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Abstract— This paper deals with vision-based localization the formation can be controlled only iflacalization problem
for leader-follower formation control. Each unicycle robot is  has been solved, i.e. only the data provided by the on-board
equipped with a panoramic camera which only provides the .5 neras are used to estimate of the relative distance of the

view-angle to the other robots. The localization problem is bot ¢ f f the lead
studied using a new observability condition valid for geneal robots w.r.t. a common reference frame (e.g. on the leader).

nonlinear systems, and based on the Extended Output Jacobia For the localization problem to be solvable, the system must
This allows us to identify those robot motions that preservethe be observable From control theory, a system is observable
system observability and those that render it non-observale. when it is possible to reconstruct the initial state by krayyi
The state of the leader-follower system is estimated via the in a given time interval, the control inputs and the sensor

extended Kalman filter and an input-state feedback control &w is ts. | ticul hen deali ith visi
designed to stabilize the formation. Simulations as well ageal- M€asurements. In particular, when dealing with vision sen-

data experiments confirm the theoretical results and show ta  SOrs, the localization is intrinsically nonlinear [5], nméag

effectiveness of the proposed formation control. that linearized approximations can be non-observableewhil
Index Terms— Mobile robots, nonlinear observability, forma- ~ t00IS from nonlinear systems theory prove the possibility t
tion control, panoramic cameras, feedback linearization reconstruct the state. Such a problem is usually referred to

as theobservability of perspective dynamical systearsd
recently stimulated a great deal of research both in thetizo
and control community (see e.g. [1], [9], [14], [19] and the
references therein).

A growing interest in coordination and control of |n[11], the state estimation problem for a single robot with
multiple autonomous agents matured in the last fewh-board camera is approached using a Luenberger-like non-
years [7], [12], [22], [27], [28]. The formation control @ve linear observer based on the projection of stationary larée
lem has been playing an important role in this research ar@gthe environment. In [32], the localization problem foeam
giving rise to a rich literature [2], [15], [17], [30], [31By for-  of nonholonomic mobile robots with calibrated vision sesso
mation controlwe simply mean the problem of controllinghas been solved using motion segmentation techniques based
the relative position and orientation of group of robots lethi on optical-flow. In [13], an interesting centralized franuek
allowing the group to move as a whole. In teader-follower for vision-based leader-follower formation control hasehe
formation control approach, a robot, the leader, movesgaton introduced. However, since both the camera intrinsic calib
predifined trajectory while the other robots, the followeas tion parameters and the height of the camera to the floor are
to maintain a desired distance and orientation to it [103][1 supposed a priori known, then the distance between thesobot
Even if leader-follower architectures are known to haverpog@oes not need to be estimated and can be computed directly
disturbance rejection properties and the over-relianceaonfrom the camera image. These strong assumptions resteict th

single agent for achieving a common goal may be undesiraljgactical applicability of the control strategy in [13] te@ar
this approach is appreciated for its simplicity and scéitgbi ropots.
From a sensor viewpoint, cameras have recently received
an increasing attention in robotics due to their low cost and o
to the rich information they provide when compared to oth&- Contribution
traditional sensors (e.g. laser range finders, sonarsyirgol  This paper focuses on leader-follower formations made of
the formation control probleraxclusivelywith on-board vision unicycle robots, each one equipped with an omnidirectional
sensors is challenging, because cameras only provideghe vicamera. As an improvement over the existing literature, e d
angles to the other robots, but not the distance. In thise@sp not assume to know any camera/mirror calibration pararseter
o _ _ (mirror size or focal length), nor the pose of any stationary
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I. INTRODUCTION
A. Motivation and related work



IEEE TRANSACTIONS ON ROBOTICS, CONDITIONALLY ACCEPTED FORUBLICATION AS A SHORT PAPER, MAY 27, 2009 2

Jacobian. In particular, we present a sufficient condition f
the observability of the vision-based leader-followertsys
based on the Extended Output Jacobian. A discussion of
the necessary condition of observability is also given.sThi
allows us to identify those robot motions that preserve the
observability and those that render it non-observable.

The state of the system is estimated via the extended
Kalman filter and an input-state feedback control law is
designed to stabilize the formation.

Simulations as well as real-data experiments performed wit
Scarab robots succeed in illustrating those robot motibas t
are critical for system observability and show the effemtioss
of the proposed formation control.

The present paper is the outgrowth of [24], compared
to which we provide herein a more complete study of thidg. 1. Leader-follower setup in polar coordinates repmestéon.
nonlinear observability as well as more accurate simulatio
and experimental results.

C. Organization

The rest of the paper is organized as follows. In Sect. Il,
the leader-follower kinematic model and the assumptions on
sensing and communication are presented. In Sect. Ill, we in
troduce the new observability condition based on the Ex¢dnd
Output Jacobian. In Sect. 1V, the input-state feedbackrobnt
law is designed. Simulations as well as experimental result
are presented and discussed in Sects. V. In Sect. VI the main _ _ _
contributions of the paper are summarized and future rebeaf'g' 2. View-angles computation (on the leader). HSV collmbldetection

. . L . . Is used to determine the two anglésnd+) from the leader to the follower’s
directions are highlighted. The Appendix reviews some daSenterc’ and markerP, respectively.
facts on the consistency of a state estimator.

Il. LEADER-FOLLOWER SETUP wheres £ [p ¢ 5]T, u = [vp wr vp w7 and
A. Kinematic model cosy dsiny —cosy 0
Let us consider the leader-follower setup in Fig. 1. The kine G(s) = |82y deosy  sng g
matics of each robot can be abstracted as a unicycle model, Op _pl S 1
T = vcosb, y =wvsinf, 0=uw, (2) wherey 2 8 + 4. -

where (z, y) represents the position of each robot afd The kinematic model in the case qf followers can be
its orientation with respect to the world fram@/’). The oObtained by simply extending (2). In this case the inputect
leader (L) has a configuration vectde;, y;, 6,]7 while the S u= [vr, wr, ... vk, wr, vr wr]” and the state vector is
follower (F) has a vectofz yr 6x]7. The control inputs of s = [s{ ... sI]" € IR* (see [24] for more details).
the leader and the follower are the linear and angular vissci
[vr, wr]T and[vr wr]T, respectively. B, Sensing

The whole leader-follower system can be modelled using
polar coordinates, wherg is the distance from the center of Each robot is equipped only with an omnidirectional
the leader to a markeP placed at a known distanckon the camera [4]. This sensor is particularly suited for mobilbab
follower (See F|g 1) The Variab@ is the View-ang|e from naViga.tion, due to its field of view that is wider than that of a
the y-axis of the leader to the markét, while 3 is the relative Standard pinhole camera (see Fig. 2). According to the setup

orientation of the robots, i.ed £ 6, — 0. in Fig. 1, (L) can measure the view-angl¢sand ¢ given
In the spirit of [13], [24], we introduce here the followingPy the observation of the follower’s centroid and the cadore
kinematic model: marker P, respectively. Analogously, the camera @f) can

Proposition 1 (Leader — follower kinematic modelyith ~ Measure the view-anglgto the leader. _
reference to Fig. 1, the leader — follower kinematic model The measurement of view-angles is obtained on each robot

can be written as follows: by means of an automatic real-time color detection and
tracking algorithm [16]. Since in our setup each robot arel th
s = G(s)u, (2) markerP are characterized by a specific color (see Fig. 5), the
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leader-follower sensing association is fully automaticor®! s,, are identical on their common domain of definition [26]
implementation details are discussed in Sect.V-B. (if in addition the trajectories of the system originatingrh
s1 and s, both lie in a subsetM of S, thens; ands, are
said to be M-indistinguishableand denoteds;/(s2). Note

C. Communication e VLIS Stiak ' i
that the indistinguishability is an equivalence relatiom &.

The e estimation prgcessh‘?‘“hd the control COMPUIRRG notions of observabilty and indistinguishabiliy aightly
are centralized on the leader, which transmits to the Wconnected, as shown in the next definition [18].

" T . X
the control velocitiesur wr]" needed to drive the formation. o q o (Observability):Systemy. in (5) is said to be
Due to the above assumptions, the inter-robot communicati .
. ) ..~ ~“Observableatsy € S if I(sg) = {so}-
is made fast since the follower only needs to transmit itewvie : . _
o . For a generic nonlinear system as the one in (5), global
anglen to the leader. We assume no communication delays in I~
. . or complete observability cannot be usually expected and
the view-angle transmission. o . -
From Fig. 1 it is evident that can be computed as foIIOWS_the more specific notion ofocal weak observabilityhas
9: P "been introduced in the literature [18]. This notion has also
B=—-E+n+m. (3) the advantage to lend itself to a simple algebraic test of

o . . . observability.
To simplify the discussion, we will henceforth refenly to S, Definition 2 (Local weak observability)t is said to be

implicitly assuming the transmission gf To summarize, the locally weakly observable at, € S if there exists an

leader can measure a two dimensional output vector, open neighborhoodM of s, € S such that, for every open
y 2 v)” = 8" (4) neighborhood of sy contained inM, Iy (so) = {so}.
Intuitively, 3 is locally weakly observable af, if one can
Wg\stantaneously distinguisdy from its neighbors.

As a concluding remark, it is worth emphasizing here t X )
Before we proceed any further, let us introduce two differ-

peculiar features which differentiate this work from [1Bijtst > ’ : St
of all, we do not assume a full knowledge of camera calibrati¢ntial operators that will be useful in the next derivations
parameters. In fact, only the image cent@ris needed to _Given a scalar-valued functio(s) : R" — IR, the gra-
compute the view-angles and, in many practical cages, dientof A is defined as follows:

simply coincides with the central black hole in the pano@mi A OX(s) OA(s) OA(s) O\(s)

image (Fig. 2). Second, and most important, we assume that dA(s) = ds | 8s,  0ss  Os,

the leader-follower relative distance in (2) is unknown

The problem of range estimation from angular measurementse Lie derivative of a scalar-valued functiorh(s) along
is discussed in the next section. a vector fieldg : IR" — IR" is a real-valued function,

defined ad g h(s) = dhg. The Lie derivative can be repeated
recursively as,

[1l. V ISION-BASED OBSERVABILITY OF
LEADER-FOLLOWER FORMATIONS Lg h(s) 2 L [Lg—lh(s)] CVE>1,
This section reviews some basic facts on the observability N
of nonlinear systems [20], [21] and presents in Prop. 3 a nd\@ing Lg hi(s) = h(s). -
general condition that will be used to study the observgbili A sufficient condition for the local weak observability Bf

of leader-follower formations. has been first introduced in [18] and is here reported for the
In Sect. 1lI-C we propose an interesting geometrical intefeader’s convenience.
pretation of our observability condition. Finally, in Setit-D Proposition 2 (Observability rank condition)System in

we discuss to what extent this condition is also necessary.(5) is locally weakly observable at a poisg € S, if there
exist an open neighborhoat! of s, and positive integers
Ji,J2 - - -, Jm Satisfyingjs + j2 + ...+ j» = n such that, for
arbitrary s € M, the observability matrix0 defined as the
matrix with rows,

A. Observability of nonlinear systems
Consider a generic nonlinear systeinof the form

po SO =IO SO=%0 g oe g tans) =1 m = 1) (6)
y(t) =h(s(t)) = [h1 h2 -+ hy) _
. _ is full rank. [
wheres(t) =[s1(t) s2(t) ... sn(t)]” €S is the statey(t)€Y  an equivalent and more intuitive formulation of Prop. 2,ttha

the measurements vector an¥) € ¢ the input vectorS, ) relies on the so-called Extended Output Jacobian (EOJ) [11]
and{ are differential manifolds of dimension, m andp, g presented in the next proposition.

respectively. . Proposition 3 (EOJ observability rank condition [24]):
_Lety(t,s0,u) = h(s(f,s0,u)) denote the output oF at  gystemy is locally weakly observable at a poigg € S, if
time ¢, for inputu and initial states,. Two statess;, s2 € S there exists an open neighborhogd of s, such that, for

are said to beindistinguishable(denoteds;/s,) for > if arbitrarys € M, the Extended Output Jacobidne R™™*™
for every admissible input functiom, the output function yefined as the matrix with rows

y(t,s1,u), t > 0, of the system for initial state;, and the _
output functiony (¢, s2, u), t > 0, of the system for initial state Ja {dhgj’l)(s) l[i=1,....m;j=1,...,n}, (7)
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is full rank. The superscripj refers to the order of time
differentiation of the functiong,(s).
Proof: The proof is constructive. Computing the Lie

derivatives in (6), it turns out that far=1,...,m,
(G=1) Ldhi(s) = T2 = 0 s) ®

(1=2) Lhdhi(s) = - [Ljdhi(s)] £(s) =

ds
~[oh _ [ohios]
=d s f(s)} = d[ o at] =dh;’(s) (9)

< Fy)

Fig. 3. Geometrical interpretation of the EOJ singularity.

Oh
0

=d

(1
4
S

0
(G =3) Lidhi(s) = d{% [Lthi] f(s)] =
) a(ahi) Os
S| ot _ 12
S} - d[ 9s ot dh;”(s) (10)  This leads also to the intuition that curvilinear trajecer
have a favourable effect on observability, since a change in
: : the output signal (4) occurs there.
. LV dhy(s) — dp=1 11 From an mspectlon_ of Fig. 3, |_t |s_also evident that there is
(j=mn) Lt (s) ! (s) (11) not any improvement in the localization betwedr) and(F})
and by stacking the vectors (8),(9),(10) and (11) in a matrigince their relative motion is zero from= 0 to ¢ = 1 (and
from Prop. 2 we obtain the thesis. B theniy; = 0). At this point one could guess that the state
Remark 1:Prop. 3 states that the observabilityXfcan be is not observable. To confirm this intuition, we should verify
tested by checking the rank of the E®Jmade of the state to what extent the condition of Prop. 3 is also necessans Thi
partial derivatives of the output vector and of allsits- 1 time  point is discussed in full detail in the next section.
derivatives. In particulary is locally weakly observable also
whenat least onen x n submatrix ofJ is full rank. D. Necessary condition of observability: discussion

Prop. 2 provides aufficientcondition for the local weak
observability of¥. However, as pointed out in [18, Th. 3.11],
Prop. 3 is used here to determine an observability conditigile converse implication is “almost” true. This means tffiat i
for the leader-follower system described in Sect. Il. From js |ocally weakly observable, then the observability rank
this proposition, the observability of (2) with output in){4 condition is satisfied generically.
is guaranteed when at least ohie 3 submatrix of the whole  «Generically” means that the observability matdxin (6),
6 x 3 EOJis nonsingular. Let us consider, e.g. the submairix and equivalentlyl in (7), must be full rank everywhere except

B. Observability of leader-follower formations

Oy1  dy Oy 0 1 0 possibly within a subset of the domain ©{8]. Algebraically,
_ 8851 aa;fl aagi ob o 50 the check for observability can be done by testing thds
J=1% %3¢ 95| = |3 ov a5l (12)  not full rank forall values ofs, which will then imply that>
% 38_@15 38_95 0o o 1 is not locally weakly observable.
r . In the case of a single follower, the general expression for
whose determinant is, Je R s,
aet(@) = -2 = 111wy, (19 A
B pors JT o 2 2w B Oia| (14
Therefore, ify) + wy, # 0, the system is observable. ov. oy ov Oy oy W
In the case of; > 1 followers, the observability condition %‘—yﬁl %‘—yﬁl %‘—yﬁl %‘—yﬁz %‘—yﬁz %‘—yg

's a simple extension of (13) (see [24]) As also shown in Fig. 3, if(L) and (F;) move along

straight trajectories, thep is constant, and henge=y = 0.
C. A geometrical interpretation of the EOJ singularity From (14) this implies thal has only two non-zero rows, i.e.

In Fig. 3 we provide a simple example to give somés rank cameverbe3. Therefore, the state of the system is
geometrical insight into the condition found in the predounot locally weakly observable exactly when the robots move
section. A leader and two followers are considered at twadong straight trajectories.
different time instants{ = 0 and¢ = 1. All the robots move  For a system not to be observable, means that the output
with the same translational velocity and zero angular vgloc does not convey an information rich enough to allow the

We first note that)s (1) # ¢2(0) (and thusy» # 0) due to observer to provide a correct estimate of the state, thus
the different initial orientation betweefl) and (F:). Then, negatively affecting the control action.
from (13), it turns out that the stat®, is observable. This Such an undesired effect on the control has been observed
is intuitively correct, since the visual information vegién in both the simulation and experimental results, as diguiss
time and it is then expected to improve the localizabilityn Sects. V-A,V-B.
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E. Observer design Sincew;, andsdes are bounded by hypothesis, then (22) can
In order to control the formation, an estimatef the true D€ rewritten as:

statgs is require.d. An extended .Kalman filter (EKF) has been 4= _vn sin 3 — B(t). (23)

designed to estimate the statgiven the input vecton and d

the outputy. We assume additive noise on both the procesfote that without the term3(¢), a bounded persistent dis-
and measurement equations, turbance, (23) islocally asymptotically stable foig| < .
From the stability theory of nonlinear systems with peesist

s = G 15 . .

° (s)utz, (15) disturbances [29], being3(0)| < = and B(t) bounded, it

y = Cs+v, (18)  follows that|3(t)| < &,Vt > T, for finite time T andVe > 0.
where C is the output transition matrix and and v are u

zero mean white Gaussian noises with covariance matrice®kemark 2 (Distant robots)Note that if the distance be-
Q and R, respectively.s(0), z and v are assumed to befween the leader and follower kig, it is in general difficult
uncorrelated. Equation (15) has been discretized using fReexactly locate the marker in the image (recall Sect. 1I-B

Euler forward method with sampling tinig., and Fig. 2). A possible solution to this problem consists in
detectingonly the robot centroid, that is equivalent to assume

s(k+1) =T (s(k),u(k)) + Te 2, thatd = 0.
whereT'(s(k), u(k)) 2 T.G(s)u + s(k) andk € IN. Note that this assumption does not affect the observability

condition presented in Sect. I1I-B and does not preventas fr
using the EKF.
However it has a negative effect on the control. In k)

ecomes singular wheth = 0 and the control in (19) is no
$, = F(s)ur + H(s)up, (17) longer applicable. In [23] we have proposed a feedback obntr
B = w—wp (18) yia dynamic extension that allows us to overcome this céntro

issue.

wheres,. 2 [p 9|7 is thereducedstate-space vector. Matrices

H andF are the two upper left and rigl2t x 2 submatrices V. SIMULATION AND EXPERIMENTAL RESULTS

of G, respectively.

In the spirit of [13], we propose here an input-state feeklbac

control law for the robot formation. Let us consider the Simulations have been performed in order to test the validit
following control input, of the observability analysis in Sect. Ill.

The following velocity input has been assigned to the leader
up 2 lop wp]’ =H(s)(p—~F(s)uz),  (19)

IV. INPUT-STATE FEEDBACK CONTROL
Consider the set of kinematic equations equivalent to (2)b

Simulations

vr(t) = 0.3 mis
where .
p = 5 _ K (s, — 1), @0) ) — {0 rad/s  ifte {.[0, 6], (14, 20], (28, 34]},
) ] ] /8 radls otherwise
and K = diag{k1, k2}, with kq, k2 > 0. The superscript
“des” refers to the desired state. Equation (19) acts in (17) asvhich undergoes a piecewise rectilinear-circular trajggct
feedback linearizing control, so that the closed-loop dyica particularly suited for checking the observability coiwfis
becomes, discussed in Sects. 11I-B and IlI-D.
) des . The formation considered consists of two followers. We
Sp =8, —K(sr —5,%), f=wr—wr.  (21) get (0) = [0.261 2.183 1.047 0.368 4.399 0.524]” and

The following proposition states that it is sufficient to tmh  s2°° = [0.3 37/4 0.3 57/4]", where distances are in meters
s, towardss?** using (19), to guarantee the local stability ofnd angles in radians.
the whole state-space vectarDue to the physical constraints The gain matrix of the controller i¥ = 614, wherel,
of the robots, we will reasonably assume that the anguﬁ@notes the x 4 identity matrix. The EKF was initialized with
velocity of the leader is bounded. $(0] = 1) = [3p1(0) ¥1(0) B1(0) 2p2(0) 2(0) B2(0)]T

Proposition 4: Let us suppose that;, > 0, |wr| < Wiaz, correspondlng to a 50% perturbation of the unknown
13(0)] < = and thats?e* is bounded. Then the control lawdistances to the leader and covariance matrix
(19)-(20) stabilizes the system dynamics (17)-(18). PO — 1) = 107% x diag{1, 1.1,1.1,1, 1.1, 1.1}.

Proof: Let us refer tofe, ey]” =s, — s as the state The other parameters arél, =10 ms, d=0.1 m,
tracking error vector. From (21), it follows that, e,)7 is Q= diag{3 x 107°, o, o, 3x107% 0,0} and R =ply,
globally exponentially stable. We now prove that the inggrnwhere o = 0.9187 x 10~* racf. White Gaussian noise has
dynamics is stable, i.e., thaB| is bounded. Drawingur been injected into the measurements.

from (19), equation (18) can be rewritten as: Fig. 4(a) shows the resulting trajectories of the three t®bo
. sin oSy (the vehicles are drawn every two seconds in order to have a
B= — d’y( %5 — kyep) — p y 7 (7 — kg ey) — temporal reference). According to the results in SectDIIli

vr p is evident that the followers miss the formation exactlynglo
4 sinff —wr, (E cosy — 1) : (22) the rectilinear tracts of the trajectory (e.g. ire (14, 20])
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where, since visual data are not changing sensibly, the sys-
tem is not observable. On the other hand, when the leader
switches from the rectilinear to the curvilinear tractgy(en

t € (20,28]), a change in the visual information occurs, thus
leading to an improvement of the localization: the desired
formation is in fact recovered soon after.

In order to validate the above observations on more trials,
we also studied the consistency of the EKF examining the time
history of NEES, a concise representation of the estimation
error (see the Appendix). Comparing Fig. 4(a) with Fig. 4(b)
(here r1 = 4.38, 1 = 787 and N = 15), it is evident Fig- 5. Experimental setup. THgcarabrobots used in the experiments.
that the NEES tends to leave the 95% bounds exactly in
correspondence of the rectilinear tracts of the leadesdtaiy
(e.g.int € (14,20)). B. Experiments

Fig.4(c) reports the time history of dgf), whereJ is

; L : — In order to validate the proposed formation control strate
here relative to follower 1 (similar results are obtainethwl . . propos ateg
in a real scenario, some experiments have been carried out

relative to follower 2). According to condition (13), we sthet at the GRASP Lab, University of Pennsylvania, Philadelphia

the states, (analo_gousl)sg) is observable along the curV|I|nearThe experimental setup consists of tBoarabrobots acting
tracts of the trajectory, i.e. wheréet (J) # 0. Moreover,

— . . as a leader and a follower (see Fig. 5). Only one follower
det (J) is near zero exactly along the straight tracts of the wer ( 'g. 5) y W

trajectory that also correspond to the time intervals inolhi as been used in our experiments in order to make the
. i ! o bservability analysis as simple as possible. Actuallye tu
the NEES increases. This confirms the observability resu y y P P %

: . F?e special communication protocol adopted (cf. Sect.)|I-C
of Sect. II-D, for which the stats, (analogoushg,) is not we did not experience any significant performance change in

observable. the localization and formation control when multiple follers
are used.
The Scarab is a differential driven robotic platform design
S e~ e atthe GRASP Lab, measuriggx13.5x22.2 cn®. The leader
451 /T ) 4 and the follower run identical modularized software withiwe
4l @ (¥ \ \ \\ defined interfaces connecting modules via the Player robot
i \ architecture system. In order to provide a ground truthrinfo
3.5 /' mation of the actual robot pose, a tracking system congistin
€ 3 ] of LED markers on the top of each robot and eight overhead
= 55 ! cameras are employed. More technical details on the Scarab
i robots and on the tracking system can be found in [25].
2 \ The robots are uniquely identified by colored markers
1.5+ ; /' [—reader and are equipped with a panoramic camera, consisting of
11 S o :g::gxg; a hyperbolic Remote Reality mirror (folded) screwed on a
‘ ‘ ‘ ‘ ‘ ‘ Point Grey Firefly IEEE 1394 camera. The image resolu-
0 1 2 3 4 5 tion is 320 x 240 pixels. Only the image principal point
z [m] (ug,vo) is known and is given by(159.48,123.70) pixels
and (172.89,126.53) pixels, for the leader and the follower’s
(a) camera, respectively. HSV color blob detection is run orheac
robot using the Intel's OpenCV libraries. Even though more
jz 3 sophisticated visual contour tracking algorithms are latée
0 s in the literature [6], with our blob detector we experieneed
3 . good compromise between real-time performances, rolbsstne
Z: = . to changing in illumination, partial occlusions and traxkiof
0 @ far robots. The distance between the center of the robot and
1 - the marker isd = 20 cm.
1:, - Note that, due to the presence of the LED markers on the
"""""""""""""" -3 top of each robot, the position of the panoramic camera on

0
0 4 8 12 16 20 24 28 32 36 40 0O 4 8 12 16 20 24 28 32 36 40

the vehicles is different from that shown in Fig. 1. However,
a simple algebraic transformation is sufficient to readhpt t
(b) (c) robots’ angle measurement to the model in Fig. 1. This trans-
formation has been implemented in the code running on the

Fig. 4. Simulation results: (a) Trajectory of the robots} {ime history of ~robots without significantly affecting the performance e
NEES and 95% bounds (15 trials); (c) Time historydef (J). computational load.

time [s] time [s]
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Fig. 7. Experimental results. Time history of (a) the oba#on errorp — p;

(b)
(b) the control errop?®s — p; (c) det(J).

snapshots from the experiment is reported in Figs. 6(h)-6(e
The range estimation errgr— 5 and the range tracking error
p?s — /5 are shown in Figs. 7(a) and 7(b), respectively. The
errors ony and 3 are not reported here because, differently
from the distancep, these components of the state vector
are directly available iny and are not critical to estimate.
(@ Q) As expected, the estimation and tracking errors in Figs)-6(b
6(e) decrease and remain close to zero approximatetydn

Fig. 6. Experimental results. (a) Trajectory of the leaded ¢he follower. ; ; ;
The time instants in which the leader switches from the lieetir to the [20,55], corresponding to the circular tract of the trajectory.

circular tracts and vice versa, are highlighted. (b)-(ep@mots from the 1Ne value of defd) in Fig. 7(c) is close to zero approximately
experiment. at the same time instants in which both the tracking and

estimation errors increase (e.g. for € (55,70]), that is
when the leader moves along the rectilinear tracts. Thignaga
For the experiment, we chos&(0)=s(0]-1) = confirms the results on observability presented in Sedt® II
[0.75 5/47 0]7 andsd®* = [0.5 5/4x]T. The control gains and II-B.
are ky = ko = 0.5 and 7. =0.1 s. Moreover,P(0] —
1) = 1072 x I3, Q = 107° x diag(3, 9,9} and R =
107° x diag{9.1, 9.1}. _ _ - o
As in Sect. V-A, we selected an input vecfor, wz]” that This paper studies the \(lSlon-based Iocallz_atlon f_;lnd obntr
gives rise to a rectilinear/circular trajectory. Other esiments ©f & leader-follower formation of nonholonomic mobile ra&o

have been performed with different leader trajectories akd@Ch robot is equipped with a panoramic camera which only
desired formations, all demonstrating a good robustnetiseof Provides the view-angle to the other vehicles. As an origina
proposed formation control strategy. However, due to thk |gcontribution, we present a new observability conditionehs
of space, they are not reported hére. on the Extended Output Jacobian that is used to provide
Fig. 6(a) shows the trajectory of the robots in the fird sufficient condition for the observability of the vision-
experiment, from which we can see that the robots are af@Sed leader-follower system. A discussion of the necgssar
to achieve the desired formation. The time instants in whi&?nd!t'on of observablllty is also given. This allows us _t9
the leader switches form the linear to the curvilinear ttjey identify those robot motions that preserve the obsenbili

and vice versa, have been highlighted in the figure. A sefies@!d those that render the system non-observable. _
The state of the leader-follower system is estimated via the

1A video with three trials is available as multimedia attaemnon IEEE eXtended Kalman filter and an inpu'{'St?‘te fee_dbaCk. control
Xplore. law is designed to stabilize the formation. Simulations as

VI. CONCLUSIONS AND FUTURE WORK
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well as real-data experiments performed with Scarab robqts]
illustrate the theory and show the effectiveness of the @seg
formation control. [12

Future research directions include the study of a decentral
ized formation control strategy and the integration ofefint
sensor typologies, such as, e.g., laser range finders ariine
measurement units.
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[17]

APPENDIX
CONSISTENCY OF A STATE ESTIMATOR [18]
Definition 3: A state estimator is said to m®nsisten{3] if  [19]

its state estimation errai(k|k) £ §(k) — s(k|k) is such that

E[s(k|k)] = 0 and E[3(k|k)s(k|k)T] = P(k|k). 20]
To practically evaluate the consistency of an estimatar, tIL1

normalized estimation error squardtNEES) is defined:

e(k) & s(klk)T P71 (k|k) 8(k|k).

Let us consider N Monte Carlo simulations that pro- 23]
vide N samplese;(k) of the random variable=(k). Let
gk) =% vazl e;(k) be the sample mean af(k). The hy-
pothesis that the state estimation errors are consistetht wh,,
the estimator calculated covariances is not invalidated if
E(k) € [r1, ra], m1,7m2 € IR.

Under the Gaussian assumptiovi(k) ~ x3 5, wherex3 s,
is a N 3¢ degrees of freedom Chi-square distribution, r;  [26]
can then be computed from a table providing the points on
the Chi-square distribution for a given tail probabilityeés (271
e.g. Appendix C in [3]). [28]

It is worth recalling that even if specifically designed for

linear systems, the consistency criterion based on the NEE§
is commonly used also in the nonlinear case. [30]

[25]

[31]
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