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Abstract—This paper presents Enhanced - Least Recently
Visited (ELRV) approach, an improved version of an existing
sensor-based robotic terrain coverage algorithm, Least Recently
Visited (LRV). LRV and ELRYV are both proposed for either
a single robot or a multi-robot team to cover an unstructured
environment by incremental deployment of sensor nodes. LRV
is used to make decisions on movement directions towards
uncovered areas by means of the deployed sensors and their
suggestions. Using sensors for coverage eliminates the need for
mapping the environment. Unknown structure of the environment
may sometimes result in inefficient coverage of the terrain as
in the case of LRV. ELRYV extends LRV by considering obstacle
situations in unstructured environments. Furthermore, it suggests
additional direction updates on sensor nodes to utilize coverage
tasks. These supplementary direction updates are based on obsta-
cle situations and decrease the total number of future direction
updates when compared to LRV. Empirical evaluations of ELRV
in the Player/Stage simulator present improved performance in
terms of time to complete the coverage mission compared to LRV.

Index Terms—Sensor based coverage, dynamic coverage, robot
sensor interaction, mobile robots.

I. INTRODUCTION

FFICIENCY in terrain coverage is an important concern

for both robot applications (e.g., cleaning, mine-removal
and search and rescue operations) and sensor-based environ-
mental monitoring applications.

This study focuses on sensor-based robotic terrain coverage
and proposes Enhanced - Least Recently Visited (ELRV) as an
improvement on an existing algorithm, Least Recently Visited
(LRV) [1]).

In LRV, robot deploys sensor nodes incrementally by using
the information, on visited areas of the environment, provided
by previously deployed nodes in an unknown environment.
ELRV extends LRV by enhanced updating strategies for sensor
nodes in initial deployment cases and for obstructed parts of
the environment. These improvements help reducing overall
time to complete the coverage mission.

II. RELATED WORK

Choset [2] presents an extensive survey for coverage meth-
ods. Coverage algorithms$ are mainly classified into two groups
namely online and offline coverage approaches [2]. In offline
coverage [3], [4], [5], the map of the environment is available
to the robot performing the coverage task. On the other hand,
in online coverage [6], [1], [7], the map or the environment is
not known by the robot.
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_ environment step by step without having a map or plan. In th
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Another important criterion considered for coverage alg
rithms [2] is the subject of the coverage task which is a rob
itself or a robot interacting with sensors positioned (deploye
statically or deployed dynamically to the environment. In rob
coverage [3], [4], [7], [5] the coverage mission is perform
only by the robot and the information used in coverage:
gained from only the robots’ hardware (actuators and senso
of the robot). On the other hand, in sensor based coverage [4
[1] the robot interacts with sensors for completing coverag
task. In sensor based coverage, sensors are either used
robotic coverage of an environment or they are directly use
to form a network of sensors to monitor a terrain. Differe
deployment strategies may be performed for these applic
tions. [6] uses static coverage in which sensors are positiong
statically to cover every part of the environment with the
sensor shadows at every time. This method is efficient f
known environments (like offline coverage described in [2]
In LRV [1], as an online coverage strategy, a robot covers th
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method the robot deploys sensor nodes incrementally accor
ing to the information obtained from the previous deployme
status which is called dynamic coverage [1].

The number of robots performing the coverage task is a

other criterion in classifying the coverage methods. Coverag of
is performed by a single robot [1] or multiple robots [3], [ ot
[4], [5], [7]. Single robot coverage of an environment tak ex
longer time when compared to multiple robot coverage. th
robot failures occur, the coverage mission is performed b of
other robots in the team. ’ é su

This paper focuses on an online strategy for a single rob nc
to cover an unknown environment with the suggestions of th wl

sensor nodes deployed incrementally. Particularly, LRV algo
rithm is investigated and some improvements.are suggeste
as a new strategy on top of the main mechanisms of it. LR

has some deficiencies in deploying sensor nodes near obstacl nc
locations and in some update strategies for newly deploye ne
sensors. The main motivation of this research is to enhanc W
LRV to eliminate these deficiencies. po
en
the
IT1. " ENHANCED-LRV its
LRV [1] makes use of sensor nodes for storing coverage:z: diy
information which is used by a robot to cover an unknown of
environment. Nodes are incrementally deployed by the rob
based on some criteria and the movement directions of thes fre
robot are managed by the deployed nodes. During runtim de
the robot deploys a new node whenever there is no node in it In
vicinity. This is the case for the initial deployment of the robo sit
There may be multiple nodes locating in its line-of-sight. 1
this case, it interacts with the node having highest sign th:

strength. Throughout the paper, the current node represent




ig. 1. A sample node deployment stratcgy by LRV. (a) The robot is initially
eployed in the environment (b) It deploys a new node (c) It is out of the
ommunication range with the current node (d) The robot deploys a new node

he node that the robot interacts with and the closest node
epresents the node with the highest signal strength after losing
ne of sight with the current node. Having the highest signal
trength does not necessarily induce becoming the current
ode. As an example, a node having smaller signal strength
ay be selected as the current node since the candidate node
closest node) having the largest signal strength is occluded by
bstacles. ELRV ensures this property by considering obstacle
ituations around the robot.

LRV algorithm is composed of three main parts. First part
f the algorithm deals with the cases in which the robot is
ut of range of the current node. In this situation, the robot
xploring/covering the environment deploys a new node. If
ere is a closest node in line-of-sight, it updates the weights
of it by sending a message and moves according to this node’s
uggestions. In the meantime, this node becomes the current
ode. The second part of the algorithm is used for the cases in
hich the robot discovers obstacles on its way. According to
e size of the obstacles, the robot either avoids the obstacle
(if it is small) or it deploys a new node (if the obstacle is a
rge one and there are no other nodes except from the current

ode. The number of deployed nodes around large obstacles
ould be higher than that of obstacle-free areas due to this
icy. This is a reasonable strategy to effectively cover the
nvironment. The last part of the algorithm is used to forward
e robot to the current direction if there are no obstacles on
s way. During the traversal of the nodes, weight updates for
rections are performed. These weights represent the number
f traversals through the corresponding directions.

An illustration of the node deployment for LRV in obstacle-
ee areas is given in Fig. 1 (a-d). In Fig. 1(a), the robot is
‘deployed in the environment and starts the coverage mission.
Fig. 1(b), the robot deploys the first node in the environment
nce there is not a current node. The node numbered with id
‘1 becomes the current node at this time, and the robot uses
this information and decides on the next direction towards left
side. Whenever the robot is out of communication range with

ode in the vicinity of robot) which then becomes the current .

Algorithm 1 ELRV: Robot loop

robotDirection: direction which robot is going;

(n, d): (currentNode, suggestedDirection);

R: set containing data received from nodes in robot’s vicinity (node
id, suggested direction);

SHORT: communication range threshold used to determmc when
to deploy new nodes;

traversedDirection: direction which robot passes previously;
obsDirection: direction of obstacle when deploying node;

R = receive NODE_INFO messages from nodes in vicinity;
if out of SHORT communication range with n then
(Nelosest, delosest) = node and corresponding direction in R
with largest signal strength
if n! = NULL then
Send(UPDATE_DIR, nciosest, delosest )
Send(UPDATE_DIR, nciosest, traversedDirection )
if no obstacles detected in direction dciosest then
(n, d) =(Mciosest, delosest)
else
Seﬂd(UPDATE__DIR, TMclosests dclosest )
Wait for response, repeat the check
end if
robot Direction = deiosest
else
find an obstacle-free direction
robot Direction = obstacle-free direction
deploy sensor node n' with suggested  direction
robot Direction
(n, d) =(n , robotDirection)
Send(UPDATE_DIR, n, robotDirection )
Send(UPDATE_DIR, n, traversedDirection )
Detect obstructed direction(s)
for each obstructed direction do
Send(OBSTACLE_DIR, n, obsDirection )
end for
end if
end if
if moving and obstacle detected < OBST_AVOID_RANGE
then
if obstacle is large and no nodes in vicinity then
find an obstacle-free direction
robotDirection = obstacle-free direction
deploy sensor node n with suggested  direction
robot Direction
(n, d) (n robot Direction)
Send(UPDATE_DIR, n, robotDirection )
Send(UPDATE_DIR, n, traversedDirection )
Detect obstructed direction(s)
for each obstructed direction do.
Send(OBSTACLE_DIR, n, obsDzrectwn)
end for
else
avoid the obstacle
end if
end if
if robot Direction == NULL then
Move in direction robotDirection
end if

the first node (refer to Fig. 1 (c)), it deploys the node 2 (refer
to Fig. 1 (d)).

ELRV preserves the main parts of the LRV algorithm.
It differs from LRV by its node deployment strategy in
obstructed parts and its weight updating strategy.

ELRV enhances LRV in its node deployment strategy for




- obstructed parts of the environment. The robot takes into
consideration of the status of the environment during node
deployment in ELRV. This strategy utilizes coverage in un-
structured environments. The main procedures of ELRV are
given in Algorithm 1.

In ELRV, weight updates for the directions are determined
based on the obstacle status of the environment by the robot at
the deployment time. The robot deploys a node to an obstacle-
free direction (after avoiding the obstacle) and moves in that
direction. There are two weight updates for the traversed
and new directions that have been passed through by the
robot when deploying that node. After deploying a node
which becomes the current node, the robot sends two update
messages to this node to declare that these two directions
are traversed while deploying that node. When deploying that
node, an obstacle-free direction is found. For that reason, there
is no need to check if there is an obstacle in the deployed
node’s suggested direction and send messages to the related
node for weight updates to find an obstacle-free direction in
next steps (when the robot is in the range of the closest node)
the robot is. in the communication range of that node again.

In LRV, the node is deployed only considering the suggested
direction information. In a new node deployment. case, the
traversed direction is not considered and the weight updates
of these directions (suggested and traversed directions) during
deployment are neglected. Also the suggested direction is not
determined according to the obstacle situations. This result in
additional direction updates to find an obstacle-free direction
later when the robot is in the range of those related nodes.

Another enhancement made in ELRV during node deploy-
ment is updating the states of nodes according to the obstacle
situation of the environment. ELRV updates the traversed and
suggested directions as previously mentioned. The other direc-
tions except these traversed and suggested directions may be
pointing to obstructed areas. In these situations, the robot sends
related update messages for these obstructed directions to the
deployed nodes. The messages are related to the obstructed-
directions around the related deployed nodes. This strategy
reduces the communication overhead and the total coverage
time when compared to LRV. LRV ignores these obstacle
situations and the robot can be directed to an obstructed
direction by the corresponding node. This leads the robot to an
untraversable direction and results in redundant efforts to avoid
obstacles. In ELRV, after node deployment, the obstructed
direction(s) are detected by the robot and the immediate update
message(s) for these direction(s) are sent to the deployed
node. The deployed node takes these update message(s) for
the obstructed direction(s),and updates the weights of these
directions with a high value in order to prevent suggesting
and forwarding the robot to these directions. _

In ELRYV, the traversed direction of the closest node is up-
dated instead of the opposite direction of the closest direction
of the closest node as in the case of LRV.

Node loop update procedure of LRV is similar in ELRV
except updating the obstructed direction at the time the node
is deployed. This obstructed direction is updated with a high
value for preventing the node to suggest this direction to robot.

In ELRYV obstructed direction(s) and the traversed directions

Fig. 2. Node deployment strategies (a) ELRV (b) LRV.

are updated in node deployment step. This results in immediat,
updates of the weights which are used later and reduce
the communication overhead and the total coverage time. To
clarify, a sample situation is illustrated in Fig. 2. Fig. 2 (a
outlines ELRV node deployment strategy. In this scenario, thi
robot starts exploring the environment from the left bottom
comer and the nodes are deployed in counterclockwise-order.
The weight updates of the node 7, is given. Because the uppeé
side of node 7 is obstructed, the corresponding direction is
updated with high value for preventing that node to sugges
this direction later. In this figure the traversed direction updates
can also be seen. As opposed to LRV, ELRV updates the
traversed directions at the time of deployment. Fig. 2 (b)
illustrates the weight update strategy of LRV for the same
scenario. In LRV, the obstructed direction is not considered and
the next suggested direction according to the cross order rule
[1] is selected as the upper direction. This yields additiona
direction updates to be performed later by the robot.

IV. IMPLEMENTATION DETAILS

The Pioneer 2DX mobile robot equipped with 16 sonar
range sensors positioned with 22.5 degrees interval is used in -
the simulations. Since the operation of the robot is managed -
by the sensors, obstacle detection and avoidance capability is
consideted for the robot. The sonar range finder sensors ate -




5‘ [10, 24.19)

Y 1, G

{10,10.18]
@ 2

0.5

(0.-5)

110.4.14)

§ 110,44

6y
110.-10.18]

[10, 24.14]
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or the rob(‘)t to detect obstacles in its vicinity. In Fig.
> directions of the sonar range sensors are shown with
irection of the robot. The sonar readings are also used to
mine the sizes of the obstacles to deploy new nodes in
bstacle situations. If all of these five sensor readings are
ange that is used for detecting large obstacles, according

other nodes except the current node in the vicinity. All
five sonar readings should be in the range drawn red in
19¢73 to treat an obstacle as large.

‘he same obstacle avoidance and large obstacle detecting
ies are applied in both algorithms to compare the results
ecause there is no clear explanation of the obstacle avoidance
Icy in LRV. Also the same weight update strategy explained
1] is used in both LRV and ELRV for the nodes managing
to perform coverage mission.

7 V. SIMULATIONS AND EXPERIMENTAL RESULTS

LRV is evaluated in Player/Stage [8], [9] simulator with
mulated Pioneer 2DX mobile robot having a sonar range
er.

~Omparison criteria are selected as the percentage of the
ered areas, time to complete the coverage mission and the
mber of nodes deployed. Total coverage result is obtained by

Method Time
(min, )

ELRV 11.33

LRV 32.38

calculating the number of uncé
intuitive formula: :

obtained for environments with.
Experiments are designed in t
ments with different obstacle d

mission.

The results of the second set o
the averages of 5 different runs for
environments with 10% obstacle- den
results of the third set of experlments ar
of 5 different runs for each of the 5 differe
20% obstacle densities (Table III).

The presented results reveal that" th
difference in the number of deployed nodes
algorithms. The main difference of the re ulfs “th
coverage time of the environments which are either obstacle-
free or obstructed. ELRV improves: coverage eﬁ'ic:lency ap-
proximately 33% in terms of time to cover the environment
compared to LRV. This efficiency lmprovement is ensured by
the node deployment strategy (obstructed directions update)
and the traversed direction weight updates of nodes performed
in ELRV. The new node deployment strategy considering the
near obstacle information and updating weights accordingly
prevents the robot from getting stuck into infinite loops. This
strategy prevents a further forwarding to an obstacle location
and accordingly extending the coverage time. According to the
new node deployment strategy, additional direction updates for
the traversed direction of the robot and the suggested direction
of the node are performed. The robot uses the information
gained when deploying a node without waiting any further
steps.

It can also be observed from the experimental results that
there is not a direct relation between the obstacle percentage
of the environment and the coverage time.
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THE AVERAGE COVERAGE RESULTS FOR 5 DIFFERENT ENVIRONMENTS
WITH 20% OBSTACLE DENSITIES

ENV Time Coverage | # of nodes
%20 | (min, u) (%) (range)
r ELRV |
Env6 11.88 99.36 23-25
Env7 26.50 99.11 25
Env8 “21.35 98.62 24-25
Env9 30.20 99.71 26
Env10 28.61 99.34 25-26
[ LRV ]
Env6 46.05 98.31 .26
Env7’ 63.86 98.43 27
Env8 56.80 98.26 26-27
Env9 77.40 99.84 25-26
Env10 74.20 99.13 25
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Fig. 6. Nodes deployed by LRV in Env6 with 20% obstacle density.

A snapshot of a simulation run for ELRV in an obstacle-
free environment is given in Fig. 4. LRV performs nearly the
same placement of nodes but with a longer coverage time as
previously mentioned in Table I. =

Fig. 5 and Fig. 6 illustrates sample snapshots from the  §

- simulation runs in an environment 20% obstacle density for
the algorithms ELRV and LRV respectively.

A final remark illustrated in Fig. 5 is 100% coverage cannot
always be achieved in obstructed environments because of the
uncovered places remained in large obstacle regions (e.g., the
uncovered region in Fig. 5 is painted with green in the figure).
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Fivoms)) Ao n il s-d VI. CONCLUSION
This paper presents ELRV as an enhanced extension of

LRV. Unknown structure of the environment may sometimes

Fig. 4. Nodes deployed by ELRV in an obstacle-free environment. result in inefficient coverage of the terrain as in the case of
LRV. ELRV. extends LRV by considering obstacle situations




and suggesting additional weight updates on sensor nodes to
atilize the coverage mission. These supplementary updates
ensure efficiency in coverage. Empirical evaluations of ELRV
1 the Player/Stage simulator present significant improvements
provided by ELRV in reducing the coverage time compared
o LRV. Analyzing the practical limitations of the proposed
scheme and connectivity analysis of the nodes is left as a
near-future work. The future work also includes integration of
sensor failure recovery mechanisms to the design of ELRV.
Although the performance of ELRV is presented in a realis-
ic simulator, porting ELRV on real robots and an extensive set
of experiments for real environments are planned for analyzing
he performance of ELRV to a greater extent.
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