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Abstract—Shortest path algorithms play an essential role in
intelligent transportation systems, emergency response planning,
and numerous Smart City services. This study investigates the
applicability of three well-established graph-based algorithms,
namely Dijkstra, Bellman-Ford, and A*, within an emergency
transportation framework inspired by the urban road network of
Skopje. A two-stage evaluation methodology was adopted. First,
scalability experiments were performed on weighted graphs
containing 50 to 500 nodes to examine computational efficiency
and algorithm behavior as network size increases. Subsequently,
a Smart City transportation model was developed and
implemented using Java and JavaFX, enabling the simulation
and visualization of several emergency scenarios, including
ambulance dispatching, road disruptions, and route
unavailability situations. The experimental results indicate that
all investigated algorithms successfully identify shortest feasible
routes when transportation paths exist, whereas the heuristic
guidance employed by A* reduces the number of explored nodes
and improves execution times, particularly in larger graph
instances. The proposed framework illustrates how algorithmic
analysis can be complemented by simulation-based case studies
to support intelligent transportation applications and emergency
management decision-making. Future research will focus on
incorporating real-time traffic information, stochastic travel
times, and larger transportation networks to provide more
realistic emergency routing environments.
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I.  INTRODUCTION

The increasing urbanization observed worldwide has
considerably intensified the demand for efficient transportation
systems capable of supporting sustainable, resilient, and safe
city development. Consequently, the concept of Smart Cities
has attracted significant attention from researchers,
policymakers, and industry practitioners. Smart Cities rely on
the integration of digital technologies, intelligent
infrastructures, and data-driven decision-making processes to
improve urban services and enhance citizens' quality of life.
Among the numerous application domains, intelligent
transportation systems have emerged as one of the most
important components of modern Smart Cities due to their
direct impact on mobility, accessibility, and emergency
response capabilities [1]-[3].

Emergency medical services represent a particularly
challenging aspect of urban transportation management. In
many situations, even relatively small delays in ambulance

dispatching and patient transportation may significantly affect
treatment outcomes and public safety. Therefore, identifying
efficient routes under dynamically changing traffic conditions
has become an important research topic within intelligent
transportation systems, emergency management, and Smart
City initiatives [1]-[3].

Graph theory provides a natural framework for modeling
transportation networks, where intersections, districts, or
critical facilities can be represented as nodes, while roads
connecting neighboring locations are modeled as weighted
edges. Within this context, shortest path algorithms have been
extensively investigated and successfully applied in navigation
systems, communication networks, logistics, and autonomous
decision-support applications [4], [5]. Classical methods such
as the Bellman-Ford algorithm remain useful for handling
graphs containing negative edge weights, whereas Dijkstra's
algorithm is widely recognized for its efficiency in solving
shortest path problems in networks with non-negative costs

[6]-[9].

Heuristic search techniques have further expanded the
applicability of graph-based optimization methods. The A*
algorithm combines accumulated path costs with heuristic
estimations, enabling a substantial reduction of the explored
search space while preserving optimality under admissible
heuristic functions [10]. Several studies have demonstrated the
effectiveness of heuristic approaches in robotic navigation,
autonomous systems, and dynamic path-planning applications
[11]-[14].

In addition to navigation tasks, shortest path algorithms
have found numerous applications in traffic management, ride-
sharing services, logistics optimization, disaster response
planning, and healthcare transportation systems [4], [5]. Their
ability to support routing decisions under different operational
constraints makes them particularly suitable for Smart City
environments, where transportation networks are often
characterized by congestion, limited accessibility, and
dynamically changing conditions [8], [9]. As urban mobility
becomes increasingly complex, the need for efficient and
adaptive routing mechanisms continues to grow.

Advances in computational capabilities and visualization
tools have facilitated the development of interactive
environments for studying graph algorithms and evaluating
their practical performance. Comparative analyses involving
multiple shortest path techniques can provide valuable insights
into their computational characteristics, scalability, and
suitability for various emergency transportation scenarios.
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Such analyses may contribute to the design of more efficient
intelligent transportation systems and support decision-making
processes in time-critical situations [10]—-[14].

Although numerous studies have addressed shortest path
algorithms and their theoretical properties, comparatively
fewer investigations have examined their behavior within
integrated Smart City environments, particularly in emergency
transportation scenarios involving road closures, route
unavailability, and varying operational conditions. Existing
research often focuses either on algorithmic improvements or
on large-scale intelligent transportation infrastructures, while
experimental comparisons conducted within realistic urban
emergency settings remain relatively limited [4], [5], [13]-[15].

Motivated by these observations, this study presents a
comparative analysis of Dijkstra, Bellman-Ford, and A*
algorithms within a Smart City emergency transportation
framework inspired by the urban road infrastructure of Skopje.
The proposed methodology combines scalability experiments
with a case study involving ambulance dispatching scenarios,
road blockage simulations, and emergency routing analysis.
Furthermore, a visualization environment implemented using
Java and JavaFX enables intuitive representation of
transportation networks, optimal routes, and unavailable road
segments. The obtained results provide additional insight into
the applicability, advantages, and limitations of shortest path
algorithms in intelligent transportation and emergency
response systems.

The main contributions of this study can be summarized as
follows:

e A comparative evaluation of Dijkstra, Bellman-Ford,
and A* algorithms under increasing graph sizes;

e The development of a Smart City emergency
transportation model inspired by the road network of
Skopje;

e The simulation of ambulance dispatching scenarios,
including road closures and unavailable routes;

e The implementation of a visualization framework for
representing transportation networks and routing
results;

e An analysis of algorithm scalability and computational
performance under different experimental conditions.

II.  RELATED WORK

Shortest path problems have been extensively investigated
over the past decades and continue to represent one of the most
important optimization problems in graph theory, operations
research, and artificial intelligence. Their practical importance
extends beyond theoretical studies, encompassing applications
in navigation systems, communication networks, logistics,
transportation planning, and autonomous decision-support
systems. Comprehensive surveys available in the literature
provide an overview of shortest path variants, algorithmic
improvements, and emerging application  domains,
emphasizing their continuing relevance in modern intelligent
environments [4], [5].
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Several studies have focused on improving -classical
shortest path algorithms to address the growing complexity of
transportation networks. Although Dijkstra's algorithm remains
one of the most widely used approaches for graphs with non-
negative edge weights [7], numerous modifications have been
proposed to improve memory utilization, computational
efficiency, and scalability. Recent investigations demonstrated
that alternative storage mechanisms and implementation
strategies can reduce computational costs, particularly in sparse
or large-scale networks [8], [9]. Comparative analyses
involving Dijkstra, greedy search, and heuristic methods
indicate that algorithm performance is highly dependent on
network characteristics, graph density, and routing constraints
[12].

Heuristic search methods have attracted considerable
attention due to their ability to reduce the explored search
space while preserving solution optimality under admissible
heuristic functions. The A* algorithm remains one of the most
influential heuristic techniques and has been successfully
applied in robotic navigation, autonomous systems, game
artificial intelligence, and path-planning applications [10].
Several studies reported that modified heuristic strategies can
significantly improve navigation efficiency in dynamic and
partially known environments, while replanning techniques
further enhance adaptability when transportation conditions
change unexpectedly [11], [13], [14].

The rapid development of Smart City initiatives has
stimulated substantial research efforts toward intelligent
transportation systems, urban mobility optimization, and data-
driven decision support. Smart transportation infrastructures
increasingly rely on interconnected devices, Internet of Things
technologies, and real-time information exchange mechanisms
to improve traffic management and mobility services [16],
[17]. More recently, cooperative transportation frameworks
and adaptive path-planning approaches have been proposed to
reduce travel times, alleviate congestion, and support efficient
traffic flow management [18]. Systematic reviews indicate that
intelligent transportation systems are expected to play a key
role in future urban environments by integrating sensing
technologies, = communication  platforms,  optimization
algorithms, and predictive analytics [19].

Emergency medical transportation remains a particularly
important research topic because transportation delays may
directly affect patient outcomes and overall public safety.
Previous studies investigated robust route planning strategies
capable of operating under uncertain traffic conditions,
demonstrating the importance of adaptive routing mechanisms
for emergency response applications [20]. Considerable
attention has also been devoted to ambulance redeployment
and dispatching problems. Heuristic methods, approximate
dynamic programming techniques, and metaheuristic
approaches have been shown to improve vehicle availability
and reduce response times in dynamically changing
environments [21]-[24]. Furthermore, extensive reviews of
emergency medical service systems highlight the growing need
for optimization-based decision support tools that can
efficiently allocate resources and support operational planning
[25]-[27].
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Simulation techniques have become increasingly important
for evaluating transportation systems under realistic operating
conditions. Multimethod simulation environments provide
opportunities for combining discrete-event, system dynamics,
and agent-based approaches within a single modeling
framework [28]. Agent-based methodologies, in particular,
enable the representation of interactions among individual
entities and have been successfully employed for studying
complex adaptive systems, educational processes, and
healthcare-related applications [29], [30].

Visualization and simulation environments have also been
employed to investigate graph optimization problems, support
educational activities, and analyze transportation networks.
Previous studies demonstrated the usefulness of visualization
tools for improving the understanding of network flow
algorithms [31], while agent-based methodologies provide
flexible mechanisms for representing dynamic processes and
educational scenarios [32]. More recently, shortest path
optimization techniques have been successfully applied to
transportation networks through case studies based on the
Macedonian road infrastructure, further emphasizing the
practical relevance of graph-based routing methods in real-
world environments [33].

Recent advances in artificial intelligence have further
contributed to the development of intelligent transportation
solutions. Al-enhanced traffic simulations, predictive analytics,
and adaptive traffic control mechanisms have demonstrated
their potential to improve urban mobility, increase road safety,
and support more efficient emergency response operations
[34], [35]. In addition, the integration of artificial intelligence
with smart ambulance systems and dynamic traffic
management frameworks may facilitate faster route adaptation
and reduce intervention times in critical situations [36].

Despite the substantial body of literature dedicated to
shortest path algorithms, intelligent transportation systems, and
emergency vehicle routing, comparative studies combining
scalability analysis, visualization environments, and Smart City
emergency transportation scenarios within a unified framework
remain relatively limited. Motivated by this observation, the
present study proposes a two-stage evaluation methodology
consisting of scalability experiments and a Smart City
emergency transportation case study inspired by the urban road
network of Skopje. The proposed framework aims to provide a
better understanding of the applicability, efficiency, and
limitations of shortest path algorithms in intelligent
transportation and emergency management systems.

III. THEORETICAL BACKGROUND AND ALGORITHMIC
FOUNDATIONS

Graph theory provides the mathematical foundation for
numerous optimization problems, including shortest path
determination, network analysis, transportation planning, and
intelligent decision-support systems. A graph can be
represented as

G=(V,E) 1)
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where, (V') denotes the set of vertices (nodes) and (E )
represents the set of edges connecting pairs of vertices. In
weighted graphs, each edge is assigned a numerical value
corresponding to distance, travel time, cost, or another
optimization criterion.

The shortest path problem aims to determine a path
between two vertices such that the total accumulated edge
weight is minimized. Due to its broad applicability, this
problem has been extensively investigated in transportation
systems, robotics, communication networks, and artificial
intelligence applications.

A. Dijkstra's Algorithm

Dijkstra's algorithm [5] is one of the most widely used
exact shortest path algorithms for weighted graphs with non-
negative edge costs. The algorithm iteratively selects the
unvisited vertex with the smallest tentative distance and relaxes
its neighboring vertices until the shortest distances to all
reachable nodes are determined.

The computational complexity of Dijkstra's algorithm
depends on the underlying data structure used for maintaining
the priority queue. When implemented using a binary heap, its
time complexity is given by

0((V +E)logV) 2)

where, (V ) denotes the number of vertices and (E )
represents the number of edges. The corresponding space
complexity is

O(VE) 3)

Due to its efficiency and guaranteed optimality, Dijkstra's
algorithm remains widely adopted in transportation planning
and navigation systems.

B. Bellman-Ford Algorithm

Bellman-Ford is another classical shortest path algorithm
capable of processing graphs containing negative edge weights
[6]. The algorithm repeatedly relaxes all graph edges and can
additionally detect negative cycles within the network.

Its worst-case computational complexity is O(VE)
while the required memory complexity remains O (V).

Although  Bellman-Ford generally requires more
computational resources than Dijkstra's algorithm, its ability to
handle more general graph structures makes it valuable in
communication networks and cost-sensitive routing problems.

C. A* Algorithm

The A* algorithm combines graph search techniques with
heuristic guidance to accelerate shortest path computation [10].
Instead of exploring all possible nodes uniformly, A*
prioritizes nodes that appear more promising according to an
evaluation function.

The evaluation function is defined as

fm) =g +h®) 4)
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where, (g(n)) represents the accumulated cost from the
source node to the current node, while (h(n)) denotes an
estimate of the remaining distance to the target node.

For A* to guarantee optimality, the heuristic function
should satisfy admissibility and consistency conditions. An
admissible heuristic never overestimates the true shortest
distance to the destination, whereas a consistent heuristic
satisfies.

h(n) < c(n,m) + h(m) (5)
for every neighboring node pair ((n, m)).

Common heuristic functions include Euclidean and
Manhattan distances, which are frequently employed in
transportation and navigation applications. Under these
assumptions, A* preserves optimality while significantly
reducing the number of explored nodes compared to
uninformed search methods.

Its worst-case computational complexity remains
comparable to Dijkstra's algorithm, although practical
implementations often exhibit considerably better performance
due to heuristic guidance.

D. Shortest Path Algorithms in Intelligent Transportation
Systems

Shortest path algorithms constitute an essential component
of intelligent transportation systems and Smart City
infrastructures [23-25]. Typical applications include route
planning, emergency vehicle dispatching, traffic optimization,
autonomous navigation, and mobility management [26-28].

In emergency response scenarios, minimizing travel time is
particularly important, as delayed interventions may
significantly affect public safety and healthcare outcomes.
Consequently, evaluating shortest path algorithms within
realistic transportation environments represents an important
research direction for intelligent transportation systems and
emergency management applications.

IV. PROPOSED SMART CITY EMERGENCY TRANSPORTATION
FRAMEWORK

A. Problem Definition

Efficient emergency response remains one of the major
challenges faced by modern Smart Cities. Delays in ambulance
dispatching and patient transportation may significantly affect
healthcare outcomes, making route optimization an essential
component of intelligent transportation systems.

In this study, the emergency routing problem is formulated
as a shortest path problem in a weighted graph representing an
urban transportation network. The objective is to determine the
fastest route for an ambulance traveling from an arbitrary
starting location to a hospital while considering potential road
closures and varying transportation conditions.

B. Smart City Transportation Network

To evaluate the applicability of shortest path algorithms in
realistic urban environments, a transportation model inspired
by the road network of the city of Skopje was developed.
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The transportation infrastructure is represented as an
undirected weighted graph described by Eq. (1), where nodes
correspond to urban districts and edges denote road segments
connecting neighboring regions. Edge weights represent
estimated travel times between adjacent locations.

The transportation network was constructed using several
districts of Skopje, namely Aerodrom, Centar, Karpos, Vlae,
Gjorce Petrov, Bit Pazar, Kisela Voda, and a hospital location.
Connections between neighboring districts were modeled as

weighted edges, where the assigned values represent
approximate travel times in minutes.
Gorce Petrov
20 min Avtokomanda
Bit Pazar 15 min
9 min
15 min
Viae 10 min
6min  8min
Hospital
Karposh
Centar
6 min

) m&\
/Aerodrom
Kisela Voda 7 min

Fig. 1. Smart City transportation network inspired by the urban road
infrastructure of Skopje.

Fig. 1 presents the Smart City transportation network used
throughout the experimental evaluation.

C. Framework Architecture and Implementation
The proposed framework consists of four major modules:

e Graph Representation Module;
e Routing Algorithm Module;

e Visualization Module;

e Experimental Analysis Module.

The Smart City simulation environment was implemented
using Java and JavaFX, while Python was employed for
supplementary  algorithmic  validation and scalability
assessment.

The graph representation module stores nodes, edge
weights, predecessor information, and route availability status.
The routing module integrates Dijkstra, Bellman-Ford, and A*
algorithms, whereas JavaFX enables visualization of
transportation networks, optimal routes, and blocked road
segments. Bellman-Ford was included in the scenario-based
evaluation as a classical reference algorithm widely used in
shortest-path research. Although the investigated transportation
network contains only non-negative edge weights, Bellman-
Ford provides a useful baseline for comparing computational
behaviour and routing consistency with Dijkstra and A*. It was
intentionally excluded from the scalability experiments
because its higher computational complexity would have
resulted in substantially longer execution times for repeated
evaluations on large randomly generated graphs without
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providing additional methodological insight under the
considered experimental conditions. Fig. 2 illustrates the
interaction among the main modules of the proposed Smart
City emergency transportation framework.

User Interaction Graph Representation Routing Algorithms | | Visualization Module
Module Module Module | (JavaFX)
* Select starting * Nodes: city districts, * Dijkstra Algorithm | » Display city map (graph)
location I»! :zspitalmd ” Lyl e :le"m':r?_Ford 1>« Show shortest path
* Manage road ¢ Edges: roads w igorithm |
closures travel time (min) * A* Algorithm |:Show blockad roats
o View results * Support for Com@ shortest route [P
blocked roads to hospital
¥ —
: Experimental Analysis Module i
Python)

« Performance evaluation

7 * Execution time comparison
 Scalability analysis

* Result summaries and charts

Fig. 2. Architecture of the proposed Smart City emergency transportation
framework.

1) Research hypotheses: To guide the experimental
evaluation, the study investigates the following research
hypotheses:

HI1. The A* algorithm achieves lower computational cost
than Dijkstra's algorithm while preserving optimal route quality
in transportation networks with non-negative edge weights.

H2. The proposed Smart City emergency routing
framework is capable of correctly identifying feasible shortest
routes as well as detecting situations in which no valid route
exists due to road disruptions.

H3. Combining scalability experiments with representative
Smart City emergency scenarios provides a comprehensive
evaluation of both computational performance and practical
applicability of classical shortest-path algorithms.

D. Dynamic Road Availability and Emergency Routing
Scenarios

Emergency transportation systems frequently operate under
dynamically changing conditions. Traffic incidents, road
maintenance, construction activities, or unexpected events may
temporarily block important transportation links. To simulate
such situations, selected road segments can be excluded from
the transportation network before executing shortest path
algorithms, enabling the generation of alternative routes
whenever the initially optimal path becomes unavailable.

The term dynamic in this study refers to the evaluation of
multiple transportation scenarios with different road
availability configurations rather than continuous real-time
updates of edge weights during route computation. Each
scenario represents a static snapshot of the transportation
network under a particular emergency condition.

Four representative emergency scenarios were considered
to investigate algorithm behavior under varying transportation
conditions.

1) Scenario 1: The ambulance vehicle is initially
positioned in the Aerodrom district and dispatched toward the
hospital under normal traffic conditions.
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Avtokomanda

20 min O
Bit Pazar

Gjorce Petrov

@ Hospital

= Available road Aerodrom

e Optimal route

Kisela Voda
Shortest path to the Hospital: 42 min O

Fig. 3. Ambulance dispatching from Aerodrom district under normal traffic
conditions.

2) Scenario 2: The ambulance vehicle starts from Vlae
while maintaining full road accessibility.

Gj°[°f Petrov Avtokomanda
C 20 min )
Bit Pazar b
Viae (
5 min @ Hospital
6 min £
\ 10 min 4
Karposh (_
12 min
—— Available road Aerodrom
= Optimal route @
Kisela Voda
AR\
Shortest path to the Hospital: 30 min @

Fig. 4.

Ambulance dispatching from Vlae district.

3) Scenario 3: Road segments leading to the hospital are
intentionally blocked, resulting in the absence of a feasible
transportation path.

Gjorce Petrov Avtokomanda

& 20 min O
\it Pazar it

9 min A 4

]

- ]

Viae () és min

m @”Ht‘\)spital

Karposh' 10min _.-~
\ D @—
: Centar (< ;
Available road W’odrom
Kisela Voda 7

====Blocked road
All roads to the Hospital are blocked! \

® Road closure
No available path.

Fig. 5. Road closure scenario with unavailable routes to the hospital.

550|Page

www.ijacsa.thesai.org



(IJACSA) International Journal of Advanced Computer Science and Applications,

4) Scenario 4: The ambulance vehicle departs from Gjorce
Petrov under regular transportation conditions.

Gjorceﬁ Petrov Avtokomanda

&, 20 min (
- \i@?azar o

9 min 4

Viae ()
Gk i @) Hospital
™ 1 A
Karposh' i 10min -~/
: 5
L

= Available road

===~ Blocked road
® Road closure

All roads to the Hospital are blocked!
No available path.

Fig. 6. Ambulance dispatching from Gjorce Petrov district.

The developed framework provides a flexible environment
for investigating shortest path algorithms under realistic
emergency transportation scenarios and serves as the basis for
the experimental evaluation presented in the following
sections.

V. EXPERIMENTAL EVALUATION AND RESULTS

A. Scalability Assessment of Shortest Path Algorithms

To complement the Smart City emergency transportation
scenarios, an additional set of experiments was conducted to
evaluate the scalability and computational -efficiency of
shortest path algorithms under increasing graph sizes. These
experiments were designed to assess the potential applicability
of the investigated algorithms in larger Smart City
transportation networks, where the number of intersections and
road segments may substantially exceed those considered in
the Skopje-inspired case study.

Dijkstra's and A* algorithms were implemented in Python
3.11 using a binary min-heap priority queue. Random weighted
graphs containing 50, 100, 200, and 500 nodes were generated
programmatically to simulate transportation networks of
varying complexity. Edges were generated by considering all
possible node pairs, where an edge was created with a
probability (density) of 0.3. Edge weights were assigned as
random integer values between 1 and 10, representing abstract
transportation costs. The generated graphs were stored using
adjacency-list representations to support efficient shortest-path
computations. Priority queue operations in both Dijkstra's and
A* implementations were performed using Python's built-in
heapq module, which provides efficient insertion and
extraction of the minimum-cost node. Since the investigated
graph sizes were relatively moderate, no specialized memory
optimization techniques were required. For each graph size,
both algorithms were executed once on the generated weighted
graph, and the execution time together with the number of
visited nodes was recorded. The experiments were performed
on a workstation equipped with an Intel i5 processor and 16
GB RAM.
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Bellman-Ford was intentionally excluded from the
scalability assessment because its computational complexity
O(VE) makes its evaluation on large randomly generated
graphs considerably more computationally demanding than
Dijkstra and A*. Since the generated graphs contain only non-
negative edge weights, including Bellman-Ford would not
provide additional methodological insight beyond the scenario-
based comparison presented in the Smart City case study.

A simple admissible heuristic based on the absolute
difference between the current node identifier and the target
node identifier, h(n) =| goal —n |, was adopted for the A*
algorithm. Since the randomly generated scalability graphs do
not contain spatial coordinates, conventional Euclidean or
Manhattan distance heuristics were not applicable. Instead, the
selected heuristic provides a simple and deterministic estimate
that enables a consistent comparison between A* and Dijkstra
under identical experimental conditions. Although relatively
simple, this heuristic was sufficient to reduce the search space
and improve computational performance.

Fig. 7 illustrates the execution time trends observed for
Dijkstra's and A* algorithms as the graph size increases from
50 to 500 nodes. The presented values correspond to the
recorded execution times for each generated graph instance.
The obtained results indicate that the heuristic guidance
employed by A* contributes to lower execution times and
fewer visited nodes, particularly in larger graph instances.

0.025
—&— Dijkstra
_0020{ ~* A
3
S 0.01445
£ 0.015
o
£
= 0.010 -
S
5
§ 0.005
] 0.00015 0.00055 0.00096
° 000042 o
0.0007 ; 45603 0.00021
50 100 200 500

Number of Nodes

Fig. 7. Execution time comparison between Dijkstra and A* algorithms
under increasing graph sizes.

Table I summarizes the obtained performance results.

TABLE L. ALGORITHM PERFORMANCE UNDER INCREASING GRAPH SIZES
Nodes Algorithm Time(s) Nodes Visited

50 Dijkstra 0.00015 89

50 A* 0.00003 3

100 Dijkstra 0.00055 207

100 A* 0.00021 11

200 Dijkstra 0.00254 446

200 A* 0.00042 5

500 Dijkstra 0.01445 1233

500 A* 0.00096 7
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The obtained results demonstrate that both algorithms
successfully identified shortest paths for all tested graph
instances. However, the increase in graph size had a
considerably stronger impact on Dijkstra's algorithm, which
explored a significantly larger portion of the graph. In contrast,
A* consistently visited fewer nodes and maintained lower
execution times due to heuristic guidance. The performance
differences become particularly noticeable for graphs
containing 200 and 500 nodes, suggesting that heuristic-based
approaches can provide substantial advantages when shortest
path computations are performed in large-scale transportation
networks.

B. Smart City Emergency Routing Scenarios

Following the scalability assessment, the algorithms were
evaluated within the proposed Smart City emergency
transportation framework.

Four representative ambulance dispatching scenarios were
investigated under different traffic conditions and road
availability assumptions.

Scenario 1 considers an ambulance vehicle departing from
the Aerodrom district under normal traffic conditions.

Scenario 2 examines emergency transportation originating
from Vlae while maintaining complete road accessibility.

Scenario 3 simulates a road closure situation in which all
transportation links leading to the hospital become unavailable.

Scenario 4 analyzes ambulance dispatching from Gjorce
Petrov under regular transportation conditions.

Fig. 3—6 present visual representations of the considered
emergency scenarios.

TABLE IL. RESULTS OBTAINED FOR EMERGENCY ROUTING SCENARIOS
Scenario Starting District Travel Time (min) Path Available
Scenario 1 Aerodrom 42 Yes
Scenario 2 Vlae 30 Yes
Scenario 3 Road closure - No
Scenario 4 Gjorce Petrov 34 Yes

Table II summarizes the routing outcomes obtained for the
investigated emergency transportation scenarios. The results
indicate that the proposed routing framework successfully
identified the shortest available routes whenever feasible
transportation paths existed. In the road closure scenario, the
framework correctly identified the absence of a valid path to
the hospital, demonstrating its capability to handle dynamically
changing transportation conditions.

Each Smart City emergency routing scenario was executed
once because the transportation network topology, edge
weights, and algorithm implementations are deterministic.
Consequently, identical input conditions always produce
identical routes and travel times. Therefore, variance measures
were not reported, as no stochastic variability is present in the
adopted experimental setup.

The conducted experiments provide complementary
insights into the applicability of shortest path algorithms in
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intelligent transportation systems. The scalability assessment
evaluates computational performance under progressively
larger graph instances, whereas the Smart City case study
demonstrates the practical applicability of the proposed routing
framework under representative emergency transportation
scenarios. Since the Smart City evaluation is deterministic and
scenario-based, it is intended to illustrate routing behaviour
rather than to provide statistical performance benchmarking.

The scalability assessment highlights the computational
benefits of heuristic-guided search, particularly when dealing
with larger transportation networks. At the same time, the
Smart City simulations demonstrate the practical applicability
of these algorithms in realistic emergency response scenarios
involving ambulance dispatching, road disruptions, and
dynamic traffic conditions.

Taken together, the obtained results suggest that combining
classical shortest path algorithms with Smart City
transportation models offers a flexible environment for
studying emergency routing strategies and evaluating
intelligent transportation solutions under various operating
conditions.

VI. DISCUSSION

The results obtained from both the scalability assessment
and the Smart City case study provide useful insights into the
applicability of shortest path algorithms in emergency
transportation systems. By combining algorithm-oriented
experiments with scenario-based simulations, the proposed
framework enables an evaluation of both computational
performance and practical suitability for time-critical routing
tasks.

The scalability experiments revealed that the computational
burden of shortest path algorithms increases with graph size.
Although Dijkstra's algorithm consistently identified optimal
routes, its execution time and the number of visited nodes
increased substantially for larger graph instances. In contrast,
the heuristic guidance incorporated into the A* algorithm
limited unnecessary exploration of the search space and
resulted in lower execution times. These differences became
particularly evident for graphs containing 200 and 500 nodes,
indicating that heuristic-based approaches may offer significant
benefits when shortest path computations are repeatedly
performed in large transportation networks.

For relatively small transportation networks similar to the
proposed Skopje-inspired model, all investigated algorithms
produced comparable routing decisions and identified identical
optimal routes. Therefore, the primary differences among the
algorithms are reflected in computational efficiency and
scalability rather than in route optimality within moderately
sized urban networks.

The Smart City emergency scenarios complement the
scalability analysis by illustrating how shortest path algorithms
behave under conditions that more closely resemble real-world
transportation environments. The investigated scenarios
demonstrated that feasible ambulance routes can be efficiently
identified when transportation links remain available, while the
framework was also capable of recognizing situations in which
no valid route to the hospital exists due to road disruptions.
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Such functionality is especially important in emergency
response systems, where traffic incidents, construction
activities, or unexpected events may rapidly alter transportation
conditions.

An additional advantage of the proposed framework is its
adaptability. The Skopje-inspired transportation network
employed in this study was intentionally designed as a proof-
of-concept case study rather than a complete representation of
an urban transportation infrastructure. Its primary objective
was to demonstrate the applicability of the proposed routing
framework under representative emergency scenarios while
maintaining a clear interpretation of algorithmic behaviour.
Although the simplified network limits the direct
generalization of the obtained results to large metropolitan
transportation  systems, the proposed methodology is
independent of network size and can be readily extended to
larger urban environments, multiple healthcare facilities, and
transportation systems supported by continuously updated
traffic information. Furthermore, more sophisticated heuristic
functions, traffic prediction models, machine learning
techniques, and real GIS or OpenStreetMap data may be
incorporated to support adaptive routing decisions and improve
overall system responsiveness.

Despite the encouraging results, several limitations should
be acknowledged. The scalability assessment was intentionally
limited to execution time and the number of visited nodes, as
these metrics provide a direct comparison of computational
efficiency across the investigated algorithms. Additional
performance indicators, including memory consumption, edge
relaxations, priority queue operations, and scalability under
varying graph densities, represent promising directions for
future research. The transportation network employed in this
study represents a simplified proof-of-concept model of an
urban environment and therefore does not capture the full
topological complexity of real metropolitan transportation
systems. Furthermore, the heuristic function adopted for the A*
implementation was intentionally selected to remain simple to
facilitate a transparent comparison with the investigated
classical algorithms. Future studies may therefore focus on
integrating richer transportation datasets, advanced heuristic
strategies, and hybrid optimization methods capable of
supporting more realistic emergency management scenarios.
Although the proposed framework considers multiple
emergency scenarios with different road availability
conditions, route computation is performed on static network
snapshots. Incorporating continuously changing traffic
conditions, dynamic edge weights, and real-time rerouting
mechanisms would further improve the realism and
applicability of the proposed framework. In addition, the
framework could be extended by incorporating more advanced
routing techniques, including ALT (A*, Landmarks, Triangle
inequality), Contraction Hierarchies, Bidirectional Dijkstra,
and time-dependent shortest-path algorithms to further improve
routing efficiency in large-scale transportation networks.
Finally, comparisons with established routing platforms, such
as OpenStreetMap-based routing engines and GraphHopper,
would provide additional practical validation and facilitate
benchmarking under real-world transportation conditions.

Vol. 17, No. 7, 2026

Nevertheless, the obtained conclusions should be
interpreted with caution due to the relatively small size of the
investigated transportation network and the simplified
assumptions adopted in the simulation model.

Overall, the findings suggest that combining classical
shortest path algorithms with Smart City transportation models
provides a flexible and informative framework for
investigating emergency routing strategies and evaluating
intelligent transportation solutions under a wide range of
operating conditions.

VII. CONCLUSION

This study presented a comparative investigation of three
well-established shortest path algorithms, namely Dijkstra,
Bellman-Ford, and A*, within the context of Smart City
emergency transportation systems. The proposed framework
combined scalability experiments with scenario-based
simulations inspired by the urban road network of Skopje,
allowing both computational characteristics and practical
routing capabilities to be evaluated.

The scalability assessment demonstrated that the
performance differences among the investigated algorithms
become more pronounced as graph size increases. While
Dijkstra's algorithm consistently produced optimal solutions,
the heuristic guidance employed by A* reduced the number of
explored nodes and resulted in shorter execution times for
larger transportation networks. Bellman-Ford preserved its
ability to handle graphs containing negative edge weights,
although this flexibility was accompanied by increased
computational requirements.

The simulated emergency transportation scenarios further
illustrated the applicability of shortest path algorithms in
ambulance dispatching and route planning tasks. The
developed framework successfully identified feasible routes
under normal operating conditions and detected situations in
which transportation links became unavailable due to road
closures. In addition, the visualization environment facilitated
an intuitive interpretation of routing decisions and
transportation network states, which may be useful for both
educational purposes and preliminary decision-support
analyses.

Although the presented transportation model represents a
simplified approximation of an urban environment, the
obtained results indicate that graph-based routing methods
remain effective tools for supporting emergency transportation
planning in Smart City settings. Future work may focus on
incorporating real-time traffic information, stochastic travel
times, multiple healthcare facilities, and adaptive optimization
techniques, including machine learning approaches, to provide
more realistic and responsive emergency management
solutions.

Overall, the presented framework demonstrates that graph-
based routing approaches can provide valuable support for
emergency transportation planning and may serve as a basis for
future intelligent transportation applications.
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