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Abstract: This paper deals with the problem of retaining the connectivity in a Mobile Ad-hoc
communication mesh Network (MANET). A multi-agent systems perspective is taken, where
primary mobile agents (PAs) can only communicate when the relative distance is less than a
“visibility range”. PAs form a network that can become disconnected depending on how they
move to achieve their global task (which does not include the connectivity maintenance). To
retain connectivity, a number of Relay Agents (RAs), whose motion is governed by a command
center (CC), are sent to the field to act as “communication bridges” enforcing the global
connectivity of the network containing both the PAs and the RAs. Graph-oriented concepts
and analysis tools, particularly the minimal spanning tree (MST) notion, are adopted in the
present work to analyze the connectivity properties of the network and to establish in real
time how many additional RAs are required and how they should move in order to prevent
the connectivity loss. Artificial potential fields and finite-time control techniques are utilized
to drive the relay agents to their waypoints while avoiding the collisions. Numerical examples

confirm the efficacy of the proposed multi-layer control strategy.

Keywords: Multi-agent systems, Mobile networks, Connectivity maintenance

1. INTRODUCTION

Mobile Ad-hoc communication mesh NETworks (MANETS)
that consist of multiple agents and perform cooperative
tasks have many military and civilian applications (Bor-
detsky et al. (2010)), e.g. coping with crisis situations that
arise due to natural or man-made disasters (Kanchanasut
et al. (2007)). Reconnaissance, surveillance, and sensing
through multi-robot networks have been the subject of
much research (see, e.g., McLain et al. (2003); Olfati-
Saber et al. (2007); Ren et al. (2007)). Within a related
framework, recent results on finite-time consensus-based
distributed coordination of uncertain multi-agent systems
are also worth to remark (seeFranceschelli et al. (2016,
2015))).

In typical sensing scenarios, for instance, a group of agents
investigate a phenomenon of interest, with individual
agents performing a primary data-gathering task while
also meeting other requirements for network coordination.
In such networks, each agent gathers its data and en-
sures network coordination by adapting to meet the sys-
tem’s goal. The research has based heavily on ideas from
control, sensor networks, optimization, and graph theory
(Jadbabaie et al. (2003); Mesbahi et al. (2010)), where
information exchange and cooperation are key elements.

Loss of communication capability (i.e., loss of connectiv-
ity) in the mobile communication mesh networks could

result in loss of functionality of the entire application. Pre-
dicting and preventing loss of connectivity in the MANETSs
is a challenging task, which is usually performed using
some form of traditional graph theoretic methods ( Za-
vlanos et al. (2011)). Research in the robotics field on
MANETSs has also provided solutions to building and
maintaining a communications bridge of mobile robotic
routers (Tian et al. (2005)) to connect a mobile agent to
a static base station.

In the majority of the existing approaches (see e.g. Za-
vlanos et al. (2011) and the references therein) all PAs
can move to achieve the task of connectivity maintenance.
Here, the motion of the PAs is not at CC disposal, and
in order to retain connectivity CC is only in a position
of sending the appropriate number of RAs to the field of
operation. In Edwards et al. (2013), inspired by Zavlanos
et al. (2011); Simonetto et al. (2011), all available RAs
are in play and their way-points were computed through
the solution of an optimization problem attempting to
maximize the Fiedler value of a suitable ” predicted” graph,
that was called "phantom” graph. This approach brings,
however, some drawbacks. The iterative solver could be
unable to rapidly find a viable solution if the initial so-
lution is not properly chosen. Additionally, the objective
function is not available in analytic form, and thus its
gradient has to be calculated numerically, which brings
additional errors.



Recent research (see e.g. Misra et al. (2008); Holleran
et al. (2010); Shtessel et al. (2012)) has recognized that an
agent /node’s primary task (for instance, reconnaissance)
may potentially conflict with the MANET connectivity
requirement. For the agent/node to perform its primary
task successfully, it may have to move in such a way as
to violate a movement constraint that keeps the MANET
connected. In the other words, the primary agents/nodes
of MANETS may not cooperate on retaining the MANET
connectivity. At any instant of time, this situation can be
interpreted and analyzed in terms of a graph, in which
the primary mobile agents (PAs) are the nodes and the
capability to communicate with other agents constitutes
the edges of the graph.

This paper is dedicated to addressing the task of retaining
the connectivity in such “conflicting’ MANETS. To address
this challenge, in this work it is proposed a multi-layered
control architecture addressing the following tasks:

1. Predict loss of connectivity using concepts of “phantom
graph” and minimal spanning tree. The graphs that are
based on predicted positions of PAs are referred to as
“phantom graphs” as they represent predicted future sce-
narios rather than actual ones. Specifically, in order to
build the phantom graph, finite-time converging sliding-
mode observers are used to estimate the velocities of PAs,
then direct integration of kinematic equations of PAs is
performed to predict the future trajectory of the PAs.

2. Identify isolated node(s) on the phantom graph. Specif-
ically, the algorithm for identification of isolated nodes is
obtained using the concept of the minimum spanning tree
( Zavlanos et al. (2011)).

3. Compute and drop waypoints (that yield a connected
“phantom’ graph), where the additional nodes/relay agents
(RAs) should be placed by certain time on the prescribed
locations in order to retain the connectivity.

4. Compute feasible paths for the agents to follow. The
design algorithm for the paths that connect the RAs with
the waypoints while providing the collision avoidance with
the PAs is proposed. Specifically artificial potential field
and finite-time convergent control are the key ingredients
of this item.

Addressing these tasks allows retaining the network con-
nectivity via implementing self-forming and self-healing
structure of the network.

The paper has the following structure. Section II deals
with preliminary statements and definitions. Section III
states the problem under investigation and the underlying
assumptions. Section IV illustrates the general structure of
the two-level proposed architecture, whereas the Sections
V and VI explain in detail the upper and lower levels.
Section VII formalizes the main result of the present paper,
Section VIII gives some comments and Section IX presents
numerical simulation results corroborating the theoretical
properties.

2. PRELIMINARIES
2.1 Fuclidean graphs

To model the connectivity properties of the mobile net-
work, a graph-theoretic approach is taken. Denote as
¢;(t) € R? the position vectors of the RAs, with i € V
where V' = {1,2,..., N} denotes the set of nodes indexed
by the set of mobile agents. (i, j) denote a communication
link between the i-th and j-th RAs, whose position vectors
are ¢;(t),q;(t) € R?. With every communication link, we
associate a weight function

w:R? x R? = {0,1}

such that
wit) = wlastay(0) = { o T AEOLI<T
where
a1 5 (0) = las(t) — (O @)

is the euclidean distance between the i-th and j-th RAs
and § > 0 is the visibility range.

A weighted time-varying Euclidean Graph (EG) G(t) =
(V,W(i,j,t)) is defined (see Zavlanos et al. (2011)) where
W :V xV xRt — {0,1} denotes the set of edge weights,
such that

for 4,5 € V and w;;(t) as in (1)-(2). So defined, the graph
G(t) turns out to have symmetric weights.

Definition 2.1. The EG G(t) = (V,W(i,4,t)) is said to
be connected if there exists a path between any pair of
nodes having positive edge weights (1).

Graph connectivity can be captured using the Laplacian
matrix L(t) € R"*"» of the graph G(¢), which is defined
by

—w;;(t) it i#j
Ll =1 3 wa) i o) )
seV/i

where n,, is the number of PAs. The Laplacian matrix of a
network G(¢) with symmetric weights is always a symmet-
ric positive-semidefinite matrix with spectral properties
closely related to network connectivity, as it can be seen
from the following theorem (see Godsil et al. (2001))

Theorem 2.2. Let
0=A(L(1) < A2(L(F)) < ... < A, (L(2))

be the ordered eigenvalues of the Laplacian matrix L£(t).
A2(L(t)) > 0 if and only if G() is connected at time ¢.

2.2 Kinematics of primary and relay agents

Motion of the PAs and RAs is considered in the two-
dimensional x-y plane. Let

and ,
rj(t) = [Tj-”f(t)7 ij(t)} ] = 1727 ooy N
denote the position of the i-th PA and j-th RA, respec-

tively. A kinematic representation is given for the moving
PAs and RAs. The motion of the ¢ — th PA is modeled by

pi(t) = [}, (1), vF,(B)]" ()



whereas motion of the j — th RA is modeled by
7i(t) = (Wi, (1), vj, ()] (6)
3. ASSUMPTIONS AND PROBLEM FORMULATION

Two types of agents operate in the 2-D field of operation
with quite different agendas: a) so-called primary mission
agents (PAs) and b) so-called relay agents (RAs).

The dynamic Euclidean graph G(t) of the studied MANET
consists of moving PAs (nodes) that perform, for instance,
reconnaissance tasks which may potentially conflict with
the MANET connectivity requirement. The task of retain-
ing connectivity of this dynamic graph is based on the use
of the RAs employed in a special way and governed by
a command center (CC). PAs and RAs have integrated
wireless communication capabilities allowing information
exchange with the other PAs and RAs, as well as the CC,
provided that the relative distance does not exceed the
visibility range (3. The task of the present paper is to
control the motion of the RAs to preserve the network
connectivity where v}, (t) and v, (t) serve as the control
functions.

We are now ready to describe in general terms our pro-
posed method. Let ty = kT (k = 0,1,2...), then the
receding horizon windows Ty = [tg,tg+1] are defined. At
the initial instant ¢y, prediction of the future motion of
the PAs is made, and the phantom graph is created on
the basis of the predicted PA positions at the final time
instant tx41. If such phantom graph is found disconnected
then the way points are to be computed so that, being
taken by the RAs, make the phantom graph connected.
Next, the assigned RAs are to be dispatched and arrive at
these way points by the time instant t;y; while avoiding
possible collisions.

The next assumptions are made throughout.

Assumption 1. PAs have norm-bounded velocity and
acceleration respectively

19: (B[] < vnr, (7)
1Bl <an, i€V, (®)
where vy and ap; are a-priori known positive constants.

Assumption 2. PAs and RAs locations are supposed to
be continuously available to the CC.

Assumption 3. The studied MANET covers a compact
area (z,y) € Q(z,y), so that the physically available
is sufficient for reaching any point (x,y) € Q(x,y) during
a time interval t € [(k — 1)T, kT.

4. CONTROL SYSTEM ARCHITECTURE

A two-level control system (see Fig. 1), whose goal is
to preserve connectivity in the multi-agent mobile mesh
communication network, is executed in the CC.

Specifically, the designated modules implement the follow-
ing functionalities

M; : A module to predict, at ¢t = kT (k =0,1,2,...), the

PAs locations at the future time ¢t = (k+41)T, and to build
the phantom graph based on the predicted PAs locations.

Upper | evel

ML Motion prediction

Connectivity analysis and
e way- poi nts conputation
M8 RAs assi gnnent

Lower | evel

Path pl anning and collision

M avoi dance
Path tracking via finite-
M6 time velocity control

Fig. 1. A structure of two-level control system for preserv-
ing connectivity

Ms : A module to check connectivity of the phantom
graph, to predict the loss of connectivity, and to identify
the disconnected subcomponents of the phantom graph.
The module outputs the way-points to be dropped in the
field of operation in order to retain the connectivity of the
network.

Ms : A module to assign each waypoints to a specific
RA according to optimality requirements (e.g., minimal
distance to be traveled).

The proposed lower-level algorithms contain the following
modules:

My : A module that generates paths that connect the
initial positions of the RAs and the computed waypoints
while avoiding collisions.

Ms : A module that generates velocity profiles for the
RAs to reach the computed waypoints along the prescribed
path by time ¢t < (k+1)T

The precise contents of the modules of the proposed al-
gorithm that solves the problem of retaining connectivity
in the considered mobile communication network are dis-
closed in the rest of the paper.

5. THE UPPER LEVEL OF THE CONTROL SYSTEM
5.1 Module M : Motion prediction.

The algorithm that is described in this subsection is
devoted to predicting, at t = (k — )T, k = 1,2,...,
the position of the PAs at future time ¢ = kT. This
information is used for predicting a possible loss of network
connectivity if any, to be repaired by dropping into the
field the suitable number of RAs,

To facilitate such prediction the velocities v}, and vy, of
the i-th PA are to be estimated for all i = 1,2, ..., n,,.

Assume that the position (p;;(t), piy(t)) of the i-th PA is
measured on-line, then the PA’s velocities are proposed
to be estimated using the robust finite-time convergent
super-twisting differentiators Levant (2005):

ffz = —15\/LEIEY; — pial'Psign(&l; — piz) + €5,

& = —L1L7sign(&3; — pix) <9)
ﬁ/z’ = _1~5\/ LY1gY; — pl-y\l/?sign(ﬁ’i — Piy) +&5;

€ = —11LYsign(&}; — piy) (10)
,lA}P ¢y

iy = S2i



where i =1,2,...,n,, and L¥, LY are constants such that
LZB > apr, Lf > apyf- (11)

The main characteristic of the super-twisting differentiator
is that it guarantees the finite time convergence property,
i.e. the existence of a finite 71 such that

§i(t) = Pia(t), &5(t) =piy(t), VE=m (12)
while also providing remarkable robustness against the
measurement noise. With large enough parameters L7
and LY convergence property (12) can be enforced with
a maximal settling time 7 < T

The estimated velocities and measured position are used
to predict the future PA positions on the designated time
window:

Dia(kT) = pic((k = 1)T) + T07, ((k — 1)T),
Piy(KT) = piy((k = 1)T') + T'05, ((k = 1)T),

1,2, ...
1,2,...

(13)
The estimation formula (13) basically assumes that the
PA velocities will keep constant to the estimated values at
ty—1 = (kK — 1)T in the whole time interval T;_1 = [(k —
1)T,kT). Straightforwardly, by virtue of Assumption 1
the error in the estimated position p;(kT) can be upper
estimated for all k = 1,2, ... as

1
|1pi(KT) — pi(kT)|2 < E, = min {QUMT, 2aMT2} (14)

k
k

5.2 Module Ms: Connectivity analysis and way-points
computation

At each ty—1 = (k — 1)T, on the basis of the estimated
PAs position vectors p;(kT') delivered by the module Mj,
the “phantom” graph G (kT), whose nodes are associated
with the predicted PAs positions, is constructed.

The approach is taken in the present work of exploiting the
concepts of Euclidean minimum spanning tree of a graph
to easliy find a viable solution to the problem of retaining
connectivity in the MANET.

RA’s way-point computation via Minimum Spanning Tree

Definition 5.1. The minimum spanning tree is a span-
ning tree of a connected undirected graph which connects
all the vertices together with the minimal total weighting
for its edges.

The Euclidean minimum spanning tree (EMST) is partic-
ularly a minimum spanning tree of a set of agents in the
plane (or more generally in n-dimensional space), where
the weight of the edge between each pair of agents is the
Euclidean distance between those two points. The EMST
turns out to be particularly useful in the present scenario
as a tool to compute the way points for the RAs to restore
the connectivity of the phantom graph whenever it is
predicted to be lost at ¢t = kT

The EMST of a graph G(t) = (V, W(i, 4, t)) will be denoted
as

ST (G(1) = (Ve Wei (i, 4, 1)) (15)
where ngt = V denotes the corresponding set of nodes,
and WY,(i, j, t) the corresponding set of edge weights. The
set of edges £%(t) C V x V of graph ST (G(t)) is the set

Eq(t) ={(i,5) € (V x V) : W(i,j,t) > 0} (16)
and its cardinality (i.e., the number of edges of ST (G(¢)))
is

€G] =np — 1 (17)
It is important to notice that algorithms for computing
the EMST in the plane are available with complexity
O(n log n), and faster randomized algorithms of complex-
ity O(n log log n) have also been presented in the literature
(see Kleinberg et al. (2005)). Thus, on-line EMST compu-
tation is feasible.

The following problem is under investigation:

Problem 1. Given the phantom graph _C';(kT), find the
minimal number n,(kT) of RAs to be deployed in the field
to restore the connectivity of the overall graph, including
both the PAs and the employed RAs, and compute admis-
sible waypoints r}(kT) € R? (i = 1,2, ...,n,.(kT)).

The following procedure that gives a viable solution to the
Problem 1 is outlined.

Att=(k—1)T, k=0,1,2,..., compute the EMST of the
phantom graph G(kT) and let L;, i = 1,2,...,n, be the
lengths of the corresponding arcs.

Clearly, the phantom graph Q(k‘T) will be connected if
and only if L; < 5 Vi. If any of the L}s is greater then
the phantom graph is disconnected and we need to drop
in the field at lest one RA to retain the connectivity. To
account for the uncertainty in the estimated PAs positions,
quantified by (14), the more conservative visibility range
B — B, is going to be considered. Starting from the EMST,
it can be identified a viable solution to Problem 1 (way
points computation).

(1) In accordance with Algorithm 1, compute the phan-
tom graph G(kT'), and its EMST

ST (Q(kT)) — (vf;,wf;(i, j, kT))

having the edge set Ssg;(kT).

(2) Compute the subset

DG(T) = {(1,) € EL(KT) : WEi(i.3,t) > B~ E, |

(18)
of “disconnected” edges in the EMST of the phantom
graph having length greater than the visibility range
3 minus the maximal uncertainty £, in the predicted
PAs positions.

(3) Construct the vector r(kT) of the RAs way-points
according to the following Algorithm 2 (way-points
computation)

(a) Set s =0; )

(b) For all (i,j) € DE,(KT) do:
e set m;; = ceil (7“2;‘:;;“)
e For h=1:my;
. si=s5+1

° set ag = ,m”%

. set  ri(kT) = q(kT) + os(q;(kET) —
:(KT))

e EndFor

(c) Setnk =s;
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Fig. 2. Example of application of Algorithm 2

Algorithms 1 and 2 compute (a) the total number n¥ of
RAs and (b) the vector 7*(KT') = [r{(KT), ..., (KT)] that
constitutes the positions of the way points the RAs are
supposed to be dispatched to.

Basically, for each (i,7) edge in the subset Di(kT) of
the “disconnected” edges, m;; = ceil (%) RAs are
deployed in equi-spaced manner along the straight line
connecting the vertices.

Thus, the total number of RAs to be dispatched at t = kT
is given by

. o (g (T) — )|
LD l( 5-F, )

(19)

(i.5)€DY, (kT)

Note that Algorithm 1 is executed at each instant ¢t = (k—
1T, k=1,2,.... After each execution of the Algorithm 1,
path planning and motion control modules are activated to
steer the RAs towards their way-points by the time ¢t = kT,
k =1,2,.... Figure 2 shows an example of application of
Algorithm 2. The continous lines denote the connected
edges having the weight smaller than 3 — E,, whereas the
dotted lines are the disconnected ones having the weight
larger than § — E,. It is seen that the proper number of
RAs is suitably located in equi-spaced manner along the
disconnected edges of the phantom graph.

5.8 Module Ms: RAs assignment.

Step 1. After having calculated (at tx_1 = (k — 1)T) the
number of RAs needed to retain the connectivity of the
network at tp, = kT, and having computed the corre-
sponding way-points, the problem of making an optimal
assignment of the way-points to the RAs already being in
the field emerges. The following algorithm is proposed for
solving this problem.

Step 2. Let n®~1 be the number of RAs already in the
field at the time (k — 1)7T, and let r((k — 1)T) = r*((k —
DT) = [ri((k=1)T),r5((k = 1)T), s 77 (k= 1)T)] be

their actual locations. Let n¥ be the number of RAs to
be dispatched at ¢t = kT to the corresponding way-points
r*(kT) = [r{(KT),r5(kT), ..., T:LE (kT)).

Step 3. If n¥ < nk~1 then some RAs can be recalled back
to the depot, whereas if n¥ > n*~1 new RAs should enter
the field. Finally, if n® = n*~! the number of RAs already

in the field at t = (k—1)T is enough to retain connectivity
at the future time ¢ = kT as well.

Note that in all cases, the way-points 77 (kT), j =

1,2,...,n* need to be properly assigned to the RAs (either
being already in the field, or staying in the depot). This
assignment can be done differently. Specifically, each way
point in the vector r*(kT) is assigned to the RA which is
the closest one to that way point at the time (k—1)7T. This
algorithm is employed in this preliminary work. Another
possible algorithm of the way point assignment to each
RA is to minimize the overall distance to be traveled by
all RAs to reach their new way points 77 (k7).

6. THE LOWER LEVEL OF THE CONTROL
SYSTEM

6.1 Module My: Path Planning and Collision Avoidance

The problem addressed in this section is that of finding
suitable paths in the plane connecting the initial RAs
location r((k — 1)T') to their way-points r*(kT).

Without the loss of generality the proposed solution is
illustrated for the j —th RA only, whose current location
at time ¢ is 7 (t) = [rjz(t), 754 (t)], and that must be moved
to the way point 77 (kT') by the time t = kT

We take advantage of the artificial potential strategy
outlined in Ferrara et al. (2008) and Guldner et al.
(1996) in order to propose the collision avoidance strategy.
Circular security regions of a radius R = E, centered
around the actual positions p;((k — 1)T") of each PA (i =
1,2,...,n,) are considered.

Note that the selected radius of the security region guaran-
tees that the motion of the PAs cannot leave the security
circle during the time interval [(k — 1)T, kT] as a conse-
quence of Assumption 1.

Let g = (2,y)T denotes an arbitrary position vector in the

p 31167 alld defllle
( ’ >
n
d(g ql)

Ul(g,qi,wi) = In (
Let g, be the closest PA to the j-th RA at time ¢, and
denote

1 ) R
d(g,w;) R+ d(qi, w;)

Uj(9) = U(g; 4a, 75 (KT)) (21)
Compute the gradient of the potential field U;(g)
Ej(9) = —VU;(9) = [Ex(9), Ey(9)]" (22)

The motion of the j-th RA is controlled according to (6)
by

v (t) = Ex(r;(t)Vy (1),

vjy (t) = Ey(r; (1) V] (t)
in a way to track the gradient of the harmonic potential
field U;j(g). The scalar command signal V;'(t) sets the
speed at which the j-th RA travels along the gradient lines,
and it must be selected in order to steer the j -th RA to
its way-points by the time kT. This is done in the next
subsection by a continuous finite-time control technique.

(23)



6.2 Module Msy:
control

path tracking via finite-time wvelocity

The following Lemma presents the proposed strategy for
designining the finite-time convergent velocity command
signal V' (2).

Theorem 6.1. Let the motion of the j-th RA in the time
interval [(k — 1)T, kT] be governed by (6), (23), (20)-(22)
with

T 2
0= a0, )
x (\/atrs(e).r <k70>+—duy<tx7§<kzv>) (24)
where
v > %ln (1 + \/d(rj((k‘ - l)T),r;?(k:T))) (26)

Then, the way-point is reached in finite-time by t = kT,
ie.

ri(kT) = T (kT) (27)
Proof of Lemma 6.1. Denote the distance between the
j-th RA and its way-point as

dj(t) = d(r;(t),r;(kT))
- \/ (rya(t) = 7o (RT))* + (ryy (1) = 73, (KT))
(28)
The time derivative of (28) takes the form
)=~ e 0~ )
X Ej(ry(0) V] (t) = H(r; (1), rj(RT)VF () (29)

Substituting (24) in the right hand side of (29) yields

= -/ d;(t) —d;(t), te[(k—-1)T,KT] (30)

The dynamics (30) converges to zero in finite time for all
~ > 0, with a transient time (see Yu et al. (2005))

2
T = ;ln (1 +4/d;((k — 1)T)) (31)
It follows from (26) and (31) that condition
r<T (32)

holds, from which the relation d(T') = 0 follows, which
straightforwardly yields (27). Lemma 6.1 is proven. O

7. MAIN RESULT

The guaranteed connectivity properties for the MANET
are specified in the following Theorem.

Theorem 7.1. Consider the MANET consisting of n,
moving PAs, fulfilling the Assumption 1 and with the
visibility range (. Assume that Assumptions 2 and 3
hold and the motion of the RAs is governed by the CC
according to the two-level control algorithm consisting of

the modules M1-M5. Let T' < min {B/vM,\/Zﬂ/aM}.

Then, the MANET is guaranteed to be connected at each
t=kT, k=1,2,...

Proof of Theorem 7.1. The predicted PA positions (13),
(9)-(11) feature an uncertainty quantified by (14). Due to
this uncertainty, the connectivity of the phantom graph
should be enforced in a robust manner, i.e. by allowing
the position of each PA to be inside a circle of cen-
ter (Piz(kT), Piy(kT)) and radius Tap. Let r*(KT) be
computed according to Algorithm 1. The complete graph
(_j*(kT), including both the PAs ¢(kT) and the employed
RAs while 7(kT) = r*(kT) is now shown to be connected.
Due to Algorithm 2, the distance h between the adjacent

RAs along the (i, 7) arc in the set Dgt(kT) is

g - al

mi; + 1
Since by construction ||¢; — ¢;|| < (m; + 1)8 — E,, it
straightforwardly follows that h < 8 — E, < [ which
implies that the graph Q*(kT) admits a minimum span-
ning tree with all edges having length not exceeding the
threshold value 8 — E,. Thus, the phantom graph Q*(kT)
is connected. The path planning and collision avoidance
module My, and the finite time velocity control module M5
guarantee that all RAs are steered towards the respective
way points by the time ¢ = kT as proven in Lemma (6.1).
Thus, the graph based on the actual PA and RA positions
at t = kT admits a minimum spanning tree with all edges
having length not exceeding the threshold value . This
proves the Lemma. .

8. SIMULATION RESULTS

The considered architecture has been verified via computer
simulations. The unit square [0, 1] x [0, 1] has been consid-
ered as the area of operation of the mobile vehicles. The
depot location of the RAs is assumed to be in the origin.
The visibility radius is set to S = 0.3 whereas the length
T of the receding horizon window is 7" = 0.5.

In the preliminary tests, the PAs are considered to be
at rest. Figure 3 shows the stationary locations of the
5 PAs and the RAs trajectories in the plane during a
simulation tests of duration 7. PAs are denoted by red
circles, the way points are denoted by green squares, and
the blue dotted trajectory denotes the trajectories of the
RAs, sampled every 0.05 seconds. The continuous blue arcs
between the PAs denotes those edges of the graph with
length smaller than the visibility radius [, whereas the
dotted red arcs correspond to edges with length bigger
than 8. It is seen that two RAs must be sent to the field,
and the corresponding way points are located in the middle
of the dotted “disconnected” edges. It is also seen that by
the time T all RAs have reached the corresponding way
point, thereby ensuring that the MANET is connected at
t = T. Figure 4 shows the temporal profile of the = and y
coordinates of an RA, along with the corresponding target
values (i.e., the way point coordinates). It is clear that the
RAs convergence takes place by the prescribed time 7.
The results of a similar test, corresponding to the more
evolved situation with n, = 10 static PAs, is shown in the
Figure 5. The collision avoidance imposed by the repulsive
action of the PAs over the moving RAs is apparent from
the inspection of the RAs trajectories.
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Fig. 3. Static PAs test with n, = 5. The RAs evolving
towards their way points
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Fig. 4. Static PAs test with n, = 5. RA and way point
coordinate vs time
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Fig. 5. Static PAs test with n, = 10. The RAs evolving
towards their way points.

Further simulations with n, = 5 moving PAs have been
carried out. The window length has been reduced to T' =
0.1. The maximal velocity ad acceleration of the PAs were
selected as vy = 1 and ap; = 0.5. Figure 6 shows the tem-
poral evolution of the x coordinate of the first RA, along
with the x coordinate of the corresponding way point. As
expected, the way point is updated each T seconds, and
it is apparent that the finite-time velocity control strategy
guarantees that the way points are successfully reached by
the prescribed times. Figure 7 shows the time evolution
of an ad-hoc boolean variable which holds the zero value
when the MANET is disconnected, and the unit value
when the MANET is connected. Numerical simulations
show that the proposed scheme is able to ensure the
connectivity of the MANET not only at the time instants

t=kT (k=1,2,...), as demonstrated in the Lemma 7.1,
but also in almost all the time instants after an initial
transient in the considered example. This suggest that the
method has good potential and that the performance of
the proposed two-layer control architecture goes beyond to
that proven by the theoretical analysis. A video showing
the dynamical evolution of the network with PAs and RAs
with n, = 20 is available in URL (2016) to allow the reader
to inspect the performance and scalability of the proposed
control logic in such a challenging scenario.
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Fig. 6. Dynamic PAs test with n, = 5. Actual and
reference x coordinates vs time of the first RA
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Fig. 7. Dynamic PAs test with n, = 5. The MANET’s
connectivity variable vs. time

9. CONCLUSIONS

The proposed scheme guarantees the connectivity of the
MANET at the time instants ¢ = kT, k& = 1,2,....
However, it is worth noting that the simulation results
have shown that the proposed two-level control algorithm
provides connectivity at the much broader time interval.
Future research efforts will be dedicated to improving the
proposed control algorithms to the level that guarantees
connectivity on on broader time intervals.

Several alternative improvements are possible. Note that
Algorithm 1 yields a viable solution to Problem 1 where
the number n, of RAs is not minimized. A solution can
be improved by reducing the number of required RAs. The
underlying idea could be based on the Steiner tree concept.
The main difference between the Steiner tree (see Van
Laarhoven (2010)) and the MST problems is that in the
Steiner tree problem extra intermediate vertices and edges
may be added to the graph in order to reduce the length of
the spanning tree. These new vertices are known as Steiner



vertices. It is clear that there is a deep connection between
the Steiner tree and the problem at hand, with the Steiner
vertices being good candidates for the RAs waypoints.
Unfortunately, the problem of Steiner tree computation
in NP complete, but interestingly the Steiner tree for
three and four nodes has a known solution (see figures
8) which can be employed in future developments to to
devise heuristics improving the viable solution given by
Algorithm 1.

A E

Fig. 8. Steiner patterns for 3 and 4 vertices.

Additional ingredients for improving the proposed method-
ology could be a more precise prediction of the future PA
positions (using, for instance, the estimated velocity and
acceleration provided by higher order robust sliding-mode
differentiators Levant (2005)).
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