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Abstract

This paper compares welfare measures for Multiple Discrete-Continuous (MDC) choice models
with Additively Separable Utility (ASU) and Non-Additively Separable Utility (NASU) functions. The
uncommonly used NASU approach offers flexibility for integrating complementarity and substitution
patterns among alternatives. Nevertheless, welfare measures calculation is more complicated and it
has rarely discussed in the literature. In contract, ASU models allow us to calculate welfare measure
more easily. In this article, we use the generalized ASU and NASU functions and the minimization
of the expenditure function to estimate welfare measures. Our empirical analysis uses data from the
Canadian Nature Survey which includes information regarding the number of days dedicated to different
recreational activities. Our results show statistically significant differences in welfare measures for
changes in prices. Welfare measures from NASU function are lower than those from a ASU function.

Keywords: choice modeling, discrete/continuous, welfare measure
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Chapter 1

Introduction

1.1 Introduction

The study of consumer behavior generally requires the understanding of two types of decisions. On the
one hand, individuals must decide which goods to acquire and which goods not to acquire (discrete de-
cision), on the other hand, for which goods to acquire, individuals must decide how much of these will
acquire (continuous decision). For example, an individual must decide whether to visit parks A and/or
B, and then how many visits to park A and/or B. In principle, researchers are interested in explaining

both decisions in an integrated utility model and not each as a mutually exclusive decision of the other.

Initially researchers have used simple discrete choice models to understand consumer choice pref-
erences (discrete decision), these models assume that the individual chooses only one alternative within
a set of available alternatives (for example multinomial logit, nested logit (McFadden, 1977) and mixed
logit (Train, 1998; 2003)). However, individuals commonly face situations where they can choose more
than one alternative within the set of alternatives. Additionally, the individual chooses a continuous
amount of the alternatives he chooses (continuous decision), this has been commonly generalized as
multiple discrete-continuous (MDC) choice. These kinds of decisions are commonly observed in the
behavior of individuals, for example, in the environmental context, consumers should choose what recre-
ational activities they prefer to develop (fishing, hiking, hunting, etc.) and how many times they prefer

to develop them (twice fishing, never hiking, once hunting, etc.)

Commonly modeling MDC choices is underpinned by the microeconomic problem of maximizing
consumer utility. Among the most used approaches is the multiple discrete-continuous extreme value
model (MDCEV) of Bhat (2008), which is the generalization of the multinomial logit model (MNL),

one of the main advantages of this formulation is the closed form of the expression of probability.



This chapter first presents a framework for understanding and modeling the MDC model. Then, the

main guidelines of this investigation are presented (justification, objectives, purpose, and limitations).

1.1.1 MDC choice models

The first efforts to model the MDC choice are made through the use of simple choice models, the ap-
proaches used were: bundles, stitching, and stream. The first approach begins by identifying all sets
of elementary alternatives and then, each set is used as a composite alternative in a single model of
choice. The second approach begins with the union of simple discrete choice models, which model
multiple discrete decisions through correlation methodologies between univariate utility maximization
problems. Finally, the third approach models the multiple discrete choice decision as to the result of
future consumption decisions. However, these three approaches are not based on a utility maximization

model.

Early efforts to model the structure of MDC through an underpinning in preference theory were
referred to as the first-order conditions (FOC) approach of Karush-Kuhn-Tucker (KKT) for restricted
maximization of random utility, an approach attributed to Hanemann et al. (1978) and Wales and Wood-
land (1983). This approach begins with the formulation of a utility function whose arguments include
the level of consumption of each product and also the quality and other attributes of the products (for ex-
ample, in the case of recreational activities an attribute may be the existence of a guide). Then, from the
problem of maximization of such utility function subject to linear budget restriction and non-negativity
are generated the first-order conditions that dominate when a positive or zero amount of each good is
consumed. Incorporating a random term (from the researcher’s perspective) into the utility function
makes it possible to establish probability aspects for the observed vector of the consumption set that

serves as basic elements for estimating the maximum likelihood of utility function parameters.

It is important to note that in the structure of MDC prevails the structure of corner solutions. In this
situation, individuals do not acquire any quantity of one or a set of available goods. Corner solutions
contrast with the commonly known interior solutions, where the individual acquires positive quantities
of the set of goods available. When the consumer acquires a positive quantity of up to one or two goods
it is known as an extreme corner solution, however, when the consumer acquires positive quantities of
more than two goods but not all of them is known as a general corner solution. The analysis of extreme
corner solutions is relatively simple, however, general corner solutions are complex to analyze (Hane-

mann, 1984).

The main element for the utility maximization problem in the context of MDC is the use of a

non-linear utility structure (increasing and continuously differentiable) with decreasing marginal util-



ity, which presents imperfect substitution and allows the choice of multiple alternatives within a set
of alternatives. According to Maler (1974) this utility function should consider the concept of weak
complementarity', which implies that the individual does not receive utility of the attributes of a non-
essential good if it does not consume it, for example in the environmental context there is weak comple-
mentarity between environmental quality and the demand for recreational activities when the demand
for recreational activity is zero and there are no effects on the utility function of the individual due to
improvements environmental. The main proposals for non-linear utility functions come from the Lin-
ear Expenditure System (LES) and Constant Elasticity of Substitution (CES) approaches (for more see
Hanemann et al., 1978; Kim et al., 2002; von Haefen and Phaneuf, 2005 and Phaneuf and Smith, 2006).
However, Bhat (2008) proposed an approach that subsumes the earlier specifications as special cases,
he used a multiplicative log-extreme value error in the baseline preference for each alternative, and this

was popularized as Multiple Discrete Continuous Extreme Value (MDCEV).

1.1.2 MDCEY choice model

At the beginning of its formulation, the KKT approach seemed to be attractive, however, the assump-
tions established by Wales and Woodland (1983) generated difficulties in the likelihood function due to
multidimensional integration. Moreover, MDCEV’s approach provided a closed form that was quickly

used in different fields of research.

The MDCEYV approach can be applied to cases to complete or incomplete demand systems. The
“elementary” goods in the primary interest set may be referred to as “internal goods” (this applies to a
complete or incomplete demand system). Through the Hicks approach of composite commodities, it is
possible to replace “elementary” goods in each set that is not of primary interest with a single composite
alternative that represents the entire set. This approach allows for the consideration of composite goods
as essential goods, it is common for the Hicksian approach to use only an essential good with different

inside goods.

The specifications of the utility functions for the case where only inside goods and the combination
of inside goods and essential good are considered are presented below. It is important to mention that
this will be presented through an Additively Separable Utility function (ASU) approach, which implies
that the marginal utility of a good depends only on the consumption of that good and not on other goods,

that is, with this assumption the existence of complementarity and substitution patterns is restricted.

ISee Hanemann, 1984 and von Haefen, 2004 for a discussion.



1.1.2.1 Functional form of utility specification
1.1.2.1.1 Only inside goods

The generalization of these functional forms comes from Bhat (2008), where a Box-Cox transformation

of the quantities consumed was used?, this is

U(z) :i”’“w%(”ﬁu)ak —1] (1.1)

where @ is the consumption vector of alternatives k (k = 1,..., K), v > 0, Uy, > 0, and o, < 1
for all k£ are required for this specification to be consistent with the properties of a utility function. In

accordance with Bhat (2008) the interpretation of parameters is

» Uy, represent the marginal utility of consuming alternative k at the point of zero consumption

(baseline marginal utility). Since gTU,C = \I/k(%f + 1)* 1 therefore, if ), = 0 we have that

au
%;‘mk:O = Wy, (1.2)

it is noted that the marginal utility of the good k depends only on the consumption of the same

good and not of the other goods;

* g, are translation parameters that allow for corner solutions (i.e. zero consumption levels for
alternatives) and also influence satiation. The lower the value of v, the greater the satiation

effect in consuming «x; and

* «ay, are parameters control the rate of diminishing marginal utility of additional consumption. If

a is equal to one, then there are no satiation effects (i.e. constant marginal utility).

The satiation parameters, along with the baseline utility parameters, influence the quantity decision
of individuals. However, the parameters 7, and oy, cannot be identified separately so we have normal-
ized the model with respect to one of these parameters, his leads to the definition of v (o — 0, VEk to

estimate -y, parameters) and « (7 = 1, V& to estimate oy, parameters) profiles, are given by

K
Uz) =3 w¥iln (x’“ + 1>7 (1.3)
et Tk

K
Ulx) :Zij—:ln ((xk—l-l)""“ - 1), (1.4)

k=1

respectively. Now, to find the optimal allocation of goods first arises the Lagrangian function for the

UMP subject to a linear budget constraint, this is

(zp) %k —1

2The Box-Cox transformation is applied over 2} = (:—: +1),ie, (z}) = o



K
L=U(z)+ A(E - Zpkxk>, (1.5)
k=1

where F is the total budget and A represents the marginal utility of income. The KKT-FOC are given
by:

akfl
\I,k(x/mrl) e =0, ifat >0,k =1,2,.. K,
) et (1.6)
\yk<$k+1) e <0, if2f = 0. k=12, K,

Optimal demands satisfy equation (1.6) and budget constraint. From the budget restriction, it follows
that it is necessary to estimate K-1 optimal consumption since the quantity of any good can be inferred
through the consumption of all other goods. To adapt to this condition it is established that there is a
good for which the individual consumes a quantity other than zero (this implies that the individual must
participate at least in one of the alternative K), then, if we assume that this is true for the first good

(k = 1), the KKT-FOC for this good can be written as

* a;—1
A&<x1+l> : (1.7
P1 \M

now substituting A in the equation (1.6) for the other goods and taking logarithms, the new KKT-

FOC are given by

v+ =0 +In 0y, ifzf >0,k=1,2,..,K,

(1.8)
v +InWy =v; +InWy, ifay, =0,k=1,2,..., K,
where v, = (o — 1) In (:Z + 1) —Inpg, fork=1,2,.... K.
1.1.2.1.2 Inside goods with an essential good
If considered an essential good, then, the utility functional form needs to be modified as follows
v K ot z
U:B:1<3:+ ‘“>+ 2 K’“H‘”—l)} (1.9)
(x) al(l Y1) kZ:Qakk (’Yk )

where 71 < 0, 7, > 0 for £ > 1, note that the essential good is defined as the first alternative
(k = 1). The magnitude of «; may be interpreted as the required lower bound for consumption of
the essential good. Similar to the case of the function without an essential good, the analysis will
generally not be able to estimate both «, and y for the essential and other goods. The same procedure
undertaken for the only inside goods case, this is, the KKT-FOC are the same as in (1.8), let replacing

v; = (ag — 1) In(x] + %) — Inpy for essential good.



1.1.2.2 Econometric estimation

The baseline random marginal utility for each good is defined as

Uy =exp(f'zx +ex), VE=1,2,..., K, (1.10)

where z; is a set of individual characteristics and/or attributes of the alternative k3 and e}, captures
the idiosyncratic (unobserved) characteristics that impact the baseline utility of good k (note that the
parameterization ensures that the baseline utility is positive). Note that the term stochastic is defined for
all alternatives, therefore it develops in the scenario of inside goods and at the same time is considered
an essential good. Now, substituting W, (equation (1.10)) in the KKT-FOC of equation (1.8), you have

to

Vie+tew =V1 + €1, ifxz >0,k=2,...,.K,

Viter <Vite,ife; =0,k=2,..., K, (1.11)

where Vi, = v, + B’z for k = 1,2, ..., K. Finally, to complete of modeling procedure, the re-
searcher needs to define the error structure. If it is assumed that €;, are independently distributed across
all alternatives (k = 1,2, ..., K) and independent of z;, and considering a standard Extreme Value

Distribution (EVD), the individual’s contribution to the likelihood becomes

£1=0C K . ) M r
I, = ‘J| H lA(LM) d H A(M) l)\idsh (1.12)
e1=—o00 j_ o M H s= K41 H woop

where A and A denote the standard extreme value density and the cumulative distribution, respec-
tively, M refers to the number of alternatives that are chosen and p is scale parameter. The Jacobian

becomes (Bhat (2008)):

M M 1 1—
J|:<Hci><§ ) with ¢; = ——— (1.13)
ci
=1

P er +vipi’

and after solving the integral in the likelihood function Bhat’s solution is

L (1 1) I exp |
liuM_l(Hci)<ZCi)(%)M(M1).. (1.14)

K
i=1 i=1 Zk:l €xXp

We can observe that this expression can collapses to the conditional logit model when M = 1, this

isl; = exp 1 =—. Lhe expression for the probability of the consumption pattern of the goods (rather

Yo exp i

3for example, the context of outdoor recreation, environmental quality at different sites is an important variable that explains

the behavior of site visits (Herriges and Kling, 1999 and Phaneuf and Smith, 2004.)
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than the expenditure pattern) can be derived to be:

l._ll(ﬁf)(im)W(M_l)v (1.15)
Cop pMt Py ’ = fi)( M 7 '

K Yk
D k1 €Xp ¥

. Note that this expression is not independent of the good that is labeled as the

~—

1—(X1',
i+

where f; =
first. That is, different probabilities of the same consumption pattern will arise depending on the good
that is labeled as first. However, the term p% may be ignored from the likelihood function because it is

a constant in the probability function of each individual.

Now, the expression for v; depends on the profile to be estimated, for example for the case where

only one essential good is considered, the v; terms are given by
* Vi =02+ (ag —1)In(z} +1) —Inpy Vk > 2and V4 = (o1 — 1) Inx, as alpha profile, or
o Vi =0z, — ln(fcy—E +1) —Ilnp, Vk>2and V; = (a1 — 1) In 7, as gamma profile.

As can be inferred, the use of this MDC approach allows the integration of discrete and continuous
choices into a single analytical model. This is clearly a contribution to the understanding of the structure
of preferences since previously there were efforts by Bockstael et al. (1987), Hausman et al. (1995) and
Parsons and Kealy (1995) to integrate both decisions, they used a two-stage procedure, in a first stage
they estimate a repeated logit model and then, they incorporate the variables proxy for price and quan-
tity, which are exogenous in the estimation of demand, however, this procedure does not allow them to

integrate both decisions into a single model of consumer utility.

As mentioned the MDCEV model was widely used by researchers. However, researchers are also
interested in obtaining patterns of complementarity and substitution between goods, For this purpose, a
constant effort has been evidenced lately by a group of researchers that extends the MDCEV approach
with an ASU function towards the use of a non-additively separable utility function. This will be re-

viewed in detail in the next chapter.

1.1.3 Justification

The form of the utility function used in the maximization problem is important because it is the char-
acteristics of the maximization that will allow us to deepen the interpretations and applications of the
results. One of the functional forms that is commonly used corresponds to the additively separable
utility (ASU) function, the use of this type of functional form for example facilitates the calculation of
welfare measures. However, the ASU function does not allow capturing patterns of complementarity

between products such as the non-additively separable utility (NASU) function. From the results of the

11



maximization problem with a NASU function can be inferred relationships between different products,
for example, in the context of recreational activities, it will be possible to determine whether two recre-

ational activities, such as hunting and fishing are complementary or substitute activities.

In general, individuals make decisions of choice not only considering attributes of good to consider
but in practice, they have considered attributes of a set of alternatives, of which not necessarily all should
be consumed. In this sense, the study of the application of different functional forms in the problem of
maximizing consumer utility with a KT approach provides important information regarding the struc-
ture of preference of individuals, since the compression of the transition of an ASU function to a NASU
contributes to the exploration of the existing interrelationship within the set of alternatives when making

a choice decision.

Despite the recurrent use of the ASU function, it is important to mention that it is restrictive as it
reduces flexibility in terms of complementarity patterns. However, the use of a NASU function (which
does allow capturing patterns of complementarity) is not easy due to the complexity of finding a like-
lihood function. This is worrying because the cost-benefit analysis uses the results of the use of the
functional forms ASU and NASU, which are inputs for the calculation of welfare measures (Lloyd-
Smith, 2018), and which are also inputs to policy design based on cost-benefit analysis (Boadway,
1974). Therefore, failure to consider complementarity patterns in the solution of the maximization
problem may lead to different outcomes when they are incorporated, which in practice may lead to poor

policy design.

Welfare analysis and cost-benefit analysis are conditioned to the knowledge of the structure of pref-
erence of individuals. Therefore, if the researcher does not consider that different preference structures
incorporate (or not) attributes of complementarity, he may fail in the design of quantitative instruments
that support policy design. For example, the effort in obtaining welfare measures depends directly
on the complexity of the preference structure, therefore it is expected that results and applications are

commonly presented in a context of an ASU function.

1.1.4 Objectives

1.1.4.1 Main objetive

Explore and compare the estimation of a demand system through a discrete/continuous choice model

with KKT focus for a generalized corner solution with ASU and NASU functional forms.

12



1.1.4.2 Purpose

Evaluate the effect of the incorporation (and not) of complementarity patterns (on the preference struc-
ture) on the estimated parameters and welfare measures calculation of the discrete/continuous choice

problem.

1.1.4.3 Specific objectives

1. Provide a theoretical framework for the discrete/continuous choice model through the utility max-

imization problem with the use of NASU functions.
2. Estimate discrete/continuous choice model using ASU functional form
3. Estimate discrete/continuous choice model using at least one NASU functional form.

4. Compare statistically the satiation and baseline utility parameters of the ASU and NASU func-

tional forms.

5. Compare statistically the welfare measures of the ASU and NASU functional forms.

1.2 Limitations

While this paper proposes a framework for comparing the estimation of discrete-continuous choice mod-
els with ASU and NASU functional forms, the approach adopted has two main limitations. The first
concerns the use of a single restriction on the consumer’s problem. And the second is related to the

non-consideration of time.

The use a single constraint (monetary) on the consumer problem makes it difficult to reveal socio-
demographic heterogeneity in the satiety rate. In addition, the benefits of using NASU functional forms
can be better exploited if one considers a restriction of total income that considers for example the bud-

get and time of individuals (Castro et al., 2012; Astroza et al., 2017; Pellegrini et al., 2021).

The fact that the data collection process can be in several days for the same individual provides
correlations and substitution between days. This implies that to incorporate the time factor it is necessary
to formulate a unified model that at least considers two fundamental aspects. First, you need to enforce
the day-level restrictions people face (as many restrictions as the number of days modeled). And second,
consider possible interactions between the allocation of time to activities on different days, such as

substitution, complementarity, and heterogeneity (Calastri et al., 2020)

13



1.2.1 Proposal outline

This paper is structured as follows. Chapter 2 presents the modeling of the MDC decision through
the NASU approach. Chapter 3 defines the framework for calculating welfare measures in the MDC
choice approach. Chapter 4 presents the results of the ASU and NASU estimates and then compares
the estimated parameters and welfare measures between the different approaches. Finally, Chapter 5
discusses the main implications and contributions of the results and concludes with the limitations and

future directions of research in the context of MDC choice modeling.
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Chapter 2

Formulation of the Multiple discrete
Continuous models with a

Non-Additively Separable Utility

functional forms approach

This chapter aims to define a frame of reference in incorporating NASU functional forms into the MDC
choice approach. Section 2.1 provides an understanding of NASU functions and their main implications
for preference analysis. Then, sections 2.2, 2.3, 2.4 and 2.5 set out the main approaches' that have been
addressed by researchers to incorporate the NASU functions forms into the MDC choice approach, as
will be shown shortly, the main challenge relates to the generalization of the Jacobian to use in the func-

tion of likelihood.

2.1 Non-Additively Separable Utility

An ASU function assumes that the marginal utility of a good is independent of the consumption of other
goods. For example, if an individual participates in recreational activities such as fishing and hunting,
the ASU function assumes that the marginal utility of fishing will not be affected by participation in

hunting (and vice versa). This assumption is important for the following reasons.

* The marginal substitution ratio between any pair of goods ¢, j depends exclusively on the quanti-

'Each author’s original notation is initially presented. It is then homogenized for comparisons.
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ties consumed of the goods 4, j, therefore it is independent of the other goods (# i, j). As Pollak
and Wales (1995) points out, this has a direct impact on preferences. For example, consider an
individual who participates in three recreational activities: hiking (x1), bird watching (x2), and
photography (x2). Now, consider a person who tends to hiking and bird watching, or hiking
and photograph, but not just walk. This individual can choose (20, 1,20) over (10, 10, 20) but
also prefer (10,10, 1) over (20, 1,1). This violates the concept of additive utility because if the
individual prefers (20, 1, 20) over (10, 10, 20), he should prefer (20, 1, 23) over (10,10, x3) ac-
cording to the utility additive. This implies that the use of an ASU function restricts the ability to

incorporate flexible replacement patterns.

* The specification of a quasi-concave and increasing utility function with respect to consumption,
together with the consideration of an ASU function, implies that goods cannot be inferior and
cannot be complements, that is, they must be perfect substitutes (see Deaton and Muellbauer

(1980))

Therefore, it is understood that the use of an ASU form is restrictive in terms of complementarity
and substitution patterns in the consumption of different goods. For example, through an ASU function,
it is not possible to identify whether two recreational activities such as fishing or hunting are comple-

mentary to each other.

This prompted an effort by researchers to develop theoretical frameworks that would be able to
capture these patterns in the study of preferences (Song and Chintagunta, 2007; Mehta, 2007; Bunch,
2009; Lee and Allenby, 2009 and Lee et al., 2010). However, it was Vasquez and Hanemann (2008)
who extended Bhat’s, 2008 ASU approach and presented a quadratic version of it, through which the
marginal utility of each good is allowed to depend on the level of consumption of the other goods. The
approach of Véasquez and Hanemann (2008) is a NASU approach and from his work, he developed a
line of research that focuses on the specification of the parameters of interaction that are incorporated
in the utility function, then Bhat et al. (2015) refers to some limitations of the approach of Vasquez and

Hanemann (2008), and then other extensions arise which will be discussed below.

2.2 Vasquez and Hanemman’s approach

Viasquez and Hanemann (2008) extended the ASU function of Bhat (2008) allowing the marginal utility

of each good to depend on the level of consumption of other goods, this is

N Yk Tk ke 14 & Ve [Tk Ok Ym ([ Tm am
U(x) = (= 41 1+ =D Ok | —( (= +1 -1 +1 —1), @n
=1 %k Tk 2 k Qg Yk Am Ym

=1m-—1
where xj, is the quantity of good k and ag, Vi, Oxm and Wy are parameters to be estimated in the

model with the same assumptions, Uy > 0, ax > 1 and «y; > 0. The parameters 6y, allow quadratic
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effects as well as allow the marginal utility of good k to be dependent on the level of consumption
of other goods, therefore if 0, > O the alternatives k and m are complements and if 0, < 0 the

alternatives k£ and m are substitutes. Taking the derivative of (2.1) with respect to zy,

oU . ap—1 M z ap—1 z Qm,
e I N/ L B | O S | R )
Oy, Tk = Tk O [\ Ym

where (2.2) corresponds to marginal utility of good k. Now, at x;, = 0 we have

ou K (T )
Txkhkzo =T + Z ekm? T +1 -1}, 2.3)
m=1 m m

in contrast to % of the expression (1.1), it is now noted that the marginal utility of the good &
depends on both the good k& and other goods, and it is clear that ¥y, is no longer the baseline marginal
utility at the point at which good £ has not been consumed. Therefore, ¥, represents the desirability of

x, before any consumption decision has been made.

Then, the maximization problem is

max U(z) = ﬁj: ﬂ\yk[(ﬂ_’_l)“k_l} +1 EM: EM: Om [ﬂ((ﬂc_i_l)“k_l)} [h(<@+1)am_1>]7 0w
Tk ok Tk 21 Ra—ia——" ak Tk O Ym

k=1

subject to

M M
Zpkxk = Zek =E. 2.5)
k=1 k=1

Most the literature has defined the error term inside Wy either by a multiplicative approach as
U, = expﬁ/zk exp®* or an additive approach Wy = [’z + ¢, and the assumptions on ¢, are €i-
ther a extreme value distribution or a normal distribution. Vasquez and Hanemann (2008) showed that
the multiplicative approach (in the simple case) is convenient since the FOC are reduced to an expres-
sion easy to manipulate with the logarithm operator, and these can be used directly in the likelihood
function. However, in this new formulation, the multiplicative approach does not help to simplify the

model.
There are two solutions to this problem. First, you can consider the additive approach, ¥; =
B’z +¢5,. Second, the multiplicative approach, ¥y, = expﬁ/zk exp®¥, can be maintained but incorporate

the definition of an outside good that helps to simplify the calculation of FOC.

2.2.1 Linear stochastic structure

For this case the FOC can be expressed as
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/ ap—1 0 ” ap—1 - - ap—1
ogﬁz’“+5’“( Ch +1> 4= Z b (e ) ik (( ‘ —1) )
Pk Pk Pk \PkVk Om PmYm

m=1
/! a;—1 a;—1
O1m m m
_ﬁzk+£1<el +1> _72 1 (61 1) Y ((e +1>_1>7
P1 pin e P1 \P1n QO PmYm
(2.6)

where e, > 0 for equality and e, = O for inequality. The last component in expression (2.6)

corresponds to the marginal utility of income A. Now, if aj, = (52 +1)**~ Landa; = (G +1)™ L

let the FOC can be expressed as

Pk 1 Pk p PmYm
M a
1 0 e m
L))
2p1 = Qm Pm Yk
Pr a1 @7
0<*Gk—*fl1+Vk—V1—€k—_— 1+ Vk__Vh
Pk p1 p1 ag
a
€k Szﬁil €1 7Vk + Viv
b1
ep <apajer —apVi +apVh = V' =V 4+ €7,
this area is given by
Vi =Vi+er i (VF_VFae
/ exp Sk exp P “dej, = exp” P e 1), (2.8)
—00

and the likelihood function follows a pattern similar to the case of the ASU function

e1=c0 K M * _ Y/* *
I H [Vk“l] 11 [WWAEP&, 2.9)

s1=—00;y M s=K+1 K H
The main problem is that there is no simple solution for the Jacobian that can be generalized to any
consumption pattern and the integral in the likelihood function does not have a closed-form solution
(Véasquez and Hanemann, 2008). However, the integral can be calculated by simulation or numerically,
for example, if it is included a random parameter structure 8, = 8 + on (/3 is the mean effect and o a

deviation with respect to this mean), then

K
£€1=00 1 * *
_ _ (V" =V +e])
// erxp (Vi =V tel) gxp= &P # '
€

1579 4= 2
(2.10)
—Lvr—viaen) 1

H exp™ P * ﬁexp “Elexp” P dey f(B)d(B),

s=K+1

which can be calculated using simulation.
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2.2.2 Outside good

The alternative to overcome the difficult manipulation of the likelihood function is to assume the exis-

tence of an outside good (Z) that does not have an error term. In this case

Uz, Z) = U(x) + %ZP, 2.11)

where U is the Quadratic Box-Cox utility function. Now, the FOC are simpler since the definition

of the marginal utility of income can be expressed as

oUu*
0z

from wich A = ZP~1. Then, it is replaced, the FOC can be expressed as

=Zr7t ), (2.12)

/ Otk—l
OSexp(ﬁzk—i-ak)( ex +1>
Pr PEVE

1 M 7 ap—1 e am
SxmelGa ) ) @Gt )~
2m:1 PEYE Am PmYm

(2.13)

and

/ Pk €k -l TYm €m om 1
er <o +n| — o 1 > Ok | +1) =1 ) =271, 219
2 \Pek Qm PmYm

m=1

which has the same likelihood function as the simple case except we do not have any integrals (the
outside good does not have an error term). Bhat (2008) gives two arguments against the outside good
formulation.

First, it is arbitrary to assume one good does not have an error term while all others are stochas-
tic variables. Second, in his simple formulation, the likelihood function does not reduce to the simple
discrete choice model when K = 1. However, Vasquez and Hanemann (2008) established that these
arguments may be less important than the advantage of having a simple likelihood function which facil-

itates the estimation of this more complex model.

2.3 Bhat’s approach

Bhat et al. (2015), modifies Vasquez and Hanemann (2008) functional form and proposes to delete the
terms of interaction 0y, for all k = m, where three specifications are developed: Deterministic utility-
random maximization (DU-RM), where the researcher knows how consumers value goods, but also
recognizes that there may be a difference between the calculated optimal consumption; Random utility
deterministic maximization (RU-DM), the researcher introduces stochasticity directly into the utility

function to recognize that the researcher does not know all the factors that the consumer considers in his
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or her wine valuation pattern; and Random utility-random maximization (RU-RM), where the random
utility approach is combined, as well as random maximization specifications in what can be considered

the most realistic situation.

Initially, they introduce the following specification for the utility function

K K
G ] (G )R (G )
U = Uy — — +1 —1 - Okm | — —+1 -1 — 41 -1, 215
@ kgl ¥ Ok |:<'Yk * ) :| * 2 Z Z~ * Qg Tk * (6220 Ym * ( )

Now, taking a derivative with respect to x and set x; = 0, we have

oU Y | ( Tm e
=T o (Em g 2.17
xk"“O k+20k0¢ K +) ] @10

where expressions (2.16) and (2.17) represent the utility marginal of the good & and utility marginal
of the good k when z;, = 0. This case the interpretation of Wy, is similarly to Vasquez and Hanemann

(2008).

2.3.1 Deterministic utility-random maximization

If it is considered the NASU function of (2.15), deterministic utility form, the KKT-FOC corresponding

to the utility maximization problem are

. Oék*l
7fk<xk+1) *)\pkio, if$k>0’k:1;27"'7K7

il (2.18)

ozkfl
ﬁk<xk+1) e <0, ifzy=0k=1,2,..,K,
Tk

where 7% is the baseline marginal utility (expression (2.17)). Stochastics can now be explicitly

introduced into KKT-FOC exponentially multiplicatively as follows

ak—l
fkexp(ek)<zk—|—1) —Ap =0, ifxp>0,k=1,2,...,K,
T (2.19)

akfl
ﬁkexp(ek)(ikJrl) —Apr <0, ifzp=0k=1,2,...,K.
k

The probability expression collapses to the following Multiple Discrete-Continuous Extreme Value

Model closed-form,
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L= |l 1 HlK exp ¥
i — M — 0]
Z PR exp )M

where this expression is similiar to Bhat (2008), however v, = In(7%) —In(px) + (ar —1) In(25 +1)

(M — 1), (2.20)

and the element of the Jacobian are given by

01 1 Oit1,h+1 01,
Jih = Whi1Pht1 | 2% — (1= zi) 22T 4 0p2 =T 4 pp 1 (Lapy + zinLig1),  (2:21)
1 Ti4+1 Ti4+1
ap—1
wherei =1,2,... M—1,h=1,2,... M —1,w, = plk<§;§+1> Jfork=1,2,. K,z =1
ifi =h, z, =ifi # hand Ly = m Unfortunately, there is no concise form the determinant

of the Jacobian for M > 1. For the deterministic utility random-maximization formulation with an

essential outside good, the econometrics simplify considerably.

The procedure is similar to the previous one, however now we work with expression (2.15) but for
the case of an essential good (with 3'z; = 0, ¥; = 1, and p; = 1). then the final expression for
probability in this essential good case is the same as expression in (2.20) but vy = In(7%) — In(px) +

(ap — 1) 1In (:’; + 1) with & > 2 and v; = (aq — 1) In(z1 + 7).

The Jacobian elements, in this case, simplify, with 6;,, = 0 for all m(k # 1), the elements now are

given as follows:

0;
Jin = Wht1 [ mell Zih);—lihlﬂ + prt1(L1 + zinLit). (2.22)
i+

2.3.2 Random utility deterministic maximization

Considering the following NASU function for the no-essential good case

N | =

K K
Tk Tk “k Tk Tk “k Ym T, xm
= Jep (2 - S5 O | (22 )| 2 (e ~1) |,
(=) k1 i exP(Ek)ak |:('Yk +1) 1:| * k=1 mek * |:0‘k (('Yk +1) 1>:| |:am (('Ym +1> 1>:|

(2.23)
where &}, is IID random term with a scale parameter of o and this term captures idiosyncratic charac-
teristics that impact the baseline (marginal) utility of good k at the point at which no expenditure outlays

have yet been made on any alternative. For expression in (2.23), the KKT-FOC are given by

ap—1
nk(m_i_l) —)\pk:07 lfajk>0,k':1,2,,K,
(2.24)

Ozk—l
’I’}k(zk+1> —Apk<07 1f$k207k:172aaK7
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Qm

where g, = Wy exp (§k) + Wi and Wy, = 37y = O 2™ {(ﬂfch 4 1)em — 1}. With definition
of wy, (expression (2.21)), let Ry = nlx—; and U, = exp (B'zg) (the first alternative be the one to
which the consumer allocates some non-zero budget amount). Then, the KKT-FOC may be simplified

as follows

R .
eXP(fk)—@{p&f,;w, ifxr >0,k=2,.., K,
exp (&) < m, ifa, =0,k=2,..,K.

Then, let ¢, = exp (&;) and assumed that g(-) and G(-) a re the standardized versions of the prob-
ability density function and standard cumulative function characterizing (j, respectability. Them, the

probability that the individual allocates expenditure to the first M of the K goods may be derived to be

a=tg °r 11 Ryl& K 1 Rgl& })
b= 7 59N 5 o0 (B2 G ——— dé, 2.26
/<1:0 | M|Cl|([H ag{oexp(ﬁ o) H)<s=]}:1[+1 {aexp(,@ po) f(¢1)dé (2.26)

=2

where f(-) is the density function characterizing ¢;, and the element of Jacobian, Jas|&y (i, h =

1,2,..., M — 1) are given by

1 w
Jin = 5 [ L ((771|C1)(p%L1 + pht1Lit1zin) +ph+191,h+1wh+1> +...
exp (B'zit1) (Wit1
2.27)
Dh+1 <p191,h+1w1 — Oix1 nriwny1 (1 — Zzh)>] :
where z;, = 1ifi = h, z;;, = 0if i # hand L, = —=%6__ The model can be estimated using

Pr(Te—k) "
maximum likelihood consumption techniques (as DU-RM formulation). If, 7, > 0 for each good £,

then the marginal utility of 1 any good at any point of consumption should be positive?.

For the essential good case the econometrics again simplify considerably, we have that W; = 0,
B'21 =0,V =1,p;and 3 = {3 = ¥y exp (&1). Now, the stochasticity is introduced here similar to

Vasquez and Hanemann (2008) and takes the following form

K an
1 (21 —&-’yl)almZ‘I'kexp(fk)%{(a%—l-l) —1] + ...

ol o’
1 s E L\

o () ()]

and the probability expression take the same form as in expression (2.26) with the following modi-

U(x)

fications

1 Tk ar—l

wp=—|—+1 fork=2,..., K,
Tk (2.29)
wy = (o1 +71)* !

)

2For increasing utility functions
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and then the elements again can be computed in closed form and are as follows (i, h = 1,2, ..., M — 1):

1 w
Jin = op B 7iea) L%il {(771|C1)(L1 + pht1Lit1zin) — Pht10it1,hr1wnsa (1 — Zih)H- (2.30)

2.3.3 Random utility random maximization

From (2.23) for the case with no essential good but now add stochasticity originating from consumer
mistakes in the optimizing process, the KKT-FOC corresponding to the utility maximization problem

are

ar—1
nkexp€k<xk+1) —Ap, =0, ifxpy>0,k=1,2... K,
w0 _ 2.31)
nkexpsk<@+1) <0, ifzr=0k=12,..K,
V&

where 7 has the same definition as above, and the ¢, are independent and identically extreme value

distributed®. Let Var(ey) + Var(¢) = =2 for k = 1,2, ..., K. In the RU-RM specification it is

assumed that the & terms are normally distributed, this is particularly convenient when one wants to
accommodate a flexible error covariance structure through a multivariate normal-distributed coefficient
vector 8 and/ or account for covariance in utilities across alternatives through the appropriate random
multivariate specification for the £, terms. To developed the probability function for consumptions, let
Var(eg) = @ and Var(&) = (17“2)6& for k = 1,2,..., K, where p is a parameter to be
estimated (0 < p < 1), the if © — 0, and when there is no covariance among the &, terms across alter-
natives, the RU-RM specification approaches the RU-DM specification. However, if © — 1, the RU-RM
specification approaches the DU-RM specification.Thus, the parameter y determines the extent of the

mix of the RU-DM and DU-RM decision postulates leading up to the observed behavior of consumers.

1

One can impose the constraint that 0 < p < 1 through the use of a logistic transforms p = T=exp (=5%)

and estimate the parameter p*.

The probability expression for consumptions in the RU-RM model specification takes the following

mixed MDCEV form

M

© . ex Vi i
li:/ [IJMlél 1 le:l P (55l ](Ml)
3

S (o)M= S0 exp (5[4

where Vi, = In(ne) —In(pr) + (ok — 1) In(ZE 4+ 1), = W exp(&k) + Wi, Wi is defined as earlier,

dF(€), (2.32)

and F is the multivariate normal distribution of the random element vector £ = (21, T, ..., 75 )*. Then,

the elements of the Jacobian are given by

3Recall that the &), terms represent stochasticity due to the analyst’s inability to capture consumer preferences. €y terms
represent stochasticity due to consumer errors in utility maximization.

2 2_2
4Each of whose elements has a variance of %.
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Oir1,n+1

01, h+1 — (1= )
M (Mig11€iv1)

Jih = Wh+1Ph+1 bisinit
th — + TN TN
' (m11€1) (Mit1l&iv1)

When there is an essential essential good, the probability expression remains the same, but with
Vie = In(Vi) = In(px) + (o — 1) In(ZE + 1) for k > 2, Vi = (o1 — 1) In(z1 + 71), b1 = 0 for all
m(m # 1), W, =0,8'21 =0,¥; =1,p; =1, and ; = exp (&1). Then the Jacobian elements in

+ wip? +pni1lLizinLiva]. (2.33)

this case are given as follows

0ir1,
T = | = (=) ety

Similar to the earlier two formulations, 1, > 0 for £ = 1,2, ..., K is required for that the marginal

+ pht1lL1 + zinLita]. (2.34)

utility of consumption for any alternative always is positive.

2.4 Musalem’s approach

Musalem et al. (2013) indicates that both the contributions of Vasquez and Hanemann (2008) and Bhat
et al. (2015) have a problem, which is that the number of parameters to be estimated grows rapidly with

a number of alternatives. Musalem et al. (2013) model the agent’s utility as follows

S
U(q) = ng( > uns(qm)) +1o(q0), (2.35)

neN
where y,4(4,..) is the utility contribution of consuming good n € N, which should be increasing

concave and equal to zero when ¢, s = 0, g, is the total utility derived from all goods in subset s, wich
should be increasing concave and equal to zero when >, -\ = 0,y uo(qo) is the utility derived from
consuming the outside good, which should be increasing concave and equal to zero when ¢y = 0. Then,
the utility contribution of good n to subset s, t,s(qns), is

5ns

where d,,s > 0 representing preference for good n, p is a diminishing returns (satiation), this param-
eter that allows the matginal utility of good n to change with ¢, s. They write sub-set specific utility in

a similar mode

gs( 3 uns(qns)) = *fy( 1+ {1+ 3 uns(qns)}FY), (237)

neN; nENg
where ks > 0 represents a preference for any positive consumption in s and v is a diminishing

returns parameter that allows the marginal utility of subset s to change with consumption of any of its
elements. iF v = 1, then (2.37) collapses to an additively separable formulation which is to Bhat (2008),

however + is a additional parameter to relax additive separability. They asumme that,
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1)
uo(qo) = ;‘qu, (2.38)

where J( controls the magnitude of the outside good contribution to total utility. Then, given these

definitions ((2.37) and (2.38)) we have that

— y—1
M N (1 +gs{ Z unS@nS)}) Ksns(1+ qnst)p_lﬁ (2.39)

aqn neNg

where for any pair of goods n and n’ belonging to the same subset

oU(q. 8

Eﬂgn ) _ 5ns(1 +Qns)p71 (2.40)
8U6(71§)) 5n’s(1 + qn’s)pil ’ .

qn’

where the ratio depends on the parameters of alternatives n and n” and p, however not on any other

0,5 parameters for j & {n,n'}.

Regarding the interpretation of parameters: x, modifies the marginal utility of consuming any alter-
native within subset s; d,,s directly affects the marginal utility of consuming good n within a subset s; p
and +y determine the optimal distribution of spending across and within subsets, on the one hand, p gov-
erns the rate at which subset utility decreases with spending on any single good within a subset and on
the other hand, + is the rate at which total utility varies across goods within a subset. The combinations
of values of the and parameters and the optimal strategies employed by the agent are described in the

table 2.1.

Table 2.1: Different budget allocation strategies as a function of p and ~y

p low p high

v high  many alternatives in few subsets few alternatives in few subsets

~vlow  many alternatives in many subsets few alternatives in many subsets

source: Musalem et al. (2013)

For parameterization Musalem et al. (2013) assumes that

(Sinst = eXp(ﬁ;‘?nst + einst); (24])

where 7nst is a vector of observed good characteristics (including a constant); [; is the agent’s
vector of preference weights for those characteristics; and €;,5; represents unobserved characteristics
that modify the utility contribution of the good n belonging to subset s for agent i during period #°. For

the outside good they assume that d;0; = exp(€;o;). For parameterize subset utility it is assumed

5The exponential function ensures inst;, 0 else product n is not a “good”.
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Fist = exp(viW st + Eist), (2.42)

where TJSt is a vector of observed subset characteristics on occasion t¢; v; is the agent’s vector
of preference weights for those characteristics; and ¢;5; denotes unobserved subset characteristics that
modify the utility contribution of all good belonging to subset ”’s for agent 7 in the period ¢. Then, from

(2.41) and (2.42) the equation (2.35) can be expressed as

S 4 ins ’*} s ; Vi
U@H):Zw(,u{ > M(,H(quw)} >+
Vi nENg; pi (2.43)

€iot gl
i0t >
Pi

where €;,,s¢, €;0¢ and ;5 are know to agent ¢ at the time ¢ but not to be econometrician. Thus, the
errors represent researcher uncertainty about preferences. €;,s: and €;o; are assumed to be indepen-
dently distributed extreme value with zero mode and scale o, and €;4; are assumed to be independently

normally distributed with zero mean and variance o2.

Then, ST and S° are the collection of subsets with positive consumption and the set of subsets
with zero demand, respectively. For any subset s € S, let N~ denote the set goods with positive
consumption in the subset and let its complement be N? = N,/N.. Define m as the smallest index

N . For any n € N? the ratio KKT-FOC for goods m; and n € N2 can be written as

6715 1 ns p_l ns
(40 N Litd (2.44)
57"58(1 + QTnss)p_ Pmgs
taking logs and substituting in for d,,s and 6, s,
€ns < Vmss + 6mss - Vns; (245)

foralln € N9 and Vy,y = 8% s + (p — 1) In(1 + ¢ns) — In(pys). Then, for n € N, the log ratio
of KKT-FOC of n and mg implies

€Ens = Vmss + €mss — Vns' (246)

foralln € N withn # mg. And &, is obtained from the log ratio of KKT-FOC for goods m and

the outside good

€s = —v'ws — (y—1)In (1 + Z Uns(Qns)> — Vines — €m.s + (py — 1) In(qo) + €0.  (2.47)
neNg

Then, the likelihood of the subset is

For example, if the agent purchases 0 units of good 1, 6 unit of good 2 and 4 units of good 3 in a three-good subset s. , then

Ns ={1,2,3}, N ={2,3}, N? = {1} and ms = 2.
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+({?s}s € S+|{€mss}ses+760)
- H H F(e’ns < Vtmss + €mgs — Vns):l

-seSt neNy?

H H flens = Vinos + €m.s — Vns)] (2.48)

“neST neNt n>m

H fles = —v'ws — ('7 -1) hl(AS(?s)) — Vins —

-seSt

et (o~ 1)In(go) + eoﬂ 1,

where f(-) is the probability density function and F'(+) is the cumulative distribution function of a
random variable; A,(¢s) = 1+ > nen U(@ns); J is the Jacobian of the transformation of all positive
quantities into the unobserved good and subset characteristics; and |.J| denotes the absolute value of the

determinant of the Jacobian. The Jacobian expression given by

_ (p—l)pnlsl . /
B if s £ ¢,
(p=1)pyr g (p—1) y=1 BTttt o -1
- q0 T 1tgys  AJ@) (exp Fenss (]- + Qn’s’)p
—1 .
Oes _ +1(-fqn/z/ ZneN&n>ms u(qns)) if s =s"and n’ = my,
aQn/s’
—1)p, gt —1 B,wn/sl Gpp _
— ey qo)p = AZ(qS) (exp tenror (1 4 e or)PTE
- 1(+pq_1,), U(Qn's')) if s =5 andn' > ms,.
(2.49)

Now, consider a subset s € S°. The log ratio between the KKT-FOC for each good n € s and the

outside good implies

ens < (py —1)In(qo) + €0 — V'ws — €5 — Vi, (2.50)

if and only if ¢,,s = 0. Conditioning on {¢ : s € S} and ¢, the likelihood of observing no spending

in these subsets is given by

L0 {? }s ES(HE SESO 60 H H p €ns < p'V_1)1D(QO)+€O_UU}S_59—Vns)-
SESY NEN,
(2.51)

Finally, the full likelihood contribution of one agent on one choice occasion is
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£(7|{6m55}565+7 {es}seso e0) = £+({7s}ses+ [{em,stses+ EO)EO({7S}SESO|{€S}SES()7 €0),
(2.52)
which depend on the values of unobserved good and subset characteristics, so the unconditional

likelihood is obtained by integration over their distributions.

2.5 Pellegrini’s approach

Pellegrini et al. (2019) extend the model at Bhat et al. (2015) through the incorporation of a new inter-

action term into the utility function’. Propose two functional forms, first

K
z) = ) kI (:‘k ) Z 2 Ok (@ + 1) In(r +1). (253)
k=1 3

k 1 m#k

This functional form is similar to that presented by Deaton and Muellbauer (1980), however, this case

allows corner solutions. And second,

K K
1
= E Q/Jk"yk In <:k i 1) i 5 E E ekm ln(a:k C T+ 1), (254)
k
k=1

k=1 m#k
where, complementary and substitution patterns are shaped through a product of pair goods within

a single logarithm. The KKT-FOC are given by

—1 K
: 1 1)6,, :
( & ) wk+zﬂm—@k:0, ifzp >0, k=1,.,K,

Ve + 1 Tp+1
- (2.55)
xz ln xm + 1 ok
+ — A <0, ifz; =0, k=1,..., K,
() ey < 0sifs]
for the first functional form, and
- -1 K
k -
+ TmOmik—Apr =0, ifx; >0, k=1,..., K,
(5755) e 3 e =0, it
(2.56)

X -1 K
('kaJkr 1) Ukt Y Tnlmr—Apr <0, if2f =0, k=1, K,
m#k

for the second functional form. The estimation strategies used by Musalem et al. (2013) are similar

to those proposed by Bhat et al. (2015).

TThe definition of the parameters is the same as in Vdsquez and Hanemann (2008) and Bhat et al. (2015).
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Chapter 3

Welfare measures

This chapter presents the general approach to the calculation of welfare measures in the MDC approach.
It begins with a review of the first contributions. Then, the approach commonly used for ASU functions
is presented. And finally, an alternative procedure is presented that allows for estimating welfare mea-

sures for NASU functions.

The calculation of welfare measures for unified demand systems was explored by Von Haefen et al.
(2004), who allowed the prevalence of corner and interior solutions and present his proposal as an al-
ternative to the theoretical framework of the Random Utility Model, which was widely used due to

computational limitations that existed to work with demand systems.

While working with demand systems involves essentially two problems (choice of parsimonious
utility function and specification of unobserved heterogeneity), if these are handled correctly, KT’s ap-
proach to demand systems is potentially appropriate. However, the calculation of welfare measures for

welfare systems presents additional difficulties.

The calculation of welfare measures comes from a restricted optimization problem. The compen-
satory variation (CV) for a change from (p, ¢°) to (p', ¢') can be implicitly expressed using the indirect

utility function through

Vip'.¢',y—CV,0,e) =V (p°,¢",y,0,¢), (3.1)

where y is income and O is a vector of parameters (U, vy, and 8 to ASU function and Vg, i,

B and 6, to NASU function). This is not easy to fix because there is no closed solution for CV and

29



iterative numeric bisection algorithms are required to solve, against this Phaneuf et al. (2000) developed
a strategy to analytically find each of the 2% possible indirect utility functions and determine what is
the maximum, however, this proposal seems to work well when the number of alternatives is small, it
becomes more complicated. To address this problem, researchers have designed different routines that

depend on some properties of utility functions.

3.1 ASU functions

Von Haefen et al. (2004) developed an iterative routine that uses KKT conditions and the separable
additivity property to find optimal consumption levels and find a solution for the CV, However, the
numeric bisection routine is complex to deal with due to the use of the implicit definition of CV (see
equation (3.1)), the theoretical framework of this routine is that it is only necessary to find the level of
consumption of an external good in order to find the levels of consumption of all other goods, therefore
to separate that outside good are provided with separable additivity of the utility function. von Haefen
(2007) proposes the use of the explicit definition of CV to make the Von Haefen et al. (2004) routine'
more efficient, where it finds optimal consumption levels that minimize the expenditure function that

allow to satisfy the following explicit expression of CV

cv :y-e(pl’ql’Uo’@vg), (3.2)

where e(...) is the function of expenditure and U® = V (p°, ¢°,y, ©, ¢) is the initial utility level.
Lloyd-Smith (2018) modifies the algorithm proposed by von Haefen (2007) and makes it more efficient
for certain scenarios, however both the routines of von Haefen (2007) and Lloyd-Smith (2018) (inde-
pendent of computational efficiency) present a great limitation in common, both are based on separable
additivity of utility functions, this implies these routines do not work under the assumption of separable

non-additivity.

3.2 NASU functions

Considering functional forms other than ASU adds an additional problem to the calculation of welfare
measures. This is mainly because the algorithm proposed by Von Haefen et al. (2004) (seminal for

von Haefen (2007) and Lloyd-Smith (2018)) separates the external good from the others, however, in a

ITo find the details of the bisection algorithm check von Haefen (2007).
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NASU function this is not possible because the level of consumption of the external good depends on

the other goods.

Viasquez and Hanemann (2008) stress that the KKT conditions of the NASU problem prevent the
separation technique from the external good applied by Von Haefen et al. (2004), therefore the algorithm
is not adequate. This is why they propose a restricted optimization routine to find the optimal consump-
tion levels (outside good and others) that minimize the spending function restricted to non-negativity
conditions and the initial utility level (U"). With the consumption levels found, the level of expenditure

necessary to reach (U") is calculated and thus obtains the measure of welfare expressed in equation (3.2).

This paper works with the approach of Vasquez and Hanemann (2008), since this approach can be

applied in both ASU and NASU cases.
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Chapter 4

Estimation and Results

This chapter presents estimates for different approaches in modeling MDC choice. First, it describes the
data set used and presents some considerations. Second, estimation considerations are set out for both
the ASU and NASU approaches. And third, the parameters and measures of welfare estimated through

the functional forms considered are presented and compared.

4.1 Data description

The data used comes from the Canadian Nature Survey and was obtained through (Lloyd-Smith, 2020).
Options are presented for the number of days dedicated to recreation in 17 outdoor activities for 500
individuals. The data includes 17 recreation alternatives and 500 individuals are surveyed to find out
how many days they are willing to spend on each of the alternatives. The data includes information on
three individual characteristics: university (a dummy variable if the person has completed a university
degree), age index (a person’s age divided by the average age in the sample), and urban (a dummy vari-

able if a person lives in an urban area).

However, this document considers one subset' of alternatives: Nature-based Recreation (NBR),
which considers recreational activities such as: hiking, beach, camping, cycling, ski cross, ski down
and golf. This consideration is due to the fact that, as demonstrated in the literature, the number of
parameters to be estimated grows rapidly when considering a high number of alternatives and even
more in the NASU approach. For the final estimate, only individuals are considered to consume at least
one recreational alternative (according to Bhat et al. (2015)). This reduces the NBR sample from 500
individuals to 330, this is because the alternative considered as essential good is Hiking, which presents
a positive consumption in 330 individuals of the sample.

Table 4.1 below shows how many alternatives individuals choose from the sample, only 65 individu-

I The different types of sets of recreational alternatives are presented in the Canadian National Survey.

32



als choose only one alternative, therefore the other individuals (80.30%) choose at least two alternatives.
In table 4.2 shows the number of individuals who consume and do not consume each of the alternatives,

and the average consumption and prices of each of the alternatives

Table 4.1: Choice of individuals

Alternatives chosen ~ Number of individuals % of the sample

1 65 19.70%
2 72 21.82%
3 72 21.82%
4 52 15.76%
5 41 12.42%
6 19 5.76%
7 9 2.73%

Note: note that the sample does not have individuals choosing zero alternatives, this is because all individuals

choose at least one alternative, which corresponds to the essential good.

Table 4.2: What goods do individuals consume?: NBR case

Alternative (good) Not consume Consume Average consumption Average price

hiking 0 330 59.879 32.072
beach 138 192 8.727 55.106
camping 224 106 3.094 62.350
cycling 201 129 12.382 43.366
golf 233 97 5.303 130.011
ski_cross 240 90 3.545 32.316
ski_down 259 71 2.100 153.620

Note: the second and third column (they consume and do not consume) shows the number of individuals who
consume and do not consume each of the goods. So the number of individuals who consume the good z plus the
number of individuals who do not consume the good x add up to the number of total individuals. The fourth column

shows the average consumption of each good.

4.2 Estimation considerations

4.2.1 Form ASU

From the functional form in (1.9) (for the case of an essential good) and using the gamma profile with

ar = 0 Vk, an optimization algorithm is constructed to find the § and ~ vectors that maximize the
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maximum likelihood function for the expression in (1.15). Two variables specific to individuals are
considered: age and urban index (with a constant). According Bhat (2008), the following identification

and stability conditions for estimation are considered:

1. The « parameters are setto O forall k = 1,..., K or ;3 = as = ... = o = 0 (i.e. essential and

other alternatives).
2. Parameter p is set at 1.
3. The price of the essential good is set at 1, i.e., p; = 1.

4. ¥, not include any observed explanatory variables as the coefficients of all explanatory variables

for this alternative are normalized to zero.

5. To satisfy the conditions of v, > 0 and ¥, > 0, it is parameterized as v, = exp(7;) and
W, = exp(B'z).

6. The essential good is defined as the first alternative of the set of alternatives, for this case: Hiking.

Through these considerations it will be possible to estimate /£ — 1 vectors of explanatory variables
coefficients, K — 1 « parameters and &' — 1 W parameters. Castro et al. (2012) found that similar con-

straints for the y-profile provide stable estimates.

4.2.2 Form NASU

For this case we will work with the gamma profile of the general case presented by Bhat et al. (2015),

that is.

K K K
1 m
U(z) =Y Wy ln <:’; + 1) +5 22D G In (:’; + 1) In (j + 1), 4.1

k=1 k=1 m+#£k m

this decision implies that the BMU level will be

oU X m
T== (z) lov=0= Tk + ¥ Otmm In (m + 1). (4.2)
Tk m#k Ym

Then the likelihood function corresponds to the expression in (2.20). The general estimation con-
siderations are similar to those of the ASU case, however, new conditions are incorporated due to con-
sideration of the interaction parameters. Regarding the terms of interaction, the interaction matrix must

initially be defined as
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011 012 ... Ok
Oo1 O ... O
0= ) _ ] “4.3)
0j1 Oj2 ... 0;
then, considering that §;; = 0V+4 = j and 61, = OV k # 1 (Bhat et al., 2015) the interaction

matrix, for the example of 7 alternatives?, is defined as

0 0 0 0 0 0

0 b33 b4 O35 b6 027
O30 0 O34 035 036 037
Os2 043 0 O45 Os6 0Os7|- 4.4
050 Os3 054 0 056 057
062 063 O6a O65 0 b7
072 072 074 075 676 O

D
Il
© o ©o o o o o

Therefore, the interaction parameters to estimate correspond to 65, V j,k = 2, .., K excluding j = k

terms.

4.3 Estimation results

This paper considers one subset® of alternatives: Nature-based Recreation (NBR), which considers
recreational activities such as: hiking, beach, camping, cycling, ski cross, ski down and golf. This
consideration is due to the fact that, as demonstrated in the literature, the number of parameters to be
estimated grows rapidly when considering a high number of alternatives and even more in the NASU
approach. For the final estimate, only individuals are considered to consume at least one recreational
alternative (according to Bhat et al. (2015)). This reduces the NBR sample from 500 individuals to
330, this is because the alternative considered as essential good is Hiking, which presents a positive
consumption in 330 individuals of the sample. The following is the descriptive statistics of the group of

individuals to consider.

4.3.1 Satiation parameters

Parameters  in addition to allowing corner solutions (Vasquez and Hanemann, 2008 and Bhat et al.,
2015) also serve as parameters of satiety. That is, the higher the value of -, the lower the satiety effect
on the consumption of the z alternative. Therefore, to evaluate if there are differences between these

estimated parameters through the different approaches we can consider the following hypothesis contrast

2The essential good corresponds to the alternative 1, j = 1.
3The different types of sets of recreational alternatives are presented in the Canadian National Survey.
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Hy : vj AasU = Vj,NASU,
4.5)

Hy :vj,A50 # Vj,NASU,
where v;; corresponds to the estimated satiety parameters for the j alternative through the ASU
or NASU approach. Table 4.3 presents the estimation results of the « parameters, note that although
the parameters through the NASU approach are minor, there is no evidence of a significant difference

between the two approaches.

Table 4.3: v}, parameters

ASU NASU

Alt.
est. S.e. est. s.e.
Beach 488 0.74 449 0.53
Camping 432 072 4.09 0.64
Cycling 14.03 2.66 13.81 1.31
Golf 21.9 739 10.14 191
Skicross 5.63 1.07 556 1.05

Skidown 597 142 5.08 1.16

Note: the s.e.(¥) was calculated through the delta method.

4.3.2 Baseline marginal utility parameters

As presented in previous sections, the term BMU is not similar for the ASU (equation (1.2)) and NASU
(equation (2.17)) approaches, as the latter contains the term interaction between alternatives. Now, it is

initially possible to review differences through the following hypothesis contrast

Ho : BMU]‘,ASU = BMUj,NASU;
4.6)

H1 : BMU]',ASU 75 BMUj,NASUa
where BMUj corresponds to the Baseline Marginal Utility of the alternative j through the ASU
or NASU approach. Table 4.4 shows that for this case there are no significant differences between the
BMU estimated for both approaches, this may be because the estimated interaction parameters are small

values, so eventually, if these were “larger” could show significant differences.
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Table 4.4: BMU parameters

ASU NASU

Alt.
est. s.e. est. se.
Beach 343 057 3.74 044
Camping 1.19 0.23 1.06 0.27
Cycling 1.5 027 146 024
Golf 26 051 289 0.55
Skicross 0.8 0.15 0.81 0.28
Skidown 247 0.52 267 0.56

Note: the s.e.(BMU) was calculated through the delta method. The consumption values of the other alternatives

are set at mean.

4.3.3 Interactions parameters

Table 4.5 presents the results for estimates of interaction parameters. It is important to remember that
understanding these parameters will allow inferring whether the alternatives are complementary or sub-
stitutes, as observed, only Camping-Ski down, Golf-Ski down and Cycling-Ski down have a parameter

0;; > 0, that is, they have complementarity relationshiop. This implies that all relationships between

the other pairs of alternatives are substitution.
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Table 4.5: 6, parameters

ASU NASU
Alt.

est. s.e. est. s.e.
Beach-Camping 0 - -0.0221 0.03
Beach-Cycling 0 - -0.0573 0.02
Beach-Golf 0 - -0.0736 0.01
Beach-Ski cross 0 - -0.0233 0.01
Beach-Ski down 0 - -0.1388 0.04
Camping-Cycling 0 - -0.0163 0.01
Camping-Golf 0 - -0.0203 0.01
Camping-Ski cross 0 - -0.0354 0.01
Camping-Skidown 0 —  0.0494 0.04
Cycling-Golf 0 - -0.0427 0.01
Cycling-Ski cross 0 - -0.0039 0.00
Cycling-Ski down 0 - 0.0054 0.02
Golf-Ski cross 0 - -0.0018 0.00
Golf-Ski down 0 - 0.0121 0.03
Ski cross-Ski down 0 - -0.003  0.02

Note: The LR statistic (¢ = 15), for the models used ASU and NASU, amounts to 61.86 with a p-value of 2.53e-07.

4.3.4 Welfare measures

For both the ASU and NASU approach, we calculate the compensating variation following the approach

presented by Vasquez and Hanemann (2008), calculations are made for two scenarios:

1. Individual variation: the price of only one alternative will be increased by one monetary unit,
while the price of the other alternatives (6 remainings) will be increased by one monetary unit.
For example, the price of Beach is increased by one unit, and the prices of Camping, Cycling,

Golf Ski cross, and Ski down remain constant.

2. Variation in pairs:the price of two alternatives will be increased simultaneously in one monetary
unit and at the same time the price of the other alternatives (5 remaining) will remain constant.
For example, one unit increases the prices of Beach and Camping, and the prices of Cycling, Golf

Ski cross, and Ski down remain constant.

Therefore, the hypothesis for evaluating differences between the calculation of both approaches
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corresponds to

Hy : CVjasu = CVj nasu,
4.7)

Hy : CVjasu # CVjnasu,

where C'V; corresponds to the C'V of a change in the price of alternative (or alternatives) j through
the ASU or NASU approach. Table 4.6 shows the results of the compensatory variation (mean) calcu-
lations for the different price changes. It is observed that the calculations of welfare measures through
the NASU approach are lower than those obtained through the ASU approach, even in this case, the
differences between both approaches can be significant (observing the t-values of the difference test.).
For example, for the case where only the price of Ski Cross varies, when calculating the confidence
interval of the CV through ASU approach we have that this is (1.59;1.75), then the confidence inter-
val for the CV through the NASU approach is (1.41;1.55), from this it is observed that the confidence
intervals are not contained within each other. On the other hand, the results for the maximum values
of compensatory variations obtained, where it is observed that in all the scenarios of price variations
there are significant differences between both approaches, this is the values obtained through the NASU

approach are statistically lower than those of the ASU approach.
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Table 4.6: Compensating Variation

Mean Maximum
AAlt. ASU NASU Hypothesis ASU NASU Hypothesis
est. s.e. est. s.e. t-statistic est. s.e. est. s.e. t-statistic

Beach (B) 403 023 361 0.19 1.00 2536 25 1649 1.12 2.45
Camping (CA) 198 0.08 1.77 0.06 1.50 93 085 6.07 0.36 2.67
Cycling (CY) 244 0.11 208 0.09 1.80 1296 123 791 05 2.92
Golf (G) 364 02 314 0.15 1.43 2232 219 1386 0.93 2.71
Ski cross (SC)  1.67 0.05 148 0.04 2.11 682 06 437 024 2.92
Skidown (SD) 323 0.17 2.68 0.12 1.9 19.11 1.85 11.26 0.74 3.03
B-CA 6.02 031 538 0.25 1.14 34.66 336 2256 1.49 2.49
B-CY 648 035 57 0.28 1.24 3833 373 2441 1.63 2.6
B-G 768 044 676 034 1.18 47.68 471 3035 2.05 2.56
B-SC 571 029 5.09 0.23 1.19 3218 3.1 20.86 1.37 2.53
B-SD 727 04 629 031 1.38 4447 436 2775 1.86 2.69
CA-CY 443 02 386 0.15 1.63 2227 2.08 13.99 0.86 2.82
CA-G 563 028 491 022 1.44 31.63 3.04 1993 13 2.7
CA-SC 366 0.14 325 0.11 1.64 16.13 145 1044 0.61 2.76
CA-SD 521 025 445 0.19 1.73 2841 272 1733 1.11 2.89
CY-G 6.09 032 523 0.25 1.51 3529 342 2178 143 2.79
CY-SC 412 0.17 357 0.13 1.83 19.79 1.82 1228 0.74 2.93
CY-SD 568 029 477 022 1.78 3208 3.1 19.17 1.24 2.97
G-SC 532 026 4.63 02 1.50 29.14 279 1823 1.18 2.75
G-SD 6.88 038 583 0.28 1.59 4143 406 2512 1.67 2.85
SC-SD 491 023 416 0.17 1.88 2593 246 15.63 0.99 2.99
All 17.02 0.87 14.78 0.68 1.45 95.89 925 5998 391 2.73

Note: column AAIlt. indicates the alternatives that changed in +1 unit the price. Standard errors are calculated

through bootstrap.
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Chapter 5

Conclusions

The use of choice experiments became popular in the context of economic valuation with contributions
such as those of McFadden (1977) and Train (1998; 2003). However, researchers have focused more on
calculating welfare measures than on understanding the incidence of how attributes entering the utility

function might affect the calculation of welfare measures'.

5.1 Contributions and implications

This paper aimed to evaluate the effect of the incorporation (or not) of complementarity patterns (in the
preference structure) in the estimation of the MDC decision and welfare measures calculation. Through
comparison strategies, for the forms ASU and NASU functions, it was found that (1) the terms of inter-
action between alternatives of choice have a significant impact on the consumer’s decision, (2) there are
no significant differences between the satiety and BMU parameters (3) there are significant differences

(on more than one) between the calculation of welfare measures between the ASU and NASU approach.

5.1.1 Inference of flexible relations between alternatives

As described in the previous chapters, the ASU approach does not allow capturing patterns of com-
plementarity between alternatives. That is, through the ASU approach, it is not possible to determine
whether recreational activities Cycling, Hiking, Garden, and Photo are substitutes or complementary,
because the modeling of the preference structure only allows them to be substituted for each other.
However, through the extension to the NASU approach, significant relationships were found between

the alternatives that are not the product of an initial restriction but are inferred from the flexibility of the

! Authors such as Torres et al. (2011) have delved into the incidence of preference structure in choice models, however, they

do not extend to the case of MDC modeling with NASU approaches
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preference structure modeling.

This understanding can be an orientation for policymakers. Following the case of recreational ac-
tivities, a policy designer may be interested in designing policies to encourage recreational activities,
for this he must choose how and which recreational activities to encourage. Therefore, if the ASU ap-
proach to policy design is followed, only activities will be considered (restrictively) as substitutes for
each other, that is, if it encourages two recreational activities such as Camping and Beach, will not be
able to identify previously whether individuals would consider attending only one activity (substitutes)
or participating in both (complementary). Therefore, it is through the use of a NASU approach that the
policymaker can guide the promotion of recreational activities that complement each other and then pro-
mote, separately, recreational activities that are substitutes. For example, in this paper it was found that
the Campping and Beach activities have substitution relationships with each other, therefore it would be
a mistake on the part of the policy designer to try to increase participation in Hiking through a promo-
tion plan in the Beach activity because these two are not complementary, but the policy designer will

not have this information through the use of an ASU approach.

5.1.2 Welfare measures

Due to the difficulties that arise in the estimation process when working with NASU functions, re-
searchers have not been able to strongly explore the richness of these preference structures in the analy-
sis of welfare measures, The analysis is therefore limited to the ASU approach, where alternatives will

only be substitutes for each other.

However, in this work it was possible to work with at least one NASU functional form, which al-
lowed comparing welfare measures obtained through the ASU and NASU approaches. Therefore, this
work contributes to the understanding of the calculation of welfare measures with consideration of com-

plementarity and substitution patterns.

Welfare measures were first estimated by conditioning the preference structure to substitution-only
alternatives (ASU), then allowing flexibility to incorporate complementarity patterns (NASU) into the
preference structure. The main results indicated that welfare measures that were calculated through the
NASU approach may be, with some probability, significantly lower than those obtained by the ASU
approach.

This result becomes relevant in the context of cost-benefit analysis because it is conditioned to the

calculation of welfare measures. Therefore, if the investigator does not discriminate between the ASU

and NASU approaches he could be overestimating welfare measures, which distorts the orientation of
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the cost-benefit analysis. In this sense, it will be the task of each of the researchers to evaluate the
incidence of complementarity patterns in the calculation of welfare measures: in this paper, it was
proposed to follow the Vasquez and Hanemann (2008) procedure, both for ASU and NASU approach,

At the moment, it is the only way to estimate welfare measures through the NASU approach.

5.2 Limitations and directions

5.2.1 Complementary structure

This paper explored the estimation of the MDC decision through a NASU approach using the com-
plementarity structure proposed by Bhat et al. (2015). However, there are other proposals to model
the “interaction” structure between alternatives, such as those proposed by Musalem et al. (2013) and
Pellegrini et al. (2019), which lead to additional work for researchers at the time of construction and
estimation of the Jacobian matrix. However, these models have a transverse constraint which is the

symmetry of complements.

The assumption of complement symmetry may be (or not) valid (or invalid) for some choice sce-
narios, therefore it may be recognized as a constraint in modeling the complementarity structure. Two
alternatives have a relationship of asymmetric supplements when one depends more on the other, but
individuals get more useful by consuming both, for example, in the context of recreational activities
Hiking and Landscape Photography may present an asymmetrical complementarity relationship since
we could assume that Landscape Photography depends more on the Walk because you need to explore

different places to get good photographs.

Lee et al. (2010) explored the MDC decision through an asymmetric supplement approach, they
consider cereals and milk as consumption alternatives, this modeling is limited to a choice set of two
alternatives and does not allow the integration of substitution effects, However, this can be considered
as a starting point, since the relationship between the problem raised in this paper and the integration
of asymmetric complements has not been fully explored. Therefore, one of the directions to follow in
modeling the MDC choice through a NASU approach is the integration of symmetrical, asymmetric,

and substitution patterns.
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