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Multi-Agent Control Using Coverage Over
Time-Varying Domains
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Abstract

Multi-agent coverage control is used as a mechanism to influence the behavior of a group of robots by
introducing time-varying domain. The coverage optimization problem is modified to adopt time-varying
domains, and the proposed control law possesses an exponential convergence characteristic. Cumbrous
control for many robots is simplified by deploying distribution and behavior of the robot team as a
whole. In the proposed approach, the inputs to the multi-agent system, i.e., time-varying density and
time-varying domain, are agnostic to the size of the system. Analytic expressions of surface and line
integrals present in the control law are obtained under uniform density. The scalability of the proposed
control strategy is explained and verified via numerical simulation. Experiments on real robots are used
to test the proposed control law.

1 Introduction

Coverage control of multi-agent system has been drawing attention for a long time due to its wide appli-
cations, such as surveillance or exploration of an interested region. However, most of works consider these
regions are static. We investigate the case that the interested areas are dynamic in this paper and extend
the potential applications of coverage control of multi-agent systems. Typically, coverage control employs a
group of robots to optimally cover an interested area. A classical solution to coverage problems is proposed
by involving proper partitions of the domain[I} [2]. Coverage control based schemes have been previously de-
veloped for multi-agent systems, e.g., broadcast control (BC) scheme [3] and pivot-based collective coverage
algorithm [4]. In [5] [6] the authors introduce a mechanism to influence the collaborative behavior between
robots in coverage control by associating time-varying densities to the domain. An approach to perform
coverage control on moving regions is discussed in [7]. However, the robot team is not able to maintain the
centroidal Voronoi tessellation (CVT) configuration of the moving region, which will be one of the topics
considered in this paper.

In this paper, the coverage control algorithm [5] is taken as a mechanism to affect the behavior of a big
multi-robot team by involving time-varying domains. We define a time-varying subdomain in the workspace,
and command the robots to optimally distribute in the time-varying subdomain. Under this strategy, when
the subdomain moves and the shape or the scale of the subdomain changes, the robot team will act in
a coordinating manner. The proposed control strategy allows the multi-objective control of multi-agent
systems to be simplified into manipulating the subdomain directly, e.g., patrolling along the trajectory, and
changing the size of robot group. Nevertheless, the formation of the robot team can be controlled by adopting
time-varying densities within the subdomain as suggested in [G] [§].

The outline of this study is as follows. In Section [2| we state the coverage problem and recall pertinent
prior work. The coverage control over time-varying domains strategy is proposed in Section Analytic
solutions are presented in Section [f] under the uniform density. The scalability of the proposed algorithm
is presented and validated in Section[5} A robotic implementation of the proposed control scheme together
with results of experiments are illustrated in Section [6] Finally, conclusions are summarized in Section [7}
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2 Preliminaries

Coverage control will be used as a mechanism to influence the behavior of the multi-robot team, to coordinate
their inter-robot motion, and manipulate their motion in the workspace. In this section, we provide some
preliminary descriptions of the coverage control problem that is addressed with the modifications needed to
account for time-varying domains.

2.1 The Coverage Problem

Let p; € D C R be the position of the i** robot, i € {1,...,n}, in the domain of interest D, i.e., the robot
workspace. Further define a convex time-varying subdomain S(t) C D, such that robot i is said to lie in the
subdomain at time ¢ if p;(t) € S(¢). Let 0S(t) denote the boundary of the subdomain at time ¢, and let g(?)
be differentiable for almost every ¢ € 9S.

We will use the locational cost [9] as a metric of the coverage performance in the subdomain S(¢) at time
t:
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where p(t) = [pf(t)7...,p2(t)]T is the configuration of the multi-robot team and ¢ : S(t) x [0,00) —
(0, 00) is a density function that captures the relative importance of the points in the subdomain at time ¢,
differentiable in both arguments. The subdomain is partitioned into regions of dominance, and these form a
proper partition of the subdomain. We utilize a Voronoi tessellation of the domain, given by

Vilp,t) ={a € S(t) | lIpi —all <llp; —all Vi}
where for ease of notation we have dropped the explicit time dependency on the configuration of the multi-

robot system.

2.2 Centroidal Voronoi Tessellations

A necessary condition for the minimization of the locational cost in is known to be that the agents form
a centroidal Voronoi tessellation (CVT) of the domain [9], i.e.,

pi(t) = ci(p,t) Vi
where we define ¢;(t) € Vi(p,t) to be the center of mass of Voronoi cell i at time ¢, given by
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where m;(p, t) is the mass of the corresponding cell,

2.3 Coverage Control Law

In [5], a control law was proposed which was later shown in [6] to achieve exponential converge to a CVT in
the case of time-varying densities. This control law was called TVD-C for time-varying densities, centralized

case, given by
. e\ ! Oc
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where the tuning parameter £ > 0 controls the exponential convergence rate, and

c(p,t) = [cl (p, t)T, . en(p, t)T]T



When many agents are used, the control law called TVD-D;, which stands for time varying densities,
decentralized case with 1-hop adjacency information, bypasses difficulties with computing the matrix inverse
in by approximating it with the truncated Neumann series,

p=(1+2) (setwt) - p) + 2. (5)
(143 ( )

The matrix g—; in and is a block matrix that possess the sparsity structure of the Delaunay graph
associated with the Voronoi tessellation [6]. The ij*® block is given by
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where 0V;; = V; N'V;, and Ny, is the Delaunay graph neighbor set of agent ¢. These are (d—1)-dimensional
integrals (e.g., line integrals if D C R?), and are zero if 9V;; = 0 (i.e., two cells are not adjacent), or if the
shared boundary has zero (d—1)-dimensional measure (e.g., points in 2D).

T T
Assuming that the domain of interest is static, the partial 3 85 in is given by % = % ey Bgf } ,
where 96
867; . fvi(p,t)(qici)ﬁdq (8)
ot m;(p, t) '

Although the control law in was derived with consideration to time-varying densities over static
domains, the proof of exponential convergence in [6] is still valid when the domain of interest is time-varying
with almost everywhere differentiable boundary, as long as p;(tg) € S(tg) Vi. However, additional terms
are needed in to capture the evolution of the subdomain. In the following sections, we will derive the
needed terms such that is able to provide exponential convergence to a CVT configuration, even when
the subdomain of interest is time-varying.

3 Time-Varying Domains

In order to retain the exponential convergence to a CVT property of control law . we will need to add
additional terms 1n ) to capture the evolution of the time-varying domain. For the subsequent analysis, it
is assumed that 2 5 ex1sts and is known for almost every ¢ € 9S(t).

Note that the center of mass integrals in are time dependent in both the integral kernel and the
domain of integration. Thus, Leibniz integral rule is needed.

Lemma 1 (Leibniz Integral Rule[10]). Let Q(p,t) be a region that depends smoothly on t and that has a
well-defined boundary 0Q(p,t). If F(p,t) fQ(p " f(p,t,q)dq for differentiable f, then

OF / or / aq"
- = q+ p,t,q)5; nlq)dg

where 7(q) is the unit outward normal for q € 9Q(p,t).
Application of Lemma|l| to yields the following result.

Proposition 1 (Time-Varying Domains). Let S(t) be the convexr subdomain to be covered with boundary
OS(t). Assume that % exists and is known for almost every q € 0S(t). Let 9S;(p,t) = dS(t)NV;(p,t). Then
the partial derivative Bactz , which captures the time evolution of the center of mass of the i Voronoi cell due

to the motion of the subdomain and the change in density function, is given by

de; 1 / d¢ 1 / dg" .
= q-— dq + q—c)o(q,t)— ndq. 9
ot m; (p7 t) Vi(p,t)( ) ot mg (p7 t) 0S;(p,t) ( ) ( ) dt ( )




Proof. By the product rule, we find

dei _ o (fVi(w) 490, 1) dq) _ ci(p,t) Om;
ot mi(p,t) mi(p,t) Ot

Both terms now contain derivatives of integrals with time-varying integral kernels and domains. Applying
Leibniz integral rule to the first term yields

B / o g™
o qo(q,t) dq =/ qqu+/ qé(q,t) 5, ndg
ot ( Vi(p.t) (@) ) Vipt) Ot aVi(p.t) %

Then the latter integral can be split into two terms: for ¢ € 9S;(p,t), and for ¢ € IV;(p,t)\9S;i(p,t). Note
that only the points on the boundary of the subdomain change explicitly with time, i.e., since 5 = 0 for
almost every point g ¢ 9S;(p,t) we get

9 / d¢ dq”
a7 q9(q,t) dgq =/ qqu+/ q9(q,t)— ndq.
ot ( Vip.) (@) ) Vipt) Ot 9S:(p.t) 0 g

Omi we find
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Similarly, for

om; / d¢ / dq”
= -, dg+ o(q,t)—, ndg.
ot Jvips Ot 2S:(p.1) T

Collecting like terms, we get

) T,
Oc; f‘/i(p7t) (g — Ci)ng dq fasi(p,t)(q - Ci)¢(q7t)% ndq

ot m;(p,t) m;(p,t)
as was to be shown. [ ]

Corollary 1 (Exponential Convergence). The control law in with updated partial derivative as in Propo-
sition[1] yields exponential convergence to a CVT with exponential decay rate controlled by k > 0 over smoothly
time-varying domains and densities, as long as p;(to) € S(to) Vi.

Proof. Same as in [6]. [ |

Propositionintroduces a new term in the computation of %Ct when compared to , which allows us to

explicitly take into account the evolution of the subdomain. This additional term can serve as an exogenous
input to the multi-robot team to control their collective position and scale, while the density function can
be chosen to provide the desired shape in multi-robot team formations, as suggested in [I1]. These choices
of inputs possess the advantages of being flexible with respect to the size of the system, and as well as being
identity-agnostic, so that the input may be chosen without the need of performing assignments of roles, such
as is needed in leader-follower schemes.

In the next section, we explore the coverage problem over uniform densities in convex 2-polytope subdo-
mains, and analytical expressions are found for the terms in and .

4 Coverage over Convex 2D-Polytopes with Uniform Density

We now focus on the class of coverage problems where the subdomain is a convex polytope in R? with N
vertices using uniform density, i.e., with ¢(q,t) = 1 for all ¢ € S(¢) and ¢ > 0. As an immediate consequence
of this, the first term in expression provided in Proposition [1I| becomes zero. For this class of problems, we
will further see that we can find analytical expressions in terms of time, neighboring agent positions and
boundary conditions in that agent’s Voronoi cell. The control law can be computed solely on local neighbor
information and broadcasted domain information. We begin by considering the vertices of a Voronoi cell.



4.1 Vertices of the Voronoi Cell

Assuming that agent i has k' neighbors, the i*® Voronoi cell will be a convex 2-polytope with at least h/—1
vertices. To account for vertices due to the intersection of the Voronoi cell with the the subdomain boundary,
we will assume the Voronoi cell consists of M > h'—1 vertices. We will denote the vertex due to neighbors
j and k (which can be determined by employing a Delaunay triangulation [12]) as V;;,. The vertex location
Viji is given by the circumcenter of the triangle formed by connecting the position of these three agents p;,
p; and pi, and can be found analytically in terms of these [13| [I4]. We present the equation below for the
sake of completion,

1 aipi+ a;pj + opi
2 Ipij| Pllpjel 1 — (pfpin)?

Vijrk =

where the agents are assumed to be oriented in a counterclockwise order, where p,, = pp — pa, and where
2, T 2, T 2, T
a; = |lpjxlI*pi;pik, & = Ilpirll"pijprss o = |piz|I"PirDii-

Denote Vs, to be the /" vertex of the i*" Voronoi cell that is on the subdomain boundary, where without
loss of generality these are assumed to be ordered counterclockwise. These may be domain polytope vertices,
or may be vertices due to the intersection of the Voronoi cell with the subdomain. As the former vertices
are assumed to be known, we provide an analytical expression for the latter.

Any point ¢ on a face of the subdomain may be expressed using the vertices that define the face via the
parameterization ¢ = Ly(7) = S + (0S*+1) — dS?)r for certain 7 € [0, 1], where without loss of generality
the vertices of the subdomain S* are assumed to be ordered counterclockwise, and where 9SN*! = 9S*.
Let any point ¢ € 0V;;, the interior Voronoi face due to two agents ¢ and j that intersects polytope edge Ly,
be given by ¢ = R;;(s) = %(pZ +p;) +tijs for certain s € R, where ¢;; = S(p; —p;) with S = [(1) _01} being a
skew symmetric rotation matrix. The sough after vertex Vjs; is given by

Visj = 08"+ (0510 — as*) 7

which exists if

o Gitp)-8SY

€ [0,1]
(05D — 089" (p; — py)

found from solving for 7 in L,(7) = R;;(s).
The mass and center of mass can now be computed analytically in terms of the vertices of the Voronoi
cell.

4.2 Mass and Center of Mass of a Voronoi Cell

For convenience, denote the vertices of the i*" Voronoi cell as Vij(p,t), 7 € {1,..., M}, which are assumed

without loss of generality to be ordered counterclockwise. Then the mass and center of mass may be computed
s [14]

M—-1

1 T
i(p,t =9 Vz'(j+1)SVij
j=1
N-1
T
ci(p,t) = 6m o Z (Vig+1) + Vij) (Vi(jJrl)SVij)'
(3 ) ]=1

4.3 Partial Derivatives of a Centroid

For a convex 2-polytope subdomain, every Voronoi cell is also a convex 2-polytope, and the boundary
integrals in @, , and @D may be solved along each face analytically by using the parametric line integral
as in the following lemma.



Lemma 2 (Parametric Line Integral). Let the line integral of f(q) along L be denoted by [, f(q)dq where
the point q = [q1,q2]T can be parameterized such that if ¢ = h(t) and g2 = g(7) for some T € [to,t1], then

/ f(g)dg = / " F(R(r), gl () lde
L to

where || (7)]] =/ (§2)2 + ().

Let that 0S;(p,t) = 0S(t) N Vi(p,t) = Uj 685, where 88;-7 is the j*" Voronoi cell face shared with the

subdomain boundary. Each of the BSij is a straight line, connected by two Voronoi cell vertices v{ and v%.
By linearity of the integral, the partial derivative @D may be computed as

S [

where v;(t) is the velocity of the points in the boundary 85{ , assumed to be the same for every point,

J_ .
et

T .
projected in the unit outward direction (i.e., v;(t) = :I:% S Vg € 9S] depending on the orientation

o3~
of the vertices).

Lemma 3 (Analytic Partial Derivatives).

Under uniform density and a convex 2-polytope subdomain with 885 = U{v%, @ can be expressed as

e () + () o

and for OV;; = vl (©) may be expressed as

O __ Il 10 ) (of =) + 2 (00 - e = o) + (] — )] - )"

op;  mallpi — pil 2
(o) -
2 1 2 1 .

Proof. Assume the following parameterization of the points ¢ € asg’ = v{v% ,

Q(T) = U{(l - T) +U%7‘, TE [07 H

It follows that ¢’ = (v} —v?) for all 7, and consequently dq = ||v} —v?||dr. Applying Lemmato the integral

in (@)

ac; v;(t ! j j - /
“ _ZM/O (w1 =)+ vdr — ) 1o — o] .
J

m;

The result follows from expanding and integrating the terms. A similar process can be applied to @ by
instead using the vertices that make up the boundary for 0V;; in the parameterization. ]

5 Scalability of the Algorithm

In this section, we will argue that the proposed algorithm is scalable for a large group of robots (e.g., robot
swarms). As a well-known fact in the field of computational geometry, the number of edges meeting at a
vertex in the Voronoi diagram is not less than three, and each edge connects two vertices; it follows Euler’s
relation that the average number of edges of a Voronoi cell equals six[I5] [16]. This fact is the key for our
algorithm’s significantly reduced computational cost.



Table 1: Number of agents (out of 100) categorized by their neighbor sets A; (i.e., number of neighbors).

| Sizeof N; | 2 [3] 4 [5] 6 [ 7|

Simulation Number of Agents
Trial 1 4 1 31 10 | 47 7
Trial 2 1 4 29 9 50 7
Trial 3 2 3 28 9 52 6
Trial 4 3 4 28 8 51 6
Trial 5 3 13| 27 |9 52 6
| Average |26 |3[286] 9 [504]64]

5.1 Complexity Analysis of the Algorithm
Here we analyze the time complexity of the proposed algorithm for a single agent p;.

1. There are many well-studied algorithms to construct Voronoi diagrams, such as the Incremental Inser-
tion Method and the Divide and Conquer Method[15]. The quaternary incremental algorithm builds
the Voronoi diagram for n seeds with average complexity O(n) despite its worst-case complexity O(n?),
and the Divide and Conquer Method has an average and worst-case complexity O(nlogn)[I6]. In our
algorithm, agents only require the density and boundary information within their own Voronoi cells
(which can be computed in a distributed way [14]) and their Delaunay neighbor positions to compute
the quantities in . As described in [5], the matrix inverse in TVD-C can be approximated using
the truncated Neumann series expansion so that an agent only use as much information about the
multi-robot team as it has access to. For one agent in our algorithm, only a partial Voronoi diagram,
which is generated by the agent itself, its neighbors (|\;| = 6 on average), and its neighbors’ neighbors
(to enclose the Voronoi cells of NV, a total of 12 on average) is needed instead of the overall Voronoi

diagram. Thus, the time complexity becomes O (‘U ien, Ni UN;

), which is on average constant time,
by using the quaternary incremental algorithm.

2. We can obtain necessary information for g—; in the control law (i.e., masses m; and m;, centroids ¢; and
¢; of Voronoi cell V; and V; € NV;) in constant time thanks to analytic expressions derived in previous
section. The complexity becomes O(1) on average in light of the fact of average number of neighbors
is independent of the size of the robot team.

3. The complexity of computing %c; is determined by the number of edges of its Voronoi cell (O(M)).

Similarly to the previous cases, as the number of edges depends on the number of neighbors, the
complexity is constant time on average.

4. Given the above terms, the control law for agent p; can be calculated with time complexity O(1).

5.2 Validation of Scalability

We show the asymptotic nature of the average number of neighbors and the efficiency of the control law for
a large group of robots via numerical simulations. The simulation of the proposed control strategy was run
for five trials using 100 robots with random initial configurations, and the outcomes are collected in Table
[[l Around fifty percent of agents have 6 neighbors in the simulations. The majority of the remaining agents
actually had less, with only about 7% having no more than seven neighbors.This percentage increased with
the size of the swarm.

Moreover, simulations of the proposed control law with and without term % are conducted. The simula-
tion is shown in Fig. [T, where a team of 100 robots is performing coverage of a subdomain which is tracking
a circular trajectory. The instantane%us aggregated CVT error e, (t) = ||p(t) —c(p, t)]| of the proposed control

C

strategy with and without the term % is shown in Fig. i. As we can tell from the results, the steady state
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Figure 1: Simulation of a group of 100 single-integrator robots (i); the center of subdomain (asterisk) moves

along the circular trajectory (dash line) in counterclockwise fashion. Results of the simulation of the control

law with and without the additional feedforward term % (ii).

mean values of the simulation with and without % are 0.0562 m and 0.1248 m respectively. The aggregated
CVT error 0.0562 m for 100 robots (i.e., 0.000562 m on average for each robot) suggests that the proposed
control law converges to a CVT. The % term improves the error performance by 54.97% in this scenario
with a large group of agents. The error is not exactly zero because the distributed form of the control law
was used, which does not perform feedforward on every agent in the team. Thus, the agents on the boundary
can immediately follow the motion of subdomain as they have direct access to the boundary conditions (i.e.,
whose Voronoi cell boundaries have overlapped edges with subdomain’s boundaries), but the agents on the

interior must wait for the boundary conditions to propagate through feedback.

6 Multi-Robot Implementation

(i)

Figure 2: Multi-robot implementation of control law with (i) and without (ii) term %. 10 robots travel from
left end of workspace (blue box) towards the right end (green box) while avoiding the obstacles (red boxes).
The subdomain translates and scales over time. An overhead projector is used to visualize the subdomain,
goal location and obstacles in real time.

In section 4] the coverage control laws (EI) and are modified to account for time-variations in the
subdomain and the terms needed for the equations are provided analytically in the case of uniform coverage
on a convex 2-polytope domain. The results were simulated on a large team of robots in Section |5} In this
section, we implement the proposed control strategy on a group of real mobile robots. The experiments are
carried out on a workstation with Intel(R) Xeon(R) W-2125 processor, and the algorithms are implemented
in MATLAB. The multi-robot team consists of 10 Khepera IV differential-drive mobile robots. A motion
capture system consisting of 8 Vicon Vantage V8 cameras are used to provide real-time position information
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Figure 3: Results of experiments. Profiles of aggregated error from optimal configuration with and without

term % are indicated by blue solid line and red dot line

of the multi-robot team, and an overhead projector is used to visualize a virtual environment and Voronoi
tessellation. The robot workspace is defined to be a 5.182 m x 3.658 m (17 feet x 12 feet) rectangular area.

6.1 Experiment Description

An experiment is carried out to validate the proposed control strategy with a rectangular subdomain 9S(t) =
[Trmin(t); Tmaz (E)] X [Ymin (), Ymaz (t)] with uniform density. In the experiment, we synthesize control laws
for the different agents by driving the coverage domain for a group of robots to achieve a motion plan. The
experiment is shown in Fig. To achieve the task, the subdomain simultaneously translates and scales to
go through the narrower passage and avoid the obstacles. The velocities for the subdomain boundaries are
defined as piece-wise constants to achieve the desired scaling and translation. The metric used to determine
performance of the proposed control strategy on the real robots is same as that in simulation. The control
law and analytic expressions presented in Section [4]are used for the experiment with a control gain k = 2.

As mentioned in Corollary [1} the aggregated error e, is expected to decay exponentially to zero under
control law TVD-C (almost exponential convergence under control law TVD-Dy), up to the error introduced
by the mapping of the control law to the differential-drive motion of the robots, wheel saturations, and delays.
For comparison, the experiment is executed with and without the term %, to evaluate the contribution by
the inclusion of the term.

6.2 Experimental Results

From Fig. we can tell the difference between performances with and without %. The robots form and
maintain an almost symmetric configuration with % (Fig. ) while the robots lag behind the motion of
subdomain (Fig. i) and could fail to catch up if the subdomain moves faster. Moreover, the profiles of
lp(t) — e(p, t)|| are plotted in Fig. [3| for the experiments of implementing the control law with the inclusion
of the % term and the absence of it, and they are shown as blue solid line and red dot line respectively. The
aggregated error e, greatly decreases at first, as expected due to the exponential convergence. As the agents
approach their CVT configuration, delays, saturations, and errors in mapping velocities to differential-drive
introduce small disturbances that result in variations along a small constant value. The mean of the steady-
state values of the metric are 0.0323 m (i.e., 0.0032 m per robot — well within the footprint of the robots
which are 0.14 m in diameter) and 0.057 m for with and without the inclusion of %. There is a noticeable
improvement in e, of nearly 43.3% due to the presence of the feedforward term.
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Conclusion

An innovative control scheme is developed of synthesizing multi-agent controllers via coverage control on
time-varying domains. The approach offers a capability of controlling the behavior of multi-agent systems
by simply manipulating the domain to be covered, and it has the advantage of being agnostic to the size of
the system. Analytic solutions for the uniform density case is obtained, and scalability of the approach is
demonstrated. The feasibility of proposed control strategy is validated in simulation for a large number of
agents and experimentally on a team of real differential-drive wheeled robots.
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