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Abstract—In this paper we consider a team of robots that in the sense that the base station is in charge of calculating
are tasked with tracking a moving target cooperatively, whie the motion control commands with the aim of positioning the
maintaining their connectivity to a base station and avoidig robots at a certain distance from the target, while avoiding
collision. We propose a novel extension of the classical nigation . . O .
function framework in order to ensure task completion. More collision in the workspace and_ malnta_unlng Its connegfivit
specifically, we modify the classical definition of the navigtion tO the robots. The corresponding motion control commands
functions to 1) incorporate measures of link qualities and 2 are then transmitted to and executed by the robots. In order
include the impact of a time-varying objective. Our propos@l to accomplish the task, we propose a communication-aware
communication-aware navigation function framework is aimed at framework based on using navigation functions.

maintaining rgbot C(.)n.nectivi.ty.in rgalistic cqmmunicatioq envi- Navigati functi 9 ial t f artificial
ronments, while avoiding collision with both fixed and movirg ob- avigation functions [9] are Special types ol artiticia
stacles. We consider both packet-dropping and communicain- Potential fields and have been extensively used to ensure
noise based receivers. We furthermore prove the convergeac motion planning to a fixed point while avoiding collision
of thg proppsed framework under certain conditions. Finaly, with fixed obstacles [9]-[11]. In this paper, we modify the
g;{/isél’ygi]a?r%':n;ﬁ;'is show the performance of the proposed (|agsical definition of navigation functions [9] to include

9 ' realistic communication objectives as well as trackinglgioa

|. INTRODUCTION The resulting communication-aware navigation functioeslo

ot have all the properties of the classical navigation fions.
mobile sensor networks. Such networks have a variety o?r i_nstance, .it has multiple min_ima (aI_I with the same cos_t)

- L o ) and is dynamic when the target is moving. These, along with
applications from environmental monitoring, surveillarend the collision avoidance requirement in the presence of ngpvi
§ecurity to target track?ng and military systems. COmmmﬂ?obstaeles, makes proving the convergence of the proposed
tion plays a keky rzle |nbt_|he overaIL pﬁrfor.mz(ijnc? of dmpb'l?ramework considerably challenging, as compared to the cla
sensor networks. A mobile network that is deployed in cal work on navigation functions. The main contributidn o

indoor or outdoor environment can experience uncertaimty this paper is then two-folds: 1) to propose an extension of

both communication and sensing. The objects in the env'ror?évigation functions that includes the impact of link gies,

ment (such as buildings) will attenuate, reflect, and refrac

the transmitted waves, degrading the performance of veisel fme-varying objectives, and mobile obstacles, 2) to prove
. » 0€9 gthe p .. the convergence of the proposed framework under certain
communication. Considering the impact of communicatio

; L2 . . onditions. It should be noted that proving the convergerice
channels on wireless estimation/control is an emerging a

I . . . . .
of research. Authors in [1]-[8] have looked at the impact ot © proppsed naV|gat|on_ func_:tlon, in general, is conshlgra
challenging. Therefore, in this paper we make a number of

some aspects of a communication link on wireless control gf . . .
: ssumptions in order to prove convergence. For more details
a mobile sensor network.

In 141761, Mostofi et al. introduced icati on the application of the proposed navigation functionsaihb
n [4]-[6], Mostofi et al. introduced communica IoN-awarg . hiralized and decentralized scenarios, readers argeagfe

motion planning strategies, using an information-fusign a . ; .
; . . to [8]. In [8], we also provide more analysis on the impact
proach, and considered the impact of distance-depend#ént P& Eir?k qu[al]ity with anpemphasis on issges such as fffding

loss and fading on decentralized motion-planning and dat d shadowing as well as on other forms of the objective

fUSIdO.?. ”:. mo?llz netV\f[ofrks.t.An extensm(;l. 0f7[6]’ with %unction. In this paper, however, our main goal is to introelu
modification of the cost function, appeared in [7]. the proposed communication-aware navigation framewark, i

In this paper, we are concerned with designing MOUON centralized context, and prove the convergence undegicert

cor_1tro| com_mands _that can ensure c.oc->perat|ve targgt tTng}:onditions on target/robot speeds and configuration space.
while avoiding collision and maintaining connectivity to a The rest of the paper is organized as follows. In Section

base station, as shown in Fig. 1. Our scenario is centrallz'«?’dwe formulate the cooperative target tracking problem. |

This work is supported in part by ARO CTA MAST project # wo1NF Section 1, we show hc_)w to buHQ centrallze.d communication
08-2-0004. aware navigation functions that include the impact of a mgvi

Recently, there has been considerable interest in coopera



target and obstacles as well as link quality measures. \@, [11]. Extending such classical works and proving the
furthermore provide a stability analysis for the proposetbnvergence of our proposed communication-aware nawvigati
framework. Simulation results of Section IV show the perfofunctions for non-spherical workspaces are among possible
mance of our navigation framework. We conclude in Sectidature directions of this paper. It should, however, be dote
VL. that any workspace can be conservatively represented by a
spherical one. As long as the dimension of the space and
Il. PROBLEM FORMULATION obstacles are such that this conservative approximati@s do
Consider N mobile robots that are cooperating to track aot result in infeasibility, then proving convergence foet
moving target jointly. The robots are equipped with sensirgpherical space can still be valuable. Therefore, for the sa
devices to measure their own positions as well as the positiof stability analysis of this paper, we assume a spherical
of the target. However, the local capabilities of the robotgorkspace.
are limited. Therefore, they send their acquired infororati We assume holonomic robots with the following dynamics
to a base station which calculates motion control commands . ]
that are sent back to the robots. The overall goal of the 4G = Ui l<j<N, ©)
base station is to put the robots at a certain distance fro@pere u; € R? is the control input for thejth robot.
the moving target, which optimizes the cooperative targefe furthermore consider a point target with the following
tracking. Both the sensor measurements and motion contgghamics:
commands are exchanged over imperfect wireless channels i =dr+w, ©)
experiencing path-loss, shadowing and fading [8], [12}. Hi . N )
shows a schematic of the motion planning problem consideréferez € R is the position of the point targe, € R?** and

. . . 23 H H P T
in this paper. We assume a spherical workspaéet {g ¢ @ € R° is a zero-mean Gaussian noise with= E{wuw"}
representing its covariance matrix. Lgtbe the measurement

of the jth robot of 2. We have

zZj =& + vj, (4)

Station
,,},l wherev; € R? is a zero-mean Gaussian observation noise
whose covariance matriz; = E{v;v] }, is given by

2
R; = a(llgj — z|| — rs) Lxa. %)

I>x2 is the 2-dimensional identity matrix is a positive
constant andr, > 0 is the sweet spot radiug6] which
gives the best sensing quality. It should be noted that in
this paper we are not interested in capturing the targets as i
Fig. 1. Cooperative target tracking by a group of robots -ssemeasurements the case in pursuit-evasion games. In realistic targekimgc
are sent to and motion control commands are received fronsa #iation.  scenarios, maintaining a certain distance from the target c
result in the best observation of the target while reducimg t
probability of being detected. This is the intuition behiad
c{1gn-zero sweet spot radius, i.e. a distance from the tangeét t
S Xptimum for tracking. As we will see in the subsequent
sections, motion planning for achieving the sweet spotusadi
O;j2{qeR?||lg—qil| <r;j}, 1<i<M+N, (1) results in considerable challenges as compared to the- tradi
tional navigation function scenarios with a fixed destiomati
whereg; andr; show the center and the radius (of tfin point. More specifically, we consider the scenario where the
robot or obstacle) respectively. The firdt sets specify the pase station’s goal is to constantly position all the rokaits
robots and the rest specify the obstacles which are assurgesl sweet spot radius while maintaining certain level ok lin
stationary robots. The overall state of the system is dehotgualities and avoiding collisions. In this paper, we adsites
by a=[¢f -~ qy]" resulting challenges.
In general, workspace and obstacles can rarely be consid- o
ered spherical. The proposed communication-aware navigat?: Wireless Communication
functions of the next section are general and can be uti-In a realistic communication setting, such as an urban area,
lized for any environment. However, we impose the spherichine-Of-Sight (LOS) communication may not be possible
workspace assumption for the sake of proving convergencedioe to the existence of several blocking objects that can
the optimum configuration. For classical navigation fuoieti, attenuate, reflect or refract the transmitted signal. Tliiea,
it has been shown that several non-spherical workspacdsecaimommunication between the agents and the base station can
transformed into a spherical one via a diffeomorphism, undee degraded due to factors such as shadowing or fading [12].
which the properties of the navigation functions are iraatri A fundamental parameter that characterizes the perforenanc

7 Wireless Links
(path-loss,
shadowing,

R? | ||¢|l < R} C R?, i.e. adisc with radiug. The workspace
is punctured byM disjoint disc-shaped obstacles aiddisc-
shaped robots. The robots and the obstacles are specifie
the following sets:



of a communication channel is the received Signal to Noigmse statiod. Then thejth robot cannot move in the regions
Ratio (SNR). As we will see in the subsequent sections, tspecified byy; < v:nresr as it will lose its connectivity to the
design of communication-aware navigation functions reggui base station. We can treat these regionsigsal obstacles
an estimate of the SNR map to the base station. In [5], [13}jth a high cost for entering them. We will have,

we showed how to predict and estimate the channel based on

online learning of link qualities. In this paper, for the eaif Yj < Venresh < Mav, q5) <0, (10)

stability analysis, we assume that the error in the estonaif  \yhereq, denotes the position of the base station. We consider
the SNR map is negligible. Interested readers are refeaedhomogeneous transceivers for all the robots. As a reult,
[5], [8] for more details on the impact of channel estimatiofjl| not be a function ofj. This means that each robot will

error on navigation. experience a spatial sample of the SNR map based on its

The way the receiver of each robot (or the base statiogysition. LetC represent the safe-communication region for
handles the received packets also plays a key role in devisfie robots:

communication-aware navigation functions. In this paper w N N
consider two receiver structures: Packet-Dropping Retcsiv CE{qeR™ |Algp,q;) 20,1<j <N} (11)

and _Commumcatlon N0|se-ba§ed Recelve-rs [1], [8]. The f'r'?he communication-aware free configuration space is then
receiver drops any packet with the received SNR below

certain threshold while the second one uses all the pack%a?sﬁned as the space where the robots do not coliide and can

but utilizes a trust factor in order to reflect their quaktie m_a|nta|n their conn_ecuvny. LeI_F _represent this region. We
. L o : will have the following by modifying Eq. 8
The design of communication-aware navigation functions ca

change drastically depending on this underlying assumptio ) N N+M+1
on the receiver design, as we shall see in the next section. Fo= [ﬂ N fi,j] nc. (12)
=1 j=i+1
I1l. COMMUNICATION-AWARE MOTION , J.,
PLANNING The requirement of connectivity can affect the boundary of

. . _ he workspace by creating a new and more limiting bound-
In this section we develop the foundations o P y g g

icati ¢ ¢ tracking based i t.wrg. It can furthermore create virtual obstacles inside the
communication-aware farget racking based on havigall rkspace. As discussed in the previous section, we take the
functions. We introduce the following obstacle function

hich i tensi f the classical definiti .~ hew configuration space to be spherical as well through a
B(q). which is an extension of the classical definition 9VeRynservative approximation of the virtual obstacles orappr

in [9] in ord_er to embrace the impact of fixed obstacles atﬁffeomorphisrrﬁ The obstacle function defined in Eq. 6 can
well as moving robots: then be modified to embrace the impact of both real and virtual

N N N+M+1 obstacles. Led!’ represent the total number of real and virtual
s@=2]] II 6@ (6) obstacles. We will have,
=t N N+M'+1
where g@=1] II & (13)
B () & lgi — gjl1* = (ri +75)* 1<i<j<N+M, =1 j=itl
RV (R =) = el j=N+M+1, where ('(q) is the modified communication-aware obstacle

_ _ _ o (7)  function and3; ;(q) has the same definition as Eq. 7 for a real
Thefree configuration spacevhich refers to the collision-free or virtual obstacle. The term “obstacle” will then refer toth
space, is a compact connected analytic manitdld- R*"  real and virtual obstacles in the rest of the paper. We assume

given by NN that the starting positions of the robots are in the intesfaf”.
N AL Then the goal is to design a communication-aware navigation
7= ﬂ ‘ ﬂ Figo (8) strategy that can guide the robots to the optimum distarmee fr
=1 g=itl the target while keeping them connected to the base station
where and avoiding collisions. It should be noted that as long as th
Fij £ {q | Bij(a) > 0}- (9) robots are within the interior of’, the communication will

The boundary ofF is also defined a8 = 5-1(0). Next, we be.pen_‘ect (due to the packet-dropping ngtur_e of thg remaivg
introduce communication-aware navigation functions fotnp 1his Will not be the case for the communication-noise remeiv
packet dropping and communication noise based receivers®S We shall see in the next part.

A. Centralized Navigation Functions for Packet-DroppingtR 'We assume the same link qualities for both uplink (link fromoaot to
ceivers the base station) and downlink (link from the base statiothéorobot) [12].
Our results can be easily extended to the cases where th @pid downlink

A packet-dropping receiver [1], [8] drops any receptiorxperience different link qualities.

. . ;i > . . )
with the received SNR below a certain threshold. b8 csn There may exist cases whetk intersects with some of_the_ obstacles.
The results are extendable to such cases as long as a diffgloisma or a

represent th'_s threshold. I.:ur_thermore,ﬂ}gtrepresent the re- conservative approximation can be found that transforresrésulting#’ to
ceived SNR in the transmission between jite robot and the a spherical one.



The nature of our cooperative target tracking problem is Lemma 1:Let £ £ {q \ ggeW,1<;5< N}. For each
different from the typical applications of navigation fiens, q € £ and a smalls > 0, defineD(q) = {{i,j} | |l¢; —
which are more concerned with getting one robot to a fixegd| < d;, — 6} for 1 < i < j < N. Then, there exists
destination point while avoiding fixed obstacles. In thip@a L(J) > 0 such that for anyg € £ for which D(q) # 0, we
we need to design an appropriate objective functioR#’ haveVq4J(q,z) # 0 as long ass > L(9).
whose minima will occur only at those optimum distances Proof: The gradient of the objective function is given by
from the target (sweet spot radius) that do not result in any N N N
collision. In order to satisfy this requirement, we need t — )2 Mo — asl) .
minima of the objective function to be in the interior &t for h?qJ Vq; (g =l =) +Vq;jzzz+lgz,](l\ql )
all possible positions of the target. This means that theman -
of the objective function should not occur at any positioatth A B (16)
results in 1) either a collision with a fixed obstacle or thecalling thatsup, lg; — x| = 2R (R is the radius of the
boundary of the space or 2) inter-robot collision. In thip@a \orkspace), we obtain
we assume that the target and as a result the sweet spot radius N
around it does not get too close to any fixed obstacle or the . 2 _ ) 2
b L - sup [|A[|* = sup Y _ 4(llg; — = — )

oundary of the space, which will ensure that condition 1sdoe £
not happen. We then exclude any points that result in inter-
robot collision from the time-varying minima of our objeati
function as we will show next. Based on Eq. 5 and the faes long as'; < R which is the case for a feasible problem.
that the optimum distance from the target is the sweet spaiso, by definingV\V;(q) asN;(q) = {j | {i,j} € D(q)}, we
radius, we propose the following objective function: get

N N N N 2
J(q,x)éZ(||qj—x||—rs)2+Z > gis(lai — g5, ingHBHg:irgleHti > gi,j(HQi_QjH)H

j=1

= 4N(2R —r,)?, 17

j=1 i=1 j=i+1 i=1 JjeEN;(a)

(14) N 2
where the scalar functiong;; : [0,00) — [0,00) are = o? ianH Z (dij — Hqi—qu)Qﬁ-_,j‘ :
differentiable everywhere but the origin and are defined as £ JEN: (@)
follows:

h(8)
N I/(d@j — T‘)3 0<r< d/@j (18)
gi,j( ) = 0 r>d s (15) R A .
= iy where#; ; = (¢; — q;)/lla; — ¢;||. If D(a) # 0, it can be

easily confirmed thak(d) is an increasing positive function

for a positive constant and (r; + ;) < di; < 2r5. The o¢ 5 Therefore, the following is the sufficient condition for
first term of Eq. 14 results in an objective function thag J(q, ) # 0:

has its minima at the sweet spot radius from the target. It

should be noted that we have a ring of minima where all U > 2VN(2R — ) 2 1(5) (19)
the points have the same cost. By adding the second term, ~ 34/inf [A(9)] '
ie. > S, 90 (g — g5ll), we guarantee that we only -

keep those points on the sweet spot radius that result in Bf choosings > L(5), we getV,J(q,z) # 0 for everyq € €
collision. In other words, by prop_e_rly designing the se_cor_nﬁlJr which D(q) # 0. Therefore, if5 is small enough, the only
term, we can guarantee that the minima of the overall OM‘*Ct'possible solutions 0¥ ./ = 0 are the global minima given by

function (given by.J = 0) are within the interior ofF” for all  ; _ ¢ (these are configurations on the sweet spot radius that
x. Note that the objective function remains differentiabie i a5yt in no collision). It is also straightforward to sholat

practice since the only non-differentiable point occursh# the Hessian of the objective function is positive semidéini

centers of two robots collide (i.e; = g¢; for i # j) or the gt the global minima. Lety; be one of the global minima. We
center of one robot collides with the target (igg.= ). have

Next, we prove that by adding;", >, gi; (lai —

. . . . v.VEgl =o,
g;)) to the objective function, we will not introduce any extra K P
critical pomts. More speplflcal!y, we show that_by phoosmg v2 g = o T =0, (20)
an appropriater, the minima given byJ = 0 (which is any %7 gy T

configuration of robots on the sweet-spot radius that ms%heref— A
1,T

. - . ) . = (¢; —x)/||lgi — x| andj # i.
N no collision) are the only critical points of the objeaiiv Before introducing the proposed navigation function, we
function. In order to do so, we next show how to choose

o 00S€ st define the following sets [14]:
large enoughv to guarantee that the derivative of the objective . C
« The narrow set around a potential collision:

function can not be zero at any pointiR¥" where the second
term is non-zero. B ;(e) £ {q|0<f;(q) <&} (21)



« The set near the optimal configurations for a given

Fa0) 2 {a |0 < J(a,2) < 6. g=g;] > diyi 1 < i < j < NY. :
(22) Y e

« The set around all the potential collisions between arobot 2 £ .
and an obstacle:
N N+M' 0s

fo(&s)é[U U Bz’-,j(s)}—fd(é)- (23) . D)

i=1j=N+1 0

Obstacles
40

20
e 60 80 100 120 2

« The set around all the potential collisions between any

two robots: . . . .
Fig. 2. A snapshot of the navigation function for a point &rgt (70,50) —

single-robot case. The ring of optimum minima can be seearathe target.

N N
Fi(8,e) 2 {U U B;_,j(g)} — Fa(6). (24)

i=1j=i+1
« The set around all the potential collisions between a rob@¢cePtable as can be seen from Fig. 2. The next few lemmas
and the boundary of the workspace: show that we can still guarantee convergence to the optimum

configurations as well as obstacle avoidance. For the sake of
A N , mathematical proof in the rest of the paper, we assume that
F2(0,¢) = {U Bi7N+M’+1(€)} = Fa(9). (25)  the uncertainty in the measurementszoénd q is negligible
=t at the base station. The first assumption can be interpreted
« The set after excluding the aforementioned ones and e follows. Givenz, the base station wants to constantly put

boundary of the free configuration space: the robots at the optimum distance framwhile maintaining
Fa(5,¢) 2 F'—{fd(5)UFo(5, SVUFL (8, £)UFs (6, e)U&]—"’}. connectivity and avoiding obstacles. N
(26) In the following lemma, we prove that any global minimum

We assume that there exi& and ey such that foré < 4, ,Of _J (which are the. p_oints where both: 0 and Vq.J =0),
£ < e, and for allz is indeed a local minimum of the navigation function.
o Lemma 2:Consider a valid work space. Any, that is a

r isjoi < i < ! ) _ o o -
1) Bws are _d|5]0|nt forl < 4 < s N+M+1 minimum of the objective function is also a local minimum
This implies that the probability of more than one

. L . of v(q,x), for a givenz.
simultaneous collision is assumed negligible. Proof: For anva we have
2) Fa6)NBj(e)=0for 1<i<NandN+1<j< : y
N + M’ +1, as was discussed in designing functidn KV g — IV G0
3) The probability of collision with the target is negligél Vap(aa, z) = (JK e +1/x
since we assumed a point target. " )
In the rest of this paper, the termalid workspacehen refers since J(qq,z) = 0 and V4.J(qq,z) = 0. This also implies
to a workspace for which there exi& andey. It should be that atqqg
noted that due to the motion of the target, the convergence of ) N1k
the network taF,(d) is the best that can be achieved. Vaye(da, ) = (5') VqJ‘qd = 0. (29)
We now propose the following centralized navigation func-
tion for the whole system, which will be calculated at theebasincevflj‘ =0 and ﬁ" > 0. ]
station:

=0, (28)

dd

J(q, ) Lemma %Eilf the work %ﬁbace is valid, there is no critical
7 (27) points of ¢(q,z) at the boundary ofF’. Furthermore, the
(J'f(q, x) + 6’(q)) proposed navigation function guarantees collision avuida
) ) ) Proof: Let g, € dF’. Based on our earlier assumption,
where is a tuning parameter. The control signals are thegyy one head-to-head collision is possible at any timesThi
calculated as1 = —uVgp(q,z) whereu = [uf - uj]" implies that for a valid workspace, only one term in the

and . is a positive gaifi The base station then sends eaGfiefinition of the obstacle function is zero at any time. This

u; to the corresponding robot. Fig. 2 shows a snapshot of thRians that there exists a pdir, j} such that3 (q.) = 0
. . . . 9 1,7 z
navigation function for a single-robot case. and 8} ,(q.) > 0 for all {k,i} # {i,j}. Then, similar to

The key points that differentiate our navigation funCtiO'Ebroposition 3.3 of [14] and using the fact thatq.) # 0, one
from the traditional ones are its time-varying nature asl welg, get

as the existence of multiple minima (due to the minima of
J). However, all the minima have the same value and are all Jr [

o(q,z) £

H Bret # 0.

Nabi;
3., can be constant or time-varying when a gain-schedulingrigtgo is {k, 13 #{3,5} 4
used. (30)

Vap(a,7)]q. = —




Furthermore, Proof: Let q. € Fy(d, ) be a critical point ofp(q, =) for
VBl = 2(g — q;) 1<i<N, somez. Then therel exists one paﬁrz’,/j} for1 <i< N and
Nitl<j<Ni N+1<j < N+M'suchthag. € B ;(c) - Fa(d) —i.e. the

Tlsys N+ ith robot is very close to thégth obstacle. We will show that

VbBi;=-Vgbi;=2@—q) 1<i<j<N, VQgp(qc, x) has at least one negative eigenvalue. To do so, we
V.0 2qz j=N+M +1, WI|| find a directionn; ; along Whichnfjvflgp(qc, z)n; <0
v, ﬁ{ _ ki, for all z. Let us choose
k7,9 )
N T T
(31) mig = [0--0 AT 0---0] (37)

which guarantees that the direction of the control signaistp
toward the interior ofF’ (collision avoidance). ]

In the next lemma, we prove that if the workspace is valid¥here X, ; = (¢ — ¢;)*/||(@ — ¢;)*||. Using the definition
there exists no local minimum of the navigation function i®f the navigation function, at a critical point

2¢—2 2N —24

.7:3(67 8). 2 _
Lemma 4:For every valid workspace, there exists a positive Va#(Qe, ) = (38)
T(d,¢) such that there are no critical points ofq, z) in Hﬁ’vgj_i_ (1 — %)B_{(vqg/vng/) _ nggf
Fs(d,¢) for all z as long as< > T'(d,¢). Sy
Proof: Following the same procedure as in proposition “(JF" +5) e

3.4 of [14], the sufficient condition fop(q,x) to have no / I g A
critical points inF3(6, ) will be as follows Let us break' as § Jiji and d%notze(A)s as the
’ symmetric part of the matrid. Evaluatingy; ; Vg o (de, 2)n;,j

, .
S nggl:ﬁ{’ @2
4 PO R o
or sufficiently, k(T +6') . i Var(de, ©)mi; =
/
supJ Vol (33)

771'T.,j [ — Jﬁ_’i,jvaﬁ/i,j + 'fﬁ’VﬁJ} Nij| +

dc

T
where the inf and sup are found ové%(d,¢). Using the

properties of the objective function (see Lemma 1), it cany { 1— L J v7 IV23 } (39
be easily confirmed thatup J andinf ||V,.J| are both finite Bl |( )ﬁ’” a0 Vali, =S Vel s i . (39)
positive numbers. Alsoinf |V4J| is an increasing function Using the fact that at the critical point
of §. Furthermore,
g J Mg g #B'(|VaJ|? = IVEB V]
q Z Z q/ 7_]. (34) : T
i=1 j=i+1 ﬁZJ _'](61] qﬁlg +Bz]vqﬁz]) ']7 (40)
Sinceinf ﬁ;_’j = ¢, we will have We obtain
N N+M'+1 / K n1+1/s T 2 /=
4 HV Bi 5l k(J"+ 0 i Vaelde, z)niy =T+ 6; ;5, (41)
q H < Z Z ;/ J (35) ( ) qc J J
i=1 j=i+1 2
RN where
< T (V2(N — 1) +2M' + 1), VIBLV
< F J/g/ 7777, 7 |:_ vzﬁlz j 2 Vz J:| TIZ,J )
where R is the dimension of the workspace. Thus, one can R b IVa JH de
selectT'(4,¢) to be et {JvTﬁ/ VQJ (- 1) J i
2RN S Y 2 gAML Y alig
76,0 2 22 (B — 1y o+ 1) SR (36) IVall OB
€ inf [|[VqJ|| -
m - quﬁ i3 | g (42)
Lemma 5:Consider a valid workspace. Assume that for all 4
the pairs of robotsg; ; is selected to be consistently close tgve have
r; +r;, such that if theith robot is near one of the obstacles, 2 { 2rs . o 2rie —Ts) }

' ] — i,z —=1 i,7
then||q; —q;|| > d; ; for 1 <i < j < N. Furthermore, assume 103 Val tig = A, T e BT A
that the target is far enough from the obstacles such that for 2(rie — TS) 27»5
any z, |l¢g; — x| > rs + max;(r; +r;) for 1 <7 < N and = ‘/\ZJTZI| ) (43)

-
N+1<j< N+ M’ Then, there exists a positivg such N . _
that for anye < 1, there is no local minimum of(q,z) in  Wherer; , £ |l¢; —z|| and#; , £ (Qi —x)/r 5. Let us define

Fo(d,¢) for all z. es 2 min; {(|lg; — || — 75)* — [max; (r; + rj)]Q} for 1 <



1< NandN+1<j< N+ M. Then, by selecting < e;, After a straight forward derivation, it can be shown that the
we guarantee that; , > r, and0 < ngjvgJ M5 < 2. following is the sufficient condition to guarantee converge:
If (¢; —q;)*#. <0, thenT < 0. So, we only consider the

case wherdg; — ¢;)*#; . > 0. In this case, 7(®) <
2
2 (¢ — ;)" Piw . 2 sup Vo
r<J@,;|-2+ 2ﬁ (44) (mfﬁ’HVqJH) K — mevJJ” sup | B/ﬁ [
7,T s e

, (49
The sufficient condition fol’ to be negative is thefig; — (49)

“ 14+1/k
2 ] 3 / 9 /
2)(q; — ) > r4|lq; — z||. If we selecte < ,, this sufficient " [(Sup )+ bupﬁ} (bupﬁ ”vz‘]””IH)
condition holds automatically The next step is to defing= S(5.e,k)
infg (e ]:d(;)‘ ‘ forir<i<NandN+1<j <N+

, a where thesup andinf are found overFs(4,¢). As long as
M'. Then, by defininge; £ min { min; ; 51;]75_5}' we get . 7(s,¢), as described in Lemma 4, the numerator of Eq. 49
1i;Vae(de, 2)mi; <0 as long as < ¢1, which implies that g giways a positive number. The denominator is also bounded
Vap(de, x) has no local minima itFy (9, ) aslong as < e1. i £,(4, ). Note that the system cannot converge to the point
, . i i B whereJ is exactly zero since the numerator of Eq. 49 will be
Proving a similar claim for7,(d, ) is more challenging ;oo (unless target is fixed). But, as longsas small enough,
though. Authors have proved that if feasidleande, can be 4 performance is satisfactory. -
found such that fob < &, ande < eo, In order to make the convergent sg4(J) closer to the set
(g —4;)" (Vg J = Vg, J) of optimal desired configurations, one has to choose a smalle

B;J(f)ufpfd(&) ' V|2 <L l=i<jsh, 0 which implies faster robots (or a slower target).

o (45) Centralized Navigation Functions for Communication
then, a similar approach to Lemma 5 can be followed to f"}qmse Based Receivers

ey for F1(0,¢). We are currently working on relaxing this )

assumptlcgn I;y following a similar approach to proposition Consider the case where the receiver does not drop all the
3.7 of [14], the results can be extended to show that no lo&fONe0US packets but builds a trust factor for each pagket b
minimum can exist inF» (s, ) as long ase > T(6, ) where using the received SNR [2]. Then the effect of communication
T(6,) was derived in Lemma 4. So far, we established (Wltﬂrrors at the _blt level can be modeled as an add|t|ve_n0|se as
some assumptions foF;) that the minima of, do not reside was proved in .[2]. Consudgr communicating the es_tlmate of
outside ofF,(6). Next, we show that starting from a point inthe target position from thgth node to the base station. We

F3(6,¢), the nodes will converge to a point if;(s) for any Wil have [2], [6]:
« provided that the dynamic of the point target is slow enough zj =z +v +cj, V7, (50)
with respect to the robots. ) ) )

Lemma 6:1f the robots start ins(5,<) and x > T'(5,¢) where z; is the reception of the base station from tfié
(derived in Lemma 4), the control signals calculateduas: Nnode andc; is the communication noise withl; = E{c;c] }
—uVqe(q, z), will navigate the whole system to a point ,nrepresentmg its covariance. We takg = o I2x2a as was
Fa(6) for any z as long as5(®) < uS(d,¢, k), wheres(®) shown in [2]. The optimal positions are then given by the
is the largest singular value @ and S(4,¢, x) is a positive following set: Q2 {q" | ¢; = argming, [a(]|gj —z| —7s)*+
number. ﬂ} Similar to the packet dropping case, we propose an

Proof: Assume that the uncertaintyin the target dynam- objective function of the following form for the whole syste
ics is negligible! A sufficient condition for convergence is to

guarantee thap(q + dq, =z + dz) < ¢(q,x) or equivalently Zf (qj) + Z Z 9ij(lla: — g;11);  (51)
: T, T,
¢ = (Vqp) a+ (Vap) & < 0. We then have =1 j=1+1
. T, T, . -
o= (qu) q+ (stﬁ) P (46) where func_t|0ngm is as defined prew_o_usly aqd funf:thﬁ
) T can be designed to ensure that the minimuny o$ achieved
= —ul[Vael” + (stﬁ) bz at the desirable set. In this case there is no need to modify th
and obstacle function in Eq. 6. The navigation function can then
B'Vad be built using Eq. 27. For more details on this case, see [8].
Vap(q,z) = RS yL (47) 9 =d 8]
(Jr+5) IV. SIMULATION RESULTS
Then in order fory to be negative inF3(4,¢) for all z, we |n this section, we present the simulation results for a tase
must have which a team of two mobile robots, with the same radius-

158"V ] — IVa|?
/QQ(JK + 6/)1+1/I€

ro = 2.0, track a point target in the x-y plane. We assume a
realistic communication setting with path-loss, shadgnand
multi-path fading. For shadowing, we consider an expoaénti
4If this is not the case, we can prove the convergence in mean. attenuation when traveling through the obstacles.

+3 (V. ) ez <0, (48)




Fig. 3 and 4 show the trajectories of the robots for @ w7 srreen BaseStationY
packet-dropping receiver and a communication noise-based — --Boundaryorthenen @ acies
receiver respectively, where only path-loss and shadoairg *
considered. The threshold SNR in Eq. 10y{$,csn = 17dB s0- ~
for the packet dropping case. The dashed line in Fig. 3 \
shows the virtual boundary of the safe-communication regio i ‘ i
as described in Eqg. 10. A diffeomorphism was then found -
to translate the workspace into a spherical one. In Fig. 5,
we added the effects of multipath fading where the holes
introduced by multipath have been shown. For the sensing “EET ey
error covariance in Eq. 5, we sat= 0.01, r; = 5.0. For the

objective function, we took = 10.0 andr,,,, = 8.0. In Fig.

3, 4 and 5, the empty boxes/small circles and the filled ones
denote the initial and final positions respectively. Fig. 5. Trajectories of the robots (Packet dropping with multipath

fading). The virtual obstacles are due to multi-path fading
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%, Obstacles }

N H
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Y (m)

—Traj. of robot1
100/|—Traj. of robot2 Base Station
---Traj. of target

---Boundary of the new workspace

Robot 1 both fixed and moving obstacles. We proved the convergence
of the proposed framework under certain conditions. Our
simulation results furthermore showed the performanceuof o
proposed cooperative target tracking framework.
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