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Deep and Decentralized Multi-Agent Coverage of a
Target with Unknown Distribution

Hossein Rastgoftar

Abstract—This paper proposes a new architecture for multi-
agent systems to cover an unknown distributed target quickly and
safely and in a decentralized manner. The inter-agent communi-
cation is organized by a directed graph with a fixed topology and
We model agent coordination as a decentralized leader-follower
problem with time-varying communication weights. Given this
problem setting, we first present a method for converting the
communication graph into a neural network, where an agent
can be represented by a unique node of the communication
graph but multiple neurons of the corresponding neural network.
We then apply a mass-centric strategy to train time-varying
communication weights of the neural network in a decentralized
fashion. This implies that the observation zone of every follower
agent is independently assigned by the follower based on positions
of its in-neighbors. By training the neural network, we can ensure
safe and decentralized multi-agent coverage control. Despite the
target is unknown to the agent team, we provide a proof for
convergence of the proposed multi-agent coverage method. The
functionality of the proposed method is validated by a large-scale
multi-copter team covering distributed targets on the ground.

Index Terms—Large-Scale Coordination, Multi-Agent Cover-
age, and Decentralized Control.

I. INTRODUCTION

Multi-agent coverage has received a lot of attention from
the control community over the past few years. Multi-agent
coverage has many applications, such as wildfire management
[1], [2], border security [3], agriculture [4], [5], and wildlife
monitoring [6]. A variety of coverage approaches have been
proposed by the researchers that are reviewed in Section I-A.

A. Related Work

Sweep [7], [8] and Spiral [9], [10] are two available methods
used for single-vehicle coverage path planning, while Vehicle
Routing Problem [11], [12] is widely used for multi-agent cov-
erage path planning. Stability and convergence of diffusion-
based multi-agent coverage are studied in Ref. [13]. Decen-
tralized multi-agent coverage using local density feedback is
achieved by applying the discrete-time mean-field model in
Ref. [14]. Multi-agent coverage conducted by unicycle robots,
that is guided by a single leader, is investigated in Ref.
[15], where the authors propose to decouple coordination and
coverage modes. Adaptive decentralized multi-agent coverage
is studied in [16], [17]. Ref. [18] offers a multiscale analysis
of multi-agent coverage control that provides the convergence
properties in continuous time. Human-centered active sensing
of wildfire by unmanned aerial vehicles is studied in Ref. [2].
Ref. [19] suggests applying the k-means algorithm for the
planning of zone coverage by multiple agents. Reinforcement
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Learning-(RL-)-based multi-agent coverage control is investi-
gated by Refs. [4], [20]-[23].

Authors in [20], [24]-[27] used the Vononoi-based approach
for covering a distributed target. This widely accepted ap-
proach considers multi-agent coverage by N agents, defined by
set ¥V ={1,---,N}, and decomposes search (coverage) domain
C c R" by defining Voronoi partition
Vi@={geC:llg-ril* < llg-r;I° Ve V\{i} }, VieV,

ey
where r; € C is the position of agent i € V. The coverage cost
is then defined by

1
H(q)= 5 Z/ lla—rillp (9 da, @
i (q)

iev Vi

where the proof for multi-agent coverage convergence is avail-
able. Note that most of the available work uses the Lyapunov
Theorem to provide the proof for the convergence guarantee,
where they model every agent i € V by a single integrator
dynamics. Voronoi-based coverage in the presence of obstacles
and failures is presented as a leader-follower problem in Ref.
[24]. Ref. [28] experimentally evaluates the functionality of
the Voronoi-based and other multi-agent coverage approaches
in urban environments.

B. Contributions

Voronoi-based control [20], [24]-[27] is a main approach
for multi-agent coverage widely studied by the control com-
munity. Voroni-based cell decomposition requires positions
of all agents to assign the Voroni-based zone allocated to
individual agents. As a result, achieving a truly decentral-
ized coverage may be difficult or at least computationally
expensive, if possible. This paper develops a method for
decentralized multi-agent coverage of a distributed target with
an unknown distribution that is specified by a discrete set. We
propose to define inter-agent communications by a deep neural
network (DNN), which is called coverage neural network,
with time-varying weights that are obtained such that coverage
convergence is ensured. To this end, the paper establishes
specific rules for structuring the coverage neural network and
proposes a mass-centric approach to train the DNN weights
at any time ¢ that specify inter-agent communication among
the agent team. Although the target is unknown to the agent
team, we prove that the weights ultimately converge to unique
values that quantify target distribution in the motion space.
The functionality of the proposed coverage method will be
validated by simulating aerial coverage conducted by a team of
quadcopter agents. Compared to the existing work, this paper
offers the following novel contributions:
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Contribution 1: The paper develops a method for decen-
tralized partitioning and coverage of an unknown distributed
target, with discrete positions in R", where n = 2,3 is the
dimension of the motion space. Compared to the Voronoi-
based approach [20], [24]-[27], the proposed DNN-based
multi-agent coverage does not apply the Voronoi-based par-
titioning by using Eq. (1), based on the current positions of
the agents. Indeed, the DNN structure, specifying inter-agent
communications, is fixed and assigned based on the agents’
initial positions.

Contribution 2: The proposed multi-agent coverage approach
learns the inter-agent communication weights in a forward
manner as opposed to the existing neural network learning
method, which trains weights by combining forward and
backward iterations [29]. To be more precise, every neuron
represents an agent, with the output specifying the agent’s
actual position, where the DNN weights of every non-input
layer are solely assigned based on the outputs of the connected
neurons of the previous layer in real time. More specifically,
weights input to a hidden layer are assigned based on the (i)
outputs of the previous layer and (i) target data information
independently measured by observing the neighboring envi-
ronment. We provide proof of convergence for the proposed
learning approach.

Contribution 3: We propose an algorithmic approach for
structuring inter-agent communications based on the agent
team initial formation arbitrarily distributed in R” such that
the communication graph can be converted to a DNN. The
proposed approach classifies agents as leaders and followers
and ensures that every follower agent communicates with
n+1 in-neighbors, where the in-neighbor agents form a n-
D simplex enclosing the follower. The DNN structure remains
time-invariant but the DNN weights are time-varying.

C. Outline

The remainder of the paper is organized as follows: The
problem statement and formulation are given in Section II.
The paper methodology is presented in Section III. Assuming
every agent is a quadcopter, the multi-agent network dynamics
are obtained in Section IV, followed by simulation results in
Section V, and a conclusion in Section VII.

II. PROBLEM STATEMENT AND FORMULATION

We consider a team of N agents identified by set V =
{1,---,N} and classify them into the following three groups:

1) “boundary” agents identified by Vg = {bl,m ,bNB}
are distributed along the boundary of the agent team
configuration;

2) a single “core” agent identified by singleton V¢ is an
interior agent; and

3) follower agents defined by V; =V \ (Vg JV¢) are all
located inside the agent team configuration.

Note that V can be expressed as V = Vg |J Ve U V), where
Vg, Ve, and V; are disjoint subsets of V, i.e. VgV =0,
VeV =0, and V; (Vg = 0. Inter-agent communication
among the agents are defined by graph G (V,&) where & C
YV xV defines edges of graph G and each edge represents
a unique communication link. More specifically, if (j,i) € &,
then i accesses the position of j € V.

Definition 1. We define

N@={jeV:(,ie&E}, VieV. 3)

as the set of in-neighbors of agent i € V.

A. Neural Network Representation of Inter-Agent Communi-
cation

The reference (initial) configuration of the agents is used
to specify the graph G (V,E), which can be represented
by a deep neural network with M +1 layers. We use set
M ={0,---,M} to define the layer identification numbers.
Therefore, set V can be expressed as

v=Jw, 4)

where Vp through Vj, are disjoint subsets of V. We use W),
Wi, -, Wy to identify the neurons of layers O through M
of the coverage neural network, and W, and V) are related by
WV le{0,M
a2V oMy )
WioiUVe 1e M\{0, M}
Note that Wy =Vy = VpJ Ve defines neurons that uniquely
represent boundary and core agents. Also, Vy = VgUVe
defines the leader agents and V \ V, defines the follower
agents. N(i) =0, if i €V} is a leader.

Definition 2. For every neuron i € ‘W; at layer [ € M\ {0},
I(i,l) € W)_, defines those neurons of ‘W;_; that are con-
nected to i € ‘W,. Assuming the agent team forms an n-
dimensional configuration in a three-dimensional motion space
(n=2,3), we use the following key rules to define 7 (i,l) for
every i € W, and [ € M\ {0}:

1 IfieW_ N\W and [ € M\ {0}
n+l IfieW,—W_; and [ € M\ {0}
n+l Ifie Wy '
0 IfieW

MAGHIE

(6)

Evolution of
neuron 5 € W,
X5 = f5(Xs, us)
rs = hs(xs, us)

(@ (b)

Fig. 1: (a) Graph G(V,E) representing the
coverage neural network that consists of three
layers (M = {0,1,2}), where V = YUWVNUV,

v ={1,---,26}, Vo ={1,2,---,6}, V, ={7,11,15,19,23},
and V5 = {8,9,10,12,13,14,16,17,18,20,21,22,24,25,26}.
(b) Neural network representation of the communication
graph G.

We note that N (i) and 7 (i,/) can be related by

(Z@@D=N(). (N
Lle M\{0} ie W\ Wiy

For better clarification, we consider an agent team with
N =26 agents identified by set V = {1,---,26}, where the
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team forms a two-dimensional configuration (n = 2) shown in
Fig. 3 (a). The inter-agent communications shown in Fig. 3 (a)
can be represented by the neural network of Fig. 3 (b) with
three layers M = {0,1,2}. In this example, Wy = {1,---,6},
defining the boundary and core leaders, has no in-neighbors,
and W, = {8,9,10,12,13,14,16,17,18,20,21,22,24,25,26},
defining followers, each has three in-neighbors. Also,
{7,11,15,19,23} € ‘W, each has three in-neighbors, but the
remaining neurons of {1,---,6} € ‘W) that are repeated in layer
0 each have one in-neighbor.

Neuron i € W, Neuron i € V; = W, — W,_, in layer | € M \ {0}

In-Neighbor Neurons
Jip =iy, fnaa}

Activation Function

Fig. 2: Activation functions, inputs and outputs of neurons of
the coverage neural network. (Left): An example neuron in
i € W)y. (Right): An example neuron i € in layer [ € M\ {0}

B. Differential Activation Function

The DNN neurons represent agents, where each neuron
receives the agent’s desired position as the input and returns
the agent’s actual position as the output. Therefore, unlike
the available neural network, neurons of the coverage neural
network are operated by differential activation functions given

b
Y {Xi =1 (x;,w;)

s e W, . 8
r; =h; (x;) rew, teM ®)

In Eq. (8), x; e R and u; € R™ denote the state vector and
the control of neuron i, respectively, and h; : R" — R3, f; :
R~ — R~ and g; : R™i — R™x.iX".i are smooth functions
(See Fig. 2).

Note that neuron i € ‘W, represents agent i € V where the
the nonlinear differential activation function, given by Eq. (8),
is indeed the dynamics of agent i € V. Therefore, the output
of neuron i, denoted by r; € R3*! is the actual position of
agent i at time 7. The input of neuron i is indeed the desired
trajectory of agent i € V and obtained by

p; (given) ieWwW,
Sieranwiy(Or;() i€ W, e M\{0}’
where p; is a desired constant position for leader agent i € V)
(Vo =Wh). Also, w; ;(t) >0 is the time-varying communica-
tion weight between i € W;\“W;_, and j € 7 (i,[), and satisfies
the following constraint:

ANA

le M\{0}ie W\ Wi

€))

rq(t) =

Z wij()=1],  vi.  (10)

JeI(i,l)

C. Objectives

Given above problem setting, this paper offers a DNN-
based method for optimal coverage of target set O with
distribution that is unknown to the agent team. To achieve

this objective, we assume that positions of boundary and core
leaders, defined by V), are known, and solve the following
three main problems:

1) Problem 1-Establishing Inter-Agent Communica-
tion: The communication graph G (V,&) needs to be
structured such that it can be converted to the a neural
network with the properties specified above. We propose
an algorithmic approach to obtain graph G (V,E) based
on the initial configuration of the agent team.

2) Problem 2-Abstract Representation of Target: We
develop a mass-centric approach in Section III-B to
abstractly represent target by position vectors p; through
pn that are considered as agents’ final desired positions.

3) Problem 3-Decentralized Target Acquisition: We pro-
pose a forward method to train the the DNN weights,
and assign control input w; such that actual position
r; converges to the desired position p; in a decentral-
ized fashion, for every i € V \ “Wy. By decentralized
convergence, we imply that agent i € V \ ‘W, does
not know global position p; but actual position r;(?)
asymptotically converges to p;, as ¢t — oo.

III. METHODOLOGY

We consider an agent team that is contained by a convex
polytope with vertices that are occupied by Np boundary
leader agents b; through by, . This convex polytope, defined
by the boundary agents, is called leading polytope. The agent
team applies the DNN-based coverage method to cover a
distributed target that is specified by finite and discrete set
D ={1,---,n4}, where d; € R¥! is the position of target
data i € D. Set D defines ny entities, where agents can use
their onboard sensors to identify each target data (entity). For
example, in search and rescue operations, the target set D
can represent ny persons affected by a tragedy on the ground,
which can be pinpointed by heat from the drones’ onboard
sensors. The agents team can be made up of N multicopter

drones.
Assumption 1. The target set D is contained by the leading

polytope with vertices that are known and considered as
desired positions of boundary agents. However, the target
distribution inside the leading polytope is unknown to the
agent team.

Assumption 2. Boundary leader agents form an n— D poly-
tope in R", thus, the boundary agents’ desired positions must
satisfy the following rank condition:

rank([sz —Pb, Pbn, —pbl]) =n an

If Assumption 2 is satisfied, the leading polytope, de-
fined by the boundary agents, can be decomposed into Ny,
disjoint n-dimensional simplexes all sharing the core agent,
defined by Vc. We use cp, p,,....by, €V to identify the
core agent, i.e. Ve = {Cbl,bZ"",bNB . These leading sim-
plex cells are identified by set £ = {1,---,Np}, where S; =

hit,-- ,hi,n,cb,,bz,...,bNB} defines vertices of simplex cell
ie L and

/\ (rank ([Pr,, — PNg+1

iel

Phi, —PNg+1]|) =n). (12)
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Remark 1. Note that h; 1, , hy,; € S; \ Ve are the boundary
agents which in turn implies that

J\ (S\Ve) € V). (13)
iel
Also, Wy =Vp can be expressed as follows:
Wy = U S.. (14)

iel
For better clarification, the 2-D (n =2) agent team config-
uration shown in Fig. 1 is a pentagon with vertices occupied
by boundary agents b1 =1, by =2, b3 =3, by =4, and b5 =5.
The pentagon can be decomposed into Ny =35 triangles, all
sharing the agent ¢y 2345 = 6. Vertices of these triangular
cells are defined by S; ={1,2,6}, S, ={2,3,6}, S3={3,4,6},

S, =1{4,5,6}, and S5 ={5,1,6}.
Assumption 3. Every agent i € V\Vy has n+1 in-neighbors,

therefore, /\ /\ (ING)|=n+1). (15)

le M\{0}ieV;

Assumption 3 implies that the DNN structure holds the
following properties:
N UZGDI=n+1), (162)

le M\{0} ie W\ W

(rGEnl=1). (16b)

le M\{0} ie Wi N Wi

In this paper, we use V, V;, and N (i) when we refer to
actual agents. On the other hand, we use ‘W, ‘W, and 7 (i,1)

when we refer to the neurons representing actual agents.
Assumption 4. The in-neighbors of every agent i € V\ W)

defined by N (i) ={j1, -, Jn+1} forms an n-D simplex. This
condition can be formally specified as follows:

/\ /\ (rank ( [pj2 —Pj P+ _pjl]) = n) . (A7)

le M\{0} i€V,

Indeed Assumption 3 is a necessary condition for Assump-
tion 4. If Assumptions 3 and 4 are satisfied, the desired
position of an agent i € V], for [ € M\ {0}, can be uniquely
expressed as a weighted sum of its in-neighbors, defined by
N(i) = I(i,1), where the weights are all unique at any time
t. This property will be used in Section III-C to obtain the
training weights of the DNN in a forward manner.

Definition 3. For every agent i € V \ W,
Ci:{ZjEI([,[)O-jpj O'J ZO and Zjej—(,-’l)ajz 1}, ie, ZGM,
(18a)
Ci()={Zjeranoyrit):oj20and ¥cripnoj=1}, i€ leM,
(18b)
define the convex hulls specified by “desired” and “actual”
positions of agent i’s in-neighbors, respectively.

Definition 4. We define

c= | ) ¢ (19a)
le M\{0} ie W\ Wiy

C= Ci(1) (19b)
le M\{0} ie W\ Wiy

as the coverage zone that encloses all data points defined by
set D.

By considering Definition 3, we can express set D as

4
D= U D; or D= U D;(1),
ieZ(i,l) iel (i)
where Di={jeD:d;eC} (20)

is the target set that is “desired” to be searched by follower
agent i € V \Vy whereas

Dit)={jeD:d;eC,(1)} (21)

is a subset of D that is “actually” searched by follower agent
i € V\YVp at time . Note that 9; and D;(t) are enclosed by

the convex hulls C; and C;(t), respectively.
Assumption 5. We assume that D; 0 and D;(t) # 0, at any

time t, for every i € V\W,.

Assumption 5 implies that every simplex C; and C; must
at least contain one target data. This assumption is indeed
required to archive multi-agent coverage of an unknown dis-
tributed target in a truly decentralized fashion.

Algorithm 1 Structuring DNN based on initial formation

1: Get: Initial (reference) position of every agent i € V.

2: Qutcome: Structuring Graph G (V,E) such that it can be
converted to a deep neural network.

3: Assign boundary agents Vp.

4: Assign core leader agent ¢ (Vg).

5: Specify leading simplexes S; through Sy, .

6: Define O =S,U---USy;, .

7: check =0 and [ =0.

8: while check =0 do

9

: [ —1+1.
10: Vi =0.
11: X =0.
12: for Every H in O do
13: Specity CONT (H) using Definition 6.
14: if CONT (H) # 0 then
15: Assign mentee agent ¢(9) using Definition 7.
16: Define in-neighbors of ¢(H): N (c¢(H)) =H.
17: X< XUH.
18: Vi = ViU{c(H)}.
19: end if
20: end for
21: if X =0 then
22: check =1.
23: M=1-1.
24: else
25: 0 —X.
26: end if
27: end while
28:

A. Inter-Agent Communication Structure

Inter-agent communication structure, defined by a DNN, is
obtained based on the reference (initial) configuration of the
agent team where agent i € V is positioned at a; € R". To
structure the DNN, we propose Algorithm 1 to divide agents
into M +1 groups, defined by V} through Vs, and obtain in-
neighbor set N (i) € W,_1, for every I € M\ {0}, such that
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the properties specified in Section II and the introduction of
Section III are all met.

Definition 5. We use H (H C V) to define n+1 agents in
R™ positioned at vertices of an n-D simplex in R”.

Definition 6. Set CONT (H) (CONT (H) c V) defines all
agents that are inside the convex hull specified by . To be
more precise, H defines n+1 agents at vertices of an n-D
simplex enclosing CONT (H).

Definition 7. Given H,

argmin (Z |an —aj||)

jeCONT(H) \ /T

c(H)= (22)

is the agent belonging to CONT (H), at the closest distance
from every member of HH, and called mentee of H.

Definition 8. Given H, as vertices of an n-D simplex in R",

and c(H) as the mentee of H,

EXPAND (H, c(H)) =Hi (H,c(H)) U+ UHur1 (H,c(H))
(23)

decomposes the convex hull defined by H into n+1 cells all

sharing vertex c(7H), where H; defines n+1 vertices of the

Jj-th simplex cell of H, for j=1,---,n+1.

For better clarification, Fig. 3(a) shows reference configura-
tion of an agent team in a 2-D motion space (x —y plane) where
H ={10,15,18} defines agents at vertices of a 2-D simplex
(triangle). Set CONT (H) ={1,5,12,16} defines the agents
contained by this triangle. As seen, c¢(H) =5 is the mentee
of H. Also, EXPAND ({10, 15,18},5) = H; UH, UH3, where
H, ={10,18,5}, H, = {18,15,5}, and H; = {15,10,5}.

We apply Algorithm 1 to obtain set &, as graphically shown
in 3(b), given an arbitrary initial distribution of the agent
team. We then convert the communication graph shown in
Fig. 3(a) into the coverage neural network of Fig. 3(c) with
4 layers identified by set M = {0,1,2,3}, where Wy =V
(defining the boundary and core leaders) has no in-neighbors,
W =Wo UV, Whr =W, Vs, and W) = V3. Note that W)
identifies the neurons that represent boundary agents.

B. Abstract Representation of Target Locations

We use the approach presented in Algorithm 2 to abstractly
represent target set O by position vectors py, ---, Py, given
(1) desired positions of boundary and core agents, denoted by
pp, through | IV (ii) the edge set &, and (iii) target set
D, as the input. Note that p; is considered the global desired
position of i € V\Vp, but no follower i € V\ V, knows p;.
The desired position of i € V\V, is obtained by
_ Zpen, dn

;= = , Vi Vo,
Pi |Dl‘ ler\ 0

(24)

where D;, defined by Eq. (20), is a target data subset that is
enclosed by C; and defined by Eq. (18a).

Given desired positions of every follower agent i € V\ V)
and every in-neighbor agent j € N (i), @w;; > 0 defines the
desired communication weight between i € V \ ‘W, and
Jj € N(i), and is obtained by solving n+1 linear algebraic
equations provided by

(@ (b)

Differential activation Function
of neuron 15 € W,

xi® = 1%, uf®)

~ - <~ -
lofo1o1o)
==

—
L7

,,,,,,,,,,,

(©

Fig. 3: (a) Graphical representation of a 2-D simplex (tri-
angle) with vertices defined by H = {11,15,18}, where
CONT (H) ={1,5,12,16} specifies all agents contained by
this triangle and ¢(H) =5 is the mentee of H. (b) An agent
team with an arbitrary initial formation in a 2-D motion space
and the corresponding communication graph obtained by Al-
gorithm 1. (c) The DNN corresponding to the communication
graph shown in Fig. 3 (b).

Algorithm 2 Assignment of followers’ “desired” communica-
tion weights and “desired” positions.

1: Get: Dataset D; set Wy, ---, Wyy; and graph G (V. E).

2: Obtain: Desired position of every agent i € V \ ‘W) and
desired communication weights.
3: for [ e M\ {0} do
4: for iedo
5: Obtain D; by using Eq. (20).
6: Choose p; as the geometric centroid of D;.
7: Get desired positions of in-neighbor agents 1 (i,/).
8: Compute desired communication weights by (25).
9: end for
10: end for
pPi = Z @i, jiPj, i€ (Vl, le M, (2521)
jerI(i,l)
Z @ =1, i€V, leM. (25b)
Jjer(i,l)

Definition 9. We define desired communication weight matrix
I' where I' = [I[;;()] € RN*N is non-negative, and its (i, /)
entry is given by
. {w,-,, i€ V\ V., jeN()
ij = .

. (26)
0 otherwise

Proposition 1. Constant desired weight w; ; is unique for
every agent i € V\ Wy with in-neighbor j € N (i) if the target
set D is time-invariant.
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Proof. If D is time-invariant, then p; is constant for every
i € V. Because in-neighbors of every agent i € V \ W, are
positioned at vertices of n-D simplex, Eqgs. (25a) and (25b)
provides n+ 1 linear algebraic equations with n+ 1 unknowns
w; ; that are uniquely determined. O

C. Learning the DNN Weights

For a decentralized coverage, it is necessary that every
follower agent i € YV}, represented by a neuron in layer / €
M\ {0}, chooses control u; € R™*! based on actual positions
of the in-neighbor agents N (i), such that r;(¢) stably tracks
r; 4(t) defined by Eq. (9). To assign r; 4(f), communication
weight w; ;(f) between agent i € V, and every in-neighbor
agent j € N (i) needs to be learned at any time ¢.

We use a “forward” method to obtain the followers’ com-
munication weights (train the DNN weights) at any time .
This means that communication weights of layer [ € M\ {0}
neurons are assigned before communication weights of layer
[+1 e M\ {0,M} neurons. To implement this “forward”
method, communication weights of every agent i € V; are
assigned such that the desired position r; 4 is at the geometric

centroid
ei(f) = Zhen; (1) dn (1)
TN T

of all target data defined by D; at any time ¢. Note that target
data points defined by P; are all contained by n-D simplex
C; (), where vertices of C;(t) are occupied by actual positions
of N (i)’s agents. Therefore, ¢;(¢) is inside C;(¢) at any time
t and communication of agent i € V; with in-neighbor j €
N (i), denoted by w; ;(f), is unique and obtained by solving
the following n+ 1 algebraic equations [30]:

ieV, le M\{0}, (27)

¢i(1) = Z wij(Or;(t), i€V, leM,  (28a)
jer(i,l)
D owi=1. ieVileM.  (28b)
jeI(i,l)

To be more precise, communication weights obtained by
Eq. (28) are unique because N (i)’s agents are positioned at
vertices of n-D simplex in R". Also, agent i’s communication
weights are all positive because the geometric centroid ¢;(7)
is inside C;(7) at any time ¢ (the proofs for uniqueness and
positiveness of followers’ communication weights under n-D
polyhedralization are provided in Refs. [30], [31]).

Definition 10. We define weighted communication matrix

A(f) = I+ W(1), (29)

where W(7) = [Wij(t)] € RV*N is non-negative, and its (i, )
entry is given by

Wi (1) = {g"’f (0 re VAV, JENE,

Theorem 1. Assume every agent i €V chooses control input
u; such that r;(t) asymptotically tracks r; q4(t), defined by
Eq. (9). Then, r;(t) asymptotically converges to the desired
position p; for every i € V.

30
otherwise (30)

Proof. If every agent j € V, asymptotically tracks r; 4(¢),
then, actual position r; converges to p; because r; 4(¢) =p; is
constant per Eq. (9). Then, for every i € ‘W) \ ‘W), vertices of
the simplex C;, belonging to ‘W, asymptotically converge to
the vertices C;, where C; and C; enclose target data subsets D;
and D;, respectively. This implies that r; 4(¢), defined as the
geometric centroid of D;(¢) asymptotically converges to p; for
every i € ‘W;. By extending this logic, we can say that this con-
vergence is propagated through the feedforward network. As
the result, for every agent i € ‘W) and layer [ € M\ {0}, vertices
of simplex C;(t) asymptotically converge to the vertices of C;,
which in turn implies that r; 4(¢) asymptotically converges to
p:- This also implies that r; asymptotically converges to p;
per the theorem’s assumption. O

IV. MULTI-AGENT COVERAGE DYNAMICS, STABILITY
ANALYSIS, AND CONVERGENCE

In this section, we will assume that each agent is a
quadcopter and apply the input-state feedback linearization
described in [32], [33] for trajectory tracking using the block
diagram depicted in Fig. 4. Therefore, the quadcopter dynam-
ics presented in [32], [33] are used to operate the neurons of
the DNN.

i, -
< uy,; = —ks i +hei(Wia — i)

Yi i

Fig. 4: The block digram of the control system of every
quadcopter i € V.

A. Quadcopter Dynamics and Trajectory Tracking

To model quadcopter motion, we use x;, y;, and z; to define
quadcopter i’s position components. We also use ¢;, 6;, and
¥; to define the roll, pitch, and yaw angles, where the 3-2-1
Euler angle standard is applied to characterize the orientation
of quadcopter i € V. Additionally, the thrust force magnitude
produced by the quadcopter i € V is denoted by p; at time ¢.
The dynamics of quadcoper i € V is presented in the form of
Eq. (8), where f; (x;,u;) =F(x;) + G (x;) u;, for every i €V,

Xi=[x yi oz & Vi & ¢ 6 yi ¢ 60 ¥i pi pi

T
w=lu; wa ouziouag| o, (€2))]
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X
Vi
, Zi
ZL (sin ¢; siny; +cos ¢p; cosy; sin8;
i Ecos?)li sinl;pbl,v sin Oiqil sin z;)ﬁ,vlcos a,//z;
m
Bi cos ¢ cos6; —9.81

F(x;) = o SEE)
Ui
0
0
0
Di
0 J
0ox1 09x3
0 I
Gx)=[g1 & & ml=|g 0113, 33)
I 03

use the input-state feedback linearization approach presented

in [32] and convert the quadcopter dynamics to the following

external dynamics [32], [34]:
=i,

(34a)

Ui =y (34b)

where v; is related to the control input of quadcopter i € V,
denoted by u;, by [35]

v, =Mju;+My;, (35)
with
3. 3, 3. 3y
Lgl fo, ng fol ng fol Lg4 fo,
M, = Le, L?y, Lg, L?)’i Lg, Liyi LgAL?)’i c Rl4x14
T Lg Lz Lg Lz Lg Lz Lg Liz ’
Lg1 Lflﬁz Lg2 Lflpi Lg3 Lf‘//i Lg4 Lflpi
(36a)
T
M2,i = [L?.x,' L?yl L?Zi Ltz.lﬁ,] € RMX] . (36b)

where the entries of M;; and M, ; are the Lie derivative
terms.

In this paper, we assume that the desired yaw angle is zero
at any time ¢, and therefore, we choose

uy,; =—ks i — ke ivi,

where ks ; and kg ; are both positive. Hence, we can assume
that y;(t) =0 at any time ¢, and as a result, the quadcopter
i €V can be modeled by Eq. (34a). Here, we propose to
choose v; as follows:

(37

Vi = —ky i — ko ity — k3 it +kai (rig—1;), i€V, (398

where r; 4(¢) is defined by Eq. (9).
B. Multi-Agent Coverage Stability and Convergence

The quadcopter dynamics can be represented by the external
dynamics of the quadcopter team, given by Eq. (34a) since the
quadcopter dynamics is input-state feedback linerizable [32],
[34]. Therefore, the network dynamics of the quadcopter team
is obtained by [32], [35]

Y Y
d||Y Y
Ty = Awmgs % +BmosZ, (39)
where T
szec([rl I‘N] ),
T
Lol oul").
03y %3N Iy O3nx3v  O3nx3n
Anos = 033 3N 033 %3N Ly 033N
MQ 033 %3N O3nx3ny  O3nxan Ly |’
Lo (KiA() -Kiy -Koiy -Kilzy
Burc — Oonx3n
MQS = 11, @ (K4L) |
K; =diag(k;1,---.kjn),  j=1234,
Ly € R3V3N s the identity matrix, 03yx3y € R3NPV g

a zero-entry matrix, “®” is Kronecker product symbol, and
“vec” is the matrix vectorization operator. Also, L = [l,- j] €
RNXN is defined by

1 ieV, jeN(>)

= . (40)
0 otherwise

li j
The quadcopter team collective dynamics, given by Eq. (39),
is linear and time-varying because A(f) = -1+ W(z) and
W(t) e RVXN is a time-varying weight matrix. Therefore, it
is difficult to choose control gain matrices K; through Ky to
ensure stability of quadcopter team coordination if we consider
dynamics Eq. (39) for analysis. In order to tackle this problem,
we first use Theorem 2 below to convert dynamics (39) to a set
of chained linear time-invariant dynamics with bounded inputs.
Then, we provide conditions on the stability and convergence
of the agent team dynamics in Theorem 4.
Definition 11. Assuming |V;| = N, for every [ € M, O,
assigns a unique order number to every V;’s agent, where
N_1 =0. The order number of agent i €V} is denoted by o;,
where o; = O, (i), for every [ € M.

Definition 12. We define transformation matrix Q; = [ij] €
RNXN with (i, ) entry
L j=0(), ieV

I
L= le M 41
Qi 0 else @1
We note that
QQ/ =1y, VieM, (42)
where Iy, € RN*M g the identity matrix.
Definition 13. We define
Z,=(LeQ)ZeRNX — JeM, (43)

as the vector aggregating desired position components of all
agents defined by V; when agents’ order numbers are defined
by O, for every [ € M.

Definition 14. We define

Y, =(eQ)Y e R¥N*I, le M, (44)

as the vector aggregating actual position components of all
agents defined by V; when agents’ order numbers are defined
by Oy, for every | € M.
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Definition 15. We define

§,=[vr ¥t 7 7| emimx leM, @5
l_ l 1 l 1 E k) E 9 ( )

to aggregate components of position, velocity, acceleration,
and jerk of every agent belonging to V; when agents’ order
numbers are defined by Oy, for every / € M.

Definition 16. We define
Wi()=QW( [Q] Qi
as the actual weight matrix aggregating actual communica-

tion weights between V;’s agents and other agents belonging
to VoU---UV_1, for every [ € M\ {0}.

7 _{wi,-a) i€V, jeEN () Vi

le M\ {0}, (46)

0 = , e M\ {0}.

0105 0 otherwise \0y

(47

Remark 2. Matrix W; € RNt (Not-+Ni-1) s non-negative for

[ € M\ {0}, and sum of the entries of every row of W; is 1.
Definition 17. We define

I,=Qr(Q’r, Q7.

as the desired weight matrix aggregating desired com-

munication weights between V)’s agents and other agents
belonging to VyU---UV,_y, for every [ € M\ {0}.

1 € M\ {0}, (48)

Definition 18. We define

K n = QK,Q] e RN*N, leM, h=1,---,4, (49)

as a diagonal matrix aggregating the A-th control gains applied
by V;’s agents, where o; =_Ol(i) is the order number of i € V)
and the (0;,0;) entry of K; 5 is denoted by Ké’ilf)i and given

b
Y =kip  i€VnleM, h=1,-,4.  (50)

Remark 3. Given Qg and L, defined by Egs. (41) and (40),
respectively, the following relation holds:

Kl,h

0i0;

QLQq =Ly, (51)
Definition 19. We define
Q-1
R =Le| : ||V (52)
Qo

Theorem 2. The agent team collective dynamics can be
converted to
Sl = AZSl +Blﬁl

_ _ , Vie M
Y, =C;S;

(53)

where S; € R1NX1 s state vector, Y; € R3NX! is the output
vector, and

_ Z I=0eM
O=1" (54)
(I3®W1)R1 e M\ {0}
is the input vector. Also,
03Nl><3Nl I3N1 03N1><3N1 03N1><3N1
A= Osnan,  O3vxany, I3, 03, %3N, leM.
Osnvan,  Osvpan, O3npxan, Ly,
-LeKs -LeK;; -LeK, -LeK;
(55a)

8

B, = | Yoneam leM (55b)
LeKi4|’ ’

Ci=[In, O3nxom ], leM, (55¢)

I; € R and Ty, € RPN qre identity matrices;
3N X9N, IN;X3N,
03N[><9N[ € R ! I) 09N1X3Nl € R ! l) 03N[><3Nl €

R3NOSBNL - apd 0on, x9N, € RINOON qre zero-entry matrices.

Proof. The agent team dynamics (39) can be rewritten as

follows:
4 d4—hY
2, LK)~ + (e KeW(1) Y+ (1 9 KyL) Z =0.
h=1

(56)
Because Vp’s agents do not communicate with any other agent,

QoW(1) = Oyyxny € RNV, 0e M.

Also, entries of row & of matrix L are all zero, if i ¢ V;. This
implies that
QIL(1) = 0w € RYN i e MO {0}.

Therefore, pre-multiplying Eq. (56), by I3 ® Q;, Eq. (56)
simplifies to

! d*y
Z (® QoK) — 7 + (138 QK4L) 2 =0, [=0, (57a)
=1
4 d4—hY
P (13®Q1Kh)w+(13 QKW()Y=0, e M\{0}.
(57b)

When we use order number to sort agents, the following
relations hold:

(1,8 QUKL Z=(1: © (QUKiQ[ QL Q] )| 8 Q) Z
= (I3 ® Ko 4ln,) Zo = (I3 ® Ko 4) Zo,

(L®QK,)Y = (13 ® (QthQlT) (I® Ql)) Y

A (BB)
=(LeK.n) Y,
Q-1
LeQKW)Y = (LeQKQ QW) (Lo [Q], - Qg])(la ® Y=
Qo
Q-
(LeQKW)Y = (LeQKQ QW [Q], ; ])(h@ )Y=
Qo
(13 ®K1‘4V_V[) R[.
(CC)

Therefore, by substituting (AA), (BB), and (CC), Egs. (57a)
and (57b) simplify to
4 4-hy

D" (&Ko) % +(®Koa)Z =0, =0, (58a)
h=1
4 _ d4—h _l _ _ _
Zh:l (13 ®Kl,h)m+(l3®K1,4Wl(l))Rl =0, l EM\{O}
(58b)
Now, we can rewrite Egs. (58a) and (58b) in the state space
form given by Eq. (53). O

Note that the equilibrium set of the agent team dynamics,
given by Eq. (39), is achieved if the following condition holds:

A\ (ri=ria). (59)

le MieV;
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When we use Eq. (53) to model the agent team dynamics,
equilibrium is achieved if the following conditions hold:

Yo = Z() , (6021)

(\71 - (13 ®V_V1) Rl) .
le M\{0}

(60b)

Theorem 3. At equilibrium condition, specified by Egs. (60a)
and (60b), w; ; = @, j which in turn implies that W; =1, for
every | € M\ {0}.

Proof. For [ =0 € M, r; 4 = p;, therefore, we can conclude
that r; 4 = p;, for every j € Vi, if r; = p;, for every i € V.
This is because r; 4 assigned by Eq. (27) is at the geometric
centroid of distribution of the data subset D;(7) and D; = D;
when r; = p;, for every i €V}, which in turn implies that r; 4
converges to p; for every j € V;. With the similar logic, we
can claim that r; 4 = p; for every agent j €V}, if r; = p; for
every agent i € VpU---UV,_y, for [ € M\ {0}.

If r; g =r; =p; for every i € V, communication weight @; ;,
assigned by Egs. (25a) and (25b), is identical to actual commu-
nication weight w; ;, assigned by Eqs. (28a) and (28b). This
implies that W =T and W; =T, for every [ € M\ {0}. [

Theorem 4. Assume every agent i €V is modeled by dynam-
ics (34a), and chooses control input v;, with control gain k ;,
ko.i, k3i, and ks, such that matrices Ag, Ay, ---, Ay are all
Hurwitz. Then, r;(t) asymptotically converges to the desired
position p; for every i € V.

Proof. Matrices A; and B; are time-invariant for every [/ € M.
By choosing proper gain metrics K; j, for every [ € M and
h=1,---,4, we can ensure that A; is Hurwitz. Additionally,
W, is non-negative and one-sum row, for every / € M\ {0} at
any time ¢ (see Remark 2). Therefore, we can guarantee that
the coverage dynamics (53) is Bounded Input Bounded Output
(BIBO) stable, which in turn implies that ||S;(¢)|| is bounded
at any time ¢, for every / € M. Now, assuming A is Hurwitz,
Yo — Zg as t — oo which in turn implies ||r;(z) —p;|| — O as
t — oo, for every i € Vp. This also implies that W, - T and
r; g — p; for every j € V) per Theorem 3. By extending this
logic, we can prove that Y; — Z; and W; — I'; as t — oo, if
Ay, ---A; are all Hurwitz, for every [ € M\ {0}. This implies
that ||r;(t) —p;|| — O for every i € V; and [ € M. O

We can apply pole placement to assign diagonal control gain
matrices Ky, for every h € {1,---,4} and | € M every matrix
A; is Hurwitz.

V. SIMULATION RESULTS

We consider an agent team consisting of 57 quadcopters
with the reference configuration shown in Fig. 5, where we
use the model and trajectory control presented in Refs. [32],
[33] for multi-agent coverage simulation. Here quadcopters 1
through 4 defined by set Vg = {1,2,3,4} are the boundary
leader agents; agent 5 defined by singleton V¢ = {5} is
the core leader; and the remaining agents defined by V; =
{6,---,57} are followers.

TABLE I: Agents’ order numbers

TeM][ 0] O0]OJO]JO I ]I ]1]T1]2
eV, [ 1| 2 | 3 | 45 |6 193247
O | 1 ]2 3 | 45678910
TeM [ 2222 ]212]212]2]2
i€, | 8 | 9 |20 | 21 | 22 | 33 | 34 | 35 | 46 | 47
Oi(i) | 11 [ 12 [ 13 |14 |15 |16 |17 | 18 | 19 | 20
TeM | 2333313 ]313]23]3
i€V, (48 |10 [ 11 |12 13|14 15161718

Op(i) |21 | 222324 ]25[26]27 |28]29 |30

leM | 3 3 3 3 3 3 3 3 3 3
eV, | 23124 |25 |26 |27 |28 |29 | 30 | 31 | 36
Op(i) | 31 | 32|33 |34 |35]36 |37 | 383940

TeM | 33331333 13]3]3
i€V, | 37 | 38 | 39 | 40 | 41 | 42 | 43 | 44 | 49 | 50
O0,G) | 41 | 42 |43 | 44 | 45 | 46 | 47 | 48 | 49 | 50

leM 3 3 3 3 3 3 3
i€V, | 51| 52|53 |54 |55 |56 |57
Op(i) | 51 [ 52 | 53 |54 |55 56|57

A. DNN Structure

The inter-agent communications are directional and shown
by blue vectors in Fig. 5. The communication graph is defined
by G (V,E) and converted into the neural network shown in
Fig. 6 with four layers, thus, M = {0,1,2,3} (M =3), and
YV can be expressed as V = Vo UV, UV>UV3, where V) is
defined in Table I for every / € M. Note that Ny = |['Vy| =5,
Ny =|Vi|=4, N =|V,| =12, and N3 =|V3| =36. In Fig. 5,
the agents represented by Wy, W, W, and ‘W are colored
by cyan, red, green, and black, respectively.

Fig. 5: Reference Configuration of the quadcopter team in a
horizontal plane parallel to the x —y plane. The inter-agent
communication are directional and shown by blue arrays.

B. Abstract Representation of Target Data set

We apply the proposed coverage algorithm to cover elliptic,
multi-circle, and triangular zones, each specified by the corre-
sponding data set D, where D defines 500 data points shown
by green spots in Figs. 7 (a,b,c). As shown, each target set is
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Fig. 6: The feed-forward network used for specifying inter-
agent communication among the quadcopter team.

represented by 52 points positioned at pg through ps;, where
they are obtained by using the approach presented in Section
III-B. These points are shown by red in Figs. 7 (a,b,c).

C. Trajectory Tracking and Coverage Convergence

For simulation, we let every agent i € V use the same
control gain ky =k ; =7, ko =ko; =17.75, k3 = k3 ; =19.25,
and k4 = k4 ; =7.5. Therefore, gain matrices K; =757, K =
17.75157, K3 = 19.25I57, and K4 = 7.5157; are obtained. By
using Eq. (49),

Kl,h:khINl, leM, h=1,---,4,

is obtained. Figure 8 shows the components of actual and
desired positions of quadcopters 13, 45, and 51 plotted versus
time overt time interval [0,20]s, by solid black and dashed
red, respectively. As seen, the actual positions of these three
agents almost reached the desired positions at time ¢ = 12s.
Figure 9 shows the time-varying communication weights of
agent 41 with its in-neighbors defined by Ni; = {34,5,32}.
As shown, wy () converges to its desired value of @y ; in
about 12 seconds for every j € Nj;. Decentralized coverage
convergence is also demonstrated in Fig. 10 by showing the
agent team configurations at different sample times when the
target data is by a finite and discrete set over the triangular
domain shown in Fig. 7 (c).

VI. DISCUSSION

The paper assumes that the target data set is discrete,
while available work on multi-agent coverage usually uses
continuous mass density functions to define target distribution
in the motion space. The proposed DNN-based can also
achieve a decentralized distributed coverage when the target
is defined by a smooth mass density function. For such a
problem, we first obtain target set D’ by uniform discretization
of the motion space. Then, we use the Gaussian distribution to
generate the intensity (mass density) function 7 : D’ — (0, 1).
More specifically, we define D’ = {1 ,n;]} as n/, nodes
uniformly distributed in the motion space, where node s € D’
is positioned at dj,. The intensity function is then defined by
Vie D',

T (r) = Z N (r;d}, X)), 61)

heD’

06 T T T T T T T 5
150 |- g
100 . T 1

501 M | ]

_ 3‘245‘ L

E of X ]

= p3v. @
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150 E
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(@
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Fig. 7: Desired (a) elliptic, (b)(cr)nulti-circular, and (c) triangular
target distributions. The red spots are the abstract representa-
tion of the target sets by 52 nodes.

where N (r;d),X}) is a multi-variate normal distribution
specified by mean vector d; and covariance matrix X} . Hence,
f. T (r)ds
ri=——"7""—— (62)
J. T (r)ds
is the geometric centroid of subset set D;(¢) C D, and the
DNN weights can be trained by solving sub-equations of Eq.
(25).

VII. CONCLUSION AND FUTURE WORK

We proposed a novel neural-network-based approach for
multi-agent coverage of a target with unknown distribution. We
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Fig. 8: (a,c,e) x components of actual position of agents 13,
45, and 51 over time interval [0,20]s shown by solid black
curves. x components of desired position of agents 13, 45, and
51 over time interval [0,20]s shown by dashed red curves.
(b,d,f) y components of actual position of agents 13, 45, and
51 over time interval [0,20]s shown by solid black curves. y
components of desired position of agents 13, 45, and 51 over
time interval [0,20]s shown by dashed red curves.

developed a forward approach to train the weights of the cover-
age neural network such that: (i) the target is represented by a
finite number of points; (ii) the multi-agent system quickly and
decentralizedly converges to the designated points representing
the target distribution. The paper also developed a novel
approach for structuring inter-agent communication based on
agents’ reference configurations arbitrarily distributed in R”.
For validation, we performed a simulation of multi-agent
coverage using a team of 57 quadcopters, each of which is
represented by at least one neuron of the coverage neural
network. The simulation results verified the fast and decentral-
ized convergence of the proposed multi-agent coverage, where
each quadcopter reached its designated position in about 12
seconds.

In this paper, we used the feedback linearization approach
to design a nonlinear trajectory tacking control, where the
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Fig. 9: Communication weights of agent 41 with in-neighbor
agents 34, 5, and 32. The time varying communication weights
wa134(t), war5(t), and wyj 32(f) converge to the desired
values @41 34, @415, and @y 32 in about 12 seconds.

eigen analysis method was applied to design the control gains.
The Lyapunov direct method can also be used to assure
stability and convergence of multi-agent coverage. Particularly,
the outcome of Theorem 4 can be extended to DNN-based
coverage by agents modeled by nonlinear dyanamics if u; is
chosen such that the global stability of trajectory tracking is
proven. For future work, we plan to extend the proposed DNN-
based approach to search targets with a distribution given
by a mass density function. Another future plan is to study
DNN-based coverage of dynamic targets by providing guar-
antee conditions for the stability of multi-agent coordination
and the decentralized convergence of the actual agent team
configuration to a desired time-varying configuration that best
represents a distributed target.
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