that cheinge,, by definition have an opposite effect 8n
andR. Improvements iy, translate into a reduction R and an increase R. Hence, whenriCS>0
(i.e., when a single attribute of alternativés improved) the proposed measure of the (chanpe i
consumer surplus for the altered alternative remrssanupper boundon the change in the total
surplus in the choice set, since the decreaseisteexe value of the other alternatives is notrdken
account Similarly, whemdCS<0 (i.e., when a single attribute is deterioratedpwer boundon the
total welfare effects in the choice set is attainbdte that the change in consumer surplus of

alternativei in (10) provides the largest possible effect amtibtal surplus. Namely, the lower bound
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on attribute deteriorations implies that in abseltédrms the welfare loss in the choice set will be

smaller than the obtained bound, i.e. closer toZer

McConnell (1995) derives the total surplus assediatith a choice set by sequentially eliminating al
alternatives from the set, by means of repeatesllyihg taxes in the way described before. After
having established the value for alternativthe price of a second (arbitrary) alternative ¢en
gradually raised to derive the consumer surplushisf particular alternativ€. The process can be
repeated untilall but one arbitrarily selected alternatives are removed fribra choice set. The
inability of McConnell’'s method to value the onlgmaining alternative in the choice set introduces a
aggregation bias to both the RUM and RRM modethimlinear-in-income RUM model, the size of
the aggregation bias can be calculated using titiey utf the remaining alternative divided by the
marginal utility of income. This is, however, imgdde in the RRM model in the absence of a

marginal regret of income.

5.2 Path dependency

Even if the value of the remaining alternative cobeé established in the RRM model, application of
McConnell’'s method for total surplus in the contekRRM models remains hampered by the issue of
path dependency (e.g. Batley and Ibanez 2013b)tHeolinear-in-income RUM model the order in
which the alternatives are eliminated from the cb@et does not affect the level of total surpliee
order of elimination, however, matters for the RRiddel, since increases in the price of alterndtive
change the relative popularity of the remainingralatives in an asymmetric fashion. This violadn
IIA — which, it should be noted here, is a propesfythe RRM model by design — induces path

dependency in the RRM model, i.e. a non-unique oreas the consumer surplus.

1 Note that when some attributes of alternativare improved and others deteriorated it is impesio set
bounds on changes in total surplus.

12 Alternativei has a zero choice probability in deriving this seduent consumer surplus, since it has been
made very unpopular, but is not removed from traazhset.
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Path dependency thereby also precludes the idmatiifih of welfare effects of simultaneous changes
in the attribute levels of multiple alternatives time choice set. Indeed, the value of alternative
changes due to changes in its own attributes dsaweh those of a competing alternatwéNe can
define a change in value for the distinct alterresti andz using (10). The implications on the joint
surplus fori andz, however, varies with the adopted tax path f(@m) to (co,c0). Furthermore, the
opposite directional effect of changes (jor 2) on the regret of the other alternatives in theich sets
precludes setting bounds on the overall implicatiohthe change on the total surplus of the choice

set.

Despite the limitations discussed in this sectiog,believe that the proposed measure constitutes a
step forward for RRM-based welfare analysis adloies researchers to compute the existence value
of specific alternatives and the impact of charigabe alternative’s attributes on its existencriga
Furthermore, the proposed measure provides ingighthe impact on total consumer surplus (i.e, th
value of the full choice set) of changes in theilaites of a specific alternative. Although theidat
measure only provides a bound on the maximum welfaplications of such a change, this is much

more informative than having no information atratjarding the resulting welfare implications.

6. Conclusions and future research

Since its introduction, the Random Regret Minimgsatmodel has received significant attention in the
field of choice modelling and has been applied tbraad range of stated choice and revealed
preference datasets (see Chorus et al. 2014 favarview). Due to its empirical nature and its

behavioural, rather than axiomatic underpinning, tiodel’s capacity to conduct welfare analysis is
yet to be determined, but very likely to be consatiy more limited than that of conventional

AIRUM models. At first sight, the absence of a niaad) regret of income even precludes a
meaningful RRM-based welfare analysis. In this pdpvever, we show that observed behavioural
responses to price changes can be applied to dpyatexcertain specific Marshallian measures of

consumer surplus.
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The proposed method interprets the RRM-based clpaeability ‘as if’ it represents a probabilistic
demand function. It should, however, be noted thatontrast to RUM models, the RRM-based
indirect utility function has no direct utility fution counterpart which adheres to the principeset

out by Batley and Ibanez (2013a). Nevertheless,ctiw@ce probability is the best and most well-
behaved approximation available of how consumesgared to price and quality changes in a discrete
choice context. Following the tradition in microeomics, measuring the area underneath the
probabilistic demand function up to a choke prissigns an existence value to an alternativihe
context of a particular choice seThe capability of the RRM model to account foricke set
composition effects is clearly reflected in the diceed consumer surplus measures and their
differences from RUM-counterparts. For example,Rii®M model assigns a higher value to so-called
compromise alternatives as it favours intermediatgs opposed to extreme — performance on the
different attributes characterizing an alternatiradative to the attributes of competing alternegiv
Changes in the value of an alternative as a re$uhanges in its attribute levels can also beedlu
using the same method, where the method becomgdesimhen a price change is considered. We
find that differences between the welfare effecedwted by the RUM and RRM model are largest
when alternatives are improved on attributes onclhthey are already performing well. These
findings are again in line with differences in beloaral premises underlying RUM and RRM models,
in the sense that the convexity of the RRM modeipers such welfare gains, compared to the RUM
model. In most other cases, the differences betvieerRUM and RRM welfare effects are more
comparable, but also these more subtle differeaaestill be traced back to the core propertieghef

RRM model.

We discuss in what ways the developed welfare measuncomplete. Indeed, it only focuses on the
change in surplus for the altered alternative awtdtime change in total surplus; aggregation biak an
path dependency prevent the quantification of tleeseall welfare implications for the entire choice
set, i.e. the net welfare effect. When unidireaiochanges in the attribute levels are introdu@es,

are however able to set an upper bound on thetirggwelfare gains and losses in the entire choice
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set. Note that these bounds differ from the thémakbounds discussed by Batley and Dekker (2017);
Morey (1994); and McFadden (1995) which are relatedthe possibility of switching across
alternatives; here these bounds arise becausectin@ aegret of unaltered alternatives is affedigd
improving a particular environmental alternativeheT latter could potentially prevent a priori
knowledge on the direction of the net welfare dfféthe issue is closely related to the non-
monotonicity of the expected minimum regret in BiRM model (Chorus 2012). A second limitation
of the method is the impossibility to value changeshe attributes of multiple alternatives as non-
unique welfare estimates will in that case be ole@idue to path dependency. Nevertheless, thig pape
provides researchers a tool to quantify certairfaselimplications based on the RRM model. These
limitations, however, significantly limit the appition of the RRM model in combination with social
welfare measurement, leaving the researcher with itlevitable trade-off between behavioural

relevance and economic theory based social wediaaysis.

Naturally, these limitations call for future resgarand ultimately a movement towards Hicksian (or
compensated) welfare measures which are not hachjpgreath dependency. The simple solution is
to adhere to the AIRUM specification and only allder context dependency in the non-price
attributes. We provide a little thought experimbete when one wishes to keep treating prices in a
RRM fashion. Hicksian measures require an indiidoae indifferent before and after a change in
attribute levels. Section 2 already establishet itttbme compensation is not feasible in the cdntex
of the RRM model. Price compensation may, howeberan alternative measure of compensation.
One could ask the question, what is the minimumuwarhof price compensation required to bring the
individual back to his old regret (utility) leveEssential in the context of random regret (utiliaye

the implications of switching behaviour (e.g. Ktndsn and Morey 2001). As such it may not matter
of which alternative the regret is reduced to theimum level of regret experienced in the original
choice set. Particularly the non-linearity of ragréth respect to price (and attributes) may cabse
price changes in other alternatives are more @fedb bring regret back to its original level at a
lower cost. The relevant question therefore becomdsat is the minimum amount of price

compensation required and on which alternativeritiglthe minimum regret in the choice set back to
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its original level? This requires either extendihg method proposed by Karlstrom and Morey (2001)
or applying McFadden’s (1995) simulation methodotmiain a measure of expected compensating
variation. Naturally, the economic properties offsa measure of compensating variation would need
to be established. Violations of the conditionscdped in Batley and Ibanez (2013a) are foreseen,
such as symmetry, but some of these also extetiwetiramework of utility functions which are non-

linear in income.

Finally, our analysis has been at the level of itigividual, not the representative consumer. A
particular reason for this is that the describezfgyence relations do not take the well-known Germa
polar form. This requires judgements with respecadgregation of individual welfare effects for the
purpose of economic appraisal. Our empirical exam@ssume preferences are constant across
individuals, but it is not uncommon that preferene@ary across income groups (or other socio-
economic characteristics). In both the RUM and RRidel, heterogeneity in preferences has
implications for the implemented social welfare dtion. The welfare function may be corrected for

such effects by means of income adjusted weighgs (K Treasury 2011).
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Appendix A: Monotonicity of RRM choice probabilities in price

In this Appendix, we follow Chorus (2010) and defithe RRM choice probabilities by (A.1) and
assume respondents select the alternative gergethéirieast amount of regret and thatribgativeof

the additive random errerin RR=R;+¢; follows a Type | Extreme Value distribution.

__exp(-R)
Zexp( )

(A.1)

Since cheaper alternatives are preferred over exgensive alternatives we assurfig<0, such that
R is increasing in the price ofand simultaneouslig is decreasing in the price bhs alternative
becomes relatively cheaper (see A.2 and A.3).

I G Ga))

o A2
o Mj¢il+exp(9M(pj_n))>0for6M<o (A.2)

R _, oo (p-p))
op 1+ exp(HM (p-n ))

<0 for g, <0 and)j #i (A.3)

The derivative of z; with respect tg; can then be described by (A.4). Implementing (A2 (A.3)

and noting thaD< 77 <1 brings us to the conclusion that is monotonically decreasing
T OR R
—-77 - ) <0forg, <0 (A.2)
= on op

Since r; is monotonically decreasing m, Z]#njis increasing imp; by definition. The non-linearity

of the regret function, however, precludes statirag the choice probability of each other altenreiti
increases. The first and third terms within theckeds of (A.5) are positive, but the summation ayer
is negative. Hence, the sign of (A.5) is unknaavpriori. For example, increasing the pricei ahay
leaveR unaffected as it is already much cheaper théat may significantly reduce the regret of the
alternatives described loy As such, alternativemay become relatively unpopular compared &nd
experience a reduction in choice probability despaving unchanged regret.

om;j 9R; oR;
a— = 1, <(7T] 1) —i o+ Zq#]nq 50 2 -t lapi> (A.5)
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