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ARTICLE INFO ABSTRACT

Keywords: Ride-sourcing services offered by companies like Uber and Didi have grown rapidly in the last
Ride-sourcing decade. Understanding the demand for these services is essential for planning and managing
Big data

modern transportation systems. Existing studies develop statistical models for ride-sourcing
demand estimation at an aggregate level due to limited data availability. These models lack
foundations in microeconomic theory, ignore competition of ride-sourcing with other travel
modes, and cannot be seamlessly integrated into existing individual-level (disaggregate) activity-
based models to evaluate system-level impacts of ride-sourcing services. In this paper, we
present and apply an approach for estimating ride-sourcing demand at a disaggregate level
using discrete choice models and multiple data sources. We first construct a sample of trip-based
mode choices in Chicago, USA by enriching household travel survey with publicly available ride-
sourcing and taxi trip records. We then formulate a multivariate extreme value-based discrete
choice model with sampling and endogeneity corrections to account for the construction of
the estimation sample from multiple data sources and endogeneity biases arising from supply-
side constraints and surge pricing mechanisms in ride-sourcing systems. Our analysis of the
constructed dataset reveals insights into the influence of various socio-economic, land use and
built environment features on ride-sourcing demand. We also derive elasticities of ride-sourcing
demand relative to travel cost and time. Finally, we illustrate how the developed model can be
employed to quantify the welfare implications of ride-sourcing policies and regulations such as
terminating certain types of services and introducing ride-sourcing taxes.

Mode choice
Endogeneity
Travel demand

1. Introduction

Ride-sourcing services like Uber, Lyft, Didi and Grab have expanded rapidly in the last decade and have attracted considerable
ridership in many metropolitan areas worldwide (see Goletz and Bahamonde-Birke, 2021). Ride-sourcing is a disruptive transport
mode with positive (provision of convenient, affordable on-demand transportation options) and negative (congestion, pollution,
increased vehicle kilometres travelled, possible cannibalisation of public transport demand) impacts on transport systems (see
Tirachini, 2020). To realise their advantages and inhibit their disadvantages, ride-sourcing services need to be planned, regulated
and managed (Goletz and Bahamonde-Birke, 2021; Tirachini, 2020). To that end, a rigorous understanding of ride-sourcing demand
is essential. Specifically, it is crucial to (i) explain the characteristics of ride-sourcing demand, (ii) analyse the interaction of ride-
sourcing with other transport modes and (iii) quantify the welfare implications of introducing ride-sourcing services or amending
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operational policies. To provide actionable, evidence-based decision support, ride-sourcing demand analysis calls for (i) powerful
methods to leverage datasets with varying disaggregation and resolution and (ii) comprehensive datasets with user-level preferences
and vehicle-level operations at an urban scale, yet both are currently found wanting.

In terms of methods, ride-sourcing demand analysis is currently dominated by approaches without adequate foundations in
microeconomic theory. Aggregate models such as regression models for count and continuous data (e.g. Ghaffar et al., 2020; Marquet,
2020) estimate a statistical relationship between realised aggregate demand and aggregate explanatory variables. Ordered outcome
models for explaining ride-sourcing use at the individual level (e.g. Alemi et al., 2019; von Behren et al., 2021) infer structural
relationships between demand and individual-specific attributes. These methods disregard that ride-sourcing demand arises at the
disaggregate level in the form of a mode choice involving trade-offs between various alternative-specific attributes (e.g. travel cost,
time, reliability and safety).

Most applications of these statistical methods are driven by limited data availability. Commonly considered data sources exhibit
significant weaknesses when they are analysed in isolation. Household travel surveys have a broad geographical coverage. However,
they typically only include a small number of ride-sourcing trips, which precludes a thorough analysis of ride-sourcing demand. In
principle, discrete choice experiments (DCEs) allow for a detailed analysis of ride-sourcing demand. However, data collected via
DCEs may exhibit hypothetical biases. Also, DCEs are typically not repeated over time due to financial and logistical constraints.
Recently, ride-sourcing trip records have been published under data sharing agreements between ride-sourcing companies and city
authorities (e.g. Ghaffar et al., 2020). These trip records have a broad spatiotemporal coverage. However, in isolation, they cannot
be used for the disaggregate analysis of ride-sourcing demand since they do not contain any information about the demand for other
modes.

This research aims at improving ride-sourcing demand analysis. To that end, we present and apply an approach for estimating
ride-sourcing demand using discrete choice models (DCMs) by fusing multiple data sources. DCMs are well suited for analysing ride-
sourcing demand due to their solid foundations in microeconomic theory. DCMs estimate structural relationships between observed
travel choices and various alternative- and individual-specific attributes. Due to their structural nature, DCMs produce stable and
transferable predictions, which in turn makes DCMs suitable for analysing counterfactual pricing and service configuration scenarios.

We first construct an estimation sample of trip-based mode choices in Chicago by enriching household travel survey data with
publicly available ride-sourcing and taxi trip records. By fusing the two data sources, we address the problems of (i) having too few
ride-sourcing trip records in household travel survey data and (ii) having no information about other modes in ride-sourcing trip
records. However, constructing an estimation sample from two revealed preference data sources creates two challenges in developing
a DCM. First, a sampling correction is needed to account for the enrichment of the household travel survey data with ride-sourcing
and taxi trip records. Second, the constructed mode choice dataset likely exhibits endogeneity biases, as the demand for the ride-
sourcing options and their prices is simultaneously determined by supply-side constraints and surge pricing mechanisms (see e.g.
Castillo et al., 2017). We address both challenges by formulating a multivariate extreme value (MEV)-based DCM with sampling and
endogeneity corrections. To correct for sampling biases, we adopt a conditional maximum likelihood estimator (see Bierlaire and
Krueger, 2020) due to its efficiency properties; and to correct for endogeneity biases, we adopt the control function approach (Petrin
and Train, 2010) due to its simplicity. Ultimately, we apply the model to the constructed mode choice dataset to analyse the
demand for ride-sourcing services in Chicago. The parameter estimates of the DCM are translated into the elasticity of ridesourcing
demand relative to alternative-specific attributes like price and travel time. We also illustrate how the estimated model can be
employed to quantify the welfare implications of ride-sourcing policies and regulations such as eliminating certain types of services
and introducing taxes.

We organise the remainder of this paper as follows: In Section 2, we review related literature. In Section 3, we describe
the construction of the estimation sample for the empirical application. In Section 4, we present the general formulation of the
econometric model. In Section 5, we explain the model specification considered in the empirical application. In Section 6, we
discuss the results of the empirical application, and in Section 7, we present the welfare analysis. Finally, we conclude in Section 8.

2. Related literature

The literature on ride-sourcing demand analysis evolves rapidly. In Table 9 in Appendix A, we present an overview of recently
published ride-sourcing demand analysis studies. For reviews of earlier studies, the reader is directed to Tirachini (2020) and Wang
and Yang (2019). The studies enumerated in Table 9 can be subsumed under five topics:

1. travel modes (mostly public transit) that are complemented or substituted by ride-sourcing services; impact of emerging
on-demand mobility services on vehicle ownership;

2. association of built-environment, socio-demographics, weather and land use characteristics with ride-sourcing demand at a
spatial level (e.g. census tract and census block groups);

3. association of attitudes, socio-demographic and economic characteristics with the usage of and preferences for ride-sourcing
services;

4. determinants of preferences for the use of pooled ride-sourcing services;

5. impact of mode-specific attributes (e.g. travel time and wait time) on the demand for these services in the multi-modal
transport system.
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Fig. 1. Dataset construction.

The studies use mainly three types of data (see column “data type” in Table 9). First, trip records from ride-sourcing companies
are merged with supplementary data about land use, weather and census tract attributes. These studies focus predominantly on the
first two of the five topics enumerated above; only a few studies focus on the fourth topic. Second, household travel surveys with
information about individuals’ travel patterns, socio-demographic characteristics and attitudes are considered for exploring the third
topic; a handful of studies also focus on topics one and four. Third, DCEs are employed to investigate topics three to five.

In terms of methods, most studies that consider the first data type aggregate trips across space and time and then rely on
geographically weighted and spatially lagged count or continuous data models with autoregressive structure or panel effects. A few
studies use off-the-shelf machine learning algorithms such as random forest or gradient boosting decision trees. Studies considering
household travel survey data use multinomial and ordered logit models. Several studies also develop joint models of continuous,
count and ordered variables (i.e. generalised heterogeneous data models). Structural equation models are also used to analyse the
relationship between ride-sourcing demand and latent attitudes. Finally, studies collecting data through DCEs naturally employ
DCMs such as nested, latent class, error component or mixed logit models.

Only a few studies use DCMs and revealed preference data to analyse ride-sourcing demand. Habib (2019) considers revealed
preference data from a household travel survey to investigate ride-sourcing demand using a semi-compensatory choice model with
probabilistic choice set formation. The study finds that ride-sourcing demand mostly complements the demand for driving and
transit and substitutes taxi demand. Furthermore, the probability of considering ride-sourcing varies by age, whereby young people
are more likely to consider ride-sourcing, and older people are more likely to consider taxis. Lam et al. (2021) considered revealed
preference data constructed from ride-sourcing trip records, field data and API queries to analyse ride-sourcing demand in New York
City. The authors employ an aggregate logit model for market share data. The model includes endogeneity corrections for price and
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wait times. The study finds that the distribution of ride-sourcing benefits varies substantially across space, with low accessibility
areas experiencing comparatively higher benefits.

In summary, household travel surveys and trip records have been used in isolation. Both data sources exhibit significant
weaknesses when used in isolation: Household travel surveys contain insufficient information about ride-sourcing demand; trip
records cannot be used for disaggregate demand analysis, as they do not include information about individual-level preferences for
other travel modes. This current study contributes to the literature with a DCM for disaggregate demand analysis of ride-sourcing
services by fusing both datasets and addressing potential endogeneity issues. This data fusion framework leverages the richness
of both data types while addressing the shortcomings of analysing them in isolation. We also control for demographics, transit
accessibility, parking cost, land use characteristics, pedestrian friendliness, and weather conditions in the DCM, which may affect
demand for ridesourcing services. The developed model can be used as a direct input to activity-based travel demand forecasting
models to quantify the short- and long-term impact of policies and regulations related to ridesourcing services on the multi-modal
transport system.

Finally, our study is also related to the literature on endogeneity and discrete choice analysis in various other applications,
including but not limited to consumer choice (Petrin and Train, 2010), residential location choice (Guevara and Ben-Akiva, 2012),
airline itinerary choice (Lurkin et al., 2017) and parking choice (Gopalakrishnan et al., 2020).

3. Data

We construct an estimation sample of trip-based mode choices in Chicago from November 2018 to May 2019, following the
process visualised in Fig. 1. In what follows, we describe the construction of the estimation sample in detail.

3.1. Primary data sources

Trip records for the construction of the estimation sample are gathered from two primary sources, namely (i) ride-sourcing and
taxi trip records provided on the City of Chicago Data Portal’ and (ii) the My Daily Travel household survey.

The City of Chicago Data Portal provides access to records of all ride-sourcing and taxi trips that transportation networking
providers and taxi companies have reported to the City of Chicago for regulatory purposes since November 2018 and January 2013,
respectively. The attributes of the trips are temporally and spatially aggregated to prevent a re-identification of individual trips.
Each trip record includes information about the trip start and end times rounded to the nearest 15 min, the pick-up and drop-off
community areas as well as the fare amount. The pick-up and drop-off census tracts are also available if at least three trips started
or ended in the relevant census tract in the relevant 15-minute period. For ride-sourcing trips, it is also known if a pooled trip was
requested. Thus, solo and pooled ride-sourcing trips can be distinguished.

The My Daily Travel household survey is a large-scale household travel survey that was conducted by the Chicago Metropolitan
Agency for Planning (CMAP) between August 2018 and May 2019. The survey collected information about the daily travel behaviour
of a representative sample of more than 12,000 households in North-eastern Illinois. More information about the survey is available
in Westat (2020). The collected data include trip records with information about the chosen transport mode (car, transit, bike,
walking, taxi, solo-ride-sourcing or pooled ride-sourcing), trip start and end times as well as origin and destination census tracts.

For the construction of the estimation sample, we exploit the temporal and spatial overlap of the ride-sourcing and taxi trip
records from the City of Chicago Data Portal and the My Daily Travel household survey. Consequently, we limit our analysis to trip
records produced between 1 November 2018 and 3 May 2019. Since we are interested in understanding ride-sourcing use in the
context of general travel demand, we only consider trips on weekdays between 5:00 and 23:00. Furthermore, to make it possible
to impute the attributes of non-chosen alternatives, we restrict our analysis to trips for which the reported start and end locations
are distinct. The start and end points of a trip are given by the centroids of the origin and destination census tracts or community
areas. We exclude trips that start or end outside of the City of Chicago.

After applying these inclusion criteria, we are left with 12,593 trip records from the My Daily Travel household travel survey.
For our analysis, we consider all trips from the My Daily Travel household survey that satisfy the inclusion criteria. 18,784,655 solo
ride-sourcing, 7,290,921 pooled ride-sourcing and 3,821,709 taxi trips from the City of Chicago Data Portal satisfy the inclusion
criteria.

We briefly describe the ride-sourcing and taxi trip records that meet the inclusion criteria. Fig. 2 shows the average weekday
ride-sourcing and taxi trip counts by pick-up community area. It can be seen that the demand for ride-sourcing and taxi trips is
concentrated in central zones (i.e. the Northeast) of the study area. In addition, Fig. 3 shows the average proportion of ride-sourcing
trips requested as pooled trips by pick-up community area. We observe that the proportion of ride-sourcing trips requested as pooled
trips is larger in the peripheral areas of the study area. Finally, Fig. 4 visualises the average ride-sourcing and taxi trip count in the
whole study area by time of day. Whereas the demand for taxi is relatively balanced throughout the day, the demand for solo and
pooled ride-sourcing trips exhibits pronounced morning and evening peaks.

1 https://data.cityofchicago.org.
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Fig. 2. Average weekday ride-sourcing and taxi trip counts by pick-up community area.
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Fig. 3. Average proportion of ride-sourcing trips requested as pooled trips by pick-up community area.
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Fig. 4. Average ride-sourcing and taxi trip count by time of day.

Table 1

Population and sample mode choice frequencies.
Mode Population My Daily Travel Trip records Estimation sample

Share Count Share Count Share Count Share

Car 0.521 4781 0.380 0.000 0.000 4781 0.066
Transit 0.200 4275 0.339 0.000 0.000 4275 0.059
Walk 0.200 2737 0.217 0.000 0.000 2737 0.038
Bike 0.050 334 0.027 0.000 0.000 334 0.005
Taxi 0.004 45 0.004 20000 0.333 20 045 0.276
Solo ride-sourcing 0.016 285 0.023 20000 0.333 20285 0.279
Pooled ride-sourcing 0.009 136 0.011 20000 0.333 20136 0.277
Sum 1.000 12593 1.000 60000 1.000 72593 1.000

3.2. Sampling protocol

If all eligible ride-sourcing and taxi trip records were considered, the resulting estimation sample would be too large to be
processed. Therefore, we employ a choice-based sampling strategy to select ride-sourcing and taxi trips from the City of Chicago
Data Portal. More specifically, we randomly select 20,000 records each from the sets of eligible solo ride-sourcing, pooled ride-
sourcing and taxi trips. Table 1 shows the absolute and relative frequencies of the observed mode choices in the two subsamples
and the final estimation sample.

We use the My Daily Travel household survey to estimate the population mode share. In line with the sample design, the
population quantity of interest is the mode share for trips between distinct census tracts in Chicago on weekdays between 5:00
and 23:00. To that end, we calculate average person trip rates of the population of Northeastern Illinois using the person-specific
sampling weights provided in the My Daily Travel household survey. The calculated population mode share is shown in the column
“Population—Share” in Table 1.

3.3. Secondary data sources

After merging the two subsamples, we supplement the resulting dataset with information from secondary data sources.

The median household income and median age of each census tract are obtained from the American Community Survey (United
States Census Bureau, 2021). The spatial distributions of the two quantities are visualised in Fig. 5.

We source various census tract attributes pertaining to employment and housing (employment density, residential density,
employment and housing diversity), pedestrian friendliness (pedestrian network density, intersection density), transit supply
(average proximity to transit, average transit service frequency) and car ownership (proportion of households with zero cars) from
the Smart Location Database maintained by the US Environmental Protection Agency (US Environmental Protection Agency, 2021).
Employment and housing diversity is an entropy-based diversity index accounting for employment numbers in five categories (retail,
office, industrial, service and entertainment) and occupied housing from the database. Figs. 5-10 show the spatial distributions of
the extracted quantities.
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Fig. 5. Median household income and median age by census tract.

Furthermore, information on seven land use categories (residential, commercial, institutional, industrial, transportation/
communication/utilities/waste, agricultural, open space) is gathered from the 2013 CMAP Land Use Inventory (Chicago Metropoli-
tan Agency for Planning, 2015). For each census tract in the study area, we calculate an entropy-based land use diversity index of
the form D = (ZEE% p.In pc) / |€’|, where % denotes the set of considered land use categories, and p, is the proportion of land use
classified as category c. The right panel of Fig. 7 shows the spatial distribution of the calculated diversity index.

In addition, information about park fees are sourced from the CMAP Parking Inventory (see Ghaffar et al., 2020). The spatial
distribution of the average hourly park rate is shown in the right panel of Fig. 10.

Finally, weather information is taken from daily meteorological summaries for O’Hare International Airport provided by National
Centers for Environmental Information (2021). The average daily temperature and total daily precipitation during the observation
period are shown in Fig. 11.

3.4. Imputation of choice sets and mode attributes

Lastly, we impute choice sets and the attributes of the mode choice alternatives. Driving times and distances, transit connections
as well as walking and bicycling travel times are obtained from the HERE Routing Application Programming Interface (API).?

A mode is assumed to be available in the choice set of a trip, unless the HERE Routing API indicates that the mode in question
is not available for the given origin—destination pair. We specify the choice sets in this way, as the constructed mode choice data do
not contain sufficient information to determine with certainty whether a mode is feasible and available for a given trip. Car, bike,
taxi, solo ride-sourcing and pooled ride-sourcing are available in 100% of the trips, transit is available in 99.0% of the trips, and
walking is available in 93.8% of the trips.

For the calculation of the cost of the driving alternative, we consider two variable cost components, a vehicle running cost
component of 0.20 $/mile and a fuel cost component. To compute the latter, we assume a fuel economy of 20 miles per gallon.
Weekly average retail gasoline prices are sourced from US Energy Information Agency (2021). Fig. 12 shows the evolution of the unit
price of gasoline during the observation period. We approximate transit fares using agency-specific revenue information provided
in the 2019 National Transit Database (Federal Transit Administration, 2021). Based on this information, we assume a fare of 0.50
$/mile for bus and a fare of 0.30 $/mile for rail and metro. Taxi fares are calculated using official fare information (City of Chicago,
2020).

Since passenger wait times for ride-sourcing and taxi are not observed, we assume a fixed wait time of two minutes for solo
ride-sourcing, pooled ride-sourcing and taxi. These waiting times are included in the total travel times of these alternatives. To

2 https://developer.here.com/products/routing.
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Fig. 6. Employment and residential densities by census tract.
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Fig. 7. Employment and housing diversity and land use diversity by census tract.
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Fig. 8. Pedestrian network and intersection densities by census tract.
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Fig. 9. Average proximity to transit and average transit service frequency by census tract.
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Fig. 10. Proportion of households with zero cars and average park rate by census tract.
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Fig. 11. Average daily temperature and total daily precipitation at O’Hare International Airport during the observation period.

account for possible detours for picking up other passenger during pooled ride-sourcing trips, we add a ten percent travel time
penalty to the driving time of pooled ride-sourcing.

We use random forests (Breiman, 2001) to impute solo and pooled ride-sourcing fares. The random forest models take into
account various predictors, namely trip attributes (driving distance and time, start time, the day of the week) and lagged fare
information (the 25th, 50th and 95th percentiles of the per kilometre fare in the whole network during the 30-minute time period
preceding the start time of the trip), weather data (average daily temperature and daily precipitation amount) and characteristics of
the origin and destination census tracts (median income, median age, proportion of households with zero cars, employment density,
residential density, land use, employment and housing diversity). The hyperparameters of the random forest models are tuned using
a grid search with five-fold cross-validation. The selected hyperparameters are reported in Appendix B. We implement the random
forest models using scikit-learn (Pedregosa et al., 2011).

We evaluate the predictive performance of the random forest models using five-fold cross-validation (see Table 2). The predictive
accuracy is measured in terms of the mean squared error between observed and predicted values and in terms of the coefficient of
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Fig. 12. Gasoline price during the observation period.
Table 2
5-fold cross-validation of fare imputation models.
Mean squared error R-squared
Mean Std. Mean Std.
Solo ride-sourcing
Linear regression —-10.10 1.38 0.64 0.03
Random forest —-8.76 1.29 0.69 0.03
Pooled ride-sourcing
Linear regression -8.72 0.31 0.46 0.01
Random forest —8.47 0.32 0.47 0.01

determination R?. For comparison, we also evaluate the predictive accuracy of linear regression models, which consider the same
set of predictors as the random forest models.
Finally, Table 3 provides a summary of the attributes of the chosen alternatives.

4. Econometric model

Constructing the estimation sample from two revealed preference data sources creates two challenges in the development of a
DCM. First, a sampling correction is needed to account for the enrichment of the household travel survey data with ride-sourcing
and taxi trip records. Second, the constructed revealed preference mode choice dataset is likely to exhibit endogeneity biases, as
the demand for the ride-sourcing options and the price of the ride-sourcing options are simultaneously influenced by supply-side
constraints and surge pricing mechanisms.

In this section, we present a MEV-based DCM with sampling and endogeneity corrections to address these challenges. First,
we present the sampling correction (Section 4.1). Here, we adopt a conditional maximum likelihood estimator due to its superior
efficiency properties. Then, we describe the endogeneity correction (Section 4.2). Here, we employ the control function approach due
to its simplicity. The reader is directed Bierlaire and Krueger (2020) for a recent review of sampling correction approaches in discrete
choice analysis and to Mcfadden (1999) for an earlier synthesis of the topic. Guevara (2015) provides a review of endogeneity
correction approaches.

4.1. Discrete choice analysis under non-random sampling

We consider a sample of N individuals indexed by n = 1,..., N. Every individual » is observed to choose an alternative y, from
the set .# = {1,...,J}. We stipulate a parametric model which generates the probability that individual »n chooses alternative j € .#
given explanatory variables x, and the unknown parameter 6:

P(jlx,: 0). (€Y

Random utility theory (McFadden, 1981) posits that a rational decision-maker » chooses the option y, with the highest utility from
M, i.e.

U, >U;Vje.\{y,} 2

nyp
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Table 3
Summary of attributes of chosen alternatives.
Alternative
Attribute Count Mean Std. Min. 25% 50% 75% Max.
Driving
Cost [USD] 4781 1.43 1.36 0.06 0.49 0.94 1.89 9.62
Travel time [min] 4781 17.34 13.03 0.97 7.67 13.67 22.83 91.00
Avg. park rate at destination [USD/h] 4781 1.89 2.11 0.00 0.05 1.99 2.00 9.84
Transit
Walking time [min] 4275 17.30 6.70 0.00 12.00 16.00 22.00 52.00
On-vehicle time [min] 4275 18.82 12.26 0.00 9.00 17.00 26.00 86.00
Fare [USD] 4275 1.84 1.37 0.05 0.77 1.56 2.57 10.44
Transfers 4275 0.72 0.77 0.00 0.00 1.00 1.00 3.00
Walking
Travel time [min] 2737 28.89 37.06 3.88 13.85 20.37 28.77 595.62
Bike
Travel time [min] 334 22.21 15.96 2.70 9.78 18.18 30.26 75.20
Taxi
Travel time [min] 20045 14.20 7.40 2.82 9.85 12.23 16.12 77.53
Fare [USD] 20045 13.24 7.97 3.78 8.93 10.79 14.61 90.08
Solo ride-sourcing [min]
Travel time [min] 20285 18.13 9.30 2.87 11.52 15.83 22.75 76.70
Fare [USD] 20285 9.19 5.26 2.50 5.00 7.50 12.50 122.50
Pooled ride-sourcing
Travel time [min] 20136 22.81 11.55 2.94 14.34 20.11 28.76 95.78
Fare [USD] 20136 7.10 4.00 2.50 5.00 5.00 10.00 40.00
whereby
U,,j =V,,j(xnj,9)+6nj 3)

denotes the utility of alternative j € .. The utility U,; is decomposed into a deterministic aspect V,,;(x
€,j, which is unknown to the analyst.

We further suppose that the sample considered in the analysis is obtained using non-random sampling. Thus, the sample consists
of § subsamples indexed by s = 1,...,S. Each subsample s is characterised by a sampling protocol involving endogenous and
exogenous stratification. Under an exogenous sampling protocol, the analyst selects observations based on exogenous variables x.°
Under an endogenous sampling protocol, the analyst selects observations based on realised choices.

Discrete choice analysis under non-random sampling can be performed using a conditional maximum likelihood estimator (Man-
ski and McFadden, 1981) of the form

> 0) and a stochastic aspect

S N P(y,lx,; 0)a,
Z(0;y,x) = Z In Vn

A S Pl 000y @
Here, the term «,; corrects for non-random sampling. It is defined as
& Ry, x)H
= 3, M ®

O,

R,(j, x,) is the probability that a population member with configuration {j, x,,} qualifies for the subpopulation from which subsample
s is drawn. H, = % is the share of subsample s in the total sample. It is an estimator of the probability of drawing an observation
belonging to subsample s from the total sample. Q; is the population share of the subpopulation from which subsample s is recruited.
It is an estimator of the probability of drawing an observation that qualifies for subsample s from the population.
The term
P(yn |xn’ G)any,,
Yic.a PUIX,; 0y

in (4) needs to be adapted to the stipulated parametric form of the choice model (1). In the MEV family of DCMs (McFadden, 1978),
the probability of choosing alternative j € .# conditional on explanatory variables x, and parameters 0 is given by

Aj(x,,0)

e Ay 0

s=1

(6)

P(jlx,;0) = )

3 Note that the exogenous variables x in the exogenous sampling protocol need not be the same as the explanatory variables x in the choice model.
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where
Ay (x,,0={B,2}) = &V X B)HIN G (W1 W 5 A) 8)

with y,; = eninh) and G, i Wals s Wy A) = %(w,,l, s W,y3 4). V,; is the deterministic aspect of utility, which depends on
explanatory variables x, and parameter . G(y,,,, o v,s; 4) is a MEV generating function with parameter A.

To evaluate (6) under the MEV assumption, the result presented in Bierlaire et al. (2008) is generalised from purely choice-based
samples to a wider class of enriched samples. We have

Ay (X, 0)aty,,
Py, lx,; O,y = o———— 9
nl*n nyn Zje//{ Anj(xn’ 9)

and define

Ayj(%,,0) = &Vni GBI Gyj Wy s )0y (10)

Consequently, we obtain
P(yn |xn; G)any,, eVyn (x,.8)+In G.Vn Wp1se- Wy sA)+n [

= . 11
Zje/t P(jlx,; H)a"j Zje o Vi GBI Gy (W Wy 3 )+ (11

Thus, a conditional maximum likelihood estimator for the MEV family of DCMs under non-random sampling is given by

&Von Cn PGy Wy D HIN @y,

N
2@;y.x)= Y In 12
©:y.%) =3 3 e O R PIINGy g (12)

n=1

with 6 = {B, 1.
4.2. Control function correction of endogeneity

We partition the explanatory variables x,,; into exogenous explanatory variables c,; and an endogenous explanatory variable p,;
such that x,; = {c,;, p,;}. Then, the utility of alternative j € .# is

Unj = V(xnj’ﬂ)"'gnj (13)
with
=z 14)
Pnj = 2 F Cnj- (
Here, z,; are explanatory variables which include a set of instruments m,; and the exogenous explanatory variables c,; such that
z,; = {m,j,c,;}. v; is an unknown parameter, and ¢&,; is an error term. The error term ¢,; captures the influence of unobserved

attributes of alternative j which impact p,; but are not included in z,;. The instruments m,; and exogenous explanatory variables
c,; are independent of the stochastic aspect of utility ¢,; and the stochastic disturbance ¢,;. Yet, the endogenous explanatory variable
py; is correlated with ¢,;, i.e. Cov(p,;.¢,;) # 0 and thus Cov(¢,;,€,;) # 0. Ignoring the endogeneity of p,; in the estimation of the
choice model parameters 0 leads to inconsistent parameter estimates (Train, 2009).

The control function correction of endogeneity (Petrin and Train, 2010) consists of constructing a control variable, which is
included as an additional explanatory variable into the utility equation. Including the control variable in the utility equation creates
a new utility error which is uncorrelated with all other explanatory variables, including p,; (Wooldridge, 2015). The utility error is
decomposed as

£y = Cyyr b)) + &y, (15)

where C(¢,;, ¢) is the control function with parameter ¢;. £,; is the residual error, which remains after conditioning out the aspect
of €,; that is correlated with p,;. The simplest specification of the control function is

C&,j> b)) = ;&) (16)

whereby ¢; is an unknown scalar parameter. Then, the utility (13) writes

U, =V(x,;,B)+d;&,; + &, 17

A choice model with a control function correction may be estimated in one or two stages (Guevara, 2015). The one-stage
estimation approach is more efficient, but also more demanding from a computational point-of-view, as it necessitates the
approximation a multidimensional integral in the calculation of the choice probabilities (Guevara, 2015). The two-stage estimation
approach is computationally simpler but less efficient (Guevara, 2015). Here, we adopt the two-stage estimation approach, as we
deal with a large dataset, a circumstance which exacerbates the limitations of the one-stage approach and reduces the effects of lower
efficiency in the two-stage approach. In the two-stage approach, we first regress the endogenous variable p; on the instruments z;
and exogenous variables c,,;. The residuals g ; from this regression are used to calculate the control function. In the second stage, the
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choice model is estimated, with the control function being included in the utility equation. Using the two-step estimation approach,
standard errors of the second stage need to be computed via bootstrapping.*

5. Model specification
5.1. Second stage: Discrete choice model
In our analysis of the mode choice dataset described in Section 3 using the modelling approach explained in Section 4, we

consider two choice model specifications, namely multinomial logit and nested logit.° The choice models assume a specification of
the random utility of the following form: We let

U, =V, +¢, V j € {car, transit, bike, walk, taxi} 18)

Uy =V, + ¢j2nj + &, V j € {solo ride-sourcing, pooled ride-sourcing} 19
with

v, = xi’«;lt--SPec-) ﬁ(alt.-SPec.) + xgt;ip-smc.) ﬂf_trip-smc.) Ve (20)
Here, xzj.lt"Sp ) and xEltjrip"Spec') denote alternative- and trip-specific attributes, respectively. The corresponding parameters are de-

noted by gelt-spec) and ﬁﬁtrip'sPeC'), respectively. Whereas alternative-specific attributes vary across alternatives and trips (e.g. travel
time, travel cost etc.), trip-specific attributes only vary across trips (e.g. census tract attributes at the origin and destination). The
parameters ﬂﬁmp -spec.) pertaining to trip-specific attributes are necessarily alternative-specific. For identification, we fix ﬁg;p'Sp ) to
zero. The parameter pertaining to transit cost is divided by the median household income in 10,000 USD in the origin census tract
to account for systematic heterogeneity in the sensitivity to transit cost.

We also incorporate alternative-specific departure time preferences in the utility specification. Following earlier studies on air-
travel itinerary choices (Koppelman et al., 2008; Lurkin et al., 2017; Wen et al., 2020), we consider continuous representations of

departure time preferences using a weighted sum of sine and cosine functions. The specification has the following form:
. [ 2nt, . [ 4nt, . [ 6bnt,
V,j=+-+B,sin 1420 + B, sin 1420 + B 3sin 1440

2xt, 4rt, 6rt,
+ B4 cos <m) + B 5cos <m> + B 6 cos <m>
Here, f, ;, ..., ;¢ are unknown parameters. ¢, is the observed departure time of trip » in minutes past midnight, 1440 is the total
number of minutes in a day. Compared to discrete representations, continuous representations of departure time preferences produce
more realistic demand predictions due to their smoothing properties (Koppelman et al., 2008; Lurkin et al., 2017).

In accordance with the model formulation put forward in the previous section, ¢ ,En ; in (19) is the control function, and ¢; is the
corresponding coefficient. ¢,; and £,; are error terms, which are assumed to be independent and identically distributed according
to EV(0,1) across n,1. £,; is the residual utility error that remains after conditioning on the aspect of ¢,; that is correlated with the
endogenous variable.

In nested logit, the utility error ¢,; (and analogously £,)) is further decomposed as ¢€,,; = &, + £,; With &,,,;) ~ EV,(0, u,,) and
M, = 1. m(j) maps alternatives to nests such that m(j) = m if alternative j is in nest m. Nested logit induces positive correlation

(21)

1 if j=j'
across the utility errors of alternatives within the same nest with Corr(e, jrEnjr) =31 — ;«L if m(j) = m(j’) = m. In our analysis of
m
0 otherwise

the mode choice dataset, we consider two nests, namely one nest containing the ride-sourcing modes solo and pooled ride-sourcing
and a second nest containing all other modes. The nest parameter of the first nest is fixed to one, which implies that the correlation
across the random utilities of the ride-sourcing alternatives is zero. We fixed the nest parameter to one after estimations of model
specifications in which both nest parameters were freely estimated subject to the constraint fygers Hride-sourcing = | indicated an
active bound for fige.sourcing> SUggeSting that fjge.sourcing Should be fixed to one.

4 We also implemented a joint model using maximum simulated likelihood estimation. The considered joint model includes an estimable parameter capturing
the correlation between the utility error and the endogenous variable error. We implemented the model in PandasBiogeme (Bierlaire, 2018) and used 200
modified Latin hypercube sampling draws (Hess et al., 2006) to simulate the choice probabilities of the model. The model did not converge within 24 h of
estimation time on a high-performance computing cluster. For comparison, using the two-stage estimation approach, the logit and nested logit models presented
in the paper converged within 1 and 9 h, respectively. We regard an estimation time of more than 24 h as prohibitive for exploring many different model
specifications, especially considering that a computationally efficient alternative (i.e. the two-stage approach) is available. Estimation times may be different
with other estimation software. However, the relative estimation times are likely in the same order of magnitude even with different software. The fact that
we were unable to estimate a joint model within a reasonable amount of time on the given dataset further underlines the practical relevance of the two-stage
estimation approach. The two-stage estimation approach is statistically less efficient but offers faster computation. Using a high-performance computing cluster,
the apparent drawback that standard errors need to be computed via bootstrapping is not critical, since the estimation runs for the bootstrap samples can be
parallelised. Nonetheless, we acknowledge a need for further investigations into the relative benefits of different approaches for correcting for endogeneity in
discrete choice models, especially for large datasets. A description of the joint model and estimation code are available from the authors upon request.

5 Cross-nested logit specifications were also explored but no meaningful nesting structures emerged.
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We note that the considered choice models assume deterministic choice sets, even though the actual choice sets may differ from
the imputed choice sets, especially in that fewer modes than assumed may actually be available at the moment of choice. In the
implemented choice models, eventual differences between actual and imputed choice sets are reflected in the estimated choice
probabilities and specifically the estimates of the parameters pertaining to interactions between alternative-specific constants and
context variables (i.e. census tract attributes, weather conditions and departure times). Consequently, the developed choice models
are able to predict mode choice probabilities but do not capture if a mode has low a probability of being selected for a given trip
because it is perceived as unattractive by the decision-maker or because it is unavailable or infeasible.

5.2. First stage: Control function

We hypothesise that the prices of solo and pooled ride-sourcing are endogenous, because the demand for the ride-sourcing
options and their prices are co-determined by supply-side constraints and surge pricing mechanisms. We employ the control function
approach described in Section 4.2 to correct for this price endogeneity. To form the control function, we must find suitable
instruments that are (i) correlated with the endogenous variable (i.e. price) and (ii) independent of the error term of the demand
equation (Guevara, 2015). Nevo (2000) distinguishes three types of demand-side instrument, namely (i) cost shifters, (ii) non-price
attributes of other alternatives—also referred to as BLP-type instruments (Berry et al., 1995)—and (iii) prices of the same alternative
in other markets—also referred to as Hausman-type instruments (Hausman et al., 1994; Hausman, 1996). In this work, we consider
the product of the retail price of gasoline in USD per gallon and the driving distance in miles as cost-shifting instrument for the
prices of solo and pooled ride-sourcing. If more than one instrument were available, instrument validity could be assessed using the
tests described in Guevara (2018).

5.3. Estimation practicalities

The choice models are estimated using the conditional maximum likelihood estimator given in (12). Note that the presented
estimator is fully general in that it can account for both endogenous and exogenous stratification. In the current application, the
sampling protocol is purely choice-based and does not involve stratification by an exogenous variable. Thus, we have Ine,; =
Ina; Vne{l,...,N}. a; is given by the sampling protocol defined in Table 1. Specifically, we have «; = H;/Q;, whereby H, is the
share of observations in the sample choosing alternative j (see column “Estimation sample—Share” in Table 1), and Q; is the share
of the population choosing alternative j (see column “Population—Share” in Table 1).

We implement the conditional maximum likelihood estimator using PandasBiogeme (Bierlaire, 2018). Standard errors are

bootstrapped using 100 resamples. The first-stage regressions of the two-stage models are estimated using ordinary least squares.
6. Results

In Table 4, we provide the estimation results of four models, namely

» Model la: an uncorrected multinomial logit (MNL) model (without control function correction of endogeneity but with
sampling correction),

» Model 1b: a corrected MNL model (with endogeneity and sampling corrections),

» Model 2a: the nested counterpart of model 1a, and

» Model 2b: the nested counterpart of model 1b.

The first-stage results of models 1b and 2b are presented in Table 5. Summary statistics for the first-stage regressions, namely
F-statistics, the associated p-values and the coefficients of determination R? are given in Table 6. Summary statistics for the choice
models are given in Table 7.

First, we test for the presence of endogeneity. Under the null hypothesis that the prices of the ride-sourcing alternatives are
exogenous, the second-stage coefficients ¢, ride-sourcing @A Ppooled ride-sourcing O1 the first-stage residuals are zero. Note that the
uncorrected models 1a and 2a are nested within their corrected counterparts 1b and 2b, respectively. This is because the uncorrected
model can be obtained from the corrected model by setting ¢, ride-sourcing 304 Ppooled ride-sourcing €qual to zero. Under the null
hypothesis that the prices of the ride-sourcing alternatives are exogenous, the restrictions imposed by the uncorrected model are
supported by the observed data. Table 7 shows that the log-likelihood values of the corrected models 1b and 2b are higher than
the log-likelihood values of their respective uncorrected counterparts la and 2a. For example, the log-likelihood of model 2b
is —96 133.77, whereas the log-likelihood of model 2a —96 147.08. Log-likelihood ratio tests indicate that the improvement in fit
offered by the corrected models is statistically significant. We have —2(—96 185.02 — (=96 167.69)) = 34.66 > ;(22,0.05 = 5.99 and
—2(-96 147.08 — (=96 133.77)) = 26.62 > ;(22,0'05 = 5.99. Thus, we reject the constraints of the uncorrected models and conclude that
the prices of the ride-sourcing alternatives are endogenous.

Furthermore, the F-statistics of both price equations are high with F = 17268.265 for solo ride-sourcing and F = 7266.419
for pooled ride-sourcing, and the associated p-values are less than 0.001 (see Table 6). Thus, we can conclude that the selected
instruments are fairly strong. More advanced testing approaches for detecting weak identification (see Frazier et al., 2020) may also
be leveraged. However, they are not needed here, because the inferences derived using the traditional test hold at a high confidence
level.
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Table 4
Second stage estimation results.
Model 1a Model 1b Model 2a Model 2b
MNL uncorrected MNL corrected Nested logit uncorrected Nested logit corrected
Est. z-stat. Est. z-stat. Est. z-stat. Est. z-stat.
ASCs
ASCiransit -31.415 -26.991 —26.428
ASCyanc 5.487 1.145 1.484
ASCpie -27.417 -23.839 -21.759
ASCi —55.213 —20.661 —21.838
ASCyolo ride-sourcing -35.125 -36.069 -36.673
ASCpooled ride-sourcing —39.596 —40.002 —35.837
Mode attributes
Peost, car 0.809 -2.101 -5.392
Peost, transit -2.977 —4.086 -4.873
Beost, taxi —15.286 —12.830 —10.704
Beost, solo ride-sourcing —6.169 —5.576 —6.607
Beost, pooled ride-sourcing —3.486 —4.302 —-5.814
Brime, car —15.027 —7.020 —7.725
Prime, twansit —6.441 —6.121 -7.305
Prime, walk —26.362 -11.752 —12.205
Prime, bike -11.997 -9.737 -10.817
Bime, taxi, solo ride-sourcing -13.387 -8.585 —4.175
Prime, pooled ride-sourcing —13.690 -6.911 -3.529
Bpark rate at destination, car —38.433 —29.709 —31.096
Bro. of transfers, transit -5.107 -3.891 —3.966
Socio-economic attributes
Binedian age at origin, taxi —5.418 —-4.974 —5.099
ﬂmedian age at origin, solo ride-sourcing 3.165 2.779 2.724
Brnedian age at origin, pooled ride-sourcing —1.580 -1.773 —1.011
Prmedian age squared at origin, taxi 9.101 7.682 9.644
Brnedian age squared at origin, solo ride-sourcing —1.472 -1.176 —0.980
Brnedian age squared at origin, pooled ride-sourcing —-2.526 —2.229 —2.333
Binedian income at origin, taxi 22.234 14.774 14.971
ﬁmedian income at origin, solo ride-sourcing 25.587 25.721 24.448
ﬂmedian income at origin, pooled ride-sourcing 8.432 7.978 6.833
Brmedian income squared at origin, taxi —8.111 . —7.457 ~7.741
Prmedian income squared at origin, solo ride-sourcing —12.678 -9.950 —12.499 —-9.743
Brmedian income squared at origin, pooled ride-sourcing —3.681 -3.028 -3.262 —2.692
Borop. of households with zero cars at origin, car —22.016  —0.440***  -24.637  —0.367*** —-16.787 —18.823
Land use and built environment
Bresidential density at origin, taxi 33.337 36.041 14.931 14.470
Bresidential density at origin, solo ride-sourcing 15.876 16.984 16.504 17.192
Bemployment density at origin, taxi 20.569 21.339 12.964 12.898
Bemployment density at origin, solo ride-sourcing —4.660 -3.810 —4.365 —3.655
Bemployment density at origin, pooled ride-sourcing -10.424 -11.203 -10.193 —-10.896
ﬂland use diversity at origin, taxi =7.007 —8.786 —6.713 —8.241
ﬂland use diversity at origin, solo ride-sourcing —3.654 —3.788 —-3.151 -3.395
Bland use diversity at origin, pooled ride-sourcing -3.077 -3.937 —2.583 -3.391
Bpedestrian network density at origin, transit —8.639 =7.748 —8.479 —8.332
Bpedestrian network density at origin, taxi -19.705 —-20.313 —13.632 —14.661
Bpedestrian network density at origin, solo ride-sourcing —-9.794 —9.124 —-9.339 —8.898
Boedestrian network density at origin, pooled ride-sourcing -13.127 -12.765 -12.817 —12.366
ﬁintersection density at origin, transit 11.600 10.321 8.928 9.411
ﬂimerseclion density at origin, taxi 19.094 19.673 12.873 13.782
Bintersection density at origin, solo ride-sourcing 7.174 6.438 6.313 5.963
Bintersection density at origin, pooled ride-sourcing 9.190 9.598 8.542 8.878

(continued on next page)

Next, we assess the nesting structure of the nested logit models. According to Table 7, the nested logit models 2a and 2b produce
higher log-likelihood values on the sample data than the multinomial logit models 1a and 1b. For example, the log-likelihood of
model 2b is —96 133.77, whereas the log-likelihood of model 1b —96 167.69. Log-likelihood ratio tests indicate that the improvement
in fit offered by the nested logit models is statistically significant. For model 1b versus 2b, we have —2(-96 167.69 — (=96 133.77)) =
67.84 > ;(12,005 = 3.84. Thus, we reject the restrictions imposed by the simpler multinomial logit models. From Table 4, it can be seen
that in model 2b, the estimate of the nest parameter for the nest containing the non-ride-sourcing alternatives is 1.251. This implies
a moderate degree of correlation across the random utilities of the alternatives in the nest. In our subsequent discussion, we thus
focus primarily on model 2b due to its superior statistical performance.
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Table 4 (continued).

Model 1a Model 1b Model 2a Model 2b

MNL uncorrected MNL corrected Nested logit uncorrected Nested logit corrected

Est. z-stat. Est. z-stat. Est. z-stat. Est. z-stat.
Weather conditions
Bavs. temperature, taxi 9.508 8.414 7.787 7.017
Bavg. temperature, solo ride-sourcing 9.127 9.744 9.064 9.613
Bavg. temperature, pooled ride-sourcing 7.261 6.741 7.134 6.748
Baaily precipitation, taxi 12.374 12.944 10.852 10.786
Baaily precipitation, solo ride-sourcing 12.519 14.961 12.510 14.696
Baally precipitation, pooled ride-sourcing 14.764 14.403 14.839 14.371
ﬂavg. temperature X daily precipitation, taxi 11.207 11.905 8.651 9.879
ﬂavg. temperature X daily precipitation, solo ride-sourcing 11.473 12.607 11.486 12.705
Bavg. temperature x daily precipitation, pooled ride-sourcing 13.657 14.424 13.687 14.489
Departure time
ﬁ“"<2/:dep time_in_min )’taxi 1.419 1.532 1.309 1.412
ﬂm<:xd¢ time_in_min. )ASOID ride-sourcing 2.611 2.128 2.893 2.495
1440
ﬂbin(:mep fime_in_min ).poole d ride sourcing 0.023 0.539 0.593 0.785 0.809
ﬂms(w)mi 8.399 8.953 8.147 8.025
ﬂcos(“"'"b%),solo ride-sourcing 0.903 14.394 15.244 14.539 15.572
ﬂms< iede. ime in_min ) pooled. ride-sourcing 0.910%** 15.288 15.712 15.327 15.623
ﬂ“"<mw e o i ) 2.935 2.916 2.986 2.878
ﬁ}in<4mp time o min. ) 010 ride-sourcing 1.915 1.379 1.887 1.490
ﬂbin(i'x dep._time_in_min ) posied. ride-sourcing 3124 3436 3.049 3.315
ﬂms< ‘adep time in_mi ),laxi 18.915 19.522 14.779 13.515
ﬂm(m&p sine_in_min ),solo ride-sourcing 0.462 14.992 13.310 15.040 13.565
ﬂcos(”“"ﬁ%),pooled ride-sourcing 04417 14.792 13.998 14.821 13.836
ﬁ“n< rdep. tme in_min )’taxi 0.149%** 4.115 4.090 4.086 3.984
ﬁ\in<5mp time_in_min. ) solo ride-sourcing 0.139 4.208 5.012 4.218 4.819
" 1440 .
ﬂbin(smp fime_in_min )pooled Lid 5.214 5.534 5.261 5.516
ﬂms< dep. time in i )vmi -3.010 —3.386 —2.896 -3.253
ﬂmg(w) solo ride-sourcing —0.103 —4.861 -2.726 —-4.774 -3.068
h 1440 .
P st time o min ) pocted idessourcing —0.046°% 2178 -1.769 ~1.954 ~1.636
1440 2
Control function
Dsolo ride-sourcing 5.266 4.109
®pooled ride-sourcing 5.191 4.444
Nest parameter
Hother 20.408 20.061

*Significance level: p < 0.1.
**Significance level: p < 0.05.
***Gignificance level: p < 0.01.

In model 2b, the estimates of the parameters pertaining to mode attributes have the expected signs and are significantly different
from zero. More precisely, the mode-specific travel time parameters are all negative and statistically significant. As expected, a larger
number of transfers appears to decrease the propensity of choosing public transit, and a higher hourly park rate at the destination
appears to decrease the propensity of choosing car.

In Table 8, we compare the weighted direct aggregate arc elasticities with respect to travel cost and time of models 2a and 2b.
It can be seen that in the corrected model 2b, the demand for taxi as well as for solo and pooled ride-sourcing is substantially more
elastic with respect to price than in the uncorrected model 2a. For example, the estimated direct aggregate arc elasticity with respect
to the cost of pooled ride-sourcing is —0.171 in the uncorrected model 2a and —0.780 in the corrected model 2b. The corrected model
2b further reveals that the direct aggregate arc elasticities of the demand for solo- and pooled ride-sourcing with respect to travel
time are in the same order of magnitude as the corresponding direct aggregate arc elasticities of the demand for car, transit and
taxi. As expected, walking and biking exhibit the highest elasticities with respect to travel time.

Fig. 13 visualises the estimated continuous departure time preferences in model 2b. While there are minor differences in departure
time preferences across the three modes in the morning, afternoon and evening hours, solo and pooled ride-sourcing appear to be
comparatively less likely to be chosen mid-day.

We also observe that weather conditions affect the demand for taxi and ride-sourcing. Our utility specification includes both
main and interaction effects of the average daily temperature and the daily precipitation amount. To facilitate the interpretation
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Table 5
First stage estimation results.
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Price: solo r.-s.

Price: pooled r.-s.

Est. z-stat. Est. z-stat.

Yconstant 1.354* 20.319 49.359
Ydriving distancexgas price 93.702 71.114
Ydriving time (solo ride-sourcing) 0.207*** 89.622

Ydriving time (pooled ride-sourcing) 24.366
Vresidential density at origin 20.284 3.328
Yemployment and housing diversity at origin —-8.323 -1.217
Ymedian income at origin -0.014 -0.980 -12.912
Ymedian income squared at origin 10.732 12.511
Ymedian age at origin —-2.390 10.457
Ymedian age squared at origin 8.009 —5.961
Ydaily precipitation 8.925 10.063
Yavg. temperature —=0.2717 —20.146 —28.362
Yavg. temperature x daily precipitation —6.309 —6.083
Yemployment density at origin 0.033* 19.301 —0.190
Yland use diversity at origin 0.893* 8.255 -0.214
Ypedestrian network density at origin 0.002 0.160 -11.532
Yintersection density at origin —6.463 7.680
Vi 2etep_tme o i ) -0.321* —11.497 —0.608

40
}’m‘( 2x.dep. _time_in_min, ) —13.622 _1.776
140

ym(m., sme i . ) —=0.391" —11.887 1.137
Voot tme i min ) —0.355 —21.450 1.175
y\m<4,,dep sine in_min 0.235 12.263 1.733
ym(é,dep tme i i 0.506 34.451 4.995

*Significance level: p < 0.1.

**Significance level: p < 0.05.
ignificance level: p < 0.01.

Table 6

First stage estimation summary.

Price: solo r.-s.

Price: pooled r.-s.

F-stat. 17 268.265 7266.419

p-val. (F-stat.) 0.000 0.000

R-squared 0.833 0.678

Table 7
Second stage estimation summary.

Model No. of parameters Log-lik.

Model 1a: MNL uncorrected 77 —-96185.02

Model 1b: MNL corrected 79 -96167.69

Model 2a: Nested logit uncorrected 78 -96147.08

Model 2b: Nested logit corrected 80 -96133.77

Null log-lik.: =157 407.73

Table 8
Aggregate direct point elasticities.
Car Transit Walk Bike Taxi Solo r.-s. Pooled r.-s.
Model 2a: Nested logit uncorrected
Cost —0.060 —0.065 NaN NaN —-0.795 -0.301 -0.171
Time —-0.356 —-0.244 -1.025 -1.160 -0.710 -0.686 -0.674
Model 2b: Nested logit corrected

Cost -0.113 -0.079 NaN NaN -1.160 -0.784 —-0.780
Time -0.315 —-0.276 -1.033 -1.209 —-0.376 -0.370 -0.378

of the effects, we standardised the former and kept the latter on its original scale. The estimates of these effects are statistically
significant for taxi as well as solo and pooled ride-sourcing. Since the estimated effects have the same signs and are in the same order
of magnitude, the same interpretation applies to the estimated effects for all three modes. At the mean average daily temperature
in the observation period, positive precipitation increases the demand for taxi and ride-sourcing. On dry days, a higher temperature
leads to increased demand for taxi and ride-sourcing.

18



R. Krueger et al.

Table 9

Overview of recently published ride-sourcing demand analysis studies.
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Study Location Modelling Data type Study Key findings
approach type
Acheampong Ghana Structural 2 1, 3 Perceived benefits, ease of use, perceived safety risks, and
et al. (2020) equation car-dependent lifestyles are associated with the adoption
and use of ride-hailing services. Ride-hailing is used alone
for full door-to-door journeys, instead of complementing
other travel modes.
Alonso-Gonzalez Netherlands Mixed and latent 3 4 Value of in-vehicle travel time for pooled on-demand
et al. (2020) class logit services is 7.88-10.80 euro per hour. Value of reliability
is around half of the value of wait time and in-vehicle
travel time.
Asgari and Jin USA Error component 3 3,4, 5 This study creates a habit index based on past usage
(2020) logit frequency of a mode. They find that habits and private
vehicle expenses (e.g., parking cost and time spent in
finding it) are highly associated with the preferences
towards rider-sourcing services.
Azimi et al. USA Error component 3 3,4,5 Generation Xers and Millennials have distinct preferences
(2021) nested logit for on-demand shared mobility. Whereas the perceived
time and cost benefits of shared mobility affect
Generation Xers’ preferences for shared mobility,
Millennials’ choices are more likely to be influenced by
their attitudes towards on-demand services.
Baker (2020) San Geographically 1 1,2 This study finds positive relationships between
Francisco, weighted ride-sourcing use and public transport ridership, as well
USA regression as between ride-sourcing demand and choice rider (i.e.,
not transit dependent) neighbourhoods.
Bansal et al. USA Multinomial 2 3,4 10% of ride-sourcing users in the USA postponed the
(2020b) logit purchase of a new car due to availability of ride-sourcing
services. Older ride-sourcing users with higher vehicle
ownership are less likely to pool rides. Ride-sourcing
drivers with a postgraduate degree who drive daily and
live in metropolitan regions are more likely to switch to
fuel-efficient vehicles.
Bi and Ye (2021) Chengdu, Latent dirichlet 1 1,2 Ride-sourcing in Chengdu is mostly used for non-work
China allocation trips. Ride-sourcing is more extensively used in areas
with lack of public transit access.
Dean and Chicago, USA Poisson-Gamma 1 2,4 Longer trips in Chicago are likely to be requested as
Kockelman negative shared rides. Census tracts with higher shares of young,
(2021) binomial and unemployed, and non-White persons, and vehicle-free
linear regression households have higher proportions of shared rides.
Shared ride-hail demand decreases with the increase in
density of pedestrian infrastructure.
Dey et al. (2021) New York Negative 1 1,2 Job density, employment density, bike infrastructure and
City, USA Binomial and transit service significantly affect ride-hailing demand.
fractional split This study also provides a prediction framework for
predicting future ride-hailing trends.
Dong et al. Boston and Mixed logit 3 1,3,4,5 Carless households are likely to delay or forgo car
(2021) Philadelphia, purchasing decisions due to ride-sourcing services. TNCs
USA are likely to substitute transit more than complementing

it. Willingness to pay to save 10 min of wait time for
transit is US$5 in Boston and US$8 in Philadelphia,
compared to below US$3 and US$2 for TNCs.

(continued on next page)

Model 2b also provides insights into the influence of census tract attributes on travel demand. Due to the inclusion of quadratic
terms in the utility specification, we are able to capture non-linear income and age effects on the demand for taxi as well as solo and
pooled ride-sourcing. These effects are visualised in Fig. 14 over their respective realised ranges in the training dataset. For all three
modes, the non-linear income effects are concave down, whereby the curvature is more pronounced for taxi and solo ride-sourcing
than for pooled ride-sourcing. The demand for pooled ride-sourcing appears to be less sensitive to income compared to the demand
for taxi and solo ride-sourcing. Increasing income initially has a positive effect on the demand for taxi and solo ride-sourcing, but
the effect of income becomes negative for median annual household incomes above USD 140,000. This suggests that the demand
for taxi and solo ride-sourcing is comparatively lower in census tracts with high median household incomes.

Next, we consider the estimated age effects in model 2b. For solo and pooled ride-sourcing, the age effects are concave down,
while they are concave up for taxi. The curvature of the age effect on demand for taxi is substantially more pronounced than for
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Table 9 (continued).
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Study Location Modelling Data type Study Key findings
approach type
Dong (2020) Philadelphia, Mixed logit 3 1,3,5 Higher-income females with age over 30 years, who are
USA less frequent transit users, are increasingly willing to
choose ride-hailing over transit. Time spent on walking to
transit stop is found to be more burdensome than
in-vehicle travel time and wait time.

Edwards (2020) Austin, USA Linear regression 1 2 Nonstandard (expansive variants) ride-sourcing services
are preferable by airport travellers and those living in
carless and low-density neighbourhoods, but are less
preferred in low-income neighbourhoods.

Ghaffar et al. Chicago, USA Random-effects 1 1,2 Higher ride-sourcing demand is experienced in Chicago

(2020) negative on days with lower temperature. Census tracts with

binomial higher household income, high proportion of carless

regression households, higher employment and population density,
and fewer parking spots have higher demand for
ride-sourcing services.

Gomez et al. Madrid, Generalised 2 1,3 Young, well-educated, wealthy individuals, who are

(2021) Spain heterogeneous familiar with new technologies, have more inclination

data towards ride-hailing services. Environment-conscious
respondents are less inclined towards ride-hailing.
Ride-hailing has substituted transit for leisure and errand
trips.

Hasnine et al. Toronto, Autoregressive 1 1,2 Lagged demand is a good predictor of the future demand

(2021) Canada moving average for ride-sourcing services. Households that rent their
dwelling have positive association with ride-sourcing
demand. Bike-sharing and transit trip counts are
negatively correlated with the ride-sourcing demand, but
precipitation has a positive relationship.

Hou et al. Chicago, USA Linear regression 1 2,4 Ride-sourcing trips starting or ending at Chicago-area

(2020) and airports have a smaller ratio for shared trips, perhaps due

machine-learning to time, luggage, and other constraints.

Kang et al. Austin, USA Generalised 3 3,4,5 Women, older adults, and non-Hispanic/non-Latino

(2021) heterogeneous Whites have a low propensity to pool rides in Austin.

data Austin residents are willingness to pay to not pool a ride
is on averages about 62 cents for commute, US$1.70 for
shopping and US$1.32 for leisure travel.

Lazarus et al. California, Multinomial 3 3,4,5 High-frequency ride-sourcing users are more likely to

(2021) USA logit share rides. Average values of in-vehicle travel time for
Los Angeles, Sacramento, San Diego, and San Francisco
are US$29.2, US$27.3, US$25.9, and US$34.5.

Li et al. (2021) Toronto, Random-effects 1 2 Ride-sourcing and public transit demand varies by transit

Canada panel data and mode, time of day and transit level-of-service. The
log-log demand for ride-sourcing services is positively associated
regression with subway station ridership during the mid-day and

early evening, while negatively correlating with surface
transit demand during peak commuting hours.

Loa et al. (2021) Toronto, Structural 2 1,3 Students, persons from lower-income households, and

Canada equation transit pass owners are more likely to substitute

ride-sourcing for public transit.

Loa and Habib Toronto, Binary logistic 2 3,4 Transit pass ownership positively influences the frequency

(2021) Canada and zero-inflated of ride-hailing usage (i.e., complementary relationship).

ordered probit

The factors affecting preference for shared and
single-occupancy ride-hailing differ, and therefore, both
modes need to be studied separately.

(continued on next page)

the other two modes. In comparison to the age effect for taxi, solo and pooled ride-sourcing do not appear sensitive to age. The
effect of age on taxi demand increases sharply for median ages above 35 years, which suggests that taxi demand is comparatively
higher in census tracts with older residents.

Various land use and built environment characteristics also influence the demand for taxi and ride-sourcing. For example, a
higher residential density increases the propensities of choosing taxi and solo ride-sourcing. A higher employment density increases
the propensity of choosing taxi but decreases the propensity of choosing ride-sourcing. A higher land use diversity decreases the
propensities of choosing taxi and ride-sourcing. A denser network of pedestrian-oriented links decreases the propensities of choosing



R. Krueger et al.

Table 9 (continued).

Transportation Research Part C 152 (2023) 104180

Study

Location

Modelling
approach

Data type Study
type

Key findings

Malik et al.
(2021)

California,
USA

Integrated choice
and latent
variable

2 1,3

Omission of variables related to residential location and
vehicle ownership could bias the results on the linkage
between transit ridership and ride-hailing. To discourage
the replacement of active mode through ride-hailing
services, pricing strategies should be employed to reduce
the use of ride-hailing for short trips.

Marquet (2020)

Chicago, USA

Truncated
Poisson

Walkable and diverse neighbourhoods attract and
generate more ride-sourcing trips. Areas with lower car
ownership generate fewer ride-sourcing trips but attract
more trips.

Nugroho et al.
(2020)

Indonesia

Ordered logit

Lack of car access encourages the adoption of
ride-sourcing services. Ride-sourcing services complement
the local public transport system.

Sabogal-Cardona
et al. (2021)

Mexico city

Multinomial and
ordered logit

Ride-hailing is mainly used for leisure and health trips.
Young travellers with higher education and higher
income are more inclined to adopt ride-hailing. Due to
perception of crime and sexual harassment in Mexico
city, women depend more on ride-sourcing than men.

Sabouri et al.
(2020)

USA

Multi-level linear

Census block level population, employment, activity, and
transit density are positively associated with the Uber
demand, but intersection density and destination
accessibility by auto and transit has negative effect.

Shen et al.
(2020)

Nanjing,
China

Nested logit

Young travellers are naturally inclined to use
ride-sourcing, but age does not make difference in
preference of the service type (premier vs. regular). The
demand for ride-sourcing services is elastic to in-vehicle
travel time and waiting time, but much highly elastic to
travel cost.

Soltani et al.
(2021)

Adelaide,
Australia

Multinomial
logit

Younger travellers with higher levels of education and
income, who live in dense areas with higher property
prices, are more inclined towards ride-hailing services.
Car ownership, ethnic background, gender, and household
size have no association with the propensity to use
ride-hailing services.

Sweet (2021)

Ontario,
Canada

Mixed logit

An individual is willing to pay US$1 to US$4 for not
sharing trip with other passenger. The analysis provides
mixed evidence about the potential of integrating transit
with ride-sourcing to solve the last mile problem.

Toman et al.
(2020)

New York
City, USA

Multivariate
time series

This study explored substitution effects between
ride-sourcing, shared bike, taxi, and subway. The
relationship varies across weekdays and weekends, and
also during holidays.

Tu et al. (2021)

Chengdu,
China

Gradient
boosting decision
trees

Distance to city centre, land use diversity and road
density are the main determinants of the proportion of
shared ride-sourcing trips. Whereas the first two factors
positively affect the proportion of shared trips, the last
one and public transport density has negative affect.

von Behren
et al. (2021)

China

Integrated choice
and latent
variable

Ride-hailing services are more attractive in tier-2 cities

due to poor public transport infrastructure. Ride-hailing
substitutes other modes for medium-distance trips (5-10
km). Women with higher income are more likely to use
ride-sourcing services than men.

(continued on next page)

taxi and ride-sourcing. However, a higher intersection density at the trip origin increases the propensities of choosing taxi and

ride-sourcing.

7. Welfare analysis

We also use the corrected nested logit model 2b to analyse the welfare implications of ride-sourcing. More specifically, we
consider three scenarios in which we simulate welfare losses due to the removal of (i) all ride-sourcing, (ii) solo ride-sourcing and
(iii) pooled ride-sourcing services from the choice sets of observations in which the removed mode is the chosen mode. In addition,
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Table 9 (continued).

Study Location Modelling Data type Study Key findings

approach type
Ward et al. USA Difference-in- 1 1 Entry of ride-sourcing services led to an increase of 0.7%
(2021) difference in vehicle registrations. The effect varies across urban

areas. There is no significant effect of the entry of
ride-souring services on the transit use.

Wang et al. Michigan, Latent class 2 3,4 Males, college graduates, and car owners have a higher

(2022) USA cluster analysis inclination towards ride-sourcing services. Vehicle owners
have lesser interest in sharing ride-sourcing trips than
their demographic counterparts.

Yan et al. (2020) Chicago, USA Random forest 1 2 Among the built-environment variables, employment
density and walkability at trip origin have high
correlation with ride-sourcing demand. Among the
transit-supply factors, frequencies of bus and rail services
have the strongest correlation with ride-sourcing demand.

Yan et al. (2021) Michigan, Ordered logit 2 1,3 Male college graduates with poor transit access are more
USA inclined to use mobility-on-demand transit services, but
people with lack of access to mobile data have
significantly lower preference for such services. Disability
does not seem to be associated with the preference for
mobility-on-demand services.

Yu and Peng Austin, Texas Structural 1 2 Population/employment/road density, and transit

(2020) equation accessibility have positive association with ride-sourcing
demand, but walk accessibility have a negative effect.
These effects vary across the time-of-day.

Note 1: In column “data type”, 1: spatial trip level, census, weather, land use data, 2: household travel survey, 3: discrete choice experiment.

Note 2: In column “study type”, 1: substitution/complementary effect of ride-sourcing on other travel modes and vehicle ownership, 2: correlation between
a spatial unit’s characteristics (e.g., population density) and ride-sourcing demand, 3: relation of individual-level attitudes and socio-economic attributes with
preference for ride-sourcing services, 4: factors affecting preference for shared ride-sourcing services 5: effect of mode-specific attributes on the demand for
ride-sourcing services.
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Fig. 13. Departure time utility in model 2b.

we analyse the welfare implications of ride-sourcing taxes, inspired by a congestion tax implemented in Chicago in 2020 (McMahon,
2020). More specifically, we consider two taxation scenarios in which a tax is added to the fare of trips in which solo ride-sourcing
is selected. In the first scenario, we impose a fixed tax of USD 3 on solo ride-sourcing trips, and in the second scenario, we apply a
variable tax of 20% added to solo ride-sourcing fares.

For each scenario and trip, we compute compensating variations, i.e. the monetary compensations that offset the alteration of
the choice sets. Compensating variations are straightforward to compute in MEV-based DCMs if the considered model specification
contains a generic cost parameter. In this case, the compensating variation for an observation is given by the difference in consumer
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Fig. 14. Income and age effects in model 2b.
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Fig. 15. Box plots of compensating variations in elimination scenarios (dashed white lines indicate means).

surplus divided by the cost parameter estimate. The difference in consumer surplus in MEV-based models is given by
InG (evi) —InG (eVg) s
0

where it is assumed that a policy changes the choice set from ¢ to ¢, prices from Py
X ,1, such that the utilities change from V,ll to VB. Furthermore, G is the MEV generating function of the considered model. In the
current application, it is not possible to analytically compute compensating variations, as the considered model specification contains
alternative-specific cost parameters. Therefore, we adopt the simulation approach presented in McFadden (2012) to compute
compensating variations in the considered scenarios.

In Figs. 15 and 16, we show box plots of the computed compensating variations in the elimination and taxation scenarios,
respectively. Fig. 15 suggests that welfare losses are largest due to the elimination of all ride-sourcing services, closely followed
by the removal of only solo ride-sourcing services, whereas welfare losses due to the removal of pooled ride-sourcing services are
comparatively small. While the mean compensating variations for the first two elimination scenarios are USD 0.43 and USD 0.35,
respectively, the compensating variation in the third scenario, in which only pooled ride-sourcing services are eliminated, is only
USD 0.13. As expected, welfare losses in the taxation scenarios are smaller compared to the elimination scenarios (see Fig. 16).
This is because in the taxation scenarios, alternatives are made less attractive through the introduction of a tax but are not entirely
removed from choice sets. It can be seen that welfare losses are higher in the scenarios with a fixed tax compared to the scenarios
with a variable tax. Whereas the mean compensating variation is USD 0.12 in the first taxation scenario, the mean compensating
variation in the second scenario is USD 0.07. In all scenarios, the distributions of the compensating variations exhibit a considerable
spread and a heavy right tail. For example, in the first elimination scenario, the interquartile range of the compensating variations is

(22)

. to pLj and non-cost attributes from X 2 to
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fixed tax on solo TNP trips

Scenario

variable tax on solo TNP trips

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Compensating variation [USD]

Fig. 16. Box plots of compensating variations in taxation scenarios (dashed white lines indicate means).
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Fig. 17. Average compensating variations by community area in elimination scenarios.

USD 0.40, and in the first taxation scenario the interquartile range is USD 0.12. In all scenarios, the mean is larger than the median.
These results suggest that the distribution of ride-sourcing benefits is highly heterogeneous. Overall, the compensating variations
appear small. However, this can be explained by the fact that the ride-sourcing alternatives have comparatively small probabilities
of being selected compared to other alternatives, such as car and public transit.

In Fig. 17, we present the average compensating variations by community area for the elimination scenarios, in which services are
removed from choice sets. The figure reveals substantial heterogeneity in the distributions of the computed compensating variations
in the three considered scenarios across the community areas of the study region. In all three scenarios, ride-sourcing benefits are
valued higher in central areas. The average compensating variations in the community areas of the study area in the first scenario
range from USD 0.09 to 0.73. Benefits of solo ride-sourcing are valued higher than the benefits of pooled ride-sourcing. Whereas
the average compensating variations in the second scenario range from USD 0.02 to 0.59, the average compensating variations in
the third scenario range from USD 0.05 to only 0.35.

Finally, in Fig. 18, we present the average compensating variations by community area for the taxation scenarios. The average
compensating variations range from USD 0.01 to 0.19 in the fixed tax scenario and from USD 0.01 to 0.11 in the variable tax
scenarios. The spatial distributions of the compensating variations appear similar in both scenarios and are consistent with the
spatial distributions obtained in the elimination scenarios.
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Fig. 18. Average compensating variations by community area in taxation scenarios.

8. Conclusion

In this paper, we presented and applied an approach for estimating ride-sourcing demand at a disaggregate level from multiple
data sources using DCMs. In sum, our research makes four contributions to the literature. First, we demonstrate how ride-sourcing
demand estimation with DCMs can be performed by fusing multiple disaggregate data sources. Second, we show how traditional
household travel surveys can be enriched with emerging sources of big data (i.e. trip records). Third, we highlight the importance
of controlling for endogeneity biases in ride-sourcing demand estimation. Finally, we provide a methodology for incorporating
emerging mobility options (such as ride- and bike-sharing etc.) into disaggregate activity-based travel demand forecasting models.

There are several ways in which our work could be extended. First, an important avenue for future research is to compare
different methods for correcting for endogeneity in discrete choice models, especially for large datasets. Such an analysis may
include one- and two-stage approaches as well as alternative estimation approaches in addition to maximum (simulated) likelihood
such as maximum approximate composite marginal likelihood (Bhat and Sidharthan, 2011) as well as Markov chain Monte Carlo and
Variational Bayes methods (see e.g. Bansal et al., 2020a; Hawkins and Habib, 2022). Second, the constructed mode choice dataset
could be enriched with trip records providing information about other emerging transport modes such as bike-sharing. Third, the
temporal structure of the data could be explicitly considered to investigate the temporal stability of the structural relationship
between travel demand and the various explanatory variables. Finally, a fourth direction for future research is to circumvent the
deterministic definition of choice sets by adopting a choice model in which the availability of alternatives is treated in a probabilistic
manner (see Habib, 2019).
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Table 10

Hyperparameters of random forest models.

Parameter Price: solo r.-s. Price: pooled r.-s.
No. of trees 100 100

Prop. of features to consider on split

1
3 2
Max. tree depth oo 10
Min. no. of samples to split internal node 5 40
Min. no. of samples to be at a leaf node 5 1
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