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Safety-Aware UAV Formation Scheme for Guiding
UGVs Through Obstacle-Laden Environments

Ruikang Xiao", Shuting Wang"”, Yuanlong Xie

and Sheng Quan Xie

Abstract—Using uncrewed aerial vehicle (UAV) formations to
guide uncrewed ground vehicles (UGVs) through unstructured
obstacle-laden areas leads to highly efficient execution of tasks
such as the transportation of supplies. However, existing meth-
ods fail to efficiently plan obstacle-avoidance strategies for the
entire UAV-UGV swarm. Additionally, the formation controller
and planner are isolated, resulting in the degradation of formation
tracking accuracy, which presents potential security risks. This
paper proposes a novel UAV formation scheme that integrates safe
corridor (SC) generation, trajectory fitting, and formation tracking
to ensure operational safety. The scheme employs a novel line-of-
sight (LOS) mechanism to optimize A*-planned waypoints, gener-
ating the SC as an obstacle-avoidance strategy. A minimum snap
trajectory is fitted to the optimized waypoints with SC constraints.
Bridged by the trajectory, the scheme develops a rigid-graph-based
controller (RGC) to track the planning result, enabling dynamic
formation maneuvering within the SC. Consequently, the proposed
UAYV formation scheme achieves obstacle-avoidance guidance by
restricting the UGVs to the formation projection. The validation
results demonstrate that the proposed scheme exhibits enhanced
robustness and superior planning capabilities compared to tradi-
tional methods.

Index Terms—Formation tracking, obstacle avoidance, safe
corridor (SC), uncrewed aerial vehicle (UAV).

1. INTRODUCTION

N INDUSTRIAL and military applications, heterogeneous
I uncrewed swarm systems demonstrate enhanced flexibility
and efficiency through their collaborative capabilities [ 1]. Within
these systems, the collaboration between uncrewed aerial ve-
hicles (UAVs) and uncrewed ground vehicles (UGVs) plays a
crucial role [2]. Fora UAV-UGYV swarm shown in Fig. 1, the UAV
formation can guide UGVs to avoid obstacles by constraining
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Fig. 1. Schematic of a UAV formation guiding UGVs.

UGVs to the projection of the formation [3]. As exemplified by
the supply transportation task in obstacle-laden areas, onboard
sensors of UGVs are prone to environmental misjudgment in
these complex terrains, which may lead to the entrapment of
the UGVs. In contrast, UAV formations perform rapid environ-
mental reconnaissance and collaboratively guide UGV through
obstacle-laden areas, significantly improving both operational
efficiency and transportation safety. Therefore, a UAV-guided
formation scheme that emphasizes safety is urgently needed,
including an efficient obstacle-avoidance strategy and a robust
formation control mechanism.

Regarding UAV formation control, researchers have de-
veloped various strategies such as the virtual structure ap-
proach [4], the leader-follower approach [5], the behavior-based
approach [6], the consensus-based approach [7], and the artificial
potential field (APF) approach [8]. As demonstrated in [5],
the leader-follower approach effectively maintains formation
by assigning hierarchical roles to visibility-constrained mobile
robots. The virtual structure approach allows UAVs to maintain
rigid formation geometry, enabling agile and precise maneuvers
such as interleaved swarm operations [4]. The behavior-based
approach offers decentralized control as in [6], [9]. However,
these approaches are predominantly designed for obstacle-free
environments [10], limiting their applicability in the real world,
where UAVs need to guide UGVs in unstructured obstacle-laden
environments. Therefore, a path-planning algorithm is needed
to provide obstacle-avoidance strategies for UAV formations.

Research on path planning for UAV formations has advanced
significantly, including global and local planning strategies.
Global path planning generates optimal paths from an initial
point to a destination in static or well-mapped environments [11],
[12], [13]. Conversely, by focusing on the immediate surround-
ings, local strategies enable UAV formations to react to unfore-
seen obstacles or changes in the operational area [14], [15],
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[16]. For example, Liu et al. proposed a trajectory generation
algorithm based on the concept of the safe flight corridor
(SEC) [17]. In [18], the method to generate the minimum snap
trajectories for a single UAV was proposed. However, existing
studies often concentrate on developing independent paths for
each UAV within the formation, thus ignoring the general stabil-
ity of the formation [19], [20]. This oversight leads to challenges
in the generation of obstacle-avoidance strategies. Furthermore,
conventional formation control methods struggle to seamlessly
integrate obstacle-avoidance strategies for the formation [21].

All these issues result in safety risks of UAV formations.
Therefore, an integrated UAV formation scheme is required
to effectively bridge the gap between obstacle avoidance and
formation control. This can be accomplished by leveraging a
fitted trajectory as a shared reference.

Given the limitations mentioned above, this paper proposes a
novel safety-aware UAV formation scheme. The main contribu-
tions are as follows:

1) A trajectory-bridged UAV formation scheme is proposed
that includes a safe corridor (SC) planner and a formation
controller to address the challenge for UAV formation to
safely guide UGVs through obstacle-laden environments.
In contrast to the previous method [22], [23], the proposed
method is based on a rigid graph structure, thus requiring
less computational resources and enhancing real-time re-
sponsiveness.

2) An SC planning method for UAV formation based on an
improved A* algorithm is proposed, incorporating a novel
line-of-sight (LOS) mechanism to generate the optimal
waypoints. Unlike previous obstacle-avoidance strategies
for each UAV in the formation [11], [14], this method
considers the obstacle avoidance for the whole formation,
ensuring a stable formation configuration.

3) A rigid-graph-based controller (RGC) is proposed for
UAV formation to track the trajectory while incorporat-
ing SC information. Unlike current methods that directly
control the formation size [24], this controller dynamically
adjusts the formation using the planned SC, improving the
tracking stability and smoothness of obstacle avoidance of
the formation.

The remainder of this paper is as follows: Section II es-
tablishes the UAV dynamic model and clarifies the formation
control objective. Section III details the implementation of the
proposed formation scheme. Section IV validates the effective-
ness of the proposed scheme. Section V concludes the paper and
outlines future research directions.

II. PROBLEM FORMULATION

A. UAV Model

The UAV discussed in this paper is a quadrotor, and the
positional dynamics of the UAV in the earth coordinate system
O, is considered as

T 0 1 0
ly’]: 0 +—=(RH"| 0 [, (1
z g M -U

where U represents the total external force acting on the UAV,
M is the UAV’s take-off mass, R is the rotation matrix between
O, and the body coordinate system O,.
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Similarly, by defining the pitch angle as ¢, the roll angle as
0, and the yaw angle as 1), the UAV attitude dynamics model is
denoted as

¢ Ty + wowy (Iy — I.,) — Jowg N
6| =I"| 7, +wowy(l, — ;) — JowsN |, (2)
¥ Ty + wewe (I — L)

where I represents the rotational inertia along each axis of the
UAV, and 7 denotes the torque generated by the propeller thrust
on the body axis. Jy denotes the total rotational inertia of the
motor rotor and propeller. Furthermore, w refers to the angular
velocity of the UAVs along each axis, and [V is the sum of the
rotational speeds of the propellers.

B. Formation Model

Consider a formation with n UAVs in a space of m dimen-
sions, and let p, € R™ represent the position of the i-th UAV in
O..The UAV formation is defined by a frame F' = (G, p), where
p=[p1,-..,p,] € R™ denotes the positions of all UAVs.
Here, G = (V, E) is an undirected graph, where V" is the vertex
set with each vertex corresponding to a UAV and the edge set &/
represents the distance constraints between UAVs.

With this framework, the formation is mathematically charac-
terized by the edge function ¢ : R" — R, where | = ninol)
This function computes the squared distances between UAV
pairsas ¢(p) = [.. ., ||p, — pyl|%, - ], for (a,b) € E, where p,
and p, denote the current global coordinates of the UAVs in the
formation.

This setup implies that knowledge of all pairwise distances
within the formation F' determines the graph G to be a rigid
graph. A rigid graph G ensures that the relative positions of
its vertices remain fixed under certain conditions, resulting in a
stable formation.

The rigidity matrix R : R"™ — R>"™ is defined as

_ 1 0¢(p)
2 0p
For the edges between vertices a and b, the corresponding row

of the rigidity matrix is given by

[0,...,0,(py — pp)",0,...,0,(p, —P,)".0,...,0] (4
For a formation F' C R™, the graph G is rigid if and only if [25]:
rank(R(p)) = mn — w This condition implies that a

2D formation with n UAVs achieves minimal rigidity when
exactly 2n — 3 distance constraints are enforced.

R(p) 3)

C. Control Objective

Before delving into further detail of the formation scheme, itis
necessary to introduce the fundamental assumptions underlying
this problem. In this paper, the asterisk () is used as a superscript
to denote the ideal situation of formation. For example, the ideal
formation framework is defined as F™*.

Assumption 1: The formation and sensor graph are identical,
denoted as G, = G*.

Assumption 2 ([26]): Inter-agent connectivity within the for-
mation is consistently maintained, ensuring that each UAV re-
mains in the communication range of any UAVs in its neighbor
set B*.

Assumption 3 ([27]): Initially, the UAVs fail to meet the
required inter-agent distance constraints. such that ||p,(0) —
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Fig. 2. The framework of the proposed scheme.

Algorithm 1: SC Generating and Trajectory Fitting.

Input: Rasterized map M, Obstacle distance field F,
Formation center pg(t), goal point P,
Output: Formation trajectory T\ (t), Safe corridor F..(t)
while p (t) # P. do
(My, Wini) = genAstar(My, Fy,, p,(t), P.);
Wopt = optRecon(My, Win;, Fo,p,(t), Pe);
(Cwps Wiin) = genCorridor(W,,., Moy, F,);
T,(t) = opt WP ((Wyin, (1), Pe));
F,.(t) = genFormation(T,.(t), Cyp);
end while
return (F,.(t), T,-(t));

Py(0)]| # dap, foralla, b € V*, where d,, represents the desired
distance between UAVs a and b.

The formation control is based on the relative positioning of
the UAVs. Specifically, the desired distance between the UAVs a
and b in the ideal formation is defined as d., = ||p}, — p;|| > 0,
fora,be V.

Initially, the UAVs start from chaotic initial positions and
move to form a predefined formation, known as formation acqui-
sition. During this phase, the distances between any two UAVs,
a and b, are expected to converge to dp, i.€., | P, (t) — Py (¢)|| —
dgpas t — oo. Since the formation is required to guide the
UGVs through obstacle-laden areas by dynamically adjust-
ing its size, d,, becomes time-varying during operation and
is expressed as dgp(t). Consequently, the dynamic formation
process is described as ||p,(t) — py(t)| = dap(t) as t — oc.
While achieving dynamic formation, the UAV formation must
simultaneously follow a planned trajectory to navigate from the
beginning to the end. This behavior is quantified as ||p, (t) —
V4, (t)]] — Oast — oo, where a =1,...,n, and v4,(t) indi-
cates the desired maneuvering speed of the UAV a.

In summary, the objectives of the controller are defined as

{||I?a(t) —pp()]| = dap(t) as t— o0
D, () = vaa ()] = 0 as t— oo.

(&)

III. METHODOLOGY

A. Overview

The framework of the proposed scheme is depicted in Fig. 2
and its execution process is outlined in Algorithm 1. First, within
the global map M, the function gen Astar generates an initial
set of sparse waypoints W;,,, spanning from the formation
center p, (t) to the goal point P, based on the obstacle distance

Obstacle area = Reconnect segment ==+ Safe corridor

Initial path

® Connect node Searched area

O Problematic segment

Fig. 3. Comparison of traditional path planning algorithms and generation
process of the SC.

field F},. Then, during this process, the explored region M, is
recorded within M. Next, the function optRecon performs
waypoints reconnection based on M, and W;,;, resulting in
an optimized path W,,,. To ensure a safe distance from the
obstacles, the function genCorridor considers F;, and laterally
extends W,,,, within My, forming the SC, and C,,),. Then, this
safe corridor is used to guide UAV-UGV formations to avoid
obstacles. The function opt WP applies polynomial fitting to
Wopt, producing the formation tracking trajectory 7. (¢). Finally,
the function genFormation calculates the UAV dynamic for-
mation plan F,.(t), which is derived using T, (¢) and C,,),. This
formation plan represents the proportional size of the UAV
formation relative to its original size at any given moment.

B. SC Generation

In SC generation, the map is first rasterized to produce
an obstacle distance field. Then, the A* algorithm is used,
generating the initial waypoints. The heuristic function A in-
corporates the obstacle distance field F,, and is expressed as
h=+/||P — P.||? + k(rp — F,(P))4, where k and ¢ are the
weight coefficients that control the influence of F,, within the
heuristic function, and 7 is a user-defined distance threshold
in the obstacle distance field F7,. In the rasterized map, for any
grid point P with a distance to the nearest obstacle greater than
orequal to rp, F,(P) is set to rp.

Asillustrated in Fig. 3, the A* algorithm generates suboptimal
waypoints due to constraints of the grid structure. In contrast,
the waypoints produced by the Theta* algorithm, which utilizes
LOS detection, are significantly shorter. However, the Theta*
algorithm does not account for obstacle proximity, which can
lead to waypoints that are too close to obstacles. Expanding
the obstacles can reduce this risk, but it may render the Theta*
algorithm ineffective in obstacle-laden areas. To overcome the
limitations of the A* algorithm and Theta*, a novel LOS detec-
tion method is introduced that integrates the obstacle distance
field in the SC generation process.

The proposed SC generation method involves six steps, as
highlighted in Fig. 3. First, the A* algorithm performs an initial
waypoint planning, recording the searched area F§, as shown
in blue. Next, the remaining map area is designated as the
obstacle area Fj, to generate the map M, for LOS detection. In
the third step, the waypoint segments that require reconnection
are identified, which is based on the ratio of Fs to F}, within a
certain distance around the waypoints. Once the ratio surpasses
the predetermined threshold, it implies that a sufficient area has
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been explored. At this stage, for the red segments in Fig. 3,
reconnection is necessary.

In the fourth step, LOS detection is initiated. Each waypoint
segment that requires reconnection consists of two connected
nodes: P; as the start and P; as the end. Using the Bresenham
algorithm, an approximate straight line is drawn between P;
and P;. If the line intersects an obstacle, the next point in
the waypoint segment becomes the new starting point, and the
process is repeated. Once LOS detection succeeds, the current
starting point becomes the new end, and P; resumes as the
starting point, continuing the process until P; becomes the end
of the next LOS detection. Additionally, the LOS detection is
restricted to the area explored previously, further ensuring safety.
In the fifth step, the waypoints are extended to form the SC for
formation. The updated boundary Bj in the k-th iteration is
computed as

k-1
Bi=| |J D)\ <U B;U{P|F,(P) < dmm}> ;

PeByy i=0
(6)

where d,;, denotes the minimum safe distance threshold for
the formation system, and D(P) represents the neighborhood
generation operator. Upon reaching the predefined number of
iterations n, the final safe corridor boundary is defined as C',, =
B,,, and the safe region is formulated as R; = U?:o B;. In the
sixth step, the proposed scheme adjusts the waypoints within
the SC to ensure they strictly adhere to the central axis of the
corridor. In this process, R, serves as the rasterized map, and
a boundary-aware distance field F,, is constructed along C',,.
F, is integrated into the heuristic function of the A* algorithm
for path re-planning, thereby yielding the adjusted waypoint set
W in-.

fRemark 1: The proposed novel LOS detection method gener-
ates shorter waypoints compared to the A* algorithm and ensures
that the waypoints maintain a safe distance from obstacles,
ultimately enabling the generation of high-quality SC. Different
from the method proposed in [28], the proposed novel LOS
mechanism significantly shortens the waypoints. In contrast to
the traditional LOS mechanism mentioned in [29], the novel
LOS mechanism optimizes the reconnected waypoints by in-
corporating obstacle distance field information.

C. Trajectory Fitting

To establish a smooth connection between SC information
and the controller, a trajectory is fitted to the waypoints derived
from the SC generation process. The trajectory provides time-
varying formation size information and the motion data for the
formation to track. The initial phase involves waypoint sampling
to obtain trajectory-fitting nodes. A gradient sampling strategy
is proposed to integrate obstacle distance field information to
minimize information loss during sampling, applying higher
density to nearby obstacles and lower density to obstacles-free
regions. The sampling density indicator formula is given by
A; = min( an(i))’ 1), where s is a positive constant that
globally regulates the magnitude of A;, and w denotes a dynamic
scaling factor that normalizes m to the range [0,1].

i
Polynomial trajectories are represented as: T.(t) =

Yoo Tit', where T, (t) represents the formation center’s

trajectory, and 7; denotes the polynomial coefficients.
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Fig. 4. Dynamic formation processes of UAV formation that guide UGVs.

To ensure the trajectory’s trackability, smooth transitions must
be maintained between consecutive segments and the trajectory
must strictly pass through all designated nodes. For a trajectory
parameterized by n-segment polynomials, how to determine its
coefficientset 7' = {T;};" , becomes a constrained optimization
problem and is formulated as

k i
min Y- [ (100)) ae. ™
=17

After obtaining 7).(t), a dynamic formation plan, denoted
as F,.(t), is provided for the formation controller based on
T,(t) and C\),. As shown in Fig. 4, the UAV formation with
a virtual leader o adopts a regular pentagon. The formation’s
minimal enclosing circle is constructed, taking o as the center
and r as the radius. Initially, when the formation is far from
obstacles, the circle’s radius is maximized, denoted as 7pax.
During the operation, the minimum distance between o and the
edge of the SC is calculated, represented as diin(77-(¢;)). When
iin (T3 (t;)) < Tmax, the formation is too close to the edges of
the SC; thus, adjust the radius to 7 = cdpmin, Where c is a positive
constant less than 1. Consequently, the dynamic formation plan

is given by F.(t) = w

Remark 2: The fitted trajectory serves as a bridge between
the SC and controller, not only providing the controller with a
motion-tracking target for the formation but also incorporating
the SC information to offer the controller the ideal size of the
formation. During the UAV formation guidance operation, the
UGV is positioned inside the UAV formation’s projection on
the ground plane. When guiding through the obstacle region,
the UAV formation changes its size to keep the UGV at a safe
distance from the SC’s edges.

D. Formation Tracking

To achieve the control objective in (5), the control input is
defined as u, = p,. The quantity p,, is defined as p,;, = p, —
Py D=y Daps - - -] € R™. The distance error e, between
UAV qa and UAV b in the formation is expressed as

€ab = |f’ab| - dab~ (8)

Further, the derivative of e, is given by

 1Pal (e — )
€ab + dab

The main results of the RGC are formally stated in the
following theorem.

Theorem 1: Consider a formation consisting of n UAVs,
where the tracking controller for each UAV is designed as u =
R (p)(—kyz + d,) + vq. Every signal within this formation is

— dap 9)

éab
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uniformly bounded across all states, and the formation error (8)
for each UAV a will asymptotically approach zero.
Proof: The quantity 2z, is defined as

Zab = ‘ﬁab‘z - dib - eab(eab + 2dab)~ (10)
Based on z,;, the Lyapunov function is chosen as
1 2 Lor
Ve, d) = 1 Z Zab = 77 % (11)
(a,b)eE*
where e = [...,eq,...] ERL d=]...,dap,...] €ER and z =
[.. ., Zab, - - -] € RL This function is positive definite in e and d,

and its level surfaces V (e, d) = a for some a > 0 are closed as
€ab = _dab~

Substituting (9) and (10) into (11), the time derivative of (11)
is expressed as

V=" eal(Cap+ 2dap) [Pay(ta — wp) — dapdap).  (12)
a,beV*

Using (3), (4) and (11), (12) is simplified to
V =2"(R(p)u — dy),

where d,, = |[.. o dapdap, . . JeRL u =[uy,...,u,] € R™",
The following analysis, considering a formation F(t) =
(G*, p(t)), lets the formation error ¢(0) € 6 whent = 0, where

(13)

br=qecR'| > el<oy. (14)
(a,b)eE*
and o > 0. The control input u is denoted as
u=R"(p)(~kvz + dy) + va. (15)

where RT(p) = R” (p)[R(p)R" (p)] ', k. is a positive con-
trol gain, and vy = [vg1, . . ., Van ], Which denotes the formation
maneuver speed. This ensures that (5) holds and e = 0 is expo-
nentially stable.

Substituting (14) into (13) gives

V =:T[R(p)R"(P)(—kvz + d,) + R(P)va —

For vq, v4q = vo + wo X P,,,, Where a = 1,...,n, vy repre-
sents the desired translational velocity, and w( represents the
desired angular velocity of the formation.

From (4) and (16), it follows that R(p)vy = 0. Therefore,
(16) is simplified to

dy).  (16)

V= —ky2Tz = —4k,V. (17)
Furthermore, it is derived that
V < —dkoAminV  for e(0) € 6y, (18)

where An;, denotes the minimum eigenvalue of the matrix.

By analyzing (18), it is evident that V'(¢) < 0 holds for any
t > 0, which implies that V' (¢) is non-increasing for any ¢ > 0.
Given that V' is positive definite, e = 0 is exponentially stable
for (0) € 6;. Therefore, the proof is complete.

Remark 3: Based on the fitted trajectory 7,.(¢), the SC in-
formation is transformed into the controller input F,.(t), and
v is defined as v = T}.(t). As the formation operates in a plane
parallel to the ground, the parameters d,,, v in (15) are expressed
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as follows

du(t) = diy B (1)

Vo ="

Vg Uy —Vy Vg
vZ+v?

(19)
wo = X Dab>

where v, and v, represent the x-axis and y-direction components
of the vector v, respectively. Using (19), the control inputs for
each individual agent within the formation are denoted as

Uq = Z(*kvzab + dabdab) + Vo + wo X i)alr (20)
beV
wherea =1,...,n.

IV. VALIDATION & ANALYSIS

In this section, the effectiveness validation of the scheme
planner and controller was carried out. All validations were
conducted on a 12th-generation Intel Core i5 CPU.

A. Plan Effectiveness Validation

The plan effectiveness validation was conducted on a ran-
domly generated obstacle rasterized map measuring 400 x
200m?2. The performance of the proposed waypoint planning
method was assessed on this map, and comparative validation
was performed using the A* method and the Theta* method.

In this scenario, the UAV's followed the movement of a virtual
leader positioned at the center of the formation. The initial
position of the virtual leader was (1,50)m, with the target
point being (400, 150) m. The UAVs’ kinematic constraints on
their trajectories were defined as vmax = 3.5 M/S, Gpax = 1 m/s?,
Jmax = 0.8m/s3, s = 0.8 m/s?.

The validation employed the proposed method, the A*
method, and the Theta* method. In the heuristic functions of the
A* method and the proposed method, their weight coefficients
were setto k = 1.5 and ¢ = 2.5. For the Theta* method, the map
was reconstructed with inflated obstacles, where the inflation
size was set to 5 m.

The proposed SC and fitted trajectory are shown in Fig. 5(a),
while the results of the A* and Theta* methods are presented
in Fig. 5(b) and (c). The data indicate that the proposed method
results in a smoother trajectory compared to the A* method
and maintains a safer distance from obstacles compared to the
Theta* method. Additionally, Fig. 6(d) depicts the size variation
of the SC generated based on the three methods, and Fig. 6(a)—(c)
illustrate the velocity, acceleration, and jerk profiles of each
method’s fitted trajectory. In Fig. 6(d), the SC generated by the
proposed method remains stable at a larger size compared to that
generated by the A* and Theta* methods. This implies that the
proposed method facilitates smoother zoom-in and zoom-out
maneuvers, thus enhancing formation stability. Fig. 6(a)—(c)
demonstrate that the proposed method leads to smoother changes
in velocity. The A* method produces numerous sharp turns in the
trajectory, while the Theta* method results in excessive turning
angles in the trajectory. Consequently, the proposed method
demonstrates less variation in velocity and acceleration, leading
to a more stable formation tracking of the trajectory.

As shown in Table I, the time complexity of the three methods
was compared. Specifically, ¢, t1, and ¢, represented the aver-
age execution time each method takes. Five simulations were
conducted for each map size and the results were averaged.
Compared to the A* method, the Theta* method adds the step of
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TABLEI dynamic formation maneuvering (DFM) scenario. The compu-
ALGORITHM PERFORMANCE EVALUATION tational efficiency of the controller was evaluated by recording
- . the total controller solving time in different scenarios. Addition-
Map Size (S/m™) _ Proposed Method (to/s) ~ A* (f1/s)  Theta® (ta/s) ally, comparative experiments were conducted using the method
400 x 200 1.009 0.987 1.256 in [30]. In the validation, D, representing the total duration of the
500 x 250 1.071 1.043 1.468 _ - .
500 = 300 1136 1097 1715 task, was set as D = 100s. At, denoting the time steps, was set
700 x 350 1.305 1112 1.935 as At = 0.02s, and the number of UAVs was setasn = 3,5, 7.
800 x 400 1428 1235 2172 In the FM scenario, the maneuvering velocity function was:
vq = [0.3sin(t), 0.3 cos(t), 0]; in the DF scenario, the dynamic
TABLEII formation size function was: AC' = 0.5sin(0.4¢) + 1; in the
TOTAL CONTROLLER SOLVING TIME DFM scenario, the formation performed the motions simulta-
neously in the previous two scenarios. In Table II, the results
Scenario FM DF DFM show that the RGC computation time in the 3-UAV scenario is
Numbers 3 5 7 3 5 7 3 5 7 nearly identical to [30] (maximum difference: 3 ms). For 5-UAV

RGC (/ms) 213 322 458 210 330 494 214 343 499
[30] (t/ms) 211 326 469 210 348 522 211 357 524

LOS detection for waypoints connectivity, which significantly
increases the time consumed. In contrast, the proposed method,
by introducing the novel LOS mechanism, efficiently utilizes the
maps searched by the A* method, consuming the same amount
of time and yielding shorter waypoints. In the evaluation, the
average execution time of the proposed method is comparable
to that of the A* method, while the Theta* method’s execution
time increases proportionally with the map size, with a 76%
increase in the largest map compared to the A* method.

B. Control Effectiveness Validation

As demonstrated in Table II, to validate the computational
efficiency of RGC, three fixed-duration task scenarios were con-
structed in an ideal environment with specified time steps and a
varying number of UAVs, including the formation maneuvering
(FM) scenario, the dynamic formation (DF) scenario, and the

and 7-UAV scenarios, RGC outperforms [30] with maximum
differences of 28 ms, demonstrating superior efficiency.

Furthermore, to verify the RGC’s robustness in obstacle-laden
environments, control effectiveness and comparative validation
with the method in [30] was performed in Unity.

The UAV’s dynamics model was first constructed on the
basis of (1) and (2). To reflect real-world conditions, a sen-
sor interference term was introduced in Unity to account for
errors in the UAV’s position estimation. This interference in-
cluded both sensor noise and random perturbation, expressed
as py; = po + N(0,02) + R(t), where p,; was the position
measurement and p, was the actual position. The random per-
turbation term, R(t), was given by R(t) = 8- R(t — 1) + &,
in which /3 represented the regression parameter, and €, was
modeled as gaussian white noise with a mean of 0 and a variance
of af. In the validation, the parameters were set as follows:
os=0.2,02=0.1,5=0.6.

The UAV formation consisted of five followers and a virtual
leader located in its center. The formation topology is illustrated
in Fig. 7(a), which was stabilized by controlling the relative
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distance between the corresponding UAVs, ideally forming a
regular pentagonal shape. The UGV communicated with the
UAVs to obtain their horizontal distances from itself, restricting
its movement to the projected formation via a PID controller. To
ensure effective formation guidance and maintain flight safety,
the UAVs’ dynamic feasibility constraints of their trajecto-
ries were defined as follows: Upmax = 0.25 m/s, max = 0.3 m/s?,
Jmax = 0.5m/s? and spa = 0.5m/s*.

During the validation, UAVs formed a formation from a
chaotic initial state and guided the UGV to the target point,
as shown in Fig. 7(a). The numerical validation of the UAV
formation is illustrated in Fig. 7(b), while the dynamic vali-
dation of the proposed method, accounting for environmental
disturbances in Unity, is illustrated in Fig. 7(c). For comparison,
the validation result of [30] is illustrated in Fig. 7(d). The results
demonstrate that the proposed method achieves more stable
tracking performance with fewer trajectory fluctuations.

The position errors of the ¢-th UAV in formation, denoted
as e,; and ey;, are shown in Fig. 8(a)-(d). To compare the
effects of different controllers, the global mean absolute er-
ror (GMAE) and the formation synchronization error (FSE)
were calculated. The GMAE quantifies the absolute deviation
of the entire formation from the desired trajectory, reflecting
the accuracy of formation tracking. The FSE measures the
consistency of multi-UAV coordination, with a lower FSE in-
dicating better formation stability. In validation, the proposed
scheme yielded GMAE, = 0.043 and GMAE, = 0.089,
with F'SE, = 0.054 and F'SE, = 0.109. In comparison, the
method in [30] yieldled GM AE, = 0.070, GM AE, = 0.148,
FSE, =0.091,and F'SE, = 0.188. These results demonstrate
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Fig. 9. UAV-UGV swarm’s information in the robustness validation.
(a) Comparison of ideal and actual UAV formation sizes. (b) UGV’s distance to
the obstacle.

that RGC exhibits better performance in both absolute tracking
accuracy and formation stability. The variations of the ideal
and actual formation sizes are depicted in Fig. 9(a). Unlike the
formation controlled by the method in [30], the RGC-controlled
formation reaches a steady state quickly and avoids fluctuations
in formation size during the tracking process. Additionally, Fig.
9(b) illustrates the UGV consistently maintains a safe distance
from the nearest obstacle under the guidance of the UAV forma-
tion. This result highlights the proposed scheme’s effectiveness
in formation guidance. In contrast, the results of [30], shown in
Fig. 9(b), reveal fluctuations in the UGV’s distance to obstacles
due to instability in the formation size. This instability leads to
excessive and unnecessary steering by the UGV. Consequently,
the UGV’s energy consumption rises. Compared to the APF
method in [30], the RGC demonstrates superior robustness,
maintaining a consistent and effective formation configuration
throughout the trajectory tracking process. Furthermore, the
smoother operation of UGVs under the proposed method re-
duces energy losses and improves overall efficiency.

V. CONCLUSION

This letter proposes a safety-aware UAV formation scheme to
safely guide UGVs through obstacle-laden environments. The
SC planning and formation tracking are bridged through the
proposed SC-RGC formation, enabling formation maneuvering
and dynamic adjustments within the SC. Compared to traditional
methods, the novel SC planning method and the formation
controller of the proposed scheme demonstrated better trajectory
smoothness, higher planning efficiency, and superior formation
stability.

Future work should explore leveraging UAV formations to
guide multiple UGVs and conducting real-world experiments.
This requires a detailed consideration of the collision avoidance
problem among UGVs to ensure safe navigation. Furthermore,
optimizing the UGVs’ respective trajectories is imperative to
minimize energy consumption.
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