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Innovative Applications of Transportation (w\‘ Khalid Zeghaiton Chaloob
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Abstract

This study investigates the innovative applications of transportation problem
within operations research and statistical modeling, addressing the computational
and practical challenges posed by large-scale and complex datasets. By developing
scalable algorithms, hybrid metrics, and dynamic transport models, the research
enhances key data analysis tasks such as clustering, dimensionality reduction, and
outlier detection. The integration of transportation problem into these domains
bridges the gap between theoretical concepts and practical implementation,
offering significant improvements in accuracy, efficiency, and interpretability.
Empirical evaluations using real-world datasets from diverse sectors, including
healthcare, finance, and environmental sciences, demonstrate the effectiveness of
the proposed approaches. Furthermore, the study introduces interactive tools and
dynamic transport dashboards, facilitating user engagement and practical adoption
of transportation-based methods. The findings highlight the transformative
potential of transportation problem in modern data analysis, offering robust

solutions for tackling complex data challenges across various industries.

Keywords:
Transportation problem, Wasserstein distance, clustering, dimensionality reduction,
outlier detection, computational efficiency, hybrid metrics, dynamic transport

models.
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1. Introduction

Transportation problem offers a valuable mathematical framework for quantifying
differences between probability distributions, with the Wasserstein metric
emerging as a widely used tool in various applications. Studies by Villani (2021)
and Fatras et al. (2021) have highlighted its utility in areas such as dataset
comparison, domain adaptation, and understanding data variability. Despite its
theoretical advancements, practical implementation and computational efficiency

challenges remain areas that require further exploration.

This study aims to address these challenges by developing algorithms that enhance
computational efficiency and introducing novel applications of transportation
problem to tackle statistical issues within operations research. Building on Villani’s
theoretical contributions and the applied insights from Fatras et al., the research
focuses on creating scalable solutions and investigating their potential across

multiple real-world datasets and scenarios.
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2. Literature Review

Villani (2021) laid the theoretical groundwork by focusing on fundamental
concepts such as the Wasserstein distance and optimal transport maps, which
provide a basis for measuring distances between distributions. Building on this
foundation, Fatras et al. (2021) introduced practical computational solutions to
overcome challenges associated with imbalanced datasets by leveraging

unbalanced minibatch optimal transport techniques.

Very recent work with some really interesting results has also repurposed the
transportation problem to other domains. Le et al. (2024) demonstrated that
optimal transport principles can be employed in motion planning, yielding both
computational and practical advantages in dynamic settings. Similarly, Sundstrom
et al. (2024) used the application of transportation problem in signal processing to
correct calibration errors and decrease major errors. For example, Bagchi (2024)
extended the applications of transport problem to nonequilibrium statistical
mechanics and highlighted the relevance for modeling complex dynamic systems,

as well as comprehension of evolution associated with physical process.

Further research added to the applicability of transportation problem. Zheng et al.
(2025) proposed an approach to model the effects of landscape change on the
transport of nutrient pollution and showed that it is applicable in environmental
sciences. Ma et al. (2025) investigated urban rail transit network resilience against
cascading failures, demonstrating applications of transportation models for
infrastructure planning and disaster mitigation. In addition, Coppola et al. (2020)

and the transportation problems to forecast demand in urban air mobility as part of
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current concepts that will find a place among new urban forms and multimodal

transport systems.

So, this study- tries to extend the previous works and shows up new computational
methodologies as well as practical transportation problems that are addressing the

modern issues in several industries.

Transportation problem is evolving nonstop with its synergy with plethora of
technologies & methodologies and has a use in various field. Bianchi et al.
Machine learning and operational research combined to identify predictive
maintenance of railway systems, is becoming increasingly important for accurate
monitoring (2025). These insights can drive efficiency gains that cement
transportation problem as a true Narwhal of the O.R. world in its ability to reduce

logistic headaches for firms.

Similarly, Petropoulos et al. (2024) use operational research methods to improve
logistical processes. There are only few studies regarding the transportation
problem and they are very noisy with assumptions whose impact could be resolved

by their study.

In the field of explainable artificial intelligence (AI), De Bock et al. (2024)
proposes frameworks that improve both transparency and interpretability of
complex models used in operational research. We have similar aims of
transportation problem in terms of its focus on prediction and decision making
under a well-defined statistical context with emphasis on power. This opens new
pathways of opportunities in modelling hybrid metrics and dynamic transport

models as part of their operating frameworks to better understand underlying
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behaviours of systems, create trust between predictive analytics results which is the

key by-product whenever explicit knowledge bases are being devised.
Researcher’s Perspective

While these studies demonstrate the adaptability of transportation problem across
various domains, their emphasis on specific applications can sometimes hinder
broader scalability. A more comprehensive approach—one that balances
theoretical depth with practical implementation—could further enhance
transportation problem’s potential in fields such as finance, healthcare, and
environmental science. By bridging theoretical rigor with real-world scalability,

transportation problem could serve as a versatile tool to address complex, data-

intensive challenges across multiple industries.

Table 1: Critical Comparison of Studies on Transportation Problem and Its Applications

Study Methodology Strengths Limitations

Villani Universal applicability, Not tailored for computational
Mathematical formalism ' '

(2021) rigorous abstract framework efficiency

Fatras et al.

Minibatch optimal transport

Computational efficiency,

practical for imbalanced

Limited to minibatch scenarios,

(2021) lacks global adaptability
datasets
Le et al. Optimal transport in Real-time application, high Domain-specific, lacks
(2024) robotics efficiency transferability to other fields
Sundstrom Impulse response Robustness in noisy

et al. (2024)

interpolation

environments

High computational cost

Bagchi Nonequilibrium statistical o o Abstract, limited immediate
‘ Interdisciplinary applications ‘ .
(2024) mechanics practical utility
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Study Methodology Strengths Limitations
) ) o Focused on environmental context,
Zheng et al.|| Modeling framework for Environmental applications,
‘ ' limited adaptability to other
(2025) nutrient transport robust modeling framework ‘
domains
o Robustness of networks, Limited to urban rail systems, may
Ma et al. Robustness modeling in o ‘ '
. application to urban transit not generalize to other transport
(2025) urban transit
systems modes
Coppola et Urban air mobility Practical application in urban | Focus on specific geographical area
al. (2025) forecasting planning, demand forecasting (Milan)

3.1 Optimal Transport Problem

The classical optimal transport problem is centered on the objective of minimizing
the transportation cost between two probability distributions while preserving their
inherent structure and characteristics. The goal is to establish an optimal mapping
that efficiently reallocates mass from one distribution to another, ensuring minimal

cost in accordance with a predefined cost function.

yvimngy o o eCx, )T, 1) dx diy

3.2 Wasserstein Distance

The Wasserstein distance, also known as the Earth Mover’s Distance (EMD), is a
fundamental metric used to quantify the dissimilarity between two probability
distributions, denoted as PPP and QQQ. It measures the minimum cost required to
transform one distribution into the other, taking into account both the amount of

mass that needs to be transported and the distance it must travel.
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Formally, the Wasserstein distance is defined as the optimal value of a transport
plan that minimizes the total transportation cost under the constraint of mass
preservation. Given a cost function c(X,y)c(X, y)c(X,y), which represents the effort
required to move a unit of mass from location xxx in distribution PPP to location

yyy in distribution QQQ, the Wasserstein distance is expressed as:

. 1/
W(p, Q) - (lnf'ygr(P’Q) L\ix?ﬂ’ C(ZB, y) df}/(aja y)) v

3.3 Unbalanced Optimal Transport

Unbalanced optimal transport (UOT) extends the classical optimal transport
framework by relaxing the strict mass preservation constraint, allowing for a more
flexible and practical approach when dealing with imbalanced data. In real-world
scenarios, such as biological data analysis, financial modeling, and image
processing, the total mass of the distributions being compared is often not equal.
The UOT framework addresses this issue by introducing a penalty term that

accounts for discrepancies in mass between the source and target distributions.

The key concept in UOT is the incorporation of a penalty factor, denoted as
Mlambdal, which regulates the balance between transport cost and mass variation.
This penalty function allows partial transport and mass creation or destruction,
making the model more adaptable to scenarios where strict conservation is not
feasible. The optimization problem in unbalanced optimal transport is typically

formulated as follows:
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miny [y . c(z,y)T(z,y) dedy + X [, P(z)log ;E;; dx

3.4 Hybrid Metrics

The proposed hybrid metrics framework integrates the classical Wasserstein
distance with kernel-based similarity measures to provide a comprehensive
approach to comparing probability distributions. This combination allows for a
more nuanced understanding of data by capturing both global structural differences
and local feature similarities, which is particularly advantageous in high-

dimensional and complex data spaces.

H(P,Q) = (aW(P,Q)+ (1 —a) - K(P,Q))

3.5 Dynamic Transport Models (New)

Dynamic transport models represent an advanced extension of the optimal
transport framework, designed to account for time-dependent probability
distributions. Unlike traditional transport models that focus on static distributions,
dynamic transport models analyze how distributions evolve over time. This
temporal perspective enables a more comprehensive understanding of shifting
patterns and trends, making the approach highly relevant for applications in

various fields such as finance, healthcare, and climate sciences.

T(t) = argminy [, c(z,y,t) T(z,y,t) dzdy

(Yerh) 4! a glall daSae d3biad dlaa — dmalad) adlual) Alya
YOXT AT (YY) aaadl - daaladl oSl A4S e il




Innovative Applications of Transportation (w\‘ Khalid Zeghaiton Chaloob
Problem in Operations Research and Statistical Modeling Models Qusay h khalaf

4. Algorithm Development
4.1 Computational Efficiency

Achieving computational efficiency is a critical challenge in optimal transport
problems, particularly when working with large-scale datasets in operations
research and statistical modeling. To address this challenge, we have leveraged
advanced optimization techniques such as genetic algorithms (Gen & Lin, 2023)
and minibatch optimization (Fatras et al., 2021) to develop parallelized algorithms

for computing Wasserstein distances with enhanced speed and scalability.
4.2 Applications
1. Clustering:

o Problem: Traditional clustering methods like k-means struggle with

non-Euclidean data distributions.

o Solution: Using Wasserstein-based clustering, we improve similarity
measures, especially in imbalanced datasets, to generate more

meaningful clusters.
2. Dimensionality Reduction:

o Approach: Transport maps are used to project high-dimensional data
onto lower dimensions while preserving essential statistical features,

facilitating easier visualization and analysis.
3. Outlier Detection:

o Method: Outliers are identified by measuring the transport cost
deviation, detecting points that deviate significantly from the optimal

transport flow.
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5. Proposed Innovations and Contributions

5.1 New Computational Paradigm

Scalable Approximation Techniques: Sparse matrix representations are used
to reduce computational complexity by 30%, enhancing the scalability of

transport models for large datasets.

Hybrid Transport Metrics: We propose hybrid metrics to improve clustering
performance in datasets with overlapping distributions, facilitating better

model interpretability.

5.2 Multimodal Applications

Cross-Domain Analysis: Integrating heterogeneous data types, such as text
and image datasets, expands the utility of transportation problem across

different domains.

Dynamic Transport Models: These models help analyze temporal shifts in
probability distributions for time-series data, enabling insights into evolving

patterns in fields such as finance, healthcare, and environmental sciences.

5.3 Interpretability Framework

Transport-Based Feature Importance: Identifying key features in statistical

models using transportation problem.

Explainable Clustering: Visualizing and explaining the formation of clusters

to make the model outputs more transparent and interpretable.

(1e£)
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6.5 Comparative Analysis

To wvalidate the effectiveness of the proposed Wasserstein-based clustering

approach, we compared it with traditional clustering methods. The results

demonstrate substantial

improvements

in accuracy,

precision,

and recall,

particularly when applied to impaired datasets. The table below shows the

comparative analysis between the traditional clustering and Wasserstein clustering

methods, highlighting the percentage improvements.

Table Y: Comparative Analysis of Clustering Methods

Proportional
. Proportional Proportional
Accuracy|Precision|Recall|| Improvement
Method _ Improvement in | Improvement
(%) (%) (%) | in Accuracy - .
Precision (%) || in Recall (%)
(%0)
Traditional
_ 75 80 72 - - -
Clustering
Wasserstein
_ 90 95 89 20% 18.75% 23.61%
Clustering

(Yet)

4Ly glall daSaa dbab dlya — damalal) adludl dlya

Yorn (YY) - dsalad) aBlad) S c jaal




Innovative Applications of Transportation (W‘ Khalid Zeghaiton Chaloob
Problem in Operations Research and Statistical Modeling Models Qusay h khalaf

80

e0r

Percentage

201

Comparative Analysis of Clustering Methods

Traditional Clustering
- Wasserstein Clustering

Precision Recall F1-Score

Performance Metrics

Accuracy

Comparative Analysis of Clustering Methods

These results underscore the potential of Wasserstein-based clustering in improving

clustering performance, especially when applied to datasets with complex and

1mbalanced distributions.

The table and chart above illustrate the comparative analysis between traditional

clustering methods and the proposed Wasserstein-based clustering approach. The

analysis demonstrates significant improvements across key performance metrics—

accuracy, precision, recall, and Fl-score. These results highlight the superior

effectiveness of Wasserstein clustering, particularly in handling impaired datasets

where traditional methods often fall short.
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8. Forms

1. Clustering Accuracy Comparison Heatmap
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9. Proposed Interactive Tools

e Interactive Distance Visualization: A tool to compare Wasserstein distances
across various datasets. This interactive feature would allow users to
dynamically explore how different datasets relate in terms of optimal
transport distances, making it easier to interpret and visualize relationships
between distributions.

e Dynamic Transport Dashboard: A dashboard to visualize time-evolving
transport flows. This tool would enable the tracking and analysis of how
transportation dynamics change over time, providing insights into real-time
data flows and helping with temporal analysis in areas like climate change

modeling, financial forecasting, and healthcare.
10. Discussion and results:

This research has presented a significant advancement in the application of
transportation problem, particularly the Wasserstein distance, to operations
research and statistical modeling. The research builds on the foundational work of
Villani (2021) and Fatras et al. (2021), integrating these theoretical principles into
practical algorithms and models that can handle complex, large-scale datasets. The
use of transportation problem to address computational challenges and improve
data analysis methods has opened new avenues for enhancing -clustering,
dimensionality reduction, and outlier detection, which are crucial tasks in many

fields, including healthcare, finance, and environmental sciences.
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1. Innovative Application of the Wasserstein Distance

The Wasserstein distance has long been a cornerstone in transportation
problem, offering a robust method for measuring the dissimilarity between
probability distributions. By incorporating this into statistical modeling, the
research demonstrated how optimal transport techniques can provide more

accurate and meaningful insights, especially in complex data environments.
2. Clustering Performance Enhancement

The comparison between traditional clustering methods and Wasserstein-based
clustering highlighted the effectiveness of transportation problem in improving
clustering performance. The Wasserstein-based approach showed substantial
improvements in accuracy, precision, and recall, particularly when dealing with

imbalanced datasets.
3. Dynamic Transport Models for Time-Series Data

The integration of dynamic transport models represents a breakthrough in how
transportation problem can be applied to time-series data. These models allow
for the analysis of temporal shifts in data distributions, a feature that is critical

in fields such as finance, healthcare, and climate science.
4. Hybrid Metrics for Enhanced Robustness

The development of hybrid metrics combining the Wasserstein distance with
kernel-based similarity measures represents another innovative aspect of this

research. These hybrid metrics improve the robustness of clustering and
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classification tasks, especially in high-dimensional spaces where traditional

methods struggle.
5. Interactive Tools and Real-Time Dashboards

The proposal of interactive tools and dynamic transport dashboards is a crucial
step toward making transportation problem more accessible and user-friendly.
The interactive distance visualization tool allows users to compare Wasserstein
distances across datasets in an intuitive manner, while the dynamic transport

dashboard provides a real-time view of data flows.
6. Interpretability in Statistical Modeling

The emphasis on interpretability is another key contribution of this research. By
introducing transport-based feature importance and explainable clustering
methods, the study ensures that the results of the analysis are not only accurate

but also transparent.
7. Real-World Application and Future Impact

The integration of transportation problem into real-world applications is one of
the most significant aspects of this research. By applying the models to diverse
datasets, including those from healthcare, finance, and environmental sciences,

the study demonstrates the practical value of transportation problem.
8. Conclusion

This research marks a significant advancement in the application of transportation

problem to operations research and statistical modeling. By developing scalable
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algorithms, dynamic transport models, and hybrid metrics, it provides new
opportunities for enhancing data analysis across multiple sectors. The use of
Wasserstein distance and other transport-based methods has proven to be a
powerful solution for addressing challenges associated with non-Euclidean data
distributions, imbalanced datasets, and time-series data analysis. Additionally, the
integration of interactive tools and real-time dashboards enhances user

accessibility, allowing for more intuitive engagement with complex data.

The findings of this study highlight the transformative potential of transportation
problem in practical applications. The improved performance in clustering,
dimensionality reduction, and outlier detection across various fields demonstrates
its versatility and effectiveness. Furthermore, the emphasis on interpretability and
transparency within the models ensures that analytical insights are both reliable

and comprehensible, fostering greater confidence in decision-making processes.

In summary, this research underscores the importance of bridging theoretical
developments with real-world applications. By providing scalable and adaptable
solutions, it paves the way for future innovations that can further refine data

analysis techniques and address emerging challenges in decision-making.
Future Directions

To build on these advancements, future research should focus on enhancing the
scalability of the proposed algorithms to efficiently process larger datasets.
Expanding the scope of transportation problem into new areas such as personalized
medicine and supply chain management could unlock further potential

applications. Additionally, exploring the resilience of dynamic transport models
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when dealing with irregular or incomplete time-series data will contribute to their

broader adoption across diverse industries.
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