
Distributed event-triggered path construction
in wireless sensor networks

Chunseok Lee • Sunghee Choi

� Springer Science+Business Media, LLC 2012

Abstract We consider the problem of guiding mobile

agents to visit a subset of sensor nodes called event nodes

in wireless sensor networks without location information,

where the set of event nodes is not known in advance. As

the set of event nodes changes over time, a path needs to be

updated on-line. We propose a novel distributed algorithm

to construct and update such a dynamic path to visit a set of

event nodes. To the best of our knowledge, this is the first

work to solve this problem using a distributed algorithm

without any location information. Our approach is to

maintain the Voronoi diagram of the dynamic set of event

nodes implicitly in sensor networks. Doing so, we over-

come the lack of location information and implement

scalable distributed dynamic navigation. For computing an

optimal path is NP-Hard, we prove that the ratio of the

length of the constructed path by our algorithm to that of

the optimal path is bounded by O(log k), where k is the

number of event nodes, under a reasonable assumption.

Our approach can be used to compute both an event vis-

iting tour which requires to return to a starting point and an

event visiting path which does not return to a starting point.

We also extend our method to navigate multiple agents so

that they collectively visit a set of event nodes.

Keywords Wireless sensor networks � Distributed

algorithm � Traveling salesman path � Navigation

1 Introduction

A recent trend to integrate interactive devices such as cellular

phone, PDA, portable computers and even robots into wireless

sensor networks fosters a wide class of new applications. One

such application is to use wireless sensor networks as an

infrastructure to navigate a person or a robot. For example,

several works have been proposed recently to consider the

problem of guiding users to a safe place avoiding dangerous

areas [1, 2, 3, 4, 5]. In robotics, sensor networks have been

used to guide robots to a goal position [6, 7, 8].

In this paper, we consider the problem of navigating

mobile agents such as people or robots to visit a subset of

event nodes in wireless sensor networks. Imagine that a

large number of sensors are randomly deployed to detect

some user-defined events in a region. We may want to visit

the area where the events are detected for various reasons

such as to investigate or handle the events. For example, if

sensors detect some emergency situations such as fire or

chemical leaks, navigation for a fireman to put out the fire

or for a robot to clean the leak is needed. In such cases, one

would like navigation paths to be as short as possible to

save time and energy.

We will call sensors that need to be visited event nodes

and a path that visits a set of event nodes an event visiting

path. If the locations of sensors are known, a base station

may run a centralized algorithm to construct a traveling

salesman path to visit a set of event nodes. However, in this

paper, we want to consider the problem without location

information. It can be too expensive to equip a number of

sensors with GPS. Moreover, GPS does not work in many

situations such as under-water, caves, or indoors. More-

over, a distributed algorithm is desirable since using a

centralized algorithm with a base station is not scalable for

large sensor networks.
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Because events may take place anytime and anywhere

and we have no control over them, it is not realistic to

assume that a set of event nodes is given in advance.

Furthermore, some events may be canceled. For example,

if an event node that detects fire later finds that the fire is

extinguished, the event node becomes a regular node. Thus,

we need to take care of such dynamic changes of the set of

event nodes. In addition, insertions/deletions of event

nodes may happen while a mobile agent is traveling on an

event visiting path. So, we want the event visiting path to

be updated automatically to handle insertions/deletions of

event nodes, even though the agents may not know it.

Even though sensor locations are not known, we assume

that sensors can be used to give directions to neighboring

sensor nodes. Thus, a path is represented by a sequence of

adjacent sensor nodes and stored by the set of nodes on the

path as in Fig. 1. Each node on a path knows the next

node’s ID on the path. Therefore, once we construct a path,

a mobile agent is able to visit event nodes by following a

sequence of nodes using communication devices such as a

PDA, cell phone, and laptop. For example, portable devices

equipped with directional antenna(e.g. microstrip antenna)

can indicate the direction to the next node on the path.

However, accurate directional antennas are expensive for

usual users and sometimes not portable. Without direc-

tional antenna, users can find the direction by checking the

signal strength from the next node as in [5]. Recently,

Zhang et al. [9] proposed a method to compute the direc-

tion of wifi access point using smartphones which achieves

reasonable accuracy without any directional antenna.

Under these assumptions, we propose a novel distributed

algorithm to construct an event visiting path dynamically

as new event nodes emerge in the network. To the best of

our knowledge, this is the first work to consider the prob-

lem of constructing such a navigation path for the purpose

of guiding mobile agents in the sensor network without

location information.

The main characteristics of our algorithm are as fol-

lows. First, no location information is required. We

overcome the lack of location information by maintaining

the Voronoi diagram of a dynamic set of event nodes

implicitly in the network. Second, our approach is dis-

tributed dynamic navigation in the sense that as a sensor

node detects an insertion/deletion of events, it triggers a

path update. This approach is efficient for we do not

know when and where new event nodes may appear.

Since each node handles its own detected event locally to

update a path, our algorithm is scalable and suited for

large sensor networks. Additionally, even though users

may not recognize events, the path construction can be

completed without any problem.

It is desirable to generate paths as short as possible to

save resources such as time and energy. Because comput-

ing an optimal path for the traveling salesman problem is

NP-Hard, we show that the constructed path by our algo-

rithm achieves a competitive ratio of O(log k) where k is

the number of event nodes under a reasonable assumption

about the sensor distribution. Note that it depends on the

number of event nodes and not on the number of total

sensor nodes. Thus, our algorithm performs well if there is

a small number of event nodes even for a very large sensor

network. This fact is also validated by our large-scale

simulation results.

Our approach can be used to compute either an event

visiting tour that requires the return to a starting point or an

event visiting path that does not return to a starting point.

We also extend our method to compute multiple navigation

paths for multiple users simultaneously. A set of event

nodes is nicely partitioned among users so that a user who

is close to an event can be assigned to visit it.

Since our algorithm does not depend on a particular

model for communication networks such as unit disk

graphs and only requires a connected communication

graph, it works for various environmental settings. The

simulation results show that it works well even for com-

munication graphs with small average degrees and in nar-

row passages or in the presence of holes. Because our

algorithm solves the basic problem of constructing a path

visiting a subset of nodes, it can be adapted to other

applications such as routing and data collection.

The rest of the paper is organized as follows. In Sect. 2,

we discuss briefly some related work. Section 3 presents

the preliminary information for our work. In Sect. 4, the

main algorithm is presented. We prove the quality of

constructed paths by our algorithm in Sect. 5 We consider

various extensions of the algorithm in Sect. 6 Our simu-

lation results are shown in Sect. 7 Finally, we conclude the

paper in Sect. 8.
Fig. 1 An event visiting path from s to t. Each node on the path

contains the ID of the next hop in the path
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2 Related work

Our problem is similar to the well-known traveling salesman

problem (TSP) [10] whose goal is to find a tour with a

minimum length that visits every city. Since TSP is known

to be NP-Hard[11], many approximation algorithms have

been proposed including polynomial-time approximation

schemes by Arora [12]. However, in TSP, a set of cities to

be visited and distances between them should be known in

advance which is different from our problem setting. A

variant of TSP that deals with on-line input is considered by

Ausiello et al. [13]. While a salesman is traveling, new cities

to be visited become known to him, and then a path is

computed using a well-known 2-approximation algorithm

[10] for a set of unvisited cities. However, their algorithm is

centralized and requires location information, which makes

it hard for it to be applied to our setting.

In robotics, the problem of guiding a robot to a goal

position using sensor networks has been explored [6, 7, 8].

Batalin et al. [6] proposed a distributed method to navigate

a single robot. Each sensor determines a direction to a goal

using a probabilistic method. They extend their work to the

case of multiple robots [7]. Rus et al. [8] developed a

distributed algorithm to guide a flying robot based on

sensor gradient fields. In these works, sensor networks are

used as an infrastructure to help the navigation of robots.

Doing so, robots without any prior knowledge of map or

even GPS can travel the sensor field efficiently. However,

these methods require that sensors are carefully deployed

in the field to guide a robot and that the location of the goal

should be known.

There are several works that considered the problem of

using sensor networks to guide users in danger to a safe exit

[1, 2, 3, 4, 5]. Li et al. [1] proposed a potential based

approach in which a safe place has the lowest potential and

dangerous regions have the highest potential. Thus, a safe

path to an exit is a path following the descent potential

direction. Tsai et al. [2] introduced a concept of a hazard

region and used it to avoid paths close to dangerous regions.

Huang et al. [3] considered a situation in which many

people escape simultaneously. To avoid congestion, they

proposed a distributed protocol that guides users to multiple

exits with load balancing. Since all these works use

exhaustive flooding, Buragohain et al. [4] proposed an

alternative method using a quadtree as a map to reduce the

communication cost. A path is constructed by traversing a

quadtree embedded into the sensor network. Since a quad-

tree is a sparse structure, message complexity becomes

small. However, geographical information is required to

construct a quadtree. Recently, Li et al. [5] proposed a

navigation method coping with the dynamic environment

by exploiting the medial axis. A medial axis of a dangerous

region consists of sensors that have more than two closest

dangerous regions. By using the medial axis as a roadmap,

the constructed path has a good clearance. As dangerous

regions change, its medial axis is updated and thus the path

is also updated accordingly. Our work is similar to these in

the sense that we also use a set of adjacent sensor nodes as a

navigation path. However, since our goal is to visit a subset

of sensor nodes and not to avoid dangerous regions, these

methods cannot be applied directly.

Meliou et al. [14] proposed a method to construct a tour

for gathering data from a small subset of sensor nodes.

Their problem seems similar to ours, but their approach is a

source routing, where a tour is constructed at a base station

using location information. Since the tour is used by query

packets, it is allowed to split and merge.

There are many works that generate paths for mobile

agents in wireless sensor networks. Luo et al. [15] pro-

posed a routing protocol for a mobile sink to improve the

lifetime of sensor networks. Ngai et al. [16] proposed a

probabilistic route design that constructs routes for mobile

agents to collect data from sensors. However, these works

assume that sensor location is known and aim to visit all

sensor nodes not a dynamic subset of them.

3 Preliminary

We describe some background information to understand

our algorithm.

3.1 Voronoi diagram in wireless sensor networks

Given a set T :¼ ft1; t2; . . .; tkg of k points in R
2, called

sites, the Voronoi diagram of T is a partition of R
2 into

Voronoi cells for each site. The Voronoi cell VC(ti) of

ti 2 T consists of the points in R
2 that are closer to ti than

any other site in T. When a point in R
2 has two closest

sites, it belongs to a Voronoi edge, and when it has more

than two closest sites, it belongs to a Voronoi vertex. Gao

et al. [17] used the Voronoi diagram of a subset of the

sensor nodes called landmarks for their distributed routing

algorithm GLIDER and named it the landmark Voronoi

complex. The landmark Voronoi complex is a natural

extension of the geometric Voronoi diagram to a graph

with the shortest-path metric. We use a similar definition

for the Voronoi diagram in our algorithms.

Let S be a set of sensors. Instead of the Euclidean dis-

tance, for the sensor network, we use the shortest-path

metric in the communication graph G = (V, E), where

V: = S and E: = {(u, v) | there is a link between

ðu; vÞ; u; v 2 Sg. We assume that G is connected and static.
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Let dhop(a, b) denote the hop count of the shortest path

between a and b in G. Let T be a set of event nodes cor-

responding to sites in the geometric Voronoi diagram. The

Voronoi cell VC(ti) of an event node ti 2 T is the set of

nodes whose closest event node is ti. That is, VCðtiÞ ¼
fp 2 S j dhopðti; pÞ\dhopðtj; pÞ for all tj 2 T � ftigg. The

Voronoi edge of ti and tj denoted by VE(ti, tj) is a set of

nodes p 2 S satisfying the following: (1) ti and tj are two

nearest event nodes from p by hop distance and (2)

dhop(ti, p) = dhop(tj, p) or dhop(ti, p) = dhop(tj, p) ? 1. The

Voronoi vertex is defined in a similar way for three or more

event nodes. See Fig. 2.

To represent the Voronoi diagram, each node maintains

the following information.

• nearest event nodes : ID of the nearest event node. If a

node is in a Voronoi edge or vertex, more than one ID

are stored.

• parent node : For each nearest event node, parent node

is the node that is a next hop to the nearest event node.

Thus, by tracking back along parent nodes, we can

reach the nearest event node.

• distance : The hop distance to each nearest event node.

Therefore, each node can maintain the Voronoi diagram

with a small size memory. Figure 3 illustrates a represen-

tation of the diagram using a shortest path tree.

3.2 Greedy vertex algorithm

To bound the length of our event visiting path, we will use

the theoretical results for the greedy vertex algorithm,

which is well known in graph theory.

For a given point set T ¼ ft1; t2; . . .; tkg, a minimum

Steiner tree is a tree of minimum weight that connects all

the points in T where the weight is the sum of the edge

lengths in the tree. In contrast to the minimum spanning

tree, the minimum Steiner tree can have vertices in R
2 that

are not included in T. Thus, a minimum Steiner tree can

have a smaller weight than a minimum spanning tree.

In the online Steiner tree problem, we need to construct

a Steiner tree incrementally, as input points are given one

by one. At the end of step i, a Steiner tree Fi-1 of the set

Ti�1 ¼ ft1; . . .; ti�1g is constructed. When a point ti is given

at step i, we connect it to any point of Fi-1. The optimal tree

is the tree with the minimum possible length containing all

the points. Let us denote the optimal length by OPT and the

length of the constructed tree by A. The performance of the

algorithm is measured by A
OPT, which is called the com-

petitive ratio. In fact, the exact computation of OPT is

known to be NP-Hard [11].

The greedy vertex algorithm simply attaches ti to the

nearest vertex in Fi-1 at each step i. Imase and Waxman

proved that the greedy vertex algorithm has O(log k)

competitive ratio [18] and Alon and Azar [19] showed that

this upper bound is almost tight by proving an

Xðlog k= log log kÞ lower bound.

4 Algorithm

4.1 Overview

Let S and T � S denote the set of sensor nodes and the set

of event nodes in the network, respectively. We want to

construct a path p that is a sequence of a subset P of S such

Fig. 2 Voronoi diagram in wireless sensor networks. Red squares
represent a set of sites. Voronoi cells, edges and vertices are depicted

by blue, yellow, and green points, respectively (Color figure online)

Fig. 3 Illustration of Voronoi diagram in sensor networks. t1 and t2
are two event nodes in the field. Arrows indicate parent nodes.

A Voronoi cell is represented as a shortest path tree rooted at an event

node. Cyan nodes represent nodes of Voronoi edges
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that T � P. Figure 1 illustrates an event visiting path from

s to t consisting of 13 sensor nodes.

We assume that the set of sensor nodes are deployed

sufficiently densely in a region and that the number of

event nodes is relatively small compared to the number of

total sensor nodes. Each sensor node has a unique identifier

(ID) and has no location information.

We assume that a starting point of a path is a sensor

node so that a path can be represented as a sequence of

adjacent sensor nodes. The first and the last node of the

path are called the source and destination, respectively.

Initially, a path consists of one initial sensor node that is

both source and destination, and as a new event node

appears, we update the path to include it.

Suppose that we have an existing path pk-1 that includes

a set T ¼ ft1; t2; . . .; tk�1g of event nodes which appeared

before tk We say that an event node y is a previous (or next)

event node of a node x if y is the previous (or next) event

node of x on the path. The previous and next event node of

a node x are denoted by prev(x) and next(x), respectively.

When tk becomes a new event node, we find its nearest

event node y, and update the Voronoi diagram to include tk
as a site. Then, by checking whether prev(y) or next(y) is

adjacent to VC(tk), we update the path to include tk as

illustrated in Fig. 4.

The main challenge is how to implement the algorithm

in a distributed setting. We will explain the detail in the

following subsections.

4.2 Initialization

We maintain the Voronoi diagram of the set T of existing

event nodes during the course of the protocol. Initially, we

consider the source (the sensor node where the user

resides) as the only event node, and all the other nodes

initialize their hop count to the nearest event node as

infinity. The source node s floods a message with its ID and

a hop count c = 1. When a node receives the message, if

the current hop count is greater than the hop count in the

message, it sets the hop count to that of the message and

records its nearest event as s and its parent node as the node

that has sent the message, and floods the message with an

incremented hop count. Otherwise, the node drops the

message. As a result, all the sensors will have s as their

nearest site, the parent node which is the predecessor on the

shortest path to s, and the hop count to s.

4.3 Nearest event search and locking

When a node becomes a new event node tk, it searches for

its nearest event node y using the Voronoi diagram. Since tk
is a part of the Voronoi cell VC(y) of its nearest event y, by

following parent nodes, it can reach y.

If tk and y are too close to each other (within 1–2 hops),

it is difficult to form a clear Voronoi edge between them.

Thus, in this case, we do not create the Voronoi cell for tk
and just update the path by creating a cycle from y to tk and

(a) (b)

(c) (d)

Fig. 4 Overview of our

approach. a A path and new

event node tk are given. b tk
finds the nearest event node

using VC(y). c After

constructing VC(tk), tk realizes

that next(y) is nearer event than

prev(y) by collecting

information from VC(tk). d The

path is modified
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back to y, as in the greedy vertex algorithm. Then we omit

the remaining steps of the path construction. This is a

degenerate case for our algorithm. Since tk is not a Voronoi

site in this case, it cannot be recognized as a nearest site by

other event nodes later.

Otherwise, if a new event node tk is not too close to its

nearest event node y, we update the path as shown in

Fig. 4. Since prev(y) and next(y) are stored in y, to update

the path, tk sends a message to y by following the parent

nodes from tk to y. If y receives the message, y sends back a

reply message with prev(y) and next(y) to tk. Hence, at the

end of this step, tk is aware of prev(y) and next(y), where

y is the nearest event node of tk.

Since we have no control over when and where a sensor

node becomes a new event node, to prevent the interruption

of another event node before the completion of the path

update for the event node, we propose a simple lock pro-

tocol as follows. See Fig. 5 for the message flow in the

protocol.

Each event node can have one of three states—free,

check, and lock—and is initialized to be free. In case that

multiple nodes request to lock one event node at the same

time, an event node also has a queue to store IDs of nodes

that have requested to lock it.

When tk becomes a new event node, it first checks

whether its nearest event y is free. If not, the ID of tk is

stored in the queue of y. When y gets to be free, it notifies

the node in the next entry of its queue. So, tk waits until

y notifies tk that it is free.

If y is free, then y is set to be check state by tk. y then

checks whether prev(y) and next(y) are free. If prev(y) (or

next(y)) is free, then it is locked and is notified y. If

prev(y) (or next(y)) is in check state by other node tj whose

ID is lower than tk, we give priority to tk by storing ID of tj
in the queue of prev(y) (or next(y)), and notify tj to wait,

and lock prev(y) (or next(y)) and notify y. This is illustrated

in Fig. 6.

However, if either one of prev(y) or next(y) has been

already locked by another node or is in check state by

another node whose ID is higher than tk, y stores its ID in

the queue and unlocks any node if y has already locked

one, and waits for the node to become free.

Finally, when y is notified that both prev(y) and

next(y) are locked, y locks itself and notify tk to start the

path construction.

4.4 Voronoi diagram update

Once the new event node tk determines the nearest event

y with prev(y) and next(y), it updates the Voronoi diagram

by constructing its Voronoi cell VC(tk). Then, we need to

check whether the Voronoi cells of prev(y) and next(y) are

adjacent to VC(tk) to determine which one of prev(y) and

next(y) is closer to tk.

VC(tk) is easily constructed by flooding a message as in

the initial Voronoi diagram construction. Since the message

can be dropped at the boundary of the Voronoi cell of the

event node, the total number of messages is proportional to

the number of nodes in the Voronoi cell of the event node.

When tk sends a message, the packet includes

prev(y) and next(y) IDs and when it arrives at a node on the

boundary of the Voronoi cell of the event node, we check

the following two criteria: (1) its another nearest event is

prev(y) or next(y) and (2) it is the node with the smallest

hop distance to tk among nodes on the Voronoi edge. The

first criterion is tested easily since the packet contains

prev(y) and next(y) IDs.

Once a node on the boundary of VC(tk) satisfies the first

criterion, to check the second condition, it simply checks

Fig. 6 Suppose that ID(t2) [ ID(t1) and the check phases of t2 and t1
start simultaneously. First, u and v are locked by t2 and t1,

respectively. Then, t2 and t1 check whether v and u are free,

respectively. Since ID(t2) [ ID(t1), v is locked by t2

Fig. 5 Illustration of message flow in the locking phase. tk is allowed

to start the path construction only if three nodes (x, y, and z) related to

path construction get locked
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its neighbor nodes to see whether its hop distance is min-

imum. Note that we do not need to flood the message along

the edge, since the hop distance is monotonically

decreasing as we approach the desired node. However, for

robustness, the node sends the check message to nodes

within 3–4 hops. When a node recognizes that it satisfies

the two criteria above, it sends back a reply message to

inform tk of its hop distance.

If VC(tk) is adjacent to either VC(prev(y)) or

VC(next(y)), when tk receives reply messages, it chooses

the nearest node among them which we will denote as m. If

neither VC(prev(y)) nor VC(next(y)) is adjacent to

VC(tk), tk does not receive any reply message. So, after

waiting for a while, if tk receives no reply message, it sends

a check message along the direction to y by following the

previous parent nodes. (To do this, we have to remember

parent nodes prior to the Voronoi diagram update.) When

the check message arrives at a node in VE(tk, y), the node

sends the message along the nodes at the boundary of

VC(tk) to check whether either VE(tk, prev(y)) or VE(tk,

next(y)) exists.

4.5 Path update

If prev(y) is null, it means that y is the source node. Then

we just add a path from y to tk. If next(y) is null, y is the

destination. Thus, we add a path from y to tk and set tk to be

a new destination.

If tk is closer to prev(y) than next(y), we delete the old

path from prev(y) to y and tk creates a path by sending a

create message to y and prev(y). Sending a message to y is

done by following the previous parent nodes which we

have recorded prior to the Voronoi update. To send a

message to prev(y), tk first sends a message to the node m,

which has been chosen in the Voronoi update step. Then,

we can use the Voronoi cell of prev(y) to send a message

from m to prev(y). When y receives the create message, the

old path from prev(y) to y is deleted by following the old

path.

The case when tk is closer to next(y) than prev(y) is

treated in a similar way as the previous case.

If neither VC(prev(y)) nor VC(next(y)) is adjacent to

VC(tk), we create a cycle from y to tk and then back to y.

To bound the length of the constructed path theoreti-

cally, we need the following test. Let dp(a, b) be the dis-

tance from a to b along the path p. Without loss of

generality, suppose that tk is closer to next(y) than to

prev(y). If dpk
ðtk; nextðyÞÞ[ c0 � dpk�1

ðtk; yÞ, where c0 is a

user defined constant, instead of using the path update

described above, we choose the greedy vertex method by

creating a cycle from y to tk and then back to y. The other

case is done, similarly.

4.6 Message types and complexity

Table 1 lists the variables in a node and a packet. A node

keeps local variables about Voronoi diagram and event

visiting path. parentHop is the parent node to reach its

nearest event node nearestEvent. Thus, we have a tuple

composed of these two variables. If a node is on the

Voronoi edge or vertex, we have multiple tuples in an

array. distance is the hop distance to its nearestEvent. For

the event visiting path that a node belongs to, nextHop is

the neighbor node in the path from this node to the next

event node. Similialy, prevHop is the neighbor node in the

path from this node to the previous event node. To check

whether a node is free or not, it has two variables, is Locked

and isCheked. A packet has 8 variables including two

temporary variables. type represents one of the 14 message

types which will be described in the following sections. ID

is ID of the node that creates the packet. targetID is ID of

the neighboring node that must receive the packet.

sourceID is the ID of the node that created the packet and

destinationID is the ID of the final destination node. hop is

the hop distance from sourceID to the current node. Two

temporary variables are used for various purposes

depending on the message types.

In the following subsections, we will show that this

small packet is sufficient to implement the proposed pro-

tocol in the distributed setting.

Table 1 Variables in a node and a packet

Variable Type

Node variables

(nearestEvent, parentHop) (node ID, node ID)

distance hop distance

(nextHop, nextEvent) (node ID, node ID)

(prevHop, nextEvent) (node ID, node ID)

(nextHop, prevEvent) (node ID, node ID)

(prevHop, prevEvent) (node ID, node ID)

isLocked boolean

isCheked boolean

Packet variables

type type

ID node ID

targetID node ID

sourceID node ID

destinationID node ID

hop Integer

temp1 node ID

temp2 node ID
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4.6.1 Initialization

This stage needs only a broadcasting into the whole net-

work as mentioned in Sect. 4.2. It can be implemented

using two variables in the packet: hop and sourceID in a

packet, and one packet of flooding.

4.6.2 Nearest event search and locking

In nearest event search, we have two message deliveries: a

message is sent from tk to y and then returned to tk. These

can be done using two unicast with no additional fields. In

locking phase, as seen in Fig. 5, at least four unicast

messages are required to lock y, next(y), and prev(y). If

there is a conflict between lock requests, we need two

additional types of packets: one for queuing the request and

another for releasing the lock. All these messages are

unicast and do not need any additional packet field.

4.6.3 Voronoi diagram update

This stage is almost the same as initialization stage except

two additional operations on the boundary of Voronoi cell

of tk. When a packet arrives on a Voronoi edge, it first

checks whether another nearest site is prev(y) or next(y). If

that is true, it checks whether its distance is minimum

among the neighbor nodes. If two conditions are satisfied,

it sends a reply packet to tk. Thus, this stage consists of two

flooding and two unicast packets. And additional fields are

required to carry the information of prev(y) and next(y).

4.6.4 Path update

Suppose that we construct a new path y! tk ! nextðyÞ. In

this case, we need to delete the existing path from y to

next(y), and construct two paths: one path from y to tk and

another path from tk to next(y). Thus, in this stage, we need

at most three types of messages. Each packet can be

delivered by unicast using path information with no addi-

tional field.

4.6.5 Packet size

As shown in the preceding subsections, we need at most 14

types of messages and two additional fields in a packet.

Since most variables in a packet are node IDs, the size of

packet depends on the number of nodes in the network,

which is usually known prior to deployment. Thus, a

packet size of 8 log n bits is sufficient to maintain the

protocol, where n is the number of the sensor nodes.

5 Quality of path

In this section, we prove that the length of the constructed

path is bounded by a small factor to the length of the

optimal path.

Let dG(x, y) be the Euclidean distance between a and b

along G and d(x, y) be the the Euclidean distance between

a and b. We assume that the communication graph G has a

bounded dilation : For any pair (a, b) of sensors,

dGða; bÞ� h � dða; bÞ, where h is a positive constant. Our

assumption is realistic when sensors are deployed uni-

formly and densely. To validate it, we computed average

and maximum dilations by simulation in various settings.

Table 2 shows the results for the case when 6,400 nodes

are deployed in a square region of size 800 m 9 800 m.

Two distributions (uniform distribution and perturbed grid)

are used to generate sensors. Although maximum dilations

reach 2.3, average dilations are less than 1.3 in all cases.

Our result is summarized in Theorem 1.

Theorem 1 The proposed algorithm produces an event

visiting path that has an O(log k) competitive ratio to the

optimal path, where k is the number of event nodes.

5.1 Proof of Theorem 1

Imagine that our event nodes are given as an input of the

online Steiner tree problem. We compare the length of

proposed path with that of the tree of the greedy vertex

algorithm (GVA). The result is as follows.

Lemma 1 Let p be the proposed path and F be the tree

produced by the greedy vertex algorithm. Then,jpj � c � jFj,
where |F| is the weight of F and c is a positive constant.

Proof We prove the lemma by induction. The input is

introduced as a sequence of vertices t1; t2; . . .; tk. Let Fi and

pi denote the tree by GVA and the proposed path at the end

of step i, respectively. For the base case (i = 1), both are a

single node, satisfying the induction hypothesis. Suppose

that the hypothesis is satisfied for i \ k. We will show that

jpkj � jpk�1j � c � ðjFkj � jFk�1jÞ at the end of step k. Let y

be the nearest vertex in pk-1 from tk. Let dp(a, b) be the

distance from a to b along the path p. Note that

d(y,tk) = |Fk| - |Fk-1|.

We have the following two cases (See Fig. 7):

Table 2 Dilations in simulation

Uniform dist. Perturbed grid

Radius 15 20 25 15 20 25

Max. 2.329 2.019 1.899 2.100 1.980 1.853

Ave. 1.203 1.100 1.077 1.116 1.079 1.070
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1. If the proposed algorithm appends a cycle from tk to y

and back to tk, the cycle follows the shortest path tree

constructed during the Voronoi update for tk. So,

dpk
ðy; tkÞ ¼ dGðy; tkÞ� h � dðy; tkÞ by our bounded

dilation assumption. Thus, we conclude that

jpkj � jpk�1j � 2h � ðjFkj � jFk�1jÞ.
2. If we modify the existing path by connecting tk to

either prev(y) or next(y), let us assume that tk is

connected to next(y), without loss of generality. Now,

consider |pk| - |pk-1|. At step k of the algorithm, the

subpath from tk to y and tk to next(y) are added.

dpk
ðtk; nextðyÞÞ� c0 � dpk

ðtk; yÞ since otherwise we

append the cycle of the previous case, implying that

jpkj � jpk�1j � dpk
ðtk; nextðyÞÞ þ dpk

ðtk; yÞ � ðc0 þ 1Þ�
dpk
ðtk; yÞ � hðc0 þ 1Þ � dðtk; yÞ � 2hðc0 þ 1Þ � ðjFkj�

jFk�1jÞ.

As a result, we prove the lemma with c = 2h(c0 ? 1). h

Combining Lemma 1 and the fact that the tree by GVA

has O(log k) competitive ratio [19], the proposed path has

O(log k) competitive ratio to the optimal Steiner

tree(OPTST). Then, Theorem 1 is the consequence of the

following relation.

OPTST �MST �OPTtour � 2OPTpath ð1Þ

Here, OPTST, MST, OPTtour and OPTpath denote the

lengths of the optimal Steiner tree, minimum spanning tree,

and the optimal event visiting ‘tour’ and ‘path’,

respectively. We use the optimal traveling salesman tour

as OPTtour. The inequality OPTtour B 2 OPTpath holds for

d(s, t) B OPTpath, where s and t are the source and

destination in the optimal path.

6 Extensions

6.1 Event handling with moving users

Until now, we did not consider path updates while a user

is traveling on an event visiting path. If a new event is

added to an unvisited part of the path, there is no prob-

lem. A problem may occur if a new event node is con-

nected to an already visited event node. To solve this

problem, we need to delete the visited part of the path as

a user is traveling.

Suppose that a user reaches an event node v. After the

user passes through v, we will not use v as an event node

any longer. Therefore, the user sets v to be a regular node

and deletes VC(v). When the user arrives at v, v broadcasts

a delete message to the nodes in VC(v). If nodes on the

boundary of VC(c), say, VE(v, x), receive the message, they

start to update the Voronoi cell of x by flooding messages

into VC(v). Doing so, VC(v) is removed and is replaced by

other Voronoi cells, as seen in Fig. 8.

6.2 Event deletion

We describe a method for dealing with the case when

detected events are canceled. For example, if a sensing

value of an event node gets out of a predefined event value

(a) (b)

Fig. 7 Two cases in the proof

of Lemma 1. In the algorithm,

we choose the path from y to

next(y) through tk if

dpk
ðtk; nextðyÞÞ� c0 � dpk�1

ðtk; yÞ,
where dp(a, b) is distance from

a to b along the path p

(a) (b)

Fig. 8 a A user is at t1 going to

t2. b t1 becomes a regular node.

VC(t1) is removed and replaced

by Voronoi cells of two other

events nodes
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range, the event node needs to become a regular node. This

case can be handled similarly as the previous case for

moving users by deleting the Voronoi cell of the event

node and updating the Voronoi diagram. However, instead

of deleting the traversed path, we may need to reconstruct

the path in this case.

Let v be such a node. After removing VC(v), we recon-

struct a subpath from prev(v) to next(v). If VC(prev(v)) and

VC(next(v)) are adjacent after the deletion of VC(v) (i.e.,

the Voronoi edge VE(prev(v), next(v)) exists), we can

update the path by finding a node on the edge that is nearest

to prev(v) or next(v) and connecting it to prev(v) and

next(v). See Fig. 9, for example. Otherwise, we do not

modify the path and just use the path incident to v.

6.3 Constructing event visiting tour versus path

Although our algorithm described in Sect. 4 produces an

event visiting path that does not return to the source, we

can also construct an event visiting tour that returns to the

source as follows. When the first event node t2 appears, we

construct a cycle between t1 and t2. Then, by setting the

previous node of t1 as t2 and the next node of t2 as t1, we

can maintain a tour throughout the path updates. Figure 10

shows the comparison between the path and tour in the

simulation.

6.4 Constructing paths for multiple users

We can easily extend our approach to construct paths for

multiple users who visit the set of event nodes collectively.

Initially, we consider each sensor node where users reside

as an initial set of event nodes. Then, instead of con-

structing the Voronoi diagram for one source node, we start

by computing the Voronoi diagram for the set of source

nodes. Afterward, we can construct paths as in the single

user case. That is, if a new event node tk finds the nearest

event y, tk then becomes a part of the path that y belongs to.

Figure 11 shows our simulation result of multiple paths for

three users.

6.5 Recovery from failures

Although our algorithm assumes that the communication

graph is static, in real networks, links may change and

nodes can fail. Here, we present a simple scheme to cope

with link/node failures.

During the course of the algorithm, a node/link failure

may be detected in two cases : while following the parent

(a) (b)

Fig. 9 a t2 is an event node. b After the deletion of VC(t2),

VC(next(t2)) is adjacent to VC(prev(t2)); thus, a path from prev(t2) to

next(t2) is reconstructed

Fig. 10 Simulation results for path (top) and tour (bottom) construction when 4 event nodes are added. At the bottom left, a tour with two nodes

is a cycle from t1 to t2 and back to t1
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node in Voronoi diagram to reach the nearest event node as

seen in (a) of Fig. 12 or while following an event visiting

path as seen in (b) of Fig. 12.

Suppose that a node v finds that the link to its parent

node has failed. Then, v initiates a recovery by sending a

recovery message to its neighbors. If the recovery message

finds a node p having a parent node to v’s nearest event

node, it sends a reply message back to v. When v receives

the reply message from p, it sets its parent node to be

p (See (a) of Fig. 12). If an event node fails, we need

additional work, because then we need a new event node to

replace the failed event node. If v recognizes the failure of

an event node that is its parent node, v substitutes for the

event node. Such a node is called a virtual event node.

Then, it sends a recovery message to the 1-hop neighbors

of the broken event node. Nodes receiving the message set

their nearest event node to be v. An example is shown in

Fig. 13.

Now, suppose that a failure is detected in the middle of

an event visiting path p. Let v be a node detecting the

failure. The recovery message is flooded into its neighbors.

In practice, to bound the flooding, its TTL (time to live) is

set to 4 hops. During the flooding, the message constructs a

shortest path tree rooted from v. If the message finds a node

p after v on p, p sends a reply message to v by following a

path on the constructed tree. Then, we recover the path

after v using the path from v to p on the tree as in (b) of

Fig. 12. If the broken node is an event node, we also need

the same recovery scheme for the event node as shown in

Fig. 13.

7 Simulation

We have implemented a large scale simulation in Java to

evaluate the performance of our algorithm.

(a) (b)

Fig. 12 a Due to a node failure,

two children lost their parent

node. After the recovery, the

two nodes have new parent

nodes. b Due to the failure,

there are missing links on the

path. After recovery, a path

from v to p is added

Fig. 11 An example of multiple paths for three users. Green nodes

indicate initial positions for 3 users (Color figure online)

Fig. 13 Event node failure. A virtual event node is one of the

neighbors of the original event node
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Although this simulation does not consider many net-

work details such as packet loss, node failure, network

delay, and contention, we focus on validating the feasibility

of our approach on the algorithmic level.

To show the scalability of our algorithm, we have

simulated with various network sizes: 1,600, 3,600, and

6,400 nodes in 400 m 9 400 m, 600 m 9 600 m, 800

m 9 800 m square area, respectively. Sensor nodes are

distributed on a perturbed grid; a sensor is placed at the

position chosen randomly from each grid whose side length

is 10 m. We use the unit disk graph as our communication

graph, although our algorithm does not depend on it. The

communication range is 20 m and the average degree of

sensors is approximately 10.

7.1 Quality of navigation paths

We compared the length of the paths constructed by our

algorithm with those of two other approaches: the depth-

first traversal of the tree constructed by greedy vertex

algorithm (GVA) and the length of the optimal traveling

salesman path (TSP) (Fig. 14). The optimal TSP is obtained

using the algorithm in [20]. The ratio of the lengths of

paths constructed by our algorithm to the lengths of TSP

increases slightly as the number of event nodes increases,

regardless of the total number of nodes, validating our

theoretical guarantee for the quality of paths. The ratio of

the lengths of GVA paths to the lengths of the paths con-

structed by our algorithm decreases slightly as the number

of event nodes increases, but regardless of the total number

of nodes. As the number of event nodes increases, new

event nodes are more likely to be close to existing event

nodes. In that case, the algorithm does not create a Voronoi

cell and just take GVA approach; thus, it tends to generate

similar paths to GVA.

7.2 Message complexity

The total number of messages during the construction is

plotted in Fig. 15. The simulation shows that the message

size is inversely proportional to the number of event nodes.

As event nodes emerge, the average size of each Voronoi

cell becomes smaller. Because most of the messages are

produced to update the Voronoi cell of a new event, the

number of messages decreases drastically as the size of

event nodes increases. Figure 16 depicts the distribution of

the messages showing the ratio of the nodes producing

specific loads. Notice that most of the nodes do not produce

any messages as the number of event nodes increases since

the path update is done locally around new event nodes.

Fig. 15 The number of total messages accumulated in each 10

insertions of event nodes. Due to the large size of Voronoi cell, the

first 10 insertions induce numerous messages. As the number of event

nodes increases, the number of messages decreases drastically

Fig. 14 The comparison of three approaches with various numbers of

event nodes. Our algorithm performs better for small number of event

nodes

Fig. 16 Simulation with 6,400 nodes. After the number of event

nodes is larger than 10, more than 90 % of the nodes produce no

message
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In the simulation, the maximum number of messages is less

than 12, and the average number of messages is less than 2.

7.3 Various environmental settings

In this section, we validate the feasibility of the algorithm

in various environments.

Figure 17 shows paths generated by the proposed

algorithm in sensor fields with various shapes. Our algo-

rithm can produce reasonable paths even in narrow pas-

sages as in (a) and (b). In the presence of holes, it

constructs a path avoiding holes as in (c) of Fig. 17.

Figure 18 shows constructed paths with different com-

munication radii : 15, 20 and 25 m. The average degrees

Fig. 18 Simulation with varying radius r and average degree d. a r = 15,d = 6 b r = 20,d = 10 c r = 25,d = 18

Fig. 19 Simulation with

average degree of three.

It works well even in the severe

environment if two nodes on the

path are connected

Fig. 17 The proposed algorithm works well in various shapes of field including holes
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were 6, 10, 18, respectively. As seen in Fig. 18, the

Voronoi edge in (c) is the thickest due to the long com-

munication radius. Regardless of the communication

radius, our algorithm produces reasonable paths.

Our algorithm performs well even in networks with low

degree if nodes are connected in the communication graph.

Figure 19 is an example with average degree of three. Due to

the low degree, several parts of the network are disconnected.

However, if event nodes lie within the same connected com-

ponent, the algorithm can generate a path as seen in Fig. 19.

We have also conducted simulations where the com-

munication graph is quasi unit disk graph to reflect more

realistic network models. For a point set V; d 2 ½0; 1�, and

q 2 ½0; 1�, quasi unit disk graph G(V, E) is a graph such

that ðp; qÞ 2 E if dðp; qÞ\d; ðp; qÞ 62 E if d(p,q) [ 1 and

ðp; qÞ 2 E with probability q if d B d(p,q) B 1. In

Fig. 20(a–c), we have q = 0.5 and d = 0.7 while varying

unit distance. In Fig. 20(d–f), we have unit distance=15 m

and d = 0.7 while varying q. When some events nodes are

disconnected, our algorithm cannot visit those nodes as in

Fig. 20(c, f).

To see how our algorithm works in real environment

where nodes may fail, we simulated our algorithm with

various node failure rates. Figure 21 shows that until the

failure rate reaches 50 %, our algorithm works well. When

the failure rate gets higher, our algorithm cannot find the

Fig. 20 The simulation in quasi unit disk graph. In a–c, we fixed d = 0.7 and q = 0.5 while varying unit distance: a 17 m b 16 m c 15 m.

In (d–f), we fixed d = 0.7 and unit distance=15 m while varying q: d 70 % e 50 % f 30 %

Fig. 21 Simulation with various node failure rate. 1600 nodes are deployed in 400 m 9 400 m square area. The communication radius is

15m. Each node has failure rate: a 30 % b 40 % c 50 %
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path because some event nodes are disconnected in the

communication graph as in Fig. 21(c).

8 Conclusion

In this work, we proposed a distributed algorithm to con-

struct a navigation path visiting a set of event nodes in

wireless sensor networks without location information. As

the set of event nodes changes, the path is updated locally

without a centralized base station. Our simulation shows

that the algorithm is scalable and works well in various

environments. Also, we proved that the path computed by

our algorithm has O(log k) competitive ratio to the optimal

path under a reasonable assumption.

Even though our algorithm can handle navigation for

multiple users, load balancing is not considered yet. We are

currently investigating it. We also would like to extend our

approach to handle events with priority. An event node

with a higher priority should be visited earlier than an event

node with a lower priority. This extension could be useful

to handle emergencies.
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