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Visibility-based multi-agent deployment in orthogonal enaimeents

Anurag Ganguli Jorge Ca@s Francesco Bullo

Abstract— This paper addresses the problem of deploying a the visibility graph of the final configuration of the agergs i

group of robotic agents equipped with omnidirectional visionin  connected. We also present a distributed algorithm to solve
a simply connected orthogonal environment to achieve complete the problem requiring no more than — 2)/2 agents.

visibility. The agents are point masses with discrete-time first- Denl t of roboti h b tudied |
order dynamics with no prior knowledge of the environment. eployment ol robouc sensors have been studied In

Each agent can sense distances to the environment boundary centralized and decentralized contexts, centralizedriee
and to other agents within line-of-sight. Communication is to the fact that the environment is known a priori and
possible only between collocated agents. The agents operatedecentralized otherwise. In the former setting, this pEobl
asynchronously. The paper also addresses the problem of hacomes the classical Art Gallery Problem in the compu-

complete visibility deployment under the additional constraint . - - . .
that the visibility graph of the final agent locations is connected. tational geometry literature, which aims to find both the

We provide distributed algorithms that are guaranteed to ~Minimum number of “guards” required and the locations
solve the above problems if a sufficient number of agents are of these guards to achieve complete visibility of a given
availab_le. Remarkably, _thiS number is identical to '_[he number polygonal environment. This problem was first analyzed by
assuming complete prior knowledge of the environment. A Chvatal, see [1], in the famous Art Gallery Theorem stating

final contribution of the paper is the characterization of the that 3 d fficient and . t
robustness properties of the algorithms to agent failures in the & [n/3] guards are sufficient and sometimes necessary to

case of deployment with connectivity constraints. guard any simply connected polygon withvertices. Kahn,
Klawe and Kleitman [2] proved that in simply connected
[. INTRODUCTION orthogonal environmentsn/4| guards are sufficient and

ometimes necessary. In [3], Pinciu gives a constructive

Recently, much research has focused on the use of u orithm to prove that/2 — 2 connected set of quards
manned robots for the purpose of surveillance and searc 9 P / 9

This paper provides algorithms to deploy robotic agents wit?'€ always sufficient and qccasionally necessary in a simply
connected orthogonal environment.

limited capabilities to monitor an unknown environment. Relevant works in the decentralized setting include [4]
The environment is assumed to be simply connected, i.e vant wi ' 12 Ing Inciu ’

without holes, and orthogonal, i.e., polygonal with Sideg\'{here an increm'ent.al heuristic for deployment is proposed,
either parallel or perpendicular to one another. Orthobon nd [5] where distributed algorithms for coverage control

environments are interesting because they can be used oserge(r)l? ¥ormogﬁ; ?:rﬂg?enri a;ﬁegﬁz'grr;%%tscﬁg;dglzgedbéj:r;
model indoor and urban environments. The agents are m Y P 9

eled as point masses with first-order dynamics. The agens[ d'etd Im [6]. Dfetpr):oymint Iocatlor}s are u?er:-spgmﬂe%rgﬁ
are all identical except with distinct identifiers (UID). No an initial map ot the unknhown environment nas been bulit

assumption is made about the UIDs except that they ar Another related body of work is that of robotic exploration
distinct. The agents are assumed to operate asynchronou iylfgk:]%vr\]T erg\k/)llrgnqmri?tit S;Jnecioaﬁrsst[a;ig%o:g ;r?ljvetht:rf
and to have limited communication and sensing capabilitie IF\)/ yth rFl)tr lized rgbl m. The most rpl vant liteeatur
they can communicate only with collocated agents and th € the centralized problem. 1he most releva emtu
can sense the distance to the environment boundary or the current problem mclut_:ie topological _exploratlon of
any other agent within line of sight. It is practical to assumgrapg"'kioen\;gotr;]rgseemsr(k;)b'lsr'sgleita;gdenr?]uelﬁ'p;isijorgggs t[hqt
limitations on the communication bandwidth: we assume thzﬁ]’ I’[]t], [ n]. nchr nizp their m tions 1o f their dat
agents can communicate only their UIDs to other agents. TRYEN'S can synchronize he otions fo fuse their data,

first objective is to deploy the agents starting from a singI(SQLnr]ezgnzn:rewsrg%ntoerthcigogfj d ?:; ;Eg 2;252] ';li—:r?s??n ati_e
location so that all points of the environment are visiblato P 9 pal . ptiol
\péesent treatment. Synchronizing motions and fusing data
are additional complications, especially in the presernice o
limited communication bandwidth. Also, writing to nodes
a graph is not possible in the case of exploration of
known environments. Finally, the problem of deployment
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the above problem requiring no more thén/4], agents
where n is the number of vertices in the environment. A.
second objective is to deploy the agents in such a way so tHuQr%



Due to space limitations, the proofs of all results in thisssume that there is an arbitrary time delay between a
paper are omitted, and will be presented elsewhere. broadcast and the corresponding reception which is upper
bounded bys > 0. Every agenti repeatedly performs the

Il. PRELIMINARIES AND NOTATION following sequence of actions beginning at a time instant,
We begin by introducing some basic notation. Lt say7}:

represent the set of real numbers. Given two pointg (i) send repeate®ROADCAST (i) every § seconds, until
R?, let [z, y] represent thelosedsegment between andy. it starts moving;

Given a finite setX,, let | X| represent the cardinality of the ;) || STEN for at least2s seconds before processing the
set. LetP to refer to tuples of elements iR? of the form information:

(p1,- .., pn). With a slight abuse of notation, we shall uSe jjjy PROCESS the received information. Also continue to
interchangeably with a point set of the forfpy,...,pn}. LI STEN during this interval;

An orthogonal environment,@, is a polygonal environ- () MOVE to a desired point.
ment whose boundary is composed of segments that are
parallel or perpendicular to each other. An environmgris BROADCAST() BROADCAST()
simply connected it does not contain any holes. L&k (Q) s s s s |
and Ver(Q) be the list of vertices and reflex vertices. Recall
that a reflex vertex is one with interior angle strictly gerat ‘ > i
than= radians. A vertex that is not reflex is a convex vertex. |” process VOVE |
We now describe some useful notions of visibility. A point
g € @ isvisible fromp € Q if [p,q] C Q. Thevisibility set LI sTen
V(p) C Q from a pointp € Q is the set of points inQ
visible from p. A star-shaped subset @f is a setS such Fig. 1. Sequence of actions for ageriteginning at timef}/ . Instantaneous
that there existy € S with the property thatS c V(p). BROADCAST (i) events are represented by vertical pulses. TH&/E

. . interval might be empty if the agent does not move. The subsedustant
The set of all such point§ is referred to as thkernelof S

. . ;’H is the time when the agent stops performing M®/E action and it
denoted byker(S). We now define the following: is not predetermined.
Definition 2.1: (i) A diagonalof @ is a segment with
end points inVe(Q) but otherwise belonging to the At any timet in the MOVE interval, agent, moves according
interior of Q. to the following discrete-time control system:
(i) A partition of a compact setX is a collection of

compact, simply connected sef®;,..., Py} with

pi(t + At) = pi(t) + i,

disjoint interiors and withJ, P; = X. where ||u;|| < 1. The control actiony;, depends on time,
(iii) The visibility graphGyq(p1, . .., p,) of a set of points  on the memory contentsM; at that time, and on the
{p1,...,pn} In Q is a graph with the node set equalinformation obtained from communication and sensing. This
to {p1,...,pn} and with(p;, p;) being an edge if and model is similar in spirit to thepartially asynchronous
only if [p;, p;] € @ and vice versa. network modeHescribed in [11].
Next we describe the capabilities of an agent followed by Given this agent model, our first goal is to design a
the problem description. provably correct discrete-time algorithm to deploy agents

on locations such that each point of the environment is
1. AGENT MODEL AND PROBLEM DESCRIPTION .. o L
_ _ visible to at least one agent. This is tivsibility-based
We consider a group of robotic agents modeled as poigleployment problenOur second goal is to design a provably
masses, moving in a simply connected orthogonal enviprrect discrete-time algorithm to solve the visibilitpeed
ronment, Q. Each agent has a unique identifier (UID),deployment problem under the additional constraint that
say i. Let p; refer to the position of agent Each agent the final configuration of agents is connected. This is the

is equipped with an omnidirectional line-of-sight sensoggnnected visibility-based deployment problem
capable of measuring the distance to any object visible to

it (another agent or the environment boundary). Thus, the IV. INCREMENTAL PARTITION ALGORITHM

agent can sense everything within its star-shaped visibili Here we describe a procedure to incrementally partition
setV(p;). Each agent can also communicate with any othean orthogonal environmen® into star-shaped sets. Given
agent in close proximity to itself; for simplicity, we assem @ ands € Ve(Q) such that an adjacent vertéxs convex,
that communication is possible only with collocated agentshe | ncrenental Partition Al gorithmcomputes
The agents have on-board processors whose clockaadre a finite ordered set of star-shaped polygonal sBisy(s).
synchronizedThe agentslo notpossess a Global Positioning The algorithm also returns a finite ordered set of points
System (GPS). Each agent has access to some memory Nyc.(s) with [NMc.q(s)| = [Pue-g(s)| and with Pycg(s);

We use M, to denote all the necessary information thavisible from Nc.q(s):, wherePyc.g(s); and Nyco(s); are,
cannot be obtained bivia local sensing and communication.respectively, theth elements ofPyc.q(s) and Nyc.q(s)

We now describe some specifics about the agents’ oper-We now begin with the description of the
ations. An agent can broadcast its UID to all collocated | ncrenental Partition Al gorithm It consists of
agents. Such a broadcast is denoted BROADCAST(i). two components: (i) theRenpvabl e- quadri | at er al
It can also receive broadcasts from other agents. We alsomputation (described in the Appendix); and (i) the



Star-set conputation algorithm described as
follows. The variablePstar.shapedn the algorithm contains a
polygon. An execution of th&t ar - set conput ati on

algorithm is  also illustrated in  Figure 2.

Algorithm: St ar-set conputation
Input: Orthogonal simply-connected polygap, tilted edgee such that at
least one vertex o is convex, and a specified vertexof e
Initialization: Pstar-shaped= 0, X := Q, [a,b] :=¢
Compute removable quadrilateral’ of X with tilted edge e using
Renovabl e-quadril ateral .
Set Pstar-shaped: 7)star-shapeélJ C.
I f any edgeg’ of C containingv is a diagonal ofX, t hen
Repeat all the above steps with being the environment on the
opposite side o0&’ as Pstar-shapec@nNde = ¢’.
Return: Pstar-shaped v

as the initial

|
7

Fig. 2. TheSt ar - set conput at i on algorithm. On the left, the shaded
region represents the quadrilater@ computed in the first step of the
computation routine. The edg€ is a diagonal ofQ; thus the first step
is repeated again witkk' as the unshaded portion of the environment an
e’ as the new tilted edge. The result is shown in the figure on itjie.r
The union of the shaded regions repres&ig .shapec@S computed by the
Star-set conputati on algorithm.

p

Beginning with @ as the polygon,]s,t]

e c

tited edge andv = s, the Star-set computation

algorithm is executed for every diagonal generated unti
there are no diagonals. However, for every diagonal, th

choice of which vertex serves as is important. This
is done as follows. Given a tilted edge containing
vertex v, the setPsiar.shapediS constructed according to the
Star-set conputation algorithm. The vertices of

Pstar-shapec@l® NumMbered in a counter-clockwise fashion witr}\I

v as the first vertex. For any edge ®%tar.shapedthat is a

diagonal of @, the vertex that is odd numbered is chose

as the new vertex. The Renovabl e quadril at eral
together with theSt ar-set conput ati on algorithm
and the above rules for choosing the vertegonstitute the
I ncrenental Partition Algorithm

Let Py (s) be the resulting collection OPstar.shapedSets
and let\c.q(s) be the corresponding vertices. We refer to

(i) [Prcq(s) = Wieq(s)| < 252 wheren = | Ve(Q)] ;
(iii) the visibility graph G,,o(Mco(s)) has a single con-
nected component;
(iv) if Pueg(s); and Pyq(s); share a diagonal, then
Nuc-g(8)is Nueg(s); are mutually visible.
We now define thevisually-connected vertex-induced tree
Definition 4.2: Given a simply connected orthogonal
environment @, and s € Ve(Q) with an adjacent
convex vertex, the visually-connected vertex-induced
tree Gug(s) is the graph with node setVc.q(s)
and  with (Mycq(s)i, Mco(s);) being an edge iff
Puc-q(8)i N Pueq(s); is a diagonal of.

Fig. 3. The figure on the left is the visually-connected veiteluced
partition of the orthogonal polygod) induced bys. The set of points
represented by the black discsA§c. (s). The diagonals insid€) are the
boundaries of the sets comprising the partition. The figuréhenright is

an illustration of the visually-connected vertex-indudeee for the same
partition rooted at the node. The black discs represent the nodes. The
thick directed lines are the edges of the tree, and the arhotlisate the
direction away from the root.

The following is a consequence of Lemma 4.1.
Corollary 4.3: Given any simply connected orthogonal

%nvironmentQ and s € Ve(Q) such that there exists an

adjacent vertex that is convex, the following hold true:
(i) the graphGycq(s) is a rooted trekwith s as the root;
(i) the number of nodes ofiyc.(s) is less than or equal

n—=2.

i) if (Nioo(s)i, Moc.o(s);) i an edge 0Gueo(s), then
Nuc-g(s)i andNyco(s); are mutually visible.
As a result of our discussion, we have converted the
visibility-based deployment problem to the problem of de-
ploying agents orevery nodeof Gyc.(s) under the assump-
tion that all agents are initially located at the same node.
ext, we design an algorithm that identifies a smaller subset
of nodes of\,c.¢(s) from which the entire polygon is visible

And deploys agents on this smaller set.

V. VISIBILITY-BASED DEPLOYMENT
Here, we start by identifying in Section V-A a subsét
of Nyeq(s) such thatu!™ V(A;) = Q and|NV| < [ 2]. The
visibility-based deployment problem further reduces then
deploying agents on the set of pointé. The algorithm

Pue-q(s) as thevisually-connected vertex-induced partitiondesign that achieves this is presented in Sections V-B to V-D

of @ starting froms; see Figure 3 (left). The following
lemma characterizes the propertiesR§.o (s) andNVyc.q(s).

Lemma 4.1:Given any simply connected orthogonal re-

1A connected graph with no simple cycles is a tree. A tree isdadl
rooted tree if there exists a node that has been specified ast amd all
edges have a natural direction, either towards or away ffemdot. In this

gion @ and s € Ve(Q) such that there exists an adjacenpaper, we assume that the edges are directed away from theSiven any

vertex that is convex, the following statements are true:
(i) Puc(s)i € Pucgy(s) is star-shaped witthye.o(s); €
ker(Pvc-Q(S)i) for all 7;

nodex of a rooted tree, leyy be a node such that there exists a directed
edge fromy to x. Theny is the parent oft and correspondingly is the
child of y. The root has no parent. A predecessor of a node any other
node from which a directed path existsito



A. Desirable agent locations of s in Figure 3 (right)) that will separate its star-shaped set
Let us first notice that, for ali € {1,...,|Pueg(s)|} from the parent set. This geographic information is gaithere
the set Pc(s); is a union of convex 7quadri|atera|s. and managed by the agents via the following state transition
Let ¢; denote the number of convex quadrilaterals ijaws. At this time, we make full use of the computation and

Pueg(5)i- The algorithm to compute the saf is as follows. sensing abilities of the agents mentioned in Section Il
(i) The memory contentM of each agent has four

Algorithm: A/-conput ati on-al gorithm components:(pparent Plast 91, g2), WNHEre pparent is an
Input: The graphGyc (s) with simply connected orthogonal polyga, ordered list of points inR?, past is a point in R2,
ands € Ve(Q) with an adjacent convex vertex. g1 and g, are ordered list of elements belonging to
Initialization: A = 0, Pk = 0 R? x R2. For any agent, at timet = 0, M;(0) =
Wi | & Pran # Mico(s) do {(»i(0)),pi(0), (((£i(0),p:(0))) , ((p:(0), ps(0)))}-
Take any node, sapic-q(s)i, Of Gue-g(s) which has no children or  During run time, M is updated to acquire and maintain
whose children all belong t&mark. the following meaningpparent is the list of locations of the
Let cocc denote the number of children 8. (s); belonging toN. predecessor nodeto the agent’s current positiomas; iS
I'f gi — cocc =0 then the location of thelast nodevisited by the agent, ang;
Prark = PrmarkU{NMie-q (5)i}- and g, are lists oflocations of diagonals that separate the
el se predecessor setall measured relative to the agent’s current
Prark = PmarkU{MNie-q(8)i }s N = N U{Nie(s)i}- position. This is accomplished as follows:
Return: N

(i) After an agent moves from a nod&.co(s); to a
child nodeNc(s), located on diagonals described
by verticesv], vy and v}, v5 via Move-to- Child
Al gorithm its memory M is updated as follows:
Noc-g(s)i —Nueg(s); is added to the beginning of the
list Ppareni Plast := M/C—Q(S)i - M/C-Q(s)jv and (U/1 -
Nieq ()50} = Noe.g(s);) and (vh, — Nueg (), 04 —
Me-g(s);) are added to the beginning of the ligts

The following proposition enumerates the properties\of

Proposition 5.1: Given a simply connected orthogonal
environment@ and s € Ve(Q) such that an adjacent
vertex is convex, let\' be computed according to th&-
conput ati on-al gorithm Then the following state-
ments are true:

i) UM VN = @; and and g respectively.

(i) N <[%) (i) After an agent moves from a nodéVyc.q(s); to
where\; is theith element of\, andn = | Ve(Q)|. the parent nodeVic.q(s); via Move-t o- Parent
We now design a distributed algorithm to deploy agents on Al gori t hm its memory M is updated as follows:
the set of nodes given by/. Note that\ is a subset of the first elements Opparens 91 and g» are deleted and

Nieq(s). Therefore, to move between the nodes of the set  Plast:= Meq(5); — NMuc(5)i-
N, we design local navigation algorithms to move between . .
the nodes iN\Vyeo(s). D. Global exploration and deployment algorithm
In the previous sections, we have designed local node-
to-node navigation algorithms and also specified how the
In a rooted tree, every neighbor of a node is either memory must be managed to execute them. As a final step,
child or a parent. Also, in the visually-connected vertexto ensure that two agents do not occupy the same node, we
induced tree, neighboring nodes are mutually visible; segilize the communication capabilities of the agents. Agen
Corollary 4.3(iii). Therefore, moving between adjacenti@® collocated at the same node exchange their UIDs and take
consists of moving along a straight line from one pointhe appropriate decision.
to another, possible due to the first order dynamics of At this time, we have all the elements to design a
the agents described in Section Ill. This constitutes thglobal exploration algorithm that leads the agents to de-
Move-to-Parent Al gorithmandMve-to-Child ploy on the nodesN. The algorithm is as follows.
Al gorithm It is easy to see that navigation is straight-
forward if sufficient information is available to the agents Algorithm: Dept h-first Depl oyment
In other words, at a node the agent must have informatiafput: Simply connected orthogonal polygad, ands € Ve(Q) with an
about the location of its parent and children. Additionailly adjacent convex vertexy agents located at
must also be able to decide if the node belongs to the seir every PROCESS interval for agent; located at nodeVie.q(s): of
N. This is the subject of the following subsection. Gve-q(s) do
Compute the locations of the children and order them basefl on
I f past is last child or no child exists hen
For an agent is to execute thkbve-t o-Parent I f maximum UID received is greater thgn
Al gorit hm it needs to know where the parent is located. Move-t o- Parent Al gorit hmtowardsppareny -
To compute the locations of the children, an agent at a node el se
must be able to compute its star-shaped set from that node. Let cocc be the number of child nodes occupied by other agents.
For that, it must know the diagonal(s) (A node can possibly If ¢ — cocc=0
be located at the intersection of two diagonals; see thel chil Move- t o- Parent Al gori t hmtowardspparent -

B. Local node-to-node navigation algorithms

C. Distributed information processing



el se to R? x R2, For any agenti, at timet = 0, M;(0) =
Stay at current node. {p:(0), (p;(0), pi(0)), (p:(0),p;(0))}. The difference from
el se the non-connected deployment lies in the fact thafen
Move-to- Child Al gorit hmtowards next child in the ordering. ¢g; and g are just single elements instead of lists ang;
is absent. After an agent moves from a nddg.g(s); to a
child nodeN,c.q(s), located on diagonals described by ver-
ticesvy, v{ andvj, v viaMove-to-Child Al gorithm

E. Convergence analysis

We now present the main result of this section. its memory M is updated as followSpparent:= Nye-o ()i —
Theorem 5.2:Given a simply connected orthogonal poly-Afc.o(s);, andg; == (v} — Nyeg(s)j, v} — Nucg(s);) and
gon @, let p1(0) = --- = pn(0) = s, represent the g, := (vh — Nycg(s);,v5 — Nucg(5);).

initial positions of an asynchronous network of agents
as described in Section Ill. Let be a vertex ofQ with an B. Global exploration and deployment algorithm

adjacent convex vertex. Let the behavior of the agents be As before, to prevent two or more agents from occu-
governed by th®ept h-first Depl oynent algorithm.
Then the following are true:

(i) there exists a finite time* after which there is at least

pying the same node, we adopt the method of comparing
UIDs. The deployment algorithm is described as follows.

_ one agent omin{|\|, N'} nOdeS of the sen; Algorithm: Connect ed Dept h-first Depl oynent
(i) if N > _L%Jv ther_‘ the_ V|S_|b'|'ty'based deployment jnput: Simply connected orthogonal polygad, ands € Ve(Q) with an
problem is solved in finite time. adjacent convex vertexy agents located at.

Remark 5-3:Th_e assumptions on thel initial pOi@.t Can  Find the number of UIDs received during thé STEN action greater than
be removed easily. For example, starting fr@amy single it own UID, saym.

location inQ, the first stage of deployment could be movingsing the number of child nodes,

towards the nearest vertex and then following a wall until &jng the number of agents that it can sense on the child nodesmthe
vertex satisfying the assumptions in Theorem 5.2 is reachggths between the present node and the child nodes; Ay

The Dept h-first Depl oynent algorithm can then be ¢ .~ Npath + M

executed starting from this new vertex. Order the children according to some scheme common for all agents

VI. CONNECTED VISIBILITY-BASED DEPLOYMENT d::C*npath.*m _ _
Move-t o- Chil d Al gorit hmtowards theith child among those that

In the previous SeCt'(_)n' We_ deS|gned an algorlthm for are unoccupied and do not have another agent on the pathd®wem
deployment of agents in a simply connected orthogona| ¢,

environment to achieve complete coverage. However, such
a deployment does not guarantee that the visibility graph of
the final configuration of the agents is connected. In many

cases, this is desirable when after deployment, the sensed Convergence analysis and robustness to failures

data from all the agents is to be gathered at a single nodeIn this section, we analyze the convergence properties
via line-of-sigh mmunication. We al later in thi ’ )
a line-of-sight communicatio © also see late t Sof the Connect ed Dept h-first Depl oynent algo-

section that connectivity via line-of-sight enables thertg ithm. We also characterize the robustness propertieseof th
to sense the failure of other agents and take the necesséf ; . prop .
orithm to agent failures. However, we begin by defining

repair action a
Therefore, in this section we design an incremental partwhgéfmiiggdg rl‘c’_tz':]dabg)grifaiiug; d to have failed at time
P 1

tion and deployment algorithm for orthogonal environment% i £ Nt i, it b db th ¢
with the property that ifP = (py,...,py) is the final 7 iforall i =iy, It cannot beé Sensed by any other agen

position of the agents then | V(p;) — Q and Guo(P) and cannot corpmumcate. with any other agent.

has one connected component. We also characterize theTheorem 6.2:Given a simply connected orthogonal poly-
robustness of the algorithm to agent failures. To solve thgo" Q, le.t.pl(o) ~ = pn(0) = s, represent the
problem, it suffices to deploy agents @very node of initial positions of an asynchronous network of agents

the visually-connected vertex-induced tré&c.(s). This as descrlbe_d In Section Ill. Let be a reflex vertex ot
follows from Lemma 4.1(jii) and the definition @ue.q(s). with an adjacent convex vertex. Let the behaw_or of the
The local navigation algorithms have already been discliss gents be governe_d by theonnect ed Dept h.'f. I st

in Section V-B. In the following, we discuss the information pl oyment algorithm. AssumeNy agents fail in finite

processing and global deployment aspects. time. Then the following are true:
(i) there exists a finite timg* after which there is at

A. Distributed information processing least one agent omin{|Nic.q(s)|, N — N;} nodes
As will be clear in the next section, the algorithm to of Gue-q(s).

solve the connected visibility based deployment problem(ii) if N — Ny > 252, then the connected visibility-based

requires agents to navigate only from the parent to the  deployment problem is solved in finite time.

children. Because of this simplification, it suffices for the Remark 6.3:If no agents are assumed to fail, thaiy =

memory to be given byM; = (pparens 91, g2), Wherepparent 0. Thus the visibility-based deployment problem with con-

is a point inR2, and g; and g, are elements belonging nectivity constraint is solved in finite time iV > "7*2

Stay at current node




VII. CONCLUSIONS is closed along the hypotenuse, open along the other two

We have presented distributed asynchronous algorithriiles, and excludes the three corners; see Figure 4 (a).
for agents equipped with line-of-sight sensing and commuthe nose of a horizontal or vertical side is empty. An
nication capabilities in simply connected orthogonal polyorthogonal polygon without holes is 1-rectangular sincg an
gons. Provably correct algorithms are designed to solve tf§lge is a filted edge. Given a tilted edget| of a 1-
deployment problem, both with and without constraints on
the connectivity of the final agent configuration. For both
problems, the number of agents sufficient to complete the ° ) ,
task is the same as the number if the environment was
known a priori. When connectivity constraints are imposed, .
the proposed algorithm is robust to individual agent faifur :
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APPENDIX

A l-rectangular regions defined as follows, see [12].
Definition 1.1: A 1-rectangular region is a polygonal re-
gion without holes and with a distinguished edgealled the
tilted edge such that: (i) there are an even number of edges;
(ii) the edges except possibly are alternately (around the Fig. 5. lllustration of regions?;, R2 andRs.
polygon) horizontal and vertical; (iii) all interior angleare
less than or equal ta70°; (iv) the nose of the tilted edge andq and hence the existence @fpg.
contains no vertices.
The nose of the tilted edge is the triangular region in-
side the 1-rectangular region with one horizontal side, one
vertical side, and the tilted edge as hypotenuse. The nose




