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Abstract

This study presents a field-informed simulation-based decision-support framework for
improving transportation operations within the Port Said—Port Fouad bridge—ferry crossing
corridor in Egypt. The investigated corridor represents an interruption-sensitive multi-
modal transportation system where traffic performance is strongly influenced by maritime
navigation activity, bridge-closure events, ferry batch-service operations, fluctuating travel
demand, and adaptive traveler behavior. The proposed framework integrates AIS-assisted
operational characterization, SUMO-based microscopic traffic simulation, adaptive traveler
redistribution, congestion-spillback analysis, XGBoost surrogate modeling, and multi-
objective optimization within a unified analytical environment. AIS data were used to
identify representative vessel-passage events and bridge-closure periods that supported
field calibration of the simulation framework. The methodology explicitly represents
bridge-capacity interruptions, ferry operational constraints, multimodal demand redis-
tribution, and corridor-wide congestion dynamics. To reduce the computational burden
associated with repeated simulation evaluations, an XGBoost surrogate model was de-
veloped to estimate key performance indicators, including transportation delay, vehicle
accumulation, ferry waiting time, emissions, and spillback severity. The surrogate model
achieved strong predictive performance with a coefficient of determination of R? = 0.965.
Model calibration and within-sample validation were conducted using operational obser-
vations collected during a six-day field campaign. The within-sample validation results
demonstrated satisfactory agreement between observed and simulated conditions, with an
average relative error of approximately 4.8% across major performance indicators. Compar-
ative analyses were performed under existing-operation, rule-based, optimization-based,
and adaptive-control scenarios. The results indicate that the proposed framework reduced
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tion, the framework maintained stable performance under increased demand levels and
prolonged bridge-interruption scenarios. Overall, the findings demonstrate the potential
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1. Introduction

Urban mobility systems in coastal and canal-based cities increasingly exhibit strong
interactions between terrestrial and maritime transportation components. In such envi-
ronments, transportation performance is influenced not only by roadway demand and
infrastructure capacity but also by maritime navigation activity, vessel movements, and
interruption-sensitive crossing facilities [1-3]. These characteristics introduce substantial
operational complexity, particularly in cities where floating bridges and ferry services
constitute essential daily transportation links.

Unlike conventional fixed crossings, floating bridges are periodically interrupted to
accommodate maritime traffic, resulting in temporary loss of roadway service capacity
while transportation demand continues to accumulate upstream. Such interruptions often
generate rapid queue growth, nonlinear congestion escalation, spillback propagation, and
delayed post-closure recovery behavior, which are widely recognized as key indicators
of transportation congestion and operational performance [4-8]. Consequently, corridor
performance becomes strongly dependent on interruption duration, transportation-demand
intensity, recovery efficiency, and traveler behavioral adaptation [5,8,9].

Ferry services introduce additional operational complexity because of finite carrying
capacity, batch-service operation, loading and unloading processes, maneuvering delays,
and operational variability. Within integrated bridge—ferry corridors, congestion conditions
in one subsystem directly influence the performance of the other subsystem. During
bridge-closure periods, transportation demand is partially redistributed to ferry terminals,
frequently generating secondary congestion and extended queues near terminal access
roads. Understanding these interactions is therefore essential for effective management of
interruption-sensitive transportation systems.

Microscopic traffic-simulation environments such as SUMO have become widely
used tools for analyzing transportation-system behavior under dynamic operating con-
ditions because of their ability to represent vehicle interactions, congestion evolution,
and multimodal transportation operations [10,11]. Recent studies have increasingly com-
bined microscopic simulation with predictive analytics, transportation optimization, and
decision-support applications to improve transportation-system planning and operational
management [12,13].

Simulation-based decision-support environments have emerged as valuable tools for
evaluating complex mobility systems through the integration of traffic data, simulation
platforms, predictive analytics, and operational analysis [12-14]. These approaches have
supported improved traffic-state estimation, congestion prediction, transportation plan-
ning, and resilience assessment across a wide range of transportation applications [15-18].
Nevertheless, relatively limited attention has been directed toward interruption-sensitive
transportation systems involving coupled bridge—ferry operations, maritime-induced ca-
pacity disruptions, and multimodal traveler redistribution.

Artificial intelligence and machine-learning approaches have demonstrated consider-
able potential for transportation-demand estimation, congestion prediction, adaptive traffic
management, and operational optimization [19,20]. However, one of the major challenges
associated with simulation-based transportation optimization is the substantial computa-
tional effort required for repeated high-fidelity microscopic simulation evaluations. This
challenge becomes particularly significant when simulation models are embedded within
multi-objective optimization procedures involving large numbers of operational scenarios.

To address this limitation, surrogate-assisted approximation techniques have attracted
increasing attention in transportation-system optimization research [21,22]. Among these
approaches, Extreme Gradient Boosting (XGBoost) has demonstrated strong capability for
approximating complex nonlinear system behavior while significantly reducing computa-
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tional requirements [23,24]. Transportation optimization further involves multiple compet-
ing objectives, including delay reduction, congestion mitigation, emissions minimization,
spillback control, and resilience enhancement. Consequently, multi-objective optimiza-
tion methodologies have become increasingly important in transportation-management
applications. Among these approaches, the Non-dominated Sorting Genetic Algorithm
II (NSGA-II) has been widely adopted because of its ability to generate Pareto-optimal
solutions while maintaining solution diversity and convergence stability [25,26].

Despite recent advances in transportation simulation, optimization, and intelligent
mobility management, limited research has addressed interruption-sensitive bridge—ferry
transportation systems where maritime operations, multimodal traveler redistribution,
storage-capacity limitations, and congestion spillback interact simultaneously. Existing
studies have generally focused on ferry operations, movable-bridge impacts, transportation
resilience, or urban traffic management separately, whereas integrated decision-support
frameworks for coupled bridge—ferry corridors remain relatively scarce.

The Port Said-Port Fouad corridor in Egypt represents a highly representative
maritime—urban transportation environment characterized by periodic bridge interruptions,
ferry-based multimodal operations, fluctuating transportation demand, and constrained
urban roadway infrastructure. The crossing system consists primarily of the Al-Nasr
floating bridge and an integrated ferry network operating across the Suez Canal. During
peak-demand periods, these operational characteristics frequently generate severe queue
accumulation, congestion spillback, and substantial interaction between transportation
demand and available crossing capacity.

Recent developments in transportation analytics and intelligent mobility manage-
ment have highlighted the importance of simulation-based decision-support tools capable
of evaluating complex operational interactions under uncertain conditions [16,27,28]. In
interruption-sensitive transportation corridors, such tools can support congestion mit-
igation, operational planning, resilience assessment, and adaptive management while
providing a foundation for future digital mapping and data-driven transportation-
management initiatives.

Recent advances in intelligent transportation systems have significantly improved
the operational management of movable bridges, ferry transportation, and Digital Twin-
enabled decision support. In the field of movable bridge operation, recent studies have
proposed model-predictive control and predictive scheduling strategies to coordinate
bridge-opening regimes with inland vessel navigation, reduce vessel waiting time, and
improve the operational efficiency of inland waterway transportation. Integrated draw-
bridge scheduling frameworks that jointly consider highway and waterway traffic have
also demonstrated potential for mitigating conflicts between road and maritime move-
ments [29-31].

Recent ferry-transportation studies have also addressed cooperative dispatching under
operational uncertainty, weather-sensitive ferry operation, and data-driven efficiency as-
sessment. These contributions highlight the importance of ferry-service reliability, loading
performance, adverse-weather effects, and intelligent dispatching for resilient waterborne
mobility systems [32-34].

At the same time, Digital Twin technologies have become increasingly relevant for
intelligent transportation and smart-port management by linking sensing, simulation,
predictive analytics, optimization, and decision support within unified operational plat-
forms. Recent studies have emphasized their value for multimodal transportation systems,
smart-port operations, and future transportation-management ecosystems [35,36].

Despite these advances, existing studies have typically examined movable-bridge con-
trol, ferry dispatching, traffic simulation, and Digital Twin deployment as separate research
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streams. Comparatively limited attention has been given to integrated bridge—ferry corri-
dors where maritime-induced bridge closures, ferry batch service, traveler redistribution,
congestion spillback, surrogate prediction, and multi-objective operational optimization
interact within a single decision-support framework. This study addresses this gap through
a field-calibrated simulation-based framework for the Port Said-Port Fouad corridor.

Accordingly, this study proposes a field-calibrated simulation-based decision-support
framework for the analysis and optimization of integrated bridge—ferry transportation oper-
ations under fluctuating traffic demand and maritime-induced interruptions. The proposed
framework integrates simulation, predictive analytics, adaptive traveler behavior model-
ing, and optimization-assisted decision support within a unified analytical environment.
The developed methodology aims to improve transportation efficiency, reduce congestion
and emissions impacts, and enhance operational resilience within interruption-sensitive
maritime—urban transportation systems.

1.1. Research Gap

Despite significant advances in transportation simulation, intelligent mobility systems,
and Al-assisted transportation optimization, important limitations remain in the literature
regarding interruption-sensitive bridge—ferry transportation systems.

Most existing transportation studies focus on conventional roadway networks char-
acterized by uninterrupted infrastructure availability and continuous traffic operation.
Comparatively limited attention has been directed toward transportation corridors gov-
erned by periodic capacity interruptions, such as floating-bridge systems operating in
conjunction with ferry services. In such environments, transportation performance is
strongly influenced by the interaction between maritime navigation activity, bridge avail-
ability, ferry operation, traveler behavior, and network-level congestion propagation.

Furthermore, many existing approaches do not adequately represent the coupled inter-
action among bridge interruptions, ferry-service operation, traveler redistribution, storage-
capacity constraints, and spillback congestion. As a result, the nonlinear congestion formation,
oversaturation dynamics, and recovery behavior commonly observed in interruption-sensitive
maritime-urban transportation systems are often simplified or overlooked.

Another limitation concerns the representation of ferry operations. Ferry services
are frequently modeled using simplified assumptions that neglect batch-service behavior,
finite carrying capacity, loading and unloading activities, dispatch-cycle constraints, and
operational variability. Such simplifications may reduce the realism of queue accumulation,
waiting-time estimation, and demand redistribution analysis within integrated bridge-
ferry systems.

In addition, adaptive traveler behavior remains insufficiently incorporated into many
transportation-management frameworks. In practice, travelers continuously modify their
crossing-mode preferences according to congestion conditions, anticipated waiting times,
operational reliability, and infrastructure availability. Ignoring these behavioral responses
may reduce the realism of transportation-system evaluation under disruption conditions.

Finally, although surrogate-assisted optimization techniques have demonstrated sub-
stantial potential for reducing computational burden in transportation applications, rela-
tively few studies have integrated microscopic traffic simulation, adaptive traveler behavior,
congestion-spillback analysis, surrogate modeling, and multi-objective optimization within
a unified decision-support framework specifically designed for interruption-sensitive
bridge—ferry transportation systems.
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1.2. Research Contribution

To address the identified research gaps, this study develops a field-calibrated
simulation-based decision-support framework for analyzing and optimizing bridge—ferry
transportation operations under fluctuating transportation demand and maritime-induced
capacity disruptions. The proposed framework integrates field-informed operational char-
acterization, microscopic traffic simulation, adaptive traveler behavior, surrogate-assisted
prediction, and multi-objective optimization within a unified analytical environment.

The principal contributions of this study are summarized as follows:

1. Development of a field-calibrated decision-support framework integrating AIS-
assisted operational characterization for bridge-closure identification, SUMO-based
microscopic traffic simulation, adaptive traveler redistribution, and spillback-aware
congestion analysis.

2. Explicit modeling of the coupled interaction among floating-bridge interruptions, ferry
batch-service operations, multimodal traveler behavior, storage-capacity limitations,
queue accumulation, and corridor-wide congestion propagation.

3. Integration of an XGBoost-based surrogate model capable of accurately approximat-
ing high-fidelity microscopic simulation outputs while substantially reducing the
computational effort associated with repeated scenario evaluation and optimization.

4. Application of NSGA-II multi-objective optimization to identify operational strategies
that balance transportation efficiency, congestion mitigation, emissions reduction,
spillback control, and operational resilience.

5. Demonstration of the proposed framework on the Port Said-Port Fouad corridor, provid-
ing a real-world assessment of congestion evolution, traveler redistribution, operational
resilience, and bridge—ferry system performance under maritime-induced interruptions.

6. Collectively, these contributions provide a computationally efficient, operationally
realistic, and decision-oriented framework for improving congestion management,
transportation resilience, and sustainability within interruption-sensitive maritime—
urban transportation systems.

1.3. Comparative Positioning of the Proposed Framework

To position the proposed framework within the existing literature, representative
studies addressing movable-bridge operations, ferry transportation systems, transportation
resilience, and intelligent transportation management were comparatively reviewed. The
classification presented in Table 1 was based on the primary methodological components
explicitly reported in each study.

The comparison demonstrates that previous studies have primarily focused on in-
dividual aspects of bridge operation, ferry-service planning, transportation resilience, or
intelligent transportation management. In contrast, the proposed framework integrates
bridge-interruption modeling, ferry batch-service representation, adaptive traveler redistri-
bution, microscopic traffic simulation, congestion-spillback analysis, AIS-informed oper-
ational characterization, surrogate-assisted prediction, and multi-objective optimization
within a unified decision-support environment. Furthermore, the framework is demon-
strated using a real-world bridge—ferry transportation corridor, providing a practical basis
for congestion mitigation and resilience-oriented operational planning.
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Table 1. Comparative positioning of the proposed framework relative to representative studies.

. - Dehghani Jorgensen & . .
Methodological Capability Chen et al. [23] et al. [8] Solvoll [37] Ge & Qin [38]  This Study
Bridge-interruption modeling v v X X 4
Ferry-operation representation X X X v
Batch-service ferry modeling X X 4 X 4
Adaptive traveler redistribution X X X X v
Microscopic traffic simulation X X X X v
Congestion-spillback analysis Partial Partial X X v
AlIS-informed .ope-ratlonal X X X X v
characterization
Surrogate-assisted prediction X X X X 4
Multi-objective optimization X X X X v
Real—vYorld brld'ge—.ferry X X v X v
corridor application
Operational resilience Partial Partial X Partial v
assessment
Integrated decision-support X X X Partial %

framework

Note: The classification was based on the primary methodological components explicitly reported in the reviewed
studies. Symbols v, Partial, and X indicate full implementation, limited consideration, and absence of the
corresponding capability, respectively.

2. Methodology

The proposed methodology develops a field-informed simulation-based decision sup-
port framework for the analysis and operational optimization of an interrupted bridge—ferry
transportation corridor operating under fluctuating traffic demand and maritime-induced
interruptions. The framework integrates microscopic traffic simulation, dynamic traveler
behavior, upstream overflow modeling, surrogate-assisted approximation, and multi-
objective operational optimization within an integrated simulation and decision-support
environment. Unlike conventional transportation models that assume uninterrupted in-
frastructure availability, the investigated corridor is governed by time-dependent bridge
closures, ferry batch-service operation, storage-constrained congestion accumulation, and
adaptive traveler redistribution, all of which contribute to nonlinear queue growth, conges-
tion propagation, and operational instability.

The overall framework architecture is illustrated in Figure 1.

2.1. System Representation and State Variables

The investigated bridge—ferry corridor was represented as a discrete-time dynamic
transportation system whose operational state evolves continuously under changing traffic
demand, bridge interruptions, ferry-service availability, and congestion conditions. The
system was updated at regular operational intervals At, enabling continuous tracking of
transportation-system behavior throughout the simulation horizon.

At each time step t, the transportation-system state was represented by the following
state vector:

Xt = {Qb(t), Qf(t), A(t),B(t),E(t), Sp(t)]T

where (Qy(t)) and (Qy(t)) denote bridge and ferry queue lengths, respectively; (A())
represents transportation demand; (B(f)) corresponds to bridge operational status; (F())
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denotes ferry-service availability; and (S, ()) represents upstream overflow conditions
within the surrounding roadway network.
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Figure 1. Overall architecture of the proposed framework integrating operational state estimation,
microscopic simulation, surrogate-assisted approximation, and multi-objective optimization.

The bridge operational state was defined as:

1, bridge open to traffic
B(t) = ,
0, bridge closed due to vessel passage

Similarly, ferry operational availability was expressed as:

F(t) = 1, ferry operation available
a 0, service unavailable or in transfer

The selected state variables capture the principal mechanisms governing congestion
evolution within the corridor, including transportation demand, infrastructure availability,
queue accumulation, and spillback propagation. This state-space formulation enables
continuous representation of transportation-system conditions and provides the foundation
for subsequent simulation, congestion assessment, traveler-redistribution modeling, and
operational optimization under dynamically varying traffic and maritime conditions.

2.2. Field-Informed Calibration and Validation

Field observations and AlIS-informed maritime-operation indicators were used to
parameterize the simulation model and define realistic operational ranges for bridge inter-
ruptions, ferry operations, traffic demand, queue accumulation, and congestion spillback.
Rather than presenting detailed field-observation data in Section 2, the field observation
campaign is reported in Section 3.2, whereas the calibration procedure and within-sample
validation results are reported in Section 3.3.

Within the methodology, these observations served six main purposes. First, they
defined the representative operational states of the bridge and ferry subsystems. Sec-
ond, they provided realistic ranges for demand fluctuation, closure duration, ferry service
characteristics, and storage-constrained congestion behavior. Third, they supported the cal-
ibration and within-sample validation procedures used to evaluate whether the simulation
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reproduced observed queue growth, ferry waiting behavior, spillback propagation, and
post-closure recovery dynamics.

This organization separates the general methodological framework from the case-
study implementation. Accordingly, Section 3.2 describes the field observation campaign,
whereas Section 3.3 presents the calibration procedure, calibration targets, within-sample
validation indicators, and the corresponding validation results.

2.3. Traffic Demand Modeling

Traffic demand was represented as a stochastic time-dependent process incorporating
peak-hour variation and operational uncertainty. The traffic-arrival demand at time step ¢
is expressed as:

A(t) = A0+Asin<2;€t> (1)

where A represents baseline demand, A denotes fluctuation amplitude, T corresponds to
the demand-cycle period, and &(t)represents stochastic variability.

e(t) ~ N(0,0?)

The total traffic demand is dynamically distributed between bridge and ferry trans-
portation modes according to traveler mode-choice behavior:

A(t) = Ap(2) + Af(t)

This formulation captures temporal demand variability and operational uncertainty
within the investigated corridor.

2.4. Bridge Operation and Capacity Discontinuity

Unlike conventional fixed crossings, floating bridge operation introduces time-
dependent capacity interruptions associated with maritime navigation activity. The effec-
tive bridge discharge capacity is represented as:

po(t) = B(H)pup'™

where p'® represents the maximum bridge discharge capacity during uninterrupted operation.

During bridge-closure periods:
B(t) =0=mp(t) =0
whereas during normal operation:
B(t) = 1= mp(t) = pp™
Bridge queue dynamics were represented using a conservation-based formulation:

W _ 2yt) (o)

During bridge-closure periods, roadway discharge capacity is temporarily interrupted
while traffic demand continues to accumulate upstream. This mechanism reproduces the
rapid queue growth and delayed recovery behavior observed within interruption-sensitive
bridge—ferry corridors.
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2.5. Ferry System Modeling

Ferry services were modeled as discrete batch-service transportation systems charac-
terized by intermittent loading, finite carrying capacity, and cyclic transfer operation. The
ferry service rate is expressed as:

ue(t) = Ceo(t —t)

where Cy denotes ferry carrying capacity and £, represents ferry departure time.
Ferry queue dynamics follow:

d
Gt - o)

while ferry waiting time is approximated as:

Wf(t) = %
p(t)
The above expression provides a first-order approximation of ferry waiting conditions.
To reflect the batch-service nature of ferry operations, waiting times during inactive inter-
vals were adjusted according to the remaining time until the next scheduled departure,
thereby ensuring realistic representation of queue accumulation and release dynamics.

2.6. Queue Dynamics and Congestion Accumulation

Queue evolution within the interrupted bridge—ferry corridor was represented using
a conservation-based relationship between traffic arrivals and available discharge capacity.
For each transportation subsystem, queue dynamics are expressed as:

Qi(t + At) = Q;(#) + [Ai(t) — pi(£)|At

where Q;(t), A;(t), and p;(t) denote queue length, arrival demand, and service capacity,
respectively.
The total queue accumulation is expressed as:

Qiotar (£) = Qo (2) + Qp(£)

where Qp(t) and Qf(t) represent bridge and ferry queue lengths, respectively.
An approximate average delay indicator is expressed as:

Q;i(t)
wi(t)

where (D avg (t)) represents an approximate delay indicator derived from queue accumula-

D avg(t) = ¥

tion and available service capacity. Detailed transportation-delay values reported in the
results section were obtained directly from the SUMO microscopic simulation environment.
The resulting indicator was used to support evaluation of congestion evolution and corridor
performance under varying operational conditions.

2.7. Environmental Performance Assessment

Vehicle emissions were estimated using the emission-output capabilities available
within the SUMO simulation environment. Total corridor-wide CO, emissions were calcu-
lated by aggregating vehicle-level emission estimates throughout each simulation scenario.
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The resulting values were employed as an environmental-performance indicator for com-
paring alternative operational and optimization strategies.

2.8. Upstream Overflow and Network Interaction

Within constrained urban crossing corridors, localized congestion may propagate
upstream into adjacent roadway segments and intersections. Spillback conditions occur
when accumulated queues exceed the available upstream storage capacity:

Sp (t) _ {1/ Qtotal(t) > Qmax

0, otherwise

where Q,.x Tepresents maximum upstream storage capacity.
To quantify overflow severity, a normalized overflow index was introduced:

SI ( t) Qtotal (t)

Qmax

Values greater than unity indicate oversaturated conditions associated with upstream
congestion propagation and network-level performance degradation.
The cumulative spillback impact during the simulation horizon is expressed as:

1 T
SToum = = / SI(t) dt
T /o

The spillback index provides a quantitative measure of congestion propagation beyond
the immediate crossing facilities and into adjacent urban streets. Consequently, it enables
assessment of both local operational performance and corridor-wide traffic resilience under
interruption-sensitive conditions.

2.9. Dynamic Traveler Redistribution

Traveler behavior was represented using a dynamic mode-choice formulation [39]
in which users redistribute between bridge and ferry services according to congestion
conditions, waiting times, and infrastructure availability.

The probability of selecting bridge transportation is expressed as:

B exp[—0Gy(t)]
Py(t) = exp[—0Gy ()] + exp [—0G(t)]

Similarly, ferry-selection probability is given by:

_ exp [ —0G(t)]
exp[—0Gy(t)] + exp[—0G(t)]

Pg(t)

where 6 represents behavioral sensitivity and Gy (f) and Gg(t) denote generalized mobility costs.
Bridge generalized cost is defined as:

Gp(t) = Tu(t) +aQy(t)
whereas ferry generalized cost is expressed as:

Gf(t) = Wf(t) + T+ (XQf(t)
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Traffic redistribution therefore follows:
Ap(t) = Py(t)A(t)

and
Af(t) = Pe(t)A(2)

This behavioral feedback mechanism enables dynamic traveler redistribution in re-
sponse to evolving congestion conditions, waiting times, and infrastructure availability.
Consequently, the framework captures adaptive user responses during bridge interruptions,
ferry-service fluctuations, and post-closure recovery periods.

2.10. Coupled Bridge—Ferry System Dynamics

The bridge and ferry subsystems operate as an integrated interrupted crossing cor-
ridor in which operating conditions within one subsystem directly influence congestion
accumulation within the other.

The demand-conservation relationship is expressed as:

At) = Ap(t) + Af(t)
The combined transportation capacity is given by:

:utotal(t) = ”b(t) + ”f(t)
while total queue evolution follows:

d
Qtodit:l(ﬂ = A(t) — ﬂtotal(t)

This formulation captures system-wide congestion evolution, traveler redistribution,
and capacity-interruption effects under dynamically varying bridge and ferry operat-
ing conditions.

2.11. Adaptive Decision-Support and Operational Optimization Framework

The proposed framework operates as a simulation-based decision-support environ-
ment in which transportation-system states are periodically updated according to evolv-
ing traffic demand, bridge availability, ferry operation, and maritime-interruption con-
ditions. The framework integrates operational-state estimation, microscopic traffic sim-
ulation, surrogate-assisted prediction, and multi-objective optimization within a unified
analytical architecture. Figure 2 illustrates the layered workflow of the proposed frame-
work, including traffic-state estimation, microscopic simulation, surrogate modeling, and
operational optimization.

Algorithm 1 summarizes the computational workflow adopted in the proposed
simulation-based decision-support framework. Field observations and AlS-assisted bridge-
closure information were first used to define representative operating conditions and
calibrate the microscopic SUMO model. The calibrated simulation environment subse-
quently generated representative operational scenarios that were used to train and validate
the XGBoost surrogate model. The validated surrogate model was then integrated with
the NSGA-II algorithm to efficiently identify Pareto-optimal operational strategies. Finally,
the selected balanced solution was re-evaluated using the original calibrated SUMO model
and comparatively assessed against the existing-operation, rule-based, optimization-based,
and reinforcement-learning benchmark strategies.
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Figure 2. Workflow of the proposed simulation-based decision-support framework integrating traffic-
state estimation, microscopic traffic simulation, surrogate-assisted prediction, and multi-objective
operational optimization.

Algorithm 1. Surrogate-Assisted Optimization Framework for Bridge-Ferry Operations

1: Collect field traffic observations and AlS-assisted bridge-closure information.
2: Define representative operational characteristics for:

e bridge operation;

o ferry operation;

o traffic demand;

e congestion behavior;

o traveler redistribution.
3: Construct the microscopic bridge—ferry transportation model within the SUMO
simulation environment.
4: Define the transportation-system state vector:

x(t) = [Qb, Qf, A, B, F, Sp]T

5: Define:

e stochastic traffic demand;

e bridge-capacity interruptions;

o ferry batch-service operation;

e queue dynamics;

e congestion accumulation;

o spillback conditions;

e dynamic traveler redistribution.
6: Couple the bridge and ferry subsystems through demand conservation and combined
service capacity.
7: Calibrate the SUMO model using field observations.
8: Validate the calibrated model against observed operational performance indicators.
9: Generate representative operational scenarios by varying:

o traffic demand;

e bridge interruptions;

e operational-control variables;

o ferry operating conditions.
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Compute:
D = transportation delay;
Q = vehicle accumulation;
E = CO; emissions;
SI = spillback severity.
Store:
operational variables

10: For each simulation scenario do Execute SUMO simulation.

+

corresponding simulation outputs.

12: Train the XGBoost surrogate model.

o R? ;

e RMSE;
e MAE;
e MAPE.

14: Normalize all optimization objectives.

16: For each optimization generation do:

11: Divide the simulation database into training and testing datasets.

13: Evaluate surrogate-model performance using:

15: Initialize the NSGA-II optimization procedure.

Generate candidate operational-control solutions.

Predict corridor performance using the trained.

XGBoost surrogate model.
Evaluate:
transportation delay;
vehicle accumulation;
CO, emissions;
spillback severity.
Apply:

e non-dominated sorting;

e crowding-distance ranking;

e selection;

e simulated binary crossover;

e polynomial mutation.

Update the optimization population.

End For
17: Obtain the Pareto-optimal solution set.

engineering decision criterion.

20: Compare the selected strategy with:

e existing operation;
e rule-based control;
e optimization-based control;

18: Select the preferred balanced operational strategy according to the adopted

19: Re-evaluate the selected solution using the original calibrated SUMO model.

o reinforcement-learning benchmark.

indicators.
End Algorithm.

21: Perform robustness and sensitivity analyses.
22: Report transportation, operational, environmental, and resilience performance
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The general system evolution is represented as:

Xt4+1 :f(xt, ut, wt)

where x; denotes the system state vector, u; represents operational-control actions, and w;
corresponds to stochastic disturbances associated with demand fluctuation and maritime
interruptions.

The operational-control vector is defined as:

ur = [ug(t), ur(t), up(t))

where us(t), u,(t), and uy(t) represent ferry-dispatch adjustment, demand-redistribution
intensity, and bridge-management actions, respectively.
The optimization objective was formulated as a multi-objective minimization problem:

] = w1 D + ZUQQ + w3E + ZU4SI

where D, Q, E, and SI denote delay, vehicle buildup, emissions, and overflow severity,
respectively.

An XGBoost-based surrogate model was integrated with NSGA-II optimization to
accelerate scenario evaluation and identify Pareto-efficient operational strategies. All
objective components were normalized prior to optimization. The resulting framework
enables efficient assessment of congestion-mitigation and resilience-oriented transportation-
management strategies.

To improve reproducibility, the adopted numerical values of the principal optimization,
mode-choice, and demand-generation parameters are summarized in Table 2. Equal
weights (0.25 each) were assigned to the four normalized optimization objectives to avoid
prioritizing any single performance criterion. The adopted equal-weight configuration
was further verified through preliminary optimization and sensitivity analyses to ensure
a balanced trade-off among transportation delay, vehicle accumulation, CO, emissions,
and spillback mitigation without allowing any individual objective to dominate the search
process. The mode-choice and demand-generation parameters were selected through
field-informed calibration to reproduce the observed peak-period demand variability,
bridge—ferry redistribution behavior, and congestion-response patterns recorded during
the field observation campaign.

Table 2. Adopted numerical values of the principal model parameters.

Parameter Description Adopted/Calibrated Value
w1 Weight assigned to transportation delay objective 0.25
wy Weight assigned to vehicle-accumulation objective 0.25
w3 Weight assigned to CO;-emissions objective 0.25
wy Weight assigned to spillback-severity objective 0.25
0 Mode-choice sensitivity parameter 0.15
o Queue/waiting-time impedance coefficient in generalized cost 1.00
Ao Baseline traffic-arrival demand 1000 veh/h
A Relative demand-fluctuation amplitude 0.20
T Demand-cycle period 60 min
Standard deviation of stochastic demand noise 0.10
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2.12. Field-Informed Behavioral Assumptions

Traveler route-choice behavior during bridge-closure events was represented using
generalized operational travel cost, including travel time, expected waiting time, and the
operational availability of bridge and ferry services. This representation was adopted to
evaluate the relative operational effectiveness of the investigated bridge—ferry management
strategies while maintaining a computationally efficient simulation framework suitable for
repeated scenario evaluation and optimization.

The adopted behavioral representation is based on field-informed operational assump-
tions describing aggregate traveler responses observed within the investigated corridor
rather than on statistically estimated individual-choice models. Accordingly, route-choice
decisions were represented at the aggregate demand level using operational characteristics
consistent with the observed functioning of the Port Said—Port Fouad crossing system.

The investigated corridor primarily serves recurrent commuting movements between
Port Said and Port Fouad, including work-related and educational trips during peak peri-
ods, while discretionary trips (e.g., shopping, personal services, and recreational travel)
become relatively more important outside peak demand periods. These operational char-
acteristics were considered when defining representative traffic-demand scenarios used
throughout the simulation framework.

Because both the floating bridge and ferry services operate without direct user tolls,
monetary travel cost was not explicitly included in the generalized travel-cost formula-
tion. Socioeconomic characteristics, including income level and individual value of time,
may nevertheless influence traveler decisions indirectly. However, corridor-specific so-
cioeconomic survey data were not available; therefore, these factors were not explicitly
incorporated into the behavioral model adopted in the present study.

Weather conditions were considered indirectly through their influence on transportation-
system operation rather than through explicit traveler-preference modeling. Under normal
operating conditions, both bridge and ferry services remain available. During severe fog or
other adverse maritime conditions, ferry services may be suspended, thereby modifying
the available crossing capacity and influencing corridor traffic dynamics.

Consequently, the adopted traveler-behavior representation should be interpreted as
an operationally calibrated aggregate-demand model rather than a disaggregate behavioral-
choice model. Future developments should integrate stated preference and revealed-preference
surveys, mobile-device trajectory data, connected-vehicle information, socioeconomic attributes,
and weather-responsive demand models to explicitly represent heterogeneous traveler behavior
under bridge-interruption conditions. The principal field-informed operational behavioral
assumptions incorporated into the simulation framework are summarized in Table 3.

Table 3. Field-informed operational behavioral assumptions adopted in the simulation framework.

Behavioral Component Representative Operational Assumption
Dominant peak-period travel Predominantly work-related and educational commuting
Off-peak travel Greater proportion of shopping, personal, and recreational trips
Direct travel cost No tolls for bridge or ferry crossings
Socioeconomic influence Potential indirect effect through value of time; not explicitly modeled
Traveler redistribution during bridge Aggregate redistribution calibrated from observed operational conditions
interruption within the investigated corridor
Normal operating conditions Bridge and ferry services available
Adverse maritime weather Temporary reduction or suspension of ferry operation may occur

Behavioral representation

Field-informed aggregate operational assumptions rather than statistically
calibrated individual-choice parameters
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3. Study Area, Operational Characteristics, and Model Validation
3.1. Port Said—Port Fouad Crossing Corridor

The investigated transportation corridor is located between Port Said and Port Fouad
in northeastern Egypt along the Suez Canal. The corridor represents an interruption-
sensitive maritime—urban transportation system in which traffic performance is influ-
enced by the interaction between transportation demand, maritime navigation activity,
floating-bridge operation, and ferry services. The crossing system consists of two primary
transportation components: the Al-Nasr floating bridge and a ferry-based transportation
network operating between both sides of the canal. Unlike conventional fixed crossings,
the floating bridge undergoes periodic operational interruptions associated with vessel
movements through the Suez Canal navigation corridor. Consequently, corridor perfor-
mance is governed by time-varying capacity conditions rather than uninterrupted traffic
operation. During bridge-closure periods, transportation demand is partially redistributed
toward ferry services, generating strong operational coupling between bridge and ferry
subsystems. The ferry subsystem operates under finite carrying capacity, batch-service
operation, loading—unloading processes, and maneuvering delays. Therefore, congestion
evolution within the corridor depends not only on transportation-demand intensity but
also on interruption duration, ferry-service capability, storage availability, and traveler-
redistribution behavior.

Several vehicle-storage areas support corridor operation. On the Port Said side, ferry-
terminal activities are supported by a covered parking facility consisting of multiple parallel
waiting lanes used for temporary vehicle accumulation prior to loading. On the Port Fouad
side, open parking-storage areas are used for ferry staging and queue management. Under
high-demand conditions, these storage facilities may approach saturation, resulting in
congestion spillback into adjacent urban streets and intersections.

The strategic importance of the corridor further increases operational complexity be-
cause it serves substantial daily mobility demand associated with residential, institutional,
commercial, and intercity travel between Port Said and Port Fouad. Consequently, the corri-
dor provides a representative case study for evaluating transportation-system performance,
congestion propagation, operational resilience, and adaptive decision-support strategies
within interruption-sensitive maritime—urban transportation environments.

Figure 3 illustrates the geographic configuration of the investigated corridor, including
the floating bridge and ferry transportation facilities, while Figure 4 presents the ferry-
terminal layout and vehicle-storage configuration on both sides of the canal.

3.2. Field Observation Campaign and Operational Data Collection

Field-informed operational observations were collected through a six-day observation
campaign conducted within the Port Said—Port Fouad bridge—ferry crossing corridor to
characterize the principal operating conditions of the transportation system and support
calibration and within-sample validation of the simulation framework. The observations
focused on the operational interaction among the Al-Nasr floating bridge, ferry services,
vehicle queues, terminal storage areas, and adjacent urban access roads.

The data collection procedure included monitoring bridge-closure events associated
with maritime navigation, ferry loading and unloading operations, ferry dispatch cycles, ve-
hicle waiting times, queue accumulation, and congestion spillback near bridge approaches
and ferry-terminal access roads. Bridge-interruption characteristics were identified using
AlS-assisted vessel movement observations in combination with direct field monitoring of
bridge availability. AIS information was employed to identify representative vessel-passage
events and bridge-closure periods, while simultaneous field observations were used to
verify the corresponding operational conditions.

https:/ /doi.org/10.3390/ futuretransp6040165


https://doi.org/10.3390/futuretransp6040165

Future Transp. 2026, 6, 165

17 of 54

Mediterranean Sea

W

Port Said (West Bank)
1 * Ferry Terminal

+ Main Parking Area
| * Urban Road Network

+ Access Roads

o Access Roads

(Entry / Exit)

9 Waiting Area (Hangar)
Vehicle Holding Area
= 5 Internal Queue Lanes

e Internal Ferry Access Corridor
(Path from Waiting Area
to Ferry Berths)

o Vehicle Exit Corridor

(From Ferry te Public Roads)

Vessel
---- Navigation
Channel

L
W

Al-Nasr
Floating Bridge

Legend
Floating Bridge
Navigation Channel
Ferry Terminal
Parking / Storage Area

Main Access Road

Port Fouad (East Bank)

'l| * Ferry Terminals (2)

« Parking Areas (Small)

._ = Urban Road Network

+ Access Roads

Figure 3. Geographic and operational configuration of the Port Said-Port Fouad crossing corridor,

including floating bridge and ferry transportation infrastructure the red dot in the inset map indicates

the location of the study area.

® ® ® ®

FERRY BERTI
(Loading / Unloading)

==p Vehicle Entry Flow
(From Public Roads to Waiting Area)

== Internal Access Route
(To Ferry Berths)

==p Vehicle Exit Flow
(To Public Roads)

=== Ferry Maneuvering Zone
(Berthing, Loading,
Unloading and
Maneuvering Area)

Control / Gate N
(Bottleneck Point)

ﬁ Ferry (Berth)

VEHICLE ENTRY
(From Public Roads
to Wating Area)

CANAL SERVICE AREA 1
(Canal Services)

CANAL SERVICE AREA 2
(Canal Services)

VEHICLE EXIT
(From Ferry
to Public Roads)

0 25 50 75 100 m

Figure 4. Ferry-terminal operational layout and vehicle-storage configuration on both sides of the

crossing corridor.

https://doi.org/10.3390/ futuretransp6040165


https://doi.org/10.3390/futuretransp6040165

Future Transp. 2026, 6, 165

18 of 54

Because unrestricted access to continuous raw AIS databases for the Suez Canal is
limited, the present study relied on field observations supported by publicly accessible AIS
information to characterize representative maritime operation patterns. Only vessel pas-
sages requiring floating-bridge opening were considered for operational characterization.
AlS-assisted observations were used exclusively to determine the timing and duration of
representative bridge-interruption events and were not employed as direct dynamic inputs
to the microscopic traffic simulation.

AIS-Assisted Data Collection and Quality-Control Procedure

To ensure the consistency of the operational observations, AlS-assisted vessel records
were subjected to basic quality-control procedures before being used for simulation cali-
bration. Repeated observations of the same vessel passage, incomplete observations, and
records with inconsistent bridge-closure timing were excluded from the operational dataset.
The remaining vessel-passage observations were cross-checked against simultaneous field
observations of bridge operation to verify consistency between vessel movements and
actual bridge-opening events. This quality-control procedure ensured that only representa-
tive and operationally consistent bridge-interruption events were retained for calibration
and validation of the simulation framework.

During the observation campaign, approximately five bridge-closure events per day
were recorded, resulting in approximately 30 representative bridge-interruption events over
the six-day monitoring period. The average bridge-closure duration was approximately
25 min, while the maximum observed interruption reached approximately 60 min.

Ferry operations were observed by recording the number of active ferries, approximate
vehicle capacity per ferry, loading and unloading durations, crossing times, and terminal
waiting conditions. During daytime operation, approximately eight ferries were active, with
an estimated carrying capacity of 20-30 vehicles per ferry cycle. Average ferry-crossing
times ranged between 12 and 15 min, while loading and unloading activities required
approximately 5 min at each terminal.

The observed operational indicators were subsequently used to define representative
input parameters for the SUMO microscopic simulation model. These parameters included
bridge-closure frequency and duration, ferry carrying capacity, ferry service cycle time, peak-
period queue accumulation, ferry waiting time, and congestion propagation conditions.

Queue accumulation and waiting-time observations were used to calibrate and vali-
date the simulated congestion response. Under normal operating conditions, ferry waiting
times were typically within 10-12 min, whereas prolonged bridge interruptions and peak-
demand periods increased waiting times to approximately 20-25 min. Severe congestion
episodes produced corridor-wide vehicle accumulation and spillback into adjacent urban
streets, with the maximum observed queue extending to approximately 1 km upstream
of the bridge approaches. These observations served as calibration targets to ensure that
the simulation reproduced realistic queue growth, ferry waiting behavior, congestion
propagation, and post-closure recovery dynamics.

Although the present study does not rely on continuous real-time synchronization
with live sensing infrastructure, the collected operational observations provided a re-
alistic empirical basis for model parameterization, calibration, and validation. Conse-
quently, the developed simulation environment should be interpreted as a field-calibrated
simulation-based decision-support framework capable of reproducing representative corri-
dor operating conditions and supporting operational planning, congestion assessment, and
transportation-management analysis. Table 4 summarizes the representative operational
characteristics used in the present study.
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Table 4. Representative operational characteristics derived from the field observation campaign and

AlS-assisted operational characterization.

Parameter Representative Value
Observation period 6 days
Average bridge interruptions per day ~5 events/day
Average bridge-closure duration ~25 min
Maximum observed bridge-closure duration ~60 min
Operational ferries (daytime) ~8 ferries
Operational ferries (nighttime) ~2 ferries
Ferry carrying capacity 20-30 vehicles/ferry
Average ferry-crossing duration 12-15 min
Loading/unloading duration ~5 min
Maximum observed queue length ~1 km

Peak-period congestion condition

Severe oversaturation

Congestion spillback occurrence

Frequent during prolonged interruptions

Table 5 summarizes the AlS-assisted bridge-interruption observations and the corre-

sponding quality-control procedures.

Table 5. Summary of AlS-assisted bridge-interruption observations and quality-control procedures.

Parameter Representative Value
AlS-supported observation period 6 days
Representative bridge-interruption events retained ~30
Mean bridge interruptions per day ~5
Mean bridge-closure duration ~25 min
Maximum bridge-closure duration ~60 min

AIS observation purpose

Identification of vessel-passage events and bridge-closure

periods

Vessel selection criterion

Vessel passages requiring floating-bridge opening

Duplicate observations removed; incomplete

Data quality control

observations excluded; bridge-closure timing

cross-checked with field observations

Role in the proposed framework

Calibration and validation of the SUMO model (not direct

model input)

It should be noted that AlS-assisted observations were not directly used as dynamic
inputs to the SUMO, XGBoost, or NSGA-II models. Instead, they were employed to identify
representative vessel-passage events and bridge-closure periods during the field observa-

tion campaign. The resulting operational characteristics were subsequently used to calibrate

and validate the SUMO-based microscopic simulation model, thereby providing a realistic

representation of maritime-induced traffic interruptions within the investigated corridor.
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3.3. Calibration and Within-Sample Validation

To evaluate the ability of the proposed framework to reproduce realistic transportation-
system behavior, the simulation environment was calibrated and subsequently evaluated
through within-sample validation using operational observations collected from the Port
Said-Port Fouad crossing corridor. The calibration process focused on reproducing rep-
resentative congestion patterns, queue accumulation behavior, ferry waiting conditions,
and post-interruption recovery dynamics observed during bridge-interruption events and
peak-demand periods.

The field observations described in Section 3.2 were subsequently used for model
calibration and within-sample validation. These observations provided representative
operational ranges for bridge interruptions, ferry operations, queue accumulation, waiting
times, congestion spillback, and transportation-system recovery under both normal and
peak-demand conditions.

The calibration procedure incorporated operational characteristics associated with
bridge interruptions, ferry operations, traffic-demand fluctuations, queue accumulation,
spillback occurrence, and transportation-system recovery. Simulation parameters were
iteratively adjusted until the simulated system behavior reproduced representative corridor
conditions while maintaining model stability and computational efficiency.

Bridge-operation parameters were calibrated according to observed interruption fre-
quency and closure durations associated with vessel movements within the Suez Canal
navigation corridor. Similarly, ferry operational characteristics, including carrying capac-
ity, loading duration, unloading duration, crossing time, and dispatch frequency, were
calibrated using representative operational conditions observed within the investigated
transportation system.

Traffic-demand parameters were further adjusted to reproduce realistic peak-period
congestion accumulation and recovery patterns observed near bridge approaches, ferry
terminals, and adjacent roadway segments. Spillback thresholds were calibrated according
to the effective storage capacity available within upstream roadway sections and ferry-
terminal waiting areas.

Table 6 presents a comparison between field-informed observations and simulated
transportation-system behavior used for calibration assessment.

Table 6. Calibration targets based on field observations and corresponding simulated operational ranges.

Operational Parameter Observed Range Simulated Range
Floating bridge closure duration (min) 15-25 18-24
Peak COI‘I‘IdOI‘-WldQ vehicle 1100-1500 1180-1420
accumulation (veh)
Ferry waiting time (min) 10-22 12-20
Post-closure recovery duration (min) 35-60 38-57
Spillback propagation level Moderate-High Moderate-High

The operational ranges summarized in Table 6 served as the primary calibration
targets used to align simulated transportation-system behavior with representative corridor
operating conditions. More severe operational scenarios, including prolonged bridge
interruptions, elevated transportation demand, and extended ferry waiting periods, were
subsequently investigated through sensitivity and robustness analyses.

The calibration results indicate that the developed simulation environment success-
fully reproduced representative congestion evolution, queue accumulation, ferry waiting
behavior, spillback occurrence, and post-interruption recovery characteristics observed
within the investigated corridor.
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To further evaluate model consistency, the calibrated framework was validated using
several transportation-performance indicators, including average bridge queue length,
peak corridor-wide vehicle accumulation, average ferry waiting time, recovery duration
following bridge reopening, spillback occurrence frequency, and the average corridor-wide
cumulative transportation delay during the field observation period.

In the present study, peak vehicle accumulation refers to the total number of vehicles
simultaneously stored within the corridor, including bridge approaches, ferry-terminal
waiting areas, access roads, and upstream roadway segments affected by congestion spill-
back. Consequently, corridor-wide vehicle accumulation differs from the visible queue
length observed along a single roadway segment.

Table 7 summarizes the comparison between observed and simulated operational
indicators used for within-sample model validation.

Table 7. Observed versus simulated operational performance indicators used for within-sample validation.

Performance Indicator Observed Value Simulated Value Relative Error (%)
Average bridge queue length (veh) 412 395 41
Peak corridor-wide vehicle accumulation (veh) 1340 1275 4.9
Average ferry waiting time (min) 18.6 17.9 3.8
Recovery duration after bridge reopening (min) 46 49 6.5
Spillback occurrence frequency (%) 31.2 29.4 5.8

Average corridor-wide cumulative
transportation delay during the field 12,430 11,980 3.6
observation period (veh-min)

The within-sample validation results demonstrate good agreement between simulated
and observed operating conditions, with relative errors ranging from 3.6% to 6.5% and a
mean relative validation error of approximately 4.8% across all investigated transportation-
performance indicators. The calibrated simulation framework successfully reproduced key
operational characteristics of the Port Said—Port Fouad bridge—ferry corridor, including
queue accumulation, ferry waiting behavior, congestion spillback, cumulative transporta-
tion delay, and post-interruption recovery dynamics. The relatively low deviations between
observed and simulated values indicate that the proposed framework provides a realistic
and internally consistent representation of corridor operations under maritime-induced
bridge interruptions and can therefore be reliably employed for scenario evaluation, opera-
tional optimization, and transportation decision-support applications.

Figure 5 illustrates the comparison between observed and simulated transportation-
system behavior within the investigated corridor.

The XGBoost surrogate model was evaluated using 60 additional SUMO-generated
scenarios that were excluded from model development, training, and testing. The obtained
indicators, including R? = 0.965, normalized RMSE = 0.084, normalized MAE = 0.051,
and MAPE = 4.7%, demonstrate strong agreement between the surrogate predictions and
the corresponding microscopic simulation outputs within the investigated input domain.
These results support the use of the surrogate as a computationally efficient approximation
engine for the subsequent optimization stage. Table 8 summarizes the validation metrics of
the XGBoost surrogate approximation framework.
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Figure 5. Comparison between field-informed operational observations and simulated transportation-
system behavior within the Port Said-Port Fouad corridor.

Table 8. Statistical validation metrics of the XGBoost surrogate approximation framework.

Validation Metric Value
Coefficient of Determination (R?) 0.965
Root Mean Square Error (RMSE) 0.084 (normalized)
Mean Absolute Error (MAE) 0.051 (normalized)
Mean Absolute Percentage Error (MAPE) 4.7%
Validation Data Points 60 additional scenarios

Not separately reported; performance assessed using

Cross-Validation Consistency held-out testing and additional validation datasets

Because the surrogate model demonstrated high predictive accuracy on both the held-
out testing data and the 60 additional validation scenarios, it was subsequently employed
as a computationally efficient approximation engine during the NSGA-II optimization
stage. This integration enabled rapid evaluation of large numbers of candidate solutions
while preserving acceptable agreement with the corresponding high-fidelity microscopic
simulation outputs within the investigated input domain.

The principal configuration and implementation characteristics of the XGBoost surro-
gate model adopted in the present study are summarized in Table 9.

Table 9. Configuration of the XGBoost surrogate model adopted in the present study.

Item Description/Value
Simulation platform SUMO microscopic traffic simulation
Learning algorithm Extreme Gradient Boosting (XGBoost) regression

500 SUMO scenarios for model development plus 60 additional

Data source validation scenarios (560 total)

Training dataset 400 scenarios (80% of the 500-scenario development dataset)
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Table 9. Cont.

Item

Description/Value

Testing dataset

100 scenarios (20% of the 500-scenario development dataset)

Validation dataset

60 additional SUMO scenarios excluded from model development

Input variables

Bridge-closure duration, traffic-demand level, ferry-service
capacity, ferry-dispatch interval, and traveler-redistribution
parameter

Output variables

Transportation delay, vehicle accumulation, ferry waiting time,
CO, emissions, spillback index, and recovery time

Objective function

reg:squarederror

Number of boosting trees (n_estimators) 200
Maximum tree depth (max_depth) 6

Learning rate 0.05

Subsample ratio 0.80

Column sampling ratio (colsample_bytree) 0.80

Hyperparameter selection

Hyperparameters were determined through iterative preliminary
tuning to achieve stable predictive performance while minimizing
overfitting

Performance metrics

Coefficient of determination (Rz), normalized RMSE, normalized
MAE, and Mean Absolute Percentage Error (MAPE)

Model performance

R? = 0.965; normalized RMSE = 0.084; normalized MAE = 0.051;
MAPE =4.7%

Figure 6 illustrates validation performance of the developed XGBoost surrogate ap-
proximation framework against microscopic simulation outputs.
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Figure 6. Comparison between XGBoost surrogate predictions and microscopic simulation outputs
for 60 validation data points.
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3.4. Computational Efficiency of the Surrogate-Assisted Framework

To assess the computational efficiency of the proposed surrogate-assisted framework,
the average evaluation time required for a single operational scenario was compared
between the high-fidelity SUMO microscopic simulation and the trained XGBoost surrogate
model within the same computational environment. As summarized in Table 10, a single
SUMO simulation required an average of 12.5 s per scenario, whereas the XGBoost surrogate
generated predictions in approximately 0.10 s. This corresponds to a 125-fold computational
speedup, or a 99.2% reduction in evaluation time per scenario. These timing values are
implementation- and hardware-dependent and are reported to characterize the relative
computational benefit within the adopted environment.

Table 10. Computational efficiency comparison between the high-fidelity SUMO simulation and the
XGBoost surrogate model.

Performance Metric SUMO Simulation XGBoost Surrogate
Average evaluation time per scenario(s) 12.5 0.10
Relative computational efficiency 1x 125x faster
Typical application High-fidelity microscopic simulation Rapid surrogate prediction
Role in the proposed framework Reference traffic simulation NSGA-II optimization engine

This substantial computational acceleration enabled rapid evaluation of candidate
solutions throughout the NSGA-II optimization process, thereby avoiding repeated exe-
cution of computationally expensive microscopic traffic simulations. Consequently, the
proposed surrogate-assisted framework substantially reduced the computational cost of
scenario evaluation while preserving high predictive accuracy (R? = 0.965), demonstrating
its suitability for efficient large-scale multi-objective optimization of interruption-sensitive
bridge—ferry transportation systems.

3.5. Operational Realism Assessment

In addition to statistical validation, the practical realism of the proposed framework
was assessed by examining whether the simulated transportation-system behavior re-
mained consistent with the operational characteristics observed within the Port Said—Port
Fouad corridor. Particular attention was given to congestion formation, queue accumula-
tion, ferry waiting dynamics, congestion spillback, bridge-interruption effects, and post-
closure recovery behavior.

The calibrated simulation environment successfully reproduced several characteristic
operational patterns observed during the field observation campaign. These patterns in-
cluded rapid queue accumulation during bridge-closure periods, increased utilization of
ferry services during capacity interruptions, progressive congestion spillback under over-
saturated conditions, and gradual recovery following bridge reopening. Furthermore, the
simulated traveler-redistribution behavior remained consistent with observed operational
responses to changing congestion and waiting-time conditions.

The realism assessment therefore complements the within-sample statistical valida-
tion results by demonstrating that the framework not only reproduces key numerical
performance indicators but also captures the dominant operational mechanisms governing
corridor behavior. Consequently, the developed simulation environment provides a physi-
cally plausible and operationally representative basis for comparative scenario evaluation,
transportation planning, and decision-support applications within interruption-sensitive
bridge—ferry transportation systems.
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3.6. Robustness and Stochastic Validation

To further evaluate framework reliability under uncertain operating conditions, addi-
tional robustness and stochastic-validation analyses were conducted. Because the investi-
gated corridor is influenced by fluctuating transportation demand, ferry-service variability,
bridge interruptions, and adaptive traveler behavior, repeated stochastic simulation ex-
periments were performed to assess model stability, reproducibility, and sensitivity to
operational uncertainty.

A total of 30 independent simulation replications were conducted for each investigated
scenario. Thirty replications were considered sufficient to obtain statistically stable esti-
mates of transportation-performance indicators while accounting for stochastic variability
in demand, ferry operations, bridge interruptions, and traveler responses. Random variabil-
ity was introduced into vehicle-arrival patterns, ferry dispatch timing, loading efficiency,
bridge-closure duration, and transportation-demand intensity to reproduce representative
operational fluctuations observed within the corridor.

Four representative operating conditions were investigated:

Low-demand conditions;
Normal operating conditions;
High-demand conditions;

Prolonged bridge-interruption conditions.

Transportation-system performance was evaluated using scenario-level mean trans-
portation delay, queue accumulation, and spillback severity as the primary performance
indicators. Table 11 summarizes the scenario-based robustness validation results for the
proposed framework.

Table 11. Scenario-based robustness validation results for the proposed framework.

Scenario-Level Mean

Scenario Transportation Dela Standard Coefficient of Mean Queue
p . y Deviation Variation (%) Length (veh)
(veh-min)
Low Demand 4280 215 5.0 185
Normal Demand 6980 340 49 470
High Demand 11,420 690 6.0 1020
Prolonged Bridge Interruption 16,830 1120 6.7 1480

Values represent the mean transportation delay obtained from 30 independent stochas-
tic simulation replications for each investigated operating scenario.

The obtained results demonstrate stable and physically consistent framework behavior
across all investigated scenarios. The coefficient of variation remained below approximately
7% under all operating conditions, indicating limited dispersion of simulation outcomes
and satisfactory reproducibility despite stochastic variability in transportation demand,
ferry operation, and interruption characteristics. These findings suggest that the observed
performance trends are primarily governed by underlying transportation-system dynamics
rather than random simulation variability.

Under low-demand conditions, congestion remained limited and spillback effects
were negligible. As transportation demand increased, scenario-level mean transportation
delay and queue accumulation exhibited nonlinear growth due to the combined influ-
ence of bridge interruptions, ferry-capacity limitations, and storage-area saturation. The
prolonged bridge-interruption scenario produced the highest congestion levels because
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of sustained demand redistribution toward ferry services and progressive spillback into
adjacent urban streets.

The robustness assessment provides additional confidence that the operational im-
provements reported in the subsequent results and optimization analyses are not dependent
on a specific realization of transportation demand or interruption patterns but remain con-
sistently observable across a broad range of plausible operating conditions. Overall, the
robustness analysis confirms that the proposed framework maintains stable operational be-
havior, realistic congestion-response characteristics, and satisfactory reproducibility under
a wide range of transportation and interruption conditions.

3.7. Simulation Environment

The proposed framework was implemented using the SUMO microscopic traffic-
simulation platform integrated with XGBoost surrogate modeling and NSGA-II multi-
objective optimization. The simulation environment was designed to represent the opera-
tional interaction between bridge interruptions, ferry services, transportation demand,
traveler redistribution, and congestion propagation within the Port Said-Port Fouad
crossing corridor.

The developed transportation network incorporated the principal operational com-
ponents of the investigated corridor, including bridge approaches, ferry-terminal access
roads, upstream urban intersections, vehicle-storage areas, and multimodal interactions
between bridge and ferry transportation modes. Dynamic updates were applied through-
out the simulation process to represent changes in vehicle routing, transportation demand,
bridge operational status, ferry-service availability, queue accumulation, and traveler
redistribution behavior.

Bridge interruptions were modeled as temporary reductions in corridor capacity associ-
ated with maritime navigation activity, while ferry services were represented through batch-
service operation, finite carrying capacity, loading—unloading processes, and dispatch-
cycle constraints. These operational characteristics enabled realistic simulation of con-
gestion formation, queue accumulation, spillback propagation, and post-interruption
recovery dynamics.

Reinforcement-learning benchmark controller: To provide a meaningful comparative
baseline, a reinforcement-learning (RL) benchmark controller was implemented within
the SUMO microscopic traffic simulation environment. The controller was designed to
emulate adaptive operational decision making under evolving corridor conditions and
was employed exclusively for comparative evaluation against the proposed simulation-
based decision-support framework. The state representation included bridge operational
status, corridor-wide vehicle accumulation, ferry availability, and transportation demand
level, while operational actions were selected from a predefined set of feasible bridge-
ferry management strategies governing traveler redistribution and ferry utilization. The
controller objective was to reduce transportation delay, queue accumulation, and congestion
spillback while maintaining efficient utilization of the available crossing capacity. The
controller configuration was calibrated through repeated simulation experiments until
stable and representative operational performance was achieved under the investigated
traffic conditions. Rather than developing an optimized reinforcement-learning policy, the
adopted configuration was intended to provide a consistent and representative comparative
baseline for evaluating the effectiveness of the proposed framework. Accordingly, the RL
controller was used solely as a benchmark and was not integrated into the surrogate-
assisted optimization or decision-support framework. The principal configuration and
implementation characteristics of the reinforcement-learning (RL) benchmark controller
are summarized in Table 12.
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Table 12. Reinforcement-learning benchmark controller configuration.

Item Description
Purpose Comparative benchmark controller
Simulation environment SUMO microscopic traffic simulation

Bridge operational status, corridor-wide vehicle accumulation, ferry availability,

State representation transportation demand level

Action space Predefined traveler redistribution and ferry-utilization strategies
Performance objective Minimize transportation delay, queue accumulation, and congestion spillback
Configuration strategy Calibrated through repeated simulation experiments

Role in this study Comparative benchmark only; not integrated into the proposed framework

The simulation environment further served as the computational engine for surrogate-
model development and operational optimization. High-fidelity simulation outputs were
used to train and validate the XGBoost surrogate model, which subsequently supported
rapid evaluation of operational scenarios during the NSGA-II optimization process. Conse-
quently, the integrated environment enabled efficient investigation of congestion-mitigation
strategies, operational adaptations, and transportation decision-support alternatives under
varying demand levels and interruption conditions.

Opverall, the developed simulation framework provides a realistic and computationally
efficient platform for evaluating transportation-system performance, operational resilience,
and adaptive management strategies within interruption-sensitive bridge—ferry transporta-
tion corridors.

To facilitate interpretation of the reported performance indicators, transportation-
delay metrics are reported according to the objective and analytical context of each analysis.
The within-sample validation results (Table 7) are expressed as the average corridor-wide
cumulative transportation delay observed during the field observation period and used to
assess the agreement between observed and simulated corridor operations. Comparative
evaluation of alternative operational-control strategies (Table 13 and Figure 7) is based
on the mean operational transportation delay obtained for each simulation scenario. The
robustness assessment (Table 11) reports the scenario-level mean transportation delay
under representative operating conditions. Finally, the event-based analysis (Figure 8)
illustrates the temporal evolution of cumulative transportation delay during a represen-
tative bridge-interruption event. Consequently, the reported delay values correspond
to different temporal and analytical contexts and therefore should not be interpreted as
directly comparable.

Table 13. Mean transportation-performance indicators under baseline and proposed operating

conditions.
Performance Metric Baseline/Fixed-Time Proposed Framework Improvement (%)
Mean operational transportation
delay per simulation scenario 1825 1025 43.8
(veh-min)

Peak corridor-wide vehicle
accumulation (veh)

Estimated CO, emissions (kg) 1755 1450 17.4

Note: Table 13 reports mean scenario-level performance indicators, whereas validation results represent aggre-
gated corridor-wide conditions over the observation period.

1340 457 65.9
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Figure 7. Mean operational transportation delay per simulation scenario under the investigated
operational-control strategies.

Temporal evolution of corridor congestion under different operational strategies
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Figure 8. Representative temporal evolution of corridor-wide vehicle accumulation under four
operational strategies during bridge closure and post-closure recovery. The trajectories represent the
mean behavior from 30 independent stochastic simulation replications, highlighting differences in
congestion build-up, peak accumulation, plateau duration, and recovery. The proposed framework
consistently achieves the lowest vehicle accumulation and the fastest post-closure recovery among
the evaluated strategies.

4. Results and Discussion
4.1. Comparative Evaluation of Operational Control Strategies

The proposed simulation-based decision-support framework was comparatively eval-
uated against several transportation-management strategies under interruption-sensitive
operating conditions within the Port Said-Port Fouad crossing corridor. The investi-
gated strategies included unmanaged baseline operation, rule-based operational control,
optimization-based coordination, a reinforcement-learning benchmark controller, and the
proposed framework.
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The results demonstrate that the proposed framework achieved the most balanced
overall operational performance among the transportation-management strategies investi-
gated. While individual benchmark approaches performed well with respect to specific
indicators, the proposed framework provided the most favorable trade-off between trans-
portation efficiency, congestion mitigation, environmental performance, and operational
resilience. In particular, the framework reduced queue accumulation through adaptive
traveler redistribution between bridge and ferry services while simultaneously mitigating
congestion spillback within adjacent roadway segments.

While Figure 7 illustrates the comparative delay performance of the investigated strate-
gies, Table 13 provides the corresponding benchmark values for the principal transportation-
performance indicators under baseline and proposed operating conditions.

The figure compares the mean operational transportation delay per simulation scenario
obtained under unmanaged operation, rule-based control, optimization-based coordination,
reinforcement-learning benchmark control, and the proposed framework. Error bars
represent variability observed across repeated stochastic simulation replications. The
proposed framework achieved the lowest average delay and exhibited the most stable
operational performance under varying traffic and interruption conditions.

The values reported in this table provide benchmark indicators supporting the per-
centage improvements summarized in Table 14.

Table 14. Comparative operational performance of investigated transportation-management strategies.

Delay Queue Emissions Spillback Recovery
Control Strategy Reduction (%) Reduction (%) Reduction (%)  Mitigation Improvement
Rule-Based Control 12.4 18.7 9.5 Moderate Limited
Optimization-Based Control 24.8 37.2 21.6 Moderate Moderate
RL Benchmark Controller 33.5 51.4 35.2 Significant Improved
Proposed Framework 43.8 65.9 17.4 Strong Significant

Relative to unmanaged operating conditions, the proposed framework reduced mean
operational transportation delay by 43.8% (95% CI: 41.2-46.4%), corridor-wide vehicle
accumulation by 65.9% (95% CI: 62.9-69.1%), and estimated CO, emissions by 17.4%.
These improvements were accompanied by reduced spillback occurrence, more efficient
utilization of available ferry capacity, and faster recovery following bridge reopening.

Rule-based operational strategies demonstrated limited effectiveness because they
were unable to adapt to evolving interruption patterns, fluctuating transportation de-
mand, and changing traveler behavior. Optimization-based approaches provided moderate
improvements; however, their effectiveness remained constrained by limited responsive-
ness to rapidly changing operating conditions. The reinforcement-learning benchmark
achieved the largest reduction in CO, emissions (35.2%) among the investigated strategies,
demonstrating its effectiveness in improving environmental performance. However, this
environmental benefit was accompanied by comparatively lower performance in terms of
transportation-delay reduction, queue mitigation, spillback control, and post-interruption
recovery. In contrast, the proposed framework consistently achieved the greatest improve-
ments in the principal operational-performance indicators related to traffic efficiency and
congestion management, including transportation delay reduction, corridor-wide vehicle
accumulation, spillback mitigation, and recovery efficiency, while still providing a mean-
ingful reduction in CO; emissions (17.4%). Accordingly, the proposed framework is not
intended to maximize any single performance indicator; rather, it is designed to achieve
the most balanced multi-objective trade-off between operational efficiency, congestion
mitigation, environmental sustainability, and transportation-system resilience.
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4.2. Congestion Evolution and Queue Dynamics

To evaluate the temporal evolution of congestion under different operational-control
strategies, corridor-wide vehicle accumulation was examined throughout a normalized
bridge-closure and post-closure recovery cycle. Four operational strategies were compared:
the existing bridge operation, rule-based control, optimization-based control, and the
proposed simulation-based decision-support framework. The normalized temporal scale
enables direct comparison of congestion build-up, peak accumulation, bridge reopening,
and queue dissipation among the evaluated strategies.

As illustrated in Figure 8, all strategies exhibit a common congestion-response pattern
comprising three principal phases: vehicle accumulation during bridge closure, a peak
congestion plateau, and post-closure recovery following bridge reopening. However,
substantial differences are observed in both the magnitude and duration of congestion
among the investigated operational strategies.

Under the existing bridge operation, vehicle accumulation increases rapidly during
the closure period and reaches the highest peak among all evaluated strategies. The base-
line condition also exhibits the longest sustained congestion plateau, indicating limited
ability to redistribute demand or relieve upstream accumulation while the bridge remains
unavailable. Following bridge reopening, accumulated vehicles dissipate gradually, re-
sulting in the slowest recovery profile and the largest residual accumulation during the
post-closure phase.

The rule-based control strategy reduces vehicle accumulation relative to the existing
operation through predefined operational responses. Nevertheless, congestion remains
comparatively high throughout the closure period, and the reduction in the duration of the
congestion plateau is limited. Queue dissipation following bridge reopening is faster than
under the baseline condition, although substantial residual vehicle accumulation remains
during the recovery phase.

The optimization-based control strategy provides a further reduction in corridor-wide
vehicle accumulation. Compared with rule-based control, it lowers the congestion trajectory
throughout the build-up and plateau phases and accelerates queue dissipation following
bridge reopening. These improvements indicate that coordinated optimization of ferry
operation, traveler redistribution, and bridge-management actions can reduce the severity
and duration of interruption-induced congestion.

The proposed framework maintains the lowest vehicle-accumulation trajectory through-
out the complete bridge-interruption cycle. During the build-up phase, it limits the rate of
congestion growth through coordinated traveler redistribution and ferry-side operational
adjustments. It also achieves the lowest peak accumulation and the shortest sustained con-
gestion plateau among the investigated strategies. Following bridge reopening, the proposed
framework produces the fastest vehicle dissipation and the smallest residual accumulation,
indicating improved post-interruption recovery and enhanced corridor resilience.

The temporal comparison demonstrates that the primary advantage of the proposed
framework is not limited to reducing peak congestion. It improves the complete congestion-
response process by suppressing accumulation growth, limiting the duration of sustained
oversaturation, and accelerating the restoration of normal operating conditions. This
system-level improvement is particularly important in interruption-sensitive bridge—ferry
corridors, where prolonged vehicle accumulation can propagate into adjacent urban roads
and generate secondary network-level congestion.

The trajectories presented in Figure 8 represent the mean temporal behavior obtained
from 30 independent stochastic simulation replications under the calibrated operating con-
ditions. They are intended to facilitate comparative interpretation of congestion evolution
among the evaluated operational strategies rather than to represent a single determinis-
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tic bridge-closure event. Overall, the temporal comparison indicates that the proposed
simulation-based decision-support framework provides the most favorable congestion-
response profile among the investigated strategies, particularly with respect to peak vehicle ac-
cumulation, congestion-plateau duration, residual accumulation, and post-closure recovery.

The temporal congestion trajectories illustrated in Figure 8 provide additional insight
into the mechanisms governing corridor performance during maritime-induced bridge
interruptions. During bridge closure, vehicle arrivals exceed the available crossing ca-
pacity, resulting in rapid vehicle accumulation and progressive congestion propagation
toward upstream roadway segments and adjacent urban intersections. As the interruption
continues, the corridor approaches a temporary congestion plateau, where the limited
discharge capacity of the integrated bridge—ferry system balances the continuing arrival
demand. Following bridge reopening, accumulated vehicles are gradually discharged and
the corridor progressively returns to normal operating conditions.

The lower congestion trajectory achieved by the proposed framework is consistent
with the quantitative improvements reported in the preceding sections. The reduced vehicle
accumulation corresponds directly to the observed reductions in transportation delay, con-
gestion spillback, and post-closure recovery time. These findings indicate that the proposed
framework not only limits peak congestion but also shortens the duration of sustained
congestion and accelerates recovery following maritime-induced bridge interruptions,
thereby improving both operational efficiency and corridor resilience.

The qualitative congestion patterns shown in Figure 8 are further supported by the
quantitative evolution of cumulative transportation delay and queue accumulation pre-
sented in Figure 9. Unlike the scenario-level mean delay values reported in Table 13 and
Figure 7, the delay values shown in Figure 9 represent the replication-mean cumulative
evolution of transportation delay under a representative bridge-interruption condition.
The annotated values correspond to the peak cumulative transportation delay obtained
from 30 independent stochastic simulation replications.

Temporal Evolution of Cumulative Transportation Delay and Queue Accumulation
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Figure 9. Temporal evolution of cumulative transportation delay and queue accumulation under
baseline, proposed, and optimized operational-control strategies during a representative bridge-
interruption event. The annotated values denote the peak cumulative transportation delay and peak
queue accumulation reached during the simulated event. Shaded regions represent +1 standard
deviation obtained from 30 stochastic simulation replications, while the vertical dashed lines indicate
the approximate peak-congestion period and the onset of congestion dissipation.
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The shaded regions in Figure 9 represent variability bounds obtained from 30 indepen-
dent stochastic simulation replications. Despite uncertainty associated with transportation-
demand fluctuations, ferry-service variability, and bridge-interruption duration, the pro-
posed framework exhibited comparatively stable congestion-response characteristics. The
relatively narrow variability bounds indicate that the observed performance trends re-
mained consistent across repeated simulation experiments. Collectively, the qualitative and
quantitative analyses demonstrate that congestion evolution within the investigated corri-
dor is governed by the combined interaction of bridge-capacity interruptions, ferry-service
limitations, storage-area constraints, and traveler-redistribution behavior. Consequently,
effective congestion management requires coordinated operation of both bridge and ferry
subsystems rather than isolated control actions. These findings provide further evidence
that adaptive operational coordination can substantially improve corridor resilience under
interruption-sensitive operating conditions.

4.3. Adaptability Assessment Across Representative Cross-Canal Corridor Configurations

To examine the adaptability of the proposed simulation-based decision-support frame-
work beyond the calibrated Port Said-Port Fouad case study, additional comparative
analyses were conducted using three representative cross-canal corridor configurations
with different operational scales. Rather than representing specific real-world transporta-
tion corridors, these configurations were designed to reflect typical urban canal-crossing
conditions characterized by different bridge lengths, crossing impedances, and ferry-service
capacities. The investigated configurations comprised a compact urban crossing, the cali-
brated Port Said-Port Fouad baseline corridor, and an extended cross-canal corridor with
increased crossing distance and ferry-service capacity.

The representative corridor configurations were evaluated using the same calibrated
traffic-demand assumptions, traveler-redistribution model, optimization framework, and
operational-control strategies adopted throughout the study. Only representative corridor-
scale characteristics, including network geometry, bridge-crossing impedance, and ferry-
service capacity, were modified, whereas the traffic-demand model, traveler-behavior
assumptions, optimization framework, and overall decision-support architecture remained
unchanged. This approach enabled assessment of the framework’s adaptability under
varying operational environments while preserving the consistency of the underlying
computational methodology.

Table 15 summarizes the relative performance improvements achieved by the pro-
posed framework compared with the existing bridge operation for the three representative
corridor configurations, while Figure 10 illustrates the corresponding trends across the
principal transportation-performance indicators. These standardized adaptability scenar-
ios were evaluated using a common comparative setup; consequently, their percentage
improvements describe the adaptability experiment and should not be directly equated
with the final calibrated benchmark values reported in Table 13.

As summarized in Table 15 and illustrated in Figure 10, the proposed framework
consistently improved transportation performance across all representative corridor con-
figurations. Transportation-delay reduction increased from 29.2% for the compact urban
crossing to 32.3% for the extended cross-canal corridor. Similarly, reductions in peak vehicle
accumulation and average queue length increased from 36.6% to 39.4%, demonstrating
stable congestion-mitigation performance under different corridor scales.
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Table 15. Relative performance improvements achieved by the proposed simulation-based decision-
support framework compared with the existing bridge operation across representative cross-canal
corridor configurations.

Performance Indicator

Compact Urban Port Said-Port Fouad  Extended Cross-Canal

Crossing (Baseline) Corridor
Delay reduction (%) 29.2 30.5 32.3
Peak vehicle accumulation reduction (%) 36.6 37.8 39.4
Average queue length reduction (%) 36.6 37.8 39.4
Congestion spillback reduction (%) 51.2 52.1 53.4
Recovery-time improvement (%) 42.8 439 45.3
CO,-emission reduction (%) 16.1 17.4 19.6

Performance improvements across representative cross-canal corridor configurations

—@— Compact urban crossing
—-{J - Baseline (Port Said-Port Fouad) A
—{\— Extended cross-canal corridor o S

Performance improvement relative to
existing operation (%)
b
L
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Reduction Actimu ?mm Qutu‘e Reduction Improvement Reduction
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Figure 10. Relative performance improvements of the proposed simulation-based decision-support
framework across three representative cross-canal corridor configurations, demonstrating consistent
improvements in transportation delay, vehicle accumulation, queue length, congestion spillback,
recovery performance, and CO, emissions.

The largest improvements were observed for congestion spillback, with reductions
ranging from 51.2% to 53.4%, indicating the framework’s potential to effectively suppress
congestion propagation during bridge-interruption events. Recovery performance also
remained consistently robust, with recovery-time improvements between 42.8% and 45.3%,
reflecting faster restoration of normal traffic conditions following bridge reopening. Al-
though reductions in CO, emissions were comparatively smaller, ranging from 16.1% to
19.6%, the results nevertheless demonstrate consistent environmental benefits associated
with improved corridor operation across the investigated representative configurations.

The relatively small variation in performance among the three representative corri-
dor configurations indicates that the proposed framework maintains stable operational
effectiveness under different bridge lengths and ferry-service capacities. Although absolute
traffic conditions vary according to corridor characteristics, the proposed methodology
was found to provide substantial improvements in transportation efficiency, congestion
mitigation, and operational resilience within the investigated representative configura-
tions. Nevertheless, these analyses should be interpreted as representative scalability
assessments rather than independent external validation, because the investigated con-
figurations were developed by varying representative corridor-scale characteristics while
preserving the same calibrated traffic-demand model, traveler-behavior assumptions, op-
timization framework, and decision-support architecture. Additional validation using
independent real-world bridge—ferry transportation corridors would further strengthen
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evidence supporting the applicability of the proposed framework to a broader range of
operational environments.

4.4. Adaptive Traveler Redistribution Between Bridge and Ferry Systems

The investigated corridor exhibited strong interaction between bridge and ferry trans-
portation modes, particularly during bridge-interruption periods. As bridge availability
decreased and queue accumulation intensified, travelers increasingly shifted toward ferry
services in an attempt to minimize waiting times and perceived transportation costs.

Under unmanaged operating conditions, this redistribution process frequently gener-
ated secondary congestion within ferry terminals because of finite ferry carrying capacity,
loading constraints, and batch-service operation. Consequently, congestion was transferred
from bridge approaches to ferry facilities rather than being effectively mitigated, resulting
in inefficient utilization of available transportation resources.

In contrast, the proposed framework dynamically regulated traveler redistribution ac-
cording to prevailing congestion conditions, ferry-service availability, queue accumulation,
and anticipated waiting times. This adaptive response enabled more balanced utilization
of bridge and ferry transportation capacity throughout interruption and recovery periods.

The representative traveler redistribution behavior observed during bridge-interruption
and post-reopening recovery phases is illustrated in Figure 11.
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any minor discrepancy is solely due to numerical rounding.

Figure 11. Dynamic redistribution of transportation demand between bridge and ferry systems
during bridge-closure and reopening periods. Percentages are normalized such that bridge and ferry
shares sum to 100%.

The results indicate that transportation demand shifted progressively toward ferry
services immediately following bridge closure, reflecting traveler adaptation to reduced
bridge availability. As ferry queues increased, redistribution rates gradually stabilized,
preventing excessive oversaturation of ferry-terminal facilities. Following bridge reopening,
transportation demand progressively returned toward bridge facilities as travel conditions
improved and accumulated congestion dissipated.

These observations demonstrate that traveler behavior constitutes a critical component
of corridor performance under interruption-sensitive operating conditions. The effective-
ness of the proposed framework therefore arises not only from infrastructure utilization
and operational control measures but also from its ability to anticipate and coordinate
demand redistribution across available crossing alternatives. The results highlight the
importance of incorporating adaptive traveler behavior into transportation-management
strategies for integrated bridge—ferry transportation systems.
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4.5. Congestion Propagation and Network-Level Traffic Interaction

Congestion spillback represented one of the primary mechanisms governing oper-
ational instability within the investigated bridge—ferry corridor. Under high-demand
and prolonged interruption conditions, queue accumulation extended beyond bridge
approaches and ferry-terminal storage areas into adjacent urban streets and nearby intersec-
tions. Consequently, localized congestion evolved into a corridor-wide traffic-management
challenge affecting both crossing facilities and surrounding roadway infrastructure.

Figure 12 provides a conceptual illustration of representative congestion-propagation
mechanisms under simulated bridge-interruption and high-demand conditions. The figure
is intended to facilitate visualization of the progressive evolution of congestion rather than
to present quantitative performance results. As illustrated, congestion initially develops
near bridge approaches and ferry-terminal access points before progressively extending
into upstream roadway segments. As the available storage capacity becomes increas-
ingly constrained, congestion propagates throughout a larger portion of the surrounding
transportation network, leading to spillback and reduced operational efficiency. The corre-
sponding quantitative performance evaluation is presented separately in the subsequent
tables and figures.

1. QUEUE FORMATION (WITHIN STORAGE AREA) 2. SPILLBACK TO ADJACENT STREETS 3. NETWORK IMPACT (INTERSECTION CONGESTION)
Normal Operation — Demand Within Capacity Storage Saturation — Queue Overflow Spillback Propagation - Network Degradation
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Figure 12. Conceptual illustration of congestion evolution and spillback propagation under represen-
tative bridge—ferry operating conditions.

The analysis indicates that spillback severity increased nonlinearly with both interrup-
tion duration and transportation-demand intensity. Under prolonged bridge-interruption
conditions, congestion propagation followed a cascading pattern in which localized bot-
tlenecks progressively influenced adjacent roadway segments and intersections. This
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behavior demonstrates the strong coupling between crossing-facility performance and
broader network-level traffic conditions.

The results further highlight the critical role of storage-capacity constraints in gov-
erning congestion amplification. Once bridge-approach and ferry-terminal storage areas
approached saturation, the ability of the corridor to absorb additional demand decreased
substantially. Under such conditions, relatively small increases in transportation demand
or interruption duration produced disproportionately large expansions in the spatial extent
of congestion.

Compared with unmanaged operating conditions, the proposed framework moder-
ated congestion propagation by improving the distribution of demand between bridge and
ferry services and reducing pressure on critical storage locations. Consequently, congestion
remained more localized and recovery of upstream roadway conditions occurred more
rapidly following restoration of crossing capacity.

These findings demonstrate that interruption-sensitive bridge—ferry systems should
be evaluated from a network perspective rather than solely through local performance
indicators. Effective corridor management therefore requires not only reducing congestion
at individual facilities but also limiting the spatial transmission of congestion throughout
the surrounding urban transportation network.

4.6. Multi-Objective Operational Trade-Off Analysis

Transportation-system management within interruption-sensitive bridge—ferry cor-
ridors requires balancing multiple competing objectives rather than optimizing a sin-
gle performance indicator. Consequently, the proposed framework employed NSGA-II
multi-objective optimization to investigate trade-offs among transportation delay, queue
accumulation, emissions generation, and spillback severity.

The resulting Pareto-optimal solutions revealed that simultaneous minimization of
all performance indicators was generally unattainable under highly constrained operating
conditions. Strategies aimed at aggressively reducing transportation delay frequently
require increased utilization of available crossing capacity and more intensive operational
intervention. Conversely, solutions prioritizing environmental performance occasionally
accept moderate increases in delay and queue accumulation.

Figure 13 presents the Pareto-optimal solutions generated by the proposed optimiza-
tion framework.

The Pareto front demonstrates the existence of multiple feasible operational strategies
capable of achieving different balances between transportation efficiency and environ-
mental performance. Solutions located at one end of the Pareto front provide maximum
congestion mitigation, whereas solutions located at the opposite end prioritize emissions
reduction while accepting modest increases in transportation delays.

The analysis further indicates that intermediate Pareto solutions often provided the
most balanced overall performance. These solutions simultaneously achieved substan-
tial reductions in transportation delay, queue accumulation, and spillback severity while
maintaining acceptable environmental outcomes. Such solutions may therefore repre-
sent practical operating strategies for transportation agencies seeking to balance mobility,
resilience, and sustainability objectives.

The results highlight the value of multi-objective optimization as a transportation
decision-support tool because it enables planners and operators to evaluate competing
operational priorities rather than relying on a single performance indicator. Consequently,
the framework supports more informed selection of operational strategies under varying
demand levels, interruption conditions, and management objectives.
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Figure 13. Pareto-optimal trade-off between mean operational transportation delay and estimated
CO; emissions. The highlighted baseline and selected solutions correspond to the values reported in
Table 13. The selected framework reduced delay from 1825 to 1025 veh-min and CO, emissions from
1755 to 1450 kg, corresponding to reductions of 43.8% and 17.4%, respectively.

Opverall, the obtained results demonstrate that multi-objective optimization provides an
effective mechanism for identifying balanced transportation-management strategies within
interruption-sensitive bridge—ferry transportation systems. The findings further empha-
size the importance of simultaneously considering congestion mitigation, environmental
performance, and network resilience when evaluating corridor-management alternatives.

4.7. Nonlinear Congestion Formation Under Increasing Demand

The analysis revealed strongly nonlinear system behavior as transportation demand
approached the effective service capacity of the integrated bridge—ferry corridor. Under
low- and moderate-demand conditions, increases in transportation demand produced
approximately proportional increases in queue accumulation and transportation delay.
However, this relationship changed substantially as corridor demand approached critical
operating capacity.

Figure 14 illustrates the demand-response behavior observed under progressively
increasing transportation-demand conditions. The results indicate the existence of a distinct
capacity-transition threshold beyond which congestion growth accelerated disproportion-
ately relative to additional demand increases.

Below the critical capacity threshold, available bridge and ferry resources remained
sufficient to accommodate fluctuations in transportation demand, resulting in relatively
stable queue behavior and rapid recovery following interruption events. In contrast, once
the effective capacity of the corridor was approached, congestion became increasingly
sensitive to bridge interruptions, ferry-service limitations, storage-capacity constraints, and
operational recovery efficiency.

The observed transition demonstrates the presence of threshold-driven system dy-
namics in which relatively small increases in transportation demand can trigger dispro-
portionately large increases in queue accumulation, transportation delay, and congestion
spillback. This behavior reflects the strong interaction among bridge-capacity interruptions,
ferry-service constraints, storage-area saturation, and adaptive traveler responses.
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Figure 14. Nonlinear queue formation behavior under increasing traffic-demand conditions and
capacity-transition effects within the investigated transportation corridor.

The findings further indicate that congestion-mitigation measures are most effective
when implemented before the corridor reaches critical operating conditions. Once the
system enters an oversaturated state, recovery becomes progressively more difficult because
congestion propagation and storage-capacity limitations reinforce one another, reducing
the ability of the corridor to absorb additional demand.

These results demonstrate that transportation-system performance within interruption-
sensitive bridge—ferry corridors cannot be adequately represented using linear demand-
response assumptions. Instead, corridor behavior is characterized by capacity-transition
effects and threshold-driven congestion dynamics that should be explicitly considered
when developing operational-management and resilience-enhancement strategies.

4.8. Ferry-Side Sensitivity Analysis
4.8.1. Sensitivity Analysis Under Varying Ferry Capacities

Additional sensitivity analyses were conducted to investigate the influence of ferry-
service capacity on transportation-system performance during bridge-interruption con-
ditions. Because ferry operation represents the principal alternative crossing mode dur-
ing bridge closures, understanding the relationship between ferry capacity and corridor
performance is essential for operational planning and congestion-management decision
making [37].

Figure 15 illustrates transportation-system sensitivity under varying ferry-capacity
conditions. Transportation delay and queue accumulation were selected as the primary per-
formance indicators because they directly reflect the ability of the corridor to accommodate
redistributed demand during interruption periods.

The results indicate that transportation delay and queue accumulation decreased
substantially as ferry-service capacity increased from low to moderate operating levels.
This trend reflects the improved ability of the ferry subsystem to accommodate demand
redirected from the bridge during interruption periods, thereby reducing pressure on
critical storage areas and limiting congestion accumulation.
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Figure 15. Influence of ferry-service capacity on total transportation delay and queue accumulation
during bridge-interruption conditions. Each data point represents the mean value obtained from

30 independent stochastic simulation replications, while the error bars denote the corresponding 95%
confidence intervals.

However, the relationship was distinctly nonlinear. Beyond a moderate ferry-capacity
threshold, additional capacity increases produced progressively smaller improvements
in transportation performance. This behavior indicates the presence of diminishing op-
erational returns, whereby further capacity expansion yields relatively limited benefits
compared with the corresponding increase in operational resources.

The analysis suggests that once ferry services become capable of accommodating a sub-
stantial proportion of redistributed transportation demand, corridor performance becomes
increasingly influenced by other operational constraints. These constraints include bridge-
interruption duration, terminal-processing efficiency, storage-area availability, recovery
dynamics, and congestion propagation within adjacent roadway segments. Consequently,
ferry-capacity expansion alone cannot fully eliminate congestion within crossing systems.

From a transportation-planning perspective, the findings are consistent with ferry-
crossing planning principles showing that capacity and service-level decisions strongly in-
fluence operational performance [37], whereas excessive capacity expansion may not be
economically justified because of diminishing performance gains. Therefore, the most effec-
tive corridor-management strategies are likely to combine targeted capacity enhancement with
adaptive operational control, traveler redistribution, and congestion-management measures.

Overall, the sensitivity analysis demonstrates that corridor performance is governed by
the interaction of multiple operational factors rather than ferry capacity alone. These find-
ings reinforce the importance of system-level transportation management when evaluating
improvement strategies for interruption-sensitive maritime—urban transportation corridors.

4.8.2. Representative Ferry-Side Engineering Assessment

The ferry-side assessment presented in this subsection provides a representative engi-
neering interpretation of the expected influence of ferry loading efficiency and active berth
availability on effective ferry-service capacity and corridor performance. The investigated
parameter levels were not evaluated through independent one-factor-at-a-time SUMO
simulation experiments. Accordingly, the reported trends should be interpreted as an
analytical engineering assessment supported by the calibrated baseline results, rather than
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as an independent quantitative sensitivity analysis. The effective ferry service capacity is
expressed as
”;ff _ N b;:f’ﬂ
c

where yj?ff denotes the effective ferry service rate, Ny, is the number of active ferry berths,
Cy is the ferry carrying capacity, #, represents ferry loading efficiency, and T is the av-
erage ferry operating cycle time. Ferry loading efficiency reflects terminal loading effec-
tiveness, whereas berth availability denotes the number of simultaneously active ferry-
service positions.

The representative ferry-side parameter levels considered in this engineering assess-
ment are summarized in Table 16.

Table 16. Representative ferry-side sensitivity scenarios adopted for engineering interpretation.

Parameter Repsr::re‘:::iaotlve Value Engineering Interpretation
Reduced 0.70 Reduced loading and unloading efficiency
Ferry loading efficiency ( 71) Baseline 0.85 Calibrated operating condition
y 8 y i Improved 1.00 Improved loading coordination
Optimized 1.15 Highly efficient terminal operation
Limited 1 Reduced berth availability
Active ferry berths (Np) Baseline 2 Calibrated operating configuration
Expanded 3 Increased parallel ferry operation

The preceding equation indicates that increasing either ferry loading efficiency or
berth availability proportionally increases the effective ferry service rate, thereby improving
corridor throughput during bridge-interruption periods. The corresponding engineering
implications are summarized in Table 17.

Table 17. Representative operational influence of ferry-side sensitivity parameters.

Operational Parameter Expected Influence on Corridor Performance

Reduced ferry waiting time

Reduced vehicle accumulation at ferry terminals
Lower congestion spillback
Faster post-closure recovery

Increased ferry loading efficiency (yr.)

Increased effective ferry service capacity
Higher ferry throughput
Reduced queue accumulation
Improved corridor operational resilience

Increased berth availability (Np)

To provide quantitative engineering context for these representative operational trends,
the calibrated comparison between the existing bridge operation and the proposed frame-
work is summarized in Table 18. These values correspond to the calibrated baseline analysis
presented earlier in the manuscript and are included solely to facilitate engineering inter-
pretation. They should not be interpreted as independent one-factor-at-a-time sensitivity
simulation results.
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Table 18. Reference calibrated operational improvements associated with the proposed framework.

Performance Indicator Existing Bridge Operation Proposed Framework Improvement
Ferry waiting time (min) 27.90 17.40 37.6%
Queue accumulation (vehicles) 182.21 113.55 37.7%
Approximate physical queue length (km) * 1.37 0.85 37.7%
Spillback index 0.418 0.200 52.2%
Recovery time after bridge reopening (min) 39.84 22.40 43.8%
CO; emissions (kg) 401.01 331.25 17.4%

* Approximate physical queue length was estimated using an average vehicle spacing of 7.5 m per queue. This
conversion is provided solely for engineering interpretation and was not used as a primary simulation output.

The calibrated reference values indicate that improved ferry-terminal operation is
associated with substantial reductions in ferry waiting time (37.6%), queue accumula-
tion (37.7%), congestion spillback (52.2%), post-closure recovery time (43.8%), and CO,
emissions (17.4%). The comparatively smaller reduction in emissions reflects the influ-
ence of additional factors, including total travel activity, vehicle operating conditions, and
engine-load characteristics.

Overall, this representative assessment identifies ferry loading efficiency and berth
availability as two important operational parameters governing the resilience of integrated
bridge—ferry transportation corridors. Improved loading efficiency increases the effective
ferry service rate by reducing loading and unloading losses, whereas additional active
berths increase simultaneous ferry throughput. Together, these mechanisms are expected
to reduce ferry waiting, vehicle accumulation, congestion spillback, and post-closure re-
covery time. The present assessment provides an engineering interpretation based on the
calibrated decision-support framework and should not be interpreted as an independent
one-factor-at-a-time sensitivity analysis. Future investigations incorporating dedicated
ferry-operation experiments or scenario-specific simulations would enable fully quantita-
tive characterization of individual ferry-side operational parameters.

4.9. Operational Behavior Under Prolonged Bridge Closure

Bridge interruptions represent one of the most influential operational disturbances
affecting performance within the Port Said-Port Fouad crossing corridor. To evaluate
the resilience of the proposed framework under increasingly adverse operating con-
ditions, additional analyses were conducted considering progressively longer bridge-
interruption durations.

Figure 16 illustrates the influence of bridge-closure duration on transportation-system
performance under baseline and adaptive operational-management conditions.

The results indicate that transportation performance deteriorated progressively as
bridge-interruption duration increased. Under baseline operating conditions, transporta-
tion delay exhibited a strongly nonlinear response to prolonged closures, reflecting the
growing inability of the corridor to accommodate arriving demand during extended ca-
pacity interruptions. As closure duration increased, the transportation system became
increasingly vulnerable to congestion amplification and delayed recovery.

In contrast, the proposed framework maintained comparatively stable performance
across the investigated range of interruption durations. Although transportation delay
increased under more severe disruption conditions, the rate of performance deterioration
remained substantially lower than that observed under unmanaged operation. This be-
havior indicates that coordinated bridge—ferry management can improve the ability of the
corridor to absorb and recover from prolonged operational disturbances.
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Figure 16. Influence of bridge-closure duration on total system delay and peak queue length un-
der representative bridge-interruption conditions. Each data point represents the mean value ob-
tained from 30 independent stochastic simulation replications, while the annotated values denote
the corresponding mean total system delay and peak queue length for each investigated bridge-
closure duration.

The difference between baseline and adaptive operating conditions became increas-
ingly pronounced as interruption duration increased. Under relatively short interruptions,
performance differences remained moderate because the available transportation infrastruc-
ture retained sufficient residual capacity to accommodate accumulated demand. However,
under prolonged interruption conditions, adaptive traveler redistribution and coordinated
ferry utilization became increasingly important for maintaining corridor functionality.

From a transportation-resilience perspective, the findings demonstrate that the ef-
fectiveness of adaptive operational management increases with disruption severity. The
proposed framework therefore provides a practical decision-support mechanism for re-
ducing vulnerability to maritime-navigation disturbances and enhancing the ability of
interruption-sensitive bridge—ferry transportation systems to maintain acceptable perfor-
mance during extended bridge closures.

Overall, the results highlight the importance of resilience-oriented operational plan-
ning within maritime-urban transportation environments, where disruption duration can
exert a dominant influence on corridor performance and recovery behavior.

4.10. Spillback Escalation Under Prolonged Bridge-Closure Conditions

To further evaluate corridor resilience under prolonged disruption conditions, addi-
tional analyses were conducted to examine spillback escalation behavior as bridge-closure
duration progressively increased. Particular attention was given to the ability of differ-
ent operational-control strategies to delay the onset of severe spillback propagation and
maintain stable corridor operation during extended bridge interruptions.

Figure 17 illustrates spillback-severity trends under increasing bridge-closure dura-
tions for unmanaged operation, rule-based coordination, and the proposed framework.
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increased spillback propagation into the upstream urban roadway network.

Note 1: The spillback index ranges from 0 (no spillback) to 1 (maximum spillback severity).
Note 2: Values represent mean results obtained from 30 independent stochastic simulation runs.

Figure 17. Effect of bridge-closure duration on spillback severity under different operational strate-
gies. The proposed framework consistently maintains the lowest spillback index across the investi-
gated bridge-closure duration range, indicating improved operational resilience under prolonged
interruption conditions. Values represent mean results obtained from 30 independent stochastic
simulation runs.

The results indicate that all investigated strategies experienced increasing spillback
severity as bridge-closure duration increased. Longer interruption periods reduced the
effective corridor capacity, resulting in progressively greater queue accumulation and
upstream spillback propagation. However, substantial differences were observed in the
rate at which overflow conditions developed. Under unmanaged operation, spillback
intensity increased rapidly once bridge-closure duration exceeded approximately 30 min,
indicating the onset of critical operational conditions.

The rule-based strategy provided moderate improvements by delaying congestion
escalation under intermediate demand levels. Nevertheless, its effectiveness diminished
under heavily oversaturated conditions because of its limited responsiveness to evolving
congestion patterns and changing transportation-system states.

In contrast, the proposed framework consistently maintained lower spillback intensity
across the entire bridge-closure duration range. The adaptive redistribution of trans-
portation demand between bridge and ferry services enabled more balanced utilization of
available crossing capacity and reduced pressure on critical storage areas. Consequently, the
onset of severe overflow conditions occurred at substantially longer interruption durations
compared with unmanaged operations.

The results further demonstrate that the primary benefit of adaptive operational
management is not the complete elimination of congestion under prolonged bridge-closure
conditions, but rather the postponement of critical system transitions associated with
congestion amplification and network-wide spillback propagation. This behavior effectively
increases the operational tolerance of the corridor and improves its ability to accommodate
temporary demand surges without experiencing rapid performance degradation.

These findings highlight the importance of spillback-aware operational strategies
for interruption-sensitive bridge—ferry transportation systems. From a transportation-
management perspective, delaying the onset of oversaturated conditions may be as im-
portant as reducing congestion itself because it enhances corridor resilience and provides
operators with additional flexibility during periods of elevated demand and prolonged
operational disruptions.
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4.11. Integrated Sensitivity Summary

The sensitivity and scenario-based analyses presented in Sections 4.7—4.9 collectively
demonstrate that transportation-system performance within the Port Said-Port Fouad
corridor is governed by the interaction among bridge-interruption duration, transportation-
demand intensity, ferry-service capability, and traveler-redistribution behavior.

Among the investigated parameters, bridge-interruption duration exhibited the
strongest influence on corridor performance. Prolonged interruptions produced substantial
increases in transportation delay, queue accumulation, congestion spillback, and recov-
ery duration because of the sustained loss of crossing capacity. Transportation-demand
escalation represented the second most influential factor, particularly under oversatu-
rated operating conditions where congestion amplification accelerated rapidly once critical
capacity thresholds were approached.

Ferry-service capability played an important moderating role by providing alterna-
tive crossing capacity during interruption periods. The sensitivity analyses showed that
moderate increases in ferry capacity generated significant reductions in transportation
delay and queue accumulation. However, the associated benefits gradually diminished at
higher capacity levels, indicating that ferry-capacity expansion alone cannot fully eliminate
congestion under interruption-sensitive operating conditions.

The analyses further demonstrated the importance of adaptive traveler redistribution.
Coordinated demand allocation between bridge and ferry services improved utilization of
available transportation resources, reduced pressure on critical storage areas, and delayed
the onset of severe congestion conditions. Consequently, traveler behavioral adaptation
emerged as an important contributor to corridor resilience and operational stability.

Table 19 summarizes the combined influence of the principal operational disturbances
investigated throughout the study and provides a consolidated overview of their effects on
corridor performance.

Table 19. Sensitivity robustness matrix for major operational parameters.

Parameter Variation

Total Delay Queue-Length  Overflow Severity Operational

Change (%) Change (%) Change (%) Stability
+10% Traffic Demand +14.2 +18.5 +21.3 Moderate
+20% Traffic Demand +28.7 +35.1 +41.6 Reduced

+20% Bridge-Closure Duration +26.8 +33.7 +38.4 Reduced
+40% Bridge-Closure Duration +51.2 +67.9 +74.5 Critical

—15% Ferry Capacity +19.5 +24.1 +29.7 Moderate

—25% Ferry Capacity +34.6 +42.8 +48.3 Reduced

+15% Ferry Loading Time +12.7 +16.9 +18.2 Moderate

+25% Incident-Related Delay +31.4 +39.5 +46.8 Reduced

+20% Traveler Redistribution to Ferry -11.3 —14.7 -17.9 Improved

The sensitivity matrix confirms that bridge-interruption duration remains the domi-
nant operational factor governing congestion escalation and spillback propagation within
the investigated corridor. A 40% increase in bridge-closure duration generated the largest
deterioration across all performance indicators, highlighting the critical influence of
maritime-navigation disruptions on corridor operation. In contrast, increased traveler
redistribution toward ferry services consistently improved transportation performance and
reduced congestion severity.

Overall, the combined sensitivity analyses confirm that the proposed framework
remains operationally stable across a broad range of disturbance conditions while providing
effective support for congestion mitigation, spillback control, and resilience enhancement
within interruption-sensitive bridge—ferry transportation systems.
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4.12. Robustness Assessment, Uncertainty Characterization, and Model Limitations

To further evaluate the robustness of the proposed decision-support framework under
uncertain operating conditions, a scenario-based robustness assessment was performed
using 30 independent stochastic simulation replications for each investigated operating
condition. Four representative operating scenarios were considered, namely low-demand,
normal-demand, high-demand, and prolonged bridge-interruption conditions. The objec-
tive was to quantify the variability of the principal vehicle-oriented performance indicators
and to characterize the uncertainty associated with representative operational variations
within the scope of the adopted simulation framework.

Figure 18 presents the scenario-based uncertainty assessment by reporting the per-
centage changes in mean transportation delay and mean queue accumulation relative to
the calibrated normal-demand scenario, whereas Table 20 summarizes the corresponding
statistical performance indicators. Under low-demand conditions, the mean transporta-
tion delay decreased from 6980 to 4280 veh-min, accompanied by a reduction in mean
queue accumulation from 470 to 185 vehicles, corresponding to reductions of 38.7% and
60.6%, respectively. Conversely, increasing traffic demand substantially intensified con-
gestion, increasing transportation delay to 11,420 veh-min and mean queue accumulation
to 1020 vehicles, representing increases of 63.6% and 117.0%, respectively. The prolonged
bridge-interruption scenario produced the most severe operating condition, increasing
transportation delay to 16,830 veh-min and mean queue accumulation to 1480 vehicles,
corresponding to increases of 141.1% and 214.9%, respectively.
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Figure 18. Scenario-based uncertainty assessment of the proposed framework under representative
operating conditions. Percentage changes in mean transportation delay and mean queue accumula-
tion are reported relative to the calibrated normal-demand scenario. Values represent the mean results
obtained from 30 independent stochastic simulation replications for each investigated operating
scenario. Positive values indicate an increase relative to the baseline scenario, whereas negative
values indicate a reduction.
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Table 20. Robustness assessment of the proposed decision-support framework under representative
operating conditions based on 30 independent stochastic simulation replications.

Mean Delay Queue
. . Transportation o Mean Queue Change Change
Operating Scenario Delay SD €OV (%) (Vehicles) Relative to Relative to
(veh-min) Normal (%) Normal (%)
Low-demand conditions 4280 215 5.0 185 —38.7 —60.6
Normal-demand 6980 340 49 470 0.0 0.0
conditions (baseline)
High-demand conditions 11,420 690 6.0 1020 +63.6 +117.0
Prolonged
bridge-interruption 16,830 1120 6.7 1480 +141.1 +214.9
conditions

Across all investigated scenarios, the coefficient of variation remained below approxi-
mately 7%, indicating that the stochastic simulation results remained statistically stable
despite variations in traffic demand, bridge-interruption duration, ferry operation, and
traveler response. These results demonstrate that the proposed framework provides statis-
tically stable predictions of the investigated vehicle-oriented performance indicators while
also highlighting the strongly nonlinear nature of congestion evolution. Once the corridor
approaches its storage-capacity limit, relatively moderate increases in traffic demand or
interruption duration produce disproportionately large increases in transportation delay
and queue accumulation because of spillback propagation and network saturation effects.

The uncertainty associated with the baseline simulation outputs was further quantified
using the relative half-width of the 95% confidence interval obtained from the 30 stochas-
tic simulation replications. As illustrated in Figure 19, the estimated uncertainty enve-
lope remained below approximately 5.1% for all principal vehicle-performance indica-
tors. Transportation delay exhibited the smallest relative uncertainty (2.1%), followed by
spillback (3.5%) and queue accumulation (3.9%), whereas recovery performance showed
the largest uncertainty (5.1%). Nevertheless, the uncertainty associated with all investi-
gated indicators remained comparatively small, indicating that the calibrated simulation
framework provides consistent and statistically reliable predictions under the adopted
operating assumptions.

Because an independent multimodal reference model incorporating explicit pedestrian
and bicycle interactions was not available, the influence of the adopted simplifying as-
sumptions could not be quantified directly as an independent simulation-error component.
Instead, the presented robustness assessment and uncertainty characterization provide a
quantitative uncertainty envelope for the principal vehicle-oriented performance indica-
tors under representative operational variations, thereby defining the practical range of
variability associated with the adopted modeling assumptions rather than a direct estimate
of model error.

The present simulation framework was developed primarily to evaluate vehicle-
oriented operational performance. Accordingly, several simplifying assumptions were
adopted to maintain computational efficiency while preserving the principal traffic dy-
namics of the investigated bridge—ferry corridor. These assumptions include generalized
traveler route-choice behavior, aggregated ferry operational characteristics, representative
weather conditions, and the exclusion of explicit pedestrian and bicycle interactions from
the microscopic traffic model.
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Figure 19. Estimated simulation uncertainty envelope for the principal baseline vehicle-performance
indicators. Uncertainty is expressed as the relative half-width of the 95% confidence interval ob-
tained from 30 independent stochastic simulation replications. The relatively small confidence-
interval widths indicate statistically consistent baseline simulation results under the adopted
operating assumptions.

The exclusion of non-motorized users is expected to have only a limited influence on
the reported vehicle-performance indicators because pedestrian and bicycle movements are
physically separated from vehicular operations within the Port Said—Port Fouad crossing
system. Pedestrians are accommodated in dedicated seating and standing areas on both
sides of the ferry vehicle decks, while several ferries also provide additional upper-deck
passenger seating. Consequently, pedestrian demand is not expected to materially reduce
the effective vehicle-carrying capacity of the ferries under the investigated operating condi-
tions. Similarly, the floating bridge incorporates a dedicated lateral lane for pedestrians and
cyclists that is physically separated from the vehicular carriageway. Therefore, pedestrian
and bicycle movements are not expected to directly influence vehicle delays, queue accu-
mulation, congestion spillback, or post-closure recovery within the scope of the adopted
vehicle-oriented simulation framework.

Although these simplifying assumptions are expected to have only a limited influence
on the vehicle-oriented performance indicators investigated in the present study, they may
affect broader multimodal service-quality aspects, including pedestrian comfort, acces-
sibility, passenger waiting conditions, and safety. Future developments of the proposed
framework should therefore integrate explicit pedestrian and bicycle demand models,
weather-responsive traveler behavior, ferry passenger-flow interactions, and multimodal
coordination mechanisms to support comprehensive corridor management under diverse
operating conditions.

Overall, the combined robustness assessment and uncertainty characterization demon-
strate that the proposed framework provides statistically stable and reproducible predic-
tions of the investigated vehicle-oriented performance indicators across a wide range of
representative operating conditions. At the same time, the identified modeling assump-
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tions clearly define the current scope of applicability while providing a practical roadmap
for future developments toward fully integrated multimodal Digital Twin transporta-
tion systems.

4.13. Engineering Interpretation and Practical Implications

The results obtained throughout the comparative evaluation, sensitivity investigations,
and optimization analyses provide several important engineering insights regarding the
operation of interruption-sensitive bridge—ferry transportation systems.

A primary observation is that corridor performance is governed by the coupled
interaction among bridge interruptions, ferry-service capability, traveler redistribution,
storage-capacity constraints, and congestion-spillback propagation. Rather than being
controlled by a single operational factor, transportation-system behavior emerges from the
dynamic interaction of these mechanisms. Consequently, effective corridor management
requires coordinated operation of both bridge and ferry subsystems rather than isolated
interventions targeting individual components.

The sensitivity analyses further revealed the existence of threshold-driven conges-
tion behavior. Under low- and moderate-demand conditions, the corridor maintained
relatively stable operation, with available crossing capacity sufficient to accommodate fluc-
tuations in transportation demand. However, as demand approached the effective service
capacity of the system, congestion growth became increasingly nonlinear. Under such
conditions, relatively small increases in transportation demand or bridge-closure duration
generated disproportionately large increases in queue accumulation, transportation delay,
and spillback severity. These findings highlight the importance of proactive operational
management before critical congestion thresholds are reached.

The results also indicate that infrastructure-capacity expansion alone cannot fully elim-
inate congestion within interruption-sensitive bridge—ferry systems. Although increased
ferry-service capability improved transportation performance, the associated benefits grad-
ually diminished at higher capacity levels. Once ferry services became capable of accom-
modating a substantial proportion of redistributed demand, other constraints—including
bridge-interruption duration, terminal-processing efficiency, storage availability, and re-
covery dynamics—became increasingly dominant. Consequently, long-term performance
improvement requires a combination of capacity enhancement, operational coordination,
and adaptive demand management rather than reliance on infrastructure expansion alone.

Another important finding concerns the role of traveler behavior. The adaptive re-
distribution mechanism demonstrated that congestion mitigation depends not only on
infrastructure capacity but also on how transportation demand is allocated between avail-
able crossing alternatives. Coordinated utilization of bridge and ferry services improved
resource allocation, reduced pressure on critical storage areas, and delayed the onset of
oversaturated operating conditions. These observations emphasize the importance of incor-
porating behavioral adaptation into transportation-management strategies for multimodal
transportation corridors.

From a practical perspective, the proposed framework can support congestion mitiga-
tion, disruption-response planning, multimodal transportation coordination, and resilience-
oriented transportation management [27]. Transportation agencies may use the framework
to evaluate alternative operational strategies, identify critical performance thresholds, and
assess the likely consequences of operational disruptions before implementing management
actions in the field.
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Overall, the findings demonstrate that interruption-sensitive transportation systems
should be managed using an integrated and system-level perspective that simultane-
ously considers infrastructure availability, traveler behavior, operational flexibility, and
network-level congestion interactions. The proposed framework provides a practical
decision-support tool for improving transportation efficiency, operational resilience, and
sustainability within complex bridge—ferry transportation environments.

4.14. Towards Digital Mapping and Digital Twin-Oriented Transportation Management

Beyond the operational improvements demonstrated in this study, the proposed
framework establishes an important step toward future digital mapping and Digital Twin-
oriented transportation management of interruption-sensitive bridge—ferry transportation
systems. Although the present methodology does not constitute a fully synchronized real-
time Digital Twin, it provides several of the fundamental analytical components required
for future digital transportation environments [18,38,40].

The developed framework integrates operational-state characterization, microscopic
traffic simulation, adaptive traveler behavior, congestion-propagation analysis, surrogate-
assisted prediction, and optimization-based decision support within a unified analytical
environment. Together, these capabilities enable comprehensive representation of the
interactions among bridge availability, ferry operations, transportation demand, queue
accumulation, and network-level congestion dynamics.

From a transportation-management perspective, the framework may serve as the
analytical core of a future corridor-wide digital mapping platform capable of continuously
representing operational conditions and evaluating alternative management strategies. By
combining transportation-state estimation with predictive analytics and optimization tools,
transportation agencies can move beyond reactive congestion management toward more
proactive and evidence-based operational decision making.

Future implementation pathways may incorporate automated data acquisition from
traffic sensors, AIS vessel-monitoring systems, ferry-operation databases, and intelligent
transportation infrastructure [27,28]. The integration of such data streams would enable
continuous updating of transportation-system states, improving the realism and respon-
siveness of operational forecasting and decision-support processes.

In the longer term, Digital Twin-oriented transportation systems could combine real-
time monitoring, simulation-based forecasting, predictive analytics, and optimization-
assisted control within a unified management environment. Such capabilities would
allow transportation operators to anticipate congestion formation, evaluate operational
alternatives before implementation, and improve resilience during bridge interruptions,
demand surges, and other disruptive events.

Therefore, the present study should be viewed not only as an operational optimiza-
tion framework but also as a foundational step toward future digital transportation-
management ecosystems capable of supporting adaptive, predictive, and resilience-oriented
management of interruption-sensitive maritime—urban mobility systems.

Figure 20 illustrates the envisioned evolution pathway of the proposed framework
from a field-calibrated simulation-based decision-support environment toward future
Digital Mapping and Digital Twin-oriented transportation management. The current
implementation focuses on operational-state characterization, simulation, surrogate-
assisted prediction, and optimization, whereas future developments may incorporate
automated data acquisition, continuous monitoring, predictive analytics, and adaptive
operational control.
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Figure 20. Evolution of the proposed framework from field-calibrated decision support toward future
Digital Twin-oriented transportation management. Upward arrows (1) indicate improvements in
desirable operational performance, whereas downward arrows (J.) indicate reductions in undesirable
operational impacts.

5. Practical Limitations and Deployment Considerations

Despite the promising performance demonstrated by the proposed framework, several
practical limitations should be acknowledged when interpreting the results and considering
future deployment.

First, the developed methodology relies on simplified representations of certain op-
erational processes, including traveler behavioral adaptation, transportation-demand un-
certainty, and ferry-operational variability. Although these assumptions improve model
tractability and computational efficiency, actual transportation systems may exhibit addi-
tional behavioral and operational complexities that are not explicitly represented in the
current implementation.

Second, the proposed framework was developed using field-informed observations
and calibrated simulation conditions rather than continuous real-time synchronization
with live operational data. Consequently, the methodology should be interpreted as a
field-calibrated simulation-based decision-support framework rather than an operational
real-time management platform.

Another limitation relates to traveler redistribution behavior. The implemented mode-
shift mechanism was primarily governed by congestion conditions and waiting times,
whereas actual traveler decisions may additionally be influenced by trip purpose, socioeco-
nomic characteristics, route familiarity, weather conditions, and individual preferences.

From a computational perspective, the XGBoost surrogate model substantially reduced
the computational burden associated with repeated microscopic simulation evaluations.
Nevertheless, large-scale deployment involving continuous optimization, network-wide
analysis, and near-real-time operational support may require additional computational
resources and scalable implementation architectures.

https://doi.org/10.3390/ futuretransp6040165


https://doi.org/10.3390/futuretransp6040165

Future Transp. 2026, 6, 165

51 of 54

An additional methodological consideration is that the proposed framework was not
designed to maximize a single performance objective, such as CO; emissions reduction.
Instead, the adopted multi-objective optimization strategy was developed to achieve a
balanced compromise among transportation delay, congestion mitigation, operational re-
silience, and environmental performance. Consequently, alternative control strategies, such
as the reinforcement-learning benchmark, may outperform the proposed framework with
respect to specific individual objectives while providing a less balanced overall operational
performance across multiple transportation-performance indicators.

Although long-term external operational datasets were not available for independent
external validation, obtaining such datasets within strategic bridge—ferry transportation
corridors is inherently challenging because of restricted data accessibility and continuously
changing operational conditions. Consequently, the adopted field-calibration and within-
sample validation procedure was designed to ensure consistency between observed and
simulated behavior under representative corridor conditions. Therefore, the validation
presented in this study should be interpreted as within-sample validation demonstrating
internal consistency between the calibrated simulation environment and the observed
operational behavior rather than as a fully independent external validation.

Despite these limitations, the developed framework provides a practical and computa-
tionally efficient basis for evaluating congestion evolution, spillback propagation, traveler
redistribution, operational resilience, and transportation-system performance within com-
plex bridge—ferry transportation environments operating under uncertain conditions.

6. Conclusions

This study developed a field-calibrated simulation-based decision-support frame-
work for analyzing and improving the performance of interruption-sensitive bridge—ferry
transportation systems subjected to maritime-induced capacity disruptions. The frame-
work was applied to the Port Said—Port Fouad crossing corridor, where bridge interrup-
tions, ferry operations, and multimodal traveler behavior interact to influence overall
corridor performance.

The results demonstrated that coordinated management of bridge and ferry opera-
tions can substantially improve transportation efficiency and system resilience. Relative to
unmanaged operating conditions, the proposed framework reduced transportation delay
by 43.8%, corridor-wide vehicle accumulation by 65.9%, and estimated CO, emissions
by 17.4%. Furthermore, the robustness assessment demonstrated statistically stable per-
formance under representative operating conditions, including increased traffic demand
and prolonged bridge-interruption scenarios, supporting the reliability of the proposed
framework within the investigated operational domain.

By integrating microscopic traffic simulation, surrogate-assisted prediction, and multi-
objective optimization, the proposed methodology enables efficient evaluation of alterna-
tive operational strategies while preserving realistic representation of congestion evolu-
tion, traveler redistribution, and bridge—ferry interactions. The obtained results indicate
that adaptive operational coordination can effectively accommodate demand fluctuations,
mitigate congestion propagation, shorten post-interruption recovery, and enhance the
operational resilience of interruption-sensitive transportation corridors.

Although the framework was field-calibrated using representative observations
from the investigated corridor, additional developments would further improve its
applicability and predictive capability. Future research may be organized into three
complementary directions.

Near-term research should focus on enhancing model realism through continu-
ously updated operational datasets, improved traveler-behavior representation, weather-
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responsive ferry operations, and the incorporation of additional operational variables, in-
cluding ferry loading efficiency, berth availability, and dynamic traffic-demand estimation.

Medium-term research should investigate advanced intelligent transportation tech-
nologies, including reinforcement-learning-based traffic control, multi-agent transportation-
management architectures, Graph Neural Network-based congestion prediction, connected-
vehicle information, and real-time vessel-arrival forecasting to further improve adaptive
operational decision making.

Long-term research may extend the proposed methodology toward Digital Twin-
oriented transportation-management ecosystems capable of supporting coordinated op-
eration across multiple bridge—ferry corridors. Future developments may incorpo-
rate multimodal passenger and freight interactions, infrastructure resilience assessment,
sustainability-oriented performance indicators, lifecycle operational optimization, au-
tonomous ferry operations, and regional transportation coordination to support increas-
ingly adaptive and resilient transportation management.

Overall, the proposed methodology provides transportation agencies with a practical
and computationally efficient decision-support tool for evaluating operational alternatives,
mitigating congestion impacts, and improving resilience within interruption-sensitive
bridge—ferry transportation systems. Furthermore, the developed methodology establishes
a practical foundation for the progressive evolution toward digital mapping and Digital
Twin-oriented transportation-management applications through the integration of auto-
mated data acquisition, predictive analytics, and adaptive operational decision support.
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Al Artificial Intelligence

AIS Automatic Identification System
CO, Carbon Dioxide

KPI Key Performance Indicator
MAE Mean Absolute Error

MAPE Mean Absolute Percentage Error
ML Machine Learning
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NSGA-II  Non-dominated Sorting Genetic Algorithm II

PM Polynomial Mutation

R? Coefficient of Determination
RL Reinforcement Learning
RMSE Root Mean Square Error
SBX Simulated Binary Crossover

SUMO Simulation of Urban Mobility
XGBoost  Extreme Gradient Boosting
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