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Summary Sheet

Optimizing Baltimore Multi-Layer Traffic Network Model Based
on Graph Theory & Clustering Algorithm

Summary

Baltimore’s transportation system serves as a linchpin for the city’s development and the daily
lives of its residents. With the aim of attaining a sustainable future, current improvement plans are of
utmost significance. In light of the intricate nature of transportation issues, the diverse requirements
of stakeholders, and the intensification of problems following the collapse of the Francis Scott Key
Bridge, this research has developed multiple models to analyze the situation and proffer solutions.

For Problem I, the Adaptive Transportation Network Model was formulated. On the basis of
Graph Theory, three key factors: traffic flow, capacity, and peak time were selected for entropy weight
calculation. ArcGIS was utilized to visualize and construct the regional traffic network. Through the
application of Flow Balance Equation and Dijkstra Algorithm, the influence of the bridge collapse
on various stakeholders in Baltimore was computed and illustrated. This model simulated traffic
flow alterations, offered data-driven support for decision-making, and unveiled the impacts on various
stakeholders.

For Problem II, we selected to enhance the local bus system project and constructed the Upgraded
Bus Network Model. The Comprehensive Ranking System for all bus stops was established based
on two crucial indicators: ridership and shelter. Cluster Analysis was then conducted to pinpoint
bus stops in need of renovation or new construction, with the goal of enhancing the functionality and
user-friendliness of the bus system. This optimized the resource allocation for shelter installation and
renovation, bringing benefits to passengers, bus operators, urban planners, and local governments.

For Problem III, the Integrated Multimodal Transport Model was developed to further enhance
the lives of Baltimore residents. Through the analysis of ridership and location, this model compared
the bus network with the rail network, integrated their respective advantages and disadvantages, and
established a multimodal transportation network. Although construction would cause short-term
disruptions, it could shorten residents’ commuting time, alleviate congestion, and stimulate economic
development.

For Safety Issue, we share our insights on how to properly use the transportation system to solve
safety problems from three aspects: infrastructure maintenance, monitoring of security and operations,
and use of innovative models.

Eventually, the sensitivity analysis is carried out to ensure the accuracy of the model. However,
these models have certain limitations. Some assumptions deviate from the real-world situation and
may compromise the accuracy of analysis results. Future research could center on refining these
assumptions, taking into account more complex factors, and further optimizing the models.

Keywords: Graph Theory Stakeholders Impact Cluster Multimodal Transport  ArcGIS
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1 Introduction

1.1 Problem Background

Managing a city’s transportation system is vital for urban development and residents’ well-being.
A sound transportation infrastructure can boost economic growth and attract various stakeholders.
However, transportation challenges are complex and needs of diverse stakeholders are often conflicting.
Baltimore, Maryland, USA, is burdened by limited transportation options and the collapse of the Francis
Scott Key Bridge has worsened its situation. Given the complexity and diverse interests of stakeholders,
there is an urgent need for effective solutions. Building network models for Baltimore’s transportation
system can offer insights into existing problems. By using these models, we aim to analyze project
impacts, recommend improvements, and explore safety-related optimizations. This research is crucial
to improving Baltimore’s transportation network and the quality of life of residents.
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Figure 1: Top View of Baltimore Transportation

1.2 Problem Restatement

The core problem is to formulate strategies to improve Baltimore’s transportation network effectively,
with the aim of improving the lives of its residents and taking into account the diverse perspectives of
multiple stakeholders. This encompasses:

1. Problem 1: Quantifying the impact of the Francis Scott Key Bridge collapse and its subsequent
reconstruction on local transportation system and building a model to analyze how the events
affect different stakeholders in and around the city.

2. Problem 2: Selecting a project and using the network model to evaluate the impact of this project
on various stakeholders.
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3. Problem 3: Proposing a transportation project that maximally improves the lives of Baltimore
residents. Demonstrate it in detail and solve its subsequent problems.

4. Problem 4: Identifying potential safety-related improvements and optimize the transportation
system to address the safety issue.

1.3 Our Work

In this research, three models and one insight were constructed to analyze the transportation system in
Baltimore. Our work flow is shown in Figure 2.
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Figure 2: Work Flow of This Research

2 Assumptions and Justifications

1. Assumption I: The travel behavior of different stakeholders stays relatively constant in the short
term for the model.
Justification: Based on surveys and studies of transportation behavior in similar cities, people
tend to stick to their usual travel routines in the short term unless there are substantial long-term
infrastructure changes. This makes our assumption reasonable, helping us isolate the impact of
specific transportation issues.

2. Assumption II: The capacity of each road remains fixed during the analysis period.
Justification: In the short term, the capacity of these transportation elements remains stable,
which allows us to focus on the impact of changes in traffic flow and the implementation of
projects, as a fixed capacity simplifies the model and provides a more focused analysis framework.

3. Assumption III: The impact of weather conditions on the transportation system is negligible for
the analysis.

ATH. odels
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Justification: Since our main focus is on the impacts of structural changes (such as bridge col-
lapse and reconstruction) and transportation projects on the transportation system, excluding the
variable of weather, which can complicate the analysis, allows us to create a more straightforward
model.

4. Assumption I'V: The safety risks associated with different transportation modes are proportional
to the peak hour and speed.
Justification: Based on traffic safety studies in various cities, the risks of safety are proportional
to the peak hour and speed. This assumption enables us to incorporate safety considerations into
the model simply and effectively.

5. Assumption V: This research considers land-based modes, excluding water-based transportation.
Justification: Given that the main focus of our study, most of the provided information, and the
identified problems revolve around the infrastructure of land transportation. This assumption
allows us to focus on the core transportation issues and analyze and propose solutions more
effectively for the Baltimore Transportation Network.

3 Notations

Symbol Definition
Xij The j-th influence factor of the i-th edge
E; The entropy of the j-th influence factor
W; The weight of the j-th influence factor
k The total entropy weight coefficient
I, The standardized value of the j-th influence factor on the i-th edge
P The standardized proportion of the j-th influence factor of the i-th edge
G Graph
V; The i-th node
€; The i-th edge
F,; The flow rate of i-th place under x condition
d;j The shortest path distance from node i to j
Sij The shortest path from node i to j
Wi; The weight of edge from node i to j

Table 1: Notation
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4 Model I: Adaptive Transportation Network Model Simulation

4.1 Introduction of the Network Model

Network models, which represent systems as interconnected nodes and edges, play a crucial role
in analyzing complex systems. In this research, a network model is simulated to better understand
the interactions of vital features such as traffic flow, capacity, and peak time within the Baltimore
transportation system, focusing on obtaining system-wide insights. The model serves as a theoretical
foundation for improving the Baltimore transportation system, contributing to enhanced control over
the complex interactions within the system.

4.2 Network Model Establishment Based on Graph Theory

4.2.1 Construction of Graph-theoretic Elements

To conduct a clearer analysis and management of the traffic situation in the city of Baltimore, we
abstracted and converted the transportation network of Baltimore into a directed graph G, unfolding in
equation (1).

G=<V,E> (D

Here, G serves as the graphical representation of the entire transportation network, which is a
representation of the real-world transportation conditions in Baltimore. From nodes_all.csv we get
nodes set V, consisting of v; acting as the convergence and divergence points for traffic flow. From
edges_all.csv we get nodes set E, consisting of e; establishing the connection relationships between
nodes and forming a complete topological structure for the transportation network.

Through modeling and processing with ArcGIS, we obtained the following transportation network
of Baltimore, shown in Figure 3.

4.2.2 Key Factors and Edge-Weighting Strategy

In the study of the Baltimore transportation network, by allocating weights to edges, we can more
accurately reflect the relative importance of different road sections in the network. A higher-weighted
edge indicates that the corresponding road section plays a more crucial role in traffic flow distribution,
commuting efficiency, and overall transportation system stability.

We specifically chose traffic flow, capacity, and peak time as the key factors and determine
weights based on them.

High traffic flow often leads to increased congestion, as more users compete for limited road
space. Capacity represents the maximum amount of traffic that a road section can handle without
significant disruption. Analyzing capacity helps us determine the vulnerability of each road section to
traffic overload and identify potential areas for infrastructure improvement. During peak hours, traffic
demand surges, and the transportation system experiences its highest stress levels. Longer peak times
mean that road sections are under high-stress conditions for an extended period, leading to more severe
congestion and reduced transportation efficiency.
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Figure 3: The Transportation Network of Baltimore

Focusing on these three factors can assist us in optimizing traffic management strategies and
predicting the impact of the Francis Scott Key Bridge on traffic congestion, enabling us to develop
more effective mitigation and recovery plans.

4.3 Analysis Based on Entropy Weight Method

We adopted the Entropy Weight Method to assign weights to traffic flow, capacity, and peak time,
highlighting the diverse roles of different road sections in traffic flow distribution and traffic operation
efficiency.

4.3.1 Data Standardization

First, we needed to standardize the raw data of each factor (traffic flow, capacity, and peak-hour
duration) for each edge e;. For positive indicators (the larger the value, the more important the edge),
the standardization formula is equation (2),

Y maz(X;) — min(X;)
where j denotes different factors (j=1 represented traffic flow, j=2 represented capacity and j=3

represented peak-hour duration); X;; denotes the j-th influence factor of the i-th edge. We used this
step to eliminate the influence of different dimensions and magnitudes of the data.

2)

4.3.2 Entropy Calculation

Knowing n is the number of edges, denoted 565496, we set k to be the total entropy weight coefficient
and got equation (3).
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1
In(n)
For each factor j, we calculated the proportion of the standardized value of edge in the sum of the
standardized values of all edges for this factor, which is F;; in equation (4).

k=

3)

7.
e (4)

> Z
i=1

Then we calculated the entropy of the j-th factor £ in equation (5),

-:—kZPin (5)

which reflected the degree of uncertainty of the data distribution of the j-th factor among all edges.

Fj=

4.3.3 Edge Weight Determination

The larger the value of 1-£);, the more effectively the factor differentiates the importance of different
edges. We calculate the weight of the j-th factor in equation (6),

1—-F.
W, =—7 (6)

S

j=1

where m is the number of factors, denoted 3.
Having gained the weights 11, W5, and W3, we calculated the weight of edge ¢; in equation (7),

o=y W;Z (7)
g=1

which reflects the importance of edge e; in the transportation network based on the three selected
factors.

Upon applying the entropy weight method, considering the distinct weights of different roads,
we utilized color coding to distinguish the significance of roads and areas on Baltimore’s initial
transportation network graph. Specifically, areas that contain roads with higher weights are depicted
in darker colors. We used ArcGIS to create this new transportation network graph: Figure 4, intending
to use it for subsequent analyses of Baltimore’s traffic system.

4.4 Mathematical Formulation of the Network Model

To accurately understand the significant impacts of the collapse of the Francis Scott Key Bridge on
Baltimore’s transportation system, we set up an adaptive model of the transportation network to simulate
the situation after the collapse.



Team 2507692 Page 9 of 25

[0 - 74,967.29608
[174,967.29609 - 152,611.9956
[1152,611.9957 - 227,579.2917
[[1227,579.2918 - 302,546.5877
[ 302,546.5878 - 380,191.2873
[ 380,191.2874 - 455,158.5833
I 455,158.5834 - 530,125.8794
I 530,125.8795 - 607,770.5789
W 607,770.579 - 682,737.875

Figure 4: The Transportation Network of Baltimore Based on Entropy Weight Method

Considering the geographical layout and various practical factors, such as the long distance between
the land area above and the location of the collapsed bridge, as well as better solutions available, we
determined that the traffic flow that originally used the collapsed bridge would be re-routed to the two
bridges above it.

4.4.1 Simulation in the Flow-Balance Equation

We employed the flow-balance equation in equation (8).
> Fui=> Fou, ®)
( J

We first remove the edges corresponding to the collapsed bridge from the data set of the model,
effectively simulating the physical collapse of the bridge. This step disrupted the original traffic flow
equilibrium in the network.

Then, we proportionally allocated the originally estimated pedestrian flow of the collapsed bridge
to the two remaining bridges. This allocation was based on their respective capacities and their relative
significance in the transportation network.

4.4.2 Simulation in Visualization

Building upon the aforementioned modeling approach, we further generated two 3D bubble charts, as
known in Figure 5-6, to visually illustrate the transportation flow in the Baltimore area.
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By comparing the pre-collapse and post-collapse 3D bubble charts, we could quantitatively and
qualitatively analyze the impact of the bridge collapse on the transportation flow in Baltimore. Measur-
ing the changes in the size of the bubbles at each node and the overall shift in the distribution of traffic
bubbles in the 3D space demonstrate the evident decrease in traffic flow around the collapse bridge and
the evident increase in traffic flow around the other bridge.

The traffic flow around the bridge after its collapse
The traffic flow around the bridge before its collapse 8

) w
Log(Stop_Rider + 1)

w

[N}

Figure 5: 3D Bubble Chart Before Collapse Figure 6: 3D Bubble Chart After Collapse

4.5 Impact of Bridge Collapse in Stakeholders
4.5.1 Application of the Dijkstra Algorithm

In Baltimore’s Adaptive Transportation Network Simulation model, when the Francis Scott Key Bridge
collapsed, the structure of the transportation network changes, and the path between nodes that were
originally connected by the collapsed bridge may no longer be the shortest path, and may not even be
directly accessible. Therefore, it is necessary to recalculate the shortest path with Dijkstra algorithm
to further analyze the various influences of bridge collapse on stakeholders. At any time t, in equation

),

d;; denotes the shortest path distance from node i to j, s;; denotes the shortest path from node i to
j» Wi; denotes the weight of edge form node i to j.

We first got the geographical locations of the three bridges through the map. After the new
shortest path was obtained by the Dijkstra Algorithm, the new shortest paths and distances between
different nodes after the bridge collapse could be determined. This provided key data for calculating
stakeholders’ travel time, traffic flow allocation, etc. Then we could analyze the impact on different
stakeholders based on the new path.

4.5.2 Visualization of Commuting Time

In terms of commuting time, by collecting and knowing the average commuting speed of local people
in different time periods, when people traveled from both ends of the Francis Scott Key Bridge, we

AT odels
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could calculate the change of people’s travel time after the bridge collapse according to the shortest
path obtained by Dijkstra Algorithm.

Commuting Time of Three Bridges From the Same Start to the Same Stop Point
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Figure 7: The 3D Wall Commuting Time Chart

From Figure 7, we can clearly see that when Bridge 3, which is the Francis Scott Key Bridge,
collapsed, the commuting time increased significantly.

For urban commuters who regularly use Bridge 3, its collapse forces them to switch to the first
and second bridges. The longer travel time requires earlier departures, reducing their rest or leisure
time, disrupting daily rhythms, and degrading life quality.

Suburban commuters rely on bridges to commute to the city. Bridge 3’s collapse led to a
significant increase in commuting time, causing more fatigue and stress. In the long run, it may harm
work productivity and job satisfaction, and in extreme cases, prompt job changes or relocation.

4.5.3 Visualization of Traffic Flow

In terms of traffic flow, through the Annual Average Daily Traffic of the three Bridges from 2014 to
2022, we could simulate two scenarios if the Francis Scott Key Bridge collapsed and did not collapse
in 2025. The Annual Average Daily Traffic of Bridge 1, Bridge 2, and Bridge 3 (the Francis Scott Key
Bridge) are represented by blue, orange, and green bars respectively in Figure 8-9.

As we could clearly see from the above chart, when the Francis Scott Key Bridge collapsed,
the Annual Average Daily Traffic on the other two bridges significantly increased, which resulted
in a significant increase in congestion on these two bridges and significantly impacted the following
stakeholders

Individual merchants, like street side stores and restaurants, relied on convenient transportation.
After the bridge collapsed, traffic congestion directly affected their business. Fearing traffic jams,
customers are less likely to patronize, leading to a sharp drop in footfall and turnover. The bridge
collapse also made it difficult to transport goods, and lengthened delivery times for raw materials and
products, and increased operational costs and management complexity. Moreover, delays in restocking
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Bar Chart for Data before the collapse Bar Chart for Data after the collapse

Figure 8: 3D Bar Chart Before Collapse Figure 9: 3D Bar Chart After Collapse

can disrupt normal business. In addition, the efficiency of delivery services is affected, which reduces
delivery orders and store revenue.

Logistics companies, relying on smooth traffic encountered issues post-bridge collapse. Congestion
on the first and second bridges slows logistics vehicles, lengthening transit times. This raises costs,
delays deliveries, disappoints customers, and for time - sensitive goods, causes damage or value loss,
leading to financial losses. Moreover, vehicle scheduling gets harder, forcing companies to invest more
in management and squeezing profit margins.

For Public Transport Users such as bus passengers, public transport was a crucial travel option.
The bridge collapse caused traffic congestion, slowed down buses and reduced the on-time performance
of routes. Passengers waited longer at stations and spent longer on buses, causing great inconvenience.
Due to traffic congestion, the number of buses was reduced, resulting in an overcrowded ride experience
for passengers. Furthermore, a long stay on a crowded bus could also affect passengers’ health.

5 Model II: Upgraded Bus Network Model Based on Cluster Anal-
ysis

5.1 Introduction of Current Situation

We chose to study the Baltimore bus system project.

Using the previously-constructed transportation network model, we incorporated data on urban
architecture and the overall layout of Baltimore’s bus system and generated Figure 10. The city’s
bus stops and routes are radially arranged. In-depth analysis reveals that many residential areas lack
nearby bus stops as routes mainly run along main roads instead of reaching into these areas. This not
only restricts residents’ convenience in using public transport but also fails to fully satisfy their travel
demands.

Besides poor route coverage, the lack of bus stop shelters worsens the situation for passengers. In

AT odels
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Baltimore, with its diverse weather, passengers often wait for buses in harsh conditions such as the
sun, rain, or cold wind. This discomfort deters some from using public transport. Bus stop shelters are
crucial for the transportation experience, especially for the vulnerable. Improving shelter conditions is
vital for enhancing Baltimore’s bus system functionality and user-friendliness.

5.2 Establishment of Upgraded Bus Model
5.2.1 Data processing and Standardization

We pre-processed the data from Bus_Stops.csv and Bus_Routes.csv.

For missing bus passenger flow data at a certain time, we used linear interpolation method to
estimate the missing value according to the trend of known data points before and after the time. Then
data consistency and trends are preserved to the maximum extent possible.

For outliers, we used Inter-Quartile Range (IQR) Method. After the quartile spacing is obtained,
data points that were less than Q1-1.5IQR or greater than Q3+1.5IQR were treated as outliers and
removed according to the IQR rules.

In order to ensure the consistency and comparability of data and facilitate the subsequent unified
analysis, we normalized the key feature of ridership (Stop_Rider) into 7,,,,,, through the following
equation(10), mapping data to the [0, 1] interval.

_ T — Tmin (10)
Tmaz — Tmin

Where r denoted the original ridership, 7,4, and 7,,;,, denoted the maximum and minimum of
ridership respectively.

And we normalized the key feature of position (longitude and latitude) into x,,..,, through the
following equation(12).

Tnorm

Tnorm = M (1 1)
Tmaz — Tmin
Where x denotes the original position, z,,,, and 7,,;, denote the maximum and minimum number
of positions respectively.
After this processing, the data of different orders and dimensions are analyzed under the same
scale, avoiding the interference with the research results caused by the excessive difference in data

characteristics.

5.2.2 Comprehensive Ranking System

In order to accurately plan the route and complete the actual evaluation, we conducted a comprehensive
ranking of the bus stops, which can provide a quantitative basis for planning a more reasonable bus
route.

In order to improve operational efficiency and meet passenger demand, we used ridership and
shelter as comprehensive evaluation criteria.

The ridership directly reflects the actual use needs of the station. A station with a high volume
of passenger traffic means that more passengers get on and off the bus here, and the demand for bus
services is higher. Taking stations with high ridership as the focus can ensure that the travel needs of
most passengers are met.
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The existence or nonexistence of a shelter at a bus station is another crucial factor. A shelter
not only provides physical protection from the elements for passengers but also enhances the overall
quality of the waiting experience. Stations without shelters are at a disadvantage, especially in areas
with extreme weather conditions.

Considering these two factors, for stations with high ridership and no shelters, resources should be
allocated to install shelters. The installation priority can be further refined by evaluating the station’s
importance in the overall network.

With the data of ridership and the number of shelters at each bus stop, we set the value for the
“existence of a shelter” as 0 and the “nonexistence of a shelter” as 1, and used equation (12) to calculate
the comprehensive scores.

score = 0.6 * ridership + 0.4 * nonexistence_of_shelter (12)

Ranking the overall scores from highest to lowest, we plotted Figure 11 to visualize this result,
showing the score and location of each bus stop in Baltimore, representing the urgency of setting
shelters at these bus stops.
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Figure 10: The Bus Network

Figure 11: The Comprehensive Ranking

5.2.3 Cluster Analysis in Bus System

In order to provide strong support for optimizing the layout of bus stops and reasonably setting up bus
stop shelters, we used cluster analysis to build a network model to reveal the potential internal relations
and structural features among bus stops.

In this study, through cluster analysis, we divided bus stops into 5 groups of different categories.
Each of the five clusters represents a unique collection of sites, and there are differences in geographical
location distribution, passenger flow patterns, and peripheral functional areas. As shown in Figure 12
- 16.

For each cluster, we further solved the minimum spanning tree. The construction principle of the
minimum spanning tree is to ensure that the total edge weight is minimum while connecting all the
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Figure 12: Type 0 Cluster
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Figure 15: Type 3 Cluster Figure 16: Type 4 Cluster

sites in the cluster, and the degree of each point except the leaf node is 2. Through this operation, we
can clearly tease out the most direct and effective connections between sites within each cluster. It
provides an important basis for the subsequent analysis of the degree of correlation between sites.

Based on the constructed minimum spanning tree, we analyzed the degree of correlation between
each point and the other points, and then determined the point that was most relevant to each point.
On this basis, we focused on all the outmost points of each cluster and the points with the highest
correlation with them. These points are located at the edge of the cluster and play a key role in the
connection and interaction between the cluster and the external region. As shown in Figure 17 - 21.

Finally, using these selected key sites, we visually compared the values (i.e., data) within each
cluster with and without shelter in Figure 22. This proportion data can directly reflect the shelter
facilities in each cluster. By combining shelter share with ridership data, we can pinpoint areas with
high ridership but inadequate shelter facilities.

Following the previously described steps of network model construction, we further delve into a
more in-depth analysis of the shelter situation within each cluster.

Firstly, we counted the number of shelters in each cluster and calculated their coverage rate by
dividing the number of stops with shelters in a cluster by the total number of stops in that cluster. This
provides us with a basic understanding of the prevalence of shelters across different clusters.

Subsequently, we evaluated the quality and conditions of the shelters. To do this, we assigned scores
to each shelter through equation (13). Shelters located closer to the geometric center (-76.619, 39.29)
of the cluster, as determined by the average of the longitudes and latitudes of all stops in the cluster,
are given higher scores. Additionally, shelters at stops with a higher number of boarding passengers
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score = 0.6 * ridership + 0.2 * central_latitude_proximity + 0.2 * central_longitude_proximity (13)

After obtaining the shelter score, we analyzed the correlation between the shelter score for each
station location and the number of bus routes passing through that station. We then employed Pearson’s
correlation coefficient to precisely measure the strength and direction of this relationship and visualized
the following results using Heatmap (Figure 23) to show that there is indeed a correlation between
shelter scores in the five clusters and the number of bus routes passing through them.

Eventually, using the comprehensive ranking system established earlier, we identified sites with
high scores in Figure 24. Of these sites, we first picked out those that had shelters but had relatively low
shelter scores. For these stations, we recommended renovating the existing shelters to improve their
quality. At the same time, we looked for stations that scored well but lacked shelter. For such stations,
we advocated building new shelters. As seen in Figure 24. This targeted approach is designed to
optimize resource allocation and ultimately improve the overall quality of Baltimore’s bus stop shelter
infrastructure and enhance the travel experience for riders.

5.3 Impact of New Project in Stakeholders

1. Impact on Passengers



Team 2507692 Page 17 of 25

Values

Without Shelter

600

400

200

Distribution Heatmap of Number of Bus Routes and shelterscore

Bus stops With or Without Shelter(in Cluster) I

shelterscore
=

02
/Auster 4
= Cluster 3

/
o Cluster 2

/
With Shelter = ClUSESE % -
Rows Cluster 0 Columns 3 4 6 ] 10 12 14 16 °
Number of Bus Routes
Figure 22: Comparison of Shelter in Different Figure 23: The Heatmap Concerning Correla-
Clusters tion

For passengers, especially those using high - volume stations without shelters, the installation of
shelters means a more comfortable waiting environment. They are not affected by rain, sunlight,
and wind, which improves their overall travel experience. Moreover, the renovation of existing
shelters at certain stations is equally beneficial. Old or dilapidated shelters may have limited
functionality, such as insufficient seating or poor structural integrity. Renovating these shelters
can provide better experiences for passengers, which boosts their overall satisfaction with public
transportation.

. Impact on Bus Operators

For bus operators, well-equipped stations with shelters can attract more passengers due to
improved waiting conditions. Installing shelters based on ridership and station importance helps
with better route and resource management, like increasing bus frequency at high-ridership
sheltered stations. Also, strategic shelter installation and renovation offer opportunities for
more efficient route and resource management, and renovated shelters may need less long-term
maintenance, reducing emergency repairs and ensuring on-schedule bus operations.

Implications for Urban Planners and Local Governments

Urban planners can leverage ridership and shelter-installation data for better urban development
planning. Ensuring shelters at important bus stops enhances urban infrastructure. Local govern-
ments also gain as shelter installation at key stations improves residents’ quality of life and may
boost the government’s reputation. Renovating existing bus shelters revitalizes ageing bus stop
areas. It allows urban planners to incorporate modern design and accessibility features. More-
over, new shelter facilities attract more businesses and residents, aligning with local government
urban planning goals.
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6 Model III: Integrated Multimodal Transport Model

6.1 Optimized Integration of Bus and Rail Networks
6.1.1 Analysis of the Bus Ridership Distribution

In order to improve the lives of Baltimore residents, we must first analyze the distribution of bus stop
ridership to fully understand the pattern of Baltimore’s bus system. By using the bus ridership data,
we can visualize the three-dimensional image of the Annual Average Daily Traffic (AADT) at the bus
stop in Figure 25. This allows us to gain insight into the busiest parts of the bus system and the main
ridership directions based on the location of the high-traffic areas. These insights can be used as a basis
for subsequent optimization of the entire transportation network.

6.1.2 Comparison Rail and Bus Networks

A key step in optimizing rail and bus networks is to compare the rail and bus networks. Since we
already had the bus network in our previous study, we then used ArcGIS to construct the rail network,
generating Figure 26.

By superimposing the rail network with the bus route map, we can perform a clearer spatial analysis.
The analysis aims to identify the areas covered by each mode of transport and the overlapping areas
served by both rail and bus. From the figure, we can identify areas with good bus service but lacking
rail access, and also identify areas with good rail service but lacking bus access, that is, identify transit
weaknesses in Baltimore. This information helps to identify opportunities for seamless intermodal
transport. By identifying these weak links, we can identify priority areas for improvement and focus on
developing targeted solutions, such as improving the connection between bus lines and rail to improve
overall accessibility to construct the Integrated Multimodal Transport Model.
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From Figure 27, we can intuitively see that the overlap between the east - west railway network and
the bus network is significantly higher than that between the north - south. Considering that residents
also have a north - south commuting need, we hope to add a North - South rail line to the entire
Baltimore transit network at the location marked by the red line in Figure 27. This helps optimize the
integration of bus and rail networks.

Therefore, after a deep analysis of the current traffic situation in Baltimore City, and based on the
above detailed analysis, we recommend the Integrated Multimodal Transport Model Project to build
an additional railway in the identified weak traffic area. The Integrated Multimodal Transport Model
to be built not only juxtaposes bus and railway in areas with large passenger flow, but also provides
modern transfer facilities, such as pedestrian bridges, underpasses and vertical elevators to improve the
lives of the various residents of Baltimore.

6.2 Influence of Project Based on Model
1. Benefits for Residents

Firstly, it substantially shortens residents’ commuting time. The improved network enables
passengers to transfer between bus and rail trains more efficiently and cover longer distances
faster. Less travel time means residents can spend more time working, with family or on leisure,
enhancing their overall quality of life.

Secondly, the project’s enhanced connectivity broadens residents’ travel choices. They can
reach more destinations with greater ease, opening up new employment, education and shopping
opportunities across the city.

Thirdly, it promotes greater use of rail trains, which helps reduce traffic congestion, cut emissions
and create a cleaner environment, benefiting all residents’ health and well-being.
2. Impact on Other Stakeholders

For local businesses, the project’s construction has had a positive impact. Higher traffic around
the hub can boost business, and service providers nearby will attract more customers, bringing
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Figure 26: The Rail Network in Baltimore

railways

more economic benefits.

Transport operators can also gain advantages. The integration of bus and rail services enables
more efficient resource allocation. Operators can cut redundant services, lower costs, and improve
service quality. In the long term, this can enhance their competitiveness and financial stability.

3. Disruption to Other Transportation Needs and People’s Lives

However, the implementation of the project has also caused some disruptions. It could have a
short-term impact on existing transport services. Bus routes may need to be temporarily adjusted
to accommodate construction demands, which could inconvenience some passengers who are
used to regular routes. In addition, service integration may require a period of adjustment by
transport operators and staff, resulting in some inefficiencies in the initial phase.

During the construction phase, noise, dust and traffic disturbances are inevitable. Road closures
and detour routes may be required, which will inconvenience nearby motorists, cyclists and
pedestrians and affect their quality of life.

7 Insight of Safety Based on Transportation System

Safety is a major issue facing the city of Baltimore, and the transportation system has an important role
to play in addressing this issue.

Regarding the problems of aging bridges and inadequate infrastructure maintenance, priority should
be given to proper inspection, repair, and replacement of aging bridges in the planning and construction

of transportation systems. A dedicated fund could be set up for regular comprehﬁfjs_{. S and
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maintenance of critical transportation facilities such as bridges. At the same time, in new transportation
projects, we should use higher - standard materials and construction processes to improve the durability
and safety of infrastructure. In the long run, this can not only ensure the smooth operation of traffic
but also effectively avoid safety accidents caused by bridge failures and reduce the threat to residents’
lives and property.

For the security problem in the public transport system, more monitoring equipment can be installed
in buses and public transport stations to achieve comprehensive monitoring coverage. This can not only
act as a deterrent to criminals but also provide evidence in time when crimes are committed, so that
the police can deal with the crimes quickly. In addition, through the intelligent transportation system,
the operation of the bus can be monitored in real - time, and once an anomaly is found, the system can
respond quickly.

In addition, through the three models established above, the layout and operation of the traffic system
can be further optimized. For example, in the planning of the Integrated Multimodal Transport Model,
safety factors should be fully considered, and security facilities and emergency channels should be set
up reasonably. Using the Adaptive Transportation Network Model Simulation, traffic flow changes can
be predicted in advance, and police and security resources can be reasonably arranged to ensure the
safe operation of the traffic system under different circumstances. The Upgraded Bus Network Model is
helpful to optimize the bus routes, avoid areas with poor security, and ensure the safety of passengers.

8 Sensitivity Analysis

Based on Model I, we optimized the model to generate Model 11, which is the model we primarily use.
Therefore, we conducted a sensitivity test on Model II.

We modified the number of leaf nodes (i.e., terminal nodes) in the minimum spanning tree of bus
stops in the graph-theoretic model. As aresult, we obtained this graph. There are significant differences
between this graph and the original minimum spanning tree. After calculation, we found that the total
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edge length in the current graph has increased significantly compared to that in the original graph.
From this, we can conclude that the initially established Model II is a superior model, and Model II is

highly sensitive.
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9 Model Evaluation

9.1 Strength
1.

Scientific Model Establishment: Utilizes graph theory to construct the Baltimore transportation
network model, abstracted as a directed graph for clear node-edge identification, aiding further
analysis. The entropy weight method sets weights for factors like traffic flow and peak time,
realistically reflecting road section importance and aligning the model with actual traffic.

Multi-Model Synergy: Builds multiple models to tackle Baltimore’s transportation issues from
diverse angles. The Adaptive Transportation Network Model simulates bridge-collapse impacts;
the Upgraded Bus Network Model optimizes the bus system; the Integrated Multimodal Transport
Model integrates bus and rail networks; the Pearson - based model aids in strategy optimization.
This multi-model cooperation comprehensively boosts the transportation system’s analysis and
improvement capabilities.

. Stakeholder-Centric Consideration: Each model analysis fully accounts for impacts on dif-

ferent stakeholders. It analyzes the effects of bridge collapse on various commuters, merchants,
logistics firms, and public transport users, as well as the impacts of bus stop improvements and
comprehensive transportation projects on passengers, operators, planners, and local governments,
ensuring research comprehensiveness and practicality.

Efficient Data Processing: Recognizing data quality’s importance, it uses linear interpolation
for missing data in the bus network model upgrade to retain trends, the IQR method for outlier
processing, and normalizes key features to eliminate magnitude and dimension effects, enhancing
data analysis accuracy and comparability.

AT odels
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9.2 Weakness

1. Model Assumption Flaws: Some assumptions deviate from the real situation. The model
assumes short-term stable travel behaviors of stakeholders, fixed road capacity during analysis,
and negligible weather impact on transportation. These assumptions can lead to inaccurate
real-world traffic reflection and undermine analysis reliability.

2. Inadequate Complex-Factor Analysis: Despite considering multiple factors, the study of
some complex elements is incomplete. For instance, bus network analysis mainly focuses on
station coverage and shelters, overlooking aspects like route transfer convenience and bus-other-
mode connection efficiency. In the Integrated Multimodal Transport Model, geological and
construction - technical challenges are not thoroughly explored.

10 Conclusion

This research focuses on Baltimore’s transportation issues, constructing multiple models for analysis.

The adaptive transportation network model, grounded in graph theory and the entropy weight
method, effectively analyzes the impact of the Francis Scott Key Bridge collapse on the local trans-
portation system and stakeholders. It illustrates traffic flow changes and their effects on different groups,
offering a basis for targeted countermeasures.

The upgraded bus network model conducts an in-depth study on the problems in Baltimore’s
bus system using cluster analysis. Through data processing, a comprehensive ranking system, and
cluster analysis, it precisely identifies areas for bus stop shelter improvement. This model significantly
enhances the bus system’s functionality and user-friendliness, benefiting passengers, bus operators,
urban planners, and local governments.

The integrated multimodal transport model, via bus ridership distribution analysis and rail - bus
network comparison, proposes adding railways in weak traffic areas. This measure can shorten
residents’ commuting time, expand their travel options, reduce traffic congestion, and promote local
business development as well as efficient transport operation. Although construction may cause short-
term disruptions, the long-term benefits are substantial.

Overall, this research offers valuable insights and practical solutions for Baltimore’s transportation.
Despite the research’s flaws, it guides the improvement of the local transportation network and enhances
residents’ quality of life. Future research could refine model assumptions, comprehensively consider
complex factors, and optimize models for better real-world alignment and practical value.
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11 Memorandum

Date: January 27, 2025

To: Mayor of Baltimore

From: ICM Team #2507692

Subject: Multi-Dimensional Optimization Model for Baltimore Transportation Networks

Dear the Mayor of Baltimore,

It is a great pleasure to present to you two of our graph-theoretic based multi-layer transportation
network optimization modeling projects for Baltimore transportation.

Project 1: Shelter Renovation and New Construction at Transit Stations

Project Content: Conduct a shelter-related evaluation of the City’s bus stops. Identify stops that
do not have shelters but have high passenger flow and are close to the center of the city. Among the
stops that already have shelters, look for routes with high traffic or important stops to refurbish the
shelters.

Benefits: This project can provide a more comfortable and safe waiting environment for the public,
offering shade on sunny days and protection from wind and rain on cloudy days. It also improves the
city’s public infrastructure.

Cons: The construction process may affect the passenger capacity of the surrounding roads to a
certain extent, leading to an increase in local traffic congestion. At the same time, the project involves
the costs of material procurement, construction, and labor, requiring a significant amount of capital
investment.

Project 2: Urban Railway Transportation Network Improvement Project

Project Content: By analyzing the travel needs of urban residents, construct railroad lines near
roads with high pedestrian flow, optimize the urban railway transportation network, and strengthen the
connection between various regions of the city.

Benefits: This project can effectively alleviate the pressure of urban road traffic, reduce the use
of private cars, ease pedestrian flow, and shorten peak-hour traffic, thus reducing the commuting time
required for travel. At the same time, convenient railroad transportation can attract more citizens to
choose green travel modes, which can improve urban air quality and protect the earth’s environment.

Cons: The project has a long construction period and may cause noise disturbance to the lives of
neighboring residents during construction. Moreover, the construction of railroad lines requires a large
amount of land resources and huge capital investment.

These are our two projects on building a better transportation network for Baltimore, along with
their advantages and considerations. Thank you for reading, and we look forward to your valuable
comments and support.

Sincerely,

Team #2507692
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