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Abstract

The rise of privately-owned fully autonomous vehicles (PAVs) is expected to reshape urban parking
dynamics by enabling vehicles to relocate autonomously, effectively decoupling parking from trip
destinations. While this may reduce parking demand in city centres and lower housing costs through
the unbundling of residential parking, it also poses risks of increased congestion from empty cruising
trips. Understanding how PAV users weigh parking proximity against parking fees is therefore critical
for designing parking strategies that minimise congestion and mitigate negative urban impacts. This
study examines these trade-offs in the context of unbundled residential parking using a stated choice
experiment conducted with 526 car-based commuters to Central Melbourne, Australia. Respondents
evaluated nine scenarios that varied by parking fees, empty-cruising costs, and home pick-up waiting
times. Mixed logit models reveal that users perceive parking fees and empty-cruising costs as nearly
interchangeable. Based on these findings, key policy interventions include: (1) the need to update
unbundled off-street residential and work-based parking zones based on the reduced proximity
constraints revealed in this study; (2) implementing dynamic joint pricing systems that adjust parking
and cruising costs in real time to mitigate empty cruising congestion; (3) and designating dedicated
cruising lanes connecting city centres with peripheral parking areas in low-density zones to reduce
congestion and prevent urban degradation in residential areas.
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1 Introduction

The emergence of privately-owned fully automated vehicles (PAVs) represents a potential paradigm
shift in parking dynamics. Unlike human-driven vehicles (HVs), which require users to travel from
parking facilities to their destination, PAVs enable door-to-door journeys by autonomously relocating
to more economical or convenient parking. This transition may diminish the significance of proximity-
to-destination in parking decisions. Depending on trade-offs between the operational costs of empty
PAYV relocation and parking fee savings, parking demand could shift away from high-attractiveness
urban zones toward less central areas. This would create opportunities to repurpose expensive urban
parking infrastructure for more productive and sustainable land uses (Zakharenko, 2016, Pimenta et
al., 2023). However, this decentralisation also raises important concerns, including the potential for
increased congestion from empty vehicle trips (Millard-Ball, 2019, Nourinejad and Amirgholy, 2022,
Pimenta et al., 2025a)—as well as the risk of urban degradation in suburban areas.

Beyond altering the significance of parking proximity to activity destinations, PAVs may also reshape
the importance of parking proximity to home. PAVs may facilitate the unbundling of housing and
parking lots. Rather than having a garage at home—a hidden cost embedded within property values
(Shoup, 2017)—PAV owners may buy, rent or access free parking lots detached from home to reduce
housing costs and/or increase living space (Pimenta et al., 2025b). For commuters—a group who
often spend more with parking fees (Su and Zhou, 2012, Khordagui, 2019)—a strategically located
detached garage between home and work could serve as both home-based and work-based parking,
avoiding dual parking expenses. However, the choice of a detached garage location will hinge on the
balance between parking fees and its proximity to both work and home. The more distant the detached
garage from home or work locations, the higher the monetary costs of the empty cruising trips. Thus,
it is necessary to understand how commuters with PAVs and detached garages will value parking
proximity to both their home and workplace.

We hypothesise that parking proximity-to-home will play a more significant role than proximity-to-work
in PAV users’ parking location decisions for three main reasons. First, proximity-to-home influences
empty cruising costs across all home-based trip purposes, whereas proximity-to-work only affects the
daily commute. Second, commuters tend to be less willing to wait for trips that require punctuality
(e.g., home-to-work) compared to those with more flexible arrival times (e.g., work-to-home) (Drabicki
etal., 2023, Preston et al., 2017). This increases the value placed on reducing potential pick-up delays
at home—even when pre-arranged—due to unforeseen events (e.g., congestion) compared to pick-
up delays at work. Third, we assume that unplanned trips, which do not allow pre-scheduled pick-up
and thus require waiting time, are more likely to originate from home than from work. Thus, the value
of a parking lot proximity-to-home would be shaped by both monetary access costs (e.g., fuel and
tolls) and access time considerations, while proximity-to-work would be driven primarily by monetary
costs, as pick-up delays after work are generally less critical than those before work.

Despite these fundamental shifts in the perception of parking proximity driven by PAVs, research
exploring PAV effects on parking behaviour remains limited. Existing research has focused
predominantly on trade-offs between parking costs and proximity to work using simulated-based
modelling (Bahk et al., 2022, Bahrami and Roorda, 2022, Zhang et al., 2019, Su and Wang, 2020)
and discrete choice modelling with stated-preference surveys (Jia et al., 2022, Tian et al., 2023, Garus
et al.,, 2024). However, these studies have not incorporated key factors necessary to assess the
importance of proximity to home—specifically, trade-offs between users’ tolerance for home pick-up
delays and the monetary costs associated with empty vehicle relocation. This study aims to address
these critical gaps by investigating how commuters with PAVs value parking proximity to home and
the associated monetary relocation costs in the daily commute considering the context of unbundled
residential parking. Using a stated-preference survey, econometric modelling, and a scenario-based
analysis, this research seeks to answer the following two questions:

RQ1: How will commuters with PAVs value parking lot proximity-to-home in the context of homes with
detached garages?
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RQ2: How will commuters with PAVs weigh parking fees against the monetary cost of relocating PAVs
when choosing remote parking lots?

The remainder of this paper is structured as follows: Section 2 summarises the current literature on
the determinants of parking behaviour with HVs and PAVs. Section 3 outlines the methodology
employed in this study. Section 4 presents the results, followed by a discussion in Section 5. Finally,
Section 6 concludes the paper, summarising the findings and discussing implications for urban policy
and future research.

2 Methodology

This study investigates the effects of privately-owned autonomous vehicles on commuter’s parking
location choices, specifically examining the decoupling of residential parking through a stated-
preference survey conducted across the Greater Melbourne Area (GMA), Victoria, Australia. The
GMA, Australia’s second largest metropolitan region with a population of approximately 5.2 million
residents (ABS, 2024), contains an estimated 3.5 million parking spaces (Taylor, 2019), although the
actual supply may be higher due to incomplete data from some local councils.

While paid parking is primarily found in Central Melbourne, parking in other areas is generally free,
though often subject to time restrictions. (Hamer, 2022). However, "free" residential parking often
represents a hidden cost embedded in inflated housing prices. A recent study of GMA residents found
that 42% of participants were willing to unbundle housing and off-street parking if the option were
available (De Gruyter et al., 2024). This suggests a substantial potential market for homes with
detached garages in the GMA, particularly in a future where the constraints of parking proximity are
lessened by PAVs. Our survey data contributes valuable insights how commuters who reside in the
GMA will value parking proximity-to-home and parking cost when choosing a parking location in the
PAV era. The following sections detail the survey design, variables of interest, sampling framework,
data collection protocols, and analytical approaches utilized in this study.

2.1 Survey description

A SP survey was administered between October 2023 and January 2024. This was part of a broader
project including choice tasks on mode choice, residential, and parking location choices with PAVs.
The survey’s participants were part-time or full-time workers, aged 18 or over, residing in the GMA
who regularly drive to work and park within the Central Melbourne area, which includes Melbourne
CBD, Southbank, North Melbourne, East Melbourne, Carlton and Docklands.

A target sample size of 500 was determined based on the literature (Cochran, 1977). We established
target quotas to control the residential distribution of the survey participants based on the Australian
2016 Census. We group the residential locations of the survey participants in three regions: inner,
middle and outer suburbs to understand the role of residential location on PAV parking location
choice. We also established a sampling frame with target quotas by work-based parking payment
methods (either self-paid or employer-paid) (Hamer, 2022). This sampling strategy is intended to
facilitate an in-depth analysis of how proximity to Central Melbourne and current parking expenses
influence anticipated changes in parking location choice in the context of PAVs. Sampling weights
were used to adjusted the collected data to the target quotas.

2.2 Survey structure and variables

An online questionnaire was designed in the Qualtrics platform comprising of six sections: (1)
screening questions to ensure participant eligibility; (2) current travel patterns, housing and parking
attributes; (3) introduction to PAVs, which included a textual description of the PAV technology and
its capabilities followed by either a video or the images illustrating fully-automated PAV technology.
The assignment of a video or images to participants were randomised; (4) stated-preference
experiments; (5) socio-demographic questions; (6) questions about future housing and parking
preferences with PAVs.
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2.3 Choice tasks

Following an introduction of PAV in the survey, the respondents were asked to choose a parking
option through a choice task for their daily commute. This permanent parking space would serve for
both work-based and home-based parking. Figure 1 was shown to participants prior to the choice
task.

SCENARIO 3: Parking bay and house are chosen separately (figure below)

Assume that you own a driverless car and you need to choose a house and your permanent parking bay, separately. In this scenario, your house
does not have a garage and your street does not have curbside parking, therefore you will need to choose a separate permanent parking bay
location to park your driverless car. Please consider this scenario to answer the next two choice tasks (one for housing and one for parking).

Trip 1: Empty DC travels to pick up passenger

Trip 2: Passenger travels with DC from home to workplace = —
P
PERMANENT _ ) T |
PARKING  Trip 3: Empty DC travels back to parking bay T I
BAY emey i
L
a Trip 4: Empty DC travels back to workplace .::“ /
m
A ) ; .
Tllp 5: Passenger travels back home with DC h”"h_\
o 2
HOME Trip 6: Empty DC travels back to parking bay WORKPLACE

The arrows represent daily commute trips.
DC =Driverless Car.

Figure 1: Screenshot of the introduction to the scenario with unbundled residential parking provided to
the survey’s participants. Source: adapted from (Pimenta et al., 2025b).

The respondents were given three options to choose from based on an evaluation of three attributes
(daily parking fee, daily empty-cruising cost and home pick-up waiting time), as shown in Figure 2. As
we aim to understand the weight of each attribute on PAV parking location choice, we designed the
choice task with homogeneous alternatives, meaning that they do not differ by attributes but only by
the levels of the attributes (i.e., parking options 1, 2 and 3). In other words, the three alternatives do
not have intrinsic differences. This differs from the choice tasks developed by Jia et al. (2022) and
Garus et al. (2024), which specified the parking type for each option (e.g., send PAV back home,
relocate to park, cruising without parking). In contrast, our study focuses on understanding how PAV
users will value each attribute when choosing a parking option, such as Tian et al. (2023)’s
experiments. Thereby, as shown later in Section 3.5, the model specification will not include
alternative-specific constants (ASCs). We initially tested models including ASCs and found no
evidence of systematic biases such as position effects or unexplained preference for specific
alternatives. Given the lack of statistical significance and the potential for ASCs to absorb utility not
attributable to explanatory variables, we opted to exclude them from the final model. This decision
was made to enhance the interpretability of the attribute coefficients and maintain a more
behaviourally meaningful specification.

Parking Option 1 Parking Option 2 Parking Option 3

Daily parking cost (AUD) $20 $20 0

Daily empty-cruising

10 £5 $30
cost (AUD) $ > $

Home pick-up waiting
time (min)

Figure 2: Screenshot of the choice experiment. Source: Authors.

A total of 10 choice tasks were generated using various combinations of levels of the three attributes:
daily parking cost, daily empty-cruising cost and home pick-up waiting time. These attributes were
chosen based on previous studies showing that they will be important determinants of PAV parking
location choice (Ibeas et al., 2014, Tian et al., 2023, Su and Wang, 2020). Although previous studies
have estimated models with combined monetary cost coefficients assuming that PAV users will value
these costs equally (Garus et al., 2024, Jia et al., 2022), we decided to include these two distinct
monetary costs based on research evidence that individuals may value parking and travel (e.g., fuel
and tolls) costs differently (Vrtic et al., 2010, Hensher and King, 2001).
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One choice task was randomly assigned to each participant using the Qualtrics’ randomiser option.
The levels of parking cost were chosen based on the current parking costs in the study region plus
free parking. The levels of daily empty-cruising cost and home pick-up waiting time were chosen
based on the current estimates of daily commute cost and time to travel from Melbourne CBD to inner,
middle and outer suburbs. The SP survey experimental design was performed using the D-efficient
design method on Ngene software (van Cranenburgh and Collins, 2019). This efficient experimental
design method seeks to minimise the determinant of the variance-covariance matrix of the parameter
estimates (i.e., D-error) in SP surveys, producing more efficient designs with lower or equal sample
size than orthogonal designs (Rose and Bliemer, 2009).

2.4 Data collection

We gathered 526 valid responses through various data collection methods. These methods
comprised online marketing agencies, which contributed the majority with 480 responses, followed by
Facebook advertisements with 16 responses, distribution of flyers in Central Melbourne yielding 26
responses, and social media (LinkedIn and Facebook) posts generating 4 responses. A response
was deemed valid if the questionnaire was fully completed in at least 8 minutes, a quality benchmark
set based on a pilot survey involving 17 Ph.D. students. The questionnaires collected in the pilot
survey phase were not included in the sample. To enhance the participation rate, participants were
offered 1 of 10 AU$100 e-gift cards.

2.5 Data analysis

This study applied discrete choice models using the SP survey data to understand how participants
value the daily empty-cruising costs (EC), daily parking cost (PC) and home pick-up waiting time
(HPWT) when choosing a parking location. Discrete choice models are based on the random utility
theory, which assume that individuals are rational and aim to maximise their utility when making
choices among a set of mutually exclusive alternatives. We develop mixed logit models (MXL) for all
participants. The primary difference between the MXL and a standard multinomial logit model (MNL)
is that MXL can capture heterogeneity of preferences across the population by overcoming the
assumption of independent and identically distributed (1ID) alternatives (McFadden and Train, 2000).
This allows the introduction of random parameters to evaluate the existence and magnitude of random
taste variations. To capture the deterministic taste variations, the effects of socio-demographic
variables are estimated through two-way interactions (Tian et al., 2023). To conduct the analysis, we
used the mlogit package in R Studio (Croissant, 2020), using 1,000 Halton draws for simulated
maximum likelihood estimation.

Our model estimation approach proceeded in four stages to systematically evaluate model
performance and heterogeneity: (1) We first estimated a mixed logit model (MXL-N) with normally
distributed random parameters for all main effects (e.g., parking cost, empty-cruising cost and pick-
up waiting time), excluding two-way interactions; (2) We expanded the MXL-N model by incorporating
two-way interactions between all main effects and socio-demographic variables. After identifying
statistically insignificant interactions (p>0.1), we refined the model to retain only significant terms
(MXL-N+), balancing parsimony and explanatory power; (3) given theoretical expectations that all
main effects would negatively influence parking utility, we tested log-normal distribution for these
parameters (Train, 2009), however, the normal distribution presented a better goodness-of-fit. This
evaluated robustness against distributional assumptions and validated the directionality of effects; (4)
for comparison, we estimated two MNL models with all parameters fixed. Contrasting MNL with MXL
results highlighted how accounting for unobserved heterogeneity reshaped the coefficients of main
effects and interactions.

3 Results

The analysis compared four discrete choice models to assess preferences for parking choices
involving privately-owned fully autonomous vehicles in the context of unbundled residential parking.
Table 1 lists the model estimation results. All models revealed robust negative utilities for parking
cost, empty-cruising cost, and home pick-up waiting time (p < 0.001).
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The MXL models’ standard deviations for random parameters revealed unobserved heterogeneity in
preferences. While parking cost and empty-cruising cost exhibited homogenous effects (standard
deviations near zero, p > 0.90), home pick-up waiting time showed significant variability (SD = 0.196,
p < 0.001). This indicates that while users universally and uniformly dislike monetary costs, their
tolerance for waiting time varies widely. For instance, a 1-minute wait at home might reduce utility by
-0.141 for the average user but could range from -0.533 to +0.251 for individuals at +2 standard
deviations from the mean, which correspond to 95% probability in a normal distribution. Such
heterogeneity implies that policies targeting unbundled residential parking zones would yield
divergent responses across users, whereas cost-based interventions (e.g., congestion pricing) could
apply uniformly. Two-way interactions revealed systematic preference differences tied to
demographics and contextual factors. Males exhibited weaker aversion to parking and empty-cruising
costs than females. This may reflect income disparities, risk tolerance, or differing perceptions of
autonomous vehicle convenience across different genders. Conversely, university-educated
individuals and those with self-paid parking at work showed heightened parking cost and home pick-
up waiting time sensitivities, respectively. Interactions with income and age were not statistically
significant.

Table 1: Model estimation results

MNL MNL+ MXL-N MXL-N+

) Coef. p- Cosef. p- Coef. P-
value value valu value

Variables Coef.

Parameters (random for MXL)
Parking cost (AUD) -0.246  0.000 -0.239 0.000 -0.312 0.000 -0.321 0.000
Empty-cruising cost (AUD) -0.247 0.000 -0.237 0.000 -0.316 0.000 -0.324  0.000
Pick-up waiting time (min)  -0.124  0.000  -0.108  0.000  -0.161 0.000  -0.141 0.000
Two-way interactions
Daily parking cost *
Gender (Ref. Female)
Daily empty-cruising cost *
Gender (Ref.: Female)
Daily parking cost * Have
university degree (Ref.: No -0.061 0.074 -0.115 0.046
university degree)

Daily empty-cruising cost *
Have university degree

0.070 0.021 0.145 0.010

0.065 0.015 0.136 0.010

(Ref.- No university -0.062 0.038 -0.117 0.028
degree)

Home pick-up waiting time

* Self-paid parking at work -0.039 0.010 -0.071 0.020

(Ref.: Employer-paid)
Standard deviations of random parameters
Daily parking cost (AUD)? -0.007  0.971 -0.007  0.978

Daily empty-cruising cost 0052 0350 0072 0.154

(AUD)?

z"ni’i’:)e pick-up waiting time 0.183 0000 0196  0.000
Log-Likelihood 527.17 519.12 518.57 -509.41
AIC 1060.34 1054.23 1049.14 1040.81
BIC 1076.43 1097 14 1081.32 1099.81

2Note that the standard deviations of parking and empty-cruising costs are not statistically significant at
10% significance level; however, they are included in this table due to the relevance of this finding.

4 Discussion and conclusion

Our findings suggest that PAV empty cruising trips could significantly increase vehicle-kilometre
travelled. However, policymakers can manage the distribution of empty traffic effectively by adjusting
empty-cruising costs. Similarly, parking fees play a critical role in shaping parking demand relocation.
This presents trade-offs between relocating parking spaces away from city centres and mitigating

6
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congestion caused by empty trips. Despite these complexities, both empty-cruising costs and parking
fees can serve as effective policy levers to manage parking demand and congestion. In addition,
insights into commuter’s perception of proximity to residential parking can also assist urban planners
to plan off-street residential parking zones. These findings can be used to guide the implementation
of several policy interventions. As the use of PAVs by commuters may significantly exacerbate
congestion, policies that encourage a shift from PAVs to public transport or active travel modes should
be prioritised. However, for commuters who still choose to access city centres using their PAVs, some
policy interventions are:

¢ Implement a dynamic joint parking and empty travel pricing systems inside the city
centre and surrounding areas to manage PAV parking location choices in real time. Our
findings indicate that empty-cruising costs significantly influence parking location choices,
which, in turn, shape the total volume of empty vehicle-kilometres travelled. To mitigate
congestion caused by PAVs, a dynamic pricing system that adjusts parking fees and empty-
cruising costs in real time could be implemented, communicating directly with PAVs to guide
their parking decisions. In high-demand zones, parking fees should automatically increase as
capacity nears saturation, while fees in underutilised areas should be temporarily reduced to
attract vehicles. Likewise, empty-cruising charges could vary by route, with higher costs
applied to congested corridors to encourage alternative paths. However, our results also show
that excessive empty-cruising charges can reduce the effectiveness of parking relocation.
Therefore, implementing route-specific pricing strategies rather than applying uniform charges
across the network could be more effective.

¢ In peak hours, empty-cruising pricing can also vary with the intended parking duration
and frequency. For long duration parking, such as commuters, empty-cruising can be
cheaper to allow commuters’ parking relocation and more expensive for short duration and
infrequent trips. Cheaper empty-cruising charges can also be provided for commuters who
intend to return their PAVs home since this would reduce parking demand in parking zones.
These choices can be informed to the PAV to the user, and these preferences would be
automatically be synchronised with the dynamic joint empty-cruising and parking pricing
system.

¢ Plan off-street residential parking zones to accommodate future demand for unbundiled
residential parking. The emergence of unbundled parking—where parking spaces are
decoupled from individual housing units—has the potential to significantly reduce housing
costs, particularly for individuals who do not own a car but are currently compelled to purchase
or rent housing with bundled parking due to market constraints. Policymakers can use our
model results to identify areas where residential parking demand is likely to concentrate and
proactively plan off-street parking zones that align with future needs and land use efficiency.

e Prioritise the implementation of PAV parking zones near areas with low residential land
use area, such as industrial and warehousing zones to reduce the urban decay and
congestion effects caused by empty PAV traffic on residential zones. PAV may also facilitate
the implementation of automated multi-level parking facilities as users will not need to access
these areas, which may significantly save urban space.

Despite its contributions, this study has some limitations. It focuses solely on commuters, whereas
parking behaviours for other trip purposes with shorter duration may yield different results (Tian et al.,
2023). Additionally, the lack of revealed preference data limits the validation of our model estimation
results. Our models also assume static commuter mode choice shares and cruising-for-parking travel
times, which may change significantly with widespread PAV adoption (Garus et al., 2024). Lastly, our
analysis does not account for supply constraints in parking locations, which could influence future
parking demand patterns. Future research should explore parking demand distribution considering
revealed preference data when available, other trip purposes and incorporating supply constraints.
Additionally, reductions in overall parking demand due to vehicles returning home or cruising without
parking should be considered (Jia et al., 2022, Pimenta et al., 2025b). These avenues will help refine
policy interventions and prepare urban centres for managing parking demand distribution and empty
cruising-for-parking traffic in the era of privately-owned fully autonomous vehicles.
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