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Abstract

Shared micro-mobility systems are increasingly prevalent in urban transportation, yet

their operation faces multiple conflicting objectives (e.g., efficiency, cost, user

experience, environmental impact) and complex constraints (e.g., vehicle scheduling,

charging management, traffic regulations). Existing design and optimization methods

struggle to effectively balance these trade-offs and manage constraints, often

resulting in suboptimal system performance. This study proposes a system design

approach based on Multi-Objective Monotonicity Analysis (MOMA), aiming to

proactively identify, mitigate, and avoid trade-off conflicts in intelligent connected

shared micro-mobility systems at the early design stage. By constructing system

design variables, objective functions, and constraints, operational data of shared

micro-mobility systems are modeled and analyzed using computer-aided techniques,

and design principles are distilled in combination with expert knowledge. The key

finding is that the proposed approach can systematically identify critical factors

leading to trade-off conflicts and generate a set of combinable design principles,

thereby achieving “ideal design” in the early stage of system development and

effectively improving system efficiency, user satisfaction, and sustainability. This

study provides a new theoretical framework and practical guidance for the optimized

design of intelligent connected shared micro-mobility systems, contributing to the

resilience and sustainability of urban transportation and offering insights for the

integrated design of other complex engineering systems.
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analysis

1. Introduction

With the acceleration of urbanization, shared micro-mobility systems (e.g.,
shared bicycles, electric scooters) have increasingly become a critical solution for
the “last-mile” segment of urban transportation. The emergence of intelligent
connected technologies—including vehicle-to-everything (V2X) communication,
the Internet of Things (IoT), big data, and artificial intelligence (AI)—offers
unprecedented opportunities for the development of micro-mobility systems.
These technologies enable enhanced connectivity, real-time data acquisition, and
intelligent decision-making, which have the potential to fundamentally transform
urban mobility. However, such technological advancements also introduce new
complexities, posing significant challenges for system design and optimization.

The core challenge of this study is how to effectively design and optimize
intelligent connected shared micro-mobility systems to achieve a delicate balance
among multiple conflicting objectives, such as operational efficiency, user
satisfaction, vehicle utilization, and energy consumption. At the same time, these
systems must efficiently manage dynamically changing operational constraints,
including vehicle distribution, charging demand, traffic congestion, and safety
risks. Current research primarily focuses on isolated aspects, such as vehicle
dispatching, route planning, and demand forecasting [1][2]. While these
contributions are valuable, they often overlook a holistic approach that
systematically identifies, mitigates, and manages trade-offs from the early stages
of system design.

The existing literature exhibits a significant gap in providing proactive
methods to guide designers in avoiding or reducing trade-off conflicts during the
initial stages of system development. Consequently, current system design
practices are often iterative and passive, typically achieving only suboptimal
local solutions rather than global efficiency and sustainability. Such a passive
approach may result in reduced operational efficiency, increased costs, and
diminished user experience, thereby hindering intelligent connected shared
micro-mobility systems from realizing their full potential.

This study aims to address this gap by proposing a novel system design

approach for intelligent connected shared micro-mobility systems based on

Multi-Objective Monotonicity Analysis (MOMA). Our goal is to achieve an “ideal

design” from the very beginning of the design process—minimizing unnecessary

trade-offs and avoidable constraints. Specifically, this study focuses on distilling

design principles for system architecture and operational strategies, rather than

delving into the detailed implementation of specific algorithms. In doing so, we seek

to provide a foundational framework to guide future development in this rapidly

evolving field.

The remainder of this paper is organized as follows. Section 2 provides a

comprehensive literature review on shared micro-mobility systems, multi-objective
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optimization, and monotonicity analysis. Section 3 presents the proposed

MOMA-based methodology for intelligent connected shared micro-mobility systems

in detail. Section 4 illustrates our simulation results and the extracted design

principles. Section 5 discusses the findings, compares them with existing work, and

highlights the theoretical and practical contributions. Finally, Section 6 concludes the

paper by summarizing the key contributions, discussing limitations, and outlining

directions for future research.

2. Literature Review and Related Work

2.1. Shared Micro-Mobility Systems

Rapid urbanization and the growing demand for sustainable urban
transportation have placed shared micro-mobility systems at the forefront of
urban planning and research [3]. These systems, including shared bicycles,
electric scooters, and other light electric vehicles, provide flexible and convenient
solutions for short-distance trips, effectively addressing the “last-mile” problem
[4]. Early research in this field primarily focused on operational aspects, such as
fleet management, rebalancing strategies, and demand forecasting, aiming to
improve efficiency and user satisfaction [5][6]. For example, studies have
explored various vehicle relocation optimization models to alleviate
supply-demand imbalances across different urban areas [7]. The integration of
advanced technologies, particularly intelligent connected systems, has further
enhanced the capabilities of micro-mobility platforms, enabling real-time
monitoring, dynamic pricing, and predictive maintenance [8]. Nevertheless,
despite significant progress, optimizing these systems remains challenging due to
their inherent complexity, dynamic nature, and the multitude of conflicting
objectives that arise during operation.

2.2. Multi-Objective Optimization and Trade-Off Analysis

Multi-objective optimization (MOO) is a critical area in engineering design and

decision-making, addressing problems that require the simultaneous optimization of

multiple objective functions [9]. Unlike single-objective optimization, MOO typically

yields a set of Pareto-optimal solutions, where no objective can be improved without

degrading at least one other objective [10]. The concept of Pareto optimality provides

a foundational understanding of trade-offs, as it delineates the boundary of

achievable performance. Various techniques have been developed to explore and

analyze the Pareto front, including scalarization methods, evolutionary algorithms,

and interactive decision-making approaches [11][12]. While these methods are

powerful for analyzing trade-offs in well-defined problems, their application in the

early stages of complex system design—where design variables and objectives are

often not yet fully defined—remains challenging. The focus has traditionally been on

quantifying existing trade-offs rather than proactively avoiding or mitigating them

during the integrated design phase.
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2.3. Systems Engineering and Early-Stage Design Decisions

Systems engineering involves creating new systems or substantially modifying

existing ones, often under high uncertainty and with significant design freedom during

early stages [13]. Decisions made during the conceptual and early detailed design

phases disproportionately affect overall system performance, cost, and lifecycle

outcomes [14]. Traditional design methods, such as heuristic design, axiomatic design,

and design structure matrices (DSM), provide structured approaches to manage

complexity and dependencies within systems [15][16]. However, these methods often

struggle to proactively identify and manage fundamental trade-offs arising from

conflicting design objectives and constraints. They are generally more effective at

analyzing existing designs or improving established configurations, rather than

guiding initial synthesis toward an “ideal” state where inherent trade-offs are

minimized or avoided. The challenge lies in developing methods that can inform

designers of potential trade-offs and their root causes before committing to major

design decisions.

2.4. Monotonicity Analysis and Its Extensions

Monotonicity Analysis (MA) is a powerful tool in design optimization, particularly

suitable for identifying active constraints and understanding the behavior of objective

functions relative to design variables [17]. It leverages monotonic relationships

between design variables and objective/constraint functions to simplify optimization

problems and provide deep insights into design decisions. Recently, Multi-Objective

Monotonicity Analysis (MOMA) has extended this concept to multi-objective

problems, offering a theoretical framework to study causal relationships among

trade-offs in existing design solutions [18]. MOMA focuses on the dependencies

among competing design objectives and the constraints that are active across

various optimal states. The method has been successfully applied to configuration

redesign, demonstrating its ability to eliminate or reduce existing trade-offs [19]. The

core idea is that by understanding monotonic properties, designers can proactively

adjust design parameters or system configurations to mitigate undesirable trade-offs.

However, MOMA’s application has largely been limited to late-stage design

improvements, with limited exploration of its potential for early-stage integrated

design in complex, interdisciplinary systems such as intelligent connected shared

micro-mobility.

2.5. Cross-Domain Methodology Introduction

The motivation to extend MOMA from traditional mechanical design to intelligent

connected shared micro-mobility systems arises from the inherent similarity in

managing complex trade-offs and constraints. Both domains aim to optimize
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multi-objective, often conflicting system performance under dynamic operational

conditions. The innovation lies in adapting MOMA’s proactive trade-off mitigation

capability to a system where design variables encompass not only physical

components but also software, network, and human-interaction elements. This

cross-domain application is feasible because the fundamental principles of

identifying monotonic relationships and understanding trade-off causality are

generalizable across engineering disciplines. By applying MOMA to micro-mobility

systems, we aim to provide a systematic approach to integrated design, informing

early-stage decisions and yielding more robust and efficient systems. Compared with

existing methods that primarily focus on passive optimization or component-level

improvements, this approach offers a unique perspective.

2.6. Research Gaps and Novelty of This Study

Despite extensive research in shared micro-mobility and multi-objective

optimization, there remains a significant gap in systematically mitigating trade-offs

during the early-stage integrated design of intelligent connected shared

micro-mobility systems. Existing literature tends to address trade-offs passively,

emphasizing post-design optimization or incremental improvements. There is a lack

of methods that actively guide designers in constructing systems to inherently avoid

or minimize trade-off conflicts. The novelty of this study lies in: (1) proposing a new

application of MOMA in intelligent connected shared micro-mobility systems,

extending beyond its traditional mechanical design context; (2) focusing on the early

design stage, identifying and mitigating trade-offs before they become entrenched;

and (3) deriving actionable design principles to guide the synthesis of “ideal” systems.

This proactive approach has the potential to produce micro-mobility solutions that

are more resilient, efficient, and user-centered.

3. Methodology

3.1. Research Strategy

This study adopts an integrated research strategy encompassing conceptual

modeling, extraction of design principles, and case validation. First, a conceptual

model of the intelligent connected shared micro-mobility system is established,

identifying key design variables, objectives, and constraints. Next, based on the

theory of Multi-Objective Monotonicity Analysis (MOMA), we extract “ideal design”

principles specifically tailored for these systems. Finally, the derived principles are

validated through simulation-based case studies. This structured approach ensures a

rigorous and systematic investigation of proactive trade-off mitigation.
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3.2. Modeling of Intelligent Connected Shared Micro-Mobility Systems

Effective application of MOMA requires the development of a robust and

comprehensive model of the intelligent connected shared micro-mobility system. This

model forms the foundation for identifying relationships among design parameters,

system objectives, and operational constraints.

3.2.1. System Architecture

An intelligent connected shared micro-mobility system consists of several

interrelated components: vehicles (e.g., electric scooters, bicycles), users (riders),

charging/parking stations, a central dispatch center, and a complex communication

network [20]. Vehicles are equipped with Internet of Things (IoT) sensors for

real-time location tracking, battery status monitoring, and operational diagnostics.

Users interact with the system via a mobile application for vehicle discovery,

unlocking, and payment. Charging/parking stations serve as strategically located

infrastructure points for vehicle replenishment and storage. The dispatch center,

driven by artificial intelligence (AI) algorithms, manages vehicle allocation,

rebalancing, and maintenance scheduling. The communication network facilitates

seamless data exchange among vehicles, users, and the dispatch center, enabling

intelligent connectivity and dynamic adjustments [21].

3.2.2. Design Variables

The key design variables influencing system performance are identified and
categorized as follows(Table 1):

Table 1. Key Design Variables of the Intelligent Connected Shared Micro-Mobility System.

Category Design Variable Description
Example Values /

Range

Vehicles Vehicle Type

Type of micro-mobility

device (e.g., electric scooter,

e-bike)

Electric scooter,

e-bike

Fleet Size
Total number of vehicles

deployed in the system
500–5000 units

Battery Capacity
Energy storage capacity of

vehicle batteries
100–500 Wh

Operations Deployment Density
Number of vehicles per unit

area
5–20 vehicles/km²

Pricing Strategy
Dynamic or static pricing

model

Per-minute,

per-trip,

subscription-based

Dispatch Algorithm Parameters controlling Rebalancing
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Parameters vehicle relocation and

rebalancing

frequency, target

vehicle density

Infrastructure
Charging Station

Layout

Spatial distribution and

capacity of charging stations

Grid-based,

demand-driven

Parking Zone Density
Number of designated

parking zones per unit area
2–10 zones/km²

3.2.3. Objective Functions

To capture the multifaceted performance of the system, several objective

functions reflecting efficiency, user experience, economic feasibility, and

environmental impact are defined:

 Average User Waiting Time (�푤푎��): Minimize the average time users wait for an
available vehicle. Lower values indicate higher user satisfaction;

 Vehicle Utilization (�푣�ℎ): Maximize the proportion of time vehicles are actively

in use. Higher values indicate better asset management;

 Operational Cost ( �표� ): Minimize total costs associated with vehicle

maintenance, charging, rebalancing, and personnel. Lower values indicate higher

economic efficiency;

 Carbon Emissions (�푐푎푟�표�): Minimize the total carbon footprint of the system,
primarily arising from vehicle charging and rebalancing operations. Lower values

indicate better environmental sustainability;

 User Satisfaction Index (�푢푠�푟 ): Maximize a composite index reflecting user

experience, combining factors such as vehicle availability, ride comfort, and

pricing fairness.

3.2.4. Constraints

Operational constraints define the boundaries within which the system must

operate:

 Fleet Size Constraint (�푣�ℎ ≤�max): The total number of deployed vehicles

must not exceed the predefined maximum capacity;

 Battery Range Constraint ( �min ≤ �푎푐�푢푎� ): Vehicles must maintain a

minimum battery level to complete trips and reach charging stations;

 Charging Time Constraint (�푐ℎ푎푟�� ≤ �max ): The time required for vehicle

charging must remain within acceptable limits to ensure vehicle availability;

 Traffic Regulation Compliance: Vehicle operations must comply with local traffic

laws and regulations (e.g., speed limits, no-parking zones);

 Parking Space Availability: The number of available parking spaces within

designated zones must be sufficient to accommodate the parked vehicles.
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3.3. Introduction and Adaptation of the Multi-Objective Monotonicity Analysis

(MOMA) Framework

3.3.1. Core Principles of MOMA

MOMA provides a systematic approach to understanding the causal relationships

among design variables, objective functions, and constraints by analyzing their

monotonic properties [18]. A function is considered monotonic with respect to a

variable if its value consistently increases or decreases as the variable changes. By

identifying these monotonic relationships, MOMA can precisely pinpoint where

inherent trade-offs arise. For example, if increasing a design variable improves one

objective while degrading another, a trade-off exists. MOMA helps identify the

monotonicity of such conflicts and the active constraints that define the feasible

design space, thereby revealing the underlying structure of the optimization problem

[19].

3.3.2. Application of the “Ideal Design” Concept in Micro-Mobility Systems

Within the context of intelligent connected shared micro-mobility systems, “ideal

design” is defined as a system state in which all objective functions can be

simultaneously improved under all operational constraints, or in which trade-off

conflicts are minimized to the greatest extent possible. This entails pursuing a design

in which enhancing one aspect (e.g., user satisfaction) does not require substantial

compromises in another (e.g., operational cost), or where such compromises are

strategically managed. Ideal design serves as a theoretical benchmark, guiding the

integrated design process toward inherently robust and efficient solutions, rather

than merely optimizing within a predefined, potentially suboptimal, design space.

3.3.3. Extraction of Design Principles

Based on MOMA analysis, general design principles were derived to guide the

synthesis of intelligent connected shared micro-mobility systems. These principles

aim to proactively mitigate or avoid trade-offs. Examples include:

 Principle 1: Dynamic Charging and Rebalancing Strategy

To mitigate the trade-off between vehicle range anxiety (user experience) and

operational efficiency (rebalancing cost), implement dynamic charging and

rebalancing strategies. This involves predicting demand hotspots and vehicle

battery levels to intelligently schedule vehicle charging and relocation, minimizing

empty travel and maximizing vehicle availability. For example, predictive analytics

can identify areas with low battery levels and high future demand, allowing

proactive relocation of vehicles to charging stations in these areas;
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 Principle 2: Flexible Pricing Mechanism

To mitigate the trade-off between peak-period high demand (user accessibility)

and vehicle availability (fleet utilization), implement a flexible pricing mechanism.

This involves dynamically adjusting prices according to real-time supply and

demand. Such a mechanism incentivizes users to utilize the system during

off-peak periods or to return vehicles to high-demand areas, effectively

balancing supply-demand fluctuations. For example, offering discounts for trips

starting from low-demand areas or ending in designated zones can redistribute

demand and optimize fleet utilization;

 Principle 3: Modular Vehicle Design with Swappable Batteries

To enhance operational flexibility and maintenance efficiency, and to mitigate

the trade-off between vehicle downtime (due to charging) and service continuity,

adopt modular vehicles with swappable batteries. This allows for rapid on-site

battery replacement, significantly reducing vehicle out-of-service time due to

charging, thereby improving overall fleet availability and user satisfaction;

3.4. Data Collection and Analysis Methods

3.4.1. Data Types

The analysis relies on a combination of simulated and potential real-world

operational data. This includes vehicle GPS data (location, speed, trajectory), user

order data (pickup/drop-off times and locations, trip durations), charging data

(battery levels, charging cycles, station utilization), and traffic flow data (congestion

levels, road network conditions) [22]. These data types provide a comprehensive

perspective on system dynamics and user behavior.

3.4.2. Data Preprocessing

Raw data undergo rigorous preprocessing steps, including data cleaning

(handling outliers and erroneous entries), missing value imputation (e.g., using

interpolation or predictive models), and feature engineering (deriving new variables

from existing ones, such as trip distance, average speed, or peak-hour indicators)

[23]. This ensures data quality and suitability for subsequent analysis.

3.4.3. Computer-Aided Analysis

Computer-aided tools are essential for modeling, simulation, and analysis.

Simulation platforms (e.g., SUMO or AnyLogic) are used to emulate the dynamic

behavior of micro-mobility systems under various design configurations and

operational strategies [24]. These platforms enable the simulation of vehicle

movements, user requests, and rebalancing operations, providing a realistic

environment to test design principles. Optimization algorithms (e.g., genetic
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algorithms or particle swarm optimization) are employed for parameter tuning and

exploration of the design space to identify optimal configurations [25]. Additionally,

statistical analysis tools (e.g., Python libraries such as Pandas, NumPy, SciPy) are

used for data manipulation, descriptive statistics, hypothesis testing, and application

of MOMA to identify monotonic relationships and trade-offs. This integrated

approach allows for a thorough and quantitative evaluation of the proposed design

principles.

4. Results

4.1. Identification of System Trade-Offs

By applying Multi-Objective Monotonicity Analysis (MOMA) to the intelligent

connected shared micro-mobility system model, several key trade-offs were

systematically identified. These conflicts highlight the inherent challenges of

simultaneously optimizing multiple performance objectives. For example, increasing

vehicle deployment density (enhancing user accessibility and reducing waiting times)

is associated with a significant trade-off in terms of increased operational costs due

to higher maintenance, rebalancing, and charging expenses. Similarly, the objective of

rapidly responding to user demand (minimizing waiting time) often conflicts with

optimizing vehicle routing to reduce energy consumption and operational costs.

Another critical trade-off was observed between centralized charging strategies

(more efficient in terms of infrastructure utilization) and distributed charging

strategies (providing broader coverage and reducing vehicle downtime for charging).

The identified trade-offs underscore the necessity of a proactive design approach

that mitigates these conflicts, rather than merely optimizing within their existing

constraints.

4.2. Formation and Application of “Ideal Design” Principles

Based on MOMA analysis, a set of specific “ideal design” principles was

developed to guide system design toward mitigating or avoiding the identified

trade-offs. These principles aim to inform early-stage decisions, resulting in more

robust and efficient system architectures and operational strategies:

 Dynamic Charging and Rebalancing Strategy: This principle addresses the

trade-off between vehicle range anxiety and operational efficiency. By

implementing dynamic strategies that predict demand hotspots and vehicle

battery levels, the system can intelligently schedule vehicle charging and

relocation. This minimizes empty travel and maximizes vehicle availability,

improving user experience without proportionally increasing operational costs.

For example, predictive analytics can identify areas with low battery levels and
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high future demand, enabling proactive relocation of vehicles to charging

stations in these regions;

 Flexible Pricing Mechanism: To mitigate the trade-off between high demand

during peak periods and vehicle availability, a flexible pricing mechanism is

proposed. This involves adjusting prices dynamically according to real-time

supply and demand. Such a mechanism incentivizes users to utilize the system

during off-peak periods or to return vehicles to high-demand areas, effectively

balancing supply-demand fluctuations. For instance, offering discounts for trips

that start from low-demand areas or end in designated zones can redistribute

demand and optimize fleet utilization;

 Modular Vehicle Design with Swappable Batteries: This principle enhances

operational flexibility and maintenance efficiency, mitigating the trade-off

between vehicle downtime (due to charging) and service continuity. Modular

vehicles with swappable batteries allow for rapid on-site battery replacement,

significantly reducing vehicle out-of-service time due to charging, thereby

improving overall fleet availability and user satisfaction.

4.3. Simulation Experiments and Validation of Results

To validate the effectiveness of the proposed “ideal design” principles,

simulation experiments were conducted. The experimental setup modeled a

micro-mobility system in a hypothetical urban environment, comparing a baseline

scenario (without MOMA-derived principles) with a MOMA-optimized scenario

(incorporating the principles). Key performance indicators (KPIs) were tracked over a

30-day simulation period.

Figure 1 illustrates the daily average user waiting time. The MOMA-optimized

scenario consistently exhibited significantly lower average waiting times compared to

the baseline, demonstrating the effectiveness of dynamic scheduling and rebalancing

strategies in enhancing user accessibility.
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Figure 1. Comparison of Daily Average User Waiting Time.

Figure 2 illustrates the daily vehicle utilization. The MOMA-optimized
system achieved higher and more stable utilization rates, indicating more
efficient asset management and reduced vehicle idle time.

Figure 2. Comparison of Daily Vehicle Utilization.

Figure 3 compares the daily operational costs. Although the primary goal of the

MOMA-optimized system is improved performance, it also demonstrates reduced

operational costs, primarily due to optimized rebalancing and charging logistics,

highlighting the system’s ability to simultaneously achieve multiple objectives.
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Figure 3. Comparison of Daily Operational Costs.

Figure 4 illustrates the daily carbon emissions. The MOMA-optimized scenario

resulted in lower carbon emissions, reflecting improved energy efficiency through

optimized routing and charging management, thereby contributing to environmental

sustainability.

Figure 4. Comparison of Daily Carbon Emissions.

Figure 5 illustrates the daily user satisfaction index. The MOMA-optimized

system consistently achieved higher user satisfaction scores, confirming the positive
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effects of reduced waiting times, increased vehicle availability, and potentially fairer

pricing.

Figure 5. Comparison of Daily User Satisfaction Index.

Figure 6 presents a violin plot of trip duration distributions. The

MOMA-optimized scenario exhibits a more compact distribution and a slightly lower

median trip duration, indicating more efficient routing and potentially better vehicle

performance due to optimized maintenance and charging.

Figure 6. Comparison of Trip Duration Distributions.
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Figure 7 presents a box plot of battery levels at the end of trips. The

MOMA-optimized system exhibits a higher median battery level and a narrower

distribution, indicating more effective battery management and charging strategies

that reduce the likelihood of vehicle battery depletion.

Figure 7. Distribution of Battery Levels at Trip Completion.

Figure 8 illustrates the Pareto front comparison between operational cost and

user satisfaction. The MOMA-optimized scenario demonstrates a shifted Pareto front,

indicating that higher user satisfaction can be achieved for a given operational cost,

or lower operational cost can be achieved for a given level of user satisfaction. This

effectively expands the feasible design space and mitigates trade-offs.
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Figure 8. Pareto Front Comparison: Operational Cost vs. User Satisfaction.

Figure 9 provides an overview of the conceptual system architecture of the

intelligent connected shared micro-mobility system, highlighting the interconnected

components and data flows that support the application of MOMA principles.

Figure 9. Architecture of the Intelligent Connected Shared Micro-Mobility

System.

Figure 10 illustrates the experimental workflow for applying MOMA in the context

of micro-mobility system design, from data collection and modeling to principle

extraction and validation.

Figure 10. Experimental Workflow for Applying MOMA.

Figure 11 provides a conceptual trade-off mapping, visually illustrating the

conflicts among various objectives and how MOMA helps navigate and resolve these

conflicts.
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Figure 11. Identified Trade-Offs in the Micro-Mobility System.

Figure 12 illustrates the impact of a specific design principle (e.g., dynamic

pricing) on key operational metrics (e.g., peak demand reduction). This demonstrates

how a single principle contributes to overall system improvement.

Figure 12. Identified Trade-Offs in the Micro-Mobility System.

Statistical Analysis: Statistical analyses were conducted on the simulation results to confirm
the significance of the observed improvements. Model fit indices verified the reasonableness of
the data characteristics. Sensitivity analyses further confirmed that the results remained robust
even when potential outliers were considered, enhancing the reliability of the derived design
principles. For instance, analysis of variance (ANOVA) indicated statistically significant
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differences between the baseline and MOMA-optimized scenarios in terms of average waiting
time, vehicle utilization, and operational cost (p < 0.01), providing strong evidence for the
effectiveness of the proposed methodology.

5. Discussion

5.1. Interpretation of Results and Cross-Comparison

The simulation results clearly demonstrate the effectiveness of the

MOMA-based system design approach in mitigating trade-offs within intelligent

connected shared micro-mobility systems. Continuous improvements were observed

across all key performance indicators (KPIs)—including reductions in average waiting

time, increases in vehicle utilization, decreases in operational costs, reductions in

carbon emissions, and improvements in user satisfaction—highlighting the

transformative potential of proactively addressing trade-offs during the design

synthesis stage. For instance, the substantial reduction in average waiting time

(Figure 1) directly translates into enhanced user experience, which is a critical factor

for the widespread adoption and success of shared micro-mobility services. These

improvements are not achieved at the expense of other objectives; rather, they are

accompanied by significant increases in vehicle utilization (Figure 2) and reductions in

operational costs (Figure 3), indicating more efficient allocation and management of

resources. The simultaneous decrease in carbon emissions (Figure 4) further

underscores the environmental benefits of system optimization, aligning with urban

sustainability goals.

Compared to existing literature, many optimization methods for micro-mobility

systems tend to focus on passive adjustments or incremental improvements within a

fixed system architecture [26][27]. For example, dynamic rebalancing algorithms

typically aim to optimize vehicle distribution under current supply-demand conditions,

but they rarely question the fundamental design choices that may give rise to inherent

trade-offs. In contrast, our MOMA-based approach provides a framework for

fundamentally rethinking system design, thereby avoiding or minimizing such conflicts

from the outset. The shifted Pareto front (Figure 8) serves as compelling evidence of

this advantage, demonstrating that the proposed methodology allows for superior

performance across multiple objectives simultaneously, effectively expanding the

design space beyond what passive optimization can achieve. This proactive trade-off

mitigation represents a significant advancement over conventional methods that

primarily focus on navigating existing trade-offs.

5.2. Longitudinal Relationships and Attribution of Differences

The intrinsic logical relationships among the derived design principles are crucial

for their synergistic effects on overall system performance. For instance, the dynamic
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charging and rebalancing strategy directly influences vehicle availability and

operational efficiency. By ensuring that vehicles are charged and positioned optimally,

it reduces user waiting times while minimizing energy consumption associated with

rebalancing. This, in turn, positively affects user satisfaction and operational costs.

The flexible pricing mechanism complements this by managing demand fluctuations,

particularly during peak periods. By incentivizing off-peak usage or specific parking

behaviors, it smooths demand curves, alleviates system stress, and prevents

excessive waiting times or vehicle unavailability. The modular vehicle design with

swappable batteries further enhances this synergy by minimizing vehicle downtime,

ensuring fleet availability to meet demand, and simplifying maintenance logistics,

thereby contributing to operational efficiency and user satisfaction.

Any observed differences between our results and previous studies can be

attributed to several factors. First, our approach integrates MOMA into the

early-stage design synthesis, unlike many studies that apply optimization techniques

to later-stage design improvements. This proactive stance allows for a more

fundamental restructuring of the system to avoid trade-offs. Second, specific

modeling assumptions and data characteristics used in our simulations, although

intended to be representative, may differ from those in other studies. For instance,

the granularity of demand patterns or specific vehicle performance parameters can

influence outcomes. Finally, the application context of intelligent connected shared

micro-mobility systems presents unique complexities that may not be fully captured

by more generalized optimization models. Our focus on deriving generalizable design

principles, rather than simply identifying optimal parameters for a fixed design,

provides a higher level of abstraction and broader applicability.

5.3. Theoretical and Practical Contributions

This study makes significant contributions to the theory of intelligent

transportation system design. By extending MOMA to the domain of shared

micro-mobility, we provide a novel theoretical framework for understanding and

proactively managing trade-offs in complex socio-technical systems. The “ideal

design” concept, guided by MOMA-derived principles, offers a powerful paradigm for

designing systems that are inherently more efficient, sustainable, and user-centric.

This framework goes beyond the traditional passive optimization mindset, advocating

for a more comprehensive and forward-looking approach to system synthesis.

From a practical perspective, this research provides actionable guidance for

urban planners, micro-mobility operators, and system designers. The derived design

principles—such as dynamic charging and rebalancing, flexible pricing, and modular

vehicle design—offer concrete strategies that can be implemented to improve

existing systems or inform the design of new systems. By adopting these principles,
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stakeholders can enhance operational efficiency, reduce costs, improve user

satisfaction, and contribute to urban sustainability. The ability to mitigate trade-offs

early in the design process can lead to more resilient and adaptive micro-mobility

solutions, better equipped to respond to the dynamic challenges of urban

environments.

6. Conclusion

6.1. Key Findings

This study successfully introduced and validated a novel system design

methodology for intelligent connected shared micro-mobility systems based on

Multi-Objective Monotonicity Analysis (MOMA). We demonstrated the effectiveness

of this approach in proactively identifying, mitigating, and avoiding inherent

trade-offs during the early stages of design synthesis. The derived “ideal design”

principles—including dynamic charging and rebalancing strategies, flexible pricing

mechanisms, and modular vehicles with swappable batteries—played a critical role in

substantially improving system performance across multiple key indicators.

Specifically, our simulation experiments showed significant enhancements in average

user waiting time, vehicle utilization, operational cost efficiency, carbon emission

reduction, and overall user satisfaction. These findings underscore the pivotal role of

MOMA in guiding complex system design toward inherently superior and sustainable

configurations, representing a leap beyond conventional passive optimization.

6.2. Research Implications

This study makes important theoretical contributions to the fields of intelligent

transportation systems and design science. By extending the application of MOMA to

intelligent connected shared micro-mobility systems, we provide a robust framework

for understanding and proactively managing the complex interdependencies and

conflicts among various design objectives and constraints. This shift from reactive

problem-solving to proactive design synthesis has the potential to foster the

development of more resilient, efficient, and user-centric urban mobility solutions.

Furthermore, the methodology presented here can serve as a transferable blueprint

for the design synthesis of other complex engineering systems facing similar

multi-objective trade-offs.

6.3. Research Limitations

Despite its significant contributions, this study has several limitations. First, the

scope of the simulation experiments was limited to a hypothetical urban environment,

which, although designed to be representative, may not fully capture all the
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complexities and unpredictable dynamics of real-world cities. The specific

parameters and assumptions used in our models, while carefully selected, may affect

the generalizability of the results. Second, although the derived design principles

provide actionable guidance, their practical implementation in different urban

contexts may encounter unforeseen challenges related to existing infrastructure,

regulatory frameworks, and socio-economic factors. Finally, this study primarily

focuses on system-level design principles; detailed algorithmic implementations and

fine-tuning fall beyond the scope of this research.

6.4. Future Research Directions

Building on the foundation established in this study, several promising avenues

for future research emerge. One direction involves applying the MOMA-based

methodology to real-world intelligent connected shared micro-mobility systems,

using operational data to further validate and refine the derived design principles.

This would require collaboration with urban planners and mobility operators to

implement and test these principles in real-time environments. Another area of

exploration is integrating advanced machine learning techniques with MOMA,

particularly for dynamic user behavior and unforeseen events, to support real-time

decision-making and adaptive management of micro-mobility fleets. Additionally,

future work could investigate the scalability of these principles in larger urban

networks and explore their applicability to other forms of shared transportation or

smart city infrastructure. Finally, a deeper examination of the socio-economic

impacts and user acceptance of MOMA-driven system designs would contribute to a

more comprehensive understanding of their long-term sustainability and societal

benefits.
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