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OPTIMIZING ALTERNATIVE AIR TRAFFIC SERVICE ROUTES FOR 

AIRPORT DISRUPTION CONTINGENCY MANAGEMENT 
 

Summary. Flight disruptions due to destination airport unavailability present 

significant challenges for air traffic management and airline operations. These 

situations may lead to cascading delays, increased fuel consumption, and reduced 

passenger satisfaction. A key response strategy is the timely identification of 

alternative air traffic services (ATS) routes to suitable diversion airports while 

ensuring flight safety and operational continuity. However, existing diversion 

approaches often rely on static contingency plans or real-time decisions by air 

traffic controllers, which may not perform well under dynamic conditions. To 

address this, a robust multi-objective optimization model based on the A-star 

algorithm is proposed to dynamically identify optimal alternative air traffic services 

routes when the planned destination becomes inaccessible. The model accounts for 

multiple objectives, including route efficiency, safety, and operational feasibility, 

across pre-tactical and tactical phases of air traffic flow management. By 

integrating airspace constraints and traffic flow considerations, the model supports 

adaptive, data-informed decision-making. Simulation results demonstrate 
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the model’s ability to reduce network disruptions and support safe, efficient 

diversions under various traffic scenarios. This study contributes to enhancing the 

resilience of the air transportation system and provides a foundation for future 

integration into intelligent air traffic management tools and decision support 

systems. 

Keywords: alternative ATS route, air traffic management, destination airport 

unavailable, A* algorithm, multi-objective optimization model 

 

 

1. INTRODUCTION 

 

Air transportation is a cornerstone of global connectivity, but it is inherently vulnerable to 

disruptions caused by adverse weather, technical malfunctions, security threats, and other 

unforeseeable events. In the event of airport inoperability, aircraft must be promptly reassigned 

to alternative destinations through optimized ATS routing to ensure safety, reduce economic 

impact, and sustain operational continuity 

Recent statistical data underscores the significance of this issue. According to the U.S. 

Bureau of Transportation Statistics (BTS, 2025), a total of 15,059 flights operated by the ten 

major airlines were diverted to alternate airports in 2024 alone, compared to 14,864 in 2023. 

Similarly, data from Eurocontrol (2024) reveals that in 2022, out of 9.3 million flights within 

the EUROCONTROL Network Manager area, 28,738 flights (0.3%) landed at an airport 

different from their originally intended destination, and the estimated cost per diverted flight 

was approximately €8,800. In addition to direct operational costs, unplanned diversions impose 

significant financial burdens on airlines, airports, and passengers. According to the Federal 

Aviation Administration (FAA, 2020), the variable operating cost per flight hour is $1,508, 

while the average cost of a flight cancellation per passenger is approximately $15.51. These 

figures, when multiplied across thousands of diverted flights annually, represent substantial 

economic losses for the aviation industry. Beyond monetary considerations, flight diversions 

also contribute to logistical challenges, including increased air traffic congestion, additional 

fuel consumption, crew scheduling complexities, and passenger inconvenience. Moreover, 

flight diversions cause ripple effects beyond immediate disruptions. They can delay connecting 

flights, burden ATC and alternate airports, and strain limited resources. Prolonged ground 

delays and passenger reallocation may also damage airline reputation and customer loyalty, 

with lasting impacts on passenger behavior. 

Although diverted flights account for a small portion of total operations, their cumulative 

impact on ATM efficiency and safety is significant. This underscores the need for advanced 

strategies to identify alternative ATS routes, supported by real-time adaptive ATM systems and 

predictive analytics. Emerging approaches increasingly rely on optimization models powered 

by AI and advanced algorithms, enabling real-time disruption prediction and route 

optimization. However, despite their promise, the application of such innovations to the 

dynamic selection of alternative ATS routes remains an underexplored area. Most existing 

studies tend to address peripheral topics rather than directly confronting this critical challenge.  

Several notable studies have explored optimization techniques relevant to trajectory 

adjustments. Xu et al. (2020) proposed a collaborative ATFM framework utilizing Mixed-

Integer Linear Programming to optimize cost-efficient trajectory adjustments and minimize 

delays for airspace users. Similarly, Yang et al. (2021) introduced a robust optimization model 

designed to enhance adaptability and efficiency in identifying alternative ATS routes for flights 

under uncertain adverse weather conditions. Another study focused on a robust optimization 
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framework for flight diversions under uncertainty, balancing stakeholder interests with 

operational performance (Bongo and Sy, 2020). However, the aforementioned studies primarily 

focus on optimizing real-time or pre-tactical trajectory adjustments for aircraft, rather than 

developing a comprehensive optimization framework capable of determining alternative routes 

when the original ATS route becomes unavailable. More notably, there is a near absence of 

research dedicated to identifying alternative routes when the original destination airport (or 

transfer of control point) is rendered unusable. This gap highlights a promising research 

direction focused on developing an advanced optimization model that can dynamically identify 

alternative ATS routes across different phases of ATFM (pre-tactical, or tactical), while 

satisfying specific operational constraints and performance objectives. 

In light of these challenges, it is essential to develop an optimized decision-support 

framework for identifying alternative ATS routes when the planned destination airport becomes 

unavailable. This study proposes a robust model based on the A* algorithm to determine the 

most efficient route to an alternate airport under two cases. The first involves the unavailability 

of the destination airport alone – due to technical issues or on-ground incidents – while the 

second addresses broader disruptions, including surrounding airspace and portions of the 

original route (hereafter referred to as the No-fly Area), as seen in adverse weather or airspace 

restrictions. These cases present varying levels of complexity, particularly in maintaining 

regulatory compliance and safety. In both cases, the model aims to minimize total flight distance 

to ensure operational efficiency and feasibility.  

To address the added complexity of the second case, three routing scenarios with additional 

sub-objectives are introduced: (1) minimizing deviation from the original route, (2) minimizing 

the total distance from the original start to the new destination, and (3) enabling user-defined 

preferences for flexible routing. These scenarios enhance the model’s practical applicability 

across different ATFM phases. Scenarios 1 and 2 are best suited for pre-tactical planning, where 

minimizing flight time (Scenario 2) or maintaining route consistency (Scenario 1) supports 

efficiency and conflict avoidance. Scenario 3, offering flexible user input, is more appropriate 

for the tactical phase, which requires real-time responsiveness to actual traffic and airspace 

conditions. 

To evaluate the efficiency and responsiveness of the proposed model in dynamically 

identifying alternative ATS routes, the ATS route network within the HCM FIR has been 

selected as the primary case study. The HCM FIR holds a strategically significant geographical 

position (Carreras and Greenman, 2017; Nguyen Le Quyen, 2022), serving as a critical aviation 

hub that connects countries in the Northern Hemisphere – particularly Russia and China – to 

those in the Southern Hemisphere, including Oceania. Additionally, it borders the vast South 

China Sea, a region that accommodates multiple crucial international ATS routes. In addition 

to its strategic location, Vietnam has one of the fastest-growing aviation industries in the world 

(International Trade Administration, 2024; 6Wresearch, 2022). The country’s air transport 

sector has experienced significant expansion in recent years, driven by increasing passenger 

demand, economic growth, and enhanced connectivity with global markets. The HCM FIR 

plays an essential role in facilitating this growth, serving as a critical gateway for both domestic 

and international air traffic. Another key factor that underscores its significance is the relatively 

high air traffic density on several routes within the FIR. For instance, the HCM – Hanoi route, 

which largely falls within this FIR, ranks as the fourth busiest domestic air route in the world 

(OAG, 2024). Furthermore, the weather conditions in this region can be highly complex at times 

due to the influence of monsoons and tropical storms originating from the South China Sea. 

These adverse weather patterns frequently disrupt flight schedules, requiring not only frequent 

ATS route reconfigurations but also necessitating aircraft diversions to alternate airports. 
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A notable example occurred on May 16, 2023, when seven flights originally scheduled to land 

at Tan Son Nhat International Airport were unable to do so and had to divert to alternate airports 

due to unfavorable weather conditions (Vietnamplus, 2023). Given these factors, selecting the 

HCM FIR as a case study is highly appropriate, as it ensures both practical relevance and a 

robust scientific foundation. Moreover, the insights gained from this analysis can enhance the 

potential for broader implementation in other high-density airspaces worldwide, particularly in 

regions where adverse weather conditions frequently necessitate the identification of alternative 

ATS routes and airport diversions. 

 

 

2. METHODOLOGY FOR OPTIMIZING ALTERNATIVE ATS ROUTES DURING 

AIRPORT DIVERSIONS 

 

2.1. A* algorithm 

 

The A* algorithm is one of the most widely used and efficient pathfinding algorithms in 

computer science and artificial intelligence. It is a heuristic search algorithm that extends 

Dijkstra’s Algorithm by incorporating heuristic information to improve efficiency (Beeker, 

2004). The fundamental principle of A* is to find the shortest route between a start node and a 

goal node in a weighted graph while balancing exploration and optimality.  A* operates using 

a cost function: 

 

 ( ) ( )  ( )f n g n h n= +  (1) 

 

where: 

g(n) represents the actual cost from the start node to node n, 

h(n) is the heuristic estimate of the cost from 𝑛 to the goal, 

f(n) is the estimated total cost of the path through node 𝑛. 

 

The choice of heuristic function significantly influences the performance of A*, with an 

admissible (never overestimates the true cost) and consistent (follows the triangle inequality) 

heuristic ensuring both optimality and efficiency. Compared to uninformed search methods, A* 

intelligently prioritizes promising paths, reducing unnecessary exploration and enhancing 

computational speed. It guarantees an optimal solution if the heuristic function does not 

overestimate the actual cost. This characteristic makes A* particularly effective in solving 

shortest route problems in large-scale environments. The algorithm’s ability to balance 

accuracy and efficiency has made it a fundamental tool in artificial intelligence and operations 

research. Its scalability and robustness ensure its continued relevance in modern computational 

problem-solving, making it one of the most powerful techniques for optimal pathfinding in 

complex systems, including transportation networks (Felix et al, 2024; Wang et al., 2024), 

robotic navigation (Ju et al, 2020; Kabir et al, 2024), and game environments (Kurniawan et al, 

2024), where real-time decision-making and adaptability are crucial for efficiency and 

performance. 

In the field of aviation in general and ATM in particular, the A* algorithm has been widely 

applied to determine optimal flight routes for both manned civil aircraft (Ma et al. 2022; Neretin 

et al. 2021; Li et al. 2023; Roy, 2023) and unmanned aerial vehicles (Mandloi et al. 2021; Ji et 

al. 2024). However, most existing studies focus on initial trajectory planning rather than the 

dynamic re-routing of ATS paths under operational constraints. This research addresses that 
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gap by proposing a re-routing model capable of optimizing alternative ATS routes while 

ensuring efficiency and regulatory compliance. Designed for use across pre-tactical and tactical 

phases, the model adapts to diverse scenarios and disruptions, enhancing the flexibility and 

resilience of ATS route planning in complex airspace environments. 

 

2.2. Steps for Developing Optimization Models and Mathematical Models 

 

Since the A-Star (A*) algorithm is a branch of graph theory, the airspace structure in this 

study is represented as a graph G = (N,O) where 𝑁 =  {𝑁0, 𝑁1, 𝑁2, … , 𝑁𝑙}, and 𝑂 = 
{𝑂1, 𝑂2, … , 𝑂𝑘}. In this representation, N consists of waypoints and airport coordinates 

(collectively referred to as nodes), while 𝑂 represents the arcs, each defined as a direct 

connection between two nodes. Each arc 𝑂 is characterized by two key parameters: distance 

(𝑑) and angle (𝜃). 

A crucial aspect of data preprocessing is ensuring the accurate input of node coordinates, as 

precise spatial representation is fundamental for effective route optimization. To achieve this, 

the latest aeronautical data from the Vietnam AIP 2024 is utilized, incorporating a total of 130 

nodes into the airspace model. Figure 1 illustrates the spatial relationships among these nodes, 

providing a graphical representation of the airspace network structure. 

 

 
 

Fig. 1. Illustrating the Structure of Airspace in the Model  

and Establishing Relationships Between Nodes 

 

After completing the airspace structure description using nodes, the next step is to establish 

relationships between them, specifically defining parent-child connections. This hierarchical 

relationship is essential for optimizing route search processes. Given that the HCM FIR 

encompasses both land and sea areas, the airspace structure is systematically divided into two 

distinct regions: land–coast and coast-sea. To determine how nodes are connected, a systematic 

selection process is applied. Each node identifies neighboring nodes within a specified radius, 

forming a structured network. The node at the center of this defined area is designated as the 

parent node, while all surrounding nodes that fall within the radius are considered child nodes. 

A directional scanning technique is used, where the search is conducted in one-degree 

increments. In each direction, at most one child node is selected, ensuring an even distribution 
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of connections and preventing unnecessary redundancy. This method enhances the efficiency 

of route calculations and ensures a well-structured node hierarchy for optimal airspace 

navigation. Figures 2 and 3 illustrate all node connections in the land – coast and coast – sea 

regions, respectively. Land nodes are shown in green, sea nodes in blue, and coastal nodes – 

appearing in both figures – are marked in pink. 

 

 
 

Fig. 2. Connections between all nodes in the land-coast region 

 

 
 

Fig. 3. Connections between all nodes in the coast-sea region 

 

The next crucial step in the model development is the precise definition of the objective 

function, constraints, and assumptions that will be applied within the model. This phase is 

fundamental, as it forms the conceptual and mathematical backbone of the model, ensuring its 

effectiveness, feasibility, and real-world applicability. Without a well-defined structure, even 

the most sophisticated models may fail to produce meaningful or actionable insights. In this 

model, the primary objective, across all scenarios and cases, is to minimize the distance of the 

alternative route to the newly designated airport, as specified by the user. This objective is 

particularly important in urban planning, logistics, and transportation network optimization, 
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where shorter travel distances directly translate to lower operational costs, reduced travel time, 

and improved user satisfaction. The objective function is defined mathematically as: 
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where:  

d is the distance between any two consecutive nodes i and i+1 on the ATS route that consists 

of u nodes. 

D is the total distance from the starting node to the ending node. 

 

For each ATS route, the following variables are defined: 

• 𝑃𝑖
𝑎: A node positioned along ATS route a between the start and end node, defined 

by its latitude and longitude. Note: 𝑖 ∈  𝑁𝑛, indicating that for each ATS route a, 

the node 𝑖 ranges from 0 to 𝑛. Specifically: 

When 𝑖 =  0, it corresponds to the starting node of ATS route 𝑎 and must coincide 

with the starting point of the original route.  

When 𝑖 =  𝑛, it corresponds to the ending node of ATS route 𝑎 and must not 

coincide with the ending point of the original ATS route. In other words, n 

represents the newly selected destination airport. 

• (𝑥𝑖, 𝑦𝑖): Indicates the latitude and longitude of the node 𝑖. 
• 𝑑𝑖,𝑖+1

𝑎 : The length of the arc connecting node 𝑖 to node 𝑖 + 1 along ATS route 𝑎.  

 

This value is calculated using the following formula. 
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• 𝑂𝑖,𝑗
𝑎 : The arc 𝑖 to 𝑗 on ATS route 𝑎. 

 

The variable 𝑂𝑖,𝑗
𝑎  is defined as a binary variable, specifically: 

 

 
,

1,  if the arc from  to  belongs to ATS route ;

0,  other cases.                                                   

a

i jO
i j a


= 


 (4) 

 

Some special variables related to the original ATS route t are listed as follows: 

•  𝑃0
𝑡: represents the starting node on the ATS route t. 

•  𝑃𝑖
𝑡: represents the node at position i on the ATS route t. 

•  𝑃𝑚
𝑡 : represents the ending node on the ATS route t that cannot be used. 

• 𝑄𝑞
𝑡 : The area q of a polygonal area containing the original destination airport of 

route t within the structured airspace 𝐺 =  (𝑁, 𝑂), where aircraft operations are 

limited. 

• 𝑅𝑟
𝑡: A circle with radius r centered at a designated point, contains the original 

destination airport of route t within the structured airspace 𝐺 =  (𝑁, 𝑂), where 

aircraft operations are limited. 
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In this study, when the initial ATS route t encounters a No_fly_area in the form of a circular 

with radius 𝑅𝑟
𝑡  or a polygonal area 𝑄𝑞

𝑡 , an alternative ATS route a must be identified to avoid 

these limited area and reach a newly designated airport specified by the user (when at least one 

No_fly_area contains the original destination airport). In cases where only the node 

 𝑃𝑚
𝑡  representing the destination airport is limited, the aircraft will be unable to use this location. 

• Node: ∀  𝑃𝑖
𝑡  ∈ N, ( 𝑃𝑖

𝑡, 𝑣) ∉ O: In a blocked state,  𝑃𝑖
𝑡 cannot establish any arcs to 

any other node, where v is any node belonging to N. In this case: 

 

 

a t
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t

i

P P

P
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− Circular area: 
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− Polygon area: 
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i j q i j n n n qO Q O O O Q− =    =  (7) 

 

In Case 1 and Scenario 2 of Case 2, when determining an alternative route for the original 

route due to a change in the destination airport, and this airport is limited either as a single point, 

within a polygonal region, or within a circular area, compliance with Equation (2) and one of 

the Equations (5), (6), or (7), corresponding to the shape of the No_fly_area, must be ensured. 

Additionally, the following equation must also be satisfied. 
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t
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    (8) 

 

For Scenario 1 in Case 2, in addition to satisfying Equation (2) and one of the three Equations 

(5), (6), or (7) depending on the shape of the No_fly_area, an additional objective function will 

be formulated. This function aims to ensure that the alternative route changes as little as possible 

from the original route while still avoiding all No_fly_area that the original route intersected, 

including at least one area containing the original destination airport. 
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In Scenario 3, to ensure flexibility, users are given the option to reutilize nodes from the 

original route t, excluding those located within any designated No_fly_area, to construct an 

alternative route a. An additional objective function will be built: 
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In equations (9) and (10), i represents the last available node before all No_fly_area, and j 

represents the first available node after all No_fly_area along the route t. 

Once the objective functions are established, the model's fundamental constraints will be 

identified and mathematically expressed as equations. 

Constraint 1: An ATS route a must establish a continuous path between the start node and 

the end node, ensuring that no arcs lead into the start node or originate from the end node. This 

constraint is mathematically represented by two equations. 
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Constraint 2: For each intermediate node i (excluding the start and end nodes), the number 

of incoming arcs must equal the number of outgoing arcs. This flow balance condition is 

represented by Equation (13). 
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To ensure that the model can function effectively across all phases of ATFM while 

maintaining both operational feasibility and alignment with real-world conditions, a set of well-

defined assumptions is established. These assumptions aim to balance the model’s practical 

applicability with its optimization objectives, ensuring that real-world constraints are 

incorporated without significantly compromising computational efficiency or solution quality. 

By defining these operational conditions in advance, the model can better accommodate the 

complexities of ATM while maintaining robustness and adaptability to dynamic cases: 

- Navigation Infrastructure: All navigation systems, including Non-Directional Beacons, VHF 

Omnidirectional Range, and Global Navigation Satellite Systems, are assumed to function 

reliably, providing continuous and consistent coverage within designated areas. In the event 

of system failures, relevant notifications will be issued, and affected nodes will be removed 

from the input graph to maintain model integrity. 

- Airspace Organization and Utilization: The structure and boundaries of controlled airspace 

are considered static and unchanging throughout the operational period. During pre-tactical 

phases, any establishment of a No_fly_area due to military operations or other restricted 

activities will be communicated in advance to ATFM units to facilitate appropriate planning 

and adjustments. 

- Meteorological Conditions: Adverse weather phenomena are assumed to be forecasted 

accurately, allowing them to be represented as polygons or circular areas defined by precise 
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coordinates for integration into the model. This ensures that weather constraints are 

effectively incorporated into operational planning. 

- Aircraft Operations: All aircraft are assumed to operate under standard protocols without 

disruptions or priority handling due to emergencies or unforeseen contingencies. 

- The model assumes that all nodes are accessible for the selection of alternative ATS routes, 

except those explicitly restricted by predefined constraints. The connections between these 

nodes are established based on geographic proximity and operational viability, ensuring that 

all generated routes conform to existing airspace structures. 

 

To ensure the flexibility, dynamism, and adaptability of the model, No_fly_area will be 

dynamically defined by inputting coordinate data based on notifications received either during 

the planning phase or in real-time. Once these zones are established, the model will identify 

valid nodes and permissible connections to be incorporated into the optimization framework. 

This approach guarantees that alternative routes are continuously updated in alignment with 

real-world conditions while adhering to the existing airspace structure. Additionally, by 

continuously adapting to evolving constraints, the system not only optimizes operational 

efficiency but also upholds strict compliance with safety and regulatory frameworks. 

The model's dynamic approach allows for the continuous optimization of alternative routes, 

taking into account real-time airspace conditions, regulatory constraints, and overall operational 

efficiency. By doing so, it ensures that the designated alternative route is not only precise but 

also practical and adaptable to evolving scenarios. This capability enhances the effectiveness 

of ATM and route planning by minimizing disruptions, improving flight safety, enhancing route 

reliability, and ensuring seamless integration with existing airspace structures, ultimately 

contributing to a more resilient and efficient aviation system. The final step of the model is to 

determine the heuristic function used. In the A-star algorithm, selecting an appropriate heuristic 

function is crucial, as it significantly impacts the optimization performance of the model. This 

has been well-documented in previous research (Foead et al., 2025; Sathvik & Patil, 2021). The 

authors conducted a comprehensive evaluation, and the results indicate that both the Euclidean 

and Gaussian heuristic functions yield optimal outcomes (Nguyen et al., 2025). However, the 

Euclidean function is simpler to implement. Therefore, in this model, the Euclidean heuristic 

function will be adopted to enhance computational efficiency while maintaining optimal 

performance. 

 

 

3. RESULTS AND DISCUSSION 

 

To run the model effectively, the first essential step is to identify the No_fly_area. A 

thorough assessment of airspace usage, particularly for military operations, was conducted, and 

reports from the Civil Aviation Authority of Vietnam regarding airports that frequently 

experience flight diversions were reviewed. Based on these analyses, several representative 

No_fly_areas were identified for implementation in the model, and the results are presented in 

this study. Regarding meteorological conditions, the complexity and variability of weather 

patterns make it challenging to predefine specific areas for case studies within the model. 

However, this limitation can be easily addressed in practical applications, as the model is 

designed to automatically integrate the No_fly_area data by allowing real-time data input. As 

a result, when deployed in real-world scenarios, the identification of restricted areas due to 

adverse weather conditions becomes a seamless and efficient process. 
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First, the results for Case 1 are presented, in which the originally designated arrival airport 

is unavailable for operations, while the surrounding airspace remains functional. In this 

scenario, it is assumed that Phu Quoc International Airport (PQU) must temporarily close due 

to technical equipment failure or an aircraft incident. Consequently, Can Tho International 

Airport (TRN) is designated as the alternate airport. The following two results will be presented: 

The first result examines the situation where only PQU is unavailable, affecting the 

establishment of ATS routes. The second result extends the analysis by considering an 

additional operational issue. It assumes that, in addition to PQU, the waypoints TATIM, and 

DONXO also become unusable due to further constraints. Figure 4 illustrates the model's results 

regarding the impact on initial routes across the entire ATS network due to operational 

disruptions at PQU, as well as the process of inputting data for the newly designated destination 

airport (referred to as new_end_node in our model). Table 1 presents the route analysis results, 

including a list of waypoints and the length of each route in the outcomes of Case 1. The analysis 

indicates that two affected routes must be redirected via alternative ATS routes to TRN. Figure 

5 presents the results when only PQU is unavailable, while Figure 6 depicts the case where 

PQU, TATIM, and DONXO are all inaccessible. 

 

 
 

Fig. 4. The route analysis results are affected by Case 1  

 

Tab. 1 

The detailed results of the routes include a list of waypoints and lengths in Case 1 

 

 Original route Alternative route Case 1, 

Result 1 

Alternative route Case 1, 

Result 2 

CRA 

– 

PQU 

602.243 km 

CRA - SOSPA - LKH - 

KADUM - SAPEN - 

KISAN - PQU 

644.77 km 

CRA - SOSPA - LKH - 

KADUM - SAPEN - 

KISAN - TRN 

644.77 km 

CRA - SOSPA - LKH - 

KADUM - SAPEN - 

KISAN - TRN 

DAN 

– 

PQU 

885.749 km 

DAN - TATIM - DADEN 

- MULAD - DONXO - 

POPET - KISAN - PQU 

928.28 km 

DAN - TATIM - DADEN 

- MULAD - DONXO - 

POPET - KISAN -TRN 

941.42 km 

DAN - LATOM - DADEN 

- MULAD - KADUM - 

POPET - KISAN - TRN 

 

Based on the results from Figures 5, 6, and Table 1, it is evident that the model operates 

accurately when identifying a new route to the newly designated destination airport, which can 

be easily adjusted according to user needs. This adaptability ensures that users can flexibly 

modify the destination based on their specific needs without compromising the integrity of the 

routing process. The model dynamically adjusts the path while maintaining computational 

efficiency and consistency, making it highly suitable for real-world applications. For the CRA 

- PQU route, the results from both runs of the model are identical because the two waypoints, 

TATIM and DONXO, in the second result do not belong to the original route. Consequently, 

their presence does not interfere with the route calculation process, and the new path to the 

airport remains unchanged. This highlights the robustness of the model in preserving optimal 
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paths when external constraints do not affect the original route structure. However, for the DAN 

- PQU route, both TATIM and DONXO are integral parts of the original route. As a result, in 

the second scenario, the alternative route must also avoid these two waypoints, leading to an 

increase in the total travel distance. This demonstrates the impact of waypoint constraints on 

the selection of alternative ATS routes and highlights the model’s ability to navigate complex 

restrictions to generate feasible and compliant alternative ATS routes. The trade-off between 

distance and constraint adherence is evident in this case, reinforcing the importance of 

considering waypoint dependencies in routing optimization. 

Next, the results of the three scenarios for Case 2 are analyzed, considering two distinct 

situations. Each situation involves two different No_fly_area. In the first situation, two 

No_fly_area are defined as polygons with the following: (14.880556, 108.0197222), 

(14.479444, 107.8436111), (14.333333, 107.4000000), (13.983333, 107.4166667), 

(13.957222, 109.0427778), (13.962500, 109.5213889), (14.771389, 108.8075000) and 

(10.445278, 103.7763889), (10.895556, 105.2280556), (9.959444, 105.1330556), (8.500000, 

104.0833333), (9.245000, 102.8383333). Upon their integration, the model identifies affected 

ATS routes whose destination airports fall within these restricted zones. Notably, DAN–PQU 

is impacted by both No-fly Areas, while CRA–PQU is affected by one. As a result, rerouting 

to an alternate airport – assumed to be Côn Sơn (CN) – is required. In Scenario 3, users may 

choose any point outside the No-fly Area along the original route as the start_point for 

diversion. Table 2 provides a comparative analysis of waypoint sequences and route lengths, 

followed by Figures 7-10, which depict the corresponding adjusted routes and waypoints. 

 

 
 

Fig. 5. Original and alternative Route configurations when PQU becomes unavailable 
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Fig. 6. Original and alternative Route configurations when PQU, TATIM,  

and DONXO becomes unavailable 

 

 

Tab. 2 

The detailed results of the routes include a list of waypoints and lengths in Situation 1, Case 2 

 

 Original route 
Alternative route – 

Scenario 1 

Alternative route 

– Scenario 2 

Alternative route – 

Scenario 3 

CRA 

– 

PQU  

602.243 km 

CRA - SOSPA - 

LKH - KADUM - 

SAPEN - KISAN - 

PQU 

607.569 km 

CRA - SOSPA - 

LKH - KADUM - 

SAPEN - BITIS - 

CN 

461.276 km 

CRA - ELSAS - 

CN 

484.146 km 

CRA - SOSPA - LKH 

- RUTIT - ELSAS – 

CN 

DAN 

– 

PQU 

885.749 km 

DAN - TATIM - 

DADEN - 

MULAD - 

DONXO - POPET 

- KISAN - PQU 

1216.229 km 

DAN - TATIM - 

KUMUN - VEPAM 

- KAMGO - BMT - 

MULAD - DONXO 

- POPET - BITIS - 

CN 

989.815 km 

DAN - VEPAM 

- KARAN - 

ELSAS - CN 

1130.605 km 

DAN - TATIM - 

KUMUN - VEPAM - 

KAMGO - BMT - 

MULAD - DONXO - 

ESDOB - NIXIV – 

CN 
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Fig. 7. The route analysis results are influenced by Situation 1 of Case 2  

and the newly input destination airport data 

 

 

 
 

Fig. 8: Graphical results representing the routes of Scenario 1, Situation 1, Case 2 

 

 

In the second situation, two No_fly_area were established: one defined as a polygon with 

coordinates (16.2214, 107.6013), (16.45264, 108.89553), (15.97414, 108.7921), and (15.6712, 

107.8745), and another as a circular area centered at (16.052778, 108.1983333) with a radius 

of 50 km. Notably, these two restricted areas have overlapping regions. Following a similar 

approach as in the first situation, the route assessment revealed that two routes, TSH-DAN and 

CRA-DAN, were initially affected by the presence of these areas. As a result, an alternative 

ATS route was required, with Chu Lai Airport (CQ) designated as the new destination. In 

Scenario 3, the waypoints DADEN (TSH-DAN route) and KUMUN (CRA-DAN route) were 

identified as key reference points for selecting alternative ATS routes. Table 3 presents a 

comparative analysis of alternative routing solutions, including waypoint sequences and route 

lengths, while Figures 11-14 illustrate the route analysis results, new airport selection, Scenario 

3 starting point, and the adjusted route visualization. 
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Fig. 9. Graphical results representing the routes of Scenario 2, Situation 1, Case 2 

 

 

 
 

Fig. 10. Graphical results representing the routes of Scenario 3, Situation 1, Case 2 
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Tab. 3 

The detailed results of the routes include a list of waypoints and lengths in Situation 2, Case 2 

 

 Original route 
Alternative route – 

Scenario 1 

Alternative route – 

Scenario 2 

Alternative route 

– Scenario 3 

TSH 

– 

DAN 

612.169 km 

TSH - DONXO - 

MULAD - 

DADEN - TATIM 

- DAN 

579.203 km 

TSH - DONXO - 

MULAD - DADEN - 

TATIM - VILOT - 

SADIN - CQ 

557.747 km 

TSH - DONXO - 

MULAD - 

MUMGA - CQ 

565.615 km 

TSH - DONXO - 

MULAD - 

DADEN - 

BANSU – CQ 

CRA 

– 

DAN 

471.176 km 

CRA - KARAN - 

KAMGO - PCA - 

KUMUN - DAN 

384.668 km 

CRA - KARAN - 

KAMGO - PCA - 

KUMUN - CQ 

384.668 km 

CRA - KARAN - 

KAMGO - PCA - 

KUMUN - CQ 

384.668 km 

CRA - KARAN - 

KAMGO - PCA - 

KUMUN – CQ 

 

 

 
 

Fig. 11. The route analysis results are influenced by Situation 2 of Case 2  

and the newly input destination airport data 

 

 

 
 

Fig. 12. Graphical results representing the routes of Scenario 1, Situation 2, Case 2 
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Fig. 13. Graphical results representing the routes of Scenario 2, Situation 2, Case 2 

 

 

 
 

Fig. 14. Graphical results representing the routes of Scenario 3, Situation 2, Case 2 
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The analysis of results across all cases, including Case 1, highlights the model’s remarkable 

flexibility and adaptability in selecting any airport as an alternative destination. Regardless of 

the chosen replacement airport, the model consistently generates accurate solutions that align 

with predefined objective functions, ensuring operational feasibility and efficiency. This 

adaptability is a key indicator of the model’s robustness, demonstrating its capability to handle 

a wide range of operational constraints in dynamic ATM environments. 

A more in-depth examination of the results in the two situations of Case 2 further confirms 

this observation. In both situations, all designed scenarios are effectively fulfilled. Specifically, 

in Scenario 1, the alternative ATS route closely follows the original ATS route, except for 

segments that require modifications to bypass the No_fly_area, as well as final adjustments 

necessary to reach the newly designated destination airport. In Scenario 2, the selected ATS 

route consistently represents the shortest among all feasible alternatives, confirming the 

model’s ability to identify efficient alternative ATS routes. In Scenario 3, the model exhibits a 

high degree of flexibility by dynamically determining the alternative ATS route based on a 

user-specified start_point. 

A particularly noteworthy observation emerged in the case of the CRA–DAN route, where 

the alternative ATS routes remained identical across all three scenarios. This outcome can be 

attributed to the fact that No_fly_area did not affect the initial segments of the original route. 

As a result, these segments naturally formed the shortest possible path to the destination, 

requiring no further optimization. This insight suggests that, in certain cases, pre-existing route 

structures inherently align with optimal alternative ATS route planning, thereby reducing the 

need for significant deviations. 

Moreover, the results obtained from Situation 1 and Situation 2 collectively reinforce the 

model’s independence from the shape, size, and distribution of the No_Fly_area. Whether these 

areas are separate or overlapping, the model consistently identifies the most suitable alternative 

ATS route while ensuring compliance with airspace regulations. This adaptability is crucial in 

complex airspace environments where restricted areas may change dynamically due to 

geopolitical constraints, military operations, or emergency airspace closures. 

The simulation results indicate that the model not only successfully identifies alternative 

ATS routes but also ensures that these routes are operationally feasible and compatible with all 

phases of ATFM. This is particularly critical when one or more No_fly_area emerge due to 

both unforeseen circumstances, such as adverse weather conditions, security threats, or 

emergencies, and pre-planned situations, such as military exercises or special airspace 

restrictions. These disruptions can significantly impact airport operations and necessitate rapid 

aircraft diversions. Furthermore, the model can be applied across different ATFM phases, 

particularly during the pre-tactical stage, where planning and foresight are prioritized, and the 

tactical stage, where flexibility and real-time adaptability are crucial for responding to evolving 

situations. This capability is especially valuable in high-traffic airspace environments, where 

maintaining efficiency and safety is paramount. A key strength of the model lies in its high 

adaptability and ability to dynamically optimize flight routes to accommodate operational 

constraints. This demonstrates its practical applicability in ATM and decision-making 

processes, contributing to enhanced efficiency, safety, and resilience in airspace operations. In 

addition to enhancing the efficiency and reliability of air traffic flows, the model contributes to 

reducing fuel consumption and emissions by minimizing unnecessary detours and delays. This 

aligns with broader goals of sustainable aviation and environmental responsibility, further 

emphasizing its significance in modern ATM and operational planning. 

Overall, the results confirm that the model performs reliably in alternative ATS routing 

scenarios, demonstrating its effectiveness in addressing complex route planning challenges. 
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Its ability to adapt to changes while maintaining route feasibility and efficiency makes it a 

powerful tool for applications requiring dynamic navigation and optimized pathfinding under 

varying constraints. 

 

 

4. CONCLUSION 

 

Beyond serving as a dynamic decision-support tool for identifying alternative ATS routes 

when aircraft must divert to an alternate destination, this framework can be effectively applied 

to a variety of operational scenarios, significantly enhancing ATM efficiency and resilience. 

One of its key applications is the development of contingency flight paths tailored to specific 

airspace regions prone to frequent disruptions due to adverse weather conditions, high traffic 

density, or unforeseen technical issues. By preemptively designing such backup routes, air 

navigation service providers (ANSPs) can ensure seamless operational continuity, minimizing 

delays and optimizing airspace utilization under challenging circumstances. Furthermore, this 

model can play a crucial role in enhancing trajectory-based operations (TBO) by accurately 

determining real-time flight paths during various phases of operation. 

Importantly, the implementation of alternative routing solutions in this model does not 

require fundamental changes to existing airspace structures or control sectors. Instead, it 

strategically utilizes current navigation aids, waypoints, and predefined air traffic corridors, 

enabling a seamless integration within existing ATM frameworks. This minimizes the need for 

costly infrastructural overhauls while maximizing the effectiveness of available airspace 

resources. This approach enhances flexibility and responsiveness while preserving the integrity 

of established airspace management systems. By adopting this model, ATC can proactively 

implement strategic decongestion measures, mitigating bottlenecks and optimizing sector 

workload distribution while adhering to established ATFM protocols. Moreover, the model 

enhances the capacity to provide real-time guidance in response to unforeseen situations, 

ensuring operational resilience. This adaptability is particularly valuable in high-density 

airspace, where the ability to swiftly reassign flight paths contributes to both safety and 

efficiency. 

One significant advantage of this model is its adaptability to various airspace structures, 

achieved simply by modifying the input data, which consists of a list of waypoint coordinates 

and airports within the designated airspace. This flexibility allows for seamless integration into 

different ATM systems, optimizing navigation efficiency across diverse operational 

environments. This capability of the model ensures its applicability across a wide range of 

scenarios, from managing low-density regional airspaces to handling high-traffic international 

corridors. By dynamically adjusting to varying airspace configurations, the model enhances 

route planning, minimizes congestion, and contributes to the overall safety and efficiency of 

ATM.  

Ultimately, this approach significantly strengthens flight safety, enhances operational 

predictability, and improves the adaptability of ATM systems without necessitating structural 

changes to the FIR. By integrating such a framework, ANSPs can modernize ATM operations, 

improve airspace utilization, and better align with next-generation aviation initiatives. By 

leveraging these advancements, the aviation industry can move toward a more intelligent ATM 

model that ensures greater flexibility, dynamism, and adaptability in all operational scenarios. 

This transformation is particularly crucial in an era of increasing air traffic demand, evolving 

regulatory frameworks, and the integration of emerging technologies such as artificial 

intelligence, automation, and unmanned aerial systems. 
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