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HIERARCHICAL ELIMINATION-BY-ASPECTS AND NESTED LOGIT
MODELS OF STATED PREFERENCES FOR ALTERNATIVE-FUEL
VEHICLES

Richard Batley and Jeremy Toner
Institute for Transport Studies, University of Leeds

1. INTRODUCTION

Since the late 1960s, transport demand analysis has been the context for
significant developments in model forms for the representation of discrete
choice behaviour. Such developments have adhered almost exclusively to
the behavioural paradigm of Random Utility Maximisation (RUM), first
proposed by Marschak (1960) and Block and Marschak (1960). A common
argument for the allegiance to RUM is that it ensures consistency with the
fundamental axioms of microeconomic consumer theory and, it follows,
permits interface between the demand model and the concepts of welfare
economics (e.g. Koppelman and Wen, 2001).

The desire to befter represent observed choice, which has driven
developments in RUM models, has been somewhat. at odds, however, with
the frequent assault on the utility maximisation paradigm, and by implication
RUM, from a range of literatures. This critique has challenged the empirical
validity of the fundamental axioms (e.g. Kahneman and Tversky, 2000;
Mcintosh and Ryan, 2002; Saelensmide, 1999) and, more generally, the
realism of the notion of instrumental rationality inherent in utility maximisation
(e.g. Hargreaves-Heap, 1992; McFadden, 1999; Camerer, 1998).

Emanating from these literatures has been an alternative family of so-called
non-RUM models, which seek to offer greater realism in the representation of
how individuals actually process choice tasks. The workshop on
Methodological Developments at the 2000 Conference of the International
Association for Travel Behaviour Research concluded: ‘Non-RUM models
deserve lo be evaluated side-by-side with RUM models to determine their
practicality, ability to describe behaviour, and usefulness for transportation
policy. The research agenda should include tests of these models’ (Bolduc
and McFadden, 2001 p326). The present paper, together with a companion
paper, Batley and Daly (2003), offer a timely contribution to this research
priority.

Batley and Daly (2003) present a detailed account of the theoretical
derivation of RUM, and consider the relationships of two specific RUM forms;
nested logit [NL] (Ben-Akiva, 1974; Williams, 1977; Daly and Zachary, 1976;
McFadden, 1978) and recursive nested extreme value [RNEV] (Daly, 2001;
Bierlaire, 2002; Daly and Bierlaire, 2003); to two specific non-RUM forms;
elimination-by-aspects [EBA] (Tversky, 1972a, 1972b) and hierarchical EBA
[HEBA] (Tversky and Sattath, 1979). In particular, Batley and Daly (2003)
establish conditions under which NL and RNEV derive equivalent choice
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probabilities to HEBA and EBA, respectively. These findings would seem to
ameliorate the concern that the application of RUM models to data generated
by non-RUM choice processes could introduce significant biases. That
aside, substantive issues remain as to how non-RUM models can best be
specified so as to yield useful and robust information in both estimation and
forecasting contexts, and how their empirical performance compares with
RUM models. Such issues are the focus of the present paper, which applies -
non-RUM models to a real empirical context.

2. STATED PREFERENCES FOR ALTERNATIVE-FUEL VEHICLES

The context for the investigation is an analysis of stated preference ISP]
choices between conventional and alternative-fuel vehicles [AFVs] in
hypothetical car purchase scenarios.

The principal survey instrument was a mail-back SP experiment. This was
supplemented by a focus group analysis, the aim of which was to explore the
decision processes involved in vehicle ownership, purchase and use and the
interaction between the ownership and use decisions. SP questionnaires
were also administered to the attendees of the focus groups. In focussing
this paper on conceptual issues of model specification, we make only
cursory reference to the focus group analysis and previous SP studies of AFV
demand. For greater detail on each, interested readers are referred to
Hodgson (2002) and Batley ef al. (2003), respectively.

Conventional SP design practice in the UK is to avoid ‘overloading’ the
respondent, whether in terms of the number of alternatives or attributes
presented. [f, from the analyst's perspeclive, there is an interest in a large
number of attributes, conventional practice is to develop a series of small
designs featuring one common attribute, and to merge the designs at the
modelling stage. Moreover, a typical design in UK applications might feature,
say, two alternatives and four attributes. The experiment developed in this
paper was much larger in dimension, featuring three alternatives and eight
attributes.

The SP experiment involved a purchase choice between three cars, as

follows:

e Car A was broadly consistent with a conventional petrol or diesel car;

e Car C was broadly consistent with a near-term AFV;

e Car B was a compromise option, which might represent some form of
future ‘clean’ petrol or diesel vehicle or a future AFV with performance
features more comparable with a petrol or diesel vehicle.

Following review of previous research and canvassing of expert opinion, it

was decided to describe each car in terms of the following attributes:

1. on-the-road price {abbreviated in what follows by orp);

2. running costs (rc);

3. range on a full refuel or recharge (rfr);

4. time for a full refuel or recharge (¢f#);

© Association for European Transport 2003




5. top speed (ts);

6. time taken to accelerate from 0-60 mph (ac);

7. retained value after 3 years or 36,000 miles (rv);

8. emissions as a percentage of a year 2000 petrol car (em).

An important point to note is that, given the current state of technology, AFVs
typically offer inferior performance over at least some characteristics - for
example rf - as compared with conventional vehicles. This performance gap
was represented as realistically as possible in the experiment.

A common justification for the application of non-RUM choice models is the
proposition that individual decision-makers, particularly when faced with
complex choice tasks, do not seek to utility maximise, but instead resort to
simplifying heuristics in the achievement of a ‘satisficing’ solution (e.g.
Simon, 1955; 1959; 1989; 1990). A priori, we hypothesised that, in the
context of our SP investigation, such heuristics might arise in two (mutually
consistent) ways:

e First, the inferior performance of AFVs relative to conventional vehicles
might prompt some respondents to employ threshold-based -
heuristics, such as a minimum range threshold.

e Second, the complexity of the SP task arising from the relatively large
quantity of alternatives and attributes might encourage the use of
filtering heuristics. Again, the likes of a minimum range threshold
might become relevant in this regard.

3. DESIGN AND IMPLEMENTATION OF THE STATED PREFERENCE
EXPERIMENT

3.1 Design

Although we were able to draw on recent SP studies on AFV demand from
the US and Australia (Brownstone and Train, 1999; Brownstone ef al. 2000;
Hensher and Greene, 2001), together with UK public policy documents (e.g.
Cleaner Vehicles Task Force, 2000; Powershift, 2003), the obtaining of
reliable data on the design attributes and their likely valuations proved
difficult. Given this dearth of information, the design process steered away
from concepts such as boundary values (Fowkes, 1991). Rather, the
strategy was to maintain a high degree of orthogonality, whilst presenting
seemingly sensible values for the attributes, and including a variety of
interesting trade-offs. Moreover, each of the attributes was specified at four
levels as detailed in Table 1.

An important design consideration was that, for any given attribute and pair of
alternatives, none of the atiribute levels should overlap. This simplified the
identification of threshold-based choice behaviour in the SP responses. For
example, were a respondent to adopt a rule of always choosing the
alternative with the highest #f#, one would expect Car B to be chosen in each
and every replication faced by that respondent.
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The large numbers of attributes and levels not only precluded the use of a full
factorial design, since this would have required 4** replications, but were
beyond the scope of conventional fractional factorial design plans such as
(Kocur et al., 1982). Design was instead carried out using the OPTEX and
FACTEX procedures in the SAS software (SAS Institute Inc., 1999). The
FACTEX procedure was used to construct an orthogonal fractional factorial
design, which was supplied as a ‘candidate’ design to the OPTEX procedure.
The OPTEX procedure was used to generate a saturated second-order
design, that is, a design as small as possible but permitting estimation of all
main effects and two-factor interactions. The search method employed was
the modified Fedorov procedure described by Cook and Nachtsheim (1980)
and the optimal design identified as the one maximising D-efficiency. The
final SP design consisted of 25 replications.

Table 1: Attributes and levels represented in SP experiment

Aftributes Car A CarB CarC

orp (£ '000) 10,105, 11,115 12,125,13,13.5 14, 15.5, 20, 30

re (p/mile) 48, 50, 55, 75 40, 42, 44, 46 15, 20, 25, 35

rfr {miles) 350, 400, 450, 555, 600, 700, 50, 100, 150,
500 800 200

¥ (minutes) 8,9,10,15 4,5,6,7 30, 60, 180, 360

ts (mph) 110, 115, 120, 85,90, 95, 100 50, 60, 70, 80
125

ac (seconds) 10, 10.5,11,11.5 12,12.5,13,13.5 14, 16, 18, 20

v (%) 30, 36, 38, 40 42, 44, 46, 48 50, 52, 55, 60

em (as % of year 2000 petrol 70, 75, 80, 95 30, 40, 50, 65 5, 10, 15, 20

car)

3.2 Implementation

The SP experiment was implemented in the form of a two-part self-
completion written questionnaire. The first part of the questionnaire posed
questions principally about the respondent’s household and its ownership
and use of cars, although some socio-economic and demographic data were
also elicited. The second part of the questionnaire presented the SP
experiment. The rubric to the SP element of the questionnaire asked
respondents to imagine that they were considering the purchase of a new
car. Each replication of the design offered a choice between Cars A, B and
C, each car being described in terms of the eight attributes.

Since many car buyers pay by credit, orp was presented with an equivalent
credit price based on an interest rate of 10% (10.47% APR). For clarification,
respondents were informed that rc included depreciation and maintenance
as well as fuel, that »v was expressed as a percentage of the original on-the-
road price, and that em was expressed as a percentage of those from an
average petrol car in the year 2000. The questionnaire advised that, apart
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from the eight attributes explicitly specified, the three cars were identical in
all other respects. For each question, respondents were given the option of
choosing Car A, Car B, Car C or ‘none of the three cars’. The SP design was
split into five blocks of five replications, and a separate version of the
questionnaire was developed for each block. Each of the five versions
presented the attributes in a different order, thereby allowing the testing of
order effects.

The design was tested in a small pilot study, which yielded encouraging
results. This gave us the confidence to proceed to the main field study.
During the Summer of 2002, 500 questionnaires (100 of each ordering) were
delivered to homes in each of two locations: the Roundhay area of Leeds and
the Pannal area of Harrogate (a commuter village 13.5 miles north of Leeds).
Both areas are relatively affluent, with higher-than-average incomes and
larger-than-average residential properties. Moreover, one would expect
households residing in these areas to be pre-adapted to AFV ownership, with
available funds to purchase and operate the vehicles, and available parking
facilities to allow overnight home refuelling or recharging. Since many
householders in Pannal commute to Leeds, the selection of Pannal as a
survey location was motivated by an interest in how commuting behaviour,
when coupled with the limited range of AFVs, might influence car choices.
Along with the questionnaire, a pre-paid return envelope and covering letter
were delivered. The covering letter described the background to the research
project and advised that households without access to a car should ignore
the questionnaire.

Finally, a small number of questionnaires were distributed to attendees of the
focus group experiments. Since the focus groups involved more detailed
investigation into the barriers to, and implications of, AFV ownership and use,
distribution of SP questionnaires in this context allowed investigation into the
effect of information on choice behaviour. '

Of the 500 questionnaires distributed in Roundhay, 157 were returned, giving
a response rate of 31.4%. Of the 500 questionnaires distributed in Pannal,
174 were returned, giving a response rate of 34.8%. All of the 29
questionnaires distributed in the focus groups were returned. Before any
analysis was conducted, the data were cleaned to remove any non-usable
choice observations i.e. either non-responses to the choice task or ‘none of
the three cars' responses. Following cleaning, there remained 595
observations from Roundhay, 639 observations from Pannal, 275
observations from the focus groups, and 1509 observations in total, for
application to model estimation.

4, ESTIMATION

4.1 Multinomial logit, and analysis of order and error variances effects
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Initial analysis involved the estimation of a .single MNL model for the entire
data without segmentation (Table 2)2. Perusal of Table 2 reveals that orp, rc,
rfr and #fr are significantly different from zero at 1%, while em is significantly
different from zero at 5%. The #-statistic of the rfr coefficient is particularly
large. All of these parameters have the expected signs. For the remaining
three attributes, s, ac and rv, the null hypothesis of non-significance is not
rejected at 5%. The above model was developed further to test for evidence
of systematic biases arising from (i) the ordering of the attributes in the SP
experiment and, (ii) differential error variance across sub-samples. No
evidence of either effect was detected.

Table 2: MNL based on full data set following cleaning

Coefficient Estimate (z-statistic)
orp -0.0435 (-2.595)

re -0.0451 (-6.315).
rfr 0.0045 (20.596)

tr -0.0033 (-3.742)

ts 0.0112 (1.865)

ac 0.0067 (0.170)

v 0.0192 (1.502)

em -0.0094 (-2.411)
Observations 1509

Mean Iog—likelihood -0.620713

4.2 Tree models, and analysis of decision process

The main focus of the modelling effort was to investigate the choice
processes employed by SP respondents: in particular, the performance of
HEBA as compared with MNL and NL. For a detailed theoretical analysis of
HEBA, and its relationship with MNL and NL, the reader is referred to Batley
and Daly (2003). Here we concentrate on issues of implementation and
empirical performance.

Both NL and HEBA conceptualise the choice problem as a ‘preference tree’,

with subsets of similar alternatives nested together. For the choice problem

under consideration, each of the three permutations of the preference tree

was analysed i.e.

Tree 1: Cars A and B nested together, with Car C represented in a single-
alternative nest

Tree 2: Cars A and C nested together, with Car B represented in a single-
alternative nest

Tree 3: Cars B and C nested together, with Car A represented in a single-
alternative nest

A priori, we expected Tree 1 or Tree 3 to be better specifications that Tree 2.
Tree 2 is the specification which has Car B on its own and Cars A and C
nested together; yet in all respects, bar »f# and #f#, Car B performs at a level
between Car A and Car C, as can be confirmed by perusal of Table 1.
Moreover, Car A is adjacent to Car B throughout the design; Car C never
comes between Car A and Car B. Thus, in terms of similarities, Car A is

© Association for European Transport 2003




always more similar to Car B than it is to Car C. It is possible that Cars B
and C could be nested together - this is an empirical issue. For Cars A and
C to be nested together, either rfi- is the dominating characteristic (the only
one where Car A lies between Cars B and C and Car A is better than Car B)
or there are kinks, holes and discontinuities in peoples’ preferences. We
would rather discount the latter possibility at this stage in our research.

Car A CarB CarC
Figure 1: HEBA model for Tree 1

For illustration, we show the derivation of HEBA for Tree 1. With reference to
Figure 1, it can be observed that aspect «, is common and unique to Cars A

~and B, and aspects o, o, and ¢, are unique to Cars A, B and C,

respectively. The probabilities of choosing Cars A, B and C are, according to
HEBA, given by the following:

P = uloy)+ula, ) +uler,) - uley)
* uley)+ulo, )+ulor )+ ule,) ule )+ uler,)

P = uloq) +uler,) +uler,) 5 u(e,)
7 ulon ) +ule, )+ ule )+ ule,) ulo )4uler,)

3 ”(as)
= ule, ) +ule, )+ ule; ) +ule,)

where u(a,), ule,), u(e,) and u(e,) are non-negative parameters relating to
aspects «,, o,, o, and ¢,, respectively.

In implementing the above specification, several issues arise. First, it is
important to note Batley and Daly's (2003) finding that the model is over-
specified by two degrees of freedom, such that the four parameters ule,),

uler,), u(e,) and ufer,) cannot be estimated without appropriate restrictions.

A second, more general, observation is that the above specification has
limited usefulness for policy analysis. Tversky and Sattath (1979) asserted
that HEBA: “..represents choice alternatives as collections of aspects that
denote all valued attributes of the options including quantitative aftributes
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(e.g., price, quality) and nominal atfributes (e.g., automatic transmission on a
car, fried rice on a menu)’ (p543). Since the specification does not, however,
represent the «’s as an explicit function of policy variables such as orp, it is
difficult to draw any clear inferences regarding the effects of changes in such
variables on choice behaviour. McFadden (1981) addressed this limitation by
suggesting that, with little loss in generality, the «'s could be specified as log-
linear functions of relevant policy variables.

Motivated by McFadden's suggestion, we developed three alternative
specifications of the u’s that overcome the identification problems referred to
above. Before introducing these specifications, however, it is important to
note a third and final implementation problem, which is the key finding of
Batley and Daly (2003). Specifically, no matter how the u's are specified in
HEBA, there always exists a valid NL model that is equivalent in terms of
choice probability. Furthermore, equivalence can also, in principle, exist in
the opposite direction, such that HEBA can be specified to be equivalent to
NL. This [atter equivalence does not, however, ensure that the ‘equivalent
HEBA' is a valid HEBA model, since this requires that all the «'s are non-
negative. In short, a valid NL equivalent of HEBA always exists, but whether
the reverse exists is an empirical issue.

Specification 1

ulor)=exply (o )- B

u(@, )=exply (@)~ B°X; |

u(a3)= CXp V(as)

u(tx4)=exp[ﬁ'maxormin(X;,X;)] ' (1)

Specification 2 |
u(al ) =eXp V(al)
“(az )= exp V(az )

“(as ) =€xp V(as )
uler, )=exp¥(a,)

Specification 3

e exp{V(a%}
uloe, ) = exp{V(a%}

ule,)=expV(a,)
uler, )= exp{l’/’(oc4 J+u ]n[exp{V(a%} + exp{V(a%}]} ~[eelee, )+ uelex, )]

where:
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<

(al) ﬁarporpfl + BrcrcA + ﬁrﬁ'rfr + ﬁt réfr + ﬁ tsA + ﬁacacA + ﬁrvrvA + ﬁememd
(az) arporpB + ﬁrcch + ﬁrfrrﬁﬁﬂ + ﬁ:ﬂ‘ﬁ' + ﬁ tSB L ﬂacacB + ﬁrvrvB + ﬂememB
( 3) ﬁarporpc +ﬁrcrcc +ﬁrfrr f +ﬂ{frtfr # ﬁ tSC * ﬁacacc + ﬁ er +ﬁememc

CARS:

, and the B 's are parameters to be estimated, u is the log sum parameter in
NL, and nsc denotes ‘nest-specific constant’.

=

~
R

<
(3]

Following McFadden (1981), the three specifications express the «'s as log-
linear functions of the SP design variables. The three specifications differ
principally in their representation of u(a4), which relates to the aspects

common to the nested alternatives. Specification 1 is motivated by an
interest in the prevalence of threshold-based choice heuristics, representing
u(a,) as a function of the maximum or minimum value of a given attribute in

the nest (Equation 1). If there were an interest, for example, in the propensity
of respondents to filter alternatives according to a maximum orp threshold,

u(e,) would be specified as a function of the maximum orp in the nest, B’
would be estimated as the coefficient of this threshold, and orp would be
removed from the functions u(e;) and «(e,). Specification 2 stays closer to
Tversky and Sattath’s (1979) original specification, representing u(er,) simply
as a nest-specific constant, and all design variables remaining specific to
ule,), ule,) and ufe,). With reference to Batley and Daly (2003),
Specification 3 expresses u(g,) in the form that achieves equivalence with a

‘Classic’ McFadden (1978) NL specification. It should be noted, however,
that equivalent (perfectly valid) NL forms also exist for each of Specifications
1 and 2. With reference to earlier discussion on NL-HEBA equivalence,
Specifications 1 and 2 are always HEBA-consistent. As regards
Specification 3, u(e; ), uler,) and u(c,) always satisfy the requirement of non-
negativity, but overall HEBA consistency rests on the sign of u(a,), which is
non-negative provided the following inequality holds:

expl(e,)> [ulor, ) +uler, ) * 2

Table 3: HEBA models for Specification 1

Tree 1 Tree 2 Tree 3

Coefficient Estimate (+-value) Estimate (t-valug) Estimate (+-value)
orp -0.0485 (-2.896) -0.0477 (-2.735) -0.1774 (-6.290)
re -0.0485 (-6.587) -0.0397 (-4.637) -0.0333 (-4.538)
fr 0.0037 (6.102) 0.0029 (11.944) 0.0023 (5.324)
ifr -0.0024 (-2.807) -0.0030 (-3.287) -0.0030 {-3.594)
is 0.0315 (3.379) 0.0325 (6.303) 0.0350 (5.144)
ac -0.0125 (-0.371) -0.0088 (-0.219) -0.0843 (-2.025)
v 0.0160 (1.550) 0.0291 (2.582) -0.0005 (-0.041)
em -0.0109(-2.554) -0.0068 (-1.680) -0.0017 (-0.419)
Observations 1509 1509 1509

Mean logikelihood  -0.610981 -0.615731 -0.609700
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For each tree structure, Specification 1 was estimated eight times, each time
specifying a different design variable in u(e,). The above tables show only

the preferred Specification 1 models for each tree. The bold type indicates
which design attribute was specified in u(x,) of the preferred model;

evidently this differs across the three models, with s represented in Tree 1,
rfrin Tree 2 and orp in Tree 3. The selection of these preferred models was
influenced by several criteria including overall explanatory power, the
significance of the parameter estimates, whether the signs of the estimated
parameters accorded with intuition, and whether the u(a,) variable was

consistent with the relevant tree structure. To elaborate on the final criteria,
reference to Table 1 reveals that the ¢s of Car C was always higher that that
of either Car A or Car B. Thus a #s threshold would create a dichotomy
consistent with Tree 1. Note that Tree 2 is the case where we expected a
good model only if rfir were a dominant attribute. Not surprisingly, therefore,
the best performing Tree 2 model is that with £ in the upper part of the tree.

All three of the Specification 1 models presented demonstrate similar fit. In
all three cases, six of the eight estimated parameters are significantly
different from zero at 5%; indeed the pattern of significance is similar across
the three models, with the first five coefficients always significant; and the
signs of the significant parameters are as expected. The significant
parameters are, for most design variables, of a similar order of magnitude
across the three specifications, although an obvious exception to this is orp in
Tree 3. Tree 3 demonstrates the best fit of the three models in Table 3.
Finally, it should be noted that, with the same number of parameters, each of
the Specification 1 models shows superior fit to the MNL. reported in Table 2.

Table 4: HEBA models for Specification 2

Tree 1 Tree 2 Tree 3
Coefficient Estimate (#~value) Estimate (~-value) Estimate (+-value)
orp -0.0492 (-2.930) -0.0469 (-2.731)
re -0.0493 (-6.592) -0.0340 (-4.413)
Hr 0.0032 (5.942) 0.0025 (5.009)
tfir -0.0026 (-3.038) -0.0025 (-2.780)
Is 0.0103 (1.670) 0.0302 (4.022)
ac 0.0358 (0.893) -0.0603 (-1.393)
v 0.0344 (2.509) 0.0054 (0.391)
em -0.0125 (-2.613) -0.0045 (-0.955)
nsc 2.8812 (2.447) 3.1958 (2.513)
Observations 1509 1509 1509
Mean log-likelihood  -0.613430 Frc? -0.606218

Unlike Specification 1, implementation of Specifications 2 and 3 required the
estimation of only a single model for each tree structure. Turning to
Specification 2, a converged model was estimated only for Trees 1 and 3; our
assessment is therefore restricted to these two models (Table 4). Tree 3
demonstrates superior fit to Tree 1, but the latter yields seven significant
parameters at 5% - one more than Tree 3. The nsc is significantly different
from zero at 5% in both models. The signs of all significant parameters are
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intuitive, and the magnitudes of the significant parameters show a degree of
consistency across the two models.

Comparing the three models based on Specification 3 (Table 5), it is
apparent that only Tree 3 vields a log sum parameter that is significantly less
than one at 5%. Thus, in both Trees 1 and 2, NL collapses to MNL, implying
that no significant correlation between the nested alternatives exists. Tree 2
offers the best fit of the three models, although Tree 1, with eight, yields the
greatest number of significant parameters at 5%. The signs of all significant
parameters accord with intuition.

Table 5: HEBA models for Specification 3

Tree 1 Tree 2 Tree 3
Coefficient Estimate (+-value) Estimate (+-value) Estimate {z-value)
orp -0.0464 (-2.737) -0.0462 (-2.741)  -0.0198 (-1.687)
rc -0.0490 (-3.783) -0.0378 (-4.771)  -0.0237 (-3.276)
¥ 0.0026 (3.529) 0.0007 (1.169) 0.0014 {3.086)
tfr -0.0027 (-3.022) -0.0017 (-2.164)  -0.0011 (-1.828)
Is 0.0068 (1.096) 0.0227 (3.555) 0.0173 (2.437)
ac 0.0338 (0.852) -0.0332 (-0.922})  -0.0440 (-1.689)
v 0.0293 {2.103) 0.0175 (1.413) -0.0007 (-0.076)
em -0.0138 (-2.798) -0.0068 (-1.780}  -0.0031 (-1.085)
nsc 1.7122 (3.569) -1.5348 (-5.769) 1.7772 (8.520)
log sum 0.9576 {4.125) 0.8537 (4.014) 0.5038 (2.910)
Observations 1509 1509 1509
Mean log-ikelihood  -0.616188 -0.605362 -0.606310

Finally, a comparison of each specification across tree structures provokes
the following comments. As regards explanatory power, Specification 1
demonstrates the best fit for Tree 1 despite having the fewest parameters;
similarly, Specification 2 demonstrates superior fit to Specification 3 for Tree
3 despite having one less parameter. Thus, Specifications 1 and 2 achieve,
in some cases, better fit than Classic NL. The magnitudes of the significant
estimated parameters show a reasonable degree of consistency across the
specifications for any given tree structure, with some exceptions; in particular
nscin Trees 1 and 3 and orp in Tree 3.

A further observation is that the different specifications show some
differences in their patterns of parameter significance for a given tree. In
particular, the high degree of significance of the u(w,) parameters in each of

the Specification 1 models (i.e. ¢, #fir and orp in Trees 1, 2 and 3,
respectively) contrasts with the insignificance (at 5%) of the same variables
in their corresponding Specification 3 models. Thus, the application of
Specifications 1 and 3 could yield quite different inferences regarding the
influence of policy variables on demand.

With reference to earlier discussion of NL-HEBA equivalence, it is insightful
to consider the compliance of each of the Specification 3 (i.e. Classic NL)
models with the requirements for HEBA. This can be investigated by means
of applying the estimated parameters to the experimental design data and
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assessing the non-negativity (or otherwise) of u(w,) for each replication

(equation 2). Such an investigation revealed that:

o For Tree 1, HEBA holds on all 25 replications of the design

e For Tree 2, HEBA holds on none of the 25 replications

e For Tree 3, HEBA holds on 9 out of the 25 replications
Moreover, in the case of Tree 1, NL collapses to MNL, but HEBA always
holds; in the case of Tree 2, NL collapses to MNL, but HEBA never holds;
and in the case of Tree 3, NL holds, while HEBA holds on a proportion of the
design replications.

Before turning to the forecasting capabilities of the different tree structures
and model specifications, we consider why HEBA sometimes holds and
sometimes does not. It will be recalled that equation 2 is the crucial
determinant of whether HEBA holds under Specification 3. It can clearly be
seen from equation 2 that in the special case where =1, the critical
condition is ¥(a,)>0. V(a,) is the constant nsc. So for Trees 1 and 2,
where u ~1, the validity of the HEBA model turns on the sign of nsc. In Tree
1, it is positive and thus the HEBA model is valid for all replications (as stated
above). In Tree 2, it is negative and thus the HEBA model is invalid for all
replications. Re-estimations of all three specifications constraining g =1 are
reported in Table 6, where it can be clearly seen that nsc remains positive
(negative) for Tree 1 (Tree 2).

In the cases where =1, the story is a little more complicated. Whether or
not a model is HEBA-compliant on any given replication depends on:
(i) the relative shares of the two alternatives nested together;
(i) u; :
(iii)  the actual value of the utility which drives the within-nest relative
_shares i.e. excluding any utility common to the nested alternatives.

Consider Tree 3. Table 5 reports a perfectly respectable model using
Specification 3, albeit for application purposes we would want to do
something with the insignificant parameters. The question is in what
circumstances this valid NL model is also HEBA-compliant. The necessary
and sufficient condition, equation 2, can be restated as:

e {0 ) {047 )

or

7)o {0-n e+ )

If equation 2 holds, both of these also hold since they are directly equivalent
statements. For interpretation purposes it is helpful to consider which is the
greater of ¥(a,) and ¥(o,), and hence which is greater of P, and P., and
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use the first equation if F, > F. and the second otherwise. When we do that,

the ratio of the probabilities has a maximum value of one and a sufficient but
not necessary condition for the model to be HEBA-compliant is:

r@)> - € (0 )
where (e, )=max{V (e, ),V (e, )}

If ¥{e,) is sufficiently negative, and in the extreme case for P, =P, the
requirement is V{(a,)<-pln(2), then ¥(e,)>0 is sufficient for HEBA-
compliance. As V(x,) becomes more negative, so the possibility of even

negative ¥(x,) being HEBA-compliant increases. Of course, for specific
applications where the choice probabilities of the nested alternatives are
known, we can refine the sufficient condition for HEBA-compliance so that it
becomes necessary and sufficient.

This has interesting implications for our understanding of the relationship
between NL and HEBA. Whereas HEBA requires the common aspect of
nested alternatives to be positive, it is perfectly feasible for this to be reflected
in negative utility of the common aspect when the model is framed as the
equivalent NL model. In other words, when nested alternatives share some
utility relative to the non-nested alternative, that commonality can be either a
bad or a good ceteris paribus, although in practice it seems that the
commonality being a good increases the chances of the NL model being
HEBA-compliant.

In our particular case, 9 of the 25 replications were found to be HEBA-
compliant; in other words the common part of utility, nsc in the Tree 3 model
in Table 5, was sufficiently positive to outweigh the specific utility of the
preferred choice out of Cars B and C plus the ratio of probabilities term. Note
that the parameters on rfi and ¢s are positive. Thus better performance of the
preferred alternative on these two aspects reduces the chance of the
condition being met. In practice, it also turned out that the non-HEBA
replications were those where Car B had higher levels of range and top
speed.

Table 6: HEBA models for (‘forced’ MNL) Specification 3

Tree 1 Tree 2 Tree 3

Coefficient Estimate (»-value) Estimate (r-value) Estimate (+-value)
orp -0.0461 (-2.703)  -0.0503 (-2.968)  -0.0498 (-2.963)
re -0.0511 (-6.824)  -0.0410(-5.655)  -0.0325 (-4.376)
Hr 0.0027 (4.738) 0.0006 (1.072) 0.0020 (4.547)
ifr -0.0026 (-2.998)  -0.0019(-2.168)  -0.0024 (-2.745)
ts 0.0068 (1.107) 0.0239 (3.724) 0.0307 (4.372)
ac 0.0318 (0.794) -0.0373(-0.838)  -0.0700 (-1.687)
v 0.0299 (2.280) 0.0188 (1.450) 0.0044 (0.334)
em -0.0146 (-3.448)  -0.0064 (-1.618)  -0.0008 (-0.203)
nsc 1.7283 (3.582) -1.6324 (-6.729)  1.9225 (6.135)
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