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Abstract— Tasks such as surveillance, escorting or robotic in dynamic environments; this can be achieved using robot-
object interaction benefit from having complete and detaild  mounted sensors, where the robots must move to concur-
perception of a target entity, provided by multiple mobile rently perceive the target and track its motion [2].

sensors. The ensuing challenge of suitably coordinating ¢h - . . .
sensor motions for such collective observation is addres$en A key goal within this problem is to define team con-

this paper. In particular, we consider a moving target in 3D  figurations and motion policies that optimize the quality
space, and focus on achieving prescribed relative viewingngles,  of collective perception by, e.g., uncertainty minimipati

which we encapsulate by a default desired enclosing pattern as studied in [3]-[7]. However, a fundamental concurrent
with respect to this target. The paper contributes a novel cotrol goal is also to suitably control the interagent states durin

method that makes a team of mobile agents converge to the task tion: th bot ¢ lati i
desired configuration of viewpoints with respect to a point hat ~ [@SX €xecution, the Tobols must preserve refalive position

tracks the target. Relative agent position regulation and arget ~ that allow them to perceive and/or communicate with each
tracking are integrated via a formation-based controller relying  other and avoid collisions. These considerations connitlat w
on global information that incorporates an optimal pattern  the extensive field of multiagent formation control, which
rotation. We also introduce flexibility in the team geometry deals with attaining and maintaining team configurations

allowing each agent to select freely, without knowledge ofhe . .
others, its desired distance to the target. This can allow toe.g., Prescribed generally by distances and/or angles [8]-{14].

optimize perception quality and avoid collisions. Notably we ~Standard methods to control formations focus on managing
show that even with these distributed adjustments, the team the agents’ relative states, and are not oriented towards
motions remain steady, which contributes to obtaining state  providing collective perception and tracking of a targstjra
perception and efficient control performance. In addition, each this paper. Formation-based schemes have been used within
robot can operate on its independent local reference frame. ¢ t b. tion tasks 5] 16 ith | di .
Simulation tests illustrate the presented methodology. a_rge observa |on_ _as s [15], [16], with lower dimension-
ality and adaptability of the team shape compared to our
|. INTRODUCTION method. Strategies based on persistent motion —i.e.,ttarge
encirclement— in other related work [17]-[19] do not allow

Increasing the presence of robots in industrial, agricaltu ; : : . i
. . . . : steady agent motions, which are interesting for efficiemay a
medical or domestic environments is widely regarded as o : :
. -, INcreased stability of perception data. Our method integra
fundamental for the improvement of work conditions and so; . . . ;
. : the two goals mentioned above, providing suitable peroapti
cietal advancement. This calls for robots capable of cormple,. ) . ; . .
. . . i ) : .. diversity and controlling the team agents’ relative staidss
behaviors in dynamic scenarios, which requires versatilit. o . .
is done by prescribing a default target-enclosing fornmgtio

and adaptability. In this context, a team of multiple agentsnd driving the robots to achieve an optimal —in terms of

including cooperqtlve robots, and possibly human_ agengséylobal shape alignment metric— rotated version of that
as well, can provide notable advantages such as increase : : : , )
ormation, while tracking the target’s motion.

abilities and higher efficiency and reliability. . S ) ~
The specific task of observing a target, which we address We introduce flexibility in the formation shape —to, e.g.,

. : . . . . avoid collisions, adapt to the target's size, or improve
here, benefits from having different viewpoints provided b : ; ) . .
. . L h erception quality— by allowing free selection by each in-
multiple sensors placed at diverse positions; this candavo

: . ; . . dividual robot of its desired distance to the target. Still,
occlusions and improve the quality of perception via dat . o .
. . . . : ) e pursued perceptual diversity is achieved, as the dgents
integration (e.g., position triangulation). Such obs&ora

. ._relative positions evolve towards a pattern in which the
capabilities allow to generate a suitable model of an objec? P P y

. . Mmaintain the same relative target-viewing angles as in the
to be manipulated or transported by a robotic system. Th 9 g ang

e . . :
) . . ) efault formation. It is shown via the study of the pattern

can also find use in surveillance and escorting problems. [n, .. : . .
otation dynamics that the formation and target tracking

parUcqur, a d|ver3|ty_of viewing angles is a reqqlremenéehawors remain stable and steady, independently from the
in, for instance, motion capture systems [1] which are,. . . . . .

: : ; . -distributed distance selection procedure used. In acditie
however, restricted to a fixed environment with a static

. . - . Mmethod we present applies to general 3D motions and can
setup of sensors. It becomes interesting, for the applicati P PP g

. . ) be implemented using local measurements with no common
scenarios mentioned, to extend the concept to mobile target Co o
reference frames, which is known to make coordination
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Then, we consider that the control goal is achieved if there
exist a pointp, € R?, a rotation matrixR, € SO(3), and
a set of NV scalar parameters,; > 0 such that:

Qi = Pa + Raciy, Vie{l,..,N}, 3

where ¢! = sqicit, and if simultaneouslyp, remains
suitably close tagg.

We see next that the condition (3) implies the desired
Fig. 1. a) Default formation of agents (circles) enclosinta@et (cross) relative target-wewmg angles are aqh|eved with respect t
in 3D space. b) Formation preserving the relative viewinglesi;; with  Pa. FOr this to occur, the angle —which we denotefas-
respect to the target in a), while having different agergeiinstances. Note petween a pair of vectorg; — pa anqu' — pa Must equal
that if a given rotation is applied to every vector between trget and an - ..
agent, the relative angles;; for all pairs of agents are preserved. Qigs _VZJ' l-let us rotate all these vectors by the common

matrix R,™", which clearly does not change the angles
between them, obtaining a set of vectors defined as follows:
—1 ai . .
Il. PROBLEM DEFINITION vi = Ra™ (qi — pa) = ' Vi. Then for eachi, the

Consid o 5 rob delled . angle betweenv; and ¢y, denoted as3,.;, IS zero, since
onsiaer a group o > robots modelled as p0|nt COS(ﬂvci) =< Vi, Cig > /(||V1|| . ||Cit||) = S$4; < Cit, Cit >

masses inR°. Each robot is identified by an index /(sai(llcie]] - llesel])) = 1. Hence,Bi; = v, Vi, j.

{1,...,N} and its dynamics can be expressed through a aq said above, the default desired configuration captures
single integrator model, i.e., it satisfies: the relative angular constraints that define our problem. It
usefulness also lies in that it can represent a patternithat,
the absence of other task constraints, is the preferred con-
whereq; € R? is the position of robot andu; € R? its  figuration of the team due to advantages such as facilitation
control input. We further defing, € R3 as the position of of agent interactions, favorable geometry and size, and/or
thetarget The robots have to collectively observe this targetsafety. The agents can nonetheless deform the shape of the

(.1i = uj, (1)

which moves with finite-norm arbitrary velocity,: default configuration —as explained in subsequent seetions
. 9 to provide observation and navigation flexibility, whilgllst
e = Ve @ satisfying the relative angular constraints.

The robots’ and target positions are expressed in an anpitra I1l. CONTROL STRATEGY

global reference frame. We use the following notation teref This section describes the proposed multirobot control

to relative position vectorsy;; = q; — qj = —qj. strategy to carry out the task of target enclosing for okserv

The pro_blem we address can be stgted_as ensuring tlf'i%'ﬁ according to the definition established in the precgdin
the target |s_0bserved from a suitable diversity of v_|ewp:)|n section. Some of the contents are similar to those in [20]
throughout |ts.moveme.zr_1t. The framework descnbe_d ne)é{lthough a different control strategy is proposed here. A
gives the precise dgﬁmuc_)n of the problem. We define thguitable manner to solve the problem is by making the agents
default_desm_ed con_flgura_tloas a referencg layout of move towards an objective relative multiagent pattern that
robo_ts n th_e_lr conflguratmr! space. This is encapsulatad VLatisfies the condition in (3). Note that a common rotation
relative position vectors, being; < R?, vZZJ. €{L,..N}, of all desired target-agent vectors preserves the angles
the vector f“’f“ robot to robot. m addition, we denote Therefore, it is interesting to move the agents towards an
ascy the desired vector from robatto the target. As We o timally rotated version of the default formation, as this
want to enclose the target, we assume |tsNdeS|red posmondgn increase the efficiency of their motions. To do so, we
in the centroid of the desired pattern. Thys, ct; = 0. For  define the rotation by solving an optimal alignment problem
etween twoshapesthe sets of current and desired points.

e can express a cost function for this alignment as the
ollowing sum of quadratic distances:

controller analysis purposes, we assume }[Hé desired ggom

is generic [11] and without exact symmetries. Note that thi

is not restrictive, as by infinitesimal modifications one ca

ensure the condition holds for any desired geometry. v = Z Z llas; — Recsj| % 4)
From this geometric description, we can directly define i

an gssociated angle?baseq configuration, specified by %erez’,j both go from1 to N, andR. € SO(3) is a
relative angles at which pairs of robots observe the targghation matrix acting on the desired vectors. It can be seen
In particular, for any pait, j € {1,..., N}, we define their ¢ 1his cost function is equivalent to the one considened i
desired relative viewing angle with respect to the target thogonal Procrustes shape fitting problems [21].

a;; = Z(cit, c3t). Thus, a way to encode a given desired ) ) )

target-observation diversity is by prescribing an appagpr A- Computation of the rotation matrix

default enclosing formation, which directly encapsuldtes The rotation matrix is a fundamental element of the control
desired relative target-viewing angles. An illustratidntlee  method we present, as it enables the goals of optimality —
default formation definition appears in Fig. 1. it minimizes v— and independence of a global coordinate



system, as shown later. By stacking the interagent positidailure and making the use of communications mandatory.
vectors, we obtain the following/? x 3 matrices: Agent i also needs to perceive the target and its relative
T position,qy;. The sensing of the target, on which we do not
Q =[q11-q1N G21.--G2N---qN1---GNN] elaborate here, can be done with a special dedicated sensor.
C = [c11...C1N C21...C2N...CN1...CNN] - (5) A fundamental aspect to note is that this control can be

We define the matrixA — CTQ from the two sets. We computed if each robot uses a local and arbitrarily oriented

want to findR. such that choosin®. — R. in (4) makesy coordinate frame. Let us illustrate this for an agént
C — . . .
minimum for given matrice€ and C. This rotation can be Observe first thage andqgk, Vj € {1,..., N}, arerelative

computed by the Kabsch algorithm [22], using the Singulaﬁneasurements, and therefore, there is no need for a common

Value Decomposition (SVD) aA, A — UA VY, as follows: coordinate origin for the robots. Furthermore, the specific
' ' " orientation of each robot’s reference frame is irrelevant.

. 100 . see this, let us denote & € SO(3) the relative rotation
R=VDU" =V [ 0 1 0 |U", (6)  matrix between the global frame and the local frame in which
0 0 d k operates, i.e.qf = Pkqx, with gf being the position

of k in a frame centered in the global origin and aligned
with the local frame. We next look at (4), and assume given
sfixed positionsq;. Let us denote with a superscript the

whered = sign(det(VUT)). The solution forR is unique
with this algorithm unlessrank(A) < 2 or the smallest
singular value ofA is degenerate [23]. This uniqueness - . .
will be ensured by the conditions provided in our stabilityvalrlables _expressed 'H‘ilocal frame, and write down the
analysis. Each agent computes this rotation matrix, which FOSt function (note thatj;i = Picq;):
common to all of them, and uses it to define its control law. ~LR(RLK) = Z Z ||qi13k — RUkcy|2 =

g J

B. Free individual selection of desired agent-target distas

We propose to allow each agent to select independentlyits = »_ Y _ llaiy — P "RE*c;j||* = (P 'REY),  (8)
desired distance to the target. This is an appealing cayabil i
as it can allow to, e.g., optimize target perception quality for any RL* € SO(3). Thus, clearly, the unique optimal
avoid collisions during navigation. Specifically, agentill  rotations in the two frames must satislg = P;lRLk,
want to situate itself at a desired distance from the targge. Rk = P, R. Then, the same motion is obtained when
equal to||cg;|| = sillcsill, wheres; > 0 is a bounded computing the control in each of the two frames, since:
constant factor, which we call theontrol scaleof i, and Lk .
which is chosen freely by and unknown to all other agents. u = Ke(Praek — PrRegy) = Pk ©)

IV. STABILITY ANALYSIS

We study next the stability properties of the target enclos-
ing strategy. The analysis uses the following assumption.
Al: rank(A) > 1 and the smallest singular value &f
w; = §; = K.(qui — Recgy), (7) is nondegenerate at every time instant.

h . . | qai B Let us explain this assumption. When there are multiple
wherek.. is a positive control gain anef; = sicyi represents o) iong for R (see Section IlI-A), this rotation is not

i's desired posm.on V(_actor to the target, weighted by Jifferentiable with respect to time, which is a requisiteoaf
conf[r_ol sc_ale. With _th's Ia_vv, thg agent moves towards _§tabi|ity analysis presented below. The scenarios whese th
position situated at its desired distance to the targetlewhigjy ation can arise, expressed by rank and SVD conditions on
also taking into account the team coordination goalRia iy A are associated with perfect symmetries or singular
(6), which is computed by at each time instant. geometries of the current and desired relative robot mositi

D. Implementation details and reference frames These configurations have zero measure, meaning that an
infinitesimal perturbation of the robot positions tak&sout

of them. In addition, as will be shown, they are unrelated
with the control strategy proposed (i.e., the controlleesio

matrix Q (5) and therR (6). This required relative position not move the_syster_n towe_lrds the”.‘)- Then, as they do _“Ot
represent an issue in reality, we disregard them —by using

information can be obtained by the robot via sensing, o . S ) .
by integrating data received from the other robots —wé‘l thllns tgztf;?t?!'tyrgci?;:??ntr;g;Oalllr?(wls' Further discoss
communications— with its own measurements. We note th3f’ i P : :
. . | . Theorem 1:Under the controller (7) and provided that
the robots need global information of the team; we deem this ; . L . .
. assumption Al is satisfied, the rotation matRx remains
to be a reasonable requirement, as the number of agents fora .
. : : . = constant for all time.
cooperative target perception task will remain small indgp ) - .
. ) . . Proof: Let us start by writing down the interagent
practical scenarios. Thus, the data processing load will b : )
; . . . ynamics, from (7), as follows:
low. Employing a central unit of computation would increase

the efficiency of processing, albeit creating a central poin Gij = qi — @5 = —Ke(qi; — R(cf, — ). (10)

C. Control law

Every agenti € {1,..., N} determines its motion com-
mand via the following closed-loop control law:

To compute (7), a robot needs to know the relative
positions of the other agents with respect to itsgjf,v; # i.
Thus, sinceq;x = qj — qui, ¢ Clearly can compute the



We define a constant? x 3 matrix Cs = [c§; —c5; c5,— We refer at this point to the analysis of the solutions of an
¢ - Ce — Ct)” - One can then provide this expressioridentical equation in [20, Prop. 1]. Using the properties of
for the dynamics ofQ (5): the time-derivative of the rotation matrix and the SVDAf

and under assumption A1, one can see that indeed the correct

Q(t) = —Kc[Q - CR"]. (11)  solution to (19) isR = 0. Thus, the rotation matrix remains
The dynamics ofA has, therefore, the following form: constant for all time when using the proposed controlimr.
. . Let us stress the significance of this result. The control
A =C"Q=-K.(A-C'CsR"). (12)  scaless; very directly determine the directions of motion —

see (7)— and are chosen freely without coordination among

agents. Thus, even though they are not used in the com-

putation of R, one could expect the time-evolution &

to depend on the values of these scales. To the contrary,

RTA”T — AR =0, (13) the analysis has shown thRt remains constant. Hence, the

motion of a given agent is uninfluenced by what the other

agents’ desired distances to the target are, and the team
RZAT + RTAT — AR — AR = 0. (14) Maintains steady and predictable motions; a very suitable

quality for the addressed task.

We can now substitute (12) in this last equation and get:  Remark 1:Notice from (12) that, sincéR is constant

RTAT — K.RTAT + K,RTRC,TC when assumption Al holds, we can define a constant matrix

) A¢ = CTC,RT such that:
+K. AR - K.CTCsRTR - AR = 0. (15)

We will study the evolution oR by studying the evolution
of A. Notice that it is immediate from the definitions &f
andR (Section IlI-A) thatAR is a symmetric matrix, so:

and in consequence:

A=_—K,/(A-Ayf). (20)
Symmetry of AR allows one to write: That is, A converges exponentially td¢. We can safely
RTAT - AR+ K.(C,TC - CTCy) =0. (16) assumeA satisfies Al at the start of the execution. As there

are no exact symmetries and alignments of the robots in
Let us now define and examif®, = Cs" C. By expressing  the desired configuration —as commented in Section |-, we
Cs = Cs1 — Cs2 and, from (5),C = C; — Caz, where  can see thaC” C, satisfies A1, and so doeA;. Hence,
Ce1 = [cf¢ - cf¢ €3¢ - 3¢ . k]’ and Cs2 = A s exponentially attracted by a configuration that satisfies
[ci¢ - cRe Cic - O - k)’ —analogous expressions o1 This justifies disregarding, as we did at the beginning
without the s superscripts clearly apply t€; andCz—, an  of the section, the degenerate cases. Alternatively, ansim

individual element ofP. can be seen to be equal to: global stability result could be enunciated, if these cage®
N2 contemplated. Note also that the proposed method can be
P.li,j] = Z Ca1[k,i]Calk, j] + Csz[k, i|Ca[k, j] equally applied if the robots and target lie in 2D spdce.
—1 We define thecentral point of observatiofor the current
— Ca[k,i]Calk, j] — Cealk,i]C1[k, 4], (17) @gent positions as the followingeighted centroid
N
for i,57 = 1,2,3. The structure of the matrices allows to > s{lq1
N N N : = 21
write: - Ca[k, i|Calk. j] = 3 eilil 3 ewlj] = 0, since Pwg = T (1)
k=1 k=1 =1 s
every sum along a given coordinate,y or z) of the N Z; !

vectors from the targetf() is zero. We note again that this is One can see that when the agent positions satisfy the desired
so because the target is at the centroid of the default desirgiewing angles condition (3) with scales relative to a
configuration. Similarly, the last sum of terms in (17).Carbertain point in space, then that point is equaipte,. We

also be seen to be zero. Hence, only the two sums in th@e next the dynamic behavior of this point to analyze the

first line of (17) are nonzero, and one has: formation and tracking properties of the proposed corgroll
N2 Proposition 1: Under the controller (7) and if Al is satis-
P.[i,j] = Z Ca1lk,i]C1[k, j] + Cezlk, i|Ca[k, j] fieq, the agents converge e_qunentially to a configurgtion in
1 which the desired relative viewing angles, and the indigidu
N2 selected desired distances, are achieved with respeceto th
- Z 5p1(k)Calk, i|C1k, 7] + sp2(k)Calk, {|Calk, 5], time-varying weighted centroid of the team. _
1 Proof: Let us express as follows, from (7), the dynamics

(18) of the relative position between two robatand j:

wheres,; (k) and s,2(k) are scale values that depend only &ij = &i — &; = K.(qti — Rej;)
on the indext. From (18), it is clear thaP. is a symmetric  — K (q; — Rcj;) = —K.(qi5 — R(sjce5 — sicei)). (22)

matrix. Then, (16) becomes: ) )
Due to Theorem 1R is constant along time, and as the

RTAT — AR =0. (19) control scales are constant too, the final term of (22) is



a constant, which directly allows to conclude exponential
convergence of each position vecigy to a vectorgf, =
R(sjce; — sicei). We can now definepyys = q? +
R(sicti) = qu +R(sjce ). By isolating in these expressions
qf and substituting, for all, in (21), one can see thaty
is the weighted centroid of the final robot positions. Then,
asqf = Pwqt + Rs;cit and an analogous expression holds
for all other robots, by considering (3) and Section IlI-B th
stated result can be directly concluded. ]
Proposition 2: Under the controller (7) and if A1 holds,
the weighted centroid of the agent positions tracks the tar-
get’s position at all times, and all the agents’ velocitikgra
exponentially with the velocity of the weighted centroid.
Proof: The dynamics of the weighted centroid are:

o
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N N
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Recalling that)" cy; = 0 —due to the target being in the

Entries of A

I
a
=]

=1
centroid of the default pattern—, we directly reach:

|
1N
o
o
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I=]
a
o
=]
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that is, the weighted centroid tracks the target. In addjtio _. . _ .
, " . Fig. 2. Simulation results for six-robot example. Top: Rdtillowed, show-
as each robot's position converges exponentially to & CORyy the agents’ initial (large circles), and final (smallércies) positions,

stant position measured from the variable weighted cestroand targets initial (large cross) and final (smaller crgssjitions. Dashed
(Proposiion 1), every one of the robots velocities eval 187 5T e s 0 T g e, e et
converges to the velocity of the weighted centroid. B iy gaghed line— velocities (left) and pairwise distancetvben elements
The interest of this result is that the central point of oliger (right). Bottom: Angular error function (left) and entrie$ A. (right).
tion, i.e., the point which the multirobot team will eveniiya
view with the desired set of relative observation angles,
tracks the target at all times with the proposed controllewyhere the sums are over all agents. As can be seen, this
even when the interagent formation has yet to be reachegtror vanishes fast, and the observation and tracking of the
This is a behavior one would desire for the proposed targtarget is performed in a steady manner, with a consRant
enclosing system. The robots enclose the target quickly, thanks to the opiiynal
of the rotation matrix used. A set of viewpoints lying in
V. SIMULATIONS three perpendicular axes, as dictated by the geometry of the

ctahedron, is exponentially reached. The weighted cightro

This section describes two simulation tests carried OI?;l v tracks the t . ition. Th Yioh
to illustrate the performance of the presented method. 0sely tracks Ine targets position. The convergencevaeha
8Bmatr|x A is also shown.

the first one, we used a team of six agents and select

a regular octahedron as default configuration. The chosen’©' t?fe second exan:jple —|Iluistrated 'r? ';'g' 3 v(;/efchlose a
values of the control scales; for the six robots were: €am of fouragents and a regular tetrahedron as default con-

[1.33 1.81 0.78 0.85 1.65 2.11]. The target's motion was figuration. The target’s velocity was again a sum of sinusoid
generated by sinusoidal functions. Figure 2 illustrates thTh|s time, we added Gaussian noise to the relative position
results. We can measure the total error in the relative vigwi measurtam;nts ugg_d_ by tue agentsl, to }est the roﬁustnejs of
angles of the weighted centroid, with respect to the desiréae method. In addition, the control scales were changed at

ones, by the following function: certain instants during execution. By comparing the interm
diate and final team configurations, one can appreciate that
ey = ZZ 1Bi; — v, (25) thg pattern rotation does not chgnge noticeably despite the
P noise and the scale changes taking place. The steadiness of
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Fig. 3. Results for the four-robot example. Top: Paths fedld, showing
agents’ initial (large circles), and intermediate —at 28— and final
(smaller circles) positions, and target's initial (largess) and final (smaller
cross) positions. Dashed lines join each agent and themetdiate and final
weighted centroid, whose initial position is marked (s@)afFinal robot
positions are joined by dashed lines. Second row: Norms efrtibots’

and target —in dashed line— velocities (left) and pairwistadces between
elements (right). Bottom: Angular error function (left)cascaless; (right).

the robots’ relative motions is also illustrated by the etion

objects or human agents, and formally studying robustness
to disturbance and collision avoidance.
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of the distances between the system'’s elements (i.e.,srob?lg]

and target). With the piecewise-constant control scalesl us

in this example, the expected convergence behavior occurs
within each time interval in which the scales remain cortstan(1€!
Since all control scales become one eventually, the final
pattern the agents pursue is the default one: their fingl9]
positions are very close to forming a regular tetrahedron,

while their centroid tracks the target.

VI. CONCLUSION
We have described a novel method to enclose a movi

[20]
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