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Abstract 

Cooperative control of multiple unmanned aerial vehi- 
cles (UAVs) poses significant theoretical and technical 
challenges. Recent advances in sensing, communica- 
tion and computation enable the conduct of coopera- 
tive multiple-UAV missions deemed impossible in the 
recent past. We are interested in solving the Forma- 
tion Reconfiguration Planning (FRP) problem which is 
focused on determining a nominal state and input tra- 
jectory for each vehicle such that the group can start 
from the given initial configuration and reach its given 
final configuration at the specified time while satisfy- 
ing a set of given iiiter- and intra- vehicle constraints. 
Each solution of a FRP problem represents a distinct 
reconfiguration mode. When coupled with formation 

'keeping modes, they can form a hybrid automaton of 
formation maneuvers in which a transition from one 
formation maneuver to another formation maneuver is 
governed by a finite automaton. This paper focuses on 
the implementation of the optimized hybrid system ap- 
proach to formation reconfiguration for a group of 1 real 
and 3 virtual UAVs. Experimental results performed in 
the Richmond Field Station by using a helicopter-based 
Berkeley Aerial Robot are presented. 

1 Motivation 

Cooperative control of multiple unmanned aerial vehi- 
cles (UAVs) poses significant theoretical and technical 
challenges. Recent years have seen the emergence of 
formation planning and control for UAVs as a topic of 
great interest. Much work has been done on the sta- 
bilization of groups of vehicles for keeping formation 
[I, 2, 3, 41. While it is important that formations of 
UAVs be able to follow global trajectories while main- 
taining the group formation, it is also important for 
these groups of UAVs to be able to reconfigure when 
prompted without crashing into one another. 

The most basic need of formation reconfiguration is ob- 
stacle avoidance. If the current formation of a group of 
vehicles is unable to  avoid an upcoming obstacle with- 
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out breaking formation, the group must reconfigure in 
order to avoid the obstacle. After the obstacle has been 
avoided, the formation may reconfigure again back to 
the original formation. Another application of forma- 
tion reconfiguration is for a group of vehicles switching 
between two tasks that are suited to different forma- 
tions. Formation reconfiguration could also be used in 
Air Traffic Management to reduce separation require- 
ments and increase airspace capacity. Any group of 
vehicles in close proximity may be considered a forma- 
tion. 

In this paper, we propose a hybrid structure to enable 
effective switching between forrnation keeping modes 
and formation reconfiguration modes, while the trajec- 
tory generation for formation recoilfiguration is formu- 
lated as an optimization problem with both inter- and 
intra-vehicle constraints. The main advantage of this 
approach is that on-line formation reconfiguration can 
now be performed more efficiently and safely since all 
possible next feasible formations from a current forma- 
tion can be searched on a discrete graph and the execu- 
tion is specified by a hybrid automaton in which each 
transition is guarded by both the discrete command 
and the continuous state. Furthermore, all the com- 
putationally intensive tasks which involve optimization 
are performed off-line. 

In the next section, we will demonstrate how to gen- 
erate a nominal state trajectory for a group of UAVs 
by minimizing a given cost function while satisfying a 
set of inter- and intra- vehicle constraints. Since there 
is a rich set of literature focusing on generating trajec- 
tories for formation keeping, we will omit the related 
discussion in this paper but assume all the necessary 
trajectories are designed properly. Then, we will pro- 
pose a hybrid structure for formation keeping and re- 
configuration so that the formation task can be per- 
formed efficiently and safely. Finally. we will show how 
these methods are implemented in a group of 1 real 
and 3 virtual UAVs. Experimental results performed 
in the Richmond Field Station by using a helicopter- 
based Berkeley Aerial Robot will be presented. 
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2 Trajectory Generation for Formation 
Reconfiguration 

In studying tlie formation reconfiguration problem for 
a group of autonomous vehicles, we first coiisider if 
t,he problem is feasible assuming that all information 
is accessible. The Formation Reconfiguration Planning 
(FRP) feasibility problem addressed in this paper is: 

Problem 2.1 Given a group of autonomous vehicles, 
an initial configuration, a final configuration, a set of 
inter- and intra- vehicle constraints, and a time for re- 
configuration determine a nominal state and input tra- 
jectory for each vehicle such that the group can start 
from the initial configuration and reach its final config- 
uration at the specified time while satisfying the set of 
inter- and intra- vehicle constraints. 

For the feasibility of the FRP problems: please refer 
to [5] for details. In this paper. we focus on solving 
tlie FRP problem for a specific class of systems and a 
particular form of input signals so that we can repre- 
sent the problem as an optimization problem that can 
be solved more efficiently especially for a large group 
of vehicles. For simplicity. a point mass model is used 
to model trajectory dynamics of each autonomous ve- 
hicle. Although this simple dynamical inodel is used, 
the results can be iiat,urally extended to systems that 
can be feedback linearized [6] such as high-performance 
aircraft[7, 81 and helicopters[9]. Heterogeneities among 
vehicles can also be considered by iiicorporating addi- 
tional constraints which can be used t,o specify maximal 
and minimal velocities or maximal turn rates of classes 
of vehicles. 

Consider a group of autonomous vehicles each with the 
following dynamics: 

n-liere p,. U,. a, E B3 and i = 1. . . - . N .  Define z,(t) = 
bT(t) uT(t)]', u z ( t )  = a , ( t ) .  Hence. (1) can be written 
as &(t) = A,z,(t) + B,u,(t) with 

A, = [ 13x3 ] , Bi = [ 03x3 1 ,  
03x3 13x3  

Denoting tlie group state as z = [zy . . . .  .%',I' and 
tlie group input as 'U = [U?,. . . .U',]'. the group dy- 
namics can be written as i ( t )  = &(t)  + B u ( t )  where 
A E RnArxnN and B E RWlzNx71hi. Define the group 
configuration at  time t as g ( t )  = [zT(t) .  uT(t)]' which 
specifies the state and input conditions for all tlie vehi- 
cles in tlie group at time t .  Assuine that all tlie inter- 
and intra-vehicle constraints are specified as a set of 
group state constraints c3 ( z ( t ) )  5 p3 for j = 1.. . . , A l .  
The admissible input for each vehicle is specified by an 
input constraint b,(u,(t)) 5 CY,. 

For example, tlie group state constraint for minimum 
separation can be specified as: 

where 2,  J = 1, . . . . N .  E is the minimum allowable dis- 
tance between vehicles. Tlie input constraint of maxi- 
mum acceleration can be specified as: 

Ila,(t)ll 5 a,  Vt  E [O.T]. Vz (3) 

where a is tlie maximum allowable acceleration input 
at any time. 

If the input trajectories and tlie initial conditions are 
provided. the state trajectories of each vehicle can be 
derived according to the vehicle dynamics. Point mass 
vehicle dynamics are written as follows. 

(4) 

(5) 

Tlie input signals are parameterized as polynomials of 
time. a,( t )  is the acceleration vector of tlie i th  vehicle 
represented as: 

K 

az(t) = akrtk (6) 
k=O 

where I< is tlie order of the polynomial, and ao, . . . CLK% 

are the parameter vectors for the ith vehicle. As with 
a t ( t ) .  all of the akz parameter vectors are in EX3. In 
order to obtain feasible solutions for the FRP problem 
by considering only the dynamical and configuration 
constrains. K 2 4. Again, see [5] for details. 

The FRP problem can now be formulated as an opti- 
mization problem. The objective is to determine the pa- 
rameters for the input trajectories, minimizing the cost 
function. subject to dynamical, configuration, inter- 
and intra- vehicle constraints. 

The optimization problem used to derive the trajectory 
parameters that minimize the cost J defined by the 
total input energy consumed by a group of point inasses 
subject to tlie minimum separation constraints is 

N T 
min J = $1 ar( t )Wiai ( t )d t  (7) 

i=l 
al1l'"aKN 

subject to 
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where Wi is a diagonal matrix of weighting constants 
for the ith vehicle. Thus, distinct acceleration char- 
acteristics of vehicles can be properly specified by the 
weighting matrix W .  

Figure 1 shows the trajectory solutions of 4 reconfig- 
urations for 4 UAVs designed for experimental imple- 
mentation. The polynomial order K = 4, the weighting 
matrix W is an identity matrix, the total time T = 30, 
and the minimum separation E = 10 is the only inter- 
vehicle constraint used. The large rectangle represents 
the space within which the real UAV (UAV1) must re- 
main for safety with the group center specified at (65,- 
57.5). Virtual UAVs may go outside this boundary as 
seen with UAV4. 
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Figure 1: Four reconfiguration paths between four possible 
for mat ions. 

3 Hybrid Structure for Formation Keeping and 
Reconfigurat ion 

Consider the four formation configurations shown in fig- 
ure 1: line, diamond, wedge, and rectangle. In Section 
2, we have shown how to generate reconfiguration tra- 
jectories from various pairs of initial and final forma- 
tion configurations by solving the corresponding FRP 
problems. Since at any time, the operation mode of 
the group can be either formation keeping or forma- 
tion reconfiguration, if we associate each mode of op- 
eration with the corresponding closed-loop dynamics, 
we can represent the group dynamics by the hybrid 
automaton[lO] which is defined as a collection H = (Qx 

X RnN, C = ( c r 1 , c r 3 , q , , c r 7 } ,  f is the vector field, 
I assigns an invariant set to each q, and G assigns a 
guard to each edge. Modes q1, ~ 3 ~ 4 5 ,  q7 represent the 
group dynamics in keeping formation in Line mode, 
Diamond mode, Wedge mode, and Rectangle mode, re- 
spectively. Each qj for j E {2,4, 6,8} represents the 

x, f; 1; G) where Q = {ql, q 2 ;  43,  q4r q 5 ;  46; Q7r 98}, 

group dynamics in reconfiguration from mode qj-1 to 
mode q j+ l  where qg = q1. The hybrid state and input 
are denoted by (q, x )  E Q x X and cr E C: respectively. 

We assume that in each mode q j ,  there is a desired 
group trajectory for the group to track and is de- 
noted as r j ( t )  E RnN for j = l , .  . . ,8,  where rj = 
[r; , .  . . , rTNIT, and there is a trajectory tracking con- 
troller ~ ( t )  = k i ( z ( t ) : r j ( t ) )  for each vehicle i for 
i = 1, .  . . , N .  Depending on the sensor types, the com- 
munication protocols and the controller designs, the 
amount of information and the types of information 
flow needed for tracking the desired group trajectory 
may vary. Here, we just use a design of controller, 
which uses only its state trajectory and desired state 
trajectory, to illustrate the idea of the hybrid structure 
proposed for implementation. Given an admissible tra- 
jectory, we assume that each controller can keep the 
vehicle state trajectory staying with an open set pro- 
vided that the vehicle state is started properly in an- 
other open set. Hence, the vector field is defined by 
f ( q ,  z, cr) = Ax -t Bu with each ui(t)  = k ; ( x ( t ) ,  ~ j ( t ) )  

for i = 1,. . . , N .  For j E (2, 4, 6,8}, the invariants of 
qj and q j + l  are defined by Bjl x . . . x B ~ N  x {uj+l}  and 
Bj+l 1 x . . . x Bj+l N x { c r j + l } ,  respectively, where Bji 
is an open ball in E%" with center located at rji and ra- 
diuseji. Forj  E (2,4,6,8}, theguardsof (qj-l:qj) and 
( q j ,  qj+l )  are defined by Bjl x . . . x B ~ N  x {crj+l} and 
Bj+l x ... x Bj+l N x {oj+l}. For example, when 
the group is in a Line keeping mode, 41, the group 
state x and input D must satisfy the invariant condition 
I(q1) = BII x 1 .  . x B I N  x (01). If the input becomes 03 

and x E B21 x . . . x B ~ N ,  the group switches to the q2 
reconfiguration mode. While cr = u3, when the group 
state satisfies B3l x ... x B ~ N ,  then the group transi- 
tions to Diamond keeping mode, 43. Notice that each 
trajectory in a formation reconfiguration mode is by 
construction connected to an adjacent format.ion keep 
ing mode and hence the transitions are possible with 
proper input signals. The resulting hybrid automaton 
is shown in Figure 2. 

Although the hybrid automaton is useful for analy- 
sis, for implementing the design the hybrid automa- 
ton has to be refined by showing the interconnec- 
tions between system components. In order to refine 
the hybrid automaton, we define the following signals 
Si E { S l i , .  . . , & }  for i E (1,. . . , N }  and 6i = 6 j i  if 
xi E Bji. The signals are used for indicating that 
xi E Bji and hence can be used for synchronizing 
among vehicles. For example, if the system is in mode 
41 and 61 = 621  A A 6~ = 6 2 ~  A o = ~ 2 ,  switching 
between mode q1 and mode q2 is feasible. The refined 
hybrid system cont,ains N vehicles and each vehicle con- 
sists of a hybrid controller and a vehicle plant model. In 
each hybrid controller, there are N modes which each 
corresponds to a formation mode. In Figure 3, only ve- 
hicle l with three modes, namely 91, q2, q3 ,  is shown in 
detail. 
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Figure 2: Hybrid automaton modelling of a group of ve- 
hicles in formation. 

In order to make tlie decoupled hybrid automaton 
shown in Figure 3 resemble the hybrid automaton 
shown in Figure 2, it requires a strong synchronous as- 
sumption made on communication capabilities of the 
vehicles for exchanging events. On the other hand, tlie 
decoupled hybrid autoinatoii a l l o ~ s  further refinement 
by using asynchronous communication between compo- 
nents or by adding components for modelling sensors 
and actuators. 

4 Experimental Results 

Tlie hybrid system method of formation reconfigura- 
tioii was implemented on tlie Berkeley Aerial Robot 
(BEAR) platform. Tlie BEAR helicopter is a highly 
versatile aerial platform which took years of work to 
develop. As shown in [9]. a helicopter model is differ- 
entially flat. i.e. the state trajectory and nominal input 
trajectory can be reconstructed from the outputs and 
their derivatives. If tlie outputs are p,.p,.p,. +. tlie 
Euler angles can be recoiistructed by using p 5 .  &. &. 

1 t' 
I I 

Figure 3: Component-based hybrid system design for inul- 
tiple autonomous vehicles in formation. 

When hovering, flight control takes an active role in sta- 
bilizing tlie helicopter about a given set point such that 
it emulates a point mass at low speeds which enables 
the use of equation 1 in the higher level path planning. 
However, when using the point mass model, we must 
still take enormous precautions at the path planning 
level, being careful to stay well within system limits. If 
one of the helicopters were to crash, it would be very 
dangerous and destroy years of hard work. Vertical 
movements in the z direction are extremely unstable, es- 
pecially when ascending when there is danger of motor 
stalling. This is why all desired trajectories have been 
restricted to tlie x-y plane maintaining a constant ele- 
vation. Additionally, the desired trajectories are scaled 
with a timescale r such that the fastest moving trajec- 
tory does not exceed 0.5z of acceleration and 1.0: of 
veto city. 

Three systems must interact with one another in a hi- 
erarchy of control. The low level control is responsible 
for tlie stability of the helicopter about a desired set 
point. Tlie next level, which we will call path planning, 
is responsible for providing the trajectory of an individ- 
ual helicopter. At the highest level. a group controller 
decides how aiid when to reconfigure the group. 

This experiment reconfigures one real BEAR helicopter 
in formation with three virtual helicopters. The real 
helicopter's navigation computer is responsible for low 
level control while the virtual navigation computers em- 
ulate both this low level control and the point mass dy- 
namics. Tlie control for the virtual navigation of the 
point mass dynamics is given as 

where 77 = .7 and wn = l o r .  

Both one real and three virtual path planners provide 
noiniiial trajectory set points calculated from on board 
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position parameters to the low level controllers. These 
parameters are provided by the group controller which 
performs all centralized optimization and user interface. 
The group controller is also responsible for determining 
the trajectory of the group center so that the group as 
a whole may be moving during reconfiguration. How- 
ever, due to space restrictions, the desired group center 
remains stationary throughout the sequence of reconfig- 
urations in this experiment. The group controller also 
calculates the timescale T which scales the trajectory 
solutions such that the fastest vehicle acceleration and 
velocity are less than or equal to the given maximum 
allowed acceleration amas and velocity v m a x .  

First ra is calculated such that the maximum accelera- 
tion of all four trajectory solutions maxak, is equal to 
the given maximum allowed acceleration amas. 

(13) 
a m a x  

7, = - 
max aka  

Similarly. T~ is calculated such that the maximum ve- 
locity of all four trajectories maxuk, is equal to the 
given maximum allowable velocity . 

(14) 
u m a x  

Tu = - 
maX Vka 

The used timescale r is the lesser of r, and rv to ensure 
that max aka  5 amax and max vka 5 v m a x .  

The path planers use T along with the stored param- 
eters calculated using T = 30 to stretch or shrink the 
actual time required to complete the reconfiguration. 
The path planner evaluates each desired position set 
point pda to be delivered to it's respective navigation 
computer at time t ,  using position parameters pot . -p6 ,  
converted from it's stored parameters ciaz.. . ad2 as fol- 
lows. 

te = (t - t o  + At)r  (15) 
6 

p d a ( t e )  = x p k a t t  (16) 
k=O 

where r is the timescale such that the reconfiguration 
time remains within 0 5 t ,  5 T ,  t o  is the time at 
the start of the reconfiguration, and At is the set point 
delivery period. When t ,  2 T ,  the end of the trajectory 
has been reached and pda will be evaluated at T .  

Figure 4 shows the experimental setup. Vehicle one 
is a real BEAR helicopter which communicates seri- 
ally to it's on board path planning computer via RS- 
232. All virtual path planning controllers are housed 
on a single lap top computer which communicate with 
their virtual helicopters and group controller via wire- 
less TCP/IP connection. The group controller and vir- 
tual helicopters are housed on a single lap top computer 
used as the ground station. This does not in any way 
limit the degree of realism in system communication as 
the ground station and virtual helicopter do not com- 
municate with one another directly. 

. . . ........ .... . . ... ... ....... . . . .... 
_--___. 

- __ __- , 
. .~~ .. ....... ~ ~~ ................ . . ~ . . ... ... . . 
-~ 

~ realvehiclel ' rp---- real vehiclel p 3 2 ~  real vehicle1 ',---- 
~ dynamics '? low levelcontrol , I path planning , 

Figure 4: Controller housing and communication setup 
for a thee virtual and one real vehicle group. 

Figures 5 and 6 show the results of a sequence of four 
reconfigurations between four formations from line t.0 
diamond to wedge to rectangle back to line. 
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Figure 5: Experimental results reconfiguring 1 real and 3 
virtual UAVs between 4 possible formations. 

Figure 5 shows the desired and actual trajectories of the 
1 real and 3 virtual helicopters. Notice how the virtual 
helicopter trajectory error is so small, the actual and 
desired trajectories shown are indistinguishable while 
the real helicopter had to deal with the strong winds 
of Richmond Field Station in order to follow the de- 
sired trajectory. The vertical lines show the moments 
of switching between formation keeping and formation 
reconfiguration modes. 
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Figure 6: XY position of 1 real and 3 virtual UAVs during 
a reconfiguratioii experiment between 4 possible 
formations. 

Figure 6 shows the desired and actual trajectories in xy 
space for each reconfiguration. Once again, desired and 
actual virtual helicopter trajectories are indistinguisli- 
able. By comparing the desired and actual trajectories 
of the real helicopter, one can tell that the wind was 
blowing strongly in the northwesterly direction with the 
position x axis oriented north. 

5 Conclusion 

In this paper, we proposed a solution to formation re- 
configuration of multiple autonomous vehicles. Given 
a pair of initial and final formation configurations, the 
completion time. and a set of inter- and intra- vehi- 
cle constraints. we can find a nominal input trajectory 
for each vehicle such that the group can start from the 
given initial configuration and reach its given final con- 
figuration at the specified time while satisfying a set of 
given inter- and intra- vehicle constraints. By limiting 
the class of trajectories to polynomials, we can calculate 
the trajectories efficiently off line and store the param- 
eters in reconfiguration libraries for each vehicle. Each 
set of reconfiguration parameters represents a hybrid 
reconfiguration mode. When coupled with formation 
keeping modes. they can form a hybrid system net- 
work of reconfiguration maneuvers. We iinpleineiited 
just such a hybrid system network with a series of 4 
reconfigurations in a primitive information flow control 
scheme. We plan to further explore other information 
flows and assess their strengths and weaknesses when 
applied to the hybrid reconfiguration network. Special 
attention will be paid to  the asynchronous cliararteris- 
tic of information structure. 
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