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1 Introduction

Autonomous shuttle buses are not only technological artefacts but socio-technical
systems, where success depends equally on robust hardware and software as well as
on societal readiness and trust. Their development and deployment are advancing
rapidly, with pilot projects worldwide—and in Estonia through the iseAuto initiative—
demonstrating both opportunities and challenges. Beyond technical feasibility, it is
crucial to address how passengers and pedestrians interact with these vehicles, how they
can be integrated into daily mobility patterns, and how their impact can be meaningfully
evaluated [1-3].

Thus, the central research problem is not merely whether an autonomous shuttle can
drive safely. Rather, it extends to how societies adapt to a new mobility paradigm in
which humans and autonomous systems must coexist in shared traffic environments.
This thesis addresses these challenges by combining technical design and modelling
with user acceptance studies and human—vehicle interaction research, providing a
comprehensive framework for understanding and shaping the role of autonomous
minibuses in future smart mobility ecosystems.

This dissertation is structured into five main parts. Chapter 1 introduces the background,
describes the motivation, and outlines the goals of the research. It also positions the
study within the broader context of autonomous vehicles, first-/last-mile transport, user
acceptance, human—machine interaction, and transport modelling. Chapter 2 discusses
the methodologies that form the basis for control, validation, and verification frameworks.
Chapter 3 presents case studies that evaluate these methods under real-world conditions.
Chapter 4 provides experimental results, while Chapter 5 concludes with a synthesis of
findings and recommendations for future research.

1.1 An Overview of the Nature of the Research Problem

1.1.1 Autonomous Vehicles and First-Mile Automated Minibuses

Autonomous driving is increasingly moving from visionary concepts towards practical
implementations in urban environments. According to the SAE J3016 taxonomy, vehicle
autonomy is divided into five levels: from level 0 (no automation) to level 5 (full automation
in all conditions) [4]. Current commercial systems, such as Tesla Autopilot, generally
operate at level 2, while low-speed autonomous shuttles have already demonstrated
capabilities up to level 4 [5,6]. These vehicles are particularly well-suited for first- and
last-mile transport, providing flexible connections between residential or workplace
areas and major public transport hubs.

Across Europe, autonomous shuttles have been piloted to extend the reach of existing
transport networks, enabling citizens to experience novel mobility solutions and
generating valuable feedback on safety, trust, and usability [7]. The first major Estonian
step in this direction was taken in 2017, when Tallinn University of Technology (TalTech)
launched the development of its own autonomous shuttle, iseAuto [8,9]. Built on
open-source software and the chassis of a compact electric vehicle, the first prototype
was presented publicly in 2018 [10-12]. Further collaboration with the industrial partner
AuVe Tech transformed the prototype into a street-legal vehicle by 2020 under both
Estonian and EU regulations [8,63]. This milestone enabled real-world pilots in the
European Commission—funded Sohjoa Baltic and FABULOS projects, where iseAuto
operated in diverse traffic environments—from recreational areas such as Kadriorg Park
to the dense urban setting of Ulemiste City [13-16].
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In addition to extending public transport coverage, research has examined the
efficiency impacts of such shuttles. Compact predictive modelling studies demonstrate
that first-mile autonomous minibuses can reduce effective daily travel time in suburban
areas by replacing private car use with shuttle-based feeder connections (A Predictive
Compact Model of Effecti...) [17]. These findings provide municipalities with practical
tools for sustainable transport planning.

1.1.2 User Acceptance

While technological development has reached the point of street-legal prototypes and
pilot deployments, the long-term success of autonomous shuttles depends on public
acceptance and trust. Pilot projects such as Sohjoa Baltic and FABULOS systematically
collected passenger feedback, allowing the investigation of mobility acceptance factors
across different demographics and traffic environments. Citizens’ first-hand experiences—
ranging from daily commuters in Ulemiste City to recreational park visitors in Kadriorg—
revealed both curiosity and scepticism towards the new technology [1,3].

Recent research highlights that the absence of a human driver raises specific challenges
for passenger situational awareness and perceived safety. Users must be informed and
supported in unexpected scenarios, such as sudden stops or disruptions, to maintain
trust in the system. Acceptance studies also show that communication strategies (e.g.,
real-time route maps, interaction with remote operators) can significantly influence
whether passengers feel safe and willing to adopt the service [18-20].

In summary, user acceptance is a socio-technical issue: while technical robustness is
necessary, the perception of safety, comfort, and trust plays an equally critical role.
The findings underline that autonomous minibuses are not only a technological innovation
but also a human-centred service requiring careful design of information flows, interaction
methods, and cultural adaptation. These aspects form a central part of the research
problem addressed in this dissertation.

1.1.3 Passenger Situational Awareness and Human—Vehicle Communication
The integration of autonomous shuttle buses (ASBs) raises not only technological and
efficiency-related questions but also challenges concerning human situational awareness
(SA) [21,22]. Autonomous transport systems fundamentally transform mobility by
replacing the human driver with self-driving algorithms. Although research on SA has
predominantly focused on private passenger cars, less attention has been devoted to
autonomous minibuses. Yet, global trials with ASBs have demonstrated that unexpected
events may still require human intervention [23,24].

In current deployments, safety operators remain present inside the vehicle to handle
such events, but the long-term vision is full autonomy without onboard staff. This shift
raises critical questions regarding the level of situational awareness expected from
passengers [19]. In the absence of a driver, tasks traditionally managed by humans—
including not only vehicle control but also non-driving responsibilities such as responding
to disruptions—may shift to passengers or external support systems.

Since AVs are socio-technical systems, their acceptance and effectiveness depend on
the interaction of technological, social, and contextual factors. Addressing these factors
requires not only technical development but also clear communication strategies and
design principles that support passenger awareness. The actual perceived user
acceptance can be very different from the assumption acceptance. And people accept a
new technology mostly based on perceived usefulness and perceived ease of use [74].
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This dissertation contributes to this discourse by examining passenger situational
awareness from the perspectives of manufacturers, policymakers, and users, and by
outlining a research agenda for integrating these human factors into the design and
deployment of autonomous shuttles specifically to create highest possible technology
acceptance model /TAM) for AVs.

Beyond the issue of situational awareness inside the vehicle, an equally critical
challenge concerns how autonomous shuttles communicate externally with their
environment. In traditional traffic, communication is mediated through eye contact,
gestures, and vehicle movement cues. Without a human driver, AVs must provide clear,
machine-generated signals that indicate intent: whether the shuttle will stop, yield, or
proceed.

Research at TalTech addressed this challenge through real-world experiments on the
university campus, where 176 pedestrians interacted with the iseAuto shuttle. Surveys
and interviews were conducted to evaluate how people perceived the vehicle’s behaviour,
whether they trusted its decisions, and whether they understood its intentions. In parallel,
representatives from regulatory authorities, including the Ministry of Economic Affairs
and Communications, the Estonian Transport Administration, and the City of Tallinn,
were consulted to capture institutional perspectives. The results indicated that a new
“language of driving” is required—comprising light signals, sounds, or other intuitive
HMIs—to enable transparent and inclusive communication with all road users [18].

As a methodological proposal, a Mixed Reality (MR) simulation platform was suggested
for developing and testing novel interaction concepts. Such platforms allow researchers
to generate diverse scenarios, experiment with interface designs in a safe environment,
and validate their effectiveness across different demographic groups, including children,
elderly people, and vulnerable road users. This approach provides a scalable framework
for prototyping, assessing, and refining both internal and external AV interfaces before
implementation in real traffic.

1.1.4 Mobility as a Service — Micromobility in the Smart City

The emergence of Mobility as a Service (MaaS) marks a paradigm shift in how
transportation is conceptualized and delivered. Maa$S integrates different modes of
transport into a single, user-oriented mobility service, often accessible via digital
platforms [25—-28]. Global examples such as Uber and Bolt illustrate the convenience of
on-demand ride-hailing in urban settings. However, the true potential of MaaS becomes
evident when extended to suburban and rural contexts, where conventional fixed-route
public transport services are not economically viable [29]. In such areas, autonomous
shuttles can function as flexible first-/last-mile connectors, linking residents to nearby
bus or train stations and thereby reducing dependence on private cars.

In the Estonian context, this opportunity was addressed within the Finest Twins Future
Mobility project, which investigated how MaaS solutions could be adapted to local
conditions [30—-33]. The research focused on three main aspects: (i) reviewing available
white-label MaaS platforms across Europe, (ii) identifying those most suitable for
suburban use cases, and (iii) aligning deployment strategies with EU-level frameworks
for smart and sustainable mobility [32,33]. Interviews with mobility service providers
complemented the analysis, revealing both opportunities and limitations for
implementation in suburban environments.

As a practical outcome, a middleware platform named MaaS XT was developed to
integrate various services—including self-driving shuttles, shared e-scooters, and public
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transport—into a seamless ecosystem [25-27]. MaaS XT not only demonstrated technical
feasibility but also contributed conceptually by framing mobility as a socio-technical
system, in which autonomous minibuses and micromobility options play a central role in
reducing congestion, emissions, and parking pressures.

Overall, MaaS has the potential to reshape mobility patterns by providing attractive
alternatives to private car use, improving accessibility for underserved regions, and
supporting cities in their transition toward sustainable and user-centric transport
networks [29,28,34,35].

1.1.5 Travel Time of First-Mile Autonomous Mini-Buses in Smart Suburbs
Transportation planning is a long-established field of engineering, but in recent decades
it has been reshaped by the rapid development of autonomous vehicles [36—38]. Among
these, shared autonomous shuttles are considered particularly promising for addressing
first- and last-mile mobility challenges in suburban areas where maintaining fixed bus
routes is neither economically viable nor sustainable [39-41]. While privately owned
electric AVs can reduce environmental and parking pressures in city centres, the broader
socio-economic benefits are expected from shared, service-based solutions that extend
the accessibility of public transport networks.

The evaluation of such solutions requires appropriate indicators that capture both
objective efficiency and subjective user experience. To this end, the concept of Effective
Daily Travel Time (EDTT) has been introduced as a compact yet comprehensive metric
[17]. EDTT goes beyond measuring minutes spent in transit by incorporating additional
dimensions such as waiting times, psycho-physiological stress factors (¢-factors), and
psychologically perceived financial costs ()-factors) [42—46]. This enables a more realistic
representation of the travel burden faced by residents and provides a holistic tool for
assessing transport interventions.

The modelling approach developed in this dissertation deliberately balances simplicity
and explanatory power, following Einstein’s principle of parsimony: “as simple as possible,
but not simpler.” The model integrates multiple transport modes (both traditional and
AV-assisted), applies a simplified but generalizable spatial structure, uses empirically
derived trip distribution functions, and incorporates minimalistic waiting-time sub-models
that account for AV fleet size [47-52].

By applying EDTT as a unifying evaluation framework, it becomes possible to forecast
the potential impact of autonomous minibuses before large-scale deployment. This allows
transport planners and policymakers to proactively assess whether the introduction of
first-mile AV services will genuinely improve residents’ daily mobility, reduce reliance on
private cars, and enhance the overall efficiency of suburban transport systems.

1.2 Definition of the Research Problem

Autonomous shuttle buses (ASBs) have been piloted for several years, typically as
experimental or demonstration services in controlled areas. When deployed in open
traffic, these services have so far always included a safety operator onboard, predefined
routes, and fixed bus stops. This arrangement increases safety, as the operator can
intervene at any moment and serves as the communicator between the vehicle and its
surroundings, including pedestrians and other drivers. Moreover, fixed stops are often
predefined or marked as official bus stops, making them straightforward to program into
constant shuttle services.
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However, such configurations do not fully realize the potential of autonomous
mobility. A critical question arises: what happens when the safety operator is removed?
Without human presence inside the vehicle, how can the shuttle communicate effectively
with other traffic participants? Should the shuttle itself become “understandable” to
humans through new interaction modes, considering that traditional audio cues are
limited to internal use? Furthermore, fixed bus stops may undermine the flexibility and
attractiveness of autonomous services. To truly compete with private cars, AV shuttles
must evolve into digitally advanced, on-demand service providers capable of seamless
integration into daily mobility routines.

The societal motivation for this research is clear. Reducing CO, emissions is an urgent
goal, and road traffic powered by fossil fuels remains one of the largest contributors.
Autonomous shuttles, as electric and shared mobility solutions, can mitigate the negative
effects of growing private car ownership in cities. At the same time, people are
increasingly conscious of their time budgets, often perceiving public transport as
inconvenient, particularly in suburban or rural areas where bus routes are scarce and
distances to the nearest stop are long. By providing on-demand access to public transport
nodes, autonomous minibuses can address this gap. The elimination of driver-related
costs further enhances their feasibility for operators.

On-demand AV shuttles also offer broader system-level benefits. They can reduce
urban congestion by decreasing the need for private cars, alleviate parking shortages,
and complement policy measures such as stricter car taxation [53]. Integrated within
Maa$S ecosystems, such shuttles can be ordered via mobile applications that combine
real-time route planning, multimodal integration, and ticketing services, thereby improving
the overall attractiveness of public transport.

Yet, despite these opportunities, it remains unclear whether theoretical advantages
translate into practice. How do people behave when confronted with truly unmanned
shuttles in real traffic? How do they wish to communicate with the vehicle, and what
interaction modes are required to ensure trust and safety? To explore these questions,
pilot deployments were conducted both in urban and suburban contexts: one connecting
a seaport terminal to public transport nodes in the city, and another in a residential
area 15 km outside the city centre, linking a kindergarten with a local bus station. These
pilots provide valuable insights into user acceptance, communication challenges, and the
socio-technical integration of autonomous shuttle services.

1.3 Research Objectives

The overarching objective of this research is to investigate how autonomous shuttle
buses (AV shuttles) can become safe, understandable, and convenient components of
public transport systems in both urban and suburban contexts. Specifically, the dissertation
focuses on human—machine communication in situations where the vehicle operates
without a driver or onboard safety operator, thereby removing the traditional human
intermediary between the shuttle and other traffic participants. The aim is to understand
the real needs of passengers and road users, and to identify what must be addressed for
them to feel safe, informed, and willing to adopt AV shuttle services.

To achieve this, the research sets out to examine how different modes of
communication—both internal (passenger-facing) and external (towards pedestrians,
cyclists, and other drivers)—affect acceptance and trust in autonomous shuttles. Pilot
deployments in suburban environments provide empirical insights into user perceptions
and reveal what additional features or interaction methods are required. In parallel, the
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study explores the integration of on-demand AV shuttle services into Mobility as a Service
(MaaS) platform, assessing whether such solutions can reduce private car dependence by
offering more flexible, accessible, and attractive public transport options.

Finally, the research develops and applies the Effective Daily Travel Time (EDTT) model
as a compact tool for evaluating the impact of autonomous shuttle deployments.
By combining objective indicators of travel efficiency with subjective perceptions of stress,
cost, and convenience, EDTT enables a holistic assessment of how AV shuttles influence
daily mobility patterns and support broader goals of sustainability, accessibility, and user
acceptance.

1.4 Hypotheses of the Research
RH1 - User Acceptance:

After pilot deployments and prolonged exposure to autonomous shuttle services,
the acceptance of autonomous minibuses among passengers increases significantly, with
a measurable growth of approximately 30% in reported willingness to use them compared
to pre-pilot levels.

RH2 — Human—-Machine Communication:

The absence of a human driver in autonomous shuttles creates a communication gap for
both pedestrians and passengers. To ensure perceived safety and trust, new multimodal
interaction methods—visual, auditory, and digital—are required to establish an effective
“language of driving” between humans and autonomous vehicles.

RH3 - Integration into Maa$ Ecosystems:

On-demand autonomous shuttle services that provide first-/last-mile connections to
public transport nodes increase the likelihood that suburban residents will choose public
transport over private cars, thereby contributing to reduced congestion and emissions.

RH4 - Travel Time and Efficiency (numerical modelling):

The introduction of first-mile autonomous minibuses in suburban areas reduces Effective
Daily Travel Time (EDTT) for users. EDTT can be modelled as a compact yet comprehensive
metric that incorporates waiting times, perceived stress factors, and subjective costs,
providing a quantifiable framework for evaluating AV shuttle deployment impacts.

Table 1. Relationship between research objectives and the included papers.

Article 1 Article 2 Article 3 Article 4 Article 5
RH1 X X
RH2 X X
RH3 X X
RH4 X
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1.5 Research Tasks and Contribution

RT1 Conduct a user study on attitudes towards autonomous vehicles, organize a pilot
deployment, and subsequently carry out a post-pilot survey to measure changes in
acceptance.

RT2 Test different communication methods and interfaces for driverless shuttles and
investigate the actual needs and expectations of users and other road participants. The
aim is to develop optimal and sufficiently safe interaction models that ensure both
passenger confidence and mutual understanding in mixed traffic.

RT3 Develop and test a prototype Maas solution in real urban traffic that integrates on-
demand autonomous shuttle services with existing public transport.

RT4 Collect empirical data from a suburban first-/last-mile AV shuttle pilot to derive and
validate a compact calculation model for effective daily travel time.

This work significantly advanced the field of autonomous shuttle buses as part of smart,
user-centric mobility by turning pilots, experiments, modelling and platform development
into actionable methods, evidence and tools. Concretely, the dissertation delivers:

- A regulator-aligned pathway for safe street-legal deployment in mixed traffic,
demonstrated through staged approval (technical inspection - closed-course tests >
on-road exam) and supported by teleoperation/remote assistance as a managed fallback
in real pilots (Ulemiste City, Kadriorg).

- Empirical evidence on public acceptance from a longitudinal suburban study (baseline
2021 - post-exposure 2023), identifying determinants of trust (situational awareness
cues, clear passenger information, availability of assistance, time-of-day and weather
effects) and showing acceptance growth after direct experience.

- An interaction design agenda for external and internal HMI: campus experiments with
pedestrians and riders, complemented by mixed-/virtual-reality prototyping, yield
principles of legibility, redundancy and cultural intelligibility for eHMI signals and
rider-facing explanations of non-routine behaviour (e.g., abrupt braking).

- System-level integration via the MaaS-XT prototype that orchestrates on-demand AV
shuttles with public transport and micromobility over the X-Road data layer, providing a
reusable reference architecture, governance touchpoints and implementation lessons
for APIs, SLAs and user experience.

- A compact, behaviour-aware evaluation instrument—Effective Daily Travel Time (EDTT)—
that fuses objective operations with perceived costs and psycho-physiological stressors,
calibrated on the suburban pilot. Scenario and sensitivity analyses quantify benefits and
reveal practical policy levers (fleet sizing, headways, walkability and parking policy).

- Operational insights and artefacts to support replication: structured logs of teleoperation
interventions and service performance, survey instruments, and a methodological
template that links pilots = interaction design - MaaS integration - modelling in a
coherent evidence chain.

- Policy-relevant guidance on risk management and public communication around
incidents, the role of teleoperation during transition phases, and procurement/contracting
considerations for scaling autonomous demand-responsive services.

16



2 Case Studies and Methodologies

2.1 Methodological Framework

The methodological framework of this dissertation is based on the integration of several
case studies and pilot projects rather than a single experiment [54]. Autonomous shuttles
are approached as socio-technical systems where technical functionality, regulatory
conditions, infrastructural constraints, and human behaviour are intertwined. To capture
this complexity, the research design combined quantitative and qualitative methods in a
sequential manner, producing layered insights that developed over time.

The foundation of the research was a mixed-methods approach [54]. Surveys in 2021
and 2023 provided longitudinal data on residents’ attitudes and their changes after
exposure to autonomous buses. In-depth interviews with regulators, operators and
manufacturers revealed institutional perspectives and decision-making logics. Focus groups
allowed policymakers and experts to debate the future of regulation and infrastructure.
Observations of passenger experiences enriched the empirical evidence with everyday
interaction data. Finally, modelling through the Effective Daily Travel Time (EDTT)
framework enabled the generalisation of findings and testing of hypothetical scenarios.

The studies were designed to be sequential, so that later stages could build on the
results of earlier ones. The first survey in 2021 established a baseline. Pilot deployments
followed, producing real-world data and experiential evidence. A second survey in 2023
then made it possible to assess how direct experience had influenced public perceptions.
The qualitative studies further contextualised the survey results, while the EDTT model
integrated all findings into a quantitative system-level framework. Figure 1 illustrates this
layered methodological design.

Mostly other vehicles, Everybody- private
Pedestrians, cyclists, including public transport, cars, cyclists and

Pedestrians minimal private cars minimal pedestrians pedestrians

JérVEkula

&

TalTech Kadriorg
campus

Port of Tallinn

Stops & services On-demand MaaS
XT +integrations

Survey 2021 Survey 2023

Figure 1. The empirical material of this dissertation was generated from a diverse set of sources,
reflecting the layered methodological framework described above. The integration of these data
sources was essential for combining technical, social, and systemic perspectives into one coherent
analysis.

Language of driving Teleoperations & stops
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Within this framework, five interlinked pilots and experiments formed the empirical
backbone of the dissertation:

- Ulemiste City pilot in a dense urban traffic environment, testing the first Estonian-built
street-legal autonomous shuttle in mixed traffic.

- Kadriorg recreational park pilot, focusing on low-speed operation in pedestrian- and
cyclist-heavy conditions.

- TalTech campus experiments, studying human—vehicle interaction and the design of
communication signals between shuttles and pedestrians.

- Jarvekila surveys and acceptance studies, providing a longitudinal view on public
attitudes before and after exposure to shuttle services.

- MaaS-XT platform and EDTT modelling, demonstrating system-level integration of
autonomous shuttles into multimodal transport and quantifying their impact on effective
daily travel time.

These cases complemented each other by addressing different dimensions of the
same research problem: user acceptance, technical readiness, communication and
interaction, integration into mobility services, and system-level effects. Figure 2 shows
the timeline of the research sequence, from the baseline survey in 2021 to the final
modelling stage in 2024.

Mostly other vehicles, Everybody- private
Pedestrians, cyclists, including public transport, cars, cyclists and
Pedestrians minimal private cars minimal pedestrians pedestrians

2021 2022

MaaS XT

. & Main pilot, Analysis, final
Setup, Baseline o prototype experiments, modelling,
Rebuilding | adjustments to .
pilots survey testings & lseauto 2.0 &
systems

surveys dissertation

Figure 2. Timeline of pilots and research.

In summary, the methodological framework of this dissertation was designed as a
layered and sequential process. It combined multiple perspectives and empirical sources
to provide a holistic understanding of autonomous shuttles as part of the wider mobility
ecosystem, ensuring that both micro-level interactions and macro-level travel time
impacts could be studied within one coherent structure.
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2.2 Legal and Technical Preparations for Pilots

Before autonomous shuttle pilots could be deployed in public space, significant legal and
technical preparations were required. The regulatory environment in Estonia, as in many
European countries, was not originally designed with driverless vehicles in mind.
Therefore, each pilot project demanded close cooperation with transport authorities,
the police, and the rescue board to establish a process for evaluating the safety and
compliance of the vehicles. This process went beyond the conventional inspection of
vehicles and extended into areas such as sensor validation, teleoperation procedures,
and emergency protocols.

The approval procedure followed a staged model that ensured compliance with both
national and European Union regulations. First, a standard technical inspection was
carried out, testing basic elements such as lights, windows, tires, seats, and emergency
equipment. This step ensured that the shuttle, despite its autonomy, met the same
fundamental safety requirements as conventional passenger vehicles. Second, closed-area
safety tests were organised to examine braking capacity, sensor accuracy, and the vehicle’s
response to unexpected events. Only after these tests were passed was the shuttle
allowed to undergo an on-road driving exam, where its behaviour in traffic—such as
turning at intersections, yielding to pedestrians, and negotiating mixed traffic with trams,
buses, and scooters—was assessed. Figure 3 summarises the staged approval process.

- Vehicle tested in real Based on
traffic / intended documentation +
environment

- Same evaluation

exam
- Examiner participates.
- Driver may take
whenr

Using stop button
for takeover from
automatic mode -
> max speed 15
km/h

- Nodriver seat ->

km/h

- Takeover must be
smooth above 25
km/h

- If>25km/h, it
must meet all
tech rea.

o
15 km/h with ball dm
500mm at least)

Figure 3. Stages of testing for AV approval, according to Estonian Transport Authority (2020-2023).

The legal classification of the shuttles played an important role. In Estonia, the iseAuto
platform was certified as an EU M1 category vehicle, which implied a set of requirements
for interior fittings, glazing, lighting, and other design aspects. These modifications, while
technical in nature, were directly linked to regulatory compliance. The process of making
the shuttle street-legal thus served as both a technical development milestone and a
legal precedent for future autonomous vehicle deployments in Estonia.

Another critical dimension was the establishment of teleoperation and remote
monitoring. Even though the shuttles operated primarily in automated mode, unexpected
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situations such as wrongly parked cars or temporary road obstructions required human
oversight. A remote operation centre was therefore created, allowing operators to
intervene when necessary. This element was not only a technical safeguard but also a
legal condition for granting permission to drive in open traffic, reflecting the principle
that liability and control must remain traceable in cases where the automated system
alone might be insufficient.

The pilots also highlighted the importance of risk management and public
communication. The traffic accident during the Ulemiste pilot, caused by a private car
that ignored a “give way” sign, became a case study of how new technologies are
perceived by the public. Although the accident was clearly not caused by the shuttle
(a private car entered the main road from the parking lot), public opinion initially
assigned blame to the autonomous system. Authorities and project partners quickly
issued clarifications, but the episode demonstrated that legal compliance must be
accompanied by communication strategies to manage public perception. Figure 4 shows
the exact situation/accident that took place during the Ulemiste pilot.

Figure 4. Accident during Ulemiste pilot — private car entering the traffic in front of a low speed ASB.
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The technical and legal preparations for these pilots therefore represent more than a
bureaucratic requirement. They formed an integral part of the methodology by defining
the boundary conditions within which autonomous shuttles could operate. The process
ensured that the pilots were not only safe but also legitimate in the eyes of regulators,
institutions, and the public. In this way, legal and technical preparations did not precede
the research as a mere formality but became part of the empirical findings themselves,
shaping how autonomous shuttles can be integrated into real-world traffic environments.

2.3 Case Studies: Pilots, Experiments, Surveys, Platform and Modelling

The empirical foundation of this dissertation consists of five interrelated case studies
and experimental pilots. Each addressed a specific dimension of autonomous shuttle
implementation, ranging from technical validation in real traffic to user acceptance,
human—-vehicle interaction, and system-level integration. Together they form a
comprehensive body of evidence on how autonomous shuttles function not only as
technological systems but as embedded components of urban and suburban mobility.

2.3.1 Ulemiste City Pilot

The Ulemiste City pilot represented the first deployment of an Estonian-built street-legal
autonomous shuttle in mixed urban traffic. The route was designed deliberately to
include intersections, pedestrian crossings, and shared lanes with trams and buses,
thereby testing the limits of safe integration into existing traffic flows. The pilot also
introduced smart bus stops that displayed real-time arrival information and adjusted
schedules in case of delays.
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Figure 5. Test route and stops in Ulemiste City.

21



The approval process involved inspections, closed-area safety tests, and an on-road
driving exam before the shuttle was permitted to operate. During the pilot, shuttles
maintained a cautious speed of approximately 20 km/h, below the legal maximum, to
ensure a safety margin. A remote operation centre provided teleoperation capability in
unexpected situations. The pilot also included one traffic accident, caused by a private
car ignoring a traffic sign, which became an important episode in understanding public
perceptions of risk and responsibility.

Figure 6. Teleoperation in Ulemiste remote operation station.
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Figure 7. iseAuto AV shuttle deployment in Ulemiste City.

2.3.2 Kadriorg Recreational Park Pilot
Conducted in a pedestrian- and cyclist-heavy recreational environment, the Kadriorg
pilot examined the shuttle’s ability to operate at low speed in conditions where
interactions with vulnerable road users dominated. Here, behavioural phenomena were
observed in which pedestrians and cyclists deliberately tested the vehicle’s automated
braking system by approaching it too closely. Although no accidents occurred, these
encounters highlighted the unpredictability of human behaviour and the necessity of
conservative safety margins.

The pilot demonstrated that acceptance and trust are not only shaped by technical
safety but also by the social dynamics of how people choose to interact with autonomous
systems in public space.
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Figure 8. Operators’ report screen in ASB during the Kadriorg pilot.

2.3.3 TalTech Campus Experiments

Experiments on the TalTech campus focused on communication between autonomous
shuttles and pedestrians. A total of 176 participants were observed in situations such as
crossing the road or walking alongside the vehicle. The experiments tested multiple
modes of signalling, including auditory cues, visual displays, and light signals, to determine
which forms of communication pedestrians found most intuitive.

The research also explored the concept of a “language of driving,” where signals are
standardised and interpretable across different contexts. This extended into augmented
reality testing, enabling simulation of critical situations beyond what was feasible in

physical pilots. These studies provided insight into the design of human—machine
interfaces for autonomous vehicles.
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Figure 9. Experimental set-up of human—vehicle interaction tests on TalTech campus.

2.3.4 Jarvekiila Surveys and Acceptance Studies
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Figure 10. Explanation of example suburban transport task: (a) Location of Jdrvekiila residential
area (purple rectangle) in Rae municipality beyond the southern border of Tallinn city (red line).
The blue line marks the major public transportation bus line 132 to Tallinn centre; (b) Current
development stage of Jirvekiila residential area of approx. 200 houses; (c) Pilot AV shuttle minibus
designed for first-mile transport service in residential areas.

Two large-scale surveys were carried out in Jarvekiila, Rae municipality, to investigate
long-term acceptance of autonomous shuttles. The baseline survey in 2021, consisting of
fifty questions, mapped mobility behaviour, perceptions of autonomous vehicles, and
suggestions for local governance. The follow-up survey in 2023, conducted after a period
of shuttle operation, allowed for direct comparison of attitudes before and after personal
experience.
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Table 2. Actual usage of transportation modes in Rae municipality by 2021 survey and the deduced
parameters for modelling example of the present study. Answers from 819 residents.

2021 Survey in | 2021 Survey in | 2021 Survey in Adopted
Rae Rae Rae Average | Model Value | Symbol
Municipality Municipality Municipality Parameters
Transportation | Transportation | Transportation Parameter
Mode Winter- | Mode Winter- | Mode Winter
Summer Summer Summer
1. Passenger 80.5% 72.9% 76.7% 1. Private 69.0% | mcar
car car

2. Taxi * 7.7% mtaxi
2. Public 15.1% 11.1% 13.1% 3. Public 13.1% | mPT
transport transport
(walk+bus) (walk+bus)
3. Bicycle 0.7% 7.7% 4.2% 4. Bicycle 4.2% mbic
4. Walking 2.8% 7.4% 5.1% 5. Walking | 5.1% mwalk

Table 3. Formulation of the aggregated autonomous vehicle acceptance factor based on Rae
municipality 2021 survey (answers from 819 residents).

Question/Parameter Positive Answers
Should AV become a part of public transport? 72.8%
Would you use an AV for everyday needs? 63.0% *
Would you use an AV in case of an on-site travel assistant? 48.8%
Would you use an AV in the case of a remote travel assistant? | 49.9%
Would you use fully automatic AV? 35.2%
Allow children to use AV in case of an on-site travel assistant? | 62.3%
Allow children to use AV in the case of a remote travel

assistant? 38.8%
Allow children to use fully automatic AV? 23.1%
Consider AV safe on the street? 63.6%
Could AV replace your travelling with a car? 45.5%
Aggregated average acceptance of AVs a 50.3% **

A total of 539 rides were completed during the pilot phase, generating valuable
feedback from both passengers and pedestrians. The surveys revealed not only increasing
levels of trust but also nuanced concerns about safety, information provision, and the role
of municipalities in supporting new transport modes.
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Figure 11. Survey results on passengers’ estimations of AV shuttles.

To analyse TAM (Technology Acceptance Model) of the actual perceived acceptance
to prior the pilot acceptance, table 3 is a summary table of all main questions and
answers after the pilot had taken place and people had a chance to drive inside AV
Shuttle Buses in Jarvekiila residential pilot area.

Table 4. Survey answers from the 2023 survey, after the pilot had taken place (165 people).

Question/Parameter

Most common answer

Second common

What kind of transport do
you usually use in summer
for the daily commute?

Private car 64%

Bicycle, electrical bikes
13,3%

What kind of public
transport do you use most
commonly during summer?

Bus 67,5%

Train 9,8%

How seldom do you use
public transport during
summer?

Less than a couple of
times a month 47,2%

Some occasions every
month 30,1%

Why do | most commonly
use public transport?

Cultural events, hobbies
41,9%

To go to work 26,5%

How far is public transport
from your home?

500m-1km 41,5%

Less than 500m 38,4%

AV in the future?

Did you see an AV Shuttle in | Yes 59,8% No 40,2%

your area during the pilot

time?

Have you been in traffic Yes 53,9% No 46,1%

with AV?

Have you driven inside an No 71,3% Yes 28,7%

AV

Would you like to ride inan | Yes 86,5% | don’t know 6,8%

What would make you
choose public transport to
replace your travelling with
a private car?

Better connections
67,9%

Faster public transport
52,1%

Would you use ASB for your
daily commute?

Yes 54,5%

No 32,7%

27



What mode of transport
would you stop using to
change to ASBs?

Private car 65,5%

Regular public transport
41,8%

Where in traffic would you
feel most in danger when
there are also ASBs in the
mix of traffic?

In public transport 31,3%

Riding a bicycle/electrical
bike 28,2%

| would feel safe in ASB
when...

Safety operator is not on
site (teleoperating)
37,9%

ASB is fully autonomous
and driving with sensors
37,3%

| would allow the kids to
drive in ASB, if there is:

Safety operator no on-
board, but teleoperating
32,7%

Safety operators
onboard the ASB 32,7%

For me to feel safe in ASB,
I need to have:

Visible digital map to see,
where exactly ASB is in
real time 40,4%

I would like minimal
interference by anybody;
only important
announcements are
enough 23,5%

ASBs are mainly good
because...

They give more chances
to commute to people
with special needs
(elderly, children,
handicapped etc) 70,8%

The help to diminish
parking problems 69,6%

Would you like to have ASBs
as part of the local
transport?

Yes 82,3%

| don’t know 14%

What is your age?

35t04447,5%

251034 19,8%

What is your sex?

Woman 65,9%

Man 31,7%

There is to some extent a statistical error and reliability to be considered, as in all the
surveys of this thesis, there are approximately % of the answers coming from women.
As well as the surveys done in the campus area (in this thesis the TalTech pilot), the most
answers come from either students or pensioners with children that walk around the
campus area during daytime.

2.3.5 MaaS-XT Platform and EDTT Modelling

The final element of the empirical programme was the development of the MaaS-XT
platform and the Effective Daily Travel Time (EDTT) model. The MaaS-XT prototype
integrated autonomous shuttles into a multimodal journey chain that also included
public transport and demand-responsive services [25,26,33,55,56]. The system architecture
was layered, comprising user interfaces for journey planning and ticketing, routing
engines for alternative paths, and secure data exchange based on the Estonian X-Road
infrastructure [57].
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Figure 12. General structure of the calculation model. The upper corner numbers of the blocks
correspond to the subsections in the paper text.

The EDTT model served as a quantitative tool to evaluate how the introduction of
autonomous shuttles affected overall travel efficiency. It incorporated not only objective
factors such as waiting times and average speeds but also subjective stressors such as
weather conditions, rush-hour congestion, and the burden of carrying luggage. Applied
to Jarvekila, the model demonstrated that even a limited number of shuttles could
reduce effective daily travel time in a car-dominated suburb.
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Figure 13. The constructed 3-parameter model of distribution of trip distances combining the initial
short-distance contribution and the smooth sigmoid step for lengthier distances. Parameter values
are estimated to represent the Jérvekiila example area.
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Figure 14. Explanation of concept of three-dimensional modality-origin-destination matrix used to
sum up the daily transport times. Matrix defines 5 origin zones, 6 destinations districts, and 5 + 2
transportation modes. Each cell of MOD matrix is characterized by transport time with optional
psych-physiological and economical extra terms and weight factors of distance and transport

mode.

Table 5. Cross-use table of input data for 7 transport modes and 2 trip stages (local and remote)
considered in transport times model (23). The referenced parameters are defined in the general

input data table.

Parameter of Model Mode2 Mode3 Mode4 Mode5 Mode6 AV +Bus Mode 7
Model (23) for Private Taxi Walk + Bicycle Walking Local
Stages 1 and 2 Car Bus AV
Waiting time, w1 Wear/2 wtaxi 0 wbic 0 model (24) model
stage 1 (local) (24)
Waiting time, wa Wear/2 0 wbus 0 0 wbus 0
stage 2 (city)

Average speed, %1 vear vear vwalk vbic vwalk VAV VAV
stage 1

Average speed, %) vear vear vbus vbic vwalk vbus VAV
stage 2

Psycho-physiological @car 0 pwalk @bic pwalk 0 0
stress factor, ®1

stage 1

Psycho-physiological @car 0 0 @bic pwalk 0 0
stress factor, ®2

stage 2

Financial cost, E Ecar Etaxi 0 0 0 0’ 0’
stage 1

Financial cost, E; Ecar Etaxi Ebus 0 0 Ebus 0
stage 2

Cost perception ¥ Ycar Year 0 0 0 0 0
factor, stage 1

Cost perception 1z Ycar Ycar Ybus 0 0 Whus 0

factor, stage 2
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2.3.6 Synthesis

Taken together, the five case studies demonstrate the value of combining pilots,
controlled experiments, surveys, and modelling. Each addressed a distinct dimension of
the research problem, but their integration provided a more holistic perspective.
Technical validation in Ulemiste and Kadriorg revealed operational challenges in mixed
and pedestrian-heavy traffic. The TalTech campus experiments highlighted the centrality
of human-vehicle interaction design. The Jarvekula surveys measured longitudinal
acceptance and behavioural change. Finally, the MaaS-XT platform and EDTT model
situated autonomous shuttles within a wider mobility ecosystem, quantifying their
potential impact on suburban travel.

2.4 Data Sources and Analysis Methods

The empirical material of this dissertation was generated from a diverse set of sources,
reflecting the layered methodological framework described above. The integration of
these data sources was essential for combining technical, social, and systemic
perspectives into one coherent analysis.

The most substantial contribution came from the two large-scale resident surveys in
Jarvekila, Rae municipality. The first, conducted in 2021, provided baseline information
on mobility habits, expectations, and concerns regarding autonomous shuttles.
The second, in 2023, followed a period of real-world exposure to autonomous bus services
and enabled longitudinal comparison of acceptance levels. Together, these surveys
provided quantitative evidence of how direct experience influenced perceptions over
time [58-63]. Their results also highlighted specific issues, such as safety concerns, the
need for clear passenger information, and trust in municipal decision-making.

Equally important were the pilot observations carried out in Ulemiste City, Kadriorg
park, and the TalTech campus. These observations produced qualitative data on
passenger behaviour, interactions with pedestrians and cyclists, and the practical
performance of the shuttles under varying conditions. Teleoperation logs and safety
operator reports further enriched the dataset by documenting instances when human
intervention was necessary. These records were particularly valuable in understanding
the boundary conditions of autonomous operation, including cases where technological
systems alone were insufficient. Figure 8 presents an example of the operational data
flow used in the Kadriorg pilot [15].

In addition to observations and surveys, semi-structured interviews were conducted
with stakeholders including national regulators, municipal officials, technology providers,
and transport operators. These interviews provided insight into the decision-making
processes behind deployment, the rationale for specific regulatory requirements, and
the anticipated role of autonomous shuttles in future mobility systems. Complementing
the interviews, focus groups with experts from ministries and local authorities enabled
deliberative discussion of long-term infrastructural and regulatory strategies.

System-level data was collected from the MaaS-XT platform prototype, which produced
logs on route planning, booking behaviour, and multimodal integration [64,65]. These
logs offered a perspective on how autonomous shuttles can be embedded into broader
transport networks and how demand-responsive services interact with traditional modes
of public transport. Figure 15 illustrates the architecture of the MaaS-XT data pipeline
and its connection to the Estonian X-Road data exchange layer [66].
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Finally, simulation data was generated through the Effective Daily Travel Time (EDTT)
model. This model combined survey results, observed travel times, and contextual factors
such as weather and congestion into a single aggregated metric [67,68]. Its compact
structure allowed for efficient testing of hypothetical scenarios, such as the introduction
of additional shuttle services or changes in travel demand. The EDTT simulations thus
provided a bridge between empirical observations and predictive system-level analysis
[69,70]. Figure 16 shows an example of EDTT output comparing baseline car-dominated
mobility patterns with a scenario including autonomous shuttles.
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Figure 16. The main output of the model: daily effective transportation times of an average suburban
resident versus the aggregated parameter of autonomous vehicle acceptance a.

The analysis of these diverse data sources followed a triangulation strategy. Survey
data was processed using statistical methods to identify significant changes over time,
while qualitative material from interviews and focus groups was coded thematically to
reveal institutional and behavioural patterns. Observational and operational data were
examined to detect recurring types of intervention or disruption. Finally, the EDTT model
provided a framework for synthesising all inputs into a coherent quantitative outcome.
The combination of these techniques ensured robustness, as no single data source was
treated as definitive; instead, findings were validated through comparison across multiple
methods and contexts.

2.5 Synthesis of Results Across Case Studies

The five case studies presented in this dissertation are complementary in nature, each
addressing a different aspect of autonomous shuttle deployment while collectively
forming a coherent methodological whole. The synthesis of results across these studies
highlights both the potential and the challenges of integrating autonomous shuttles into
existing mobility systems.

At the technical level, the Ulemiste City and Kadriorg pilots demonstrated that
autonomous shuttles can operate reliably in open traffic and pedestrian-rich
environments. Their performance confirmed the feasibility of street-legal deployment
under carefully controlled conditions, supported by teleoperation and safety monitoring.
However, they also revealed critical limitations, such as vulnerability to unexpected
human behaviour and the continued need for regulatory oversight. The technical findings
therefore underline the dual nature of autonomy: on the one hand, it reduces routine
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human error, but on the other hand, it introduces new dependencies on infrastructure,
regulation, and emergency response protocols.

At the human—vehicle interaction level, the TalTech campus experiments demonstrated
the importance of communication between autonomous shuttles and other road users.
The study of signalling methods showed that pedestrians expect clear and intuitive cues
about shuttle intentions, and that ambiguity can significantly reduce perceived safety.
These findings directly link to the broader concept of a “language of driving,” suggesting
that the successful integration of autonomous shuttles requires not only technical safety
but also socially interpretable communication standards.

The longitudinal surveys in Jarvekila provided evidence of shifting public acceptance.
Initial attitudes were characterised by cautious curiosity, often mixed with scepticism.
After direct exposure to shuttle services, however, survey responses showed higher
levels of trust and willingness to use autonomous transport, especially during daytime.
This shift confirms the hypothesis that experience is a decisive factor in acceptance, but
it also points to the persistence of concerns about safety at night and in adverse weather
conditions. The surveys also revealed that acceptance is not uniform across demographic
groups, with younger residents displaying higher readiness to adopt the technology
compared to older populations.

The MaaS-XT platform and the EDTT model extended these findings from individual
experiences to systemic integration. The platform demonstrated that autonomous
shuttles can be successfully embedded in multimodal transport chains, providing
first- and last-mile connectivity that complements existing public transport. The EDTT
model quantified the benefits by showing that even limited deployment of shuttles could
significantly reduce effective daily travel times in suburban areas dominated by private
cars. This modelling result is particularly important for policymakers, as it provides a
measurable indicator of efficiency that goes beyond perceptions and anecdotal evidence.

Bringing these findings together, the case studies highlight a consistent pattern:
acceptance and effectiveness of autonomous shuttles emerge when technical reliability,
human—vehicle communication, and system-level integration are considered jointly.
No single dimension is sufficient on its own. Technical readiness without user trust leads
to limited adoption; positive user experiences without systemic integration fail to
generate measurable efficiency gains; and modelling without empirical grounding
risks producing unrealistic scenarios. The triangulation of methods and results in this
dissertation was therefore essential to establish a balanced understanding.

The synthesis also reveals broader implications for future research and policy. First,
pilots must be designed not only as technical demonstrations but as social experiments
that expose vehicles to real-world unpredictability. Second, regulatory frameworks
should evolve to reflect the dual role of teleoperation as both a technical backup and a
legal safeguard. Third, communication standards for human—vehicle interaction should
be developed in parallel with technical systems to ensure clarity for all road users. Finally,
integration into Mobility-as-a-Service platforms and quantitative modelling tools such as
EDTT are necessary to demonstrate the tangible value of autonomous shuttles at the
system level.

Together, these insights form the methodological and empirical contribution of this
dissertation. They show that autonomous shuttles cannot be studied in isolation but
must be understood as part of a socio-technical ecosystem where technology, people,
institutions, and infrastructure continuously shape one another.
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3 Experiments and Results

This chapter consolidates empirical evidence from a sequence of pilot deployments, field
experiments, surveys, and modelling activities carried out between 2020 and 2023 in
Tallinn and its suburban areas. The aim was to examine the feasibility, user experience,
communication interfaces, and systemic implications of integrating autonomous shuttle
buses into real-world mobility networks. The studies followed a structured progression
from vehicle-level validation in mixed traffic environments, through human—vehicle
interaction in controlled settings, to broader ecosystem integration and predictive
modelling of travel time impacts. Together, these stages provide a comprehensive
picture of how autonomous shuttles function within urban mobility systems and how
users and institutions respond to their presence.

The Ulemiste City pilot focused on the operational and perceptual aspects of
deploying autonomous shuttles in a complex mixed-traffic environment. The pilot was
designed to assess whether an Estonian-built autonomous shuttle, certified as an EU M1
category vehicle, could navigate real traffic conditions while maintaining regulatory
compliance and passenger trust. Prior to deployment, the vehicles underwent a sequence
of inspections and closed-course tests, followed by a route-specific driving examination
observed by regulatory authorities. Three shuttles operated along a 2.4-kilometre
route linking key urban nodes, including offices, commercial centres, and transport hubs.
The service ran without dedicated lanes, interacting with trams, buses, cyclists,
pedestrians, and e-scooters. Over two months of operation, the fleet covered
approximately 2,500 kilometres and served more than five hundred passengers. Remote
teleoperation was available as a fallback mechanism for non-routine situations,
demonstrating a pathway towards increased autonomy while maintaining human
oversight for edge cases [6,22]. A single traffic collision occurred when a private vehicle
violated a give-way sign and struck the shuttle, highlighting both the robustness of the
regulatory response and the need for clear public communication to address perceptions
of blame in incidents involving autonomous vehicles. Passenger surveys conducted after
the rides revealed high levels of satisfaction with overall service quality, traffic safety,
personal security, and ease of use. Most respondents expressed willingness to use the
service during daytime, with a somewhat lower but still significant willingness to ride at
night. Qualitative feedback indicated that direct experience helped to dispel prior
uncertainty and strengthened trust in the technology.

Experiments conducted on the TalTech university campus shifted the focus from
regulatory and operational issues to human—vehicle interaction in an open but controlled
environment. These studies observed both passengers and pedestrians as they
encountered the shuttle, analysing how communication modes influenced perceived
safety and clarity. Passenger surveys captured a diverse sample, revealing generally
positive perceptions of safety, tempered by occasional concerns related to unexpected
braking and language accessibility of onboard announcements. Most participants found
the simple cue of the vehicle arriving and doors opening sufficient for boarding, but many
preferred supplementary audio or visual signals, supporting the development of layered
human—machine interfaces. Most respondents were open to fully driverless operation
provided that the system demonstrated safety and reliability, with concerns focusing less
on driving performance and more on issues such as personal security and the availability
of assistance. Pedestrian interaction studies showed that while most people were aware
that the shuttle had no driver, a significant proportion relied on vehicle behaviour alone
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to infer crossing safety. Only a minority noticed the dedicated audio-visual signals
intended to indicate when it was safe to cross, revealing both opportunities and
challenges for designing a standardised and culturally legible “language of driving” for
autonomous vehicles. Preferences for control modes reflected conditional trust: most
respondents supported automated operation with remote operator intervention at
complex nodes, aligning with a staged approach to autonomy. Participant feedback
emphasised the importance of multilingual communication, clear explanations for
braking events, improved external cues, and interior features such as seatbelts and
ambient design that contribute to comfort and trust.

In parallel, interviews and surveys conducted in Rae Parish and along a port corridor
provided broader societal and stakeholder perspectives on autonomous shuttle
deployment. Interviews with manufacturers, service providers, and policymakers
identified recurring themes, including the importance of transparent passenger
information, cultural variability in interpreting gestures and signals, regulatory clarity,
and the emerging role of passengers in a driverless cabin. A large-scale pre-deployment
survey in 2021 indicated cautiously positive attitudes toward autonomous vehicles, with
a significant share of respondents undecided and open to persuasion through design and
experience. Perceived safety in mixed traffic was divided, with particular concern for
vulnerable road users such as cyclists and scooter riders. Comfort levels were similar for
teleoperated and onboard-operator configurations, while fully autonomous sensor-only
operation was viewed more sceptically, especially in the context of child passengers.
Many respondents, however, anticipated benefits such as improved mobility for
vulnerable groups and reduced parking pressure. A follow-up survey in 2023 showed that
direct exposure to shuttle services substantially increased both awareness and
acceptance, with a clear shift in willingness to use autonomous transport daily. The findings
suggest that experience plays a decisive role in normalising perceptions of safety and
usefulness, while issues such as child ridership continue to require higher levels of
reassurance and supervision.

If the vehicle would give me clear audio or visual signs to safely letting me

cross the road in non-crossing area, | would feel confident to cross it there
too.

Vehicles without drivers inside make me feel uneasy and intimidated in
traffic

176 176

@ Yes ® Yes
®No ®No
Maybe

Figure 17. Two examples of the second survey 2023 in Rae Parish, both with 176 answers and both
showing an increase of trust by 20% after the people had a chance to commute and communicate
with ASBs, compared to the survey in 2021 before the pilot.

At the ecosystem level, a prototype of the MaaS XT platform was developed to test
the integration of autonomous shuttles into a multimodal mobility environment.
The prototype demonstrated the feasibility of securely orchestrating multiple transport
providers through Estonia’s X-Road infrastructure, enabling journey planning, routing,
and ticketing across different modes. Autonomous shuttles were incorporated as routable
resources, linking suburban homes to transport hubs and ferry terminals in a seamless
itinerary. The experiment exposed practical challenges related to service-level agreements,
variability in application programming interfaces, and user interface latency, but ultimately
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validated that autonomous shuttles can be functionally embedded within mainstream
Mobility-as-a-Service platforms, which is essential for scaling and habit formation.

To generalise the empirical findings and assess the systemic impact of autonomous
shuttle adoption, a compact predictive model was developed to estimate Effective Daily
Travel Time (EDTT) for suburban residents. The model integrated survey data observed
operational characteristics, and contextual variables such as stress factors and perceived
costs. Baseline EDTT was approximately fifty minutes per day. Simulations revealed that
the introduction of autonomous shuttles alone yields modest reductions in pure travel
time, but when psycho-physiological stress factors are included, EDTT declines by nearly
one-fifth at realistic levels of adoption. This reduction reflects the shift from stressful
private car use and long first-mile walking segments to shuttle-based feeder services.
The model further highlighted key policy levers, including increasing bus frequency,
expanding shuttle fleets, improving walkability, and adjusting parking policies, all of
which can enhance the overall efficiency and attractiveness of multimodal travel chains
involving autonomous shuttles.

Across these different scales—vehicle operation, human experience, and network
integration—the experiments demonstrate that autonomous shuttles can operate safely
in mixed traffic at low speeds with teleoperation support, that clear and culturally
appropriate communication is essential for user trust, and that integration into broader
mobility ecosystems can translate localised improvements into system-level benefits
[71-73]. Direct exposure consistently emerged as a powerful driver of acceptance,
underscoring the value of real-world pilots as both technical tests and social experiments
[1,3]. At the same time, the studies revealed important limitations, including the lack of
winter operation data, the geographic specificity of survey samples, and simplifying
assumptions in the EDTT model that require further empirical refinement. Overall,
the results indicate that autonomous shuttles can enhance daily mobility when deployed
within carefully designed regulatory, communicative, and systemic frameworks, and that
their potential is best understood through a combination of empirical observation and
predictive modelling.
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4 Summary

This dissertation investigates how autonomous shuttle buses (ASBs) can be made safe,
understandable, and convenient components of public transport in urban and suburban
contexts. Treating AV shuttles as socio-technical systems, the work combines technical
development and validation with human—vebhicle interaction research, user acceptance
studies, legal/regulatory preparation, and system-level modelling. The central premise is
that deployment success depends not only on robust automation and vehicle engineering
but equally on human factors, governance, and integration into everyday mobility services.

Methodologically, the thesis follows a layered, sequential design. Quantitative surveys
(baseline and post-exposure) are combined with qualitative interviews and focus groups,
field observations, controlled campus experiments on external human—machine
interfaces (eHMls), and pilots in mixed traffic. A prototype Mobility-as-a-Service
(MaaS-XT) platform demonstrates technical integration into multimodal journey chains,
while a compact Effective Daily Travel Time (EDTT) model quantifies system-level impacts
by combining objective travel components (e.g., waiting, speed) with subjective costs
and psycho-physiological stress factors. The empirical programme spans dense urban
and pedestrian-rich settings (Ulemiste City, Kadriorg park), campus-based HMI
experiments, and a suburban deployment with longitudinal acceptance tracking
(Jarvekadla).

Key findings on technical feasibility and operations show that low-speed ASBs can
operate reliably in open traffic with teleoperation as a safety fallback. A staged approval
process—technical inspection, closed-course tests, and on-road examination—proved
essential to assure regulators and the public. Real-world incidents underscored the
importance of transparent communication: even when the AV is not at fault, the attribution
of blame can be biased towards new technology unless stakeholders respond clearly and
promptly.

Human—vehicle interaction results confirm the need for a clearer “language of driving”
for autonomous shuttles. Pedestrians expect legible intent signalling (e.g., yielding/starting),
and riders value layered information explaining non-routine behaviours (e.g., abrupt
braking). Experiments with audio-visual cues and light-based eHMIs indicate that
intelligibility, cultural legibility, and redundancy improve perceived safety. Mixed-reality
and virtual-reality tools offer a scalable path to prototype, compare, and stress-test
interaction concepts across diverse user groups, including children, older adults, and
vulnerable road users.

User acceptance increased markedly after direct exposure. Baseline perceptions—
cautiously positive yet uncertain—shifted towards greater trust and stated willingness
to use the service following pilots that provided real rides and visible safeguards
(e.g., teleoperation). Acceptance is heterogeneous: daytime rides are preferred, adverse
weather remains a concern, and demographic effects appear, with younger users generally
more ready to adopt. Communication quality and perceived availability of assistance are
recurring determinants of comfort.

At ecosystem level, MaaS-XT demonstrates that ASBs can be orchestrated as routable,
on-demand resources within a multimodal platform using secure data exchange.
Practical challenges (API diversity, service-level coordination, Ul latency) are surmountable
with a middleware approach and clear governance. Embedding ASBs within Maas is
pivotal for habitual use, enabling first/last-mile connectivity to public transport nodes
and reducing dependence on private cars.
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The EDTT model provides a compact evaluation lens that fuses operational and
experiential factors. In the suburban use case, baseline EDTT was on the order of one
hour per day; scenarios with realistic ASB adoption showed substantial EDTT reductions
driven not only by shorter access times but also by lower perceived stress relative to solo
car travel and long first-mile walks. Sensitivity analyses highlight actionable levers—fleet
sizing, bus headways, walkability, and parking policy—that amplify benefits when
implemented jointly.

Table 6. Confirmations of the research hypothesis.

Confirmed Partially confirmed Refuted
X
RH1 (supported but requires
statistical justification)
RH2 X
X
RH3 (due to the lack of
behavioural data)
RH4 X
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5 Conclusions and Future Research

Across pilots, experiments, surveys, and modelling, the thesis demonstrates that
low-speed autonomous shuttle buses can operate safely in mixed traffic when supported
by a regulator-aligned staging of approvals and teleoperation as a fallback. Intelligible
external human—-machine interfaces and layered rider information are pivotal for
perceived safety and trust and should be designed for cultural legibility and redundancy.
Public acceptance increases markedly after direct exposure; determinants include clear
communication, visible safeguards, and availability of assistance, with stronger acceptance
for daytime operation. At ecosystem level, embedding shuttles as on-demand, routable
resources within MaaSs is critical for habit formation and scale, and is achievable via
middleware and governance that harmonise service interfaces and responsibilities.
Finally, the EDTT framework compactly links operational and experiential factors,
highlighting practical policy levers—fleet sizing, headways, walkability, and parking
policy—that jointly translate local service improvements into system-level benefits.
Contributions are fourfold: (i) a structured, real-world evidence base for driverless shuttle
operation in mixed traffic under a regulator-aligned approval pathway; (ii) an interaction
design agenda and empirical grounding for eHMI and rider information to support
situational awareness and trust; (iii) a reference architecture and pilot for MaaS-level
integration of on-demand ASBs; and (iv) the EDTT framework that compactly quantifies
user-centric efficiency gains and supports ex-ante planning decisions. Overall, the thesis
shows that autonomous shuttles deliver the greatest value when technical reliability,
human-centred communication, and MaaS-level integration are pursued together. This
integrated approach enables safe operations, raises public acceptance through experience
and intelligible signalling, and translates local service improvements into measurable,
system-level benefits for sustainable suburban and urban mobility.

Since all these, characteristically different pilots gave a multifaceted overview of the
criteria on where and under what conditions the use of autonomous public vehicles
could be effective at this point of time, here are some conclusions, assumptions and
requirements for the following solution options:

a)  the use of autonomous vehicles

During the interviews (digital surveys don’t give that clear understanding of the real
attitudes and as detailed reflections as interviews do) there is a clear interest and will to
get autonomous shuttle buses to the streets in urban areas. There may be interest in
cities also, but technically they need to be improved to be able to commute in heavy
traffic without a safety operator onboard. When a vehicle passes all the tests of
authorities unmanned, then they are ready for the open traffic. But as traffic is very
complex, humans make mistakes and illogical last second decisions, teleoperated fully
autonomous services can first be taken into secluded areas or areas with very little or
next to any traffic. The highest cost for operating such services is the human who drives
the bus but taking this out of the equation then this could be also economically beneficial.

After secluded areas, come the suburbs, where the local public transport stops are
scarce and can be very far from even residential areas. Specially for people with special
needs, like elderly, children and handicapped - quite commonly these people also don’t
drive private cars and are exactly those who could benefit the most out of AV services to
take them to these local stops and stations. But these studies and pilots showed that
even more than getting to other public transport, that would take these people to the

40



city, the need is to get to the local services — shopping centres, doctors’ office or even
schools and kindergartens.

b) their interaction based on this study

The assumption is that people are afraid of AVs, but as these studies pointed out very
clearly — once the service is public, the authorities have given permission to carry people
in AV shuttles — people trust very easily and on the contrary to assumptions, they prefer
not to be bothered with safety operators or excessive security measures. This is a little
different for older and Russian speaking demographic groups, but overall people are
ready. And they are even more ready, once they have seen and tried the AV shuttle
services themselves. This has happened in each of the pilot areas, where we’ve been
twice — first testing has shown more reluctance and scepticism and the second round,
people are significantly more willing to use AV shuttles.

The interaction with the shuttles has worked well, although people and especially
older demographics, would like the AV shuttles to use more audio. The visual signage in
front windows can be not visible in direct sunlight and not so well seen on the side of the
shuttle, but overall people trust these signs and shuttles themselves have been
programmed to not risk anything. This accordingly may be a little uncomfortable for
passengers, who then must wonder about the sudden and substantial stops the shuttle
must do to minimize these risks.

c) implementation of a demand-based public transport solution

On-demand will make the service even more convenient. During our pilot, we had set
that the order had to be made in the telephone app at least 2 hours prior to the AV
shuttle arriving close to the person’s house. This had pros and cons. Positive is that the
person can be sure and the app will confirm the date and time. This can be then adjusted
to transfers to city buses or getting to the right place on time. But sometimes, of course
there is a last-minute wish, then the person must go outside to find the AV shuttle on its
route and then use it. The smart bus stops of course will also help, as they show how far
in real time the next shuttle is. But of course, taking your own private car has an edge in
such situations, as that can be used exactly on that second when there is the need.

To have a fully functional on-demand public service app, with a chance to also buy
tickets, reserve electrical bikes, then there can be so many other perks, which can push
people to still leave their cars at home and not worry about parking costs in the city, train
station or ports, when next mean of transport is a ship etc. When everything can be
brought together in one app, then this will start the essential need for such MaaS XT
service and further along teach people to leave their cars at home or not even own them,
as there is always a service close by through the phone. It will surely take some time and
lots of testing. But as these pilots have shown, there are already people ready for such
services.

Limitations include seasonal constraints (limited winter operation), geographic and
demographic specificity of survey samples, and simplifying assumptions within the EDTT
model that warrant further calibration. Future work should extend long-duration pilots
across seasons and cities, formalise standardised eHMI taxonomies and testing
protocols, scale teleoperation and remote assistance infrastructures, and integrate
richer behavioural data (e.g., psychophysiological indicators) into planning models.
1) Extend multi-season, multi-site pilots (including winter conditions) to validate
robustness and refine operational envelopes. 2) Formalise standardized eHMI taxonomies
and cross-cultural testing protocols; compare modality combinations and attention
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capture. 3) Scale teleoperation and remote assistance: define safety cases, human-factors
rules of engagement, staffing ratios, and escalation flows. 4) Enrich behavioural modelling
by fusing psychophysiological indicators and privacy-preserving sensing with demand and
performance data; incorporate these into EDTT calibration. 5) Optimise autonomous
demand-responsive transit: fleet sizing, dispatch algorithms, and equity-of-access impacts
in suburbs and small towns. 6) Advance regulatory and economic frameworks for liability,
procurement, and SLAs within Maa$; develop cost-benefit methods that include user
experience benefits captured by EDTT. 7) Quantify externalities and network effects—
congestion, parking, urban logistics interfaces, and micromobility coordination—to support
city-scale deployment strategies.

As numerous previous studies have shown that the following main categories can
generally be used to assess the acceptability of using autonomous public transport:

Operational efficiency

Technological capability

Solution acceptability and user experience
Environmental efficiency

Economic efficiency

System-level and societal impact

To study and analyse these efficiency criteria and their impact and influence in
correlation to each other, scientific validation of these indicators, their specific
quantitative interpretation could give further insight to TAM as well as a fruitful base to
integrating AV services into the public transport.
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Abstract

Integration of Autonomous Last-Mile Minibuses into Urban
Space

Autonomous shuttle buses (ASBs) are emerging as a promising solution for first- and
last-mile mobility, yet their successful deployment depends not only on technical maturity
but also on user acceptance, intelligible human—vehicle interaction, regulatory readiness,
and system-level integration. This PhD thesis investigates ASBs as socio-technical
systems and examines how they can become safe, understandable, and attractive
components of public transport in urban and suburban contexts.

The research is based on a layered, mixed-methods framework combining real-world
pilots, field experiments, longitudinal surveys, interviews with stakeholders, platform
development, and predictive modelling. Empirical evidence was gathered through
multiple case studies in Estonia, including mixed-traffic and pedestrian-rich pilots
(Ulemiste City and Kadriorg Park), controlled human-—vehicle interaction experiments on
a university campus, and a suburban first-mile deployment with before-and-after
acceptance surveys (Jarvekila). In parallel, a prototype Mobility-as-a-Service platform
(MaaS-XT) was developed to integrate on-demand autonomous shuttles with public
transport and micromobility. To evaluate system-level impacts, a compact modelling
framework—Effective Daily Travel Time (EDTT)—was introduced, combining objective
travel components with subjective psycho-physiological and perceived cost factors.

The results demonstrate that low-speed autonomous shuttles can operate safely in
open traffic when supported by a regulator-aligned approval process and teleoperation
as a fallback. User acceptance increases significantly after direct exposure, with trust
shaped by situational awareness, clear passenger information, and the perceived
availability of assistance. Experiments confirm the need for a clear and culturally legible
“language of driving,” using layered external and internal human-machine interfaces to
communicate vehicle intent and non-routine behaviour. At ecosystem level, MaaS-XT
shows that autonomous shuttles can be orchestrated as routable, on-demand resources
within multimodal mobility services. EDTT modelling indicates that first-mile autonomous
shuttles can substantially reduce the effective daily travel burden in car-oriented
suburbs, especially when combined with supportive policy levers such as fleet sizing,
public transport headways, walkability, and parking management.

Overall, the thesis contributes empirical evidence, design principles, integration
architectures, and evaluation tools demonstrating that the benefits of autonomous
shuttle buses are realised when technical reliability, human-centred communication, and
MaaS-level integration are addressed together. The findings provide actionable guidance
for policymakers, transport planners, and developers aiming to scale autonomous shuttle
services as part of sustainable and user-centric mobility systems.
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Lihikokkuvote

Autonoomsete viimase-miili minibusside integreerimine
linnaruumi

Autonoomsed bussid (ASB) on kujunemas paljulubavaks lahenduseks esimese ja viimase
miili liikumisvajaduste katmisel, kuid nende edukas kasutuselevott ei sbltu Uksnes
tehnoloogilisest kiipsusest. Sama olulised on kasutajate vastuvétlikkus, arusaadav inim-
sGiduki suhtlus, regulatiivne valmisolek ning siisteemitasandi I6imimine olemasolevatesse
liilkumisteenustesse. Kdesolev doktoritdo kasitleb autonoomseid busse sotsio-tehniliste
siisteemidena ning uurib, kuidas neist vdivad kujuneda turvalised, mdistetavad ja
atraktiivsed Uhistranspordi komponendid nii linna- kui ka darelinlikus keskkonnas.
Uurimus pohineb kihilisel ja kombineeritud metoodikal, mis hdlmab reaalseid
pilootprojekte, valieksperimente, ajalise distantsiga korduvaid kusitlusi, sidusriihmade
intervjuusid, platvormi arendust ning prognoosivat modelleerimist. Empiirilised andmed
koguti mitmest Eesti juhtumiuuringust, sealhulgas segaliikluse ja jalakdijaterohke
keskkonna pilootidest (Ulemiste City ja Kadrioru park), kontrollitud inimese ja s&iduki
vahelistest suhtluse katsetest ulikoolilinnakus ning darelinlikust esimese miili piloodist
koos enne- ja parast kusitlustega (Jarvekila). Paralleelselt arendati vélja lilkuvusteenuste
platvormi prototliip MaaS-XT, mis [8imib ndudepdhised autonoomsed bussid
Uhistranspordi ja mikromobiilsusega. Stisteemitasandi mdjude hindamiseks td6tati valja
kompaktne modelleerimisraamistik — efektiivne paevane liikumisaeg (EDTT), mis Gihendab
objektiivsed ajakulud subjektiivsete psiihhoflsioloogiliste ja tajutud kuluteguritega.
Tulemused néitavad, et madalal kiirusel liikuvad autonoomsed stistikbussid suudavad
avatud liikluses turvaliselt toimida, kui neid toetab regulatiivsete nduetega kooskdlas
olev etapiline heakskiitmisprotsess ning kaugjuhtimine varumehhanismina. Kasutajate
aktsepteeritus suureneb maérgatavalt parast vahetut kogemust, kusjuures usaldust
mojutavad eelkdige olukorrateadlikkus, selge reisijainfo ning abi kattesaadavuse
tajumine. Eksperimendid kinnitavad vajadust arusaadava ja kultuuriliselt sobiva
autonoomsete soidukite “liikluskeele” jarele, mis pdhineb mitmekihilistel valistel ja
sisemistel inim-masinliidestel sdiduki kavatsuste ja ebatavalise kditumise selgitamiseks.
Slsteemitasandil demonstreerib MaaS-XT, et autonoomseid busse on véimalik kasitleda
ndudepdhiste ja marsruuditavate ressurssidena multimodaalsetes liikkumisteenustes.
EDTT modelleerimine nditab, et esimese miili autonoomsed sistikbussid voivad
autokesksetes aarelinnades markimisvaarselt vdhendada elanike tajutud igapdevast
liilkumiskoormust, eriti juhul, kui rakendatakse toetavaid poliitikameetmeid, nagu sobiv
sdidukipargi suurus, ihistranspordi tihedus, parem jalakaidavus ja parkimispoliitika.
Kokkuvottes  pakub  doktoritod  empiirilisi  tGendeid, disainipdhimdstteid,
integratsiooniarhitektuure ja hindamisvahendeid, mis naditavad, et autonoomsete
ststikbusside tegelik vaartus avaldub siis, kui tehniline tookindlus, inimkeskne suhtlus ja
MaaS-tasandi 16imimine on késitletud htse tervikuna. Tulemused annavad praktilisi
suuniseid poliitikakujundajatele, transpordiplaneerijatele ja arendajatele autonoomsete
sistikteenuste laiendamiseks kestlike ja kasutajakesksete liikumissiisteemide osana.
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Kalda, K.; Sell, R.; Kivimae, M. (2024). Enhancing Mobility as a Service with Autonomous
Last-mile Shuttles and Data Exchange Layer for Public Transport. Modern materials and
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2.-4. May 2023. AIP Publishing, 1-6. (AIP Conference Proceedings; 2989).
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2.7. Framework of Three-Dimensional Modality-Origin-Destination Matrix

The application of two-dimensional origin-destination (OD) matrices is a well-known
methodology in transportation research; see, for example, [40]. In the present study, it is
necessary to add a third dimension of transport modality to account for changes in propor-
tions between transport modes due to the availability of AVs. The formal three-dimensional
framework of the modality-origin-destination matrix is explained by Figure 9 below.

In the proposed MOD matrix, the following denotation of cell indexes may be agreed upon:

m—index of transportation mode (1-7);
z—index of zone of origin (0—4);
d—index of destination district (0-6).

In the MOD matrix framework, the next central issue of the EDTT model is to calculate
the effective travel times t,,,; for all cells of the MOD matrix. As already commented in
Section 2.1, the possible fourth dimension of the general task associated with population
groups was here excluded to keep the model compact. If desired, the consideration of
population groups can be added to the calculation of f,,,; values for matrix cells with a
higher weight. Such are, for example, the cells corresponding to the use of a private car at
medium distances (m =1and d =3 or 4).

Figure 9. Explanation of concept of three-dimensional modality-origin-destination matrix used to
sum up the daily transport times. Matrix defines 5 origin zones, 6 destinations districts, and 5 + 2
transportation modes. Each cell of MOD matrix is characterized by transport time with optional
psych-physiological and economical extra terms and weight factors of distance and transport mode.

2.8. Central Summation Formula over Modes, Zones and Districts

In the three-dimensional mode-origin-destination framework of the transport times
task, the central summation formula may be written in the following form:

7 nz nq
T= (1 — N)HR My Z; Dyatiza )
m=1 z=0 d=0

where

T is the average daily travel time of an average resident,

N is the fraction of non-moving residents before noon (e.g., small children),

H is the ratio of full-day outbound trips to forenoon outbound trips (~1.6, see Figure 5),
R is the ratio of all sections of outbound and return trips together to outbound trips (~2),
m is the index of the transportation mode (values 1-7, see Figure 9),

M, is the statistical weight of the transport mode m (see Section 2.9 below),
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z is the index of the zone of the origin (values 04, see Figure 9),

1, is the maximal index of the zone of the origin (4 in present study, see Figure 8c),

Z, is the statistical weight of the zone of the origin (1/(n; + 1) = 0.2 in present study),

d is the index of the district of the destination (values 0-6, see Figure 9),

n, is the maximal index of the district of the destination (6 in present study, see Figure 8c),
D, is the (mode) m-dependent statistical weight of district d (see Section 2.10 below), and
tzd is the effective trip time for mode m, zone z, and district d (see section 2.11 below).

It should be noted that several simplifying assumptions have been used in Formulation
(4), such as the assumption that the statistical weight of transport modes is independent
of the origin zone and destination district. The practical value of the Model (4) is that
it explicitly provides the average daily transportation time of an average municipality
resident, and the dependence on the number of residents is only indirect (first of all via
sub-model of AV waiting times).

2.9. Sub-Model of Transportation Mode Weights

In Figure 9, the concept of transportation modes was presented—a set of 5 conventional
modes completed with 2 local AV-assisted modes to support the first-mile mobility of
residents. An AV-dependent sub-model of transport mode weights M,, is needed to
describe the transition from the conventional usage proportions described in Table 1 to the
expected AV-supported proportions. Very detailed models can be found in the literature
that examine the readiness to switch to AVs by population groups, gender, and other
indicators (for example, [41]). Here, in order to arrive at reasonable preliminary estimates
in a situation of limited information, a practical compact modeling approach could be
to link the transition with the aggregated parameter a« of AV acceptance (see Table 2).
Considering this, a simple approach to describing the expected decrease in weights of
conventional transport modes may be approximated by the following formulas:

My = (1= a)mear, (@)
My = (1 — a)migy, )
Ms = (1 —a)mpr, (7)
My = (1 — a)mypc, 8)
Ms = (1 — a)myqk )

where weights of conventional modes ¢4y, Mygxi, MpT, Mpjc, Myqx are defined and evaluated
in Table 1.

Formulas (5)—(9) are based on the assumptions that all 5 traditional transport modes
lose users equally according to the parameter a. Here, of course, the dominant mode of
transport is the private car, the users of which showed 45.5% interest in the use of AVs in
the survey (see Table 2), which justifies linking the mode change with the general parameter
«. Formulas (10) and (11) describe the transfer of residents from the five traditional modes
of transport to AV-supported modes 6 and 7.

Modeling the growth in the use of new AV-enabled transport modes 6 and 7 requires
an assessment of the proportion between the local AV transport (mode 7) and combined
mode of AV with urban buses (mode 6). The simplest modeling approach could assume
50:50 division, but a more realistic proportion could be stated on the basis of weight
parameter Dy of local trips of the trip distance Models (2) and (3):

Mg = (1= Do)a(mear + Mygyi + mpr 4 Mpjc + Myqrr), (10)

M7 = DO‘X(mcar + Mygyi + MpT + Mpjc + mwalk)~ (11)

The constructed sub-model (5)—(11) is based on strong simplifying assumptions that
are justified to obtain preliminary estimates. More focused questionnaires and the collection
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of real-world usage data by AVs after their introduction will enable significant refinement
of this sub-model. It should be noted that the approach proposed here is based on the
conservative assumptions that the total volume of trips and the profile of distances will
remain the same after the introduction of AVs. Taking into account the corresponding
changes is possible with an additional feedback loop in model when additional data on
changes in people’s behavioral profiles become available.

2.10. Sub-Model of Weight of Distances

Assuming an even population distribution in the residential area, it is possible to
determine the statistical weight coefficients of the origin zones Z; in the main summation
Formula (4) simply as the inverse of the number of zones n, + 1.

Z;=1/(nz+1). (12)

The sub-model of statistical weights of destination districts D,,,; in Formula (4) may be
specified on the basis of the distribution function of trip lengths (2) for the transport modes
that cover larger distances in the city by private car, taxi, or PT buses. Local transport
modes (bicycle, walking, local AV), whose final regions are d = 0,1 or 2 (see Figure 9),
can be described in a simpler way without applying a distribution function. With this
sub-model, it has been assumed that there is no dependence on the origin zone z, as the
zone lengths L, are remarkably smaller than distances to destination districts in city dL;.

In summary, the weight coefficients D,,; of the destination districts in cases of long-
range transport modes m = 1,2,3,6 may be calculated on the basis of distribution function
(2) by the following formulas:

Dyg = c(dLy) —c((d —1)Ly) for0 < d < ny, (13)
Dpg=1-—c((d—1)L;) ford=n,, (14)
Dmd = D() ford = 0, (15)

In cases of short-range bicycle mode m = 4, the equal weight of close districts d = 0, 1
and 2 may be assumed:
D,s=1/3 ford <2, (16)

Dyg =0 ford > 2. 17)

In the case of short-range walking mode m = 5 and local AV mode m =7, the equal
weight of the remaining two local districts d = 0 and 1 in the same municipality may
be assumed:

Dyg=1/2 ford <1, (18)

Dy =0 ford > 1. (19)

It can be noted that since the use of bicycles and walking has a small share (4.2% and
5.1%, respectively, see Table 1), the accuracy of modeling these modes of movement is not
critical in the present use case.

2.11. Sub-Model of Transport Times

In addition to the formulation of sub-models for weight factors for modes M,;,, zones
Z,, and districts D,,; in the general summation Formula (4), the key question of modeling
is the estimation of travel times t,,.; for every transportation mode m, origin zone z and
destination district d. An important aspect that follows from the logic of transportation
modes that rely on public transport is that the modeling of trips is reasonable to divide into
two stages: stage 1 for local movement towards local transportation artery zone Zy = D
and stage 2 for later movement to destination districts Dyp—Dg. This formal scheme includes
a special case of local destination district d = 0 that corresponds to zero distance of stage 2.
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A significant reduction of the amount of input data can be achieved via the calculation
of travel times on the basis of average speed estimates for cars (private and taxi), public
transport buses, AVs, bicycles, and human walking. Figure 10 explains the 2-stage concept
and the introduced set of waiting and driving time parameters with optional psycho-
physiological [42] and economical additional parameters for the calculation of effective
transport time costs.

Based on the one-dimensional spatial structure of the task in Figure 8¢, the trip lengths
for stages 1 and 2 are calculated as follows:

I = zLz + Lepdwark (20)
L= (d —1/2)L; ford >1, (21)
Ihb=0 ford =0 (22)

where L, and L; denote the size of origin zones and destination districts, respectively, and
the nonzero I, 4011 term describes the walk from the PT end stop to the destination in the
case of modes 3 and 6, which include public transportation.

The presented 2-stage concept of trip distances makes it possible to construct a uni-
versal sub-model for effective transport times with the inclusion of optional terms of
psycho-physiological stress factors and psychologically perceived financial costs:

11(1 -+ 471) + Ellllpl Tw
01 Ap

tnzd = W1 + (23)

(1 E>l
- 2( ;rgvz)_i_ 2L

2 Ay
where

w1, Wy are the transport waiting times for stages 1 and 2,

l1, 15 are the travel distances for stages 1 and 2,

v1, v are the estimated travel speeds for stages 1 and 2,

@1, 2 are the psycho-physiological stress factors for stages 1 and 2,

E1, E; are the financial costs per distance unit for stages 1 and 2,

1, 1P are the psychological factors of perception of the financial costs for stages 1 and 2,
Ay, is the national average hourly wage.

TWO-STAGE CONCEPT OF TRANSPORTATION TIME SUB-MODEL
Stage 1 (local) Stage 2 (remote)
| Li=zL; + Lydvair I I,=(@-1/2) Ly |
| J I

Z0=D0
Basic wait and trip time parameters
wait times w, W,
average speed v, V2
only PT modes: endwalk length Lonavwaik
Extended model
physical effort factor (2 »,
Extended cost model
kilometer cost E E
mental perception factor 173 Yy,

Figure 10. Explanation of the two-stage concept of outbound trips and input parameter set for
calculation of effective transportation time costs.

Figure 11 illustrates the 2-stage effective trip time concept with actual values of
parameters for the present use case. Denotations have the following meanings: ¢—psycho-
physiological stress factor; iy E—financial cost with psychological perception factor of time
usage; 1 4y—number of AV shuttles in residential service area.
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Figure 11. Explanation of 2-stage effective trip times methodology with actual numerical values of
input parameters.

2.12. Sub-Model of AV Waiting Time

When implementing AVs as first-mile vehicles in a residential area, the waiting time
wy can become the key efficiency parameter. This parameter primarily depends on the
number of AVs in the service area 114V and on the spatial extent of the service area, as well
as on the number of residents who want to use AVs simultaneously in the morning hours,
the number of seats in AV shuttles, the quality of the online system of ordering AVs etc. It
is possible to develop detailed, sophisticated models to investigate this problem, e.g., [4,9].
In conditions where input data is not yet sufficient or the goal is to obtain preliminary
estimates for the impact of AVs, it is practical to use the methodology of a compact empirical
model based on a minimum number of easily estimated input parameters in the present
study. In the sample task of this work, we have used a maximally simplified 2-parameter
model, which still contains a significant dependence on the number of AVs:

WAV1
wWay = Ty (24)

where

w Ay is the average AV waiting time in the case of one AV in service area,
n 4y is the number of AVs in the service area.

A possible estimate for the parameter w411 is 6 min, which corresponds to the arrival
of an AV from a distance of 2 km at a speed of 20 km/h.

3. Summary of Input Data

Transport studies usually deal with large amounts of data, due to which the studies
become tied to a specific case, and the models are not easily transferable to other cases. In
this study, the goal has been to create the most compact model possible, which would be
able to describe the effect of introducing AVs in solving first-mile transport problems, not
only in one sample case but also more generally. In doing so, it is important to design such
a set of input data that would be easy to understand and easily specified. The complete list
of primary input data.

The complete list of input parameters of the compact model proposed in this study is
summarized below in Table 3. The following Table 4 presents the cross-use of these input
parameters for trip stages 1 and 2 in the case of all 7 modes of transport.
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Table 3. The complete list of input parameters of the compact model of effective transport time.

Parameter Description

Denotation Value

Comment

Fraction of non-moving residents

Ratio of all-day 24 h and morning 612 a.m. out-
bound trips

Return trips accounting factor

Farthest origin zone number

Size of origin zone

Number of destination districts

Size of destination district

Empirical parameter of fraction of local morning
trips for 3-parameter distance distribution model
Median distance of city trips for 3-parameter dis-
tance distribution Model (2)

Tail decay parameter for 3-parameter distance dis-
tribution Model (2)

Private car usage (before implementation of AVs)

Taxi usage (before implementation of AVs)

Public transport usage (before implementation
of AVs)

Bicycle usage (before implementation of AVs)
Walking percentage (before implementation
of AVs)

Aggregated acceptance of AVs
Average speed of passenger cars

Average effective speed of PT busses

Average estimated speed of bicycle

Average estimated speed of walking

Average speed of AVs

Average waiting time of private car

Average waiting time of taxi

Average preparation (waiting) time of bicycle

Average waiting time of PT buses

Estimated AV waiting time (single AV case)
Number of AVs in local service area
Average walk length from end PT stop to destination

Psycho-physiological stress factor of private
car driving

Psycho-physiological stress factor of bicycling

Psycho-physiological stress factor of walking

Private car kilometer cost due to price for full
mileage, maintenance and fuel

Taxi car kilometer cost
Public transportation bus kilometer cost

Estimated hourly wage in the country

N
H
R

nz
L,
nq
Lq

Do
Xc
Liait
Mear
Migyi

mprt
Mpjc

Mywalk

Ucar

Obus

Obic
Ywalk
vav
Wear

Wiaxi
Wpic

Whus

WAVl
nay

lendwnlk
Pcar
Phic
Pwalk
Ecar
Epoxi
Epus

Ap

0.1
1.6

2.0

4

0.5 km
6

4 km

0.20
11.5 km
3.4 km
69.0%
7.7%

13.1%
4.2%
51%

0-0.5
35km/h

25km/h

15km/h
5km/h
25km/h
8 min

10 min
2 min

11 min

6 min
2
0.5 km

0.25
0.5

1.0

0.3
EUR/km
0.8
EUR/km
0.04
EUR/km

9EUR/h

Residents staying at home before noon
Used statistics of Moigu area, see Figure 4

One return trip for every outbound trip

Zones 0—4 accounted for residential area

Up to 2 km if 4 zones

District 1 in local municipality

Last district assumed large (up to 30 km)

Local before-noon trips, e.g., children to local schools,
see Model (2)

Average from the Moigu and Kakumaée-Tiskre statis-
tics, see Figure 5

Fitting result of Mdigu and Kakumaée-Tiskre statis-
tics, see Figure 5

On the basis of 2021 survey, assumed 90% of passen-
ger cars, see Table 1

10 % of passenger cars assumed to be taxis in 2021
survey, see Table 1

Winter and summer average, includes walk to local
transport artery, see Table 1

Winter and summer average, see Table 1

Winter and summer average, see Table 1

Main input variable of model, maximum 50.3% from
2021 survey, see Table 2

Same for private cars and taxi, averaged estimation
from ‘Google Maps directions’

Data from before noon timetables of Tallinn city (e.g.,
bus line 132)

Local mobility until district D, (8 km)

Local mobility until district Dy

Local mobility until district Dy

Car initial warming (and end location parking)
Estimate for arrival of Bolt system taxis

Estimated preparation time of bicycle

Half-interval towards city in morning 6:00-12:00
(from Tallinn city and Harju county timetables)
Empirical parameter, depends on size of service area,
see Model (24)

Planned 2 AVs in present use case, see Model (24)
Important addition to realistic transport situation,
see Figure 10

Accounts for driving stress in rush hours, see
Model (23)

Accounts for fatigue and weather stress, see
Model (23)

Accounts for fatigue due to baggage, physical diffi-
culties of elderly people etc.

May be reduced due to car sharing (improvement of
present model)

Estimated average value on basis of ordering system
of Bolt

Estimation based on price of typical 30-day tickets
(=1 EUR/day) and daily trip distances

Conversion coefficient of financial costs to travel time
(=0.15 EUR/min), see Model (23)
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Table 3. Cont.

Parameter Description Denotation Value Comment

Psychological cost perception coefficient of pri- Reduction factor of cost perception due to working
car 0.33 . .

vate car and rest time savings, see Model (23)

Psychological cost perception coefficient of taxi i 0.33 Reduction factor of cost perception due to working

4 & percep Vraxi ’ and rest time savings, see Model (23)

Psychological cost perception coefficient of " 1.0 Reduction irrelevant due to low speed of PT buses,

bus B

PT buses

see Model (23)

Table 4. Cross-use table of input data for 7 transport modes and 2 trip stages (local and remote)
considered in transport times model (23). The referenced parameters are defined in the general input
data Table 3.

Parameter of Model (23) Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6 Mode 7
for Stages 1 and 2 Private Car  Taxi Walk + Bus  Bicycle Walking AV + Bus Local AV

Waiting time, stage 1 (local) wy Wear/2 Whari 0 Whic 0 Model (24) Model (24)
Waiting time, stage 2 (city) wy Wear /2 0 Wyys 0 0 Whys 0
Average speed, stage 1 v Vear Ucar Vawalk Upic Vawalk vav vav
Average speed, stage 2 v2 Vcar Vcar Vpus Upic Vwalk Vbus vay
Psycho-physiological stress factor, ¢y Pear 0 Puoalk Pric Pavalk 0 0
stage 1
Psycho-physiological stress factor, ¢, Pear 0 0 Poic Proalk 0 0
stage 2
Financial cost, stage 1 Eq Ecar Ejaxi 0 0 0 0* 0*
Financial cost, stage 2 E> Ecar Eiaxi Epus 0 0 Epus 0*
Cost perception factor, stage 1 P Pear Pear 0 0 0 0 0
Cost perception factor, stage 2 3 Year Pear Wous 0 0 Pous 0

* Free AV service in present use case.

4. Simulation Results

The simulation results of Models (2)-(24) with input data values listed in Tables 3 and 4
are discussed below. Figure 3 illustrates the spatial situation of the example task of the
suburban area. Since the central summation Formula (4) of the model is defined using
weight coefficients and transport times of MOD matrix cells, the model directly provides
the average daily transport time of an average suburban resident. The defined factor «
of acceptance of AVs, describing the reorientation of residents from traditional modes
of transport to new AV-supported modes according to the sub-model (5)-(11), allows all
results to be presented in a generalized form depending on this parameter.

Below in Figure 12 are summarized the main results of the daily transport times model
for 3 levels of complexity of inclusion of different transport times costs:

1. Only waiting and driving time terms of sub-model (23) are included;
2. Psycho-physiological stress ¢-factors added;
3. Psycho-physiological stress factors and financial costs with perception ¢-factors added.

The results from Figure 12 show, firstly, that the obtained people’s daily transport
times are of the order of 50 min, which are very realistic estimates that confirm the basic
adequacy of the model. The easy-to-verify model output in the form of the averaged
transport time provides good opportunities for further refinements of the model when
more accurate monitoring data are received. If considering only the wait and pure driving
times, then the positive effect of the reduction in time consumption predicted from the
implementation of AVs is only in the order of a few percent, which can be justified by
the fact that the use of AVs together with public transport buses remains slow compared
to private cars and taxis. However, the model opens new possibilities for municipality
officials to estimate, for example, improvements from the increasing frequency of public
transport buses.
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Next, if psycho-physiological stress factors are included in the study, the picture
changes significantly more in favor of AVs. A nearly 19% reduction effect of AVs on the
effective transportation time is obtained. This is explained by the fact that the local au-
tonomous shuttle buses can significantly reduce the needed amount of first-mile walking in
the residential area. Also, using public transport buses does not cause psycho-physiological
stress, but with private cars, a 25 percent increase in perceived driving time is estimated due
to psycho-physiological stress (see parameter ¢, in Table 3). Note that it is relatively easy
to obtain more accurate estimates of the impact of factors like psycho-physiological stress,
financial costs and perception of time gains due to faster transportation with additional
focused surveys among suburban residents after the implementation of first AVs.

Furthermore, the results from Figure 12 show that including in the calculation the
pE-terms of perceived financial cost increases the positive effect of implementing AVs, but
not as much as adding the ¢-terms of psycho-physiological stress to the pure waiting and
driving times.

100
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= ] economical cost YWE - terms added
&80 | ' %
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Figure 12. The main output of the model: daily effective transportation times of an average suburban
resident versus the aggregated parameter of autonomous vehicle acceptance a.

Including the yE-terms of perceived financial cost in the calculation further increases
the positive effect of implementing AVs but not as much as adding the ¢-terms of psycho-
physiological stress to the pure wait and driving times.

5. Discussion

In this work, a practical, complete model of transport times affected by AVs is pro-
posed, which comprehensively allows model users to reach from a set of transparently
defined input data with minimal necessary volume to a concise output, which is the ef-
fective daily travel time EDTT of an average suburban resident. The model takes into
account, either precisely or simplified, most of the important mechanisms that shape the
impact of AVs in the role of first-mile vehicles.It should be emphasized that, following the
compact modeling methodology, in order to preserve the model’s predictive power and
generality, the inclusion of overly detailed sub-models has been deliberately avoided, and
only the most important aspects that affect EDTT have been taken into account. Thus, the
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paper focuses on the formulation of the mathematical computational system rather than
the details of the system components (submodels), for which many high-level detailed
publications are available.

The newly introduced moments, which have been used in this work to reach the
desired final results, are as follows:

e Forenoon outbound trips are taken as a basis for evaluating the movements of the
whole day;

e A sufficiently complete set of 5 traditional transport modes has been considered;

*  An aggregated parameter « is introduced to characterize people’s willingness to
adopt AV;

e A simplified sub-model is proposed to describe the transition of people from 5 tradi-
tional modes of transport to the extended set of 7 modes augmented by AVs;

e For a compact description of trip lengths, a one-dimensional spatial model with origin
zones and destination districts is applied;

e To describe combined movements such as local AVs combined with PT buses, a 2-stage
trip description is introduced;

* A 3-parameter empirical distribution function of trip distances is constructed on the
basis of real mobility statistics;

* A provisional AV wait time sub-model that includes practically important dependence
on the number of AVs is proposed;

®  The psycho-physiological stress factors of different transportation modes are introduced;

* A methodology for converting kilometer prices into effective transport times based on
the country’s average hourly wage has been proposed;

e Perception factors of financial cost are introduced to describe people’s time gain in
faster modes of transport.

Based on the set of the input data, the present work is partially similar to the stud-
ies [22,25,26], where characteristic parameters of transport modes have been used and
people’s attitudes towards different types of AVs have been studied.

Although this work has been devoted to the formulation of the mathematical calcula-
tion scheme, leaving aside the details of the sub-models, it makes sense here to comment
on the applicability of the model for the analysis of some current special issues of smart
city traffic management.

Positive effect of improved crowdsourcing [43]. In any case, the deployment of on-
demand AVs requires a cloud-based or on-board computer system that collects and takes
into account data from real traffic. Well-organized crowdsourcing can reduce the waiting
time of AVs w,y in the present computational model.

Impact of parking problems in city [44]. The proposed model here takes into account
parking problems for private cars in at least three parameters: waiting time for private cars
Wear (i.€., Nnecessary extra time to park the car near the destination), psycho-physiological
stress of private car driving ¢4, and cost per kilometer E.,, (see Table 3).

Impact of improved walkability in suburban area [45]. Improved conditions for
walking can be taken into account by increasing the weight parameter 1., and decreasing
the walking stress parameter @, in the model (see Table 3).

6. Conclusions

In conclusion, this work has proposed a compact but sufficiently complete and general
model of daily travel times with a minimal set of input parameters to proactively assess the
impact of implementing AVs in first and last mile transportation in different suburbs.

The main output of the model is the effective daily transport time of an average
suburban resident as a function of the aggregate AV adoption parameter. In addition to
actual trip times, the model also provides effective travel times augmented with psycho-
physiological stress and mentally perceived financial cost terms.

In order to achieve compactness and concrete numerical estimations, several sub-
models of the proposed calculation scheme as model of transition from traditional trans-



Smart Cities 2024, 7

3933

References

portation modes to AV-supported modes and the AV wait time model have been imple-
mented as simply as possible. Combined with more detailed monitoring data and focused
model-based surveys of a population, these sub-models can be easily refined.

The theoretical importance of the present work for transport research could be that
it shows the possibility of reducing a complex multi-dimensional summation task to a
three-dimensional one by means of several reasonable simplifying assumptions. At the
same time, the construction of a compact computational model has made it possible to
define a minimal sample set of initial data, which allows them, taking into account the most
important influencing factors, to obtain realistic estimates of changes in transport times due
to the introduction of AVs. The practical importance of the proposed compact calculation
model lies in the fact that urban planners and local government officials have a tool at
their disposal that, thanks to an easily understandable and relatively easily determined set
of initial data, allows one to obtain, without long-term complex scientific studies, quick
preliminary estimates of the impact of autonomous first-mile minibuses on the quality of
life of suburban residents.
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ABSTRACT

Autonomous shuttle buses provide a promising solution for the last-mile problem in various
contexts. The removal of the human driver facilitates round-the-clock operations as well as
transportation in locations that might otherwise be unfeasible for buses operated by a human
driver. Trials have been conducted on these buses, and several companies aim to equip their
vehicles with full self-driving capabilities. However, removing the human driver introduces
several challenges, particularly in handling emergency situations. The absence of the driver,
therefore, calls for increased passenger situational awareness, i.e., understanding of the en-
vironmental and contextual factors impacting the operations of the bus the passenger is on.
It remains unclear to what extent bus manufacturers have considered these issues or
integrated them into the design. This research seeks to shed light on the matter by studying
the topic both from the industry’s and users’ perspectives.

1. Introduction

Autonomous transportation systems are being deployed into the public transportation
ecosystem. As the architecture of autonomous transport modes represents a trans-
formation of the role of the human driver to self-driving algorithms, they already pose
formidable design challenges in terms of the deployed technology. No algorithm is
entirely accurate. Numerous crashes of self-driving vehicles highlight the importance
of human situational awareness (SA) in reacting to unintended behaviors of autono-
mous vehicle (AV) algorithms (Wang et al. 2020).

While the issue of SA has attracted a fair amount of research and practitioners’
interest in relation to private passenger cars (Chandrasekaran et al. 2019), the matter
has received little attention in other related research domains, such as autonomous
shuttle buses (ASBs). A number of trials have been conducted with ASBs in various
locations, and several companies have embarked on the challenge of developing these
buses and their self-driving capabilities (Herrenkind et al. 2019; Launonen et al.
2021). In the trials, there is often a human agent inside the bus, ready to take over in
case something unexpected occurs or the system fails to behave as intended. However,
ultimately, the objective of these buses is to operate without having any human
controller on board.

This raises the question regarding the required or expected SA of the passengers.
Dealing, for instance, with unexpected situations may require passengers to adopt
roles and tasks that have been so far delegated to the human driver/operator. Overall,
technological systems such as AVs are, in essence, socio-technical, as their func-
tioning and acceptance rely on different technological, social, and contextual factors
that interact with and impact the system’s ability to meet its objectives (Wang et al.
2020). In addition to solving the technological challenges, the development of fully
autonomous ASBs is also dependent on a range of human factors, some of which are
linked to and impacted by the passengers on board the vehicles as well as by people
within their proximity.

This paper seeks to shed light on these other issues and challenges that so far
appear to have obtained limited research interest. The research questions for this study
are the following: how do different stakeholders view the level of SA required from
passengers of shuttle AVs, and how is passenger SA factored into the design of the
shuttles?



A major challenge for ASB developers is the lack of un-
derstanding of what real users consider important in practical
situations and what they require to feel safe enough to step
on board unmanned ASBs. Through a live pilot and a survey
with over 100 residents in the pilot area, it is possible to
answer vital questions that reveal both participants’ attitudes
and actual feelings. Open-ended questions also provide in-
sight into ideas and visions that scientists working daily with
ASBs fail to consider or just assume logically. But logic and
people in traffic do not always go hand in hand.

The main aim of this research is to contribute towards a
better understanding of the role of SA of passengers and how
that is currently addressed by different actors in the sector.
On the basis of these findings, we also put forward a research
agenda. The data for this research are collected via interviews
with ASB manufacturers and other representatives from the
sector as well as via a survey conducted of the likely and
actual users of these buses.

The main novelty in this research is the approach to look
at SA from the angle of what is most important to the actual
ASB users and generally to people in traffic with autonomous
shuttles, considering the ultimate goal that there is no safety
operator on board.

2. Literature on situational awareness and
self-driving vehicles

SA can be defined as “the perception of the elements in the
environment within a volume of time and space, the com-
prehension of their meaning and the projection of their status
in the near future” (Endsley 1988). SA can be divided into
three levels of responsiveness. Whereas the first level, per-
ception, is seen as the basic level requiring recognition of
cues in the environment, the second level, comprehension,
calls for analysis and processing of different pieces of in-
formation and their interconnections to give meaning to what
is being observed. The third level, projection, builds on the
first two levels and refers to the person’s ability to predict the
future state of the environment or context that they are
observing (Endsley 2019).

The different levels of responsiveness and the ability to
react quickly are of particular importance in the automation
of driving (Endsley 2017). Since full driving automation
has not yet been achieved in open road transportation, the SA
of drivers of self-driving passenger cars has received a fair
amount of interest in research and industry. Car manu-
facturers such as Tesla have introduced so-called nags that
remind the drivers to keep their hands on the steering wheel
(Nordhoff et al. 2023) while also delivering contextual in-
formation to the driver. SA has been found to be impacted by
human-specific characteristics such as trust towards auto-
mation, engagement and workload of the driver, and mental
capacity, as well as more technology-related factors such as
level of automation, technology complexity, and information
salience (Endsley 2017).

The role of passenger SA has received significantly less
attention. In passenger cars with self-driving capabilities, pas-
sengers have been studied, for instance, in relation to the ef-
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fect passengers have on the SA of the driver (Chandrasekaran
etal. 2019), how SA impacts the anxiety of passengers travel-
ing in a self-driving vehicle (Lu et al. 2022), or how much
SA is required to improve passenger trust towards automated
vehicles (Chang et al. 2019). While SA may help passengers
regarding certain psychological traits, such as gaining trust
and relieving anxiety, they are not expected to have any direct
role in maneuvering or managing the vehicle. In the context
of a passenger car, this is somewhat understandable, as the
main task of driving is split between the driver and the auto-
mation, assuming the vehicle has some capabilities regarding
the latter.

However, in the case of ASBs, the aim is directly linked
to the removal of the human operator, whose tasks are not
limited to driving the bus alone but also include tasks such as
dealing with unexpected situations in and outside the bus. As
a result, the operations of a fully autonomous ASB are in
some instances likely to depend on the passengers, which
again calls for appropriate levels of SA from them. Current
research on ASBs primarily focuses on the concerns and
hopes that users have regarding these buses (Herrenkind et
al. 2019; Launonen et al. 2021). The required level of pas-
senger SA and its influence on ASB design remains unclear.

This is of importance as it links to other relevant questions
on the role of passengers of ASBs, such as what kinds of tasks
or control mechanisms might be given to them, how much in-
formation passengers should be provided, and in what format
and with whom and how to interact in unexpected situations.
Our research seeks to contribute to these questions by looking
at ASBs concerning the SA of passengers as well as ASB
users’ views regarding the matter.

3. Methodology

Building on these insights, mixed methods were used in the
current case study for investigating the different perceptions
of SA in the context of AVs applied in real-life traffic situ-
ations and as part of public transport services (Udal et al.
2024). The descriptive case study method was applied as it is
foremost concerned with questions such as “how” and “why”
and permits differences between what was planned and what
occurred.

A pilot test with a self-driving shuttle bus was conducted
in Rae Parish (in Estonia) as an extension to the public
transport system in the spring of 2023 (see Fig. 1). The AV
used for the experiment was designed and manufactured in
Estonia, under the iseAuto project (Sell et al. 2024; Sell, et
al. 2021). The particular vehicle was a commercial version of
the iseAuto. The overall project was connected to wider fu-
ture transportation solutions — MaaS XT (Kalda et al. 2024),
offering seamless integration of different mobility-related
services, including self-driving minibuses and on-demand
transportation. The aim of the survey was to assess the at-
titude of suburban residents towards self-driving vehicles
after experiencing shared traffic situations with ASBs, as well
as after using ASBs as a local last-mile service. Before
conducting the survey (2022-2023), interviews with ASB
manufacturers and service providers were conducted to assess
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Fig. 1. Autonomous shuttle bus - iseAuto — used for the case study

their consideration of user experience and SA. The interviews
are described in more detail at the end of this chapter and in
the next one.

The online survey (https:/forms.gle/tsEMxU2LSAPjihe28)
was conducted among residents after the month-long ASB
demo was finalized (dissemination was done in collaboration
with the local government), with the main scope being to
understand the perception of ASBs and SA from several angles.

A mixed-method approach was used, conducting semi-
structured interviews with representatives of either self-driv-
ing vehicle technology or software developers, as well as with
research centers focusing on AV development and applica-
tion. The interviewees were selected mostly among Estonian
and Finnish AV developers, as the interviews were analyzed
in the context of the user survey. The interviews were open-
ended, and guiding questions were sent beforehand.

The questions mainly focused on the design of internal
communication in the ASB with passengers and the intended
role of the passenger (either active and able to take over driv-
ing actions, active only in emergency situations, passive with-
out any communicative actions, or passive with a possibility
to communicate with remote operators). Additionally, there
were questions regarding the amount of information provided
to passengers in everyday situations and in cases of disrup-
tions. The aim was to understand how much regard was given
to communication-related potential challenges.

The main objective of the questions was to determine how
much and at what level of complexity communication with
passengers and SA had been considered while designing
either the AV or a service using AVs. The interviews were
adapted based on the interviewee to maximize their relevance.

4. Experiment results

Based on the interview answers, nine recurring topics were
distinguished: transparency, universality of interpretation of
gestures (cultural differences), the role of government/auth-
orities, the form of communication used, the preference for
making changes to the environment to enable AVs to function
better rather than making AV design more human-centric,
whether ASBs were considered the same as buses but without

in Rae Parish. Photo taken by the authors.

drivers, the passenger role as active or passive, technology
readiness, and the relevance of the trust factor.

Some interviewees leaned towards providing some in-
formation but saw full transparency as counterproductive,
potentially leading passengers to worry about factors that
were not important. Others appeared not to have given much
thought to issues linked to passengers’ SA and increased res-
ponsibilities. The general assumption seemed to be that ASB
passengers were comparable to those of a human-driven bus.

Another challenge that emerged was the variability of
human behavior, gestures, and actions across different cul-
tures. Some saw most human gestures and actions as uni-
versal, while others considered this a significant challenge.
Points were made regarding how strictly people follow traffic
rules and the differences in interpreting human signs. Sim-
ilarly, it appeared that little thought had been given to the
service design or business models around ASBs. Some doubts
were expressed about whether last-mile transportation alone
would be sufficient for a profitable business, and ideas such
as using the buses for monitoring parking violations or gath-
ering other types of data for additional purposes were men-
tioned.

The user survey included a multiple-choice questionnaire
with some open-ended questions, totaling 35 questions. Among
the 165 respondents, 53.9% had been in traffic with an AV,
but significantly fewer had actually used one (only 28.7%).
However, 86.5% expressed interest in using AVs in the future.
Only 11% of survey participants considered AVs unsafe (see
key results on survey in Fig. 2).

When asked whether they would use an ASB as their daily
commute, responses were categorized as “yes”, “no”, and
“don’t know”. When asked what kind of everyday mobility
option they would replace with AV use, most respondents
answered personal cars (65.5%), followed by public transport
(41.8%) and taxis (30.9%). Only 15% of respondents con-
sidered it unsafe to be a passenger on an ASB in traffic. In an
open-ended response, one participant stated:

“There is no reason to feel unsafe in an AV because I
presume that AVs are technologically reliable like an elevator,
and surely the manufacturers have thought it well through on
how to provide help in case of malfunctions or accidents.”
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