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Abstract: The problem of designing behaviours for mobilbats employed in an active
surveillance system is considered. The mobile robots ameftenl using differential inclu-
sions and the behaviors are synthesised from viability gelmsic hybrid automaton is pro-
posed for the control of all designed behaviors. A compaositule is presented for the mixing
of different behaviors. The main advantage of the preseapgdoach is that behaviors are
obtained by specifying regions in the environment. Thisseful in surveillance, where the
location of intruders is not known precisely. Another adeae is that the same framework
is used to control each of the available behaviors. Consglyuthe behaviors can be used as
basic building blocks in general robot control architeetuiA set of experimental simulations
where conducted to evaluate the proposed design approd¢hearesults are also presented.
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1. MOTIVATION velocity is introduced. Thus the behaviors are designed by
specifying state constraints in the form of bounded, closed

In active surveillance setups, mobile robots are requiredsets and the desired velocity for when the state constraints
to exhibit different behaviors such as patrolling, intrude are verified.

interception and also moving in formation. The purpose of hvbrid ith di . d
this last behavior is to increase the area covered during théAn ybrid automaton, with two discrete states, Is used to

patrol behavior and also to reduce the escape routes of th ontrol the behavior execution. The discrete states at¢coun
detected intruders or the two possible cases in which the state constraints

are either verified or not. If the constraints are verified,
The approach proposed in this paper for behaviors synthesighe control inputs are selected so as to output the desired
is based in constraining the robot state to remain insidevelocity without violating the constraints. But if the stat
a bounded, closed set of the space state. For example, gonstraints are not verified, the control inputs are setecte

patrolling behavior can be obtained by constraining the mo-to guide the robot towards the region designed for the
bile robot position to a closed and narrow region containing behavior.

the locations to visit. The width of this region is obtained h binati ¢ diff behavi . d ibl
from the tolerance on the distance that the robot must pas & combination of dilferent behaviors Is made possible

from the locations. The lower the tolerance, the narrower y the introduction c,)f a composition rule for the hybrid
the region containing the locations. automata. The resulting automaton has the same structure as

N . _ o the two input automata. Therefore, the control architectur
The position constraintper se is not sufficient for the  is only required to handle one type of hybrid automata.
mobile robot to generate a useful trajectory. Considemagai

the patrolling behavior and assume that initially the mebil
robot is positioned inside the narrow region. In this cdse, t
state constraints are trivially satisfied if the robot does n
move. In order to avoid similar situations, the desired tobo

The remainder of this documentis as follows. In Section 3 is
presented the mobile robot dynamic model. In Section 4 the
behavior synthesis approach is presented. In Section 5 be-



havior design examples are provided. Finally, in Section 6 State

conclusions and the future work are presented. constraints | Mobile Robot
Supervisor
2. RELATED WORK A :
Behavior 9 rer . q
A »( Mobile Robot
utomaton
A wide variety of behavior-based control architecturesshav |

been proposed and an exhaustive survey is beyond the _
scope of this paper. In general, different of methods areFig. 1. Robot control architecture

used to design behaviors such. as fuzzy logic in (lnnoce”tiProposition 2.4 in (Smirnov, 2001) it can be asserted that
et al, 2006), neural networks in (Wargf al, 2007) and  f js a Lipschitz continuous set-valued map. Furthermore,
Lyapunov control in (Freiret al, 2004). In these control 5 strictly positive Lipschitz constant is assumed and the
architectures, the mobile robot behavior is an welghtedoutput values ofF are convex, closed and contained in a
average of the output of each individual behavior. The pg| centered at the origin. The differential inclusionstwi
mixing weights are determined as a function of the sensoryg,ch set-valued maps are denatgaschitzian

data and the robot goals. _ ) o )
In practice, the Lipschitzian assumptions may not hold for

In contrast with these architectures, no weights are used tqome mobile robots kinematic configurations. For these
combine behaviors in the presented approach. As a resultyopots, the control inputs can be further constrained to a

no tuning of parameters or learning phases are requiredspset of’ in order to verify the Lipschitzian assumptions
previous to using the mobile robots. The behavior designgp, the set-valued map.

approach used is also different, where state constraiats ar
used instead of set-point regulation controllers. Thus, th pefinition 1.(DI solution set, (Smirnov, 2001)). Consider the
mobile robots have some degree of freedom to adapt theil jpschitzian differential inclusion

state to the local surroundings.
iy : _ i(t) € H(z(t)), te[0,T] 4)
The composition of hybrid systems has been previously = = ) ) i
with initial valuez(0) = x(. The solution to the differential

proposed in (Tabuads al., 2001), for example. These com- | el ' !
position procedures are aimed at building complex systemdnclusion is the set of absolutely continuous functigig

from simpler hybrid dynamic models. The composition that verify the inclusion (4) ang(0) = xo. This set of
procedure presented in this paper is used to obtain a netnctions is represented o 1)(H, o).
behavior from the available mobile robot behaviors. Thus,

the same hybrid automaton structure is obtained after theThe solution to the mobile robot differential inclusion (3)
composition procedure. can be interpreted as the set of trajectories it can execute,
given the constraints on the control inputs.

The mobile robot control architecture used is presented in
Figure 1. The supervisor is responsible for computing the
state constraints for the robot, along with a desired vgfoci
The behavior automaton is used to generate velocity refer-
ence signal for the mobile robot controller. The reference
is the closest possible, in euclidean distance, to theetksir

q=f(qu) (1) velocity received from the supervisor, without violatirgpt
whereq € R" is the robot statey, € R™ the control input  state constraints.

and f is a Lipschitz continuous function. Without loss of
generality, in this paper the robot state is identified wlith t

3. MOBILE ROBOTS MODEL

The mobile robots considered are those for which their
kinematic constraints can be modeled by the differential
equation

robot body pose in the world frame. Also, it is assumed that 4. BEHAVIOR SYNTHESIS
the robot is able to stop
Vg, Jut = fg,u*) =0 Afu*|| < k @) A mobile robot behavior is identified, in this paper, with a

subsetB C Sjp,11(F), qo). The trajectories in the subsst
wherek is afinite, positive constant. This model can be used of each behavior are those that verify a viability condition
to model common wheeled robots, such as the unicycle, and
vehicles with limited minimum turning radius. Definition 2.(Viable trajectories). Consider the piecewise
constant, set-valued map : [0, co) — R™, with closed,
convex output values. The output set during the time in-
terval T = [to, t1], is represented by’;. A trajectory
x(t) € Spy,,)(H, x0) is said to be viable it iff

.%'(t) S C—,—, YVt € [to, tl]

In practice, the robot state evolution is constrained by the
limited control inputs available. A differential inclusio
(DI), can be used to model the availability of limited cortro
inputs

€ F(q,U)={peR"uelU]|p=f(q,u)} (3)

where F is a set-valued map and is a compact subset Proposition 1. If initially robot state is viableg(ty) € C,
of R™. Since f is a Lipschitz continuous function, from then the behavior subs&tis not empty.



Proof Assume that initially, the robot state is in the interior bo
of the viable setg(ty) € intC,. Consider a ball with

radiuse, centered on the robot state,(q()), completely
contained in the viable set. The first order Taylor expansion @ @
of any solutiony(t) € Sy, +,1(F, qo) atinstant = t, + 6 is

q(to +6) = q(to) + f(2(to), u(to))d + O(n?)... B

Consider the control input(¢) in the form

Fig. 2. Behavior hybrid automaton
u(t)Z{UOEU t =1

w €U t>tg are denoted as the (Behavior-activeand (ii) behavior-

_ _ inactivecontrollers, respectively.
whereuq is any bounded control input such thfdt (¢o), uo) ) ) )
is not null. Then using the triangle inequality, select akma Thebehavior-activecontroller is used when the robot state

enoughy such that the robot state is still viable: is initially insidg the \{iablt_a sey(ty) € .CT. In this situation,
the set of possible directions of motion for the robot should
llg(to +0) — q(to)]| <€ be constrained b¥; (¢, C;):
i€ Q€ Vola.Cr) € F(q.U) = q(t) € Cr, t € [, t2] ()

| f(a(to), uo)l This controller can be interpreted as altering the robot set
For case when the initial robot state is on the border of theof possible control inputs in a manner such that the state is
viable setg(to) € bdC, then at least the trivial solutionis  always viable. As a result, original the velocity reference
viable,q(t) = q(to) for all t € [to, t1]. signal in (5) is modified accordingly.

U When the robot state is not initially viable, then it should
move towards the viable set. Therefore, thehavior-
inactivecontroller must constrain the robot state trajectories

The viability condition is thus used to specify the robotesta x
do those that make enter C.. For this case, the robot

constraints. In Section 5 are presented viable sets for the "' . X
obstacle avoidance and moving in formation behaviors. Andirections of motion should be confined by the set-valued
important limitation of this approach is that only the teki ~MaPVi(g, Cr):

traje(_:tory may be viable for_a g?ven sét-. A poss?ble G€Vi(¢,Cr) CF(q,U) = 3t > to:qt') €Cr (7)
solution is to have the supervisor in the control architetu

compute a new viable sét., such thatC, N C. # @ and  Thus, with thebehavior-inactivecontroller the robot state
q(t) € intC.. In this manner more viable trajectories are Must reach the viable sét. in finite time.

available to the robot. Because two different control decisions are required to

Although a robot behavior is a class of trajectories, in produce a behavior, the robot controller is modeled with the
general some individual trajectories may be preferred overhybrid automaton

others. For instance, in the patrol behavior the mobile tobo _

should visit the locations WitF;ﬂn a limited time period. Ehu P(Crop) = (Crop Vo Vit g, {20, 21} {bo, 1)) (B)
viable, patrol trajectories with higher velocity modulugsa where the discrete state is used to indicate thag is
preferred in this behavior. This preference over trajéesor  viable, while z; signals thatg is outside the viable set.
is expressed with the introduction of a velocity reference This automaton is denoted thehavior automatomnd is
signal,g,., represented by represented in Figure 2.

Gres(t) = m(p(t), Fa(1), U)) () Definition 3.(Mobile robot behavior). It is the trajectory
wherep(t) is a Lipschitz continuous function and(.) is ~ generated by the robot for the viable 6&t, velocity profile
the euclidean projection of a point on a set. Because ofp(t) and the behavior automatan A mobile robot behav-
the different kinematic and control input constraints, the i0r is represented by the tupl€’-, p(t), T').
same functiop(t) may result in different velocity reference
signals. The functiop(t) is denoted aelocity profile

Itis clear that exist initial viable states and velocity files 4.1 Behavior-Active Controller

such that the mobile robot state will exit the viable set in

finite time. And also that for any given sét. and time If initially ¢(to) € C;, then the motion of the robot can
interval [to, t1], initially ¢(to) can only be either viable be confined to remain insid&;. The idea is to restricj to

or not. If it is viable, then the control architecture should the motion directions such thaf¢) will remain insideC.
constrain the robot state to remain inside. This may be  These directions are computed using the notion of tangent
at the cost of modifying the velocity reference signal. But cone.

if ¢(to) is not viable, then the controller should be such that

the robot state tends towards.. Thus, two different con-  Definition 4. (Tangent cone) Consider the point € A,
trollers are required to produce a desired behavior. Thesavhere A is a closed, convex subset &". Let d(w, A)



be the euclidean distance between pairdnd setA. The direction of motion can be determined using a switching

tangent cone ofl at pointz is the set defined as control law.

d(x +yb,A)
0

Let the unicycle robot position and orientation be, respec-
tively, 7 = [¢» ¢y]’ andge. The unicycle kinematics can be
described, for a suitable choice of coordinate frames, by th
differential inclusion

T(x,A) ={y € R"| eli%l+ =0}

Intuitively, the tangent con@&(x, A) is the set of all direc-
tion.Sy. € R" such thgt starting at and movi_ng_ algng/ q € [cos(qo)Uy sin(qe)Uy Uy’ (11)
an infinitesimal, one is guaranteed to remain insidelf ]

2 is an interior point ofA then all motion directions are  Where the real-valued intervel§ andU,, form the control

possible. But ifz is a point in the border ofd only the inputsetU = U, x Uy. These intervals are in the form
directions that point inward the sdtare part of the tangent 1
cone. Thus, the tangent cone can be used to implement the Uo = [0, Vinaa, Uw = 5[=1, UWinas (12)

2
viability condition on the state trajectories. With V.., and We. the maximum linear and angular

The proposed set-valued map for the behavior-active con-elocities of the robot. These values are determined such
troller is that the motor control inputs of the robot do not saturate. Le
~ _ the center of the convex s€t. be the poin€,,p =¢, — g
Volg, Cr) = T(q,Cr) N F(q, U) ©) be the position error vectofi the orientation of the error
wherej = n(q, C;). vector with the world x axis and = 3 — go. Consider the
Lyapunov candidate function

Proposition 2. If initially the mobile robot state is viable, 1,y

q(to) € C,, then all solutions of the differential inclusion L(q) = 3 [0‘ +p KP)} (13)
q € Vo(g, C-) are viable. with K a positive definite matrix, and the direction vector
Proof Consider the set valued m&p : C. — R defined P
asW(q) = T(¢q,C;) N F(q,U), By construction, this set Winae tanh()0 01], if |af #0
valued-map has closed convex output values and is upper | = P _ (14)
semi-continuous. Also, we have tHat(q) C T'(¢, C;). Set Vinae ttmh(l\pll)[m 0, otherwise

Volq, Cr) = W(q), whereq = (g, C.). The result follows

from the application of the Theorem 5.7 in (Smirnov, 2001). Itis clear thatfor any initial, non viable robot stajg,), the
condition! € Vi (q(to),U) is verified. The Dini derivative

U of the Lyapunov function along this direction is
—aWiae tanh(a), |a| #0
4.2 Behavior-Inactive Controller D™ L(q)(1) =
_ Vinag tanh(fipll)) tc|m|ill(||p|)) o' Kp, otherwise
If q(to) is not initially insideC'(¢) then, the robot statg(t) P (15)

should move toward€’-. The synthesis of the behavior- - Thuys, the direction vectdis first used to orientate the robot
inactive controller is formulated as a posture stabilaati  towards the center point of the viable set. When it is pointed

prOblem. It is assumed that the Only constraint to the rObOtthe robot proceeds a|0ng the direction given by the position
motion is the kinematic configuration. Thus, the behavior- error vector until reaching the center point

inactive set-valued map is

Vi(q, Cr) = F(q,U) (10)
4.3 Composition of Behavior Automata
Definition 5.(Weak stability, (Smirnov, 2001)). Considerthe
differential inclusionz € H(z). The equilibrium point  The behavior of a robot is designed, in this work, using a
x = 0 is weakly stable if velocity profile and a viable set. But in practical situaspn
_ the specifications that produce a desired behavior may be

Vo € 0y(0), 3L € H(z) = D™L(x)(1) <0 hard tpo determine.AIso?the design of new behaviors sh())/uld

whereO,,(0) is a ball centered on the origin with radiys take advantage of previously designed and tested behaviors

L is a Lyapunov function candidate afzi- the lower Dini In these cases, the composition of behavior automata can
derivative. The equilibrium is weakly, asymptoticallylsta ~ be used for the design of new behaviors. Finally, during
if the inequality is strict. the robot operation different behaviors can be combined to

improve the robot interaction with the environment.

Thus, the stabilization problem is to determine a suitable
direction of motion such that the robot state asymptotycall
convergesto a pointinside the viable set. The solutiondo th
stabilization problem s, in general, specific to the kinéma
configuration of each robot. For the unicycle robot, the 3(C2,,p%) =T (CL, pt) ©, T2(C2, p?)

T T

Definition 6.(Composition rule). Consider two behavior au-
tomata,I'' (C1, p') and?(C2, p?). The composition de-
fined as



is the behavior automatdry (C2;, p*): sum of velocity profiles is used to compose behaviors, a null

R velocity profile is usedp,, = 0.
3 =01 72 . .
A set of maneuvering behaviors, e.g turn left or go to lo-

P’ =g(',p°) cation, can also be synthesised with the proposed method-
ology. These behaviors are obtained by specifying the ap-
73 = [max{t}, 12}, min{t}, £3}] propriate velocity profiles and using an arbitrary viablg se

_ ) _ _ ] C, for the robot position. The viable set can be identified
whereg(.) is a Lipschitz continuous function. The compo- jith particular regions of the environment, such as rooms

sition rule can only be applied @2, # 0. or corridors. LetR(¢) be the rotation matrix from the robot
frame to the world frame. The velocity profiles
The result of the proposed composition rule is an hybrid p1=R(q)-[100), pa=R(q)-[001] (17)

behavior automaton with the same structure of the input d fvely. t f dandt left beh
automata. The viable set is a convex, closed subset of th@OaUCe respectively, hgo forward andturn left behav-

original viable sets. And the velocity profile is a functidn o 't(r)]rs' In order to gret\)/etnt ICOII'S'anS W'thbthte elznwronnt:ent,
the input velocity profiles. Thus the composite behavior can € mdaneuver and obstacle avoldance obstacies can be com-
be interpreted as a refinement of the input behaviors. sed.

Because the result of the composition is also a behaviorThe leader-follower approach is used to synthesise the

: .. move in formation behavior. The role of leader is assigned
automaton, the overall control architecture complexity is 9

not increased. This is useful for architectures designed inarbltrarlly to one of the robots, whllethe others are amign
a bottom-up approach the role of followers. The motion of the leader robot is

independent of the others. The position of each follower
The main disadvantage of the proposed composition rule isrobot is constrained to a viable sét;, defined with respect
that it the viable sets of the input behaviors must intersect to the position of the leader robot. In this manner, the
As a result, the control architecture must be able to reasorrelative positions in the formation for each follower are
with the available behavior automata to determine whenspecified. The velocity profile of the follower robots is
the composition is valid. Also, it can be required to plan copied from the leader robot. Thus, a communication link
a sequence of compositions such that a desired behavior iamong the robots is required for this behavior.

obtained.

5.1 Simulation Results
5. BEHAVIOR DESIGN EXAMPLES . .
A set of three simulations where conducted to test the
proposed behaviors and also the composition rule. The
simulations where executed in the Octavesnvironment.
The viable sets used are convex polyhedrons, circumscribed
within circles.

Assume the surveillance system has available a set of iden
tical mobile robots, with unicycle kinematic drives. These
robots are modeled by the differential inclusion (11). For
the composition rule, Definition 6, the sum of the velocity
profiles is used In the first simulation, the dynamics of the behavior automa-
pP = g(p,p?) = p' +p? (16) ton vyhe_re examined. _T_he robot desired behavior, denoted
’ elliptic, is the composition of thgo forward and theturn
left behaviors. Both use the same viable set, a fifteen facets

A commonly required behavior in mobile robots is the _— ; :
obstacle avoidance. This behavior can be obtained by Conpolyhedron, centered at the origin and with a radiu8.of

suaing e root posiion 0 an obstaciefee reqias, Y 1 1001 Us 00 b pactes octer
The viable set’,, is determined such that the robot posi- PP e . Lo '

o o8 ; X with a elliptic trajectory, until hitting the set border. &h
tion it always inside and a safety distance is kept from the

obstacles. In Figure 3 an example of a constant widlthis robot motion was constrained by the viable set, and it pro-
presented, where the small filled circle is the robot pasitio ceeded along the set border. Eventually the trajectory was

again in the interior of the viable set and the robot moved
away from the set border. The robot motion and the viable

Coa —* set for this simulation are presented in Figure 4.
" Obstacle The obstacle avoidance behavior was tested in the second
----- simulation. An obstacle is placé€d, 0), the required safety
distance is0.05 and the width of the obstacle avoidance
£ t, L, viable set is).1. The robot behavior is the composition of
the previous elliptic maneuver behavior with the obstacle
Fig. 3. Example of the obstacle avoidance viable set avoidance. Because initially there are no obstacles in the

vicinity of the robot, it exhibited the elliptic trajectary

Because the viable set is, by construction, free of obstacle
then any viable state trajectory is permitted. And since the?! http://www.gnu.org/software/octave/
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S kinematic drives. The methodology was exemplified on the
lposton. )4 synthesis of a diverse range of commonly required mobile
robot behaviors.
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A composition rule was also presented, for the combination
of different behaviors. With the use of this rule, new be-
haviors can be synthesized from the available ones. In this
manner, behaviors can be used as basic building blocks of a
general control architecture.
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Future work includes (i) extending the synthesis approach
‘ ‘ ‘ ‘ ‘ ‘ ‘ to other kinematic solutions, (ii) considering the robetet
A estimation error and (iii) further development of the cohtr
architecture.
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Fig. 5. Obstacle avoidance behavior
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