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While collecting data for estimating discrete-choice models, researchers often encounter
missing information in observations. In addition, endogeneity can occur whenever the er-
ror term is not independent of the observed variables. Both problems result in inconsistent
estimators of the model parameters. The problems of missing information and endogeneity
may occur in the same variable in the data, if, e.g., partially missing price information is
correlated with another omitted variable. Extant approaches to correct for endogeneity in
discrete choice models, such as the control function method, do not address the problem
when the error term is correlated with a variable having missing information. Likewise,
approaches to address missing information, such as the multiple imputation method, can-
not handle endogeneity problems. To address this challenge, we propose a novel hybrid
algorithm by combining the methods of multiple imputation and the control function. We
validate the algorithm in a Monte-Carlo experiment and apply it to real data of heavy com-
mercial vehicle parking from Singapore. In this case study, we were able to substantially
correct for price endogeneity in the presence of missing price information.

© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

In a multi-stakeholder environment, collecting complete information on all the variables of interest for developing
discrete-choice models is an onerous task. The researcher might encounter data with missing information, which could
either be partial or total, that may also be prone to endogeneity problems from different sources.

Customarily, the data is presented with rows representing an individual observation and columns indicating the at-
tributes. The data suffers from missing information when a column value is available for some observations and missing for
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others. This problem may arise from different causes. For example, in a survey, respondents may either not know or may
refuse to answer a question. In both instances, the data collected will have missing information on the response variable.
Similarly, longitudinal studies may be prone to attrition problems when subjects are observed in a series of experiments
conducted in different epochs; those who participated in the initial experiments may no longer be available for the follow-
on experiments. Even while collating data from secondary sources, some fields might have partial missing values. In merging
data from multiple secondary sources, the extant of missing information increases with the addition of each data source.

Endogeneity may also occur in the model when the data has limitations arising from one or more of the following
causes - omitted variables correlated with an observed attribute, errors in measurement, simultaneity or self-selection
(Guevara and Ben-Akiva, 2012). A textbook definition of endogeneity highlights violation of assumption of independence
of the error term with observed attributes in the data (Greene, 2011). Ignoring endogeneity may result in inconsistent
parameter estimates of the developed model. Guevara and Ben-Akiva (2012) present an example of a dwelling choice
model, where ignoring the quality attribute that is positively correlated with rent might spuriously reduce the magnitude
(negative value) of the estimated price coefficient. In fact, the estimated price coefficient could even be positive render-
ing the model unsuitable for forecasting (Guevara and Ben-Akiva (2006); Bhat and Guo (2004); Sermons and Koppelman
(2001)).

In real-world applications, both data deficiencies of missingness and endogeneity may occur in the same attribute. For
example, prices, which are almost inevitably endogenous, were found to be partially missing in a study on airline consumer
search and purchase behavior (Hotle et al., 2015) and on-line shopping (Cavallo, 2018). Similarly, in transportation studies,
partially missing values of travel time are encountered by Steimetz and Brownstone (2005) and Guo et al. (2018) while
endogeneity due to an omitted attribute correlated with travel time is also reported in literature (Wardman and Whelan,
2011; Tirachini et al., 2013).

The methods that have been applied so far consider the data deficiencies, of missing information or endogeneity, sepa-
rately. A method to overcome missing information is to ignore observations with missing values in any column - termed the
complete-case method (Little and Rubin, 2002). Adopting this method might decrease the sample size considerably, thereby
reducing the confidence in the parameter estimates. Further, the model may no longer represent the target population. Im-
putation methods (Little and Rubin, 2002), both heuristics and model-based, are used to estimate the missing column values
in the data. Rubin (1987) developed the multiple imputation method which avoids the pitfalls from using adhoc-methods
of handling missing values. Under assumption of Missing at Random (MAR) (Rubin, 1987), the missing values are imputed
from a conditional distribution whose parameters are estimated from a model developed from observations with complete
information. The key assumption of MAR is that the conditional probability of missing information in a variable, given other
observed variables, is independent of its value. In the multiple imputation method, random draws from the conditional
distribution are used to generate multiple values of the missing variable. Each draw of the missing variable constitutes an
imputed but complete data set. Each complete data set is then treated in a manner as if there was complete information.
Examples of applications of the multiple imputation methods for discrete choice, include bid-rent (Li, 2014), and value of
travel-time (Steimetz and Brownstone, 2005) models.

Endogeneity in discrete-choice models is primarily corrected by applying the Berry-Levinson-Pakes (BLP,
Berry et al. (1995)) or the control function (Rivers and Vuong, 1988) method. Guevara (2015) presents an overview of
the endogeneity correction methods in discrete choice literature. BLP method can be applied when the source of endo-
geneity is an alternative specific omitted attribute that does not vary across agents and data from different markets are
observed. A few applications which use the BLP method to correct for endogeneity include those in the automobile and
satellite television markets (Berry et al., 1995; Goolsbee and Petrin, 2004). When the omitted attribute varies across agents
or the data from a single market is given, control function method (Rivers and Vuong, 1988) may be applied. Examples
of applications of the control function method include residential location choice (Ferreira, 2010; Guevara and Ben-Akiva,
2012) and consumer choice models (Petrin and Train, 2010).

The control function method, which is shown to correct for endogeneity in discrete-choice models, may be considered
as a single imputation of the omitted attribute under complete information of the endogenous variable. However, when
the endogenous variable suffers from partially missing information, there is a gap in literature on the methods applica-
ble. This research proposes, illustrates and assesses a novel hybrid algorithm, which combines the methods of multiple-
imputation and control function, to address both model mis-specifications - missing information and endogeneity. Our al-
gorithm also corrects for a limitation in previous literature (Steimetz and Brownstone, 2005) in the multiple imputation
method when applied to develop discrete-choice models. We demonstrate, in a Monte-Carlo experiment, the efficacy of the
proposed algorithm when the endogenous variable is MAR and an associated instrumental variable can be constructed. It
is followed by an application of the algorithm to model overnight parking location choice behavior using data collected in
Singapore.

The article is organized as follows - Section 2 presents a short introduction to the methods of multiple imputation and
control function. Section 3 describes our proposed novel algorithm that corrects for both missing information and endogene-
ity in the same variable. The algorithm is validated in a Monte-Carlo experiment and the results are presented in Section 4.
Section 5 illustrates a real-world application of the algorithm in modeling the overnight parking subscription behavior of
heavy commercial vehicles in cities. Finally, Section 6 concludes by summarizing the main findings, discussing the implica-
tions for policy and practice, and outlining the directions for future research.
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2. Methodology review : multiple imputation and control function
2.1. Theory of multiple imputation

We briefly describe the theory of multiple imputation (see e.g., Little and Rubin, 2002). Let 8 be a vector of parameters
that we wish to estimate from the sample data, X. Let the prior distribution of 8 be ﬂﬂ ). Using Bayes rule, the posterior
probability distribution, f{8]X), can be written as:

fBIX) o LXIB)f(B) (1)

where L is the likelihood of observing the sample data X.

Let Xp: X\p denote the data X without the variable p that has missing information. Let p°Ps and p™is denote the observed
and missing elements in the variable p. Further, the missingness mechanism in variable p is assumed to be MAR.

The objective is to estimate the vector of parameters, 8, from the data with missing information. The expected value of
BlXp, p°bs with missing data can be written as:

E(BIXp, p°*¥) = / E(BIXp. p™S. p) dP(p™S (X, ) 2)
pmts

- / E(BIXg) dP(P"|X,, p)
p""S

The idea behind the multiple imputation method (Rubin, 1987) is equivalent to evaluating E(S|Xp, p°bs) in Eq. (2) by
Monte-Carlo integration. Each random draw of the missing value, pm'S V¥ d=1,...,D, from its distribution, p™*|X,, p°bs,
generates a vector, py = [p°s p""s |”, with imputed values. X4 = [Xp pg] denotes a complete dataset with imputed values.

The Bernstein-von Mises theorem (see e.g., Train, 2009) relates the Bayesian estimators to the classical Maximum Likeli-
hood Estimator (MLE). The following results summarize the relationship:

E(BIXa) > Ba (3)

-1
(B — E(B|X4)) % Normal (0, H;*V (4)

where N is the sample size, [fd is the MLE for the d™ complete dataset with imputed values, and —Hy is the associated

Fischer-information matrix. Substituting the maximum likelihood estimator computed in each imputation in Eq. (3) into
Eq. (2), we obtain

E(B|Xp. po) ~

D \

D
Z (5)

where B denotes the average of the values /fd, d=1,...,D.
Using the law of total variance, the variance of the random variable S|X;, p°s can be computed as under:

var(B|Xp, p°*) = E(Var[(B|Xp, p°*) |[p™*]) + Var (E[(BIXp. p™*)|p™])

= E(Var(B|X4)) + Var(B,) (6)

Conventionally, the first term of Eq. (6) is termed as within-sample variance with the latter denoting the between-sample
variance. Under D random imputation draws, an estimate of the variance, B|Xp, p°Ps can be obtained from the expression
below (Little and Rubin, 2002)'

var(B|Xp. p) ~ = ZVar<ﬂ|xd>+ Z(ﬂd B -Bi-B" (7)

Rubin and Schenker (1986) report that mterval estimates with three imputation runs are close to the nominal values
even with 60% missing information when the data is exactly normal with small sample size or any data for large samples.
Other studies show that 2-10 imputation runs are sufficient to recover the point estimates (Bodner, 2008; von Hippel,
2018). However, the number of imputation runs required to recover the standard errors may be much higher and is shown
to depend quadratically on the fraction of missing information (von Hippel, 2018).

For discrete-choice models, the Cramer-Rao theorem can be used to compute the variance of the maximum likelihood
estimator. Eq. (7) can be used to calculate the final variance for a given sample.

Unconditional estimates of mean and variance of the population parameters can be inferred by drawing multiple random
samples from a population. The mean and variance - covariance matrix is computed as below:

E(B) = Ex(E(BIX)) (8)

Var(B) = Varx (E(B|X)) + Ex(Var(B|X)) 9)
where the estimates for E(B|X) and Var(B|X) are obtained from Eqs. (5) and (7) respectively.
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2.2. Theory of control function

The control function method is applicable when the endogenous variable can be assumed to be a function of a variable
(an instrument) that is exogenous to the model, i.e., that does not belong to the structural equation of the utility, in the
case of a discrete choice model based on the Random Utility Maximization principle. The method has its roots in the simul-
taneous equation models in linear regression when one of the dependent variables is latent (Heckman, 1978). Rivers and
Vuong (1988) demonstrated applicability of the method to obtain consistent parameter estimates in binary probit mod-
els. The method relies on the availability of an instrument, an exogenous variable that is correlated with the endogenous
variable. We describe the method (see, e.g., Train, 2009) in the following paragraphs.

We explain the control function method by referring to Eq. (10), where every agent n € N associates a utility U;, to each
alternative i in the choice-set C,. The symbols in bold represent vectors.

Nin
—_——
Uin = ByYin + BxXin + BpPin + &in + €in, 1€Co, Vn=1,....N
Bin
——
Din = VzZin + J/sgm + &in (10)

The utility is a linear function of an alternative specific variable y, an exogeneous variable x, and an endogeneous variable
p. 1, the error term, is a convolution of an omitted variable & and a random error €. Eq. (10) also relates p to the instrument
variable z, omitted attribute &, and an i.i.d. random error term e. Further, when z is exogenous, it is a valid instrument
variable as it is correlated with p and independent of &, ¢ and €. When & is omitted, the error term in the utility function
is correlated with p, thereby causing endogeneity. In such a case, assumption of the error being independent of the data,
which is needed for consistency in estimation, is no longer valid.

The distribution of 7;,, conditional on observing §;, can be decomposed into sum of the conditional mean and an error
term, #j;,, independent of §;;,:

Nin :E(nin|5in)+ﬁin (11)
Substituting Eq. (11) in the utility Eq. (10), we obtain:
Uin = lngin + lgxxin + ﬂppin + E(ninlain) + ﬁin (12)

The conditional expectation, E(7;,|9;,), is defined as the control function. Eq. (12) is cured of endogeneity as #;,, the error
term in the utility function, is no longer correlated with p;,. Consistent estimates of the parameters of the choice model can
be obtained by applying standard methods such as maximizing the likelihood function.

Often, the control function cannot be expressed in a closed form in &;,. In addition, the distribution of 7j;, is also un-
known. However, when the choice model is binary probit, and the linear regression for the endogenous variable has a
normal error term, the joint distribution of (7;,, §;,) follows a normal distribution. The conditional expectation, E(7;;|8i,),
when the variables (1;,, 8;,) are jointly normal, has the following closed form :

EMin|8in) = Adin (13)

A consistent estimate of §;, is obtained by calculating the residuals, S,-n = Pin — VzZin, in the linear regression Eq. (10). Sin
enters the utility function as an additional attribute and the parameters are estimated as if there is no endogeneity in the
model. However, scale of the model changes as the variance of 7j;, is no longer equal to the variance of n;, (Guevara and
Ben-Akiva, 2012).

Under certain assumptions, Ruud (1983) showed that maximum likelihood estimators are consistent even when the dis-
tribution is misspecified. With this approximation, the control function method can also be extended to logit models even
though it was initially developed for probit models.

3. Proposed hybrid algorithm

This section describes the proposed algorithm to address the problems of both endogeneity and missing information in
discrete-choice models. We again refer to Eq. (10), where the utility function and the structural equation of the endogenous
variable, p, were described. In addition to endogeneity, variable p suffers from partially missing information. The researcher
observes the variables %, z, the choice of every agent n and partial information on p.

The proposed hybrid algorithm considers the following 5 assumptions:

A.1 The data generation process corresponds to that of a discrete-choice model.

A.2 Information on the endogenous variable, p, is missing at random (MAR).

A.3 Missing values of the endogenous variable, p, are imputed from an underlying linear regression model.

A4 There exists an instrumental variable, z, that is correlated with the endogenous variable, p, and independent of the
error terms.

A.5 Error term in the linear regression model, &, and the omitted variable, &, in the utility specification, are normally
distributed.
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Assumption A.1 implies that the underlying model could be a probit, but also a logit, mixed logit or, e.g., a member of
the MEV (GEV) family. MAR assumption implies that the missing and observed values of p are drawn from an underlying
conditional distribution. Further, as assumption A.2 holds across alternatives, no alternative specific categorical variable is
included in the specification of the imputation model. However, we may include an alternative specific constant (e.g., a
labeled alternative) in the utility specification of the discrete-choice model. Assumption A.3 is not restrictive as it permits
transformation of the regressands as long as the coefficients are linear. A normally distributed error term in assumption A.5
subsumes all unknown factors which influence the endogenous variable. The omitted attribute & can be assumed to be a
smaller subset of the unknown factors.

We extend, with the addition of a control function step, the multiple imputation algorithm applied by Steimetz and
Brownstone (2005) in estimating the parameters in a lane-choice model. Our algorithm is divided into three parts - linear
regression, multiple imputation and control function steps.

Linear regression step :

L.1 The observed values of the endogenous variable, p°%s, are regressed with the exogenous variables and instruments.
P =20+& &~N(,o0?),

where Z = [z Xp].
L.2 Estimate parameters 0= (Z"Z2-1Z" p°bs, where @ € %X, and K is the number of parameters in the linear regression
model.

Multiple imputation step :

T
The sum of squared residuals, Zoeze ~ Xxf_x! distribution (see e.g, Schenker and Welsh, 1988), where e is the residual
vector obtained in the linear regression step. For each iteration, d =1, ..., D, of the imputation:

MI.1 Draw a random number, x4, from X,?H( distribution.

. . . A T
MIL.2 Impute the variance of the error term, which is computed as 67 = erd €.

MI.3 Draw random vector, &4, from N(O, 6(12).
MI.4 Draw 90, from a multivariate normal distribution with mean, 8, and variance-covariance matrix, 6, = (ZTZ)*&(%.
ML5 Impute the vector of missing values, pf‘""s, using the equation,

pzlis = Z@d + éd
At the end of the multiple imputation step, we obtain D complete data sets.
Control function step :

For the proposed hybrid method that combines multiple imputation and control-function methods, we apply the latter
on each completed dataset, d = 1,...,D, separately.

Alternative methods such as Full-information maximum likelihood (Guevara and Ben-Akiva, 2012; Villas-Boas and Winer,
1999; Park and Gupta, 2009) specify the joint distribution of (3, §) and estimate, in a single-step, the parameters of both the
utility function and the structural equation. Even though it is more efficient, specifying the conditional distribution in the
control function method is more general than the joint distribution (Train, 2009) and is computationally easier (Guevara and
Ben-Akiva, 2012).

Under this setting, we apply the control function method that can be viewed as a single imputation of the omitted
attribute when complete information on the endogenous variable is available.

CF.1 Regress the vector of endogenous variables, pg = [p®* pZ"'S]T with the instrument z and exogenous variables in the
utility function.

Pa=Zy+d

CF.2 Include the estimated residual Sd as an additional variable in the utility function.
CE.3 Estimate the parameters, f8;, of the discrete-choice model.

The instrument z is correlated with the true values of the endogenous variable, p. However, we use the imputed values
py while applying the control function. The following lemma shows that z remains a valid instrument for the imputed
endogenous variable, p;,d =1,...,D.

1 We correct the model proposed by Steimetz and Brownstone (2005) where the authors assume ):%e to be x? distributed.
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Lemma 1. Let z be a valid instrument that is correlated with the true values of the endogenous variable p, i.e., Cov(z, p) = p # 0.
Let py be the vector of imputed values from an underlying model pq = Z0 + &, where & is an i.i.d. error term.
Under these conditions, z is a valid instrument for each complete data set i.e.,

(i) Cov(z,py) #0Vd=1,...,D.
(ii) z is independent of the error terms.

Proof. The missing values p; are imputed from an underlying model with an ii.d. error term. Therefore, the relationship
between p, and p can be written as

Pi =P+ g
where @y is an i.i.d random variable. Therefore,

Cov(z, py) = Cov(z, p+ ®y)
= Cov(z, p) + Cov(z, wy)

Now Cov(z, w;) = 0 by construction. Therefore, Cov(z, p;) = p # 0. Besides, z is independent from the error terms as it
was a valid instrument for the true p. O

The final parameter estimates of the discrete-choice model and the associated standard errors are computed from the
results obtained in each imputed data set using Eqs. (5) and (7).

4. Monte-Carlo simulation experiment

The hybrid algorithm is tested in a Monte-Carlo experiment where the data is generated from an underlying binary
choice model. In the following paragraphs, we describe the data generation process and the experiments.

The data generation process underlying the Monte-Carlo experiments considers that the utility function, U, and structural
equation for the endogenous variable, p, be defined as under:

U,-,,:O.Syin+2x,-n+p,-n +4$m+€,‘n, i:{l,Z}, Vn= 1,...,N

1 ifi=1,Vn=1,....N
ym:{O otherwise. (14)

Din = zzin + O~5§in +&in

where %, £, z and € are respectively the exogenous variable, omitted attribute, instrumental variable and the random error
term in the utility function U. Without loss of generality, y;,, the alternative specific constant is included in the utility
specification of the first alternative. The endogenous variable, p, is a function of the instrument, z, and the omitted variable,

&

The exogenous variable, x, and the instrument, z, are i.i.d random draws from a Normal (0,1) and Uniform (0,1) distribu-
tion respectively. The error term in the utility function, ¢, is type-I extreme value (Gumbel) distribution with mode, 0, and
scale parameter, 4 = 1. The errors in the endogenous variable regression equation, €, and the omitted attribute, &, are inde-
pendent draws from a standard normal distribution. When £ is omitted, the error term in the utility function is correlated
with p thereby causing endogeneity. Further, z is a valid instrument variable as it is correlated with p and independent of
& and e. A population of 100,000 observations was constructed. To avoid any sampling bias, the experiments were repeated
with 100 random samples of 8000 observations each drawn from the population. The computations were performed using
the open-source statistical package, R (R Core Team, 2013).

Two sets of experiments are performed. In the first set of experiments, complete information on the endogenous variable,
p, is assumed and models are estimated as described below:

M-1 Full information on the variables p, &.
M-2 Full information on the variable p but omitting the attribute, &. It introduces endogeneity in the model. Two sub-
models are estimated:

(a) Without correcting for endogeneity.
(b) Correcting for endogeneity by applying the control function method.

Models, M-1 and M-2, respectively validate the data generating process and the applicability of the control function
method to correct for endogeneity under this setting.

In the second set of experiments, missingness in the endogenous variable is introduced by removing all the values of p
in alternative 2. Further, attribute & is completely omitted in both the alternatives. Multiple imputation method is applied
to impute the missing values of p,,. The values of p,, are imputed from a linear regression of p;, with the instrument z,.
Two models are estimated by:

M-3 Applying multiple imputation algorithm to impute missing values p,, without correcting for endogeneity.
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Table 1

Models with complete information on endogenous variable.
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M-1 : True model

M-2 (a) : & omitted

M- 2(b) : & omitted, 2SCF

Par. (true value) Value (std.error)  t-value* Value (std.error)  t-value*  Value (std.error)  t-value*
B, (By=05) 0.500 (0.0706) 0.00394  0.209 (0.0546) -5319  0.479 (0.148) -0.145
B (B=2) 1.99 (0.121) —0.0946  0.883 (0.0855) ~13.1 1.98 (0.356) ~0.0650
B: (B =4) 3.95 (0.186) ~0.260

A (u=1) 1.02 (0.0569) 0.298 0.692 (0.0267) -11.6 0.321 (0.0482) ~14.1
Bs (Bs =0) 1.57 (0.397) 3.95
Sample size 8000 8000 8000

No. of simulation runs 100 100 100

Init. log-likelihood —5545.18 —5545.18 —5545.18

Final log-likelihood -1473.36 —4422.22 —4328.72

(*) t-tests are against the respective population values.

M-4 Applying the hybrid algorithm.

We conducted the experiments, M-3 and M-4, with 20 imputations for p,, as literature suggests that while 2-10 im-
putations are sufficient for consistent point estimates, larger imputations may be required for consistent standard errors
(von Hippel, 2018).

Variance of the error term in the utility equation increases when an attribute is omitted. As the scale changes across
the different models, the absolute values of the coefficients are no longer comparable (Guevara and Ben-Akiva, 2012). Only

the ratio of the coefficients, % are comparable. When the sample sizes are large, the coefficients obtained using maxi-

mum likelihood estimation arepdistributed asymptotically normal. However, the ratio distribution of two standard normally
distributed random variables follows a Cauchy distribution (Kamerud et al., 1978), which does not have well defined first
moment. Therefore, the mean and variance of the ratio coefficients across samples is influenced by extreme values often
encountered during estimation.

When the variable p denotes price and S, is fixed to —1, the utilities are money-metric. The coefficients of the non-
price attributes in the utility function are interpretable as willingness-to-pay (WTP) for the attribute. This method is termed
estimation in WTP space (Train and Weeks (2005), Scarpa et al. (2008)) in contrast to estimation in the parameter space
where the scale of the error term in the utility equation is fixed. Train and Weeks (2005) report that the models estimated
in WTP space have better fit and are less prone to extreme values in the WTP coefficients. Following a similar approach,
we estimate in the WTP space, by fixing the coefficient B8, = 1, for the endogenous variable p across the different models.
Accordingly, the estimated scale of the utility function is reported in the results.

Table 1 presents the results from the first set of experiments that validate the data generation process. Model M — 1 is
estimated with complete information where all the parameters including the alternative specific constant, 8y, are recov-
ered as evidenced by the low t-values. In the second sub-experiment M — 2(a), the variable £ is omitted, thereby causing
endogeneity. Ignoring endogeneity during estimation introduces bias in the results. Bx is significantly different from its
true value (t-value = —13.1). The sub-experiment, M — 2(b) applies the 2-stage control function method (2SCF) (Rivers and
Vuong, 1988). We are able to recover the parameters By and Sy, even though the data suffers from endogeneity as is seen
in the high t-value of 3.95 in the coefficient for the control function residual term, 85 (Rivers and Vuong, 1988). In addi-
tion, the scale of the error term is not recovered after applying control function method (Guevara and Ben-Akiva, 2012), as
expected.

The second set of experiments, models M —3 and M — 4 are estimated with the twin data deficiencies, missing p and
omitted variable &. As there is an underlying linear regression model for variable p for both choice alternatives, p,, is im-
puted multiple times (D = 20) during estimation. Table 2 summarizes the estimation results. When the multiple imputation
algorithm alone is applied in model M — 3, we encounter bias in the estimates in both Sx and By. In fact, the bias in By
is statistically significant with a t-value of —2.07 forcing us to reject the null hypothesis, Sx = 2. However, by applying the
hybrid algorithm in model M — 4, we are able to recover the true values of Bx (1.96) and the alternative specific constant
By (0.480) with a statistically insignificant bias. The experiment demonstrates that the hybrid algorithm is able to simulta-
neously correct for endogeneity and missing information. However, the estimated coeficient, Bx has a high standard error
which indicates a loss in efficiency due to the missing information. The box-plot of fx estimated for different models is pre-
sented in Fig. 1. Further, in M — 4,the t-value of the coefficient of the residual variable, 35, was not found to be statistically
different from zero, possibly due to a large percentage (50%) of missing values.

To assess the impact of the proportion of missing values on the model parameters, we estimated model M — 4 by varying
the extent of missing values of the endogenous variable p. Missing values in the information of the variable p for both alter-
natives were randomly inserted at three levels —10%, 30% and 50%. The results are shown in Table 3. In all three instances,
we were able to recover the true parameters for the exogenous variables, ¥ and y, with insignificant statistical bias. How-
ever, as the proportion of missing values in the endogenous variable p increases, the confidence in the estimated parameter
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M-3 : Multiple imputation

M-4 : Hybrid algorithm

Par. (true value) Value (std.error) t-value* Value (std.error)  t-value*
By (By =0.5) 0.394 (0.114) -0.923 0.480 (0.162) -0.126
B (Be=2) 1.62 (0.185) -2.07 1.96 (0.385) -0.104
no(w=1) 0.314 (0.0204) -33.6 0.262 (0.0430) -17.2
55 (Bs =0) 0.270 (0.225) 1.20
Sample size 8000 8000
No. of imputations 20 20
No. of simulation runs 100 100
Init. log-likelihood —5545.18 —5545.18
Final log-likelihood -5150.61 -5147.99
(*) t-tests are against the respective population values.
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Table 3

WTP parameter, f,

Fig. 1. Willingness-to-pay coefficients B for different models.

Impact of proportion of missing values on model M — 4.

10% missing values

30% missing values

50% missing values

Par. (true value) Value (std.error)  t-value* Value (std.error)  t-value* Value (std.error) t-value*
By (By =0.5) 0.479 (0.152) -0.137 0.478 (0.156) -0.139 0.480 (0.161) -0.121
,BX (Bx=2) 1.97 (0.372) -0.0728  1.97 (0.383) -0.0659  1.97 (0.398) —0.0589
o (u=1) 0.303 (0.047) -14.8 0.276 (0.0441) -16.4 0.260 (0.436) -17.0
Bs (Bs=0) 1.31 (0.373) 3.51 0.792 (0.301) 2.63 0.278 (0.235) 1.18
Sample size 8000 8000 8000

No. of imputations 20 20 20

No. of simulation runs 100 100 100

Init. log-likelihood —5545.18 —5545.18 —5545.18

Final log-likelihood —4551.57 — 4904.08 -5147.60

(*) t-tests are against the respective population values
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for the residual term, 35 reduces. The residual term, §, may no longer be a consistent estimator of the omitted attribute,
thereby increasing the standard errors.

Finally, as a preliminary analysis of the impact that sample size and number of imputations may have in the proposed
method, the experiments, M — 3 and M — 4, were repeated by reducing the sample size and the number of imputations to
4000 and D = 10 respectively. Our conclusions remain unchanged.

5. Case study : modeling of overnight parking subscription of heavy commercial vehicles
5.1. Description

In this section, we apply the hybrid algorithm to model the overnight parking subscription of heavy commercial vehicles
(HCV) in an urban area. The case study is set in Singapore, an island city-state in south-east Asia. Singapore has approxi-
mately 32,000 HCVs which are parked in nearly 42,000 overnight parking spaces distributed in 526 Traffic Analysis Zones
(TAZ) of a total 1169 TAZs in the city. Availability of parking demand data for every HCV is facilitated by Singapore’s garage
law (Enoch, 2004). It mandates the vehicle owner to purchase a monthly subscription to overnight parking and report it to
the transport authority. The parking supply is owned by both public and private agencies. The two public parking operators
in Singapore are termed public-1 and public-2, while, the private operators are categorized as private-open and private-
closed, based on the availability of parking price information. The parking prices of private-closed alternatives are missing,
in contrast to private-open parking alternatives, whose prices are listed in a website operated by the transport authorities
(OneMotoring, 2017). Gopalakrishnan (2019) provides a detailed description of the problem.

5.2. Model specification

The problem is modeled as a multinomial logit model in which the alternatives correspond to 539 overnight parking
locations, which are aggregated at TAZ and park-types (Public-1, Public-2, Private-open and Private-closed) levels. While
various potential variations of the underlying model may be feasible, we decided to maintain its core as simple as possible,
for illustrative purposes.

Logit models are based on the assumption of Independence of Irrelevant Alternatives (IIA) property. Nevertheless, in this
case, the aggregation of continuous areas into discrete alternatives such as TAZ may lead to violation of the IIA property,
compromising efficiency and forecasting power, but not consistency. We acknowledge that spatial models other than logit
have been estimated in literature (Bhat and Guo, 2004), but decided to maintain the IIA assumption to concentrate this
illustrative example on the endogeneity and missing data problem that motivates this research.

The utility derived from choosing a specific parking alternative is modeled as a function of vehicle, vehicle-owner char-
acteristics and attributes of the parking location. The distance of the parking location from the vehicle-owner premises, age
of vehicle, weight, fleet size, industry group of the vehicle-owner, price of parking, and park-type are included in the utility
function. Alternative specific dummy (or constant ASC) variables are included for the different park-types with public-1 as
the base value. Vehicle and vehicle-owner characteristics are included in the utility function for specific park-types - older
vehicles preferring public-1 parking locations while industry category is an influencing variable in private-closed parking.
Further, as land is scarce in Singapore, we hypothesize that vehicle owners with a large fleet prefer public or private-open
parking while heavier (and larger) vehicles, such as cranes, and construction vehicles, are inclined to park in private-closed
parking.

The proposed model suffers from both endogeneity and missing data problems. Price endogeneity arises from the omis-
sion of quality attributes that are correlated with price and/or the simultaneous determination of the supply and demand
for overnight parking. As it will be shown, the price endogeneity problem is severe enough to reflect in that uncorrected
models have estimates of the price coefficient that are statistically equal to zero. While it cannot be discarded that other
sources of endogeneity may exist for other variables, there is no a-priory reason to think that that might be relevant, and
the results of the uncorrected model seem to support that assertion. The missing data problem arises from the fact that
prices of private-closed alternatives are unavailable.

Endogeneity and missing data can be addressed in this case study through the control-function and the multiple imputa-
tion approaches, respectively. The mix of both problems can be addressed by the hybrid method proposed in this article. In
Section 5.3 we discuss the selection of instrumental variables needed for the correction of endogeneity and in Section 5.4 we
present the price imputation model needed for the missing data problem. In Section 5.5 we present the results of the pro-
posed combined approach.

It worth noting that, thanks to the IIA assumption behind the logit model of the case study, and to that price is missing
only for private-closed alternatives that have an ASC, the missing data problem may be partially addressed in this case
by ignoring all the observations and alternatives with missing values from the sample. However, despite consistency may
be attained in such a case, excluding observations and alternatives with missing prices in a partial model would prevent
estimating parameters that are specific to private-closed alternatives, as well as preclude predicting the demand for that
alternative and the total demand for other alternatives. Besides, if observations and alternatives with missing values are
ignored, efficiency will be affected, and it would also be impossible to identify potential non-IIA structures that may involve
the missing alternative. The hybrid approach we propose in this article can circumvent all these limitations.
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Table 4

Estimated coefficients of price imputation equation.
Coefficients Estimate  Std.Error  t-value
Intercept 231.0 115.0 2.00
Capacity of parking alternative (log) 10.1 8.70 1.16
Occupancy of parking alternative (%) 7.42 379 0.196
Occupancy of parking alternatives in adjacent TAZ (%) —49.8 50.1 —0.995
Driver accessibility log-sum 22.8 5.33 4.28
Industrial area accessibility log-sum —4.86 3.30 -1.47
Floor area of manufacturing industries in TAZ (000 sq.m)  —0.0885  0.0779 -1.14
Distance from CBD (km) 12.78 3.74 3.42
Region dummy variables
Central region (excl. central areas) -129.0 95.6 -1.35
East -170.8 108.0 -1.58
North —298.0 124.0 —-2.41
North-east —165.0 110.0 -1.51
West —185.0 111.0 -1.67

R? : 0.332 Adjusted R? : 0.236 Sample size : 98.

5.3. Instrumental variable selection

The correction of endogeneity requires finding proper instrumental variables (Guevara and Ben-Akiva, 2012), which can
be very challenging in practice (Bound et al., 1995; Mumbower et al., 2014) and becomes the critical stage in this regard. The
instrument must be correlated with the endogenous variable and independent of the error term. Mumbower et al. (2014) de-
lineate the instrumental variables into four categories, viz., cost-shifting, Stern-type, BLP-type and Hausman-type instru-
ments. For the problem under study, we propose instrumental variables of the latter type with a shift.

Hausman-type price instruments relate the price of the alternative to prices of other alternatives that may share marginal
costs but have different demand shifts (Guevara and Ben-Akiva, 2006; Guevara-Cue, 2010; Nevo, 2000; Petrin and Train,
2010). The average of prices in different alternatives or markets could then be used as an instrument for this case study.
However, since parking price information is missing in some cases, to have complete coverage, we need to gather this
relationship from an alternative variable. We select parking lot occupancy in adjacent TAZ as it is negatively correlated with
parking price (p = —0.240) in the sample, fulfilling one of the two conditions for a valid instrument variable. The second
condition, independence of the instrument with the error terms, can be justified under assumption that other parking lots
share marginal costs but, since they are located in different TAZ, they do not share demand shocks. A formal test for this
hypothesis can be formulated only when the number of available instruments exceeds the number of endogenous variables
(Guevara, 2018; Lung-Fei, 1992), something that was not feasible for the available dataset.

5.4. Parking price imputation model

The application of the multiple imputation method to address the missing data problem relies in assuming that the data
is MAR. However, it can be argued that this may not strictly be the case in this application because the price data is missing
for a whole type of parking alternative. Nevertheless, for this application we propose using the private-open data to build an
imputation function for the private-close missing data. We postulate that this approach is appropriate because private-closed
and private-open parking lots are often adjacent to each other. The underlying assumption in our application is that the
parking prices are related to the attributes of the location and we use those attributes to built the conditional distribution
from which we draw the imputations. A similar flavor may be found in the rents for tenant-occupied or owner-occupied
dwelling units; the rents for tenant-occupied home are easily available in property search sites while the equivalent prices
for owner-occupied units may have to be imputed.

The private-open parking supply with known parking price information was distributed in over 98 TAZs. We assume the
existence of a linear price equation relating the price of private-open parking alternatives to the exogenous variables and
instruments. The estimated coefficients of the price imputation equation are presented in Table 4.

The model in Table 4 show that higher parking prices are associated with larger parking lots, which reflect the pro-
ducer’s incentive to increase parking supply when prices are high. Further, occupancy of the parking alternative is positively
associated with parking price. When the occupancy in parking lots in adjacent TAZ is high, the parking prices are low re-
flecting the competition from adjacent parking lots. Parking prices are related positively to driver accessibility of a parking
lot. The accessibility measures were developed as a log-sum variable (Sivakumar and Bhat, 2002; Gopalakrishnan, 2019)
and estimated in a logit model with complete cases. In addition, the floor area occupied by manufacturing industry in a
TAZ is negatively correlated with parking prices. This reflects the extent of additional parking supply possible in a TAZ. The
distance from Central Business District(CBD) and the region depict the region-wise differences in parking prices. The impu-
tation model has a low R2, which indicates a poor goodness of fit reflecting the inherent difficulty in imputing prices. This
also does not preclude the possibility of large errors when imputing prices for private-closed alternatives.

54



R. Gopalakrishnan, C.A. Guevara and M. Ben-Akiva Transportation Research Part B 142 (2020) 45-57

Table 5
Results with proposed hybrid method.

Multiple imputation

Hybrid algorithm

Parameter? Value Std.error  t-value Value Std.error  t-value
Distance from owner to parking location, In(km), (1,2,3,4) -1.36 0.0272 -50.3 -1.36 0.0272 -50
Parking price, In(SGD), (1,2,3,4) —0.00582 0.0923 -0.063  -2.37 0.459 -5.15
Private-closed (dummy var.), (4) 1.99 0.211 9.47 2.5 0.232 10.8
Private-open (dummy var.), (3) -0.126 0.147 —0.858 0.306 0.161 1.91
Public-2 (dummy var.), (2) -0.37 0.14 -2.64 0.455 0.211 2.15
Vehicle age as of 1-Jan-2017, years, (1) 0.0265 0.00947 2.8 0.0268 0.00949 2.82
Transportation industry (dummy var.) (4) -0.597 0.105 —5.66 —0.599 0.106 -5.67
Manufacturing industry (dummy var.), (4) 0.365 0.153 2.38 0.364 0.153 2.38
Vehicle weight, In(Tonnes), (4) —0.545 0.0603 -9.03 —0.546 0.0604 -9.03
Control function residual, (3,4) 2.49 0.485 5.13
Fleet size, In, (3,4) —0.0453 0.0254 -1.78 —0.0468 0.0255 —-1.83
Sample size 3830 3830

Excluded observations 170 170

Initial log likelihood —22324.17 —22324.17

Final log likelihood -18256.81 —18225.03

Rho-square for the init. model 0.182 0.184

2 Number in parenthesis denotes the park-type of the alternative where the variable is included. 1.Public-1, 2.Public-2, 3. Private-open, 4.
Private-closed. The transformation of the variable is also mentioned in italics. The alternative specific constant for park-type, Public-1, is the
base value. Since alternatives are aggregations of all parking of types in a TAZ, a log size variable correction (with fixed coefficient equal to
1) was included in both models.

5.5. Proposed hybrid method

The estimation of the proposed hybrid method to address both endogeneity and missing data is applied in two steps.
Step 1, corresponds to the imputation model detailed in Section 5.4. In Step 2, the imputed prices are used to estimate
two models - a logit model with multiple imputation but without correcting for endogeneity and the other by applying the
hybrid algorithm developed in Section 3.

The prices of private -closed alternatives were imputed using the price imputation model in Table 4. The results of the
two logit models - estimated with multiple imputation alone (without endogeneity correction) and the hybrid algorithm,
with mean coefficient values and standard errors computed using Eq. (7), are presented in Table 5.

Applying the multiple imputation algorithm without control function corrections, at the left of Table 5, results in price
coefficients which are close to zero (with a low t-value). This indicates presence of endogeneity in the model. Applying
multiple imputation algorithm alone is insufficient to obtain consistent parameter estimates. After application of the hybrid
algorithm, at the right of Table 5, price sensitivity coefficient increases (in magnitude) from —0.00582 to —2.37 (t-value of
—5.15), a change in an order of magnitude. The coefficient of the control function residual term has a high t-value of 5.13
affirming endogeneity in the data (Rivers and Vuong, 1988).

The model with real data was estimated in the parameter space using pandas Biogeme (Bierlaire, 2020), instead of the
WTP space. The magnitude of coefficients of distance-sensitivity, age of vehicle, industry-category changed marginally across
both the methods - multiple imputation and hybrid algorithms - indicating minimal change in scale (Guevara and Ben-
Akiva, 2012).

The estimated coefficients, from the application hybrid algorithm, provide policy insights into the trade-off between price
and distance of the parking location from the owner premises. When the distance from the location of the vehicle-owner
to the parking lot increases by 50%, the price that the owner is willing to pay decreases to 42% (= e‘%*l's) of the current
price of the parking lot. In monetary terms, an increase in distance of the parking location (from the owner premises) from
2 km to 3 km would reduce the attractiveness (price)of the parking location from say, SGD100 per month to SGD42 per
month.

6. Conclusion

In this paper, a hybrid algorithm has been developed to correct for the data deficiencies of missing information and
endogeneity occurring simultaneously. We correct and extend the state-of-the-art method (Steimetz and Brownstone, 2005)
for multiple imputation in discrete choice modeling literature by embedding the control function method. The algorithm,
which combines the features of multiple imputation and control function methods is shown to correct for both missing
values and endogeneity in the same variable in a Monte-Carlo set-up. The algorithm is robust even when the alternatives
are labeled.

Further, the algorithm, when applied to parking data, corrects both the signs and magnitude of price sensitivity coeffi-
cients. The results from real data also demonstrate that application of the multiple imputation method alone is insufficient
to overcome price endogeneity.
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We believe the methodology can easily be extended to solve similar problems in other domains. For example, in airline
industry studies, fares of competing airlines may be missing (Hotle et al., 2015), while other attributes like schedule, type
of aircraft and connections are observable. Thus, even under situations of an additional cause of endogeneity in missing
attribute correlated with the air-fare, WTP parameters can be consistently estimated with the proposed method. Similarly
in many problems in social science research, determining individual income elasticity is an important objective. However, it
is well-known that survey respondents often either refuse or misreport income leading to missing values in the data (Bhat,
1994; Schenker et al., 2006; Kim et al., 2007; Sanko et al., 2014). Further, when the agent utility specification includes an
omitted attribute, correlated with income, endogeneity is encountered which can be corrected with the hybrid algorithm.
With the proliferation of sensors in data collection, the problem of missing information (e.g, Kong et al., 2013; Pan et al.,
2010) and endogeneity (Fan et al., 2014; Gandomi and Haider, 2015; Guevara et al., 2017) occurring together may be even
more frequent.

The algorithm is limited by the assumption of normality of the omitted attribute. In real-world data, the distribution
of an omitted variable is unknown and might influence the model results in finite samples. Further, the assumption of
the existence of a price equation might not hold in practical applications. Moreover, finding a valid instrument to correct
for endogeneity can be a challenge when using real-world data. The results reiterate the importance of data collection as
reflected in loss of efficiency when using imputation methods.
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