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Abstract: To deploy Unmanned Aerial Vehicles (UAVs) inside heterogeneous GPS-denied confined
(potentially unknown) spaces, such as those encountered in mining and Urban Search and Rescue
(USAR), requires the enhancement of numerous technologies. Of special interest is for UAVs to iden-
tify collision-freeSafe Flight Corridors (SFC+) within highly cluttered convex- and non-convex-shaped
environments, which requires UAVs to perform advanced flight maneuvers while exploiting their
flying capabilities. Within this paper, a novel auxiliary occupancy checking process that augments tradi-
tional 3D flight corridor generation is proposed. The 3D flight corridor is established as a topological
structure based on a hand-crafted path either derived from a computer-generated environment or
provided by the human operator, which captures humans’ preferences and desired flight intentions
for the given space. This corridor is formulated as a series of interconnected overlapping convex
polyhedra bounded by the perceived environmental geometries, which facilitates the generation of
suitable 3D flight paths/trajectories that avoid local minima within the corridor boundaries. An occu-
pancy check algorithm is employed to reduce the search space needed to identify 3D obstacle-free
spaces in which their constructed polyhedron geometries are replaced with alternate convex polyhe-
dra. To assess the feasibility and efficiency of the proposed SFC+ methodology, a comparative study
is conducted against the Star-Convex Method (SCM), a prominent algorithm in the field. The results
reveal the superiority of the proposed SFC+ methodology in terms of its computational efficiency and
reduced search space for UAV maneuvering solutions. Various challenging confined-environment sce-
narios, each with different obstacle densities (confined scenarios), are utilized to verify the obtained
outcomes.

Keywords: flight corridor; confined spaces; indoor environments; hyperplanes; convex polyhedron;
UAV flight; motion planning

1. Introduction

Unmanned Aerial Vehicles (UAVs) have emerged as a versatile technology with sig-
nificant potential for various applications. Though effective, with further development,
UAVs are envisioned to increase their usage particularly in environments that are haz-
ardous or challenging to penetrate for humans, military personnel, and ground robotic
systems. The operation of UAVs within confined environments, such as underground
installations, mines, and geometrically complex urban spaces (e.g., collapsed buildings)
is of specific interest. Such spaces present unique challenges in terms of path planning,
exploration/reconnaissance, navigation, and mobility. The ability to navigate within these
and other confined spaces efficiently is crucial for applications such as mining [1,2], Urban
Search and Rescue (USAR) [3], and military applications [4–6]. Figure 1 exemplifies appli-
cations where such UAV abilities are required in underground mines and sewers, where
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data collection, repair, and maintenance, for example, are challenging, hazardous, and time-
consuming, putting human workers at risk. The complex nature of these environments,
characterized by obstacles and openings with non-convex geometrical shapes, and limited
space necessitate the development of specialized technologies to ensure safe, collision-free
flight.

(a) (b) (c)

Figure 1. Surveying in geometrically complex unstructured spaces [7–9]: (a) underground tunnels;
(b) collapsed underground installations; (c) mines.

In recent years, notable advancements in UAV data processing and flight abilities
control, as well as future research directions [10], have been achieved in addressing the
multifaceted challenges associated with UAV operations within confined environments.
Of particular importance is the generation of 3D flight corridors, which establish secure
pathways for UAVs to navigate within constrained spaces [11–15]. However, current
methodologies cannot be easily applied in confined chaotic spaces where the flight corridor
would require the embodiment of a somewhat complex topological framework that incor-
porates various environmental constraints. This process needs to adequately account for the
potentially intricate geometry of the environment and potentially moving obstacles present
in it. Consequently, within the context of this paper, a 3D flight corridor is regarded as a 3D
tunnel characterized by varying cross-section profiles. In confined spaces, flight corridors
tend to be relatively compact in volume, underscoring the significance of generating a suffi-
ciently voluminous flight corridor while considering the available flight maneuvers that the
UAV of interest possesses. In this paper, an advanced flight corridor generation mechanism
is proposed that is capable of generating effective geometrically complex tunnels based on
the perceived environment, a target goal, and the geometrical physical characteristics of the
UAV. The proposed methodology draws upon the existing work of Liu [11], which models
the 3D environment using an occupancy grid map. Leveraging this foundation, the newly
developed algorithm, termed the Collision-Free Safe Flight Corridor or SFC+ for short,
demonstrates improved computational efficiency while yielding superior performance in
terms of facilitating flight paths capable of being executed within the confined environment,
as substantiated through a comparative evaluation against the known SCM algorithm
across diverse environmental scenarios.

2. Prior Work (Literature Review)

Several methods have been proposed to generate 3D flight corridors for UAVs operat-
ing in diverse environments [16–21]. However, the existing methodologies have limitations
in terms of their ability to handle complex non-convex geometries (and thus be applied to
complex confined spaces). They cannot handle dynamic obstacles/entities present in the
environment (and thus cannot change/morph in real-time, allowing UAVs to replan their
flight trajectories in real-time) or search for optimal paths within confined spaces. Further-
more, the existing methods (e.g., [16–21]) do not consider the preferences and intentions
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of the UAV operator, which, in some cases, might be considered crucial for effective UAV
operations in confined hazardous environments (e.g., buildings on fire [22]).

There are numerous algorithms for obtaining nearly minimal convex decompositions
of both 2D and 3D environments focused on creating convex or nearly convex covers.
Lien [16] proposed an algorithm for segmenting non-convex polygons with polygonal
holes with the goal of minimizing the number of polygons representing the environment.
Similarly, Mamou [23] converted a triangulated 3D mesh into a collection of approxi-
mately convex pieces by iteratively clustering mesh faces based on the heuristics related
to convexity and the aspect ratio. Such an approach, however, can only be applicable to
spaces/regions with certain characteristics such as convex geometrical volumes. In contrast,
ref. [17] described an approach that is applicable to spaces of arbitrary dimensions that
can compute a set of environmental cuts that divide obstacles into approximately convex
pieces. These methods are not well-suited for convex optimization within obstacle-free
spaces as they require convex regions, which, when applied to any arbitrary environment,
might result in regions thought to be empty (obstacle-free) but that do intersect with the
obstacle set.

Although effective in geometrically complex spaces meeting certain geometrical crite-
ria, such algorithms are computationally expansive. However, for the past 20 years, new
methodologies have been developed with polynomial-time approximations. Eidenbenz
et al. [18] described an algorithm that computes a nearly minimal set of overlapping
convex pieces for a polygon with holes. Although their approach provides results within a
logarithmic error bound relative to the number of vertices in the environment, it requires a
high running time of O(n29logn), where n represents the number of vertices in the polygon.
Feng [19] presented an approach that divides an input polygon with holes into pieces and
generates a tree structure of adjacent pieces. While this is a promising approach, their
algorithm is limited to 2D cases. There have been convex decompositions that do not aim
to find the minimum number of segments. For instance, Sarmiento [24] generates convex
polytopic regions in N dimensions by sampling points in free space and checking their
visibility from a set of “guard” positions. Unfortunately, this requires a set of samples
covering the workspace, which prevents subsequent optimizations from being performed
without any consideration for obstacle positions, resulting in a high computational time.

In the context of finding polyhedra, Deits [20,21] introduced the Iterative Regional
Inflation by Semi-Definite Programming algorithm (IRIS), which allows users to choose a
starting point on a terrain map to identify a maximum-volume ellipsoid contained within
a polyhedron defined by hyperplanes. The main drawbacks of IRIS are its high compu-
tational effort to find the largest possible ellipsoid in the environment and a deficiency
in finding a proper representation of the obstacles present within the environment. An-
other method employed for generating obstacle-free convex regions in motion planning
is Stereographic Projection [25]. This approach relies on spherical projections utilizing
convex hull generation and inverse vertex enumeration as subprocedures. One notable
limitation of Stereographic Projection is that the selection of the initial point significantly
impacts the volume of the resulting polyhedron. In contrast to Stereographic Projection,
Zhong et al. [26] employed a technique known as sphere flipping to map original points
into a nonlinear space. The algorithm calculates the convex hull of the mapped points and
inversely maps the vertices of the hull into the Cartesian space. As with other approaches,
this approach is of high computational complexity.

Based on the limitations of the existing research, there is a need to develop novel
formulations to generate effective flight corridors in geometrically complex spaces.

Proposed Methodology

In this paper, an improved methodology for generating Collision-Free Safe Flight
Corridors is introduced, which is referred to as the SFC+. The proposed approach ensures
the safety of the UAV’s flying operations, particularly in confined regions. The SFC+

formulation enhances 3D flight corridor generation by incorporating a novel auxiliary
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occupancy checking property (to be described in Section 3.1.4). Initially, the 3D flight
corridor is established as a topological structure based on a hand-crafted path derived
from the perceived environment as sensed by the robot and the map of the environment as
either artificially generated as a computer-generated environment or sensed by the UAV’s
on-board sensors. The hand-crafted path is used to capture any human preferences (if
available) and intentions for how it suggests the robot should move through the given
space. The corridor consists of interconnected overlapping convex polyhedra bounded
by the perceived environmental geometries, enabling UAV maneuvering solutions to be
found that avoid local minima within the corridor boundaries. Additionally, an occupancy
check algorithm is employed to identify obstacle-free spaces, allowing for construction
of polyhedron geometries with convex polyhedra while maintaining a reasonable safety
margin to accommodate for any potential UAV’s changing geometry (e.g., reconfiguration)
during flight. Thus, the methodology is envisioned to enable UAVs to fly through tight
spaces in a similar fashion to how birds of prey (e.g., falcons) reconfigure their wings as
they fly through tight spaces (e.g., three branches).

This article is structured as follows: Section 3 introduces the proposed SFC+ method-
ology for generating the 3D flight corridor and discusses the novel occupancy checking
algorithm. In Section 4, the results of exemplary numerical simulations are presented, in-
cluding a comparative study with the SCM algorithm, followed by a detailed examination
of the simulation outcomes. Lastly, Section 5 provides the conclusions and summarizes the
key findings and contributions of this research endeavor.

3. Novel 3D Flight Corridor Generation

The proposed 3D flight corridor generation process constitutes a vital component
of an ongoing research endeavor, shown in Figure 2, aiming to develop mechanisms
capable of facilitating the navigation of highly maneuverable UAVs within exceedingly
confined and chaotic regions, such as those encountered inside collapsed buildings, mines,
and unstructured tunnels. The work seeks to enable these UAVs to adeptly maneuver
through narrow corridors, intricate entry and exit points, and dynamically reposition
their body orientation, such as hovering while in a pitched attitude, to navigate complex
environmental geometries that may also contain other mobile entities, including robots and
humans. In order to realize the aforementioned objectives, an Improved “Teach-Repeat-Replan”
(I-TRP) strategy was formulated. Figure 2 illustrates the proposed methodology, drawing
inspiration from the TRP work conducted by Gao, Wang, et al., in which optimal trajectories
were devised for navigating intricate environments [14,15]. The architectural framework
of the proposed system embodies a combination of offline global and online local path-
planning approaches, thus constituting a hybrid methodology consisting of three major
phases: (i) teach, (ii) repeat, and (iii) replan (see Figure 2). This approach entails leveraging
precomputed global paths along with real-time local path-planning techniques to enable
efficient navigation within complex and confined environments. The Teaching phase (red
box in Figure 2) is achieved by using hand-crafted flight paths provided by a human
operator. Such a path captures the preferences and intentions of the human pertaining
to its intentions and the environment. Thus, the hand-crafted path does not have to be
perfect as it serves as foundational information from which any autonomous navigation
and 3D tunnel generation can commence. For the user or computer to generate the hand-
crafted path, a map of the environment is needed. Such a map can be derived either from a
computationally generated simulated environment or through the extraction of information
via a 3D global Simultaneous Localization and Mapping (SLAM) procedure—an offline
methodology commonly employed in autonomous vehicle navigation to concurrently
establish a map and ascertain vehicle localization within that map, thereby enabling the
mapping of unknown environments. Owing to the inherent complexities associated with
aerial navigation within intricate spaces, the manually crafted path is susceptible to erratic
movements and inaccuracies concerning the aircraft’s flight capabilities. To mitigate these
challenges, the Repeating phase (blue box in Figure 2) undertakes the construction of a
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3D aerial corridor around the hand-crafted path. Such a corridor is generated based on
the geometric characteristics of the environment and the flying capabilities of the UAV.
Subsequently, the algorithm transforms the initially devised path into an optimal and
seamless topological equivalent path using a global planning algorithm. To further bolster
planning efficacy and global navigation, a local planning algorithm equipped with real-time
collision detection and obstacle avoidance is used. Such local path planning is part of the
Replanning phase (orange box in Figure 2) comprising the proposed I-TRP procedure. The
Replanning phase generates a posterior optimal dynamically viable path, utilizing terrain
data obtained through the UAV’s onboard sensors and a 3D local SLAM approach. The
result of the I-TRP process is a 3D flight corridor and a path that defines the position and
orientation of the UAV along a smooth path derived from the initial hand-crafted path. The
resulting posterior optimal reference path is then forwarded to the path-following control
algorithm module, tasked with generating appropriate guidance commands for execution
by the UAV. These guidance commands encompass the desired UAV position, attitude,
velocity, and accelerations, which are distinct from the control commands that regulate fin
deflections, thrust forces, and thrust moments. The I-TRP framework operates iteratively
until the UAV successfully reaches its intended destination.

Figure 2. Proposed software architecture for the I-TRP autonomous motion planning strategy.

This research paper focuses on the 3D flight corridor generation module, as shown in
Figure 3, which is part of the Repeating phase shown in Figure 2. For simulation purposes,
a global environment map (representing the confined space of interest) is a computer-
generated environment with static and dynamic obstacles that can be customized to test
different levels of environmental complexities. The 3D corridor generation approach
follows a seven-step sequential process (see Figure 3) consisting of:

(i) Given an environmental map, generate a hand-crafted flight path composed of
multiple path segments.

(ii) Generate suitable maximized ellipsoid geometries containing the hand-crafted
path segments while avoiding obstacles.

(iii) Define a set of hyperplanes for each path segment and their corresponding halfs-
paces based on the generated ellipsoids.
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(iv) Extract the intersection of the hyperplanes obtained from step (iii) as obstacle-free
convex polyhedra surrounding each segment of the path.

(v) Perform a cuboid bounding surrounding the UAV based on its dimensions to
reduce the number of collision checks required during the polyhedra construction
process (step (vi)).

(vi) Add an augmenting occupancy checking process to reduce the search space by
identifying regions free from obstacles and replace the previously constructed
convex polyhedra with alternate reduced-in-volume convex polyhedra.

(vii) Generate the 3D Collision-Free Safe Flight Corridor.

Figure 3. 3D flight corridor generation.

Figure 4b portrays a schematic depiction of the Navig8 UAV flying inside traditionally
impossible spaces. The Navig8 (Figure 4a) is a highly maneuverable UAV serving as the
case study for this research. Such a UAV has been purposefully developed for operation
within restricted spaces (e.g., [27,28]). Herein, the definition of confined spaces presented
in [29] as environments with an environmental density, or ς, of greater than 0.1 (ς > 0.1)
is used. Thus, maneuvering inside confined spaces is more complex when compared to
moving within cluttered spaces that have a lower environmental density, 0.05 < ς ≤ 0.1
(see [29]).

(a) UAV. (b) UAV flying inside a confined space.

Figure 4. UAV to be used in the proposed research.

3.1. Generation of Convex Polyhedra

The fundamental concept underlying the generation of the proposed flight corridor
revolves around constructing a topological flight tunnel (or corridor) based on a hand-
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crafted path, denoted as Phcr. The purpose of this path is to capture the way a human
pilot would perceive and navigate through the environment, ensuring compatibility with
the UAV’s maneuvering capabilities. The hand-crafted path is defined as a user-defined
sequence of waypoints, represented as Phcr = (P1, P2, . . . , PN), where “N” represents the
total number of waypoints that form (“N − 1”) path segments. To construct the flight
corridor, an environmental map is represented as a grid occupancy map. Each ith path
segment comprising Phcr is denoted as

−−−→
PiPi+1 where i = 1, 2, ..., N − 1. It is treated as a seed

segment for initiating the construction of a convex polyhedron, denoted as CPi, around
segments of interest. Drawing from the work reported in [30], a convex set is defined as
a vector space over R where the line segment connecting any pair of points lies entirely
within the set. Hence, each polyhedron CPi is regarded as a convex hull consisting of
collision-free space, which is considered an optimal approach for a UAV motion planning
solution. These convex hull polyhedra are then sequentially connected to form a flight
corridor (FC), as represented by Equation (2). Each two consecutive polyhedra CPi and
CPi+1 need to have an intersecting area/volume that ensures the continuity of the flight
corridor. Figure 5 provides an illustrative example of a given path Phcr connecting a start
and goal flight points with its corresponding flight corridor, FC(Phcr), offering a visual
representation of the concept.

The construction of the convex polyhedra around each hand-crafted path segment
involves a three-stage process. Firstly, an ellipsoid serving as an initial approximation
for the polyhedra shapes is generated around each path segment. Each ellipsoid is cre-
ated to fully encompass the corresponding path segment. Subsequently, a subset of
hyperplanes that are tangent to a sequence of dilated ellipsoids is identified in which
these ellipsoids touch any of the surrounding obstacles in the environment (detailed in
Section 3.1.1). To further enhance flight safety within the flight corridor generation process,
the obstacles comprising the environment are dilated (increased), as visually depicted in
Figure 5 (highlighted in gray). This slight increase in the size/volume of the obstacles serves
to create an illusion of enlarged or “inflated” obstacles that facilitate the maneuverability of
the UAV within the 3D space. These hyperplanes represent the faces of the resulting poly-
hedra shapes. By finding the tangent hyperplanes, the polyhedra can be formally defined,
and their structural characteristics are fully determined (see Figure 5b). To optimize the
computational efficiency of the algorithm, a cuboid bounding box is fitted around the path
segments. This bounding box serves the purpose of reducing the number of collision checks
required during the polyhedra construction process. Instead of checking for collisions
with all surrounding obstacle points, the algorithm focuses solely on the points within
the cuboid bounding box. This approach significantly reduces the computational burden
by limiting the collision checks to a smaller and relevant subset of points. A detailed
explanation and discussion of the procedures involved in the decomposition of convex
polyhedra are presented in the subsequent subsections, which provide a comprehensive
understanding of the steps undertaken to generate the convex polyhedra shapes around
the hand-crafted path segments.

3.1.1. Generation of Ellipsoids

The objective of this step is to identify the empty space surrounding the path segments
comprising Phcr via ellipsoids. The aim is to find an ellipsoid that aligns its major axis with
the corresponding path segment of interest

−−−→
PiPi+1 while maximizing the volume contained

within the ellipsoid and avoiding any obstacles in the environment. An ellipsoid in a 3D
space (R3) is defined by a 3× 3 symmetric positive definite matrix “E” and a vector “d”,
where “E” represents the deformation of the sphere (‖ p̄‖ 6 1) and “d” represents the center
of the ellipsoid as shown in Equation (1). “E” is decomposed as E = RTSR where “R′′

is the rotation matrix aligning the ellipsoid axis to the map axis and S = diag(a, b, c) is
the diagonal scale matrix whose diagonal elements stand for the corresponding lengths of
ellipsoid semi-axes. Without loss of generality, it is assumed that a ≥ b, a ≥ c, as illustrated
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in [31]. The final goal is to find “E” and “d” given
−−−→
PiPi+1 and “O” where “O” represents

the obstacles around the segment
−−−→
PiPi+1.

ξ(E, d) = {p = Ep̄ + d | ‖ p̄‖ 6 1} (1)

FC(Phcr) = {CPi|i = 1, 2, ......., N − 1}, where : (N − 1) is the number o f Phcr segments. (2)

(a) CPi (green convex hulls) around a path Phcr generated from a set of connected manual waypoints.

(b) Projection of the 3D environment along the xy plane.

Figure 5. An example of generating a flight corridor FC(Phcr) composed of connected polyhedra.

To determine a feasible ellipsoid the point cloud data representing the obstacles of
interest in the vicinity of

−−−→
PiPi+1 and the line representing

−−−→
PiPi+1 itself are used. The process

begins with a spheroid surrounding
−−−→
PiPi+1, as depicted in Figure 6a by the solid blue sphere.

By considering
−−−→
PiPi+1 as the semi-major axis, the initial spheroid is gradually shrunk to

obtain a maximal ellipsoid, and the ellipsoid does not contain any obstacle points within its
boundaries (Figure 6c). This shrinking process involves iteratively identifying the closest
obstacle point to the center of the ellipsoid. Eventually, a maximal ellipsoid is achieved
with one closest obstacle point lying on its boundary, as illustrated in Figure 6c by the
dashed yellow ellipse. The xy-plane of the ellipsoid is formed based on

−−−→
PiPi+1 and the
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closest point at the boundary. Depending on the Pi and Pi+1 waypoints and the objects
around such points, the obtained ellipsoid will contain one or more contact points with
the obstacles. Regardless of the number of contact points, the obtained ellipsoid will be
the biggest ellipsoid. Subsequently, the maximal ellipsoid is dilated along the z-axis. The
appropriate length of the third axis in the z-axis direction is determined using a process
identical to that describe above (Figure 6) for the ellipsoid’s xy-plane along the z-axis. In
this case, however, the ellipsoid is initially expanded along the z-axis without changing the
ellipsoid in the xy-plane and then gradually shrunk until there are no obstacle points within
its boundary. The pseudo-code detailing the complete process is provided in Algorithm 1.
Two examples of the obstacle-free path, along with their corresponding ellipsoids, are
depicted in Figure 7, illustrating that feasible ellipsoids are obtained that effectively capture
the empty space surrounding the path segments. These ellipsoids play a crucial role in
constructing the subsequent polyhedra, thereby enabling generation of the flight corridor.

(a) (b) (c)

Figure 6. The process of finding an ellipsoid around
−−−→
PiPi+1 by shrinking to form a collision-free one

shown in 2D setting: (a) an initial solid blue sphere is surrounding a path segment
−−−→
PiPi+1; (b) the

initial sphere is gradually shrinking until it has no obstacle points by repeating the same shrinking
process; (c) the final phase of obtaining the maximal collision-free ellipse in size/area (dashed yellow).

(a) (b)

Figure 7. Examples for finding ellipsoids around the provided Phcr segments in two environmental
scenarios: (a) 30× 10× 6 m environment with 18 convex and concave obstacles, some with opening
holes, (b) 18× 6× 6 m environment with 7 large and 5 small convex obstacles.
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Algorithm 1: Pseudo-code of the proposed SFC+ flight corridor generation
process.

Input :O (Obstacle points),N (No. of Phcr waypoints), Each path segment is
denoted by

−−−→
PiPi+1 → Li

Output :{CPi, ...., CPi+1} (Convex Polyhedra forming SFC+)
1 Function ENHANCED_SAFE_FLIGHT_CORRIDOR(O, N) is
2 for i ≤ (N − 1) do
3 Function ELLIPSOID_GENERATION(O, Li) is
4 ξ i(E, d)← Define_Initial_Ellipsoid(Li) ;
5 Oinside ← Remove_Points_Outside(ξ i, O) ;
6 j← 0 ;
7 while Oinside 6= Empty do
8 pe

j ← Closest_Point(ξ i, Oinside) ;

9 ξ i(E, d)← Shrink_Ellipsoid_Along_XY(ξ i, pe
j ) ;

10 Oinside ← Remove_Points_Outside(ξ i, Oinside) ;
11 j← (j + 1)
12 end
13 nxy ← Find_XYPlane(ξ i, pe

j ) ;

14 ξ i(E, d)← Dilate_Ellipsoid_Z(ξ i, nxy);
15 Oinside ← Remove_Points_Outside(ξ i, O) ;
16 k← 0 ;
17 while Oinside 6= Empty do
18 pe

k ← Closest_Point(ξ i, Oinside) ;
19 ξ i(E, d)← Shrink_Ellipsoid_Along_Z(ξ i, pe

k) ;
20 Oinside ← Remove_Points_Outside(ξ i, Oinside) ;
21 k← (k + 1)
22 end
23 return ξ i(E, d)
24 end
25 Function CONVEX_POLYHEDRON(ξ i, O) is
26 Oremaining ← O;
27 j← 0 ;
28 while Oremaining 6= Empty do
29 pc

j ← Closest_Point(ξ i, Oiemaining) ;

30 ξ i(E, d)← Dilate_Ellipsoid_Z(ξ i, pc
j );

31
〈

aj, bj
〉
← Find_HalfPlane(ξ i, pc

j ) ;

32 j← (j + 1)
33 end
34 CPi : A← [a0, a1, ...], b← [b0, b1, ...];
35 return CPi(A, b)
36 end
37 Function OCCUPANCY_CHECKING(CPi, CPi f ree, O) is
38 if O = Empty then
39 CPinew(A, b)← CPi f ree(A, b);
40 else CPinew(A, b)← CPi(A, b);
41 end
42 return CPinew(A, b)
43 end
44 end
45 end
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3.1.2. Intersection of Hyperplanes

Once a train of connected ellipsoids is generated (Section 3.1.1), such a set is used to
generate obstacle-free polyhedra surrounding each segment of the path. Similar to the
ellipsoid, the space enclosed within the boundaries of the polyhedron must be devoid of
any obstacle points. For this, each ellipsoid comprising the train of connected ellipsoids
is gradually dilated identifying any overlapping obstacles and defining a corresponding
halfspace after each collision with an obstacle is identified. This process continues iteratively
until all such intersected halfspaces collectively form a polyhedron that encompasses the
segment of interest

−−−→
PiPi+1 and the corresponding obstacle-free ellipsoid.

To formally define the obstacle-free polyhedron formation, consider an ellipsoid
ξ0(E, d) that is slowly dilated until a (new) point pc

0 is found to touch a new obstacle at
the boundary of the ellipsoid. At this boundary point, the tangent plane to the ellipsoid is
defined as a halfspace, H0 =

{
p|aT

0 p < b0
}

, that contains the ellipsoid. By computing this
halfspace, all obstacle points that remain outside the halfspace Oremaining are removed. The
ellipsoid is then further dilated, and the process is repeated upon encountering another
obstacle point pc

1, at which a new ellipsoid ξ1(E, d) is called, and a new tangent hyperplane
is generated to construct a new halfspace H1. This iterative process results in a collection of
halfspaces that collectively form a polyhedron CP, as denoted by Equation (3). The terms
p, A, and b in Equation (3) represent a vector of the size 3× 1, representing the halfspace; a
matrix of the size 3×m, representing the 3D normal vectors of the hyperplanes; and a vector
of the size m× 1, representing the translation constants. The detailed parameters of p, A,
and b are shown in Equation (3). The set of found halfspaces is H = {H0, H1, H2, ....., Hm},
where “m” is the number of tangent obstacle points found with regard to the segment
−−−→
PiPi+1, and its corresponding ellipsoid represents the polyhedron associated with

−−−→
PiPi+1.

These elements are depicted in Figure 8 in which, for simplicity of explanation, a set of
2D images is used; however, the process of interest is 3D in nature. This polyhedron
encompasses the segment and the obstacle-free ellipsoid. The pseudo-code for this process
can be found in Algorithm 1. By applying this algorithm to each segment of the path, a set
of polyhedra is derived, ensuring the path remains clear of obstacles. It should be noted
that the hyperplane defining the jth halfspace Hj is tangent to the ellipsoid ξ j(E, d) at the
point pc

j and is computed as shown in Equations (4) and (5):

CP =
m⋂

j=0

Hj =
{

p | ATp < b
}

, where :



a01 · xh + a02 · yh + a03 · zh < b0

a11 · xh + a12 · yh + a13 · zh < b1

...

am1 · xh + am2 · yh + am3 · zh < bm,

(3)

aj =
dξ j

dp

∣∣∣∣
p=pc

j

= 2E−1ET
(

pc
j − d

)
, where : aj is the jth column o f matrix A. (4)

bj = aT
j pc

j , where : bj is the jth element o f vector b. (5)

The gradual dilation of the ellipsoid continues until a set of polyhedron volumes is
found that form a convex closed volume of obstacle-free space.
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(a) (b) (c) (d)

Figure 8. The process of finding a convex polyhedron CPi around
−−−→
PiPi+1: (a) an initial dashed yellow

ellipse touching an obstacle point to generate the first hyperplane; (b) a dashed blue dilated ellipse
until touching the second obstacle point to generate the second hyperplane; (c) a third dilated ellipse
(solid red) to generate the third hyperplane; (d) the final obstacle-free polyhedron (dashed green).

3.1.3. Cuboid Bounding

To guarantee that the biggest obstacle-free polyhedron is found, the proposed approach
searches through all points in the obstacle set O at least twice when constructing the
polyhedron CPi for each

−−−→
PiPi+1. This process, however, can be computationally expensive.

To mitigate this issue, a cuboid bounding box is used around each
−−−→
PiPi+1 segment. By

using this, the search for obstacle points is limited to those contained within the cuboid
bounding box, thus significantly reducing the number of points that need to be checked.
The cuboid bounding box associated with a path segment consisting of six rectangular
surfaces aligned with the segment’s axis. The size of the cuboid is defined based on the
size/dimension of the UAV targeted to travel within the confined space. Specifically, the
length, width, and height of the cuboid are set to double the corresponding dimensions
of the UAV, as illustrated in Figure 9. This configuration ensures that the generated flight
corridor maintains all necessary safety requirements to facilitate the maneuverability of the
UAV within a 3D space. By introducing the cuboid bounding box, the process achieves a
more efficient search process by focusing on relevant obstacle points, thereby improving
the computational efficiency of the algorithm.

Figure 9. Size of the cuboid based on the UAV’s dimensions.

Figure 10 illustrates the set of bounding boxes (in 2D) applied to the environment
shown in Figure 8.
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Figure 10. Generation of bounding boxes.

3.1.4. Occupancy Checking

As described in the previous section, when a robotic device (e.g., UAV) is targeted
to move inside confined spaces, it is of high importance to generate flight corridors that
adequately encompass the intended flight path, taking into account potential variations in
the UAV’s reconfiguration states and maximizing the volume within which the UAV can
move. Thus, the proposed flight corridor uses a novel auxiliary occupancy checking property
specifically tailored for confined spaces, which guarantees that the flight corridor is safe and
generates a corrider size/volume that is enough for the UAV flight within it. The proposed
mechanism reduces the search space by identifying regions free from obstacles that do
not need to be revised and handles the problem of unbounded corridor boundaries in the
case when free space defines the flight space. In these regions, the previously constructed
polyhedron geometries are replaced with alternate convex polyhedra, which ensures an
appropriate safety margin that considers the potentially changing geometry of the UAV
during flight. The pseudo-code outlining the process, shown in Figure 11, is provided in
Algorithm 1.

The occupancy checking process commences with the continuous examination of the
point cloud map that represents the spatial environment for the presence of any obstacle
points within the designated flight corridor. Subsequently, upon the absence of detected
obstacles within the scanning region of the designated space, a novel function responsible
for the generation of alternative polyhedra, Palter, is invoked to replace the original polyhe-
dra. The mathematical formulation employed for constructing these alternative polyhedra
within the obstacle-free space is articulated in the following Equation (6). The mathematical
representation of polyhedrons adopts the halfspace/hyperplane representation (referred to
as the H-representation), which is also known as the inequality representation, by charac-
terizing the polyhedron as the set of solutions that satisfy a finite set of linear inequalities
and linear equalities simultaneously. The terms in Equation (6) are defined as follows: x
represents the halfspace solution with a vector of the size 3× 1; A represents the 3D normal
vectors of the hyperplanes, which in this case exemplifies the six polyhedron faces with
a vector of the size 6× 3; and b represents the offsets or the translation constants with a
vector of the size 6× 1.

Palter =
{

x ∈ R3 | Ax ≤ b
}

(6)
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Furthermore, Figure 11 illustrates an instance of constructing such alternative poly-
hedra in an environment devoid of obstacles, surrounding each segment

−−−→
PiPi+1 of the

hand-crafted path. Figure 12 demonstrates the visual representation elucidating the dis-
tinction between the proposed SFC+ and the SCM algorithms, particularly in terms of the
reduction in the size/volume of the generated flight corridor within an unobstructed space.

Figure 11. Example of generated polyhedra in an obstacle-free space using occupancy checking process.

(a) Proposed SFC+, VolcorSFC+ = 107.7698 m3 (b) SCM, VolcorSCM = 224.1295 m3

Figure 12. Comparison for the generated corridor volume between SFC+ and SCM.

3.1.5. Final Flight Corridor

The result of the occupancy checking process is a flight corridor that the UAV can use
to fly from its current state to a desired final destination. Figure 13 shows the final flight
corridor obtained using the collapsed building environment shown in Figure 7a.

3.2. Calculation of Corridor Volume

To assess the effectiveness of the proposed approach’s ability to generate a suitable
flight corridor for confined spaces that takes into account the physical characteristics of
the UAV and the user’s flight intentions, a comparative study is conducted, contrasting
it with the widely recognized SCM algorithm for flight corridor generation. For this, the
difference in the corridor’s volume is compared, which in some way represents the search
space used for finding the robot’s (e.g., UAV’s) maneuvering solutions. The computational
time and the number of polyhedra needed to generate the corresponding flight corridor
are also used to evaluate the effectiveness of the proposed approach. The computational
time needed to generate effective solutions for aircraft flight is critical for effective real-time
operation of UAVs inside confined spaces, thus careful attention is paid to such an aspect.
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The comparative analysis with the SCM algorithm demonstrates the superiority of the
proposed method in terms of the corridor volume and computational time performance,
further supporting its potential for real-world UAV operations in confined environments.

(a) 3D collapsed building environment with flight corridor. (b) Flight corridor (without environment).

Figure 13. Example of the obtained flight corridor for a given confined environment.

To determine the 3D flight corridor volume for a given environment, the combined
volume of intersecting sequential polyhedra is calculated. The process applied to the
proposed SFC+ and the SCM methodology is illustrated in Figure 14, using a somewhat
simple environmental map scenario. The translucent green and blue regions in Figure 14
represent the generated 3D flight corridor, while the solid red and cyan volumes indicate the
overlapping regions between adjacent convex polyhedra. The calculation of the corridor
volume is accomplished using Equation (7), which provides an understanding of the
spatial capacity available for UAV navigation within the given flight corridor. The example
depicted in Figure 14 provides a visual representation of the corridor volume, highlighting
the intricate interplay between the successive polyhedra and their overlapping regions.
Determination of the flight corridor enables planners and operators to assess the feasibility
and suitability of a given corridor for specific mission requirements that provide valuable
insights into the available space for UAV navigation, aiding in the flight and control
decision-making process for successful mission execution.

Corridor Volume (Volcor) =
N−1

∑
i=1

CPivol −
N−1

∑
i=1

(CPivol
⋂

CPi+1vol) (7)

(a) Proposed SFC+, VolcorSFC+ = 138.84 m3 (b) SCM, VolcorSCM = 240.29 m3

Figure 14. 3D flight corridor with intersected polyhedra regions.
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4. Simulation Results and Discussion

To evaluate the efficiency of the proposed SFC+ algorithm in generating corridors in
geometrically complex confined spaces for 3D flight, diverse environments with varying
obstacle densities were employed. The selected environment scenarios were designed to
replicate complex, hazardous, and unstructured spaces encountered in real-life situations
in which data collection is problematic. Furthermore, access to such spaces by traditional
means (human entry) is risky with time constraints in which the use of UAVs provides a
safe alternative.

4.1. Selected UAV

In the context of the simulation, an aerial vehicle of notable versatility denoted as
Navig8 (Navigate) (Figure 15a), which was purposefully engineered for operations con-
ducted within structurally and non-structurally constrained environments, is employed.
The Navig8 UAV represents the culmination of the fifth generation of a vertical takeoff and
landing (VTOL) aircraft renowned for its exceptional maneuverability, a creation attributed
to Dr. A. Ramirez-Serrano, with an accompanying patent pending. Notably, the Navig8
UAV embodies a scalable design featuring a twin-shrouded propeller configuration, facil-
itating VTOL capabilities that are optimally suited for engagements within the confines
of intricate, structured, or unstructured environments. These environments encompass,
but are not limited to, locations characterized by collapsed structures and spaces beneath a
dense tree canopy, operating at low altitudes or in close proximity to critical infrastructure.

Consequently, the Navig8 UAV attains an elevated level of maneuvering proficiency,
enabling the successful execution of intricate missions demanding heightened agility, such
as the challenging pitched hover maneuver, which remains beyond the purview of currently
available aircraft (as illustrated in the accompanying Figure 15b). Furthermore, the vehicle
exhibits proficiency in executing other acrobatic maneuvers, exemplified by its capability to
effectuate landings on dynamically unstable surfaces akin to those encountered on seafar-
ing vessels navigating waters classified on the Beaufort scale at a 7–8 range, a quantifiable
empirical scale spanning from 0 to 12 that associates wind speed with observed conditions
at sea or on land (where 0 signifies tranquil waters characterized by wave heights of 0 m and
12 denotes hurricane-force conditions). In terms of its operational utility, the Navig8 UAV
can be readily outfitted with standard sensor payloads, such as electro-optical/infrared
(EO/IR) cameras and light detection and ranging (LIDAR) systems. Additionally, it accom-
modates mission-specific sensors, exemplified by gas detectors and environmental quality
monitoring apparatuses, thereby enabling the generation of comprehensive environmental
maps and facilitating real-time video streaming capabilities.

(a) Navig8 UAV model. (b) Navig8 pitched hover maneuver.

Figure 15. Selected UAV (Navig8) for the simulation.
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4.2. Testing Scenarios

To test and evaluate the proposed SFC+ 3D corridor generation in confined spaces,
numerous simulation tests were used. Here, however, the results of three representative
environments are provided (Figure 16): (a) a collapsed building (Figure 16a), (b) a cave
(Figure 16c), and (c) an obstructed mine corridor (Figure 16e). Figure 16 also provides
the 3D corresponding environments used in the simulations (Figure 16b, Figure 16d, and
Figure 16f, respectively). Table 1 provides the overall characteristics of each environment
including its environmental density, ς, which describes its degree of confined space [29],
and the coordinates of the entry and exit points. For each of these terrains, the degree of
the confined space was also changed to test the generation of 3D flight corridors in similar
terrains with different cluttered or confined properties, as defined in [29]. In [29], confined
spaces are defined as environments with an environmental density, ς, of greater than 0.1
(ς > 0.1). Thus, maneuvering inside confined spaces is more complex when compared to
moving within cluttered spaces that have a lower environmental density, 0.05 < ς ≤ 0.1.
Figure 17 demonstrates the visual difference between the confined and cluttered spaces. All
numerical simulations are executed within the MATLAB environment, utilizing an Intel(R)
Core (TM) i5-10210U CPU @ 1.60 GHz, 2.10 GHz with 12 GB of installed RAM and a 64-bit
operating system.

Table 1. Characteristics of the environments used.

Environment Obstacle Density
(ς)

No. of
Obstacles

Overall Size of the
Space (w × h × d, m)

Coordinates of
Entry Point (m)

Coordinates of
Exit Points (m)

Collapsed building

ς = 0.1645
(confined space) 20

30 × 10 × 6 [0.5,4,2] [30,4,2]ς = 0.1233
(confined space) 10

ς = 0.081
(cluttered space) 9

Steep cave

ς = 0.18567
(confined space) 14

20 × 5 × 6 [1,1,5] [20,3,2]ς = 0.13325
(confined space) 5

ς = 0.08125
(cluttered space) 3

Obstructed mine corridor

ς = 0.1455
(confined space) 21

20 × 5 × 6 [0.5,4,2] [19,4,2]ς = 0.1188
(confined space) 19

ς = 0.077
(cluttered space) 17

The results of the test performed in the three mentioned environments are shown in
Tables 2 and 3 and Figures 18–23. Figures 18–23, however, only show the results obtained
in confined spaces and not those obtained in cluttered spaces (which have a lesser obstacle
density and are considered simpler). Table 2 provides a comparative assessment of the
computational time and corridor volume generated by the SFC+ algorithm in contrast to
the SCM algorithm across diverse map scenarios. The findings demonstrate the superior
computational efficiency of the SFC+ algorithm, resulting in up to a 2.5-fold reduction
in processing time. This result is particularly evident in collapsed buildings and cave
scenarios. The color grading in Table 2, ranging from light red to regular red, highlights
a result that the computational time performance of the SFC+ approach improves as
the confined space becomes denser. It is important to note, however, that in the mine
corridor scenario, the computational time difference remains relatively constant across
various terrain complexities/densities. These results showcase the effectiveness of the
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SFC+ approach for rapid corridor generation capabilities within confined environments,
positioning it as a highly promising solution for real-time UAV operations.

(a) (b)

(c) (d)

(e) (f)

Figure 16. Simulated map scenarios and their counterparts in real life: (a) collapsed building [32];
(b) simulated collapsed building; (c) steep cave in Thailand [33]; (d) simulated steep cave; (e) ob-
structed mine corridor (photo from Exyn Technologies); (f) simulated obstructed corridor.

Figures 18–20 provide the geometrical shape of the 3D corridor generated for the
environments tested. From such results (figures), one can compute diverse aspects of
the corridor including its volume, geometrical features, convexity, etc. These depictions
offer valuable insights into the structural characteristics of the flight corridors. The figures
vividly demonstrate the SFC+ algorithm’s capability to produce smooth and collision-free
corridors. Figure 21 presents the relationship between the computational time and the
generated corridor volume against multiple environmental obstacle’s densities. From
Figure 21, Figure 22 can be generated. Figure 22 shows that there is a gradual increase
regarding the difference in computational time curve values between the two algorithms
depicting a high computational efficiency favoring the SFC+ algorithm in most cases. Addi-
tionally, Table 2 shows that there is a substantial disparity in corridor volume between the
algorithms, which is also shown in Figure 22. The SFC+ algorithm generates corridors with
reduced volume, optimizing the search area for path-planning algorithms and enhancing
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computational performance. Notably, the number of generated polyhedra differs between
the algorithms, and a lower count corresponds to improved computational time perfor-
mance, as indicated in Table 2. The proposed algorithm’s polyhedra count is contingent
upon the number of hand-crafted path segments, which can be fine-tuned to optimize
performance in conjunction with other parameters.

(a) Cluttered space, ς = 0.085. (b) Confined space, ς = 0.113.

Figure 17. Example showing the visual difference between 2D cluttered and confined spaces.

Table 2. Performance comparison between the proposed SFC+ and SCM for 3D flight corridor
generation based on a hand-crafted path.

Computational Time
(tc, s)

Corridor Volume
(m3)

No. of Generated
Polyhedra

Obstacle Density
(ς)

Map Resolution
(Voxel Size, cm)

Proposed
SFC+ SCM

Proposed
SFC+ SCM

Proposed
SFC+ SCM

Collapsed building
map scenario

ς = 0.1645 20× 20× 20 2.5818 3.5284 237.6235 500.5325 21 27
10× 10× 10 2.6651 3.712 237.6235 500.5325 21 27

ς = 0.1233 20× 20× 20 1.8453 2.5013 257.3771 515.8238 21 25
10× 10× 10 1.862 2.5227 257.3771 515.8238 21 25

ς = 0.081 20× 20× 20 1.5007 2.0604 277.559 530.5415 21 24
10× 10× 10 1.5351 1.9972 277.559 530.5415 21 24

Cave
map scenario

ς = 0.18567 20× 20× 20 1.3274 2.8754 221.0281 306.3768 21 33
10× 10× 10 1.3054 2.9787 221.0281 306.3768 21 33

ς = 0.13325 20× 20× 20 0.90729 1.9332 265.5472 351.4842 21 28
10× 10× 10 0.87448 1.9204 265.5472 351.4842 21 28

ς = 0.08125 20× 20× 20 0.62353 1.0092 257.136 365.0643 21 27
10× 10× 10 0.5778 1.0391 257.136 365.0643 21 27

Obstructed mining
map scenario

ς = 0.1455 20× 20× 20 1.196 2.0492 126.6911 211.6088 24 18
10× 10× 10 1.1476 2.0704 126.6911 211.6088 24 18

ς = 0.1188 20× 20× 20 1.1009 1.9819 126.6911 206.3995 24 19
10× 10× 10 1.0287 1.9481 126.6911 206.3995 24 19

ς = 0.077 20× 20× 20 0.71836 1.5541 138.8408 240.288 24 19
10× 10× 10 0.70418 1.6772 138.8408 240.288 24 19
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(a) Proposed SFC+. (b) SCM.

(c) Projections of the generated corridors upon xy, xz, and yz planes.

Figure 18. Results from the 3D collapsed building environment (ς = 0.1645).

(a) Proposed SFC+. (b) SCM.

(c) Projections of the generated corridors upon xy, xz, and yz planes.

Figure 19. Results from the 3D cave environment (ς = 0.18567).
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(a) Proposed SFC+. (b) SCM.

(c) Projections of the generated corridors upon xy, xz, and yz planes.

Figure 20. Results from the 3D obstructed mine corridor environment (ς = 0.1455).

Figure 21. Performance comparison (tc, Volcor) for three different map scenarios against obstacle
density (ς): left: collapsed building scenario, middle: cave scenario, right: obstructed mine corridor.
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Figure 22. Performance comparison (∆tc, ∆Volcor) for three different map scenarios against obstacle
density (ς): left: computational time difference, right: corridor volume difference.

Table 3 presents a similar comparison of parameters with the distinction that the
generated corridors are based on a post-processed hand-crafted path where such a post-
processing step reduces the number of utilized path segments by eliminating the potentially
unnecessary redundant waypoints. The results from such new hand-crafted paths indicate
a reduced number of generated polyhedra for the proposed SFC+ algorithm. Figure 23
shows an example of generating a flight corridor within a given environment based on a
post-processed hand-crafted path. This result aligns with expectations leading to signifi-
cantly improved computational time with up to threefold faster performance. However,
the findings underscore the trade-off between computational performance and corridor
characteristics. While the SFC+ algorithm demonstrates superior computational efficiency,
it is important to consider the impact on the shape and volume of the generated corridors.
Therefore, a thoughtful optimization process for the post-processing algorithm is crucial to
ensure an optimal balance between these parameters.

Table 3. Performance comparison between the proposed SFC+ and SCM for 3D flight corridor
generation based on a post-processed hand-crafted path.

Computational Time
(tc, s)

Corridor Volume
(m3)

No. of Generated
Polyhedra

Obstacle Density
(ς)

Map Resolution
(Voxel Size, cm)

Proposed
SFC+ SCM

Proposed
SFC+ SCM

Proposed
SFC+ SCM

Collapsed building
map scenario ς = 0.1645 20× 20× 20 2.1929 2.7444 231.7023 358.8962 7 24

10× 10× 10 1.9182 2.9326 309.0498 423.968 8 23

Cave
map scenario ς = 0.18567 20× 20× 20 1.0666 2.7866 370.3862 307.041 13 32

10× 10× 10 1.0577 2.6848 362.4562 288.697 13 30

Obstructed mining
environment ς = 0.1455 20× 20× 20 0.66375 1.806 113.088 177.5656 7 18

10× 10× 10 0.70554 1.6912 93.0473 172.254 6 19

In summary, the results illustrate the capabilities of the algorithm to generate smooth
and collision-free flight corridors with respect to a hand-crafted path, showcasing its
potential effectiveness in being used by robotic systems to maneuver within confined
environments. The proposed methodology adeptly accommodates the safe coexistence of
multiple UAVs within a shared constrained environment by comprehensively defining the
constraints that pertain to the hand-crafted path and environmental mapping, as well as the
operational constraints and capabilities specific to each UAV. Furthermore, this approach
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exhibits the flexibility to adapt seamlessly to diverse types of UAVs deployed within a
range of confined spaces. These findings collectively emphasize the significance of the SFC+

algorithm as a reliable solution for real-time UAV operations in challenging, diverse con-
fined scenarios characterized by dense obstacles and geometric complexities. Nonetheless,
the application of this methodology in real-world scenarios necessitates careful attention to
a multitude of concerns and constraints related to the SLAM process, which is instrumental
in mapping uncharted terrains via the vehicle’s onboard sensors. These limitations stem
from various sources, encompassing sensor uncertainties, altitude-related inaccuracies,
computational resource constraints, and potential hardware malfunctions.

(a) Proposed SFC+. (b) SCM.

(c) Projections of the generated corridors upon xy, xz, and yz planes.

Figure 23. Results from a 3D collapsed building environment (ς = 0.1645) based on a post-processed
hand-crafted path.

5. Conclusions

The proposed SFC+ algorithm is an effective solution for generating 3D flight corri-
dors within confined environments. The results and comparative analysis demonstrate a
significant improvement when compared to previously developed mechanisms in terms
of computational efficiency, corridor volume, and polyhedra count. The results show the
proposed algorithm consistently outperforms the previously developed state-of-the-art
algorithms, exhibiting up to a 2.5-fold improvement in computational time, particularly
when used in geometrically complex environments, such as those encountered inside
collapsed buildings. The visual depictions of the generated corridors showcase the al-
gorithm’s ability to generate corridors suitable for robot navigation. The analysis of the
generated corridors, along with the trade-off between computational performance and
corridor shape/volume, highlighted the importance of fine-tuning the post-processing
algorithm to strike an optimal balance. Furthermore, the algorithm’s capability to adapt
to various map resolutions and obstacle densities enhances its applicability in real-world
scenarios.

In conclusion, the SFC+ algorithm presents a valuable contribution to the field of UAV
operations in confined environments. Its computational efficiency, generation of collision-
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free flight corridors, and adaptability to diverse scenarios position it as a promising solution
for enabling safe and efficient UAV navigation in complex confined spaces.
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