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Abstract - We address the problem of deploying groups of tens or hundreds of
unmanned ground vehicles (UGVs) in urban environments where a group of aerial
vehicles (UAVs) can be usedto coordinate the ground vehicles. We envision a hi-
erarchy in which UAVs with aerial camerascan be usedto monitor and command
a swarm of UGVs, controlling the splitting and merging of the swarm into groups
and the shape (distribution) and motion of ead group. We call these UAVs Aerial
Shepheds. We show a probabilistic approach using the EM algorithm for the initial
assignmen of shepherdsto groups and presert behaviors that allow an e cien t hier-
archical decomposition. We illustrate the framework through simulation examples,
with applications to deployment in an urban environment.

1 Intro duction

The use of Unmanned Aerial Vehicles (UAVS) in concert with Unmanned
Ground Vehicles (UGVs) aords a number of synergies.First, UAVs with

camerasand other sensorscan obtain views of the ervironment that are com-
plemertary to viewsthat canbe obtained by camerason UGVs. Second UAVs
can y over obstacleswhile keepingUGVs in their eld of view, providing a
global perspective and monitoring the positions of UGVs while keepingtrack
of the goaltarget. This is especially advantageousin two and a half dimensions
where UAVs can obtain global mapsand the coordination of UAVs and UGVs
can enablee cien t solutions to the mapping problem. Third, if UAVs can see
the UGVs and the UGVs can seeUAVs, the resulting three-dimensional sen-
sor network can be usedto solve the simultaneous localization and mapping
problem, while being robust to failures in sensorslike GPS and to errors in

deadredkoning. In addition to this, the useof air and ground robotic vehicles
working in cooperation has received a lot of attention for defenseapplica-
tions becauseof the obvious tactical advantagesin sudch military operations
as scouting and reconnaissance.
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We are interested in deploying teams of heterogeneousvehiclesin urban
environments to perform tasks such as searding for targets or mapping the
ernvironment. We are particularly interestedin having seweral UAVs shepherd-
ing large groupsof UGVs. We are motivated by our experiencewith deploying
a team of aerial and ground vehiclesat a Military Operations on Urban Ter-
rain (MOUT) site at Fort Benning. The MOUT site is a replica of a small
city consisting of 17 two and three store buildings, streets and accessroads.
It is engineeredwith camerasthat allow a multiple view tracking of training
missions. It alsofeaturesa small air eld, being a suitable test ground for air-
ground cooperation. Our multi-rob ot team [9] consistsof a 30 foot unmanned
blimp and ten ground vehicles. Figure 1 depicts our blimp and two of our
ground robots performing a leader-follower task at the MOUT site.

Fig. 1. Blimp and two ground robots during the experiments at the MOUT site.

In this paper, we focus on a scalable approach for deploying tens and
hundreds of ground vehiclesin order to seard the urban terrain for targets
or simply to disperseand perform a coveragetask. We proposea paradigm
in which a group UAVs, equipped with cameras,can act as aerial shepherds,
monitoring and commandinga swarm of UGVs. Di eren tly from our previous
work [5], where we neededa certral planner for cortrolling the robots, in this
paper we presen behaviors that allow the UAVs to coordinate the splitting
and merging of the swarm into groups and cortrol the shape and motion of
ead group in a distributed manner. We also proposea probabilistic approach
using the EM algorithm for the initial assignmen of shepherdsto groupsand
illustrate this architecture with simulation examples.

It is important to mertion that in spite of the growing number of works
in cooperative robotics, few tackle speci cally the cooperation betweenUAVs
and UGVs. A general application is to use the UAVs as an \extra sensor"
for the UGVs. In this context, Stenzet al. [12] present an application where
an autonomous helicopter helps the navigation of an UGV by exploring the
terrain and informing the UGV about potential hazards(holes,obstacles,etc.)
on its way. Other important applications include environmental monitoring,
cooperative control, and cooperative localization. Elfes et al. [8] and Lacroix
et al. [11], for example, presert some preliminary ideas on the integration
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of blimps and ground robots for environmental surveillance and other tasks.
Sukhatme et al. [13] proposean architecture for coordinating an autonomous
helicopter and a group of ground vehiclesusing deceriralized behavior based
controllers and minimal top down planning. Sukkarieh et al. [14] presernt a
deceriralized architecture for data fusion and cortrol of multiple UAVs and
UGVs. In our previous work, we report on coordination between aerial and
ground vehiclesfor robust localization in the presenceof GPS errors [4].

2 Arc hitecture

We developed a hierarchical architecture to allow a group of UAVs to coor-
dinate and control swarms of ground robots. At the lowest level, there are
individual robotsi, i = 1;:::;N;. They are assumedto be holonomic and the
state of eadh robot is descrlbed by its cartesian coordinates:

X'=(x'syh);
XI=u=f(X"a):

Robots are assenbled together in a set of groups . Each group | 2,
=10 ;Ng is modeledby a double (¢ ; 1): gis an elemen of the Lie group
SE(2) wh|le is the shape of the group formation [7]. Thus ead group i
can be represeried by an abstraction a that comprisesthe group poseg and
the group shape 1 [1]. More speci cally:

aJ—(gl l)
d=C0k L)
i = (sh;sh):

This abstraction provides a scalableway of cortrolling groups of robots. It
can be viewed as an equipotential or conoentratlon ellﬁz)se certered in  with
orientation  and principal axis given by CcsS; and " CS;. The number c is
givenby c = 2In(1 p), where p is the percertage of a large number of
normally distributed robots that lies inside the ellipse. The abstraction a of
acertain group ! is computed using only the states of the robots that belong
to this group, as explainedin [1].

The third level of the hierarchy is composedby medium altitude UAVs
(blimps) that hover over the groups. Every group must have a shepherdblimp
but one blimp can escort one or more groups simultaneously (see Figure 2).
Let's considerthat ead blimp k, k = 1;:::; Ny is shepherdinga subset of
groups Sk, Sk 2 P( ), where P( ) is the power set of . In this paper,
we adopt a simple kinematic model for the blimps that considersits position
(; ;2)in the 3D spaceand its yaw angle( ). More complex dynamic models
of our blimp are derived in [10].

Zk: ( k. k.Zk. k.).
Zk = vk = f(Z%;SK):
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Basically, after an initial assignmen phase,the blimp cortroller tracks the
shape and poseof the groupsin S, trying to keepall the robots of thesegroups
inside the blimp's visibilit y region. For now, we are consideringthat this visi-
bilit y region is a circle with radius varying proportionally to the blimps' alti-
tude z and that all the robots inside this circle can be localized by the blimp.
The blimps have a superior limit for their altitude (zmax ) and, consequetly,
the maximum visibilit y areais also limited.

Fig. 2. Hierarchical architecture in which three blimps shepherd groups of UGVs.

The controllers used by ead of these hierarchical levels are described in
detail in [1] and [5]. Basically, the ground robots only require state feedbak
and information about the poseand shape of its own group. The group's pose
and shape variablesare cortrolled by the blimps basedon the robots' positions
using simple proportional equations. Finally, the blimp cortroller tracks the
poseand shape of its groupsto keepthe robots inside its eld of view.

One of the main advantages of this architecture is that the amount of
information that must be exchangedamongthe di erent hierarchical levelsis
small. Blimps have to broadcastto the ground robots the poseand shape of
their groupsand the desiredgroup velocities (basically, a and a ). Other than
that, aswill be explained in the next section, ground robots broadcast their
position oncefor the initial distribution and respond sporadically to inquires
from blimps regarding its shepherdduring the merge process.

The communication within the hierarchical levels is also small. As men-
tioned, the ground robots only require state feedbak and information about
their own group. No communication is necessaryinternally among them.
Blimps have to communicate with ead other to coordinate the split and
merge behaviors. But this is not frequert and the number of blimps is much
smaller than the number of ground robots. Thus, the amount of information
exchangedbetweenthe ground vehiclesand the blimps increasedinearly with
the number of robots making the proposedarchitecture scalable. Moreover,
the information being broadcastis sparse:only information about the groups'
posesand shapesis being broadcast, regardlessof how big the groups are.
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3 Coordination

3.1 Initial Distribution

We consider that the initial position of the robots can be described by a
Mixtur e of Gaussians A mixture of gaussiansis a distribution composed
by m componerts, ead of which is a gaussiandistribution in its own right.
Each gaussianhaveits own meanand covariance( , ), and hasaweight w in
the mixture . Ideally, ead individual gaussianwill represer onegroup /| of
the hierarchy, and will be shepherdedby one blimp. Initially , we do not know
which robot belongsto eat componert and, consequetly, the parameters
of eath gaussianare unknown. In the approadc used here, these parameters
are determined by the blimps through the EM { Expectation Maximization
algorithm [6]. The EM algorithm was developed to compute the maximum
likelihood estimate of the parametersof a distribution from a given data set
when the data is incomplete or has missing values. But one of its main uses
is when the optimization of the likelihood function is intractable, but the
function can be simplied consideringits data incomplete [2]. This is exact
the caseof mixtures of gaussians.

Thus, the initial distribution of robots into groups and the assignmen of
blimps to the groups is done as follows. Initially all robots broadcast their
position onceto the blimps. Each blimp apply the EM algorithm to deter-
mine the distribution parametersand allocate itself to one of the computed
distributions. Since the blimps have the samedata and run the samealgo-
rithm they will obtain the sameresults, and the assignmen can be donein
a sequetial way: blimp by to the rst distribution, blimp b, to the second,
etc. Each distribution determined by the algorithm will becomea group in
the hierarchy.

The only drawbadk of this method is that the number of distributions
(componerts of the mixture) in which to divide the robots should be given a
priori to the algorithm. We considerthat this number is equalto the number
of available blimps (Ny). The problem is that this number can be di erent of
the number of \real distributions” (Ng). For example, if we have the robots
distributed in three gaussians(Ng4 = 3) but we have four blimps (N, = 4),
the algorithm will divide one of the real distributions in two, resulting in four
groups instead of three. So, the ideal situation will be when the number of
blimps is equal the number of distributions (N, = Ng). If Ny < Ny there
will be one blimp allocated to more than one distribution and if N, > Ny
there will be two or more blimps allocated to a single distribution. In these
two situations, the groups will probably have to split or merge, as will be
explainedin the next section. Figure 3 exemplify thesethree scenarios.In this
gure, the small circlesrepresen the robots, the dashedcircles represen the
blimps and the large solid circles represen the visibilit y area of ead blimp.
There are basically 3 robot distributions and 2, 3 and 4 blimps respectively
in the pictures.
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Fig. 3. Initial distribution when: a) N < Ng, b) Ny = Ng, ¢) Np > Ng.

3.2 Merge and Split

The ability of splitting and merging groups is a desired behavior in seweral
di erent scenarios.Basically, one group may divide into two or more groups
and di erent groups can mergeinto a single one. For example, a robot group
may have to split to avoid obstaclesor to cover di erent regionsas showvn in
Figure 4. Also, split and merge behaviors can be usedto x an unbalanced
initial distribution as mertioned in the previous section.

Fig. 4. Scenarios where groups of robots perform split and merge behaviors for
avoiding obstaclesand exploring environments.

In this paper, we use a deliberative approach where eac blimp has a
plan for its group. This plan is represerted by a directed graph in which ead
node contains a desiredposeand shape for the group (gges: des) and the edges
indicate the ordering of the goals.Here, theseplans are speci ed manually, but
variations of automated techniques such as grid basedapproachesor voronoi
diagrams could be used.

Merge

The merge processoccurs when two groups that are heading to the same
goal are closeenoughto be shepherdedby a single blimp. In this case,one of
the blimps will escortall the robots while the other blimp will be dismissed
and will return to its base.Let's considertwo groups ;1 and » moving to
a common goal and being shepherdedby two blimps b; and b, respectively.
When a robot i 2 ; is detected inside the visibility region of by, by will
create and start to track a virtual group 1., composedby the robots of both
groups. When all robots from , are inside the visibilit y region of by, the two
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groups are mergedinto 1, 2 is removed from the hierarchy, and the blimp

b, is dismissed. The blimps must coordinate themselesto do the merging
process,but, as mentioned, the amount of communication necessaryfor this

is very small. Basically, by inquires robot i to discover who is its shepherd
blimp. Then by and b, communicate to ched if they are going to the same
goal, and if this is the case,b; createsthe virtual group and start tracking it,

receiving information from b, regarding the poseand shape of its group. To
track both groups, by will probably haveto y at a higher altitude in order
to increaseits visibility area. This will be demonstrated in the simulations
of Section 4. When all robots are inside its visibilit y region, b; nishes the
merging processesit broadcastsa messageo the robots of , informing them
that they now belongto a new group and have a new shepherd,and alsosends
a messagdo b, releasingit from its group.

Split

The split processess initiated by a blimp when its group reachessomepre-
determined goalsaccordingto its plan. If the out-degree(q) of a certain node
(goal) in its plan is greater than 1, the group will split in g subgroups. The
shepherdblimp is responsible for deciding how many and which robots should
be assignedto ead of the new groups, and for requesting help from other
blimps to escortthe new groups. Let's considerthat a group, 1, shepherded
by blimp b; has reached a goal and must be split in two groups , and 3,

that will moveto di erent goals.The blimp will compute the number of robots
(nj) that should be assignedto ead group I basedon the shape of the next
desired goalson the graph. Then, the n; robots that are closerto one of the
next goals are assignedto the group that will move towards that goal. Af-

ter this division, by will create a virtual group .3 and start escorting both

groups. At the sametime, by will broadcasta messagedo the other blimps to

seeif there is an available blimp that can shepherdone of the new groups.
If there is such blimp, say by, it communicates with by, receivesinformation

about the poseand shape of the new group, and starts moving towards it. If

there is no other blimp available or if b, takestoo much time to reac the
group, probably by will reach its maximum altitude if the groups are moving

apart. In this situation, by will abandon one of the groups and shepherdthe
other to its goal. The abandonedgroup will stop and wait for the arrival of
by or for the return of by, in the casethat no other blimps were available.

4 Exp eriments

The proposedarchitecture wasimplemented and tested using MuRo0S, a multi-
robot simulator that we have developed for cooperative robotics [3]. Imple-
mented for the MS Windows environment, MuRoS has a friendly user inter-
faceand can be easily extendedwith the developmert of new inherited classes
de ning new robots, cortrollers and sensors.
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The simulation preseried here demonstratesthe initial distribution and
the merge and split behaviors described in the previous section. Figure 5
shows some snapshotsof this simulation where 50 robots are shepherdedby
two blimps. Again, the small circles represen the robots, the dashedcircles
represert the blimps and the large solid circlesrepresen the visibilit y area of
ead blimp, which varieswith its altitude z. The two rectanglesare obstacles
and the (barely visible) crossegepresen the group's current and desiredposes
and shapes. The robots are initially divided in two groups (Figure 5(a)), that
are allocated to two blimps after the application of the EM algorithm. The
blimps start to shepherd the groups towards the rst goal (b) and, when
the groups are su cien tly close,they mergeand becomeescortedby a single
blimp, while the other return to its base(c). After moving to the secondgoal
(Figure 5(d)), the group have to split to moveto dierent goals.In this case,
as mertioned, the blimp createsa virtual group and tries to shepherdboth
groupsuntil the arrival of a secondblimp (e). The last snapshot(f) showsthe
two blimps shepherdingtheir groupsto their nal destinations.

Fig. 5. Simulations where two UAVs coordinate a group of 50 UGVs.

The graph of Figure 6 shows the altitude (z) of both blimps (by and by)
during the simulation. The labels T, and Ts mark the times in which the
groups merged and split. Basically, the blimps initially y from the baseto
their initial groups and start to shepherdthem to the rst goal. As shown
in Figure 5(b), the group on the top, that is shepherdby by, is larger and
has to compressits shape en route to the rst goal while the group on the
bottom has to expand. Consequetly, by can decreaseits altitude while b
must y higher in order to escortits group. This can be obsenedin the graph
of Figure 6, just after time 5. Just beforetime Ty,, by createsa virtual group
and increasesits altitude to track both groups. After the merging, by lowers
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its altitude again while shepherdingthe mergedgroup to the rst goaland by
returns to its baseand lands. The mergedgroup shepherdby by then moves
to the secondgoal whereit should split. After the split (Ts), by hasto increase
its altitude again to shepherdboth groups while b; takeso and goes after
one of the groupsto help by, as can be seenon Figure 5(e). Finally, by takes
over one of the groups, by decreasedts altitude, and both blimps stabilize and
escorttheir groupsto their nal goal.

200

— Blimp 0
— - Blimp1

150

~ 100

Time

Fig. 6. Blimps' altitude (z) during the execution of the task.

Theseresults, in spite of not providing rigorous measuremets of perfor-
mance,demonstratedthat this hierarchical architecture can be usedfor coor-
dinating UAVs and swarms of UGVs in a scalablemanner. It is important to
mertion that other simulations were performed on di erent scenarios,using a
di erent number of robots, blimps, and groups, alsoleading to similar results.

5 Conclusion

In this paper, we preserted a hierarchical architecture in which a few number
of UAVs is usedto command, control and monitor swarms of UGVs. Basically,
the individual UGVs are assenbled together into groupsthat are shepherded
by medium altitude UAVs (blimps). The initial assignmen of blimps to groups
is donein a distributed manner using the EM algorithm and the blimps are
responsible for cortrolling the groups' shape, poseand motion. An important
feature of this architecture is that the communication requiremerts grow lin-
early with the number of vehicles, making it scalableto tens and hundreds
of robots. We described behaviors that allow blimps to coordinate the split-
ting and merging of groups during the task execution and demonstratedthese
conceptsthrough simulations.

Future work is directed towards improving this architecture to deal with
somespeci ¢ situations. For example, if one group is too large to be shep-
herded by a single blimp, we would like to have two blimps coordinating
themseles in order to escort this group. We are also interested in execut-
ing simulations to obtain more detailed performance measuremets of this
architecture, mainly in regard to communication and cortrol.
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