NUMERICAL ALGEBRA, d0i:10.3934 /naco.2013.3.31
CONTROL AND OPTIMIZATION
Volume 3, Number 1, March 2013 pp. 31-48

SAFE AND RELIABLE COVERAGE CONTROL

DuSAN M. STiPANOVIGC AND CHRISTOPHER VALICKA

Coordinated Science Laboratory
Department of Industrial and Enterprise Systems Engineering
University of Illinois at Urbana-Champaign, Urbana, Illinois, USA

CLAIRE J. TOMLIN

Department of Electrical Engineering and Computer Science
University of California at Berkeley, Berkeley, California, USA

THOMAS R. BEWLEY

Department of Mechanical and Aerospace Engineering
University of California at San Diego, La Jolla, California, USA

ABSTRACT. In this paper we consider a problem of designing control laws for
multiple mobile agents trying to accomplish three objectives. One of the ob-
jectives is to sense a given compact domain while satisfying the other objective
which is to avoid collisions between the agents themselves as well as with the
obstacles. To keep the communication links between the agents reliable, the
agents need to stay relatively close during the sensing operation which is the
third and final objective. The design of control laws is based on carefully con-
structed objective functions and on an assumption that the agents’ dynamic
models are nonlinear yet affine in control laws. As an illustration of some per-
formance characteristics of the proposed control laws, a numerical example is
provided.

1. Introduction. When controlling and coordinating multiple agents one of the
main issues is to provide a guarantee that there will be no collisions between the
agents as well as with the obstacles. Not only that the problem of collision avoid-
ance is difficult on its own (one of the reasons being its relation to differential
games [17, 2, 29]) yet the complexity significantly increases if additional objectives
are considered, especially in the case when the agents’ dynamical characteristics
are represented by nonlinear models. Due to its relation to the Liapunov stabili-
ty approach known for its applicability to control of nonlinear systems, a concept
of avoidance control introduced by Leitmann and Skowronski [22] and later fur-
ther developed by Leitmann and his collaborators in [23, 24, 25, 7, 8], provided
much needed theoretical framework to tackle issues of controlling multiple nonlin-
ear systems with collision avoidance as one of the objectives. The avoidance control
framework was initially established as a Liapunov based approach to pursuit-evasion
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dynamic games yet its applicability goes well beyond its original formulation. So
far the method has been successfully applied to multi-vehicle systems involving d-
ifferential drive robots [26], quadrotors [44], miniature helicopters [31] as well as in
modelling human behavior [3]. A more recent and comprehensive survey on both
theoretical and application results of avoidance control is provided in [38].

General multi-objective problems are also known to be extremely difficult to
solve. This can be understood by recalling that even in the simpler static cas-
es (meaning no differential equations are involved) of mutiobjective optimization
formulations the most common approach is to avoid vector optimizations and intro-
duce appropriate scalarizations of the problems [28]. We follow this approach in our
paper by using approximations of minimum and maximum functions used first in
differential games [37, 39] and later used to construct Liapunov-like goal functions
for multi-objective problems in controls [40, 41] where each objective is represented
by a corresponding objective function. Collision avoidance objective is represented
using modified avoidance functions [36] which are active only in bounded domains
around the agents. Coverage control objective is described using an area integral
[15, 16] and the agents’ sensing domains are assumed to be compact circular region-
s. We provide additional analysis on how to differentiate area integrals dependent
on time in the case when the individual agents’ sensing areas overlap. This is an
extension of the result valid in the case when the agents’ sensing domains do not
overlap [42]. Since the coverage control problem is a singular control problem [45],
we construct an area integral which differs from the ones used in [15, 16, 42] because
we do not assume a priori that the agents are forbidden to leave the search area. At
this point let us recall that the origins of coverage control date back to a problem of
a search of an unknown (static or mobile) object studied in the differential games
literature [4, 27, 30]. Finally we formulate proximity objective functions using sim-
ple penalty function forms since the proximity objective is needed for reliability of
the communication links and not treated as a main objective which was the case
in, for example, [46]. In order to illustrate the proposed design we consider a sce-
nario with three agents represented by nonlinear and nonholonomic models which
are affine in control. The agents’ goal is to sense a given domain which is a square
(yet the design procedure does not depend on the shape of the area) while avoiding
collisions and maintaining reliable communication links.

2. Avoidance and proximity control for multiple agents. In this section we
show how to design avoidance and proximity control laws based on appropriately
constructed objective functions. We start by assuming that the agents’ dynamic
models are nonlinear yet affine in control so they can be written as

T; = fl(I“ul) = gl(arl)ul + hZ(IJ, Il(O) = Zjo, YVt € [O, —|—OO)7 Vie N (1)

where N denotes a number of agents, N = {1,...,N}, z; € R™ is the state,
u; € R™ is the control input/law, and z;, is a given initial condition for an i-th
agent. It is relevant to note that these nonlinear affine in control models include
differential drives and car-like models [34]. The n;-dimensional vector functions
fi(+,), © € N, are assumed to be continuously differentiable with respect to both
arguments. The agents’ control inputs are assumed to belong to the set of admissible
feedback strategies with respect to the overall state x = [z7,... 2%]T € R, that
is, u; € Uy = {¢i(-) : R™ — R™i} for all i € N. An admissible set of feedback
strategies consists of those strategies which would guarantee both existence and
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uniqueness of the closed-loop state trajectories of differential equations in (1) (for
more details we refer to, for example, [6, 9]).

2.1. Avoidance objective functions. The avoidance control objectives include
avoiding collisions with static obstacles as well as collisions between the agents. A
modified avoidance function to be used to avoid collisions between agents ¢ and j
has the following form [36]:

2
(2} — 2})" Py (af —a¥) — R},
¢ () = [ min {0, —— P T2 ?
vz] (JJ) <mln { ’ (;17:10 — xé))TP” (xf - xé)) - Ti2j ( )

where R;; > r;; are positive scalars and Pj; is a positive definite matrix for any
pair (7, 7). The superscript p denotes position state variables which form a subset of
the corresponding agent’s state variables. Particular values for r;;, R;; and P;; are
chosen to satisfy the safety requirements which are related to particular scenarios
and dynamical characteristics of the agents. In a similar way, a modified avoidance
function to be used to design a control input for an agent ¢ to avoid an obstacle
denoted by a positive integer [ takes the following form:

v () = (min {0 (e = ap)” Puley = of) - B })2 , (3)

D (af —ap) T Py(af — ) — 13

P =

where R;; > r; > 0 are positive scalars and P; is a positive definite matrix
corresponding to the pair (i,1). These parameters are chosen so that the set
{z : (z = 29)TPj(z — 29) < r}} either exactly defines or over-bounds obstacle
I, and R; is chosen based on the sensing capabilities of an agent 1.

The gradients of the avoidance functions v{; are given by [36]

0, dij > Rij;
a (R, —ri)((@?—3;)" Pij(@?—2;)—R%) , p T
‘%g ] YT TR T (xf —25)" Pij, rij <dij < Ry (4)
a‘ri not deﬁned, dij = Tij
0, dij < Ty

where £; denotes :v? if j corresponds to an agent or xj if j corresponds to an

obstacle. In addition, ||y||p,, = \/yT Pijy where y is a vector and P;; is a positive
definite matrix of appropriate dimension. Finally, for short notation we set d;; =

o ~ 51,

2.2. Proximity objective functions. During the operation we assume that the
agents exchange information via wireless communication links. In order to keep
these links reliable the agents need to stay close. This requirement is formulated in
terms of distances between the agents being smaller than particular distances which
guarantee reliable communication links. This means that any two agents ¢ and j
are accomplishing other objectives (such as coverage) while trying to keep mutual
distance to be less or equal to a distance Rij which allows them to communicate
without interruptions. To formulate a proximity objective for agents i and j to be
distance wise closer than Rij, we use the following function (similar to the ones
used in [16]):

DD Py _ p_ D)2 _ P22
’Uij(xivxj) = max{0, ||z} _'er _Rij} . (5)
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Then the gradient of the proximity function with respect to the i-th agent’s position
state variables can be computed as

e .
app = 4max{0, ||z} - 2| = R Haf — )T (6)
K3

2.3. Designing avoidance and proximity control laws. In order to accomplish
multiple objectives using a Liapunov-like analysis we adopt an approach that is
based on differentiable approximations of minimum and maximum functions [39,
40, 41]. Since this paper deals with control applications (not differential games as
in [39, 40, 41]) we only need an approximation of the maximum of the form

p(d,a) =

N
>_al, (7)

where § € Ry = (0,+00), a = [a1,...,ay]? € RY, and N is a positive integer. We
also recall the following functions of either ¢ or a [40, 41]:

Po(8) =D(6,a) for any given a € RY,
ps(a) =p(0,a) for any given 6 € Ry, (8)

where p,(a) is known as a p-norm of a denoted as ||a|, when p = § € [1,+o0].
In what follows, we will denote Euclidean norm without the subscript, that is,
I-1I =1 ll2- Let apr = max;en{a;} and define M as a variable taking the integer
value of the index of a maximum a;, that is, M = j. Maximum approximation
functions given in equation (8), when N > 2, satisfy that ap < 5,(d2) < 7,(d1),
V(61,02)(0 < §1 < 2 < 400), and also that lims_, 4o 7,(6) = anr [40, 41].

The advantages of using approximation functions in (8) are that they can be
used as an appropriate scalarization for multiobjective problems [28] as well as
incorporated using a Liapunov-like analysis to establish sufficient conditions for
achieving multiple objectives. Furthermore it is assumed that each objective is
represented by a scalar nonnegative function v;;() : [to, +00) x R® — [0,400),
where the subscript j denotes the j-th objective, the subscript ¢ denotes the i-th
agent, and ty denotes initial time. Objective functions are functions of time and
agents’ state variables, in general. Let us assume that the i-th agent’s goal is to
accomplish IV; objectives which are formulated as v;; < €;; for some nonnegative
numbers ¢€;; which are chosen appropriately. For example if a proximity function
in (6) satisfies v;; < 0 then the distance between agents i and j is less or equal
to Rw Then, a sufficient condition for agent 7 to accomplish all objectives can be
formulated as follows [40, 41]:

Ps(Vit, ..., vin,) < min{e;r, ... 6N, ) 9)
In the case in which all ¢;; are positive, condition (9) can be relaxed to [40, 41]
ﬁé(ﬁyilv’ilv s 7FYZ'N7;UZ-N1’) < 17 where Yijg = 1/€ZJ7.] € {15 R N’L} (10)

Notice that inequality (10) implies v;; < 1/7;; = €;; which means that all of the
agent i’s objectives are satisfied.

Now let us assume that the overall goal (which is to accomplish all of its objec-
tives) for the é-th agent is mathematically formulated as v;(¢,z) < e where

vi(+) = Ps(virvin (), - -+, Yin, vin; (+))- (11)
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These objectives are formulated in terms of avoidance functions in (2) and (3) as
well as proximity objective functions in (5). One way to satisfy all objectives is to
decrease values of function v;(-) along the trajectories of (1) in time until it satisfies
the goal condition at some time ¢t = T when v;(T, z(T')) < € because py(-) is always
greater or equal to the maximum value of the objective functions. This approach is
very appropriate in the case of multiple agent dynamic systems where the dynamics
of the agents are affine in control such as in equation (1). In that case control inputs
can be designed using the agents’ dynamics and the gradients of their goal functions
as

ovy(z) "

ii(z) = —kigl (x:) B,

(12)

where k; denotes a positive scalar gain.

It was shown in [37, 39] that when the agents’ models are nonlinear and the goal
is to accomplish multiple objectives then the goal function may not be monotoni-
cally decreasing (or nonincreasing) in time (as in the standard Liapunov functions
approach) and one way to deal with the issue is to use differential inequalities to
establish a sufficient condition for accomplishing the goal. To illustrate this let us
assume that v(t, z(tp)) > R and that a goal is to achieve v(T,z(T)) < R, R > 0, as
well as determine an instant of time T > tg. Then let us bound the time derivative
of the goal function using a function G(-,-,-) : [0,400) x R™ x R — R, that is,

ov(t,z)  Ov(t,x)
ot + ox
for any (t,x) € [to, +00) x R™. The choice of G(-,,-) is very much problem depen-
dent yet it is often chosen to be equal to the time derivative of the goal function.
Furthermore if the maximal solution z(¢) [19, 10] of the comparison differential
equation:

ft,za(t, z)) < Gtz v(t,x)) (13)

2(t) = G(t,z(t), 2(t)), z(to) = 20 (14)

t);
with initial condition zo > v(to, o), satisfies Z(T') < R for some T', then v(T, z(T)) <
Z(T) < R and thus the goal is achieved at t = T.

3. Coverage control. In this section we concentrate on the design of agents’ cov-
erage control laws when their dynamics are affine in control. The coverage control
problem is formulated in terms of an area integral which depends on time as a
parameter and the value of this integral shows how well the area is covered. The
coverage itself is done with a group of agents with limited and nonuniform sensing
capabilities. If one uses a Liapunov approach to establish a sufficient condition that
the area is properly covered then one of the issues which arises is the differentia-
tion of an area integral depending on time as a parameter (also known as Leibniz’s
integral rule). This was not treated as an issue in [15, 16] and an initial result
involving one sensor or multiple sensors with non-overlapping sensing regions was
provided in [42]. In this paper we provide a formula for the differentiation of an
area integral which is computed over the domain in the case when agents’ sensing
regions do overlap. We also provide a design of the coverage control laws for agents
with nonlinear models affine in control based on a modified area integral (comparing
to the one used in [15, 16, 42]). This modified area integral enables the agents to
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search an area without imposing an additional constraint which is not allowing the
agents to leave the area.

3.1. Differentiation of double integrals depending on a parameter. In this
subsection we recall some known results and provide some new derivations related
to the differentiation of area integrals related to our coverage control formulation.
Let us first assume that f(¢, 21, Z2) and W are continuous functions in the
domain {(t,21,22) : (¢, 21,22) € [t1,t2] x D(¢t)}. Constants t; and to are given.
Now we will recall some results for the case when D(t) is a compact region in R?
bounded by a smooth Jordan curve C(t) which were reported in [42]. We start by
considering the time derivative of the following area integral:

/ f t 21,2’2 ledZQ (15)
D(t)

which can be computed as [11, 21]

—d‘zlf):% / f(t, 51, Z2)d51d5, ://7af(tbil’22)d21d22+l(t) (16)

where

% f t 21,2’2 <%d22 — %dzl) (17)
C(t)

and the integration is done in the counterclockwise (that is, positive) direction. It
fits our scenario to assume that for each ¢ the region D(t) is a circle, that is,

D(t) = {(21,22): (21 — 21(1)* + (22 — 22(1))* < R*(1)},
Clt) = {1 2): (B —x®)’+ (2 - 2()* = R* (1)} (18)
where the radius R(t) may be time dependent. Since the sensing regions are often

assumed to be circular one can assume that the function f(,-,-) : R®> — R has the
following form:

Ft, 21, 22) = g(t, (21 — 21(1) + (22 — 22(1))?) (19)
for some nonnegative and continuously differentiable function g(-,-) : Rx Ry — Ry,
R4 = [0,400). These assumptions would correspond to the case of an agent having
a circular sensing region where the quality of sensing depends on how far the point
(21, Z2) € R? is away from (21(t), 22(¢)) which is the position of the agent at time .
Then equation (17) can be rewritten as

I(t) = % g(f, (21 — Zl(t))Q + (52 - Zg(t))2) (%dZQ 8822 dzl) (20)
C(t)

To simplify the expression in equation (20) let us introduce a change of variables
as [42]

Zr = zi(t) + R(t) cos o,
Zo = z2(t) + R(t)sing (21)

which implies
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g(t, (21 = 21(1)* + (22 — 22(1))*) = g(t, R*(t)) on C(t) (22)
and [21]
0Z1 : - :
5 = A (t) + R(t) cos @, dzZ; = —R(t) sin pdp,
% = Zy(t) + R(t)sing, dz; = R(t)cos pdyp. (23)

Then in [42] it was shown that I(t) = 27 R(t)R(t)g(t, R?(t)) which results in

- / / Wcﬂéld@ +2nR(R(t)g(t, R(1)). (24)
D(t)

This result is interesting in the sense that it shows that the integral I(t) is zero
either if the function f(t,-) (that is, g(¢,-)) is equal to zero on C(¢) or the radius
R(t) does not depend on time. Also if the radius R(t) is decreasing with time
then I(t) is negative which is desirable if a designer uses a Liapunov approach in
coverage control where the goal would be to guarantee that d.J/dt is negative if the
full coverage is not achieved (like in [15, 16]). Unfortunately this result applies only
to the case when the agents’ sensing regions do not overlap. In the case when the
agents’ sensing regions do overlap, the boundary of an area integral is not smooth
anymore which makes the computation of the derivative of the area integral (16)
more difficult. In order to show how the differentiation should be done in the
case of overlapping sensing regions let us start with a scenario with two agents
with overlapping sensing domains as depicted in Figure 1. The agents ¢ and j two
dimensional position state vectors (usually Cartesian coordinates) at time instant
t are denoted as x} () and 27(t), respectively. Their sensing radii are denoted as
R;(t) and R;(t). Now the area of integration D(t) is still a compact region in R?
yet it is bounded by C(¢) which is now only piecewise smooth. In this case C(¢) can
be represented as the union of two smooth arcs connected at points A(t) and B(t)
as depicted in Figure 1. Now let us again consider the problem of differentiating
the area integral in equation (15), that is,

dJ(t) d s
%:E /f(t,zl,zg)dzlsz . (25)
D(t)

Furthermore let us assume that we have at least three times continuously differen-
tiable function F(t, %1, Z2) and recall that the Green’s theorem is valid for domains
with piecewise smooth boundaries [21, 47] so we can write

//8—22d21d22 % Fdil (26)

C(t)
for any given t. The same result applies to OF/0t, that is

// GInE 2d21d22 f —le (27)

D(t) c(t)
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Af)

B(7)
FiGURE 1. Two agents with overlapping sensor domains.

where we use simplified notation for F' = F(t, 71, %2). At this point we use the

formula for the differentiation of a line integral over a smooth arc IT(?) = A(t)B(t),
with its end points A(t) and B(¢), as [21]

d N OF OF (0% 0%y dz |B®
< Fdz | = | Sz 7z dzy — 224 FEL
dt / A1 / ot 1T / 9z (6t 27 ot Zl) dt |4, (28)

L(t) L(t) L(t)

By differentiating both sides of equation (26) we obtain

// ledZQ = —% % ngl (29)

c®)
and by splitting the integration over C(t) to integration over two smooth arc-

s A(t)B(t) and B(t)A(t) (integration is done in the counterclockwise or positive
math direction) we obtain the following

d . d -

D<f> A B(1) B(DA(t)

Now from equations (28) and (30) it follows that

OF (0% ,. 0
// 6z2d21d22 = f—dzl—i- % 622 (%d?jQ—gd,&j)

D(t) ()

B(t) A(t)

s+

dz
P&
+ dt

dz;

(31)
A dt

B(t)

where dz;f/dt denotes a derivative with respect to a parametrization of a smooth

arc A(t)B(t) and dZ] /dt denotes a derivative with respect to a parametrization of
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a smooth arc B(/t)A\(t). Using equation (27) we can rewrite (31) as

~ 7~ oF (951 ~ 62’2
dt // 8z2d21d22 // 8158 2d21d22 + % 8_22 (WdZQ — Ed21>

D(t) D(t) C(t)
B() s—1A®)
dz d
4 Fi = . (32)
dt A(t) dt B(1)

Following the proof of formula (28) provided in [21] we set OF(t,Z1,%22)/0%2 =
f(t,Z1,22) (which is admissible due to the assumption that F(-) is three times
continuously differentiable) and finally obtain:

/ —ledZQ

d X\~ s
E / f(t,Zl,Zg)dzleQ

D)
. 0%z ,. 0%y .
+ % f(t,Zl,ZQ) < atleQ — 6—t2d21)
C(t)
dz+ |B® di— |40
dt {4 dt |p
Equation (33) can be rewritten as
d o of _
E / f(t7 21, ZQ)dzleZ = / 8—{d21d22
D)
- 0z .. 0%y .
+ j{ f(t, 21, 22) < 8t1d22 - 6t2d21)
C(t)
Y
dt at ) pu
+ F LTI ﬁ (34)
dt at ) s '

If the boundary C(t) is piecewise smooth then dz;/dt and dZ; /dt derivatives will
not match at the points of discontinuity A(t) and B(t). Also, it can be easily
deduced from our derivation that if there is an overlap of an arbitrary number of
agents’s sensing areas with M critical points A;(t), ¢ € {1,..., M}, equation (34)
will generalize to

d o of
a / f(tv 21, ZQ)dzleQ = / a—‘:dzleQ

D(t)

0z 0%
7{ f(t, 21, 22) <—1d 2 — 8—t2d21>

C(t

dzit  dz
R O A e B |
+; (=1) dt dt
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where binary numbers b;(t) € {0,1} depend on the location of critical points, and
dzit/dt and dZ}” /dt are the derivatives with respect to the parameterizations of
the two smooth curves meeting at the point A;(t).

3.2. Coverage error function and control laws. In this subsection we concen-
trate on a particular design of control laws for nonlinear systems affine in control.
Sensing capabilities of an agent i are modeled by the following function [15, 16]:

Si(p) = =i max{0, R} — p}* = Sl(p) = —2ﬁ max{0, R} — p} (36)

K2 (2

and given that the number of agents is N, a cumulative sensing function is given
by

t

N
ata) = [ (_Z&(Mf(ﬂ—ﬂ?)) dr (37)

0

where ¥ = [#1,72]7 € R? and 2%(-) is a two dimensional function of time that
represents the planar position of the agent i. Let us define h(w) = (max{0,w})?, so
that A’ (w) = 3 (max{0,w})? and A’ (w) = 6 max{0,w}. We consider the following

coverage error function [15]
e(t) = h(C* — Q(t,2))p(Z)dT1dT (38)
I

where D is a given compact domain to be covered, C* is a positive constant which
value is a design parameter and ¢(Z) is a nonnegative scalar function which can be
used to incorporate any preferences or prior information in covering the domain. A
value of the parameter C* is chosen depending on how well we would like to search
the area [15, 16]. Larger values of C* force agents to spend more time sensing each
point in the domain and the value itself is what mathematically captures what we
denote as the satisfactory coverage. It is also interesting to point out that Q(-)
and e(-) depend on 2¥(7), 7 € [0,t], i € N, yet they are defined as functions of
time by assuming that the agents trajectories are known. Also notice that as initial
conditions we need only initial values of the state vectors and not vector functions.
These facts simplify our notation and allow us to treat e(-) as a function of time.
Since our approach is based on the Liapunov analysis we are faced with the issues
of computing the time derivative of the error function given in equation (38). Two
major issues with this approach can be pointed out by using equation (35). The first
issue is the computation of the integral over a boundary C(t) as well as the jumps in
equation (35). This issue is bypassed due to the fact that if there is no overlapping
between agents’ sensing regions these terms are equal to zero and in the case when
an overlapping exists our numerical simulations show that its influence is minor
and thus can be neglected. The other issue is that the control laws do not appear
in the first derivative of the error function which means that we are dealing with
the case of singular control [45]. The solutions to problems of computing singular
controls are known to be particular and thus highly depend on the formulations of
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the particular problems. In [15, 16, 42] a function of time é(¢) defined as

é(t) / / & (0"~ QU 2)6(2)) dirdy

- [[ e -awa) (Z Sl (t) - f||2>> S@NEdT, (39

which represents one term of the time derivative of e(t), was considered. Again, the
time derivative of e(t) includes also a one dimensional integral over the boundary
of a domain of integration as well as computing values of jumps as in equation (35).
Because this is the case of singular control, it was shown how é(t) can be used
instead of e(t) in [15, 16, 42]. This was done under the assumption that the agents
do not leave the search domain which may allow é(t) to converge to zero without
implying that e(t) converges to zero. In order to prevent this from happening and
without adding an additional constraint, we define a new function of time é(t) as
follows:

N
&) = — / / WO - Qt7) (S* ~ 3 Sl 0) — 5:||2>> o(7)dindis  (40)
D =1

where S* is a positive constant that satisfies S* > SN | M; so that $*— 3" | S;(ps)
> 0 for any {p1,p2,...,p~n}. The motivation to use é(¢) instead of é(¢) is that the
convergence of é(t) to zero implies that e(t) converges to zero yet é(t) can converge
to zero by forcing Zfil Si(p;) to go to zero by, for example, agents just leaving the
search area which will not result in e(t) converging to zero. Now we proceed by
defining

an

“ ‘// % (W(C* = Q(t,2))(S* — 5(t,2))$(%)) ditrdi
D

- / / W(C* — Q(t,£))S(t, 7)(S* — S(t, %))d(&)dF1ds
D
N

2y [[1e - ata)sime.a) 6o - " Odndz (@)

i=1"p5

where p;(t, ) = ||2¥(t) — Z||* and S(t, %) = Zfil Si(pi(t,7)). Equation (41) can be
rewritten as
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T, al(t) = [CLU (t), ;2 (t)]T, and

(1), %, (1)
[ e~ auas.as - sen)o@)in i

where #¥ (t) = [&}

ao(t)
D

a®) = 2 [[W(C - QoS E) O - 8)dndoa
D

ast) = 2 [[H(C - QS D) h(t) - Bo)dmdzs (43)
D

Now, if we assume that the agents’ partial dynamics corresponding to the position
variables are given by ¥ = ¢¥(x;)u$ then u§ is only a portion of the agent’s control
vector which corresponds to the position state variables. This portion of the control
vector may be designed as

ul(t) = kigl (zi) ai(t), i € N (44)

where kf is a positive coverage gain for an agent ¢. It is interesting to note that
the difference between this control law and the ones used in [15, 16, 42] is the sign
which is due to the assumption that the agents are not assumed to leave the search
domain. The proposed control laws result in

N
&) = ao(t) + > K¢ ||gP (x)Tas(t)])” (45)
=1

Notice that é(t) in equation (40) is nonpositive by construction which implies that
é(t) needs to be nonnegative. If the agents’ dynamics include extra terms h;(-),
1 € N, as formulated in equation (1), the control laws would stay the same yet it
would result in additional terms appearing in equation (45). This would require

further investigation of the nonnegativity of é(t) depending on particular functions
h,l(>, i € N.

3.3. A numerical example. To illustrate the methodology for computing control
laws for agents described by nonlinear yet affine in control models, we assume
that the models are unicycles, that is, differential drives. Therefore we assume
that each agent i, where the total number of agents is still denoted by NV, that is,
1€ N={1,..., N}, is modeled using the following unicycle model:

I.:Z-Dl = U41 COS(Iig)

.p . .
&, = wir sin(ax;3) (46)
Ti3 = Uqi2

where 2? = [z}, 2%,]7 denotes position state variables, z;3 is an orientation angle,

and x; = [(xf)T, Jiig]T is the state vector. Speed control input is denoted as u;1; and
angular velocity control as wu;s so that the overall control input for the i-th agent
is given by u; = [uil,uig]T. Thus the unicycle dynamic model fits the models in

equation (1) with:

cos(x;3)
Sin(.Iig )
0

gi(zi) = (47)

_= o O
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At this point it is important to note that the three objectives are described by
functions given in equations (2), (3), (5), and (40) which are functions of position
variables. As a consequence objective Liapunov-like functions depend only on the
position state variables, that is, a Liapunov-like function for the i-th agent can be
represented as

v = vi(a}, 7)), ¥ ={af 1 j #1i, j € Ni} (48)
where N; is a set of agents interacting with agent i. This set is defined by arguments
of v;(+). Then, the control laws of the agents, given by equations (12) and (44), aim
to decrease (in the case of collision avoidance and proximity objectives) or increase
(coverage objective) functions that can be represented in the following form:

w; (t, x, ’U,Z) = (bil(t, I) COS(ZEig) + big (t, CC) Sin(Iig)) Uq41 (49)
where b;;(t,x) = 0v;/dx;5, j € {1,2}, for the collision avoidance and proximity
control laws (v;(+) is given in equation (11)) and b;;(t, ) = ai;(t), j € {1,2}, for the
coverage control laws (coefficients a,;(t) are given in equation (43)). This implies
that we can choose control laws u;; as

Uil (t, CC) = Czkf (bil(t, I) COS(ZEig) + biQ(t, CC) sin(xig)) , 1€ N (50)

where ¢; = —1 for collision avoidance and proximity objectives and ¢; = 1 for the
coverage objective. Positive gain k] is related to speed and is a design parameter.
By substituting equation (50) into equation (49) we obtain

wi(t, z,ui(t,z)) = cik? (biy cos(zis) + o sin(2s))?

b;
ciks (b3 + b%) sin? <xi3 + arctan <b—1>) (51)
i2

where for short notation we denote b;;(¢, z) as b;;, j € {1,2}. From equation (51)
it can be concluded that the control u;; is maximally efficient (in either case) when
the heading angle equals to

b;
Xgs = @) = m/2 — arctan (b—l) . (52)

i2
Now, the angular velocity control of an i-th agent which would steer the agent
towards the desired heading angle can be designed as a PD controller of the form
[26]

de?
dt
where k7 denotes a positive gain which is another design parameter.
Now let us consider a scenario with three nonhomogeneous unicycles and two
obstacles. To simplify the presentation we denote agents with indices {1,2,3} and
obstacles with indices {4,5}. One of the objectives for the three agents is to search
a 32 x 32 square domain placed in the positive quadrant with its lower left vertex
positioned at the origin. The initial positions for the agents 1, 2, and 3 are at
(12,7), (14,15) and (24, 7), respectively. All the units are assumed to be normalized
and thus need not be specified. Two obstacles denoted by indices 4 and 5 are of
ellipsoidal shapes centered at (7,12) and (16,25), respectively. Positive definite
matrices for avoidance functions (given in equations (2) and (3)) which are not
equal to the 2 x 2 identity matrix are Pjy4=P;5=Py4=Ps5=P3,=P35=diag{0.5,1}.

wip = =k (w3 — ¢f) + (53)
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Avoidance and detection regions are spherical regions specified by m; = 1, R1; = 3,
ro;j =1, Ro; =3, r3; = 1, R3; = 3. It is assumed that the ellipsoids defined by P;;
and R;;, i € {1,2,3}, j € {4,5}, define the two obstacles 4 and 5, respectively. The
proximity and avoidance control galns which appear in equation (12) and refer to
the speed control input are kl =1, kz =1, and kg = 1. Similar to the numerical
example scenario considered in [42], we assume that only agents 2 and 3 are in
charge of avoiding collisions between the agents yet all three agents need to avoid
the obstacles. Unlike the scenario considered in [42] we assume that all agents are
trying to satisfy the proximity constraints. The proximity regions are the same and
defined by R;; = 10 for all i and j. The scaling coefficients (in equation (11)) for
the collision avoidance objective functions are chosen as v;; = .015, vyp; = .0015,
and 73; = .0015 for all j. The scaling coefficients (again we refer to equation (11))
for the proximity objective functions are chosen as v1; = .0001, 79; = 3.5-107°
and y3; = 1075 for all j. Also, § = 2 in equation (7).

Agents are also assumed to be nonhomogeneous in terms of their sensing capac-
ities and their coverage regions’ radii are Ry = 32v/2, Ry = 2, R3 = 2, and their
maximal peak sensing capacities are My = 1/75, My = 6, and M3 = 6, respectively.
Again, similar to the scenario proposed in [42] we choose a coverage/sensing region
for agent 1 to be capable to sense the whole domain from any position in the do-
main and in this way avoid using additional global coverage control as proposed
and needed in [15, 16]. Agents’ speed coverage control gains in equation (44) are
k§=25-10"% k§ =5-107%, k§ = 2.5-1075, and the coverage constant is C* = 40
while the prior knowledge function ¢(-) is set to be identically equal to one. It is
assumed that any two agents ¢ and j exchange coverage information only if their
relative distance is smaller than Rij = 10. This is incorporated into our analysis
by modifying the summation over all agents with a summation over a set of agents
that can exchange the information in equations (37)-(40). The overall speed control
law for each agent was obtained as the sum of the coverage speed control law and
combined avoidance and proximity speed control law. The heading angle control
law for each agent was designed by using only a proportional part of the PD control
law given in equation (53) with gains set as k¥ =1, 7 € {1, 2,3}, where the desired
angle is equal to the sum of the coverage desired angle and combined avoidance and
proximity desired angle, each being computed using equation (52) with appropriate
corresponding coefficients b;; (-).

The top view of agents’ trajectories as well as the two obstacles is provided
in Figure 2. Agents’ initial positions are depicted as green dots and agents’ final
positions as red dots. Trajectories for agents 1, 2 and 3 are depicted in magenta,
black and blue, respectively. The coverage error function (38) versus time is given
in Figure 3. A color coded depiction of the quality of coverage with agents’ final
positions is provided in Figure 4 where the satisfactory coverage is chosen as C* =
40 and color coded in light green. Finally pairwise distances between the agents
themselves as well as agents and obstacles together with avoidance, detection and
proximity levels are given in Figure 5. The coverage error function converged to

zero in T = 7919[s].

Conclusions. In this paper we proposed an approach to avoidance, coverage and
proximity control based on the concept of avoidance control and careful construc-
tions of individual objectives’ functions. Agents’ dynamic models are assumed to be



SAFE AND RELIABLE COVERAGE CONTROL 45

FIGURE 2. Agents’ trajectories and obstacles.
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FIGURE 3. The coverage error function versus time.

nonlinear yet affine in controls. We also indicate and provide some solutions to cov-
erage control related problems which stem from the differentiation of area integrals
depending on time as a parameter. As an illustration, a numerical example with
three nonhomogeneous nonholonomic agents and two static obstacles was provided.
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F1GURE 4. Color coded quality of coverage with agents’ final positions.
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FI1GURE 5. Pairwise distances between agents, and agents and obstacles.
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