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Abstract— Vision-based control of a robot formation is chal- T
lenging because the on-board sensor (camera) only providése s u y
view-angle to the other moving robots, but not the distanceftat I XN
must be estimated. In order to guarantee a consistent estinba u y
of the distance by knowing the control inputs and the sensor XN N
outputs in a given interval, the nonlinear multi-robot system C i o)
must preserve its observability. Recent theoretical studis on 3
leader-follower robot formation exploit the interesting influence C l«— O gdes
that the control actions have on observability. Based on thee - Observability
. . . N . es =
results, in this paper we present a switching active control ts Rank Conditior

strategy for formation control. Our control strategy is active
in the sense that, while asymptotically achieving the formtion (a) (b)
control tasks, it also guarantees the system observabilityn
those cases in which all the robots tend to move along non-
observable paths. As a result, both estimation and formatio Th — ; ; .

. . . - e control lawC usess to achieve the desired formation goals. (b) -
performar]ces are improved. EXtenS'Vef simulation results foow Our switching active schemén analytical study of the observability (gray
the effectiveness of the proposed design. block) allows us to design a switching control lawthat guarantees both

the formation stability and the system observability.

Fig. 1. (a) - Traditional control schemeSensed outputy are used by
the observer© to produce an estimatg of the robot formation stats.

|. INTRODUCTION

The proliferation of robotics devices and the growing In thi t the f i trol bl ith visi
number of their potential applications, recently lead to an n this resp;)ec, | edorrr;a_]lon ﬁ."”tfo pro bFnr:hWI bVISIOﬂ
increase of interest towards multiple-robot applicatiensh ~ S€NSOrs can be solved only liecalization problehas been

as consensus, rendezvous, sensor coverage and simuﬂané'(sﬁt solved. Localization is basically an estimation pesbl

localization and mapping [1], [2] in which the first issue to be addressed is the study of
. T observability. A system is said to be observable when it is
Among theseformation controlstimulated a great deal of

. . o . possible to reconstruct the initial state by knowing, in\zegi
research [3] due to its wide range of applicability. In parti .
. o .~ interval, both the control inputs and the measured out@Jis [
lar, leader-followerformation control consists in controlling

: . . . . . For a system to preserve the observability means that the
followers’ relative distance and orientation with respéxt . e . . .
X . sensor measurements will be “rich enough”, thus implying
an independently moving leader [4].

A challenaing way to address this navigation roblerrtlhat the error in the localization will be bounded.
ging way 9 P In Fig. 1(a) we can observe a classic block diagram for

is to use exclusively on-board passive vision sensors, ”ktﬁe control of a systent (e.g. a multi-robot formation):

omnidirectional cameras which guarantee a °3@@ld-of- .
. : ) an observe® uses the camera measurement® provide
view. Visual sensors are particularly appealing due torthel . .
S i : an estimates of the system state. In the leader-follower
low cost compared to the rich information they provide when . . . . .
" . scenario, the formation state consists of the relativedis,
compared to other traditional robotic sensors (e.g. sonars :
= view-angle and heading between théh follower and the
scanners). Other approaches have shown the vision-base : : :
. . eader. The estimated stat@nd the desired robot formation
control and localization for the cases of static landmaéks [ d
: . . . - Shapes® are then used by the control latto compute
using motion segmentation techniques based on opticdl- L L .
. L e steering inputst needed to maintain the formation.
flow [7] or with known camera calibration parameters [8]. . . .
In the case of robotic platforms with on-board vision

However, we will henceforth assume that each robot is deall th i ¢ dith |
equipped with one uncalibrated panoramic camera whicit 1S0rs, We are deaiing with a honlinear system and then only

only provides the view-angle to other moving robots: in thi§OOIS from differential nonlinear systems theory must becus

case the formation control problem is challenging becaud® p:rl-civel\;he. pO.S.S'b'I't?/ tjc-)zreconstrucé the ste;)te [10]t;.|llﬂase
of the unknown distance between the robots. on [11], _quotthl etal. [12] presen_te a newbservaility
rank conditionvalid for general nonlinear systems and based
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robots reactand maintain straight formation trajectories: inwe will consider only the case with one follower. The
this case the localization fails because the sensor outpastension to multiple followers is straightforward [12].
(view-angles) do not change due to the zero relative motion Each robot is equipped only with an omnidirectional cam-
between the robots. As an effect, the process and the mema [13]: the one on the leader measures the view-argles
surement noises can slowly accumulate in time and make thad+) given respectively by the observation of the follower’s
robots deviate from the nominal formation. centroid and of the colored marké? placed at a known
The innovative approach we present in this work makedistanced (Fig. 2). Analogously, the camera on the follower
use of a well-known property of nonlinear systems: differean measure the view-angleto the centroid of the leader.
ently from linear systems, the observability of a nonlinealhe anglen is then transmitted by the follower to the leader,
system depends also on the inputs This is particularly thus allowing the calculation of the headifig= —¢+n+ .
appealing because suggests that the desiga cén affect To simplify the discussion, we will henceforth refenly to
(and hopefully improve) the performances of the observe?, implicitly assuming the transmission gf
and consequently those of the overall robot formation. Base To summarize, theneasurement vectgr on the leader is
on this property and as an innovative contribution, we presedefined as
a control strategy that uses the determinant of the EQOJ y 2 [ 47T, ()
matrix to switch between two control laws: the first one . :
used when the system is observable, guarantees expof}entiglhe dgtec'uon Qf the robot centroid gnd of the_ marker
convergence to zero of the formation state tracking erhar; t IS ac_hleved using color blob extraction or active contour
second one, that starts when the observability rank camditi tracking [14]. . .
is not verified, can be considered as active control law _The whole system fan be ?odeled m_polar c_oordlnates
because introduces some variations in the desired formatiig'th the state vectos = [p ¢ S]°, wherep is the d|§tance
s? to both guarantee the asymptotic formation tracking an om the center_ of the leader to the markerAs mentioned
the recovery of observability. See Fig. 1(b) for its bloclén,the Introducthn,the leader uses the cameraingasurement
diagram. The proposed active control law has a closed-forth in (1) to provide a state e_stlmafe The states is then
expression that allows the study of stability. In this Wa)PSEd to compgte a control inpiiip wr] tq bg sent t(.)
our control follows a different direction from other “aativ egch follower, " ordgr to allow them to mﬁ;“‘%‘g ? desired
vision” strategies based on numerical optimization me$hod0“Stance and orientation 1o the_ Iead;er; [ 4] .
whose gap is related with the impossibility to provide an The leader-follower system is described by the following

analytical study for the asymptotic stability of the closed model . . :
loop system. Proposition 1 (Leader — follower kinematic model [12]):

The paper is structured as follows: in Sect. Il we introducg\/Ith reference to Fig. 2, the leader — follower kinematic

the leader-follower sensing and communication assums;;);tioﬂmjdeI can be written as follows

together with the kinematic modelling. In Sect. Il we preise s =G(s)u, 2)
the Observability Rank Condition and use it to show the non- N

observable robot trajectories. The switching controltegg  Whereu = [vr wp v wr|" and

and the active control law are presented in Sect. 1V, togethe cosy dsiny —costp 0

with the stability analysis. Simulation results are présdn

_ | —siny dcos~y sin ¢ _
in Sect. V., while concluding remarks are in Sect. VI. G(s) = P P P 1 ®)
0 -1 0 1

Il. THE LEADER-FOLLOWER SENSING COMMUNICATION

AND KINEMATIC MODEL where~y é B+ 1!) _ u
] o ) The kinematic model in the case g¢ffollowers can be
Let us consider the leader-follower setup in Fig. 2. Withoug ;. 2inaq by simply extending (2).

losing in generality and for the sake of simplicity, hereaft  rinay note that simple geometric considerations from
Fig. 2, together with the knowledge df v and¢, could have
been used to analytically compute the distapcélowever,
since this is possible only when # £ (i.e. non distant
robots), we then adopted an EKF to avoid this problem, as
detailed in Sect. V.

1. OBSERVABILITY OF NONLINEAR SYSTEMS

In this section we present the results @pservabilityfor
generic nonlinear systems and apply them to the leader-
follower system in (2).

Follower A generic systenkt is of the form

i eader-follower setup in polar coordinates. . s(t) =1£(s(t),u(t)) , s(0)=s
% Resderiolower sep i polar ceordnd S e @



wheres(t) € IR" is the statey(t) € IR™ are the sensors
measurements and € IR? is the input. As mentioned in the
Introduction, and differently from linear systems, gloloal
complete observability can not be usually expected for (4)
and the notion ofocal weak observabilitat a pointsy has
been introduced in [11].

A sufficient observability rank condition recently propdse
in [12], states that (4) is locally weak observablesatif
there exist an open set sf for which the Extended Output
Jacobian matrix with rows

J={dn (s)|i=1,....,m;j=1,...n}  (5) ]
is full rank. The superscripj refers to the order of time 23|
differentiation of the functiong;(s). =l
A. Vision-based observability of leader-follower i D; “\ f Mo

The above observability rank condition can be applied o M o~~~ - WJ
to the leader-follower setup of Prop. 1 with visual mea- -05 ——
surements as in (1) so to obtain the following observability Torzsasere 20111z Te 156161020
condition 1 .
detd) = - [w +wL} £0. (6) (®)
p Fig. 4. Unobservable trajectories. (a) On rectilinear ectjries the

The above equation has an intuitive geometrical interpretalaisu?l informar:ion is Inot chgﬂginfg hsensti)loly so as to merdve robt;]t

; ; ; . ocalization. This results in a drift of the robot trajedesr with respect to the
tion, as shown in Fl_g' 3:a Iead(ab) _and two_follqwers(F1>, nominal (desired) ones. (b) The highlighted region indisahe time instants
(F») are here considered at two different time instahts,0 ¢ = [6, 9] sec. in which detJ) drops down to zero that also corresponds to
andt¢ = 1. All the robots move with the same translationalkhe trajectory drift.

velocity and zero angular velocity, = 0). After one step

we note thaty,(1) # 12(0) (and thusiyy # 0) due to
an initial heading different betwee(l) and (F;). Then, ajong rectilinear tractyy = § = 0, thus implying that
from (6), it turns out that the state, is observable. This the system is not observable since rehk < 3. In this
is intuitively correct, since the visual information vasi&  sjtyation, every kind of process noise (e.g. wheels slippag
time and it is then expected to improve the localizabilityor ynmodeled dynamics) is never corrected by the sensor
Analogously,curvilinear trajectoriesare expected to have gata which is not informative along straight paths. To remar
a favourable effect on observability, since a change of thgig phenomena, in Fig. 4(a) we show a snapshot from the
output signal (1) occurs there. simulation results, showing a leader and two followers glon
Remark 1 (Unobservable trajectoriesin order to study rectilinear trajectories (EKF is used here as the observer)
unobservable trajectories, we would like to use the obserynile they are expected to move along straight nominal
ability rank test as a necessary condition, while (6) is onlyaths, their actual trajectories exhibit large drifts wispect
sufficient. However, as pointed out in [11]-(Th. 3.11), th&g the desired trajectory. Also, exactly in correspondefce
observability condition is necessary when the obsentgbili these drifts { = [6,9] sec.) the value of dél) drops down
matrix is full rank everywhere except possibly within a sebs tg zero in Fig. 4(b), thus revealing itself as an index of non-
of the domain o&. Hence, ifJ is not of rank3 for all values  gpservability.
of s, then the system isotlocally weakly observable. From  pemark 2:1t is paramount to note that the observability
Fig.. 3 we can observe that the system madeof and  condition (6) can be used to detect the observability in-real

(F1) is not observable, since; = 0. More in general, time. The leader needs only to compuiteand to knowwr .
V. VISION-BASED ACTIVE FORMATION CONTROL

In what follows we first review astandard input-state
feedback formation control law used in [4], [12]. This catr

P , exponentially stabilizes to zero the formation trackingper
v 7 (0) =v2(0) (distance and angle)along all the trajectory. However, as
’ shown in Fig.4(a), along rectilinear tracts the formation
' iy t=0 observability will not be preserved. In Prop. 2 we then
(L) introduce the main contribution of this paper, i.e. ac-
(F2) (F1) tive control strategywhich guarantees both the asymptotic

(but not exponential) convergence to zero of the formation

Fig. 3. Geometrical interpretation of the EOJ singularity. . .
tracking error along rectilinear tracts, as well as the esyst



observability. We finally present the switching strategy t&ubstituting (13), the above equation becomes

switch from the standard to the active control in the case in .

which the observability condition (6) is not satisfied.

A. Standard leader-follower formation control
The leader-follower kinematics in (2) can be written as

{ s.r = H(s)up + G(S)U.L (7)
B =wr—wp
wheres, £ [p ¥]T and
cosvy dsin~y —cosy 0
H(S) = |:—sinv dcosv:| y G(S) = |: sin ¢ _1:| .
P Iz P

The following control law stabilizes the formation towaras
certain desired statgl*s = [pdes es)T [15]:

up =H(E) (p - G(S)uyr), 9)
with p£ —K (8, —s%9) + 5% and whereK = diag{k:, k2 }

des)

+ pe (18)

p=—ki(p—p
—l)wL.(lg)

I Z)\ des ﬁ i des . P
ZD——kQ;(w—U) —Eqp)‘i‘;(’l/) +8¢)+<;

For a givenc(t) # 0, the observability condition in (6) can
be used in (19) to obtain the following

) c(t)
—ka (3 — %) + 9%+ wp + koey + €y
a(t)

Using (20) into (18), a linear differential equation for the
distance tracking errot, = p — p?°* is obtained

: Ct €es ~aes
p=—k (p ) _ e >+pd :

Imposing at this point the exponential stability @f, corre-

p= (20)

a(t)

with k1,k» > 0. Equation (9) acts in (7) as a feedbackSPONds in constraining() = c(t), i.e., from (20),

linearizing control, so that the closed loop formation erro

dynamics

S, = sfes —K(s, — sfes 8 =wp—wp (20)

);
become exponentially convergent to zero [4].

B. The Active Formation Control Strategy

Proposition 2 (Active control law)let s be an estimate
ofs=[py B]T as provided by the observér and let also
s, = [p ¥]T. Then the control law

up =HB) (P - G(8)uy), (11)
with des
P2 K, —s5%%) +5, (12)
where
"S'ges é [pdes’ wdes+€¢]T’ (13)

guaranteeshoth the vision-based observabilitand the

c(t) = —ko(1h — %) + 9%t wp + koey + &y (21)

which gives the differential equation in (14).
The stability ofe,, = ¢ — ¢%° can be studied using (21)
to retrieve:

P — % = —koey + (kagy +€4) - (22)
N———

p(t)

From (14), the perturbation(t) = —wr, +kaey — % +c(t)

is bounded, sincer;, ¢(t) andv?* are bounded also. The
boundedness qf(t) implies thaty — 1?¢* is asymptotically
stable. Finally, the stability of the internal dynamig@scan
be proved analogously as in [4]. |

C. Switching strategy

We have just presented two control strategies, the one
in (9) and the active one in (11). They only differ for the

asymptotic stability of the formation tracking errordesired value given to the angig’** that, in the active
e £ s — s for any bounded:(t) # 0 V¢ and for a choice control strategy, is augmented by. The switching strategy
of the functione,, satisfying at the following differential block diagramis shown in Fig. 5: the standard control law (9)

constraint: is used from the beginning and when the observability
Ey + kagy + (wL_kQ(w—weS)wdeS—c(t)) —0, (14) .
that is true for this choice of,, I
t ) u y
ey =—c 2t / (wr = ka(w—1es) 4 —c(r)) e+7ar. " BN
’ (15)
Proof: Using (11)-(12) in (7), the dynamics of the 8
reduced state state can be written as C |«— O |«
o= — HEHEKGE -59-5 1+ (4 Foie
+ [G(S) — H(S)Hfl(/s\)G(g)]uL. " {«pj” if det(d)70
% Es+sw else -

Note that, using (8), (16) can be written as:

. k1 (U ~des 1 0].:des 0 Fig. 5. Block diagram for the switching strategy. When thstesn becomes
Sp=— 0 kgE (ST—ST )-i— 0 ?|Sr + (E—l)WL non-observable, i.e. (6) is not verified, the active stiatggarantees both
P P p the observability and the asymptotic tracking error sifgbil



condition (6) drops down to zero, then the active strategy 7:?;;?;3&22;:;
in (11) is used. ___Control

In this way, when the robots are moving along observable
paths then the exponential formation is guaranteed. Also, 05
when they move along non-observable trajectories, then the 0
active control guarantees the asymptotic convergenceeof th '
formation and the maintenance of the observability.

p1— p1

5 10 15 20

V. SIMULATION RESULTS
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This section presents extensive simulation experiments 0% 5 10 15 20
. . . ti
we conducted to illustrate the effectiveness of our active mefeec

SW't_Ch'ng control strategy. The foIIowmg velocny Inpuiaw Fig. 7. Simulation results: distance estimation.The acsiwitching control
assigned to the leader, keeps the distance estimation inside the bounds for all the robot

trajectory.
vp(t) = 0.3 m/s
0 rad/s if ¢t e {]0, 6], (14, 20], (28, 34 .
onlt) = / 1[0, 6, (14, 201, (25, 341) L o T
7/8 rad/s otherwise ? 04l | Coro ? /\ o
thus corresponding to a piecewise rectilinear-circular & oz :’Z { MW/ h

trajectory that is particularly suited for testing the O a6 e 1 e 18 20
proposed control strategy. The formation considered in
the simulation experiments consists of two followers. We
set s(0) = [0.261 2.183 1.047 0.368 4.399 0.524]T oal \ /N
and pdes = ples = 0.3 m, ¢f = 3r/4 and AN \; /
ypdes = 5r/4. The gain matrix of the controller is %
K =514, where I, denotes the4 x 4 identity matrix.
The observer©O we used is an EKF initialized with
$(0] — 1) = [2p1(0) ¥1(0) B1(0) 3p2(0) ¥2(0) B2(0)]F Fig. 8. Simulation results: formation tracking error.
corresponding to a 50% perturbation of the unknown
distances to the leader and with a covariance matrix
P(O| — 1) = 1072 . diag{1,1.1,1.1, 1, 1.1, 1.1}.
The other parameters ard,. =10 ms, d=0.1 m,
Q=diag{3-107°, 0, 0,3-107%, 0, o} and R = oly,
where o = 0.9187-10-* rac?. White gaussian noise is
added to the measurements.

Fig. 6 shows the robots trajectories in the cases of applyi
both thestandardbasic control approach of Sect. IV-A (red

0.6f \ /

lp2 — 3|

time [sec]

dotted trajectory) and th&witching active controbf Sect. V-
B-IV-C (blue dashed trajectory). As previously shown, the
standard control can not improve the observability along
rectilinear tracts, and then the followers are driftingnfirthe
nnominal trajectory (e.g[6,9] s.). In fact, visual data are not
r91anging sensibly so as to improve the localization process
against the accumulation of process noises over time.

On the other hand the active strategy, automatically ac-
tivated when the non-observability in detected, succdigsfu
preserves both the formation and the system stability (con-
tinuous bold green trajectory in Fig. 6). In Fig. 7 we can see
the improvement on the localization errpy — p; for each

4t ) )
follower: while the error with the standard control leaves
al the 20-bounds exactly along the rectilinear trajectories, in
E the case of switching control (dark blue line) the distance
>

estimation erroalwaysremains inside the bounds and stays
close to zero.

1| —Loader As expected, since the localization performs better during
“““ Standard control the whole robot trajectory, also the tracking erfpr- p?¢*|
ol ====Active switching is lower as shown in Fig. 8 especially along rectilineartsac
control
: : (e.g.t =16,9] s.).
4 5

The effects of the active switching control strategy on
the deftJ) can be observed in Fig. 9 in which the active
Fig. 6. Simulation results: robot trajectories. While thanslard control ~control (differently from the standard one) introduces som
makes the followers to miss the formation exactly along &utilinear tracts  gscillations so that the observability condition obstédka

(e.g. [6,9] s.), the active switching control maintains the formatiord a o : Py
preserves the observabiliy, around zero, but never stabilizes on it, thus avoiding the no
observability.

x[m]



|—— Standard control
3 |—— Active Switching
Control

det(Jl)

10 12 14 16 18 20
time [s]

Fig. 9. Simulation results: observability condition foetfollower nl

() (b)

(© (d)

Fig. 10. Snapshots from the video of the simulation expemnine

lp1 — pies|

o .1 .2 .5 .
Delay [sIT;]

1.5 2

Fig. 11. Tracking error: the active control outperforms stendard control
also in the case of increasing communication delay betwekots (here as
a fraction of the sampling timé&.).

that our strategy improves sensibly the multi-robot system
performances (the localization and formation trackingerr
decreases).

(1]

(2]

(31

(4

(5]

Fig. 10(a)-(d) shows some snapshots taken from the videfé]

of the simulation experiments

In Fig. 11 we show a comparison made over 30 iterations

between the tracking errors of active and standard controls
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