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A B S T R A C T

Cities worldwide are repurposing curbside space to make urban areas more livable. This results in growing 
competition for the remaining space from curbside users including freight vehicles, ride-hailing services, and 
private cars. Yet, new curbside parking interventions fail due to the complexity of numerous regulations, limited 
enforcement capacities, and a lack of reliable data. Internet of Things (IoT) technologies promise real-time, fine- 
grained monitoring of curbside activities to enforce curbside interventions. But many pilot projects have 
struggled to achieve lasting success, as their designs overlooked key organizational and user-related factors. 
Building on the information systems success model, our study examines how cities can leverage IoT technologies 
to enhance curbside management. Drawing on 44 international projects and expert interviews, we conduct a 
morphological analysis that identifies nine design dimensions and 26 distinct design configurations. From these, 
five Critical Success Factors (CSFs) emerge. For information quality, we identify as CSFs (1) accurate parking 
durations, (2) accurate parking positions, and (3) information completeness. For system quality we find (4) ease 
of use, ease of learning, intuitiveness, and flexibility, and (5) privacy. The CSFs highlight a need for an 
enforcement focus in information quality, while system quality must ensure curbside user buy-in. We discuss 
further conflicts that emerge from different stakeholder objectives in user-centered designs of digital public 
services. Through this, we advance the theoretical understanding of information systems success in government- 
citizen interactions. By addressing these shortcomings of previous initiatives, our CSFs support evidence-based 
policymaking and provide actionable guidance for cities and technology providers.

1. Introduction

Monitoring vehicle movements in urban areas for parking guidance 
and access control is a well-established practice. Since the 1970 s, cities 
have employed cameras and variable message signs (Simoni, 2024). But 
three disruptions have significantly reshaped the potential and urgency 
of this domain: evolving city policies, changing traffic patterns, and the 
rise of Internet of Things (IoT) technologies.

Cities worldwide are increasingly experimenting with reducing 
curbside space allocated to motorized vehicles to improve the quality of 
urban life, for example, through open spaces or outdoor dining 
(Gonzalez et al., 2023; UN-Habitat, 2022). At the same time, increased 
doorstep deliveries require more curbside parking space for urban lo
gistics (Silva et al., 2024), while ride-hailing trips cause congestion due 
to passenger pickups and drop-offs in traffic lanes (Roy et al., 2020). To 

balance these conflicts, cities implement policy changes that repurpose 
curbside segments for new user groups while discouraging private car 
use. Through these policies, cities aim for more productive uses of the 
curbside, including paid parking, short-term temporary parking, 
loading, and passenger pickup and drop-off (Diehl et al., 2021; Kassens- 
Noor et al., 2021).

However, these policy changes generate conflicts over the use of 
curbside space and pose complex management challenges (Castrellon & 
Sanchez-Diaz, 2024). The status quo is characterized by numerous reg
ulations, coupled with low enforcement efficacy and consequently high 
violation rates (Manville & Pinski, 2021). For paid parking, violation 
rates of 26 percent (Heraud et al., 2025) and 15 to more than 75 percent 
per street block (Manville & Pinski, 2021; SFMTA, 2014) have been 
reported. Short-term permitted parking also correlates with high rates of 
misuse (Saki & Hagen, 2024).
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This hinders cities in their efforts to repurpose curbside segments 
successfully while ensuring reliable curbside access for permitted users 
(Castrellon et al., 2024). Such access is crucial for equitable participa
tion, particularly for citizens with disabilities and for commercial traffic 
that relies on short, direct access to final destinations. To improve the 
status quo, policy documents show increasing optimism that regulatory 
adaptations can be accomplished through technology investments 
(Gregg and Maisel, 2025). Approaches include occupancy data derived 
from payment data from parking meters and pay-by-phone systems 
(Butrina et al., 2020), as well as occupancy measurements from sensor- 
equipped vehicles, i.e., scan cars (Roman et al., 2018; Tang et al., 2022). 
Increasingly, cities study curbside management systems that allow to 
patrol larger street segments in shorter time frames. One approach is to 
use scan cars in combination with automatic license plate recognition 
(Tang et al., 2022). However, paper-based parking tickets and permits 
lead to high error rates, limiting gains in process efficiency (Lyons, 
2023). Moreover, relying only on data samples from scan cars and 
compliant users of payment systems does not sufficiently capture the 
deteriorated curbside conditions. It offers only limited support to 
parking enforcement officers and curbside users.

IoT technologies, however, provide unprecedented opportunities for 
continuous, high-resolution data collection at the curbside. They enable 
the precise real-time monitoring of individual on-street parking spots 
and segments (Bäßmann et al., 2026). To pilot occupancy detection, 
projects such as SFpark (SFMTA, 2014) and parkDC (Dey et al., 2017, 
2018) emerged. These studies pursued two main goals: first, using IoT 
sensor data to balance curbside parking availability by adjusting parking 
fees to demand; and second, providing motorists with real-time infor
mation about curbside parking occupancy during the live operation 
phase (Dey et al., 2017, 2018; SFMTA, 2014). The parkDC project also 
examined different IoT technologies for detecting curbside occupancy, 
comparing them with manual data collection. Published studies have 
provided recommendations on sensors and data analysis technologies 
(Dey et al., 2017, 2018). Scholars have further compared different 
technologies for parking spot occupancy detection. For example, Hudda 
et al. (2024) evaluated pole-mounted cameras against stationary in- 
ground sensors and mobile sensing solutions such as smartphones, ve
hicles, and drones. Morell et al. (2025) presented a cost-efficient 
approach using existing traffic monitoring cameras. Aljohani et al. 
(2022) conducted a survey of different technologies and applications.

However, we found no literature that systematically investigates IoT 
technologies for curbside management from a combined technological 
and user perspective. If studies consider curbside users, they focus only 
on ride-hailing or urban logistics pilots. Furthermore, these studies 
examine technologies and user perceptions only to a very limited extent 
(Butrina et al., 2020). For example, cameras, sensors, and mobile ap
plications (apps) were identified as interventions used in curbside 
freight pilots (Palacios-Argüello et al., 2025).

Consistent with this gap, scholars recommend fostering research into 
digital tools and IoT technologies and how they can improve compliance 
with existing regulations (Castrellon et al., 2024). Open questions 
remain about how to integrate IoT technologies successfully into curb
side management systems. In particular, Castrellon et al. (2024) call for 
research on which stationary and mobile technologies are most suitable 
for the users involved and for meeting cities’ objectives. Success and 
failure factors in existing designs must be identified to enhance 
enforcement capabilities while building acceptance through user- 
centered designs. For the purpose of our research, we thus focus on 
the following IoT technologies: static hardware that monitors the oc
cupancy of the curbside, connected user interfaces like kiosks or meters 
that share registration information in a central database, and connected 
mobile hardware carried by curbside users and vehicles to engage in the 
registration process, taking orientation from Castrellon et al. (2024).

We study how IoT technologies are embedded in the registration 
process of curbside users and the corresponding enforcement potential 
for authorities. Our Research Question (RQ) is: 

“How can cities implement IoT technologies to strengthen curbside 
management systems, enabling enforcement authorities, while recognizing 
the needs of curbside users?”

To address this RQ, we apply the information success model (DeLone 
& McLean, 2016; Petter et al., 2008) as theoretic lens, combined with a 
Design Science Research (DSR) approach (Schoormann et al., 2024). In 
this approach, we conduct a morphological analysis of real-world pro
jects, to derive a decision tree (Kundisch et al., 2022; Ritchey, 2011; 
Zwicky, 1967), and to formulate Critical Success Factors (CSFs) (Gregor 
et al., 2020; Rockart, 1979; Williams et al., 2008). We then discuss our 
findings and outline recommendations for research and practice.

2. Research design

2.1. Information systems success model

To address our research question, we adopt the information systems 
success model as our theoretical lens. Originally developed by DeLone 
and McLean (1992) and subsequently updated to address the evolving 
nature of information systems, this framework has become a dominant 
paradigm for measuring information system success (DeLone & McLean, 
2003, 2016; Petter et al., 2008, 2013). The updated model posits that 
information system success is a multidimensional and interdependent 
construct comprised of six distinct variables: system quality, information 
quality, and service quality, which causally influence intention to use (or 
use) and user satisfaction, ultimately leading to net benefits (DeLone & 
McLean, 2003; Petter et al., 2008). For the purpose of this study, we 
focus on the two quality variables information quality and system 
quality, as they represent the fundamental system variables directly 
shaped by IoT technology choices.

Information quality refers to the desirable characteristics of the 
system’s outputs (DeLone & McLean, 2003; Petter et al., 2008). While 
the literature identifies various measures for this construct, accuracy, 
relevance, and completeness are consistently cited as key dimensions 
(DeLone & McLean, 2003; Petter et al., 2008). Accuracy ensures that the 
data provided by the system is correct and free of errors, a fundamental 
requirement for users to trust and rely on the system for decision- 
making. Relevance ensures that the information is applicable and 
helpful for the specific task at hand. Completeness is defined as the 
extent to which information is not missing and possesses sufficient 
breadth and depth for the specific task (DeLone & McLean, 2003; Kahn 
et al., 2002; Petter et al., 2008).

System quality focuses on the desirable characteristics of the infor
mation processing system itself (DeLone & McLean, 2003; Petter et al., 
2008). Key characteristics of system quality relevant to this study 
include ease of use, ease of learning, flexibility, and intuitiveness 
(DeLone & McLean, 2003; Petter et al., 2008). Ease of use is described as 
a user's belief that using a specific system will be free of effort. Flexibility 
describes the information system’s ability to adapt to changing de
mands, user needs, and environmental conditions. Ease of learning re
fers to the effort required for a user to become skillful with the system. 
Intuitiveness can be understood as the extent to which a system can be 
operated with minimal cognitive effort and without extensive training 
or instructions (DeLone & McLean, 2003; Petter et al., 2008). Further
more, privacy has emerged as a critical characteristic of system quality 
in the context of modern systems that extend beyond organizational 
boundaries to citizens and customers. It is defined as the degree to which 
a system protects user information, serving as a prerequisite for estab
lishing user trust and ensuring informational autonomy (DeLone & 
McLean, 2016; König, 2021).

Thus, the information systems success model is particularly well- 
suited as a theoretical lens for our study. It explicitly links the quality 
dimensions of information systems, specifically information quality and 
system quality, to user satisfaction and net benefits. It hence captures the 
causal mechanisms that IoT-based curbside management systems must 
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traverse to deliver value. As a validated framework for systems medi
ating between organizations and end users, it furthermore allows to 
study the government-citizen dynamics of digital systems in the context 
of curbside management.

2.2. Research methods

To identify design determinants for information and system quality 
in curbside management systems, we adopt a DSR approach (Gregor & 
Hevner, 2013; Schoormann et al., 2024). DSR is a problem-solving 
paradigm that generates design knowledge and theoretical insights by 
creating artifacts that are theory-informed and build on implemented 
prototypes (Baskerville et al., 2018; Hevner et al., 2004; Vom Brocke 
et al., 2020).

In this study, the artifact is the set of CSFs, which is classified as 
design knowledge. To distill the CSFs, we first conducted a morpho
logical analysis following Kundisch et al. (2022), Ritchey (2011), and 
Zwicky (1967). A morphological analysis serves to identify the di
mensions and characteristics of a problem complex observed in the real 
world. It establishes the dimensions of implemented curbside manage
ment systems and their characteristics. Using these dimensions, we 
identify which characteristics, i.e., system designs and IoT technologies, 
are implemented in practice. This provides the basis from which we 
derive a map of alternative design configurations, i.e., the decision tree 
(Ritchey, 2011; Zwicky, 1967). From the decision tree of alternative 
design configurations, we identify design patterns. From these, we 
derive CSFs of IoT technologies for curbside management systems. We 
use CSFs to identify the handful of critical areas whose fulfillment is a 
prerequisite for successful outcomes (Bullen & Rockart, 1981; Rockart, 
1979). In information systems research, CSFs are commonly used to 
identify the critical areas that determine whether different technologies, 
designs, and configurations succeed or fail (Janssen et al., 2021).

To identify all potentially relevant application projects of IoT tech
nologies in curbside management, we conducted an efficient search 
strategy oriented toward literature review practices. We systematically 
searched databases and applied filters to obtain a feasible number of 
relevant results (Vom Brocke et al., 2015). We began with scientific 
literature. To identify relevant articles, we limited the search to high- 
quality journals focusing on IoT, urban technology, and trans
portation. We queried these journals with variants of the search string 
(“smart parking” OR “curbside”) AND (“project*” OR “case*” OR 
“enforcement” OR “guidance” OR “real-time” OR “management”) AND 
(“accessibility parking” OR “resident parking” OR “(un-)loading zone*” 
OR “logistic bay*”) in title, abstract, or keywords. We limited the pub
lication period from 2015 to 2025. We then filtered the results to include 
only papers that described existing projects or design knowledge in the 
title or abstract. To enrich the literature basket, we screened the titles of 
forward and backward citations and applied artificial intelligence-based 
literature search methods (Wagner et al., 2022). Next, we consulted the 
company database Crunchbase using the same search string as in the 
literature search. We visited the resulting companies’ websites to iden
tify reference projects that these companies advertise. Finally, we 
searched gray literature. Using Google, we scanned newspapers and 
municipal as well as company websites to identify projects with variants 
of the same search strings in English, French, German, Portuguese, 
Polish, and Spanish.

After compiling the initial list of projects, we evaluated each project 
to determine whether sufficient information could be obtained via 
company and municipal websites, expert interviews, Google Street 
View, and/or reports. Thus, we could ensure a holistic understanding 
and assessment of each curbside management system. We then assessed 
whether the project built on the defined IoT technologies to improve 
curbside management. Projects that met these criteria were included in 
the basket of projects.

We added curbside registration projects from this basket to the 
morphological analysis as long as they were relevant to ensure 

meaningful coverage. Adding sources yields diminishing returns on the 
investment of time, as coverage is a matter of relevance (Vom Brocke 
et al., 2015). Therefore, we stopped adding new projects when theo
retical saturation was reached, i.e., when it was unlikely that collecting 
new data would provide new insights (Corbin & Strauss, 2015). We 
reached theoretical saturation after assessing 39 projects, as no new 
configurations emerged. To validate saturation, we randomly selected 
five more projects from the basket. None of these provided new insights. 
Our final analysis therefore contains 44 projects. We conducted in
terviews with representatives from 18 of these projects, where infor
mation from other sources was insufficient for comparing designs or 
deriving implications.

To reach the final morphological analysis, we conducted four itera
tions. In these, the first and second author classified projects indepen
dently. The dimensions were developed inductively by clustering 
characteristics that repeatedly appeared across the analyzed projects, 
literature, and expert insights (Ritchey, 2011). Each dimension repre
sents a distinct design aspect of curbside management systems, such as 
user interaction, user interface, or segment registration, and was defined 
to be conceptually coherent and non-overlapping with others. For each 
dimension, we identified a discrete set of possible characteristics that 
describe the full range of observable realizations. These characteristics 
were grouped to ensure mutual exclusivity within each dimension while 
maintaining collective exhaustiveness across the overall problem space 
(Ritchey, 2011). After each refinement cycle of the classification pro
cess, the first and second author discussed and adjusted unclear or 
overlapping definitions until conceptual clarity and consistency were 
achieved. Thus, we obtained a valid, transparent, and meaningful 
morphological analysis.

As suggested by Ritchey (2011), we focused on the most important 
dimensions to differentiate configurations. For example, we did not 
include the characteristic of whether signs are part of the curbside 
hardware, because all projects used signs to communicate curbside 
regulations and because signs are no connected IoT technology. Instead, 
we assessed which curbside management systems rely on parking 
segment Identifiers (IDs) to be provided at the curbside to operate. 
Furthermore, to ensure that only one characteristic is met in each 
dimension (Ritchey, 2011), projects that included two user interfaces 
were analyzed separately and documented in two lines, e.g., Project 23.1 
and Project 23.2. We deviated from this rule only in Project 37, where 
in-ground sensors were added for some parking spots that were not 
visible to cameras. But in Project 37, this combination does not provide 
functional benefits. Hence, no separation into two lines was performed. 
We also excluded user interfaces that did not meet the inclusion criteria 
for IoT technologies, i.e., the non-connected kiosks in Project 25 used 
alongside smartphone-based registration interfaces.

We then transferred the results of the morphological analysis into a 
decision tree by grouping duplicate designs, deriving 26 distinct designs. 
Leveraging the decision tree’s visual and structural clarity, we derived 
five design patterns inherent to the analyzed curbside management 
systems. We systematically compared the 26 distinct designs identified 
in the morphological analysis. Each branch of the decision tree delin
eated alternative design configurations and their underlying mecha
nisms, allowing us to abstract these configurations into higher-level 
design patterns. Through this approach, we aimed to uncover recurring 
technological and procedural design choices that influence the suc
cessful implementation of curbside management systems.

To ensure robustness and validity of our findings, we refined and 
validated the design patterns through three rounds of semi-structured 
interviews with 11 practitioners from the analyzed projects (Hevner 
et al., 2004; Kundisch et al., 2022). Between each round of semi- 
structured interviews, we applied inductive coding techniques, using 
the dimensions of the decision tree as initial criteria for the selection 
process (Adams, 2015; Mayring, 2022; Yin, 2016). During these rounds, 
participants reviewed the decision tree and reflected on design trade- 
offs, implementation challenges, and observed outcomes. Their 
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feedback helped confirm causal relationships between design choices 
and system success and sharpened the conceptual boundaries. To 
structure this feedback, we categorized the interview data along the 
characteristics of information system success (DeLone & McLean, 2016; 
Petter et al., 2008), from which the CSFs emerged. They hence are 
theoretically informed, empirically grounded design knowledge (Gregor 
& Hevner, 2013). Within the scope of our research aim, we define suc
cess as fulfilling the intended purpose by delivering benefits to targeted 
users, thereby ensuring lasting operation. The CSFs bridge technical 
system configurations with organizational and behavioral outcomes, 
linking the structural design dimensions identified in the morphological 
analysis to the handful of critical areas that must ′go right′ for IoT-based 
curbside management systems to succeed (Bullen & Rockart, 1981; 
Rockart, 1979).

3. IoT technologies for curbside management

3.1. Morphological analysis

Through the morphological analysis, we investigate the dimensions 
of curbside management systems, e.g., the type of curbside, the user 
interaction, and the IoT technologies used. We differentiate character
istics in nine dimensions. Our classification for each project is shown in 
Table 1. We order the dimensions as follows. The first four dimensions 
characterize how often the user has to interact with the curbside man
agement system and how actions are split between the user and the 
system. The following two dimensions characterize the parking segment 
and vehicle identification. The last three dimensions characterize the 
applied IoT technologies and the data they collect.

In the first dimension, projects are distinguished based on the user 
interaction. This dimension differentiates how often the user interacts 
with the curbside management system. We find none in projects that 
focus only on guidance (e.g., Project 1) or on enforcing no-parking 
regulations (Project 18). In these projects, only occupancy information 
is collected. If curbside users are required to register their vehicle when 
stopping at the curbside, we find two characteristics. These are every 
parking session and one time. In systems using the former, the curbside 
user performs a manual action at the start of each parking session to 
transmit information (e.g., Project 21). In one time interaction designs, 
the user applies for the service once, e.g., via an online form. Thereafter, 
when parking at the curbside, the user does not need to perform any 
action (e.g., Project 40).

The second dimension, parking duration input, determines whether 
the user is required to enter the parking duration during the curbside 
registration process. None applies in guidance projects (e.g., Project 4), 
and in projects where the system tracks the duration (e.g., Project 40). In 
contrast, some projects require a manual start of the parking session (e. 
g., Project 23.2). Others require a manual start, manual end (e.g., Project 
21). Systems also exist with a manual start, estimated end of the parking 
duration (e.g., Project 22). In these systems, the start and end times are 
entered at the beginning of the parking session, and therefore the end 
must be estimated. If the user wants to extend the parking session, a new 
registration process must be started. Finally, there are projects where the 
user first estimates the duration but can then manually end the ongoing 
parking session (e.g., Project 25). We define this as manual start, 
manual, estimated end.

In the third dimension, parking duration detection, we assess 
whether the system can leverage IoT technologies to detect the parking 
duration. We distinguish whether the information about the detected 
start and end of a parking session is embedded into curbside manage
ment processes or is not functionally integrated in the system’s opera
tions and processes. The embedding can be none, if this is not the case (e. 
g., Project 18). But it is the case in, e.g., Project 40 and Project 27 to 
improve provided services and processes. In Project 40 the system de
tects and uses the start and end times of parking sessions, and in Project 
27 it detects and uses the end time.

The fourth dimension, segment registration, assesses, from the 
perspective of user effort, the parking segment registration of the 
curbside registration process. We find one characteristic to be none (e.g., 
Project 1). None is given when the curbside user does not need to reg
ister the vehicle’s parking segment. Apart from that, we find that the 
segment is user entered, user selected, or system detected. A parking 
segment is user entered into the system when the system does not pro
vide any suggestions, but the user must identify the parking segment 
themselves (e.g., Project 29). A user selects a parking segment when the 
user chooses the segment from a selection of provided suggestions, e.g., 
on a map or list, derived from the user’s detected position (e.g., Project 
21). A parking segment is system detected if the user does not need to 
perform an action to identify the parking segment they park in, but the 
system automatically detects it (e.g., Project 23.2).

The fifth dimension, segment identification, covers the parking 
segment for which users must register their vehicles. If no user regis
tration takes place, then the segment is none, as nothing is entered (e.g., 
Project 1). We find one city to use zone IDs for parking segments to 
define a broad area of multiple streets, e.g., the inner-city district in 
Project 25. Furthermore, we find perimeter codes with finer spatial 
granularity, yet still covering more than one parking space. We refer to 
these parking segments as parking sections. Parking sections and their 
respective section IDs are used to identify loading bays for multiple 
vehicles (e.g., Project 21) or parking segments ranging from one inter
section to the next (e.g., Projects 32.1 and 32.2). As a third option, we 
find spot IDs. These have the finest spatial granularity, i.e., identifying 
one singular parking spot with a unique ID (e.g., Project 30). The 
different spatial granularities are visualized in Fig. 1.

In the sixth dimension, we differentiate attributes. Attributes are 
associated with the vehicle or curbside user and provide relevant in
formation for curbside management. The options we identify are none 
(e.g., Project 1), the vehicle’s license plate (e.g., Project 25), any permits 
for, e.g., disabled parking (Project 24), or a combination of license plate 
and permit (e.g., Project 21).

We then differentiate user interfaces that are part of the parking 
session in the seventh dimension. The user interfaces transmit 
compliance-relevant information for the parking session. Some user 
interfaces move with the user, i.e., on-board apps that run on the vehicle 
operating system or mobile apps that run on a smartphone. We differ
entiated app characteristics by the main positioning technology they 
use. On-board app and GNSS as well as mobile app and GNSS solutions 
use GNSS as the main positioning technology (e.g., Project 27). In 
contrast, a mobile app and ID solution uses an ID that is provided 
through physical signs or painted numbers (e.g., Project 33.2). Similar to 
a mobile app and GNSS solution, this solution may also use GNSS as 
another layer of validation for the selection of the correct ID, but the ID 
must always be entered first. A mobile app and Bluetooth Low Energy 
(BLE) solution uses a BLE gateway connection as the main positioning 
reference (e.g., Project 23.1). ID codes might be provided here as a 
fallback solution. Furthermore, a BLE beacon, instead of an app, can be 
used to connect to the BLE gateway (e.g., Project 23.2). Distinct from 
these technologies, we find kiosks and meters as fixed user-facing 
registration hardware. We define a kiosk as fixed registration hard
ware that serves more than one singular parking spot and provides an 
interface for different inputs (e.g., Project 31.1). In contrast, a meter is 
defined as fixed registration hardware that serves one singular parking 
spot and only provides a payment interface (e.g., Project 38.1).

The eighth dimension characterizes any system-facing hardware that 
enables information detection. We identify GNSS, which provides a 
signal to any GNSS receiver for positioning (e.g., Project 21). Further
more, in-ground sensors are used to detect vehicles parked above them 
(e.g., Project 1). In Project 27, in-ground sensors and GNSS positioning 
are combined. In-ground sensors may also have a built-in BLE gateway, 
combined with occupancy detection, to which users can connect, i.e., in- 
ground sensor with BLE gateway (e.g., Project 24). We also found the 
BLE gateway to be mounted on a pole, i.e., pole‑mounted BLE gateway 
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(e.g., Projects 23.1 and 23.2). Lastly, we identified pole-mounted cam
eras that register vehicle movements (e.g., Project 11). Similar to Project 
27, GNSS can complement pole-mounted cameras, i.e., pole-mounted 
camera and GNSS (e.g., Project 26).

In the ninth dimension, we characterize what is detected by these IoT 
technologies, i.e., the vehicle (object) detection. This may be none (e.g., 
Project 31), the sensor-based detection of any vehicle to determine the 
occupancy in a separated parking spot or an unseparated parking section 
(e.g., Projects 1 and 10, respectively), or the detection of a receiver (e.g., 
Projects 23.1 and 23.2). Projects also use these technologies in combi
nation. Project 27 combines section occupancy detection with a receiver 
for user positioning. In a similar vein, Project 24 combines parking spot 
occupancy detection and BLE receivers, and Project 41 combines park
ing spot occupancy with license plate identification.

3.2. Decision tree

From the morphological analysis, we build the resulting decision tree 
for curbside management system designs. We build the decision tree by 
merging projects with identical designs into a single design. For 
example, Projects 1–9 and 12–16 are merged into Design 1. Across all 
projects, we identify 26 unique designs, as displayed in Fig. 2. From the 
decision tree, we identify five design patterns.

The first design pattern covers parking durations, and how 

characteristics of parking duration input in the second dimension and 
parking duration detection in the third dimension are used in curbside 
management systems. The designs facilitate different approaches to the 
documentation of parking durations. Designs 1–4 require no documen
tation from the curbside user at all. In every parking session designs 
(Designs 5–23), the user has to manually start the parking session. The 
end of the parking session must either be estimated (Designs 5–10), 
ended manually (Design 11), or is detected by the curbside management 
system (Design 23). For one time designs, if required, the system detects 
the start and end of the parking session (Designs 25, 26). Our investi
gation furthermore reveals redundancies between the two dimensions in 
Designs 12 and 21. These designs combine a manual end of the parking 
process with end detection.

Focusing on the second design pattern, i.e., segment registration, we 
make the following findings. Meters are placed next to the respective 
parking spot, enabling the system to detect the spot ID (Design 7). 
Similarly, kiosks forward the parking section in which the kiosk is 
located, detecting the section ID (Designs 5 and 6). Kiosks can also 
require the user to enter a parking spot ID (Designs 8 and 9). Here, we 
also find mobile app and ID designs to require the curbside user to enter 
section IDs or spot IDs (Designs 13–17).

Mobile app and GNSS designs are used in combination with every 
parking session designs, allowing the user to select a parking segment 
(Designs 10, 11, 18–21). We find parking segments to be either section 

Table 1 
Morphological analysis of curbside management systems.a

(continued on next page)
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IDs or zone IDs in these designs. An on-board app and GNSS is further
more found to detect the parking zone ID in a one time design (Design 
26). In a similar vein, we find mobile app and BLE designs to allow the 
user to select a section ID (Design 12). Furthermore, mobile app and BLE 
and BLE beacon designs are capable of letting the system detect a section 
ID or a spot ID (Designs 22–24). But the system can also detect the 
segment without any user interface, i.e., Design 26. Here, a static license 
plate reading camera covering one parking spot is used to locate the 
vehicle and the respective license plate in a single parking spot, 
detecting the spot ID.

We find as a third design pattern the strong heterogeneity in the 
system-facing hardware and the vehicle (object) detection. Designs 1–4 
show that both in-ground sensors and pole-mounted cameras are used to 
detect parking spot and section occupancy. Designs 13–15 support this 
finding and show that occupancy detection is not mandatory for the 
respective curbside management system design. In a similar vein, GNSS 
and BLE designs are both used to detect receivers (Designs 11, 12, 18, 
19, 22, 25). We also find occupancy and receiver detection to be used 
together (Designs 10, 20, 21, 23, 24, 26).

Through the first and second design pattern, we identify as a fourth 
design pattern heterogeneous curbside registration steps for curbside 
users. The curbside user may not be required to register at the curbside, 
i.e., none (Designs 1–4), may be required to register every parking ses
sion (Designs 5–23), or is required to register once and is then relieved 
from any manual tasks at the curbside, i.e., one time (Designs 24–26). In 
the case of every parking session designs, some designs require the user 
to move towards the user interface (Designs 5–9). Through mobile app 
designs or BLE beacons, users do not need to walk to the user interface 
(Designs 11–23). But curbside users have to start their parking process at 
the beginning and then either estimate their parking duration upfront 
(Design 10), estimate and then optionally end the parking session when 

leaving the parking segment (Designs 13–21), mandatorily interact with 
the curbside management system at the end of the parking session to 
manually end it (Design 11), or have the system detect the end of the 
parking session automatically (Designs 21–23). During this registration 
process, users must either enter the parking segment manually, receive 
system assistance in selecting the parking segment, or have the system 
detect it for the user.

As a fifth design pattern, we find the parking segments and the use of 
parking spots to be relevant for the required attributes. For registration 
in parking sections and zones, the license plate is always required as 
vehicle identifier, also known as pay-by-plate parking (Designs 5, 6, 
10–15, 18–22, 25). Additional permits might be required as a further 
attribute for permitted parking (Designs 10–12, 22). When spot IDs are 
used as the segment identifier, we find that license plates are not 
required as an attribute, as vehicles can be identified by the individual 
parking spot ID they occupy, i.e., pay-by-spot parking (Designs 7, 8, 9, 
16, 17, 23, 24). But here as well, permits might be required as an 
attribute for permitted parking (Designs 23, 24). Only Design 26 de
viates from this pattern to offer automated parking ticket billing on a 
single parking spot. In Design 26, to avoid user interaction at the 
curbside, the user is identified via the vehicle’s license plate.

Fig. 3 provides a dataflow diagram that abstracts the common 
dataflows across all identified system designs, following DeMarco 
(1979). The user interface and system-facing hardware provide a com
bination of parking segment, parking duration, and attributes data 
building on entered, selected, or detected inputs. These inputs are stored 
in the curbside management database. The data is then checked for any 
parking violations. If positive, the data is forwarded to parking 
enforcement officers or a billing system. Optionally, data can be 
retrieved by capable user interfaces to display information about the 
parking session or curbside occupancy to guide vehicles searching for 

Table 1 (continued )

aProjects are anonymized to avoid traceability of interview partners and are made available upon request.
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Fig. 1. Spatial granularities of different segment types.

Fig. 2. Decision tree of curbside management designs.
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parking.

4. Critical success factors

4.1. Information relevance and accuracy of parking durations

We then interviewed experts on why only a few designs integrate 
automatically detected parking durations into curbside management 
processes and why redundancies remain between manual and detected 
starts and ends. Based on the interview data,4 we find this to be a matter 
of information relevance and accuracy.

Experts elaborated that parking durations must be detected with 
court-admissible accuracy. Otherwise, this information cannot be used 
to prosecute violations of time-limited parking and overstays. Thus, 
manual actions often still remain the main interaction for starting and 
ending the parking session. Manual actions assign the responsibility for 
accurate data to the curbside user. This ensures relevant, court- 
admissible parking duration data.

Many projects are piloting time measurements to study accuracy, 
while not being able to use them in their final processes (e.g., Projects 
19, 20, 36). Experts reported difficulties detecting the start and end of 
parking sessions with sufficient accuracy across many system designs 
and IoT technologies. Inaccuracies in automated time measurements 
were stated to stem, among other factors, from loss of connection (e.g., 
mobile apps with BLE in combination with BLE gateways) or detection 
errors (e.g., in-ground sensors and cameras).

In other projects, designs were evaluated as sufficiently accurate to 
let the system detect the start, the end, or both parts relevant for the 
parking duration. We find a prerequisite to be a focus on the vehicle 
position and its movement, as opposed to monitoring only the user’s 
smartphone position. Designs 21 and 23 are assisted by in-ground sen
sors to detect vehicle movement. Design 22 uses a BLE beacon attached 
to the vehicle. Design 25 relies on on-board GNSS to detect when a 
vehicle moves and stops, thereby measuring parking durations. In 
Design 26, cameras directed at a singular parking spot and the parked 
vehicle provide the required accuracy.

In this regard, the threshold for sufficient information accuracy was 
further stated to depend on respective legislative and judicial re
strictions. Some countries were argued to allow higher inaccuracy rates 
for different use cases and court-admissible time measurements than 
others. The prevailing expert view regarded cameras as superior to in- 
ground sensors for high-accuracy time measurements. Hence, we 
formulate CSF1

CSF1: Implement court-admissible parking duration detection if le
gally permitted information accuracy margins can be met, by focusing 
on the vehicle position and vehicle movement. Alternatively, user ac
tions can ensure court-admissible parking durations.

4.2. Information relevance and accuracy of parking segment registration

We then focused on the segment registration and how the identified 
differences in the segment registration shape information system suc
cess. Experts elaborated that segment registration designs were chosen 
based on the given curbside layout, costs, user interaction, and the 
localization accuracy of IoT technologies. We find that the resulting size 
of the parking segment and the accuracy with which a vehicle can be 
located within the correct segment determine information relevance and 
information accuracy.

We find the following relation between these. The size of the parking 
segment determines the number of vehicles that fit in it. This number 
impacts potential efficiency gains from curbside management systems 
for parking enforcement officers searching for violations. In parking 

sections and parking zones, curbside management systems can only 
indicate misuse by providing the number of registered and, optionally, 
parked vehicles, but not their position. Parking enforcement officers 
then may first have to count the number of vehicles parked in the section 
or zone and then compare it to the number of registered vehicles. If the 
numbers do not match, parking enforcement officers must validate every 
license plate for registration in the curbside management system. Given 
the high violation rates in curbside parking, the probability of at least 
one unregistered vehicle in large parking segments is high. Additionally, 
counting parked vehicles in large parking segments is error-prone and 
time-consuming. Thus, experts agreed, that for large parking segments 
there is little value in comparing the number of registered vehicles 
against the number of parked vehicles. With decreasing parking segment 
sizes, the probability of at least one unregistered vehicle is lower, and 
counting vehicles becomes manageable. Thus, smaller parking segments 
make the comparison of parked and registered vehicles easier, assigning 
increasing information relevance to the number of registered vehicles. 
Using spot IDs, i.e., the highest spatial granularity, allows to unequiv
ocally determine the position where a registered vehicle parks. Hence, 
parking enforcement officers patrolling streets can immediately identify 
whether a vehicle is not registered for an occupied parking spot via the 
curbside management system. Experts argued that this high spatial 
granularity represents a crucial efficiency gain for enforcement.

However, experts emphasized that information relevance across all 
sizes of parking segments is furthermore shaped by the system’s capa
bility to accurately locate vehicles in the correct parking segment. A 
system's design may be susceptible to system or human errors, resulting 
in vehicles being registered in incorrect parking segments. Moreover, 
curbside users might deliberately attempt to circumvent the system by 
registering their vehicle in a parking segment while double-parking on 
the street or parking in a neighboring no-parking or permitted parking 
segment. Such discrepancies reduce information accuracy and thus 
diminish information relevance, as violations become harder to identify.

The investigated system designs differ in their location accuracies 
and mechanisms to prevent registrations in wrong parking segments. 
User entered designs rely solely on the user to register the vehicle in the 
correct parking segment and thus to provide accurate information. User 
selected designs receive suggestions from the system, but the user is also 
required to select the correct parking segment. System detected seg
ments via kiosks and meters rely on the fixed positions of the hardware 
and the deployment density to provide accurate information about the 
parking section and spot IDs. The identified GNSS and pole-mounted 
BLE designs were reported by experts to be functionally comparable in 
detecting the parking segment of vehicles. That is, if there is only one 
parking segment that can be unequivocally associated with the meter, 
the kiosk, or the position calculated by GNSS or pole-mounted BLE, the 
parking segment can be correctly detected by the system. This can be the 
case if parking segments are sufficiently large, e.g., the parking zone ID 
in Project 40, or if smaller parking sections and spots are sufficiently far 
distanced from each other, e.g., the section ID in Project 23.2.

However, these system designs are limited, as they have no mecha
nisms to detect whether the vehicle actually parks within the registered 
parking segment. We present a schematic depiction of potential mis
detections in Fig. 4. White cars represent potential positioning errors of 
the parked vehicles, colored in gray. For example, in the top-left panel of 
the figure, the gray vehicle parked at the upper curbside in parking 
section 001 may be mispositioned as the white vehicle in parking section 
002 when the curbside user uses kiosk 002.

Experts judged it rare for users to register at the wrong meter or 
kiosk, and also considered it unlikely that users would manually start a 
parking session at a kiosk or meter while double-parking. Yet such 
positioning errors were argued to be highly consequential for advanced 
curbside management systems, as they erode the information quality. 
Especially, when diverse permitted parking segments with automated 
registration are introduced next to each other. Compared to a user-made 
error in choosing the wrong kiosk or meter, experts emphasized that 

4 Representative expert quotes from the conducted interviews supporting the 
findings of Section 4 are documented in Appendix A.
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users must be able to rely on the curbside management system to 
determine the parking segment accurately if it is automatically detected. 
Particularly, when no user interface for verification is present. Thus, 
given small, individual parking segments next to each other, experts 
agreed that IoT technologies with fine spatial granularity are required at 
the curbside. These ensure accurate information when automatically 
detecting the parking segment. We find these to be license plate cameras 
for parking spots given a clear line of sight (Design 28) or in-ground 
sensors with BLE gateways (Design 29). We thus formulate CSF2 as

CSF2: Choose the segment registration design based on the desired 
responsibility for correct segment registration and the individual layout 
of the curbside. For coarse spatial granularity, system detected segment 
registration can be accurately executed with GNSS or pole-mounted BLE 
designs. For high spatial granularity, sophisticated adaptations to 
parking spots are needed. Higher spatial granularity increases the rele
vance of the provided information, as smaller parking segments and 
higher position accuracies of parked vehicles allow for faster identifi
cation of illegally parked vehicles.

4.3. Information completeness through system-facing hardware and 
vehicle (object) detection

From the coded data about the design pattern of the system-facing 
hardware and vehicle (object) detection, we derive that the observed 
heterogeneity is rooted in different purposes of data collection. Hence, 
we find that different definitions of information completeness shape 
respective design decisions and information system success.

Experts elaborated that in some designs, the information obtained 
from system-facing hardware and vehicle (object) detection completed 
the information mandatory for curbside registration. In Design 25, GNSS 
positioning and a receiver are required to identify the parking segment 
for registration. In Design 26, cameras are required to read the license 
plate of the vehicle to be registered in the given parking segment. 
Furthermore, they automatically detect the start and end of the parking 
session. In a similar vein, BLE gateways are required in multiple designs 
(e.g., Design 12).

Other designs were differentiated by experts as they use system- 
facing hardware and vehicle (object) detection to obtain complete 

information about the state of curbside occupancy. Compared to designs 
that do not detect spot or section occupancy, i.e., kiosks, meters, IDs, 
GNSS, or BLE, in-ground sensors or cameras provide occupancy data 
from all vehicles that occupy a parking segment, instead of only regis
tered ones. Experts emphasized that curbside management systems that 
detect all vehicles provide higher information quality. This information 
enables real-time routing to violations, especially in no-parking seg
ments. By further combining real-time occupancy detection with cor
responding registration data, cities can faster identify where vehicles are 
parked without valid registration. It allows parking enforcement officers 
to be routed towards violations instead of only patrolling streets. The 
relevance of this information is again dependent on the parking segment 
size, as elaborated under CSF2. These different aspects of information 
completeness cause the evident heterogeneity of characteristics in the 
system-facing hardware and vehicle (object) dimensions. Hence, we 
formulate CSF3 as

CSF3: Define information completeness objectives and specify the 
required system-facing hardware and vehicle (object) detection 
accordingly. Distinguish between mandatory components that enable 
registration and parking duration detection, and optional components 
that add occupancy sensing.

4.4. Ease of use, ease of learning, intuitiveness, and system flexibility 
through system designs

Asking experts about the different curbside registration steps, we 
find that experts actively considered the system quality characteristics of 
ease of use, ease of learning, intuitiveness, and flexibility.

Focusing on ease of use, experts agreed that the intention of novel 
curbside management systems is to facilitate the registration process by 
reducing the required effort for registration. Curbside users with mul
tiple stops, such as ride-hailing drivers, parcel deliverers, craftsmen, or 
mobile caregivers, were named to benefit in particular from ease of use 
in system designs, i.e., when these require low effort per parking session. 
Experts argued that this can be achieved by system designs that prevent 
users from having to walk toward the user interface, especially when 
using one time designs. But apart from cameras in Design 26, IoT 
technologies can create new efforts while aiming to ease the curbside 

Fig. 3. Overview of dataflows, notation based on DeMarco (1979).

F.N. Bäßmann et al.                                                                                                                                                                                                                            Transportation Research Interdisciplinary Perspectives 38 (2026) 102119 

9 



registration process. Mobile app and on-board app solutions require 
curbside users to have suitable hardware and respective apps installed, 
e.g., carrying a smartphone or driving a compatible vehicle (Designs 11, 
25). Both might require corresponding GNSS or BLE interfaces. Solutions 
relying on BLE beacons must distribute beacons among the addressed 
curbside user group (Design 24).

The variety of these designs was argued to originate from further 
aspects considered when choosing IoT technologies. Experts stated that 
cities are obliged to serve all people. IoT technologies must thus be 
assessed for their intuitiveness and ease of learning, accounting for the 
vast majority of people. Digital literacy and smartphone use play an 
important role, also influencing the decision whether to retire kiosks and 

Fig. 4. Misdetections and positioning accuracy of different IoT technologies. White vehicles show misdetections of the parking position of gray vehicles.
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meters. To improve intuitiveness and ease of learning, every parking 
session registration processes are implemented to resemble known 
curbside parking ticket purchasing steps (e.g., Design 13). In a similar 
vein, the observed redundant feature of estimating parking end times in 
parallel to manually ending a parking session was stated to ensure that 
the curbside user will not pay for a parking spot indefinitely while 
learning how to properly use the system.

Intuitiveness and ease of learning can further be strengthened by the 
choice of the system-facing hardware. Comparing in-ground sensors 
with cameras for occupancy detection, experts noted that colored in- 
ground sensors provide a distinctive physical signal indicating that 
specific rules apply for the respective curbside segment.

Furthermore, it was argued that BLE beacons or smartphones, 
instead of vehicle license plates, increase flexibility. These allow users to 
use multiple vehicles. For example, people with limited mobility can 
drive and be driven in different vehicles, as they can take the BLE beacon 
or smartphone with them. We hence derive CSF4 as

CSF4: Emphasize the impact of IoT technologies on ease of use and 
recognize current user interactions, digital literacy, and characteristics 
of IoT technologies to increase ease of learning, intuitiveness, and 
flexibility.

4.5. Privacy in system designs

Experts were finally asked why some systems use license plates while 
others use spot IDs. Experts emphasized that curbside management 
systems can raise privacy concerns in multiple ways, and that options for 
reducing such concerns were therefore sought. One expert highlighted 
the sensitive nature of information stored within curbside management 
systems. Curbside management systems may combine sensitive infor
mation from different sources. For instance, accessibility permits indi
cate health conditions.

In particular, linking license plates to parking positions was char
acterized as inherently privacy-sensitive. It provides extensive infor
mation about the vehicle’s mobility patterns and its associated drivers. 
Consequently, such data should be handled with appropriate care. 
Careful consideration should be given to which information is necessary, 
who should have access to which information, and how to secure in
formation stored centrally in the curbside management system.

In that regard, experts underlined our finding that parking spots can 
be used to enhance privacy. Parking spots and respective parking spot 
IDs create a one-to-one relation between the vehicle and its parking 
segment. This allows any information stored digitally to be connected to 
the parking spot ID instead of the vehicle’s license plate. In contrast to 
parking zone IDs and section IDs, parking spot IDs therefore eliminate 
the need to use license plates for establishing this link.

Furthermore, experts emphasized that privacy considerations must 
extend beyond curbside users to include uninvolved citizens moving 
through public spaces. One expert noted that their curbside manage
ment system, which monitors no-parking sections via in-ground sensors 
(Design 1), is well-perceived because it collects no personal data from 
anyone. Similarly, other experts argued that cameras are difficult to 
deploy as they generate surveillance concerns among citizens passing 
by. We hence derive that service providers and cities must recognize 
social and cultural attitudes toward surveillance and data privacy for the 
success of curbside management systems and formulate CSF5 as follows

CSF5: Consider privacy implications of IoT technologies and stored 
data for both curbside users and uninvolved citizens moving in public 
spaces.

5. Discussion

5.1. Situating information system success for curbside management 
systems

Studying curbside management systems through the lens of 

information system success shows how IoT technologies can shape in
formation and system quality variables to ensure use and user satisfac
tion, securing net benefits of the system. Our findings illustrate the 
critical interdependence between information accuracy and information 
relevance within the context of information quality. IoT technologies 
must ensure sound information that conforms to technical and legal 
specifications. Specifically, we find that the relevance of measured 
parking durations is contingent upon their court-admissibility. Conse
quently, high information accuracy is a prerequisite for the data to be 
useful in legal proceedings (e.g., Glazer, 2012). Further, information 
relevance is determined by the spatial granularity of the data. Precise 
parking positions of registered vehicles, distinguishing whether a 
vehicle is in a designated parking segment, double-parked, or in a no- 
parking zone, increase information relevance for identifying specific 
violations. Consistent with Kahn et al. (2002) and Petter et al. (2008), 
this transition from merely sound to actionable and useful information 
realizes the intended net benefits of enforcement efficiency gains.

In the context of system quality, we find that perceived surveillance 
and privacy are directly linked to perceived system quality (DeLone & 
McLean, 2016). Scholars have demonstrated the uniqueness of human 
mobility patterns and the respective risks originating from this data (De 
Montjoye et al., 2013). Incorporating implications from privacy calculus 
theory, a user weighs the perceived risks of information disclosure while 
using a system against the perceived benefits of using the system (Xu 
et al., 2009). As citizens prefer to stay anonymous as long as possible 
while interacting with the government online (Kotamraju & Van Der 
Geest, 2012), one design option for reducing surveillance fears is to 
use parking spot IDs, which allow to functionally limit the collection of 
personal data. A second design option concerns the user interaction with 
location-based services. Location-based services that are pulled by the 
user based on the location (i.e., manual interaction in every parking 
session designs) are perceived as less intrusive than services that are 
pushed by the system (i.e., automated interaction in one time designs), 
leading to users requesting higher compensation for the latter (Xu et al., 
2009). But also if sufficient benefits are expected from curbside man
agement systems, users are willing to share more private information 
(Xu et al., 2009). However, while perceived benefits include better ac
cess to curbside parking due to increased compliance and easier regis
tration processes, users can also be expected to factor in higher 
perceived risks of parking fines as negative expected benefits.

Furthermore, in response to the pervasiveness and broad reach of 
personal data collection and privacy intrusion, many jurisdictions have 
implemented dedicated data protection frameworks. These frameworks 
aim to ensure considered data use and to strengthen citizens' trust in 
data-collecting organizations through regulatory oversight. IoT-based 
surveillance is as well subject to these frameworks. Most importantly, 
their scope covers the personal data of all individuals present in the 
monitored area, not only those actively using the curbside management 
system. Citizens who are not using the curbside management system can 
be affected by data collected from, e.g., cameras, and must hence be 
recognized. Scholars have found that citizens’ trust in government in
creases the acceptance of video-based traffic sensors (Guazzo et al., 
2026). Furthermore, the use of artificial intelligence to analyze public 
video streams is more accepted in some regions than in others (Bates 
et al., 2025). In line, across jurisdictions, varying legislative ap
proaches to data minimization, purpose limitation, and the protection of 
the individuals’ information autonomy have emerged. In the European 
Union, the General Data Protection Regulation (GDPR) establishes 
binding requirements for the collection, processing, and storage of 
personal data. This includes location data and license plate information, 
which qualify as personal data under Article 4(1) GDPR (European 
Parliament & Council, 2016). Comparable frameworks from other ju
risdictions in our sample are the California Consumer Privacy Act 
(CCPA) in the United States (California State Legislature, 2018) and 
Brazil's Lei Geral de Proteção de Dados (LGPD) (Brazilian Federal Gov
ernment, 2018). Yet all require system designers and cities to 
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proactively align their designs with legal requirements and assess which 
data is strictly necessary to achieve objectives.

Our findings furthermore highlight the different, potentially con
flicting, stakeholder views on information system success in curbside 
management systems. These findings are supported by Kotamraju and 
Van Der Geest (2012), who studied the digitalization of government 
services. The authors argue that conflicting objectives and needs of the 
government and its citizens cause information systems, intended to 
digitalize the interaction between these two groups of actors, to fail. For 
example, while citizens like to stay anonymous, identification and 
authentication of citizens ease process execution for governments 
(Kotamraju & Van Der Geest, 2012).

For public authorities, compliance with the law and accountability 
constitute the decisive criteria for task execution (Kotamraju & Van Der 
Geest, 2012; Weigl et al., 2024). This implies that digital government 
services must be designed to strictly apply the law, e.g., by prioritizing 
court-admissible information quality for enforcement and compliance 
with data protection regulations. It results in digital, deterministic sys
tems designed without any workarounds or discretion that is else 
commonly applied by bureaucrats for the benefit of citizens (De Boer & 
Raaphorst, 2023; Kotamraju & Van Der Geest, 2012).

But also the heterogeneity of citizens as a user group must be 
considered. As Petter et al. (2013) argue, factors such as competence and 
experience significantly influence information system success outcomes. 
Cities are further often prohibited from designing systems exclusively 
for the majority of people who possess digital literacy, as this risks 
widening the digital divide (Weigl et al., 2024). Therefore, design 
strategies that compensate for lower digital literacy are essential for 
implementation and to realize net benefits (DeLone & McLean, 2016). 
But by ensuring that mandatory systems can be used by all, system 
quality is likely constrained for the majority of citizens (Kotamraju & 
Van Der Geest, 2012; Weigl et al., 2024). Rather than optimizing ease of 
use for the majority of curbside users, for example in paid parking, 
system designs may need to emphasize accessibility and usability for 
marginalized groups such as the elderly or persons with reduced 
mobility that are used to kiosks, meters, or paper-based permissions. For 
example, by using manual registration processes instead of automated 
parking time detection.

These findings highlight tensions between the requirements for 
court-admissible data, privacy and data protection regulations, and 
different perceptions of ease of use among users.

5.2. Advancing information and system quality for curbside management 
systems

Based on these findings, we argue that three developments will 
advance information quality in curbside management. These are 
improved combinations and technological advancements of IoT tech
nologies, increasing deployments of vehicle-to-infrastructure technolo
gies and autonomous vehicles, and the maturing of license plate 
recognition via scan cars. First, while small parking segments create 
relevant information, these system designs may require distributing 
physical IDs according to the spatial granularity of parking segments or 
deploying connected technologies at the curbside and potentially in the 
vehicle, e.g., meters, cameras, or BLE gateways and beacons. One cost- 
effective approach is to combine section-spanning, camera-based 
detection with coarse GNSS-based positioning. This combination en
ables accurate vehicle detection within and outside of parking segments 
without requiring dedicated sensors for each individual segment. GNSS- 
based registration and cameras allow for the detection of arrival and 
departure times. But while coarse GNSS-based registration allows 
identifying the wider parking position of registered vehicles, cameras 
detect all vehicles’ positions and can thus redefine the parking positions 
of registered vehicles, detect unregistered vehicles, and identify illegal 
parking positions of all parked vehicles. Using existing traffic cameras 
for this setup can further reduce implementation costs (Morell et al., 

2025).
Second, focusing only on registered vehicles, advanced GNSS posi

tioning and, prospectively, 5G mobile communication networks can be 
used to accurately locate registered vehicles without additional sensors 
installed at the curbside (Bäßmann et al., 2023). Vehicle-to- 
infrastructure and autonomous vehicle technologies will accelerate the 
dissemination of advanced GNSS or 5G positioning, strengthening 
curbside management through improved position registration. We pre
sent a schematic depiction of potential technological combinations and 
improvements in Fig. 5.

Third, the parallel maturing of mobile license plate recognition 
through scan cars will lead to increased areal coverage. This will 
improve the enforcement efficiency for, e.g., resident parking permits, 
strengthening this aspect of information completeness. Static IoT-based 
curbside management can then address different scan car weaknesses to 
enable comprehensive compliance with curbside parking regulations. 
Curbside management systems complement scan cars whenever they 
digitize information about vehicles or their drivers, improving infor
mation completeness. This can be, for example, by digitally linking 
parking tickets to license plates or a vehicle’s permit to a parking spot. 
Due to their patrolling nature, scan cars have further weaknesses in 
parking duration measurements for temporary parking and in the real- 
time identification of violations. Scan cars can also only trigger 
delayed responses, potentially overlooking short-lived violations. Static 
IoT technologies then complement enforcement efforts at violation 
hotspots such as no-parking segments at intersections. Here, illegal 
parking limits visibility and blocks emergency vehicles, requiring fast 
responses and continuous deterrence (Zoika et al., 2021). Furthermore, 
real-time violation routing is promising for dispersed parking segments 
affected by short to medium durations of misuse. These include inner- 
city temporary parking with short permitted parking durations, acces
sibility parking, pickup and drop-off, and loading segments. Previous 
studies show that such parking segments are severely impacted by 
misuse, leading to the failure of novel curbside interventions (Castrellon 
et al., 2024; Saki & Hagen, 2024).

However, to realize these benefits, regulatory constraints to infor
mation completeness, e.g., mandating registrations, must be considered 
(Palacios-Argüello et al., 2025). Furthermore, a lack of standardization, 
even within national jurisdictions, affects implementation (Wang et al., 
2022). For example the information accuracy required for scalable, fully 
automated parking duration detection remains challenging and often 
unclear given regulatorily permitted error margins.

Finally, the collected occupancy information can be also shared with 
curbside users for guidance purposes instead of only being used by the 
city for parking enforcement. This allows curbside users to be routed to 
vacant parking spots and to avoid fully occupied curbside parking seg
ments. This increases the information relevance for curbside users pro
vided by curbside management systems, and thus user satisfaction, net 
benefits, and acceptance (Petter et al., 2008). Under privacy calculus 
assumptions, it furthermore increases perceived benefits, leading more 
users to be willing to share sensitive data and use the system (Xu et al., 
2009).

To advance system quality, we argue that nuanced approaches for 
different curbside user groups are required to ensure adoption and use, 
while other stakeholders’ concerns must be recognized. Beginning with 
curbside users, following Xu et al. (2009), there is a trade-off between 
time savings from one time designs and the privacy intrusiveness of 
these push service designs. Aggregating these arguments, users weigh 
few perceived benefits against high perceived privacy risks. We postu
late that there are differences in the privacy risks originating from the 
mobility patterns of vehicles used for work compared to citizens parking 
their own vehicle for private purposes at the curbside. In addition, 
savings from process automation and increased convenience can 
persuade curbside users driving for work, and stopping multiple times at 
the curbside, to adopt one time designs that push the curbside regis
tration. If this is not sufficient, cities can offer monetary compensation, 
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e.g., reduced parking ticket prices, to adopt one time designs. Cities in 
turn benefit from increased compliance through automated curbside 
registrations. In similar vein, user groups with different levels of 
competence or experience profit from different IoT technologies for the 
curbside registration, e.g., smartphone apps for vehicles without 
vehicle-to-infrastructure connectivity or BLE beacons for digitally illit
erate persons.

Lastly, uninvolved citizens’ perceptions about privacy must be re
flected to ensure the success and acceptance of curbside management 
systems beyond parking enforcement officers and curbside users. Cities 
can address citizens’ privacy concerns through transparent communi
cation of the government motivation, robust privacy safeguards, and 
meaningful citizen participation in technology governance (Guazzo 
et al., 2026).

Thus, in line with Bäßmann et al. (2026), we argue that cities must 
develop long-term strategic roadmaps, including transition phases, that 
define how different curbside user groups will be integrated into curb
side management systems. These must furthermore define how the 
acceptance of involved and uninvolved citizens will be secured to ensure 
lasting system success.

6. Limitations, further research, and conclusions

Our morphological analysis lacks representation from Asian and 
African projects, and the interviewed experts predominantly have Eu
ropean backgrounds. Given the dependence of curbside management on 
national and local legislation, the generalizability of our findings may 
therefore vary geographically. We furthermore excluded the impact of 
guidance information on curbside users to maintain a focused scope and 
due to inconclusive findings in the literature and our expert interviews 
(Abdelghaffar et al., 2024; Dalla Chiara et al., 2022; Simoni, 2024).

Therefore, we contend that user-centered designs of curbside guid
ance information represent a promising avenue for further research 
(Dalla Chiara et al., 2022). We encourage qualitative and quantitative 
studies to analyze how to realize additional curbside user benefits 
through guidance and novel regulations and services. We also suggest to 
quantitatively analyze user perceptions of surveillance and privacy in
vasion in the context of different curbside management technologies and 
system designs. We argue that our understanding of privacy and trust in 
the context of government-citizen interaction with highly sensitive 
human mobility data must be further developed.

In contrast to our findings on system and information quality, we 
observed no direct influence of specific IoT technologies on service 
quality. This suggests that while the choice of technology impacts 
technical performance, service quality remains distinct, reflecting the 
organizational support structure rather than the hardware itself. To 
drive information system success, future research must investigate how 
the support infrastructure of curbside management systems can ensure 
responsiveness, reliability, technical competence, and empathy.

These efforts will serve as a crucial basis for developing a multi- 
stakeholder information systems success model that emphasizes the 
particularities of government-citizen interaction in traffic enforcement 
processes. These findings will be crucial for increasing adoption rates of 
curbside management systems, which are a prerequisite for advanced 
and dynamic digital curbsides.

New technological developments will further expand design options. 
Promising avenues of technological advancement include designs that 
enable the monitoring of multiple permitted parking spots with reduced 
hardware needs, increased cost-efficiency of positioning technologies, 
and technological and regulatory advances to implement automated, 
court-admissible parking duration measurements.

In conclusion, curbside management systems improve the avail
ability of permitted parking spots and increase staff efficiency in 
enforcement authorities. Given the number of IoT technologies required 
and the inherent complexity of curbside management systems, in 
contrast to limited budgets of cities, cities must carefully evaluate how 
curbside management system designs deliver enforcement value. Only if 
these designs have a lasting positive impact on existing processes and 
budgets, compliance with given and novel curbside regulations can be 
established. Without improved curbside enforcement, expected benefits 
remain unrealized, i.e., increased turnover rates and reduced curbside 
space required for vehicles, while ensuring equitable participation and 
an efficient flow of commercial traffic for goods and services.
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Appendix A 

Table A1 
Quotes for Section 4.1 information relevance and accuracy of parking durations.

Expert Quote

I1 “Without prior regulatory approval you also cannot use our system [of in-ground sensors] for measuring the time spent in the parking spot in a court-admissible way.”
I3 “Passive monitoring of no parking zones is quite valuable because you don't need any motorist registration and you can implement it quite easily. (…) with time measurement there must 

be a legal definition, we discussed this, and a regulatory framework, i.e., how the data can be used when electromagnetic sensors only reach 98–99 % accuracy, or you need camera- 
based sensing. So there's a lot of architectural work and legal definitions to be done for time measurement. (…) But we also have some projects where they use the in-ground sensors just to 
do the enforcement of time limited parking, especially in Belgium. They enforce time limitations on parking spots only based on sensors. But it depends on the quality of the in-ground 
sensors, because there are many products, not only from us, but also others. With current high quality sensors you have a good detection of the turnover, obviously it's never 100 % − so 
you can have some mistakes, but there are some projects where they use it although the limitation.”

I4 “Cameras can document the start and end of a parking session. With electromagnetic systems, in the areas or pilots where it has been used, the approach has been often to rely on user 
cooperation, meaning that users have to independently check in and check out, and the parking time is then transmitted that way.”

I7 “From our point of view, as somebody that's been in the business for years, the state of the art at the moment is not good enough to give 100 percent accuracy on [time measurements via 
in-ground sensors] because you have to be sure about two events that happened on the parking spot: One is the occupancy as such and rotation is the second value. Because it's not the 
same to determine that the space is occupied or not occupied but the question is to be sure that it's occupied by the same vehicle. That there's not been change of a vehicle”

I8 “But also you can use our [camera-based] system when you have overstaying. So that in court you could use the information that this person has stayed there longer than he has paid for. 
So the time measurement is that accurate that it can also be used in this government procedure. We have a pilot to analyze free parking with time limitations. I know when a car is parked 
and if the parking event continues for more than 30 min, we give an alert that this spot is more than 30 min occupied. So you can go to control that parking spot and then give a ticket or 
fine.”

I5 “We also found that with single electromagnetic in-ground sensors, for example, they are very troubling with measuring time. And also, time measurement with cameras is very rarely 
done. (…) BLE sensors can cover up to 50 m so you can cover a whole neighborhood with a relay point every 50 m. So maybe it's a lot of devices say 10 or 20 or 50 for the whole 
neighborhood but then you can cover and make it one very big loading and unloading area. (…) We are thinking of using GPS when it comes to installing the system in cars because the 
GPS on the smartphone is not very accurate and also when you park, you usually leave the car with your smartphone in your pocket. So you can go 50, 100, one kilometer away. It's not 
really useful for us as soon as the smartphone leaves the vehicle. When it comes to having our software inside the vehicle, then we can detect that the vehicle leaves the area. So if the user 
has forgotten to stop the parking session then we detect that the vehicle is going away from the area so we know for sure that the parking session can be closed.”

Table A2 
Quotes for Section 4.2 information relevance and accuracy of parking segment registration.

Expert Quote

I5 “So in terms of positioning accuracy it’s not enough for a vehicle to be registered somewhere in the system, it needs to be registered in the correct segment. We distinguish three sources of 
error. First, human error, like if a user selects a wrong kiosk. Second, a system error, when the technology assigns the vehicle to the wrong segment. And third, deliberate circumvention, 
somebody might park in a loading zone but register in the permitted neighboring segment, or double parks but registers in the loading zone. So from our experience it’s not that often that 
people accidently or deliberately choose the wrong segment. People don't regularly walk up to the wrong kiosk or select the wrong parking segment in an app. Today it is more critical that 
users then don’t register at all. If you put a lot of different segment types right next to each other, error rates will probably increase, and consequences be bigger. If for example, a loading 
zone is occupied in the data, while it is not.”

I6 “(…) Of course also maintaining the paint for separated parking spots is a matter of costs. It might not always be much but budgets are often tight.”
I7 “Let's say that, for example, if you have two parking spots for disabled people it's important to have very accurate data about the occupancy on those two spots. If you have loading and 

unloading [sections] with a capacity of seven lorries it's not so important to be very precise. (…) But especially for enforcement you need to have a very precise accuracy, to be helpful. To 
say if actually a parking spot is being violated and who is violating the spot, combining the, let's say, very precise information about the location and the vehicle’s permits is important. 
(…) Because in parking spots you can then do automated enforcement or enforcement officers can quickly identify permitted and non-permitted vehicles. In larger parking sections, of 
course, manual patrols dominate and officers have to compare the number of registered against unregistered vehicles. Then the precision is less important. But if you enforce 
automatically, let's say that in certain countries, especially on the Anglo-Saxon countries, based on the legal precedence, if you make a mistake of fining somebody that you can't prove 
that he was violating, you can create a precedent of invalidating the whole solution. So in that case accuracy is of vital importance.”

I7 “So, for bigger zones, if your segments are large enough or spread far enough apart, GNSS and pole-mounted BLE are both solid options. They're pretty much on the same level in terms of 
what they can do, in terms of accuracy. You have to say they are both limited when it comes to double-parking as the accuracy is like a circle. Once you go down to individual spots, and I 
mean spots that are literally sitting next to each other, that's where those technologies start to struggle. You have to design your technology for the single parking spot. Can be license plate 
cameras, with a clear line of sight, or in-ground sensors combined with BLE gateways. Those two are the ones that can reliably handle that kind of fine-grained detection.”

I8 “I think, where it becomes really interesting from a design point of view, is when you go to automated systems. Because with a manual system, okay, the user is responsible. He made the 
mistake, so it is his problem. But when you switch to automatic detection, you have, let's say, made a kind of promise to the user that the system will do it correctly. And if the system does 
not do it correctly, especially when there is no screen, no interface, where the user can check, yeah, that is, that is a real problem.”
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Table A3 
Quotes for Section 4.3 information completeness through system-facing hardware and vehicle (object) detection.

Expert Quote

I1 “In the end the app [that builds on in-ground sensors to detect violations of no-parking zones] determines where my employee goes next, which is very good for us. I don't have to be called 
separately. It's much more pleasant from a workflow perspective. (…) I'm definitely pushing this topic. I can't give enough emphasis towards this project. In the end, [directly routing 
enforcement officers to violations] is our last chance to survive in times of demographic change and skilled labor shortages.”“

I1 “You could use additional sensor technology or options for quickly registering [your permit] with, e.g., a QR code. But if I just put our current sensors [for detecting occupancy] there, I 
have the problem that I have to go and look for the permit. For enforcement, I have gained relatively little.”

I3 “But if you have a static camera, you can also take a picture from the [arrival and departure] for evidence when there is a violation. It could be with or without having the license plate 
automatically read. In the latter case you have some good evidence but not 100 percent confidence. With the [in-ground] sensors where you take the arrival and departure, obviously, if 
there is a dispute it would be more tricky depending on the judge.”

I5 “So this double-layered approach, measuring occupancy, perhaps illegal occupancy on the one hand side and then using a check-in system for time measurement, it's quite often done 
(…).”

I7 “What we've been carrying out now is combining our sensors with Bluetooth devices. Bluetooth chips that can communicate with onboard units to register any permits. From the 
enforcement point of view [it is very helpful to digitally register permits], especially for the specifically designated areas, like for people with reduced mobility.”

Table A4 
Quotes for Section 4.4 ease of use, ease of learning, intuitiveness, and system flexibility through system designs.

Expert Quote

I1 “I can just stick [the sensors] there and I have it covered in the monitoring, and they're colored in a high-visibility yellow. So hopefully they also act as a deterrent. I'm actually fairly 
optimistic about that.”

I1 “Special rights are always issued tied to the license plate. But in the end, they are actually meant for me as a person. […] It would make a lot of sense to carry an IoT authentication 
device, that it is intentionally not tied to the license plate. Many people with severe disabilities do not even have their own car, but hand the permit to friends who do the shopping for them 
or take them to the doctor. So it would not be tied to the license plate at all. […]

I2 “My opinion is that the longer someone parks there, the more willingness exists to manually register or book a space. If it is a parcel deliverer that only parks for a minute or five minutes, 
then perhaps they don't feel as much need to register. Someone who has to stand somewhere for two hours, for them that would of course be a completely different stress level.”

I5 “Of course, you will have to take your smartphone out of your pocket install first time and then click and so on but then when you get to understand that by doing that maybe it's 20 s then 
you can see on the map any occupancy of loading zones and you can reroute your vehicle because you know that there are more spaces there. And on the global aspect of it, it's very 
efficient a lot more efficient than they think, because they have to register in a new system and you know that change or evolution management for drivers or whoever it is, is hard in the 
beginning but if you train the people well and if you communicate to the shop owners to tell their delivery guys that the new solution is starting from now on (…) it will eventually increase 
acceptance. (…). Also then the law enforcement usually they don't put fines at the very beginning but they are more in an approach of communication and helping people, for example 
‘you haven't heard of the new system – can I help you downloading and installing it?’ and little by little you spread the word.”

I6 “In Germany, and increasingly across the EU, if cities want to retire their kiosks entirely and go app-only, that decision is legally challengeable today. Consider for example the AGG 
[General Equal Treatment Act] and BGG [Act on Equal Opportunities for Persons with Disabilities], and also the European Accessibility Act. it's not just about what's intuitive for digital 
natives. The legal standard today is that you not have to serve the digitally savvy users, but everyone, including people who will never own a smartphone or who have motor or cognitive 
impairments that make app-based registration inaccessible.”

I7 “(…) With our Bluetooth chips solution the entire curbside registration would be done automatically. (…) We think that this is important for example for blue batch holders. We have 
made the experience, that people with reduced mobility, sometimes, they are not digitally advanced and they would like that everything would be done automatically. Thus, we combine 
information about the location and the vehicle with the driver’s permit without requiring any manual action.”

Table A5 
Quotes for Section 4.5 privacy in system designs.

Expert Quote

I1 “[Our in-ground sensors] don’t collect any personal data whatsoever and that is well received by the general public. Also during the design phase it was noted that electromagnetic sensors 
are easier to implement, as they face fewer legal hurdles, particularly with regard to the GDPR, compared to camera-based solutions.”

I1 “We are a liberal constitutional state, and people should be able to move anonymously in public space.”
I1 “[For any potential IoT disability permits] you do not even need to know who is parking on the spot. You only need to know: is there a valid disability permit in the vehicle that parks on 

the parking spot or not. You could solve this via different IoT devices – by equipping permits with a small IoT chip that communicates with a sensor on the parking spot and simply signals: 
there is an authorized vehicle here.”

I4 “As soon as I put up a camera, many data protection officers think I want to record some civilians there.”
I5 “We can integrate as many databases as there are available, and each makes processes for traffic wardens and curbside users easier. But you should also make this data available in a 

reasonable manner.”
I5 “City stakeholders would most prefer a system where there is simply a one if the vehicle is allowed to park there or a zero if the vehicle is not allowed to park there. And if possible, not 

directly transmitting the license plate.”
I8 “We analyze the image in real time on edge and so we have no problem for the security of the image because our image stops at the edge.“

Data availability

Due to the presence of private and potentially identifying informa
tion, the interview transcripts may be shared upon reasonable request, 
subject to privacy considerations and the effort required for complete 
anonymization.
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