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Abstract. This paper presents a general and operational representation of the recursive
models for route choice analysis. We extend the nested recursive logit model (NRL) (Mai
et al., 2015) by allowing the choice at each stage to be a network multivariate extreme
value (MEV) model (Daly and Bierlaire, 2006) instead of the multinomial logit (MNL)
model. Similar to the NRL model, the choice of path is modeled as a sequence of state
choices and the model does not require any sampling of choice sets. Furthermore, the
model can be consistently estimated and efficiently used for prediction. The main
challenge is on the computation of the value functions which are solutions to a complex
non-linear system. We present a novel approach where a new network is created by
integrating the networks of correlation structures given by the network MEV models into
the transport network. We show similarities between the RNMEV model and the NRL
model on the integrated network. This allows us to use the methods proposed in Mai et al.
(2015) to quickly estimate the RNMEV model on a real network. We propose a recursive
cross-nested logit (RCNL) model, a member of the RNMEV model, where the choice
model at each stage is a cross-nested logit. We show that the RCNL allows to exhibit a
more general correlation structure at each choice stage. We report estimation results and
a prediction study for a network comprising more than 3000 nodes and 7000 links. The
results show that the RCNL model yields sensible parameter estimates and the in-sample
and out-of-sample fit are significantly better than the NRL model.
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Recursive Network MEV Model for Route Choice Analysis

1 Introduction

Discrete choice models are generally used for analyzing route choices in real net-
works. There are two main issues associated with the estimation of the parameters
of such models. First, choice sets of paths are unknown to the analyst. Second,
path utilities may be correlated, for instance, due to physical overlap in the net-
work. In this paper we propose a general and operational representation of the
recursive route choice models. Similar to Mai et al. (2015), the choice of path is
modeled as a sequence of state choices and can be consistently estimated without
sampling choice sets of paths, it is straightforward to apply for prediction and al-
lows the choice model at each stage to be any member of the network MEV model
(Daly and Bierlaire, 2006).

The recursive logit (RL) model proposed by Fosgerau et al. (2013a) can be
consistently estimated on real data without sampling any choice sets of paths. It
is assumed that travelers choose states (nodes or links) in a sequential manner.
At each state they maximize the sum of the random utility of successor states
(instantaneous utility) and the expected maximum utility from the states to the
destination (value functions). The random terms of the instantaneous utilities
are assumed to be independently and identically distributed (i.i.d.) extreme value
type I and the RL model is equivalent to a multinomial logit (MNL) model over an
infinite number of path alternatives. The RL model hence inherits the ITA property
which is undesirable in a route choice setting (Mai et al., 2014). Recently, Mai
et al. (2015) proposed the nested RL (NRL) model that relaxes the ITA property
over paths by assuming that scale parameters are link specific. The model however
assumes that the random terms of instantaneous utilities at each choice stage are
i.i.d. extreme value type I and the choice at each stage is hence given by a logit
model. So the correlations between the utilities of successor states cannot be
captured.

In this paper, we generalize these works by allowing the choice model at each
stage to be any member of the network MEV model. A computational advantage
of the NRL model is that the value functions can be computed by using a value
iteration method, which can be expressed as a sequence of matrix operations that
are fast to compute. The network MEV model forms complicated expected max-
imum utility and choice probabilities. Therefore, in the case of the RNMEV, the
value functions are a solution to a complex non-linear system which is substan-
tially more difficult to deal with and the methods proposed in Mai et al. (2015)
cannot be used directly. We deal with this challenge by using the NRL model but
based on a new artificial network to simplify the estimation of the RNMEV. More
precisely, the new network is created by integrating the networks of correlation
structures given by the network MEV models into the road network and we show
that the estimation of the RNMEV model can be simplified by applying the NRL

CIRRELT-2015-37 2



Recursive Network MEV Model for Route Choice Analysis

model on the integrated network. The methods in Mai et al. (2015) then can
be applied to obtain the value functions as well as the likelihood of the RNMEV
model. Moreover, we also propose a recursive cross-nested logit (RCNL) model,
a member of the RNMEV model, which allows the choice model at each stage to
be a cross-nested logit model. We show that with the RCNL model, the variance-
covariance matrix at each choice stage is no longer diagonal as in the RL or NRL
model. This model therefore allows to exhibit a more general correlation structure
at each choice stage, compared to the NRL and RL models.

This paper makes a number of contributions. First, we propose a general rep-
resentation of the recursive route choice models that can be consistently estimated
and used for prediction without sampling choice sets while allowing the random
terms to be correlated. Second, we show that the generalized model can be esti-
mated quickly by using the NRL model based on an integrated network. Third,
we propose the RCNL model that can flexibly capture correlation structures at
each choice stage. Fourth, we provide estimation and cross-validation results for a
real network using simulated and real observations. Finally, the estimation code
is implemented in MATLAB and is freely available upon request.

The paper is structured as follows. Section 2 presents the RNMEV model.
Section 3 show the similarities between the RNMEV and RNL model. Section 4
discusses the maximum likelihood estimation. Section 5 presents the RCNL model.
We present the numerical results in Section 6 and finally Section 7 concludes.
The detailed proofs for the theorems proposed in the paper are provided in the
Appendix.

2 Recursive network MEV model

In the RL model (Fosgerau et al., 2013a) and NRL model (Mai et al., 2015), the
path choice problem is formulated as a sequence of link choices and modeled in
a dynamic discrete choice framework. At each sink node of a link the decision
maker chooses the utility-maximizing outgoing link with link utilities given by the
instantaneous utility and the expected maximum utility to the destination. The
random terms at each state are independently and identically distributed (i.i.d.)
extreme value type I, so the choice model at each stage is MNL. In this section,
we generalize the RL and NRL models by allowing the choice at each stage to be
a network MEV model. The model is derived based on a dynamic discrete choice
model with a discount factor of 1 as in Mai et al. (2015). However, in order to
better describe the model, we consider the road network as a set of states and
arcs connecting states. The states can be nodes in the network, or links as in Mai
et al. (2015) and Fosgerau et al. (2013a). The instantaneous utilities are defined
for states conditional on other states and the path choice problem is formulated as
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a sequence of state choices, and there are states representing destinations in the
road network.

A directed connected graph (not assumed acyclic) G = (S,.A) is considered,
where S and A are the sets of states and arcs, respectively. For each state k € A,
we denote the set of successor states of k by S(k) (if states are links, S(k) is
the set of the outgoing links from the sink node of k). Moreover, we associate
an absorbing state with the destination of a given individual by extending the
network with a dummy state d that has no successor (see Figure 1). The set of
all states is therefore S = S U {d} and the corresponding deterministic utility is
v(d|k) = 0 for all k£ that connects to d.

v(a1[k) + e(ar[k)

Figure 1: Illustration of notation

Given two states a, k € S and individual n, the following instantaneous utility
is associated with state a conditional on k
u"(alk; B) = v"(alk; B) + e(alk; B) — ——, Vk € S,a € S(k),
11:(B)
where (3 is a vector of parameters to be estimated and random terms (e(alk),a € S(k))
follow a MEV distribution, with the generating function GGj, of homogeneous degree
ur > 0 generated by the network MEV model (Daly and Bierlaire, 2006). Note

that the term % is used in order to ensure that the random term has zero mean

as in Fosgerau et al. (2013a), Mai et al. (2015). The deterministic term v%(a|k),
a € S(k), is assumed negative for all states except for the dummy d that equals 0,
i.e., v¢(d|k) = 0 Vk € S. For notational simplicity, we omit an index for individual
n but note that the utilities can be individual specific. Given a state k € S, the

next state is chosen by taking the maximum utility as
0" = argmax,cgq { v(alk; ) + VV(a; B) + e(alk; ) - ﬁ}, vk €,
k

where V(a; 8), Va € S, is the expected maximum utility (or value function) from
the state a to the destination, which is recursively defined as

d(k; = max (vl\a|K, da‘ elalk; —L
VOl B) = B[ mas (vlalk: §) + V(0 ) + elalk: 6) — )| ke s (1)
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and V¢(d) = 0. The superscript d indicates that the value functions are destination
specific and they also depend on parameters 5. However, for notational simplicity
we omit from now on  and superscript d from the value functions V() and the
utilities v(). According to McFadden (1978) the value functions can be computed
as

mG4&M“”W%aesw0
V(k) =

, Vk e S, (2)
M

and note that V(d) = 0. If we define a vector of size |S| (| - | is the cardinality
operator) with entries )
Ve =eV®) vk e S,

then the system in (1) can be written as

v(a|k)ya1/ﬂa k L if k
Yk:{Gk(e acS(k) Vkes ifkes .

1 itk=d
Moreover, the probability of choosing state a given state k is given by the MEV

model
y(alk) gy (y(alk), a € S(k))
mG(y(alk),a € S(k))

where y(alk) = e"@®Y, /" vq € S(k). Note that we include §(a|k) that equals
one if a € S(k) and zero otherwise so that the probability is defined for all states
a,k € S. Moreover, the probability of a path o defined by a sequence of states
o = lko, k1, ..., k] has a more complicated form than the ones given by the RL
and NRL models. In general, it can be expressed as

P(alk) = 6(alk)  VkaeS (4)

I-1

P(o) = [ [ Plkisalks), (5)

=0

in which P(k;;1]k;) can be computed using Equation (4).

Now we turn our attention to the network MEV model at each stage. We
assume that for each state k& € S, the respective generating function Gg(y) is
generated by a network MEV model based on a cycle-free graph of correlation
structure Gy = (S, Ak, Ck), where S is the set of states, A is the set of arcs
and (', is the set of states that represent alternatives. Here we remark that in
order to be consistent we defined the network MEV model based on states instead
of nodes as in Daly and Bierlaire (2006). Note that the set of states representing
alternatives in this network MEV model is also the set of next states from k that is
S(k). So each state i € Cj, corresponds to only one state a € S(k) and vice versa.
Figure 2 shows a network of correlation structure at state k. Each arc (i,7) € Ay is

bt CIRRELT-2015-37
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associated with a positive parameter a - and each state ¢ € Sy, is associated with a
positive scales £F. The choice probablhty generating functions (CPGF) (Fosgerau
et al., 2013b) (with respect to a vector of parameters y) associated with each state
in S, are defined as

Gily) =y, i€Cy, (6)
and
Gily) = D al(GLw)"/4. Vi € S\, (7)
JESK(3)
where S(i) is the set of the successors of state i in network Gr. ~ We obtain

y(a1|k) ylar|k)

Figure 2: A network of correlation structure at state k

the CPGF Gyi(y) as Gi(y) = G(y), where r is the root of network Gi. Daly
and Bierlaire (2006) show that Gi(y) = G%(y) is a &*-MEV CPGF and gy, is the
homogeneous degree of Gy(y), so indeed £¥ = ju.

Moreover, Daly and Bierlaire (2006) show that the probability Py(i|Cy;y) of
choosing alternative i € Cy can be expressed based on the CPGFs defined in (6)
and (7) as

o Gjt+1 134 /§;€t+l
Pk(ﬂck;y) = Z H ﬁjtﬂ( G]t(( ))) (8)

[J0,--,J 1] € (4)

where QF(i) is the set of all paths connecting the root r and 4. A path is defined
by a sequence of states [jo, ..., ] such that j; 1 € Sk(j;), Ve =0,...1 — 1 ;where
Jo is the root r and j; represents alternative ¢. If we denote y; a vector of size
1S(k)| with entries (y)a = y(alk) = e"@PY/" va € S(k), then according to
(3) we have Y, = Gy (yx) and the probablhty P(a|k‘) for a state a € S(k) can be
computed by using (8). In other words, P(a|k) = Pi(ia|Ck; yx), where i, is the
state in Cj corresponding to state a € S(k).

CIRRELT-2015-37 6
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Daly and Bierlaire (2006) show that the network MEV model generalizes many
MEYV models in the literature and examples are the MNL, the nested logit (Ben-
Akiva, 1973), the paired combinatorial logit (Koppelman and Wen, 2000), the
generalized nested logit (Wen and Koppelman, 2001), the ordered MEV model
(Small, 1987), the link-nested logit model (Vovsha and Bekhor, 1998) and the
GenL model (Swait, 2001) models. So the RNMEV model allows to capture the
correlations at each choice stage in many different ways. Indeed, if all the Gy
functions, Vk € S, refer to the MNL model, we obtain the NRL model, and the
model can be estimated quickly for a large network using the methods presented
in Mai et al. (2015).

Basically, function Gy and the choice probability Py (i|Cy) are complicated,
the value functions become expensive to solve and we cannot use the methods in
Fosgerau et al. (2013a) or Mai et al. (2015). The gradients of the value functions
are also cumbersome to evaluate as well. In the next section we show how to
simplify the estimation of the model by integrating the networks of correlation
structures G, Vk € S into the road network G. This allows to use the estimation
methods proposed in Mai et al. (2015) to estimate the RNMEV model.

3 Integrated network and similarities between
the NRL and RNMEYV models

In this section we show how to integrate the network G, Vk € §, into the network
G = (S,A) in order to simplify the estimation of the model. More precisely, we
first introduce a method to integrate the networks of correlation structures into
the road network, second we show that the estimation of the RNMEV model can
be done by using the value functions and choice probabilities given by the NRL
model based on the integrated network.

3.1 Integrated network

Given a state k € S, the choice at k is a network MEV model based on a network
or correlation structure G, = (Sk, Ak, Cx). As mentioned in the above section, the
set of states C}, (representing alternatives) is also the set of next states from £, i.e.,
S(k). So in order to integrate Gy to the road network we assume that Cy = S(k)
and k = r. Hence, the integrated network G* = (S*, A*) can be created by adding
all sets S and Ay, Vk € S, to the set of states S and set of arcs A. In other words

S =J8and A" = | ] A, (9)

kes keS

7 CIRRELT-2015-37
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Basically, the new network G* is created by adding new states to G. For each
state k € S, we add new states such that the subnetwork between k and all states
a € S(k) is similar to the network of correlation structure G. We also denote
S*(k) be the set of successor states of state k in network G*.

Note that due to the properties of the network G (for instance Daly and
Bierlaire, 2006), G* remains connected and there are paths connecting between
any two states k,a € S, a € S(k). For the sake of illustration we show in Figure 3
a small example where state k has three successors aq, as and a3 as illustrated in
the left part of Figure 3. The network of correlation structure Gy is given in the
middle of the figure and in the right we show the integrated network G* at state
k.

@ ©

Figure 3: Original and integrated network

We introduce the following proposition related to the properties of the network
G*, which are easy to verify.

Proposition 1 Network G* has the following properties
(i) Given a state i € §*, there is a state k € S such that i € Sy.

(ii) Given a state i € S*, if i ¢ S then there exits only one state k € S such that
1€ Sy.

(iii) Given a state i € Sy, ifi € S theni=Fk oric S(k).

(iv) Given a state i € Sy, if i ¢ Cy then Si(i) = S*(7).

(v) SNS. = {k}US(k) and |S*| = S| + Yycs (1Sk] = S (k)| - 1).
(vi) Ay VAL, =0 VEk he S k#h and |A| =3 cq Akl

CIRRELT-2015-37 8
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Proof. (i), (iii), (v) and (vi) are obviously verified by the definition in (9). We
have the fact that given a state i, if i € Sy NSy, (with k,h € S,k # h) then i € S.
So if state i ¢ S then there is only one state k € S such that i € S. This proves
(ii).

For proving (iv) we note that given i € S\Cy and if j € Si(i) for a given
j € 8* then (i,j) € Ax, meaning that (i, ) € A* by (9), or equivalently j € S*(7).
Moreover, if j € S*(i) then (i,7) € A*. From (vi) there is only a state k' € S such
that (i,j) € Aw. Moreover, (ii) leads to the fact that &k = &, so (i,5) € Ay or
J € Sk(7). Finally, we obtain Sy (i) C S*(i) and S*(i) C Sk(7). Hence, Sk(i) = S*(7)
and (iv) is proved. m

3.2 Integrated network with NRL model

We consider network G* = (8%, A4*). We note that d € S* and S*(d) = 0. We
associate each state ¢ € S* a positive parameter p; as

= {“,1 e . (10)
¢ ifigS,ieS,keS
Recall S = S U {d}. Note that due to Proposition 1(ii), for i ¢ S, there is only
one set Sy, such that i € S, so there is only one value &F such that i € Sy, k € S.
For each arc (i,7) € Ag, k € S, the following deterministic utility is associated
with state j conditional on ¢

k
Ina;;

. 7 if j ¢ S(k)
v*(jli) = < Fi , 1
U= e o(jlk) it j € S(k) .

wy

here we recall that v(j|k), k € S,57 € S(k), is a deterministic utility associated
with state 5 conditional on £ and afj are positive parameters of the network MEV
model at state k.

Now we apply the NRL model (Mai et al., 2015) to network G*. Given two
states k,a € §*, a € S*(k), the following instantaneous utility associated with
state a given k

u(al) = v*(alk) + LD =7 (12)
My
where €(a) are i.i.d extreme value type I and v*(alk), uj are defined in (11) and
(10). Note that, in order to be consistent with the RNMEV model, the scales of
the random terms in the NRL model are i instead of p} in Mai et al. (2015).

The expected maximum utility from the sink node of k, k € §*, to the des-

tination is the value function V*(k) that is recursively defined by the Bellman’s

9 CIRRELT-2015-37
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equation

Vik) =E [ max {v*(a|k)+v*(a)+e(@—_7H, (13)

aceS* (k)

or equivalently (by the logsum)

ppVI (k) =In | Y et RO ) v e 57\ {d}, (14)
acS*(k)

and note that V*(d) = 0. If we define a vector Y* of size |S*| with entries Y, =
etV (0 I € S*, then the Bellman’s equation becomes

Y {Zaes*(k) 6#;;”*(0«“4) (}/;1*)#;;/#:; if k& 7é d
k pu—

. 15
1 itk=d (15)

Moreover, the probability of choosing state a given k is given by the MNL as
etinv*(alk) (Ya*)ui/ﬂé
}/;:

P*(alk) = 6" (alk) Vk,a € S, (16)

where §*(alk) equals one if a € S*(k) and zero otherwise so that the probability
is defined for all k,a € §*. We note that the system in (15) is non-linear but can
be solved quickly for a large network using the approach proposed in Mai et al.
(2015), namely a value iteration method with dynamic accuracy.

3.3 Similarities between the NRL on network ¢* and RN-
MEYV on network ¢

This section presents similarities between the value functions and choice probabil-
ities given by the the NRL on network G* and RNMEV on network G. We first
introduce a theorem related to the value functions.

Theorem 1 If vector Y* is a solution to the non-linear system (15) then
Y =G, <ev<al’f)(ya*)1/#a, ac S(k)), Vk € S. (17)

In other words, Y, = Y7, Vk € S, is a solution to the Bellman’s equation of the
RNMEYV model in (3).

The next theorem shows that the state choice probabilities under the RNMEV
model can be expressed via the probabilities given by the NRL model on network

g

CIRRELT-2015-37 10
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Theorem 2 If vector Y™ is a solution to the non-linear system (15), and if Yy =
Y, Vk €S then

P(alk) = Z IZIP"‘(aHﬂat)7 Vk € S,a € S(k). (18)

[ag,...,ar]€QF(a)

We recall that 2%(a) is the set of sequences of states connecting k and a: [k =
aop,...,a; = a| such that a; € Sg(a;_1), ¥t = 1,...,1, and a;11 € Sk(ay), ¥Vt =
0,...1—1.

We provide the proofs of the two theorems in Appendixes 1 and 2. Theorems
1 and 2 indicate that the value functions and choice probabilities in the RNMEV
model can be computed by using the respective values from the NRL model ap-
plying on network G*. So the methods proposed in Mai et al. (2015) can be used.
In the next section we discuss in detail the maximum likelihood estimation.

4 Maximum likelihood estimation

Aguirregabiria and Mira (2010) discuss different ways of estimating a dynamic
discrete choice model. Similar to Fosgerau et al. (2013a) and Mai et al. (2015) the
nested fixed point algorithm (Rust, 1987) can be used to estimate the RNMEV
model. This algorithm combines an outer iterative non-linear optimization algo-
rithm for searching over the parameter space with an inner algorithm for solving
the Bellman’s equation to obtain the value functions. We have shown that the
computation of the value functions and choice probabilities given by the RNMEV
model can be simplified by applying the NRL model to the integrated network.
The NRL model can be estimated efficiently using the methods in Mai et al. (2015),
namely estimating the value functions with dynamic accuracy and computing the
gradient of the log-likelihood function by solving systems of linear equations. In
the following we briefly describe the computations of these values in the NRL
model based on the integrated network.

4.1 Computation of the value functions

The main challenge associated with the NRL model is to solve the large-scale
system of non-linear to obtain the value functions. Similarity to Mai et al. (2015),
we define a matrix M*(|S*| x |S*|) with entries

My, = 6 (alk)e"" "MV a € S*, (19)
and matrix X of size |S*| x |S*| with entries

X(Y e = (Y)/Ha . Yk a € S* (20)

11 CIRRELT-2015-37
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and b is a vector of size |S*| with zero values for all states except for the dummy
state d with a value of 1. The Bellman’s equation in (15) can be written in a

matrix form as
Y*=[M"oX(Y")|e+b, (21)

where e is a vector of size (|S*|) with value one for all states, and o is the element-
by-element product. A value iteration method can be used to solve this system
i.e. we start with a initial vector (Y*)? and then for each iteration i we compute a
new vector (Y*)™! «— [M*o X ((Y*)")]Je+b, and iterate until a fixed point solution
is found using [|(Y*)"*! — (Y*)!|| < ~, for a given threshold v > 0 as stopping
criteria. Mai et al. (2015) show that the value iteration can be improved by using
dynamic accuracy. The choice of initial vector is also important for the rate of
convergence. Mai et al. (2015) use the solution to the system of linear equations
corresponding to the RL model (Fosgerau et al., 2013a) which is fast to compute.
This choice can be improved by taking into account the solution of the previous
iteration of the outer optimization algorithm (the algorithm for searching over the
parameters space) and using a switching approach to select the best initial vector.
More precisely, at iteration ¢ — 1 of the outer algorithm we suppose that the fixed

point solution is (Y*) . At the next iteration ¢ we suppose (Y*)? is the fixed
point solution of the RL model. For solving the value functions, the initial vector
for the inner algorithm can be chosen by considering

—t—1

(

* * * —*tfl * ¥
err = [[(Y*)" = [M* o X((Y*)")]e + 0]l = [I(Y*)  — [M"oX((Y*) ")le+0]l.
If err < 0 than vector (Y*)? is chosen, otherwise we select (Y*)t_l. This switch-
ing approach allows to select the better initial vector (closer to the fixed point
solution).

4.2 Estimation

Now we derive the log-likelihood (LL) function under the RNMEV model. The
LL function defined over the set of path observations n =1,..., N is

LLB) =Y Pl 8) = 33 In P(K k) (22)

n=1 t=0

We note that the path observations are defined based on states in network G. And
for each probability P(k}',|k}'), k"1, k' € S, can be computed using the result
of Theorems 1 and 2. This leads to the fact that the LL function becomes more
complicated than the one given in Mai et al. (2015)

For the maximum likelihood estimation, the network Gi, Vk € S generates
MEV models with many parameters. That is ¢ and afj, Vi,j € Sk,j € Sk(i).

CIRRELT-2015-37 12
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Daly and Bierlaire (2006) show that the constraints & < &, Vi,j € Sk, j € Sk(i)
need to be satisfied in order to ensure that the choice at state k is consistent with
McFadden’s MEV theory. Based on the definition in (10) the constraints can be
written as

pi < iV € St je STNS.

Moreover, as suggested by Daly and Bierlaire (2006), a normalization for param-
eters ozfj for the network MEV model at state & would require as

Y (b)) =1V €Sk ES.
ieS*
s.L.jES* (i)
This normalization, however, remains to be analyzed further.

Efficient nonlinear techniques for the problem require analytical derivatives of
the LL function. The gradient of the LL function is complicated, but can be easily
derived based on (22), (2) and (16). Its requires the gradients of Y*, Vk € S*,
which are given by

a@_n(mf““+T%TW’WGS’ (23)

and gy
= —-H)"\(L 24
o5 = U~ 1) (We+n) (24)

where f3; is a parameter, L?, H are two matrices of size |S*| x |S*| and h is a vector
of size |S*| with entries

LM, ()% | 1 (v;)% 96 (o)t op
’La — _* a a ” ‘I—_*M*a ln }/'a* a . G+M*a ln Ya* a - a
T om () ueOTa  e M T Gpas,
and vy 5
* a* ka IU“l: * * * *
Hyo = My,—+~— and hy = ———~—In(Y,’) and ¢, = p./ 1,

Mai et al. (2015) suggest that deriving the gradients based on V* is better than
based on Y* for numerical reasons. The system of linear equations in (24) can be
solved quickly for large scale systems.

5 Recursive cross-nested logit model

The cross-nested logit (CNL) model is an instance of the network MEV model that
allows each alternative to belong several different nests. It has been mentioned
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for the first time by Vovsha (1997) in the context of a mode choice survey in
Israel. Papola (2004) has shown that a specific CNL model can be derived for
any given homoschedastic variance-covariance matrix. Therefore, the CNL model,
with closed forms for the choice probabilities, becomes a serious competitor for
the probit model.

In this section we present the RCNL model, which is an instance of the RNMEV
model where the choice at each state is a CNL model based on the formulation
proposed by Ben-Akiva and Bierlaire (1999). In this setting, the CNL model at
state k is a network MEV model given by a network of correlation structure G*
where the corresponding CPGF Gy (y) is

Gely)= ( > afimya )51:/55”, (25)

mESk( ) aESk

(recall that r is the root of the network MEV model at state k). We remark
that S(r) is also the set of nests. For each state a € S(k) we denote z(a|k) =
v(alk) + V(a) and note that a next state is chosen by maximizing the sum of
z(alk) and the random term €(a|k), Ya € S(k). In order to model the correlations
between the successor states a € S(k), we define a CNL model where each pair of
states belongs to only one nest, and each nest contains only one pair of states. The
number of pairs in the set S(k) is 3|S(k)|.(|S(k)| — 1), so it is also the number of
nests at choice stage k. Figure 4 shows an example where there are three successor
states from k. Accordingly, there are three nests mqs, mi3 and ms3. Two states a;
and a; belong to nest m;;, Vi, j = 1,2, 3.

z(a1[k) z(az|k) z(az|k)

Figure 4: A cross-nest logit model structure at link k

Given this correlation structure, based on Papola (2004), the correlation be-
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tween two given states a;,a; € S(k) can be approximated as

Gorr (2aik), 2(ask) = 3 (ol by 0560/ (1—(5’”) ) (26)

<k
meSy(r) fm

Since there is only one nest m,; that both a; and a; belong to, so

2
—_— k
Corr (2(ailk), 2(a;]k)) = (0, 4,0k, 0>/ 1—(%) - (@27)
mij

So that the correlation between a;,a; € S(k) can be modeled using the parame-
ters ozfj%_]_ai, ,’jlz_jaj, & and &8 . Tt is important to note that if the choice model
at state k is MNL, then for any two states a;,a; € S(k), a; # a;, we have
Corr (z(ailk), z(a;|k)) = 0, and the variance-covariance matrix is diagonal. So,
the RCNL model allows to exhibit a more general correlation structure at each
choice stage, compared to the NRL and RL models.

Abbé et al. (2007) note that Papola’s approximation in (27) can overestimate
the correlations in some cases and bias the choice probabilities provided by the
CNL model. However, they also comment that these biases do not seem to be
large in their examples.

For the estimation, the RCNL model is a member of the RNMEV model, so
this can be estimated by applying the NRL model to the integrated network G* and
using Theorems 1 and 2. According to Papola (2004), a normalization required
for the CNL model given by (25) is

3 (ah) =1 (28)

meSk(r)

Finally, the integrated network has larger state space, compared to the original
one G. Based on Proposition 1, the numbers of states and arcs in the integrated
network are

871 =181+ 5 3 (S(H)| — 1) |(H),

keS
and

A =5 % S (S ~ 118 ()]

kes

6 Numerical results

For the numerical results we use the same data as Fosgerau et al. (2013a), Mai
et al. (2015) (also used in Frejinger and Bierlaire, 2007) which has been collected
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in Borlange, Sweden. The network is composed of 3077 nodes and 7459 links
and is uncongested so travel times can be assumed static and deterministic. The
observations consist of 1832 trips corresponding to simple paths with a minimum
of five links. Moreover, there are 466 destinations, 1420 different origin-destination
(OD) pairs and more than 37,000 link choices in this sample. We present estimation
and prediction results for the RCNL model. For the sake of comparison we include
the results from the NRL model (Mai et al., 2015).

6.1 Model specification

We use the same attributes as Mai et al. (2015) for the instantaneous utilities.
We note that Mai et al. (2015) and Fosgerau et al. (2013a) define the models and
utilities based on links in the network to capture turn attributes. Since the models
presented in this paper are based on a network of states, we then define the utility
specifications based on states and note that each state refers to a link in the real
transport network.

Five attributes are considered. First, travel time 77'(a) of action a. Second,
a left turn dummy L7 (a|k) that equals one if the turn angle from k to a is larger
than 40 degrees and less than 177 degrees. Third, a u-turn dummy UT'(a|k) that
equals one if the turn angle is larger than 177. Fourth, a state constant LC'(a). The
fifth attribute is LS(a) (for a detailed description see Fosgerau et al., 2013a) and it
has been computed using a linear in parameters formulation of the aforementioned
four attributes using parameters BTT = —2.5, BLT = —1, BLC =04, BUT = —4.

We specify the deterministic utilities for different model specifications with
respect to state a given state k, k € S,a € S(k)

o Y (a|k; B) = oRNE(a|k; B) = BreTT(a) + Brr LT (alk)
+BrcLC(a) + furUT (alk),
VNS (g B) = oRONEYS (ke B) = BprTT(a) + Brr LT (alk) + BreLC(a)
+BurUT (alk) + BrsLS(a).

In the NRL model in Mai et al. (2015), the scale of the random terms are defined
as exponential functions of the model parameters. Mai et al. (2015) use the travel
time, link size and number of successor states to define the scale as

M{gVRL(W) _ ewTTTT(k)+wL5LS(k)+w0LOL(k)’ Vk € S~7

where OL(k) is the number of successor states from k i.e. OL(k) = |S(k)| (it is
also the number of outgoing links from the sink node of a link in the road network).
Note that this NRL is based on network G and differs from the NRL model based
on the integrated network G*. The latter is used for the estimation of the RCNL
model.
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The CNL model at each state includes several structure parameters. This fairly
small network contains more than 7000 states/links, leading to more than 7000
CNL models. So it is not possible to estimate all the parameters. Similar to Mai
et al. (2015) we define parameters ¥ and €8, Vm € Si(r) as exponential functions
of the respective state attributes. More precisely, since at choice stage k, the root
r of the network MEV model is identical to state k, so F is defined as
gk(w) _ ewTTTT(k:)+wL5LS(k)+wOLOL(k)7\V/k €S, (29)

T

Indeed, by definition £¥(w) > 0, Vw. Moreover, Equation 27 suggests that the
: : . &y

correlation between two given states a;, a; depends on the ratio —*. We therefore

define this fraction as an exponential function of the attributes associated with

states a; and a; as

k
Tij — eATT(TT(al-)—&-TT(aj))—f—/\LS(LS(a,’)—&-LS(a]’))+)\OL(OL(ai)+OL(aj)) (30)
& ’
or equivalently the scale 5,’“?%, associated with nest m,; is defined as
ko fke/\TT(TT(ai)'f‘TT(aj))"F/\LS(LS(U«'L)"‘LS(GJ'))+/\OL(OL(ai)+OL(aj)) (31)
mij T ’

where £* is defined in (29). The CNL model requires constraints on the scale pa-
rameters which are §f, > &F, Vim,; € Sy(r). We therefore impose these constraints
by restricting the parameter A\ to be positive i.e. Arr, Ars, Aoz, > 0.

In the CNL model at state k, parameter af  reflects the level of membership
of alternative a to nest m. Indeed, it is impossible to estimate all the parameters
« in the network. We therefore assume that each state a € S(k), the levels of a to
all the nests m are equal. Based on the normalization in (28) and as the number of
nests that each node a € S(k) belong to is |S(k)| — 1, the parameters are specified

as
. 1 Em/&r
b (1) =

Hence, the correlation between two states a;,a; € S(k) can be approximated as

Corr (z(ai|k), z(a;]k)) = m b ( ir )
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3

&

where is defined in (30). In summary, the instantaneous utilities are

1
S alks ) = 0N (alks B) + —r—

11 (Cd) (6(@) - ’7)
1

uNRL-LS(a|k; Bw) = UNRL-LS<a’k; B) + m (e(a) =)

uRCNL(a’k; B;W; )\) _ URCNL((IU{J; ﬁ) + €(a|k; w, >\)
WRONLIS (412 8 0 2) = oRONIIS (41 8) 4 e(alksw, ),

where €(a) is i.i.d extreme value type I and €e(alk;w), a € S(k), have a MEV
distribution with the CPGF Gy (y) specified in (25) and the structure parameters
specified in (29), (31) and (32). Indeed, if w = 0 then the NRL model becomes
the RL model and if A\ = 0 then &8 = ¢ Vk € S, m € Si(r), so the G}, function

n (25) becomes
k
Gely) = D o5 = > i,
)

aeS(k) aeS(k

meaning that the choice model at state k is MNL, and the RCNL model becomes
exactly the NRL model. Finally, the maximum likelihood estimation of the RCNL
model is a constrained optimization problem and can be expressed as

Iﬁnj))f LLRONE(B W, ).
A>0

6.2 Estimation results

We report the estimation results in Table 1 for the four specifications NRL, NRL-
LS, RCNL and RCNL-LS. The results are comparable to those previously pub-
lished using the same data. The ( estimates have their expected signs and are
highly significant. For both the NRL and RCNL models, the w estimates are
negative for travel time and positive for left turns and link constant. All the w
estimates for the RCNL models are significantly different from zero. However, for
the NRL model, wrr is not significantly different from zero when the LS attribute
is included in the instantaneous utilities.

We now turn our attention to the A estimates. Interestingly, the \ estimates
are very close to zero for travel time and link size but significantly different from
zero for the parameters associated with the number of successor states Note that
we do not provide standard errors and t-tests for the estimates that are on the
bound (close to 0) since the respective gradient values are not close to zero. The
A estimates indicate that only the attribute OL affects the correlations between
successor states.
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The final log-likelihood values are reported in Table 1 and we also report the
likelihood ratio test in Table 2. Similar to Fosgerau et al. (2013a) and Mai et al.
(2015), we observe a significant improvement in final log-likelihood values when
we include the LS attribute to the instantaneous utilities. The RCNL models
have better fit than the NRL models and the best model in term of in-sample
fit is the RCNL-LS. Interestingly, the final-log likelihood function given by the
RCNL without the LS is larger than the one given by the NRL model with the LS
attribute.

We note that the estimation of the RCNL model requires estimating the NRL
model on the integrated network. The real network has 7288 states/links and
the integrated network has 31373 states, so there are 24084 new states added
to the original network. The number of arcs in the integrated network is 72252,
compared to 20202 arcs in the original network. So the integrated network is larger
than the original, leading to the fact that the estimation of the RCNL model is
more expensive than the NRL and RL models. Solving the value functions in
the RCNL model needs from 300 to 700 iterations to converge to the fixed point
solutions while the NRL needs less than 300 iterations. We note that using the
dynamic accuracy and switching approaches we are able to double the speed of
the value iteration method.

6.3 Prediction results

In this section we compare the prediction performance of the different models.
Similar to Mai et al. (2015), we use a cross validation approach i.e. the sample
of observations is divided into two sets by drawing observations uniformly with
a fixed probability: one set (80% of the observations) is used for estimation and
the other (20% of the observations) is used as holdout to evaluate the predicted
probabilities by applying the estimated model. We generate 20 holdout samples
of the same size by reshuffling the real sample and we use the log-likelihood loss
to evaluate the prediction performance.

For each holdout sample 7, 0 <17 < 20, we estimate the parameters B, off the
corresponding training sample and this vector of parameters is used to compute

the test errors err;
1

| PS;]

err; = — Z In P(oy, BZ),

o;€PS;

where PS; is the size of prediction sample i. Then err; is a random variable that
depends on the holdout sample i. In order to have unconditional test error values

we compute the average of err; values over samples as follows

12
e, = — Z err; V1 <p < 20. (33)

=1
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Parameters NRL NRL-LS RCNL RCN-LS
Brr -1.854 | -2.139 -1.378 -1.567
Rob. Std. Err. | 0.132 0.145 0.080 0.077
Rob. t-test(0) | -14.05 | -14.75 | -17.296 | -20.336
Brr -0.679 | -0.748 -0.517 -0.568
Rob. Std. Err. | 0.043 0.047 0.018 0.019
Rob. t-test(0) | -15.79 | -15.91 -29.528 | -30.105
Brc -0.258 | -0.224 -0.065 -0.072
Rob. Std. Err. | 0.016 0.015 0.013 0.011
Rob. t-test(0) | -16.13 | -14.93 -4.865 -6.484
Bur -3.340 | -3.301 -2.907 -2.964
Rob. Std. Err. | 0.200 0.207 0.094 0.099
Rob. t-test(0) | -16.7 -15.95 | -30.963 | -30.057
BLs - -0.155 - -0.115
Rob. Std. Err. - 0.013 - 0.007
Rob. t-test(0) - -11.92 - -16.140
orr -0.515 | -0.341 -0.637 -0.443
Rob. Std. Err. | 0.255 0.288 0.220 0.216
Rob. t-test(0) | -2.02 -1.18 -2.898 -2.053
Qrs 0.674 0.581 0.192 0.157
Rob. Std. Err. | 0.093 0.09 0.031 0.025
Rob. t-test(0) 7.25 6.46 6.224 6.275
Qor 0.086 0.092 0.027 0.021
Rob. Std. Err. | 0.015 0.016 0.003 0.002
Rob. t-test(0) 5.73 5.75 9.846 9.167
AT - - 2.63E-04 | 1.84E-08
Rob. Std. Err. - - - -
Rob. t-test(0) - - - -
ALS - - 2.85E-05 | 1.74E-07
Rob. Std. Err. - - - -
Rob. t-test(0) - - - -
oL - - 0.475 0.483
Rob. Std. Err. - - 0.012 0.012
Rob. t-test(0) - - 41.151 41.230
LL(B) -6187.9 | -5952 -5885.5 | -5675.4
Table 1: Estimation results
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Models 2 p-value
NRL & NRL-LS 471.8 | 1.30e-104
NRL & RCNL 604.8 | 9.18e-131
NRL-LS & RCNL-LS | 553.2 | 1.41e-119
RCNL & RCNL-LS | 420.2 | 2.21e-93

Table 2: Likelihood ratio test results

3.45| —e~NRL-sRCNL < NRL-LS—RCNL-LS |

341 |
3.35 W.
3.3} |
SH
3251 l

O
3.20 -\-/.\-\./-/./-\-\-—I—I—I—-\-_-\/\—\-
3.15 b
3.1 M
3.05 1

Holdout samples

Figure 5: Average of the test error values over holdout samples

The values of err,, 1 < p < 20 are plotted in Figure 5 and Table 3 reports the
average of the test error values over 20 samples given by the RL, RL-LS, NRL,
NRL-LS models. Indeed, the lower test error values the better the model.

NRL | NRL-LS | RCNL | RCNL-LS
3.34 3.21 3.17 3.07

Table 3: Average of test error values over 20 holdout samples

The prediction results show that the models with the LS attribute perform
better than those without. The RCNL models have better prediction performances
than the NRL models. The RCNL-LS performs the best in fit and prediction
among the considered models.
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7 Conclusion

This paper has presented a general and operational representation of the recursive
route choice models. The RNMEV model is an extension of the NRL model
proposed in Mai et al. (2015) where the choice of each stage is a network MEV
model. We have showed that the model can be estimated by applying the NRL
model to a new network which is created by iterating the networks of correlation
structures at each choice stage into the road network. So the methods proposed
in Mai et al. (2015) can be used to estimate the new model.

We have proposed the RCNL model, a member of the RNMEV model, by
allowing the model at each choice stage to be a CNL model. We showed that
the RCNL can exhibit a more general correlation structure at each choice stage,
compared to the NRL and RL models.

We have provided numerical results using a real data. The parameter estimates
are sensible and the RCNL model has significantly better fit than the NRL model.
We have also provided a cross-validation study suggesting that RCNL and RCNL-
LS are better than the NRL-LS and NRL models.

In this paper we use a unimodal network and observations of trips made by car
but the model is not restricted to this type of network. In the future research, we
plan to apply the RNMEYV to different types of network where the correlations at
each choice stage need to be taken into account seriously e.g. dynamic networks
(state is time and location) and multi-modal networks (state is location and mode).

Finally, we note that the methods proposed in this paper are not restricted to
route choice applications. By adapting the network of state space we can deal with
the estimation of complicated dynamic discrete choice models where the choice at
each stage can be the network MEV model instead of MNL.
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A A proof for Theorem 1

Consider the network of correlation structure Gy = (Sk, A, C) at state k. In order
to prove the result we derive the function Gy <e”(“|k)(Ya*)1/“a, a€ S(k)) using (6)
and (7) and note that Gi(y) = G}.(y), where r is the root of G;. For notational
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simplicity we denote y} be a vector of size |S(k)| with entries e*(@®) (Y *)1/ke for
all @ € S(k). Note that, as discussed in Section 3, state k is also the root r and
the choice set C is identical to S(k).

We first introduce some definitions. For each state i € S, we denote £¥(i) be
the length (defined as number of arcs) of the longest sequences of states (or paths)
connecting i and all j € S(k) via states in S,. £(i) is finite since the network Gy,
is cycle-free. For any integer number p > 0 we denote T*(p) the set of state i such
that i € S and £*(i) = p. In other words

T*(p) = {ili € Sy, £*(i) = p}, ¥p € N.
We have the following proposition, which is easy to verify
Proposition 2 :
(i) THO) = S(k). UL = 5.
(it) T*(p) N T*(q) =0, p,q > 0,p #q.
(iii) Given statei € T*(p), p > 1, if j € S*(i) then j € J'—y T*(t).

Proof. (i) and (ii) are trivial to verify. For (iii), we suppose that j ¢ '—y T*(t),
then there exits a number p’ > p such that j € T*(p'). It means that there exits
a sequence of length p’ connecting j and states in S(k). Moreover, since j € S*(7)
and from the fact that i ¢ S(k) (because i € T*(p) and p > 1) we have j € Si(i)
due to Proposition 1(iv). Consequently, there exits a sequence of length p'+1 > p
connecting ¢ and states in S(k). This is in contradiction with the assumption that
i € T*(p). So j has to be in | J/—, T*(t) and (iii) is proved.

[

For all i € Sy, the values of G%(y;) can be computed based on (6) and (7) as in
the following

i () o(i a1/
Gilyn) = (" )Y)™ |, i e S(k). (34)
For each i € S;\S(k) we have
Gilui) = D alGLu)" /. (35)
JESK (i)

We introduce the following lemma

Lemma 1 Given state k € S, if Gi(y}), Vi € S, are computed based on (34) and
(35) then ‘
Gilyr) = Y;' Vi e T"(p),Vp € L*. (36)
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Proof. Based on the definitions in (10) and (11), (34) can be written equivalently
as

Giyi) = (V)& Vi e S(k), (37)

Here we remark that &F # pf Vi € S(k) and &F = pf Vi € S;\S(k). Due to
Proposition 1(iv) we have Si(i) = S*(i), Vi € S, \S(k), so (35) can be written as

Gilui) = 3 aliGLw)®s

JES*(4)
*a k
= 3 el (a(y 0)1 S e GI) (G (y 0)He
JES™ () JES* ()
i#S(k) jes(k)

Vi € Sp\S(k).
(38)
Substitute (37) into (38) we obtain

Gi(yp) = Z eri v (i) (G’] ”Z e + Z eriv Ul (y, uz/u] Vi € S\S(k).
jeS*(i) jES* (i)
J¢S(k) jeS(k)
(39)
Now we prove the result by induction. For p = 1, according to Proposition 2(i)-(iii)
we have the fact that for each i € T*(1) if j € S*( ) then j € T%(0) or equivalently
j € S(k). Thus, Equation 39 can be written as

Gilyp) = > e Uiyl vie TH(1). (40)

jes (i)
So from (15) and (40) we have Gi(y;) = Y;* Vi € T*(1), meaning that (36) is true
for p = 1. Now we assume that the result is true for p = I > 1. In other words

I
Gilyp) =Y, vie | JTH0)
=1

For each state i € T*(I + 1), according to Proposition 2(iv) if j € S*(i)\S(k)
then j € J/_, T*(t). Consequently, by assumption, GJ(y;) = Y Vi e S*(i)\S(k).
Equation 39 can be written as

Gi(yE) Z ehi v (ilo) Y* “z/”a_|_ Z etV i (y uz/u]

JjeS*( JES* (3

J¢S(k ) JeS(k) (41)
S e Ul (v i e THI 4 1),

JES*(4)
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so Gi(yr) =Y Vi € TH(I+1), because of (15). This validates (36) for p = I + 1.
So the lemma is completely proved. m

Note that if p = L¥(k) we have G§(y;) = Y, or Y;* = Gi(y;). Hence, Theorem 1
is proved.

B A proof for Theorem 2

We consider the network Gy = (S, Ak, C) at state k € S. Under the hypotheses
of Theorem 2 we have the fact that y, = y; (we recall that y is a vector of size
|S (k)| with elements e*(@®)(Y,)1/#a Va € S(k)). So from (8) the choice probability
P(alk) Ya € S(k) given by the network MEV model at state k is

a G]t+1( ))ﬁjf/fle

P(a|k): Z H Jt]tJrl Gﬁ( ) (42)

[jO 7777 j[]eﬂk( t=0

Given two states i,j € Sk, j € S*(i) we consider two cases: j ¢ S(k) or j € S(k).

e If j ¢ S(k) then according to Lemma 1 we have Gi(yi) = Y;* and G (y;) =
Y. Furthermore, from the definitions in (10), (11) and Equation 16 we

obtain
)uz /1

O GLWNS e OV
Gi(?/k) Y

7

= P*(jli). (43)

o If j € S(k), from (37) we have

J & /fk *(w*(4)1)—v(j|k
(G ( )) _ et (W (Jl0)—v(jlk)) euzv(jlk)(y,*)uf/uj-
(y )uz/uj
= et vl I)T P*(ji).

7

So from (43) and (44) we get

(GJ< ))5’“/6’“
G (yr)
and the choice probability P(alk) in (42) can be computed as

P(alk) = Z ﬁp*(jtJrlUt)-

[J0,--,31]€Q* (a) t=0

= P*(jli), Vi € Sp\S(k),j € S*(7)

Hence, the theorem is proved.

25 CIRRELT-2015-37



Recursive Network MEV Model for Route Choice Analysis

References

Abbé, E., Bierlaire, M., and Toledo, T. Normalization and correlation of cross-
nested logit models. Transportation Research Part B, 41(7):795-808, 2007,

Aguirregabiria, V. and Mira, P. Dynamic discrete choice structural models: A
survey. Journal of Econometrics, 156(1):38-67, 2010.

Ben-Akiva, M. and Bierlaire, M. Discrete choice methods and their applications
to short-term travel decisions. In Hall, R., editor, Handbook of Transportation
Science, pages 5—34. Kluwer, 1999.

Ben-Akiva, M. The structure of travel demand models. PhD thesis, MIT, 1973.

Daly, A. and Bierlaire, M. A general and operational representation of generalised
extreme value models. Transportation Research Part B: Methodological, 40(4):
285 — 305, 2006.

Fosgerau, M., Frejinger, E., and Karlstrom, A. A link based network route choice
model with unrestricted choice set. Transportation Research Part B, 56:70-80,
2013a.

Fosgerau, M., McFadden, M., and Bierlaire, M. Choice probability generating
functions. Journal of Choice Modelling, 8:1-18, 2013b.

Frejinger, E. and Bierlaire, M. Capturing correlation with subnetworks in route
choice models. Transportation Research Part B, 41(3):363-378, 2007.

Koppelman, F. and Wen, C.-H. The paired combinatorial logit model: properties,
estimation and application. Transportation Research Part B, 34:75-89, 2000.

Mai, T., Frejinger, E., and Bastin, F. A misspecification test for logit based route
choice models. Technical report, CIRRELT-2014-32, 2014.

Mai, T., Fosgerau, M., and Frejinger, E. A nested recursive logit model for route
choice analysis. Transportation Research Part B: Methodological, 75(0):100 —
112, 2015. ISSN 0191-2615.

McFadden, D. Modelling the choice of residential location. In Karlqvist, A.,
Lundqvist, L., Snickars, F., and Weibull, J., editors, Spatial Interaction Theory
and Residential Location, pages 75-96. North-Holland, Amsterdam, 1978.

Papola, A. Some developments on the cross-nested logit model. Transportation
Research Part B, 38(9):833-851, 2004.

CIRRELT-2015-37 26



Recursive Network MEV Model for Route Choice Analysis

Rust, J. Optimal replacement of GMC bus engines: An empirical model of Harold
Zurcher. Econometrica, 55(5):999-1033, 1987.

Small, K. A. A discrete choice model for ordered alternatives. Fconometrica, 55
(2):409-424, 1987.

Swait, J. Choice set generation within the generalized extreme value family of
discrete choice models. Transportation Research Part B, 35:643—666, 2001.

Vovsha, P. Application of cross-nested logit model to mode choice in Tel Aviv,
Israel, Metropolitan Area. Transportation Research Record, 1607:6-15, 1997.

Vovsha, P. and Bekhor, S. Link-nested logit model of route choice Overcoming
route overlapping problem. Transportation Research Record, 1645:133—-142, 1998.

Wen, C.-H. and Koppelman, F. The generalized nested logit model. Transportation
Research Part B, 35(7):627-641, 2001.

27 CIRRELT-2015-37





