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Preface

ALGOSENSORS, the International Symposium on Algorithms and Experiments for
Wireless Sensor Networks, is an international conference dedicated to algorithmic
aspects of networks of restricted devices. The 13th edition of ALGOSENSORS was
held during September 7-8, 2017, in Vienna, Austria, as a part of the ALGO 2017
event.

While ALGOSENSORS was created to focus on sensor networks, in recent years it
has broadened its scope to topics around the common theme of wireless networks of
computational entities. For example, networks of (static or mobile) sensors,
cyber-physical systems, mobile robots, Internet of Things (IoT) devices, and drones.
Aspects explored include optimization, security and privacy, energy management,
localization, coordination and pattern formation, data collection and aggregation, and
fault tolerance. This year, ALGOSENSORS had two tracks: Algorithms and Theory,
and Experiments and Applications.

For ALGOSENSORS 2017, we received 30 submissions from more than 20
countries. These manuscripts were rigorously reviewed by our Program Committee of
25 members and some external reviewers. Each submission had three or more reviews.
As aresult, 17 papers were accepted and presented at the conference. The program was
completed with the keynote presentation by Jie Gao (Stony Brook University), to
whom we are very grateful for delivering an excellent talk. This volume contains the
technical details of the papers presented at the conference.

This year, for the first time, one paper was selected to receive the ALGOSENSORS
Best Paper Award in the Algorithms and Theory Track. The paper selected was
“Parameterized Algorithms for Power-Efficient Connected Symmetric Wireless Sensor
Networks” by Matthias Bentert, René van Bevern, André Nichterlein, and Rolf Nie-
dermeier. Congratulations to the authors.

We want to thank all the Program Committee members, and their external reviewers,
for their efforts in selecting the best papers. The strong final program of ALGO-
SENSORS 2017 is a reflection of their excellent work. We also want to thank the
Organizing Committee of ALGO 2017 for the great coordination of the ALGO event,
and facilitating the hosting of ALGOSENSORS 2017 in such a nice environment. We
are particularly grateful to the Organizing Committee chair, Stefan Szeider, who was
always there to help. Finally, we want to thank the Steering Committee of ALGO-
SENSORS for trusting us with the task of driving ALGOSENSORS 2017, and in
particular the Steering Committee chair, Sotiris Nikoletseas, for all the help and
guidance he provided.

November 2017 Miguel A. Mosteiro
Antonio Fernandez Anta

Tomasz Jurdzinski

Yanyong Zhang
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Collaborative Delivery by Energy-Sharing
Low-Power Mobile Robots

Evangelos Bampas', Shantanu Das'(®) | Dariusz Dereniowski?,

and Christina Karousatou®

L LIF, Aix-Marseille University and CNRS, Marseille, France
{evangelos.bampas,shantanu.das,christina.karousatou}@lif.univ-mrs.fr
2 Faculty of Electronics, Telecommunications and Informatics,
Gdansk University of Technology, Gdansk, Poland
deren@eti.pg.edu.pl

Abstract. We study two variants of delivery problems for mobile robots
sharing energy. Each mobile robot can store at any given moment at most
two units of energy, and whenever two robots are at the same location,
they can transfer energy between each other, respecting the maximum
capacity. The robots operate in a simple graph and initially each robot
has two units of energy. A single edge traversal by an robot reduces its
energy by one unit and the robot can only perform such move initially
having at least one unit of energy. There are two distinguished nodes s
and t in the graph and the goal for the robots is to deliver the package
initially present on s to the node t. The package can be passed from
one robot to another when they are colocated. In the first problem we
study, the robots are initially placed at some given nodes of the graph
and the question is whether the delivery is feasible. We prove that this
problem is NP-complete. In the second problem, the initial positions of
the robots are not fixed but a subset of nodes H of the graph is given as
input together with an integer k, and the question is as follows: is there
a placement of k robots at nodes in H such that the delivery is possible?
We prove that this problem can be solved in polynomial time.

Keywords: Computational complexity + Energy sharing - Delivery
Mobile robots - Power-aware

1 Introduction

We consider algorithms for coordinated tasks performed by swarms of small
inexpensive robots. There has been a lot of research interest on designing teams
of simple robots that can perform a given task in collaborative fashion. The task
we consider is the basic operation of moving an object or a package from its
source to its target destination by one or more mobile robots. For example, the
package could be a sample collected by a robotic sensor that needs to be delivered

Partially supported by National Science Centre (Poland) grant number 2015/17/B/
ST6,/01887 and the project ANR-ANCOR (anr-14-CE36-0002-01).
© Springer International Publishing AG 2017
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2 E. Bampas et al.

to a base station for analysis. One can imagine an automated postal delivery
system where packages need to be delivered between sources and destinations
using teams of robots or drones. We can model the sources and destinations as
nodes of a graph and the Delivery problem consists of moving a single package
from its source node to the target node. The main issue when using small robots
is that they have a restricted supply of energy (e.g. a battery) and thus, a
robot can move only a limited distance before running out of power. However,
many small robots can cooperate to deliver a package from source to destination.
Assuming that the robots start from different nodes of the graph, scheduling the
moves of the robots for collaborative delivery is known to be a challenging task.
Indeed, it was shown by Chalopin et al. [9] that even if the graph is a tree of
n nodes, collaborative delivery from single source to a single destination using
k robots having energy B each is NP-hard. Czyzowicz et al. [10] studied the
problem when the robots can share their energy, i.e. a robot may give its unused
energy to another robot. They showed that the problem can be easily solved
in trees in polynomial time, but it remains NP-hard in general graphs. For all
the above results, the parameters k and B have arbitrary (non-constant) values.
Note that collaborative delivery for a constant value of k can be trivially solved
by brute force manner in constant time. In this paper, we consider the problem
when B is a small constant but k can have arbitrary values. This corresponds
to the case of many small robots each operating with low power batteries such
that each robot can move only for a constant number of steps in the graph. A
robot with depleted energy can gather the unused energy of any other robot
that it meets. However, no robot can have more than B units of energy at
any time. Surprisingly, we show that even when B = 2, the smallest constant for
which the problem is non-trivial, collaborative delivery is still NP-hard in general
graphs. On the other hand, we provide an optimal polynomial-time algorithm
for collaborative delivery with robots having B = 2 if we are allowed to choose
the initial placement of robots among designated homebase nodes in the graph.
Note that if we are allowed to place robots on any node of the graph, then there
is a trivial optimal solution where all robots are placed on the shortest s-t path
at intervals of distance 2. At the other extreme, if there is only one homebase
node, then the solution is non-trivial.

Our Contributions. We completely solve the problem of collaborative deliv-
ery for B = 2 when energy sharing is allowed. We define two versions of the
problem. In the first version of the problem called COLLABORATIVEDELIVERY
with Fized Placement, the initial placement of robots (i.e. the energy distribu-
tion is given as part of the problem). In the second version of the problem called
COLLABORATIVEDELIVERY with Chosen Placement, a set of homebase nodes is
given and the algorithm may choose the distribution of robots among the home-
base nodes. We show that the first version of the problem is strongly NP-hard,
while the second version of the problem admits a polynomial time solution and
we present such a solution strategy. Proofs are omitted due to space constraints
and will appear in the full version of the paper.
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Related Work. Betke et al. [6] considered for the first time energy-constrained
robots in the context of exploration of grid graphs by a robot who can return
to its starting node for refueling. Awerbuch et al. [2] studied the same problem
for general graphs. Duncan et al. [16] studied a similar model where the robot is
tethered to its starting position with a rope of fixed length and they optimized
the exploration time. Several other papers have considered robots with limited
energy, or the goal of minimizing spent energy or maximum displacement of
robots, e.g. in the context of exploration [12,14,17-20], formation [7,13], cover-
age [11,15], and broadcast/convergecast [1,10] problems.

In what concerns specifically collaborative delivery by energy-aware mobile
robots, the problem has been considered in some recent works under various
assumptions. In [8], the authors assume robots with limited energy that is con-
sumed as they move. They prove that the problem of deciding whether delivery
is feasible is NP-hard even if the robots are initially collocated, and they provide
a 2-approximation algorithm for the optimization version of finding the min-
imum initial energy that can be given to all robots so that delivery becomes
feasible, as well as exact, approximation, and resource-augmented algorithms
for variants of the problem. In [9], the authors show that the problem is weakly
NP-hard even on the line (with initially dispersed robots), and provide a quasi-,
pseudo-polynomial algorithm under the assumption of integer numerical values
in the problem instance. In [3], the authors consider the variant of the delivery
probem in which the robots have to return to their respective starting positions
and they prove that this problem is NP-hard for planar graphs but can be solved
efficiently on trees and lines, in contrast to the non-returning version which is
NP-hard on lines. They also give resource-augmented algorithms for returning
delivery in general graphs and prove tight lower bounds on the resource augmen-
tation for both the returning and the non-returning variant. In [4], the robots do
not have a limited energy source, but instead they have different rates of energy
consumption and the goal is to find a delivery schedule that minimizes the total
energy spent. Moreover, there are several messages that need to be delivered
from their respective source to their respective target. The authors study sep-
arately three subtasks that need to be solved in order to compute the optimal
solution (collaboration of different robots on the same message, planning for a
robot that works on multiple messages, and assignment of messages to robots)
and they provide a polynomial-time (nonconstant) approximation algorithm for
the problem. In this setting, [5] studies the design of truthful mechanisms in
a game-theoretic model where the rate of energy consumption is information
private to each robot.

The only previous work that considers energy sharing by mobile robots is [10],
where this feature is introduced in the context of the delivery and convergecast
problems. The authors show that both problems can be solved efficiently in trees,
whereas they are NP-complete in general undirected and directed graphs. It is
important to note that, in the model of [10], a robot may store an unlimited
amount of energy as a result of receiving energy from other robots it encounters.
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In other words, there is no battery capacity constraint for the robots, in contrast
to the model that we study in the present paper.

2 Preliminaries

We now define precisely the collaborative delivery problem for a collection of
energy sharing mobile robots. Given a simple undirected graph G = (V, E), with
two special nodes s (source) and ¢ (target), and a collection of k mobile robots
located initially in specific nodes of the graph, the objective is to decide whether
there is schedule of robot moves that can deliver a package from s to t. Each
robot has a constant energy budget and we denote its value by B. Traversing
each edge consumes one unit of energy, thus, a fully charged robot can move a
distance of B before running out of energy. When two robots are at the same
node, one robot can transfer to the other robot, any integral part of its energy,
with the only constraint that no robot can have more than B units of energy at
any time.

In this paper, B = 2 for all robots. There is a unique package initially at
node s that needs to be moved to node t. To simplify the discussion, we will
assume that the system is synchronous (any synchronous strategy can also be
implemented in an asynchronous system using appropriate waits). A robot r
located at a node v at time j and having some positive energy, can perform any
subset of the following actions:

— Pick up the package, if the package is present at v at time j.

— Transfer one unit of energy to another robot r’ that is located at v at time 7,
if 7’ is not fully charged.

— Move to a neighboring node u, consuming one unit of energy and arriving at
u at time j + 1.

A solution strategy is a sequence of steps as above, such that after the last step,
the package is located at node t.

In the general version of the problem described below, the position of the
robots is given by an adversary.

Problem 1 (COLLABORATIVEDELIVERY with Fized Placement). CDX

Instance: (G,s,t,k,h), where G = (V,E) is a simple undirected graph,
s,t € V are, respectively, the source and target nodes, h : {1,...,k} — V is
the placement function that specifies the initial positions of the £ > 1 robots.
Question: Does there exist a solution strategy for moving the package from s
to t, when each robot start with B = 2 units of energy?

If the placement of robots among homebase nodes can be chosen by the
algorithm, then we have the following version of the problem:

Problem 2 (COLLABORATIVEDELIVERY with Chosen Placement). CDC
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Instance: (G, s,t, k, H), where G = (V, F) is a simple undirected graph, s,t € V
are, respectively, the source and target nodes, £ > 1 is the number of mobile
robots and H C V is the set of homebase nodes.

Question: Does there exist a placement function p : {1,...,k} — H and a
corresponding solution strategy for moving the package from s to ¢, when the
i-th robot starts at node p(i) with B = 2 units of energy?

A path with nodes v1,...,v, and edges {v;,vi11}, @ € {1,...,n — 1}, is
denoted by (v1,...,v,). The path graph with n vertices and n — 1 edges is
denoted by P,. The length of the shortest path between two nodes u,v of a
graph G is denoted by dg(u,v), or simply d(u,v) when there is no potential for
confusion. If a robot is initially placed on a node v, then we write a(v) to refer
to this robot at any point of a strategy.

We obtain the following regarding the hardness of problem CDX:

Theorem 1. CDX is NP-complete in the class of graphs with degree bounded by
5 and with each node being initially occupied by at most one robot.

Theorem 2. CDX is NP-complete in the class of graphs with diameter at most
42 with each node being initially occupied by at most one robot.

3 An Efficient Algorithm for CoLLABORATIVEDELIVERY
with Chosen Placement

Let I = (G, s,t, H) be an instance of CDC, with G = (V, E) and H C V. Recall
that a solution to I is a strategy that enables a group of energy-exchanging
robots starting from some or all of the nodes in H with battery capacity B = 2
to transfer the package from s to ¢t. The cost of a solution is the total initial
energy of the robots that are placed on nodes in H. If u € V, we denote by h,,
the node in H that is closest to u, breaking ties arbitrarily, and we denote by
z(u) the distance from u to hy, in G, ie., z(u) = dg(hy,u). Let G be a weighted
complete digraph with vertex set V and arc set E’, and let the weight of an
arc e = (u,v) € E' be w(e) = 22(W+da(w.v)=1 1f P ig a directed path in G, the
weight of P is the sum of the weights of the arcs in P. This section is devoted
to the proof of the following theorem:

Theorem 3. An optimal solution to I = (G, s,t, H) has cost da(s,t).

It suffices to show that there exists a directed s-t path in G with weight
smaller than or equal to the cost of the optimal solution for I and, additionally,
that every directed s-t path in G corresponds to some solution for I with cost
equal to the weight of the path. The latter claim is given in the following lemma:

Lemma 1. For every directed s-t path in G, there exists a solution for I with
cost equal to the weight of the path.
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In the rest of this section, we derive some structural properties of optimal
solutions for I, which permit us to prove the former claim (cf. Lemma 5). In
Sect. 3.1 we introduce our main tool in the analysis: an energy flow hypergraph
that provides a way of presenting solutions to CDC. Then, Sects.3.2 and 3.3
give a series of properties of this hypergraph, allowing us to finish the proof
of Theorem 3 in Sect.3.4. We assume that s # ¢, otherwise Theorem 3 holds
trivially.

3.1 The Energy Flow Hypergraph

Given a solution S for I with cost X > 0, we represent S by a triple S = (W, €, 5),
where (V,£) = H is a directed hypergraph that represents the flow and eventual
consumption of energy units (cf. Definition 1 below) and £ C & corresponds to
the package moves under S (cf. Definition 2 below). The nodes of H are the
energy arrival and extinction events of S, as specified below.

We assume that the units of energy that are initially present at nodes in H
receive distinct identities from 1 to X. We distinguish two types of events during
the delivery under S. An arrival event occurs whenever a robot with two units
of energy 4,7 with ¢ < j moves from some node u of G to a neighbor v at time
step t. We say that the unit of energy j is wasted by ¢ during the event and that
the unit of energy i arrives at v at time ¢+ 1. We denote this event as (i,t+1,v).
An extinction event occurs whenever a robot with one unit of energy i moves
from some node u of G to a neighbor v at time step t. We say that the unit of
energy 4 wastes itself during the event. We denote this event as (L;, ¢+ 1,v).

We also consider as arrival events the appearance of the X units of energy
at the homebases at time 0, and we denote them as (i,0, h;), for 1 < ¢ < X,
where h; € H is the homebase where energy unit ¢ was placed.

We are now ready to define the energy flow hypergraph H = (V,€) in terms
of the arrival and extinction events as follows:

Definition 1 (Energy flow hypergraph). The vertex set V contains all of
the arrival and extinction events, as specified above. The hyperarc set £ con-
tains ({(i,t1,u), (j,t2,w)},{(i,t,v)}) if t > 1, the unit of energy i came from
node u during the event (i,t,v), j > i is the unit of energy consumed during
the event (i,t,v), and in addition t1 < t, to <t, and i (resp. j) is not involved
in any other events between times t1 (resp. ta) and t. Furthermore, £ contains
({G,t1,w)}, {(Ls, t,v)}) if t1 < t and i is not involved in any other events between
times t1 and t.

Definition 2 (Item moves). The set € is defined as the subset of £ that
contains all of the hyperarcs that correspond to package moves. More precisely,
a hyperarc ({(i,t1,u), (j,t2,v)},{(i,t,0)}) € € if the robot that arrived with
energy unit i at v at time t was carrying the package. Similarly, a hyperarc
(i, t1,u)}, {(Li, t,0)}) € & if the robot that arrived with zero energy at v at
time t (having wasted energy unit i) was carrying the package.
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(1,0,H) (2,0,H) (3,0,H) (4,0, H) (5,0,H) (6,0,H) (7,0,H) (8,0, H)

(1,1,s) (3,1,s) (5,1,¢) (7,1,¢)

(1,2,a) (5,2,b)

(L1,3,b) (L5,4,2)
Fig.1. An energy flow hypergraph constructed for a graph G shown on the left. The
hypergraph consists of two components (the hyperarcs that correspond to package
moves are highlighted): the first component dictates two robots to move from H to s
and then one of those robots picks up the package and travels along path (s, a,b); the
second component makes two robots to move from H to ¢t and then one of them goes
to b, picks up the package and returns to t.

We illustrate the energy flow hypergraph H corresponding to a simple solu-
tion for a CDC instance in Fig. 1. Note that the cost of S is given by the total
number of energy units that “arrive” at nodes in H at time 0, which corresponds
to the number of nodes of the form (-,0,-) in H.

By construction, there is no cycle in H. Moreover, the head of every hyperarc
of H has size 1 and every node of H is contained in at most one hyperarc head and
in at most one hyperarc tail. Therefore, H consists of a number of independent
components Hi, ..., Hy, each of which has a tree-like structure, as in Fig. 1.

Notation. If e € £, we denote by head(e) the unique node that is in the head
of e. If v € V, we denote by g(v) the node of G that is involved in the event v.
If e € £, then we denote by giil(e) the node of G that is involved in the events
in the tail of e (recall that, by definition of the hypergraph H, all events in the
tail of e must involve the same node of G), and by ghead(€) the node of G that
is involved in the unique event in the head of e (i.e., ghead(€) = g(head(e))).

If v € V, let Av denote the subgraph of H induced by the ancestors of v
and v itself. Let height(v) denote the number of hyperarcs in the longest path
that terminates at v. If e € £, we abuse the notation slightly and we denote by
height(e) the height of head(e). If v,v" € V, we write v < v’ if v is an ancestor
of v/ and we write v C v’ if v precedes v’ temporally, i.e., v = (i,¢,z) and
o' = (i, t',2") with ¢ < t’. Note that v < v’ implies v C v'. As above, we extend
the notation to arcs and we write e < €’ if head(e) < head(e’) and e C ¢’ if
head(e) T head(e’).

If Av contains x nodes of the form (-,0, -), then we say that Av incurs a cost
of x. This represents the energy units used by the solution in order to generate
the event v. We also say that a component H; incurs a cost equal to the cost
incurred by its maximal node (under <). The cost of S is the sum of the costs
incurred by the components of H.
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3.2 Properties of Optimal Solutions

The goal of this section is to prove a property of optimal solutions that can be
informally stated as follows: every component of the hypergraph corresponding
to the solution contains exactly one chain of item moves and the last hyperarc
of this chain is an extinction event of the component (Fig.2).

Proposition 1. For every solution S = (V, &, éi) in which there exist arcs f, g €
E with f < g, there exists a solution S’ = (V,E,E") withE' =E\{e: fC e g}U
{e: f<e=<g}.

TN V.

Fig. 2. Illustration of Proposition 1. Triangles represent components of the solution
hypergraph. The solution S is shown on the left (in which some arcs of the path
from f to g are not package moves—those package moves can be possibly in different
components; the dotted arrows represent the time succession between package moves
that take the package from f to g) and the corresponding S’ is shown on the right.

By repeated application of Proposition 1, we obtain the following:

Corollary 1. For every solution S = (V, £, 8), there emists a solution S’ =
V,E,E") and a partition of &' into sets &7,...,EL such that, for every i, the

hyperarcs of E form a chain in H and, for every e € £ and €' € 5~J’ with © < 7,
we have e C €', e £ €', and €' 4 e.

Note that Proposition 1 and Corollary 1 apply to any solution (not necessar-
ily an optimal one). Furthermore, in both statements, the obtained solution S’
has the same energy flow hypergraph as S, and therefore it has the same cost
as S.

Lemma 2. For every optimal solution S = (V,E,g) and for every component
H; of H = (V,E) with mazimum (under <) hyperarc r;, we have r; € € and
head(r;) is an extinction event.

By applying Corollary 1 to an arbitrary optimal solution, we obtain the
following corollary in view of Lemma 2:

Corollary 2. There exists an optimal solution S = (V,E,g) such that every
component H; of H = (V,&) with mazimum (under <) hyperarc r; contains
exactly one chain of package moves whose last hyperarc is r; and, in addition,
head(r;) is an extinction event.
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3.3 Canonical Nodes

Given a solution § = (V, €, 8~) for I, let v € V such that Av does not contain any
hyperarc in €. Intuitively, if v is not an extinction event, then the sole function
of Av in the solution is to bring one unit of energy to g(v). It thus makes
sense that, if S is optimal, then the energy units that participate in the events
of Av travel along shortest paths from their respective homebases to g(v). If v
satisfies these conditions, then we say that v is canonical. The following definition
captures this notion:

Definition 3 (Canonical nodes). Given a solution S = (V,&,€), a node
v € V s called canonical if either height(v) = 0, or height(v) = h + 1 for
some h > 0 (in this case, v = head(e) for some e € £) and all of the following
hold: (i) for every node w in the tail of e, u is canonical and height(u) = h,

(ii) e ¢ E, and (iii) z(g(v)) = 1 + 2(grait(€))-

The two propositions below follow easily by induction on the height of v.
Recall that, by definition of H, if height(v) = 0 then g(v) € H.

Proposition 2. If v is canonical, then z(g(v)) = height(v).

Proposition 3. If v is canonical and it is not an extinction event, then the cost
incurred by Av is 2height(),

We can now prove that, in every optimal solution, every node v whose Av
does not contain any package move is canonical.

Lemma 3. For every optimal solution & = (V,é',c‘f) and for every v € V, v is
canonical or Av contains a hyperarc in E.

3.4 Completing the Proof of Theorem 3

In the following, let S* = (V,S,g) be an optimal solution as guaranteed by
Corollary 2, with the maximum number o of components of H = (V, ). Let
(Hi)i=1,...,c be an enumeration of the components of H in temporal order of
their extinction events. For ¢ € {1,...,0}, component H; is responsible for
moving the package along a path P; = (u;0,u;,1,...,Uip,) in G, where uj g = s,
Ug,p, =t, and u; ,, = u;q1,0 (for ¢ < o).

Lemma 4. For everyi,j inthe ranges1 <i <o and0 < j < p;—1, z(u; j41) =
1 + z(um—).

Corollary 3. The cost incurred by component H; is 22(%i.0)+pi—1,

Let @ be the directed s-t path in G that consists of the arcs (u1,0,u1,p,),
(U2,0,U2,p5 )5+ - -5 (Uo,0,Ug,p, ). By definition of G, the i-th arc of Q has weight
2#(ui0)+de (uiouip)=1 However, P; is a path in G from w;o to u;,, and its
length is p;. Therefore, dg(u;,0, Ui p,) < pi- In view of Corollary 3, we conclude
that the weight of the i-th arc of @ is at most equal to the cost of H; and thus
the total weight of the arcs of ) is at most equal to the cost of S*. We have
proved the following lemma, which concludes the proof of Theorem 3:
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Lemma 5. There exists a directed s-t path in G with weight at most equal to
the cost of an optimal solution to I.

4 Concluding Remarks

Our work reveals an interesting differentiation in the complexity of the collab-
orative delivery problem by robots with battery capacity B = 2, depending on
whether the energy allocation to the homebases (starting nodes of robots) is
given as part of the input on the one hand, or the allocation can be chosen as
part of the solution on the other hand.

As we showed, the problem with fixed allocation of energy units to the home-
bases is NP-complete. However, we proved in Sect.3 that the delivery problem
in which one is given the total available energy and is asked if it is possible to
distribute this energy to robots at the homebases in order to achieve delivery
is solvable in polynomial time. In fact, what we proved is that the underlying
optimization problem, i.e., finding the minimum amount of energy that can be
distributed to the homebases so that delivery is feasible, is solvable in polyno-
mial time by reduction to a shortest path computation in a complete directed
graph.

A natural question is how to handle greater battery capacities B > 3. While
we expect that our NP-completeness reduction generalized to B > 3, the situa-
tion is less clear when it comes to the question of computing the energy allocation
to the homebases as part of the solution. A straightforward adaptation of our
algorithm from Sect. 3 would be to reduce the problem to computing the short-
est s-t path in a directed graph G similar to the one we construct in Sect. 3,
except that the weight of an arc (u,v) would be equal to the minimum amount
of energy required by robots with capacity B to traverse the path h, ~» u ~» v,
where h,, is the nearest homebase to u. Unfortunately, this algorithm is no longer
guaranteed to produce an optimal solution for B > 3 (see Fig. 3).

Fig. 3. An example of a graph in which the straightforward adaptation of our algorithm
from Sect. 3 to B = 3 does not give an optimal solution. Here, H = {h} and the shortest
s-t path in G is s — v — ¢, with each arc having a weight of 41 for a total cost of 82.
However, the optimal solution has a cost of 81: 27 fully charged robots start from h
and they reach uw with 16 remaining energy units in total. At u, the robots split into
two groups with 8 units of energy each. The first group goes to s and then to v from
the top branch, picking up the package from s on the way. The second group goes to v
from the bottom branch, picks up the package, and continues until ¢.

The reason is that several nice properties of the optimal solutions for B = 2
no longer hold for B > 3. In particular, since the hyperarcs in the energy flow
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hypergraph can now have up to two nodes in their heads, each component can
now have more than one bottommost nodes and it can contain more than one
chains of package moves. This is exactly the case in the example of Fig. 3, where
the energy flow hypergraph of the optimal solution has only one component,
which contains two chains of package moves. Furthermore, it is no longer the
case that all of the nodes in the tail of a given hyperarc have the same height.
This can be seen even in cases where the optimal solution consists of only one
component with only one chain of package moves (see Fig.4).

Fig.4. An example of a graph (left, with H = {h1,h2}) in which the energy flow
hypergraph of the optimal solution (right) contains a hyperarc with nodes of different
heights in its tail.
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Abstract. Contrary to many previous studies on population protocols
using the uniformly random scheduler, we consider a more general non-
uniform case. Here, pair-wise interactions between agents (moving and
communicating devices) are assumed to be drawn non-uniformly at ran-
dom. While such a scheduler is known to be relevant for modeling many
practical networks, it is also known to make the formal analysis more
difficult.

This study concerns data collection, a fundamental problem in mobile
sensor networks (one of the target networks of population protocols).
In this problem, pieces of information given to the agents (e.g., sensed
values) should be delivered eventually to a predefined sink node without
loss or duplication. Following an idea of the known deterministic proto-
col TTF solving this problem, we propose an adapted version of it and
perform a complete formal analysis of execution times in expectation and
with high probability (w.h.p.).

We further investigate the non-uniform model and address the impor-
tant issue of energy consumption. The goal is to improve TTF in terms of
energy complexity, while still keeping good time complexities (in expec-
tation and w.h.p.). Namely, we propose a new parametrized protocol
for data collection, called lazy TTF, and present a study showing that a
good choice of the protocol parameters can improve energy performances
(compared to TTF), at a slight expense of time performance.

1 Introduction

Population protocols have been introduced in [1] as a model for passively mobile
sensor networks (cf. the journal version [2]). In this model, tiny indistinguishable
agents with bounded memory move unpredictably and interact in pairs. That is,
when two agents are sufficiently close to each other, they can communicate (i.e.,
interact). During an interaction, they exchange and update their respective states
according to a transition function (the protocol). Such successive interactions
contribute to the realization of some global task.

The fact that agent moves are unpredictable is usually modeled by assuming
the uniformly random scheduler [2-5]. That is, the interactions between any

© Springer International Publishing AG 2017
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two agents are drawn uniformly at random. However, for some practical sensor
networks, this assumption may be unrealistic. Consider, for instance, agents
moving at different speeds. In this case, an agent interacts more frequently with
a faster agent than with a slower one. In other networks, certain agents may
be frequently prevented from communicating with some others, because they
move in different limited areas, or disfunction from time to time, etc. In all these
examples, the interactions are clearly not uniformly random. There are thus
strong arguments for enhancing the basic model.

This paper initiates the study of non-uniform schedulers in the context of
population protocols. Considering the scheduler as the generator of sequences of
pairwise interactions, non-uniform means that the next interacting pair (¢, j) is
chosen with a non-uniform probability P; ;, depending on ¢ and j.

As a supplementary justification for studying a non-uniform scheduler, notice
that many experimental and analytical studies of different (finite boundary)
mobile sensor networks show and exploit (respectively) the assumption that
the inter-contact time of two agents (the time period between two successive
interactions of the same two mobile agents) is distributed exponentially (cf.
[6-9]). Similarly, under a non-uniformly random scheduler, it appears that the
inter-contact time Tj ;, of any two agents ¢ and 7, follows a geometric distribution
(P[T;; =t] = (1—-P; ;)" P, ;), which is the discrete analogue of the exponential
case (observed in practical mobile networks).

The counterpart of considering a non-uniform scheduler is a more complex
analysis. Though, it remains feasible in certain cases, as it is shown in this
paper. To illustrate this point, consider a fundamental task for mobile sensors,
data collection (or data gathering). In this task, each agent has initially an input
value (for instance, a sensed value). Each value must be gathered exactly once (as
a multi-set) by a special agent which we call the base station. In the context of
population protocols (assuming non-random schedulers), several data collection
protocols have been proposed and their complexity in time has been studied [10].
Notice that the analysis there was only for the worst case. We are not aware of
any previous results concerning the average complexity of these protocols. The
current paper presents protocols that basically use the simple ideas of the TTF
(Transfer To the Faster) protocol of [10]. The new protocols are adapted to a
non-uniform scheduler and improve energy consumption, as explained further.

First, consider the original version of TTF. It uses a deterministic parameter
called cover time, which is an upper bound on the time, counted in the number
of global interactions, for an agent to interact with all the others. The data
transfer between the agents in TTF depends on the comparison of cover times
of two interacting agents. Here we follow this idea. However, as the scheduler
is probabilistic, we adapt the corresponding definition of the cover time to be
the expected (instead of the maximum) number of interactions for an agent to
interact with every other agent (see Sect. 2).

The complexity analysis starts with the proofs of two lower bounds on the
expected convergence time of any protocol solving data collection (Sect. 3). Then,
an analysis of execution times in expectation and with high probability (w.h.p.),
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for the new version of TTF, is given (Sect.4). The complexity in expectation
indicates how the protocol is good in average, while the complexity w.h.p. tells
how it is good almost all the time. We obtain explicit bounds, thus justifying
the relevance of the enhanced model in protocol analysis and its operability.

We further investigate the non-uniform model by addressing also energy com-
plexity, which is known to be a crucial issue for sensor networks. The goal is to
improve energy consumption of TTF, while keeping good time complexity. For
that, we propose a new parametrized protocol, called lazy TTF (Sect.5). As
opposed to TTF, it does not execute necessarily the transition of TTF result-
ing from an interaction. Instead, during an interaction (7,j), TTF is executed
with probability p; (depending on agent 4, playing the role of initiator in the
interaction). Analysis and the corresponding numerical study show that a good
choice of the parameters p; results in lower energy consumption. To find such
parameters, we formulate and solve a polynomial-time optimization program.
The resulting optimized lazy TTF is compared to TTF in respect with time
and energy complexity (Sect.6). For this analysis, we adopt the energy scheme
proposed for population protocols in [11].

Due to the lack of space, most of the proofs and the survey on additional
related work have been moved to the report [12].

2 Model and Definitions

Population Protocols. The system is represented by an interaction graph G =
(A, E), a table T of transition rules and a scheduler S(P). All are defined below.

A set A consists of n anonymous agents and is also called a population. An
agent ¢ € A represents a finite state sensing and communicating mobile device,
which can be seen as a finite state machine. The size of the population n is
unknown to the agents. Among the agents, there is a distinguishable one called
the base station (BST), which can be as powerful as needed, in contrast with
the resource-limited agents. The non-BST agents are also called mobile. Each
agent has a state that is taken from a finite set of states which is the same for
all mobile agents, but possibly different for the base station.

A directed edge (4, j) € E intuitively represents a possible interaction between
two agents. That is, if such an edge exists, then the scheduler (see below) is
allowed to schedule an event, called interaction, between ¢, called then the ini-
tiator, and j, called the responder for that event. In this work, we consider
only complete interaction graphs. What happens in the interaction event is now
described.

When two agents i, in state p, and j, in state ¢, interact (meet), they execute
a transition (p,q) — (p’,q'). As a result, ¢ changes its state from p to p’ and
j from ¢ to ¢’. The table T of all the transition rules defines the population
protocol. A protocol (respectively, its transition rules) are called deterministic,
if for every pair of states (p, q), there is exactly one (p’,¢’) such that (p,q) —
(p',q'). Otherwise, they are non-deterministic. Note that, as interactions are
supposed to be asymmetric (with one agent acting as the initiator and the other
as the responder), the transition rules for (p,q) and (g, p) may be different.
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A configuration of the system is defined by the vector of agents’ states. If,
in a given configuration C, a configuration C’ can be obtained by executing
one transition of the protocol (between two interacting agents), it is denoted by
C — C'. An execution of a protocol is a sequence of configurations Cy, Cq,Csy, . ..
such that Cy is the initial configuration and for each i > 0, C; — C;y1. We
consider the number of interactions in an execution as the time reference, i.e.,
each interaction adds one time unit to the global time. This is similar to the
step complexity, a common measure in population protocols (cf. [2,13]) and in
distributed computing in general [14].

The sequence of the corresponding interactions in an execution is provided
by an external entity called scheduler.

Non-uniformly Random Scheduler. Such a scheduler, denoted by S(P),
is defined by a matrix of probabilities P € R™*™. During an execution, S(P)
chooses the next pair of agents (¢, 7) to interact (taking i as initiator and j as
responder) with the probability P; ;. Notice that, in the case of the matrix with
entries P; ; = 1/n(n —1) for i # j, and P;; = 0, the scheduler chooses each pair
of agents uniformly at random for each next interaction (i.e., the scheduler is
uniformly random).
n n
The matrix P satisfies > Y P;; = 1 and Vi € {1,...,n},P;; = 0, since
i=1j=1
interactions are pairwise. Moreover, for any edge (i,7) in the interaction graph
G, P; ; > 0. As the considered here G is complete, every pair of agents is chosen
infinitely often with probability 1.

For a given P, one can compute the ezpected (finite) time for a given agent ¢
to meet all the others. We call it cover time of agent i and denote it by cv;. By
resolving the coupon collector’s problem with a non-uniform distribution [15],
we obtain the cover time of each agent: cv; = [;(1— [T.(1— e~ (PuitPiity)dt.
Similarly to [10], for two agents ¢ and j, if cv; < cv;, we say that ¢ is faster than
J,and j is slower than 4. If cv; = cvj, i and j are said to be in the same category
of cover times. We denote by m the number of different categories of cover times.
We emphasize that agents are not assumed to know their cvs (to conform with
the finite state population protocol model). Instead, we do assume that two
interacting agents can compare their respective cvs. For instance, this can be
implemented by comparing categories instead of cvs, in applications where the
overall number of categories is likely to be uniformly bounded.

Data Collection. Each agent, except the base station, owns initially a constant
input value. Eventually, every input value has to be delivered to the base station,
and exactly once (as a multi-set). When this happens, we say that a terminal
configuration or simply termination has been reached. A protocol is said to solve
data collection if termination is reached in every execution of the protocol.

In the sequel, when describing or analyzing a protocol, the term “transfer an
input value (or token) from agent 7 to j” means copy it to j’s memory and erase
it from the memory of 7. In particular, this prevents loss or duplication of input
values. Moreover, in this preliminary study, we make the assumption that every
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agent has enough memory to store n values. This assumption is common in the
literature [4,16].

Time Complexity Measures. The convergence time of a data collection pro-
tocol P can be evaluated in two ways: first, in terms of expected time until
termination, denoted by Tk (P), and second, in terms of time until termination
w.h.p.!, denoted by Tynp(P).

Remark 1. The notion of parallel time, which is common when considering the
uniformly random scheduler (cf. [3,17]), is not used in this paper. When using
this measure of time, it is assumed that each agent participates in an expected
number ©(1) of interactions per time unit. With the uniformly random scheduler,
this time measure is asymptotically equal to the number of interactions divided
by n. However, with non-uniformly random scheduler, this is no more true.

3 Lower Bounds on the Expected Convergence Time

We now give two nontrivial lower bounds on the expected convergence time of
data collection protocols. The first one (Theorem 1) only depends on the num-
ber of agents. The second one (Theorem 2) depends on the specific values of the
probability matrix P used by the scheduler. The bounds are incomparable in
general. To obtain the bounds, we observe that, for performing data collection,
each agent has to interact at least once (otherwise, its value simply won’t be
delivered), and we compute the expected time ensuring that. The proof of The-
orem 1 uses an analogy with a generalization of the classical coupon collector’s
problem, which we introduce next.

Let k be a positive integer. Given a probability distribution (p1,...,px) on
[k] = {1,...,k}, the corresponding k-coupon collector’s problem is defined by its
coupon sequence (X1, Xa,...) of independent and identically distributed (i.i.d.)
random variables with P(X; = i) = p; for all ¢ € [k] and all ¢ > 0. The k-coupon
collector’s problem’s expected time is the expectation of the earliest time T such
that {Xy,..., X1} = [k], i.e., all coupons were collected at least once.

More generally, given a set A of subsets of [k] such that |J,. 4 A = [K],
and a probability distribution (p4) on A, the corresponding .A-group k-coupon
collector’s problem is defined by its coupon group sequence (X1, Xs,...) of i.i.d.
random variables with P(X; = A) = p4 for all A € A and all ¢ > 0. Its expected
time is the expectation of the earliest time T' such that Ule X, = [k], ie., all
coupons were collected in at least one coupon group.

Given an integer 1 < g < k, the g-group k-coupon collector’s problem is the
A-group k-coupon collector’s problem where A = {A C [k] | |A| = g}. This gen-
eralization of the classical coupon collector’s problem has been studied, among
others, by Stadje [18], Adler and Ross [19], and Ferrante and Saltalamacchia [20].

The following lemma characterizes the probability distributions that lead to
a minimal expected time for the group coupon collector’s problem. To the best

' An event = is said to occur w.h.p., if P(£) > 1 — -1, where ¢ > 1.
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of our knowledge, this is a new result which generalizes the characterization in
the classical coupon collector’s problem [15,21], for which it is known that the
uniform distribution leads to the minimal expected time.

Lemma 1. The expected time of any A-group k-coupon collector’s problem is
greater than or equal to the B-group k-coupon collectors problem with uniform
probabilities where B C A is of minimal cardinality such that |JB = [k].

In particular, the expected time of any g-group k-coupon collector’s problem
is 2(klogk) for every constant g > 1.

Theorem 1. The expected convergence time of any protocol solving data collec-
tion with non-uniformly random scheduler is £2(nlogn).

Theorem 2. The expected convergence time of any protocol solving data collec-
. . ‘ 1
tion with random scheduler S(P), is Q(mlax W)

The next corollary considers a very simple protocol solving the data collection
problem. In this protocol, agents transfer their values only when they interact
with the base station. We consider it as a reference, to compare with other
proposed protocols. The corollary follows from Theorem 2.

Corollary 1. With random scheduler S(P), the expected convergence time of
the protocol solving data collection and where each agent transfers its value only
to the base station is £2(max1/(P; ssT + Psst,i))-

K3

4 Protocol “Transfer to the Faster” (TTF)

Corollary 1 formalizes the straightforward observation that, if the only trans-
fers performed by the agents are towards the base station, the convergence time
depends on the slowest agent ¢. It can be very large, e.g. if P; gsT + Ppst,;: <
1/n%. Therefore, to obtain better time performances, we propose to study
another data collection protocol based on the idea of the TTF protocol of [10].
In the sequel, the studied protocol is called TTF too, since its strategy is the
same and there is no risk of ambiguity. The only difference is on the definition
of the cover time parameter (Sect.2) used by this strategy (as explained in the
introduction).

The strategy of TTF is easy. When agent ¢ meets a faster agent j, ¢ transfers
to j all the values it has in its memory (recall that transfer means to copy to
the memory of the other and erase from its own). The intuition behind is that
the faster agent j is more likely to meet the base station before i. Of course,
whenever any agent i meets the base station, it transfers all the values it (still)
has in its memory at that time to the base station. As a matter of fact, no
transition depends on the actual value held by the agents. It depends only on
the comparison between cover times, which are constants. Thus, the input values
can be seen as tokens and the states of every agent can be represented by the
number of tokens it currently holds. Recall, that in this study, it is assumed that
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each agent has enough memory for storing the tokens (i.e., an O(n) memory),
and each pair of agents interacts infinitely often (i.e., the interaction graph is
complete).

The sequel concerns analytical results on the time performance of TTF.
Firstly, we associate to each configuration a vector of non-negative integers rep-
resenting the number of tokens held by each agent. Then, it is shown that the
evolution of such vectors during executions can be expressed by a stochastic
linear system. Next, Ty, (TTF) is expressed in terms of distances between the
configuration vectors (Theorem 3) and, by applying stochastic matrix theory [22—
24] an upper bound on Ty, (TTF) is obtained (Theorem4). Finally, using this
result, we obtain also an upper bound on the convergence time in expectation,
Ti(TTF) (Theorem 5).

Formally, we represent a configuration by a non-negative integer vector = €
IN™ that satisfies Z?:l x; = n — 1. By abusing the terminology, we sometimes
call such a vector a configuration. We denote the configuration vectors’ space by
V. By convention, the first element of x is the number of tokens held by the base
station. Since, at the beginning of an execution, every mobile agent owns exactly
one token and no token is held by the base station, the initial configuration is
Tinit = 1 — e1, where e; = (0,...,0, 1,0,...,O)T is the n x 1 unit vector with
the i*® component equal to 1. The terminal configuration is Zenq = (n — 1)e;.

Let z(t) € V be the discrete random integer vector that represents the
configuration just after t** interaction in executions of TTF. We can see that
P(2(0) = zinit) = 1, and since the base station never transfers tokens to others,
P(z(t + 1) = xena) > P(x(t) = Zena). Moreover, since at any moment there
is a positive probability for delivering any of the tokens to the base station,
lim; oo P(2(t) = Zena) = 1. Furthermore, the time complexities of TTF can be
formalized using z(t) by Tg(TTF) = >_,;2, t - (P(2(t) = Tena A 2(t — 1) # Zena))
and Tyhp(TTF) = inf {t | P(x(t) = Tepa) = 1 — %}

To evaluate these time complexities, we study the evolution of z(¢) during
executions of TTF. Given time ¢, consider a transition rule applicable from a
configuration represented by a vector v' and resulting in a configuration with
vector v'*1. Suppose that at time ¢, the interaction (i, j) is chosen by the sched-
uler. If neither ¢ nor j are the base station and ¢ is faster than j (cv; < cv;),
agent j transfers all its tokens to i. Thus, v/ = v + v} and U;H = 0. The rela-
tion between v? and v**!, in this case, can be expressed by the linear equation
vt =W (t+1)v', where W(t+1) = I+eje] —eje] € {0,1}"" If cv; = cvj,
no token is transferred and v'*! = vf. We still have v'*! = W(t + 1)v!, but
with W (¢t + 1) = I. On the other hand, if j is the base station, W(t + 1) =
I +eje] —eje;, as agent i transfers all of its tokens to the base station.

As the pair of agents is chosen independently with respect to P, W (t + 1)
can be seen as a random matrix such that with probability P; ; + P;;:

I+ eiejT — ejeJT
I if cvy = cvy

ifevi<cevjori=1lorj=1

W(t+1)= { (1)
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By comparing the resulting probability distributions, we readily verify that
the relation between x(t) and z(t41), i.e., x(t+1) = W(t+1)x(t), is a stochastic
linear system with the matrices specified in (1).

Distance. Consider a function d(z) : V — R. It associates any x in V to
a real number representing a “weighted” Euclidian norm distance between the
configuration vector x and the vector representing a terminal configuration. That
is, dy(xz) = ||[( — Zena) © 7||2, where v € R™ is a real vector, o the entry-
wise product, and || - || the Euclidean norm. The vector v can be viewed as a
weight vector. We choose « in such a way that, if there is a transfer of tokens in
interaction ¢+1, configuration v, then d., (v*™!) is smaller than d., (v*). Intuitively
this means that, when a transfer is performed, the resulting configuration is closer
to termination.

Lemma 2. Let i and j be two agents with cv; < cv;. Consider an interaction
between i and j in a configuration represented by vt and resulting in v, If

vi/vi = V2n =3, then d.,(v'T1) < d, (v').

Theorem 3. The convergence time with high probability of TTF, Tynp(TTF), is
equal to inf {t | P (% < (2n) 7(”571)) >1- 1/n} if ysT = 0 and ~y; /v >
V2n whenever cv; < cv;. Recall that m < n denotes the number of cover time

categories (Sect. 2).

We are now ready to state and prove our main upper bound on the conver-
gence time of TTF, Tyhp(TTF) (Theorem4). To prove it, we apply stochastic
matrix theory to the stochastic linear system defined above for z(t).

Without loss of generality, we assume that cvy < cvy < -+ < cv,. We
choose v € R™ by setting v1 = 0, 72 = 1, and v;41 = 4, if cvip1 =
Yig1 = YV 2n, if eviy1 > cvy. In particular, 7, = (2n)(m—D/2,

Theorem 4. With a non-uniformly random scheduler S(P), the convergence
time of TTF is at most % with high probability, where v is defined

og Ao (W) 1
2
above. Iy j =i /v, W= > (P +Pi )W + X (Pij+Pa)l,
i<jAcv;<cv; i<jACV;=cCV;

Wil;z =T +T; (eie] +ejel) + (I7; — ejel, and Xy(A) denotes the modulus
of the second largest eigenvalue of matriz A.

Now, we study the performance of TTF with respect to the convergence time
in expectation, i.e. Tg(TTF).

Theorem 5. The expected convergence time of the TTF protocol is

0 (bg@%) where W is the matriz defined in Theorem /.

5 Lazy TTF

The strategy of TTF may result in a long execution when an input value is
transferred many times before being finally delivered to the base station. These
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transfers are certainly energy consuming. Then a natural issue is to transform
TTF in order to save energy, while keeping the time complexity as low as possi-
ble. The idea is to prevent certain data transfers, for example, when it is more
likely to meet soon a faster agent and thus possibly make fewer transfers in
overall. We propose a simple protocol based on TTF, called lazy TTF. In con-
trast with TTF, lazy TTF does not necessarily execute the transition resulting
from an interaction. It chooses randomly to execute it or not. Formally, dur-
ing an interaction (i, 7), with agent ¢ acting as initiator, TTF is executed with
probability p;, where p € R™ is a vector of probabilities.

Notice that the choice of executing TTF depends uniquely on the initia-
tor 4. In practical terms, an initiator represents an agent that, by sensing the
environment, has detected another agent j. At this moment i takes the random
decision (with probability p;) whether a TTF transition should be executed and
the interaction itself should take place, or not. In the latter case, not only the
energy for the eventual data transfer is saved, but also the energy for establishing
the interaction.

Observe that when p is the vector of all ones, lazy TTF behaves as TTF and
its energy consumption is the same as for TTF. However, when p is the vector of
all zeros, lazy TTF does not solve the problem of data collection as no value is
ever transferred to the base station, but no energy is consumed for transferring
of data or establishing interactions. Depending on p, time complexities of lazy
TTF can be worse than of TTF, given the same scheduler. At the same time,
longer executions of lazy TTF may be more energy efficient. Thus, there is a
trade-off between time and energy performance depending on the values of p.
We investigate the choice of p for obtaining good time/energy trade-off. Firstly,
we give upper bounds on the time complexities of lazy TTF. Then, we introduce
an optimization problem that takes p as a variable. Finally, numerical results in
Sect. 6 demonstrate energy efficiency of lazy TTF, given the optimal p.

5.1 Convergence Time of Lazy TTF

To obtain an upper bound on the convergence time of lazy TTF, we show a par-
ticular equivalence of lazy TTF under scheduler S(P) with TTF under scheduler
S(Po(p-17T)), where 1 is the vector of all ones and o presents the entry-wise
product. This equivalence is on the level of distribution of configurations of the
two protocols. Precisely, as we show below, the random vector z(t) for these
two protocols is exactly the same, allowing to use Theorem 4 to obtain a time
complexity upper bound for lazy TTF.

Let us express z(t) in case of lazy TTF in a similar way as we did before
for TTF in Sect.4. First, P(2(0) = in;;) = 1 is the same as for TTF. Then,
z(t+1) = W(t+ 1)x(t) and W(t + 1) can be seen as a random matrix such
that, with probability P; ; x p; + P;; x p;, W(t+ 1) is as in Eq. 1. Notice that
x(t) in case of TTF under S(P o (p-17)) is expressed exactly in the same way
(Sect. 4). Thus, by applying Theorem 4 for TTF under S(Po (p-17)), we obtain
the upper bound on T,n,(lazy TTF(p)).
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Theorem 6. With a non-uniformly random scheduler S(P), the convergence

. . . . . m log 2n
time with high probability of lazy TTF is at most Tom 2o (W) 17
~ 2
where W =Y (Pijpi+ Prp)Wii + > (Poj(1—pi) + Pia(1—py)I
cv; <cvj cv; <cvj (2)
+ Z (Ps,; + Pj;)I,and Wil;z =1+ Fi,j(eie;‘-r +ejel)+ (FZ]- — 1)ejeJT.
cv;=cvj

Then, the upper bound on T (lazy TTF(p)) can be obtained in the same way as
in Th. 5.

To summarize, note that, as executions of lazy TTF are equivalent to those
of TTF under S(P o (p-17)) in the sense explained above, one can imagine
that lazy TTF transforms the matrix of interaction probabilities “on the fly”
(during executions). It can be also seen as if it transforms the interaction graph
itself. Indeed, certain vectors p may make some pairs of agents to interact with
extremely small probability (or not interact at all), thus effectively remove these
pairs from the graph. This is illustrated in the report [12]. Next, we are looking for
vectors p, optimizing an upper bound on the time performance of lazy TTF(p) to
ensure a good time energy trade-off. Equivalently, we are looking for schedulers
(matrices P) for which the original TTF is efficient in this sense.

Thus, the goal is to find a vector p minimizing the upper bound on
Twhp(lazy TTF(p)) (Theorem6). To that end, an optimization program OP;,
taking p as a variable, is proposed as follows:

OP; : min /\Q(W) st Eq.2,0<p; <1.
pERN

By Theorem 6, minimizing the upper bound of T4, (lazy TTF(p)) is equiva-

lent to minimizing the second largest eigenvalue of W. Then, we reformulate

OP; as a semi-definite program [25,26] O P, which is convex and can be solved

in polynomial time.
OP,: min ss.t sI—WtO,Eq.Q,OSpigl.

peER™,s

Let p be the optimal solution of OP,. We can see that if p is all ones vector,
lazy TTF(p) performs as TTF. Otherwise, lazy TTF(p) outperforms TTF in
terms of the upper bounds on time. This optimized upper bound ensures that
lazy TTF(p) converges in a reasonable time. In the next section, by the numerical
results obtained for different small examples, we demonstrate the efficiency of
lazy TTF(p), in terms of energy consumption.

6 Numerical Results

6.1 The Relation Between Ty (TTF) and Its Upper Bound

The goal of this section is to justify the relevance of the method used here to
obtain the optimal probability vector p for lazy TTF. To justify this, we show
by simulations that the time upper bound value for TTF is well correlated with
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the exact value of its time complexity (calculated by Markov chains, for small
systems). This implies the same correlation for lazy TTF, because the bounds
in Theorems4 and 6 are obviously well correlated too (one is obtained from the
other; see Sect.5). That is why the optimal probability vector p for the upper
bound of lazy TTF is close to the optimal vector for the real (tight) convergence
time.

From Theorem 4, we have an upper bound on time w.h.p. for TTF, denoted
here by Tpp(TTF). In this section, we show the relation between T, (TTF)
and Tywnp(TTF). In our experiment, two systems of size 4 and 5 are considered
and 100 schedulers are generated randomly for each system. Since the system
is of small size, for each scheduler s, the exact value of Ty, (TTF) can be
obtained by constructing the corresponding Markov Chain. The upper bound,
Top(TTF), can be calculated by Theorem4. Then, for every generated s, we
plot T3, (TTF) and T35, (TTF) on the figure with z-axis for Tyn,(TTF) and
y-axis for Typp (TTF).

From Fig. 1, we can see that

xor ° 0,0,00%8 ° Tupp(TTF) has a nearly lin-
0282”8 ©° ear relation with Ty, (TTF). It
=0y Oogégogo e means that Ty, (TTE) in The-
° 8 °§8Z§: orem4 captures well the rela-
e ™ 085§;§ ° tion of the scheduler’s behav-
% o B%% ior to the time performance
" o388 B 8° of TTF in most of the cases.
. ;g g 8o Moreover, it demonstrates that,
0 gggg ° for lazy TTF, minimizing
098§° Twhp(lazy TTF(p)) in Sect. 5, is
. 3GT mei: B ®m % ® reasonable for improving the
" energy performance.
Fig.1. Relation between Twnp(TTF) and
Topp (TTF).

6.2 Gaps on Time and Energy Between TTF and Lazy TTF(p)

For energy consumption analysis, we consider the energy model of [11] proposed
for population protocols. In this model, an agent senses its vicinity by proximity
sensor, consuming a negligible amount of energy [27]. Once the interaction is
established, each participant consumes a fixed amount of energy &£,, (mainly
for switching on its radio, which is known to be very energy consuming; cf. [28]).
Now, recall that, with lazy TTF, the choice of executing TTF depends on the
probability p; of the initiator 7. If TTF should not be executed, the initiator
does not proceed to establish the interaction neither (i.e., E,kp is not spent), as
explained in Sect. 5.

We study the expectation of the total energy consumption of a protocol P,
denoted £(P). According to the energy scheme explained above, £(P) is eval-
uated by the expected total energy spent for establishing all the interactions
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till convergence. It is proportional to the time expectation Tg(P). In partic-
ular, E(TTF) = 2T(TTF) - Eykp and E(lazyTTF(p)) = 2Tk(lazy TTF(p)) x
22 225 (Pijpi + Pjipj) X Ewkp-

For the systems of small size with a scheduler s, the exact values of T} (TTF)
and T3 (lazy TTF(p®)) can be calculated by constructing the corresponding
Markov Chain. In the experiments, systems of size 4, 5, 6, 7 and 8 are considered
and for each size n, 10000 different schedulers are generated randomly. Denote
by S(n) the set of these schedulers. For each scheduler s € S(n), TE(TTF),
p°, T§(lazy TTF (%)), £°(TTF) and £°(lazy TTF(p®)) are evaluated. Then, the
gaps on time and on energy between lazy TTF(p®) and TTF® are denoted by
Gap(Tg,n) and Gap(&E,n), respectively, and are computed as follows.

Gap(T, n) = (Zses(n) Loy T (TTF)) /10000 and

Gap(€,n) = (ZSGS(n) Es(lazyTTF(ﬁS))—fs(TTF)) /10000.

E5(TTF)
. Results appear in Table 1. In column 3,
Table 1. Gaps on time and energy. it can be seen that lazy TTF consumes less

Size n | Gap(Tg,n) | Gap(E, n) energy than TTF for all systems. Lazy TTF
4 11.60% —15.32% saves at least 15% of energy. The counter-
5 17.10% —23.60% part is (a slight) increase in the execution
6 22.04% —30.79% . .

time, as shown in column 2.
7 26.31% —36.99%
8 27.41% —39.07%
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Abstract. We study an NP-hard problem motivated by energy-
efficiently maintaining the connectivity of a symmetric wireless sensor
communication network. Given an edge-weighted n-vertex graph, find a
connected spanning subgraph of minimum cost, where the cost is deter-
mined by letting each vertex pay the most expensive edge incident to it in
the subgraph. We provide an algorithm that works in polynomial time if
one can find a set of obligatory edges that yield a spanning subgraph with
O(logn) connected components. We also provide a linear-time algorithm
that reduces any input graph that consists of a tree together with g addi-
tional edges to an equivalent graph with O(g) vertices. Based on this, we
obtain a polynomial-time algorithm for g € O(logn). On the negative
side, we show that o(logn)-approximating the difference d between the
optimal solution cost and a natural lower bound is NP-hard and that
there are presumably no exact algorithms running in 2°™ time or in
f(d) - n°® time for any computable function f.

Keywords: Monitoring areas and backbones

Parameterized complexity - Color coding * Data reduction
Parameterization above lower bounds + Approximation hardness
Spanning trees

1 Introduction

We consider a well-studied graph problem arising in the context of saving power
in maintaining the connectivity of symmetric wireless sensor communication
networks. Our problem, which falls into the category of survivable network
design [22], is formally defined as follows (see Fig.1 for an example).

Problem 1.1. MIN-POWER SYMMETRIC CONNECTIVITY (MINPSC)

Input: A connected undirected graph G = (V, E) with n vertices, m edges, and
edge weights (costs) w: E — IN.
© Springer International Publishing AG 2017

A. Fernandez Anta et al. (Eds.): ALGOSENSORS 2017, LNCS 10718, pp. 26-40, 2017.
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Fig. 1. A graph with positive edge weights and an optimal solution (bold edges). Each
vertex pays the most expensive edge incident to it in the solution (the numbers next
to the vertices). The cost of the solution is the sum of the costs paid by each vertex.
Note that the optimal solution has cost 26 while a minimum spanning tree (using
edge {va,vs5} instead of {v2,v3}) has cost 27 (as a MINPSC solution).

Goal: Find a connected spanning subgraph 7' = (V, F') of G that minimizes

max  w({u,v}).
v {u,v}eF

We denote the minimum cost of a solution to an MINPSC instance I = (G, w)
by Opt(I). Throughout this work, weights always refer to edges and costs refer
to vertices or subgraphs. For showing hardness results, we will also consider the
decision version of MINPSC, which we call k-PSC. Herein the problem is to
decide whether an input instance I = (G, w) satisfies Opt(I) < k.

Figure 1 reveals that computing a minimum-cost spanning tree may not yield
an optimal solution for MINPSC (also see Erzin et al. [12] for further discus-
sion concerning the relationship to minimum-cost spanning trees). In this work,
we provide a refined computational complexity analysis by initiating parameter-
ized complexity studies of MINPSC (and its decision version). In this way, we
complement previous findings mostly concerning polynomial-time approximabil-
ity [2,9,12], heuristics and integer linear programming [2,13,21], and computa-
tional complexity analysis for special cases [8,9,12,17].

Our Contributions. Our work is driven by asking when small input-specific
parameter values allow for fast (exact) solutions in practically relevant special
cases. Our two fundamental “use case scenarios” herein are monitoring areas
and infrastructure backbones. Performing a parameterized complexity analysis,
we obtain new encouraging exact algorithms together with new hardness results,
all summarized in Table 1.

In Sect. 2, we provide an (exact) algorithm for MINPSC that works in poly-
nomial time if one can find a set of obligatory edges that can be added to any
optimal solution and yield a spanning subgraph with O(logn) connected com-
ponents. In particular, this means that we show fixed-parameter tractability for
MINPSC with respect to the parameter “number ¢ of connected components
in the spanning subgraph consisting of obligatory edges”. Cases with small ¢
occur, for example, in grid-like sensor arrangements, which arise when monitor-
ing areas [28,29].
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Table 1. Overview on our results, using the following terminology: n—mnumber of
vertices, m—number of edges, g—size of a minimum feedback edge set, d—difference
between optimal solution cost and a lower bound (see Problem4.1), c—number of
connected components of subgraph consisting of obligatory edges (see Definition 2.3).
MINPSC-AL is the problem of computing the minimum value of d (see Problem 4.1),
d-PSC-AL is the corresponding decision problem.

Problem Result Reference
Section 2 | MINPSC Solvable in O(In(1/¢) - (36€2/+/27)¢ - n*/1/c) Theorem 2.5
time with error probability at most e
MINPSC Solvable in c@(¢log¢) . nO) time Theorem 2.5
MINPSC Solvable in O(3™ - (n +m)) time Proposition 2.7
Section 3 | MINPSC Linear-time data reduction algorithm that Theorem 3.1

guarantees at most 40g — 26 vertices and
41g — 27 edges

Section 4 | MINPSC-AL | NP-hard to approximate within a factor Theorem 4.2(i)
of o(logn)
d-PSC-AL W2]-hard when parameterized by d Theorem 4.2(ii)
k-PSC Not solvable in 2°(") time unless ETH fails Theorem 4.2(iii)

In Sect. 3, we provide a linear-time algorithm that reduces any input graph
consisting of a tree with g additional edges to an equivalent graph with O(g) ver-
tices and edges (a partial kernel in terms of parameterized complexity, since the
edge weights remain unbounded). Combined with the previous result, this yields
fixed-parameter tractability with respect to the parameter g (also known as the
feedback edge number of a graph), and, in particular, a polynomial-time algo-
rithm for g € O(logn). Such tree-like graphs occur when monitoring backbone
infrastructure or pollution levels along waterways.

We provide some negative (that is, intractability) results in Sect.4: We show
that o(log n)-approximating the difference d between the minimum solution cost
and a natural lower bound is NP-hard. Moreover, we prove W[2]-hardness with
respect to the parameter d, that is, there is presumably no algorithm running
in f(d)-n°® time for any computable function f. Finally, assuming the Expo-
nential Time Hypothesis (ETH), we show that there is no 2°(")-time algorithm
for MINPSC.

Due to space constraints, all proofs are deferred to a full version®.

2 Parameterizing by the Number of Connected
Components Induced by Obligatory Edges

This section presents an algorithm that solves MINPSC efficiently if we can find
obligatory edges that can be added to any optimal solution and yield a spanning

subgraph with few connected components. This is the case, for example, when

! https://arxiv.org/abs/1706.03177.


https://arxiv.org/abs/1706.03177

Parameterized Algorithms for Power-Efficient 29

sensors are arranged in a grid-like manner, which saves energy when monitoring
areas [28,29]. To find obligatory edges, we use a lower bound ¢(v) on the cost
paid by each vertex v in the goal function of MINPSC (Problem1.1).

Definition 2.1 (vertex lower bounds). Vertex lower bounds are given by a
function £: V — IN such that, for any solution T = (V, F) of MINPSC and any
vertex v € V, it holds that

(max_w({u.v)) > ().

Ezample 2.2. A trivial vertex lower bound #(v) is given by the weight of the
lightest edge incident to v because v has to be connected to some vertex in
any solution. Moreover, since any edge {u,v} incident to a degree-one vertex u
will be part of any solution, one can choose £ so that ¢(u) = w({u,v}) and

L(v) > w({u,v}).

Clearly, coming up with good vertex lower bounds is a challenge on its own.
Once we have vertex lower bounds, we can compute an obligatory subgraph,
whose edges we can add to any solution without increasing its cost:

Definition 2.3 (obligatory subgraph). The obligatory subgraph G, induced
by vertex lower bounds £: V — W for a graph G = (V| E) consists of all vertices
of G and all obligatory edges {u,v} such that min{f(u),£(v)} > w({u,v}).

The better the vertex lower bounds ¢, the more obligatory edges they potentially
induce, thus reducing the number ¢ of connected components of Gy. Yet already
the simple vertex lower bounds in Example 2.2 may yield obligatory subgraphs
with only a few connected components in some applications:

Example 2.4. Consider the vertex lower bounds ¢ from Example2.2. If we
arrange sensors in a grid, which is the most energy-efficient arrangement of
sensors for monitoring areas [28,29], then G, has only one connected compo-
nent. The number of connected components may increase due to sensor defects
that disconnect the grid or due to varying sensor distances within the grid. The
worst case is if the sensors have pairwise distinct distances. Then, G, has only
one edge and n — 1 connected components.

The number ¢ of connected components in Gy can easily be exploited in
an exact O(n?¢)-time algorithm for MINPSC,? which runs in polynomial time
for constant ¢, yet is inefficient already for small values of ¢. We will show,
among other things, a randomized algorithm that runs in polynomial time for
¢ € O(logn):

2 To connect the ¢ components of Gy, one has to add ¢ — 1 edges. These have at most
2¢ — 2 end points. One can try all n?¢~2 possibilities for choosing these end points
and check each resulting graph for connectivity in O(n +m) C O(n?) time.
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Theorem 2.5. MINPSC with vertex lower bounds ¢ is solvable

(i) in O(Inl/e - (36€%//2m)¢ - 1/\/c - n?) time by a randomized algorithm with
error probability at most € for any given € € (0,1), and
(ii) in Ocloge) . nOW) time by a deterministic algorithm,

where ¢ is the number of connected components of the obligatory subgraph G,.

Remark 2.6. The deterministic algorithm in Theorem 2.5(ii) is primarily of theo-
retical interest, because it classifies MINPSC as fized-parameter tractable param-
eterized by c. Practically, the randomized algorithm in Theorem 2.5(i) seems
more promising.

The number of connected components of obligatory subgraphs has recently
also been exploited in fixed-parameter algorithms for problems of servicing links
in transportation networks [6,15,25,26], which led to practical results.

The rest of this section outlines the proof of Theorem 2.5. The proof also
yields the following deterministic algorithm for MINPSC, which will be inter-
esting in combination with the data reduction algorithm in Sect. 3. It is much
faster than the trivial algorithm enumerating all of the possibly n"~2 spanning
trees:

Proposition 2.7. MINPSC can be solved in O(3™ - (m +n)) time.

Like some known approximation algorithms for MINPSC [2,17], our algorithms
in Theorem 2.5 work by adding edges to Gy in order to connect its ¢ connected
components. In contrast to these approximation algorithms, our algorithms will
find an optimal set of edges to add. To this end, they work on a padded version G}
of the input graph G, in which each connected component of G, is turned into a
clique. Then, it is sufficient to search for connected subgraphs of Gj that contain
at least one vertex of each connected component of G,. We can always add the
edges in Gy to such subgraphs in order to obtain a connected spanning subgraph
of G.

Definition 2.8 (padded graph, components). Let £: V — N be vertex lower
bounds for a graph G = (V, E). We denote the ¢ connected components of the
obligatory subgraph Gy by G},G%,...,GS.

The padded graph G} = (V, E}) with edge weights w): E} — IN is obtained
from G with edge weights w: E — IN by adding zero-weight edges between each
pair of non-adjacent vertices in GY for each i € {1,...,c}.

To solve a MINPSC instance (G, w) with vertex lower bounds £: V — IN, we
have to add ¢ — 1 edges to G, in order to connect its ¢ connected components.
These edges have at most 2c—2 endpoints. Thus, we need to find a minimum-cost
connected subgraph in G} that

— contains at most 2c — 2 vertices,

— contains at least one vertex of each connected component of Gy,

— such that each of its vertices v pays at least the cost £(v) that it would pay
in any optimal solution to the MINPSC instance (G, w).
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We will do this using the color coding technique introduced by Alon et al. [1]:
randomly color the vertices of G using at most 2c — 2 colors and then search
for connected subgraphs of G} that contain exactly one vertex of each color.
Formally, we will solve the following auxiliary problem on Gj.

Problem 2.9. MIN-POWER COLORFUL CONNECTED SUBGRAPH (MINPCCS)

Input: A connected undirected graph G = (V, E), edge weights w: E — NN,
vertex colors col: V' — IN, a function £: V' — IN and a color subset C C IN.
Goal: Compute a connected subgraph T' = (W, F') of G such that col is a bijection

between W and C' and such that T minimizes

Zmax{é(v), max w({u,v})}.

F
veW {uve

Note that, in the definition of MINPCCS, the function ¢: V' — IN does not
necessarily give vertex lower bounds, but makes sure that each vertex v € V
pays at least ¢(v) in any feasible solution to MINPCCS.

In contrast to the usual way of applying color coding, we cannot simply
color the vertices of our input graph G completely randomly and then apply an
algorithm for MINPCCS: One component of Gy could contain all colors and,
thus, a connected subgraph containing all colors does not necessarily connect
the components of Gy. Instead, we employ a trick that was previously applied
mainly heuristically in algorithm engineering in order to increase the success
probability of color coding algorithms [4,7,10]. Since we know that our sought
subgraph contains at least one vertex of each connected component of G;, we
color the connected components of G, using pairwise disjoint color sets. Herein,
we first “guess” how many vertices ¢; of each connected component G of G the
sought subgraph will contain and use ¢; colors to color each component G@. We
thus arrive at the following algorithm for MINPSC:

Algorithm 2.10 (for MinPSC).

Input: A MINPSC instance I = (G, w), vertex lower bounds ¢: V — NN for G =
(V, E), an upper bound ¢ € (0,1) on the error probability.
Output: A solution for I that is optimal with probability at least 1 — e.

1. ¢ < number of connected components of the obligatory subgraph Gy.

2. for each cq,cy,...,c. € Nt such that Zle ¢ <2c—2do

3. choose pairwise disjoint C; C {1,...,2¢—2} with |C;| = ¢; for i € {1,...,c}.

4. repeat t:=Ine/In(1—[];_, ¢;!/c") times

5. for i € {1,...,c}, randomly color the vertices of component G% of G
using colors from C;, let the resulting coloring be col: V' — IN.

6. Solve MINPCCS instance (G, w},col,¢,C) using dynamic program-

ming.
7. let T = (W, F') be the best MINPCCS solution found in any of the repetitions.

8. return 7" = (V,(FNE) U Ej).
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The main ingredient of Algorithm 2.10 is the following O(2!€! - (n 4+ m)? + 3I¢1 .
(m + n))-time dynamic programming algorithm for MINPCCS used in line 6.
It is inspired by an algorithm for finding signalling pathways in biological net-
works [24]. However, our case is complicated by the non-standard goal function

in MINPCCS.

Algorithm 2.11 (for MinPCCS). Let I := (G, w, col, ¢,C) be an instance of
MINPCCS, where G = (V, E). Assume w(e) = oo for any e ¢ F and min ) = co.
For any color set C' C C and any pair of vertices {v, ¢} C V', let D(v, ¢, C’) be the
cost of a feasible solution T' = (W, F) to the MINPCCS instance (G, w, col, ¢, C")
that minimizes

P(v,0,T) = max{((v), w({v,a})} + > max{€(w'), mavc wi{uo'})}
v’ eW\{v} ’

under the constraints that v € W and

max{l(v),w({v,q})} Zmax{é(v), max w({u,v})}

{u,v}eF

(such a solution might not exist for some choices of v and ¢). Note that the only
difference between ®@(v,q,T) and the goal function of MINPCCS (Problem 2.9)
is that the vertex v pays exactly max{¢(v),w({v,q})}.

The cost min{vﬁq}gvD[v,q, C] of an optimal solution to I can then be
computed as follows. Obviously, D[v,q,C'] = oo if col(v) ¢ C’. More-
over, D[v, q,{col(v)}] = max{l(v), w({v,q})}. Finally, compute D[v, q, C’'] with
|C’] > 2 for subsets C” C C of increasing cardinality, storing intermediate results,
via

D['Ua q, Cl] + D[Ua q, CZ] - max{f(v), ’LU({U, q})
Dlv,q,C'] = min forall C; € C" and Cy C C'
such that C; UCy = C" and C; N Cy = {col(v)}

Dlu,q', C"\ {col(v)}] + max{{(v), w({v, ¢})
for all uw € N(v) and ¢’ € N(u)
such that w({u,q'}) > w({u,v})

and w({v,q}) > w({u,v})

3 Parameterizing by the Feedback Edge Number

This section studies the complexity of MINPSC parameterized by the feedback
edge number—the minimum number of edges one has to delete in order to turn
a graph into a tree. This parameter can be computed in linear time by com-
puting a spanning tree and counting the remaining edges. The motivation for
studying this parameter is twofold. From a theoretical point of view, the cost of
any spanning tree of the input graph gives an upper bound on the cost of an
optimal solution. The remaining edges are a feedback edge set whose size lim-
its the freedom for improving this upper bound. In practice, graphs with small
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feedback edge number may appear when monitoring backbone infrastructure or
waterways (for example, when deleting canals, the remaining, natural waterways
usually form a forest [14]). Hence, it is natural to ask whether MINPSC is sig-
nificantly easier on graphs with small feedback edge number than on general
graphs. In this section, we answer this question in the affirmative by proving the
following theorem.

Theorem 3.1. In linear time, one can transform any instance I = (G,w) of
MINPSC with feedback edge number g into an instance I' = (G',w') and compute
a value a € N such that G' has at most 40g — 26 vertices, 41g — 27 edges,
and Opt(I) = Opt(I’) + a.

In terms of parameterized complexity theory, Theorem 3.1 gives a partial
kernel [5] of linear size for k-PSC parameterized by the feedback edge number,
leaving k and the edge weights unbounded.

By applying first Theorem 3.1 to shrink a MINPSC instance and then apply-
ing Proposition 2.7 to solve the shrunk instance, we can solve MINPSC in poly-
nomial time on graphs with feedback edge number g € O(log n):

Corollary 3.2. MINPSC is solvable in 2°9) + O(n +m) time.

We point out that, in practice, it seems more promising to solve the shrunk
instance using Theorem 2.5 instead of Proposition 2.7, although it will not give
a provably better bound than Corollary 3.2.

To prove Theorem 3.1, we first present data reduction rules for the following
intermediate variant of MINPSC, which allows for annotating each vertex v with
the minimum cost ¢(v) it has to pay in any optimal solution. We will then show
how to transform an instance of this variant to the original problem.

Problem 3.3. ANNOTATED MINPSC

Input: A connected undirected graph G = (V| E), edge weights w: F — N, and
vertex annotations ¢: V — IN.
Goal: Find a connected spanning subgraph 7' = (V, F') of G that minimizes

Zmax{ﬁ(v), max w({u,v})}

F
veV {uve

Note that ANNOTATED MINPSC can be seen as special case of MINPCCS
(Problem 2.9) where each vertex is assigned a distinct color. Each instance of
MINPSC (Problem 1.1) can be transformed into an equivalent instance of ANNO-
TATED MINPSC with ¢(v) = 0 for each vertex v € V.

Our data reduction rules shrink the input graph and, at the same time, com-
pute the value a as specified in Theorem 3.1. Initially, a = 0. The general app-
roach is common to many results that upper-bound the size of the graph in terms
of its feedback edge number [3,16,20,27]. To this end, it is sufficient to reduce
the number of degree-one vertices and the lengths of paths of degree-two ver-
tices. We will see that the second part—shrinking paths—is the challenging one.
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Fig. 2. A path where the most beneficial edge is not the heaviest edge. We assume
that v1 and vs are connected to the rest of the graph in such a way that v; has to pay
at least 1 and vs has to pay at least 4. Omitting {vs,v4} (the heaviest edge) results in
the following optimal assignments: v : 4,v3 : 4,04 : 4 (3, = 12) and omitting {v2,vs}
results in a better solution: vz : 1,v3 : 5,v4 : 5 (O = 11).

Like our dynamic programming algorithm for MINPCCS (see Algorithm 2.11),
it is complicated by the nonlinear goal function of ANNOTATED MINPSC: even
if we knew that an optimal solution does not contain all edges of a path, it is not
obvious which edge of the path the optimal solution will skip (we will see that it
is not always the heaviest edge). Our first data reduction rule for ANNOTATED
MINPSC removes degree-one vertices.

Reduction Rule 3.4. Let v be a vertex with exactly one neighbor wu.
Then, set f(u) := max{l(u),w({u,v})}, delete v, and increase a by

max{w({u,v}),l(v)}.

Henceforth, we assume that no degree-one vertices are left. Our second data
reduction rule upper-bounds the length of paths of degree-two vertices. Let P =
(v, v1,...,vp) be such a path with A > 8 and all inner vertices having degree
two, that is, deg(v;) = 2 for 1 <i < h — 1. Observe that at most one edge of the
path is not in a solution—a connected spanning subgraph of G. Thus, there are
two cases: either all edges of P or all but one edge of P are in the solution. We
can encode this in a shorter path containing the edge that yields the highest
benefit when omitted in a connected spanning subgraph. Remarkably, this is not
necessarily the heaviest edge, as shown in Fig. 2. Besides such a most beneficial
edge, we also need to keep the first and last edge in the path as the benefit of
omitting them depends on the rest of the solution. We formalize this as follows.

Definition 3.5 (representative path, most beneficial edge). Let P =
(vo,v1,...,vp) with h > 8 be a path such that deg(vy) > 2, deg(vy) > 2, and
deg(v;) =2 forie {1,2,...,h —1}. Let : E — IN be a function defined by

B{vj;vj41}) ::maX{O,w({vi,vi+1}) - max{f(”i)vw({”i—h”i})}} +
+ max{O,w({vi,viH}) - max{ﬁ(vi+1),w({vi+1,vi+2})}}.

If B{vj,vj41}) > B({vk, ve+1}), then we say that {vj,vj41} is more beneficial.
For any most beneficial edge {v;,vi+1} on P, that is, an edge mazimizing (3,
we define the representative rep(P) = (vg, v1,u1, Vi, Vit1, U2, Vh—1,Vn) of P as a
path with new vertices uy and us,
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{(uy) = max {w({m, v2}): £(usz) := max {w({UHl’ vit2}),

w({vi—lavi})a w({vh—Qavh—l})a

and new incident edges of weights

w({v1, u1}) == w({vr, va}), w({uz,vn-1}) == w({va-2,vn-1}),
w({ur,vi}) == w({vi—1,vi}), and  w{vigr,u2}) = w({vier, viga}).

We will replace P by rep(P). At the same time, we have to adjust the value
of a for Theorem 3.1. To this end, observe that each vertex v; with j € {2,...h—
2} \ {4,434+ 1} pays max{{(v;), w({vj_1,,}), w({vj,vj41})} before replacement
and is deleted after replacement. Moreover, the new vertices u; and wy pay
exactly £(u1) and ¢(uq), respectively, after replacement and are not part of the
instance before replacement. Thus, we increase a by

(v;)
adj(rep(P)) := —L(u1) — (uz) + Zmax w({v;_1,v;})
?;‘glgl}i_li w({vj,vj+1})

and the second data reduction rule works as follows.

Reduction Rule 3.6. Let P = (vg,v1,...,v,) be a path with A > 8 such that
deg(vo) > 2, deg(vy) > 2, and deg(v;) =2 for i € {1,2,...,h — 1}. Replace P
by rep(P) and increase a by adj(rep(P)).

So far, our data reduction rules turn an instance I of MINPSC into an
instance 4 of Annotated MINPSC. Next, we show a result that any instance I 4
of ANNOTATED MINPSC can be transformed back into an instance I’ of
MINPSC so that Opt(Ia) 4+, ¢y £(v) = Opt(I’).

Lemma 3.7. In linear time, one can transform any instance 14 of ANNO-
TATED MINPSC into an instance I' of MINPSC so that Opt(I4)+>_, oy £(v) =
Opt(I'). The instance I' contains at most 2n vertices and at most n+ m edges.

We now give an upper bound on the size of graphs reduced by Reduction
Rules 3.4 and 3.6. Combined with Lemma 3.7, this yields a proof of Theorem 3.1.

Proposition 3.8. Let I = (G,w, ) be an instance of ANNOTATED MINPSC
and let g be the feedback edge number of G. If Reduction Rules 3.4 and 3.6 cannot
be applied to I, then G contains at most 20g — 13 vertices and 21g — 14 edges.

Theorem 3.1 can be proven by exhaustively applying Reduction Rules 3.4 and
3.6 and transforming the resulting instance into an instance of MINPSC using
Lemma3.7.
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4 Parameterized Hardness and Inapproximability

In Sect.2, we algorithmically exploited verter lower bounds—Ilower bounds on
the cost that each vertex has to pay in any optimal solution to MINPSC (see
Definition 2.1). Vertex lower bounds immediately yield lower bounds on the total
cost of optimal solutions. In this section, we show that the latter are much harder
to exploit algorithmically.

For example, if the weights w: E — IN of the edges in a graph G =
(V,E) are at least one, then the vertex lower bounds given by £(v) :=
ming, ,yep w({u,v}) > 1 for each vertex v € V (see Example2.2) immedi-
ately yield a “large” lower bound of at least n on the cost of an optimal solution.
This implies that even constant-factor approximation algorithms (e. g. the one by
Althaus et al. [2]) can return solutions that are, in absolute terms, quite far away
from the optimum. Furthermore, it follows that Proposition 2.7 already yields
fixed-parameter tractability for k-PSC parameterized by the solution cost k.

A more desirable and stronger result would be a constant-factor approxima-
tion of the difference d between the optimal solution cost and a lower bound or a
fixed-parameter tractability result with respect to the parameter d. However, we
show that such algorithms (presumably) do not exist. Herein, we base some of
our hardness results on the Exponential Time Hypothesis (ETH) as introduced
by Impagliazzo and Paturi [18] and on the W-hierarchy from parameterized com-
plexity theory [11]. The ETH is that 3-SAT cannot be solved in 2°("+™) time,
where n and m are the number of variables and clauses in the input formula,
respectively. Moreover, proving that a parameterized problem is W-hard with
respect to some parameter k shows that there is (presumably) no f(k)-n®®-time
algorithm, where n denotes the input size.

To state our hardness results, we use the following problem variant, which
incorporates the lower bound.

Problem 4.1. MINPSC ABOVE LOWER BoUND (MINPSC-AL)

Input: A connected undirected graph G' = (V, E) and edge weights w: E — IN.
Goal: Find a connected spanning subgraph T'= (V, F') of G that minimizes

maxw({u,v}) — minw({u,v}). 4.1
2 sl o)) mine({o, o (4.1

For a MINPSC-AL instance I = (G,w), we denote by Opt(I) the minimum
value of (4.1) (we also refer to Opt(I) as the margin of I'). For showing hardness
results, we will also consider the decision version of the problem: By d-PSC-AL,
we denote the problem of deciding whether an MINPSC-AL instance I = (G, w)
satisfies Opt(I) < d.

Theorem 4.2.

(i) MINPSC-AL is NP-hard to approzimate within a factor of o(logn).

(ii) d-PSC-AL is W[2/-hard when parameterized by d.

(iii) Unless the Exponential Time Hypothesis fails, k-PSC and d-PSC-AL are
not solvable in 2°") time.
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Theorem 4.2(ii) shows that d-PSC-AL is presumably not solvable in
f(d) - n®® time, whereas it is easily solvable in O(2? - n®+2) time, that is, in
polynomial time for any fixed d.*> Moreover, Theorem 4.2(iii) shows that our
algorithm in Proposition 2.7 is asymptotically optimal.

We prove Theorem4.2 using a reduction from MINIMUM SET COVER to
MINPSC due to Erzin et al. [12].

Problem 4.3. MINIMUM SET COVER

Input: A universe U = {uy,...,u,} and a set family F = {S1,...,S5,,} contain-
ing sets S; C U.
Goal: Find a minimum cardinality set cover F' C F (that is, Jger S = U).

Again, in the corresponding decision version k-SET COVER, we are given
a k € IN and want to decide whether there exists a set cover of size at most k.
MINIMUM SET COVER is NP-hard to approximate within a factor of o(logn) [23].
Furthermore, k-SET COVER is W/[2]-complete parameterized by the solution
size k [11] and cannot be solved in 2°(**™) time unless the ETH fails [19].

We now present a slightly modified version of the reduction by Erzin et al.
[12] from which Theorem 4.2 follows. Note that Erzin et al. [12] used edge weights
zero and one in their reduction whereas we use positive integers as edge weights,
namely one and two.

Transformation 4.4. Given an instance I = (U, F) of MINIMUM SET COVER,
construct an instance I’ = (G, w) of MINPSC-AL as follows. The graph G con-
sists of a special vertex s, a vertex v, for each element u € U, and a vertex vg
for each set S € F. Denote the respective vertex sets by Vi and Vi, that is,
V = {s} W Vy W Vz. There is an edge between each pair of vertices v,,vg € V
if the set S € F contains u € U. Moreover, there is an edge {s,vg,} for
each i € {1,...,m}. The edge weights w are as follows. All edges incident to s
get weight one. The remaining edges (between Vi and Vr) get weight two.

5 Conclusion

We believe that both our randomized fixed-parameter algorithm exploiting ver-
tex lower bounds and our data reduction rules (a partial kernelization for the
parameter “feedback edge number”) are worth implementing and testing. Empir-
ical work is ongoing work; however, we believe that our algorithms are less suited
for random test data (as typically used in published work so far) because our
algorithms make explicit use of structure in the input which presumably occurs
in some real-world monitoring instances.

3 At most d vertices can pay more than their vertex lower bound. We can try all
possibilities for choosing ¢ < d vertices, all (‘Z) possibilities to increase their total
cost by at most d, and check whether the graph of the “paid” edges is connected.
The algorithm runs in Zle @) (o.l) -O(n+m) C O(2% - n**?) time.

7
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An important theoretical challenge is to find good vertex lower bounds for
exploitation in Sect. 2. This goes hand in hand with identifying scenarios where
(more) obligatory edges are given by the application (e.g., this may be the case
in communication networks with designated hub nodes). Finally, we identified
positive results for two natural network parameters; thus, the search for further
useful parameterizations is a generic but nevertheless promising undertaking.
Ideally, this should be driven by using data from real-world applications and
analyzing their structural properties.
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Abstract. Finding a maximum cut is a fundamental task in many
computational settings, with a central application in wireless networks.
Surprisingly, Max-Cut has been insufficiently studied in the classic dis-
tributed settings, where vertices communicate by synchronously sending
messages to their neighbors according to the underlying graph, known as
the LOCAL or CONGEST models. We amend this by obtaining almost
optimal algorithms for Max-Cut on a wide class of graphs in these mod-
els. In particular, for any € > 0, we develop randomized approximation
algorithms achieving a ratio of (1 — &) to the optimum for Max-Cut on
bipartite graphs in the CONGEST model, and on general graphs in the
LOCAL model.

We further present efficient deterministic algorithms, including a 1/3-
approximation for Max-Dicut in our models, thus improving the best
known (randomized) ratio of 1/4. Our algorithms make non-trivial use
of the greedy approach of Buchbinder et al. (STAM Journal Computing
44:1384-1402, 2015) for maximizing an unconstrained (non-monotone)
submodular function, which may be of independent interest.

1 Introduction

Max-Cut is one of the fundamental problems in theoretical computer science.
A cut in an undirected graph is a bipartition of the vertices, whose size is the
number of edges crossing the bipartition. Finding cuts of maximum size in a given
graph is among Karp’s famous 21 NP-complete problems [25]. Since then, Max-
Cut has received considerable attention, in approximation algorithms [17,19,
42,45], parallel computation [44], parameterized complexity [43], and streaming
algorithms (see, e.g., [24]).

Max-Cut has a central application in wireless mesh networks (WMNs). The
capacity of WMNs that operate over a single frequency can be increased sig-
nificantly by enhancing each router with multiple transmit (Txz) or receive (Rz)
(MTR) capability. Thus, a node will not experience collision when two or more
neighbors transmit to it. Yet, interference occurs if a node transmits and receives
simultaneously. This is known as the no miz-tz-rz constraint. The set of links
activated in each time slot, defining the capacity of an MTR WMN, is governed

K. Censor-Hillel—The research is supported in part by the Israel Science Foundation
(grant 1696/14).
© Springer International Publishing AG 2017
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by a link scheduler. As shown in [10], link scheduling is equivalent to finding
Max-Cut in each time slot. A maximum cut contains the set of non-conflicting
links that can be activated at the same time, i.e., they adhere to the no mix-tx-
rx constraint. The induced bipartition of the vertices at each time slot defines a
set of transmitters and a set of receivers in this slot. Link scheduling algorithms
based on approximating Max-Cut, and other applications in wireless networks,
can be found in [27,48-51].1

Surprisingly, Max-Cut has been insufficiently studied in the classic dis-
tributed settings, where vertices communicate by synchronously sending mes-
sages to their neighbors according to the underlying graph, known as the LOC AL
or CONGEST models. Indeed, there are known distributed algorithms for Max-
Cut using MapReduce techniques [5,35,36]. In this setting, the algorithms par-
tition the ground set among m machines and obtain a solution using all the
outputs. However, despite a seemingly similar title, our distributed setting is
completely different.

In this paper we address Max-Cut in the classic distributed network models,
where the graph represents a synchronous communication network. At the end
of the computation, each vertex decides locally whether it joins the subset .S or
S, and outputs 1 or 0, respectively, so as to obtain a cut of largest possible size.

It is well known that choosing a random cut, i.e., assigning each vertex to
S or S with probability 1/2, yields a %—approximation for Max-Cut, and a i—
approximation for Max-Dicut, defined on directed graphs (see, e.g., [37,38]).2
Thus, a local algorithm, where each vertex outputs 0 or 1 with probability 1/2,
yields the above approximation factors with no communication required. On the
other hand, we note that a single vertex can find an optimal solution, once it has
learned the underlying graph. However, this requires a number of communication
rounds that depends linearly on global network parameters (depending on the
exact model considered). This defines a tradeoff between time complexity and the
approximation ratio obtained by distributed Max-Cut algorithms. The huge gap
between the above results raises the following natural questions: How well can
Max-Cut be approximated in the distributed setting, using a bounded number of
communication rounds? Or, more precisely: How many communication rounds
are required for obtaining an approximation ratio strictly larger than half, or
even a deterministic %—approximation for Max-Cut?

To the best of our knowledge, these questions have been studied in our
distributed network models only for a restricted graph class. Specifically, the
paper [22] suggests a distributed algorithm for Max-Cut on d-regular triangle-
free graphs, that requires a single communication round and provides a (1/2 +
0.28125/+/d)-approximation.

The key contribution of this paper is in developing two main techniques
for approximating Max-Cut and Max-Dicut in distributed networks, with any

! Max-Cut naturally arises also in VLSI [9], statistical physics [4] and machine learning
[47].
2 In Max-Dicut we seek the maximum size edge-set crossing from S to S.
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communication graph. Below we detail the challenges we face, and our methods
for overcoming them.

1.1 The Challenge

In the LOCAL model, where message sizes and the local computation power are
unlimited, every standard graph problem can be solved in O(n) communication
rounds. For Max-Cut it also holds that finding an optimal solution requires
2(n) communication rounds. This lower bound follows from Linial’s seminal
lower bound [31, Theorem 2.2] for finding a 2-coloring of an even-sized cycle. In
an even cycle, the maximum cut contains all edges. Therefore, finding a Max-Cut
is equivalent to finding a 2-coloring of the graph.

An approach that proved successful in many computational settings — in
tackling hard problems — is to relax the optimality requirement and settle for
approximate solutions. Indeed, in the distributed setting, many approximation
algorithms have been devised to overcome the costs of finding exact solutions
(see, e.g., [1-3,16,21,28-30,32,39], and the survey of Elkin [11]). Our work can
be viewed as part of this general approach. However, we face crucial hurdles
attempting to use the known sequential toolbox for approximating Max-Cut in
the distributed setting.

As mentioned above, a %—approximation for Max-Cut can be obtained easily
with no communication. While this holds in all of the above models, improv-
ing the ratio of 1/2 is much more complicated. In the sequential setting, an
approximation factor strictly larger than 1/2 was obtained in the mid-1990’s
using semidefinite programming [17] (see Sect. 1.3). Almost two decades later,
the technique was applied by [44] to obtain a parallel randomized algorithm for
Max-Cut, achieving a ratio of (1—¢€)0.878 to the optimum, for any € > 0. Adapt-
ing this algorithm to our distributed setting seems non-trivial, as it relies heavily
on global computation. Trying to apply other techniques, such as local search,
unfortunately leads to linear running time, because of the need to compare values
of global solutions.

Another obstacle that lies ahead is the lack of locality in Max-Cut, due to
strong dependence between the vertices. The existence of an edge in the cut
depends on the assignment of both of its endpoints. This results in a chain of
dependencies and raises the question whether cutting the chain can still guar-
antee a good approximation ratio.

1.2 Owur Contribution

We develop two main techniques for approximating Max-Cut, as well as Max-
Dicut. Our first technique relies on the crucial observation that the cut value is
additive for edge-disjoint sets of vertices. Exploiting this property, we design
clustering-based algorithms, in which we decompose the graph into small-
diameter clusters, find an optimal solution within each cluster, and prove that the
remaining edges still allow the final solution to meet the desired approximation
ratio. An essential component in our algorithms is efficient graph decomposition
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to such small-diameter clusters connected by few edges (also known as a padded
partition), inspired by a parallel algorithm of [34] (see also [12,13]).

For general graphs, this gives (1 — €)-approximation algorithms for Max-Cut
and Max-Dicut, requiring O( IOE ) communication rounds in the LOCAL model.
For the special case of a bipartite graph, we take advantage of the graph struc-
ture to obtain an improved clustering-based algorithm, which does not require
large messages. The algorithm achieves a (1 — €)-approximation for Max-Cut in
O(bg’%) rounds, in the more restricted CONGEST model.

For our second technique, we observe that the contribution of a specific ver-
tex to the cut depends only on the vertex itself and its immediate neighbors.
We leverage this fact to make multiple decisions in parallel by independent
sets of vertices. We find such sets using distributed coloring algorithms. Our
coloring-based technique, which makes non-trivial use of the greedy approach
of [7] for maximizing an unconstrained submodular function, yields determin-
istic %—approximation and %—approximation algorithms for Max-Cut and Max-
Dicut, respectively, and a randomized %-approximation algorithm for Max-Dicut.

Each of these algorithms requires O(A + log* n) communication rounds in the
CONGEST model, where A is the maximal degree of the graph, and O ignores
polylogarithmic factors in A.

Finally, we present LOCAL algorithms which combine both of our tech-
niques. Applying the coloring-based technique to low-degree vertices, and the
clustering-based technique to high-degree vertices, allows as to design faster
deterministic algorithms with approximation ratios of % and % for Max-Cut and
Max-Dicut, respectively, requiring min{O(A + log* n), O(y/n)} communication
rounds (Table1).?

Table 1. A summary of our results.

Algorithm Properties Approximation Ratio
Rounds Deterministic| Model Graph |Max-Cut| Max-Dicut
no communication X CONGEST| any 1/2 1/4 folklore

O(logn/e) X CONGEST |bipartite| 1—e¢ — new
O(logn/e) X LOCAL any 1—e¢ 1—e¢ new
O(A + log* n) v/ CONGEST| any 1/2 1/3 new
O(A +log™ n) X CONGEST| any 1/2 1/2 new
min{O(A + log* n), 0(v/n)} v LOCAL any 1/2 1/3 new

1.3 Background and Related Work

The weighted version of Max-Cut is one of Karp’s NP-complete problems [25].
The unweighted version that we study here is also known to be NP-complete [15].

While there are graph families, such as planar and bipartite graphs, in which a
maximum cut can be found in polynomial time [18,19], in general graphs, even

3 Due to space constraints, some of the results are omitted. A detailed version of this
paper can be found in [8].
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approximating the problem is NP-hard. In the sequential setting, one cannot
obtain an approximation ratio better than }—g for Max-Cut, or an approximation
ratio better than 12 for Max-Dicut, unless P = NP [20,46]. B

Choosing a random cut, i.e., assigning each vertex to S or S with probabil-
ity 1/2, yields a %—approximation for Max-Cut, and i—approximation for Max-
Dicut. In the sequential setting there are also deterministic algorithms yielding
the above approximation ratios [40,42]. For 20 years there was no progress in
improving the 1/2 approximation ratio for Max-Cut, until (in 1995) Goemans
and Williamson [17] achieved the currently best known ratio, using semidefinite
programming. They present a 0.878-approximation algorithm, which is optimal
assuming the Unique Games Conjecture holds [26]. In the same paper, Goemans
and Williamson also give a 0.796-approximation algorithm for Max-Dicut. This
ratio was improved later by Matuura et al. [33], to 0.863. Using spectral tech-
niques, a 0.53-approximation algorithm for Max-Cut was given by Trevisan [45].
In [23] Kale and Seshadhri present a combinatorial approximation algorithm for
Max-Cut using random walks, which gives a (0.5 + §)-approximation, where §
is some positive constant that appears also in the running time of the algo-
rithm. In particular, for O(n'®), O(n?) and O(n®) times, the algorithm achieves
approximation factors of 0.5051,0.5155 and 0.5727, respectively.

Max-Cut and Max-Dicut can also be viewed as special cases of submodular
maximization, which has been widely studied. It is known that choosing a solu-
tion set S uniformly at random yields a i—aupproximation7 and a %-approximation
for a general and for symmetric submodular function, respectively [14]. These
results imply the known random approximation ratios for Max-Cut and Max-
Dicut. Buchbinder et al. [7] present determinstic %—approximation algorithms for
both symmetric and asymmetric submodular functions. These algorithms assume
that the submodular function is accessible through a black box returning f(.5)
for any given set S (known as the value oracle model).

In recent years, there is an ongoing effort to develop distributed algorithms
for submodular maximization problems, using MapReduce techniques [5,35,36].
Often, the inputs consist of large data sets, for which a sequential algorithm may
be inefficient. The main idea behind these algorithms is to partition the ground
set among m machines, and have each machine solve the problem optimally
independently of others. After all machines have completed their computations,
they share their solutions. A final solution is obtained by solving the problem
once again over a union of the partial solutions. The algorithms achieve perfor-
mance guarantees close to the sequential algorithms while decreasing the running
time, where the running time is the number of communication rounds among
the machines. As mentioned above, these algorithms do not apply to our classic
distributed settings.

2 Preliminaries

The Max-Cut problem is defined as follows. Given an undirected graph G =
(V, E), one needs to divide the vertices into two subsets, S C V and S =V \ S,
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such that the size of the cut, i.e., the number of edges between S and the com-
plementary subset S, is as large as possible. In the Max-Dicut problem, the given
graph G = (V, E) is directed, and the cut is defined only as the edges which are
directed from S to S. As in the Max-Cut problem, the goal is to obtain the largest
cut.

Max-Cut and Max-Dicut can be described as the problem of maximizing the
submodular function f(S) = |E(S,S)|, where for Max-Dicut f(S) counts only
the edges directed from S to S. Given a finite set X, let 2% denote the power set
of X. A function f : 2% — R is submodular if it satisfies the following equivalent
conditions:

(i) For any S, T C X: f(SUT)+ f(SNT) < f(S)+ f(T]).
(ii) Forany A C B C X and z € X\B: f(BU{x})—f(B) < f(AU{z}) — f(4).

For Max-Cut and Max-Dicut, the submodular function also satisfies: for any
pair of disjoint sets S,7 C X such that Esxr = {(u,v)|lu € S,v € T} = 0,
F(S)+ f(T) = f(SUT). Note that for Max-Cut, the function is also symmetric,

ie., f(S) = f(S).

Model: We consider a distributed system, modeled by a graph G = (V, E), in
which the vertices represent the computational entities, and the edges represent
the communication channels between them. We assume that each vertex v has
a unique identifier id(v) of size O(logn), where n = |V|.

The communication between the entities is synchronous, i.e., the time is
divided into rounds. In each round, the vertices send messages simultaneously
to all of their neighbors and make a local computation based on the information
gained so far. This is the classic LOCAL model [41], which focuses on analyzing
how locality affects the distributed computation. Therefore, message sizes and
local computation power are unlimited, and the complexity is measured by the
number of communication rounds needed to obtain a solution. It is also impor-
tant to study what can be done in the more restricted CONGEST model [41],
in which message sizes are O(logn).

We assume that each vertex has preliminary information including the size
of the network n = |V|, its neighbors, and the maximal degree of the graph A.*

Each vertex runs a local algorithm to solve the Max-Cut problem. Along the
algorithm, each vertex decides locally whether it joins S or S, and outputs 1 or
0, respectively. We define the solution of the algorithm as the set of all outputs.
Note that individual vertices do not hold the entire solution, but only their local
information. The solution value is defined as the size of the cut induced by the
solution. We show that this value approximates the size of the maximum cut.

3 Clustering-Based Algorithms

In this section we present clustering-based algorithms for Max-Cut and Max-
Dicut. Our technique relies on the observation that Max-Cut is a collection of

4 This assumption is needed only for the (A+1)-coloring algorithm [6] used in Sect. 4;
it can be omitted (see [6]), increasing the running time by a constant factor.
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edges having their endpoints in different sets; therefore, it can be viewed as the
union of cuts in the disjoint parts of the graph.

Given a graph G = (V, E), we first eliminate a small fraction of edges to
obtain small-diameter connected components. Then, the problem is solved opti-
mally within each connected component. For general graphs, this is done by
gathering the topology of the component at a single vertex. For the special case
of a bipartite graph, we can use the graph structure to propagate less informa-
tion. Since the final solution, consisting of the local decisions of all vertices, is at
least as good as the sum of the optimal solutions in the components, and since
the fraction of eliminated edges is small, we prove that the technique yields a
(1 — €)-approximation.

3.1 A Randomized Distributed Graph Decomposition

We start by presenting the randomized distributed graph decomposition algo-
rithm. The algorithm is inspired by a parallel graph decomposition by Miller
et al. [34] that we adapt to the distributed.” The PRAM algorithm of [34] gener-
ates a strong padded partition of a given graph, namely, a partition into connected
components with strong diameter 0(10%), for some 3 < 1/2, such that the frac-
tion of edges that cross between different clusters of the partition is at most
B. As we show below, the distributed version guarantees the same properties
with high probability and requires only O(IOE") communication rounds in the
CONGEST model.

The distributed version of the graph decomposition algorithm proceeds as
follows: Let §, be a random value chosen by vertex v from an exponential dis-
tribution with parameter 8. Define the shifted distance from vertex v to vertex
u as dists(u,v) = dist(u,v) — J,,. Along the algorithm, each vertex v finds a
klogn peighborhood that minimizes dists(u,v), where k is

vertex u within its %
a constant. We define this vertex as v’s center. This step implies the difference
between the parallel and the distributed decomposition. Indeed, in the paral-
lel algorithm, each vertex chooses its center from the entire ground set V. We
show that our modified process still generates a decomposition with the desired
properties. Furthermore, w.h.p. the distributed algorithm outputs a decomposi-
tion identical to the one created by the parallel algorithm. A pseudocode of the
algorithm is given in Algorithm 1.

We prove that the fraction of edges between different components is small. In
order to do so, we bound the probability of an edge to be between components,
i.e., the probability that the endpoints of the edge choose different centers. We
consider two cases for an edge e = (u,v). In the first case, we assume that both
u and v choose the center that minimizes their shifted distance, dists, over all
the vertices in the graph. In other words, if the algorithm allowed each vertex
to learn the entire graph, they would choose the same center as they did in our

5 Qur algorithm can be viewed as one phase of the distributed algorithm presented by
Elkin et al. in [12] with some necessary changes.
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Algorithm 1. Distributed Decomposition, code for vertex v

1: 0<B8<1,k>2.

2: choose §, at random from Exp(0)

3: center = id(v)

4: dists,,;, = —06v

5: for ®I°2™ iterations do

6: send (dists,,,, , center)

7 for every (dist:;mm, center/) received from u € N(v) do

8: if (dist:;mm +1 < dists,,,,) OR ((disti;mm +1 = dists,,,,) AND (cem‘er/ <
center)) then

9: center — center’

10: dists,,, — dists, +1

11: end if

12: end for

13: end for

14: output center

algorithm. In the second case, we assume that at least one of u and v chooses
differently if given a larger neighborhood.

Define the ideal center of a vertex v as argmin,ecydists(w,v). In the next
lemma, we upper bound the probability that a vertex does not choose its ideal
center.

Lemma 3.1. Let v be the ideal center of vertex v, then the probability that
klogn

dist(v',v) > R i.e., vertex v does not join its ideal center, is at most ,le
Proof. Since v is the ideal center of vertex v, we have that dists(v',v) <
dists(v,v). Therefore, dist(v',v) — 0, < dist(v,v) — 6, = —6, < 0, which
implies that dist(v’,v) < d,s. That is, the distance between each vertex v to
its ideal center v’ is upper bounded by §,/, and hence Pr [dist(v’, v) > MO%} <

Pr [&jl > kk’%] Using the cumulative exponential distribution, we have that
Pr [&jl > klo%] = exp (—WTOE;") =exp(—klogn) < L. O

Corollary 3.2. The Distributed Decomposition algorithm generates a decom-
position identical to the decomposition generated by the parallel decomposition

algorithm with probability at least 1 — #

Define an ezterior edge as an edge connecting different vertex components, and
let F' denote the set of exterior edges. Let A, , denote the event that both u
and v choose their ideal centers.

Lemma 3.3. The probability that an edge e = (u,v) is an exterior edge, given
that w and v choose their ideal centers, is at most 3.

The lemma follows directly from [34], where indeed the algorithm assigns to
each vertex its ideal center. We can now bound the probability of any edge to
be an exterior edge.
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Lemma 3.4. The probability that an edge ¢ = (u,v) is in F is at most 8+ n—zk

We can now prove the performance guarantees of the Distributed Decomposition
algorithm. Recall that the weak diameter of a set S = {u1,usg,...u;} is defined
as MaX(y, u,;)es dist(ui, u;).

Theorem 3.5. The Distributed Decomposition algorithm requires O(logn) com-
munication rounds in the CONGEST model, and partitions the graph into com-
ponents, such that in expectation there are O(Sm) exterior edges. Each of the

logn

components is of weak diameter O( 5 ), and with high probability also of strong

diameter O(k’%).

Proof. Clearly, as each vertex chooses a center from its m—neighborhood7 the
distance between two vertices that choose the same center, i.e., belong to the
same component, over the graph G, is at most O(logn). Therefore, the weak

logn

diameter of every component is at most O( 5 ). By Corollary 3.2, with prob-

ability at least 1 — ﬁ, the algorithm outputs a partition identical to the one
output by the parallel algorithm, and therefore with the same properties, which
implies that the strong diameter of every component is at most O(1%5™) as well.

Using the linearity of expectation and Lemma 3.4, we have that E[|F|] <
>eer (B+ %) = Bm + 23 Since m < n?, for any k > 2, E[|F[] < O(Bm).
Finally, as can be seen from the code, the algorithm requires O(logT") communi-

cation rounds. O

3.2 A Randomized (1 — €)-Approximation Algorithm for Max-Cut
on a Bipartite Graph

Clearly, in a bipartite graph, the maximum cut contains all of the edges. Such a
cut can be found by selecting arbitrarily a root vertex, and then simply putting
all the vertices of odd depth in one set and all the vertices of even depth in
the complementary set. However, this would require a large computational time
in our model, that depends on the diameter of the graph. We overcome this
by using the above decomposition, and finding an optimal solution within each
connected component. In each component C, we find an optimal solution in
O(D.) communication rounds, where D, is the diameter of C. First, the vertices
in each component search for the vertex with the lowest id.® Then, the vertex
with the lowest id joins S or S with equal probability and sends its decision to
its neighbors. When a vertex receives a message from one of its neighbors, it
joins the opposite set, outputs its decision, and sends it to its neighbors. Since
finding the optimal solution within each component does not require learning
the entire component topology, the algorithm is applicable in the more restricted

5 This can be done by running a BFS in parallel from all vertices. Each vertex propa-
gates the information from the root with lowest id it knows so far, and joins its tree.
Thus, at the end of the process, we have a BFS tree rooted at the vertex with the
lowest id.
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CONGEST model. The algorithm yields a (1 — €)-approximation for the Max-
Cut problem on a bipartite graph in 0(10%) communication rounds with high
probability.

Theorem 3.6. Bipartite Max-Cut is a randomized (1 — €)-approzimation for
Maz-Cut, requiring O(k’%) communication rounds in the CONGEST model
w.h.p.

Algorithm 2. Bipartite Max-Cut

1: G=(V,E)

2: apply Distributed Decomposition to G, with 8 =¢,k > 2

3: for each component C obtained by the decomposition do

4: build a BFS tree from the vertex v with the lowest id

5: assign v to S or S with equal probability, assign the rest of the vertices to
alternating sides

6: end for

3.3 A Randomized (1 — €)-Approximation Algorithm for General
Graphs

We present below a (1 — €)-approximation algorithm for Max-Cut in general
graphs, using O( 10%) communication rounds. As before, the algorithm consists
of a decomposition phase and a solution phase. While the decomposition phase
works in the CONGEST model, the algorithm suits for the LOCAL model,
since for general graphs, the generated components are not necessarily sparse,
and learning the components topology is expensive in the CONGEST model.

Algorithm 3. Decomposition-Based Max-Cut
: G=(V,E)
apply Distributed Decomposition on G, with 8 =¢/2,k > 2
: for each component C obtained by the decomposition do
gather the component topology at the vertex v € C' with the lowest id.
let v find an optimal solution and determine the value output by the compo-
nent’s vertices.
6: end for

g wh e

Theorem 3.7. Decomposition-Based Maz-Cut is a randomized (1 — €)-
approzimation for Maz-Cut, requiring O(lofn) communication rounds in the
LOCAL model.

Proof. Let OPT(G) be the set of edges that belong to some maximum cut in G,
and let ALG(G) be the set of edges in the cut obtained by Decomposition-Based
Max-Cut. Let S,, be the component induced by the vertices which choose u as
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their center, and denote by .S the set of components that algorithm Distributed
Decomposition constructs. Then E[|ALG(G)|] > E [Zsues |OPT(S.)]] =
|OPT(G)|—PBm > |OPT(G)|—-2B|OPT(G)| = (1—€)|OPT(G)|. The last inequal-
ity follows from the fact that for every graph G it holds that |OPT(G)| > .
The graph decomposition requires O(l"%) communication rounds, and out-
puts components with weak diameter at most O(lo%). Therefore, finding the

optimal solution within each component takes O(k’%) as well. The time bound
follows. O

By taking 5 = €¢/4, one can now obtain a (1 — €)-approximation algorithm
for Max-Dicut. The difference comes from the fact that for Max-Dicut it holds
that |OPT(G)| > 7 for every graph G. The rest of the analysis is similar to the
analysis for Max-Cut. Hence, we have

Theorem 3.8. Decomposition-Based Maz-Dicut is a randomized (1 — €)-

approzimation for Maz-Dicut, requiring O(lofn) communication rounds in the
LOCAL model.

4 Coloring-Based Algorithms

Many of the sequential approximation algorithms for Max-Cut perform n iter-
ations. Each vertex, in its turn, makes a greedy decision so as to maximize
the solution value. We present distributed greedy algorithms that achieve the
approximation ratios of the sequential algorithms much faster. We first prove
that the greedy decisions of vertices can be done locally, depending only on their
immediate neighbors. Then we show how to parallelize the decision process, such
that in each iteration an independent set of vertices completes. The independent
sets are generated using (A+ 1)-coloring; then, for (A+ 1) iterations, all vertices
of the relevant color make their parallel independent decisions. All algorithms
run in the CONGEST model (see [8]).

5 A Deterministic LOCAL Algorithm

Our coloring-based algorithms may become inefficient for high degree graphs,
due to the strong dependence on A. Consider a clique in this model. The above
algorithms require a linear number of communication rounds, while learning the
entire graph and finding an optimal solution requires only O(1) communication
rounds in the LOCAL model. Indeed, there is a tradeoff between the graph
diameter and the average degree of its vertices. Based on this tradeoff, we propose
a faster, two-step, deterministic algorithm for Max-Cut that requires min{O(A+
log* n),O(y/n)} communication rounds in the LOCAL model. The pseudocode
is given in Algorithm 4.

We call a vertex v a low-degree vertex, if deg(v) < /n, and a high-degree
vertex, if deg(v) > /n. Define Gy, and Ghpign as the graphs induced by the
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low-degree vertices and the high-degree vertices, respectively. The idea is to solve
the problem separately for Gjo,, and for Ghigh.

In the first step, the algorithm deletes every high-degree vertex, if there are
any, and its adjacent edges, creating Gjo,. The deletion means that the low-
degree vertices ignore the edges that connect them to high-degree vertices and
do not communicate over them. Then, the algorithm approximates the Max-Cut
on Gy, using one of the coloring-based algorithms described in Sect. 4.

In the second step, the problem is solved optimally within each connected
component in Gpign. However, the high-degree vertices are allowed to commu-
nicate over edges which are not in Gpign. As we prove next, the distance in the
original graph G between any two vertices which are connected in Gj;gqy, is upper
bounded by O(y/n). Hence, the number of rounds needed for this part of the
algorithm is O(y/n).

Algorithm 4. Fast Distributed Greedy Max-Cut

1: run Distributed Greedy Max-Cut on Giow

2: for each connected component in Grign, do

3: learn the component topology in G, including all its adjacent edges

4 let the vertex with the lowest id find an optimal solution, and determine the
output for each vertex in its component

end for

output the vertices decisions

Lemma 5.1. Assume u,v are connected in Gpign, then the distance between u
and v in the original graph G is at most 3v/n.

Theorem 5.2. Fast Distributed Greedy Mazx-Cut yields a %—appmm‘mation to
Maz-Cut, using min{O(A + log*n),0(y/n)} communication rounds in the
LOCAL model.

Proof. We first prove the approximation ratio. Since Distributed Greedy Max-
Cut is applied on G, at least half of the edges of Gy, are in the cut. Given
the decisions of vertices in Gy, the algorithm finds an optimal solution for all
vertices in Ghign. Note that running Distributed Greedy Max-Cut on the high-
degree vertices of G, would give at least half of the remaining edges. This is due
to the fact that the algorithm makes sequential greedy decisions. Therefore, an
optimal solution for the high-degree vertices guarantees at least half of the edges
in G\ Gjow, implying the approximation ratio.

Applying Distributed Greedy Max-Cut on Gjoy requires O(A;p, + log* n)
communication rounds, where Ay, = min{A,/n}. Using Lemma 5.1 we have
that each high degree vertex can communicate with every high-degree vertex
connected to it in Ghign, using at most O(y/n) communication rounds. Hence,
Steps 2. — 4. of the algorithm take O(y/n) communication rounds. We note that
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when A < /n, the algorithm terminates after the first step. Thus, the algorithm
requires min{O(A + log* n), O(y/n)} communication rounds. O

Using the above technique, we obtain a fast, deterministic algorithm for the
Max-Dicut problem, by replacing the call to Distributed Greedy Max-Cut in
Step 1 with a call to Distributed Greedy Max-Dicut. Using the same arguments
as in the analysis for the Max-Cut algorithm, we have:

Theorem 5.3. Fast Distributed Greedy Maz-Dicut yields a %—approximation to

Maz-Dicut, using min{O(A + log*n),0(y/n)} communication rounds in the
LOCAL model.
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Abstract. Given a set B of disjoint line segments in the plane, the so-
called barriers, and a set of n sensors with uniform range in the plane,
the barrier coverage problem is to move the sensors so that they cover
the segments in B, while minimizing the total movement of the sensors.
In the 1D case when B contains a single barrier and all the sensors lie on
B then the problem can be solved in O(nlogn) time. In 2D very little is
known about the complexity of the problem.

We consider the 2D setting and give a v/2-approximation algorithm
when B contains a single barrier, or a set of parallel barriers. We also give
an approximation algorithm for arbitrarily oriented disjoint barriers.

1 Introduction

The problem of covering a set of barriers using sensors was originally motivated
by intrusion detection and has been studied in numerous research papers [1,3,
5,7,9] and in two surveys [11,12]. A sensor can detect an intruder in a circular
region of fixed range with center at the sensor, and the goal is to guard a region in
the plane. Two cases have been considered in the literature. The area coverage
case where the sensors have to monitor an entire region [6,8] and the barrier
coverage case where only the perimeter of the region is monitored [1,3-5,7,9].
In this paper we will focus our attention on the barrier coverage problem.

As input we are given a set B = {by, ..., bi} of (closed) disjoint line segments,
the so-called barriers, together with a set S = {1,...,n} of sensors and a location
assignment p : S — R? where p; = (r;,;) for each i € S. Each sensor i € S is
modelled as a unit disk centered at p;. Following the model defined by Dobrev et
al. [5], we say that a sensor located at ¢ covers a barrier b; € B if and only if
g € bj. An assignment p: § — R? is called a covering assignment if all barriers
in B are completely covered; that is, for all b; € B, we have b; C U;.5,ep, D(Ds),
where D(q) is the unit disk centered at ¢. Figure 1(a) depicts an example of a
covering assignment.

The barrier coverage problem is to find a covering assignment p of minimum
cost, where the cost is equal to the sum of sensor movements, namely,

cost(p) = Z dista (ps, Pi)s
i=1

where dists is the usual Euclidean distance.
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1.1 Background

For the barrier coverage problem three different optimisation criteria have been
considered in the literature: minimise the sum of movements (min-sum), mini-
mize the maximum movement (min-max) and, minimize the number of sensors
that move (min-num). Most of the existing research has focused on the one-
dimensional setting where B contains a single barrier and all the sensors lie on
the line containing the barrier.

Min-Sum model in 1D. In this case the problem can be solved optimally in
O(nlogn) time when the sensors all have the same radius. If the sensors have
different radius the problem is known to be NP-hard to approximate within a
constant factor [4].

Gaspers et al. [9] strengthen this result and proved that no polynomial
time p'~-approximation algorithm exists unless P = NP, where p is the ratio
between the largest radius and the smallest radius. Even if the number of inter-
vals required to move in an optimal solution is small the problem turns out
to be W[1]-hard. On the positive side they showed that a ((2 + ¢)p + O(1/¢))-
approximation can be computed in O(n?/e?) time.

The Min-Max and Min-Num models in 1D. Czyzowicz et al. [4] considered
the min-max version of the problem, where the aim is to minimize the maximum
movement. If the sensors have unit radius they gave an O(n?) time algorithm.
Chen et al. [3] improved the bound to O(nlogn). In the same paper they pre-
sented an O(n? logn) time algorithm for the case when the sensors have different
radius. For the min-num version Mehrandish et al. [8] showed that the problem
can be solved in polynomial time using dynamic programming if the sensor radii
are uniform, otherwise the problem is NP-hard.

The Min-Max and Min-Sum models in 2D. To the best of our knowledge
there are only a few papers that consider the case when the sensors are originally
placed anywhere in the plane.

Dobrev et al. [5] studied the min-sum and min-max versions with sensors
of arbitrary ranges, initially located at arbitrary locations in the plane. They
showed that the problem is NP-complete even for two barriers and that the min-
max problem is NP-complete even for a single barrier (follows from results in [4]).
In the same paper Dobrev et al. also gave algorithms for the restricted setting
when the movement of the sensors have to be perpendicular to the barriers,
that is, a sensor has to move to the closest point on a line containing a barrier.
Also, the final positions of sensors have to be on the line containing the bar-
rier. Using this model in the case of k parallel barriers they gave an O(kn**!)
time algorithm. In the case when the input contains one vertical barrier and
one horizontal barrier the problem becomes NP-hard even when restricted to
perpendicular movement. They also showed an O(n!®) time algorithm for per-
pendicular movement when the problem is further restricted to the case when
all sensors are located at integer positions and the sensors have unit radius.
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Circular barriers in the plane were studied in [2,11]. Bhattacharya et al. [2]
considered moving n sensors to the boundary of the circular barrier and gave an
O(n35logn) time for the min-max version. This bound was later improved to
O(n?5logn) by Tan and Wu [10]. They also gave an O(n*) time algorithm that
solves the min-sum version when the initial positions of the sensors are on the
boundary of the circular barrier.

1.2 Owur Results

In this paper we present approximation algorithms for the barrier coverage prob-
lem on the plane.

Theorem 1. There is an O(n*) time \/2-approzimation for the setting where
we have a single barrier on the plane.

Theorem 2. There is an O(kn?**2) time \/2-approzimation for the setting
where we have k parallel barriers on the plane.

Theorem 3. There is an O(kn**2) time 2v/2(1 + 2tan a)-approzimation for
the setting where we have k disjoint barriers on the plane, where o is the largest
angle between a barrier and the x-axis.

2 A Single Barrier

This section deals with the case where B consists of a single line segment b. For
ease of presentation we assume without loss of generality that b is the horizontal
segment between (0,0) and some point (L,0) (this can always be achieved by
rotating and translating the input point set p). Furthermore, we assume that the
sensors S = {1,...,n} are ordered from left to right (ties are broken arbitrarily).

(a)

Fig. 1. (a) An instance of the covering assignment problem with seven sensors. The
grey disks represent the new locations of sensors that move. The original location (p;)
and the new location (p;) are connected with a directed arrow. (b) An instance where
the dotted lines represent an order preserving assignment, while the solid lines represent
an optimal assignment.
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We say that a covering assignment p is order-preserving if for every p; = (&, 9;) €
B we have &; < ; if and only if i < j.

If we knew that there is always an optimal solution that is order-preserving,
perhaps we could exploit this fact to design a dynamic programming formulation
for the problem. Unfortunately there are instances where an optimal covering
assignment is not order-preserving. A simple example is shown in Fig. 1(b). The
interesting question to ponder then is, how bad can an order-preserving covering
assignment be in the worst case? The main result of this section is to show that
there exists an order-preserving covering that is at most a factor /2 worse than
an optimal solution and that we can compute such a solution efficiently.

To prove this we need to study the Manhattan distance cost of a covering
assignment p, namely,

costy(p) = Z dist (P, pi)-
i€B

The main reason to consider the dist;-cost is that unlike the disty case, there is
always an order-preserving covering assignment that is optimal under dist;.
Our algorithm and its correctness rests on the following key lemmas.

Lemma 1. In the single-barrier case any costy-optimal order-preserving cover-
ing is v/2-approzimate under the dists-cost.

Lemma 2. For the single-barrier case there exists a set D of O(n?) discrete
points on the barrier such that there exists a costi-optimal order-preserving cov-
ering assignment where sensors are only allowed to be placed in locations in D.

Lemma 3. For the single-barrier case there is an O(n*) time algorithm for
finding a costy-optimal order-preserving covering assignment.

We can combine these lemmas in a straightforward way to get a proof of Theo-
rem 1, namely, an O(n?) time V/2-approximation for the barrier coverage problem
with one barrier. The rest of this section is devoted to proving these lemmas.

2.1 Order-Preserving Covering Assignments

We start with a simple observation on the structure of the costi-optimal solution.

Observation 1. There is a costi-optimal covering assignment that is order-
preserving.

Proof. Assume we have a costi-optimal covering assignment p that is not order-
preserving. Then there exists two sensors 4, j € S such that z; < z; and £; > Z;.
The contribution of ¢ and j to cost1(p) is |y:| + |&: — x| + |y;| + |1T; — x4]-
Now consider a new covering assignment p’ where sensors ¢ and j are reversed,
that is, p; = p; and p; = p;. Note that the order of i and j is preserved under p'.
The contribution of ¢ and j to cost1(p') is |yi| + |&; — zi| + |y, | + |£:; — x|, which
is equal to their contribution under p when both £; and £; lie to the right or to
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Fig. 2. Sensors in an dist;-optimal covering.

the left of both z; and z; and less than otherwise. Figure 2 shows and example
of both cases.

Therefore, cost1(p') < costi(p). Repeating this process until complete order
has been restored yields an order preserving covering that is optimal with respect
to costy. O

Using the above observation we can now give a proof of Lemma 1, namely
that a cost;-optimal order-preserving solution is v/2-approximate under the dists
metric.

Proof (Proof of Lemmal). Let opt! and opt? be optimal covering assignments
minimizing the dist;- and disto-cost, respectively. To differentiate the two we
talk of costy(-) and costa(+). These two objectives are related as follows:

costy(optt) < costy (opt!) < costi(opt?) < V2 - costy(opt?),

where the first inequality follows from the fact that dist; dominates dists, the
second from the optimality of opt; under cost;, and the third from the well-
known relation between disto and dist; in R2. O

In the next two sections we will show how to compute a dist;-optimal order-
preserving covering assignment in time O(n*). First we need to impose more
structure on such solutions.

2.2 Discrete Sensor Locations

Let p be an order preserving covering assignment. Consider two consecutive
sensors i, j € S are said to be neighbors in a covering p if both cover the barrier
(i.e., pi, pj € b) and there is no other sensor covering the barrier between 4 and j.
Furthermore, two neighbouring sensors are said to overlap if the distance between
them is less than 2, otherwise they are non-overlapping. Notice that other than
the leftmost and rightmost sensors, every sensor has exactly one neighbor to the
left and one neighbor to the right.

Consider a sensor i covering the barrier in the solution p. We say that the
sensor’s position p; is an anchor if either z; = &; or p; is the leftmost or rightmost
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point in b. Furthermore, we say a sensor ¢ moves left if z; > #; and move right
if z; < Z;.

Observation 2. Let p be a disty-optimal order-preserving covering assignment.
For any sensor i covering the barrier in p, then

1. if i is not placed at (0,0) and is right-moving, it will not overlap its right
neighbour, and

2. if i is not placed at (L,0) and is left-moving, it will not overlap its left neigh-
bour.

Proof. Tt p; # (0,0) and p; lies to the right of p; then the cost of moving sensor
iis |y;| + (&; — ;). If it is overlapping with its right neighbour j in p then one
could move i to the left by a distance min(z; — z;,2 — (Z; — &;)). This would not
affect the coverage of the barrier but would reduce the cost of the movement of
sensor 4, contradicting the optimality of p. Hence, a right-moving sensor, not at
barrier position (0,0), does not overlap its right neighbour in p.

The case when a sensor moves left and p; # (L,0) is symmetric. O

This observation can be generalized to a chain of non-overlapping sensors.

Observation 3. Let p be a dist;-optimal order-preserving covering assignment.
Then for any sequence of consecutive non-overlapping sensors that cover the
barrier in p,

1. if the sequence does not include a sensor at (0,0) and has more right-moving
than left-moving sensors, it will not overlap with the neighboring sensor to its
right.

2. if the sequence does not include a sensor at (L,0) and has more left-moving
than right-moving sensors, it will not overlap with the neighboring sensor to
its left.

Proof. Given a sequence of consecutive non-overlapping sensors S’ that cover

the barrier, let S7 C S’ be the sensors in S” that moved left and let S, C S’

be the sensors in S’ that moved right. That is, S; = {i € S’ : »; > &;} and
;;i:{iESIZLL'Z‘<i'i}.

If |S7| < |Sk| and there is an overlap between the right-most sensor in the
sequence and its neighbour to the right then moving the entire sequence to
the left a small distance such that the barrier is still covered will decrease the
total cost which contradicts the assumption that P is a minimum cost covering
assignment. Hence, if |S7| < |S%| the sequence cannot overlap with its right
neighbour.

The symmetric argument can be used for the case when |S;| > |S%|. O

Note that the sensors in a sequence of neighboring non-overlapping sensors
in p are separated by discrete distances. That is, if the leftmost sensor of the
sequence is positioned at z; then the following sensors’ locations in the sequence
are given by (&; 4+ 2k,0), for k = 1,2,.... Below we will show key properties of
an optimal order-preserving covering assignment p under dist;.
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I non-overlapping sensor sequence

|
A
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anchor points

Fig. 3. A sequence of non-overlapping sensors in p together with three anchor points.

Observation 4. There is a dist-optimal order-preserving covering assignment
i which every interval between two consecutive anchors along b is covered by
either

Type 1: a sequence of non-overlapping sensors that includes at least one of the
anchors, or

Type 2: two sequences of non-overlapping sensors with the left sequence includ-
ing the left anchor and the right sequence including the right anchor.

Proof. Let p be a dist;-optimal order-preserving covering assignment with the
maximum number of anchor points. Let p; and p; be two consecutive anchors
along b. If the number of sensors in p between p; and p; is zero then the sequence
is trivially of type 1. If the number of sensors is at least one then we will have
the five cases listed below. As above let S} be the sensors in the sequence that
moved left and let S%, be the sensors in the sequence that moved right.

Case 1: If the sensors are all right-moving then, according to Observation 2,
the sequence will not overlap internally or with p;, hence it will be of Type 1.

Case 2: If the sensors are all left-moving then, according to Observation 2, the
sequence will not overlap internally or with p;, hence it will be of Type 1.

Case 3: If the sequence contains no internal overlapping sensors and |S%| #
|S7.| then, from Observation 3, we know that the sequence cannot overlap p;
(IS%| > |S%]) or the sequence cannot overlap p; (|S%| < |S7|). Both situations
result Type 1 sequences.

Case 4: If the sequence contains no internally overlapping sensors and |S%| =
|S7| then the sequence can be moved either left or right until one of the
sensors in the sequence becomes an anchor which contradicts the assumption
that p is an optimal solution with a maximum number of anchor points, or
until the sequence does not overlap with either p; or p;. This is a sequence of
Type 1.

Case 5: If the sequence contains overlapping sensors then let p, = p;,,...,p;, =
p; be the sensor positions in the sequence ordered from left to right along b.
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First consider the pairs of overlapping sensors in the sequence, and let p;, and
Diy,, be the positions of the leftmost sensors that overlap in the sequence, see
Fig. 4. If there is a second such overlap, then let p;, and p;,,, be the leftmost
sensors that overlap in the sequence to the right of p;,,,. Note that one can
move the subsequence p;, ,,...,p;, either to the left or to the right without
increasing the cost of the solution until (a) one sensor position becomes an
anchor, or until (b) either p;, and p;, ., or p;, and p;, ., are non-overlapping.
Since outcome (a) contradicts the assumption that the covering assignment
has a maximum number of anchors only outcome (b) is possible. As a result
the resulting sequence has one fewer overlap than the starting configuration.
This argument can be used iteratively, with the result that one either gets case
3 or 4 (type 1), or a type 2 scenario where two sequences of non-overlapping
sensors overlap in the intersection with the left sequence including the left
anchor and the right sequence including the right anchor. (I

OOLS00C00
O00000C 00

Fig. 4. (top) Ilustrating the initial configuration for Case 5in the proof of Obser-
vation4. (bottom) The sequence after moving the sensors pi,,,,...,p:, to the right
without increasing the cost of the covering assignment, resulting in one less overlap.

Let A={z;|0<z; < L,ie S}U{0,1,L—1,L}andlet D = {a; £2-¢|0 <
a;+2-¢< L,a; € A,c € Z}. Note that the number of points in D is bounded by
O(n?), since L < 2n. Everything is in place to give the proof of Lemma 2, which

states that there is a costi-optimal solution that places sensors only in locations
in D.

Proof (Proof of Lemma?2). The set of potential sensor locations D is a finite set
of locations on the barrier so the barrier can clearly be partitioned into intervals
with a subset of elements of D as endpoints. By Observation 4, each interval will
contain a (possibly empty) sequence of non-overlapping sensors that includes
one or both of the anchors and so every sensor in the covering is located at 2- ¢,
¢ € Z, from some anchor sensor also in the covering. O

2.3 Dynamic Programming Formulation for a Single Barrier

In this section we develop a dynamic programming algorithm for finding a cost;-
optimal order-preserving covering assignment where each sensor lies on a point
in D.
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We follow the standard approach for a dynamic programming algorithm.
Order the coordinates in D from left to right as ci,..., ¢y, where m = O(n?).
Let M]i, j] denote the cost of an optimal order-preserving covering assignment
of the part of b between 0 and c; using only the sensors 1,. .., ¢. For simplicity we
will assume that a single point interval on a barrier does not have to be covered,
hence, M|0,0] = 0.

Assume that the algorithm has computed all M|, j']-values for all subprob-
lems smaller than M[i, j]. We can now calculate M[[i7 Jj] as follows:

Mli—1,7]
. MJi — 1,7] + dist1(ps, (¢; — 1,0)) ifr; <c¢j—1
c,.EDm[Igl?g,c]-+2) MJi—1,7] + dist1(ps, (¢rr + 1,0)) ifz; >cr+1
MJi—1,7] + distq (ps, (24, 0)) ife; —1<a; <ecr+1

Mli,j] =

The dynamic programming checks all possible placements of sensor i in an
attempt to find an optimal order-preserving covering assignment to the sub-
barrier [0, ¢;]. The first case is if the sensor ¢ is not used in an optimal covering.
For the second case the dynamic programming considers all possible solutions
when p; moves right, and hence will move a minimum distance to the right which
is ; = c¢; — 1. For the third case, the sensor ¢ is assumed to move left a minimum
distance, that is to position Z; = ¢, + 1. Finally, the last case considers the case
when ¢ becomes an anchor and z; = ;.

We are ready to give the proof of Lemma 3, which states that we can compute
a costi-optimal order-preserving covering assignment in O(n?) time.

Proof (Proof of Lemma3). For the algorithm we use the above dynamic pro-
gramming formulations. It is clear that the formulation computes a costi-optimal
order preserving covering assignment with the additional constraint that sensors
must be placed on locations in D. From Lemma2 and Observation 1, we know
that such a solution is also cost;-optimal among all covering assignments, so the
correctness of the algorithm follows.

For the running time, note that the algorithm considers O(n?) subproblems.
Each subproblem can be solved in time proportional to the number of points of
D within the interval [¢j_2,¢;j12), which is O(n). This yields an overall running
time of O(n*). O

3 Parallel Barriers

In this section we relax the single barrier assumption to allow multiple parallel
barriers B = {by,...,b;}. Without loss of generality we orient the plane as
for the single-barrier case, choosing the left-most barrier endpoint to coincide
with the origin, making this barrier and the z-axis collinear. Each barrier by =
((z(t),y(t)), (z'(t),y(t))) in B, 1 <t < k, is now represented by a line segment
parallel to the z-axis. All sensors assigned covering a given barrier will have the
same y-value.
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As in the single barrier case we assume that the sensors S = {1,...,n} are
ordered from left to right (ties are broken arbitrarily). We now generalize our
definition of order-preserving to multi-barrier. We say a covering assignment p is
order-preserving if for each barrier b; the subset of sensors covering b; are placed
along b; in the same order they appear in the input; that is, for any sensors
i,j € S such that p;, p; € b; then it must be the case that if ¢ < j then &; < ;.

The results from the single-barrier case can be generalized to the multiple-
barrier case as follows.

Lemma 4. In the parallel-barrier case any costi-optimal order-preserving cov-
ering is \/2-approzimate under the disto-cost.

Lemma 5. For the parallel-barrier case there exists a set D of O(kn?) discrete
points on the barrier such that there exists a costi-optimal order-preserving cov-
ering assignment where sensors are only allowed to be placed in locations in D.

Lemma 6. For the parallel-barrier case there is an O(kn***2) time algorithm
for finding a costy-optimal order-preserving covering assignment.

Lemma4 follows directly from Lemmal and the new definition of order-
preserving to the parallel-barrier case. Lemma 5 follows by applying Lemma 2 to
each of the k barriers in the instance. Finally, in the next subsection we show
how to adapt the proof of the Lemma 3 to show Lemma 6.

Given these three lemmas, it is straightforward to combine them to get a
proof of Theorem 2, namely, an O(kn?**+2) time v/2-approximation for the barrier
coverage problem with k parallel barriers.

3.1 Dynamic Programming Formulation for Parallel Barriers

We extend the dynamic programming formulation presented in Sect.2.3 to
accommodate problem instances with multiple parallel barriers. The dynamic
program is very similar to the single barrier case, instead of considering all pos-
sible solutions for a sub-barrier of a single barrier the dynamic program has to
consider all possible sub-barriers of all the barriers.

Let A(t) = {z;|z(t) < x; < 2/(t),i € STU{z(t),z(t)+1,2'(t) —1,2'(t)} and
let D(t) ={a;£2-cla(t) <a;£2-c<a'(t),a; € A(t),c € Z}.

Let MJi, j1,. .., jx] be the cost of an optimal covering assignment of the part
of each barrier B, € B in the a-interval [z(¢), ¢ ], 1 < t < k, using only the
sensors 1,...,4. As for the single barrier case we will assume that a single point
interval on a barrier does not have to be covered, hence, M [0, z(1),...,x(t)] = 0.

Assume that the algorithm has computed all M, 51, ..., j;] for all subprob-
lems smaller than M[i, jq, ..., jk]-

Mli, j1, .- k) = . min
cTEUt:lD(t)ﬂ[ct,jt 72,ct,jt+2)
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M[Zi 17.j17"'7jk7]
Mli—1,¢r, ..., Jk] +disti(ps, (c1,5, — Ly(t))) ifer € A(l) and z; < 1,5, — 1

Mi—1,j41,...,¢) + dist1(pi, (ck,5, — 1,y(k))) if ¢r € A(k) and z; < ¢ 5, — 1
Mli—1,¢r, ..., Jk] + disti(pi, (r + 1,3(1))) ife, € A(1) and z; > r+1

M[i—1,j1,...,c] +disti(ps, (r + 1,y(k))) ife, € A(k) and z; >r+1
M[i—1,¢p,y ..., ji) + dist1 (pi, (zs,y(1))) ife, e A()and¢j —1<z; <r+1

Mli—1,j1,...,c] + disti(ps, (zi, y(k))) ife, € A(k)andcj — 1<z, <r+1

The dynamic programming checks all possible placements of sensor 7 in an
attempt to find an optimal order-preserving covering assignment. The first case
is if the sensor 7 is not used in an optimal covering. For the second set of cases
the dynamic programming considers all possible solutions when p; moves right,
and hence will move a minimum distance to the right for each barrier. For the
third set of cases, the sensor i is assumed to move left a minimum distance for
each barrier. Finally, the last set of cases considers the case when i becomes an
anchor on a barrier and z; = ;.

We are ready to give the proof of Lemma 6, which states that we can compute
a costi-optimal order-preserving covering assignment in O(kn?**2) time.

Proof (Proof of LemmaG). For the algorithm we use the above dynamic pro-
gramming formulation. The correctness of the algorithm follows immediately
from Lemmas4 and 5.

For the running time, note that the algorithm considers O(n - (n?)¥) sub-
problems. Each subproblem can be solved in O(kn), similar to the single barrier
case. Summing up the running time of the algorithm is O(kn2*+2). (]

4 Non-parallel Barriers

Consider a set of non-parallel disjoint barriers B. Instead of using the disty
measure we will need to use a Manhattan distance measure for each of the bar-
riers, which will be denoted the dist; measure. That is, we consider a form of
rectilinear distance in which a sensor moves to a barrier using only movements
perpendicular and parallel to that barrier. In the special case where a barrier
is parallel to either axis the distance is the familiar Manhattan distance but
note that, unlike the Manhattan distance, the dist | measure is invariant under
rotation. As with the multiple parallel barrier case, we preserve the left-to-right
order on each barrier but not necessarily across all barriers. Note that the defini-
tion of an order-preserving covering assignment is still valid for the non-parallel
case.

Consider the minimum angle each barrier makes with the z-axis. Rotate the
plane so that the largest of these angles is minimised, denote this angle by «.
For example, for vertical and horizontal segments « would be /4.
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Lemma 7. In the disjoint multiple barrier case any cost, -optimal order-
preserving covering is 2v/2(1 4 2 tan o)-approzimate under the disto-cost.

Lemma 8. For the disjoint multiple barrier case there exists a set D of O(kn?)
discrete points along the barrier such that there exists a cost, -optimal order-
preserving covering assignment where sensors are only allowed to be placed in
locations in D.

Lemma 9. For the disjoint multiple barrier case there is an O(kn?**2) time
algorithm for finding a cost | -optimal order-preserving covering assignment.

Lemma 8 follows by applying Lemma 2 to each of the k barriers in the instance
using the dist; . The algorithm is analogous to that for computing an order-
preserving covering assignment for multiple parallel barriers from Sect. 3, hence,
Lemma9 is identical to Lemma6. It remains to prove Lemma 7 which will be
done below using the following lemma (proof omitted):

Lemma 10. Let B be a barrier with a minimum angle of « to the horizontal
line. If two sensors in a dist -optimal covering assignment O of B are order-
reversed then swapping their positions in the covering assignment increases their
cost by at most a factor (1 + 2tana).

Given a dist -optimal covering O, an order-preserving covering assignment
can be created by exchanging sensors until a left-to-right order is obtained on
each barrier.

Lemma 10 states that swap increases the sensors’ cost by a factor of at most
(14 2tana). In the worst case every sensor in O would need to be relocated. If
the swaps were performed in sequential order — that is, move a sensor to its final
location then move the sensor it dislocates and so on — until all are in order every
sensor is handled at most twice and so we have that the total cost is at most
2(1 + 2tan ) times the cost of O. Finally, we apply Lemma 1 which completes
the proof of Lemma 7, and hence also Theorem 3.

Remark 1. The results for disjoint multiple barriers can be modified to work for
simple polygons such as squares. However, extra care has to be taken at the
endpoints of the barriers, e.g., by modifying the dynamic programming.
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Abstract. A set of mobile robots is placed at points of an infinite line.
The robots are equipped with GPS devices and they may communicate
their positions on the line to a central authority. The collection contains
an unknown subset of “spies”, i.e., byzantine robots, which are indistin-
guishable from the non-faulty ones. The set of the non-faulty robots need
to rendezvous in the shortest possible time in order to perform some task,
while the byzantine robots may try to delay their rendezvous for as long
as possible. The problem facing a central authority is to determine trajec-
tories for all robots so as to minimize the time until the non-faulty robots
have rendezvoused. The trajectories must be determined without knowl-
edge of which robots are faulty. Our goal is to minimize the competitive
ratio between the time required to achieve the first rendezvous of the
non-faulty robots and the time required for such a rendezvous to occur
under the assumption that the faulty robots are known at the start. We
provide a bounded competitive ratio algorithm, where the central author-
ity is informed only of the set of initial robot positions, without knowing
which ones or how many of them are faulty. When an upper bound on
the number of byzantine robots is known to the central authority, we
provide algorithms with better competitive ratios. In some instances we
are able to show these algorithms are optimal.

Keywords: Competitive ratio + Faulty + GPS - Line + Rendezvous
Robot

1 Introduction

Rendezvous is useful for cooperative control in a distributed system, either when
communication between distributed entities is restricted by range limitations or
when it is required to speed up information exchanges in a distributed system.
It is often presented as a consensus problem in which the agents have to agree
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on the meeting point and time (see [28]) where by consensus we mean reaching
an agreement regarding a certain quantity of interest that depends on the state
of all the agents.

In this paper we consider the following version of the rendezvous problem.
A population of mobile robots is distributed at points of an infinite line. The
robots are equipped with GPS devices and are able to communicate their initial
positions to a central authority. In order to perform some task, that the central
authority shall assign to the robots, all of the non-faulty robots need to ren-
dezvous (meet at the same point of the line). For this reason, the robots send
to the central authority the coordinates of their positions on the line and the
central authority assigns to each of them a route which eventually results in the
rendezvous of all robots. A group of robots may attempt the task at any time
in order to determine if all of the non-faulty robots have been brought together.

Unfortunately, an adversary has infected the population with “spies” - a
collection of byzantine faulty robots, indistinguishable from the original ones, in
order to delay the performance of the task for as long as possible. A byzantine
robot may fail to report its position, report a wrong position or it may fail
to follow its assigned route. Furthermore, a faulty robot may fail to help in
performing the required task. As the central authority does not know the identity
of the faulty robots it broadcasts travel instructions to all the robots.

We would like to define the strategy resulting in the smallest possible time of
the rendezvous of all non-faulty robots. Our goal is to minimize the competitive
ratio between the time required to achieve this first rendezvous of the non-faulty
robots and the time required for such a rendezvous to occur under the assumption
that the faulty robots are known at the start.

1.1 Owur Model

A collection of n anonymous robots travel along a Cartesian line with maximum
unit speed. Robots are equipped with GPS devices, so each of them is aware
of the coordinate of its current position on the line. An unknown subset of f
robots may turn out to be faulty. At some point in time, a task is identified that
requires the coming together of all of the non-faulty robots at the same point
on the line and this fact is broadcast to the robots by a central authority (CA).
The robots stop what they are doing and report their positions to the CA. The
CA computes trajectories for each of the robots and instructs them how to time
their movement.

At this point the robots follow the trajectories provided. The movement of
the robots continues until such time as all of the non-faulty robots meet for
the first time and are able to perform the task, which ends the algorithm. We
assume the time required to attempt the task is negligible in comparison to the
time required for the robots to move between points. (As an example, imagine
that the robots have chip cards, that are used to open a container carried by all
robots. Using a secret-sharing scheme, the container is set to open only if n — f
or more of the keys are valid.) A failed attempt at the task may or may not
identify those robots that are faulty (caused the attempt to fail). If identified as
faulty, a robot need not continue on its trajectory. A successful attempt at the
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task means that all non-faulty robots are present and this is recognized by them
and the central authority.

As stated, we assume that the robots report their correct locations at the
beginning of the algorithm. We note that this need only be true of the non-faulty
robots as in the worst case the robots could be anywhere and the algorithm must
bring together all of them. It is possible that faulty robots may report initial
locations that are incorrect and potentially adversely effect the lengths of the
trajectories. Of course, this may result in their receiving trajectories that they
cannot complete without being detected as faulty by the other robots. But as long
as all non-faulty robots complete their trajectories the algorithm must ensure
that they meet.

The message to the CA about a robot’s position contains the robot’s unique
identity. We assume that the faulty robots cannot lie about their identity. Con-
sequently, each faulty robot can send only one message about its position, oth-
erwise it will be identified as faulty and ignored. Observe that, as the robot’s
identity, the CA could use the position communicated by the robots, and thus
our approach could be extended to anonymous robots. This would require some
extra conditions on the model (e.g., message uniqueness), so, for simplicity, we
assume that our robots have unique identifiers.

We also assume that after the initial reporting of their positions, until the
reporting of success with the task, there is no further communication between
the robots themselves or the robots and the central authority. Again, this need
only be true of the non-faulty robots. Any communication by robots during
the execution of the trajectories is assumed to come from faulty robots and is
ignored.

We note that the requirement of a central authority may be removed by
allowing the robots to broadcast their initial positions to all other robots and
each computing the same set of trajectories using the same algorithm.

A rendezvous algorithm specifies the trajectories of the robots as a function of
time. We assume the robots have sufficient memory to carry out the instructions
of the rendezvous algorithm. The competitive ratio of a given algorithm is the
ratio of the time it takes the algorithm to enable rendezvous of all non-faulty
robots divided by the time it takes the best off-line algorithm, with knowledge
of which robots are faulty, to accomplish the same. Note: the time of the offline
algorithm equals D /2, where D is the minimum diameter of the set of non-faulty
robots. Indeed, these non-faulty robots could then meet at the mid point between
the most distant ones in the set.

We assume that the task is such that n — f non-faulty robots are necessary
and sufficient to perform the task. Under this assumption, the task can be used
to determine if all of the non-faulty robots are together. If a group of robots
attempts the task and it succeeds, it contains all non-faulty robots. If it fails,
then there exist more non-faulty robots outside the group.

Below we present algorithms which have no knowledge of f as well as oth-
ers where an upper bound on f is provided. Depending upon that knowledge,
different algorithms can achieve a better competitive ratio in different situations.
We restrict our attention to the nontrivial case where at least two robots must
rendezvous, i.e., f <n — 2.
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1.2 Related Work

The mobile agent rendezvous problem has been studied extensively in many
topologies (or domains) and under various assumptions on system synchronicity
and capabilities of the agents [12,14,16,24] both as a dynamic symmetry break-
ing problem [30] as well as in operations research [2] in order to understand
the limitations of search theory. A critical distinction in the models is whether
the agents must all run the same algorithm, which is generally known as the
symmetric rendezvous problem [3]. If agents can execute different algorithms,
generally known as the asymmetric rendezvous problem, then the problem is
typically much easier, though not always trivial.

Closely related to our research is the work of [9,10]. In [9] the authors study
rendezvous of two anonymous agents, where each agent knows its own initial
position in the environment, and the environment is a finite or infinite graph
or a Fuclidean space. They show that in the line and trees as well as in multi-
dimensional Euclidean spaces and grids the agents can rendezvous in time O(d),
where d is the distance between the initial positions of the agents. In [10] the
authors study efficient rendezvous of two mobile agents moving asynchronously
in the Euclidean 2d-space. Each agent has limited visibility, permitting it to
see its neighborhood at unit range from its current location. Moreover, it is
assumed that each agent knows its own initial position in the plane given by its
coordinates. The agents, however, are not aware of each other’s position. Also
worth mentioning is the work of [4] which studies the rendezvous problem of
location-aware agents in the asynchronous case and whose proposed algorithm
provides a route, leading to rendezvous.

The underlying domain which is traversed by the robots is a continuous
curve (in our case an infinite line) and the robots may exploit a particular char-
acteristic, e.g., different identifiers, speeds, or their initial location, to achieve
rendezvous. For example, in several papers the robots make use of the fact that
they have different speeds, as in the paper [18], as well as in the work on prob-
abilistic rendezvous on a cycle [23]. Rendezvous on a cycle for multiple robots
with different speeds is studied in [20], and rendezvous in arbitrary graphs for
two robots with different speeds in [25].

There is also related work on gathering a collection of identical memoryless,
mobile robots in one node of an anonymous ring whereby robots start from
different nodes of the ring and operate in Look-Compute-Move cycles and have
to end up in the same node [22], as well as oblivious mobile robots in the same
location of the plane when the robots have limited visibility [19].

Fault tolerance has been extensively studied in distributed computing,
though failures were usually related to static elements of the environment, like
network nodes or links (e.g., see [26,27]), rather than to the mobile components.
The unreliability of robots has been studied with respect to inaccurate robots’
sensing or mobility devices (cf. [8,21,29]). Problems concerning faulty robots
operating in a line environment have been studied in the context of searching
in [13] and patrolling [11]. The questions of convergence or gathering involving
faulty robots were investigated in [1,5,7,15,17]. To the best of our knowledge
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the rendezvous problem for location aware robots some of which may be faulty
has never been considered by the research community in the past.

1.3 Our Results

Here is an outline of the results of the paper. In Sect.2 we consider two gen-
eral rendezvous algorithms for n > 2 robots with f < n — 2 faulty ones. Both
algorithms assume no knowledge of the actual value of f and the second algo-
rithm stops as soon as sufficiently many robots are available to perform the task.
The competitive ratios of these algorithms are f + 1 and 12, respectively. We
also prove a lower bound of 2 on the competitive ratio for arbitrary n > 2 and
1 < f <n—2 In Sect.3 we provide algorithms for the case where the central
authority possesses some knowledge concerning the number of faulty robots. For
the case where the ratio of the number of faulty robots to the total number of
robots is strictly less than 1/2 we provide an optimal algorithm and when this
number is strictly less than 2/3 we give an algorithm that beats the general case
algorithms above unless f is known to be less than 5. Next we provide optimal
algorithms for the particular cases where f € {1,2} in Sect.4. The main result
here is the case of n =4 and f = 2 where we show the exact value of the com-
petitive ratio is 1 + ¢, where ¢ is the golden ratio. We end with a discussion of
open problems. A full version of the paper can be found in [6].

2 General Results

In this section we present a rendezvous algorithm for n robots f of which are
faulty with a competitive ratio of at most min{f + 1, 12}. Neither of these algo-
rithms require prior knowledge of f. We also show that the competitive ratio of
any rendezvous algorithm is at least 2. We first observe that the assumptions of
our model allow us to severely restrict the potential algorithms available to the
CA. We can show the following lemma:

Lemma 1. Consider a rendezvous algorithm A for n robots f of which are faulty
with competitive ratio a. There exists a rendezvous algorithm B such that during
the execution of B the movement of the robots follow these rules:

(1) A robot does not change direction between meetings with other robots.
(2) The robots always move at full speed.

Moreover, the competitive ratio of B is less or equal to .

We assume throughout the paper that the movement of the robots in any
rendezvous algorithm follows rules (1) and (2) of Lemma 1.
2.1 Upper Bounds

The first rendezvous algorithm we present has a competitive ratio which is
bounded above by the number of faulty robots plus one. It is interesting to note,
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that to obtain such competitive ratio no knowledge of the number of faulty
robots is necessary. The idea of the algorithm can be summarized as follows.
Consider the distances between consecutive robots on the line. The algorithm
shrinks the shortest interval (between consecutive robots) in that the two robots
at its endpoints meet at its midpoint while the rest of the robots “follow the
shrinkage” depending on their location until all non-faulty robots meet (or suf-
ficiently many of them in the case where the task does not require all non-faulty
robots to be together to be performed). We prove the following theorem.

Theorem 1. There is a rendezvous algorithm for n > 2 robots at most f of
which are faulty whose competitive ratio is at most f + 1, where f < n — 2.

We now describe a second general approach for rendezvous of n robots, which
also works for any number f of faulty robots. Unlike the previous one, this
algorithm has a competitive ratio independent of f, (it equals 12). The core of
our approach is the Algorithm 1, presented in [9], which guarantees rendezvous
of any two robots, at initial integer positions at distance d on the line, in time of
at most 6d. The idea of the algorithm is the following. Each robot gets an integer
label corresponding to its initial position. The algorithm consists of a sequence of
rounds, each round containing two stages. In the first round, odd-labelled robots
move distance 1/2 to the right in the first stage and then distance 1 to the left
in the second stage. The even-labelled robots move distance 1/2 to the left in
the first stage and then distance 1 to the right in the second stage. Observe that
each odd-label robot would meet its right neighbour at initial distance 1 in the
first stage and its left neighbour at distance 1 in the second stage. At the end of
the first round robots are in groups that from now on will travel together.

Algorithm 1. Rendezvous on the infinite line
1: Set £ = %

2: for all agents a do

Set label(a) = position of a on the line.

4: for alli=1,2,3,... do
5 for all agent a do
6: Stage 1.
7.
8

@

if odd(label(a)) then
move right distance ¢

9: else

10: move left distance /.
11: Stage 2.

12: if odd(label(a)) then

13: move left distance 2¢.
14: else

15: move right distance 2¢.
16: =20

17: label(a) = | 12b<l(@) |
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All groups are then at even distances. In round two, the configuration of such
groups on the line is scaled up by the factor of two and each group of robots meet
neighbouring groups at distance 2 in the two corresponding stages. The process
continues inductively and after round ¢, the groups are at integer positions being
multiples of 2¢. It is possible to show that during round 4, in its first stage meet
all robots initially placed in any interval [(2k —1)2¢, (2k — 1)2%), for some integer
k, and in its second stage meet all the robots initially placed in any interval
[(2k)2¢, (2k + 2)27), for some integer k. Let D be minimum diameter of the set
of non-faulty robots required to rendezvous, and i* = [log, D]. It easy to see
that all the non-faulty robots must meet in the first or the second stage of round
i* + 1. Moreover, the total distance travelled by each robot is linear in D. In [9]
they show the following:

Theorem 2 ([9]). For two agents a1, as starting at distance d (and at integer
points) on the line, Algorithm 1 permits rendezvous within at most 6d time.

The following lemma is an immediate consequence of Theorem 2.

Lemma 2. Let a; and as be two robots on the real line with integer starting
positions at distance d. Then the rendezvous time of a1 and ag in Algorithm 1 is
at most 6d.

We now have all the required results to prove an upper bound of 12 on the
competitive ratio of rendezvous of n robots f of which are faulty. Our approach
is to approximate the initial positions of all robots by other ones which are at
rational coordinates. Then the obtained configuration may be scaled up so that
all initial robot positions are integers and Algorithm 1 may be applied. We show
that for any € > 0 we can choose an approximation fine enough so that the
competitive ratio does not exceed 12 + €. We have the following theorem.

Theorem 3. There exists a rendezvous algorithm for n > 2 robots, at most
f < n—2 of which are faulty, which guarantees a competitive ratio less than
12 + €, for any € > 0.

As a corollary of Theorems 1 and 3 we can state the following.

Corollary 1. There is a rendezvous algorithm forn > 2 robots at most f < n—2
of which are faulty, with competitive ratio at most min{12 + ¢, f + 1}, for any
e>0.

2.2 Lower Bound

Next we show that any rendezvous algorithm for n robots, which include at least
one which is faulty, must have a competitive ratio of at least 2.

Theorem 4. For any n > 2 robots, any 1 < f < n — 2 of which are faulty,
the competitive ratio of any algorithm that achieves rendezvous of at least n — f
non-faulty robots is at least 2.
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Proof. (Theorem 4) Consider the following arrangement of the robots where n— f
robots are required to perform rendezvous: [%] are located at position —1,
n — f — 1 are located at the origin and L%J are located at position 1. By
Lemma 1, we can assume there is an optimal rendezvous algorithm in which all
robots move at speed 1 for the first 1/2 time unit. At that time, at least one of
the robots, say r, starting at the origin must be at —1/2 or 1/2. Wlog, assume
it is at —1/2. Make all of robots starting at the origin non-faulty, one of the
robots, say 1/, starting at 1 non-faulty, and the remaining f robots faulty. In
order for n — f non-faulty robots to meet, r and " must meet which requires
at least another 1/2 time unit, i.e., the competitive ratio of the algorithm is at
least 2. O

3 Bounded Number of Faults

In the previous section we proposed algorithms, whose competitive ratio did not
depend on the knowledge of the number f of faulty robots. However, employing
Corollary 1 to get the competitive ratio which is the best between the values 12
and f+1 (cf. Theorems 1 and 3), we need to have knowledge of an upper bound
on f. In this section we show, that having more precise knowledge on an upper
bound on f allows us to obtain algorithms with more attractive competitive
ratios. More exactly, we provide upper bounds for the competitive ratio of ren-
dezvous algorithms where the number of faulty robots is known to be bounded
by a fraction of the total number of robots.

The following theorem shows that if the majority of the robots are non-faulty
then there is a rendezvous algorithm whose competitive ratio is at most 2. By
Theorem 4, this is optimal.

Theorem 5. Suppose that n > 3 and the number of faulty robots is f < ”T_l
Then there is a rendezvous algorithm with competitive ratio at most 2.

As a consequence of this result and Theorem 1 we get the following corollary:

Corollary 2. If the number of faulty robots is strictly less than the number of
non-faulty robots then the competitive ratio for solving the rendezvous problem
is ezactly 2.

In the sequel we consider the case ”T_l < f< %(n — 1) and provide an

algorithm that has a better guarantee than the general algorithm as long as our
upper bound on f is greater than 4.

Theorem 6. Suppose that n > 3 and there are at most [ faulty robots. If f <

%(n — 1) then there is a rendezvous algorithm with competitive ratio at most 5.

In the sequel, we present the proof of Theorem 6. First note that if n < 8.
Then f < %(8 -1) = %7 and so f < 4. Therefore by Theorem 1, there is a
rendezvous algorithm with competitive ratio 5. Thus, without loss of generality
we can assume that n > 9.
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Lemma 3. Letn > 9 and f < %(n — 1) then there is a partition of the robots
into three groups G, Gur, and G such that at least two of the groups Gr,, G,
and Gg contain a non-faulty robot.

We are now ready to prove Theorem 6. We present a rendezvous algorithm
for the case f < 2(n — 1) whose competitive ratio is 5.

Proof. (Theorem6) Let f < 2(n — 1). As we discussed earlier we may assume
that n > 9, as for the case n < 8 we obtain a competitive ratio of 5 by Theorem 1.
Therefore we can use Lemma 3 to split the robots into three groups G;, G, and
Gr. Consider the following rendezvous algorithm:

Algorithm 2.

1: The robots broadcast their coordinates, and split into three groups as follows.

2: G contains the | 5| — k — 1 leftmost robots

3 Gr contains the [§] — k — 1 rightmost robots.

4: Gy contains the 2k + 2 middle robots.

5: Let A; and A, be the leftmost and the rightmost robots of G, respectively. More-
over let m; and m, be the initial positions of A; and A., respectively. For the robot
Ay, sequence all the other robots based on their distances to A; such that the robots
with shorter distances appear earlier in the sequence, denote the sequence by S;.
Do the same for A,, and let S, denotes its corresponding sequence.

6: while the rendezvous has not occurred do

T The robots in G move at full speed to the right, and when they meet A; stick
to A;.

8: The robots in Gr move at full speed to the left, and when they meet A, stick

to A,.

9: The robots in interval [my, mlzmr) move towards A; and when they meet A,
stick to it.

10: The robots in interval [w, my] move towards A,, and when they meet A,
stick to it.

11: The robot A; moves to the robot next in the sequences S;, until it meets A,.
Then it sticks to A,..

12: The robot A, moves to the robot next in the sequences S, until it meets A;.

Then it sticks to A;.

13: When A; and A, meet they stick to each other. Then they sequence the robots
based on their distances to the location of their meeting in such a way that the
robots closer to the meeting point appear earlier in the sequence. Denote the
sequence by S. The robots A; U A, move to the next robot in the sequence S.

We now analyze the competitive ratio of the above algorithm. As seen in
Fig. 1, define
— By: the rightmost robot in [m;, %)
— B,: the leftmost robot in [™4E™e m, ],
— (}: the last robot in G, that A; meets before A; moves to visit B,..
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— C,: the last robot in G that A, meets before A, moves to visit B;.
— dy: the distance between A; and B;.

— dg: the distance between A, and B,.

— ds: the distance between A; and C.

— dy: the distance between A, and C,.

— x: the distance between A; and A,..

mi+my
2
G A, B iB, 4, Cyr
o et e
ds Ydy box b ode dy
Gr Gum GRr

Fig. 1. Robot movement and the analysis of Algorithm 2.

The following inequalities follow immediately.

(1) A; meets C before B,: d3 < dj + x.
(2) A, meets C,. before B;: dy < da + x.
(3) Without loss of generality assume that d; < ds.

Let M; be the group of the robots which stick to A; before a meeting with
A, see Fig. 2. More precisely M; contains C; and all the robots to the right of C,
and Bj and all the robots to the left of B;. Similarly define M, to be the group
of the robots which stick to A, before a meeting with A;. Then M, contains C,
and all the robots to its left, and B, and all the robots to its right.

mi+m;,
2
Cy A By BT A, Cr
= et Lo
d3 ::(11 E' z dy IE dy H
GrL M, Gum M, Gr

Fig. 2. Robot movement and the analysis of Algorithm 2.

Consider the following three cases:

Case 1. The rendezvous occurs among M; or M,: Without loss of generality
assume that the rendezvous occurs among M7y,. This implies that the non-faulty
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robots belong to G, and the interval [m;, 5™=). Let a; be the leftmost non-
faulty robot of G, and a, be the rightmost non-faulty robot of [m;, ZtE™r).
The rendezvous of Algorithm 2 occurs when A; meets both a, and a;. Suppose
that 0; and Jo are the distances between A;,a, and A;,a; respectively. Since
A; moves towards the closest robots then the rendezvous occurs at the time at
most Smax{dy,d2}. Moreover max{dy,d2} is bounded above by the diameter of

non-faulty robots. Therefore in this case the competitive ratio is at most 3.

Case 2. The rendezvous occurs at the time of the meeting of M; and
M,.: The meeting of M; and M, occurs when the robots C; and C, meet. The
robot C; moves to the right and the robot C). moves to the left, and thus their

meeting occurs at time
d1+d2+d3+d4+l‘

2
By Inequalities (1), (2) and (3) we have

di +do+ds+dy+x < 2dy + 2de + 3z
=4dy + 221 + 3x
=4(d; + ) —x + 211
By Lemma 3 we know that at least two of G, Gjs, and G contain non-faulty
robots. This implies that the diameter of the non-faulty robots, D, is at least
min{dy +z+z,da+x+y}. By Inequality (3) we have that D > dj + . Therefore
4(dy + ) — z + 224
di+x
Tr1 — T2 <5
dl + xr

CR<

Case 3. The rendezvous occurs after the meeting of M; and M,: This
case occurs if there are non-faulty robots either to the left of C; or to the right
of C.. First assume that there are non-faulty robots both to the left of C; and to
the right of C,.. Then the rendezvous occurs in at most two times the diameter
of non-faulty robots. Therefore the competitive ratio is at most 2. Now suppose
without loss of generality that there are only non-faulty robots to the right of C.,
and the rightmost non-faulty robot is R at distance ¢ from C,.. Then at the time
of the meeting of M; and M, the distance between the robots in M; U M,. and
R is 6. So it takes at most %(5 for M; U M, to meet R. Therefore the rendezvous
occurs at time

di+do+ds+dy+2x 30
+ -
2 2
while the optimal time is at least @.
Note that A, meets A; before R, and thus d; + ds + x < d4 + . Moreover

d3 < do + x. Therefore
di+do+ds+dy+x 30 3(d4+5)
+ =< —
2 2 - 2
This implies that the competitive ratio in this case is at most 3. O
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4 Optimal Rendezvous Algorithms for at Most Two
Faulty Robots

This section is dedicated to the study of optimal rendezvous algorithms when
the number of faulty robots is small, i.e., for f € {1,2}.

The next theorem yields the competitive ratio for f = 1 fault and is an
immediate consequence of Theorems 1 and 4.

Theorem 7. For n > 2 robots with f = 1 faulty, the competitive ratio of the
algorithm which shrinks the shortest interval is 2, and this is optimal.

It remains to consider the competitive ratio for f = 2 faulty robots. By
Corollary 2, the competitive ratio of the rendezvous problem for n > 5 robots
with two faulty is exactly 2. Therefore the only unknown case concerning two
faulty robots is when n = 4. In this section we present a rendezvous algorithm
with optimal competitive ratio 1 4+ ¢, where ¢ = # is the golden ratio. We
summarize the main result in the following two theorems. For the lower bound
we prove:

Theorem 8. Consider four robots exactly two of which are faulty. No ren-
dezvous algorithm can have competitive ratio less than 1 + ¢, where ¢ is the
golden ratio.

The proof of Theorem 8 is based on an exhaustive analysis and considers the
competitive ratio of any potential algorithm solving the rendezvous problem for
the four robots. For the upper bound we prove:

Theorem 9. Consider four robots exactly two of which are faulty. There is a
rendezvous algorithm for four robots two of which are faulty with competitive
ratio at most 1 + ¢, where ¢ is the golden ratio.

The proof of Theorem 9 is a continuation of the proof of Theorem 8 leading to a
specific algorithm whose competitive ratio is optimal for the rendezvous problem
considered.

5 Conclusion

In this paper we considered the rendezvous problem for n > 2 robots on a line
with 1 < f < n—2 among them byzantine faulty. The robots were equipped with
GPS devices and they could communicate their positions to a central authority.
We designed several rendezvous algorithms and considered their competitive
ratio depending on the knowledge the central authority has about the number
of faulty robots. An interesting question remaining might be to improve the
competitive of the algorithms presented. Another question concerns the model
presented here which ignores any communication beyond the broadcasting of the
initial positions of the robots. It might be of interest to consider algorithms in
a “richer” communication model where the robots may broadcast information
as they follow their trajectories. For example, one could consider a model where
the faulty robots may crash and non-faulty robots may report not meeting them
when expected.
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Abstract. We introduce and study a new optimization problem on
querying with uncertainty. k robots are required to locate a hidden item
that is placed uniformly at random in one of n different locations, each
associated with a probability p;, ¢ = 1,...,n. If the item is placed in
location i, a query trial by any of the robots reveals the item with prob-
ability p;. Each robot j is assigned a subset A; of the locations, and is
allowed to perform a random walk among them, each time step querying
the current location (being visited) for the item. We are interested in
determining sets {A;},;=1,....x so as to minimize the expected discovery
time of the item. We measure the cost by the number of queries, while
there is no cost for hopping from node to node.

Our first contribution is to prove a closed formula for the expected
number of steps until the treasure is found when the robots execute
unanimous queries. Then we focus on querying problems where the sets
Aj; are restricted to be either pairwise disjoint or identical. Our findings
allow us to obtain optimal solutions, when sets A; are exclusively pair-
wise disjoint, requiring time n°®). In our second contribution, we devise
an optimal polynomial time algorithm for querying with k£ = 2 robots
even when the sets A;, A2 are allowed to overlap. All our algorithms are
based on special concavity-type properties of the expected termination
time when the robots execute unanimous queries, thus inducing special
structural properties of optimal solutions for the general problem.

Keywords: Searching - Querying - Random walk - Partition
Assignment - Optimization

1 Introduction

Search in computer science aims to retrieve information which is stored in a
given data structure. It involves an algorithm which describes the “trajectories”
of each of the searchers (in the present paper they will be autonomous robots)
within the data structure and a target representing the information and whose
location—although unknown to the searcher(s)—can be recognized by the searchers
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when located (by a robot). There is vast literature on search algorithms (both
deterministic and randomized) depending on the type of data structure or search
domain, capabilities of the robots, and properties of the target of which it is
worth mentioning the books [2,4,21].

In search, there are numerous situations when the searchers (be that humans
or machines) have to make decisions whose outcomes may not be under the
searcher’s control. For example, when a drone needs to make routing decisions
(in military strategy planning), or a guidance system must consult a forwarding
database. These kinds of problems have been considered in artificial intelligence
and typically involve some form of combinatorial search in which one is look-
ing for a specific sub-structure of the given discrete structure which achieves a
solution of the search problem.

In this paper we investigate the structure of search in an environment involv-
ing uncertainties both in the actual location of the target as well as in recognizing
the target. Assume there are n different “black” boxes and that a treasure is hid-
den uniformly at random at one of them. Searchers may query the boxes to find
the treasure that will be revealed with a certain probability (which depends on
the box) but only if it is located there. We are interested in designing search
algorithms for finding the treasure. As it is standard practice in this area, when
uncertainty is involved a natural approach is to look for algorithms that have
optimal behaviour, where this is measured either by the probability of success or
the expected number of steps until the target is identified. In order to make the
model more interesting, we also assume that each robot may only be assigned
a specific subset of the boxes that it will be investigating (which will be part of
the algorithmic decisions toward solving the underlying optimization problem).
As we want to keep robots capabilities down to minimal, we also assume that
robots may only perform random walks over the assigned subset of boxes.

1.1 Search Model

We describe in the sequel the essential aspects of our search model involving the
domain being searched, the searchers, and the target.

There are n nodes (boxes) labeled {1,...,n} = [n] and a treasure is hid-
den uniformly at random at one of them. These labels uniquely identify the
nodes which can be distinguished as such by the robots. We are concerned with
querying nodes using robots. There are k identical robots and each robot j is
assigned a subset of the nodes A;, called query domain, and this subset will
usually be specified by the search algorithm. Note that the robots are allowed
to share (i.e., search) the same query domain or part thereof. The agents query
the nodes (as specified by their query domain) synchronously, independently and
uniformly at random. For this, we assume that robots have identical clocks, and
computation proceeds in rounds. Each round of querying consists of three steps:
a robot (a) visits a node, (b) queries the node for the treasure, and (c) jumps
to a new node. All that counts as one unit. Robots are also allowed to query
the same node simultaneously at one unit time. Success is accomplished when
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one robot finds the treasure. Throughout this paper we use interchangeably the
terms autonomous agents, robots, and searchers.

We distinguish three basic types of query strategies depending on the allowed
intersection of the domain of nodes being queried by the robots.

— Unanimous query: A query strategy in which the query domain of all the
agents consists of the entire set [n] of nodes.

— Partition query: A query strategy in which every two query domains either
coincide or are disjoint, and therefore the maximal collection of pairwise dis-
joint domains forms a partition of the set [n]. We further distinguish two
more subtypes. When all domains are pairwise disjoint, we call the strat-
egy pure-partition query. When all domains are of the same size, say n/t,
and the same number of robots (k/t) perform in each domain, we call the
strategy t-uniform. We refer to the collection of all ¢-uniform strategies as
uniform-partition.

— Qwerlap query: A query strategy in which the union of the query domains of all
the agents contains the entire set [n] of nodes and query domains are allowed
to have non empty intersection, (i.e. domain intersections and symmetric
differences may be non-empty).

Note that the condition U¥_; A; = [n] only guarantees that the expected ter-
mination time is finite. We also adopt a model in which there is uncertainty not
only in locating but also in identifying the target. Depending on the algorithm
being considered, searches at a node may be executed by alternate robots. As
such, robots may have to query a given node repeatedly so as to find (or iden-
tify) the target, note however that success is assured (at an unknown number
of steps) only if the target is located at the node being queried. This gives rise
to the probability of success at node i: Given that the treasure is at node i, the
probability of success is denoted by p; and it is equal to the probability that a
robot successfully finds the treasure at the node i. The probabilities p; are given
as input to our problem. Moreover, the expected search time is the expected
number of queries the robots perform until the treasure is found by any of the
robots.

An interesting feature of our model is the uncertainty inherent in the fact
that a query at a node, say i, may fail not only because the treasure is not located
at node i but also because the probability that a query succeeds is only a certain
probability p; > 0 which depends on the node i. It follows that a robot cannot
obtain any advantage in locating the treasure only by knowing the label of a
node unless it can possibly have additional knowledge of the relative magnitude
of the probability of success p; at node ¢ with respect to the probabilities p;,
for all other nodes j # i. Therefore a natural search approach is for the robots
to execute random walks in which this type of knowledge may be exploited; for
additional details see Sects. 3 and 4.

On input pq, . .., pn, any feasible solution to our search problem will be deter-
mined by the query domains Ay, ..., Ay (also referred to as the search strategy)
for the k robots, either in the unanimous, or the partition or the overlap vari-
ation of the problem. Finally, an optimal solution to our search problem is a
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search strategy A for querying n nodes with k robots such that the expected
time until the treasure is found (for the first time) is minimized. Note that in
our model the robots incur costs only for querying (with each query costing one
unit); thus there is no cost when hopping from node to node.

1.2 Related Work

Search involves finding a target which is placed at an unknown location of a
search domain while searchers (autonomous mobile robots) can move with cer-
tain maximum speed within the domain. One usually wants to minimize the
search time required so that a robot finds the target. Searching has been studied
extensively both in graph theoretic [15] as well as geometric settings [13].

Various search strategies have been studied involving static or moving tar-
gets, in discrete and continuous environments with or without knowledge of the
location of one or several targets. A large number of such problems under various
models has been considered and analyzed in the seminal book [2]. An important
variant of the search problem is when searching for a target in an infinite line
(known as linear search) [5]. Linear search is also known as a single-lane cow-
path problem, as opposed to the cow-path problem where the target may be
located in one of many possible paths. Optimal randomized algorithms for the
cow-path problem can be found in [18,19]. Additional stochastic and game the-
oretic approaches to the search problem can be found in [3,7] as well as in the
seminal papers of Beck [6] and Bellman [8] (and subsequent papers thereof) in
which the authors attempted to minimize the competitive ratio in a stochastic
setting.

A new line of research is emerging in which searchers may cooperate by
exchanging messages and variants of linear search are being studied in a dis-
tributed setting. Two communication models that have been considered so far
include wireless and face-to-face (F2F). In the former, the robots can commu-
nicate anywhere and anytime regardless of their distance, while in the latter
they can communicate only if they are at the same location, at the same time.
For example, [10] considered evacuation (this is linear group search, when the
process is completed when the target is reached by the last robot visiting it) in
the F2F communication model and proved that the competitive ratio of search
is still bounded from below by 9. More interestingly, linear search for a team of
cooperating robots where some fraction of the robots may exhibit either crash
faults or where some robots may exhibit Byzantine faults have recently been
studied in [12] and [11], respectively.

Most related to our current paper involves studies on searching with uncer-
tainty. This type of search usually involves making decisions under an adversary
(usually random) who is not under the searchers’ control; this has been studied in
various search domains and under various memory requirements for the robots.
For example, in [20] the location of the target in the network is unknown, but
information about its whereabouts can be obtained by querying the nodes (of
the network), while [17] investigates memoryless search algorithms in a network
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with faulty advice. In [16] the authors study the problem of finding a destina-
tion node by a mobile agent in an unreliable network having the structure of an
unweighted graph in which nodes of the network are able to give advice. Fur-
ther, [1] studies nearest-neighbor queries in a probabilistic framework in which
the location of each input node is specified as a probability distribution function.
Finally, [14] studies memory lower bounds for randomized collaborative search
and implications for biology (in the context of the Ants Nearby Treasure Search).

1.3 Outline and Results of the Paper

In Sect.2 we are concerned with robots executing unanimous queries; (a) we
prove an estimate on the number of queries to succeed with high probability
(Theorem 1), and (b) prove a closed formula for the expected number of steps
until the treasure is found (Theorem 2). This formula will prove important in
our later analysis which involves partition queries in Sect.3 whereby the search
domains assigned to the robots form a partition of the entire domain. In Sub-
sect. 3.1 we further restrict our attention on uniform-partition queries. The main
results of this section are as follows; (c) a monotonicity result regarding uniform
query strategies that indicates a divide-and-conquer phenomenon according to
which, at a high level, it is more beneficial to partition the collection of nodes
to as small search domains as possible (Theorem 3). The latter implies also a
sublinear algorithm for determining the optimal uniform query strategy (Corol-
lary 1), and an interesting structural property of optimal solutions to optimal
partition query strategies (Corollary 2). Then in Subsect. 3.2 we study pure-
partition query strategies, and we show that (d) optimal pure-partition strate-
gies of n nodes with k robots can be obtained efficiently for every constant k
(Theorem 4). As a corollary, we also show that (e) optimal partition strategies of
even many nodes and 2 robots can be obtained in polynomial time (Theorem 6).
In Sect. 4 we allow the robots to perform queries with overlapping domains, and
we show (f) an optimal overlap query strategy of n nodes and 2 robots (Theo-
rem 7). In Sect. 5 we briefly comment on the challenges toward generalizing our
results. Finally, in Sect.6 we provide the conclusion and discuss possible open
problems for further research.

2 Unanimous Querying

In this section we are concerned with robots executing unanimous queries. First,
we determine in Theorem 1 the number of such queries which are needed so that
the treasure will be found by anyone of the k robots with high probability while
in Theorem 2 we find an exact formula for the expected number of steps until
the treasure is found.

Lemma 1. Consider the problem of querying n nodes with k robots. Let r be
a positive integer. If k robots perform unanimous querying for a time at least
(r — 14 3nlnn)/k then every node will be queried at least r times, with high
probability, i.e. at least 1 — %
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Proof (Lemma 1). Define m := [(r — 1 4+ 3nlnn)/k] and consider the first m
steps of k synchronous robots, performing independent, random queries of the
nodes. Let E; be the event that node ¢ has been queried less than r times.
Define the event E that at the end of the m-th step of the k querying robots,
some node ¢, where 1 < ¢ < n, has been queried less than r times. We estimate
the probability of the event E. Using the union bound, we obtain that Pr[E] =
Pr(Ur, Ei] < >, Pr[E;]. Consider the event E;. Observe that k robots in
m steps query the nodes at least mk times (not necessarily different nodes),
where r — 1 + 3nlnn < mk < r —1+4 3nlon + k. Let ¢ := 1 — 1/n. The
probability that a given node 2 has been queried less than r tlmes in mk queries
of the robots is equal to Z o Lgmhi(1— )i = gkt Ej— g1 —q) <

g ZJ ho 1= —qu ”‘11 q . It follows that

mk—r+1 mk—r+1 3nlnn
1 1—qg" 1 1
Pr[Ei]§<1> q §n<1) §n<1>
n 1—¢q n n

3nl
%)nnn

since mk —r+1 > 3nlnn. Thus, Pr[E] < n? (1 - < %, for every n > 1.
As a consequence, we conclude that k robots querying the n nodes independently,
synchronously and randomly m times will query every node at least r times, with
high probability (>1— 1). O

Using Lemma 1 we can prove the following theorem concerning the search
time by k robots to find the treasure.

Theorem 1. Consider the problem of querying n nodes with k robots. If k robots
perform a unanimous query at least

(smn =14 mox { et 1)

times then the treasure will be found by one of the robots with high probability,
i.e., at least 1 — %

Proof (Theorem 1). Let N; be the random variable that counts the number of
queries that the k robots make to node ¢ before the treasure is found, where
1 < i < k. As a consequence of Lemma 1 we obtain that if k robots query m
times and mk > r — 1+ [3nInn] then Pr[Vi(N; > r)] > 1 — 1.

Let the treasure be placed at a node uniformly at random with probability
1/n. If the treasure is located at node 4, then the probability that a query
succeeds is p;. The probability that a robot finds the treasure in at most r queries
is Zj;é pi(1 —p;)? =1—(1—p;)". To ensure that the treasure is found at node
¢ with high probability, we require that 1 — (1 —p;)” > 1 —1/n. This means that

we must guarantee that r > % By selecting r > max;—1,...» {%}
we can ensure that the treasure will be found with high probability regardless
of where it is placed. O

Next we compute the expected search time for the treasure to be found by a
robot. The resulting formula will prove vital to our subsequent investigations.
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Theorem 2. Assume that k robots perform a unanimous query on n nodes.
Then the expected number of steps until the treasure is found is given by the

formula
n

1 1
W T )

where for each node i, p; is the probability that a query (by a robot) at node i
will succeed to find the treasure.

Proof (Theorem 2). Let E; denote the event that the treasure is located at node
i. It is clear that Pr[E;] = 1/n. Let the random variable T; count the number
of steps until the /-th robot finds the treasure and define 7' := min;—; .. 1; to
be the number of steps until the first robot (among the k) finds the treasure.
Observe that E[T] = L 3" | E[T|E;]. Also, observe that Pr[T; > s|E;] is equal
to the probability that the I-th robot does not find treasure after s attempts,
given that the treasure is at node i. Therefore we have that

Pr[T; > s|E;] = Pr[l-th robot does not find treasure after s attempts|E;]

= Z Pr[l-th robot has visited treasure j times unsuccessfully|E;]
3=0

()5 00 TS0 62
:(1_%)5(1+ pf) — (1-pi/n)"

It is easy to see that in the summation above, the visitation to the treasure
can be realized in (;) different ways, and each of these j times happens and is
unsuccessful with probability (1 —p;)/n, while for the remaining of the steps you
do not visit the treasure, that happens with probability (1 — 1/n).

E[T|E] =) Pr[T > s|E] =Y Prmin{T,:1 <1<k} > s|E|]

520 s>0
w 1
= g(Pr[Tl > s|Ei])F = ;(1 —pi/n)** = T/

where the last equation follows from the fact that the random variables 7; (1 <
I < k) are independent and identical. The formula resulting after combining the
identities above is exactly as claimed in (2). O

3 Partition Querying

In this section we study partition solutions for the problem of querying a set of n
nodes with k robots. Notably, even when k is a constant, there are exponentially
many (in n) possible uniform or pure-partition search strategies. Nevertheless, we
show in this section that the best uniform partition and the best pure-partition
strategies can both be computed efficiently (the latter, only when k is a constant).
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3.1 Uniform-Partition Querying

Recall that in a partition query, the domain [n] is partitioned into a number,
say t, of sets Sp,...,S: and S; is the query domain of k; many robots such
that k1 + -+ + k = k. Whenever ¢k and t|n, in every t-partition query, the
query domains are of size n/t, and exactly k/t robots search in each domain. We
show in the next theorem that the expected search time in a t-uniform query is
independent of the partitioning, for any fixed t¢.

Theorem 3. The expected search time of querying n nodes with k robots using
any t-uniform query strategy is

Et[T]:ylzZ1(1

Moreover, Ei[T) is strictly decreasing with respect to t.

1
T
—tpi/n)t

3)

Proof (Theorem 3). Consider a t—uniform querying of the n nodes induced by
the partition Si,...,S;. recall that |S;| = %, for i = 1,...,t. Given that the
treasure is in S;, and by Formula (2), the expected termination time is E[T;] =
% Y ores, m The treasure is uniformly placed at one of the nodes, and
thus the probability that the treasure is in S; is + 7+ Therefore
t 1 n
=2 3 FI 2; oy — tprﬁ—;Zl_ tﬂ);v
1= 1=

’I"GS i

S

where the last equality follows since the S;’s form a partition of [n].

To prove the monotonicity of E:[T] we show that each of the summands
is decreasing in ¢, where 1 < ¢t < n. Note that each of the summands
is a function of the form f(t) := w7 where a,b are positive con-
stants (depended on the index of each summand), independent of ¢t. We have
arty _ (oen' (- S S ) ))
(1—(1—at)b/t)?

and since 1 <t < n, it follows that (1 — at)b/ t above is positive. Hence, the sign

. For the i-th summand we have a = p;/n,

of d’;(tt) is fully determined by —M — 1, which we show bhortly that is
negative. Indeed, consider function g(z) = In(1 —z)+ %= for =z € (0,1). The
derivative of ¢'(z) = — 2=+ ﬁ, which is positive since 0 < z < 1. Therefore

for all z € (0,1), we have g(z) > lim,_,o g(z) = 0. For the i-th summand we
have a = p;/n, and since 1 < ¢ < n we see that ax € (0,1). But then g(az) > 0,

log(l1—at)
t

which is equivalent to the assertion — < 0, as promised. a

l1—at

There are two immediate implications of Theorem 3.

Corollary 1. The optimal uniform querying strategy of n nodes with k-robots
is a t-uniform querying strategy where t = ged(n, k). Hence, the optimal uni-
form querying strategy can be found in time O(logn), and the optimal expected
querying time is given by (3).
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Corollary 2. Consider an optimal partition querying strategy of n nodes with k
robots, where the search domains are Sy,...,S, and k1, ...,k many robots are
assigned to each domain, respectively. Then for each i = 1,...,t, we have that
k; does not divide |S;|, unless k; = 1.

3.2 Pure-Partition Querying

For any fixed k, we show in this section how to find the optimal pure-partition
query strategy of n nodes and k robots. Consider some pure-partition strategy
{S:}i=1,..k- Let the random variable X count the number of steps until the
treasure is found. Further, let B; denote the event that the treasure is in one

of the vertices of some set S;, and so Pr[B;] = |‘f;‘. Using Theorem 3 and since

E[X] = Zle Pr[B;]E[X|B;], the best pure-partition strategy is the one with

query domains S, ..., Sk that minimizes
k
S| 1
Bx] =YY (4)
i=1 JES; Pj

In the language of [9], we just showed that determining the optimal pure-
partition query is a set partition problem with an additive objective (SPAO). In
such problems a set [n] has to be partitioned into k (fixed) many sets S; so as
to minimize the expression Zle 9(Si), given some cost-function g : 2" — R.

A special family of cost-functions g will play a critical role in our arguments.
Suppose that the elements in [n] are each associated with real numbers r;, and
assume w.l.o.g. that r; <ro <...<7r,.

Definition 1. Cost-function g : 2" — R is called concave in the subset sum for
fixed cardinality of the subset if there are concave functions f1, ..., fn such that

for any B C A with |B| =i we have g(B) = f; (ZjEB rj>.

Clearly, by Equation (4), we see that determining the optimal pure-partition
query strategy is a SPAO with a cost-function that is concave in the subset sum
for fixed cardinality of the subset. In fact, our functions are linear in the sum of
r; = 1/p;. We invoke the following known result.

Theorem 4 [9]. In every SPAO with cost-function that is concave in the subset
sum for fized cardinality of the subset, there is an optimal partition Si, ..., Sk
in which the elements of each S; are consecutive integers.

We are now ready to present an efficient algorithm for determining optimal
pure-partition strategies.

Theorem 5. Consider the problem of querying n nodes with k robots. An opti-
mal pure-partition strategqy Sy, . .., Sk can be found in time n®® | and the optimal
expected querying time is given by Fq. (4).
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Proof. By Eq. (4), determining the optimal pure-partition query is a SPAO with
a cost-function that is concave in the subset sum for fixed cardinality of the
subset. Relabel nodes [n] so that p; > ps > -+ > p,. According to Theorem 5,
there is an optimal partition Si,...,S; in which each S; C [n] is composed of
consecutive integers. Such “consecutive” partitions are as many as the number
of positive solutions to the linear Diophantine equation x1 + - - - + x; = n, which
is (Zj) By exhaustively checking them all, we can find the one minimizing the
Formula in (4). Note that once we fix the partition, we can arbitrarily assign
each domain to any of the robots. a

As an immediate corollary, we see how to solve the general partition query
problem of even many nodes and 2 robots.

Theorem 6. Consider the problem of querying 2n nodes with 2 robots. An opti-
mal partition strategy S, Sa can be found in time O(n?), and the optimal expected
querying time is given by Eq. (4).

Proof. In partition querying, sets S, S either coincide (unanimous querying) or
they form a partition of [2n]. By Corollary 1, the 2-uniform querying strategy is
better than the unanimous. But the 2-uniform querying strategy is just a pure-
partition strategy, and using Theorem 5 we can determine the best among them
in time O(n?).

4 Overlap Querying with 2 Robots

In this section we consider the problem of querying n nodes with two robots
using overlap query strategies and we show the following result.

Theorem 7. An optimal overlap query strategy of n nodes with 2 robots can be
found in O(n?) steps.

Assume that nodes [n] are relabeled so that p; < py < ... < p,,. The main
idea behind the proof of Theorem 7 is to show that there is always an optimal
strategy S1, Se with two special properties; (a) either Sy, Sy are disjoint or S; N
Sy ={1,...,s}, for some 1 < s <n (Lemma 2) and (b) any nodes explored by
any of the robots but not the other have consecutive indices (Lemma 3).

Lemma 2. Consider an optimal overlap query S1, Sa of n nodes with two robots.
IfS S Sl ﬂSQ, then {1,,5} Q Sl ﬂSQ.

Proof (Lemma 2). Suppose that S, S5 is an optimal overlapping query with 2
robots, where n; = |S1| and ngy = |S2|. Then the expected search time is

BT = i[z B+ Y BT+ Y E[Tz‘]], (5)

1€S51 1€S2 i€S1NS;
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where E[T|i] is the expected search time given the treasure is at the node 4. For
nodes i € (S7 U S2) \ (S1 N S2) only one robot queries the node i. Therefore for
i€ Sj \ (Sl N SQ), jE {1,2}, we have
E|T|: L 6

The nodes i € S; N Sy are queried by both robots, and so for the nodes inside
the overlap we have E[T|i] = m

Clearly, if S; = Sy or if S1 NSy = (), the statement of the Lemma is true.
So, we may assume that Sy \ S7 # () and that S1, S are not disjoint. Our goal
will be to compare two query strategies which differ only in nodes z, y for which
Pz < py. More specifically, we show that if y € S1 NSy and x € Sy \ Sy, then by
switching z,y, the expected termination time does not increase.

So let Ey[T| be the expected search time when y € S; NSy and = € S \ S,
and E,[t] be the expected search time when x € S; NSy and y € Sy \ S;. Then

1 1 1
BT~ BT = | v !
[k ey gy R ey ST 2
1 1 }
- z - Py Py
1-(1-0) Q-0 -3)
Consider the function f(t) = & — L, where 0 < r,t < 1. Then f'(t) =

ﬁ — =z Since 1 —t < 1 —rt we conclude that f(t) > 0 and thus f(¢) is
an increasing function. Now note that 0 < (1 - %) <lforl<i<nandl<

J < 2. This together with the fact that f(¢) is an increasing function and p, < p,
implies that E,[T] — E,[T] < 0. O

Lemma 3. Consider the problem of querying n nodes with two robots. Let the
nodes 1,...,n be labeled such that p1 < --- < p,. Suppose that S1,S2 is an
optimal solution among overlapping and partitioning queries. Then S1MNSa, S1\
(51N S3) and S \ (S1 N .S3) are consecutive.

Proof (Lemma 3). If the optimal solution is a partition solution, i.e. S1 NSy = 0
then, by Theorem 4, we know that S7 and S are consecutive. So suppose that the
optimal solution is an overlapping solution i.e. S1NSs # (). Then by Lemma 2 we
know that the nodes inside the overlap, i.e. S1NS5, are the nodes with the smaller
probability of success. Therefore the nodes inside the overlap are consecutive
nodes. The formula for the expected search time of overlapping strategy is given
by (5).

Consider the nodes outside of the overlapping set i.e. B = (S1US2)\ (S1NS2).
We want to find a partitioning query of B with two robots whose expected search
time is minimum. If in an optimal solution, one of the sets Sy \ (S1 N .S2) and
Sa2\ (81N S2) is empty we are done. Otherwise, the optimal solution is obtained
by partitioning the nodes [n] \ (S1 N S3) into two non-empty sets, and assigning
each of them to some robot.
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We think of the following artificial optimization problem. Assuming that
robots will share some fixed collection of nodes [n] \ B, partition the remaining
nodes B so as to minimize the expected termination time. Conditioning on that
the treasure is in B, the contribution to the cost is the same as if the two robots
were performing pure-partition strategies, where the size of each of their domains
is still |S1| and |S2| see (5) and (6). In particular, this artificial optimization
problem is still a SPAO with a cost-function that is concave in the subset sum for
fixed cardinality of the subset. So by Theorem 4, there is an optimal partitioning
B into two consecutive sets minimizing the expected search time. a

We are now ready to prove Theorem 7.

Proof (Theorem 7). Let Sy, S2 presents an optimal query among partitioning
and overlapping solutions. Suppose that the nodes 1,...,n are ordered such
that p; < -+ < p,. By Lemma 3 we know that S; N S2, S1 \ (S1 N S2) and
Sa \ (S1 N S3) are consecutive sets. Therefore there are (";1) ways to choose
S1NS3, 81\ (S1NS3) and Sy \ (S1 N S2). By exhaustively checking all of them,

we can determine the optimal solution in O(n?) many steps.

5 Brief Discussion on Generalizations

Notably, Corollary 2 leaves open the possibility that either unanimous or pure-
partition strategies are optimal strategies for the partition query problem.
Indeed, when all n = 3 nodes are associated with the same probability p, then
the expected termination time of unanimous querying is, by Theorem 3, equal
to m. On the other hand, the other possible partition strategy in which
a robot searches two nodes, and the other robot searches the remaining node
has cost 35—1) (see (4)). Which of the two is better is dependent on the value of p,
indicating that the structure of optimal solutions in partition querying might be
in general challenging to determine.

Some of our results of Sect.4 also generalize to querying with 3 (or more)
robots. We can show that in an optimal solution, the nodes (if any) that are
searched by all robots form a set of consecutive integers, and again this set
should include the nodes with the smallest probabilities p;. However, it is not
true necessarily that indices of nodes searched by r robots are smaller than
indices of nodes searched by [ robots, whenever r > [. This is another indication
that optimal solutions to overlap querying might be challenging to obtain.

6 Conclusion

In this paper we introduced a new search problem about querying with uncer-
tainty; k robots try to locate a hidden treasure that is placed uniformly at
random in one of n locations, each associated with a probability p;, 1 =1,...,n.
A query by a robot in location i may succeed only if the treasure is located in
location 4, in which case the treasure will be revealed with probability p;.
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Based on a new closed formula which we proved for the expected number
of steps until the treasure is found by a robot in unanimous querying, we were
also able to analyze more complex querying such as partition and overlapping
and establish the expected number of steps until the treasure is found by a
robot in these cases as well. We analyzed in detail querying by two robots, but
the general case of overlapping queries with multiple robots still remains open.
Further, throughout our analysis we made the assumption that the underlying
graph is the complete graph K, and there was no cost associated either with
the movement of the robots or the underlying graph. An interesting variant of
our model is considering other graphs, e.g., lines, rings, trees, as well as when
the robots incur costs in their movement from node to node, e.g., when there is
an underlying, possibly either edge or vertex weighted graph.
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Abstract. A set of k mobile agents is deployed at the root r of a weighted,
n-node tree T. The weight of each tree edge represents the distance
between the corresponding nodes along the edge. One node of the tree, the
source s, possesses a piece of information which has to be communicated
(broadcasted) to all other nodes using mobile agents. An agent visiting a
node, which already possesses the information, automatically acquires it
and communicates it to all nodes subsequently visited by this agent. The
process finishes when the information is transferred to all nodes of the tree.

The agents spend energy proportionally to the distance traversed. The
problem considered in this paper consists in finding the minimal total
energy, used by all agents, needed to complete the broadcasting. We give
an O(nlogn) time algorithm solving the problem. If the number of agents
is sufficiently large (at least equal to the number of leaves of T'), then our
approach results in an O(n) time algorithm.

When the source of information s is initially at the root r, our algorithm
solves the problem of searching the tree (exploring it) by a set of agents
using minimal energy. It is known that, even if the tree is a line, the broad-
casting problem and the search problem are NP-complete when the agents
may be initially placed at possibly many distinct arbitrary positions.

Keywords: Mobile agents + Tree - Data delivery - Broadcast + Search

1 Introduction

A packet of information available at the source node of a network must be
disseminated to all other nodes. The task needs to be performed by a collection of
mobile agents. Given a network, what is the minimal amount of energy needed for
the information to be delivered to all nodes. If the agents are initially distributed
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along the network, this problem turns out to be NP-complete, even if the original
network is a line (see [13]). In this paper we solve the problem for tree networks,
when all agents start at the same node.

Similar problems, studied in operations research (particularly in vehicle rout-
ing), sometimes assume limited capacities of robots and quantities of product
to be transported. In our case, the amount of product to be carried by a robot
is irrelevant. Consequently, similarly to [13], we categorize our problem as data
delivery or, more exactly as broadcasting using mobile agents.

Moreover, in the special case when the data source and the starting position
of the robots are the same, our solution produces the optimal search schedule
- the movement of the collection of agents searching all nodes of the tree using
minimal total energy. It is a folklore knowledge that the same problem when the
time of the schedule is to be optimized (i.e. the time of arrival to its destination
of the last robot), the problem is NP-complete.

1.1 Preliminaries and the Problem Statement

A set of k mobile agents is placed at the root r of an edge-weighted tree T,
where edge weight represents distance between edge endpoints. One node of
the tree, that we call source node, initially possesses a packet of information,
which eventually needs to reach every other node of the tree. The information is
transported by mobile agents, which use energy proportionally to the distance
travelled. We conservatively assume, that if an agent previously acquired the
source information packet, then if such agent is visiting a node, it implicitly
leaves a copy of the packet at that node. Any agent later visiting such node
automatically copies the packet to its memory and it may then distribute it to
other, subsequently visited nodes. We consider the following problem:

Data broadcasting:

Let T be an edge-weighted tree with two distinguished nodes s, 7. The node
s is a source node and 7 is the initial location of k mobile agents. The source
node possesses a packet of information, which needs to be transported to all
other nodes by mobile agents.

What is the minimal amount of energy, denoted by MinCost(T,k), that
the agents need for their travel so that the source packet is successfully
distributed?

By a (global) schedule we mean a set of functions f1, fa,..., fk, such that
fi(t) is a position at time ¢ of agent ¢ in the tree. The agent i knows the data
packet at time t*, if f;(¢t) = s for some ¢ < t*, or fi(t1) = v, fj(t2) = v and
to <t < t* for some agent j, which knew the packet at time t5.

We call a schedule optimal if it results in the smallest possible usage of energy
by mobile agents.
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1.2 Our Results

We present almost linear-time, greedy algorithms solving data broadcasting.
Our problem can be solved in O(nlogn) time, independently of the number & of
available agents. This complexity is reduced to O(n) time in case of unlimited
number of agents, or when the number of agents is at least equal to the number
of leaves of T'.

In the special case when the root, from which all agents start, is also
the source node, our approach solves the search problem, when the collec-
tion of agents need to search the tree optimally, i.e. using the smallest total
energy. Surprisingly, according to our knowledge, this natural setting of the
search/exploration problem has not been studied before.

The missing proofs will appear in the full version of the paper.

1.3 Related Work

Recent development of the network technology fuelled the research in mobile
agents computing. Several applications involve physical mobile devices, software
agents, migrating in a network, or living beings: humans (e.g. soldiers or disas-
ter relief personnel) or animals (e.g. ants). Most important questions for mobile
agents concern environment search or exploration (cf. [3,9,15-17]). Some ques-
tions involving mobile agents are related to problems from operations research,
especially vehicle routing (e.g., see [19]).

Searching and exploration have been extensively investigated in numerous
settings. Using collections of mobile agents for the tree environment, the previous
papers attempted to optimize the usage of various resources, e.g., the time for
exploration (the maximal time used among all agents) [6,16], memory used by
agents [4], the number of agents [15], etc. Many papers assumed no knowledge of
the tree, which leads to distribute algorithms optimizing the competitive ratio
(e.g. [15,17]). In the centralized setting, the minimization of maximal time used
by mobile agents is an NP-hard problem, even if the tree is a star and the
collection contains only two robots (cf. [6,16]).

The task of broadcast is useful, e.g., when a designated leader needs to share
its information with collaborating agents in order to perform together some
future tasks. The broadcast problem for stationary processors has been exten-
sively studied both in the case of the message passing model, (e.g. [7]), and for
the wireless model, (see [10]).

The question of energy awareness has been investigated in different contexts.
Paper [2] studied power management of (not necessarily mobile) devices. Several
methods have been proposed to reduce energy consumption of computer systems
including power-down strategies (see [2,5,18]) or speed scaling (cf. [20]). How-
ever, most research related to energy efficiency attempts to optimize the total
power used in the entire system. When the power assignments concern the indi-
vidual system components (as is the case of our model), the related optimization
questions (e.g. see [8]) have a flavour of load balancing.

The communication problem by mobile agents has been studied in [1]. The
agents of [1] perform efficient convergecast and broadcast in line networks. All
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agents of [1] have energy sources of the same size, allowing to travel the same
distance. However, in the case of tree networks, the problems of convergecast
and broadcast are proven to be strongly N P-complete in [1].

In the case, where agents may have different initial energy levels, [13] investi-
gated a simpler communication problem of data delivery, when the information
has to be transmitted between two given network nodes. This problem is proven
to be N P-complete in [13] already for line networks. [11] showed that the situa-
tion is quite different when the agents are required to return to original locations.
[11] gave a polynomial solution for data delivery in trees by returning agents.
The problem of energy-efficient data delivery between given set of pairs of graph
nodes was investigated in [12]. The data delivery and convergecast for trees with
energy-exchanging agents were studied in [14], where linear-time solutions for
both problems were proposed.

2 Agents Starting from the Source Node

We start with an easier case when the root r is the same as the source node s,
which contains the initial data packet. Observe that, even if we have unlimited
number of agents in r, the problem is nontrivial. In the proposed solution, every
agent 7 initially takes an exact amount of energy needed to traverse some subtree
T(i) and its traversal of T'(¢) must be optimal. The union of all subtrees must
sum up to the entire tree T and the choice of the subtrees must minimize the
total energy needed to traverse them.

We consider separately cases of limited and unlimited number of agents. We
will show that not all the agents are always activated, i.e. in some cases making
walk too many agents would result in a suboptimal algorithm. We say that
an agent is activated if it is used for walking (consumes a non-zero amount of
energy), copies a data packet to its memory, when arriving to a node at which
a copy of data packet is present, and subsequently disseminates it to all nodes
visited afterwards.

Denote by T, the subtree of T rooted at v.

Lemma 1. Suppose that the source node s is the same as the root r. In every
optimal broadcast algorithm, each activated agent should terminate its walk at a
leaf of T'.

Proof. The proof goes by contradiction. Suppose that, in an optimal broadcast,
some agent ¢ terminates its walk in a non-leaf node v, traversing some edge (w, v)
as the last edge of its route. Two cases are possible:

Case 1: The traversal of the last edge (w,v) does not coincide with the first
visit of node v by agent 7. In this case we can remove the traversal of the
last edge (w,v) from the route of agent ¢ and the tree explored by agent ¢
remains the same. However, such shortening of the route of agent 7 reduces its
energy cost by weight(w,v), which contradicts the optimality of the original
traversal.
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Case 2: The traversal of the last edge (w,v) by agent ¢ coincides with its first
visit of node v. In such a case, agent ¢ could not previously enter the subtree
T, (otherwise this would imply the second visit of v). Consequently, as T,
contains at least one leaf, unvisited by agent ¢, it must be visited by some
other agent j. However, to reach any leaf of T, from the starting position r,
agent j must visit v on its route. As v does not need to be visited by two
different agents, we can then again shorten the route of i by the last edge
(w,v), reducing its cost. This contradicts optimality of its original route. O

The subset of leaves of T', at which the activated agents of an optimal algo-
rithm terminate their paths, are called critical leaves. Each path from root r to
a critical leaf is called a critical path. The union of all critical paths forms a tree,
rooted at r, that we call the frame of the algorithm.

2.1 Scheduling Agent Movements When Critical Leaves are Known

We start with the presentation of an algorithm which designs the movements of
the agents once the set of critical leaves has been obtained. As agents possess the
information about the packet from the start, it is sufficient to generate the tra-
jectories of all robots, disregarding synchronization between actual movements
of different agents.

Consider a subset £ of critical leaves of tree T'. Define frame(L) as the union
of all critical paths, i.e. the subtree of T" induced by £ and all its ancestors, see
Fig. 1. By | frame(L)| we understand the sum of weights of all edges of frame(L).
Observe that the edges T\ frame(L) form a set of subtrees rooted at the nodes
of frame(L). We call them hanging subtrees and we denote the set of hanging
subtrees by H(L).

Once we know the optimal set of critical leaves £, then an optimal schedule
is easy to construct. Below we give the algorithm ConstructSchedule, which con-
structs the optimal schedule for the given set of k agents. In fact we concentrate
later only on computing the optimal £ (needed in line 1 of the algorithm Con-
structSchedule). Our main result is the computation of minimum cost in almost
linear time, which also implies computing the optimal set L.

Algorithm ConstructSchedule(k);
1. Compute the set of critical leaves £, such that |£| < k, which maximizes A(L).
2. Assign to every critical leaf [; a different agent ¢ which will terminate its walk at [;.

3. Assign arbitrarily each subtree T € H(L) to a single critical leaf L(T"),
such that 7’ has the root on the critical path from r to L(T").

4. for each leaf I; € £ do
4.1. Agent 7 follows the critical path from r to the critical leaf I;,

4.2. On the way to its assigned critical leaf I; the agent ¢ makes a full DFS
traversal of each hanging subtree T’ € H (L) such that L(T’) = I;.

Observe that the total number of edge traversals, generated by the algorithm
ConstructSchedule, can be quadratic.



Energy-Optimal Broadcast in a Tree with Mobile Agents 103

Denote by path(u,v) the set of nodes on the simple path between u and v
(including u,v) and let |path(u,w)| denote the distance (sum of edge weights)
from node u to w in tree T. We denote also depth(w) = |path(r,w)]|.

We define below a function A(L) which measures the efficiency of the broad-
casting algorithm having £ as its critical leaves.

A(L) = 2| frame(L)] = Y _ depth(w) (1)

weL

The following lemma shows what is the value of MinCost(T, k) - the energy
cost of the schedule produced by the algorithm ConstructSchedule for k£ agents
starting at the root of tree T. The energy depends on the choice of the set of
critical leaves £. The construction of the set £ minimizing the energy cost will
be discussed in the subsequent sections.

Lemma 2. Assume k agents are placed initially in the source node r = s of T.
Then
MinCost(T, k) = 2|E| — A(L),

where L is a subset of leaves mazimizing A(L) over |L] < k.

Proof. The algorithm has enough agents, so that to every critical leaf [; cor-
responds a different agent ¢, which terminates its walk at [;. The edges of all
hanging subtrees H(L), i.e. all edges of T\ frame(L), are traversed twice in
step 4.2 of the algorithm. Moreover each edge of a critical path is traversed in
step 4.1 as many times as there are critical paths containing this edge. Con-
sequently, the total cost of such traversal of T' is twice the sum of lengths of
edges belonging to T'\ frame(L), and the sum of the critical path lengths of the
frame(L). Hence the total cost equals

2T\ frame(L)|+ Y _ depth(w) = 2|E|—(2:| frame(L)|= Y _ depth(w)) = 2|E|-A(L)
weL weL
(2)

By Lemma 1, each optimal algorithm using at most k agents, corresponds to
frame(L) for some L. Therefore, the cost represented in Eq. 2 is minimized for
maximal A(L). O

Consequently, the broadcasting problem reduces in this case to the compu-
tation of £ which maximizes A(L) with |£| < k. The set £ will be computed
incrementally and in a greedy way. We conclude this section with some obser-
vations needed for the incremental construction of the optimal set of critical
leaves.

Assume L is a set of leaves and consider a leaf w ¢ L. Denote by LCA(w, £)
the lowest common ancestor of w and some leaf from £ (i.e. the lowest node
belonging to path(w,r) and frame(L)). Define LC A(w, ) = r. Let
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5(1{],[,) = ‘path(ua w)| - \path(r, U’)|7 (3)
where u = LCA(w, £). Equivalently we have
0(w, L) = depth(w) — 2 - depth(LC A(w, L)) (4)

Observation 1. For Ly,Ly such that L1 C Lo and for any leaf w we have
(5(w,£1) Z (5(’11}7[,2).

Indeed the statement of the Observation 1 follows from the fact that £; C Lo
implies depth(LCA(w, L1)) < depth(LCA(w, L3)).

Lemma 3. For a given subset of leaves L and a leaf w0 ¢ L:
A(LUA{w}) = A(L) 4+ §(w, L). (5)

Proof. If we add w to L, the new path between LC A(w, £) and w is added to
frame(L) (cf. Fig,1). Hence, according to formula 1 we have

A(LUA{w}) — A(L) = 2| frame(L U {w})| — 2| frame(L)]
- Z depth(w) + Z depth(w)

we(LU{w}) weL
= 2|path(LCA(w, L), w)| — depth(w) = depth(w)
—2-depth(LCA(w, L) = é(w, L)

2.2 A Schematic Algorithm Computing the Minimal Cost

The formula (5) from Lemma 3 is used to design our algorithm Schematic-
MinCost. The idea of the algorithm may be viewed as an incremental, greedy
construction of the optimal set of critical leaves £, by adding them, one by one.
At each step we have a current version of the frame, which is augmented by a
new subpath when a new leaf is added to £. Cousider frame(L) obtained from
the leaves £ assigned to the first ¢ — 1 agents (that terminate their paths at i — 1
leaves of £). In the i-th iteration of the main loop we try to decide what is the
best use of the next available agent. The i-th agent will terminate its traversal
at some leaf w; of T, not yet present in frame(L). Therefore, frame(L U {w;})
will contain some new subpath, disjoint with frame(L), starting at some vertex
of LCA(w;, L) and ending at w;. Observe, that the usage of agent 4, permits
the subpath from LCA(w;, L) to w; to be traversed once (by a new agent)
rather than twice (by some other agent which would need to perform a complete
traversal of some subtree containing this path), which results in some energy
gain. However such energy benefit is at the expense of bringing the agent from
the root r to LC'A(w;, £). The main loop executions continue as long as such
gain is possible (i.e. benefit minus expense is positive) and there are still available
agents to be used. Such benefit is represented by the function §(w;, £) and our
algorithm chooses the leaf offering the largest benefit. We prove later that this
greedy approach results in construction of the best possible set of critical leaves.
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Algorithm Schematic-MinCost(7, k);

1. L:= 0

2. while |£| <k and I(w ¢ L) 6(w,L) >0 do

3 choose a leaf w ¢ £ with maximum §(w, £);
4. L:=LU{w};

5. return |2E|— A(L);

Ezxample 1. Figure1 illustrates the execution of one step of the algorithm. The
set £ contains leaves wy,ws. The value of A(L) = 36 — 19 = 17, cf. formula 1.
Among the remaining leaves, the maximal benefit is obtained by including wy in
the set of critical leaves as §(wy, £) = 3. Then A({wy, w2, ws}) = 20. As for the
remaining leaves the values of § are not positive, only three agents are activated
(even if more are available) and, by Lemma 2, the cost of the optimal algorithm
equals
2|E| — A({wy,wa,wys}) = 56 — 20 = 36.

LCA({wy, w2}, wy)

Fig. 1. The iteration which starts with a set of leaves £ = {w1, w2}, then w4 is added
to L. Bold edges belong to the frames (subtrees frame(L) of paths from the root to
set L of critical leaves) before and after inclusion of ws. We have A({wi, w2, ws}) =
A({wr, wa2}) + 6(wa, {wr, w2})

Observe that algorithm Schematic-MinCost is in fact non-deterministic as it
is possible that more than one leaf having the same value of § may be chosen in
line 3. Moreover, among optimal broadcasting algorithms, it is possible that the
number of agents used may be different. This is possible if we activate an agent
terminating at a leaf w for which 6(w, £) = 0.

Lemma 4. Assume that in the algorithm Schematic-MinCost we insert the
sequence wy,Wwa, . .. Wy, of leaves into L and there is a set L maximizing A(L')
such that {wy,wa,...w} C L't < m. Then there exists a set L”, also maxi-
mizing A(L"), which contains {wy,wa, ... ws, Wit}
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Sketch of the Proof. The idea of the proof is to show that the set £ must con-
tain some leaf w*, such that w* # w;, for i = 1,2,...,t+ 1 and that exchanging
w* by w41 in the set L7 will not increase the cost of the corresponding broad-
casting algorithm.

Lemma 5.

(a) The set L computed by the algorithm Schematic-MinCost maximizes A(L).

(b) The value 2|E| — A(L), output by the algorithm Schematic-MinCost, is the
minimum amount of energy needed for broadcasting using k agents initially
placed in the source r = s.

Proof.

(a) Using inductively Lemma 4 we prove that the entire set wi,ws,...wn,
belongs to a set of critical leaves used by an optimal algorithm. By the exit
condition of the while loop at line 2 of the algorithm Schematic-MinCost,
there is no other leaf which may be added to such critical set of leaves
improving the cost of the algorithm.

(b) This point follows directly from (a) and Lemma 2. O

Observe that every agent possesses the information about the packet at the
very beginning of the algorithm. Then, as observed before, once the trajectories
of each activated agent are determined, the timing of the travel of each agent is
independent of the timing of the travel of any other agent. We conclude then by
the following observation, which will be useful in the next section.

Observation 2. Any energy-optimal schedule may be designed in such a way
that the time intervals, during which agents perform their travel, are pairwise
disjoint. In particular, we can choose any agent and make this agent complete
its walk before any other agent starts walking.

2.3 Efficient Implementation of Algorithm Schematic-MinCost

Efficiency of Schematic-MinCost depends on the cost of computing on-line the
best 6(w, L). We replace it by introducing a more efficient function Gain(v)
which does not depend on £ and can be computed off-line in linear time. The
algorithm Schematic-MinCost subsequently adds leaves to the set £, each time
choosing the leaf w offering the largest gain, i.e. the largest reduction §(w, L)
in the cost of the broadcasting schedule. The values of function § for any leaf
w, which does not yet belongs to £, may change with subsequent modifications
of frame(L). In order to avoid recalculations of the function ¢ we propose the
following solution.

Consider the moment when the leaf w is being added to the current set L.
Let v be a child of LCA(w, £), which belongs to the path from LCA(w, L) to
w. Let mazxpath(v) be the longest path starting at v (and going away from the
root). If there is more than one such path, we choose any one of them arbitrarily.
We denote by leaf(mazpath(v)) the last node on such path. Observe that, at
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the moment when w is being added to £, we have |mazxpath(v)| = |path(v,w)].
For any node v # r we define

Gain(v) = |mazpath(v)| + weight(parent(v),v) — |path(r, parent(v))|  (6)
By convention, we also set Gain(r) = |maxpath(r)]|.
Observation 3. Assume L is a set of leaves. It follows from FEq. 3, that
max{Gain(v) : v ¢ frame(L)} = max{o(w,L) : w ¢ L}

Following the above Observation, in our algorithm we will be looking for nodes
v, which are not in the current frame(L).

Algorithm MinCostLimited (7, k);

1. X:={veV : Gain(v) > 0};

2. Sort X with respect to Gain(v) in non-increasing order;
3. A:=0;L:=0

4. while X # 0 and |[£]| <k do

5. choose v € X with maximum Gain(v);

6 A= A + Gain(v);

7 remove from X all nodes belonging to mazpath(v);
8 L := LUleaf(maxpath(v));

9. return 2-|F| — A

/* | L] equals the number of activated agents */

Theorem 1. The algorithm MinCostLimited(T, k) correctly computes in
O(nlogn) time the minimal amount of energy, which is needed to perform the
data broadcast by k agents.

Proof. We prove, by induction on the iteration of the while loop from line 4, that
the node v chosen in line 5 does not belong to the current frame(L). Indeed,
in the first iteration of the while loop from line 4, frame(L) is empty. In every
other iteration, because of the leaf added to £ in line 8, frame(L) is augmented
by the nodes of maxpath(v), but all these nodes are then removed from set X in
line 7. Therefore, in each execution of line 5 no node of X belongs to frame(L).

Consequently, by Observation 3, every value of Gain chosen in line 5 of algo-
rithm MinCostLimited is the same as the value of ¢ from the corresponding
iteration of line 3 of algorithm Schematic-MinCost. Moreover, the same leaf is
added to the set of critical set of leafs £ in the corresponding iterations of both
algorithms. The final critical set of leaves is then the same for both algorithms.

In the variable A is accumulated the sum of the values of function Gain for all
nodes chosen in all iterations of the while loop. By Observation 3, after exiting
the while loop, A equals the sum of values of function ¢ for all leafs from the
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final critical set £. By Lemma 3, this sum equals A(L) and the final value of the
computed cost equals 2|E| — A(L). By Lemma 5 this proves the correctness of
algorithm MinCostLimited.

We consider now the time efficiency of the algorithm. Observe first,
that in the preprocessing, the values of Gain(v) can be computed in lin-
ear time. Recall that, by formula 6, we need to compute the values of
|mazpath(v)|, weight(parent(v),v) and |path(r, parent(v))| Observe, that all
these values may be computed using depth-first-search traversal (DFS) of T.
Indeed weight(parent(v),v) and |path(r, parent(v))| may be obtained when DFS
enters node v from its parent. On the other hand, |maxpath(v)| is obtained when
DF'S visits v for the last time (arriving from its last child).

The amortized complexity of line 7 is also linear. Assume that X is imple-
mented as a bidirectional list and each node v of the tree T contains a pointer to
the element of X corresponding to Gain(v). Then the removal operation in line 7
takes constant time for each considered node v, hence the O(n) time overall. As
each other instruction inside the while loop takes constant time, the complexity
of all lines of the algorithm, except line 2, is O(n). The overall complexity is
then dominated by the O(nlogn) sorting in line 2. O

2.4 Unlimited Number of Agents in the Source
For a set of nodes Y denote by children(Y") the set of all children of nodes in Y.

Algorithm MinCostUnlimited(7');
/* The number of agents is unlimited */
1. X:={r}; A:=0; L:=0;
2. while X # () do
3. v := Extract any element of X;
4. Add to X each x ¢ maxpath(v) such that
parent(z) € maxpath(v) and Gain(z) > 0;

A= A+ Gain(v); £ := LU {leaf(mazpath(v)};
/* X = {v e children(frame(L)) : v & frame(L) } */
7. return 2-|E| — A

o o

Theorem 2. Assume that the number of agents initially placed at the source
node 1is at least equal to the number of leaves of T. Then algorithm
MinCostUnlimited(T) correctly computes in O(n) time the minimal amount of
energy needed for the broadcast in T.

The idea of the proof (see the Appendix) is based on the fact that the set X
is now restricted only to the children of the current frame and we choose each
of them at some time. Since any two nodes, which are present in X at a same
moment, never interfere (i.e. choosing one of them does never affect the Gain
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function of the other one), they may be treated in any order (as the number of
available agents is sufficient for taking each of them at some time). This allows to
avoid sorting and the time of the entire treatment is proportional to the number
of edges of T.

3 All Agents Start from the Same Node r Different
from the Source s

In this section we extend the consideration to the case when the initial position
of the packet is not at the root of the tree. We show that this setting may be
reduced to the case studied in the previous sections.

It would be helpful if we design the schedule, so that a robot moves along
its trajectory independently from the timing of the motion of any other robot.
By Observation 2, this was possible when the robots were initially placed at the
source node s. However, in the current setting, at every time moment the robots
executing an optimal schedule can be divided into two categories: the robots
which already know the packet and the robots that do not. Clearly, the former
category of robots are not restricted by their movement. On the other hand, the
robots not knowing the packet might need to delay their movement as they may
have to visit a node after the packet is deposited there.

The path between the root r and the source s we call the backbone of tree T
and we denote it by B. We start with the following lemma.

Lemma 6. There exists an optimal broadcasting algorithm in which the first
activated agent starts moving towards the source node s, eventually returning to
r, before any other agent is activated.

Proof. The packet initially present at the source node s needs to be transported
to all other nodes of the tree, including root r. Therefore, there must exist an
agent which travels from 7 to s to pick up the packet. After that, a copy of the
packet must be transported along the backbone B, starting at s and ending at r.
During this travel of the packet along B, it may be transported by divers agents.
However, when the packet is left by some agent ¢ at a point p of B and picked
later by some agent j, we can make agent i wait at point p until the arrival of
agent j. At that moment, as agents are identical, we could exchange the roles of
agents ¢ and 7 and it is still agent ¢ which continues to transport the packet. We
conclude, by induction, that the packet is transported all the way by the same
agent.

Observe as well, that the remaining agents that were exchanging roles with
the agent i, in fact, do not need to start their travel before agent i reaches r.
Indeed, they may wait at = until the packet is brought there by agent ¢ and start
their respective routes afterwards. O

We now construct the reduction from the setting where r # s to the case
r = s. For every instance I of the problem for r # s we create an instance I’
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k agents "

(k4 1) agents |

Instance I’ Instance I

Fig.2. On the left: the trajectory of the first activated agent, when the algorithm
MinCostLimited is run for instance I’. The first agent terminates its walk in wg. On
the right: trajectory of the first activated agent for instance I. The first agent traverses
the same nodes (except wg) but returns to r to be reused later.

of the problem where r = s. We show that to solve I it is sufficient to solve I’,
where we use the results from the previous sections.

Let I be a given instance of the broadcast problem, in which we have tree T'
with k agents 1,2,..., k initially placed at root r and the source s # r.

We describe an instance I’ of the broadcast problem with s = r and k& + 1
agents. We construct the tree T by adding to T one extra leaf wy and an edge
from node s to wy of weight W, where W equals the sum of weights of all edges
of T. We define its root ' = r in which we place ¥’ = k + 1 mobile agents,
represented by the integers 0, 1,. .., k. We also set the source s’ =’ (see Fig. 2).

Lemma 7 [Reduction-Lemma]. If s # r in T then
MinCost(T, k) = MinCost(T', k + 1) + |path(r,s)| — W,
where in T' the source node s' equals the initial location of k + 1 agents.

Proof. Consider first an optimal solution to the instance I’ produced by algo-
rithm ConstructSchedule. The weight of the edge incoming to node wy is so large
that the leaf wy must belong to the set of critical leaves £ and some agent 0
must terminate its walk in wgy. By Observation 2, we can suppose that agent
0 is the very first agent activated and the remaining agents didn’t start before
agent 0 reaches node wg. Denote by T the set of all edges, traversed by agent
0, outside the simple path from r to wgy. By algorithm ConstructSchedule, Ty
forms a subset of hanging subtrees.
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Consider now an optimal solution to the instance I, which verifies Lemma 6.
In this solution, the first activated agent 1, starting at r, travels along the back-
bone B to the source s (without any detour) and then continues its walk, even-
tually returning to r (bringing the packet), before any other agent starts moving.
Obviously, on its way back along the backbone (i.e. from s to r) agent 1 may
visit some nodes outside the backbone before returning to 7.

Assume then, that agent 1, during its return from s to r along the backbone,
traverses exactly the subtrees formed by the edges Ty (cf. Fig. 2). Consider the
time moment in instance I’ where agent 0 arrives at leaf wq and the time moment
when in instance I agent 1 returns to root r. In both cases we have k agents
and the packet available at the root r and the part of the tree that still needs
to be explored equal to T\ (Ty U B). Therefore, if we use the trajectories of
the remaining k agents 1,2,...,k from the optimal solution of instance I’ to
complete the instance I the obtained solution of I is also optimal.

Observe that the assumption that agent 1 visited the subtrees formed by
the edges of Ty may be dropped. Indeed, all subtrees of Ty are the hanging
subtrees of the optimal solution and each of them is DF'S traversed by some agent.
Assigning any such subtree to agent 1 or any other agent visiting its root does
not change the cost of the solution (recall line 3 of algorithm ConstructSchedule).

As from the moments when the situations in instances I’ and I are identical
all agents walk along the same trajectories in T and T, respectively, the cost of
the solution of instance I differs from the solution of instance I’ by the difference
in the amounts of energy spent by the first agents of each instance, respectively.
As this difference is W — |path(r, s)|, we have

MinCost(T, k) = MinCost(T', k + 1) + |path(r,s)| — W
O

Theorem 3. Suppose that in the tree T' the root r is different from the source
s. We can solve the limited broadcast problem in O(nlogn) time. If k is at least
equal to the number of leaves in T we solve the broadcast problem in O(n) time.

Proof. Due to Lemma 7 limited broadcast reduces in linear time to the case when
the source is the same as starting location of agents. In the unlimited case we
can use Lemma 7 with k = n.

Hence the time complexity is asymptotically of the same order as that of
the algorithm MinCostLimited (7, k), which is O(nlogn). The case of unlimited
broadcast can be done similarly in O(n) time, by reduction to the algorithm
MinCostUnlimited. d

4 Final Remarks

There are several open questions related to the communication problems and
data delivery for mobile agents. One possible extension is to try to perform
broadcast from a single source having mobile agents initially distributed in some
nodes of the tree.
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When the initial amounts of energy are a priori assigned to the agents, most
communication problems for mobile agents are shown to be NP-complete (cf.
[1,13]). However, when the assignment of energy levels to the agents is left to
the algorithm, minimization of total energy used for the communication problems
remains open.

Another variation consists in broadcasting from a set of source nodes rather
than a single one. If such set of sources involve all the tree nodes the problem
becomes gossiping, in which the union of initial information of all nodes must
reach every node of the network.

More general open question, which generalizes all communication protocols,
concern the delivery of the union of information of a given set of nodes to another
set of nodes. Finally, we can consider delivery from a set of specific sources to the
respective specific target nodes. We believe that some variants of the question
will lead to NP-hard problems for trees.
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Abstract. Assume k robots are placed on a cycle-the perimeter of a
unit (radius) disk-at a position of our choosing and can move on the
cycle with maximum speed 1. A non-adversarial, uncooperative agent,
called bus, is moving with constant speed s along the perimeter of the
cycle. The robots are searching for the moving bus but do not know
its exact location; during the search they can move anywhere on the
perimeter of the cycle. We give algorithms which minimize the worst-
case search time required for at least one of the robots to find the bus.

The following results are obtained for one robot. (1) If the robot knows
the speed s of the bus but does not know its direction of movement then
the optimal search time is shown to be exactly (1a) 27/s, if s > 1, (1b)
dr/(s+1),if1/3 < s <1, and (1c) 2n/(1—3s), if s < 1/3. (2) If the robot
does not know neither the speed nor the direction of movement of the
bus then the optimal search time is shown to be 27 (1 + ;11) Moreover,
for all € > 0 there exists a speed s such that any algorithm knowing
neither the bus speed nor its direction will need time at least 47 — € to
meet the bus.

These results are also generalized to k > 2 robots and analogous tight
upper and lower bounds are proved depending on the knowledge the
robots have about the speed and direction of movement of the bus.

Keywords: Cycle + Direction of movement - Moving bus
Robot - Search - Speed

1 Introduction

Due to their fundamental nature, the problems of searching and exploration have
been investigated in many areas of mathematics and computer science, e.g., by
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addressing fundamental perspectives in robotics and autonomous mobile agent
computing. The robots move with certain speeds (not necessarily the same)
and the objective of the search is to find a (usually static) target placed at
an unknown location of the domain in a (provably) optimal time. This search
problem was first proposed by Bellman [5] and independently by Beck [4].

In this paper we consider a similar search problem concerning k mobile
autonomous robots which are initially located on a cycle-the perimeter of a
unit disk—and which can move on this cycle with maximum speed 1. Unlike pre-
vious research which considers a static target, in our work the robots are aware
that a bus (non-adversarial, uncooperative agent) is moving with constant speed,
say s, along this cycle but do not know its exact location and may or may not
know its direction of movement. We assume that during their search the robots
can move in any direction anywhere on this cycle.

More specifically, we are interested in investigating the following search prob-
lem: Give an algorithm which places the robots on the perimeter of the cycle and
minimizes the search time, i.e. the time it takes for at least one of the robots to
“catch the bus”. By the “robot catching the bus” we mean that the robot and
the bus are at the same location at the same time.

1.1 Preliminaries and Model of Computation

The robots are assumed to traverse a cycle (always assumed to be the perime-
ter of a disk of unit radius). Furthermore, there is a bus which is traveling
around the cycle at constant linear speed s and its location is unknown to the
robots. The robots can move at speed at most 1 on the perimeter of the disk
and can change direction at will at any time during the search depending on the
specifications of the algorithm. An algorithm specifies the initial position and
trajectories of the robots. For k robots, their movement is specified by a k-tuple
(f1(t), f2(t), ..., fr(t)) of k functions such that f;(t) gives the precise location
of the i-th robot on the cycle at time ¢, where ¢ = 1,2,..., k. Without loss of
generality we may assume that the robots start at the same time while the bus
is always in motion around the cycle. The search algorithm succeeds when at
least one of the k robots catches the bus. Note that in our model no wireless
communication between the robots and the bus is required, rather the robots
can recognize the bus when they cross its path. Throughout we use the abbre-
viations CW and CCW to denote clockwise and counter clockwise movement,
respectively.

1.2 Related Work

Our problem can be seen as a rendezvous/meeting problem with an uncoop-
erative, but not adversarial agent, a middle case between rendezvous and cops
and robbers. In the standard rendezvous model, all agents fully cooperate to
the common meeting goal. Indeed, this is the case in the related paper [11] on
rendezvous of two robots with different speeds in a cycle; our problem is dif-
ferent in that one of the two vehicles—namely the bus—has a fixed speed and
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cannot change direction. At the other extreme, in cops and robbers problems
(e.g., see [6]), the cops have the same goal of meeting the robber, but the robber
is adversarial and actively tries to avoid meeting. Here (at least for search), we
are also trying to meet with an agent. However, that agent does not cooperate,
but goes doing its own business, not caring whether it is met or not.

The underlying domain which is traversed by the robots is a continuous curve
(in our case the perimeter of a disk of unit radius). In this setting, in addition to
the rendezvous paper [11], related to our rendezvous problem is the work on prob-
abilistic rendezvous on a cycle for robots with different speeds [15], rendezvous
on a cycle for multiple robots with different speeds in [13], and rendezvous in
arbitrary graphs for two robots with different speeds [16].

Related is also the literature on search on a line involving a robot and a static
exit in the seminal papers [3-5] as well as extensive discussions and models in
the books on search problems [1], on the theory of rendezvous games [2], and
on the game of cops and robbers [6]. More recently, there is research on robot
evacuation which is like search but measures the quality of search by the time
it takes the last robot to find an exit; this has been investigated in the wireless
model as well as in the face-to-face model [8]. Related papers on robot evacuation
include two robots in the face-to-face model [7,9] and [10] in the wireless model
when the underlying domain is a triangle or a square.

There is also related work on gathering a collection of identical memoryless,
mobile robots in one node of an anonymous unoriented ring. Robots start from
different nodes of the ring and operate in Look-Compute-Move cycles and have
to end up in the same node [14], as well as oblivious mobile robots in the same
location of the plane when the robots have limited visibility [12].

1.3 Outline and Results of the Paper

In this paper we determine the search time when the robots (1) do not know the
direction of movement but know the speed of the bus, and (2) know neither the
direction of movement nor the speed of the bus. We note that if the robot knows
the direction of movement of the bus, then it follows from the proof in [11] that
27 /(s+1) is a tight bound on the search time. In Sect. 2 we provide tight upper

Table 1. Optimal search time for a single robot of maximum speed 1. The column
“Speed” refers to what the robot knows about the speed of the bus, while the last
column indicates the theorem where the result is proved.

Direction | Speed Optimal search time | Theorem

Known |s 2 /(s + 1) Theorem 1
Unknown | s > 1 2n/s Theorem 2
Unknown | 1/3 <s<1|4n/(s+1) Theorem 2
Unknown | s < 1/3 2 /(1 —s) Theorem 2
Unknown | Unknown |47 Theorem 3
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and lower bounds for single robot search, while in Sect. 3 tight upper and lower
bounds for multiple robot search. In both sections we consider the impact of
knowing the direction of movement of the bus. Table 1 summarizes the results
of Sect. 2 for a single robot and Table 2 the results of Sect. 3 concerning multiple
robots.

Table 2. Optimal search time for k£ robots of maximum speed 1. The column “Speed”
refers to what the robots know about the speed of the bus, while the last column
indicates the theorem where the result is proved (if not OPEN).

Direction | Speed k Search time (U.B.) Lower bound | Theorem | Note
Known s all | 27/k(s+1) 2w /k(s+1) | Theorem 4 | optimal
Unknown | s > 1 all | 2w /ks 27 /ks Theorem 5 | optimal
Unknown | s <1 even | 27 /k 2w [k Theorem 5 | optimal
Unknown | s <1 odd | min(2w/ks,2n/(k — s)) | 27 /k Theorem 5 | OPEN
Unknown | Unknown | even | 27 /k 27 [k Theorem 6 | optimal
Unknown | Unknown | odd | 27/(k — 1) 2w [k Theorem 6 | OPEN

2 One Robot

Consider the case of a single robot R and let B denote the bus, and P the
path followed by the robot. Throughout this section we assume that the bus
is moving at constant speed s and cannot change direction, while the robot is
moving with speed 1. Our analysis is divided into three subsections depending
on the knowledge the robot has about the bus. In Subsect. 2.1 we assume only
that the robot knows the direction of movement of the bus, in Subsect. 2.2 the
robot does not know the direction of movement of the bus but knows its speed,
while in Subsect. 2.3 the robot knows neither the direction nor the speed s of
the bus. Table 1 summarizes the results of Sect. 2 for a single robot.

2.1 Known Direction of Movement of the Bus

Assume that the robot knows only the direction of movement of the bus. The
following theorem was first proved in [11] but we state it here for completeness.

Theorem 1 [11]. If the robot knows the direction of movement of the bus then

52;71 is the worst-case optimal search time. a

Observe that the upper bound stated in Theorem 1 is obvious.

2.2 Unknown Direction of Movement but Known Speed of the Bus

Assume that the robot does not know the direction of movement but knows the
speed s of the bus. We show that for small bus speeds the robot should walk at
its maximal speed, eventually catching the bus (head on or from behind). For
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large bus speeds, the best strategy for the robot is to wait until the bus arrives.
Finally for intermediate bus speeds, the robot should walk at full speed in one
direction, then reverse the direction at some point and continue until the bus is
met.

Theorem 2. If the robot knows the speed s of the bus but does not know its
direction of movement then the optimal search time is exactly

1. 27/s ifs>1.
2. 47 /(s + 1) ’Lf% <s<1.
3. 2m/(1—s)if s < 3.

Proof (Theorem 2, upper bounds). The upper bounds are relatively simple; we
present below three algorithms, one for each case.

To prove Statement 1 assume that s > 1. In the search algorithm below, the
robot stays put and waits for the bus to arrive.

Algorithm Wait (Direction Unknown: s > 1).
1. Robot waits for the bus to arrive.

The upper bound %’T in Statement 1 is immediate since the bus travels with
speed s and the robot is at distance at most 27 from the bus. To prove State-
ment 2, assume that % < s <1 and consider the following search algorithm.

Algorithm ZigZag (Direction Unknown: 1/3 < s <1).
1. Robot chooses a direction and walks at full speed for time %;
2. If bus not found then changes direction and walks until bus is met;

The upper bound S‘% in Statement 2 is easy since in the first part of the
algorithm the robot walks for time 524%1 If it did not meet the bus by this time
it is because the bus is moving in the same direction as the robot. Therefore at

the moment the robot changes direction, in the second part of the algorithm,

it is certain that it is moving against the bus. Therefore it will meet the bus in
additional time 5,2%1 To prove Statement 3, assume that s < % and consider the

following search algorithm.

Algorithm GoStraight (Direction Unknown: s < 1/3).
1. Robot chooses an arbitrary direction and walks until bus is found;

The upper bound 12_”8 in Statement 3 is easy since in the worst case the bus

and the robot are moving in the same direction with initial distance less than
27. This proves the upper bounds. o

Lower bounds. Let us introduce a visualization that will be used in the other
lower bounds as well. The z-axis represents time and the y-axis represents posi-
tions in the circle. The bus trajectory is then represented by a line passing
though the initial position of the bus, with the slope determined by the speed
and direction of the bus (let down-slope mean counterclockwise direction).



Searching for a Non-adversarial, Uncooperative Agent on a Cycle 119

The robot’s trajectory from time 0 until time 7" will be represented by a con-
tiguous curve P (possibly consisting of straight line segments) in this time-space
diagram. Let ps and p. denote the start and end-points of P. In order for the robot
to catch the bus, its trajectory will have to cross the bus lines corresponding to all
possible initial positions, directions (and possibly speeds, if the speed is unknown)
of the bus. Such a robot trajectory will be called a valid one. Note that the validity
of the trajectory depends on the assumptions/knowledge about the bus’s speed s,
i.e. a trajectory valid for a given s might not be valid for different s.

Fig. 1. Trajectory and other concepts: u, v, v’ and v’ are key points. to, t', q; and ¢’
are support lines.

Consider first the case where the speed of the bus is known to be s, but its
direction is unknown. For a fixed P, let ¢; and t; denote tangents of slope s
touching P from above and below, respectively. Since here we deal with fixed
s, we will omit superscripts, and use shorthands ¢, and ¢, for t;° and ¢, °,
respectively (refer to Fig. 1).

Let z(x) denote the y-coordinate of line z at time x. Hence, t,(0) and ¢,(0)
represent the starting positions of the buses moving at speed s that touch the
trajectory of the robot from above and from below.

Lemma 1. If the bus speed s is known but its direction is unknown, then P is
valid if and only if t,(0) — t,(0) > 27 and ¢,(0) — ¢ (0) > 27

Proof (Lemma 1). As the y axis represents the unfolded perimeter of the cycle,
every point of the cycle is represented in any segment of y-axis of length at least
27r. In particular, the segment (t,(0),%,(0)). Note that since P is contiguous,
every line of slope s lying between t;, and t, represents a bus starting at this
segment intersecting P. As the same argument holds for direction —s, P is valid.

If (without loss of generality) ¢,(0) —¢,(0) < 27, there is a point in the circle
not covered by the segment (£;(0),t,(0)). A bus line of slope s crossing this point
does not intersect P, therefore P is not valid. a

Suppose that P is valid. Let u be the earliest (in time) of the intersections
of t, or t, with P. Let t’ be a line of slope s at vertical distance exactly 27 from
u and lying between ¢, and t;. Let u’ be the earliest intersection of ¢’ with P.
Note that since t' is between t, and t;, it is ensured to intersect P, hence u' is
well defined. Define v and v’ for the slope —s analogously (see Fig.1). Let us
call points u, v, v/, v’ the key points of P.
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Let P’ be a trajectory starting at the earliest of the key points, following

P and finishing at the latest key point (v to «' in Fig.1). We will call such

trajectory a pruned trajectory. By Lemma 1 and its construction, P’ is also a

valid trajectory for s. (Note that translating a trajectory does not change its

validity status, as translations correspond to different starting time and position
of the robot.)

We are now ready to prove Statement 1 of The-

2m § g orem 2:

o Proof (Theorem 2, Statement 1 lower bound). Since
,"< ;o s > 1, we immediately get that u = v = ps. By
/ / Lemma 1, in order for P to be valid, it must touch
both ¢ and ¢’ (see Fig.2). Note that the robot can
PR do so in time 27 /s by simply waiting at the starting
location. Assume, on the contrary, that it moves and
N first touches (without loss of generality) ¢’ at point
ok’ " v’. Then the earliest it can touch ¢’ is by moving

towards it (counterclockwise). However, it will not
be able to reach ¢’ sooner than ¢’ (which is also mov-
ing counterclockwise, but at speed s > 1), which
reaches ¢’ at time exactly 27/s. O

Fig. 2. The case s > 1.

Consider now the case s < 1. The span of a robot trajectory is simply the
difference between its starting time and its end time. We know that we can prune
the trajectory without increasing its span or breaking its validity. In fact, the
following Lemma tells us that it is sufficient to consider only trajectories with
robot moving at full speed at all time:

Lemma 2. Let s < 1 and let P’ be a valid pruned trajectory of span T. Then
there exists a valid trajectory P of span at most T in which the robot always
travels at full speed.

Proof (Lemma 2). Let a, b, ¢ and d be the key points of P’, ordered by time.
Let 74, 73, 7c and 74 be the corresponding support lines. P’ will be modified as
follows (see Fig. 3):

Fig. 3. Speeding up pruned trajectory.
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— consider the robot moving from ¢ to r4 at full speed and let d’ be the point
where it reaches ry4

— consider the robot moving from b to 7, at full speed back in time and let
a’ be the point where it reaches r, (alternatively, a’ is the point on r, from
where a robot moving at full speed towards 7, reaches b)

— finally, let ¢’ be the point where the robot moving at full speed from b to
r. reaches r. and let d’ be the point where the robot moving from ¢’ at full
speed towards ry reaches it

As the support lines did not change, the trajectory a’bc’d” is still valid. Note
that a’ is not earlier than a and d’ is not later than d. Also, as ¢’ is not later than
¢, then d” is not later than d’ and hence the resulting span a’d”, as depicted in
Fig. 3, has not increased. a

Hence, it is sufficient to consider only trajectories consisting of at most three
line segments of slope 1 and —1. In fact, it is sufficient to consider only one- and
two-segment trajectories:

Lemma 3. Let P be a valid pruned full-speed trajectory consisting of three seg-
ments of alternating directions. Then there is a valid pruned full-speed trajectory
of at most two segments with smaller span.

Fig. 4. Optimizing a three-segment trajectory.

Proof (Lemma 3). As P has three segments, it must change direction in each
of its interior key points and each key point touches exactly one support line.
Without loss of generality the first segment is of speed 1. As P changes direction
whenever it touches a support line, it can’t leave the quadrangle into which
it started. Since P is valid, it touches all four support lines, hence the only
possibility is shown in Fig. 4.

Consider now the trajectory a'b’c’. It touches all four support lines and hence
is valid, however its span is smaller than then the span of P : |bc| = |b/¢/|, but
|ab| + |cd| > |a’b'|, because s < 1 and hence the distance of ¢ from the support
line b'd is greater than the distance of b from it. O
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Now we are ready to prove Statements 2 and 3.

Proof (Theorem 2, Statements 2 and 3 lower bounds). By Lemma 3, we need to
consider only two strategies:

— One segment: robot travels in one direction until it meets the bus, or

-~ Two segments: robot travels in one direction for distance 27 /(1 + s) (any
two segment trajectory needs to cross from the starting support line to the
opposing one; if it reverses sooner, it can only achieve the needed 27 separa-
tion between support lines by travelling 27/(1 — s) since reversal, at which
point one segment strategy is better), then reverses and travels until it meets
the bus

In the one segment strategy, the worst case time to meet the bus is 27/(1 — s),
in the two segments strategy, it is 47(1 + s). The first is better for s < %, the
latter for s € (%, 1), which proves Statements 2 and 3. This completes the lower
bound in all three cases and proves Theorem 2. a

2.3 Robot Knows Neither the Direction nor the Speed of the Bus

Now assume the robot knows neither the direction of movement nor the speed
of the bus.

Theorem 3. If the robot knows neither the speed s of the bus being used nor its
direction of movement then the search time is 2w (1 + ;11) . Moreover, for all

€ > 0 there exists a bus speed s such that any algorithm knowing neither the bus
speed nor its direction will need time at least 4w — € to meet the bus.

Observe that the upper and the lower bounds from Theorem 3 converge to
the same value 47 when s approaches zero.

3 Multiple Robots

In this section we consider the case of a collection of £ > 1 robots. Through-
out we assume that the bus is moving at constant speed s and cannot change
direction, while the robots are moving with speed 1. Our analysis is divided into
three subsections depending on the knowledge the robots have about the bus.
In Subsect. 3.1 we assume only that the robots know the direction of movement
of the bus, in Subsect. 3.2 the robots do not know the direction of movement of
the bus but know its speed, while in Subsect. 3.3 the robots know neither the
direction nor the speed s of the bus.

3.1 Known Direction of Movement of the Bus
Now assume the robots know the direction of movement of the bus.

Theorem 4. If the robots know the direction of movement of the bus, then the

optimal search time is %
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3.2 Unknown Direction of Movement but Known Speed of the Bus

Now assume the robots do not know the direction of movement but know the
speed s of the bus.

Theorem 5. If the robots know the speed s of the bus but do not know its direc-
tion of movement then the search time is the following:

1. If s > 1, then 27 /ks is the lower and the upper bound.

2. If s <1 and k is even, then 27/k is the lower and the upper bound.
3. Furthermore, if s < 1 and k is odd, then 2w /k is the lower bound and the

upper bound is

Proof (Theorem 5). We prove separately the upper and lower bounds.
Upper bounds. For Statement 1, assume s > 1.

Search Algorithm (Direction Unknown, Speed Known s > 1).
1. The robots are initially placed on the perimeter of the cycle at distance
2% from each other and wait motionless for the bus to arrive.

It is clear that the bus will meet one of the robots in time at most i—’; This
upper bound is valid regardless of the parity of k.
Next consider Statement 2. Recall that in this case k is even. Assume s < 1.

Search Algorithm (Direction Unknown, Speed Known s < 1: k even).

1. The robots are initially placed in pairs on the perimeter of the cycle
at distance %’T from each other;
2. The robots in each pair move in opposite direction

For k even, the resulting distance between pairs is exactly ,3% = 47”. Observe
that the bus is located between two robots moving against each other. Since
these two robots will meet no later than in time 3—2 = 2%, the resulting running
time for this algorithm will be 27“

Finally, consider the case of k odd. We evaluate two algorithms and choose
the best, depending on s. The first option is to use the algorithms for speed
larger than 1, i.e. spread the agents evenly and wait until the bus meets a robot.
In this case, the meeting time is 27 /ks.

The second option is to use the following algorithm:

Search Algorithm (Direction Unknown, Speed Known s < 1: k£ odd).

1 Let X = 220=9) apq y = 267-X)
2. k + 1 robots are initially placed in pairs on the perimeter of the cycle
at distance Y from each other; One robot at a node u neighbouring

a segment of length X is then removed to bring down the number
of robots used to k (see Fig. 5)
3. The robots in each pair move in opposite direction, the lone robot

moves away from the X segment
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Observe that if the bus started in a Y segment, two robots will be traveling
towards each other from the opposite ends of this segment and will meet it at
time at most Y/2. If the bus started in the X segment, the lone robot crossing

the X segment will catch it in time at most 1)5 < X was selected so that these two
2m(k—s)—2m(1—s)
times are equal: T'= 5 = =~ = ] = G0 = e

Fig. 5. The algorithm for odd number of agents. Here k = 5.
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Fig. 6. Sizes of excluded regions. Left: case s > 1. Right: case s < 1.

Lower bounds. Let v;(t) denote the speed of the i-th robot at time ¢ as it is search-
ing for the bus. Further, consider the movement of the robot at an infinitesimal
time dt. Let us express how much of the possible initial bus positions can the
robot exclude (cover) in the time interval dt: These are the initial bus positions
from which the bus crosses the trajectory of the robot in the interval dt, i.e.
if the robot does not meet the bus at time interval dt, then the bus could not
have started at those positions (see Fig.6). As dt is infinitesimal, the robot’s
trajectory can be seen as a line segment of horizontal size dt and vertical size
v;(t)dt. Hence, in the interval dt it covers a segment of starting bus positions of
size (s + v;(t))dt among the busses with opposite direction as the robot, and of
size |s — v;(t)|dt (where || here means absolute value) among the buses with the
same direction as the robot. Let us define f(t) = s+ v:(t) + |s — vi(t)]-
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Let us first consider the lower bound in Statement 1, i.e. s > 1 > v;(t).
In this case, s + v;(t) and s — v;(t) are always positive, hence we can ignore
the absolute value and sum up the regions for both directions directly: f(t) =
(s+vi(t)) + (s — (1)) = 2s.

Let T be the time it takes for at least one of the robots to find the bus
according to the execution of an optimal search algorithm. Therefore in time T,
the i-th robot can cover at most (if at every time moment it excluded different
regions) length fOT ft)dt = 2sdt = 2sT. Thus, all k robots taken together can
cover at most a length of 2Tks, and only if all of them cover different areas.
However, this last quantity must be at least 47 (27 for clockwise and another 27
for counterclockwise bus directions), otherwise there is a non-excluded starting
bus position and direction which would escape the robot’s search. It follows that
2ksT > 4w, which yields T' > 27 /ks. This proves the lower bound in Statement 1.

Now consider the lower bound in Statement 2. i.e. s < 1. If s > v;(¢), then
f(t) = 2s, as shown before. Otherwise |s — v;(t)| = v;(t) — s and f(t) = (s +
v;(t)) + (vi(t) — s) = 2v;(¢). In any case, as both s and v;(¢) do not exceed
1, we have f(t) > 2. Hence, in time T, the i-th robot covers length at most
fOT 2f(t)dt < fOT 2dt = 2T. Tt follows that k robots can cover a length of at
most 2kT. However, this last quantity must be at least 47 (otherwise there is a
trajectory of the bus which will escape the robots’ search). Therefore, 2kT > 4,
which yields T' > 27 /k. This proves the lower bound in Statements 2 and 3, as
the proof does not rely on the parity of k. O

3.3 Robots Know Neither the Direction nor the Speed of the Bus
Assume the robots know neither direction of movement nor speed s of the bus.

Theorem 6. If the robots know neither direction of movement nor speed of the

bus then the search can be completed in time 27“ for k even, and % for kodd.

Moreover, the lower bound of 27” is valid regardless of the parity of k.

The exact answer is not known for £ odd.

4 Conclusion

Several interesting questions arise from our research. One possibility is to look
more closely to the case of non-constant speed (i.e. known only upper and lower
bound). In fact, one can consider also the case of known movement function
(e.g. f(t), where f(t) gives the speed of the bus at time t), but unknown initial
location and direction (determined by the sign at f(¢)), and perhaps also the time
shift (e.g. knowing that the agent moves according to f(t+ tp), for some tg, but
not knowing ¢y). Similarly one could consider the case of robots with different
possibly non-constant speeds. The possibility of exploring other domains, like
trees or arbitrary graphs is quite challenging, and also communication models
like wireless (e.g., limited visibility, or face-to-face) could be considered.
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Abstract. We consider programmable matter that consists of compu-
tationally limited devices (called particles) that are able to self-organize
in order to achieve some collective goal without the need for central con-
trol or external intervention. We use the geometric amoebot model to
describe such self-organizing particle systems, which defines how parti-
cles can actively move and communicate with one another. In this paper,
we present an efficient local-control algorithm which solves the leader
election problem in O(n) asynchronous rounds with high probability,
where n is the number of particles in the system. Our algorithm relies
only on local information — particles do not have unique identifiers, any
knowledge of n, or any sort of global coordinate system — and requires
only constant memory per particle.

1 Introduction

The vision for programmable matter is to create some material or substance
that can change its physical properties like shape, density, conductivity, or color
in a programmable fashion based on either user input or autonomous sensing
of its environment. Many realizations of programmable matter have been pro-
posed — including DNA tiles, shape-changing molecules, synthetic cells, and
reconfiguring modular robots — each of which is pursuing solutions applica-
ble to its own situation, subject to domain-specific capabilities and constraints.
We envision programmable matter as a more abstract system of computation-
ally limited devices (which we refer to as particles) which can move, bond, and
exchange information in order to collectively reach a given goal without any out-
side intervention. Leader election is a central and classical problem in distributed
computing that is very interesting for programmable matter; e.g., most known
shape formation techniques for programmable matter suppose the existence of
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a leader/seed particle (examples can be found in [23] for the nubot model, [20]
for the abstract tile self assembly model and [12,13] for the amoebot model).

In this paper, we present a fully asynchronous local-control protocol for the
leader election problem, improving our previous algorithm for leader election
in [14] which was only described at a high level, lacking specific rules for each
particle’s execution. Moreover, while the analysis in [14] used a simplified, syn-
chronous setting and only achieved its linear runtime bound in expectation, here
we prove with high probability! correctness and runtime guarantees for the full
local-control protocol?. Finally, as this algorithm is both conceptually simpler
than that of [14] and presented directly from the point-of-view of an individual
particle, it is more easily understood and implemented.

1.1 Amoebot Model

We represent any structure the particle system can form as a subgraph of the
infinite graph G = (V, E), where V represents all possible positions the parti-
cles can occupy relative to their structure, and F represents all possible atomic
movements a particle can perform as well as all places where neighboring par-
ticles can bond to each other. In the geometric amoebot model, we assume that
G = Goqt, where Gt is the infinite regular triangular grid graph. We recall the
properties of the geometric amoebot model necessary for this algorithm; a full
description can be found in [14].

Each particle occupies either a single node (i.e., it is contracted) or a pair
of adjacent nodes in Geqt (i-e., it is expanded), and every node can be occupied
by at most one particle. Particles move through ezpansions and contractions;
however, as our leader election algorithm does not require particles to move, we
omit a detailed description of these movement mechanisms.

Particles are anonymous; they have no unique identifiers. Instead, each par-
ticle has a collection of ports — one for each edge incident to the node(s) the
particle occupies — that have unique labels from the particle’s local perspective.
We assume that the particles have a common chirality (i.e., a shared notion of
clockwise direction), which allows each particle to label its ports in clockwise
order. However, particles do not have a common sense of global orientation and
may have different offsets for their port labels.

Two particles occupying adjacent nodes are connected by a bond, and we
refer to such particles as meighbors. Neighboring particles establish bonds via
the ports facing each other. The bonds not only ensure that the particle system
forms a connected structure, but also are used for exchanging information. Each
particle has a constant-size local memory that can be read and written to by
any neighboring particle. Particles exchange information with their neighbors by

1 An event occurs with high probability (w.h.p.), if the probability of success is at least
1 —n~¢, where ¢ > 1 is a constant; in our context, n is the number of particles.

2 An astute reader may note that a w.h.p. guarantee on correctness is weaker than the
absolute guarantee given for the algorithm in [14], but the latter was given without
considering the necessary particle-level execution details.
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simply writing into their memory. Due to the constant-size memory constraint,
particles know neither the total number of particles in the system nor any esti-
mate of this number.

We assume the standard asynchronous model, wherein particles execute an
algorithm concurrently and no assumptions are made about individual particles’
activation rates or computation speeds. A classical result under this model is
that for any asynchronous concurrent execution of atomic particle activations,
there exists a sequential ordering of the activations which produces the same
end configuration, provided conflicts which arise from the concurrent execution
are resolved (namely, only conflicts of shared memory writes can happen in our
algorithm; we simply assume that an arbitrary particle wins). Thus, it suffices to
view particle system progress as a sequence of particle activations; i.e., only one
particle is active at a time. Whenever a particle is activated, it can perform an
arbitrary, bounded amount of computation involving its local memory and the
memories of its neighbors and can perform at most one movement. We define
an asynchronous round to be complete once each particle has been activated at
least once.

1.2 Related Work

A variety of work related to programmable matter has recently been proposed
and investigated. One can distinguish between active and passive systems. In
passive systems, the computational units either have no intelligence (moving and
bonding is based only on their structural properties or interactions with their
environment), or have limited computational capabilities but cannot control their
movements. Examples of research on passive systems are DNA computing [1,3,
7,21], tile self-assembly systems (e.g., the surveys in [15,19,22]), and population
protocols [2]. We will not describe these models in detail as they are of little
relevance to our approach. Active systems, on the other hand, are composed of
computational units which can control the way they act and move in order to
solve a specific task. Prominent examples of active systems are swarm robotics
(see, e.g., [17,18]), modular self-reconfigurable robotic systems (e.g., [16,24]) —
especially metamorphic robots [8] — and the nubot model [5,6,23] by Woods
et al. For an in depth discussion of these models and how they relate to our
amoebot model, we refer the reader to the full version of this paper [9].

The amoebot model [10] is a model for self-organizing programmable matter
that aims to provide a framework for rigorous algorithmic research for nano-
scale systems. In [14], the authors describe a leader election algorithm for an
abstract (synchronous) version of the amoebot model that decides the problem
in expected linear time. Recently, a universal shape formation algorithm [13], a
universal coating algorithm [11] and a Markov chain algorithm for the compres-
sion problem [4] were introduced, showing that there is potential to investigate
a wide variety of problems under this model.
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1.3 Problem Description

We consider the classical problem of leader election. An algorithm is said to solve
the leader election problem if for any connected particle system of initially con-
tracted particles with empty memories, eventually a single particle irreversibly
declares itself the leader (e.g., by setting a dedicated bit in its memory) and no
other particle ever declares itself to be the leader. We define the running time
of a leader election algorithm to be the number of asynchronous rounds until a
leader is declared. Note that we do not require the algorithm to terminate for
particles other than the leader.

2 Algorithm

Before we describe the leader election algorithm in detail, we give a short high-
level overview. The algorithm consists of six phases. These phases are not strictly
synchronized among each other, i.e., at any point in time, different parts of the
particle system may execute different phases. Furthermore, a particle can be
involved in the execution of multiple phases at the same time. The first phase
is boundary setup (Sect.2.1). In this phase, each particle locally checks whether
it is part of a boundary of the particle system. Only the particles on a bound-
ary participate in the leader election. Particles occupying a common boundary
organize themselves into a directed cycle. The remaining phases operate on each
boundary independently. In the segment setup phase (Sect.2.2), the boundaries
are subdivided into segments: each particle flips a fair coin. Particles that flip
heads become candidates and compete for leadership whereas particles that flip
tails become non-candidates and assist the candidates in their competition. A
segment consists of a candidate and all subsequent non-candidates along the
boundary up to the next candidate. The identifier setup phase (Sect. 2.3) assigns
a random identifier to each candidate. The identifier of a candidate is stored dis-
tributively among the particles of its segment. In the identifier comparison phase
(Sect. 2.4), the candidates compete for leadership by comparing their identifiers
using a token passing scheme. Whenever a candidate sees an identifier that is
higher than its own, it revokes its candidacy. Whenever a candidate sees its own
identifier, the solitude verification phase (Sect.2.5) is triggered. In this phase,
the candidate checks whether it is the last remaining candidate on the bound-
ary. If so, it initiates the boundary identification phase (Sect.2.6) to determine
whether it occupies the unique outer boundary of the system. In that case, it
becomes the leader; otherwise, it revokes its candidacy.

2.1 Boundary Setup

The boundary setup phase organizes the particle system into a set of boundaries.
This approach is directly adopted from [14], but we give a full description here
to introduce important notation. Let A C V' be the set of nodes in Gege = (V, E)
that are occupied by particles. According to the problem definition, the subgraph
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Geqt|a of Gegt induced by A is connected. Consider the graph Geqt\v\ 4 induced
by the unoccupied nodes in Geq. We call a connected component R of Gegt v\ 4
an empty region. Let N(R) be the neighborhood of an empty region R in Geqy;
that is, N(R) = {u € V\ R : Jv € R such that (u,v) € E}. Note that by
definition, all nodes in N(R) are occupied by particles. We refer to N(R) as
the boundary of the particle system corresponding to R. Since Gegi|4 is a finite
graph, exactly one empty region has infinite size while the remaining empty
regions have finite size. We define the boundary corresponding to the infinite
empty region to be the unique outer boundary and refer to a boundary that
corresponds to a finite empty region as an inner boundary.

For each boundary of the particle system, we organize the particles occu-
pying that boundary into a directed cycle. Upon first activation, each particle
p instantly determines its place in these cycles using only local information as
follows. First, p checks for two special cases. If p has no neighbors, it must be
the only particle in the particle system since the particle system is connected.
Thus, it immediately declares itself the leader and terminates. If all neighboring
nodes of p are occupied, p is not part of any boundary and terminates without
participating in the leader election process any further.

If these special cases do not apply, then p has at least one occupied node
and one unoccupied node in its neighborhood. Interpret the neighborhood of
p as a directed ring of six nodes that is oriented clockwise around p. Consider
all maximal sequences of unoccupied nodes (v1,...vx) in this ring; call such a
sequence an empty sequence. Such a sequence is part of some empty region and
hence corresponds to a boundary that includes p. Let vy be the node before vq
and let v 1 be the node after vy, in the ring. Note that we might have vg = vg11.
By definition, vy and v41 are occupied. Particle p implicitly arranges itself as
part of a directed cycle spanning the aforementioned boundary by considering
the particle occupying vy to be its predecessor and the particle occupying vi41
to be its successor on that boundary. It repeats this process for each empty
sequence in its neighborhood.

A particle can have up to three empty sequences in its neighborhood, and
consequently can be part of up to three distinct boundaries. However, a parti-
cle cannot locally decide whether two distinct empty sequences belong to two
distinct empty regions or to the same empty region. To guarantee that the exe-
cutions on distinct boundaries are isolated, we let the particles treat each empty
sequence as a distinct empty region. For each such sequence, a particle acts as a
distinct agent which executes an independent instance of the algorithm encom-
passing the remaining five phases of the leader election algorithm. Whenever a
particle is activated, it sequentially executes the independent instances of the
algorithm for each of its agents in an arbitrary order, i.e., whenever a particle is
activated also its agents are activated. Each agent a is assigned the predecessor
and successor — denoted a.pred and a.succ, respectively — that was determined
by the particle for its corresponding empty sequence. This organizes the set of
all agents into disjoint cycles spanning the boundaries of the particle system (see
Fig.1). As consequence of this approach, a particle can occur up to three times
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on the same boundary as different agents. While we can ignore this property for
most of the remaining phases, it will remain a cause for special consideration in
the solitude verification phase (Sect.2.5).

Fig. 1. Boundaries and agents. Particles are depicted as gray circles and the agents
of a particle are depicted as black dots inside of the corresponding circle. After the
boundary setup phase, the agents form disjoint cycles that span the boundaries of the
particle system. The solid arrows represent the unique outer boundary and the dashed
arrows represent the two inner boundaries.

2.2 Segment Setup

All remaining phases (including this one) operate exclusively on boundaries, and
furthermore execute on each boundary independently. Therefore, we only con-
sider a single boundary for the remainder of the algorithm description. The goal
of the segment setup phase is to divide the boundary into disjoint “segments”.
Each agent flips a fair coin. The agents which flip heads become candidates and
the agents which flip tails become non-candidates. In the following phases, candi-
dates compete for leadership while non-candidates assist the candidates in their
competition. A segment is a maximal sequence of agents (ai,as,...,ax) such
that ap is a candidate, a; is a non-candidate for ¢ > 1, and a; = a;_1.succ for
i > 1. Note that the maximality condition implies that the successor of a; is a
candidate. We refer to the segment starting at a candidate c as c.seg and call it
the segment of c. In the following phases, each candidate uses its segment as a
distributed memory.

2.3 Identifier Setup

After the segments have been set up, each candidate generates a random iden-
tifier by assigning a random digit to each agent in its segment. The candidates
use these identifiers in the next phase to engage in a competition in which all but
one candidate on the boundary are eliminated. Note that the term identifier is
slightly misleading in that two distinct candidates can have the same identifier.
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Nevertheless, we hope that the reader agrees that the way these values are used
makes this term an appropriate choice.

To generate a random identifier, a candidate ¢ sends a token along its segment
in the direction of the boundary. A token is simply a constant-size piece of
information that is passed from one agent to the next by writing it to the memory
of a neighboring particle. While the token traverses the segment, it assigns a
value chosen uniformly at random from [0,r — 1] to each visited agent where
r is a constant that is fixed in the analysis. The identifier generated in this
way is a number with radix r consisting of |c.seg| digits where ¢ holds the most
significant digit and the last agent of c.seg holds the least significant digit. We
refer to the identifier of a candidate ¢ as c.id. The competition in the next phase
of the algorithm is based on comparing identifiers. When comparing identifiers
of different lengths, we define the shorter identifer to be lower than the longer
identifier.

After generating its random identifier, each candidate creates a copy of its
identifier that is stored in reversed digit order in its segment. This step is required
as a preparation for the next phase. To achieve this, we use a single token
that moves back and forth along the segment and copies one digit at a time.
More specifically, we reuse the token described above that generated the random
identifier. Once this token reaches the end of the segment, it starts copying the
identifier by reading the digit of the last agent of the segment and moving to the
beginning of the segment. There, it stores a copy of that digit in the candidate
c. It then reads the digit of ¢ and moves back to the end of the segment where
it stores a copy of that digit in the last agent of the segment. It proceeds in a
similar way with the second and the second to last agent and so on until the
identifier is completely copied. Afterwards, the token moves back to ¢ to inform
the candidate that the identifier setup is complete.

Note that for ease of presentation we deliberately opted for simplicity over
speed when creating a reversed copy of the identifier. As we will show in Sect. 3.2,
the running time of this simple algorithm is dominated by the running time of
the next phase so that the overall asymptotic running time of the leader election
algorithm does not suffer.

2.4 Identifier Comparison

During the identifier comparison phase the agents use their identifiers to compete
with each other. Each candidate compares its own identifier with the identifier of
every other candidate on the boundary. A candidate with the highest identifier
eventually progresses to the solitude verification phase, described in the next
section, while any candidate with a lower identifier withdraws its candidacy. To
achieve the comparison, the non-reversed copies of the identifiers remain stored
in their respective segments while the reversed copies move backwards along
the boundary as a sequence of tokens. More specifically, a digit token is created
for each digit of a reversed identifier. A digit token created by the last agent
of a segment is marked as a delimiter token. Once created, the digit tokens
traverse the boundary against the direction of the cycle spanning it. Each agent
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is allowed to hold at most two tokens at a time, which gives the tokens some
space to move along the boundary. The tokens are not allowed to overtake each
other, so whenever an agent stores two tokens, it keeps track of the order they
were received in and forwards them accordingly. An agent forwards at most one
token per activation. Furthermore, an agent can only receive a token after it
creates its own digit token. We define the token sequence of a candidate c as
the sequence of digit tokens created by the agents in c.seg. Note that according
to the rules for forwarding tokens, the token sequences of distinct candidates
remain separated and the tokens within a token sequence maintain their relative
order along the boundary.

Whenever a token sequence traverses a segment c.seg of a candidate ¢, the
agents in c.seg cooperate with the tokens of the token sequence to compare the
identifier c.id with the identifier stored in the token sequence. This comparison
has three possible outcomes: (i) the token sequence is longer than c.seg or the
lengths are equal and the token sequence stores an identifier that is strictly
greater than c.id, (ii) the token sequence is shorter than c.seg or the lengths are
equal and the token sequence stores an identifier that is strictly smaller than
c.id, or (iii) the lengths are equal and the identifiers are equal. In the first case,
c does not have the highest identifier and withdraws its candidacy. In the second
case, ¢ might be a candidate with the highest identifier and therefore remains a
candidate. Finally, in the third case, ¢ initiates the solitude verification phase,
which is then executed in parallel to the identifier comparison phase. Solitude
verification might be triggered quite frequently, especially for candidates with
short segments; we describe how this is handled in the next section. Due to space
constraints, we omit the exact token passing scheme for identifier comparison
and refer to the full version of this paper [9].

2.5 Solitude Verification

The goal of the solitude verification phase is for a candidate ¢ to check whether it
is the last remaining candidate on its boundary. Solitude verification is triggered
during the identifier comparison phase whenever a candidate detects equality
between its own identifier and the identifier of a token sequence that traversed
its segment. Note that such a token sequence can either be the token sequence
created by c itself or the token sequence created by some other candidate that
generated the same identifier. Once the solitude verification phase is started, it
runs in parallel to the identifier comparison phase and does not interfere with it.
This phase is based on the idea of solitude verification given in [14], but greatly
simplifies many of the original ideas to obtain a more easily understood protocol.

A candidate ¢ can check whether it is the last remaining candidate on its
boundary by determining whether or not the next candidate in direction of the
cycle is c itself. To achieve this, the solitude verification phase has to span not
only c.seg but also all subsequent segments of former candidates that already
withdrew their candidacy during the identifier comparison phase. We refer to
the union of these segments as the extended segment of c. The basic idea of
the algorithm is the following. We treat the edges that connect the agents on



Improved Leader Election for Programmable Matter 135

the boundary as vectors in the two-dimensional Euclidean plane. If ¢ is the last
remaining candidate on its boundary, the vectors corresponding to the directed
edges of the boundary cycle in the extended segment of ¢ and the next edge
(connecting the extended segment of ¢ to the next candidate) sum to the zero
vector, implying that the next candidate and ¢ occupy the same node. To perform
this summation in a local manner, ¢ locally defines a two-dimensional coordinate
system (e.g., by choosing two consecutive ports as the x and y axes, respectively)
and uses two token passing schemes to generate and sum the x and y coordinates
of these vectors in parallel. Again, due to space constraints, the details of this
token passing scheme for summing x or y vector coordinates is detailed in the
full version of this paper [9].

Using the token passing scheme, a candidate ¢ can decide whether the next
candidate along the boundary is itself. However, this is not sufficient to decide
whether ¢ is the last remaining candidate on the boundary. As described in
Sect. 2.1, a particle can occur up to three times as different agents on the same
boundary. Therefore, there can be distinct agents on the same boundary that
occupy the same node of Geq. If an extended segment reaches from one of these
agents to another, the vectors induced by the extended segment sum up to the
zero vector even though there are at least two agents left on the boundary.
To handle this case, each particle assigns a locally unique agent identifier from
{1,2,3} to each of its agents in an arbitrary way. The token passing scheme then
additionally checks that the agent identifier of the last agent in the extended
segment matches that of ¢, ensuring that c is the last remaining candidate on
its boundary.

Finally, we must address the interaction between the solitude verification
phase and the identifier comparison phase. As noted in the previous section,
solitude verification may be triggered quite frequently. Therefore, it may occur
that solitude verification is triggered for a candidate ¢ while c is still performing
a previously triggered execution of solitude verification. In this case, ¢ simply
continues with the already ongoing execution and ignores the request for another
execution. Furthermore, ¢ might be eliminated by the identifier comparison phase
while it is performing solitude verification. In this case, ¢ waits for the ongoing
solitude verification to finish and only then withdraws its candidacy.

2.6 Boundary Identification

Once a candidate ¢ determines that it is the only remaining candidate on its
boundary, it initiates the boundary identification phase to check whether or not
it lies on the unique outer boundary of the particle system. If it lies on the outer
boundary, the particle acting as candidate agent ¢ declares itself the leader. Oth-
erwise, c¢ revokes its candidacy. To achieve this, we make use of the observation
that the outer boundary is oriented clockwise while an inner boundary is ori-
ented counter-clockwise (see Fig. 1), a property resulting directly from the way
the an agent’s predecessor and successor are defined in Sect. 2.1.

A candidate ¢ can distinguish between clockwise and counter-clockwise ori-
ented boundaries using a simple token passing scheme introduced in [14]. It
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sends a token along the boundary that sums up the angles of the turns it takes
according to Fig.2, storing the results in a counter &. When the token returns
to ¢, the absolute value |a| represents the external angle of the polygon induced
by the boundary. It is well known that the external angle of a polygon in the
Euclidean plane is || = 360°. Since the outer boundary is oriented clockwise
and an inner boundary is oriented counter-clockwise, we have ae = 360° for the
outer boundary and o = —360° for an inner boundary. The token can encode
« as an integer k such that a = k- 60°. To distinguish the two possible final
values of k it is sufficient to store k modulo 5 so that we have k = 1 for the outer
boundary and £ = 4 for an inner boundary. Therefore, the token only needs
three bits of memory.

—120° —60° +0 +60° +120° +180°

Fig. 2. Determining the external angle a. The incoming and outgoing arrows represent
the directions in which the token enters and leaves an agent, respectively. Only the angle
between the arrows is relevant; the absolute global direction of the arrows cannot be
detected by the agents since they do not posses a common compass.

3 Analysis

We now turn to the analysis of the leader election algorithm. We first show its
correctness in Sect.3.1 and then analyze its running time in Sect. 3.2. Due to
space constraints, some of the supporting lemmas and their proofs are omitted;
they can be found in the analysis section of the full version of this paper [9].

3.1 Correctness

To show the correctness of the algorithm we must prove that eventually a single
particle irreversibly declares itself to be the leader of the particle system and
no other particle ever declares itself to be the leader. Any agent on an inner
boundary can never cause its particle to become the leader; even if the algo-
rithm reaches the point at which there is exactly one candidate ¢ on some inner
boundary, ¢ will withdraw its candidacy in the boundary identification phase.
Therefore, we can focus exclusively on the behavior of the algorithm on the
unique outer boundary. We focus only on the major theorem here.

Theorem 1. The algorithm solves the leader election problem, w.h.p.

Proof. We must show that eventually a single particle irreversibly declares itself
to be the leader of the particle system and no other particle ever declares itself to
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be the leader. Again, we consider only the agents on the outer boundary as agents
on an inner boundary will never cause their particles to declare themselves as
leaders. Once every particle has finished the boundary setup phase, every agent
has finished the segment setup phase, and every candidate has finished the iden-
tifier setup phase, with high probability® there is a unique candidate ¢* that has
the highest identifier on the outer boundary. Since ¢* has the highest identifier, it
does not withdraw its candidacy during the identifier comparison phase. In con-
trast, every other candidate ¢ # ¢* eventually withdraws its candidacy because
the token sequence of ¢* eventually traverses c.seg. Therefore, such an agent c
cannot cause its particle to become the leader. Once c* is the last remaining
candidate on the outer boundary, it eventually triggers the solitude verification
phase because the token sequence of ¢* eventually traverses c¢*.seg while ¢* is
not already performing solitude verification. After verifying that it is the last
remaining candidate, c* executes the boundary identification phase and deter-
mines that it lies on the outer boundary. It then instructs its particle to declare
itself the leader of the particle system. O

3.2 Running Time

Recall from Sect. 1.3 that the running time of an algorithm for leader election is
defined as the number of asynchronous rounds until a leader is declared. Since
the given algorithm always establishes a leader on the outer boundary, we can
limit our attention to that boundary. Let n be the number of particles in the
system and L be the number of agents on the outer boundary.

The first two phases of the algorithm, namely the boundary setup and seg-
ment setup phases, consist entirely of computations based on local neighborhood
information. Therefore, these phases can be completed instantly by each particle
upon its first activation. Since each particle is activated at least once in every
round, every particle completes these first two phases after a single round. When
an agent becomes a candidate, it initiates the identifier setup phase. We have
the following lemma.

Lemma 1. All candidates on the outer boundary complete the identifier setup
phase after O(log?n) rounds, w.h.p.

After the identifiers have been generated, they are compared in the identifier
comparison phase. In this phase, a set of digit tokens, one for each agent on the
boundary, traverses the boundary against the direction of the cycle spanning it.
Each agent can store at most two tokens. The tokens are not allowed to overtake
each other, so agents maintain the order of the tokens when forwarding them.
Note that a token is never delayed unless it is blocked by tokens in front of it.

3 This w.h.p. guarantee results from there being a small but nonzero probability that
either (a) all agents flip tails and become non-candidates in the segment setup phase,
or (b) more than one candidate generates the same highest identifier in the identifier
setup phase. See [9] for more details.
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Therefore, an agent a forwards a token whenever a.pred can hold an additional
token. Finally, an agent forwards at most one token for each activation.

We define the number of steps a token has taken as the number of times
it’s been forwarded from one agent to the next since its creation. Let T" be the
earliest round such that at its beginning every agent on the outer boundary has
created its digit token. We have the following lemma.

Lemma 2. At the beginning of round T + i for i € N, each digit token on the
outer boundary has taken at least i steps.

Next, the following lemma provides an upper bound on the running time of
the solitude verification phase.

Lemma 3. For an extended segment of length £, the solitude verification phase
takes O(C) rounds.

The boundary identification phase is only executed once a candidate deter-
mines that it is the last remaining candidate on the boundary. The following
lemma provides an upper bound for the running time of this phase.

Lemma 4. The boundary identification phase on the outer boundary takes O(L)
rounds.

Finally, we can show the following runtime bound.

Theorem 2. The algorithm solves the leader election problem in O(L) rounds,
w.h.p.

Theorem 2 specifies the running time of the leader election algorithm in terms
of the number of agents on the outer boundary. Let C be the number of particles
on the outer boundary. Since each particle on the outer boundary corresponds to
at most three agents on the outer boundary, we have that the algorithm solves
the leader election problem in O(C') rounds, w.h.p.. Moreover, the number of
particles on the outer boundary is obviously at most n; thus, the runtime bound
can also be formulated as O(n) rounds, w.h.p.. Note that compared to the O(C)
bound, the O(n) bound is quite pessimistic since the number of particles on the
outer boundary can much lower than n. For example, a solid square of n particles
only has C' = O(y/n) particles on its outer boundary.

4 Conclusion

In this paper we presented a randomized leader election algorithm for pro-
grammable matter which requires O(n) asynchronous rounds with high prob-
ability. The main idea of this algorithm is to use coin flips to set up random
identifiers for each leader candidate in such a way that at least one candidate
has an identifier of logarithmic length, leading to a unique leader w.h.p.. In the
full version of this paper [9], we consider several variants of the leader election
problem and detail how our algorithm can be modified to solve them. These
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variants include allowing particle systems to contain both expanded and con-
tracted particles, enforcing that all particles terminate their executions of the
algorithm (instead of requiring only the leader to terminate), and improving
the with high probability guarantee on electing a leader to a with probability 1
guarantee without changing the O(L), w.h.p. runtime bound.
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Abstract. In this paper a Convergecast Scheduling Problem on a unit
square grid, in each node of which there is a sensor with transmission
distance d which is not less than 3, is considered. For the cases d = 1 and
d = 2, polynomial algorithms, which construct the optimal solution to
the problem, are known. For an arbitrary d, an approximate algorithm is
proposed, the application of which gives an upper bound on the length
of the conflict-free data aggregation schedule, depending on d. We con-
ducted a priori and a posteriori analysis of the accuracy of this algorithm
for various d comparing either with the optimal length of the schedule,
or with a lower bound, the value of which we improved.

Keywords: Wireless sensor networks + Data aggregation
Min-length conflict-free scheduling - Convergecast Scheduling Problem
Grid graph

1 Introduction

The elements of the wireless sensor network (WSN) must regularly transmit the
collected data to the base station (BS). If the collected data is insignificantly
related to a specific sensor, then it is enough to deliver aggregated information to
the BS (e.g. min, max, mean, etc.). It is often assumed that the time of packet
transfer along the edge of the communication graph is one time slot. Sensors, as
usual, share common radio frequency to transmit messages. Therefore, if more
than one transmitter is operating in the receiving area, the receiver cannot get
the data packet intended for it because of such a phenomenon as interference.
This situation is called a conflict or collision. Moreover, in half-dupler commu-
nication systems, the sensor cannot receive and transmit, and also receive more
than one packet at a time. And, finally, for reason of energy saving, each sen-
sor transmits a data packet only once during the data aggregation session. This
means that in the communication network it is necessary to define the spanning
aggregation tree (AT) with the root in the BS along the edges of which the pack-
ets are transmitted [6]. Obviously, any tree node cannot send a packet before
receiving messages from all of its children.

In the Convergecast Scheduling Problem (CSP), it is required to find the AT,
as well as the min-length schedule for the conflict-free aggregation of data [2,7].
© Springer International Publishing AG 2017
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CSP is NP-hard even in the case of a given AT [3]. However, in the case when
the communication graph is represented by a square unit grid, in each node
of which there is a sensor (this is a unit disk graph in the L; metric, which
naturally arises in the construction of regular covers, which use square tiles [9]),
and the transmission distance is 1, the problem is polynomially solvable [5]. In
[3] the case when the transmission distance is greater than 1 is considered and an
approximate algorithm is proposed to construct a feasible conflict-free schedule.
Later it was proved that when a transmission range is 2, the proposed in [3]
algorithm constructs the optimal solution to the CSP on the grid graph [4].

In this paper, we use the Integer Programming Problem (IPP) from [8] to con-
struct optimal schedules for the conflict-free aggregation of data on a grid with
an arbitrary transmission distance and compare it with solutions constructed
by the approximate algorithm. Unfortunately, the IPP can only be solved with
small dimensions, so new lower bounds on the length of the schedule were found.

The rest of the paper is organized as follows. The mathematical formulation
of the problem is given in Sect.2. In Sect.3, a linear graph is considered as
a communication network. A CSP on a square grid is considered in Sect. 4.
Simulation results are presented in Sect. 5, and the paper is concluded in Sect. 6.

2 Problem Formulation

We consider a WSN consisting of stationary sensor nodes with one sink — base
station. We assume correct reception of a message if and only if there is no
simultaneous transmission within proximity of the receiver. We assume that the
interference range is equal to the transmission range. Then the WSN with sink
node 0 can be represented as a graph G = (V| E), where V denotes all the sensor
nodes, and edge (4,j) € E if and only if the distance between the nodes ¢ and j
is within the transmission range.

The CSP considered in this paper is defined as follows. Given a connected
undirected graph G = (V, E) and a sink node 0 € V| find the minimum length
conflict-free schedule of data aggregation from all the vertices of V' \ {0} to 0
under the following conditions:

— at the same time slot any vertex can either receive or send a message;
— each vertex can receive at most one message during one time slot;
— each vertex can send a message only once.

In the next sections we will specify the communication graph as linear graph
or grid graph.

3 Linear Graph

In a linear graph the vertices V' ={0,1,...,n} are on the line and the distance
between the neighbouring vertices ¢ and ¢ + 1, ¢ = 0,...,n — 1, is 1. The edge
between vertices 7 and j exists if and only if the distance |i — j| between them
does not exceed d, where d > 3 is the transmission distance.
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Suppose first that n = Nd, where NN is a positive integer. We call the vertices
with numbers d multiple red, and all others blue. The idea of the algorithm is
as follows. At each time slot, if at least the two most remote vertices are red,
then we send the packet from the outermost red vertex to the left by a distance
d, if this does not lead to a conflict. Then we look for the most remote blue
vertex and send the packet from it to the most remote vertex, the transmission
to which does not lead to a conflict (taking into account the transmissions on
the right). We repeat the last procedure as long as possible. If there are no
valid transmissions, then delete all the vertices from which the packets were
sent, increase the time and repeat the procedure for the remaining vertices. The
pseudocode of the algorithm is given below.

Algorithm A;.
Step 0. Set t =0 and W ={1,...,n}.
Step 1. Set t =¢+ 1 and S = 0. (% S is the set of transmitting vertices)

Step 1.1. If there are no blue vertices left between the two outermost red
vertices of W, then the packet transfer from the outermost red vertex i to the
left by a distance d (to the vertex i — d). Set W = W\ {i} and S = S U {i}.

Step 1.2. Find the outermost blue vertex j € W transmission from which
does not lead to conflicts taking into account transfers from vertices of the set
S. Send the packet from j to the most remote vertex from W, if this does not
lead to a conflict taking into account transfers from the vertices of the set S. If
such node j exists, then set W = W\ {j} and S = S U {j}. If there is no such
vertex j and W # (), then go to Step 1.

Step 2. Aggregation time is Ty (n,d) = t. Stop.

. N N N N
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Fig. 1. Example of conflict-free data aggregation in the linear graph (d = 5). (Color
figure online)

Lemma 1. Ifn= Nd+r, 0 <r <d-—1, then for N > 2 algorithm A; constructs
a feasible schedule of length at most N +d + r.

Proof. Let n = Nd. After the time slot d — 1, one red vertex has already sent
the packet and the outermost red vertex has the number (N — 1)d. It cannot
send a packet at time d — 1. One more additional time slot is needed to provide
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the possibility of transfer to a distance d. We will show that d 4+ 1 time slots are
sufficient for all blue vertices to transmit packets to the nearest red vertices.

In algorithm A; at the first time slot, blue vertices, distances between which
are not less than d, transmit their packets. Assume that the distance between
blue vertices with numbers less than (IV — 1)d, that transmit packets during the
first time round (let’s call these vertices green), is d + 2 or (if the next vertex
is red) d + 3 (Fig.1). Such a change in the set of vertices that transmit at the
first time slot does not reduce the length of the schedule. Therefore, if we prove
a statement for such a slightly modified algorithm, then the statement is true
for the original algorithm.

The elements of each group of blue vertices located between adjacent green
vertices are transmitted in turn, beginning with the rightmost vertex. In each
group there are d vertices. They transmit at 2,3,...,d+ 1, d moments of time.
Therefore, after the (d + 1)-th moment, all the blue vertices will send packets.

If r > 0, then it suffices to add r time slots to obtain the situation described
above.

Lemma 2. If n = Nd, then the length of the conflict-free aggregation schedule
in the linear graph with n nodes cannot be less than N + d — 1, where d is the
transmission distance.

Proof. Assume the opposite, i.e. there is a schedule whose length is less than
N +d—1. Let D be the distance from vertex 0 to the most remote vertex that
did not transmit data during the first d moments in such a schedule.

If D > (N — 1)d, then the vertex D needs at least N — 1 time slots for
transmission, and therefore the length of the schedule cannot be less than N +
d — 1. A contradiction.

If D < (N —1)d, then during d time slots, all d + 1 most remote vertices
must transmit. Therefore, during the first d time slots, the two vertices from the
last d + 1 must transmit the packets simultaneously. But such transfer cannot
be carried out without conflicts. A contradiction.

Remark 1. The lower bound proved in the Lemma2 is tight. In order to verify
this, it is sufficient to refer to Fig. 2.

4 Grid Graph

Suppose that communication graph is given as a square (n + 1) x (m + 1) grid
with unit distance between the neighbour nodes. At each node of grid (z,y),
x=0,1,...,n,y = 0,1,...,m, except the origin (0,0), there is a sensor with
the transmission distance d > 3 in L1 metric.

In this section we describe the novel algorithm, which constructs an approxi-
mate solution to the considered problem on a grid. Also we give an upper bound
on the length of a schedule constructed by the algorithm.
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Fig. 2. An example of the tightness of the lower bound (d = 5). (Color figure online)

To further clarity the exposition, let us color the nodes, whose ordinate
is multiple of d, in red, and let us color the other nodes in blue. Let M =
lm/d|,ry = m — Md. Let the i-th row be the set of nodes which ordinate
equals ¢, where i = 0,...,m. Let the j-th strip stands for the set of rows
(j—1d+1,...,5d, 5 = 1,...,|m/d]. Let us call the distance between rows
tand j,14,7=0,...,m,i # j the value of |i — j|.

The algorithm A, of aggregation on square grid consists of two sequential
stages: vertical aggregation and horizontal aggregation. At the first stage, in ver-
tical aggregation, the data transmission is performed only upward or downward
until the moment when the data from all vertices is transmitted to the elements
of 0-th row. After that, at the second stage, the horizontal aggregation is per-
formed with algorithm A; described above. The algorithm A,, which performs
vertical aggregation, is described below.

For each time slot the algorithm A, chooses the pairs of rows, each pair con-
tains the row of sending vertices (a row-transmitter) and the row of receiving
vertices (a row-receiver). The rows are chosen sequently from top to bottom.
Note, that vertical transmission of a row at larger distance is more preferable,
because in this case more vertices from row-transmitter are able to send simulta-
neously their packets without conflicts. Each time, the highest allowable blue row
is selected as row-transmitter and then the row at largest distance not exceeding
d from it is selected as row-receiver. If there are two candidates for a row-receiver,
then the highest one is chosen. The transmission between the chosen pair of rows
should not lead to a conflict with previously defined transmissions at the same
time slot. The red row is chosen as a row-transmitter only in a case when all
vertices above and d— 1 blue rows below have already sent their packets. Given a
row-transmitter and a row-receiver the method TransmitRow chooses a subset
of vertices to transmit without conflicts. The pseudocodes of the algorithms A,
and TransmitRow (due to lack of space) are presented in Appendix section.

Lemma 3. Ifr, <d-1,ry <d—1, N > 2, and M > 4 all positive integers, then
algorithm Asq constructs a feasible schedule on a grid (Nd+r,+1) x (Md+ry+1)
of length at most M + N +r, +ry + |d?/4] + 2d + max{1, | (d — 1)/2]|} — 2.
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Proof. The length of a schedule constructed by the algorithm Az, on a grid
(Nd+ry +1) x (Md+ry,+ 1) is equal to a sum of the length of a schedule
of vertical aggregation obtained by the A, on a grid (Nd+ r, + 1) x (Md +
ry + 1) and the length of a schedule obtained by the A; on a linear graph with
Nd + r, + 1 nodes. As it follows from Lemma 1, the number of time slots of
horizontal aggregation does not exceed N + r, + d. According to the algorithm
Ay, in each of the first r, time slots the highest row from those, which did not
transmit data yet, transfers data downwards by d units. It remains to prove that
M + |d?/4] +d+max{1, [(d—1)/2]} — 2 time slots are sufficient to transfer the
data to the vertices on the 0-th row from all other vertices.

First, we will prove four propositions. Then we will show that the trueness
of Lemma 3 follows from these propositions.

Proposition 1 [3]. All blue vertices of the M-th strip transmit the data during
the first d + |d?/4] — 1 time slots.

Proposition 2. All blue vertices of the (M —1)-th strip transmit the data during
the first d — 1 time slots.

Proof. The blue vertices of the (M — 1)-th strip are able to transmit the packets
downwards at a distance d without conflicts, while the blue vertices of the M-th
strip transmit their packets up to the Md-th row. According to the Step 1.3
of A,, the blue vertices of the M-th strip transmit upwards during the first
Zi(j;l)/ﬂ t time slots. Let us show that d — 1 < Zt((:d;l)/z] t for any integer
d > 0. Consider two cases:

1. d=20—1:
SRR @ —1) = i 242 =05(1—-1)(1+2) —204+2 =
0212 =151+ 1> 0 VI € (—o0; 1] U [2; +00);

2. d=2l:

N2 (d—1) = S i—2141 = 0.51(14-3)—214+1 = 0.512—0.51+1 > 0
VI € (—o0; +00).

In both cases, the inequality d — 1 < ZI(:d;r D721 holds for any integer value
of d.

Proposition 3. All blue vertices of the (M —2)-th strip transmit the data during
the first d + |d?/4] + [(d — 1)/2] — 2 time slots.

Proof. According to Proposition 2, during the first d—1 time slots all blue vertices
of the (M — 1)-th strip transmit their packets downwards to the blue vertices
of the (M — 2)-th strip at the distance d. At the time slot ¢ (1 <t < d —1)
the (M — 2)d — t)-th row of the (M — 2)-th strip receive packets from the
((M — 1)d — t)-th row of the (M — 1)-th strip. At the same time slot either
((M —2)d —t — 1)-th row of the (M — 3)-th strip (when ¢ < d — 1) or the
((M — 4)d — 1)-th row of the (M — 4)-th strip (when ¢ = d — 1) transmits its
packets downwards. This process is shown in Fig. 3 (the vertices, which already
sent their packets, are marked grey).
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After the end of the (d — 1)-th time slot all blue vertices of the (M — 1)-th
strip and all blue vertices of the (M — 3)-th strip, except the row (M —3)d—1),
have already sent their data, unlike the vertices of (M — 2)-th strip and the
((M —3)d—1)-th row. As it is shown in Fig. 4, during the next th(:dl—l)/ﬂ t time
slots the highest [(d — 1)/2] rows of the (M — 2)-th strip transmit their packets
downwards to the row ((M —3)d—1). After that the remained |(d—1)/2] rows of
the (M —2)-th strip transmit their packets upwards to the (M —2)-th row during
the next Zi(:d;l)/zHlt time slots. In total, all blue vertices of the (M — 2)-th

. . . . B [(d—1)/2] [(d=1)/2]+1,
strip transmit their packets during the first d—145 ", 4y i t=
d+ |d*/4] + |(d—1)/2] — 2 time slots.
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Fig. 3. Vertical data aggregation during the first d—1 time slots on the highest 4 strips
in the grid graph with transmission range d. (Color figure online)

Proposition 4. All blue vertices below the (M — 2)-th strip transmit the data
during the first d + |d?/4| + [(d —1)/2] + 1 time slots.

Proof. In order to facilitate understanding of this proof, the reader is referred
to the Fig. 5 where the illustration of vertical aggregation on a grid with d = 4
and M = 8 is presented. As it is shown above, all the vertices of (M — 3)-th row
transmit their packets earlier than the vertices of (M — 2)-th row, i.e., within
d+ |d?/4] + |(d —1)/2] — 2 time slots. Let us prove that the vertices below the
(M — 3)-th strip transmit the data during the first d + |d?/4] + [(d —1)/2] + 1
time slots. At the first time slot the data transmission below the (M — 3)-th
strip is performed in the following regular way. The row ¢ transmits the packets
downwards to the row i —d, the row j = i —2d — 1 transmits the packets upwards
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Fig. 4. Vertical data aggregation on the (M — 2)-th strip of the grid graph with trans-
mission range d. (Color figure online)

at the distance d (or j = i —2d—2 if i —2d — 1-th row is red), the highest blue row
below j transmits downwards at the distance d and so on. Note, that all rows
transmitting data at the first time slot can be divided into pairs in such way
that there is either one red row or no any rows between the elements of a pair,
and there is exactly 2d — 2 blue rows and 2 or 3 red rows between neighboring
pairs. The distance between two neighboring transmitting pairs of rows is either
2d+1 or 2d + 2.

The highest pair of rows, which transmit the packets at the first time slot
below the (M — 3)-th strip, consists of rows (M — 3)d — 2 and (M — 3)d — 3,
because the row (M — 1)d — 1 transmits the packets to the row (M — 2)d — 1.
If d > 3, then at the second time slot the two highest blue rows below the
((M —3)d — 3)-th row transmit their packets at the distance d (one — upwards,
another — downwards), and all the rows below (maybe except one row in the
first strip) transmit the data by pairs at the distance d. If d > 5 then the data
transmission at the third time slot is performed in a similar way again. Note, that
the rows below the (M — 3)-th strip transmit the data in mentioned way during
the first [(d — 1)/2] time slots, because in that period there exist a guaranteed
receivers at the distance d for all transmitting vertices. Notice that after the
[(d —1)/2]-th time slot all the blue rows, which did not transmit packets yet,
can be grouped in such way that each group contains either d or d+ 1 sequential
blue rows (depending on the parity of d), and the distance between two groups is
greater than d. Obviously, elements in one group are not able to receive a packet
from elements of another group. Next, the highest rows of each group transmit
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the packets downwards at the distance d while the number of blue rows in group
exceeds d — 1 — this is done by at maximum 2 time slots.
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Fig. 5. Example of conflict-free vertical data aggregation in the grid graph (d = 4).
(Color figure online)

It remains only to show that duration of data transmission of the remaining
d — 1 rows in a group does not exceed d + [d?/4] — 1 time slots. In a worst
case, at first, the highest [(d — 1)/2] blue rows transmit the data downwards
to the lowest row of a group. Note that in this case the packet can be sent
downwards only if the receiver is red or if there exists one red row between
the transmitter and receiver, because otherwise transmission to the red row is
preferable. Therefore, the highest [(d — 1)/2] blue rows transmit their packets
not longer than Z,[(:d;l)/ 21t time slots. After that the remaining |(d — 1)/2]
blue rows sequentially transmit data to the most remote red row. Notice that
the conflicts with other groups are not possible at this step. Therefore, the
remaining |[(d — 1)/2] rows transmit their packets not longer that Z}(:d;r D721y
time slots. We have Ztr(:d;l)/ﬂ t+ Ztl(:d;_l)/ﬁ t=d+ [d*/4] — 1.

In total, the duration of data transmission from all blue rows below the
(M — 2)-th strip can not exceed [(d—1)/2] +2+d+ |d?/4] —1=d+ |d*/4] +
[(d=1)/2] +1.

Let us return to the proof of the Lemma 3. Note that each red row transmits
data downward at the distance d as soon as all rows above and d — 1 blue rows
below have already transmitted their packets. Therefore, the upper bound of a
schedule length obtained by the algorithm A, is maximum of the next three
values:
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(1) M +d+ [d?*/4] — 1 (this estimate follows from Proposition 1)
(2) M +d+ |d?/4] + [(d—1)/2] — 2 (this estimate follows from Proposition 3)
(3) M +d+ |d?/4] + [(d—1)/2] — 3 (this estimate follows from Proposition 4)

Remark 2. In [3] the less accurate upper bound for the minimum length of a
convergecast schedule on a square grid is found for the case when r, = r, = 0.
The upper bound obtained above in Lemma3 is less than the previous upper
bound from [3] by min{d, [(d — 1)/2] + 2}.

5 Simulation

All the proposed algorithms have been implemented in C++ using the Visual
Studio Integrated Development Environment. We have run a simulation in order
to compare the solutions obtained by the proposed algorithms with optimal solu-
tions or, in cases when an optimal solution is not known, to check the proximity
of the objective to the upper and lower bounds. We used CPLEX with IP for-
mulation from [8] to obtain an optimal solution. In Table1 the results of the
experiment on linear graph are presented. The values marked italic stand for
the cases when CPLEX failed to find an optimal solution within 1000s, and the
best feasible solution was taken. The two useful points should be noticed: (a)

Table 1. The length of a schedule obtained by A; on a linear graph with n+ 1 vertices
compared with CPLEX solution, lower and upper bounds.

n |d=3 d=4 d=5 d=6

CPLEX | 4, |LB|UB|CPLEX| 4, |LB|UB|CPLEX | 4, |LB|UB|CPLEX | 4, |LB|UB
2| 2 2 |- |22 2 - |22 2 |- | 2] 2 2 - |2
3|3 313 |43 3 - | 33 3 1- 133 3 - |3
4 4 4 |- | 5|4 414 | 5 4 4 |- |44 4 |- | 4
5| 4 5 - | 65 5 - | 6|5 515 | 65 5 - |5
6| 4 414 5|5 6 |- | 716 6 |- | 76 6 |6 | 7
715 5 - |65 6 |- | 8|6 70- 187 7 - |8
8|5 6 |- | 75 55 | 6|6 70- 97 8 |- |9
9| 6 6 |5 | 6 6 6 |- | 716 7 - |10 |7 8 |- |10
10| 6 6 |- | 76 7 - | 816 6 16 |7 7 8 |- |11
11 6 7 - |87 7 - | 9|7 7 - |87 8 |- |12
127 716 |77 706 | 7|7 8 |- |9 7 707
13| 7 70- 187 8 |- | 818 8 |- |10 | 8 8 |-
14| 7 8 |- | 910 8 |- | 918 8§ |- |11 | 8 9 |- |10
15 | 8 8 |7 | 8 8 g8 |- |10 |- 8 |7 10 9 |- |11
16 | 8 8 |- | 98 8 |7 | 8 - 9 |- 9 9 |- |12
17 | 10 9 |- |10 | 8 9 |- |9 - 9 |- |10 |14 9 |- |13
18 | 138 9 /8 |99 9 |- |10 |- 9 |- |11 |13 9 18 |9
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in cases when n = Nd algorithm A; always yielded an optimal solution; (b) in
cases when n = Nd and N < 2 the objective of optimal solution equals to the
lower bound N + d — 1, but in cases when n = Nd and N > 2 the objective of
optimal solution equals to the upper bound N + d. We believe that these two
properties hold for any integer N > 1 and d > 3, but unfortunately we could
not prove this theoretically.

Table 2 represents the results of Ay, on a square compared with the upper
bound which equals to the sum of the upper bounds of 4; and A,. Unfortunately
the optimal solutions are not known for these cases because CPLEX failed to
solve the problem on a square in acceptable time. The rather good lower bounds

Table 2. The length of a schedule obtained by A, on a grid graph with (n+1) x (n+1)
vertices compared with upper bound.

n 101112 /1314|1516 1718 /19|20|21|22|23/24|25|26|27|28|2930
d=3|Asq|15|17|15|16 |18 17|18 |20|19|20|22|21|22|24|23|24|26|25|26| 28|27
UB |- |- [15|17|19 /1719|2119 /21 23|21|23|25/23|25|27|25|27 /29|27
d=4]Asg[20{21|19|20|22|23|19|20|22|23|21|22|24|25|23|24|26|27|25|26|28
UB |- |- |- |- |- |- [19]21]23/25/21|23|25|27/23|25|27|29 |25 /27|29
d=5|Asq|23[25|27/29|29|24|25|27|28|29|24|25|27|28|2926|27|29|30|31|28
UB |- |- |- |- |- |- |- |- |- |- 124/26|28|30/32|26|28|30|32 34|28
d=16|Asq|27|28|28|30|32|33|34|35/30|31|33|34|35|36|2930|32|33|34|35|31
UB |- |- |- |- |- |- |- |- |- |- |- |- |- |- 129/31/33|35|37 /39|31
80
75
70
]
=
<
>
.§65 —Asq
2 —UB
=
©
60
55
50
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d

Fig. 6. Objective of solution obtained by the algorithm A,, compared with upper
bound for the CSP on a square grid 101 x 101 with different d. (Color figure online)



152 A. Erzin and R. Plotnikov

are not known as well: the best one is (n+m)/d+d+1 which is rather far from the
upper bound. The upper bounds were calculated for the cases when n = Nd+r
and N > 4 because of the conditions of Lemma 3. It should be noticed, that the
upper bound appeared to be tight for the cases when n is multiple of d. In Fig. 6
the objectives obtained by the algorithm A, and the upper bounds for a case
when n = m = 100 in dependency of d are presented. The length of obtained
schedule is minimum when d = 5. If n = m = 1000, then the minimum schedule
length is 248, when d = 13. In the general case, the function of the upper bound
of length of the schedule, depending on d, is convex.

6 Conclusion

In this paper, we present a new algorithm for approximate solution of the conflict-
free convergecast scheduling problem on a unit square grid. We found a guar-
anteed upper and lower bounds on objective value in linear case and an upper
bound in general case. The experiment showed, that the proposed algorithm
allows to obtain an optimal solution on a linear graph in cases when the number
of nodes except the base station is multiple of the transmission distance. Also,
according to the experiment results, the obtained upper bound in general case
is tight.

In general, CSP is NP-hard even when the aggregation tree is given [3]. We
have considered a special case of the problem that is interesting not only from
the theoretical point of view, but can also be used to assess the quality of the
functioning of the WSN. For example, in regular covers, the sensors are located
at the vertices of a regular grid, each cell (tile) of which is either a triangle, a
square, or a hexagon [9]. When the sensors are placed arbitrarily, each sensor
can be assigned to one of the grid nodes. This will make it possible to select
the transmission distance and estimate the data aggregation time in the original
sensor network [1].

In future we plan to define a rather accurate lower bound for vertical aggre-
gation in order to estimate quality of the proposed algorithm. Also we plan to
implement and run the best of known heuristics for the conflict-free convergecast
scheduling problem and compare them with our approach.
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istry of Science and Education of the Russian Federation under the 5-100 Excellence
Programme. The research of R. Plotnikov is partly supported by the Russian Founda-
tion for Basic Research (grant 16-37-60006).

A Appendix

Algorithm A,.
Step 0. Set t =0, W ={0,...,n}™, S = (. (% W is arrays of vertices which
did not transmit data yet, grouped by rows, S is a schedule stored as an array
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of arrays of pairs of vertices: each pair contains the sender and the receiver, the
number of the array where the pair is placed stands for the time slot)

Step 1. Set s = max{i : W[i] # 0}.

If s = 0 then Stop. The vertical aggregation schedule is S = {Sy,...,S:}. The
length of the schedule is t;

Set t =t + 1; Set S; = 0;

Step 1.1. If s > Md, then set S; = TransmitRow(W,s,s — d), set
Sy = S U S} and go to Step 1. Otherwise, go to Step 1.2.

Step 1.2. If s > 0, s is multiple of d and each element from
{Ws—ds1,-..,Ws_1} is empty, then set S; = TransmitRow(W,s,s — d), set
St =S¢ U S} and go to Step 1.4. Otherwise, go to Step 1.3.

Step 1.3. If s > (M — 1)d, then do the following.

Set s = min{i:i> (M —1)d and W; # 0};

Set r=Mifs— (M —1) < [(d—1)/2] or set r = M — 1 otherwise;
Set S§ = TransmitRow(W, s, r);

Set St :StUS;;

Set Sprev = 55

Set s = min{s — 1,7 —d — 1};

Step 1.4. While s > 0 do the following.

If the s-th row is red or Wy is empty, then set s = s — 1 and go to Step
1.4.

Find the most remote blue row 7 from the row s, such that |s—r| < d+1,
7 < Sprey — d and W, is not empty. If there are two appropriate rows, then take
the maximum of them. If there is no any appropriate row, then set s = s — 1
and go to Step 1.4.

Set S§ = TransmitRow(W, s, s — d);

Set St :StUSf;

Set Sprev = 85

Set s = min{s — 1,7 —d — 1};

Algorithm TransmitRow(W,s,r).

Set p=0; A=10;

while p < n do
Add a pair of vertices (Wsp,s), (Wsp, 7)) to A;
Set Pnexst =D + 1;

while ppe.: < n and W —Wsp<d+1—|s—r|do

sPnext
p=p+1
Set Wy = Wi \ W p;
Set p = Pneawt;

return A.
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Abstract. We consider the filling problem, in which autonomous mobile
robots enter a connected orthogonal area from several entry points
and have to disperse in order to reach full coverage. The entry points
are called doors. The area is decomposed into cells. The robots are
autonomous, anonymous, they have a limited visibility range of one unit,
and do not use explicit communication. Collision of the robots is not
allowed. First we describe an algorithm solving the filling problem for
the single door case in O(n) time steps in the synchronous model, where
n is the number of cells in the area. This algorithm is optimal in terms
of visibility range, and asymptotically optimal in running time and size
of persistent memory used by the robots. Moreover, we show that our
algorithm solves the multiple door filling problem in O(n) time, as well.
For the multiple door case, our algorithm is asymptotically worst-case
optimal, and its running time is at most k times the running time of the
optimal algorithm for any input, where k is the number of doors.

1 Introduction

In swarm robotics a huge number of simple, cheap, tiny robots can perform com-
plex tasks collectively. The greatest advantages of such systems are scalability,
reliability, and fault tolerance. Contrary to a single-robot system, which requires
complex, expensive hardware and software components with redundancy, the
same attributes can be achieved by simply adding more robots to a multi-robot
system. In case of mobile robots, the spatial distribution of the robots has huge
advantage in problems related to exploration, coverage, demining, toxic waste
cleanup, etc. In this paper we study the uniform dispersal (or filling) of syn-
chronous robots in an unknown, connected area.

The area is decomposed into cells and the robots are injected one by one into
the area through an entry point, which is called the door. The robots have to
reach full coverage by occupying all cells. This problem is called filling, and was
introduced by Hsiang et al. [5]. When more than one door is present in the area
the problem is called multiple door filling or k-door filling.

© Springer International Publishing AG 2017
A. Fernandez Anta et al. (Eds.): ALGOSENSORS 2017, LNCS 10718, pp. 155-167, 2017.
https://doi.org/10.1007/978-3-319-72751-6_12
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In [5] the goal was to achieve a rapid filling, minimizing the make-span (time
to reach full coverage) of the algorithm. Their solution required 2n — 1 cycles to
reach full coverage, where n was the number of cells in the area.

Barrameda et al. [1] investigated the minimum hardware requirements and
the possibilities of solving the filling problem by robots with constant visibility
radius, communication range, and constant number of bits of persistent memory.

The algorithms in [1,2,5] used the Leader-Follower method, where one robot
is elected as a leader and the rest of the robots follow it until the leader is
blocked, then the leadership is transferred to another robot. The leader-follower
method results in a DFS-like dispersion in the area. Collisions are prevented
through the property that the leader explores new cells (cells that were never
visited before) and the followers simply moving towards their predecessor (the
robot they are following).

In case of the multiple door filling problem the robots enter through multiple
doors and there are several leaders in the area. In [1] the robots were colored
according to the door they entered, and the robots required to have their color
visible to other robots within the visibility range. In [3] Das et al. showed that
allowing visible colors or lights yields a more powerful computational model than
allowing infinite visibility range but no lights.

In this paper a fundamental question is, whether it is possible to reduce the
hardware requirements of the robots and still fill an unknown connected orthog-
onal area, even in presence of holes, and maintain O(n) runtime. These hardware
requirements are: visibility range, size of persistent memory, and avoidance of
explicit communication and the usage of lights.

1.1 Our Contribution

We present a method for filling an unknown, connected orthogonal region S
consisting of |S| = n square shaped cells by a set of n autonomous anonymous
robots with a visibility radius of 1 hop in O(n) time in the synchronous compu-
tational model. The robots require O(1) bits of persistent memory and cannot
communicate (they do not use explicit communication, nor colors or lights). The
only precondition is that they require a common coordinate system.

First, we consider the single door case, and present an algorithm which solves
the problem without collisions and terminates in O(n) time. Then, we show that
the presented approach solves both the single door and multiple door filling
problem in orthogonal areas.

Regarding this model our algorithm is optimal in terms of visibility range
and asymptotically optimal in the size of the memory. Moreover, it is asymptot-
ically optimal in running time in the single door case, asymptotically worst-case
optimal in the multiple door case, and its running time is at most & times the run-
ning time of the optimal algorithm for any input. The optimality regarding the
visibility range follows from the fact that with a visibility range less than 1 the
robots cannot even distinguish between occupied and unoccupied neighboring
cells. The asymptotic optimality of the memory size O(1) follows from the result
by Barrameda et al. [1]; they proved that oblivious (memoryless) robots cannot
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deterministically solve the problem. The asymptotic optimality of the running
time O(n) follows from the fact that we can place one robot per round in the
single door case and n robots must be placed. For the asymptotically worst-case
optimality for the k-door case, we show inputs where almost all robots must pass
through a single cell to get into a large component of the area. This single cell
behaves similarly to a single door, and the dispersion must take £2(n) time.

Organization: In Sect.2 we define our model. In Sect.3 we present previous
results on the filling problem and related problems. Then in Sect.4 we describe
and analyze our algorithm for the single door and for the multiple door cases.
Finally, Sect.5 summarizes the paper.

2 Model

We are given an orthogonal area, i.e. polygonal with sides either parallel or per-
pendicular to one another, which is decomposed into equal sized, square shaped
cells (see [2]). The size of each cell allows only one robot to occupy it at any
given time. Each cell has at most four adjacent cells in fixed directions: North,
South, East, and West.

The robots’ actions are divided into three phases: Look, Compute, and Mowve.
During the Look phase, the robots take a snapshot of their surroundings, in the
Compute phase they perform their computations (e.g. which action should they
perform), and during the Move phase they move there. This is called the Look-
Compute-Move (LCM) model, which is commonly used in distributed robotics.

When the robots perform their LCM cycles at the same time, the model
is called fully synchronous (FSYNC). In the FSYNC model, each robot takes
snapshots at the same time, compute, and move at the same time based on a
global tick.

The robots are anonymous, i.e. they cannot distinguish each other, and are
equipped with limited hardware. They have a visibility range of 1 hop, i.e. each
robot can ’see’ only the cells which they are occupying and the cells adjacent to
it. In one LCM cycle a robot can move to one of its neighboring cells or stay
at place. The robots are silent, i.e. they cannot communicate at all. They are
finite-state robots, i.e. they have a constant number of bits of persistent memory.
The robots have a common notion of North, South, East, and West.

The entry points, called doors are always occupied by a robot. Whenever a
robot moves from a door cell, a new one is placed there. The doors cannot be
distinguished from other cells by the robots, moreover, the robots do not know
which door they used to enter the area.

3 Related Work

Hsiang et al. [5] investigated the make-span (i.e. the time to reach full coverage)
of filling of a connected orthogonal region measured in rounds. They assumed
that robots have a limited ability to communicate with nearby robots, i.e. a
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robot is able to exchange a constant-size message. They proposed two solutions,
BFLF and DFLF, both modeling generally known algorithms: BFS and DFS. In
DFLF, the method maintained a distance of 2 hops between the robot and its
successor. As a consequence the method only required visibility range of 2 hops.
However, the robots had to be able to detect the orientation of each other.

Barrameda et al. [1] assumed common top-down and left-right directions for
the robots and showed that robots with visibility range of 1 hop and 2 bits of
persistent memory can solve the problem in an orthogonal area if the area does
not contain holes, without using explicit communication. Holes are cells in the
area which cannot be occupied by robots (e.g. obstacles).

In [2] Barrameda et al. presented two methods for filling an unknown orthog-
onal area in presence of obstacles (holes). Their first method, called TALK,
requires a visibility range of 1 hop if the robots have explicit communication.
The other method, called MUTE, do not use explicit communication between
the robots, but it requires visibility range of 6. Both methods need O(1) bits of
persistent memory.

For the multiple door case, in [1] a method, called MULTIPLE, has been
presented. It solves the problem for robots with visibility range of 2 hops, no
explicit communication and a O(1) bits of persistent memory. In this solution
the doors are colored with different colors and the robots are colored according
to the door they enter. The color of the robots is visible to other robots within
the visibility range.

A summary of these previous results and a comparison to our contribution
is presented in Table 1.

Table 1. Summary of the requirements of Filling algorithms.

Method Visibility Comm. range | Memory (bits) | Area

range (hops)® | (hops)®
DFLF [5] 2 2 2 Arbitrary
TALK [2] 2 2 4 Orthogonal
MUTE [2] 6 0 9 Orthogonal
MULTIPLE [1] |3 0 4 Orthogonal
Our method: (here)
Single door 1 0 13 bits Orthogonal
Multiple doors | 1 0 13 bits Orthogonal

*In [2], grid cells sharing a common edge or a common corner with the current cell ¢
of the robot are assumed within the visibility range of the robot. In our model a cell
sharing only one corner with ¢ has a hop distance of two. Thus, it is outside of the
visibility range. Only the cells sharing a common edge have hop distance of one.

In [6] a related problem, the pattern formation problem has been investigated
in the FSYNC model. In the pattern formation problem n robots are placed
arbitrarily in the 2 dimensional grid and they have to form a given connected
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pattern F', known for all robots. In [6] a common coordinate system for the robots
has been assumed. The presented solution requires no explicit communication,
a visibility range of 2 hops, and 2 bits of persistent memory. The robots are
gathered in a certain point. They reach this point one-by-one and then start
to traverse a spanning tree of F' and fill the tree by this traversal. The pattern
formation algorithm needs O(|F| + d) rounds, where d is the diameter of the
initial configuration. Only considering the filling phase of this algorithm, it needs
O(|F|) rounds.

For an excellent overview of distributed mobile robotics, we refer to the book
by Flocchini et al. [4].

4 Method

In this section we describe the algorithm for the filling problem, i.e. we define
the states and state-transitions of the robots. Then we prove that the algorithm
solves both the single door and multiple door filling problem without collisions.

4.1 Concept

Our algorithm is based on the leader-follower approach, which means a certain
robot is the leader while the rest are following it. This is a common approach to
eliminate collisions, as the leader is the only robot which is capable of moving
to cells, that were never occupied before. Such cells are called free cells. Each
follower has a predecessor which is the robot it is following during the dispersion,
and each robot, except the one at the door, has a successor which follows it.

Each robot stores its state, which can be one of the following: None, Leader,
Follower, Stopped. The state of the robot is not visible for other robots. The
transitions between these states are shown in Fig. 1. The robots placed at the
door are initialized with None state. They can switch to either Leader or Follower
state. In Follower state, the robot can switch to Leader state if and only if its
predecessor was the Leader and that Leader switched to Stopped state. This
ensures that the number of Leaders does not increase.

The robots repeatedly perform their LCM cycles. We label each cycle with
a direction and call it a step. There are four possible directions: North, East,
West, South; the steps are labeled correspondingly N-step, E-step, S-step, W-
step. In each step the robots can only move toward the cell in the corresponding
direction. A round is a sequence of four consecutive steps starting with an N-
step, followed by an E-step, followed by an S-step, ending with a W-step (see
Fig.2). The rounds and the steps start synchronously at the robots.

After a robot r is placed, in the first round (and then in every odd round) it
always observes its surroundings, then it can only move during the second round
(and during every even round), irrespective of its current state. Note: odd and
even rounds are relative to the starting round for r.
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(has a robot to follow) predecessor did not move)

(no robot to follow (cannot move)
Leader —> Stopped

start —

Fig. 1. States and state-transitions of the robots. The edges are labeled with the con-
dition for the transition.

Ry Ro Rs

S1 52 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12

N-step E-step S-step W-step| N-step E-step S-step W-step| N-step E-step S-step W-step

Fig. 2. The structure of the rounds. Three rounds (denoted by Ri, R2, Rs), each
consists of four consecutive steps in fixed order: step s; is an N-step, s2 is an E-step
and so forth.

Our algorithm mimics a DFS exploration of the unknown region simultane-
ously started from the doors. A current Leader defines a path in the DFS tree
from the root (door) it entered, which path is traversed by it. When the Leader
switches to Stopped state it is in a leaf of the DFS-tree. The Follower robots
will fill the path segment between the last branch vertex and the Leader (in the
leaf). Then the leadership transfers backwards until we reach a branch vertex.
Then the robot on that branch vertex becomes a new Leader and traverses to the
next branch. As the destination selection is deterministic, the robots on branch
vertices are checking the neighbors in the same order, even without the explicit

S1 S2 S3 Sq S1 S2 S3 S4

N-step E-step S-step W-step N-step E-step S-step W-step

Fig. 3. Robot r following r’.
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knowledge of the DFS-trees, or if the predecessor becomes Stopped. Therefore,
they will move in the direction of the first free branch.

The main difficulty to realize this concept is that it must be ensured during
the algorithm that the Leaders are able to determine which neighboring cells
are free and the Followers must know where their predecessors are, despite the
fact that the predecessors can be outside of the 1 hop visibility range. Now we
describe the exact behavior of the robots in the different states.

Stopped: If a robot r is in Stopped state it does not move anymore. Other
robots will treat it like it would be an obstacle.

Follower: If a robot r is a Follower it follows its predecessor r’ until r’ stops
for two consecutive rounds (7’ is not able to move in its even round). Then the
leadership will be transfered from 7’ to r. In the odd rounds of r it checks the
occupancy of the cell where its predecessor is. When r takes a snapshot in the
Look phase in its odd rounds it always sees its predecessor in the N-step. If r’
moves in a certain step, then r will not see r’ in the next step. E.g., if 7/ moves
to north in the N-step, then after the Look phase of the E-step r does not see 7/,
but it knows that 7’ moved to the north. Therefore, r knows where 7’ is, even if
the distance between them is 2 and r does not have 7’ in its visibility range. In
the next round r occupies the former cell of v’ and r’ becomes visible again. In
every even round r moves toward its predecessor, occupying the previous cell of
r’ in the step corresponding to the direction r moves. As a result, the successor
of r also knows which direction r moves to and follows 7.

There might be a case during the odd round of r, that 7’ does not move
in that round. It is only possible if ' does not have any cells it can move to,
either because it is surrounded by obstacles or other robots. It implies that 7’
switches to Stopped state and r can switch to Leader state after this round
(more precisely, after the Look phase of the N-step of the next round, when r
recognizes that 7 did not move in the odd round of r). We refer to this event
as the transfer of the leadership. It guarantees that r can only switch to Leader
state after its predecessor r’ switched to Stopped state. Therefore, the invariant
that there can only be one Leader at any time (or k Leaders in the multiply door
case) is fulfilled. Note: r switches to Leader state only in the N-step of its even
round. Then in that round r performs the actions of robots in Leader state.

Leader: If r is a Leader it moves to a free cell in every second (even) round.
In each step of every odd round r checks each of its neighboring cells if it is
occupied. Occupied cells can not be free and they can be excluded from the set
of potential moving directions in the next (even) round. In the next (even) round
in each step r checks the neighboring cell ¢ corresponding to the direction of the
step again. If ¢ is unoccupied and it has been unoccupied in the previous (odd)
round, 7 moves to ¢ and r does not check the remaining directions in that round.
If r cannot move in any direction it switches to Stopped state and terminates
its actions. Note: r can switch to Stopped state in the same round it switched
to Leader state.
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None: After r has been placed at a door in round R;, its initial state is None.
It only has to know, which step is currently performed by the system, i.e. an N-,
E-, S-, or W-step. If the current step is an N-step and no robots are visible, then
r is the first robot placed at that door and it has to switch to Leader state. In
every other scenario, its predecessor robot 7’ is in the direction corresponding
to the previous step, e.g., if the current step is an E-step then the predecessor
r’ leaved in the previous step, which is an N-step. Therefore, it must be in the
northern neighbor cell. Let R;; be the round in which 7/ has moved from the
door. Note that i/ = ¢ — 1 if r is placed in an N-step, and i’ = ¢ otherwise. If
1/ = i then round R; is a shortened round for the newly placed robot r and r
does not perform any actions in this round. Then the first round of r starts with
the next N-step.

As the predecessor 1’ of the newly placed robot r has moved during round
R/, round R; 5 is the next even round for 7/ (i.e. the next round r’ moves). We
have to ensure that R; ;o will be an odd round round for r. Therefore, the only
action r performs in R; 41 is switching in Follower state at the end of the round.
The first round when r performs its actions is R;/yo, which is an odd round for
r, and it acts as a Follower. Note: in R; 13, robot  can switch to Leader state
if it recognizes that r’ is in Stopped state, and r can switch even to Stopped if
r cannot find any free cells.

4.2 Single Door Case

First, we show that the described algorithm fills the area without collisions in
the case, when the robots are entering in a single door.

Lemma 1. No collisions can occur during the dispersion.

Proof. In each step each cell can only be occupied from one sole direction. Even
if two robots would move to the same cell during the same round, only one will
move there, depending on the direction it wants to enter. O

Lemma 2. During each step each Follower knows where its predecessor is.

Proof. Consider a Follower r. Let v’ be its predecessor. Based on the timing of
the movement, i.e. in which step 7/ moved, r knows the target cell of . With
other words, when a robot r sees its predecessor r’ on cell ¢ during step s;,
but if r detects ¢ is unoccupied in s;y1, it implies that v’ has moved during s;.
The robot ' can only move to one direction which corresponds to the direction
of s;. Consequently, after the Look phase of s;;1 the robot r knows where its
predecessor 1’ is, even if 7’ is outside of its visibility range. In the next round r
moves to ¢ and 7’ becomes visible again.

The argument above does not apply when r’ moves from the door, as r has
not been placed yet. However, r knows, in which step it has been placed. Let s;
be the step in which 7’ has moved from the door and s;;1 the step, in which r
has been placed. Then 7’ had to move in the direction corresponding to step s;.
Therefore, r knows where 7’ is. O
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Lemma 3. The Leader only moves to free cells.

Proof. The leader has to move to free cells to increase the coverage with each
of its movement and to prevent infinite loops. Based on one single snapshot the
Leader r can only distinguish between occupied and unoccupied cells. Let R;
be the round in which r has moved (its even round), then R;y; will be its odd
round. In R;;q, if a neighboring cell is occupied at any time during R;y1, r
recognizes it as not being free. In the next (even) round R;;o in each step r
checks the neighboring cell ¢ corresponding to the direction of the step again. If
¢ is unoccupied and it has been unoccupied in the previous round, r recognizes
c as a free cell and moves to c. Then r does not check the remaining directions
in that round.

o0 Q- 0 00

a) b) c)

Fig. 4. A non-free cell ¢ and its neighborhood in three consecutive rounds.

Assume r would like to determine whether a neighboring cell ¢ is free in R;,
and assume c is not a free cell. There are two cases: ¢ contains a robot at the
beginning of R; (Fig.4(a) and (c)) or not. If ¢ is occupied, then r recognizes it as
not being free and will not try to move there. If ¢ is unoccupied at the beginning
of R; and it is not a free cell (Fig. 4(b)), there was a robot 7’ in ¢ at the beginning
of R;_1 and moved from it to a neighbor of ¢ which is not visible by r. Then,
r"" (the successor of r') will enter ¢ in R; to follow r’. At the beginning of the
next round (R;41), ¢ will be occupied by r” (as in Fig. 4(c)) and r will not move
there.

As aresult two consecutive rounds, R; and R;1, are sufficient for r to identify
c as a non-free cell. In other case, c is identified as a free cell and r can move to
cin Ri+1‘ O

Lemma 4. At most one Leader is present in the area.

Proof. Recall the event transfer of the leadership. The Leader r switches to
Stopped state during R;. Its successor 1’ can only switch to Leader state once
it has detected that r is in Stopped state, which will be in the first step
of Ri+1. O

Lemma 5. The proposed method fills the area.



164 A. Hideg and T. Lukovszki

Proof. For contradiction, assume a cell ¢ is left unoccupied after the algorithm
is terminated. There are two cases: (i) ¢ is unoccupied but not free (some robots
visited ¢ already but ¢ left it unoccupied), (ii) c is a free cell.

For (i), assume 7 is the last robot which left the cell ¢. The successor of r
must have followed r and occupied ¢, which is a contradiction.

For (i%), consider a cell ¢/ which is a closest occupied cell to c. There is a path
between ¢ and ¢ consisting only of unoccupied cells (or ¢’ is a neighbor of ¢).
By (4) all unoccupied cells are free cells, as well. Let r be the robot in ¢/, which
is in Stopped state as the algorithm has been already terminated. However, r
has a free neighboring cell, therefore, » can move there. This prevents r from
switching to Stopped state, which is a contradiction.

O

Theorem 1. By using the presented algorithm a connected orthogonal area with
a single door is filled in O(n) rounds without collisions by robots with visibility
range of 1 hop and O(1) bits of persistent memory.

Proof. According to the previous lemmas, the algorithm fills the area and pre-
vents collisions. The robots move in their even rounds. Whenever a robot r is
placed at the door, its first odd round is started with the first N-step, i.e. if r is
placed in a E-, S-, or W-step, it waits for the next N-step. Then in the odd round
it just observes and in the next even round it moves, allowing the placement of
a new robot. Therefore, a new robot can be placed in every third round. Since
the number of cells in the area is n, placing n robots requires 3n rounds, which
takes 12n LCM cycles.

The persistent memory of the robots must store the state of the robots (2
bits), the parity of the current round (1 bit), and the step of the current round
(2 bits). Leaders must additionally store information about the occupancy of the
neighboring cells observed in the odd round (4 bits). Followers must store the
direction they will move in their next even round (2 bits), which is the direction
their predecessor is in their odd round. Additionally, Followers must store where
the predecessor moves in their odd round (2 bits) and the information about the
occupancy of the neighboring cells for the case when the Follower has to switch
to Leader state. O

4.3 Multiple Door Case

In the multiple door case, also called k-door filling, the robots are entering the
area through k£ > 1 doors. The k£ = 1 case is the single door case. In the k-door
filling we assume that each door has enough robot, thus, when a robot leaves a
door, a new one can be placed there.

During the analysis of the multiple door case, we examine how multiple
Leaders and the set of Followers following them interact with each other. We
prove that robots entering from distinct doors cannot collide or block each other.

An invariant of the algorithm is that each Follower only follows its predecessor
or becomes a Leader. First, we have to prove that robots in Leader state are not
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colliding with other robots. Then, we have to show that the paths of the Leaders
do not cross each other (for the single door case, we have already shown that
the leader does not cross its own path).

Lemma 6. A Leader cannot collide with a Follower.

Proof. Lemma 3 still holds: each robot in Leader state can determine which cells
are free within two rounds. Therefore, they will not go to cells where a Follower
would. 0

00 -
‘@

Fig. 5. Leaders can not collide. The Leader r1 occupies ¢ in the N-step. In the E-step
ro sees ¢ as an occupied cell. An important aspect is that in this scenario the robot r2
still has to move to a cell ¢’ different from c, if it can. Then it remains a Leader. If ¢/
is not free, then r2 cannot move and in step s4 and switches to Stopped state.

Lemma 7. A Leader cannot collide with another Leader.

Proof. Assume a scenario where two leaders r; and ro would move to the same
cell ¢ (see Fig.5). Furthermore, assume both 71 and 74 are in their even round
and recognized c as free cell. Let R; be this round, consisting of steps si ... sy,
and as R;y1 is their even round, they both will try to move there. Since c is
visible by r1 and 79 from different directions, therefore they try to move to ¢
in different steps, which means one of the robots (w.l.o.g. 71) will move and
the other one (r3) will be prohibited to move to ¢ after it has been occupied
by 1. O

Lemma 8. Paths of different Leaders cannot cross each other.

Proof. Lemma 3 still holds for the multiple door case. It means that the Leader
only moves to free cells, which implies that a Leader will not cross the path,
where Followers are already moving. In Lemma 7 we have shown that two Leaders
cannot collide (and will not cross the path of each other). Therefore, the path
of the Leaders will not cross each other during the dispersion.

Theorem 2. By using the presented algorithm a connected orthogonal area with
multiple doors is filled in O(n) rounds without collisions by robots with visibility
range of 1 hop and O(1) bits of persistent memory.

Proof. As in the single door case, the robots do not collide with each other.
Furthermore, the paths of the Leaders cannot cross, they do not block robots
entering from other doors. O
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Lemma 9. The algorithm is asymptotically worst-case optimal in the multiple
door case.

Proof. Consider a region A, as depicted in Fig.6(b). Removing the cell ¢ from
A disconnects the region, such that all doors are separated from the major
connected component A’ of A\ ¢. Therefore, all robots must enter to A’ through
c. Since collision is not allowed, only one robot per round can enter to A’ in any
algorithm. If A’ contains £2(n) cells, then each algorithm requires £2(n) rounds.
Our algorithm fills A in O(n) time. O

Ll Dg D3 ’ Dl

DIES

Fig. 6. Best-case (left) and worst-case (right) examples for the make-span of multiple
door filling. The best-case is, when the robots entering at disjoint doors fill equal sized
partitions of the area. A worst case input, when single door is used to fill almost
the whole area. D1, D2, D3 are the doors. Red represents the path of the first Leader
entering through the given door. (Color figure online)

For any input, even in the best-case, at most k robots per round can be
placed in the area. Therefore, 2(n/k) is a lower bound on the filling time of any
algorithm for each input. Consequently, for each input the O(n) running time of
our algorithm is at most k£ times the running time of the optimal algorithm.

Note: for certain inputs our algorithm also reaches k speedup (see Fig. 6(a)),
When robots entering from different doors fill equal sized partitions of the region,
the runtime is O(n/k).

5 Summary

We have considered the filling problem in an unknown, connected, orthogonal
region, where the robots enter the region through several doors and they have to
disperse in order to reach full coverage. The robots are autonomous, anonymous,
silent, they have a limited visibility range of 1 hop, and use O(1) bits of persistent
memory. They have a common notion of North, South, East, and West. Collision
of the robots is not allowed. We have presented an algorithm solving the filling
problem with multiply doors in O(n) time steps in the synchronous model, where
n is the number of cells in the area. This algorithm is optimal in terms of visibility
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range, and asymptotically optimal in size of persistent memory used by the
robots. The running time is asymptotically optimal for the single door case. For
the multiple door case, our algorithm is asymptotically worst-case optimal, and
its running time is at most k times the running time of the optimal algorithm
for any input, where k is he number of doors.
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Abstract. We consider a swarm of n autonomous mobile robots, dis-
tributed on a 2-dimensional grid. A basic task for such a swarm is the
gathering process: All robots have to gather at one (not predefined) place.
A common local model for extremely simple robots is the following: The
robots do not have a common compass, only have a constant viewing
radius, are autonomous and indistinguishable, can move at most a con-
stant distance in each step, cannot communicate, are oblivious and do
not have flags or states. The only gathering algorithm under this robot
model, with known runtime bounds, needs O(n?) rounds and works in
the Euclidean plane. The underlying time model for the algorithm is the
fully synchronous FSYNC model. On the other side, in the case of the
2-dimensional grid, the only known gathering algorithms for the same
time and a similar local model additionally require a constant memory,
states and “flags” to communicate these states to neighbors in viewing
range. They gather in time O(n).

In this paper we contribute the (to the best of our knowledge) first
gathering algorithm on the grid that works under the same simple local
model as the above mentioned Euclidean plane strategy, i.e., without
memory (oblivious), “flags” and states. We prove its correctness and an
O(n?) time bound in the fully synchronous FSYNC time model. This
time bound matches the time bound of the best known algorithm for the
Euclidean plane mentioned above. We say gathering is done if all robots
are located within a 2 x 2 square, because in FSYNC such configura-
tions cannot be solved.

Keywords: Gathering problem - Autonomous robots
Distributed algorithms - Local algorithms - Mobile agents
Runtime bound - Swarm formation problems

1 Introduction

Swarm robotics considers large swarms of relatively simple mobile robots
deployed to some two- or three-dimensional area. These robots have very limited
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sensor capabilities; typically they can only observe aspects of their local environ-
ment. The objective of swarm robotics is to understand which global behavior of
a swarm is induced by local strategies, simultaneously executed by the individ-
ual robots. Typically, the decisions of the individual robots are based on local
information only.

In order to formally argue about the impact of such local decisions of the
robots on the overall behavior of the swarm, many simple models of robots,
their local algorithms, the space they live in, and underlying time models are
proposed. For a survey see the book [12] by Flocchini et al.

A basic desired global behavior of such a swarm is the gathering process: All
robots have to gather at one (not predefined) place. Local algorithms for this
process are defined and analysed for a variety of models [1,3,5-7,12].

A common local model for extremely simple robots is the following: There
is no global coordinate system. The robots do not have a common compass,
only have a constant viewing radius, are autonomous and indistinguishable, can
move at most a constant distance in each step, cannot communicate, are fully
oblivious and do not have flags or lights to communicate a state to others. In this
very restricted robot model, a robot’s decision about its next action can only be
based on the current relative positions of the otherwise indistinguishable other
robots in its constant sized viewing range, and independent on past decisions or
information (oblivious).

The only gathering algorithm under this robot model, with known runtime
bounds, needs O(n?) rounds and works in the Euclidean plane. The underlying
time model for the algorithm is the fully synchronous FSYNC model (see [2,12]).
In FSYNC, all robots are always active and do everything synchronously. Time
is subdivided into equally sized rounds of constant lengths. In every round all
robots simultaneously execute their operations in the common look-compute-
move model [4] (Sect. 3).

In the discretization of the Euclidean plane, the two-dimensional grid, under
the same time and robot model, no runtime bounds for gathering are known.
The concept of the Euclidean algorithm [6] cannot be transferred to the grid,
because it must be able to compute the center of the minimum enclosing circle of
the robots in its viewing range (and then move to this position) and furthermore
move arbitrary small distances. This clearly is impossible on the grid. Instead,
completely different approaches are needed.

In the only known gathering algorithms on the grid under the same time
and a similar robot model, the robots need states (so-called runs) and flags to
communicate these states to neighbors, and have to be able to memorize a fixed
number of steps [1,5]. There, a robot with an active run state can further move
this state to a neighboring robot. This allows coordinated robot operations over
several consecutive rounds. In [1,5], these operations are crucial for total running
time proof (O(n) rounds).

In the current submission, we drop the additional robot capabilities memory
and flags or lights to communicate a state to others. Then, analogously to the
Euclidean strategy [6], explained above, a robot’s decision about its next action
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can only be based on the current relative positions of the otherwise indistin-
guishable other robots in its constant sized viewing range, and independent on
past decisions or information (oblivious). Especially coordinated robot opera-
tions over several consecutive rounds that are used in [1,5] cannot be performed
under this more restricted model.

To the best of our knowledge we present the first strategy under this
restricted model on the grid and prove a total running time of O(n?) rounds
which complies with the best known running time for the Euclidean strate-
gies in this model [6]. More precisely, the running time of our strategy depends
quadratically on the outer boundary length of the swarm. The outer boundary
is the seamless sequence of neighboring robots that encloses all the others robots
inside.

We conjecture that 2(n?) is a lower bound for the number of rounds
needed for our algorithm and, more generally, even for any algorithm within
our restricted model. At least for our algorithm, we conjecture that a worst
case instance is a configuration with robots on the boundary of an axis-parallel
square. Experiments support this conjecture. Full version of our paper: [11].

2 Related Work

There is vast literature on robot problems researching how specific coordination
problems can be solved by a swarm of robots given a certain limited set of
abilities. The robots are usually point-shaped (hence collisions are neglected)
and positioned in the Euclidean plane. They can be equipped with a memory
or are oblivious, i.e., the robots do not remember anything from the past and
perform their actions only on their current views. If robots are anonymous, they
do not carry any IDs and cannot be distinguished by their neighbors. Another
type of constraint is the compass model: If all robots have the same coordinate
system, some tasks are easier to solve than if all robots’ coordinate systems are
distorted. In [13,14] a classification of these two and also of dynamically changing
compass models is considered, as well as their effects regarding the gathering
problem in the Euclidean plane. The operation of a robot is considered in the
look-compute-move model [4]. How the steps of several robots are aligned is given
by the time model, which can range from an asynchronous ASYANC model (e.g.,
see [4]), where even the single steps of the robots’ steps may be interleaved, to
a fully synchronous FSYNC model (e.g., see [2]), where all steps are performed
simultaneously. A collection of recent algorithmic results concerning distributed
solving of basic problems like gathering and pattern formation, using robots with
very limited capabilities, can be found in the book [12] by Flocchini et al.

One of the most natural problems is to gather a swarm of robots in a single
point. Usually, the swarm consists of point-shaped, oblivious, and anonymous
robots. The problem is widely studied in the Euclidean plane. Having point-
shaped robots, collisions are understood as merges/fusions of robots and inter-
preted as gathering progress [5-7]. In [3] the first gathering algorithm for the
ASYNC time model with multiplicity detection (i.e., when a robot can detect if



Gathering Anonymous, Oblivious Robots on a Grid 171

other robots are also located at its own position) and global views is provided.
Gathering in the local setting was studied in [2]. In [18] situations when no
gathering is possible are studied. The question of gathering on graphs instead of
gathering in the plane was considered in [8,15,17]. In [20] the authors assume
global vision, the ASYANC time model and furthermore allow unbounded (finite)
movements. They show optimal bounds concerning the number of robot move-
ments for special graph topologies such as trees and rings.

Concerning the gathering on grids, in [10] it is shown that multiplicity detec-
tion is not needed and the authors further provide a characterization of solvable
gathering configurations on finite grids. In [21], these results are extended to infi-
nite grids, assuming global vision. The authors characterize gatherable grid con-
figurations concerning exact gathering in a single point. Under their robot model
and the ASYNC time model, the authors present an algorithm which gathers
gatherable configurations optimally concerning the total number of movements.

Assuming only local capabilities of the robots, esp. only local vision and no
compass, makes gathering challenging. For example, a given global vision, the
robots could compute the center of the globally smallest enclosing square or circle
and just move to this point. For gathering with presence of a global compass, the
authors in [19] provide a simple gathering algorithm: The robots from the left
and right swarm boundaries keep moving towards the swarm’s inside. In some
kind of degenerated cases, instead the robots on the top and bottom boundaries
do this.

In the FSYNC time model, the total running time is a quality measure
of an algorithm. In this time model there exist several results that prove run-
time bounds [1,5,6,9,16]. For local robot models, the locality strongly restricts
the robot capabilities: no global control, no unique IDs, no compass, only local
vision (i.e., they can only see other robots up to a constant distance) and no
(global) communication. But even under this strongly local model, the presence
of remaining local capabilities such as allowing a constant number of states,
constant memory or locally visible states (flags, lights), can drastically change
running times by even more than the factor n [1,5, 16]. The price for this improve-
ment then is many more complicated strategies.

One example are strategies that maintain and shorten a communication
chain between an explorer and a base camp. The Hopper and Manhattan Hop-
per strategies [16] solve this problem in time O(n), in the Euclidean plane and
on the grid, respectively, using robots with a constant number of states, a con-
stant memory and the capability to communicate states to local neighbors (flags,
lights). Without these additional robot capabilities, the simple Euclidean Go-
To-The-Middle strategy [9] needs notably more time O(n?log(n)) for solving
the same problem. Concerning the gathering under this restricted model, the
simple, Euclidean Go-To-The-Center strategy [6] needs time O(n?). (A faster
strategy for the Euclidean plane does not exist, yet, and it is still unknown if this
bound is tight.) On the grid, two asymptotically optimal O(n) strategies exist
that, solve the gathering of an arbitrary connected swarm [5] and the gathering
of a closed chain of robots [1], respectively. Like the above communication chain
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strategies, they require more complex robots with a const. number of states,
a const. memory and the capability to communicate states to local neighbors
(flags, lights). Strategies without these additional capabilities do not exist, yet.

In the present paper, we deliver such an algorithm that uses the same strongly
restricted model as the Euclidean Go-To-The-Center gathering strategy [6]. Our
strategy gathers in time O(Jouter boundary|?) C O(n?), where |outer boundary]|
denotes the length of the swarm’s outer boundary (cf. Fig. 4(¢)) which naturally
is € O(n). This is comparable to the O(n?) bound for the Euclidean gathering
[6]. We conjecture that O(Jouter boundary|?) is also tight on the grid.

3 Our Local Model

Our mobile robots need very few and simple capabilities: A robot moves on a
two-dimensional grid and can change its position to one of its eight horizontal,
vertical or diagonal neighboring grid cells. It can see other robots only within
a constant viewing radius of 7 (measured in L;-distance). We call the range of
visible robots the viewing range. Within this viewing range, a robot can only see
the relative positions of the viewable robots. The robots have no compass, no
global control, and no IDs. They cannot communicate, do not have any states
(no flags, lights) and are oblivious.

Our algorithm uses the fully synchronous time model FSYNC, in that all
robots are always active and do everything synchronously. Time is subdivided
into equally sized rounds of constant lengths. In every round all robots simulta-
neously execute their operations in the common look-compute-move model [4],
which divides one operation into three steps. Every round contains only one cycle
of these steps: In the look step, the robot gets a snapshot of the current scenario
from its own perspective, restricted to its constant-sized viewing range. During
the compute step, the robot computes its action, and eventually performs it in
the move step. If a robot has moved to an occupied grid cell, the robots from
then on behave like one robot. We say they merge and remove one of them.

We say gathering is done if all robots are located within a 2 x 2 square,
because such configurations cannot be solved in our time model.

The swarm must be connected. In our model, two robots are connected if
they are located in horizontal or vertical neighboring grid cells. The operations
of our algorithm do not destroy this connectivity.

4 The Algorithm

A robot decides to hop on one of its 8 neighboring grid cells only dependent
on the current robot positions within its viewing range. We distinguish diag-
onal (Sect.4.1) and horizontal/vertical (Sect.4.2) hops. The hops are intended
to achieve the gathering progress by modifying the swarm’s outer boundary.
Figure 4(i) defines the swarm’s boundaries: Black and hatched robots are bound-
ary robots. The boundary on which the black robots are located borders the
swarm and is called the swarm’s outer boundary. In the figure, all other robots
are colored grey. White cells are empty.
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4.1 Diagonal Hops

If a robot r (marked black in Figs.1 and 2) checks whether it can execute a
diagonal hop, it compares the patterns of Figs.1 and 2 to the robot positions
in its viewing range: Robot r checks if one of the Diag-{A,B} Hop patterns
matches the current scenario from its own perspective. Patterns that are created
by an arbitrary horizontal and vertical mirroring and an arbitrary 90 ° rotation
of the three patterns of Fig. 1 are also valid and have to be checked.

upper N Diag-A .. D, Di_ag:]_B
| | . AT S
left 4—1—» right . zFE_III AR (N (W
OER LT (LI = —mirror axis
lower I P 0 PR O i

Fig. 1. Hop patterns: One of the Diag-A or Diag-B Hop patterns must match the
relative robot positions within the black robot’s viewing range. This is the hop criterion,
necessary for allowing the black robot to perform the depicted diagonal hop. In this
paper, the notation Diag-{A, B} means “Diag-A or Diag-B”.

Depending on the matching Hop pattern the robot does the following:

1. If a Diag-A pattern matches, then robot r checks if, using the same rotation
and mirroring, any of the Inhibit patterns match the upper-right area of its
viewing range. If at least one Inhibit pattern matches, then the Diag-A hop
of robot r is not executed. Otherwise, if none of the Inhibit patterns match,
the robot r hops according to the matching Diag-A pattern.

2. If the Diag-B pattern matches, then the robot r checks if, using the same
rotation and mirroring, also any of the Inhibit patterns match the upper-right
area and the lower-left area of its viewing range. However, in case of the lower-
left area, the Inhibit pattern has to be mirrored at the diagonal mirroring axis
D shown in Fig. 1(4i7). If for both areas matching Inhibit patterns have been
found, then the Diag-B hop of robot r is not executed. Otherwise the robot
r hops according to the matching Diag-B pattern.

upper Inhibit 1: 757, Inhibit 2: = Inhibit 3:
o O oo |
1eft<—1—>11bht EEEny EL” ] EDDD}
lower \!Ql,: } ‘!QDJ ‘!QD,‘

Fig. 2. Inhibit patterns: Patterns that, in case they match, inhibit the black robot’s
hop.
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4.2 Horizontal and Vertical Hops (HV Hops)

Robots can also hop in vertical or horizontal direction (HV hop). We allow these
hops for length 1 and 2 (cf. Fig.3). For length 2, horizontal or vertical hops,
respectively, are a joint operation of two neighbouring robots. If for a robot
a horizontal and a vertical HV hop apply at the same time (see b* of Fig. 3),
then it instead performs a diagonal hop as shown in the figure. After a HV hop,
every target cell contains at least two robots. We let these robots merge: i.e., we
remove all but one of the robots at the according cell.

before:  after: before: after: | N before:  after
9 g (I e (I
length 1: ng length 2: DE&D 3 length 2: U] o L]
N m . -

Fig. 3. The black robots simultaneously hop downwards. Afterwards, robots that are
located at the same position merge.

Diag-{A,B} and HV hops are executed simultaneously in the same step of
the algorithm. For the pseudocode, see [11].

5 Measuring the Gathering Progress

The gathering progress measures that we will use for the analysis of our strategy
are heavily dependent on the length and shape of the swarm’s outer boundary. In
order to analyze these measures, we need the terms boundary, outer boundary,
length, as well as convex and concave vertices.

Swarm’s boundary. The swarm’s boundary is the set of all robots that have
at least one empty adjacent cell in a horizontal, vertical, or diagonal direction.
Figure4(i) shows an example: Black and hatched robots are boundary robots.
The empty cells contain no robot and are colored in white. When speaking about
a subboundary, we mean a connected sequence of robots of some boundary.

Swarm’s outer boundary. The swarm’s outer boundary is the boundary that
borders on the outside of the swarm. In Fig.4(i) the black robots belong to
outer boundary. All other robots are not part of the boundaries, i.e., they have
an adjacent robot in all directions (horizontal, vertical, and diagonal). In Fig. 4(7)
they are colored grey.

Outer boundary’s length. We measure the outer boundary’s length as fol-
lows: We start at a cell of the outer boundary and perform a complete walk
along this boundary while we define the length as the total number of steps
that we performed during this walk. This means that if the swarm is hourglass-
or cross-shaped, for example, some robots are counted multiple (up to four)
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Fig. 4. (i): Definition of the (outer) boundary. Outer boundary: black robots; (i%):

Definition of convez and concave vertez. Convex vertices: fat curves; (#i4): Cross shape.

The “«” marked robot is counted four times; (iv): Hourglass shape: The “+” marked
[130%k4

robots are counted twice; (v): £180° rotation. The “x” marked robot is counted twice.;
(vi): During the gathering, inner bubbles can be developed.

times (cf. Fig. 4(i4i,4v)). Furthermore, robots on which a turn by +180° is per-
formed during the walk are counted twice (cf. Fig.4(v)). We denote this length
by |outer boundary]|.

Convex and concave vertices. On the boundary we further distinguish convex
and concave vertices. A vertex of the boundary is a robot that looks like a corner.
In Fig. 4(47) fat curves mark convez vertices of the swarm’s outer boundary, while
the thin curves mark the concave vertices of the swarm’s outer boundary.

Outline of the running time proof—How we get gathering progress. We
distinguish three kinds of progress measures that help us to prove the quadratic
running time.

Boundary: Length of the swarm’s outer boundary.

Convex: Difference between the number of convex vertices on the swarm’s
outer boundary and its maximum value.

Area: Included area.

We have designed the hops in such a way that the length of the outer boundary
(Boundary) never increases. But it can remain unchanged over several rounds.
Then, instead, we measure the progress by Convex. As we draw robots as squares,
the total number of convex vertices on the swarms’ outer boundary is naturally
upper bounded by its maximum value 4|outer boundary|. Convez is the differ-
ence between this maximum value and the actual number of convex vertices on
the outer boundary. We will show that also Conver never increases.

In rounds in which both Boundary and Convex do not achieve progress, we
instead measure the gathering progress by Area. We measure Area as the number
of robots on the swarm’s outer boundary plus the number of inside cells (occupied
as well as empty ones). In contrast to the other progress measures, Area does not
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decrease monotonically in general, but we show that it decreases monotonically
in rounds without Boundary and Convex progress. We upper bound the size by
that the Area can instead be increased during other rounds and show that this
makes the total running time worse at most by a constant factor.

All three measures depend only on the length of the swarm’s outer boundary.
While Boundary and Conver are linear, Area is quadratic. This then leads us
to a total running time O(|outer boundary|?).

6 Correctness and Running Time

In this section, we formally prove the correctness of the progress measures and
finally the total running time (Theorem 1).

6.1 Progress Measure Boundary
Lemma 1. During the whole gathering, Boundary is monotonically decreasing.

Proof. As the definition of HV hops requires that the robots hop onto occupied
cells, such hops naturally cannot increase the number of robots on the outer
boundary. So we consider Diag-{A,B} hops in which robots hop towards the
swarm’s outside. In order to increase the number of robots on the outer boundary,
the target cell of such hops must be empty. But then, the hopped robot has also
been part of the outer boundary before the hop, so that the boundary length
did not increase. a

6.2 Impact of Inhibit Patterns: Collisions

For the proofs of the progress measures Conver and Area, we need a deeper
insight why certain robot hops are inhibited by Inhibit patterns (cf. Fig.2).
When proving that the Convez progress is monotonically decreasing (Lemma 2),
we analyze the change of the total number of convex vertices that is induced by
the robot hops. This is only possible if certain simultaneously hopping robots
are not too close together. Inhibit patterns ensure this minimum distance.

Cf. Figs.1 and 2. From a more global point of view, the Inhibit patterns
ensure that the black robot only performs its Diag-A or Diag-B hop, respectively,
if the next robot(s) at distance 2 along the boundary does (do) not perform a
hop in the opposite direction. If the hop of the black robot is blocked by Inhibit
patterns, we will say the robots collide. This will be used in the proofs of our
progress measures. Figure 5 shows significant collision examples: (i): For both, r
and r’ Diag-A matches. Without inhibition patterns, r would hop to the lower
right, while  would hop in the opposite direction to the upper left. But the
Inhibit 1 pattern inhibits the hop of r: r collides with r’. Analogously also the
hop of 7' can be inhibited. (4¢): If Diag-B matches for r, then the hop is inhibited
if concerning both 7’ and 7" an inhibition pattern matches. In this example, for
r" a Diag-A pattern and for r’/ a Diag-B pattern could else enable hops in the
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opposite direction than the hop of r, but the matching Inhibit 1 and 2 patterns
inhibit the hop of r: r collides with 7/, 7”. A more detailed analysis of collisions
is provided in the proofs for Lemma 3.

Diag-A _ Diag-B %D
r NEn 0
[ Inhibit 1
IJ%EI— ~ Inhibit 1 %ED r
I oea
o (i) Inhibit 3 7 (i)

Fig. 5. Collisions. (i): For r, Diag-A and Inhibit 1 matches. r does not hop. (i7): For
r, Diag-B and Inhibit 1 and 3 match. » does not hop.

6.3 Progress Measure Convex
Lemma 2. During the whole gathering, Convex is monotonically decreasing.

Proof. If we say “convex/concave vertices”, we consider only the outer boundary.
First, we analyze the HV hops. Here, a HV hop can reduce the number of convex
vertices by at most 2. At the same time, the outer boundary becomes shorter by
at least 2. Then, Convez either remains unchanged or decreases.

Concerning the Diag-{A, B} hops, we look at Fig.6: The figure shows how
the diagonal hops can (locally) change the number of convex vertices on the
outer boundary. (In the figure, (i7) shows the hops from (i), but for switched
INSIDE and OUTSIDE.) In all cases, the Inhibit patterns ensure that the robots
a,a’ do not move (cf. Sect. 6.2). In the figure, we distinguish Diag-A and Diag-B
hops, while A, A* refer to Diag-A and B, B* to Diag-B. We distinguish the case
that the robot b does not hop (A, B) and the other case, that it performs a hop
(A*,B*). The result of the case distinction is that in column (i) the number of
convex vertices never decreases. In column (47), this is also the case if the white
marked cells s,t,u are empty.

If instead not all of s, ¢, u are empty, the number of convex vertices might also
become smaller. But even in this case, still Convexr progress does not increase:
We now show that then also |outer boundary| becomes smaller as well as the
maximum value for the total number of convex vertices, so that by definition
Convez progress is not increased, i.e., it still behaves monotonically: Fig. 7 shows
the relevant cases. With reference to Fig. 6(i4), all hops are performed towards
the swarms’ outside. In column (7), only the cell s contains a robot. There we
see, that in all cases the outer boundary becomes shorter by at least 2. In case
of A*, this can be even more than 2 for the case that after the hop the cell below
b (in Fig. 6(i%), this was the cell u) also contains a robot. Column (4¢) shows the
cases where cell ¢ is (also) occupied. Because the swarm is always connected, the
hatched robot must be connected to the rest of the swarm. This can be either
via the subboundary a or 3. The hop shortens the outer boundary by forming
inner bubbles (Fig. 4(vi)). O
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Fig. 6. Local effect of all kinds of hops on the number of convex vertices on the outer
boundary. C, C’,C" denote the counted convex vertices. #conv(i) denotes the number
of convex vertices in round i.

6.4 Progress Measure Area

The third progress measure Area does not behave monotonically. It can be
increased during rounds where we get Boundary or Convex progress. But we
use it for estimating the number of the remaining rounds (Lemma 3). And in the
proof of Theorem 1 we show that the increased amount of the Area progress mea-
sure does not worsen the asymptotic running time. For the proof of Lemma 3,
see [11].

Lemma 3. If in a step of the gathering process neither Boundary nor Convex
has progress, then instead Area has progress by at least —8.

6.5 Total Running Time

Now we can combine all three progress measures Boundary, Convexr and Area
for the running time proof (Theorem 1).

Theorem 1. A connected swarm of m robots on a grid can be gathered in
O(Jouter boundary|?) C O(n?) many rounds.

Proof. Let B be the initial length of the swarm’s outer boundary. We know from
Lemma 1 that Boundary decreases monotonously. Then, progress in Boundary
happens at most B times. By Lemma2, Convex also decreases monotonously.
As every robot on the swarm’s outer boundary can provide at most 4 convex
vertices, Convex progress happens at most 4B times.
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Fig. 7. Diagonal hops can change the outer boundary’s length. C,C’, C” denote rele-
vant convex vertices. #bndry(4) denotes the outer boundary length in round i.

We estimate the rounds without Boundary and Convez progress via the size
of the included area, i.e., the Area progress. By Lemma3, we know that in
every round without Boundary and Convex progress, the area becomes smaller
by at least —8. But, Area is not a monotone progress measure, in rounds with
Boundary or Convex progress, the included area can increase: While HV hops
cannot increase the included area, Diag-{A, B} hops can. First, we assume that
the according Diag-{A, B} hops do not change the outer boundary length. Then,
every time Conver has progress, the area can become larger by at most B,
because every robot hop on the outer boundary can increase the area by at most
1. As Convez happens at most 4B times, this in total is upper bounded by 45B2.

If the outer boundary length changes, i.e., becomes shorter, then the included
area can increase (cf. proof of Lemma?2 and Fig.4(vi)). Then, a Boundary
progress by £ can also increase the included area by AA < (? < (B. But as
Boundary progress is monotonically decreasing, the sum of all these AA is upper
bounded by B2.

Summing it up, during the whole process of the gathering, the area can be
increased by at most (4 + 1)B? = 5B2. Together with the initial area of at most
B2, Area progress happens at most 63%. Then, the gathering is done after at
most B + 4B + 6582 rounds. 0
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A Continuous Strategy for Collisionless
Gathering
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Abstract. We consider continuous strategies for swarms of robots in the
Euclidean plane. In such a strategy, each robot continuously observes its
local neighborhood, and continuously adapts speed and direction follow-
ing a local rule. We present two main results. The first defines a class
of strategies, the contracting strategies, that perform gathering in time
O(nd), where d is a diameter of the initial configuration. Several well-
known strategies belong to this class. Our second result is about collisions
in such strategies. We present a contracting strategy which ensures that
no collisions occur. This strategy needs the robots to have some addi-
tional capabilities.

1 Introduction

The study of gathering swarms of robots has been ongoing since decades. The
goal here is to find provably fast strategies that put together the robots, initially
distributed on the Euclidean plane, into a single predefined point.

Given a group of n autonomous, dimensionless, deterministic, and anonymous
robots, with bounded viewing range, a Gathering algorithm is an algorithm that
eventually gathers all n robots into one point. Gathering algorithms studied thus
far have been analyzed in two different time models: discrete and continuous.
While most of these consider the discrete time model in which robots act in
rounds (see [12] for a comprehensive survey), only few of them are analyzed
in the continuous time model. In the continuous model, robots continuously
adjust their speed and direction to the current relative positions of the robots
within their viewing range, while obeying a speed limit normalized to 1. The first
Gathering algorithm for the continuous time model was presented by Gordon et
al. in [14] and then analyzed by Kempkes et al. in [15].

In many existing approaches (e.g., in [1,6,9-11]), a collision, i.e., a merge
or fusion during gathering, is often interpreted as a success for the Gathering
algorithm since it represents progress in gathering. In this paper, motivated by
applications in which collisions must be avoided, we provide Gathering algo-
rithms that can gather robots without collisions as well.
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In the discrete time model, Lukovszki et al. in [18] proposed collisionless
algorithms for a variant of the Gathering problem in which all robots know the
gathering point. In fact, the need to avoid collisions becomes clearer when robots
gain extent. Robots with an extent were first studied by Czyzowicz et al. in [7].
In this work, robots are represented by unit disks instead of points. The aim of
gathering is to form a configuration for which the union of all disks representing
the robots is connected. For the same model as in [7], a general solution for more
than four robots is presented by Agathangelou et al. in [2]. Furthermore, Pagli
et al. in [20] study a discrete (near-)Gathering problem with an asynchronous
activation model. This problem is solved for the point like chiral robots that
agree on common direction (i.e. agree on common coordinate system).

In the continuous time model, the first attempts towards collisionless gather-
ing were given by Li et al. in [17] where we introduce and evaluate the continuous
Go-To-The-Gabriel-Center algorithm that gathers robots in a one-dimensional
Euclidean space without collisions in time O(n).

Our Contribution. In this paper, we study the Gathering problem in the
continuous time model and introduce a simple convergence criterion along with
a corresponding class of algorithms that perform gathering in time O(nd), where
d is a diameter of initial configuration.

Moreover, we show that known algorithms belong to this class, and propose
two new ones, namely Go-To-The-Relative-Center algorithm (GTRC) and Safe-
Go-To-The-Relative-Center algorithm (S-GTRC). Both are contracting and thus
gather in quadratic time. The second one is proven to perform no collision. It
uses slightly more complex robots: They are non oblivious, chiral, and luminous
(i.e. they have visible external memory, proposed by Das et al. in [8]).

Our techniques are inspired by ideas from a number of previously known
approaches. GTRC extends the Go-To-The-Center algorithm (GTC) introduced
in [3], studied in the discrete time model, to the continuous time model variant.
We use the relative neighborhood graph proposed by Toussaint in [22] to modify
the original algorithm. Our modified algorithm considers only the neighbors
of a robots w.r.t. the relative neighborhood subgraph of the visibility graph.
Due to space constraints, the proofs are omitted and all Figures are moved to
Appendix A.3. The full version of the paper can be found in [16].

2 Problem Description

We consider the common robot model used in most previous approaches (e.g.,
[3,14,15,17]). We are given aset R = {r1,...,r,} of n autonomous mobile robots
with viewing range of 1. We denote by 7;(t) € R? the position of robot 7; at time
t. Robots agree on the unit distance. Each robot has its own local coordinate
system. Robots are oblivious, meaning that they act depending only on the
information about the current point of time. They are anonymous, meaning that
they do not have IDs. They are silent, meaning that they do not communicate.

The Euclidean distance between two robots r; and r; at time ¢ is represented
by |ri(t),7;(t)]. Two robots are open unit disk graph (open UDG) or unit disk
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graph (UDG) neighbors at time ¢, if |r;(¢),r;(¢)] < 1. The set of robots that
consists of the robot r; itself and all its UDG neighbors at time ¢ is called UDG
neighborhood of r; and denoted by UDG(r;). The UDG defined on all robots
at some point in time ¢ is denoted by UDG(R) = (R, E;), where (r;,r;) € E;
iff [r;(t),r;(t)] < 1. We skip t in the notation of UDG neighborhood and UDG
unless it needs to be mentioned explicitly.

The disposition of robots at some point in time ¢ on the plane is called
a configuration. The disposition of robots at time ¢t = 0 is called the initial
configuration. Initial configurations are arbitrary except that the UDG over all
robots at time ¢ = 0 (UDGy(R)) is connected and all robots have distinct
positions. The goal is to gather all robots at one point, which is not predefined.

We consider the continuous time model, first introduced by Gordon et al.
in [14] and later studied by Kempkes et al. in [15]. The velocity of the robot
depends solely on the relative positions of neighboring robots at the current
point of time. It may change in a non-continuous manner since robots measure
the relative positions of their neighbors without delay and instantly adjust their
own movement with respect to the measurements. The maximum speed of the
robot is assumed to be 1.

3 Contracting Algorithms

In this section, for continuous time model we introduce a class of algorithms
that perform gathering on the Euclidean plane in time O(nd), where d is the
diameter of the initial configuration.

Let us first define the progress measure. Let H;(R) C R? be the closed convex
hull around the positions of all robots at time ¢. We are particularly interested
in robots that are corners of a convex hull. Namely, we consider the set of robots
CHy(R) = {c; € Hi(R) : o;(t) € [0,7),i € [1,k],k < n}, where n is the total
number of robots and k is the number of robots that belong to the boundary of
the convex hull and have internal angle «a;(t) € [0,7). We refer to CH:(R) as
the corner set of the convex hull H;(R). Unless explicitly needed, we skip ¢ in
the notation of the convex hull and corner set.

Definition 1 (Contracting algorithm). In continuous time model a Gath-
ering algorithm for n robots on the Euclidean plane is a contracting if for every
time t such that cardinality of C Hi(R) is strictly greater than 1, every robot from
CH(R) moves with speed 1 in the direction that points into Hi(R).

If an algorithm is contracting, then we can bound the speed with which the
length of the convex hull is decreasing. Let I(t) be the length of the convex hull
boundary at time ¢. Using the corner set we express the length as follows:

k
l(t) = Z |Civc(i mod k)+1| ) (1)
i=1
where k is the number of robots in the corner set. Let I'(t) be the speed with
which the length I(¢) of the convex hull boundary changes. The length of the
convex hull boundary will be the progress measure for contracting algorithms.
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Lemma 1. If a group of n robots executes a contracting Gathering algorithm
and the robots are not yet gathered (i.e. cardinality of CH(R) is strictly greater
than 1), then the length I(t) of the convex hull boundary at any point in time t
decreases with speed l'(t) > 8/n.

The proof of Lemma 1 is easily derived from the runtime analysis in [17]. Tt
is well known that the length of the convex hull boundary is O(d), where d is the
diameter of the initial configuration. Hence, the theorem below follows directly.

Theorem 1. FEvery contracting Gathering algorithm solves the Gathering prob-
lem in time O(nd), where d is the diameter of an initial configuration.

The main steps of a gathering algorithm are described as follows. Each robot
r continuously computes the target point 7'(r) and moves with speed 1 towards
it. If it reaches the target point, it stays there (follows the target point) until
the position of the target point changes discontinuously (e.g., target point may
“jump” due to new neighbors).

There are many ways to calculate the target point on the Euclidean plane.
Consider, for example, the Go-On-Bisector algorithm (GOB) proposed by
Gordon et al. in [14] and later studied by Kempkes et al. in [15]. In the Go-
On-Bisector algorithm, robots that are on the boundary of the local convex hull
(around their UDG neighborhood) move inside the local convex hull along the
bisector of the internal angle. It is not difficult to see that if robots are not yet
gathered, then every robot r € CH(R) moves inside the convex hull H(R) with
speed 1. In other words, GOB is a contracting algorithm.

We can also calculate the target point by the average of the positions of
all robots in the neighborhood. This algorithm is known as the Go-To-The-
Gravity-Center algorithm (GTGrC), due to Cohen et al. in [5]. It is easy to see
that GTGrC is a contracting algorithm, as well.

Another way to calculate the target point is by the center of the minimum
enclosing circle around the UDG neighborhood of the robot. This algorithm is
known as the Go-To-The-Center algorithm (GTC), due to Ando et al. in [3]. The
continuous version of GTC is considered in [17] by Li et al. Using argumentation
from [17], we can easily prove that GTC is a contracting algorithm. Moreover, we
can calculate a minimum enclosing circle with respect to the unit Gabriel graph
due to Gabriel et al. in [13]. Consequently, the algorithm Go-To-The-Gabriel-
Center (GTGC) proposed in [17], that considers a unit Gabriel graph, is also a
contracting algorithm.

Note that the diameter of a connected UDG with n vertices is at most n — 1.
Therefore, Theorem 1 and the above discussion yield the following.

Corollary 1. Given an initial configuration that is a connected UDG, a con-
tracting Gathering algorithm solves the Gathering problem in time O(n?).

In the next section, we are going to present one more contracting algorithm,
namely GTRC. This is modification of GTC proposed by Ando et al. in [3]. In
this algorithm, instead of the UDG neighborhood we calculate minimum enclos-
ing circle with respect to the unit Relative neighborhood graph proposed by
Toussaint in [22].
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4 Go-To-The-Relative-Center Algorithm (GTRC)

We take another viewpoint on the well-known Go-To-The-Center algorithm due
to Ando et al. in [3]. In the Go-To-The-Center algorithm, robots move towards
the center Ti(r) of the minimum enclosing circle C¢(r), which is the smallest
circle that contains all the robots in UDG(r).

Let us consider a robot r € R at some point in time ¢ and its UDG
neighborhood UDG(r). It is shown in [4] that either (I) there are two robots
my,me € UDG(r) on the circumference of Cy(r) such that the line segment
(mymg) is the diameter of Cy¢(r) or (II) there are three points ms,mz,mg €
UDG,(r) such that Cy(r) circumscribes Amimaems and the center of Cy(r) is
inside Amymamg. Accordingly, we refer to the set MEC:(r) = {my,ma} or
MEC:(r) = {m1,ma,ms} as the minimum enclosing set of robot r at time ¢.
We say that the robots of M EC(r) form the minimum enclosing circle Cy(r) of
robot r at time t. In fact, robot r might belong to its own minimum enclosing
set (e.g., MEC(r) = {m,r}).

Note that the minimum enclosing circle of a point set is unique [4] and can
be found in linear time in the Euclidean space of any constant dimension [19].
In case there is more than one minimum enclosing set M EC;(r) that may form
Cy¢(r), then we assume that the robot selects one of them arbitrarily. Unless
explicitly needed, we skip ¢ in the notation of minimum enclosing set and circle.

Instead of calculating C(r) with respect to UDG(r), we use the Relative
neighborhood graph proposed in [22]. The latter is defined in the two-dimensional
Euclidean space as follows:

Definition 2 (Relative neighborhood graph criterion). Any two robots u,
v are connected iff there does not exist any robot w € R satisfying |u, w| < |u,v|
and v, w| < |u,vl.

We denote by RNG.(r) (at time t) the subgraph obtained from the UDG
neighborhood UDG,(r) by applying the Relative neighborhood graph criterion.
We call RNG¢(r) the unit Relative graph neighborhood of robot r. The Rela-
tive neighborhood graph (RNG) defined on all robots at time ¢ is denoted by
RNG(R).

The set of points on the Euclidean plane that corresponds to the intersection
of open unit disks of all robots in RNG(r) is denoted by Q(r). The set of points
Q(r) is open and convex since it is the intersection of open unit disks that
are convex [21]. The circle Cg(r) with center at r inscribed into Q(r) is the
connectivity circle. The radius of connectivity circle is denoted by P¢g. Unless
needed explicitly, we skip ¢ in the notation of the Relative neighborhood graph,
neighborhoods, etc.

Now we are ready to present the GTRC. Its pseudo-code can be found as
Algorithm 2 in Appendix A.2.

4.1 Correctness and Runtime Analysis of GTRC

We begin this section with a simple proposition and then move to the connec-
tivity property of GTRC.
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Proposition 1. For every robot r € R at any fixed point in time, T(r) € Q(r).

Proposition 1 holds since the radius of C'(r) is less than 1 and C(r) encircles
all the robots in RNG(r). The argumentation of the connectivity property is
similar to the one used in [17] for Go-To-The-Center algorithm (GTC) and Go-
To-The-Gabriel-Center algorithm (GTGC). The proof of Lemma 2 is based on
contradiction by assuming that connectivity does not hold.

Lemma 2. Given a group of robots R on the Euclidean plane executing GTRC.
If {u,w} is an edge in the open Relative neighborhood graph RNG(R) at time
0, then there is a path from u to w in RNG(R),Vt > 0.

Using the argumentation in [17], we can show that, at any point of time ¢
before the robots gather, the robots of C'H(R) move only inside the convex hull,
with speed 1. Therefore GTRC is a contracting algorithm. Moreover, the length
of the convex hull boundary around the initial configuration is shown, in [17],
to be not greater than 2(n — 1), where n is the number of robots. Hence, we
conclude the following theorem.

Theorem 2. A group of n robots executing GTRC gathers in time O(n?).

4.2 Collisions During Gathering with GTRC

In this section, we show that GTRC performs gathering with collisions. Recall
that if two or more robots have the same position at the same point in time,
then there is collision. We refer to the set of robots in the minimum enclosing set
MEC(r) of a robot r € R as a crash point. We are able to show that collisions
in GTRC take place only at crash points.

Definition 3 (Crash point). For any robot r with minimum enclosing set
MEC(r), the midpoint between any two robots myms € MEC(r) is a crash
point p(r). We say that robots my and mq define the crash point p(r).

Note that if a minimum enclosing set consists of three robots M EC(r) =
{m1,m2,ms}, then the midpoint of every edge in Amymams is a crash point.

The set of Relative neighborhood edges adjacent to robot r is denoted as
Egrnc(r). The set of all edges of the Relative neighborhood graph is denoted by
Ernc(R). We define, in the same way, the set Eypa(r) of the unit disk graph
edges adjacent to robot r and the set Eypc(r) of the Relative neighborhood
edges between robot  and the members of the minimum enclosing set M EC(r).

For the Relative neighborhood graph RNG(R) = (R, E), we define the set-
valued map R : X ~ Y, where X C E and Y C R? relate the RNG edges to the
area occupied by the corresponding RNG lenses. For example, R({r,u}, {r,w})
is the union of the RNG lenses that correspond to the RNG edges {r, u}, {r,w}.

Definition 4 (Minimum enclosing set cover). The convez hull around robot
r and the members of MEC(r) form the minimum enclosing set cover K(r) of
robot r € R.
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Let us now consider a robot r € R and its minimum enclosing sets. We show
that, in any case, the minimum enclosing set cover is a subset of the union of the
RNG lenses that correspond to the RNG edges between robot w and the robots
of MEC(w), namely K(r) C R(Epmpc(r)). Using basic geometric arguments,
we conclude Lemma 3.

Lemma 3. If MEC(r) = {mi,ma,ms} is the minimum enclosing set over
RNG(r), then Amyimaoms is completely covered by the RNG lenses that cor-
respond to the RNG edges between r and the robots of MEC (r).

We can show similar results as to Lemma 3 for the minimum enclosing sets
with different structures.

Lemma 4. If MEC(r) = {mi,ms} is the minimum enclosing set over
RNG(r), then Armims (Fig. 1b) is completely covered by the RNG lenses
between r and the robots of MEC(r).

Lemma 5. If MEC(r) = {mi,ma,r} is the minimum enclosing set over
RNG(r), then Armymg is completely covered by the RNG lenses between r and
the robots of MEC(r).

It remains to consider the case where MEC(r) = {my,r} is the minimum
enclosing circle over RNG(r). We observe that the minimum enclosing circle
C(r) is a proper subset of the RNG lens between m; and r. This observation
together with Lemmata 3, 4, and 5 yield the following corollary.

Corollary 2. The union of the RNG lenses between robot r and the robots of
MEC(r) is a superset of the minimum enclosing set cover K(r), i.e. K(r) C
R(Empc(r)).

Note that the RNG lenses between the unit disk graph neighbors that satisfy
the RNG criterion do not contain any other robots. If there is a robot inside one
of the RNG lenses, then the corresponding part of the RNG will change.

Let us now consider, in details, the collisions that occur between the robots
executing GTRC. The set of robots M C R that has a collision at time t, is
represented by a single robot u for any ¢ > t,. We call u the representative of M.

Observation 1 (Early collision). The set of robots M C R had a collision
at time ty if the minimum enclosing circle around the RNG neighborhood of the
representative u has a diameter greater than zero.

Note that the opposite of early collision a final collision. In other words,
assume that the set of robots M C R had a collision at time ¢, and the min-
imum enclosing circle around the RNG neighborhood of the representative
has diameter zero. This implies that, after the final collision, there are no other
robots in the unit disk graph neighborhood of the representative u. There are
also no robots other than those in the unit disk graph neighborhood of robot
u due to the connectivity property of S-GTRC (shown in Lemma 2). Thus, if
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final collision takes place, then M = R. Obviously, there can only be one final
collision. We say that the gathering is collisionless if there are no early collisions.

In the next Lemma 6, we utilize Corollary 2 to show that a robot w can have
early collision only at the crash point p(w). The proof is a result of checking
carefully all possible dispositions of w and M EC(w).

Lemma 6. Let us consider robot w during arbitrary time interval [a,b], such
that during this interval, diameter d,, of the minimum enclosing circle of robot
w s strictly greater than zero. If robot w collides with some other robots M C R
during |a,b], then:

1. collision takes place at the crash point p(w) of robot w;
2. robot w does not belong to its own minimum enclosing set M EC(w).

5 Collisionless Gathering with Extended Robot Model

In this section, we show that it is possible to perform gathering without collision
by allowing robots to have some additional capabilities.

We extend the robot model and design the Safe-Go-To-The-Relative-Center
algorithm (S-GTRC) using the contracting conditions from Lemma 1 and the
structural properties from Lemma 6. The goal of S-GTRC is to gather without
early collisions all the robots at one not predefined point for any initial configu-
ration. The initial configuration is arbitrary except that UDG(R) is connected
and all the robots have distinct positions.

The extended robot model is described as follows. The viewing range of
a robot is 2. This will be needed to avoid collisions. Thus, a robot can see the
UDG neighbors of its UDG neighbors. Note that S-GTRC preserves connectivity
with respect to UDG. Open two-unit disk graph is defined analogously to open
unit disk graph. For all robots in R, we define 2-UDG(R) = (R,2-E;), where
(ri,rj) € 2-Ey iff for r; and rj, it holds that |r;(¢),7;(t)] < 2.

As in the common model, robots are anonymous and each robot has a local
coordinate system that is not aligned with the coordinate systems of other
robots. Unlike in the common model, robots here are chiral, i.e., they all agree
either on left- or right-hand orientation. Robots are equipped with synchronized
clocks. Robots are luminous, i.e. they have one bit of visible external memory
like in [8] by Das et al. The maximum speed of the robot is assumed to be s > 1.

Next, we describe S-GTRC and show that it performs gathering in the con-
tinuous time model for the extended robot model without early collisions, in
time O(n?).

The main idea of S-GTRC is described as follows. Robots are separated into
two groups/states: regular and safe. In the regular group, robots execute GTRC
and do not take into account the robots in the safe group. If some robots in
the regular group are about to collide, at least one of them switches to the safe
state and independently from other robots, moves towards some specific, closely
situated fixed point. This point is selected in such a way that collision is not
possible. The state of the robot is automatically visible to its neighbors via the
visible external memory.
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From Lemma 6 we know that robot r collides only at the crash point of some
other robot w. Therefore, shortly before collision, both robots r and w together
with their target points T'(w) and T'(r) are inside the relatively small ball B with
the center at the crash point p(w) and radius 1/2m|mq, ms|, where m is a positive
parameter. Ball B is depicted in Fig. 3. In order to avoid collision, we let at least
one of the robots move independently from the other robots. For a short period
of time, the target point of the robot will be selected from the circle D with
radius 1/k|w, r| centered at the position of r, where k > 1 is a positive parameter
that will help us preserve connectivity. Circle D together with B are depicted
in Fig. 3. Circle D is depicted in Fig. 2. We refer to the arc A of D as the target
arc. In the safe state, robots move towards the midpoint of the target arc. We
construct the target arc in such a way that robots in the safe state satisfy the
contracting conditions of Lemma 1. This is shown in Lemma 8.

The target arc is constructed as follows. Let us first consider arc B C D such
that the central angle Zarc = 37/4 and the bisector of Zarc coincide with the
bisector of Zmyrms. Then, we draw the line rg perpendicular to mims. With
respect to this line, we either take left or right, depending on the chirality part
of B, i.e. By, C B. Finally we subtract from By, the arc that corresponds to the
central angle Zgrb = 7/20. What is left is target arc A, that we depict in Fig. 2.

In order to select the suitable moment for the independent motion of robot
r, we check whether r is close to the crash point p(w) of some robot w. Namely,
robot r checks if Jw : w,T(w), MEC(r) € Bijsm,,m,|(P(w)), where robots
my, my define p(w) AND |w, r| = min,ep pgr\{|7, ul}, where UDG(r) consists
of robots in both states (regular and safe) AND |w,r| < pg AND r is the
leftmost (rightmost, depending on chirality) robot with respect to the direction
towards p(w).

We show in Lemma 9 that there exists a point in time, shortly before collision
takes place, at which this condition is satisfied. We refer to the logical expression
above as the safety condition, denoted by the function &, : X — Zs, where
X C R?,ie. &,(w) = true means that robot w at its current position violates
the safety condition with respect to the crash point p(w) of robot w.

At every point in time ¢, each robot can read the positions and states of its
neighboring robots in 2-UDG(R). Every robot has access to the synchronized
clock. Besides that, each robot can read and write into the two variables. These
will be used to store either the position on the Euclidean plane, denoted by M (r),
or the point in time A(r) together with an additional state L(r). The variable of
robot r that represents its state is called S(r). This is set by default to regular.
Our algorithm has three positive parameters, used by all of the robots: s, m
and k. Parameter m defines how close to the crash point we check the safety
condition. Parameter s tells us the ratio between the speed of the robots in
the safe and regular state. Robots in the safe mode are assumed to be faster.
Parameter k tells us what portion of the minimum distance to other robots
does the robot cover during the motion in the safe state. The initial state at
time 0 of every robot is regular. The initial value of the memory slots that
correspond to M (r), A(r) and L(r) are undefined. The Safe-Go-To-The-Relative-
Center algorithm is presented in pseudo-code as Algorithm 1 in Appendix A.1.



A Continuous Strategy for Collisionless Gathering 191

The main difference between S-GTRC and GTRC lies in the states: regular
and safe. In regular state, a robot moves according to GTRC. Early collisions
may take place only in the regular branch of the algorithm. The safe branch
is designed to avoid early collisions. The collision that takes place in S-GTRC
without safe branch is called potential early collision. Next, we show that the
safe branch avoids potential early collisions.

First, we show that in the safe state, the robots preserve connectivity. Then,
we consider the runtime and show that the robots in the safe state move only
inside the convex hull, with speed s. In Lemma 7, we show that if parameter k
is big enough (i.e. the radius of circle D is small enough), then at the end of the
independent motion in the safe state, the robot will still have the same unit disk
graph neighbors.

Lemma 7. If robot w is in UDG(r) at time 0, when robot r switches to safe
state, then w is still in UDG(r) at time t > 0, when robot r switches back to
regular state.

From Lemmas 2 and 7, we conclude that S-GTRC preserves connectivity.

Corollary 3. Let us consider a group of robots R on the Euclidean plane exe-
cuting S-GTRC. If {u,w} is an edge in the open Relative neighborhood graph
RNG(R) at time 0, then {u,w} is an edge in RNG(R) at ¥t > 0 or there is a
path from u to v in RNG(R),Vt > 0.

Next, we analyze the runtime. We know that the robots in the regular state
(i.e. those executing GTRC) satisfy the contracting conditions of Lemma 1. It
remains to show that in the safe state the robots also satisfy the contracting
conditions. In Lemma 8, we show that the target arc is constructed in such way
that its middle point is always inside the local and consequently also a global
convex hull.

Lemma 8. If robot r is in the safe state, then the target point M(r) is inside
the convex hull H(R) over all robots, and it does not coincide with the position
of the robot r(t) at least until it switches into reqular state again.

Lemma 8 implies that in the safe state any robot r moves with speed s > 1
inside the convex hull. This means that S-GTRC is a contracting algorithm.
Besides that, the length of the convex hull boundary around the initial config-
uration is not greater then 2(n — 1), where n is a number of robots, as shown
in [17].

Theorem 3. The group of n robots executing S-GTRC gathers in time O(n?).

Next, we investigate the collisions of robots executing S-GTRC. Robots that
execute S-GTRC can be in one of the three states: regular, locked (regular) or
safe, where a locked robot is a robot r that is positioned at its own crash point
p(r) and Jw : &, (r) = true. It actually is in the regular state but the presence
of w in the proximity of its p(r) prevents r from switching to the safe state.
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Proposition 2. If robot r is in the safe state, then it does not collide with any
other robot.

This proposition holds since according to S-GTRC, during the motion in the safe
state, a robot covers at most a distance /k[w, r| = 1/k min,cypa\r1|7, ul}. Due
to the speed limit s, all other robots during the safe motion of r can cover at
most the same distance. For k > 3, the position of r will never coincide with the
position of some other robot. Similar argumentation works in the Proposition 3
for the locked regular state.

Proposition 3. If robot r is in the locked state, then it does not collide with
any other robot.

In order to have a collision, according to Corollary 2, robot r needs to reach
the crash point p(w) of some other robot w. An example of disposition of robots
r and w shortly before a collision at p(w) is depicted in Fig. 4.

Robot r needs to pass through a shrinking gap between two lenses corre-
sponding to the RNG edges between w and m1, my. Next, in Lemma 9, we show
that the safe move always triggers before the potential collision by carefully ana-
lyzing the safety condition. In Lemma 10, we show that at the end of the motion
in the safe sate, a robot avoids potential collision by showing that during the
run, a robot cannot reach the crash point of any other robot.

Lemma 9. If a set of robots M C R has a potential collision with robot w at
time t, in p(w), then there exists robot r € M and point in time t < t, such that
S, (w) = true.

Lemma 10. If a set of robots M C R has a potential collision with robot w
at time t, in p(w), then there exists 1 € M such that the safety condition is
triggered by p(w) at time t; < t. and for k =4, m > 500, s > 10 at the end of
the safe motion at time to € (t1,t.) the crash point p(w) does not exist.

Using Propositions 2 and 3 together with Lemmas 6, 9, 10 and Theorem 3,
we prove one of our main results, Theorem 4.

Theorem 4. For s > 10, m > 500, and k = 4, the Safe-Go-To-The-Relative-
Center algorithm performs gathering in O(n?) without collisions.

6 Future Work

In this paper, we propose algorithms that can gather robots with and without
collisions. In fact, collisions may be the outcome of certain start configurations
of swarms and so cannot be avoided for some instances. Within this context, we
conjecture the following: “Start configurations of swarms yielding unavoidable
collisions are singular in a sense that a random perturbation of robot posi-
tions within arbitrarily small circles around their original positions results in a
collision-free configuration with probability one”.
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Appendix

Safe-Go-To-The-Relative-Center algorithm

Algorithm 1. S-GTRC

Require: Initial configuration, parameters m and k, velocity s.
1: Robot r observes the positions of all its neighbors (regular and safe) in 2-UDG(r):
2: if max,pe2-Uupa(r) la,bl > 1 then

3:

4:

>

10:
11:
12:
13:
14:

15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:

Robot 7 observes the positions of its regular neighbors in UDG(r) and calculates
RNG(r).
Robot r computes the minimum circle C(r) enclosing RNG(r). The center T'(r) of C(r)
is the target point of r.
Robot r observes the positions of all regular robots in 2-UDG(r). and calculates crash
points for every robot in UDG(r).
Robot r checks:
if Robot r is at its own crash point, i.e. r = p(r) AND Jw : G(r) = true AND
S(w) = safe then
Set states: L(r) = locked, S(r) = regular,
A(r) = % + #clock.
else
if Jw : 6, (w) = true then
if M(r) = undefined then
S(r) == safe,
M (r) := mid point of target arc A C D, where D is the circle with center at r
and radius radius %|w7 r|.
else
S(r) = regular
if L(r) = locked AND #-clock = A(r) then
Set states: S(r) := undefined, A(r) := undefined.
Robot r moves:
if S(r) = regular then
if 7 is already at T'(r) then
Robot r remains at T'(r) and moves in the same way as the target point does.
else
Robot r moves with maximum speed 1 towards T'(r).
else
if r is already at M(r) then
Set states: S(r) = regular, M(r) = undefined.
else

Robot r moves with maximum speed s towards M (r).
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A.2 Go-To-The-Relative-Center algorithm

Algorithm 2. GTRC

Require: Initial configuration

1:
2:

Robot r observes the positions of all neighbors in UDG(r) and checks whether:
Robot r observes the positions of its unit disk graph neighbors and calculates

RNG(r).

: Robot r computes the minimum circle C(r) enclosing RNG(r). The center T'(r) of

C(r) is the target point of r.

: Robot r moves:

if r is already at T'(r) then

Robot r remains at T'(r) and moves in the same way as the target point does.
else

Robot r moves with speed 1 towards T'(r).

A.3 Figures

my

(a) Robot r together with (b) Robot r together with a crash point p(r)
its minimum enclosing set and the robots mi, ms that define this crash
MEC(r) and RNG lenses, that point. Besides that here we depict RNG
correspond to the RNG edges lenses that correspond to the RNG edges
between r and members of {mai,r} and {ma,r}.

MEC(r).

Fig. 1. Lenses of the Relative neighborhood graph
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/ a d n ﬂ\l) c \

Fig. 2. The construction of target arc A C D.

Fig. 3. Robot 7 in the safe state moves towards target point M (r) the mid point of
the target arc A C D. Black arcs Ci, C2 are the parts of according RNG lenses.

<= T

Fig. 4. Robots w with RNG lenses that correspond to RNG edges {w, m1} and {w, m2}.
Both robots are inside of the circle B with the center at the crash point p(w) and radius
L/am|m1, mz|. If robot r performs safe move, then the target point during the safe move
belongs to the circle D.
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Abstract. We study variants of the STRIP COVER problem (SC) in
which sensors with limited battery power are deployed on a line barrier,
and the goal is to cover the barrier as long as possible. The energy con-
sumption of a sensor depends on its sensing radius: energy is drained
in inverse proportion to the sensor radius raised to a constant exponent
a > 1. In the SET ONCE STRIP COVER (ONCESC) the radius of each
sensor can be set once, and the sensor can be activated at any time. SCg
and ONCESCy, are variants of SC and ONCESC, resp., in which each
sensor is associated with a set of at most k& predetermined radii.

It was previously known that ONCESC is NP-hard when o« = 1, and
the complexity of the case where o > 1 remained open. We extend the
above mentioned NP-hardness result in two ways: we show that ONCESC
is NP-hard for every a > 1 and that ONCESC is strongly NP-hard for
a = 1. In addition, we show that ONCESCy, for k > 2, is NP-hard, for
any o > 1, even for uniform radii sets. On the positive side, we present
(i) a 5y*-approximation algorithm for ONCESCy, for k > 1, where v is
the maximum ratio between two radii associated with the same sensor;
(ii) a 5-approximation algorithm for SCy, for every £ > 1; and (iii) a
5. 2% approximation algorithm for STRIP COVER. Finally, we present an
O(nlogn)-time algorithm for a variant of ONCESC}, in which all sensors
must be activated at the same time.

1 Introduction

Sensor networks are used in a broad range of applications related to surveillance,
military, health care, and environmental monitoring. One of the main challenges
in designing and operating such networks is coping with the limited resources of
the sensors. In this paper we focus on one of these limited resources — energy.
More specifically, we study a network of static sensors with limited battery power
that is supposed to cover a line barrier, where the goal is to maximize network
lifetime, namely to provide coverage as long as possible.

More formally, we study the setting where there are n static sensors located
on a barrier represented by the interval [0, N], where N € N. The input consist
of battery charges b € N and locations = € ([0, N] N N)™. We consider the set
once model [2] in which we can set the sensing radius p; € N and the activation
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Fig. 1. Sensor ¢ covers the interval [z; — p;, z; + pi] during [, 75 + bi /p§].

time 7; € Ry (where Ry = RN [0,00)) of each sensor ¢ only once, namely the
radius of a sensor remains the same once activated. The energy consumption rate
of sensor ¢ with a covering radius of p; is proportional to p$*, where v > 1 is a
path-loss exponent [9]. Thus sensor i covers the region [z; — p;, x; + p;] during the
time interval [r;, 7; + b;/p%?]. It is common to assume a super-linear dependence
of the consumption rate on the radius, i.e., to assume that o > 1. However, the
case of @ = 1 is still interesting, since there are special settings where a linear
dependence may be appropriate [10]. The goal is to find a solution (p, 7) for any
input (x,b), such that the barrier is completely covered for as long as possible.
An example of the coverage of one sensor is given in Fig. 1.

We consider two problems that differ in the types of radial assignments. In
the variable radii case the radius of a sensor i can be any integer, while in the
fized radii case each sensor i is associated with a set R; of possible values given
in the input. In the variable radii case the problem is called SET ONCE STRIP
COVER (abbreviated ONCESC), and in the fixed case, if all radii sets are of size
at most k the problem is denoted by ONCESCy. If all radii sets are the same,
ie., R; = Rj, for every i # j, we refer to the instance as having uniform radi
sets. Such an instance can be obtained if we use uniform sensors (say, from the
same manufacturer) that previously took part in other tasks, and therefore may
have non-uniform battery powers. We also consider the STRIP COVER problem
(SC) in which the radius of each sensor can be set any finite number of times.
In this case, a solution is a vector of functions where the ¢th function determines
the radius of sensor i at any given moment. SCy, is the fixed radii variant of SC.

Related work. Buchsbaum et al. [3] considered the RESTRICTED STRIP COVER
problem (RSC) where the input consists of a set of rectangles that can be moved
vertically but not horizontally, and the goal is to maximize the height at which an
interval region is fully covered. This problem is equivalent to ONCESC;. Notice
that since there is only one radius per sensor in ONCESCj, the value of « is
irrelevant. Buchsbaum et al. [3] gave an O(log log log n)-approximation algorithm
for RSC and a (24 ¢)-approximation algorithm for the uniform radii case. They
also showed that it is strongly NP-hard using a reduction from the DyNnamic
STORAGE ALLOCATION problem. Stockmeyer (see [6, Problem SR2]) showed
that DYNAMIC STORAGE ALLOCATION is strongly NP-hard using a reduction



200 M. Poss and D. Rawitz

from 3-PARTITION. (The reduction is given in [4].) In fact, in the above reduction
implies that RSC is strongly NP-hard even if all rectangles are of height either
1 or 2. Later, a 5-approximation algorithm for RSC was given by Gibson and
Varadarajan [7]. It is important to note that their analysis is made in comparison
to the minimum load which is a lower bound on the optimal height (or lifetime).

Bar-Noy and Baumer [1] studied STRIP COVER. Assuming unit batteries and
«a = 1, they showed that the approximation ratio of the Round Robin algorithm,
which simply forces each sensor to successively cover the barrier for as long as
possible by itself, is between 2 and 1.825. Bar-Noy et al. [2] defined the set
once model. They proved that ONCESC is NP-hard when a = 1. They analyzed
Round Robin for the case where o = 1 and showed that its approximation ratio is
%, even for STRIP COVER, thus closing the gap left by [1]. In addition, they gave
an algorithm for a simpler variant, called SET RADIUS STRIP COVER, where all
sensors must be activated at the same time.

Lev-Tov and Peleg [8] explored the Disk COVER problem in which the input
consists of a set of points and a set of sensor locations on the plane, and the
goal is to cover the points so as to minimize the sum of radii (i.e., « = 1). For
the one-dimensional case with variable radii they provided a polynomial time
algorithm and a linear-time 4-approximation algorithm. The former algorithm
works for any a € N. They also presented two PTASs for DiSk COVER, one for
variable radii, and the other for fixed radii, assuming that the set of points is a
subset of the set of sensor locations. Li et al. [5] studied barrier coverage with
static sensors, where the objective is to minimize the total energy consumption
rate, namely the goal is to find a radii assignment p that minimizes ), pf.
They presented a polynomial time algorithm for the fixed multiple radii case,
a 2-approximation algorithm for the variable radii case. They also presented an
FPTAS and an NP-hardness result for variable radii and o = 1.

Our results. We provide NP-hardness results in Sect. 3. We show that ONCESCy,
is NP-hard, for any & > 2 and a > 1, even for the case of uniform radii sets.
This result is obtained using a reduction from PARTITION. We use the same
construction, but with a more elaborate analysis, to show that ONCESC is NP-
hard, for any o > 1. We use a reduction from 3-PARTITION to show that ONCESC
is strongly NP-hard in the case where o = 1. The last two results improve the
NP-hardness result for ONCESC with o = 1 from [2].

Several algorithms are given in Sect. 4. We present a 5y“-approximation algo-
rithm for ONCESCy, for k£ > 1, where v is the maximum ratio between two radii
that belong to the same sensor, i.e., ¥ 2 max; {rik;/ri1}, where k; = |R;|.
Observe that if ¥ = O(1), then the approximation ratio is also O(1). We present
a b-approximation algorithm for SCy, for every k£ > 1. In addition, we give a
5 - 2%-approximation algorithm for STRIP COVER. The algorithms are based on
the 5-approximation algorithm RSC (ONCESC; ) by Gibson and Varadarajan [7].

Finally, we consider the fixed radii version of SET RADIUS STRIP COVER,
for which we give an O(nlogn)-time algorithm for every k£ > 1. (Recall that in
this problem all sensors must be activated at the same time.) This section was
removed for lack of space.
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2 Preliminaries

The SET ONCE STRIP COVER problem (abbreviated ONCESC) is defined as
follows. Let U = {0,..., N}, where N € N, be the discrete barrier that we aim
to cover. A ONCESC instance consists of a vector x € U™ of n sensor locations on
the barrier and a corresponding vector b € N™ of battery charges. We assume that
x; < xiyq for every i € {1,...,n — 1}. A solution is an assignment of radii and
activation times to sensors. More specifically, a solution is a pair (p,7) € N*xR%,
where p; is the sensing radius of sensor i and 7; is the activation time of sensor
i. We assume that the radius of each sensor cannot be reset, therefore sensor 4
becomes active at time 7;, covers the interval [x; — p;, x; + p;] for b;/p$ time
units, and then becomes inactive since it has exhausted its battery.

Any solution can be visualized by a space-time diagram in which each cov-
erage assignment can be represented by a rectangle. It is customary in such
diagrams to view the sensor locations as forming the horizontal axis, with time
extending upwards vertically. In this case, the coverage of a sensor located at z;
and assigned the radius p; beginning at time 7; is depicted by a rectangle with
lower-left corner (x; — p;, 7;) and upper-right corner (x; + p;, 7; + b; /p%). Let the
set of all points contained in this rectangle be denoted as Rect(p;, 7;). A point
(u,t) in space-time is covered by a solution (p, 7) if (u,t) € |J, Rect(p;, ;). The
lifetime of the network in a solution (p,7) is the maximum value T such that
every point (u,t) € [0, N] x [0,T] is covered. We denote this value by T'(p, 7). In
ONCESC the goal is to find a solution (p,7) that maximizes the lifetime. Given
an instance (z,b), the optimal lifetime is denoted by opT(z,b) (or by OPT).

The ONCESC}, problem is a variant of ONCESC in which the instance also
contains a set R; = {ry1,...,7ik }, for every sensor i, containing k; < k radii
that are possible for sensor 7. That is, it is required that p; € R; U {0}, for every
i. We assume that r; ; < r; j11, for every j. Observe that ONCESC; is equivalent
to RESTRICTED STRIP COVER. RADSCy is variant of ONCESCy in which all
sensors become active at together, namely where 7 = 0. Hence, a solution is
simply a radial assignment p.

In STrRIP COVER (SC) the radius of a sensor may change any finite number
of times, hence a solution is a vector of functions p, where p; : Rt — [0, N] NN
is a piecewise constant function that determines the radius of sensor ¢ at any
given moment. In this case the lifetime of a solution p is denoted by T'(p). SCy
is the fixed radii variant of SC. (Notice that SC; is not the same as ONCESC}).

3 Hardness Results

We provide several hardness results. We show that ONCESCy is NP-hard for
any a > 1, even for uniform radii sets, using a reduction from PARTITION. The
same reduction, but with a more careful analysis, is used to show that ONCESC
is NP-hard. A reduction from 3-PARTITION is used to show that ONCESC is
strongly NP-hard in the case where @ = 1. We start the section by examining
the structure of an optimal solution.
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3.1 Structure of an Optimal Solution

We show that that there exists an optimal solution that has a certain structure.
More specifically, given a radii assignment, we show that if there are sensors that
cover the whole barrier by themselves, then we can change the activation times
such that these sensors would first cover the barrier one by one, and then the
rest of the sensors would cover the barrier. Moreover, this can be done without
decreasing the lifetime of the network.

Given a radii assignment p, let W(p) be the set of sensors that cover the

whole barrier, namely define W(p) = {i : [0, N] C [&; — pi, z; + pi]}. Also define
tw = 2 icw(p) bi/ pf- We first show that a sensor in W (p) can be moved to the
beginning of the schedule.

Lemma 1. Let (b,z) be a ONCESC (or a ONCESCy) instance, and let (p,T)
be a solution. Also, i be a sensor that covers the whole barrier, i.e., [0, N] C
[x; — pisxi + pi]. Then, there exists a vector T/, such that (i) (p,7') is a feasible
solution and T(p,7') > T(p,7); and (ii) 7/ =0 and 7; > S—g;, for every j # i.

Proof. The idea is to activate sensor ¢ at time 0. This creates a coverage gap,
and this gap is closed by activating sensors that were originally activated before
i after i’s battery is depleted. Formally, given (p,7) we define 7/ as follows:

0 i =7,
7j = qmax {7, bi/p{} 7 =7,
Tj—‘rbi/p? T < Ti-

z—;, for every j # ¢, by construction.
To prove that T'(p,7’) > T(p,7), we show that any point (u,t) € [0, N] x

[0,T(p, )] is covered in the solution (p,7’). We consider three cases.

First observe that 7/ =0 and 7] >

— First, if t < b;/p%, then (u,t) is covered by sensor .

— The second case is when b;/p¢ <t < 7, + b;/p$. Since t — b;/p¢ > 0, the
point (u,t — b;/p$) must be covered in the solution (p,7) by some sensor j.
Moreover, since t — b; /p$* < 7;, it must be that j # ¢ and 7; < 7. It follows
that 7/ = 7; + b;/p, and thus (u,t) is covered in (p, 7').

— If t > 7, + b;/p$, then the point (u,t) is covered in (p,7) by a sensor j # i.
Hence t € [rj,7; + bj/p§]. We claim that (u,?) is covered in (p,7’) by the
same sensor j. Since ’7']/» > 7j, for any j # i, it is enough to show that ¢ > T]’».
First, if 7; < 7; we have that T]’- =7, +b;/p) <7 +b;/p$, and it follows
that ¢ > 7/. The other option is that T; > 7;, and in this case we have that

7} =max {7;,b;/pf'}. Since t > 7; and t > 7; + b;/pi* we are done.

The lemma follows. O
The following result is obtained using induction and Lemma 1.

Lemma 2. Let (b,z) be a ONCESC (or a ONCESCy,) instance, and let (p,T) be
a solution. Then, there is a vector 7/ such that (i) (p,7’) is a feasible solution,
(ii) T(p,7") > T(p,7), and (iii) if i € W(p), then 7} + 2—; < tw, and otherwise,



Maximizing Barrier Coverage Lifetime with Static Sensors 203

3.2 Multiple Fixed Radii

In this section we show that ONCESC, is NP-hard even in the case of uniform
radii sets. This is done using a reduction from PARTITION.

Theorem 1. ONCESCy is NP-hard, even for uniform radii sets.

Proof. Consider a PARTITION instance A = {ay,...,a,}. Define B = 13 a;.
We construct a ONCESC;, instance as follows. First assume that N is a multiple
of 6. The instance contains n + 2 sensors, where by = b,42 = B and b;41 = ay,
for every i The locations are: x; = 1(\57, = N , for every i € {2,...,n+ 1}, and
Tp4o = 2. The radii subsets are: R; = { 6 o } for every 1.

We clalm that A € PARTITION if and only if oPT(b,z) = B - ©£2°.

Consider an optimal solution (p, 7) to such an instance. Observe that W (p) =
{i:p;=N/2and i # 1,n+2}. By Lemma 2 we may assume that any sensor
i € W(p) works alone when covering the barrier. The remaining sensors are
activated not earlier than ty.

Observe that the remaining sensors that are located at % cannot cover 0
with a radius of . Thus if p; = 5, sensor 1 cannot be helped by sensors that

are located at % Moreover, it must get help from sensor n + 2, and in this

case the network lifetime is: T'(p,7) = > ;e () W T ﬁ. This value is

— . . . . 3.2%
maximized when w(p) = {2,...,n + 2}, and in this case T'(p,7) = B - 5= A

similar argument can be used if p, 12 = %

Now consider the case where p; = % and pp4o = %. Sensors 1 and n + 2
cannot cover the barrier by themselves, since they do not cover the interval
[, 2X]. However, sensors in {2,...,n+ 1} \ W(p) can do that, and the best
way to do that is with no overlaps. It follows that

B C } 2B—-C min{B,C}

T(p.7) =ie%:(p)(]w2yl+min{(zv/6)a’ /69 [ T e e

where C = 216{2 T A\W (p) @i If C < B, we have that T'(p,7) = 2B - ]%—(: +
C- (8~ Na) which is an increasing function of C. If C > B, then T'(p,7) =

N

B- (2% + £)— ¢ %, which is decreasing function of C. It follows that the
maximum value is obtain when C' = B and in this case T'(p, 7) = B- (% + 1?[—(:,) =

2946

B. 26"
Since 3 - 2% < 2% 4+ 6%, for o > 1, it follows that the best we could hope for

s B - 2846°
NQ

If A € PARTITION, there exists I such that ), ;a; = B. We can obtain a
lifetime of B - QNL(? by assigning p;11 = E ifiel, and p; = ﬂ otherwise. On
the other hand, if a lifetime of B - 2 ]\J{ 6% is attamable then the set W (p) induces

a partition. More specifically, . _;a; = B for I = {z i+ 1eW(p)}. O

iel
This result can be extended to any k > 2.

Theorem 2. ONCESCy, is NP-hard, for any k > 2, even for uniform radii sets.
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Proof. We use a similar reduction to the one frorn the proof of Theorem 1, where

the only difference is that R; = {]g, ]g, k— .,1} (assuming that k < %)
Since the smaller radii cannot be used to cover the barrier, they are redundant.
The theorem follows. O

3.3 Variable Radii

We show that ONCESC is NP-hard for any o« > 1. This is done using the
reduction from PARTITION that was defined in the proof of Theorem 1.

Theorem 3. ONCESC is NP-hard, for any o > 1.

Proof. We use the same construction (not including the R;s) that was used in
the proof of Theorem 1, and again we claim that A € PARTITION if and only if
op1(b,z) = B - 2£5°

Consider an optimal solution (p, 7) to such an instance First notice that we
may assume without loss of generality that ph pnt2 < w and that p; < N for
every i € {2,...,n+ 1}. Observe that W(p) = {i: p; > & } By Lemma 2 we
may assume that any sensor i € W(p) works alone when covering the barrier.

We examine the sensors 1 and n + 2. There are four cases corresponding to
whether or not they belong to W (p).

1. First consider the case where 1,n + 2 € W(p). By Lemma 2 we may assume
that both sensors cover the Whole barrier by themselves, each during a time
interval of length W = m Na' Observe that if they work together, each
with radius ﬂ they cover the barrier for 4 N/%)a = NQ time. This increases

266 < 3%, for a > 1.

2. Next we con81der the case where 1 ¢ W(p) and n+2 € W (p). Since 1 &€ W(p),
it follows that p; < % which means that 1 does not cover the right endpoint
of the barrier, namely the point N. Since n + 2 € W(p), sensors n + 2 never
collaborates with 1. Hence, to cover the barrier, sensor 1 needs help from
another sensor i € W(p) located at % Assuming that this happens, ¢ needs
to cover the right endpoint, and we have that p; > &, which means that
i € W(p) and we get a contradiction.

3. Similarly we may eliminated the option, where 1 € W(p) and n+ 2 & W(p).

It follows that we may assume that 1,n+2 ¢ W(p).

Now consider the sensors that are not in W(p). We know that p; < &, for
every i € {2,...,n+ 1} \ W(p). Hence, any such sensor i cannot reach both
barrier end points, and therefore it must rely on the help of both 1 and n + 2.
We also know that p1, ppye < 2 , and this means that the two sensors must
work together to obtain coverage It follows that after tyy the barrier is covered
only if both 1 and n + 2 are activated. Also, we may assume that p1, p10 > %,
since otherwise the endpoints remain uncovered.
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If p1 + pni2 > =5, both sensors cover the barrier by themselves, and they
achieve maximum hfetlme when p1 = pn42 = N3. In this case we get
a; B 2B-C B (2-243%)B —2*C
T = = =
P =2 et e~ (2 O No

where C = ZiE{Q,...,n+1}\W(p) a;. This function decreasing in C' and therefore
the maximum is obtained when C' = 0. In this case

2.2% 43¢
T =B.— 1
(4 7) - (1)
Next we consider the case where p; + pni2 < 2¥. In this case sensors 1 and

n + 2 need the help of sensors located at N Let S be the set of sensors that
collaborate with 1 and n+2. Since p1, prn42 > 6 , We may assume that pi < N , for
every ¢ € S. Let £ = min;cg p;. We may assume that p1, pp10 = 3 —{> 1(;7 > /.
Hence the lifetime that is obtained is:

a; . C B
T = 2. (N *mm{w /3 —ﬁ)a}

i€EW (p)

=(2B-0C)- ]ia +m1n{c (N/BBE)}

IfC’>B then & > W, since £ < & —¢. Hence T(p,7) = (2B —

C)- NQ =+ W. This expression is maximized when ¢ = %, and we get that

T(p,7) = B- 2a+6a -C- 2 . This function is decreasing in C, and it is maximized
when C' = B. The hfetlme in this case is T'(p,7) = B - QuI\J/C?a.

On the other hand, if C' < B, then p; and p,,4+2 will increase to extend the
lifetime. Assume that ¢ € R is allowed. In this case the maximum is obtained

C _ N _ —
when 7z = It follows that (£ —1)* = Z or ¢ = N \/%H) Hence,

« « a«/B 1) — 9«
T(p,7) = (2B —C)- 2—+£—2B e (3( /C+1) )

B
(N/3—0)=

Lo N« N«

The derivative is strictly positive, since

oT(pr) _ 1 ([30‘(“ B/C +1)° fza}fc.ga (3/BJC +1)*~ VB/C)

oc _ Ne C
S CX WH ) =27 = 3°(3/B/C+ 1) {/BJC) /N
(3*(V/BJ/C+ 1) [(VBJC +1) - ¥/BJC| —2°) IN*
= (3

3%({/B/C + 1)~} 2“) /N®
(3 20& 1 204)/N04’
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where the inequality is implied by C' < B and « > 1. It follows that the function
is increasing and reaches its maximum when C' = B. As mentioned above, the

lifetime in this case is T(p,7) = B - 258~
It remains to compare the above mentioned value to (1). Since o > 1, we

have that B - 2'2;\‘,?53& < B- QQJ\J;EQ. Hence, B - 2(?\4,}?@ is the best we can hope for.
a; = B.

To finalize the proof, if A € PARTITION, there exists I such that ).,
A lifetime of B-25£5% can be achieved by assigning p; 1 = % ift € I,and p; = %

Nll
otherwise. On the other hand, if a lifetime of B - QQN%GQ is attainable, then the
set W (p) induces a partition. O

3.4 Strong NP-Hardness When o« = 1

We show that ONCESC with o = 1 is strongly NP-hard using a reduction from
3-PARTITION. To do that we need the following observation that was given in [2].

Observation 1 [2]. The lifetime of a ONCESC instance (x,b) is at most
23 .bi/N. Moreover, if OPT = 23.b;/N, then there are no coverage overlaps
or coverage outside the barrier.

Theorem 4. ONCESC with o = 1 is strongly NP-hard.

Proof. Consider a 3-PARTITION instance A = {a1,...,a,}, where n = 3m and
L3 .a; = Q. (Recall that 3-PARTITION is NP-hard even if a; € (%, %), for
every 4, and @ is polynomial in n.) Define an instance of ONCESC as follows.
First, let N = 8m. The instance contains n 4+ 2m = 5m sensors, where

m+i—1 i€[l,m], Q- st e [l,m]
x; =< 4m i€ m-+1,4m], bi =< ai—m i € [m+1,4m],
2m + i i€ [4m+1,5m], Q- omot i€ [4m +1,5m].

We claim that A € 3-PARTITION if and only if opT =23, b; /N = % -H,,, where
H,,, is the 7th Harmonic number.

Supposed A € 3-PARTITION, i.e., there exists a partition Ay, ..., A, of A into
m triples such that ) . 4, 0= Q. We construct a solution (p;, ;) as follows:

m+i—1 i€][l,m],
pi =1 2j i€ m+1,4mland a;—, € Aj,
6m — i i€ [dm+1,5m],

and
Q. Hpi i€ [1,m),
_J)aQ Zz;é b; . . .
=3 Hio+ = i€ m+1,4mland i — m =14, q,
Q. Hi 4m—1 i € [4m +1,5m],

where A; = {aijyo,aijyl,aim } Observe that there are five sensors that are acti-
vated in the time interval [Q/2- Hy_1,Q/2- Hy), for £ < m. First, sensor m—{+1
and sensor 4m + (¢ are activated exactly at Q/2 - Hy_1. Also, the three sensors
that correspond to A, are also activated in this interval:
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— Sensor m + ig, is activated at Q/2 - Hy_;.
— Sensor m + iy is activated at Q/2- Hy—1 + bi, o /pi, -
— Sensor m + g2 is activated at Q/2 - H;_1 + bi, o/ pi, o + iy /Pigr -

Observe that pm—¢11 = pamie = 2m — £ and p;,, = 2¢, for d € {0,1,2}.
In addition, notice that sensor m + i, is activated exactly when the battery
of sensor m + is is depleted, and sensor m + 4,2 is activated exactly when
the battery of sensor m + iy is depleted. Moreover, since &,,_¢11 = 2m — £,
Tymye = 6m + £, and z;, , = 4m, for d € {0, 1,2}, the barrier is covered with
no overlaps by the five sensors during the time interval [Q/2 - Hy—1,Q/2 - Hy).
If follows that there are no overlaps, and hence OPT =2}, b;/N = % -Hp,.

Now, assume that there exists an optimal solution (p,7’) without excess
coverage whose lifetime is 2>, b;/N = % - H,,,. Consider a sensors i, where
i < m.If p; > p;, then energy is wasted for coverage beyond the left end-point
of the barrier. If p, < p;, then there are several options. If sensor i is active after
the solution lifetime, then energy is wasted. Otherwise, since sensor ¢ fails to
cover the left end-point of the barrier, the endpoint must be covered by another
sensor i7" and hence their coverage intervals must intersect, which again means
a waste of energy. It follows that p} = p;, for every i < m. By a symmetric
argument we have that p, = p;, for every i > 4m + 1.

Since the rest of the sensors are located at 4m, the sensors in the two sets
{1,...,m} and {4m + 1,...,5m} must work in the same pairs as in (p, 7), since
otherwise energy is wasted due to overlaps. More specifically, if at some time a
sensor i < m, does not work with sensor 5m — i + 1, then if it covers the barrier
only with a sensor located at 4m, then 7 is redundant and there is a coverage
overlap. If it covers the barrier with a sensor ¢/ > 4m+1, such that i’ # 5m—i+1,
then they need help from a sensor located at 4m, and its covering interval will
overlap with the interval of ¢ or with the interval of 4’.

It follows that the solution can be partitioned into m temporal strips each
corresponding to a sensors pair ¢ and 5m — ¢ + 1. In each such strip, sensors
located at 4m fill the gap in coverage [2m + 2i — 2,6m — 2i + 2] that lasts
% = ﬁ time units left by the ith sensor pair. Since each such gap must
ﬁe filled exactly by sensors located at 4m, there is a set of sensors filling the
gap with radii 2m — 2i + 2. Since they need to cover the gap for ﬁ time,
they combined batteries should add up to Q). Hence, the strips induce a partition
of the sensors into m subsets, such that the total power of a subset is (). The
partition induces a partition of A, and hence A € 3-PARTITION. O

4 Approximation Algorithms

We present several algorithmic results. We provide a 5y®-approximation algo-
rithm for ONCESCy, where v is the maximum ratio between two radii associated
with the same sensor. In addition, we give a 5-approximation algorithm for SCy,
for every k > 1, and a 5 - 2%-approximation algorithm for STRIP COVER. The
algorithms are based on the 5-approximation algorithm RSC from [7]. Most
proofs of this section were omitted for lack of space.
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4.1 Algorithm for Set Once Strip Cover with Fixed Radii

We start by presenting a 5y“-approximation algorithm for ONCESCy, for k > 1,
where v is the maximum ratio between two radii that belong to the same sensor.
That is v = max; {rik;/ri1}, where k; = |R;|.

The next lemma bounds the performance of an assignment that uses only
the largest radii. The idea is to shrink the lifetime such that the batteries would
be able to support the larger radii.

Lemma 3. Given an instance of ONCESCy, there exists a y*-approrimate solu-
tion (p, ), where p; € {0,7; ,}, for every i.

It follows that we can use an algorithm for RSC with the largest radii to
obtain an approximate solution for ONCESCy,.

Theorem 5. There is a polynomial time 5y“-approximation algorithm for
ONCESCy, for k > 2.

4.2 Strip Cover with Multiple Fixed Radii

Next we provide a 5-approximation algorithm for SCyg, for every k > 1, that is
based on the 5-approximation algorithm RSC by Gibson and Varadarajan [7].

Given an RSC (i.e., ONCESC)) instance, define I; = [z; — 74, x; + ;] and
define the load of a sensor i by ¢; = b; /r;. Also, define load(p) = 3 ¢;, for
every p € U.

:pel;

Observation 2 [7]. Given an RSC instance, OPT < miny,ey load(p).

Given an SCy, instance, define ¢; ; = bi/rg; and I; = [T — 7o, 2 + 7]
Also, let P =, ;{z; —rij,x; +7i;}, and let p1,...,p/p| be a non decreasing
ordering of the point in P. Define

|P|-1
yaN
Z = {[0,p1], [pjp, NI} U U {[pj, pjs1l}-

j=1

Observe that |P|, |Z| = O(kn). We are now ready to present an integer program
for the problem of finding the maximum load:

max L

s.t. Zi,j:[gliyj Ei’jzi,j >L VIieT (2)
Zj Zi,§ < 1 Vi
Zij € {0, 1} Vi, j

where z; ; stands for whether 4 is used with radius r; ;. The first set of constraints
ensure that the barrier is covered, while the second set makes sure that sensors
are not over used. An LP-relaxation is obtained by replacing the intergrality
constraints by z; ; > 0, for every ¢ and j.
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Observation 3. Given an SCy, instance, we have that L* > OPT, where (z*, L*)
is an optimal fraction solution of (2).

Proof. An optimal solution induces a solution (z, L) such that opT < L. O
We use an optimal solution to (2) to obtain an approximate solution for SCy.

Theorem 6. There exists a polynomial time 5-approzimation algorithm for
SCyg, for every k > 1. Moreover, each sensor uses each of its radii at most
once in the computed solution.

4.3 Strip Cover

Observe that an STRIP COVER instance can be view as a SCy, instance with & =
N and R; = {1,..., N}, for every i. Hence, Theorem 6 implies a 5-approximation
algorithm if N is polynomial in the input size.

Theorem 7. There exists a 5-approximation algorithm for STRIP COVER whose
running time is polynomial in the input size and in N. Moreover, each sensor
uses each of its radii at most once in the computed solution.

The next step is to remove the dependency on N.

Lemma 4. Let p be a solution for SCy where k = N and R; ={1,...,N}, for
every i. Then, there exists a solution p' such that p'(t) € {2j :7=1,...,1log N}
and T(p") > 2°T(p).

Using Lemma 4 one may reduce the running time at the expense of the
approximation ratio.

Theorem 8. There exists a 5 - 2%-approximation algorithm for STRIP COVER
whose running time is polynomial in the input size and in log N. Moreover, only
radii from the set {27 :j=1,...log N} are used, and each sensor uses each of
these radii is used at most once.

5 Discussion and Open Questions

Bar-Noy et al. [2] showed that ONCESC with « = 1 is NP-hard and that it has
a %—approximation algorithm. We show that, when o = 1, ONCESC is strongly
NP-hard. We also prove that ONCESC is NP-hard if « > 1. Presenting an
approximation algorithm for the case where a > 1 remains an open question.

We showed that ONCESCy, for any k£ > 2 and « > 1, is NP-hard, even for the
case of uniform radii sets. On the other hand, we presented a 5y“-approximation
algorithm for ONCESCy, for k > 1. If v = O(1), the approximation ratio is O(1).
It would be interesting to come up with an approximation algorithm whose ratio
is independent of v and/or of .

As for STRIP COVER, there is a %—approximation algorithm for the case
where o« = 1 [2], and we presented a 5 - 2%-approximation algorithm for « > 1.
In addition, we gave a 5-approximation algorithm for SCyg, for every k > 1.

However, it is unclear whether either one of these problems is NP-hard.
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Abstract. Line of Sight (LoS) networks were designed to model wireless
networks in settings which may contain obstacles restricting visibility of
sensors. A graph G = (V, E) is a 2-dimensional LoS network if it can be
embedded in an n X k rectangular point set such that a pair of vertices
in V are adjacent if and only if the embedded vertices are placed on the
same row or column and are at a distance less than w. We study the
Maximum Independent Set (MIS) problem in restricted LoS networks
where k is a constant. It has been shown in the unrestricted case when
n = k and n — oo that the MIS problem is NP-hard when w > 2 is fixed
or when w = O(n'~¢) grows as a function of n for fixed 0 < ¢ < 1. In this
paper we develop a dynamic programming (DP) algorithm which shows
that in the restricted case the MIS problem is solvable in polynomial time
for all w. We then generalise the DP algorithm to solve three additional
problems which involve two versions of the Maximum Weighted Indepen-
dent Set (MWIS) problem and a scheduling problem which exhibits LoS
properties in one dimension. We use the initial DP algorithm to develop
an efficient polynomial time approximation scheme (EPTAS) for the MIS
problem in restricted LoS networks. This has important applications, as
it provides a semi-online solution to a particular instance of the schedul-
ing problem. Finally we extend the EPTAS result to the MWIS problem.

1 Introduction

LoS network. A wireless network typically consists of wireless devices that use
data connections to communicate wirelessly. Geometric graphs often provide a
good model for such networks with vertices representing wireless devices, and
edges representing communication between pairs of devices. Various types of
geometric graphs have been proposed to model wireless sensor networks. The
disk intersection model [5] is a commonly used one. Vertices are placed in some
physical space with the communication range for a vertex represented by a cir-
cle of some prescribed radius. Edges are formed between pairs of vertices whose
circles overlap. A benefit of this model is its ability to capture the constraint
of communication range restriction. This restriction implies that vertices should
be close in distance in order to communicate. Another constraint exhibited by
real world wireless networks are line of sight restrictions, often due to the pres-
ence of a large number of obstacles, like those often found in urban settings
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for example. With this restriction vertices can only communicate if they are
both close in distance and also share a direct line of sight. While the presence
of obstacles can be difficult to model, it is clear that a good model of wireless
network should ideally incorporate both communication range restrictions and
line of sight restrictions. Frieze et al. [9] introduced the notion of random Line of
Sight networks to provide a model that incorporates both. Their work focused
on structural properties of the model focusing on connectivity. Since then con-
nectivity in higher dimensions, percolation and communication problems within
the same model have been studied [3,6,8].

For positive integers k and n let Z, = {(z,y) : « € {1,...,n}, y €
{1,...,k}} denote the underlying point set. For two points p1 = (1,¥1),p2 =
(x2,Y2) € Zp i, let d(p1,p2) = |1 — 22| + |y1 — y2| denote the Manhattan dis-
tance between p; and ps. The distance metric we use differs from the one used
in [9] which relies on the underlying point set being toroidal to ease calculations.
We say points p; and ps share a line of sight if 1 = x5 or y; = y2. A graph
G = (V,E) is said to be a Line of Sight (LoS) network with parameters n, k
and w if there exists an embedding fg : V' — Z,, such that {u,v} € E if and
only if fo(u) and fg(v) share a line of sight and d(fg(u), fa(v)) < w. We refer
to w as the range parameter which is used to model the communication range
restriction. The range parameter can be a constant or grow monotonically as a
function of the parameters n or k.

MIS. We focus on the Maximum Independent Set (MIS) problem [7] in LoS
networks. The MIS in a graph can be seen as a measure of network dispersion
and independent sets share links with other important graph properties like
vertex covers [7]. For n x k line of sight networks, large independent sets could
help in covering scenarios like the following: “New York has many more streets
than avenues. On parade days the police may want to dominate all junctions by
also maximising presence”. In general graphs finding the largest independent set
is NP-hard [10] and even finding good approximation solutions are difficult [11].
For LoS networks in particular, if w = 2 or n, it is not difficult to see that the
problem can be solved optimally. Sangha and Zito [12] showed on the other hand
for w = O(n'~¢) where 0 < € < 1 is fixed the problem is NP-hard. They also
provide approximation results, showing the problem admits a 2-approximation
for any w and an efficient polynomial time approximation scheme (EPTAS) [4]
for constant w.

Additional applications. The abstract problem we study also finds application
[2] in the following scheduling problems. Suppose an advertisement company
manages advertisements from some number of clients (cf. k) over a long period
of discrete time (cf. n). At any time advertisements of some subset of clients are
available to be aired but the company can only select a certain number (cf. ) of
them to advertise due to resource limitation. In addition some “advertisement
diversity” policy requires that advertisements from the same client cannot be
aired more than once in a given period of time (cf. w). The goal of the company
is to schedule the airing of these advertisements satisfying the constraints and
maximise the number of advertisements aired (cf. MIS). This problem has one
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slight difference from the LoS problem in the sense that the restriction with w
only applies on one dimension (the time dimension) but not the other (the client
dimension). Nevertheless, as to be showed later, the solution we develop can be
adapted to solve this problem.

Our contribution. In this paper we study the MIS problem on restricted LoS
networks. We focus on the restricted case that parameter k is a constant and
k < w, in which case we show in Sect.3 that the problem becomes polynomial
time solvable via a dynamic programming (DP) algorithm. We also show in
Sect. 4 that the DP algorithm can be extended to solve (i) the maximum weighted
independent set problem (MWIS) on restricted LoS networks, (ii) MWIS on
LoS networks with & > w but both k and w being constants, and (iii) the
advertisement scheduling problem mentioned above. We then in Sect.5 apply
the DP algorithm to develop an EPTAS which improves the EPTAS in [12] by
showing that when k is restricted to being constant the algorithm no longer
requires w to be constant. In addition we show that the EPTAS leads to a semi-
online algorithm [1] with performance ratio (1 + €), which requires a look-ahead
distance dependent on e. This gives a semi-online algorithm for the scheduling
problem in the case where k < w and [ = 1.

2 Problem Definitions and Preliminaries

The dynamic programming algorithm uses arrays consisting of 0, 1 elements. An
array of size x X y consists of x rows and y columns. We start by introducing
some notations.

— For any array A, a sub-array A[i..j] contains columns i, i + 1, -- -, j.

— For any two arrays A1, As of size x Xy, we say that A, agrees with Ao, denoted
by A1 <, Ao, if A1fi,j] < Agliyj]foralll <i<zand1<j<y.

— For any array A, we denote by h(A) the “head” subarray of A containing all
but the last column of A; and ¢(A) the “tail” subarray of A containing all but
the first column of A. That is, h(A) and t(A) have y — 1 columus if A has y
columns.

— A; is said to be tail-aligned with A, if t(A;) is the same as h(Asg), i.e.,
t(A1) = h(A2). In this case, we say As is head-aligned with Aj.

— Let the column sum of an array A at column y be cs(A,y) = >, Alz,y].

Given a LoS network G in Z, j let array(G) satisfies array(G)[i,j] = 1 if
and only if location (j,4) € Z, i in the LoS embedding of G contains a vertex,
otherwise array(G)[i,j] = 0 Fig. 1 provides an example. Given array(G) of size
k x p where w < p, an independent array I of array(G) is any array of size k X p
satisfying (i) I <, array(G) and (ii) I contains at most one 1 in each column and
for any row i and distinct columns ji,jo, if I[i,71] = 1 and I[i, jo] = 1 it must
be the case that |j; — ja| > w. We refer an independent array W specifically of
size k X w as a “feasible array”. Since any feasible array has exactly w columns
it contains at most one 1 per column but also at most one 1 per row. We denote
by F the set of all feasible of arrays of size k x w.
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(OXel (i1) LoS(G) (441) array(G) () I
2 o 10101011 10001000
.—I 01100000 01 00O0O0OO0OTO
000O0O0OOODO 000O0O0OOOT O
000O0O0O0OT1OQ0 0000O0OOTITTO

Fig. 1. Figure (i) is a graph G and Figure (ii) is its LoS embedding in Zg4 with w = 4.
Figure (iii) represents the array layout of G and Figure(iv) is an independent array of
largest array sum, corresponding to the largest independent set in the graph G.

There is a clear connection between an independent array I of array(G) and
an independent set Z of the LoS network G. More precisely given a set Z C V
of a LoS network G = (V, E) embedded in Z, j consider the array I satisfying
Ii, j] = 1 if and only if location (j,i) € Z,, ; contains a vertex in Z. We observe
the following:

1. 7 is an independent set of G if and only if I is an independent array of the
array G.

k n .o
2. 71 =22, Zj:l 113, j].

We refer to the quantity Zle E?Zl I[i, §] as the array sum of I which we
denote by as(I). Using the two observations above it follows that finding the
maximum independent set in a LoS network G embedded in Z,, j, is equivalent
to finding the independent array of the array G with the largest array sum, we
refer to such an array as a largest independent array. In Sect. 3 we show how our
DP algorithm finds the largest independent array of array(G) by scanning the
feasible arrays of array(G).

3 Dynamic Programming

3.1 Algorithm

In this section we present a dynamic programming (DP) algorithm for finding
a largest independent array. For simplicity we refer to array(G) as G. It will be
clear from the context when referring to the LoS network G instead of the array
G. Given the array G of size k x n, for the purposes of the DP algorithm we
prepend G with w columns consisting entirely of 0’s. We index these columns
from —(w —1),...,0. Thus the input array G is of size k X (w + n). The DP
algorithm works by sequentially computing the array sums of G[—(w — 1)..J]
in G. The process keeps track of various sums MIS(j, W) depending on the
independent set choices in the right-most column of G[—(w — 1)..j]. For j =
0,...,n let Fg; C F be the set of feasible arrays W satisfying W <, G[j —
w + 1..j]. Note that in particular any independent array I of G[—(w — 1)..j] for
1 < j < n satisfies I[j —w+1..5] = W for some W € Fg ;.

Algorithm 1 describes how to compute the array sum on an independent array
of G[—(w —1)..4] from information about G[—(w — 1)..(j — 1)]. More specifically
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Algorithm 1. Computing the size of the largest independent array in G

1: Initialise: MIS(0,0) = 0, where 0 is the k x w array of all 0’s.
2: for j=1,...,ndo
3: for W € F do

4: if W € Fg,; then

5: MIS(], W) = maXW/E}-G“j_lzt(W/)Eh(W) MIS(] — 1, Wl) + CS(VV7 UJ)
6: else

7 MIS(5,W) =0

8: end if

9: end for

10: MIS(j) = maxwer, ; MIS(j, W)

11: end for

if W € Fgj; we try to extend the independent arrays in G[—(w — 1)..(j — 1)]
to independent arrays in G[—(w — 1)..j]. Let I’ be an independent array in
G[—(w —1)..(j — 1)] such that I[(j —w)..(j —1)] = W’ for some W' € Fg ;1
and t(W') = h(W). By considering the next column of G, we extend I’ to an
independent array I of G[—(w —1)..j] which satisfies I[j —w + 1..j] = W. There
are two cases for the sum cs(W, w):

1. cs(W,w) is 0 meaning that there is no entry in the last column of W. Then
as(I) = as(I') and hence the array sum for our independent set does not
increase;

2. cs(W,w) is 1 meaning that we can increase the array sum of our independent
array by 1; note that since W is feasible, cs(W,w) is at most 1.

The new independent array can be obtained by extending the one for G[—(w—
1)..(4 = 1)] by appending the w-th column of W. Figure 2 shows an example.

11100110 10000[L00 100
(2) c[1,...,s[=[00111110} r {00100010] w‘=[01o]
11001011 01001001 001
111001101 100001]001 001
(@) an,..., 9\:[001111101}1:[001000 00} W=|:10[J]
110010110 oc1o0o010fo1o0 010

Fig. 2. Figure (i) shows the first 8 columns of an array G and the independent array
I' of G[1..8] has the largest array sum satisfying I'[6..8] = W'. In Figure (ii) the
independent array I is the independent array of G[1..9] which has the largest array
sum satisfying I[7..9] = W. Note t(W’) = h(W) and that I can be obtained from I’
by appending the last column of W to I'.

3.2 Correctness

In this section we prove the correctness of Algorithm 1. We first prove in Lemma 1
that it is sufficient to consider F¢ ; and then the main result in Theorem 2.
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Lemma 1. For j =0,...,n — 1 for each W| € Fg,; there exists W1 € Fg j4+1
such that t(W{) = h(Wh) and for each Wy € Fg j+1 there exists W5 € Fa ; such
that t(W3) = h(W3).

Proof. Take W{ € F¢,; and consider the simple feasible array Wy satisfying (i)
t(W{) = h(W7) and (ii) the last column of W7 consists entirely of 0’s. Combining
(i) and (ii) with the fact that W{ <, G[j —w+1..j] we conclude W; <, G[j —w+
2..j+1] and thus Wy € Fg j41. Similarly given Wy € Fg j41 consider the feasible
array W3 satisfying (i) t(W3) = h(W3) and (ii) the first column consists entirely
of 0’s. Using similar reasoning to the first case we can conclude W3 € F¢ ;. O

Theorem 2. For 1 < j <n, MIS(j) computed by Algorithm 1 gives the size of
the mazimum independent set in the graph G[j] induced by the vertices of the
first j columns in Zy, .

Proof. Recall that MIS(j) = maxwer, ; MIS(j, W) for all 1 < j < n and let
OPT(j) denote the size of the maximum independent set in the graph G[j]
induced by the vertices of the first j columns of Z, j for all 1 < j < n. We
prove the theorem by induction on j. Firstly Lemmal proves that for each
W € Fg ; there exists W' such that maxycrg _ .0(wn=nw) MIS(j — 1, W') is
well defined. Next consider the case j = 0, since the first w columns (indexed
from —(w—1),...,0) consist entirely of 0’s it implies that MIS(0) = 0. In addition
let 0 € F denote the feasible array consisting entirely 0’s then Fao = {6} and
consequently MIS(0) = MIS(0,0) = 0.

Base case: If ¢s(G[—(w — 1)..1],1) = 0 then OPT(1) = 0. = {0} a
clearly MIS(1,0) = 0. Using the facts that (i) Fg,o = {0}, (i) M ( 0) =0, (111)
cs(0,w) = 0 and (iv) £(0) = h(0) it follows that MIS(1,0) = MIS(0 6) +¢s(0, )
For all W & Fg1, MIS(1,W) = 0 as it must be the case that W <, G[—(w
2)..1]. This means that MIS(1) = 0, which equals to OPT(1).

Otherwise cs(G[—(w—1)..1],1) > 0 meaning OPT(1) = 1. In this case Fg 1 #
{0}. Thus there exists W € Fg,; satisfying ¢(0) = h(W) and W # 0, and thus
es(W,w) = 1. Since W it head-aligned with 0 and contains a 1 in its final
column we conclude MIS(1, W) = 1. Finally since F¢ o = {0} and MIS(0,0) = 0
it follows that MIS(1,W) = MIS(0,0) + cs(W,w). Again for all W ¢ Fg1,
MIS(1, W) = 0. Then MIS(1) equals to 1, which equals OPT(1).

Inductive step: Suppose that the result holds for all columns of G indexed
from 1,...,75 — 1, i.e., MIS(3) equals to OPT(i) for all 1 <4 < j. We show that
this implies MIS(j) equals to OPT(j). Assume on the contrary that there exists
an independent array I in G[—(w — 1)..j] satisfying as(I) > MIS(j) and suppose
W* € Fg,; satisfies W* = I[j —w + 1..j]. Then as(I) > MIS(j) > MIS(j, W*)
and thus

as([) > maxW/e]_—Ginl:t(W/)Eh(W*)MIS(j -1, W’) + CS(W*,(.U). (1)

Consider the independent array I’ in G[—(w—1)..j — 1] obtained by removing
the last column of I. Then it follows that as(I’) = as(I) — c¢s({, j). Furthermore
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consider the simple feasible array W € Fg j_1 satisfying I'[j —w..j — 1] = W",
then ¢(W") = h(W*). In addition cs(I,j) = cs(W*,w) since the last column
of I is the same as the wth column of W*. Thus as(I’) = as(I) — cs(W*,w),
substituting this into Inequality (1) we obtain

as([’) > ma'XW/e]:Gijlit(W’)Eh(W*)MIS(j -1, W’)

Since I'[j — 2 —w..j — 1] = W and W € Fg j_1 satisfying t¢(W") = h(W™*)
this is a contradiction to the optimality of max MIS(j — 1, W') for W' € Fg ;1
satisfying t(W') = h(W™). O

3.3 Time Complexity

In this section we provide an upper bound on the worst case time complexity
of the DP algorithm. We describe how the use of n separate bipartite graphs
allow us to compute MIS(j) for 1 < j < n. Each bipartite graph consists of
two sets of feasible arrays namely those which agree with G[—(w — 1)..(j — 1)]
and G[—(w — 1)..j] respectively. Edges between classes represent pairs of arrays
which are tail-head aligned.

For an array G and 0 < j < n—1 B; = (Fg,j, Fa,j+1, FE) is a directed
bipartite graph to model the tail-head alignment of arrays with classes F¢ ;
and F¢ j41. For a pair of simple feasible arrays W € F¢ ; and W' € Fg i1,
(W,W') € E if and only if t(W) = h(W’).

For a directed graph G = (V, E) and vertex v € V let N~ (v) = {u € V :
(u,v) € B} and d~(u) = |N~(u)|. Similarly let N*(v) = {u € V : (v,u) € E}
and d* (u) = |[NT(u)]. Let AT(G) = max,cy d™(v) denote the maximum out-
degree of G. The bipartite graph B, is used to compute MIS(j + 1, W) for each
W € Fg j+1 by considering N~ (W) and selecting the array W’ € N~ (W) for
which MIS(j, W) is maximised.

An important piece of information required for the time complexity is to
obtain an upper bound on |Fg ;| for all 0 < j < n. We do this by obtaining
an upper bound on |F|. We show that |F| = ©(w¥) through the following two
observations. Firstly |F| < (w + 1)* since each simple feasible array contains at
most one 1 per row, or not contain a 1 at all. Secondly % < |F| since there
are precisely w(w —1)(w —2) -+ - (w — (k — 1)) simple feasible arrays with exactly
one 1 in each row. Thus |Fg ;| = O(w*). We make use of the following lemma
in the calculation of the worst case running time of the algorithm.

Lemma 3. For each B;, the mazimum out degree A*(B;) <k +1

Proof. For each array in W € Fg ; there are at most k arrays W' € Fg j11
with a single 1 in the final column satisfying ¢(W) = h(W’) (one in each of the
k possible locations). Combining this with the array consisting of entirely 0’s in
its final column gives us a k 4+ 1 possible feasible arrays. a

Theorem 4. The worst case running time of the DP algorithm is O(nkw).
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Proof. For each W € Fg ;41 using Algorithm1 we obtain MIS(j + 1, W) by
comparing MIS(j, W) for each W’ € N—(W). Using Lemma 3 and the fact that
|Fa.j| = O(w*) it can be seen that there at most O(kw®) computations per
bipartite graph B;. Finally given that there are n bipartite graphs B; we obtain
a worst case running time of O(nkw*). O

4 Extensions

In this section we extend our DP algorithm in Sect. 3 taking weight into account
and show how it provides solutions to the following three problems: (i) The
maximum weighted independent set problem for k < w for constant k, (ii) The
maximum weighted independent set problem for & > w for constant k& and w,
and (iii) A weighted version of the scheduling problem with parameter 1 <1 < k
for constant k.

Framework. W.l.o.g., we normalise the weight such that the minimum non-zero
weight is 1, in other words, G[i, j] = 0 or G[i, j] > 1 for all [z, j]. Let W be the set
of all k x w arrays with 0,1 entries. A basis set F C W satisfies the followings (i)
{0} € F, (ii) If W € F then IW’ € F where t(W) = h(W’) and the last column
of W'is all 0’s and (iii) if W € F then 3IW" € F where t(W") = h(W) and the
first column of W is all 0’s. We extend some notations of Sect. 2 to account for
the array generalisation. Given arrays G and I of the same size I <, G if (i)
Gli,j] = 0 = I[i,j] = 0 and (ii) 1 < I[i,j] < GJi,j] for all G[i, j] # 0. Since I
may contain values greater than 1 and W contains only 0,1 we introduce an
additional notion of equivalence, denoted by =,. Given an array I of size k X w,
we say that I =, W provided I[i, j] = 0 if and only if Wi, j] = 0.

We extend G to an array of size k x (w + n) with columns indexed from
—(w—1),...,n and the first w columns consisting of entirely 0’s. Given a basis set
F let F¢; denote the set of feasible arrays W € F satisfying W <, G[j—w+1..5].
The goal is to find an array I of maximum array sum satisfying I <, G and
I[j —w+1.j] =, W for some W € Fg; for all 1 < j < n. It is important
to note that 0 € Fa,j for all 1 < j < n and so the array of size k X (w + n)
consisting entirely of 0’s satisfies the required conditions proving such an array
always exists. Let OPT(j) denote the array sum of the largest array satisfying
the conditions for G[—(w — 1)..j] for all 1 < j < n. We are required to compute
OPT(n).

Algorithm 1 can be extended by modifying the main recurrence as follows:
F(0,0) = 0 and for each W € F and 1 < j < n let

] oy Wax o F( LW+ Wl Gl W e Fay,
F(j,W) = { WEF;1:t(W)=h(W)

0 otherwise.

Note W[w]T - G[j] denotes the dot product of the wth column of W and the
jth column of G. Let F'(j) = maxwez. ; F'(j, W), we use the following theorem
to calculate OPT(n).
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In the full paper we prove that the recurrence and the associated dynamic
programming algorithm gives an optimal value.

Theorem 5. F(j) is equal to OPT(j) for all1 < j <n.

We analyse the worst case running time of the algorithm in a similar way to
the case for the maximum independent set problem let B; = (Fa j, FaG,j+1, E)
for 0 < j <n—1. Let AT(B;) denote the largest out-degree of an array in B;
for 0 < j <n—1and let AT(F) = max;(A*(B;)). We then prove the following
lemma regarding the running time.

Lemma 6. The worst case running time of the generalised DP s

O(nA*(F)|F)).

Proof. Given B; the number of computations required to compute F(j + 1, W)
for W € Fj 41 is proportional to the in-degree d~ (W). Thus the total number of
computations required for B; is proportional to the number of edges which is at
most AT (F)|F]|, since there are n bipartite graphs, the result follows. O

Applications of the extension. We now show how we solve the three problems
introduced at the start of the section by choosing the basis set F corresponding
to the problem.

Weighted independent set. We consider the maximum weighted independent
set problem in LoS networks with k& < w, where each weight assigned to a vertex
has a value least 1. G[i, j] is the weight assigned to the vertex in location [4, j]
of the LoS embedding of G. Since this is just the weighted version our initial
problem we keep the same basis F which consists of all arrays with at most one
1 in each column and row.

Weighted independent set for larger k. We consider the maximum weighted
independent set problem in LoS networks with parameter & > w where k € N
is a constant. In this case an independent set Z can have more than one 1 in a
column. In particular 7 satisfies that (i) for distinct columns j1, jo if I[é, j1] =1
and I[i, jo] = 1 then |j; — jo| > w and (ii) for distinct rows 41,49 if I[i1,j] =1
and I[i2,j] = 1 then |i; — ia] > w. Thus the basis set F represents the set of
k X w arrays having at most one 1 per row and for each column the distance
between any pair of 1’s needs to be at least w.

Weighted scheduling problem. We consider the scheduling problem where the
parameter 1 <! < k with the addition that prices charged have different weights
that are at least the value 1. Thus G[i, j] contains the price charged to client i
on day j. In this problem the basis set F is the set of all k x w arrays which
consist of at most one 1 in each row and at most [, 1’s in each column.

We use Lemma6 to calculate the worst-case running times are O(nkw*) for
the first problem, O(nt!(w)(+Y) for the second where t = [£], and O(nk'w*)
for the third. Full details are provided in the full paper.
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5 EPTAS

The DP algorithms in Sects.3 and 4 give optimal solutions to an offline ver-
sion of the MIS problem in LoS networks and scheduling problem where the
entire input is known in advance. This is unrealistic for example the duration
in the scheduling problem is large possibly spanning a year or more then it is
likely the input evolves over time. It is desirable to take a more online app-
roach with a good approximation performance. We improve the running time of
the EPTAS in [12] based on the DP algorithms, providing a solution which is
semi-online; in particular we assume we are allowed to observe the input up to a
certain “look-ahead” distance. We show how the look-ahead distance influences
the approximation ratio achieved.

Given a LoS network G, let G; and Gij = G\ G; denote the induced subgraph
of G consisting of vertices which are embedded in the region with z-coordinates
from 1 to jw and from jw+1 to n, respectively. Let I,. be a maximum independent
set in G;.. We determine a value r* which is the “stopping point” of the overhead
distance necessary to achieve (1 + ¢)-approximation. Precisely, we let r* be the
smallest integer such that |I«41| < (1+€)|I+|. This means that for any 1 < r <
r* |I-| > (1 4+ €)|I,—1] (note that || < kr due to the structural properties of a
LoS network embedding). We first show an upper bound on r* (proof is deferred
to the full paper).

2
14++/14+4In(1+4-€)In(k)
2In(1+4-¢€)

Lemma 7. r* < (

To obtain a (1+€)-approximation to the maximum independent set once r* is
obtained we remove G~ from the graph G and apply the procedure iteratively
to the graph G,-,1. If I’ is the independent set obtained from applying the
procedure to G,«41 then we show that I~ UI’ is a (1 4 €)-approximation to the
maximum independent set in G.

Lemma 8. Suppose that I’ is a (1 + €)-approzimate independent set in G i1,
then I = I« UT'" is (1 4 €)-approzimate for G.

Proof. Recall that I« is the largest independent set in G+ 11, since |I- 41| <
(14+€)|I.+| it follows that I« is a (1 + €)-approximate independent set on G» 1.
Using the properties of LoS networks, for any vertex v € I~ the distance between
v and a neighbour u € N(v) is at most w. Thus the neighbourhood U,er, . N(v)
belongs to G« 1 and we can conclude that I, UI’ is an independent set in G. We

denote by « the independence number. Finally, a(G) < a(Gr41) +a(Gre11)) <
(I+e)|L+|+ 1+ e)l'|=(1+e)|L~ UT'|, giving us the required result. O

Suppose we define one iteration of the algorithm as the process of reaching the
first stopping point and second iteration as the next process of reaching the
second stopping point and so on. Given r* = O(w) using Theorem4 we can
deduce computing I, using the DP algorithm has a worst case running time of
O(wkw"). Since we repeat this calculation r* times in each iteration, the worst
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case running time of an iteration is O(kw**2). Finally since there are at most n
iterations the EPTAS has a worst case running time of O(nkw**2).

We now turn our attention to the uses of the EPTAS for the scheduling
application in the case where k is constant, £ < w and [ = 1, note under these
restrictions the goal of the scheduling problem is equivalent to the MIS problem.
Suppose the advertisement company does not have a full schedule but would like
to start processing a schedule given some partial information. The EPTAS shows

2
. 1++/1+4In(1+6)ln(k . .
a look-ahead distance of cjw where ¢; = +y/Hln(1+e)ln( )> is sufficient.

2In(1+e€)
Once the we have computed the first stopping point r* we can process the
schedule up to r*(w+1) with a (1+ ¢)-approximation guarantee. We then repeat
this process when the next stopping point is computed and so on. A portion of
the schedule of length cjw is sufficient to guarantee a stopping point is found.
Hence we say that the EPTAS uses a cjw look-ahead distance.

Theorem 9. For any ¢ > 0, we have an EPTAS of time complexity O(nkw**?)

1+,/1+41n(1+s)1n(k))2

provided we have a look-ahead of ciw, where ¢c; = < ITeES)

Extensions. Similar to Sect. 4, we show that with some small modifications our
EPTAS can be used for the maximum weighted independent set problem. We
assume however that it is known a priori that there exists some global parameter
Wmax > 1 which is constant such that for each vertex v in our graph W(v) <
Winax-

I, is defined as the largest weighted independent set in G,.. We define the
weight of I, as W (I.) = > ,c; W(v). Then 7* is defined as the smallest integer
such that W(I«41) < (1 + €)W (I+). Le., for any 1 < r < ¢*, W(I,) > (1+
)W (I,—1) and W(I,) < krwmax. The proof of the following lemma follows from
Lemma 7 by setting ¥ = kwpax.

2
Lemma 10. 7* < (H lgfi‘(’l(if”“(k )>

The proof of the following theorem is left for the full paper.

Theorem 11. Suppose that I' is a (1 + €)-approzimate weighted independent
set in Gpry1, then I = L» UI' is (1 + €)-approximate for G.

6 Conclusions

In this paper we study the WMIS problem on restricted LoS networks where
parameter k is a constant, and propose a polynomial time dynamic programming
algorithm for the problem. We also use the DP algorithm to develop an EPTAS
that applies to a semi-online algorithm with performance ratio (1 + ¢) and a
look-ahead distance dependent on ¢, for any € > 0.
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For future work there are various avenues to explore. One immediate direction
is to study the LoS network with different ranges of various parameters. It is
interesting to determine the complexity of the problem (polynomial time solvable
or NP-hard) given different values of the parameters. We can also extend the
problem definition such that the distance restriction w may take two different
values w1 and wy for each of the two dimensions. Another direction is to study
other optmisation problems on LoS networks. Furthermore, we can explore other
scheduling problems with constraints that can modeled in a similar way as a LoS
network and adapt solutions to these scheduling problems.
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Abstract. We consider data transmission in a wireless multi-hop net-
work, where node failures may occur and it is risky to send over a single
path. As the stations may transmit at the same time, we apply the Cai-
Lu-Wang collision avoidance scheme. We assume that the nodes know
only their neighbors and there is no global coordination. The routing
strategy is to transmits to all nodes that are in some sense closer to the
destination node.

We analyze propagation strategy for the case that the nodes know only
the nodes in their propagation range and there is no global coordination
of the network. Instead, a node transmits to all nodes that appear in
some sense closer to the destination node. We investigate data propaga-
tion speed in such networks, namely the delay due to conflict resolution.

In order to understand the phenomena arising there we focus on a fun-
damental case called a braid chain. We prove that for a braid chain of n
layers the normalized delay due to anti-collision mechanism is ~0.28n- A
(while the expected time for a chain of single stations is 0.5n - A), where
A stands for the time interval length of Cai-Lu-Wang scheme. We also
show that the behavior of the braid chain rapidly converges to its sta-
tionary distribution with the length of the chain. For these results we
develop analytical methods that can be applied for other networks, e.g.
for the case when the forwarding delays are chosen with exponential
distribution.

1 Introduction

Transmitting data over a multi-hop ad hoc radio network creates a number of
problems concerning reliability. In such an environment (e.g. in a sensor field)
the nodes might be likely to fail or become controlled by an adversary. So sending
a message via a single path could be risky — a failure of every single node disrupts
the communication channel.

On the other hand, if the data are sent over multiple nodes within the same
transmission range we are risking that the nodes may transmit data at the same
time, create radio channel collisions and interrupt the communication as well.
We may attempt to orchestrate the transmission times in a careful way, however
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any detailed configuration by a central coordinator is problematic in case of
ad hoc networks. In principle, the nodes should work autonomously without a
detailed pre-configuration. This is particularly helpful if the network state may
change due to the fact that the nodes join and leave the network at unpredictable
moments.

Communication Model. We assume that each node knows its geographical
coordinates (e.g. from its GPS receiver) as well as its neighbors and their coor-
dinates.

The nodes communicate within their transmission range, however we assume
that if nodes A and B are considered as neighbors, then there is a bidirectional
connection between them (similarly as in the Unit Disk Graph model).

We assume also that the network assigns a separate input channel to each
node (defined via a separate frequency band or time multiplexing). Since we
are talking about a multi-hop network, each channel can be reused. We have
to assure only that the nodes in the same transmission range are assigned to
different channels. We assume that the input channels are assigned to the nodes
in a distributed way — e.g. via distributed graph coloring algorithms. The crucial
problem to address here are collisions: if more than one neighbor of a node A
sends a message to A at the same time, then a collision occurs. In this case A
might be unable to receive any of these message.

Cai-Lu-Wang Anti-Collision Mechanism designed and analyzed in [2], is
based on carrier sensing and random delays. A node that intends to send a mes-
sage, chooses t, the starting moment of a transmission, uniformly at random
from the interval [T, T + A], where T is the current time and A is the proto-
col parameter. At time ¢, just before starting a transmission, the node checks
whether the shared communication channel is already busy. If the carrier signal
is not detected, it starts its own transmission. Otherwise, it tries to transmit
later. Clearly, the Cai-Lu-Wang mechanism may fail, as there is a slight time
delay ¢ between the time when a node observes that the channel is free and the
time when it starts the transmission. So if another station decides to monitor the
channel within the time interval [T 4+¢ — §,T +t + 4], then a collision will occur.
Therefore the choice of A has to take into account acceptable level of collision
probability on one side and average transmission delay %A on the other side.
In order to simplify the notation from now on we assume that A = 1. In
other words, we assume that the time is expressed in the number of A intervals.

Communication and Routing Strategy. We consider point-to-point com-
munication. If a node A aims to deliver a message to a node B, then we assume
that A knows the coordinates of B and can attach them to the header of the
message. The simplest routing strategy would be to forward the message to a
neighbor that is the closest one to the target destination. If the network is rela-
tively dense and without holes, then this leads to fairly good results. However,
a single node can cut the connection — due to either a fault or misbehavior.
Another strategy would be to forward the message to all neighbors that are
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closer to the destination. This improves resilience to faults, but may flood the
network with a large number of transmissions. So we need a kind of compromise.

An intermediate solution could be to define a kind of virtual route between
the source A and destination B. Namely, as intermediate nodes we could take all
nodes that are at distance at most D from the line connecting A and B. In this
way we prevent flooding, while on the other hand we should enable multiple paths.

Note that this overall strategy communication strategy is quite simplistic and
lacks any global coordination. This is one of the main arguments why it might
be interesting for ad hoc networks — simplicity is one of the main quality criteria.

Braid Chain Communication. In order to understand the behavior of the
proposed propagation strategy we investigate a special case of such an architec-
ture that we call a braid chain. A braid chain of length n consists of 2n nodes
which are arranged in n layers, with two nodes per layer, say U; and D; on the
layer i. Each node from layer ¢ can send a message to both nodes of layer ¢ + 1
(see Fig. 1). For receiving, each node uses its private input channel. As two nodes
from layer i send messages to a node of layer i 4+ 1, the Cai-Wang anti-collision

mechanism is used.
L A A A
N N N N
020200}

Fig. 1. Braid channel architecture

986

Now let us describe the communication strategy in a more formal way. First,
the source node delivers the message to U; and D; at the same time. Let S;
denote a station at layer i - it can be U; or D;. It executes the following algorithm
based on the Cai-Lu-Wang anti-collision mechanism (random(0,1) stands for
choosing x € [0, 1] uniformly at random):

Braid Line Algorithm
1: start clock

2: loop

3: if station S; receives a message M at time T then
4: Ty < T + random(0, 1)

5: Tp <« T + random(0, 1)

6: while time not later than max{7Tv,Tp} do

7 if the current time is Ty then

8: if channel for U;y; is free then

9: transmit message M to U;41

10: if the current time is Tp then

11: if channel for D;y1 is free then

12: transmit message M to D;i1
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Let ¢ denote the probability of collision during the transmission to a single
node and let p stand for the probability of a node to fail. In general, the prob-
ability that the communication in a braid channel is not disconnected turn out
to be higher than (1 — (p? + ¢% — (p¢)?))™. If we disregard the probabilities of
a failure due to collision on communication lines, then a braid chain communi-
cation channel is not disconnected with the probability (1 — p?)”. On the other
hand, if we have two independent transmission lines, then the communication
does not fail with the probability

1-(1-1-p)")?=0-p"2-1-p")

Note that for p = .1 and n = 100, the braid chain communication channel is
not disconnected with probability zé, while in the second case it happens with
probability %e%o Even if we increase the number of independent lines to 4, it
will not help much as the probability of successful delivery would be z;% as it
equals

1-(1-1-p")'=0-p)"2-0-p)")(-20-p)" + (1 -p)*" +2).

The difference is still striking, if we assume that the failure probability in a
braid chain increases to, say, 2p due to Cai-Lu-Wang anti-collision mechanism
failure. Then the success probability of the braid chain decreases to (1 — (2p)?)"
which is approximately 6% for our example. Let us note that in both cases there
might be collisions which are due to other transmissions. If we increase p to take
them into account, then the advantage of the braid channel is even higher.

We may also consider the same architecture as for the braid chain, but for
a single radio channel. Then instead of probability p of a failure of receiving by
a node due to transmission collision, we have to consider the failure probability
p/2 as we may double the length of the interval for the Cai-Lu-Wang method.
Then the probability of a successful delivery now becomes ~(1 —p?)™ - (1 — &)
and it is significantly lower than (1—(2p)?)". E.g. for n = 100, p = .1 and a single
radio channel we get (1 —p*)"-(1—2)" ~ 1.4 = % while (1— (2p)*)" = &

2 e et”

Propagation Delay Problem. Since on each layer the nodes have to apply
a random delay, the Cai-Lu-Wang anti-collision mechanism influences the data
propagation speed over the braid chain. Our main goal is to investigate this
speed, i.e. to learn what is the extra time necessary for a message sent from the
source node to arrive at the sink node when transferred via a braid chain of the
length n. By extra time we mean the time resulting from application of Cai-Lu-
Wang anti-collision mechanism. Certainly, at each level this delay is between 0
and A (recall that we normalize time scale to get A = 1), so the total delay
during each successful execution is between 0 and n.

Unfortunately, despite simplicity of the protocol the underlying stochastic
process turns out to be fairly difficult to analyze.
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Related Work. Routing strategies and propagation of messages in multi-hop
radio networks is a challenging topic. There are many papers dealing with routing
strategies that have to be both reliable and efficient. Several message complexity
problems for many different models connected with radio communication were
presented and analyzed in [4]. Related problems of extreme propagation were
also raised in [1]. Paper [9] presents a randomized gossiping protocol for infor-
mation spreading. In [5] authors analyze the fault tolerant data propagation
scheme where retransmitions are being performed when acknowledgment is not
received. A somewhat similar channel architecture to the braid chain concept,
but from a perspective of percolation problem, was investigated in [3]. In this
paper several results for the quality of the transmission in such braid chain model
were obtained with the presence of random failures.

Although many of these papers contain deep analytic results on algorithmic
features of the considered protocols - most conclusions and details are related
to common scenarios or “single step” cases. This is due to the fact that a time
analysis for a process running on a multi-hop network usually requires deep
understanding and effective mathematical tools for analyzing complex stochastic
processes. Such tools are frequently unavailable.

Results Overview. The key problem to understand the propagation delay of
braid channel communication is to understand the distribution of the time dif-
ference between the times when the nodes of a given layer learn the transmitted
message — so called layer delay. In Sect. 2 we derive moments of this distribution
and show that these distributions converge rapidly to a stationary distribution.

In Sect. 3 we analyze difference between times when a message arrives at lay-
ers ¢ and i+1 based on the assumption that the layer delay at layer ¢ is distributed
according to the stationary distribution. Thereby we obtain the expected time
for message delivery over a braid chain with a given number of layers.

Our main theoretical contribution is the way to extract constants by itera-
tive integration (Sect.3) and application of rapid mixing (Sect.2). Apart from
the analytic results on the braid chain communication, the proof techniques,
especially from Sect. 3, might be useful elsewhere due to their relative simplicity
and effectiveness (see, e.g. Sect. 4). They apply immediately for different network
architectures, the flooding algorithms, etc.

2 Layer Delays

Let us consider a transmission of a message M over the braid channel.

Definition 1. Let ry, and rp, denote the times when U;, and respectively D;
receive a message M for the first time. Then by the delay at layer i we mean
di = |ru, —p,

Note that d; < 1. Indeed, let us consider the layer ¢ — 1 and assume that
V € {U;_1,D;_1} is the first node at layer ¢ — 1 that receives M. Then M
cannot be delivered to the first node of layer i before time r(V'), while on the
other hand V' transmits M to both U; and D; before time (V') + 1.
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Let us observe that the value of d; influences the time needed to transmit
M from the layer i to the layer ¢ + 1. Indeed, initially for time d; only one node
of layer ¢ is ready for forwarding the message M to the layer ¢ + 1. After this
initial time period d;, the second node at layer i becomes ready for sending and
the probability of starting a transmission to a node of layer ¢ + 1 increases. So
we see that small values of d; increase the propagation speed.

If d; = 1, then the messages arriving at layer ¢ + 1 originate from the same
node. The time to deliver the message from layer 7 to layer ¢+ 1 is then described
by the minimum of two random variables distributed uniformly at random over
the interval [0, 1], with the expected time % As this case is the most pessimistic
one, we get a rough estimation of the propagation speed. Below we will get a
precise result.

2.1 Modelling the Layer Delays

In this section we present some theoretical points, strictly connected with the
further analysis of the layer delays. We consider the following model. Let x, y, u, v
be independent random variables with the uniform distribution on the interval
[0,1]. Let d € [0, 1]. For a given choice of number d we consider random variables
X4, Yq and Z; defined as follows:

X4 =min(z,d+vy), Yz=min(u,d+v), Zz=|X4— Yy

Lemma 1. X; and Yy are independent random variables with the same distri-
bution with density function fq given by the following formula:

1 ifz €10,d],
fd(z)_{2+d—2z ifz € [d, 1].

Proof. Notice that the condition min(z, d+y) > z is equivalent to (z > z) A (y >
z —d). Since z and y are independent, Pr(X > z) = (1 — 2)(1 — max(0, z — d)).
So:

z ifz € [0,d],

Pr(X<Z){(2+d)z—d—z2 ifze[dvl]'

By differentiating this cumulative distribution function we get the formula for
fa- 0

Let us consider the random variable Uy = X; — Y. The density of Uy can be
computed as the convolution of fy and fy. That is,

fua(z) = /fd(u)fd(u — z) du.

As X4, Y; are independent and have the same probability distribution, fy 4 is
symmetric. Therefore, the density function k4 of the random variable Z; equals

[ 2fvale) e (0,1),
ka(x) = {0 otherwise.
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For z > 0 after some tedious calculations we get the following values for kq(z):

2(4 - 3d+3d2 d® — 3z + 3dx — 3d’z — 32° 4+ 22°) ford € (0,3] A z €0,d]
3( —3d’z 4 3d® + 22° — 6z + 4) ford e (0,3) A z€[d,1—d
24 2d — 4z — 2dx + 222 ford e (0,%) A ze€1—d,1]
2(2 -3z +2%) ford:O
2(4—3d+3d*> — d® — 3z + 3dx — 3d°x — 3z% 4 22°) ford(€ 1,1) A 2 €[0,1—d]
2(1 —x) forde(% 1) A zel—d,d
2+ 2d — 4z — 2dx + 222 ford € (3,1) A z € [d,1]

0 otherwise

Let Z be a random variable with density function kz. We will need exact
expressions for the moments of Z. The following lemma provides us a compact
answer.

Lemma 2. Let Z be a random variable with the density function kq(z). Then
the expected value for Z™ for n€N equals:

2
(n+1)(n+2)
24 2(1—d)*(1-2d) — 243T"  4(1—d)*"

n+3 (n+3)(n+4)

E[Z"] = (d+d(1—d)**" + d*T"(d—1)+

Proof (Sketch). In order to prove Lemma 2 we have to use the tools of analytical
combinatorics. A reader may refer to [7] for details.
Let Mz(t) denote the moment-generating function of the distribution with
the density function k4(z), that is,
My(t) = [T2° e ka(2) dz.

Then
My(t) = Y0l SE[Z7].

nOn'

Using the properties of the moment-generating function, we only have to retrieve
the coefficient [t"]|Mz(t). Then E[Z"] = nl[t"|Mz(t). After tedious computa-
tions, using the formula for kq, we get the formula stated in Lemma 2. O

By Lemma 2 and linearity of expected value we get in particular:
]. 14 2
E[Z] = B(zf{)ds+5d2+4)

E [Z°-52°+52%] = (10d9 63d®+153d" —252d°+

378
378d° —315d* —21d%+144d*+110)

L' A reader interested in deriving them is advised to use a symbolic computations
program.
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2.2 Stabilization of Probability Distribution of Layer Delays

In the previous subsection we have analyzed layer delay d;y; given a specific
value d for d;. Our goal now is to check how the probability distribution of d;
evolves with 7. Note that d; = 0, since the source node transmits the message
to U; and D; at the same time. Indeed, there is no need for the Cai-Lu-Wang
anti-collision mechanism, as there is no other node in the starting layer sending
to Uy and D;. For d; with ¢ > 1 the situation gets complicated.

We consider a stochastic process (d;)i=o,1,.... As probability distribution of
d;+1 depends only on the value of d;, it is a Markov chain. The function k(d, z) =
kq(x) computed in Sect. 2.1 is the stochastic density kernel of this chain, that is:

Pridisy € Ald; = d] = / ko) da
A

Stationary Distribution. First observe that kq(z) > 0 for each d € [0,1]
and z € [0,1]. Since every strictly positive kernel on a bounded closed interval
is ergodic (see [6]) we deduce that the Markov Chain (d;);=0.1,... is ergodic.
Therefore we conclude that.

Lemma 3. There exists a probability distribution p on the interval [0,1] such
that for any pmbability distm’bution 7, the sequence of iterates (m,) defined by

m =7 and T (T fo T (t)k(t, ) dt converges uniformly to p.

Thereby the distribution p from Lemma 3 is the stationary probability distribu-
tion for the Markov chain (d;)i=o1,....

Theorem 1. E [u] = 0.286067 + €, where 0 < € < 0.006,
Var(y] = 0.126981 + 6 — (0.286067 + ¢)2, where 0 < & < 0.0005.

Proof. For the stationary distribution u, after makmg a smgle transition we get

again the stationary distribution. That is, u(z fo k(t,z) dt. Note that
k(t,z) is a piecewise polynomial function. Therefore we are able to make the
following computations:

E[u] = f xu(r) dx:fol (fo k(t,z)dt) dx
= fo wu( t)(fol ak(t,z) dx) dt
= (15 — 53 + 512 + 4)p(t) dt

15 0
= A 4 L [(t5 — 565 4 5t2)u(t) dt (1)
= 5 fy (8 =583 4 563) [y pls)k(s, ) ds )dt (2)
=L L[ uls) (fo1 t5 — 565 4 5t2)k(s, t) dt) ds
= % + %% + 15 378 01 pu(s)w(s)ds (3)

where w(s) = 10s? — 63s% + 15357 — 25255 + 37855 — 3155 — 2153 + 14452 Tt is
easy to check that 0 < w(s) < 34 for s € [0, 1]. Therefore
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4 1110
Eyl = — + ———
=15+ 3 T

where 0 < € < 0.00599647. So finally, E[u] ~ 0.28.

(4)

Remark 1. The main trick here was transition from (1) to (2) based on the fact
that p is the stationary distribution. As we can compute the integrals of the
form fol ti (s,t)dt for a fixed i, in line (3) we get back an integral of the form

fo s) ds, where w(s) is a polynomial, with some constant in front of the
1ntegral Note that if we need a better precision, we can repeat the same trick to
(3). So by repeating the same trick again and again, we can get an estimation
of E[u] with any required precision via a simple numeric computation.

One can notice that method above may also be used for the computations of
variance. For this purpose we use Var|[u] = E[u?] — (E[u])?, the above result on
E[p] and perform analogous calculations for E[u?]. Instead of using an explicit

formula for fol zk(t, z) dz we make calculations for fol 22k(t, ) dz.

Rapid Mixing. Now we aim to show that the Markov chain (d;);=o,1,... rapidly
approaches the stationary distribution . We show the following result:

Theorem 2. Fort > % the variation distance between the distributions

w and dy is at most . That is 5 fo |p(z (z)|dz < €.

Proof. Let us recall the Coupling Lemma - a powerful and easy tool for showing
convergence of Markov chains [8]. In order to estimate the convergence of a given
process (d;)i=o0,1,... to its stationary distribution we create two coupled processes,
say (c¢;, ¢})i=0,1,... S0 that:

— the process (ci)izo’lw (respectively, (¢})i=o,1,...) treated alone has the same
transition probabilities as (d;)i=o,1,...,

— there are dependencies between the choices of the processes ¢; and ¢f; due
to these dependencies the processes ¢; and ¢ should converge and reach the
same state.

The Coupling Lemma says that if Pr(c; # ¢}) < p, then the variation distance
between the distribution of ¢; and the stationary distribution of this process is
at most 2p. The Coupling Lemma is usually formulated and applied for discrete
state Markov chains. However, we shall use it for non-discrete Markov chains
(where normally it is impossible to construct a good coupling).

As in Sect. 2.1, in order to describe a step of the chain (d;);=o,1,..., we consider
4 random variables: z,y,u,v, where x,y denote delays chosen for transmitting
to U;4+1 and u, v the delays for transmitting to D;41, while x, u denote the delays
chosen by the station from layer i that is first ready for starting a transmission.

Let us consider two copies of the Markov process (d;)i=o0,1,...,. Let the first
process be in state d, the second one in state d’. Defining a coupling for these
processes is surprisingly easy: for both process choose exactly the same values
for x,y, u,v.



232 J. Cichon et al.

Lemma 4. With probability at least i after a coupling step both processes reach
the same state.

Proof. W.l.o.g. assume that d < d’. Let us consider the first process. With
probability at least 0.5 we have © = min(z,y + d). Similarly, « = min(u,v + d)
with probability at least 0.5. Since x,y are stochastically independent from u, v,
with probability at least i the layer delay for the first process after performing
the step is |z — u.

For the second process note that if = min(z,y + d) and v = min(u, v + d),
then = min(z,y + d’) and v = min(u,v + d') as well, as d < d'. Tt follows that
in this case the second process reaches the layer delay |z — u| as well. a

By Lemmad, after T steps the probability that the processes still differ is at
most (%)T. Hence, by Coupling Lemma, for ¢ > % the variation distance
between the distribution of d; and the stationary distribution p is at most

3 3 = c+1)
2(i)t§21 g :2 (210g3/4)w :2.210g8—1:E
and Theorem 2 follows. O

For comparison, let k; denote the density of probability distribution of d;. We
have not derived a closed expression for k;, however it is possible to estimate
numerically the total variation distance between k; and k;;1 separately for each
single 4. For instance, we get

/|k3 ()| dz < 0.001
/|k4 ()| dz < 0.0001
/|k5 ()] dz < 0.00001

This confirms the general observation from Theorem 2.

3 Propagation Time

Our previous calculations were limited to the delays within a layer. Now, given
probability distribution of these delays we aim to find the expected time of
message delivery from layer ¢ to layer ¢ + 1.

Propagation Time for a Fixed Delay. For a moment let us fix the value
of a layer delay to d. Let T, denote the time that elapses between the moment
when the first node at the current layer gets the message and the time when the
first node of the next layer gets the message. According to the notation used in
Sect. 2, Ty = min{ X4, Y;}. Hence,

T, = min { min{z,d + y}, min{u, d + v}}
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In order to compute cumulative density function of the random variable T, we
use the similar argument as in Sect.2. Notice that the condition Ty > =z is
equivalent to (x =2 2) A(y =2 z—d) A (u = z) A (v > z —d). Since z,y,u,v are
stochastically independent and uniformly distributed over [0, 1], we thereby get
Pr(Z > z) = (1 - 2)%(1 — max(0, z — d))?
Hence,
1—(1-2)2 if 2 € [0, d],
Pr(Z <z) =
(2 <2) {1 —(1=22(1-(z—d))° ifzeld1].

By differentiating this cumulative density function we get the following formula
for the density function fg :

[2-2z ifze]0,d],
fr,(2) = {D(d, z) ifze[d, 1],

where D(d,z) = 4+ 6d + 2d® — 12z — 12dz — 2d%z + 1222 + 6dz? — 423. Let d be
a fixed delay. We aim to compute the expected time

E[Ty) = [; 2fz,(2) dz

After some straightforward operations we get E[Ty] = W (d), where W (d) is the
following polynomial:

W(d) = & (6 4+ 15d — 20d* 4 104> — d°) (5)

Propagation Time for Stationary Distribution. As before, let u(d) denote
the stationary distribution for the layer delay. If the initial layer delay occurs

according to the distribution p(d), then the expected propagation time T  for
one layer can be computed as follows:

E[T] = fo (2)u(z)dz = fol (fo k(t, 2) dt) dz = fo wu(t) (fo k(t, 2) dz) dt

1 1
= / w(t) </ % (6 + 15z — 2022 +102% — z5)k(t, z) dz) dt
0 0

By Lemma 2 we obtain
ET) = 55 + Jy n(0)( Jy REk(E = dz) di
= 228375 + 4égigg(9)0 + fo (fo k(t, z dz) dt

__ 187 162949 315286 ~
— 2835 + 48648600 + 1206079875 +e~0.28

where € < 0.00086 and R(z), S(z) are polynomlals given by the formulas

_ 1122 262 7z _ 227 28 _ 2°
R(z) = T35 135 T 36 ~ 10 + 5 T35 T 180 1134
_ 26322 23 11z% | 5292° 23325 | 9427

S(z) = 62370 ~ 1215 756 T 18000 _ 8100 T 4725

g+17329719z10+ 29211 + 212 18
280 T 34020 ~ 11340 ' 155925 28350 90090
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The integral fol 31—0 (6 + 152z — 2022 + 1023 — 25)l€(t7 z) dz is computed separately
on two intervals, where k(¢,z) is a polynomial. So we compute two integrals of
polynomial functions. The result is an expression with the values of 2 polynomials
at respectively, 2 points for each polynomial. In each case the result is a constant
plus a polynomial on d without a free term. As the result, say R, is used for
computing the integral fol w(t)R(t) dt, the constant term can be placed in front
of the integral. After that we perform the same procedure again and again. We
retrieve the constants step by step to achieve a better precision and at each step
we obtain an integral of the polynomial with a higher degree, so we only have
to compute more and more moments, to achieve a better approximation. Using

three iterations of that method we conclude that E [T} = 0.281212 + ¢, where
le| < 1073. Therefore, by linearity of expectation

E[T,]

lim, o —E {T} ~0.28 (6)

The method presented above may also be used for the computations of a pre-
cise approximation of the variance of T;,. We have shown earlier the convergence
to stationary distribution p(x) of the Markov Chain. If we assume that delays
occur with p(z), then the random variables for the time execution between two
frames can be considered as independent. Having the expected value for the time
of delivery in a single layer, what we need to obtain is the second moment of the
random variable denoting the time delivery with an assumption that the delay
d is fixed. Finally, we conclude that

Var|T'
Var([Tv] _ 035 (7)

4 Final Remarks

The results obtained in this paper can be generalized for other propagation
models. For instance, we may modify the braid chain protocol in the way that
the delay to send a message to the next node in the chain is chosen according
to the exponential distribution (which is a standard model in many areas of
telecommunication). Using the proof techniques presented above we can show
that there is |¢] < %209 such that

E[T,] 313 1
— 20
800 A

lim;, o0

where E [T,,] is the expected value of time needed to pass through n levels.

The key technical point of our analysis is the technique used in Sect. 3. The
approach based on polynomials and iterative integrating leads to surprisingly
precise results in a conceptually easy way. We feel that this approach can be
used in many different occasions, substantially simplifying the analysis.
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