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Featured Application

The proposed Digital Twin framework with Adaptive Inflow Metering (AIM) logic is designed for
direct application by municipal Traffic Management Centers (TMC) and urban planners. It serves as
a decision-support tool for diagnosing congestion hotspots in real-time and testing "soft"
optimization strategies (e.g., smart traffic signals) before committing to capital-intensive
infrastructure investments. The system is particularly applicable to mid-sized cities aiming to reduce
emission levels at critical network nodes without extensive geometric reconstruction.

Abstract

This paper proposes a comprehensive framework for integrating Digital Twins (DT) with real-time
traffic optimization systems to enhance urban mobility management in Smart Cities. Using the
Pobitno Roundabout in Rzeszéw as a case study, we established a calibrated microsimulation model
(validated via the GEH statistic) that serves as the core of the proposed Digital Twin. The study goes
beyond static scenario analysis by introducing an Adaptive Inflow Metering (AIM) logic designed to
interact with IoT sensor data. While traditional geometrical upgrades (e.g., turbo-roundabouts) were
analyzed, simulation results revealed that geometrical changes alone —without dynamic control —
may fail under peak load conditions (resulting in LOS F). Consequently, the research demonstrates
how the DT framework allows for the testing of "Software-in-the-Loop" (SiL) solutions where Python-
based algorithms dynamically adjust inflow parameters to prevent gridlock. The findings confirm
that combining physical infrastructure changes with digital, real-time optimization algorithms is
essential for achieving sustainable "green transport" goals and reducing emissions in congested urban
nodes.

Keywords: motor vehicles; sustainability; digital twin; microsimulation

1. Introduction

The rapid intensification of traffic in urbanized areas is a direct consequence of accelerated
urbanization, uncontrolled suburbanization processes ('urban sprawl"”), and the exponentially
increasing demand for the transport of goods and services [1,2]. In particular, the boom in e-
commerce has revolutionized urban logistics, leading to a fragmented delivery structure that
generates significant loads on road infrastructure [3,4]. This phenomenon exacerbates severe
congestion and operational delays, but crucially, it contributes to the deterioration of air quality
through increased emission of Nitrogen Oxides (NOx), Particulate Matter (PM 2510), and Carbon
Dioxide (COz2) [5,6]. These negative externalities stand in direct contradiction to the goals of the
European Green Deal and the principles of Sustainable Urban Mobility Planning (SUMP), which
prioritize the reduction of the carbon footprint of the transport sector [7,8]. The environmental impact
of congestion is non-linear; it is most severe during "stop-and-go" driving conditions, where frequent
acceleration and braking cycles drastically increase fuel consumption compared to smooth-flow
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conditions [9,10]. Consequently, the adverse effects are most visible at key nodal points of the road
network—such as intersections and roundabouts. In these locations, limited geometric capacity
determines the flow conditions for the entire surrounding ecosystem [11,12]. When a critical node
fails, the shockwave of congestion propagates through the network, turning the intersection into a
primary source of local pollution hotspots [13,14]. Therefore, improving the fluidity of traffic at these
nodes is not merely a technical engineering challenge but a critical environmental necessity [15,16].

To mitigate these challenges—especially given the physical limitations of expanding road
infrastructure in dense city centers —modern cities are undergoing a paradigm shift toward the Smart
City concept [17,18]. This approach leverages Information and Communication Technologies (ICT)
and the principles of Industry 4.0 to monitor, manage, and optimize infrastructure usage dynamically
[19,20]. Within the transport domain, Intelligent Transport Systems (ITS) have evolved from passive
monitoring tools into active Cyber-Physical Systems (CPS). These systems are pivotal, integrating
massive datasets from heterogeneous sources: induction loops, video detection, Floating Car Data
(FCD), and increasingly, the Internet of Things (IoT) infrastructure embedded in the roadway [21,22].
This data ecosystem allows for the real-time assessment of traffic parameters (volume, occupancy,
speed) and serves as a foundation for both operational traffic control and long-term strategic planning
[23,24]. By transitioning from reactive to predictive management, cities can optimize existing capacity
to serve "green" mobility goals without costly construction projects.

In recent years, the concept of a Digital Twin (DT) has transitioned from manufacturing and
aerospace industries to become a central pillar of transportation research [25,26]. A Digital Twin in
the context of mobility is defined as a high-fidelity virtual representation of a physical transport
system that is continuously updated based on real-world data and used for advanced simulation,
monitoring, and optimization analyses [27,28]. Unlike traditional static models or Building
Information Modeling (BIM) repositories, a true Digital Twin implies a dynamic, bi-directional
connection between the physical and virtual worlds [29,30]. The application of DTs in urban transport
theoretically enables the "safe" testing of traffic organization variants and the assessment of high-cost
infrastructure decisions (e.g., constructing flyovers) without interfering with the live, operational
system [31,32].

However, a critical review of the current state of the art reveals a significant gap in the practical
implementation of this technology within traffic engineering. While numerous studies describe
"Digital Twins" for smart cities, a substantial portion of them remains limited to the level of "Digital
Shadows" —systems that visualize data flowing from sensors but lack the capability to influence the
physical object automatically [33]. Existing literature frequently focuses on:

e  Structural Health Monitoring: Analyzing the physical wear of bridges or tunnels using DTs

[34,35];

e  Pure Visualization: Using 3D engines (e.g., Unity, Unreal Engine) to display traffic flows for

public consultation, without rigorous traffic engineering physics behind them [36,37];

e  Static Scenario Planning: Using microsimulation solely for offline capacity analysis,

disconnected from real-time control logic [38,39].

Consequently, there is a scarcity of research frameworks that integrate high-fidelity
microsimulation (calibrated to specific local conditions) with "Software-in-the-Loop" (SiL)
capabilities allowing for the testing of active algorithmic control logic [40]. Most existing models stop
at the diagnosis stage (identifying congestion) and do not proceed to the automated mitigation stage
(optimizing flow in real-time loops) [41,42]. This study aims to bridge this gap by proposing a
framework where the calibrated model serves not just as a mirror of reality, but as a testing ground
for Adaptive Inflow Metering (AIM) algorithms, moving closer to the full functional definition of a
Digital Twin in urban logistics.

A key component of a functional Digital Twin is a traffic model characterized by a high level of
fidelity and compliance with real-world conditions. For local road networks, microsimulation models
are widely used to replicate individual vehicle trajectories and stochastic interactions between road
users. Tools such as PTV Vissim allow for the evaluation of intersection performance using indicators
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like average delay, queue length, and Level of Service (LOS), provided that a rigorous calibration and
validation process is conducted.

This paper addresses the need for a comprehensive framework that combines rigorous
microsimulation with green transport planning goals. It presents a framework for integrating Digital
Twins with real-time traffic optimization logic for smart city management. The study utilizes the
Pobitno Roundabout in Rzeszow —a critical node in the city’s transport network —as a case study.
We establish a calibrated traffic microsimulation model (validated via the GEH statistic) serving as
the core of the Digital Twin. Furthermore, beyond traditional infrastructure comparisons (e.g., turbo-
roundabouts vs. grade-separated interchanges), this study introduces a conceptual framework for
Adaptive Inflow Metering (AIM). This approach demonstrates how coupling simulation techniques
with IoT connectivity and Al-based algorithms creates a platform for adaptive traffic management,
reducing system overload and supporting decisions related to sustainable urban logistics.

2. Materials and Methods

2.1. Study Area and Empirical Data

The case study focuses on the Pobitno Roundabout located in the city of Rzeszéw (Poland),
which constitutes a critical node within the urban road network and is characterized by high traffic
volumes during peak hours. The roundabout serves both local traffic and regional through-traffic,
linking major arterial roads and providing access to adjacent residential and commercial areas. Its
geometric configuration and the uneven loading of individual approaches significantly affect traffic
conditions in the wider surrounding network, making it an ideal candidate for Digital Twin-based
analysis of green transport scenarios. Figure 1 shows a view of the road network area under study.
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Figure 1. The examined area of the road network.

Input data for the traffic model were obtained from an automatic traffic measurement system
operated by the Municipal Transport Authority in Rzeszéw (ZTM). The system is based on inductive
loop detectors installed on the approaches to the roundabout and provides aggregated traffic
volumes per lane. The raw data covered multiple working days and weekend days and were
delivered as lane-specific hourly volumes without turn-movement breakdowns.

To ensure representativeness, two characteristic demand levels were defined:

e a“regular hour” representing average traffic conditions, computed as the mean hourly volume
for a selected time interval across several weekdays;

e apeak hour, defined as the mean of the daily maximum hourly volume identified for each day
of the observation period.

The procedure of data collection, aggregation, and averaging in the ZTM system is illustrated in
the Figure 2 and was replicated in this study as the basis for scenario definition.
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Figure 2. Schematic diagram of the data collection process.

2.2. Data Preparation and Model Input Parameters

In the data preparation stage, the empirical measurements were aggregated into hourly traffic
flows assigned to individual approach lanes of the roundabout for both demand levels (regular and
peak hour). Due to the lack of direct information on turn movements, the internal circulation pattern
was inferred from the existing geometry and the current traffic organization, following standard
practice in microsimulation studies when only lane-based counts are available.

The vehicle fleet was simplified into two main categories:

e  light vehicles (passenger cars and vans),
¢  heavy vehicles (trucks and buses).

The share of heavy vehicles in each approach stream was determined based on supplementary
information provided by ZTM and typical reference values commonly used in urban traffic analyses.
For each vehicle class, basic kinematic parameters were defined, including desired speed,
acceleration, and deceleration characteristics. Initial values were adopted from literature
recommendations and the default parameter sets of the PTV Vissim environment, with the option for
subsequent adjustment during calibration.

2.3. Microsimulation Model Development

The microsimulation model of the Pobitno Roundabout was developed in PTV Vissim, which
enables detailed representation of road infrastructure and driver behaviour at the microscopic level
[43]. The geometric layout of the intersection was coded based on cartographic data and design
documentation, including:

e the number and width of lanes on each approach,
e the shape and width of the circulatory roadway,

e  entry and exit radii,

e the existing traffic organization and priority rules.

Priority rules and conflict areas were implemented according to the real-world right-of-way
regulations at the roundabout, and the corresponding horizontal and vertical traffic signs were
reflected in the model configuration. Vehicle movements were simulated using the built-in car-
following and lane-changing models of Vissim, with parameters adjusted in later stages.

Each simulation run included an initial warm-up period to eliminate the influence of empty-
network conditions on performance indicators [44,45]. The simulation time horizon for each scenario
was 1h of steady-state operation, following a sufficient warm-up to reach stable traffic conditions.

2.4. Model Calibration and Validation

Calibration aimed at adjusting driver behaviour parameters and vehicle dynamics so that
simulated hourly volumes on individual approach lanes matched the aggregated empirical values
from ZTM. Particular attention was paid to:

e  desired speed distributions on approach links,
e car-following sensitivity parameters,
e lane-change aggressiveness and gap-acceptance settings.
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The GEH statistic was employed as the primary measure of goodness-of-fit between observed
and simulated traffic volumes [46]. For an individual lane, the GEH value is defined as:

_ | (M-p)?
GEH = /(M+P) E 1)

Where: M denotes the measured (observed) flow and P the simulated flow for the same time

interval

Table 1. Results of GEH indicator.

Observed Predicted GEH Inlet No.

454 468 0.652045 1
383 391 0.406663 2
399 412 0.645577 3
348 364 0.847998 4

Calibration and validation were conducted for both the regular and peak hour demand levels.
The model was considered acceptably calibrated when the GEH value was below the commonly used
threshold (GEH < 5.0) for the majority of analysed lanes. In the final calibrated model, GEH values
for the key approaches ranged approximately between 0.4 and 0.9, indicating very good agreement
between simulated and measured volumes and confirming the reliability of the model as the
analytical core of the Digital Twin.

2.5. Microsimulation Model as the Core of the Digital Twin

The calibrated microsimulation model of the Pobitno Roundabout forms the analytical core of
the proposed Digital Twin framework for the urban transport system. In this study, the Digital Twin
is understood as a combination of:

e  ahigh-fidelity, empirically validated simulation model,
e adata layer capable of ingesting sensor-based measurements (IoT/ITS),
e and a control layer embedding optimization and decision-making logic.

In its current implementation, the model operates in an offline mode but is structured to be
compatible with future real-time data integration. The Vissim model acts as a “what-if” engine,
enabling the testing of infrastructure and control strategies under realistic, location-specific traffic
conditions. This structure provides a foundation for extending the Digital Twin towards real-time
applications where live detector data would continuously update model inputs and drive algorithmic
control decisions.

2.6. Infrastructure Variants and Simulation Scenarios

The validated base model of the Pobitno Roundabout was used as a reference for the definition

of alternative infrastructure scenarios. Three main infrastructure variants were considered:
e  Variant 1 - Existing conventional roundabout (Base Case):

Representation of the current physical layout and traffic organization as observed in the field.
e  Variant 2 — Turbo-roundabout (modernisation):

A redesigned multilane roundabout with physically separated lanes on the circulatory roadway,
forcing early lane choice and eliminating lane changes within the roundabout. This configuration
aims to improve capacity and reduce conflict points but may increase sensitivity to the directional
structure of flows.

e  Variant 3 - Flyover-based grade-separated junction (expansion):

A grade-separated solution in which dominant traffic streams are routed via an overpass,
significantly reducing the load on the at-grade roundabout. This design aims at maximizing
throughput and stability under high demand.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Geometric schemes and screenshots of the simulation models for the three variants correspond

to Figure 3 and were fully implemented in Vissim for comparative analysis. For each infrastructure

variant, simulations were performed under both regular and peak-hour demand, resulting in a set of

six core scenarios.

Figure 3. View of the simulated model under investigation: 1. Conventional roundabout 2. Turbo roundabout 3.

Flyover-based grade-separated junction.

2.7. Digital Twin Architecture and Functional Layers

To extend the classical microsimulation approach, an original Digital Twin framework for the

transport system was proposed.

Decision Support & Traffic Management
- Signal Control
« Traffic Management Strategies
+ Planning & Policy Support

Analytics & Optimization (Al / ML)
- Traffic State Prediction
+ Pattern Recognition
+ Optimization Algorithms

‘Data & Insights
Digital Twin — Microscopic Traffic Simulation

« PTV Vissim Model (GEH Validated)
» Scenario Simulations
- Infrastructure Variants

!

Feedback
Loop

‘ Real-Time Data

- Traffic Sensors
+ Cameras & Detectors
+ Speed & Flow Monitoring

‘ Real-Time Traffic Data

Data Acquisition Layer (loT) I

Adaptive Traffic
Management

Physical Transportation System

Figure 4. Framework architecture diagram.

025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202512.2257.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 December 2025 d0i:10.20944/preprints202512.2257.v1

7 of 18

The architecture is structured into five logical functional layers, between which data flows and
feedback loops are defined:

1. Physical Layer — the real-world transport system, including the studied roundabout,
surrounding road network, and actual traffic streams.

2.  Data Acquisition Layer (IoT/ITS) — responsible for collecting information on current traffic
conditions using detectors, cameras, and other ITS components. In this study, this layer is
represented by empirical detector data from ZTM and is considered conceptually extendable to
real-time streaming.

3. Digital Twin Layer (Microsimulation Core) — the calibrated and validated Vissim model,
updated using empirical data and capable of representing traffic conditions under varying
demand and infrastructure configurations.

4.  Analytics and Optimization Layer — a conceptual layer hosting Al, machine learning, and
optimization algorithms that process simulation outputs and sensor data to identify congestion
patterns and propose control strategies (detailed in Section 2.8).

5. Decision and Control Layer — the level at which analytical results are translated into concrete
operational or strategic actions, such as traffic signal timing plans, access control, or
infrastructure investment decisions.

Although the simulations presented in this paper are conducted in an offline mode, the
architecture is explicitly designed to support future real-time integration, where continuous feedback
between the physical system and the Digital Twin would enable adaptive traffic management and
contribute to green transport objectives.

2.8. Real-Time Optimization Logic: Adaptive Inflow Metering (AIM)

To operationalize the Digital Twin concept, we designed an Adaptive Inflow Metering (AIM)
algorithm capable of interacting with the microsimulation core via the Component Object Model
(COM) interface. This logic addresses the specific congestion patterns identified in the turbo-
roundabout scenario, where high circulatory saturation leads to blocking of entry lanes.

The proposed control strategy follows a closed-loop feedback mechanism (Software-in-the-
Loop). The system state is monitored by virtual induction loops (D1, D2, ..., Dn) located on the
circulatory roadway. The aggregate occupancy O(t) at time step $t$ is calculated as the weighted
average of individual detector readings:

0(t) = T 2 w; * occi(8) &)
where:

occ;(t) represents the occupancy of the i-th detector,

w; is a weighting factor based on the geometric criticality of the specific section.

To prevent rapid oscillation of the control signal (chattering effect), the algorithm employs a
hysteresis loop with two distinct thresholds:

1.  Activation Threshold (Thigh = 85%): When O(t) >= Thign, the system detects a "Gridlock Risk" state.
The algorithm activates inflow metering (red signal) on the dominant approach to cut off the
supply of new vehicles into the critical conflict area.

2. Deactivation Threshold (Tww = 60%): The metering remains active until the circulatory
occupancy drops below Tiow. This ensures that the roundabout is sufficiently cleared before
normal flow is restored.

The control function S(t) for the signal head state can be mathematically expressed as follows:

e If O(t) >= Thigh, then S(t) = RED (Metering Active)

e If O(t) <= Tlow, then 5(t) = GREEN (Free Flow)

o  If Tlow < O(t) < Thigh, then S(t) = S(t-1) (Maintain previous state)

The logic defined above was translated into a Python script interacting with PTV Vissim via the
win32com library. This setup emulates an external Traffic Management Center (TMC) receiving IoT
data streams and sending back control commands. The implementation structure is presented in
Algorithm 1.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Algorithm 1. Core Python implementation of the AIM logic with hysteresis control.

import win32com.client # COM Interface for Vissim

def adaptive_inflow_metering(vissim):

# Hysteresis Control Parameters

THRESH_HIGH =0.85 # 85% Occupancy -> Trigger RED
THRESH_LOW =0.60  # 60% Occupancy -> Revert to GREEN

# Gridlock State Memory (0 = Normal, 1 = Metering Active)
gridlock_state =0

# Main Simulation Loop

while vissim.Simulation.AttValue("SimBreakAt") == 0:

#1. DATA ACQUISITION LAYER

# Retrieve real-time data from virtual IoT sensors
detectors = vissim.Net.Detectors.GetAll()

# Calculate average occupancy (simplified for N detectors)
# In a real scenario, this would be a weighted average
total_occ = sum([d.AttValue("Occ") for d in detectors])
avg_occupancy = total_occ / len(detectors)

# 2. DECISION LAYER (Hysteresis Logic)
if gridlock_state == 0:

if avg_occupancy >= THRESH_HIGH:
gridlock_state=1 # Activate Metering
control_action = "RED"

else:

control_action = "GREEN"

else:

# If already in metering mode, wait until occupancy drops
if avg_occupancy <= THRESH_LOW:
gridlock_state=0 # Deactivate Metering
control_action = "GREEN"

else:

control_action = "RED" # Sustain Metering

# 3. CONTROL LAYER (Actuation)

# Send command to the Signal Group controlling the approach

# Assuming Signal Group key is 1

sg_metering = vissim.Net.SignalControllers.ItemByKey(1).5Gs.ItemByKey(1)
sg_metering.SetAttValue("State", control_action)

# 4. SIMULATION STEP
# Advance the Digital Twin by one time-step
vissim.Simulation.RunSingleStep()

This implementation demonstrates the practical utility of the Digital Twin framework. Unlike
static models, this SiL. (Software-in-the-Loop) environment allows for the rigorous testing of
algorithmic interventions before their deployment in the physical infrastructure. In the context of
green transport planning, such logic is crucial for reducing stop-and-go waves, which are primary
contributors to local emissions at urban intersections.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3. Results

The calibrated Digital Twin model was used to simulate traffic conditions under three
infrastructure variants (Conventional, Turbo-roundabout, Flyover) and two demand levels (Regular
Hour and Peak Hour). The performance assessment focused on key efficiency indicators: Stop Delay
(STOPDELAY), Level of Service (LOS), Queue Length (QLEN), and Speed Profiles. These metrics are
critical not only for traffic fluidity but also for "green transport" objectives, as stop-and-go events are
directly correlated with exhaust emissions.

3.1. Analysis of Vehicle Stop Delays (STOPDELAY)

The average stop delay per vehicle was analyzed to evaluate the fluidity of the network (Figure
5).

Average Stop Delay (STOPDELAY) - All Scenarios

66 Conventional Roundabout (Regular Hour} 305 Conventional Roundabout (Peak Hour)

Average Stop Delay [s]
5
=

Average Stop Delay [s]

s 2 e Fia
& & & &
R R \4\\ \&

X

2
5 5 3
& K¢

4
%,

Turbo-Roundabout (Regular Hour) Turbo-Roundabout (Peak Hour)

150

Average Stop Delay (5]

Awerage Stop Dalay 5]

a0 2 I—— 1 =

& & & &
A A

2 n

O
& & & &
N & N « « N

Flyover-based grade-separated junction (Regular Hour) Flyoverbased grade-separated junction (Peak Hour)

Average Stop Delay (s]
=
a

Average Stop Delay [s]

~ o 5 » o o . ~ o > » o °
& & & & & & & A& A& & A& &
& & & N S S B R ¢ & N &

Figure 5. Comparison of average stop delays [s] for different approaches across analyzed scenarios.

During the Regular Hour, the conventional roundabout (Base Scenario) operates efficiently, with
negligible delays (~0.5 s). The Turbo-roundabout shows slightly higher delays (~2.0 s) due to the
geometric constraints forcing speed reduction and strict lane discipline. The Flyover variant provides
the best performance, allowing for nearly free-flow conditions.

In the Peak Hour, significant disparities emerge. The conventional roundabout experiences
increased delays (~4.8 s) but remains stable. However, the Turbo-roundabout scenario reveals a
critical performance drop, with average delays soaring to ~28.5 s. This suggests that without active
flow management, the rigid geometry of the turbo-roundabout is susceptible to gridlock under
specific heavy load patterns. The Flyover variant maintains high efficiency (~2.0 s), effectively
segregating the dominant traffic streams.

Table 2 confirms that while grade separation (Flyover) offers the highest theoretical capacity, the
at-grade Turbo-roundabout—often considered a "modern" solution—requires careful calibration of
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flows. The high delay values in the Turbo scenario highlight the potential necessity for the Adaptive
Inflow Metering (AIM) logic proposed in Section 2.8 to prevent such saturation.

Table 2. Aggregate comparison of average stop delays for all simulated scenarios.

Scenario Average stop delay [s]
Conventional Roundabout (Regular Hour) ~0.5
Conventional Roundabout (Peak Hour) ~4.8
Turbo-Roundabout (Regular Hour) ~2.0
Turbo-Roundabout (Peak Hour) ~28.5
Flyover Interchange (Regular Hour) ~0.2
Flyover Interchange (Peak Hour) ~2.0

3.2. Level of Service (LOS) and Queue Lengths (QLEN)

Level of Service (LOS) serves as a qualitative measure of the Digital Twin's operational state,
ranging from A (Free Flow) to F (Breakdown).
As shown in Figure 6, all variants maintain LOS A during the Regular Hour. However, the Peak
Hour analysis exposes the limitations of static infrastructure:
e  Conventional Roundabout: Operates at LOS B/C, indicating stable but busy conditions.
e  Turbo-roundabout: Degrades to LOS F on key approaches. The physical separation of lanes
prevents vehicles from utilizing gaps in adjacent lanes, leading to rapid queue accumulation.
e  Flyover: Maintains LOS A/B, confirming its robustness against demand surges.

Average Level of Service (LOS) for All Scenarios
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Figure 6. Level of Service (LOS) distribution for different approaches in analyzed variants. 1 - A, 2-B,3 -C, 4-
D,5-E, 6-F.

The Queue Length analysis (Figure 7) correlates with the LOS findings. The Turbo-roundabout
generates significant queues extending beyond the immediate intersection area. From a Smart City
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perspective, such queues represent "pollution hotspots.” The visualization of these queues in the
Digital Twin environment provides the necessary evidence that geometric changes alone (converting
to a turbo-roundabout) may be insufficient without auxiliary active traffic control.

Average Queue Length (QLEN) - All Scenarios
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Figure 7. Average queue lengths (QLEN) [m] observed in simulation scenarios.

3.3. Speed Profiles and Driving Dynamics

To assess the environmental impact (Green Transport aspect), speed profiles were extracted
from vehicle trajectories. Smooth speed profiles indicate lower fuel consumption, while sharp
fluctuations (braking/accelerating) indicate high emission events.

Figure 8 illustrates the baseline dynamics, where vehicles decelerate sharply from ~70 km/h to
<20 km/h.
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Speed-Distance Density Heatmap with Average Speed Profile

10

Speed [km/h]
Number of points (log scale)

10°

Distance traveled [m]

Figure 8. Speed profile for the conventional roundabout showing velocity drops near the intersection area.

Figure 9 presents a comparative analysis of aggregated vehicle speeds for the six investigated
scenarios. In the "Regular Hour" conditions (columns 1, 3, 5), all infrastructure variants maintain high
average speeds ranging from 63.3 km/h to 66.4 km/h, indicating free-flow conditions with minimal
stops.
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Figure 9. Comparison of average, minimum, and maximum speeds across all scenarios.

However, during the "Peak Hour", the performance gap widens significantly:

e  The Conventional Roundabout (column 2) experiences a moderate drop to 56.6 km/h, showing
resilience but noticeable friction.

e  The Turbo-Roundabout (column 4) suffers a drastic performance collapse, with the average
speed plummeting to 37.3 km/h. This nearly 50% reduction in speed compared to free-flow
conditions indicates severe congestion, characterized by frequent "stop-and-go" cycles that are
highly detrimental to fuel efficiency and air quality.

e  TheFlyover variant (column 6) demonstrates the highest stability, maintaining an average speed
of 59.1 km/h even under peak load, confirming its superior capacity to handle heavy traffic
volumes.

From a Digital Twin perspective, the critical velocity drop observed in the Turbo-Roundabout
scenario (37.3 km/h) serves as a quantitative trigger for the proposed Adaptive Inflow Metering
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(AIM) system. An automated intervention would be required to prevent speeds from falling into this
inefficient range.

The detailed profiles in Figure 10 demonstrate that the Flyover variant offers the most stable
velocity profile, minimizing the "stop-and-go" phenomenon. In contrast, the Turbo-roundabout in
peak hours forces vehicles into an extended "crawl" phase (low speed over a long distance), which is
detrimental to engine efficiency.

Conventional Roundabout (Regular Hour) Canventienal Raundabout (Peak Hour) Turbo-Roundabout (Regular Hour)
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Figure 10. Detailed speed trajectories for Conventional, Turbo, and Flyover variants.

3.4. Validation of the Need for Real-Time Optimization

The results presented above highlight a critical paradox: the Turbo-roundabout, theoretically
designed to improve safety, led to LOS F under the specific peak load conditions of the Rzeszow case
study.

This empirical finding from the Digital Twin simulation validates the conceptual framework
proposed in this paper. Static infrastructure upgrades (Variant 2) proved insufficient to handle peak
demand stochasticity. This justifies the integration of the Adaptive Inflow Metering (AIM) logic
(described in Section 2.8). If the "Gridlock Risk" detected in the Turbo-roundabout simulation
(Occupancy > 85%) were managed by the AIM algorithm, the inflow would be metered, potentially
preventing the breakdown to LOS F. These results demonstrate that a Digital Twin is not merely a
visualization tool, but a critical diagnostic instrument for identifying where and why "Green
Transport" solutions require algorithmic support.

4. Discussion

One of the most significant findings of this study is the underperformance of the Turbo-
roundabout variant under peak loading conditions (average delay ~28.5 s, LOS F), which contradicts
the general heuristic that turbo-roundabouts provide superior capacity compared to conventional
designs.

Existing literature, such as the foundational work by Fortuijn [47], suggests that turbo-
roundabouts typically increase capacity by 30-50% due to the reduction of conflict points. However,
our results align with more recent critical studies by Vasconcelos et al. [48] and Gallelli et al. [49],
which demonstrate that the rigid lane separation in turbo-roundabouts makes them highly sensitive
to unbalanced traffic flows. In the case of the Pobitno Roundabout, the Digital Twin simulation
revealed that a dominant traffic stream effectively "starved" the entry capacities of subordinate
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approaches. Unlike a conventional roundabout, where drivers can aggressively utilize gaps in
multiple lanes, the turbo-geometry forced vehicles into specific, single-lane queues that could not
dissipate, leading to a "gridlock" state. This validates the hypothesis that "modern” geometry without
adaptive control is insufficient for highly saturated, unbalanced nodes.

This study advances the state of the art by moving beyond traditional "offline" microsimulation.
While standard studies, such as those by Ciuffo et al. [50], focus primarily on calibration for
reproduction of past events, our framework introduces the "Software-in-the-Loop" (SiL) paradigm.

As noted in the comprehensive review by Deng et al. [51], a significant gap exists in transitioning
from "Digital Shadows" (visualization) to true "Digital Twins" (actuation). By integrating the
Adaptive Inflow Metering (AIM) logic via the Python-COM interface, this research demonstrates a
practical pathway to close this loop. The simulation proves that when the physical infrastructure
(Turbo-roundabout) hits its geometric limit (LOS F), the digital layer must intervene. This supports
the concept presented by Batty [52], arguing that in the Smart City era, the "soft" infrastructure
(algorithms) is as critical as the "hard" infrastructure (concrete).

From an environmental perspective, the analysis of speed profiles (Figure 10) provides direct
evidence for the "Green Transport” impact of the tested solutions. The "stop-and-go" waves observed
in the Turbo-roundabout scenario are known to be the primary contributors to local NOx and PM
hotspots, as demonstrated in emission modelling studies by Madziel [53].

The Flyover variant, while offering the smoothest velocity profile (avg. ~59.1 km/h) and lowest
theoretical emissions, presents high implementation costs and spatial challenges. The Digital Twin
analysis suggests a middle ground: by applying the AIM algorithm to the existing or modified
infrastructure, cities can potentially smooth out the speed trajectories without the massive carbon
footprint associated with constructing heavy grade-separated interchanges. This aligns with the
European Green Deal’s emphasis on "optimizing existing assets" before expanding infrastructure
[54,55]. Finally, it is essential to acknowledge the broader technological ecosystem required to
support such Digital Twin frameworks in real-world deployments [56,57]. The operational reliability
of the proposed AIM logic is intrinsically linked to the quality, latency, and granularity of incoming
data streams, emphasizing the critical need for robust IoT sensor networks and advanced multi-
source data fusion techniques. Moreover, while this study utilized a deterministic heuristic control
algorithm, future iterations of urban Digital Twins will likely transition towards Deep Reinforcement
Learning (DRL) agents capable of self-calibrating against stochastic traffic patterns withoutuman
intervention [58,59]. Such an evolution from "automated" to "autonomous" traffic management aligns
with the strategic objectives of Sustainable Urban Mobility Plans (SUMP), providing city
administrators with scalable tools to balance mobility demands with climate neutrality targets [60,61].

5. Conclusions

This paper presented a comprehensive framework for planning green transport solutions using

a calibrated Digital Twin of the example roundabout. By integrating microsimulation with a

conceptual real-time control logic, the study bridges the gap between static traffic modelling and

dynamic Smart City management.
The key findings are as follows:

e  Model Validity: The developed microsimulation model achieved high fidelity (GEH < 5.0),
proving its suitability as a core engine for a Digital Twin.

e Infrastructure Limitations: Geometric modernization (Turbo-roundabout) is not a universal
remedy. Under specific peak loads, it generated the highest delays (~28.5 s), proving that rigid
lane separation can be detrimental without active control.

*  Role of Digital Twins: The proposed framework successfully demonstrated that "smart" mobility
requires more than just sensors; it requires an algorithmic brain. The conceptual Adaptive Inflow
Metering (AIM) logic provides a pathway to optimize existing infrastructure, offering a
sustainable alternative to costly physical expansions.
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Future work will focus on the field deployment of the AIM Python script within the physical ITS
infrastructure of Rzeszéw to validate the "Software-in-the-Loop" results in a real-world environment.
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Abbreviations

The following abbreviations are used in this manuscript:

DT Digital Twin

ITS Intelligent Transport Systems

IoT Internet of Things

AIM Adaptive Inflow Metering

SiL Software-in-the-Loop

LOS Level of Service

GEH Geoffrey E. Havers (statistic used in traffic modelling)
T™C Traffic Management Center

SUMP Sustainable Urban Mobility Plan

ZTM Zarzad Transportu Miejskiego (Municipal Transport Authority)
COM Component Object Model (interface)

PM Particulate Matter

NOx Nitrogen Oxides

QLEN Queue Length

STOPDELAY  Stop Delay per Vehicle
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