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Abstract—We introduce a flight-procedure generation frame-
work that relies on the optimal version of the rapidly-exploring
random tree (RRT#*) algorithm, where nodes are connected using
Dubins paths. This framework is employed for the generation
of required navigation performance authorization required ap-
proach (RNP AR APCH) procedures, taking into consideration
design constraints established by the international civil aviation
organization (ICAO). To evaluate the framework’s viability, we
examine a series of challenging scenarios, for which we swiftly
generate a series of operationally-compliant flight procedures.
Furthermore, we assess how several of the RRT* configuration
parameters can affect the generated procedures. The automa-
tion capabilities provided by our framework will benefit flight-
procedure designers, saving time in the design process and
enabling them to propose flight procedures which will potentially
lead to more efficient aircraft trajectories.

Keywords—Path Planning; Required Navigation Perfor-
mance; Performance Based Navigation; Flight Procedure De-
sign; Rapidly-Exploring Random Tree

I. INTRODUCTION

Flight procedure design plays a crucial role in civil aviation,
impacting various aspects of aircraft operations. It directly
influences factors such as flight duration and fuel consumption.
Additionally, it has an effect on airport accessibility for flights
operating under instrumental flight rules (IFR), ultimately
affecting airport capacity. Furthermore, it can be used to reduce
(or better distribute) the noise exposure of populated areas in
the vicinity of airports.

Traditionally, the design of flight routes (i.e., the horizontal
component of the procedure) was significantly constrained
by the physical locations of ground-based navigational aids
(Figure 1). As a result, there was limited flexibility when
designing a route. However, advancements in navigation sys-
tems, particularly the introduction of area navigation (RNAV)
and the usage of global navigation satellite systems (GNSS)
for civil aviation, have ushered in a new era of more adapt-
able route designs. Notably, required navigation performance
(RNP) approaches have gained prominence.

RNP is a family of navigation specifications under
performance-based navigation (PBN) that allows aircraft to
follow precise flight paths while maintaining a specific level
of accuracy and integrity in determining their positions. Within
the realm of RNP procedures, a distinct category exists, known
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Fig. 1. Conventional and RNP navigation methods [1]

as RNP authorization required approach (RNP AR APCH)
procedures. These procedures necessitate a lower lateral total
system error compared to standard RNP values during any
segment of the approach procedure.

RNP AR APCH procedures are characterized by their ability
to define narrow, linear obstacle clearance corridors within
the design. This is made possible by the assurance of precise
navigation performance, enabled by aircraft on-board position
monitoring and alerting systems. Regulatory authorities have
labeled these procedures as “AR” due to the mandated moni-
toring and alerting systems on aircraft, as well as the essential
pilot training required for executing these approaches. For
operators seeking to employ RNP AR APCH procedures, a
formal approval in the form of a letter of authorization or
operational specification is needed.

The primary motivation behind the development of RNP
AR APCH was to facilitate the implementation of procedures
in challenging obstacle-rich environments (e.g., Queenstown
Airport, approach RNP Y RWY 05 (AR)[2]) where conven-
tional obstacle protection surfaces often limit feasibility. In
addition, these procedures are equally useful in highly con-



gested airspaces (e.g., John F. Kennedy International Airport in
New York City, approach RNAV(RNP) Z RWY 04L[3]), where
the reduction of obstacle protection surfaces helps mitigate
potential conflicts between various traffic flows. Furthermore,
RNP AR APCH could enable effective noise-abatement pro-
cedures (e.g., San Francisco International Airport, approach
RNAV(RNP) Y RWY 28R[4]).

Other benefits of RNP AR APCH procedures include an
increase of airspace efficiency through reduced separation;
a better use of multiple airport runway configurations for
increased airport capacity; or reduced fuel burn/emissions
from shorter flight paths via not being constrained to overfly
navigational-aids on the ground.

Depending on the scenario, manually designing an IFR
procedure can present challenges. On the one hand, design-
ing a procedure for the arrival of an aircraft at a runway
involves complex constraints. For example, in the case of an
RNP AR APCH, the procedure may require a combination
of straight segments and curved flight paths, referred to as
radius-to-fix (RF) legs. Furthermore, akin to conventional
flight procedures, the flight path must maintain a specific
clearance from the ground surface and obstacles. Moreover,
the designed procedure must align with the rules set forth
by the International Civil Aviation Organization (ICAO) for
procedure design [5], [6]. These rules play a vital role in the
creation of an optimal aircraft approach procedure. On the
other hand, several potential procedures could comply with
the constraints set by ICAO, rendering the selection of the
optimal one a complex task.

In a prior publication [7], some of the authors of this paper
explored the potential of automating the generation of optimal
RNP AR APCH procedures using genetic algorithms (GAs).
Optimal procedures were successfully derived through a series
of case studies across multiple airports in Japan. However, the
application of this approach had several limitations.

Firstly, the methodology employed involved several trial-
and-error adjustments of various constraints and initial-guess
settings to achieve optimal solutions. In addition, the compu-
tational times associated with this method were exceptionally
long, particularly when evaluating constraints related to ground
obstacles. This situation is undesirable from the perspective of
procedure design: flight-procedure designers typically prefer a
process that yields multiple feasible solutions, each satisfying
the required constraints, in a relatively brief time frame, as
opposed to obtaining a single optimal solution that requires a
substantial amount of time for computation.

Given the aforementioned challenges, our work focuses
on proposing and testing a novel path-planning algorithm
designed to automatically generate optimal RNP AR APCH
procedures. The field of path planning encompasses a broad
range of approaches found in literature, each tailored to
specific objectives. These objectives can span from estab-
lishing a secure path to optimizing different criteria such as
distance, fuel consumption, time, and more, depending on the
application’s requirements.

In this paper, we present a flight-procedure generation

framework that uses an adapted version of the RRT* path-
planning algorithm to generate RNP AR APCH procedures,
in which nodes in the RRT* tree are connected with Dubins
paths.

While the RRT#* algorithm and its variants are classic
algorithms in path planning, the novelty of this paper lies
in their specific application to the generation of RNP AR
APCH procedures, which has not been extensively explored
in existing literature.

This algorithm has a low time complexity, thus, leading to
low computational times. It is also asymptotically optimal and
it was recently used by some of the authors of this paper in a
prior publication [8] to generate aircraft emergency routes.

More recently, in [9], we presented some preliminary work
in which we used the flight-procedure generation framework
to compute approach procedures for two airports in Japan. In
this paper, we extend this previous work in several ways. First,
the methodology has been completely revised and updated: the
RRT#* algorithm has been improved in several ways to yield
straighter and, thus, paths more acceptable at an operational
level (e.g., higher fuel-efficient paths and a reduction of
workload for both ATCOs and pilots). Secondly, the Dubins
paths have been integrated in the algorithm, allowing to
simplify the previous 3-step process presented in [9] into
a single-step process, thus, making the generation of the
approach procedure more robust. More details regarding the
several algorithms have also been added, as well as a more
comprehensive explanation of RNP AR APCH procedures
and their benefits. Furthermore, we present an analysis of
how some of the RRT* configuration parameters affect the
framework output. Finally, we have applied our framework
in new airports involving challenging environments, with the
aim of assessing the viability of our solution in new scenarios
involving different constraints.

The research presented in this paper is anticipated to of-
fer valuable insights to flight-procedure designers. Currently,
flight-procedure-design software like PANADES [10] by NTT
data or GéoTITAN® by CGX Aero and Ecole Nationale de
I’ Aviation Civile (ENAC) [11] (Figure 2) play a crucial role

Fig. 2. Drawing a flight procedure in GEoTITAN® [11]



in the creation of flight procedures across all stages of flight.
This kind of software adheres to the ICAO PANS-OPS criteria
[5] and provides the capability to design procedures, evaluate
obstacles, manage aeronautical information publication (AIP)
data, and display data with exceptional accuracy and in mul-
tiple layers, including elevation information.

It is important to note that our results are not intended
to supplant such comprehensive software solutions. However,
through discussions with flight-procedure designers, it became
evident that there is a considerable value in having an au-
tomated framework at their disposal. This framework could
generate a set of initial (i.e., nominal) procedures, which
designers could subsequently refine using the existing flight-
procedure-design software.

In addition to providing an automated way to generate
flight procedures, our framework could offer significant time
savings for designers, particularly in the early stages when
creating a draft flight procedure. Based on discussions with
flight-procedure designers, they find the tool useful in reducing
the time spent on repetitive tasks. Ultimately, designers still
refine the procedures through trial and error, often needing
to account for additional factors, such as local government
restrictions or environmental considerations (e.g., avoiding
routes over sensitive areas). This integration of our framework
could simplify the initial drafting process while still enabling
necessary adjustments at later stages.

II. LITERATURE REVIEW

An example of the manual design of a flight procedure was
recently developed by Unkelbach et al. [12], who constructed
an RNP AR APCH procedure at Isa Air Base in Bahrain
by considering all the constraints imposed by ICAO and
assessed the viability of their solution via simulations on a
full-flight simulator. However, this study lacked the automation
capabilities that a path-planning algorithm could provide.

Some of the most noteworthy path-planning algorithms
include optimal control, graph-based methods, and front-
propagation techniques, all of which allow to obtain optimal
solutions. In recent years, sampling-based path-planning al-
gorithms, initially introduced in [13] and refined for asymp-
totic optimality in [14], have gained prominence. Notable
algorithms in this category include the probabilistic roadmap
(PRM), rapidly-exploring random tree (RRT) and its optimal
variant (RRT*), and fast marching trees (FMT*) [15]. While
initially applied in robotics, these methods have found practi-
cal utility in aviation.

Previous studies have explored aircraft route generation
through the use of various implementations of the RRT*
algorithm. Andrés et al. [16] focused on thunderstorm avoid-
ance by creating paths that navigate around thunderstorms
predicted by ensemble weather models. They used a kinematic
model for aircraft flying at a constant altitude and airspeed.
Their findings provide useful insights for pilots, helping them
safely divert from the original flight plan in response to
thunderstorms, while also minimizing the cost of the operation.
Another application focusing on hazardous weather avoidance

was conducted by Qiu et al. [17]. A series of flight-restricted
areas were considered in this work, which were subsequently
avoided by paths generated by the RRT* algorithm.

In the context of military applications, Wei et al. [18]
focused on the generation of aircraft trajectories aimed at pene-
trating airspaces without being detected by radars. They used
a combination of the RRT* algorithm together with Dubins
paths. A similar application was developed by Candemir et
al. [19], aiming at generating paths which could be used in
military missions. In a different military application, Meng et
al. [20] used the RRT algorithm to generate a path for safely
towing aircraft aboard carrier decks, where points in the RRT
tree were connected by Reeds-Shepp curves.

In the field of emergency trajectories, Fallast et al. [21]
used the RRT#* algorithm and Dubins paths, together with a
simplified aircraft dynamics model, to compute trajectories
safely leading the aircraft to emergency landing sites. A
more comprehensive aircraft dynamics model was used by
Pharpatara et al. [22]. The main focus of the work, tackling
a missile application, was to avoid obstacles by the computed
trajectory.

Further examples of similar applications can be found in
[23] and [24], where the dynamics of robots were taken into
account for generating obstacle-avoiding paths using the RRT*
algorithm. An advanced version of the RRT algorithm focusing
on a robot application was explored in [25], in which Gaussian
mixture models were employed in order to reduce the search
space of the RRT.

A more recent development is highlighted in [26], where
the authors proposed an application involving the use of
the RRT algorithm for robot path planning. This applica-
tion also involved a combination of path pruning and path
smoothing using Bézier curves. Finally, an initial approach
to incorporating RNP requirements with the use of the RRT
algorithm was introduced in [27]. The authors used an A*
algorithm for the path-pruning process, while path smoothing
was achieved through B-spline curves. However, this approach
did not account for aircraft turn dynamics.

Other authors, like Visser et al. [28] and Prats et al. [29]
used an optimal control formulation with the main aim of
optimizing the nominal flight path. Other related research
includes [30] and [31], which used evolutionary algorithms
in order to extend the nominal flight path optimization prob-
lem. However, these studies primarily focused on the design
of noise abatement procedures, and they considered only
the nominal flight path, thus, overlooking minimum obstacle
clearance considerations and ICAO-established RNP corridors.
In this context, a survey comparing different optimization
methods can be found in [32].

Another remarkable approach related to the work presented
in this paper was proposed by Hasegawa et al. [33]. The
authors used genetic algorithms to design a fuel-efficient
RNP AR APCH procedure complying with the ICAO design
constraints. However, the authors made strong assumptions
regarding the leg types and number of waypoints, making them
match the published procedure for the scenario tackled in their



work.

More recently, Chevalier [34] combined the simulated an-
nealing method with the well-know Bellman-Ford algorithm
to create an automated framework to generate IFR procedures.
However, most of the ICAO constraints for flight procedure
design were not considered in this work, and only the nominal
flight path was generated.

As it has been discussed throughout this section, while
several works can be found focusing on robot path planning
by using sampled-based algorithms (such as RRT), not a
lot of effort has been made in the field of flight procedure
design with such kind of algorithms. Most of the works
in the aviation field which use such kind of path-planning
algorithms focus on the generation of aircraft trajectories, such
as emergency trajectories, in which the aim is to avoid static
or dynamic obstacles. And those works who do focus on flight
procedure design often involve strong assumptions to simplify
the problem or disregard most of the ICAO constraints for
flight procedure design, yielding procedures which might not
be acceptable from an operational point of view.

To the best of the authors’ knowledge, no previous work has
tackled the specific problem of the design of ICAO-compliant
RNP AR APCH procedures [6] using the RRT* algorithm (or
any other kind of path-planning algorithm), in which the nodes
of the tree are connected by Dubins paths taking into account
the achievable radius of turn of the arriving aircraft.

Despite the various applications of the RRT* algorithm in
aviation—particularly in emergency trajectories and military
contexts—there remains a significant gap in the literature
regarding its use in designing ICAO-compliant RNP AR
APCH procedures. This work aims to fill that gap by exploring
how RRT* can be adapted to generate operational ICAO-
compliant procedures, thereby extending the utility of estab-
lished path-planning algorithms to enhance flight procedure
design. Consequently, this approach offers flight procedure
designers a practical tool for developing more effective and
efficient procedures, ultimately improving safety in aviation.

III. RNP AR APCH DESIGN CONSIDERATIONS

In this section, we describe some of the essential concepts
of RNP AR procedure design, which were considered when
applying the methodology used in this work. A series of con-
straints were taken into account when generating the approach
procedures, which follow the guidelines regarding the design
of RNP AR procedures defined by ICAO [5], [6]'. These
constraints inherently incorporate considerations of aircraft
dynamics and performance, ensuring that the generated flight
procedures are achievable and operationally feasible. Note that
only the most relevant constraints considered are described.

In the broader context of communication, navigation, and
surveillance/air traffic management (CNS/ATM)—particularly

IThe third edition of this document was recently published in 2021.
Nevertheless, we use the second edition of the RNP AR Procedure Design
Manual by ICAO, published in 2016, which is still applied in procedure design
in most of the scenarios tackled in this paper.

for operations in oceanic or remote airspace—required com-
munication performance (RCP) and required surveillance per-
formance (RSP) are important considerations. However, these
requirements do not apply directly to this study. Our main
focus is on the design of RNP AR APCH procedures,
where communication and surveillance are typically managed
through conventional systems, such as very high frequency
(VHF) communication and radar surveillance.

Among RNP procedures, RNP AR procedures are amongst
the most modern and precise instrument approach options
available nowadays, including unique capabilities that require
special aircraft and flight crew authorization. They incorporate
additional navigational accuracy, integrity and functional capa-
bilities to permit operations using reduced obstacle clearance
tolerances that enable approach and departure procedures to be
implemented in circumstances where other types of approach
and departure procedures are not operationally possible or
satisfactory.

RNP AR procedures require a lateral total system error
(TSE) lower than the standard RNP values on any segment
of the approach procedure. More specifically, a lateral TSE as
low as  0:1 NM during 95 % of the flight time is required
on any segment of the approach procedure.

In the following sections, we will describe some of the
most relevant constraints for the problem tackled in this paper.
It should be noted that most of the information presented
herein was already discussed in a prior publication by the same
authors of this paper [9]. However, for the sake of coherence
and to ensure a comprehensive understanding of the current
study, we have opted to include this content here as well. We
aim to provide context and clarity to the reader, particularly
in relation to subsequent discussions and analyzes presented
in this paper.

A. Segment and Leg Types

The RNP AR APCH procedures are composed of 4 seg-
ments: the initial, intermediate, final, and missed approach seg-
ments. Note, however, that in this work the missed approach
segment is not considered.

The ICAO procedure design rules [6] allow the use of only
two leg types when flying RNP AR APCH procedures: track-
to-fix (TF) and radius-to-fix (RF). TF legs are intercepted
and acquired as the flight track to the following waypoint,
as illustrated in Figure 3(a). On the other hand, RF legs are
defined as a constant radius circular path around a defined
turn center that terminates at a fix, as shown in Figure 3(b).
TF legs are geodesic flight paths between two fixes and are
the normal standard legs used in RNP AR procedures. TF legs
are linked by fly-by waypoints or RF legs. More information
regarding turns is given in Section III-B.

B. Turns

The turn constrains considered in RNP AR procedures
depend on the leg type (i.e., TF or RF). For TF legs, the use
of fly-over waypoints is not permitted, so only fly-by turns are
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Fig. 3. RNP AR leg types [35]

used”. Furthermore, turn angles for TF legs are limited to a
maximum of 70 degrees when aircraft are expected to fly-by
the fix at altitudes above FL190, and to 90 degrees at and
below FL190. An RF leg should be used if these constraints
cannot be met.

A standard bank angle ( ) of 18 degrees is used to calculate
the radius of turn (r) applied at fly-by fixes. The turn is
assumed to be performed at a given indicated airspeed (IAS)
for the fastest aircraft category for which the procedure is
designed. The corresponding true airspeed (V1 as) is obtained
for the highest altitude allowed in the turn; then, a tailwind
component (W), which is also altitude-dependent, is added to
it. I is computed as follows:

2
= _Yés . M)

g tan
where Vgs is the ground speed (V1 as+W) and g is the gravity
acceleration.

Non-standard bank angles (either lower or higher) are
allowed for smooth transitions, maintaining stabilized ap-
proaches, lower minima or to achieve specific leg lengths[6].
Table I presents the allowed bank angle window as a function
of the lowest height above the threshold in RF segments.

TABLE I
BANK ANGLE WINDOW

Lowest height | Max. [deg.]
< 150 m (492 ft) 3
150 m (492 ft) 20

2Fly-by waypoints require turn anticipation to allow tangential interception
of the next segment of a route or procedure, while flyover waypoints are
waypoints at which a turn is initiated in order to join the next segment of a
route or procedure, thus, overflying the waypoint.

When using RF legs, the bank angle required for a given
Vtas, W and r can be directly computed by isolating from
equation 1.

C. Segment Widths, Obstacle Clearance and Descent Gradi-
ents

Segments in RNP AR procedures have a protection area
width equal to 4 times the RNP navigation accuracy require-
ment and a semi-width equal to 2 times the RNP navigation
accuracy requirement (Figure 4). The minimum, standard and
maximum values for RNP navigation accuracy requirements
are presented in Table II. As shown in Figure 4(b), for each

(a) Plan view

2xRNP 2 x RNP

(b) Cross-section view

Fig. 4. RNP AR segment widths [6]

segment, an obstacle clearance with respect to the obstacles
inside the protection area needs to be ensured. This clearance
depends on the minimum obstacle clearance (MOC) value,
which depends on each segment and is detailed in Table II.

For the final approach segment (FAS), there is not a fixed
value for the MOC and the obstacle assessment surface (OAS)
needs to be computed first, as detailed in [6]. Computing the
MOC for the vertical error budget (VEB) is needed in order to
derive the height of the OAS at any distance from the landing
threshold point (LTP).

When merging two segments with different protection-
area widths at a given fix, it is necessary to evaluate for
both segments the area within 1 RNP navigation accuracy
requirement of the fix. Regarding turns, for RF legs the
protection-area width is equal to that of the straight segment,
while for fly-by turns between two TF legs the procedure is
more complex, as detailed in [6].

For each segment, a given standard and maximum descent
gradient ( ) is considered, as detailed in Table II. For the
FAS, the maximum descent gradient depends on the aircraft
category, as detailed in [6].

IV. METHODOLOGY

In this section, we introduce and describe the underlying
algorithms and workflow of the flight-procedure generation
framework. Paths are generated by combining (1) the RRT*
algorithm, a sample-based algorithm described in Section



TABLE 11
RNP NAVIGATION ACCURACY REQUIREMENTS, MINIMUM OBSTACLE CLEARANCE (MOC) & DESCENT GRADIENTS

” RNP navigation accuracy requirements | MOC | Descent gradients
Segment | | Minimum | Standard Maximum | Standard | Standard | Maximum
Initial 0.1 NM 1 NM 1 NM 984 ft 4% (2.4 deg.) 8% (4.7 deg.)
Intermediate 0.1 NM 1 NM 1 NM 492 ft 2.5% (1.4 deg.) | Equal to FAS
Final 0.1 NM 0.3 NM 0.5 NM Evaluated using OAS 5.2% (3 deg.) See [6]

IV-A, and (2) Dubins paths, described in Section IV-B. A
Dubins path is a type of trajectory which is used in this work
to connect the nodes of the RRT* tree, leading to flyable
procedures.

The framework itself is introduced in Section IV-C, where
the functionality of each of the modules is explained in detail,
as well as all the steps followed in the flight procedure
computation process.

A. RRT* Path-Planning Algorithm

Extensively described in [14], the RRT* algorithm is
a sampling-based algorithm particularly effective in high-
dimensional configuration spaces® and environments with ob-
stacles. It efficiently explores the configuration space to find
feasible paths from a start configuration to a goal configuration
while minimizing a specified cost metric.

The RRT* algorithm constructs a tree where each node
represents a configuration and edges represent feasible mo-
tions between configurations. The aim is to find a tree that
explores the entire free configuration space (i.e., the space
free of obstacles) while minimizing the cost of reaching the
goal configuration. In the initialization stage, the algorithm
generates a graph composed solely of a single vertex or node,
which corresponds to the initial state or start configuration.

In RRT*, nodes are not predefined on a grid but are
instead dynamically sampled from the configuration space
during the algorithm’s execution. Edges represent feasible
paths between these sampled configurations, accounting for
obstacle avoidance and cost minimization.

Let = (0;1)' be the configuration space, where | 2 N,
( 2) denotes the space dimension®. Let ops be an open
set, which denotes the free configuration space (i.e., subset of
configurations that do not intersect with obstacles) as  free =
cl( n gps), where cl( ) denotes the closure of a set. The initial

3In the application presented in this paper, the configuration space is the
geographical area surrounding the airport in which the approach procedure
will be generated.

4 = (0; 1)I is a multidimensional cube within an I-dimensional space.
The configuration space is limited within the boundaries of the unit interval
(0 to 1) along each of its | dimensions. The choice of the configuration
space, its dimensions, and the range of values is problem-specific. The (0; 1)!
representation is used in this case to explain the concept of a bounded
configuration space. In practice, these values would be adjusted to suit the
constraints and characteristics of the real-world problem being addressed. In
the problem presented in this paper, | is equal to 2 (i.e., latitude/longitude
coordinates in the area surrounding the airport).

configuration or state is denoted by Xinit 2 free While the
goal configuration or state is denoted by Xgoal 2 free-

The RRT* algorithm tree can be represented as T = (V; E),
a graph in which V is the set of nodes and E is the set of
edges connecting these nodes. In order to grow the tree, new
nodes are added to V as follows:

At each iteration, the algorithm randomly samples a con-
figuration Xrand 2 free- Mathematically, Xyang follows
a probability distribution defined over free.
The algorithm identifies the nearest node to Xyang in the
current tree, denoted as Xnearest-
The algorithm attempts to extend the tree from Xpearest t0
Xrand- In general, this extension will be feasible if there
are no obstacles in the path linking both configurations.
If this is the case, Xrand i steered to Xnearest, resulting
in a new node in the tree denoted as Xnew-
The cost of reaching Xpew from the root of the tree is
calculated as the sum of the cost to reach Xnearest and the
cost of the motion from Xpearest t0 Xnew. The algorithm
then checks if any nearby nodes—denoted by the set
near and within a certain distance from Xpew (known
as rewiring radius)—can be reached from Xpew with a
lower cost. In order to create a new edge in the tree two
elements need to be considered:

— The feasibility of the connections between Xpew and
the nodes in near is tested, and the one yielding
the minimum cost is the one that will result in a
new edge to be added to the tree, as shown in
Figure 5(a). This cost, in its simpler and most generic
form, is usually the path distance. However, as it
will be explained later in this section, the RRT* cost
function can be modified in order to take into account
other elements.

— The algorithm conducts a rewiring process, in which
new edges linking Xpew to nodes in pegr are
generated if the path through Xpew involves a lower
cost than the cost of the path through the current
parent node. In this situation, as illustrated in Figure
5(b), the edge originally connecting the node to the
current parent node is deleted so as to keep the
structure of the tree.

Several parameters can be modified in order to obtain different
solutions with the RRT* algorithm. The decision of which
value to assign to these parameters is mainly driven by
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Fig. 5. Edge generation in RRT* [8]

the application and/or the scenario considered. Providing the
fact that in this paper we are dealing with flight procedure
design, one of the conditions that the proposed procedures
should ensure is having as many straight paths as possible,
which leads to operationally-sound procedures with a higher
fuel/time efficiency, a minimization of the workload for both
the pilot and the ATCOs and, in general, a simplification
of traffic management and navigation, ultimately leading to
increased safety levels.

Therefore, the values for the RRT* parameters will be
chosen accordingly. Still, depending on each scenario, we
might need to slightly change some of the parameters in order
to accelerate the convergence of the algorithm. Below, we
detail some of the most relevant parameters that were tuned in
the experiments considered in this paper. More details about
the values chosen and the reasoning behind the choice are
given in Section V-A.

Step size: the step size or the distance between each node
added to the tree can influence the straightness of the
paths. A larger step size can lead to more significant
jumps in the configuration space, which may result in
straighter paths. However, a very large step size can also
lead to inefficiency and sub-optimal paths.

Rewiring radius: as it was aforementioned, the RRT*
algorithm uses a rewiring radius to connect nearby nodes
to improve the paths. By adjusting the rewiring radius, it
is possible to control the extent to which the algorithm
connects neighboring nodes. A larger rewiring radius can
lead to straighter connections, but it may also result in
more complex trees.

Sampling bias: the RRT* algorithm maintains a balance
between exploration and exploitation. By biasing the
sampling towards the goal, it is possible to encourage the
algorithm to explore the space more efficiently towards
the target, potentially leading to straighter paths. Our
biasing approach involves the introduction of a proba-
bilistic element to the RRT* sampling step. We generate
a random number between 0 and 100, and compare it to a
user-defined threshold (a value also between 0 and 100).
If the random number is greater than the threshold, we
generate a random node as per standard RRT* sampling.
However, if the random number is less than or equal
to the threshold, we generate a node that is closer to
the goal configuration. This method of biasing allows

us to explore the configuration space more efficiently,
increasing the likelihood of finding a path toward the goal
while still ensuring that the RRT* algorithm maintains its
asymptotic optimality.

Maximum number of iterations: the RRT* algorithm
improves the path quality over time, so increasing the
number of iterations will help in finding optimal and
straighter paths. More iterations allow the algorithm
to explore the configuration space better and converge
towards better solutions. However, this comes at the ex-
pense of an increase in computational time. Furthermore,
it is possible to configure the algorithm to finish once the
goal is reached or to continue until reaching the maximum
number of iterations.

Apart from the parameters aforementioned, the RRT* algo-
rithm also includes a cost function, which, in its generic form,
minimizes the total distance of the path. However, we have
modified this cost function in order to encourage straighter
paths.

As shown in Equation 2, we use a weighted cost function
where we consider both the distance of the path and the
number of track changes. In Equation 2, we show how we
compute the total cost of a given tree branch, where n is the
total number of nodes for the branch, d is the distance from
node i to its parent node in the tree, Wy is the track change
weight and t; is equal to 1 if there is a change of track between
node i and its parent node in the tree (as shown in Equation
3).

The value chosen for the weight parameter is detailed in
Section V-A, and it depends on each scenario. By penalizing
the number of track changes we might end up with longer
paths. However, in our current application (i.e., the design of
flight procedures), having a straighter path is more acceptable
at an operational level than having a slightly shorter path, but
with too many turning waypoints.

X
COSthranch = di +we t )
i=1

1 if track change

ti = 3)

0 otherwise
A simple diagram depicting the main steps of the RRT*
algorithm including all the concepts introduced in this section
is shown in Figure 6. The main steps during the path compu-
tation are described below:

Initialization: a tree is generated, consisting only of the
initial state. A configuration space is also defined, in
which (in the following steps) the path between the initial
state and goal state will be computed.

Sampling: at each iteration of the algorithm, a random
state is sampled within the configuration space, which
represents a potential candidate for expanding the tree. As
aforementioned, the step size parameter is used to limit
the distance at which the random states are generated,
while the sampling is also biased towards the goal.
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Nearest neighbor search: the node in the existing tree
that is closest to the previously sampled state is obtained.
Steering function: this function is used to generate a new
state by moving from the nearest node in the tree towards
the sampled state, while ensuring that the generated state
is within the valid configuration space. This helps in
gradually expanding the tree towards unexplored areas.
In this step, the algorithm verifies the collision-free
status of the path from the nearest node to the newly
generated state by discretizing it for collision assessment.
If obstacles are present along this discretized path, it is
not added to the tree, triggering the sampling of a new
random state. However, if the discretized path is collision-
free, then the newly generated state becomes a new node
in the tree, while the path from the nearest node to the
new node is incorporated as an edge in the tree.
Rewiring function: after a new node is added to the tree,
the algorithm checks if there are other nodes in the tree
within a given radius (i.e., rewiring radius) that can be
reached more efficiently through the new node. If a path
with a lower cost is found to an existing node, the tree

is updated to use that path (providing that this path is
obstacle-free).

The algorithm maintains a cost associated with each node
in the tree, which typically represents the length of the
path from the initial state to that node. As the tree is
expanded, the algorithm optimizes the path costs by con-
sidering the cost of the newly added edges. This ensures
that the paths found by the algorithm are asymptotically
optimal, meaning they get closer to the true optimal path
as the number of samples increases.

Termination: the algorithm continues to sample, connect
nodes, and update the tree until a termination condition
is met. This condition could be finding a path to the goal
state or running for a predefined number of iterations.
Once the termination condition is met, the output of the
algorithm is a free-obstacle path connecting the initial
and goal states.

B. Dubins Paths

Dubins paths, first formally defined in [36], are trajectories
used in motion planning that connect two configurations in the
plane while minimizing the length traveled by a vehicle with
a given minimum turning radius r. These paths consist of a
sequence of circular arcs and straight lines. Each Dubins path
is uniquely defined by a pair of coordinates (X and y) with
an associated orientation angle ( ), representing the starting
configuration and a destination configuration.

The path is constructed by connecting the starting and
destination configurations with circular arcs and straight lines,
allowing for smooth transitions between them. The circular
arcs have a constant radius, determined by the minimum
turning radius r, while the length of the straight lines is
variable.

In the problem tackled herein, the orientation angle
denotes the track angle between two fixes and the minimum
turning radius r corresponds to the aircraft radius of turn
computed as shown in Section III-B.

The available types for each segment composing a Dubins
path are the following: Right turn (R), Left turn (L), and
Straight (S). This classification yields the set of possible
Dubins paths: RSR, RSL, LSR, LSL, RLR, LRL.

For illustration purposes, an LSL Dubins path [8], [37] is
shown in Figure 7. It is composed of a turn to the left around
the first green circle (first arc), a segment of length Ls and a
final left turn around the second green circle (second arc). 1
and » are the angles subtended by the first and second arc,
respectively.

In Figure 7, P1 = (X1;X2) and P2 = (X2;Y2) represent the
initial and the final points, respectively. 1 and » are the track
directions of Py and P, respectively. Finally, and are the
final angular positions on the start and end target circles. The
target circles (depicted with a red-dashed line in Figure 7),
are the circles defined at the end position of the start and end
turns. The track direction at the final position on the target
circle is tangential to the circle, and this direction could be
either clockwise or counter-clockwise to the target circle. In



Fig. 7. Left-Straight-Left Dubins Curve [8]

this case (i.e. LSL), both final track directions are clockwise
tangent to the target circles. When determining a Dubins path,
the target circle is not explicitly defined as an independent
entity. Instead, it is a consequence of calculating the radii and
centers of the circular arcs that make up the turns in the path.

As aforementioned, in this case the final track direction
is clockwise tangent to the target circle. Thus, the angular

positions and are defined as follows:
8
= d(s ;2
3 mo (2 1,2)
“)
=
- = mod(E 2;2 )

The length Ls is equal to the distance between the centers
of the green circles in Figure 7 (i.e., C1 and C,, which can be
computed using elementary geometry [37]). Then, the length
of the LSL path (L|_s ) is computed by taking into account
this distance and the angles 1 and > as follows:

®)

1 and o as follows:

List=Ls+r( 1+ 2)

Using geometry, one can derive Lg,

Ls = \/(XQ rsin X1 +rsin )2 + (y2 +rcos y1 rcos )Z;
(6)
+ I COS I COS
1= mod arctan y2 - Y1 - ;
Xo  rsin X1 +rsin
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As it is explained in Section IV-C, the nodes of the RRT* tree
are connected with Dubins paths.

C. RNP AR APCH Procedure-Generation Workflow

Our flight-procedure generation framework is mainly com-
posed of a main module, which is in charge of running the
RRT* algorithm (in which nodes are connected by Dubins
paths) and a couple of auxiliary functions or sub-modules

specifically tailored for the application tackled in this pa-
per. Moreover, a set of inputs is necessary to operate the
framework. Figure 8 illustrates a basic diagram depicting the
interactions among the various modules. The output of the
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Fig. 8. RNP AR APCH procedure generation framework workflow

main module, once the RRT* algorithm finishes, is a free-
obstacle path from an origin (Xjnjt) to a destination (Xgoal)-
It should be noted that the path computation operates in
a reverse manner, initiating in the runway. Essential inputs
include not only the initial and final positions (i.e., Xjnjt and
Xgoal in Figure 8) but also the track angle for an effective
aircraft landing (denoted as origin in Figure 8). Moreover,
as discussed in Section IV-A, during the execution of the
RRT* algorithm, connections from a new random sample to
vertices in the RRT* tree within a defined distance (referred
to as the rewiring radius) are evaluated using Dubins paths.
This distance, alongside the step size for generating random
samples, constitutes as well part of the required parameters of
the RRT* module. Additionally, a predetermined maximum
iteration count is established for the algorithm. Lastly, when
introducing a new edge into the RRT* graph, adherence to
the RNP AR APCH constraints, as outlined by ICAO [6], is
ensured.

The several steps followed to generate this optimal path are
described below:

1) When the RRT* algorithm generates a new random
sample and a new connection is tested, the algorithm
connects the new sample to the tree by using Dubins
paths (the same process is followed during the rewiring
process). An example of this process is shown in Figure
9(a). N1, N2 and N3 are three nodes already existing in
the tree. As it can be observed, N1 and N, are already
connected with a Dubins path, while N> and N3 are just
connected with a straight line as there is no track change.
In the current RRT* iteration, a new random state is
sampled, corresponding to Npew. The connection of this
sample to the tree, if feasible (see following steps), is
done with Dubins paths, depicted by a red-dashed line.
In this case, the inputs needed to build the Dubins path



2)

3)

4)

5)

(as explained in Section IV-B) are the initial and final
track directions (i.e., 1 and > in Figure 8) and the
initial and final points (i.e., N2 and Npey in Figure 9(a)
and introduced in a generic way as Py and P2 in Section
IV-B).

The “Turn radius computation” sub-module (Figure 8)
is in charge of all the required computations regarding
the radius of turn. This radius is another of the required
inputs for the Dubins paths computation, and is obtained
as described in Section III-B.

3
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Obstacle
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Nnew
(a) Testing the new connection
Ny
Obstacle
Ny
N3

(b) New edge generated

Fig. 9. RRT* tree generation with Dubins paths

The descent gradient for each approach segment—
depicted as  in Figure 8 and whose values are detailed
in Table II—is employed to calculate the altitude of the
new random sample currently under consideration for
addition to the procedure, potentially resulting in a new
edge in the RRT* graph.

The final approach fix (FAF) and intermediate fix (IF)
altitudes are used to determine in which approach seg-
ment(s) the new edge of the RRT* graph will potentially
be integrated. Note that this new edge could belong
to different segments if a given fix altitude is reached
within the edge. Moreover, the edge will involve a
Dubins path, as shown in Figure 9(a). In this paper, the
FAF and IF altitudes are obtained from the approach
charts for each of the scenarios considered V-A. In
future work, the algorithm will be modified in order to
automatically choose these altitudes.

The protection area width for each segment (illustrated
by the two solid red lines in Figure 9) is defined by using
the RNP navigation accuracy requirements detailed in
Table II.

The obstacle clearance is assessed for the current seg-
ment. Depending on the segment, a different MOC value
is used (as detailed in Table II), which is applied to
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the terrain within the protection area. If clearance from
obstacles throughout the entire terrain within this area
is kept, the RRT* graph is updated to include the new
edge.

All the required operations are performed by the “Obsta-
cle check” sub-module (Figure 8). As shown in the sim-
plified scenario of Figure 9, the only existing obstacle
is outside the protection area, so the obstacle clearance
requirements are met. This means that the connection
between the new random state Npeyw and the RRT* tree
is feasible. A new edge is generated as shown in Figure
9(b) and Npeyw is added to the tree as a new node, called
N3. Note that by creating this edge the previous node
N3 has been eliminated from the tree because of the
Dubins paths used to connect the nodes.

V. RESULTS

In this section, we present the results obtained in this work.
First, in Section V-A, we describe the experimental setup,
enumerating the several scenarios tackled in this paper. In
Section V-B, we focus on the flight procedure generation
process, showcasing a practical example in which we highlight
the main steps the algorithm follows and how the connections
are established between the nodes in the RRT* tree.

The several generated procedures for each scenario are
presented in Section V-C. The aim is to show that our
framework is capable of generating several potential RNP AR
APCH procedures for each of the scenarios considered, some
of them resembling those published in the approach charts and
some of them slightly different but still viable and compliant
with all the constraints defined by ICAO [6]. In Section V-D,
we focus on the computational time of our framework, and
discuss its adequateness from the point of view of the aim of
this work. In Section V-E, we compare the approach followed
in a previous work [33], based on genetic algorithms, with the
approach presented in this work. In Section V-F, we analyze
the effect that the RRT* parameters have on the framework
output. Finally, in Section V-G, we discuss the role of our
framework in the flight procedure design process, following
several discussions with flight procedure designers.

A. Experimental Setup

Three airports have been considered in this paper, represent-
ing the scenarios tackled: Kumamoto airport (RJFT), in Japan;
Innsbruck airport (LOWI), in Austria; and Queenstown airport
(NZQN), in New Zealand. From each of the several RNP AR
approaches currently published for each of these airports, we
chose one per scenario in order to determine the position of
the IAF and the altitudes of the IF and the FAF (used as
input for our framework as mentioned in step 3 in Section
IV-C). The chart data pertaining to the designated scenario
was obtained from the aeronautical information publication
(AIP) of the country in which the procedure is published. The
description of the scenarios is detailed below:

Kumamoto Airport (RJFT): the rugged landscape east
of RJFT is referred to as the Aso Volcano. A narrow



passage, east of RJIFT and flanked by mountains rising
to 2,600 ft, grants entrance to the caldera. This caldera
extends 13.5 NM north to south and 9.7 NM east to
west. Within its central expanse, a collection of volcanoes
ranges from 4,334 ft to 5,225 ft in height, enveloped by
lower-lying terrain varying between 1,300 ft and 1,800
ft. Surrounding the caldera are rim mountains, elevating
from 2,600 ft to 4,100 ft.

In this scenario, we consider the RNP AR Y RWY 25
approach, as shown in Figure 10, which surrounds the
caldera. A FAF altitude of 3,200 ft and an IF altitude
of 6,500 ft are utilized (i.e., adhering to the minimum
altitudes specified in the published chart). The origin
altitude (note the algorithm operates in reverse) and
heading are 632 ft and 244.6 degrees, respectively.
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Fig. 10. Kumamoto Airport (RJFT) scenario: RNP AR Y RWY 25 (source:
Japan AIP)

Innsbruck Airport (LOWI): this airport is located in a
valley known as the Inn Valley, at an altitude of 1,906 ft
(gradually increasing up to 2,400 ft towards the western
edge of the valley). Most of the area of interest for this
scenario is located in the Lower Inn Valley, which has
a width ranging between 2.5 NM and 3.0 NM and is
surrounded by mountains as high as 7,000ft.

For this scenario, we have chosen the approach RNP AR
Z RWY 08, which follows the valley to the west of the
airport. The FAF altitude is at 13,000 ft, located very
close to the IAF position. The origin altitude and direction
are, respectively, 1,906 ft and 80.9 degrees.
Queenstown Airport (NZQN): this airport is located
in a very challenging location at 1,171 ft, close to the
southern end of the New Zealand Southern Alps. Both to
the west and the east of the airport high mountains can
be found, ranging between 4,000 ft and 8,000 ft. Narrow
corridors at lower altitudes in both runway directions
allow for arrivals to the airport, via the Kawarau River
from the east and Lake Wakatipu from the west. The
RNP AR Y RWY 23 approach was selected for this
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Fig. 11. Innsbruck Airport (LOWI) scenario: RNP AR Z RWY 08 (source:
Austria AIP)

scenario, depicted in Figure 12. The FAF altitude is 3,300
ft, while the origin altitude and direction are 1,171 ft and
233.0 degrees, respectively. In this scenario, the ATKIL
waypoint (Figure 12) was set as the IAF.
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Fig. 12. Queenstown Airport (NZQN) scenario: RNP AR Y RWY 23 (source:
New Zealand AIP)

A maximum number of iterations of 2,000 was considered
for all scenarios, while the sampling bias threshold was set to
40. We observed that this number of iterations was enough for
successfully obtaining a path from the initial state to the goal
state for all scenarios. Regarding the sampling bias, setting the
threshold to 40 helped to obtain straighter paths in the goal
direction.

In all cases, the path-generation process was terminated
once the goal was reached. The process could continue beyond
this point until the maximum number of iterations is reached,
but the computational time drastically increases. Furthermore,
we observed that only slightly better paths were obtained
if allowing the algorithm to reach the maximum number of
iterations. As a result, we decided to stop the process once the
goal was reached in order to prioritize obtaining a solution in
a reasonable amount of time.

The rest of the RRT* configuration parameters used for each
of the scenarios are detailed in table III. As a reminder, W¢
stands for the track change weight, which is used in the RRT*
cost function as explained in Section IV-A.



The selection of parameters is inherently scenario-
dependent. Rather than following a universal approach, we
rely on expert judgment and a minimal trial-and-error process
to fine-tune these parameters for each specific scenario. Due
to the complexity and variability of the design environment,
determining a single optimal set of parameters across all
scenarios is impractical. Instead, we tailor the chosen values to
the specific conditions of each case to ensure an operationally
feasible solution. However, it is important to note that other
parameter values could also yield valid, operationally feasible
results. For instance, in the RJFT scenario, selecting a rewiring
radius of 30 NM or 35 NM would have minimal effects on
the generated paths. In Section V-F, we give some details
regarding the effect of these parameters on the framework’s
output.

TABLE III
RRT* CONFIGURATION PARAMETERS

Scenario | Step size | Rewiring radius | we |

RJFT 1 NM 30 NM 0.3
LOWI 1 NM 40 NM 0.3
NZQN 1 NM 15 NM 0.06

A step size value of 1 NM was chosen for all scenarios. In
general, the scenarios chosen are quite challenging, and a step
size of 1 NM was enough in order to allow the RRT* algorithm
to generate a path capable of avoiding all the obstacles. The
generated random sample states are closer to the existing
tree, allowing for short turns to steer clear of obstacles when
necessary. Larger step sizes, of more than 3 NM, although
sometimes leading to a successful termination of the algorithm,
increased substantially the computational time.

Regarding the rewiring radius, we enforced quite a high
value in all cases. Although having a high rewiring radius
increases the computational time—as every time a new sample
state is generated more connections need to be tested with
the rest of the nodes within the rewiring radius—we observed
that this was one of the crucial parameters in order to ensure
straighter paths. For the NZQN case, the rewiring radius was
shorter due to the more complex nature of the scenario. In this
case, having a longer rewiring radius unnecessarily increased
the computational time without leading to better paths. This is
due to the fact that, in this scenario, many turns are required
over a short distance in order to avoid all the obstacles.
Therefore, enforcing a longer rewiring radius would just lead
to more iterations when testing feasible connections between
the generated random sample state and the nodes in the tree.
However, most of these iterations would not be feasible, as
there would be many obstacles in the way. The effect of the
rewiring radius is analyzed in Section V-F.

Finally, the track change weight was the same for the RIFT
and LOWI scenarios. Assigning a value to the track change
weight ensured that the path would not involve unnecessary

12

turns leading to non-operational flight procedures. In the
NZQN scenario, as aforementioned, more turns were needed
over a shorter distance. As a result, we needed to use a
lower track change weight. Conversely, higher track angle
weights could drastically increase the computational time of
the framework: the algorithm would try to minimize the turns
but, in this case, turns are strictly necessary to avoid the
multiple obstacles.

The rest of the parameters used in our framework are
described below:

Initial and goal states: the RRT* algorithm was initial-
ized with the runway location as its initial state, while the
orientation of the runway was also used to determine the
initial track of the generated path. For the goal state, the
location of the initial approach fix (IAF) was employed.
IF and FAF: in all scenarios, we employed the IF and
FAF altitudes specified in the published charts to estab-
lish the starting and ending altitudes for each approach
segment. It is important to note, however, that the specific
locations of the IF and FAF (i.e., latitude and longitude)
were not enforced. Therefore, the algorithm is responsible
for determining these locations, which correspond to
the points along the generated path where the altitude
matches the IF and FAF altitudes from the approach
chart, respectively. In future work, we aim to enhance our
framework to autonomously determine these altitudes.
Stabilization segment: for all scenarios, we imposed
an initial constraint on the RRT* algorithm, forcing the
generation of a straight segment within the FAS. This
segment is aligned with the runway direction and has
the same length as the one specified in the published
charts. This constraint was crucial to prevent the RRT*
algorithm from generating arbitrary points in terms of di-
rection from the origin (i.e., the runway). By introducing
this constraint, we ensured the presence of a runway-
aligned segment to facilitate the stabilization of arriving
aircraft before landing. While the minimum length of this
segment can be calculated in accordance with the ICAO
RNP AR APCH procedure design guidelines [6], it is
worth noting that in this paper we adopted the length
specified in the published charts.

RNP navigation accuracy values, MOC and bank
angle: standard values as defined by ICAO [6] were
applied to all scenarios.

Descent gradients: contrary to the RNP navigation ac-
curacy values, MOC values and bank angle values, the
descent gradients used in the experiments conducted in
this paper were not the standard ones for all scenarios.
FAS descent gradients of 3.6 degrees and 3.2 degrees
were used in LOWI and NZQN scenarios, respectively,
while standard values were used for the initial and
intermediate segments. These values were obtained from
the respective approach charts, and were required due to
the challenging nature of these scenarios, where the sur-
rounding mountains made impossible to use FAS standard



values in order to clear the obstacles. For RJFT, standard
descent gradients values were used for all segments, as
done in the currently published chart.

Leg types: in this work, we only focused on RF legs
due to their importance in representing curved flight
paths with precision. TF legs, while frequently used
together with RF legs to model turns, are not included
in the current framework. Their integration is planned
for future work to enhance the model’s generalizability.
Nevertheless, the RF leg-only approach has proven ef-
fective in generating feasible procedures that meet ICAO
requirements in the scenarios considered.
Terrain-elevation data: terrain information was retrieved
from the topographic data generated from NASA’s Shuttle
Radar Topography Mission (SRTM)[38], [39]. The SRTM
payload flew aboard the Space Shuttle Endeavour during
the STS-99 mission. SRTM collected topographic data
over nearly 80% of Earth’s land surfaces, creating the
first-ever near-global dataset of land elevations. The to-
pographic maps generated during this mission conform
the digital elevation model (DEM) data used in this work,
which were downloaded in digital terrain elevation data
(DTED) format. This data has a sampling of 1 arc-second
of latitude and longitude, which translates into elevation
data with 30-meter intervals.

In previous publications [9], we used DEM data provided
by the Geospatial Information Authority of Japan [40].
This data has a gridded format with 5-meter intervals,
leading to a total number of points—including latitude,
longitude and elevation information—of 43,605,000 for
the Kumamoto scenario. However, this kind of data is
mainly limited to Japan, has several regions which are
not covered (e.g., military airspace) and its precision
is too high, which leads to a drastic increase in the
computational time. Still, it might be worth considering
it in the future if more specific studies are performed in
scenarios located in Japan.

While the algorithm requires parameter adjustments per sce-
nario, this reflects the inherent variability in flight procedure
design due to different terrain, obstacles, and constraints at
each airport. These adjustments ensure compliance with ICAO
requirements and operational soundness. Although flexibility
is crucial in the current approach, automating these adjust-
ments will be a focus of future work to further enhance
efficiency.

Table IV summarizes the source of the parameters used by
our framework (note the list of parameters is not exhaustive),
namely, the ICAO design rules for RNP AR APCH, the
published charts or obtained as a result of our framework
route-optimization process.

B. RNP AR APCH generation process: RIFT example

In this section, we describe the process that the framework
follows in order to generate a free-obstacle path, focusing on
the RJFT scenario. This process is depicted in Figure 13. The
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TABLE IV
SOURCE OF THE FRAMEWORK PARAMETERS

Parameter Source
MOC ICAO
Segment width ICAO
Descent gradient ICAO
Bank angle ICAO
FAS Descent gradient Chart
Stabilization segment length Chart
FAF & IF altitude Chart
Origin Chart (i.e., RWY)
Goal Chart (i.e., IAF)
FAF & IF location Optimized
Route (i.e., lateral path) Optimized

elevation information, extracted from the DEM data, is rep-
resented with a color code, from the lower elevations in dark
blue to the higher elevations in yellow. This color code will
be used throughout the following sections when presenting
the results for all the scenarios. Moreover, the horizontal and
vertical axis represent, respectively, the horizontal and vertical
distance from the geodetic coordinates in the DEM grid to
the destination airport in nautical miles. This distance was
computed by using the Vincenty formulae [41].

In Figure 13(a), the black lines represent the RRT* resulting
tree, with all the generated nodes and edges. The red-dashed
line represents the output of the RRT* algorithm, and is
composed of the edges and nodes of the RRT* tree that link
the origin with the goal with the minimum cost for a specific
number of iterations (recall that in this work the algorithm
stops once the goal node is reached). We also show the several
Dubins paths that the algorithm generates in each iteration
during the steering and rewiring processes, which will be used
to ultimately connect the RRT* tree nodes (i.e., the nodes
integrating the black paths). As it can be observed, many
Dubins curves are generated: the bigger the tree becomes,
the more connections are tested during the rewiring process,
which leads to this big number of Dubins curves. Furthermore,
the bigger the rewiring radius, the more connections need
to be tested between a new random sampled state and its
neighbouring nodes (within the rewiring radius). For each of
the Dubins curves, the algorithm checks if all the constraints
set by ICAO [6] are met. If they are met, the connection
between the sampled state and a given node in the tree is
established (leading to a new node and edge in the tree); if
they are not met, the connection is not established. Still, for
illustrative purposes, we have depicted all Dubins paths in
Figure 13(a), both the ones that lead to a new node and edge
in the tree and those that do not. The colors used for depicting
the multiple Dubins curves do not have any specific meaning;
different colors were used with the only purpose of visualizing
clearly the several curves that are needed while the algorithm
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Fig. 13. Route generation process for the Kumamoto Airport (RJFT) scenario

is running.

In Figure 13(b), we depict the final output of the framework:
a free-obstacle path after the RRT* successfully terminates.
The red cross represents the origin of the RRT* algorithm
(i.e., the runway), while the yellow cross represents the goal
node (i.e., the IAF). The nodes in the RRT* are connected with
Dubins curves, which means that every time a track change
occurs in the path, a Dubins curve will be generated. In a flight
procedure, this translates into an RF leg. In the specific case
shown in Figure 13(b), the path is composed of 4 turns, so 4
Dubins curves are needed to connect the nodes.

C. Proposed RNP AR APCH Procedures

In this section, we present the results for the scenarios
introduced in Section V-A. As previously explained, due to the
random nature of the RRT* algorithm, each time we run our
framework a different result is obtained. For each scenario,
we ran our framework 5 times, thus, leading to 5 approach
procedures per scenario.

In all the plots presented in this section, the origin of the
RRT* algorithm, which corresponds to the runway, is depicted
as a big red cross, while the goal, corresponding to the IAF,
is depicted as a big yellow cross. Both the runway and the
IAF, as specified in Table IV, are obtained from the published
approach charts.

The published approach procedure, as shown in the airport
approach charts for each scenario, is depicted in black, while
its waypoints are depicted as small red crosses. Several colors
are used to depict each of the approach procedures computed
by the framework, allowing for a direct comparison as all
procedures are visualized in the same plot.

The white areas that can be observed in some regions of
the LOWI and NZQN scenarios (Figures 15 and 16) are a
normal behavior that has been widely observed in SRTM
DEM data. This usually happens in mountainous regions due
to various reasons: steep terrain or tall mountains can create
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shadows that radar signals cannot penetrate or accurately
measure and, also in this kind of rugged landscapes, radar
signals might be obstructed by tall features such as cliffs, large
boulders or dense vegetation, resulting in areas where data
is not captured. Other reasons like radar interference or data
processing issues (e.g., due to anomalies in the radar returns)
could also lead to these blank areas. In order to mitigate
these issues, various techniques such as data fusion with other
sources, interpolation, or specialized processing methods could
be employed in the future to fill in the missing data or improve
the accuracy of elevation models in these regions. Still, this is
not a big issue for the scenarios tackled in this paper.
The results for each scenario are explained below:

Kumamoto Airport (RJFT): the approach procedures
generated for the RJFT scenario are depicted in Figure
14. While each execution of the RRT* algorithm yielded
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Fig. 14. Comparison of computed approach procedures and published
procedure for Kumamoto Airport (RJFT) scenario



different results, the abundance of constraining factors
imposed by the mountainous terrain consistently resulted
in a high similarity between the approach procedures
generated.

In general, starting from the IAF (i.e., yellow cross),
the approach routes first follow a westward direction,
following the caldera north rim. This direction is kept
until some of the highest mountains of the caldera rim
are surpassed. After that, the routes turn to continue with
a southward direction, keeping a safe distance from the
high mountains of the caldera west rim. A final turn is
performed in order to align with the airport runway.

All routes proposed by the framework are very similar to
the one in the published chart, although some of them,
specially the green and purple routes, are located slightly
closer to the mountains of the caldera west rim than the
route published. Still, all the constraints regarding the
obstacle clearance are met.

The approach routes computed by our framework are
composed of three to four RF legs and their total lengths
range between 30.2 NM for the shortest route and 33 NM
for the longest route. On the other hand, the length of the
published route is 31.9 NM.

Nevertheless, the priority of the RNP AR APCH route
generation process presented in this paper is not to obtain
the shortest possible route; instead, it is more important
to obtain operationally feasible routes (e.g., minimizing
the number of undesired turns) that avoid all the obstacles
on the way.

In this study, the scenarios were chosen to validate the
performance of our framework against existing published
approach procedures. The fact that the framework gener-
ated results are similar to the published procedure in this
scenario is indeed a positive outcome. It demonstrates
the framework’s ability to produce high-quality, ICAO-
compliant procedures in a fraction of the time required
by traditional manual design efforts.

The key advantage of our framework is its ability to
automate the procedure design process, saving significant
time for flight procedure designers. This is especially
beneficial in more complex environments, where terrain,
obstacles, or airspace constraints make it challenging
to manually identify the optimal procedure. In such
cases, the framework can efficiently generate safe and
operationally sound flight procedures, potentially identi-
fying solutions that may not be obvious through manual
design efforts. Moreover, the flexibility of the framework
makes it well-suited for the design of next-generation
procedures, such as RNP to xLS (e.g., ILS) transitions.
This capability enables the framework to support evolving
operational needs, offering an adaptable tool for future
flight procedure development.

Innsbruck Airport (LOWI): the 5 approach routes
generated for this scenario, depicted in Figure 15, are
all very similar. Starting from the IAF, the routes first
follow an eastward direction seeking lower altitudes over
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the valley, and avoiding some 6,000 ft mountains on the
way. Once this is achieved, the routes follow the valley
in the airport direction, until a final turn is performed in
order to align with the runway.

As it can be observed, and similarly to what was observed
for some of the routes in the RJFT scenario, the routes
computed by our framework are closer to the mountains
than the route published. Generally, the algorithm does
not have a problem in generating this kind of routes, as
far as all the constraints are met. However, in the future,
it might be interesting to add some additional constraints
to the algorithm in order to avoid ending up with this
kind of routes that are unnecessarily too close to the
mountains. Even if it potentially means flying a longer
distance, in this specific case it might be better to fly a
bit further from the mountains, and stay in the middle
of the valley. Other considerations like noise effects over
populated areas should also be considered in the future
when adding these additional constraints. In this scenario,
both the distance of the published route and the computed
route were very similar, around 32 NM. Furthermore, in
both cases 2 RF legs are employed.

Queenstown Airport (NZQN): in this scenario, several
behaviors were observed for each of the approach routes
computed by our framework, as depicted in Figure 16.
Starting from the IAF, the blue and orange routes follow
a westward and south-westward directions, respectively.
Both keep a safe distance from the mountains in the
area, especially the 6,346 ft mountain to the west of
the TAF (Figure 12). Once these mountains are avoided,
both routes turn to the south in direction of the airport,
finishing with a turn to the west to align with the runway.
On the other hand, the purple, red and green routes follow
a southward direction from the IAF. The high mountains
at the beginning do not suppose a safety issue due to the
high altitude of the aircraft at the IAF. All routes continue






