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Abstract—The need for better search and rescue capabilities
has led to the increased demand for collaborative aerial-ground
multi-robot deployments. However, most existing solutions re-
quire high communication bandwidth or bulky sensor equipment
that is not suitable especially for aerial robots. To make the
execution of these tasks more efficient, this paper proposes an
angle-specified heterogeneous leader-follower formation frame-
work consisting of unmanned aerial vehicles (UAVs) flying in a
3D space and ground robots moving in a 2D plane. The UAVs are
controlled to maintain a desired angle-specified formation with
the first three UAVs as the leaders forming a triangular shape
and the remaining UAVs as the followers. The follower UAVs
only need direction measurements to track the leader UAVs. For
the ground robots, two leader robots track the UAV group and
determine the orientation and scale of the ground formation,
while the follower robots track the leader robots using only
direction measurements. The proposed heterogeneous formation
framework is energy-efficient as most robots only require low-
cost and lightweight direction measurements. The stability of the
proposed formation control algorithms is proved and validated
through various physical application experiments.

Index Terms—Multi-agent systems, formation control, collab-
orative formations, angle measurements, cooperative robots.

I. INTRODUCTION

The multi-agent formation control problem has been ex-
tensively studied in recent years due to its wide applications,
such as cooperative transportation of ground robots in a 2D
space [1], search and rescue of UAVs in a 3D space [2],
and synthetic aperture radar of formation flying satellites in
3D [3]. Different formation control approaches are proposed
when the formation shape is specified by different variables
and each agent is equipped with different sensors [4]. For in-
stance, when each agent is equipped with a global positioning
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system (GPS) to measure its absolute position with respect
to the global coordinate frame, the position-based approach
can be used to achieve the desired formation [5]. To cope
with the GPS-denied environment, another two local sensing-
based approaches, i.e., displacement-based and distance-based
formation approaches, are proposed, where relative position
measurements between two neighboring agents are usually
required [6], [7]. Relative position information consists of
distance information and direction information, which can
be acquired from, e.g., a radar combining with a monocular
camera or stereo cameras, respectively. In contrast, direction
measurements can be obtained from a monocular camera,
which are low-cost, lightweight, and low-power, and hence
the pure-direction formation approach is more favorable in
engineering practices [8], [9]. With the help of the recently
established bearing rigidity theory [10], [11] and angle rigidity
theory [12], [13], two types of direction-only formation ap-
proaches are proposed, where the former requires the agents’
coordinate frames to have the same orientation, while the latter
one does not. The strict alignment of all agents’ coordinate
frames is hard to meet in practice due to the existence of
sensing noise and disturbance [14]. Thus, it is preferable that
all agents’ coordinate frames are allowed to have different
orientations, in which each agent only needs to measure
directions in its local coordinate frame [15]. Motivated by
this, we aim at achieving the desired formation using local
direction measurements.

Many formation control problems focus on the control
design for a particular group of mobile agents or the case that
all agents lie in the same moving space, such as the formation
control algorithms designed in [5]-[7], [11], [12], [15]-[18] for
mobile agents moving in R? or R?. However, in many practical
tasks, when a formation consists of a heterogeneous group of
aerial and ground vehicles, the overall working efficiency can
be improved significantly. For instance, during a search and
rescue mission, a UAV flying in 3D has the ability to obtain a
much wider view of an unknown environment, which can be
used to search for the target to be rescued. Although ground
robots in 2D only have a limited view of the environment, they
have the capability to carry heavier supplies or necessities.
Therefore, to achieve the search and rescue task, employing
a collaborative group of UAVs and ground robots is more
efficient than using a homogeneous group of UAVs or ground
robots [19], [20].

Due to the stated advantage, a collaborative team of aerial
vehicles and ground robots is employed in [21] to achieve
aerial manipulation tasks where the ground robots aid and
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assist the aerial vehicles. In [22], a heterogeneous team of
fixed-wing UAVs and unmanned ground vehicles (UGVs) is
used to achieve the tasks of cooperative search, identification,
and localization of targets. Under the cooperation of aerial
and ground robots, [23] presents a lightweight solution for
the tasks of localization and target tracking. To conduct
semi-autonomous off-road navigation, an integrated aerial and
ground vehicle system is developed in [24]. By using a
collaborative group of unmanned aerial and ground vehicles,
a cooperative path planning approach is developed in [25] for
target tracking in urban environments. To achieve cooperation
between UAVs and robots, a specific shape, i.e., a desired
spatial configuration among the vehicles, is required to be
formed for most of the aforementioned tasks. Motivated by
this requirement, we first propose a two-layer leader-follower
framework in this paper to describe the working pattern among
aerial vehicles and ground robots. Specifically, the two layers
refer to the swarm group of M UAVs and the swarm group
of N — M ground robots, of which both have a leader-
follower framework. The information flow between the two
layers is directed from the UAV layer to the layer of the ground
robots. Next, we use lightweight and low-power direction
measurements for vehicles to achieve the prescribed formation
shape. Moreover, we allow all the vehicles to have their own
local coordinate frames to measure directions, providing more
robustness for the system.

The rest of this paper is organized as follows. Section II
gives the problem formulation and preliminaries. Section III
introduces formation control of UAVs by splitting them into
leaders and followers. Then, Section IV presents the formation
control for ground robots. Experiments and discussions are
provided in Section V.

II. PRELIMINARIES

The multi-robot collaborative formation consists of M > 3
UAVs labeled from 1 to M, and (N — M) > 3 ground robots
labeled from M +1 to N. Denote by V; = {1,2,--- , M} the
UAV setand V, = {M+1,---, N} the robot set, respectively.
In the UAV group, we label the leader UAVs as 1,2, 3, while
the other UAVs as follower UAVs. In the robot group, we label
the leader robots as M + 1, M + 2 and the other robots as
follower robots. These two groups form the two-layer leader-
follower formation control framework. For notation concise-
ness, we denote robots [i| = M +4,i € {1,2,..., N — M} as

illustrated in Fig. 1.

// Follower UAVs

!
/
/
!
L

i1 !
or, Rl

Follower robots Leader robots

Leader UAVs

Fig. 1: A heterogeneous group of UAVs and ground robots.

A. Position Dynamics of UAVs

Consider an Earth-fixed inertial coordinate frame
> I —X;YrZ; and a body-fixed coordinate frame
S —XEYEZY rigidly attaching in UAV 4,0 = 1,..., M.
Define O; as the origin of the fixed inertial frame,

iB as the mass center of the P quadrotor UAV, and
pi = [2i, i, z:]T € R? as the position of O% described in
>~;- The position dynamics for i1 < i < M quadrotor
UAV can be mathematically modeled as [26], [27]

where m; € RT is the constant mass of UAV i, g represents
the gravity of Earth, zg = [0, 0, 1]T, u; € R3*! is the total
translational control force applied in the UAV, which can be
produced by the rotation of the four rotors [27]. Since spatial
formation is only related to the position configuration of all
vehicles, we only focus on the control of position dynamics of
UAVs in this paper. More details about the control allocation
for an under-actuated UAV can be found in [26] and [28],
[29], which directly use the desired force as a control input for
the quadrotors. It is worth mentioning the difference between
the desired acceleration and the desired force lies in the
quadrotors’ gravity, which is a constant vector in the inertial
frame. Therefore, the design of the desired force and the design
of the desired acceleration are very similar.

Remark 1. Generally, the motors controlling the propellers’
rotation have a response model, which will cause delay
between the scheduled desired force and the real produced
propeller thrust. Since the response model usually is a first-
order inertial system ﬁ with a time constant T, the
response speed of the motor is usually higher than the
change/bandwidth of the desired force, for which the response
model is usually neglected in those tasks with not only one
quadrotor but a group of quadrotors.

B. Position Dynamics of Ground Robots

Suppose that robot j,j = M +1,..., N lies in the X;O;Y;
plane. Define the position of the mass center of robot j with
respect to X;O;Yr as prj = [2,4,Yrj,0]" € R3. Then, the
motion dynamics of robot j can be described by the unicycle
model:

Tyj =wvjco86;, yr; =vjsinb;, 0; =w; 2)

where v;, w;, §; are the translational moving speed, rotational
angular speed, and heading angle, respectively. Now, we utilize
feedback linearization for dynamics (2) to conduct the control
analysis. Consider another offset point p; = [z;,y;,0]" on the
robot which is shifted from the center point p,.; by d € R* (see
Fig. 2). Then, one has the relationship z; = x,.;4+dcos0; y; =
Yrj + dsin@ and the transferred dynamics [30]

cosf —dsinf 0| |v
pj =u; = [sinf@ dcosf 0| |w|,j€V, (3)
0 0 0| |0
where u; € R3 is the control input transformed to point p;.
Since the matrix cosf —dsinf is always nonsingular, v
sinf  dcosf ’
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and w can be uniquely calculated from the proposed algorithm
u;. In the follow-up sections, we first focus on the formation

Fig. 2: Ground robot j’s position.

control for aerial vehicles, then on the ground robots.

III. FORMATION CONTROL FOR AERIAL VEHICLES

In this section, we first design formation control laws for
the three leader UAVs, then for the remaining follower UAVs.

A. Formation Control Design for Leader UAVs
The objective is to design u; for (1) such that

im0 el(t) = limt—wo(pl (t) - pf) =0 )
limy o0 e2(t) = limy oo (p2(t) — p1(t) —d12) =0 (5)
limy 00 €3(t) = limy 0 (p3(t) — p1(t) —013) =0 (6)

where p] denotes the desired position for UAV 1, and §; € R?
is UAV ¢’s desired relative position with respect to UAV j.
Note that p] determines the desired absolute position of the
UAV formation, and 6;; determines the orientation and scale
of the UAV formation. Therefore, given the three constraints
p7, 012,013, the three leader UAVs’ desired positions are
uniquely determined.

Now, we design the control laws for UAVs 1 to 3 as follows,

uy = migzg — kvp1 — kp(p1 — p7) (N
up = Magzg — kypa — kp(p2 — p1 — d12) ¥
ug = magzg — kops — kp(p3 — p1 — 013) )

where kp, k, are two positive scalars, UAV 1 measures its
absolute position p; and velocity p;, UAV 4,74 = 2,3 will
measure the relative position p; — p; with respect to UAV 1
and velocity p;.

Proposition 1. If the first three UAVs governed by (1) are
controlled by (7)-(9), the objectives (4)-(6) can be achieved
globally and exponentially.

Proof. Substituting (7)-(9) into (1) yields

ky k
é1=——¢é1— e (10)
my my
Ky k ko . .
égz——ég——peg——el—el (11)
mo mo mo
kv . k kv . .
é3:—763—7p63—7€1—61 (12)
ms ms ms

The polynomial characteristic of the linear closed-loop dynam-
ics (10) can be written as
k k
M4 a4+ -2 =0
my my

13)

where A € C is the eigenvalue of (10). Then, one has that
the two eigenvalues of (13) have negative real parts. Thus
e1(t) — 0, é1(t) — 0 and é;(t) — 0 at an exponential rate
as t — o0o. Regarding é; and é; as external inputs and ey as
the state, (11)’s polynomial characteristic is similar to (10).
Then, using ISS theorem [31], one has that es(t) — 0 and
es(t) — 0 exponentially and globally as t — oo. It follows
that p;,7 = 1,2, 3 also exponentially converge to zero and p;
will converge to fixed points. O

B. Formation Control Design for Follower UAVs

To achieve the desired overall formation, we add the remain-
ing UAVs from 4 to M step by step into the existing formation
in a cascading way. First, we illustrate how to add UAV 4 into
the first triangular formation formed by UAVs 1, 2, 3. Then the
remaining UAVs can be similarly added. Denote by pj € R3
the desired position of UAV 4 which is unknown for UAV
4 due to the absence of global position measurement. Since
each UAV has three degrees of freedom in a 3D space, we now
use three angle constraints to uniquely determine the desired
position of UAV 4 such that the overall tetrahedral formation
formed by UAVs 1-4 is unique. Towards this end, we add UAV
4 into the triangular formation using the three angle constraints
0543, 0431, Qygo as shown in Fig. 3. It can be checked that
if the magnitude of these three angle constraints belongs to
(0, ), then there exist two desired positions for UAV 4, i.e., p}
is only locally uniquely determined. To guarantee the desired
position p} to be globally unique, we need to define the signed
angle for agg3 € [0, 27)

if bIl(b42 X b43) >0

14
otherwise (14

arccos(bobas),
(243 = T
27 — arccos(byqbas),

where b;; = Hg j :Z 7 € R3 denotes the direction starting from
p; and pointing towards p;, and X denotes the cross product
of two vectors. Since b5 (bs1 X byz) is a scalar, it has the same
value in both the global coordinate frame and UAV 4’s local
coordinate frame, which can thus be obtained by UAV 4’s
local direction measurements. While for the other two angles,
we can use normal angle definition for them, ie., ay3 =
arccos(babz1) € [0, 7], cuze = arccos(bgybse) € [0, 7).

£243

3

Z£432

2
Fig. 3: Add follower UAV 4 into triangular formation A123.

Lemma 1. Given fixed non-colinear UAVs 1,2, 3 and desired
angles o5,5 € (0,2m),ak3, € (0,7),ak30 € (0,7), the
desired position of UAV 4 is globally and uniquely localized.

Proof. Since the positions of UAVs 1,2, 3 are fixed, o5,5 and
Qa5 allow pj to lie in the circle C; whose origin O; is in
line 32, see Fig. 4. Since ps and ps are fixed, angle constraint
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a3, Will allow point 4 to lie in the cone C; whose apex
is p3 and rotation axis is 31. Note that C; and C5 have at

Fig. 4: Uniquely localizing UAV 4 by three angle constraints.

most two intersections 4’ and 4" which are on different sides
with respect to the plane 123. Since bz,l(b4/2 X byg) and
by (bara X byrg) have different sign, a4 is different from
a5 415. Therefore, under the angle constraints a3, 0431, )30,
the desired position of UAV 4 is globally and uniquely
determined. O

According to Proposition 1 and Lemma 1, to manipulate
UAV 4 to reach the desired position, the control objective for
UAV 4 can be described as

limy_, o0 €41 (f) = limy_y o0 (243(t) — ady3) =0 (15)
limt_mO €49 (t) = hmf_,oo (04431 (t) — Otj;:n) = O (16)
limt_mo 643(t) = lil’nt_wo (04432 (t) — 04232) =0 (17)

To achieve (15)-(17), we design the formation control law as

Mag2G — kuPa + bay 4 baz, if (a243(t) — m)(ady3 —7) <0
ug = magze — kops +sgn(asyg — m)(baz X bag),if cnaa(t) = 7
Uy, if (eoa3(t) —m)(ages —m) >0
(18)
where
Uy = Mmyg2q — kyPa — €41b43 + €42bs1 + e43bs2,  (19)

and k, is a positive scalar. The control law (18) for UAV
4 needs the knowledge of the gravity mygzg, the velocity
P4, the directions by;,7 = 1,2,3, and the angle information
432, iq31. Note that ayso, ay31 are measured by UAV 3,
which can be obtained by UAV 4 through wireless commu-
nication since a3 = arccos(bq;b34), auza = arccos(baybsa).
Note that no absolute position or relative position measurement
is required in (18). The reason for designing the switching
control law (18) for UAV 4 is to avoid the scenario where
UAV 4 converges to an ambiguous or undesired position.

Lemma 2. Suppose that UAVs 1, 2 and 3 are static and ™ <
ays < 2. If UAV 4’s initial states satisfy 0 < a43(0) < 7
and p4(0) = O, then under the control (18), UAV 4 will reach
the region satisfying m < a4z < 27.

Proof. If m < ayq < 2m and 0 < aige3(0) < 7, then uy(0) =
magza — kyPa(0) + bg1(0) + b42(0), which will drive UAV
4 to move towards the segment 12. After UAV 4 reaches the
segment 12, arj4o = m, under which the term (byo X by3) is
perpendicular to the plane formed by UAVs 1, 2 and 3. Then,
UAV 4 will move from the segment 12 to the correct region
with respect to UAVs 1, 2, and 3, i.e., m < agq3 < 27. O

Since UAV 4 will always converge to the correct region
with respect to UAVs 1, 2 and 3 under (18), we now present
the results for UAV 4’s convergence under (19).

Theorem 2. For the four- UAV formatzon (1) under the control
laws (7)-(9) and (19), i 250043, SN0 phen the

IG5 (sin aj,, +sin afs,

objectives (15)-(17) can be achzeved locaflly and exponennally

Proof. To obtain the convergence of e4;,t = 1,2, 3, we need
to derive the dynamics of e4;,7 = 1,2,3. According to [12],
the time-derivative of the angle «;; can be calculated by

(Nijk + Niji)pj + Nijipi

Qijk = Nijrbr — (20)

b i Poi

1x3
where lek = m cR and Pbij ( bU b”)

R3*3. Then, it follows that

€41 = Q243 = Noasps — (Naas + Nza2)pa + Nzaopa  (21)
€42 = Guz1 = Nag1p1 — (Nag1 + Niza)ps + Nuzipa (22)
€43 = Qa3 = NazoPs — (Naz2 + Noza)ps + Nozaps  (23)

Note that (21)-(23) implies that the dynamics of e4; depends
on p;. Thus, we still need to derive the dynamics of p;.
Substituting (19) into (1) yields

—kqvg — e41ba3 + €42b41 + €43b42
my

Pa = (24)

According to [32], combining (21)-(23) and (24), one has the
overall closed-loop error dynamics

éa=[€s1 €12 éa3 13’4]T = Bu(ey,eq)es + Galey,ea)éy

0 0 0  —(Naaz + Nsa2)]| Teqr
B 0 0 0 Ny31 €42
=1 0 0 0 Na3y €43
_baz  bar  baz _ ks
mj m}; my 13 V4
g1 g2  gi3 b
921 g2 ga3| |
g31 G932 g33 .
0 o0 0]
O3x3 Ca(ey, eq)

Daley, ) —kv/m413} es+ Ga(es,eq)es (25)

where ey € RO*! ep = [p1,p2,p3] ", g11 = 0, g12 = Nous,
913 = N3a2, go1 = Naz1, g22 = 0, ga3z = —(N431 + N134),
g31 = 0, g32 = N3z and g3z = —(Ni32 + Naag), and we
used the fact N;;,bj, = 0. Because By(ey,eq), Galey,eq)
are time-varying, (25) is a nonlinear system, for which we
linearize (25) around the desired equilibrium {e; = 0,e4 = 0}
to obtain [32]

. _(3(34(ef,e4)e4+G4(ef,e4)ef) )
€4 = ‘ef 0,e4=0

Oey
N (3(34(%64)64 +Galepsedes), )6
aef e;=0,e4=0 f
=Bjes + Giey (26)

where B} = By(eg,eq)le;=0,e4=0. G =
Galey,eq)le;=0,e,=0 ~ are  constant  matrices.  As
limy ,cef(t) = 0, to obtain lim; ,ceq(t) = 0, we
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need to check the real parts of the six eigenvalues of Bj. The
characteristic polynomial of B} is [32]

YA -G

(Mo — Byl = | " s (A + ko /ma) I3
2

= detfA(A+ ~=) I — O3 D3]

ko sin (x243
A+ ) + T ay d1

T P bk
43 Py a2

= 0 malza sin kg

-
& sin affz;
)

A+ D)+ S

v3] Pyx iy sin ok
0 %32 AN 4 Fu 432
malis sinala, Ot )
k. sin o k sin o}
_ 243 v 431
_)\()\+m)+ml* ()\(A—i_m)—’—ml* )
4 4b43 4 4%43
: * *T * *T *
KA+ ky )+ sinalsy,  biz Poy, bip b3 Pos, bl
2 . .
my Mmally mylzasin oy Ussinajs,
(27)

where det() represents a real square matrix’s determinate,
g; = 02(ef7e4)|ef:07€4:0’ D; = D2(ef7e4)‘€f:0754:0’

a1 = —(N3y3 + Niyo)bii, and dy = —N35bis. Supposing
|[AIs — Bj| = 0, one has that
ko in o
A+ 2y 4 2218 (28)
may l4SWL4

will give two stable solutions with negative real parts. Now,
we check the remaining four eigenvalues lying in

A+ Sy 01y (A(A+k—)+b—1)—%—o (29)

my my my my my
o sin o*
where a; = 558 > 0,0 = T2 > 0,6 =
43 43

sz,TPb* b12 béfpb* bZl .
e i According to [33, Theorem 6], one
3asinaj,, ljssinajs,

can similarly have a;b; |c1]. By using Routh-Hurwitz
criterion [34] all the four solutions of (A(A + T’;—’l) +
) <)\()\ + & )+ 71214) - WCT = 0 have negative real parts
if the followmg condition holds [32]

k‘ ay bl kv

a1 b1
2 — H(— 4+ —
RV g (R ()
k‘v a1b1 C1 al kv b1 ]{iv
SAER(EG - Ty o (L Ly
my my my M4 Mg Mg My
k a b k. a b
—(CR P - S 2SR L) 4] > 0
my my my my my m4 my
(30)
To meet (30), we need to have
E%(a1 + b1) > 2mylcy| (31)
Using the fact that 2|c;| < 2a1b1, one has that if i—i > %,
then one has :1—34 > ai‘ilb‘l , (30) holds. Therefore,

all the six elgenvalues of B} have negative real parts if

k2 2
Sin 043151945 \which can be satisfied by choosing
M4 lis(sinajs, +sinajs,y)

a sufficient large k,. After having that B} is Hurwitz and
lim;_,oc e¢(t) = 0, according to the input-to-state stability
theorem [31, Lemma 4.7], the dynamical system (26) is
exponentially stable. This implies that the nonlinear system
(25) is locally stable and the control objective (15)-(17) is
achieved for UAV 4. Using Lemma (1), it follows that p4(t)
will converge to the desired point. 2 O

Remark 2. In Theorem 2, local stability is obtained for
the designed control law (19), which requires that the initial
formation should be close to the desired formation. Note
that if ps(0) locates at the correct side with respect to
A123 and || By(ey, e4)|| is upper bounded and lower bounded,
then e4(t) will converge to zero according to the persistent
excitation theorem [35]. However, if p4(0) locates at the wrong
side with respect to N123, then py(t) will converge to the
other ambiguous desired position according to Proposition 1.
Therefore, if p4(0) locates at the wrong side, one can use the
control law vy = mygzg — kuPa + ba1 + bao + bys to move
from the wrong side to the correct side, then switch back to
(19).

Now, we add the remaining UAVs to the existing formation.
For each UAV 4,4 < i < N, the formation control law can be
described in a unified form
(Qjrijs — Q455 )biga

*
G, iyi)bigy + (Qgjai —

kvpi -

+ (aj1j2i -

Uy =Migzg —

Wyjoi)biza (32)

where j1, j2, j3 € {1,2,..,i—1} are UAV i’s three neighboring
UAVs. Define the corresponding angle errors as

eijy (1) = iz (1) — 0 45, (33)
€ijo (1) = @)y jpi(t) — A, i (34)
€ijs (1) = jyjni(t) — 50 (35)

Then, one has the results for the N-UAV case.

Theorem 3. For the N UAV formatzon under the control laws
a]27J3
+sin o

(D)-(9) and (32), if L = 2(551; 1isp ® YN >4 >
Jj1tj

4, then all the errors 61762,63762]1(%) €ij, (t), €ijs (t) expo-

nentially converge to zero and the desired N-UAV formation

is achieved.

Proof. By following the same steps as (20)-(25), one has UAV
i’s errors’ dynamics

T a)

i = [Cij,  Cijy  Cijs f)i]T

= Bi(el, ceey ei)ei —+ Gi(el, ceey ei)[el, €2, .uuy 61'_1]T (36)

where Bj(eq,...,e;) € R6%6 and Gy(eq, ...,e;) € R6H3. We
use the induction method to prove this. Suppose that eq (t) —
0,...,e,—1(t) — 0 holds and we aim at proving e;(t) — 0
as t — oo. By using the linearization technique as (26), the
linearized dynamics of (36) at the desired equilibrium {e; =

0,...,e; = 0} can be written as

éi :B;kei—l—G;“[el,eg,...,ei,l]T (37)
where Bf = Bi(e1,..,€i)le,=0,....ei=0, G =
Gi(e1, ..., €i)|ey=0,....e;=0. Following (27)-(30), one also

has that B} is Hurwitz, which implies the local exponential
stability of e;. After having e;(¢) — 0, one has that p;(¢) will
converge to a fixed point. O

L. 2sin o .

Remark 3. The condition m— > e J1192 1273 ) also
v 71172 72433

implies that given larger formatlon scale less control gain k,

will be needed. In addition, the direction vectors by, bas, ba3
are well-defined if there is no collision among UAV 4 and
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UAVs 1,2, and 3. Since each UAV usually is equipped with
a proximity sensor, inter-UAV collision can also be physi-
cally avoided. In practical applications, collision avoidance
is very important for UAV formations [36], which, however, is
challenging for the task of direction-based formation control.
Specifically, collision avoidance under direction-based forma-
tion control can be achieved via the estimation/localization
of inter-quadrotor relative positions by using the direction
measurements. Then, the obtained estimated relative positions
can be used for collision avoidance.

Remark 4. Different from the previous work [32] where each
UAV’s mass is needed in the designed angle-only control law,
the angle-only control laws designed in (7)-(9) and (18) do not
need to use the information of the UAVs’ mass. Also, compared
with [32] the control law (18) has a switching term such that
the UAV can move to the desired position from any initial
position, for which system convergence is improved.

IV. FORMATION CONTROL FOR GROUND ROBOTS

We consider in this section that the ground robots are
governed by (3) and they always lie in the XOY plane, i.e.,
pi(3) =0and u;(3) =0,¥i = M +1, ..., N. In the following,
we design control laws first for the two leader robots, then for
the remaining follower robots.

A. Formation Control for Leader Robots

Denote by pfy; the desired position of robot [1] which is
related to the desired formation configuration but is unknown
for robot [1]. To achieve the desired position using bearing
measurements, as illustrated in Fig. 5, we define signed angle
constraints between ground robot [1] = M + 1 and two of the
selected UAVs j, k € {1,...,N}

= arccos(b[Tl]jb[l]j/), if 25 (bpyy X bje) >0
T — arccos(b[q]jb[l]j/), otherwise

oy = arCCOS(b[—;]kb[l]k/>7 if Zg(b[l]]l X b[l]k’) > 0
" T — arccos(b[q]kb[l]k/), otherwise

where bjTj,bj/[l] =0, kak,bk/[l] =0, j/,k' are the projected

points of j and k towards the XOY plane, and a,; €
(0,7), a2 € (0, 7). Now, we use these two angle constraints

Leader robots

Fig. 5: Add leader robots into the UAV formation.

to uniquely localize the position of the robot [1].

(38)

(39)

Lemma 3. Given fixed p},py,p;(1) # pi(1) and oy, o,
the desired position of [1] is globally and uniquely localized.

Proof. Since pj,p; are fixed, angle constraint oy allows
pfl to be in the circle C3 whose origin is j' and radius is
pjg?)) /tanagy. Similarly, o, allows pfy; to be in the circle
C'1 whose origin is k" and radius is p;(3)/ tan a},. Since p;: #
i, these two circles C3 and Cy4 have at most two intersections
[1'] and [1”]. According to the geometric relationship in Fig. 6,
one has j'k’ L[1'][1”]. Note that the sign of 2/ (bpy;» X bpijir)
is different from the sign of zg(b[l]ju X bpjpr ), which implies
that «v,-1, o are different at the two intersections [1] and [1”].
Therefore, under angle constraints oy € (0,7), oy € (0,7),
pf‘l] is globally and uniquely localized.

Fig. 6: Globally localize ground leader robots.

Based on Theorem 3 and Lemma 3, to manipulate the first
two leader robots to be attached to the UAV formation, the
objective for the two leader robots is to design u;,i = [1], [2]
such that

limy o0 (1 (t) — a71) = 0 (40)
limy 00 (apa(t) — ) =0 41
limy o0 (pp2)(t) — py(t) = daypz)) = 0 (42)

where oy € (0,7),05, € (0,7) and dpyy;p € R? is the
desired relative position of robot [2] with respect to robot [1],
dnyi2(3) = 0. To achieve the objectives (40)-(42), we design
the control laws as

up] = —(tan o — tan agy )by — (tan apg — tan agg)byye

(43)
up) = = (P} — dgz)) (44)
where  robot [1]  will measure the  bearings
b1js bpayjes bk e, and robot [i],i = 2 will measure

the relative position pyy)f.

Theorem 4. Suppose that two selected UAVs are controlled
by (1)-(9), (32) and p; (1) # py(1). Under the controller (43)-
(44), the first two leader robots will achieve (40)-(42) locally
and asymptotically.

Proof. First, we define the error variables

er1 = tan . — tan oy

(45)

ero = tan a0 — tan oy
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1 Then, we aim at obtaining the dynamics of e,; and e,5. Since
1.
2 tana,; = 2, one has

("’

d(tana,y —tana?y) Ll — Ly

€r1 =

= 2
de iy
_ iy ljj’ba]j’(pj’ — Py
g fyj
_ jjj' _ ljj’b[Tl]j’pj’ _ Ljjr(er1 + cosajippera)
l[l] 51 12 - 12 -y
J [1]; (1]5
(46)
s Similarly, one also has
. d(cot o — cot aty) gl — lkk’i[l]k'
2= dt - 2
[1]&’
_ Zkk/ _ lkk'b[—;]kl (pk/ _p[1]>
lw fw
_ l.k:k’ _ lkk’b[—;]k/pk’ _ Zk:k’ (61‘2 -+ cos aj/[l]k/erl)
Inw 1[21]14 1[21]k/
47)
« By defining e[13) = pa — p1 — d[qj[2], one has
€ng] = —epz) + er1bpuyy + erabpn (48)
5 Writing (46)-(48) into a compact form yields
- _ ;%;: _ b C‘E‘;ﬂu]k’ 0 e
ér2 — 7Zkk/ COS O/ 1] ! 7lk7k/ ero
. — 5 0
€[12] 1k! 1K/ €[12]
by bpjer -1

. T . . T . T
+ L LiarbagrPir g b by ibes 0
Ly 12 Uygr 12
1j 15/ 1k 1k’

:B5(67’7€jyek)er +é5(€r7€j,€k) (49)

¢ Since (49) is a nonlinear system, we use the linearization
7 technique to analyze its local stability. Considering the desired
s equilibrium as {e; = 0,..,exy = 0,e, = 0}, one has
o Gs(er,ej,er)le=o,....en=0,e,=0 = 0 since pj; = 0,pp =
10 0,p; = 0 at the desired equilibrium. Linearizing nonlinear
11 dynamics (49) around the desired equilibrium gives

é, = Bie, (50)
12 where Bf = Bs(er, €}, €)|e,—o.....en—0,e,—0- To analyze the
13 local stability of (50), one needs to check the real parts of
1 the four eigenvalues of matrix Bz. It is obvious that B2 has
15 two eigenvalues -1, -1 which are stable. For the remaining two
16 eigenvalues of B;;, one needs to check the eigenvalues of its
17 first block

*
-/

_ Ly ety
1* *
Al = . L’ 15 51
1 _lkk/cosozj/[l]k/ _le’ G
l*2 l*2
1k’ 1k’
18 Note that
l’f'/ l*
’
tr(Ay) = -2 — K (52)

T 72 *2
llj’ llk)’

* *
ljj’ lkk/ 2

*
— l*2 l*2 0OS aj’[l]k'
15" "1k’

U 1%,

det(A1) =77 75
15" "1k’

:l;j’ Ui

G2

sin? a0 > 0 (53)
where tr(-) denotes a real square matrix’s trace. It follows those
two eigenvalues of A; have negative real parts. Hence, B is
Hurwitz which implies the asymptotic stability of (50). After
having the asymptotic convergence of e;3), e[13], €1 and e;2,
one also has the asymptotical convergence of a1 — c; and
O — Q. O

Remark 5. Similar to UAV 4 as mentioned in Remark 2, if
robot [1] initially locates at the wrong side with respect to
UAVs j and k, then robot [1] can first use the control law
upy = by + e to move to the right side with respect to
UAVs j and k, and then execute (43).

B. Formation Control for Follower Robots

Now, we add the remaining robots into the existing forma-
tion step by step in a cascading way. Similar to the case of
controlling the follower UAVs, each robot in the 2D plane has
two degrees of freedom. Thus, at least two angle constraints
are needed to globally localize each robot. For robot [3], the
two angle constraints are selected as O‘FS][I]D] and O‘rl][i%] (2] a8
illustrated in Fig. 7.

32

3]

Follower robots

Fig. 7: Add follower robots into the existing formation.

To guarantee pys; can be globally localized under vy,
and o515, We define signed angle ovpyyjs)2)

R arccos(b[—g][l]b[g][g]), if Zg(b[g][l] X b[g][Q]) >0
27 — arccos(b[g]p]b[g,} [2]), otherwise
(54)

While for avg)j1yj2), we still use ag)pjp2) = arccos(b[—;:ﬂb[lg}).

Lemma 4. Given fixed pf‘l], prﬂ, pﬁ] =+ pf2] and angle con-
straints Ay () € (0,7) and oy g9 € (0,27), the desired
position of the robot [3] is globa)}y and uniquely localized.

Proof. Since pf‘l], p’[*2] are fixed, angle constraint agy 2] al-
lows robot [3] to be in ray [1][3'] or ray [1][3"], see Fig. 8.
While angle a*lH3] 2] allows robot [3] to be in an arc C5. Since
the sign of 0‘?1} 3][2] is different from the sign of O‘E][B”][z]’
only one intersection is possible under the given two angle
con.straints 9?3][1][2] € (0,m) anq O‘ﬁmm € (0,2m), i.e.., the
desired position of the robot [4], i.e., pf‘?)] 1s globally locahzeg
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Fig. 8: Globally localize robot [3] using two angle constraints.

After using afy 1y € (0,7) and of a2 € (0,27) to
globally determine D3, We now study how to achieve oz’["3][1][2}
and ai‘l] (32 using only local bearing measurements. For the
robot [3], the control objective can be described as

limy o0 g1 () = limy 00 (%3][1][2] (t) — afg]m[z]) =0
(55)

limy e ef3j2(t) = lims—soo (12 (1) — Ofygp) = 0
(56)

To achieve the desired two angles a[ )12 and O‘fsmmr we
design

up) = () — O3 beie) — (QuE)e) — OfE)e) )b[(ss] il
where robot [3] will measure the bearings bys[1j, bj3)j2 and the
angle information azj1)2) can be received from robot [2] by
wireless communication.

Theorem 5. For a formation consisting of M UAVs and 3
robots, if the UAVs are controlled by (19), (32) and the robots
are controlled by (43)-(44), (57), then robot [3] asymptotically
converges to its desired position and (55)-(56) achieves.

Proof. To obtain (55)-(56), we first derive the angle error

dynamics. According to [12], for Q3)[1][2]> ONE has

d(cos ) ) ) d(b], brypa)
dfwz} = —(sin o)) = - [1][fl]t

= blyy31bmi2) + by b (58)
Then, one has
. P,
bl bz = byt (B3] — Py)
3] LSk
P, P,
[1][3] [1](3] -
= epnbp biajiz] — g TPy
Bl B
sin gy SR o)z Fhug

= eEn

1
[ R 7
59

Similarly, one has

L Py,
blusibrut = by - = (P2 = Pp) (60)

Substituting (59) and (60) into (58) yields [12]

_ bt + ¥y mbua
—sin 312

_snopyer - e e P

I)s) Ia)(s) sin )y 2]
A -3
l [1][?'] [1](2] 2 — Bp) 61)
[1)[2] S [3)[1][2]
Similarly, one also has
b bz + Vbl
éa) = [3][117[31(2] [3](117[31(2] (62)
— sin a3z
Then, one calculates
. P,
T _ 1T [3][1] .
bisbisiz) = b - ] — P
.2
sin” apj)) T Doy .
= ———"—¢p1 —b i (63)
g Ot Ry T
pI b b bi3)[2) 5ra1)
BP0 = O 7 P (3]
sin® a2 v Py
= ————¢p)2 + bg1>——D[2 (64)
LT
Then, it follows that [12]
. sin «v sin «
b = e, l e,
[3](2] [3][1]
P, P,
+ byl o) T ——Pp1) — by T b P2y
BB gy 10) sin oo B0 121 sin a2 o)

Combining (61) and (65) yields the angle error dynamics

_ sinan)gya) 0

e _ T ‘ €| | hii hig] [p
Ca) | —SROmBEl  _SmomEe | e, hai  haal [P
Ljrs) l2)13]
= Bg(er1, €r2, ep3))egz) + Golert, era, eg3)) [Py, Py -

(66)

Then, one needs to use the linearization technique to check
the local stability of (66). Linearizing (66) towards the desired
equilibrium {e,; = 0,e.2 = 0,e[3) = 0} yields

6[3] = Bge[g,] (67)
where Bf = Bﬁ(erl,67«276[3])‘67‘1:07%2:076[3]:0 is Hurwitz,
which implies that the closed-loop dynamics (66) are locally

and exponentially stable. O

Now, we add the remaining robots to the existing formation.
For each robot [i],4 < i < N — M, the formation control law
can be described in a unified form

upa) = ()f]172) — i)tz Vlilse)

= ()Ele] = Ot pa)) Plilla) (68)
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where j1,j2 € {1,2,.., N—M} are robot [i]’s two neighboring
robots. Define the corresponding angle errors as

(69)
(70)

e (t) = a1 () — o s
ez (t) = ol (8 — o, 1.0

where af; 1,0 € (0,2m), af; g5,
the results for the N-robot case.

Theorem 6. For the N-UAV and (N — M)-robot formation
under the control laws (7)-(9), (32), (43)-(44) and (68), if the
initial angle errors e};),(0) and e[;)2(0) are small, then all the
errors €[q)1, €jq2,4 < d < N — M exponentially converge to
zero and the desired N-robot formation is achieved.

i) € (0,7). Then, one has

The proof of this theorem can be obtained by following
Theorem 4 and Theorem 5. If the robot [3] initially localizes
at a wrong ride with respect to the robots [1], [2], it can also
use the control law w[3; = by3)[1) +b3)[2) to reach the right side
with respect to the robots [1], [2], and then execute the control
command (57). Note that the control law (57) designed for the
follower robots is different from the previous work [37].

V. EXPERIMENTS AND RESULTS

In this section, we validate proposed aerial-ground collab-
orative formation algorithms using a heterogeneous UAV and
ground robot swarm. Firstly, we validate Theorem 4 and Theo-
rem 5 with 2 fix-placed leader quadrotor UAVs (holding mode)
and 3 movable ground robots. Afterward, Theorem 2 and
Theorem 6 are verified with four quadrotor UAVs and three
ground robots in the translational motion experiment. Lastly,
the application experiment on obstacle avoidance is conducted
to evaluate the performance of the proposed method over
complex formation maneuverings. More details can be found
in the experiments video at https://youtu.be/KyGeF6sNGDA.

A. Experiment Setup

The experimental setup consists of DJI Tello Edu UAVs!
controlled by the Tello SDK 2.0?, GoPiGo3 unicycle ground
robots® driven by Raspberry Pi 3 computers with Robot
Operating System (ROS) Kinetic, a PC running Ubuntu 18.04
OS and ROS Melodic as a computing center, a TP-Link
wireless router for data communication and an OptiTrack
motion capture system to track the positions of the UAVs and
robots. Note that at this stage, the angle measurements in (14)
are simulated from the position data streamed by the motion
capture system in real time.

The experiments are conducted in a 6mx8mx3m
(widthxlength xheight) indoor flying enclosure which is cov-
ered by the motion capture system. All the UAVs, ground
robots, the center computer and the motion capture system
are connected to the wireless router with assigned static IP
addresses within 192.168.0.100 — 192.168.0.125. The master-
slaves mode is established in the ROS communication between
the computing center and each ground robot; hence, all the

Uhttps://www.ryzerobotics.com/tello
Zhttps://dl-cdn.ryzerobotics.com/downloads/Tello/Tello%20SDK
3https://www.dexterindustries.com/gopigo3/

NS N

ion Capture System

ST
NN
m: T) Ly
ROS (master) il
Computing Center KT]
TR |

Fig. 9: Tllustration of experiment setup and network topology
for the air-ground collaborative formation. All agents are
connected and communicated with a WIFI router. The control
laws are computed at the computing center side as a master
ROS node. The relative position measurements and angle
measurements are simulated from the position data streamed
by the motion capture system.

UAVs and ground robots can be controlled by the computing
center via multiple ROS nodes. Note that the ground robots
only subscribe to the corresponding command velocity topics
with their own onboard computers while UAVs are directly
driven by Tello SDK 2.0 via WIFL. The environment setup
and the communication topology are illustrated in Fig. 9.

During the collaborative formation maneuvering, all ground
robot nodes are launched first via remote Secure Shell (SSH)
protocol from the computing center. UAVs are launched to
connect with the computing center with Tello ROS drivers.
Then the motion capture system streams the UAVs’ position
and ground robots’ position in the system’s world frame to
the computing center at a frequency of 240Hz. Thereafter,
the computing center calculates the velocity commands based
on the aforementioned control laws with simulated angle
measurements and desired angle constraints and publishes the
velocity commands to corresponding agent’s ROS node at a
frequency of 500Hz. Finally, the UAVs and ground robots are
driven to perform collaborative formation maneuvering with
real-time velocity commands. All the control gains are set to
kp, = 1.0 and k, = 1.0 for the following experiments.

B. Holding Mode Experiment

In the holding mode experiment, two leaders, UAV 1 and
UAV 2, are fixed at the positions [1.03,0.15,1.27]"m and
[1.09, —0.53,1.27) "m in the preset world frame, respectively.
The desired angle constraints for the ground robot 1 are
ag; = 80° and o), = 60°. The desired position of ground
robot 2 w.r.t. ground robot 1 is set to &[3j;2) = [0, —0.6,0] " m.
The desired angle constraints for the ground robot 3 are
ars]m[z.] = 60° and O‘E][3] o = 60°. The evolution of
formation and the angle errors, namely e,1, €2, e and €32,
of the 3 ground robots are illustrated in Fig. 10 and Fig. 11,
respectively. From Fig. 11, we can observe that the magnitudes
of the angle errors become increasingly smaller, which implies
the aerial-ground swarm converges to the desired formation
with proposed control laws (Theorem 4 and Theorem 5).
Moreover, we validated the stability of the proposed control
law by placing these three ground robots at different initial
positions. All these ground robots can reach desired positions
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https://youtu.be/KyGeF6sNGDA

Fig. 10: The trajectories of ground robots in the holding mode.
The two leaders, UAV 1 and UAV 2 are fixed at the stand
holders, while 3 ground robots move to generate a desired
formation with the UAVs. Robot 1 managed to reach the
position at time ¢ = 9s driven by angle constraints o, = 80°
and oy, = 60° while other two robots maintained the
triangular formation with constraints d(3)2) = [0, —0.6, 0] 'm

Az = 60° and afyy ) = 60°

15F T T T T m
[l

___.E!’_2

L PPN Sz | 1

o UEE

Error

1000 1500 2000
Time Steps (240HZ)

0 500

2500

Fig. 11: The evolution of angle errors of ground robots in
the holding mode experiment. Errors converge to nearly zero
from large initial errors. The steady-state errors come from
the friction of the ground surface and the inefficient power of
robots’ motors.

with formations constrained by the designed angles. Note that,
the ground robot is also constrained by its unicycle model and
the rough surface of the ground, resulting in some arc-shaped
routes in the experiments.

C. Translational Motion Experiment

In translational motion, a heterogeneous aerial-ground col-
laborative formation is achieved with four UAVs and three
ground robots. The UAV 1 is guided to track a straight-line
trajectory forward and backward for 3m. The desired relative
positions for UAV 2 and UAV 3 wrt UAV 1 are §15 =
[~0.6,—0.6,0.0] "m and &;3 = [0,—0.6,0]"m. The desired

10

(c) t=11s

(d) t=16s

Fig. 12: Snapshots of the translational maneuvering performed
by aerial-ground collaborative formation. Ground robot 3 was
launched two seconds later after other ground robots were
launched to verify the stabilization of the proposed method.
The aerial-ground formation was maintained after ¢ = 9s.

Evolution of Angle Errors from Ground Robots

Evolution of Angle Errors from UAVs

!

- = %W&

N EAOAS
\/

Error (rad)
Error (rad)

Vs

0 500 1000 1500 2000 2500 3000 3500 4000 0
Time Steps (240Hz)

500 1000 1500 2000 2500 3000 3500 4000
Time Steps (240Hz)

(a) Angle errors from ground robots (b) Angle errors from UAVs

Fig. 13: The evolution of angle errors of ground robots (a)
and UAVs (b) in the translational maneuvering experiment.

angle constraints for UAV 4 are a3, = 60°, a3, = 60° and
a3, = 60°. The constraints for the ground robots are the same
as those in the holding mode, i.e., djj;2y = [0, —0.6,0] ' m,
ai‘?)] ) = 60° and a[l ({3 0] = = 60°. To verify the stablllzauon
capability of our method, we launched ground robot 3 with two
seconds later after the other ground robots were launched.
Fig. 12 shows the snapshots of the translational maneuver-
ing that the aerial-ground swarm performs at different time.
Meanwhile, UAVs under the hovering mode are validated as
shown in Fig. 12 (d). The angle errors from ground robots
and UAVs during the maneuvering are demonstrated in Fig.
13. Even though robot 3 started to move far behind the other
agents, it still managed to catch up and maintain the desired
formation after 9s. All the angle errors converge to zero
during the translational motion, which validated the results
from Theorem 2 and Theorem 6. Note that the noise of angle
errors is caused by the delay of actuator executions and the
friction between the ground robots and the ground surface.

D. Obstacle Avoidance Experiment

Obstacle avoidance is important for robots to perform tasks
in cluttered environments. The air-ground collaborative for-
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Fig. 14: Offline trajectory generation to avoid two obstacles

of radius 30cm based on the shortest path solver [38].

mation provides more comprehensive perception and decision
capabilities to avoid obstacles. To demonstrate the obstacle
avoidance capability of the proposed formation method, the
leader UAV 1 tracks an offline-generated trajectory.

1) Offline Trajectory Generation: Offline trajectory gener-
ation is widely adopted in obstacle avoidance, relying on a
global map and localization information. In this paper, the
trajectory is generated based on the shortest path with the
obstacle avoidance solver [38]. We first define a 2D 200cm x
200cm grid map and denote the pixel values of obstacles and
boundaries as 1 while those within the open space as 0. The
start and desired positions are provided at the beginning of the
computation, i.e., [Scm, 100cm] and [190cm, 100cm] in our
experiments, respectively. The solver at first rapidly propagates
all possible paths to provide the shortest route and then
contracts this shortest route to follow closely around obstacles
based on the computed distance gradient. Quantization noise
is eliminated via linear interpolation. Two obstacles are placed
at the positions [60cm, 90cm] and [150cm, 110cm] with an
avoidance radius of 30cm allowing for formation maneuvering
with a certain formation size. The generated offline trajectory
is shown in Fig. 14.

2) Collaborative Formation for Obstacle Avoidance: In
the complex obstacle avoidance experiment, to avoid the
down-wash effect brought by UAV 4, three leader UAVs and
three ground robots were used to demonstrate the air-ground
collaborative formation capability of the proposed method in
an indoor environment. The relative position constraints for
the UAV 2 and UAV 3 are 612 = [~0.6,—0.6,0.0]"m and
513 = [0.0,—0.6,0.0]"m, while the relative position con-
straint and the angle constraints are dp13;9) = [0, —0.6, 0] "m,
apy = 80°% agy = 60°, gy = 45° and afjy gy = 45°
for ground robots. UAV 1 was guided to track the generated
offline trajectory shown in Fig. 14 to avoid the obstacles,
and other UAVs and robots were driven by desired relative
position constraints and angle constraints to maintain the
desired formation. Flight snapshots of obstacle avoidance are
demonstrated in Fig. 15. Meanwhile, UAVs under the hovering

: X DA
() t=17s (d) t=29s

Fig. 15: Obstacle avoidance performed by aerial-ground col-
laborative formation maneuvering. The leader UAV 1 was
guided to avoid the obstacles (two black stands) while other
agents kept a desired formation with relative position con-
straints and angle constraints.

Evolution of Angle Errors from Ground Robots Evolution of Position Errors

o

error (rad)

o
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(a) Angle errors from ground robots (b) Position errors from UAVs and robots

Fig. 16: The evolution of errors in the obstacle avoidance
experiment.

mode are validated as shown in Fig. 15 (c) and (d). The angle
errors and position errors are illustrated in Fig. 16.

With large initial state errors, the UAVs and ground robots
managed to form and maintain the desired formation and
avoid these two obstacles as shown in Fig. 15. As observed
in Fig. 16, even though angle errors and position errors
started from large initial values and fluctuated during the
formation maneuvering due to the friction between the ground
surface and ground robots and the delay of actuator execution
(unmodeled uncertainties), the state errors converged to nearly
zero. It verified the results from Theorem 6, which shows the
robustness and stability of proposed heterogeneous formation
control laws. Note that, compared to the Mecanum wheels,
the unicycle wheels used in our ground robots pose more
challenges for the formation. However, our control laws still
showcase the capability to stabilize the desired heterogeneous
formation under different scenarios.

E. Comparison and Discussion

We further highlight the advantages of proposed angle-
specified heterogeneous formation approach by comparing
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TABLE I: Comparison of different formation control approaches

Methods Position-based [5]  Displacement-based [7], [39] Distance-based [40] Bearing-based [11] Angle-based (ours)
Shape description Absolute positions Relative positions Distances Bearings Angles
Example py = [4;5;1] (p1 — p2)* = [3;4;0] [lp1 — p2|l* =5 (ﬁ)* = [g, %;0] O‘fs][l]p] = 60°
Measurement Absolute position Relative position Relative position Bearing Bearing
Sensors GPS receiver IMU+compass+radar+camera IMU+radar+camera IMU-+compass-+camera IMU+camera
(possible implementation) IMU+compass-+lidar+camera IMU-+stereo camera pas

Estimated cost (USD/unit) $150-$500 $350-$1200 $300-$1000 $100-$400 $80-$380
Estimated power (W/unit) 0.5-2 1-4 1-3 0.5-1.5 0.4-1.4

with existing solutions regarding the cost and energy efficiency
of sensor measurements. We first compare the direction-based
method with other traditional methods such as displacement-
based methods [39] using cameras and 3D lidar sensors.
The comparison is summarized in Table I. Note that the
estimated cost and power are retrieved from the informa-
tion of popular sensor products such as Intel RealSense
cameras (https://www.intelrealsense.com) and Holybro GPS
systems (https://holybro.com/collections/h-rtk-gps). As illus-
trated in Table I, our direction-based approach can leverage
IMU+Zigbee+monocular camera sensors, which are inherently
more energy-efficient and cost-effective than traditional GPS
receivers, lidar, IMU+radar+camera, or other sensor combi-
nations required for position, displacement, or distance-based
methods. These traditional methods necessitate the use of ab-
solute or relative position measurements, which often involve
more power-intensive and expensive hardware, especially for
large-scale missions such as light shows.

Within the direction-based method, we then compare
our angle-specified method with bearing-constrained meth-
ods [11]. Different from bearing vectors, whose descriptions
always depend on coordinate frames, angle constraints are
scalars, which are independent of agents’ coordinate frames
[32]. Consequently, the scalar angle a;‘jk remains consistent
even when the agents’ coordinate frames have different orien-
tations. This intrinsic property of angle constraints inherently
bestows more robustness to our formation control approach
against the misalignment of agents’ coordinate frames, a com-
mon challenge in dynamic environments. Such robustness is
particularly advantageous in scenarios where precise coordina-
tion is critical, and it enhances the reliability of heterogeneous
formations under varying conditions and uncertainties.

VI. CONCLUSION

This paper has developed an angle-specified heterogeneous
leader-follower formation control approach that enables UAVs
to fly in a 3D space and ground robots to move in a 2D
plane. The UAVs maintain a desired 3D formation, constructed
by a set of angle constraints originating from a triangular
shape. For the ground robots, two robots track the UAV
group, while a follower robot tracks two leader robots using
only local bearing measurements. Unlike traditional methods
that often rely on absolute positioning systems or relative
position measurements, our approach utilizes local direction
measurements, aligning with the industrial trend towards more
practical, low-cost, and lightweight sensor technologies for
various missions. By extending angle rigidity theory to 2D-
3D heterogeneous formation control, our work overcomes the

limitations associated with the need for aligned coordinate
frames among agents in existing bearing rigidity strategies.
Several experiments have been conducted to demonstrate the
effectiveness and robustness of proposed control algorithms.
Currently, we are only able to prove local convergence
for the closed-loop nonlinear formation dynamics, and global
convergence remains unknown due to the absence of a suitable
Lyapunov function [41]. To address this, we can conduct
numerical Monte Carlo simulations, which can determine the
attraction region of the closed-loop dynamics, enhancing the
method’s practical applicability and safety. Future work will
address measurement noise and global convergence issues.
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