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Abstract

Ride-sourcing platforms such as Uber and Lyft are prime examples of the gig econ-
omy, recruiting drivers as independent contractors, thereby avoiding legal and fiscal
obligations. Although platforms offer flexibility in choosing work shifts and areas,
many drivers experience low income and poor working conditions, leading to wide-
spread strikes, protests and lawsuits against the platforms. In response, minimum
wage regulation is adopted to improve drivers’ welfare. However, the impacts of this
regulation on drivers as well as on travelers and platforms, remain largely unknown.
While ride-sourcing platforms do not disclose the relevant data, state-of-the-art mod-
els fail to explain the effects of minimum wage regulation on market dynamics. In this
study, we assess the effectiveness and implications of minimum wage regulation in
ride-sourcing markets while simulating the detailed dynamics of ride-sourcing mar-
kets under varying regulation intensities, both with and without the so-called platform
lockout strategy. We apply the model to Amsterdam due to the availability of detailed
travel-demand data; while the framework is transferable to other cities, the magnitude
of the results may vary with local market conditions. Our findings reveal that minimum
wage regulation impacts substantially drivers income but may also lead to higher
fares for travelers and threaten platforms’ survival. When platforms adopt a lockout
strategy, their profitability significantly improves and drivers earn even more, although
many others lose their jobs, and service level for travelers consequently declines.
These findings highlight the complex trade-offs involved in regulating ride-sourcing
market.

1. Introduction

Ride-sourcing (ride-hailing) drivers often face low and unstable incomes, yet the
broader impacts of regulatory interventions, mainly minimum wage regulation, on
their earnings and on the overall dynamics of ride-sourcing markets remain largely
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unknown. Ride-sourcing platforms such as Uber, Lyft, and Didi constitute a sub-
stantial share of the gig economy labor market; in the United States alone, drivers
account for 23% of all gig workers [1]. Although flexibility in working hours and loca-
tions attracts many drivers [2], a growing body of evidence shows that their actual
net hourly wages fall well below advertised levels, even in the presence of minimum
wage regulations [3-5]. Understanding the underlying reasons for the effectiveness
of minimum wage regulation is challenging because ride-sourcing systems are inher-
ently complex, characterized by nonlinear interactions among multiple stakeholders,
including drivers, travelers, platforms, and policymakers. As a result, the introduction
of a regulatory intervention can affect multiple parties both directly and indirectly
through feedback loops within the system, thereby potentially leading to counter-
intuitive and counter-productive results such as failing in improving drivers’ income or
disrupting overall market functioning.

Ride-sourcing platforms operate with a significant lack of transparency, restricting
access to critical data on platform dynamics relevant to minimum wage regulation. At
the same time, state-of-the-art models used to study minimum wage regulation fail to
provide a comprehensive understanding of this regulation and its disruptive impact on
ride-sourcing markets. Prior studies mainly associate the effectiveness of minimum
wage regulation with the implementation approach, the responses of ride-sourcing
platforms, and local labor market conditions shaping drivers' expectations [6—8]. Li
et al. [9] examine the regulation of ride-sourcing markets using a queuing equilib-
rium model, suggesting that enforcing a minimum wage for drivers could improve
the social welfare at the expense of the platform. In another study, Gurvich et al. [6]
employing a capacity management model, argue that minimum wage regulation can
force platforms to restrict active driver capacity, potentially reducing social welfare.
Zhang and Nie [10] highlight the role of inter-platform competition and show, using a
game-theoretic framework, that minimum wage regulation can mitigate destructive
pricing wars and improve driver, traveler, and platform surplus. Using administra-
tive platform data, Parrott and Reich [11] simulate New York City’s regulation and
find only minor impacts on waiting times and limited fare adjustments. Sun et al.

[12] employ the System Dynamics method to examine platform growth under reg-
ulatory policies, reproducing the dynamics of the ride-sourcing market. While this

is an important aspect that the aforementioned approaches are unable to capture,
their model fails to generate the network effects, fundamental elements of market
dynamics. Conversely, agent-based modeling has shown to be a suitable method for
examining regulations and their far reaching impact, capturing the behavior of drivers
and travelers, as well as platform strategies, which give rise to network effect [13].
Using an agent-based model, de Ruijter et al. [14] find that platforms thrive on socio-
economic inequality within ride-sourcing markets. They suggest that this outcome
arises from the combination of cheap labor and time-sensitive ride-sourcing users,
reinforced by the network effects inherent to these markets.

These studies are either equilibrium-based (non-dynamic), fail to reproduce key
market dynamics, mainly network effects, or disregard inter-platform competition by
assuming a monopoly market structure. Surprisingly, platforms’ lockout strategy has

2/19

PLOS One | https://doi.org/10.137 1/journal.pone.0343616 March 18, 2026


https://commission.europa.eu/index_en
https://commission.europa.eu/index_en
https://erc.europa.eu/homepage
https://erc.europa.eu/homepage

PLO\S\%- One

been largely overlooked in the existing literature, despite its widespread use in practice and significant effect on market
dynamics in competitive market structures. Therefore, an adequate understanding of minimum wage regulation in com-
plex ride-sourcing markets is missing, and its impact on the dynamic nature of these markets remains largely unexplored.
While the variation in driver income and service levels for travelers resulting from the introduction of minimum wage
regulations by regulators and lockout strategies by platforms remains an open question, it is unknown how this regulation
affects platforms' viability.

To address this gap, we examine the impact of minimum wage regulation at varying levels on drivers, travelers, and plat-
forms, both in the presence and the absence of platforms’ lockout strategy (see Fig 1). To this end, we extend the MoMa$S
agent-based framework [15] with an inter-platform competition model to reproduce the detailed dynamics of ride-sourcing
markets under minimum wage regulation. In this model, driver and traveler agents make utility-based mode choices
between platforms and alternative transport modes on a daily basis, while platforms compete over shared pools of supply
and demand through trip fare adjustments. The model provides a realistic representation of non-linear interactions among
drivers, travelers, and platforms which give rise to positive and negative network effects in the market. The proposed
model does not only offer a deeper understanding of minimum wage regulation in competitive ride-sourcing markets but
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Fig 1. The impact of three level of minimum wage regulation relative to no regulation condition on the ride-sourcing market evaluated
through: driver income, driver supply, traveler service level, and platform profitability. \We explore the regulation at three levels relative to the
average driver’s income expectation: (i) weak—20% below expectation, (ii) moderate—at expectation, and (iii) strong—20% above expectation. Our
experimental results suggest that without platforms’ lockout (upper row), driver supply—which reflects the availability of job opportunities—increases
across all three levels of regulation, whereas driver income rises only under strong regulatory conditions. While service level for traveler declines only
under weak regulation, platform profitability consistently decreases, and severely so under strong regulation. With platforms’ lockout (lower row), we
observe an inverse relationship between changes in driver income and driver supply. Driver income increases further—with a notable rise even under
moderate regulation—while driver supply declines, except for under weak regulatory conditions. While Traveler’s level of service declines under all regu-
lation levels, platforms mitigate potential negative impact to a large extent by applying the lockout strategy.

https://doi.org/10.1371/journal.pone.0343616.9001
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also equips policymakers and regulators with actionable insights to design and implement this regulation effectively. We
apply the model to Amsterdam due to the availability of detailed travel-demand data; while the framework is transferable
to other cities, the magnitude of the results may vary with local market conditions.

2. Methodology

We use agent-based modeling (ABM) to examine the impact of minimum wage regulation on ride-sourcing market dynam-
ics, both with and without platform lockout strategies. To model the non-linear interactions between travelers, drivers, and
platforms, we extend MoMaS [15], a two-sided Mobility Market Simulation framework, built on the MaaSSim simulator
[16], by incorporating inter-platform competition (see Fig 2). MaaSSim simulates within-day operations by taking, as input
for each simulation day, a set of participating agents (individual travelers and drivers) and platform strategies. It enables
these agents to interact, and outputs both newly acquired agent experiences and platform performance metrics. This
within-day modeling is essential to capture the operational complexity of ride-sourcing systems at the micro-scale, where
daily market outcomes emerge from individual agent interactions and platform strategies. MoMaS uses MaaSSim outputs
to update agents’ participation decisions and platforms’ strategies for subsequent days, enabling long-term evolution in the
market. It incorporates S-shaped learning for realistic behavioral adjustment among agents and supports the implemen-
tation of various platform strategies. MoMasS is necessary for reproducing the feedback loop between short-term agent
decisions and platform strategies, and the long-term implications of regulations in the ride-sourcing market. To capture the
inherently competitive environment of ride-sourcing markets, we extend MoMa$S with an inter-platform competition model.
This model captures price wars and strategic undercutting between platforms competing to attract multi-homing travel-
ers and drivers—an essential feature for assessing the regulatory impacts on market survival dynamics. Together, these
components offer a realistic representation of within-day and day-to-day dynamics, allowing the market to evolve under

Within-Day Process Day-to-Day Process

[ Agents' experience ] Platforms' performance]

MaaSSim v MoMas
Inter-platform S-shaped Learning
microsimulation environment Competition

agent behavior
grid-based fare adjustment

adjustment 7’,
1}

T
' |

[ Platforms' strategy ] [ Participating agents ]

Fig 2. Methodology at a glance. The agent-based simulation framework, used in this study, consists of the MaaSSim and MoMasS tools. MaaS-
Sim, as a micro-simulation environment, takes a set of agents and platform strategies, allows them to interact on a detailed road network, and yields
operational outcomes. MoMaS uses the recorded interactions among stakeholders to update their actions for the subsequent day. Specifically, MoMaS
relies on S-shaped learning for agents’ behavioral adjustments, and we extend it by incorporating an inter-platform competition model to capture survival
dynamics in the oligopolistic ride-sourcing market.

https://doi.org/10.1371/journal.pone.0343616.9002
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both positive and negative network effects. This modeling framework is well-suited for investigating the impacts of regu-
latory policies in a competitive ride-sourcing environment, where travelers and drivers adapt their behavior in response to
evolving market conditions and platforms strategically compete to maintain their market presence. The open-source model
and data are available in a public repository on GitHub [17] for reproducibility. All data used in this study were collected
and analyzed in compliance with the terms and conditions specified by the respective data providers.

2.1. MaaSSim

Within-day dynamics in the model are simulated using MaaSSim [16], where three types of agents interact: (i) travelers,
who request rides from their origin to destination at a given time, (ii) drivers, who meet traveler demand by providing

rides, and (iii) platforms, which intermediate spatio-temporal transactions between travelers and drivers. Both supply and
demand are microscopic; for supply, this pertains to the explicit representation of single vehicle agents and their move-
ments in time and space using a detailed road network graph, while for demand, this pertains to the exact trip request time
and destinations defined at the graph node level. Agents are individual decision-makers. Specifically, travelers may decide
which mode they use, and drivers may opt-out from the system. The matching algorithm used by platforms to link travelers
with drivers is based on the myopic “first-dispatch” protocol, where travelers are paired with the closest idle driver [18].

2.2. MoMaS

MoMas [15] is employed as a complementary simulation framework to MaaSSim to generate day-to-day dynamics within
the model. While it allows travelers and drivers to adjust their participation choice (i.e., transport mode selection) through
S-shaped learning curve in response to platform strategies, platforms can implement strategies across five levers: trip
fare, commission rate, discount rate, incentive rate, and marketing to maximize their revenue and market share. Each
platform a gradually notifies traveler and driver agents, generally denoted by J, about ride-sourcing option via the market-
ing lever. The notification status for each agent is represented with the binary variable GZ,, which is set to zero and switch-
ing to one as soon as the agent is notified. A notified agent potentially starts exploring the platform and adopts a unique
day-to-day learning trajectory, supplying the demand as a driver or taking trip to its destination as a traveler. Each notified
traveler r, on day t, selects among transport modes: public transport, platforms. Similarly, each notified driver d chooses
between occupations: working for platforms or receiving a reservation wage. By choosing reservation wage on a particular
day, driver resigns from platforms and opts for the fixed wage in an alternative labor market. Note that drivers’ reservation
wages can either be drawn from a distribution defined by a given mean and standard deviation or be set uniformly at the
mean value for all drivers. In case of a uniform reservation wage, each driver will still experience a unique evolutionary
path, yet the drivers themselves will not be inherently heterogeneous. Furthermore, traveler and driver agents are allowed
to switch platforms on a day-to-day basis since the focus of the proposed model is on long-term evolution and not on the
within-day dynamics. Nevertheless, the model can be extended to incorporate within-day multi-homing of agents to pro-
vide a more detailed representation of platform operations.

The agents’ participation probability is determined using a nested logit model, where an agent first chooses between
the ride-sourcing nest rs and other alternatives nest o, with n € N where N = {rs, 0}, and then selects a specific option,
such as a platform, from the chosen nest a € n. Accordingly, as given in equation (1), the probability of choosing option a
is the product of the probability of choosing the nest that includes a and the conditional probability of choosing a given that
the nest has been chosen.

Pit«(a@) = Pig(n) . Pit(aln) (1)

The probability of choosing a nest, P;¢(n), depends on the expected maximum utility of all nests, Wf;’p, each of which is
calculated based on the perceived utility of options in the nest, Uf"p, where p is the scale parameter at the nest level.
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P't(n) = eXp(qu;p)
' D owen eXp(MW?;’p) 2)
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As given in Eq. 4, the probability of choosing option a from nest n, P;¢ (a|n), is calculated based on the perceived utility of
all choices inside the nest, where iy is the scale parameter within the nest.

exp(unGaUTY)
> aren ©P(1n G U:a;p) (4)

Pi¢(aln) =

The perceived utility of agents, Ufgp, in MoMaS, varies within the range [0,1] and consist of three components, namely:
experienced utility (U7;°), marketing utility (U;™), and word-of-mouth utility (Uf;"*"), as defined in equation (5). Experi-
enced utility, as the primary component, is endogenous and directly derived from the simulation: drivers experience actual
income, while travelers experience travel time, waiting time, and trip fare. The second component, marketing utility, is
an exogenous factor reflecting the platforms’ image such as marketing campaigns. Word-of-mouth, as the third compo-
nent, represents perceived utility of other agents and is diffused over the social network. On a given day, when an agent
encounters another agent, they exchange their perceived utility of the platform, leading to diffusion of positive and nega-
tive opinions.

The j's in the equation reflect the relative weights of the utility components, ensuring that 5¢, 57, g*°™ > 0 and
Bf + B + pom = 1. The alternative-specific constant (ASC) captures the effect of unobserved factors on the perceived
utility of alternatives and ¢; is the random utility error term.

Uif = BPURS + BURT + BIPTU™T + ASC + ¢ (5)

S-shaped learning model is applied to represent behavior adjustment process for the agents. Each utility component
is modeled separately and updated day-to-day upon receiving a new utility signal from the respective source, such as
agent's own experience, marketing campaign of platform, and peers’ opinion. While the two extreme points (on lower
and upper tails) of the S-shaped curve represent absolutely negative and positive perceptions, the inflection point corre-
sponds to the neutral state. The learning process can be seen as moving along the S-shaped curve with each of the utility
components. While a new positive signal pushes a component towards the upper tail, a new negative signal decreases
the component towards the lower tail. In such a way, learning proceeds slowly for the agents who already have sharp,
extreme opinions but rapidly for the neutral agents in response to consecutive positive or negative signals. This provides
the agents with a realistic behavior adjustment (capturing reluctancy, neutrality, and loyalty) which stabilizes, and at the
same time, remains sensitive to the system changes. For a detailed formulation of agents’ learning, see Ghasemi and
Kucharski [15].

2.3. Inter-platform competition model

At the core of this study lies a novel inter-platform competition model designed to simulate adaptive fare-setting behav-
ior between competing ride-hailing platforms. We model inter-platform competition as a turn-based pricing game on a
predefined trip fare grid, as illustrated in Fig 3. The x-axis represents the trip fare per kilometer set by Platform 1, while
the y-axis represents the fare set by Platform 2. Each grid point represents a specific combination of trip fares set by
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Fig 3. Inter-platform competition on a pricing grid. The inter-platform competition is modeled as a turn-based pricing game, where two ride-hailing
platforms iteratively adjust their per-kilometer trip fares on a predefined grid. Each point on the grid represents a unique combination of fares set by
both platforms, and the grid is color-coded based on the fare difference between them (f,1 — f,,2), highlighting competitive pricing zones. In each turn,
one platform evaluates the impact of three pricing options—decreasing, maintaining, or increasing its fare—while the competitor holds its fare constant.
The platform then selects the fare that maximizes its utility, which accounts for revenue from commissions, wage subsidies paid to drivers, and fixed
operational costs. This process continues over successive turnover intervals until both platforms converge to stable fare levels, reflecting an equilibrium
in competitive pricing.

https://doi.org/10.1371/journal.pone.0343616.9003

both platforms. Platforms begin at an initial fare point and sequentially adjust their pricing by a 0.2 [€/km] step size. For
instance, if the current fare is 1.2 [€/km], a platform can choose among three options: decreasing to 1.0 [€/km], maintain-
ing 1.2 [€/km], or increasing to 1.4 [€/km]. For Platform 1, this corresponds to moving left, staying in place, or moving right,
while for Platform 2, it means moving down, staying in place, or moving up. To determine the optimal move, a platform
evaluates the utility of each move by temporarily adopting the fare and recording the resulting utility over the turnover
interval At. Indeed, we assume that a platform has perfect knowledge on the implications of their pricing adjustment
strategies, which we determine by running the simulations for each possible move. As shown in equation (6), Platform 1
selects the fare f, that maximizes its utility Up4, given the current fare of its competitor 5, and similarly for Platform 2:

o

o1 = argmax Up1(foy, F2, A fro = argmax Upa (o1, fp’z, At

p
1, €llm=025y1, 1402} o025, 2402} (6)

The turnover interval, defines the duration during which only one platform can update its fare while the competitor must
hold its fare constant and wait for its turn. This duration must be long enough for the effects of fare changes to propagate
through the system — both supply and demand sides thereof — and affect key performance indicators such as revenue
and market share. This iterative process continues until both platforms reach stable fare levels, i.e., an equilibrium state,
effectively capturing the adaptive nature of price competition in the ride-sourcing market.

The utility of a specific move for platform a is determined by aggregating its net gains over the turnover interval,
accounting for both revenue and incurred costs. As formulated in equation (7), utility U; comprises three key compo-
nents: (i) revenue, calculated as the total commissions earned from ride fares, where each commission equals the
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platform’s share y of the fare F, paid by traveler for ride r, (ii) wage subsidy, defined as the compensation paid by the
platform when a driver’s income I, ¢ falls below the minimum wage W,,;,, and (iii) operational expense, a fixed cost C,
incurred daily to cover platform maintenance, marketing, and administrative functions. R;» and D,y denote the set of
rides and drivers associated with platform a on day t', respectively. While W,,;, and C, are predefined and constant
during the simulations, other variables (R, Day, Fr, and Iy¢) are generated endogenously by the simulation as a
result of the pricing decision.

t+ A1
Ua(fp1, fP/Z’ At) = Zt’:t |:ZI’€R3,N YFr— ZdGDa.t’ max(0, Wrnin—la,) = Ca (7)

Note that the proposed model of inter-platform competition on a two-dimensional grid relies solely on pricing as the
primary lever for platforms to influence the market. However, the model can be extended to incorporate additional levers,
such as commission rates and incentives, using higher-dimensional grids at the cost of prolonged experiment running
times.

2.4. Lockout strategy

The lockout strategy is employed by platforms as a reactive measure to mitigate the excessive expenses imposed by min-
imum wage regulation. By deploying this strategy, platforms restrict access for certain drivers, meaning that while some
drivers continue to operate, others are unable to participate in service provision. Since there is no public documentation
which specifies how such strategies are implemented, we propose a parsimonious yet effective lockout model based on
driver participation.

When the lockout strategy is activated on day t, the platform first determines the required number of active drivers (| Dt|)
based on market demand observed on the previous day (] R4 |) and driver-to-traveler ratio (o). Specifically, the platform
computes the target number of drivers d as:

|De| = | Res|

Driver-to-traveler ratio can be derived from prior research on ride-sourcing. Once the target number of drivers is deter-
mined, the platform restricts access such that only |Dt| drivers remain active on day ¢, while all remaining drivers are
locked out. To select which drivers remain active, the platform ranks drivers according to their historical participation rate,
defined as the fraction of days a driver has been active since the beginning of the simulation (day 1). Formally, for driver d
on day t, the participation rate, E4, is calculated as:

1 t1
Eat = 7 D k—1ldk

Drivers are then sorted in a descending order of participation rate, and only the top ]Dt] driver agents in this ranking are
granted access to the platform on day t. All remaining drivers are locked out for that day. The participation indicator, /4,
equals one if a given driver is active on a specific day and zero otherwise, allowing the cumulative participation history
of each driver to be tracked over time. This rule-based mechanism represents a loyalty-oriented lockout strategy, priori-
tizing drivers with higher historical engagement when supply must be restricted. Note that platform lockout strategy can
take many forms, incorporating spatial, temporal, and driver-specific characteristics. We adopt a loyalty-oriented lockout
strategy because historical participation provides a transparent and operationally feasible criterion for prioritizing and
retaining consistently active drivers when access must be restricted, particularly in the absence of information on other
driver-specific attributes.
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3. Application and results

We apply the ride-sourcing simulation model, detailed in methodology section, to the case of Amsterdam, the Netherlands,
with a pool of 2000 travelers and 200 drivers—sulfficient to reproduce network effects [19]. The simulation is run over

a period of 2000 days on the detailed road network of the city retrieved from OpenStreetMap, with each simulated day
representing a 4-hour time window from 08:00-12:00. Each traveler is assigned a trip drawn from the real-world Alba-
tross trip set [20] and makes a daily mode choice between two ride-sourcing platforms and public transport. The quality

of public transport service is based on GTFS data for Amsterdam. Each driver makes a daily decision between working
for a ride-sourcing platform and pursuing an alternative occupation with a fixed reservation wage of €12 per hour. In this
context, the reservation wage refers to the minimum wage rate a driver could earn in an alternative occupation. The vehi-
cle speed is assumed to be constant across the road network at 36 kilometer per hour. Traveler and driver agents learn
platforms’ utility via three utility components, with the following weights: 3¢ = 0.70 for the weight of experienced utility,
B"°™ = 0.20 for the weight of word-of-mouth utility, and 5" = 0.10 for the weight of marketing utility [15]. Both platforms
strategically adjust their trip fares over the course of competition with a turnover interval of 50 days. Each applies a fixed
20% commission rate [21] and incurs a daily operational expense of €500 throughout the simulation. It is worth noting

that Amsterdam is used solely as an implementation environment due to the availability of travel demand data, while the
proposed modelling framework is fully transferable and can be applied to any urban setting, upon data availability. The
simulation period is limited to four hours (08:00—12:00), rather than a full 24-hour day, to ensure computational feasibility.
Nevertheless, this time window is considered sufficient for capturing meaningful demand fluctuations. Furthermore, MaaS-
Sim assumes constant speed for the vehicles without accounting for road traffic congestion. Future studies may incorpo-
rate a congestion model to achieve a more realistic representation of daily ride-sourcing operations.

Such a modeling framework enables a realistic investigation of the impact of minimum wage regulation on the
dynamics of ride-sourcing markets, allowing for the evaluation of key performance indicators for platforms, travel-
ers, and drivers. In the baseline scenario, no regulation is applied. In the other scenarios, we consider three levels
of minimum wage regulation intensity—weak, moderate, and strong. Additionally, each of these regulation levels is
simulated under two conditions: with and without the platform lockout strategy. This results in a total of seven exper-
imental scenarios. The intensity of the minimum wage regulation is defined relative to the driver's reservation wage.
Specifically, weak regulation is set at 20% below the reservation wage, corresponding to €9.60 per hour; moderate
regulation is aligned with the reservation wage, set at €12.00 per hour; and strong regulation is fixed at 20% above the
reservation wage, amounting to €14.40 per hour. Under these regulations, the minimum wage serves as a guaranteed
hourly income for drivers. If a driver's earnings fall below the threshold, the platform must cover the shortfall, ensuring
all active drivers earn at least the regulated amount—regardless of trip demand or operational efficiency. The lockout
strategy enables platforms to restrict drivers’ access to the platform on certain days, thereby avoiding excessive wage
compensation costs under the regulation.

The results are structured into five subsections to systematically unpack the effects of minimum wage regulation and
platform behavior on market outcomes. In Subsection 3.1, we investigate the equilibrium trip fare outcomes of inter-
platform competition, which significantly affects the results presented in the subsequent subsections. In Subsection 3.2,
we examine the influence of minimum wage regulation in isolation—disregarding any strategic platform response—in
order to identify its baseline impact on market dynamics and stakeholder welfare. In Subsection 3.3, we incorporate the
lockout strategy employed by platforms, analyzing how this platform strategy adaptation interacts with wage regulations
to reshape the market dynamics. In Subsection 3.4, we investigate how both regulatory and strategic factors influence
the distribution of driver income and the level of service experienced by travelers, drawing on the full set of experimental
scenarios examined in the previous subsections. Finally, in Subsection 3.5, we conduct a sensitivity analysis of hetero-
geneous driver reservation wages to assess how variations in drivers’ income expectations influence participation and
overall market outcomes. Notably, our analysis focuses on overall market-level dynamics rather than platform-specific
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outcomes, as the platforms showed broadly similar performance. Consequently, the reported indicators represent aggre-
gated results across the two platforms.

3.1. Trip fare outcomes of inter-platform competition

The equilibrium fare levels reached by both platforms at the end of the pricing game are presented in Fig 4. It is important
to note that trip fares influence both the supply and demand sides of the market. While travelers might benefit from lower
fares, drivers experience short-term gains from higher fares. However, in the long term, feedback loops within the system
may reverse these initial effects. For example, lower trip fares can reduce driver earnings, leading to a decline in the num-
ber of active drivers, which may subsequently degrade service quality and reduce traveler demand. Conversely, higher trip
fares can discourage traveler demand, eventually leading to a decline in driver participation due to reduced ride volume
and income opportunities. This dynamic creates a fundamental trade-off for platforms: fare levels must balance affordabil-
ity for travelers and sustainability for drivers to ensure platform viability in the market.

Under the weak regulation scenario, platform trip fares stabilize at €1.20 per kilometer with both lockout and non-
lockout conditions. This fare level is slightly below the equilibrium trip fare of €1.40 per kilometer observed in the no-
regulation scenario. By setting a lower fare, platforms effectively slow the growth of supply in the market (see Figs 5 and
7), which in turn leads to a significantly reduced daily wage subsidy requirement. The same pricing behavior is observed
under moderate regulation without the lockout condition—not only in terms of the resulting fare level, but also in the
underlying platform strategy to limit driver supply and minimize subsidy payments. In contrast, under moderate regulation
with lockout, platforms converge to a higher equilibrium fare of €1.60 per kilometer. This is because the number of active
drivers is already reduced by the lockout, prompting platforms to extract greater profit per trip by raising fares. Under the
strong regulation, platforms stabilize their trip fare at €1.60 per kilometer, regardless of whether the lockout strategy is
applied. In this context, platforms face significant wage subsidy imposed by minimum wage regulations. Setting a lower
fare does not help platform viability, as it results in both reduced revenue. Consequently, platforms opt for a higher fare to
offset these costs to some extent and maintain financial sustainability.
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Fig 4. The equilibrium fare levels reached by platforms at varying levels of minimum wage regulation, both with (orange) and without lockout
(blue) strategy of platforms.

https://doi.org/10.1371/journal.pone.0343616.9004
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Fig 5. Ride-sourcing supply and demand performance under varying minimum wage regulations without platform lockout strategy. Four
scenarios are illustrated based on the presence and intensity of regulation: no regulation (red), weak regulation (blue), moderate regulation (green), and
strong regulation (orange). On the supply side (top row), the number of active drivers and their average income are shown. On the demand side (bottom
row), the number of travelers and their average waiting time are depicted.

https://doi.org/10.1371/journal.pone.0343616.9005

3.2. Impact of minimum wage regulation

We first investigate the impact of varying levels of minimum wage regulation on the ride-sourcing market in the absence
of the platform lockout strategy. Fig 5 illustrates the two-sided market evolution, capturing supply growth (a) and demand
growth (c), alongside key performance indicators: driver income (b) as a proxy for driver satisfaction, and traveler waiting
time (d) as a measure of service quality. Considering the number of drivers and travelers across all scenarios, supply and
demand growth is initially slow until reaching a critical mass, after which it accelerates due to positive cross-side network
effects and eventually stabilizes as the market is exploited.

On the supply side, the driver income under the no regulation scenario stabilizes at approximately €12.50 per hour,
slightly above the driver reservation wage (RW) of €12.00 per hour. Weak regulation appears to have a negligible effect
on both the number of drivers and their income. Interestingly, the number of drivers under moderate regulation increases
significantly, despite no improvement in driver income. This is because drivers do not experience any negative outcomes,
as their income is always equal to or greater than their reservation wage. Unsurprisingly, drivers are most satisfied under
strong regulation, earning €14.20 per hour on the average, as income above their reservation wage is guaranteed. Con-
sequently, drivers adopt the platforms more quickly under this regulation, achieving the highest market share compared to
the other scenarios.

On the demand side, with no regulation the number of travelers exhibits balanced growth relative to the number of driv-
ers. Consequently, the average traveler waiting time stabilizes at approximately 3.5 minutes. Under weak regulation, the
market experiences a slight undersupply, as the number of drivers remains nearly unchanged while the number of trav-
elers increases compared to the no regulation scenario. This results in a deterioration in the level of service for travelers,
with their average waiting time reaching to 4.40 minutes. In contrast, moderate regulation leads to a slight oversupply in
the market, reducing the average waiting time to 2.40 minutes. Surprisingly, under strong regulation, the market exhibits
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the lowest demand level despite offering travelers a waiting time as low as 2.00 minutes on the average. This is attributed
to the fact that travelers’ willingness to use the platforms depends not only on waiting time but also on trip fare. Trip fares
resulting from platform competition stabilize at a lower level of €1.20 per kilometer under both weak and moderate mini-
mum wage regulations, compared to €1.40 per kilometer in the absence of regulation. In contrast, under strong regulation,
fares converge to a higher level of €1.60 per kilometer relative to the no regulation scenario.

Minimum wage regulations affects not only the behavior and welfare of drivers and travelers but also have significant
implications for the viability of ride-sourcing platforms. Fig 6 presents the average performance of two platforms under
minimum wage regulations across key indicators. The daily revenue trends are highly correlated with the number of travel-
ers, with strong regulation resulting in the lowest gains and moderate regulation leading to the highest gains for platforms.
Since no regulation is applied in the baseline scenario, the daily subsidy—i.e., the platform’'s compensation to ensure all
drivers earn at least the determined minimum wage—remains zero throughout the simulation. Under weak regulation, this
subsidy remains slightly above zero, indicating that most active drivers earn more than the €9.60 per hour minimum wage
solely from rides. On the other hand, under moderate regulation, platforms stabilize their daily subsidies at approximately
€1100, whereas under strong regulation, they incur significantly higher subsidies of around €2600 per day.

Under weak regulation, platforms exhibit a trend similar to the no-regulation scenario, achieving long-term profitability
due to the minimal subsidy burden imposed. Under moderate regulation, platforms experience positive profitability growth
in the short term, primarily due to the limited number of active drivers. However, as the number of drivers increases after
day 250—when platforms begin incurring substantial subsidy costs—profitability declines, eventually stabilizing at an aver-
age daily loss of approximately €620. The large number of participating drivers under strong regulation in the short term
results in substantial subsidy payments by platforms, leading to escalating losses that reach approximately €2400 per day
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Fig 6. Average performance of two platforms under varying minimum wage regulations without lockout strategy. Four scenarios are illus-

trated based on the presence and intensity of regulation: no regulation (red), weak regulation (blue), moderate regulation (green), and strong regulation
(orange). Daily platform revenue is derived from a fixed 20% commission on trip fares. Daily subsidy represents the total compensation paid by platforms
to ensure driver earnings meet the regulated minimum wage. Daily profit measures the net financial outcome for platforms, calculated by subtracting
daily subsidies and fixed operating expenses from daily revenue. Accumulated capital reflects the cumulative net profit and loss over time.

https://doi.org/10.1371/journal.pone.0343616.9006
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by the end of the simulation. Accumulated capital captures the platform’s cumulative financial trajectory by aggregating
daily gains and losses over time, offering a long-term measure of sustainability under varying regulatory conditions. Under
weak regulation, platforms gradually accumulate capital, indicating long-term financial sustainability; in contrast, under
moderate and strong regulations, accumulated capital consistently declines into increasingly negative territory, signaling
potential bankruptcy in the absence of external financial support.

3.3. Impact of platforms’ lockout strategy

Minimum wage regulation in ride-sourcing markets can impose substantial financial burdens on platforms, potentially
threatening their long-term viability. To mitigate excessive subsidy obligations, platforms typically implement a lockout
strategy that restricts driver access to platform at specific times. In this study, the lockout strategy is implemented by first
ranking drivers according to their participation rates in previous days, then applying a one-to-ten driver-to-traveler ratio
[13] to retain only the most active drivers. Fig 7 presents the impact of varying levels of minimum wage regulation on
ride-sourcing supply and demand, when platforms employ a lockout strategy—restricting driver access to the platform

to prevent oversupply. Under weak regulation, the lockout strategy has a minor impact, resulting in similar supply and
demand growth, with driver income stabilizing at approximately €12.50 per hour and traveler waiting time reaching 4.20
minutes. In contrast, the lockout strategy proves to be significantly advantageous for the platform under the more intense
regulations. The number of active drivers under both moderate and strong regulations converges to 65, compared to 166
and 175, respectively, in the absence of the lockout strategy. This highlights that a significant number of drivers lose their
jobs due to the platforms restrictive strategies. Interestingly, the lockout strategy considerably improves driver income
under moderate minimum wage regulation, reaching approximately €14.20 per hour—a 15% increase compared to the
same regulation without the lockout strategy. This improvement arises because, in the absence of a lockout strategy,

(a) ” (b)

N
o
o

-
[9)]
o

Number of Drivers
=
[4)] =
o o

Driver Income [€/h]
N

0 250 500 750 1000 1250 1500 1750 2000 0 250 500 750 1000 1250 1500 1750 2000
1500 (©) = (@
® E 10.0 — No Regulation.
k] ® —— Weak Regulation
% 1000 E 75 —— Moderate Regulation
= =2 ' Strong Regulation
> T 50
2 500 = = ot
g E 2.5
z o -
o
0 = 00
0 250 500 750 1000 1250 1500 1750 2000 0 250 500 750 1000 1250 1500 1750 2000
Day Day

Fig 7. Impact of platform lockout strategy on ride-sourcing supply and demand under varying minimum wage regulations. Four scenarios are
illustrated based on the presence and intensity of regulation: no regulation (red), weak regulation (blue), moderate regulation (green), and strong regu-
lation (orange). On the supply side (top row), the number of active drivers and their average income are shown. On the demand side (bottom row), the
number of travelers and their average waiting time are depicted.

https://doi.org/10.1371/journal.pone.0343616.9007
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platforms tend to lower trip fares to discourage new driver participation and thereby reduce subsidy obligations. In con-
trast, with a lockout strategy in place, platforms can maintain higher trip fares without triggering additional driver supply,
as access is already restricted. Similarly, under strong regulation, driver income increases to €15.30 per hour, reflecting a
slight improvement compared to the scenario without the lockout strategy.

Among all scenarios, weak regulation results in the highest number of travelers using the platform, reaching approxi-
mately 1070 travelers. Under both moderate and strong regulations, the number of travelers converges to 630, compared
to 1322 and 819, respectively, in the absence of the lockout strategy. Across varying levels of minimum wage regulation,
traveler waiting times converge to slightly different values in the presence of a lockout strategy. This indicates a lower
level of service for travelers under moderate and strong regulations, with waiting times stabilizing at approximately 3.90
minutes—higher than in the absence of the lockout strategy under the same regulatory conditions.

Fig 8 suggests that platforms can effectively mitigate the adverse impacts of minimum wage regulation through the
implementation of a lockout strategy. While weak regulation yields the highest long-term platform revenue, reaching
approximately €810 per day, both moderate and strong regulations stabilize at lower levels of around €580 per day, due
to a reduced number of travelers compared to scenarios without the lockout strategy. The reduction in minimum wage
subsidies imposed on platforms, enabled by the implementation of the lockout strategy, demonstrates the effectiveness of
this approach. In particular, platforms reduce the daily subsidy to approximately €240 and €110 under strong and mod-
erate regulations, respectively, with the lockout strategy—compared to €2650 and €1130 per day in its absence. The low
subsidy burden combined with high revenue under weak regulation enables platforms to achieve sustained long-term
profitability. While platforms exhibit improved profitability under moderate and strong regulations with the lockout strategy,
they still operate at a loss as indicated with negative profit. Accordingly, the accumulated losses under these two regu-
latory scenarios are significantly mitigated following the adoption of the lockout strategy, suggesting a higher chance of
platform survival.
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Fig 8. Average financial performance across two platforms under varying minimum wage regulations with lockout strategy. Four scenarios
are illustrated based on the presence and intensity of regulation: no regulation (red), weak regulation (blue), moderate regulation (green), and strong
regulation (orange).

https://doi.org/10.1371/journal.pone.0343616.9008
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We present a comparative summary of key performance indicators (KPIs) across all regulatory and lockout scenarios
in Table 1. Each metric reflects the average value over the final 50 days of simulation, corresponding to the steady-state
system behavior.

3.4. Distributions of driver income and traveler waiting time

To gain deeper insight into individual user experiences beyond aggregate-level outcomes, we analyze the distributions of
driver income and traveler waiting time. Fig 9 (a) illustrates the distribution of driver income under different levels of mini-
mum wage regulation, both in the absence and presence of the lockout strategy. Without regulatory intervention, the dis-
tribution of driver income is relatively wide, ranging from approximately €3 to nearly €21 per hour. The distribution peaks

Table 1. Summary of results under different regulatory and lockout scenarios, averaged over the final 50 days of simulation.

Metrics No Regulation | Weak Moderate Strong No Regulation with
(Baseline) Regulation Regulation Regulation Heterogeneous RW
No Lockout No With No With No Lockout | With No Baseline
Lockout |Lockout |Lockout |Lockout Lockout | Lockout | Variation (%)
Number of Driver 85 91 93 166 65 175 65 81 -4.7 %
Driver Income [€/h] 12.50 12.50 12.50 12.20 14.20 14.20 15.30 11.80 -5.6 %
Number of Traveler 866 1051 1070 1322 630 819 630 838 -3.2%
Waiting Time [min] 3.50 4.40 4.20 2.40 3.90 2.00 3.90 3.60 29%
Platform Fare [€/km] 1.40 1.20 1.20 1.20 1.40 1.60 1.60 1.40 0 %
Platform Daily Revenue [€] 721.90 793.60 810 1009.60 | 580 742.80 580 699.50 -3.1%
Platform Daily Profit [€] 221.90 234.10 251.90 -620 -28.80 -2400 -171.80 |226.80 22%
Platform Daily Subsidy [€] 0.0 60 60 1130 110 2650 240 0.0 0%
Platform Accumulated Capital [€] | 176,640 120,620 | 143,190 |-918,240 |-110,250 |-4,312,330 |-397,230 | 180,820 |2.4%

https://doi.org/10.1371/journal.pone.0343616.t001
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Fig 9. Driver income distributions (a) and Traveler waiting time distributions (b) under varying minimum wage regulations with and without
lockout strategy of platforms. Each violin represents the distribution under a specific minimum wage regulation level, with the blue half indicating the
absence of the lockout strategy and the red half indicating its presence. Under the no regulation scenario, the distribution is shown only without the lock-
out strategy, as this strategy is implemented solely in the presence of minimum wage regulation. The distributions are limited to the range of observed
data, avoiding extrapolation beyond the actual values.
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around a mean of €12.50 per hour, with approximately 45% of drivers earning below the reservation wage of €12 per hour.
We observe more concentrated distributions when minimum wage regulation is implemented, compared to the unregu-
lated scenario, regardless of the regulation's intensity or the presence of the platforms’ lockout strategy. This highlights the
effectiveness of minimum wage regulations in reducing income inequality among ride-sourcing drivers.

Under weak regulation, drivers earn at least the minimum wage of €9.60 per hour, with some drivers earning up to
approximately €18 per hour. While a bimodal distribution is observed in the absence of a lockout strategy, a unimodal
distribution emerges when the lockout strategy is present. Notably, in both scenarios, the average income for drivers who
complete rides so that no add-on is needed to match the minimum wage is €12.50 per hour. However, in the absence of a
lockout strategy, a considerable portion—approximately 25%—of drivers earn below the minimum wage, with their income
later compensated by platforms to meet the €9.60 per hour threshold, resulting in the formation of the second peak in the
distribution. Under moderate regulation, we observe highly concentrated earnings for drivers around the minimum wage
of €12 per hour, as a significant portion of drivers, roughly 82%, earn below this threshold and are subsequently compen-
sated by the platform. In contrast, under the same regulation with a lockout strategy, drivers experience a wider range of
incomes, with only 26% requiring compensation to meet the minimum wage threshold. Strong regulation results in the
highest proportion of drivers requiring minimum wage compensation, at 90%, which decreases to 54% when the lockout
strategy is implemented.

Fig 9 (b) presents the distribution of traveler waiting times under varying levels of minimum wage regulation, both
with and without the lockout strategy. Similar to the income distribution on the supply side, the highest dispersion in
traveler waiting times is observed under the no regulation scenario, with values ranging from 30 seconds to 32 min-
utes. An examination of the two halves of the violin plots under minimum wage regulations reveals more dispersed
waiting times in the presence of the lockout strategy compared to its absence. As the intensity of minimum wage
regulation increases, the distribution of waiting times becomes more concentrated around the mean in the absence
of the lockout strategy.

3.5. Sensitivity analysis: Heterogeneous driver reservation wages

To assess the impact of heterogeneity in drivers’ reservation wages on policy outcomes, we conduct a sensitivity analysis
on the baseline scenario (No Regulation). Instead of assuming a uniform reservation wage of €12/h for all drivers, each
individual driver’s reservation wage is randomly drawn from a normal distribution with a mean of €12/h and a standard
deviation of €4/h. The last column of Table 1 presents how differences in individual income expectations affect partici-
pation decisions and other key performance indicators of the ride-sourcing system. The impact of heterogeneous res-
ervation wages remains below 5% when compared to the baseline scenario for most KPIs, indicating that the observed
system dynamics are generally consistent. Notably, the added heterogeneity slightly reduces both supply and demand for
ride-hailing services. However, because the reduction is larger on the driver side, the platform experiences a higher pro-
portion of demand relative to supply, resulting in a modest increase in platform profit compared to the baseline scenario
with a uniform reservation wage.

4. Concluding discussion

Can minimum wage regulation protect drivers without disrupting the market? This question lies at the heart of ongoing pol-
icy debates and forms the central focus of our study. While minimum wage regulation in ride-sourcing markets is primarily
introduced to improve driver welfare, it has far-reaching market implications—most notably in terms of service level for
travelers and the economic viability for platforms. Our findings indicate two critical factors that shape the effectiveness and
consequences of this regulation. First is the implementation approach, specifically the amount of the mandated wage rela-
tive to drivers’ reservation wage. Second is the platforms’ response to the regulation, particularly the use of driver lockout
strategies aimed at mitigating the imposed subsidy burden.
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We examine varying levels of minimum wage regulation—introduced and defined within the scope of this study—both in
the absence and presence of platform-imposed lockout strategies, to understand the impact of such regulation on the ride-
sourcing market. Weak regulation—defined as a minimum wage set below the driver reservation wage—appears ineffective in
improving driver income and has negligible impact on platform operations. As a result, the implementation of a lockout strategy
under this condition proves largely redundant, with minimal observable changes in market dynamics. Furthermore, under this
regulation, travelers experience a noticeable increase in waiting time, indicating a deterioration in service quality. Moderate
regulation—defined as a minimum wage equal to the driver reservation wage—only benefits travelers by enhancing service
level, but only in the absence of a lockout strategy. When platforms adopt a lockout strategy under this regulatory condi-
tion, they considerably reduce their subsidy obligations to drivers. Interestingly, while this response leads to improved driver
income, it also results in a deterioration of service quality for travelers. Furthermore, the lockout strategy drastically reduces
the number of active drivers, raising concerns that many drivers could lose their jobs as a result. Under strong regulation—
defined as a minimum wage above the driver reservation wage—drivers experience the greatest improvement in earnings.
While the lockout strategy substantially reduces the regulatory burden on platforms, it further enhances driver income at the
expense of a significant proportion of drivers losing their jobs and a decline in service quality for travelers.

Considering that, in the presence of minimum wage regulation, platforms may be strongly inclined to adopt lockout
strategies, their implementation introduces an inherent trade-off between improving driver earnings and preserving
employment opportunities in the ride-sourcing market. In practice, this implies that policy design cannot focus solely
on wage levels but must also anticipate and constrain strategic platform responses. Ensuring the long-term viability of
ride-sourcing services may therefore require hybrid approaches—such as conditional wage tiers linked to driver utilization
and caps on deactivation or lockout durations—that both secure a fair income floor and discourage excessive rationing of
labor. For example, California’s Proposition 22 [22] introduced a guaranteed earnings rate of 120% of the local minimum
wage but did not explicitly constrain platform strategic responses; consequently, drivers’ realized net income remained sig-
nificantly below the state’s minimum wage, with many drivers reportedly willing to quit their jobs [23]. In contrast, New York
City’s utilization-based minimum pay standard explicitly accounted for platform behavior in the regulatory design, resulting
in sustained improvements in driver earnings with limited disruption to the market sustainability [24]. These contrasting
cases reinforce our findings that hybrid policy designs—accounting for both driver welfare and platform responses—are
more effective in achieving equitable and stable ride-sourcing markets.

While Amsterdam serves as the application setting in this study, the proposed modeling framework is readily trans-
ferable to other urban contexts given appropriate input data. The magnitude and distribution of the observed effects of
minimum wage regulation may, however, vary across cities and countries due to differences in labor market conditions,
regulatory environments, travel demand patterns, transport networks and urban form. For example, in cities with a higher
modal share of ride-sourcing trips, the impacts of minimum wage regulations identified in this study may be substantially
more pronounced than those observed in Amsterdam.

Our findings concur with those reported by Chen et al. [25] regarding the strong influence of driver income satisfaction
on engagement and, consequently, long-term platform growth. We observe that minimum wage regulation can substan-
tially improve driver income, leading to increased driver participation, which is consistent with the findings of Li et al. [9].

In contrast to Li et al. [9], however, we find that such regulations may simultaneously alongside an improvement in driver
earnings result in negative consequences for travelers. Moreover, minimum wage levels must remain above, or at least
aligned with, drivers’ earning expectations to sustain participation. Gurvich et al. [6] argue that such regulations may
compel platforms to restrict the number of active drivers. This insight is consistent with our results, which show that mini-
mum wage regulation can adversely affect platform revenues and, in extreme cases, threaten platform viability. Platforms
may respond to these pressures through restrictive measures such as lockout strategies. Taken together, these findings
indicate that minimum wage regulations should consider not only for driver welfare but also for platform responses, in line
with Shetty et al. [7].
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To the best of our knowledge, this is the first study to explore the multi-faceted impact of minimum wage regulation within
a realistic environment that reproduces the market’s evolutionary dynamics. Past studies lack the structural and behavioral
complexity necessary to capture the dynamic, networked, and competitive nature of ride-sourcing markets. Notably, lockout
strategy employed by platforms has been largely overlooked in the literature, despite its substantial implications for regu-
latory outcomes. We address this gap by applying an agent-based model to the city of Amsterdam, capturing interactions
among key stakeholders in the ride-sourcing market. Agent-based modeling allows for detailed representation of agents—
drivers, travelers, and platforms—and their adaptive behaviors in response to regulatory interventions, making it well-suited
to explore the complex, dynamic nature of ride-sourcing system. Yet, the method demands extensive data and model granu-
larity, necessitating several simplifying assumptions. Therefore, our results should not be interpreted without caveats. While
each driver and traveler agent follows a unique evolutionary path, we assume a uniform reservation wage for drivers and a
unform value of time for travelers, which does not account for heterogeneity. Agent behavior is restricted to day-to-day plat-
form switching, excluding within-day multi-homing that could affect short-term market dynamics [26]. Platform competition is
modeled through a discrete pricing grid, neglecting strategic levers such as commission rate or incentive schemes. Addition-
ally, the lockout strategy is simply implemented based on supply-demand ratio across the entire simulation day.

Owing to the lack of transparency of ride-sourcing platforms regarding their lockout practices and the absence of formal
models or empirical studies on this strategy in the existing literature, we propose a simple yet effective representation of
lockout behavior to explore its potential impacts on ride-sourcing dynamics. Clearly, due to these data limitations, empiri-
cal validation of this mechanism was unfortunately not feasible at the time of writing. Nevertheless, our study draws timely
attention to this crucial but underexplored platform behavior and provides a foundation for future empirical and modeling
research.

Future research could explore more nuanced designs for minimum wage regulation, incorporating factors such as
driver utilization rates to balance income improvement with job accessibility, service quality, and platform sustainability. In
particular, future studies should investigate hybrid policy interventions that jointly account for driver welfare and platform
strategic responses, as neglecting platform behavior can fundamentally undermine the intended impacts of regulation; in
addition, empirical ex-ante evaluations of such hybrid policies could be valuable for anticipating system-wide responses
prior to implementation. Enhancing the modeling of platform lockout strategies—ideally grounded in empirical evidence—
would also contribute to a more realistic representation of platform responses to policy interventions. Furthermore,
accounting for agent heterogeneity, including reservation wage and value of time distributions, could yield richer insights
into individual-level behaviors and outcomes. Future research could integrate the proposed framework into large-scale
urban mobility simulators to assess system-wide sustainability impacts, multimodal travel interactions, and labor market
dynamics under regulatory interventions.
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