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In this paper, the exploration and map-building of unknown environment by a team of mobile robots is intensively
investigated. A new exploration technique is proposed to increase the exploration efficiency. In particular, the new
technique has two main objectives: firstly, it aims at reducing the exploration time and the traveled distance by reducing
the overlap which takes place when a certain area in the environment is explored by more than one robot. To achieve
this, a new procedure to assign the next target location for each individual robot is proposed. And secondly, it aims at
reducing computations complexity required by target selection and path planning tasks. More importantly, the proposed
technique obviates the need for environment segmentation complex procedures which is adopted in some previous
important research works. The new technique is intensively tested with different environments. The results showed the
effectiveness of the proposed technique.
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1. Introduction

Exploration is the ‘act of moving through an unknown en-

vironment while building a map that can be used for sub-

sequent navigation’.[1] Exploration and map-building of

an unknown environment is one of the main issues in au-

tonomous mobile robotics due to its wide range of real-

world applications. Such applications may include search

and rescue, hazardous material handling, military actions,

planetary exploration, path planning, and devastated area

exploration.[2] Generally, autonomous robot is able to in-

crementally construct a model (map) for its environment

based on the sensory information gathered in an online

fashion, i.e. while navigating through the environment. This

process requires choosing the best next location for the robot

to visit, planning the shortest path to reach that location and

finally controlling the robot’s motion in its journey to that

location.

Mobile robots need a map to effectively navigate in their

environment. The ability of mobile robots to autonomously

move in an unknown environment to gather the sensory

information required to build a map for navigation is called

autonomous exploration. Simultaneous localization and

mapping technique is often used to construct a map for

the environment and localize the robots on it. As the robots

move to unexplored new areas, these areas are then included

in the map. The main challenge in autonomous exploration

is how robots plan the order to visit the remaining unex-

plored areas while minimizing the total traveled distance.[3]
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The use of cooperative multi-robot systems for explo-

ration purposes has several advantages over single robot

systems. Mainly, cooperating robots have the ability to per-

form a single task quicker than a single robot because the ex-

ploration is performed simultaneously.[4] Moreover, using

several robots introduces redundancy which makes teams

of robots more fault-tolerant than only one robot. One more

advantage of robot teams is due to the merging of over-

lapping information that can help compensate for sensor

uncertainty. For instance, a team of robots has been shown

to localize themselves more efficiently and precisely, espe-

cially when they have different sensor capabilities. On other

hand, when robots operate in teams or groups there is the

risk of possible interferences between them. ‘For example,

if the robots have the same type of active sensors such as

ultrasound sensors, the overall performance can be reduced

due to cross-talk between the sensors. Also, the more robots

are used the longer detours may be necessary in order to

avoid collisions with other members of the team’.[5]

The aim of this paper is to increase the exploration ef-

ficiency (i.e. to reduce the environment exploration time

required to accomplish the exploration task). In particu-

lar, the goal of the proposed technique is to have multiple

mobile robots exploring an unknown environment as fast

as possible, while coordinating their actions and sharing

their local maps in certain time instances to save time and

robot motor energy. In the suggested technique, each robot

is equipped with a laser scanner to scan the environment.An
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advanced frontier-based exploration technique is proposed

to guide the robots during the exploration. Moreover, the

new technique led to a significant reduction of the required

computations for the exploration task. The new technique

was intensively tested and the results show that the new

technique is robust and leads to promising results.

2. Related work

In this section, the most relevant works to the proposed

approach are summarized. In exploration of unknown en-

vironment with multiple robots, there are two main known

ideas: First is frontier-based exploration where the robots

are directed to the front lines (borderlines between explored

and unexplored areas) and second map segmentation where

the environment is partitioned into different segments and

each robot is dedicated to explore one of these segments.

2.1. Frontier-based Exploration

Most of the published multi-robot exploration algorithms

have relied on the use of ‘frontier cells’, e.g. [5–10]. The

concept of frontier-based exploration was initially intro-

duced by Yamauchi [8]. He stated that ‘To gain the most

new information about the world, move to the boundary

between open space and uncharted territory’. He presented

a technique to build grid maps by which the environment

is represented by evenly-spaced grids (2D map). Each grid

cell has a numeric value that indicates the presence of an

obstacle in the corresponding region of the environment.

The robots exchange information about the map that is

continuously updated whenever new information sets come

through sensors. To discover the environment, each robot

moves toward the closest frontier cell.Afrontier cell is a free

(not occupied) cell for which at least one of its neighboring

cells is unexplored. When a robot is directed to such a

cell, it is expected that it will gain information about the

unexplored area when it arrives. Because a map may contain

more than one unexplored area, the challenge arises of how

to plan the exploration mission by choosing the most appro-

priate frontier cell. When more than one robot is involved

in the exploration, it is important to avoid more than one of

them moving to the same cell. In [11],Yamauchi proposes an

exploration technique in which the distance from the robot

to the frontier cell is the unique parameter that is considered

to select the robot future cell (location).

A more advanced technique was proposed by Burgard et

al. [5] in which 2D occupancy grid maps were employed

to represent the environment to be explored. The explor-

ing robots start at known initial positions. The aim is to

minimize the overall exploration time by choosing suitable

target points (frontier cells) for individual robots so that they

explore different sections of the environment and the over-

lapping between them is minimized. In this technique, each

robot chooses its next target cell by calculating a bidding

value for each target cell. The bidding value of a frontier

cell depends on the utility of the frontier cell (the area of

environment that is expected to be explored if the robot

visits the frontier cell) in addition to the distance from the

robot to the frontier cell. The bidding value of a frontier cell

is the difference between the frontier cell utility and cost.

The robot chooses the frontier cell which has maximum

bidding value and then it plans a path to its target.

A slightly different technique from Burgard’s was pre-

sented by Sheng et al. [10]. Sheng considered the limited

communication range between the robots. A nearness mea-

sure was introduced in the bidding algorithm which keeps

the robots together within the communication range. Robots

start from initial positions which are close to each other

and the relative positions are known to all for each robot.

The 2D occupancy grid was again used to represent the

environment. The bidding function selects the cell with the

maximum exploration information and the minimum cost

with respect to each robot.

Ziparo et al. [12] presented an interesting technique in

which the goal is to reduce the exploration time by using

radio frequency identification (RFID) tags as coordination

points. Robots, in this technique, deploy tags in the en-

vironment to form a network of reachable locations. In

this approach, a two-layered algorithm is used. At the first

layer, there is a local part, where robots are coordinated by

RFID chips and perform a local search. And at the second

layer, based on the local part, there is a global part which is

responsible for monitoring the local exploration.

In summary, in frontier-based exploration technique

robots are directed to the front lines of the so-far explored

area which are the edges between explored and non-explored

regions. The main challenge is how each robot finds its next

target or future cell? The general solution is based on a

bidding value calculated for each frontier cell. The bidding

value mainly depends on the distance and on the utility of

the frontier cell. The robot then chooses the frontier cell

that has the maximum bidding value as a next target. A path

to the target is then planned and the robot start moving

toward its target cell. However, such techniques require

very complex computations and the overlap problem has

not been seriously solved.

2.2. Map Segmentation

Several researchers employed segmentation techniques [2,

13–17] to reduce the overlap among robots and to avoid

the situation in which more than one robot covers same

area or segment. In these techniques, the so-far discovered

part of the environment is divided into segments. Then, to

reduce the overlap, each robot is assigned as different seg-

ment. While the robot is inside its own segment, it employs

the ordinary above-mentioned frontier-based algorithm to

explore the segment. The most challenging step in these

techniques is how to divide an unknown environment into
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different segments. The most popular solution is based on

partitioning of a graph named as Voronoi graph.[2,13]

To construct Voronoi Graph G(m) = (V, E) of the cur-

rent map m, we need to find the set Op(m) which contains

for each point p in the free-space C of the map the set of

closest obstacle points. The Voronoi Graph then is given by

the set of points in Op(m) for which there are at least two

obstacles (occupied cells)with an equal minimal distance.

V = {p ∈ C ||Op(m)| ≥ 2} (1)

E = {(p, q)|p, q ∈ V, p adjacent to q in m} (2)

The Voronoi Graph can be generated from occupancy grid

maps as given in [14,18]. In particular, this can be done

by applying the Euclidean distance transformation [19] to

a grid-based map. The result is a distance map which holds

for each grid cell the distance to the closest obstacle.

The separation takes place in the points where the ob-

stacles or walls form restrictions or narrow passages such

as doorways. So the closest corresponding two obstacles

are connected with an edge (see the red lines in Figure 1

right). In this figure, the environment is separated into three

clusters or segments blue, gray, and green. The robot does

not leave its segment until it is completely explored. De-

spite the fact that such techniques have better performance

regarding the overlap problem, a very complex procedure

(computations) is required to divide and continuously up-

date the division of the environment into different segments.

Moreover, if there are obstacles in the environment, a large

number of smaller segments is expected to appear. For ex-

ample, there might be plenty of narrow passages due to

some obstacles such as chairs and tables inside a room in

an office-like environment. As a result, plenty of segments

might appear in a single room while it should be a single

segment. To eliminate these false candidates and to combine

them in one segment, a more complex procedure is required

[8]. Therefore, a new, simpler and more efficient solution

is proposed in this paper where no need to build a Voronoi

graph nor to segment the environment.

3. The proposed technique

Exploration with single robot is much easier than explo-

ration with more than one robot. This due to the fact that the

need for coordination, map merging, data exchange (such

as sensory data, position, next target) become a challeng-

ing task. For simplicity, we firstly explain the proposed

exploration technique for single robot before extending to

multiple robots.

The core challenge of exploration of unknown environ-

ments is how to plan the order of the next target location

for each individual robot. Target selection mainly depends

on the state of the robot’s current map and robot’s current

position. In the following paragraphs, a detailed explanation

of the proposed target selection procedure is given.

3.1. Exploration with single robot

In our proposed technique, the environment is represented

as a grid-based map and each robot is equipped with a laser

scanner that is able to scan a circle of radius r centered at

the scanner (robot) position. The robot starts the exploration

with 360 scan while standing on its starting position, as a

result, certain number of frontier cells appear. The number

of the frontier cells which appear from the first scan is

denoted as n1, and the number of the frontier cells that

appear from the second scan is denoted as n2 for and so

on. The frontier cells subset F1 which results from the

first scan is {F1i }
n1

i=1 = { f11, f12, f13, . . . , f1n1
} and the

frontier cells subset F2 which results from the second scan is

{F2i }
n2

i=1 = { f21, f22, f23, . . . , f2n2
} and so on. The frontier

cells of all scans for a given robot can be denoted as

{F j i }
n j , j

i=1, j=1 =
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(3)

where j is the scan number, and n j is the number of the

frontier cells in the corresponding scan j . In particular, the

robot builds a 2D array that keeps all the frontier cells which

appeared during its navigation. This array is called frontiers

array. In each scan, new row containing the new frontier

cells is added to the frontiers array. After each scan the

robot chooses one of these frontier cells to be its next target

and moves toward this new target. Once arrived, it makes

another scan and new frontier cells are expected to appear.

It should be noted that while the map is continuously

updated, any frontier cell is deleted from the frontiers array

once it becomes not frontiers. In other words, the frontier

cells are instantly deleted from the frontier array when they

are no more on the edge between explored and unexplored

areas.

The robot chooses a cell from its frontiers array to be

its target. The selection depends on the newly proposed

frontier-obstacle concept. The idea of the frontier-obstacle

came from the Voronoi graph exploration method.[2,13,

14,16,17,20] The frontier-obstacle is an occupied cell that

lies on the edge between explored and unexplored areas.

Each frontier cell is assigned a value equal to its Euclidian

distance from the closest frontier-obstacle (CFOD: closest

frontier-obstacle distance) detected in the continuously up-

dated map. The frontier cell with maximum CFOD value is

selected to be the next goal cell g for the robot, i.e.

g = max
i

CFODi

The frontier cells with maximum CFOD value are ex-

pected to be on the midway between two frontier-obstacles

as shown in Figure 2. In Figure 2, the white color represents

the area which is explored by the robot (whose trajectory

is also shown) and found to be free. While the gray area
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Figure 1. An example for generation of the Voronoi Graph. From left to right: (1) Example grid-based map, (2) Map with distance
transform (the darker a point the larger the distance to the closest obstacle), (3) Map and Voronoi Graph generated from the distance
transform, and (4) The segmented environment.

Figure 2. Exploration snapshots with robot trajectory in an office-like environment.

represents the yet unexplored area, the red small circle is the

target cell that the robot has selected according to frontier-

obstacle concept, and the two red circles on the lower and

upper black walls indicates the frontier obstacles. Clearly,

the selected cell lies on the midway between two frontier-

obstacle cells. This allows taking advantage of the max-

imum scanning efficiency of the laser scanner, especially

in free areas. Visiting such a cell is expected to uncover a

relatively large area with one scan. This method is called the

frontier-obstacle method. In an office-like environment, this

technique helps to discover the corridors at the beginning

of the exploration provided that the corridors are wider than

the doorways.

The robot checks the frontier cells in the last row of its

frontiers array (i.e. the most recent frontier cells) and applies

the above-mentioned frontier-obstacle method to select its

next target cell. If there is no any frontier cell in the last row

(this occurs, for example, when the robot finishes exploring

a room in an office-like environment where no frontier cells

appear in its last scan) the robot checks the frontier cells of

the previous row. Similarly, if there is no any frontier cell

in the previous row, it checks the row before and so on. If

there is no any frontier cell in the frontiers array, then whole

environment is detected and the exploration is finished.

In summary, the robot checks the frontier cells appeared

in its recent scan and apply the frontier-obstacle concept to

choose its next target cell. If no frontier cells appeared in its

last scan, it checks the frontier cells appeared in the scan just

before the last scan. The process is repeated until at least

one frontier cell is found. This behavior is very beneficial

to reduce the exploration time. Figure 3 shows a detailed

flow chart representing the proposed technique for single

robot.

For example, in an office-like environment, the robot

explores the corridor first and then it enters one of the

adjacent rooms. Once entered, the robot start exploring this

room and it does not leave it until it is fully explored and no

need to come back again to it. This reduces the exploration

time and obviates the need for environment segmentation

which is a complex process that needs complex computa-

tional capabilities. Then the robot goes to an adjacent room

and so on until the whole environment is discovered. When

the robot finishes exploring a room, it goes to the adjacent

room (close room) as it always checks only the most recent

frontier cells which are expected to be relatively close to

the robot and will not waste the time moving among rooms.

The process repeats until the whole environment is explored

and frontiers array becomes empty.
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Figure 3. A detailed flow chart representing the proposed Frontier-Obstacle technique for single robot.

3.2. Extention to multiple robots

To extend the proposed approach to multiple robots, several

issues need to be considered. The most important issue is

how to minimize the overlap. For example, if two robots

are exploring an office-like environment, it would be more

efficient for each room to be completely explored by only

one robot. It would be time consuming if both robots explore

both rooms. When to exchange data or maps among robots

is also a core challenge in multi-robot systems.

As in exploration with single robot, each robot builds its

own frontiers array and applies frontier-obstacle method

to choose its target cell from frontier cells that resulted

from the most recent scan. If the there are no frontier cells

resulted from the most recent scan, the frontier cells of the

previous scan are considered and so on. If there are not

any frontier cells from all of the scans of the robot (i.e.

there is not any frontier cell in its frontiers array), the robot

applies the above-mentioned frontier-obstacle method to

the frontier cells produced by all other robots (see Equation

(4)) to choose the closest frontier cell that has local CFOD

maxima. The closest frontier cell with local CFOD maxima

is expected to be on the closest doorway or narrow passage.

If the chosen cell is in the sensor range of other robots

(i.e. close to other robots), it is ignored and the frontier-

obstacle method is again applied to choose the next closest

frontier cell with CFOD local maxima.

{

Fk ji

}n j , j,k

i=1, j=1,k=1
=

{

F1 j i

}n j , j1
i=1, j=1

∪
{

F2 j i

}n j , j2
i=1, j=1

× ∪
{

F3 j i

}n j , j3
i=1, j=1

· · · ∪
{

Fk ji

}n j , jn
i=1, j=1

(4)

where k is the corresponding robot.

Figure 4 shows a detailed flow chart representing the

proposed technique for multiple robots.

Clearly, there are some core differences between the pro-

posed method and the Voronoi-based exploration. These

differences (advantages) are summarized as follows:

(1) In the proposed frontier-obstacles method, no

need to build the Voronoi graph for the envi-

ronment, alternatively, the robot calculates for

each frontier cell resulted from the most recent

scan, the distance to the closest obstacle lies on

the border between the explored and unexplored

areas. The frontier cell with maximum distance

is then chosen as a next target cell for the robot.
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Figure 4. A detailed flow chart representing the proposed Frontier-Obstacle technique for multiple robots.

Figure 5. Office-like environments used for testing the proposed exploration technique without obstacles (left & middle) and with some
arbitrary obstacles (right).

(2) The frontier-obstacle method considers only the

frontier cells resulted from the most recent scan,

while in Voronoi-based exploration methods, the

distance between the robot and all of the explored

cells are calculated.

(3) In the Voronoi-based exploration, to reduce the

overlap among robots, the so-far explored area is

continuously segmented into different segments

and each robot is assigned a different segment. In

the frontier-obstacle method no need to

segment the environment, alternatively, the

overlap is minimized in a straight forward

fashion.

(4) The proposed frontier-based approach is not

affected by the presence of obstacles.

Employing frontier-obstacles method is also very bene-

ficial to reduce the computation required to select the target

cell from the available frontier cells. In this method, unlike

all of the published works, only the Euclidian distance of

each frontier cell to the closest frontier-obstacle is calcu-

lated. On the contrary, in the published works, the free-

obstacles path is computed for each frontier cell. This is usu-

ally done based on flood fill [6] or A [1] algorithms which

require complex computational capabilities compared with

computing the Euclidian distance in the proposed method.
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Figure 6. Exploration snapshots and robot trajectory of an office-like environment with single robot. The robot explores the corridor first
then it explores the rooms, one by one (see http://youtu.be/zeWhOU672NY).

4. Experimentation and results

In this section, the experiments and the results of the pro-

posed technique are given. We firstly show how the pro-

posed technique perfectly distributes the robots over the

environment (regardless of the number of robots and the

environment complexity) and obviates the need for map

segmentation. And secondly, we compare the results of the

proposed technique, i.e. the exploration time and the total

traveled distance, with the standard well-known frontier-

based exploration method. The environments used for test-

ing the proposed exploration technique are shown in Fig-

ure 5. The size of the environment shown in Figure 5 (left) is

200×100 cell, while the size for the other two environments

is 80 × 60 cell. All of the experiments presented in this

research work are implemented through simulation.

4.1. Robot distribution

The environment shown in Figure 5 (left) is chosen to eval-

uate the way in which the proposed technique distributes

the robots in the environment. This environment is selected

as it contains more rooms than others, this allows for better

evaluation. Figure 6 shows the exploration snapshots when

exploring with single robot. It is clear that the robot explored

the corridor first and then it explored an adjacent room

and so on until the whole environment is explored. More

importantly, when the robot enters a room it does not leave it

until it is completely discovered. In Figure 7, the exploration

snapshots when exploring with two robots are shown. It is

clear that one robot explores the corridor (called corridor

robot) and finds the doorways while the other robot enters

the closet doorway (local maxima) and completely explores

the room before it goes to the next closest doorway and so

on. When the corridor robot finishes exploring the corridor it

directly goes to (enters) the closest doorway and completely

explore the room and so on until the whole environment is

explored. Similarly, Figure 8 shows the exploration snap-

shots when exploring with three robots. As in exploring

with two robots, one robot explores the corridor (corridor

robot) and finds the doorways while each of the other robots

enters the closet doorway and completely explores the room

before it goes to the next closest doorway and so on. When

the corridor robot finishes exploring the corridor it directly

goes to (enters) the closest doorway and completely ex-

plore the room and so on until the whole environment is

explored.
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Figure 7. Exploration snapshots and robots’ trajectories of an office-like environment with two robots (see http://youtu.be/
AMeBD6btkmg).

Figure 8. Exploration snapshots and robots’trajectories of an office-like environment with three robots (see http://youtu.be/2fb8N2mdj8U).
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Figure 9. The trajectory maps for the environment shown in Figure 5 (left) with more four doors when explored with one, two, three, and
four robots.

In summary, the proposed technique controls the explo-

ration progression through the following rules (1) the robot

that completes the first scan before other robots is called

corridor robot. The corridor robot explores the whole corri-

dor and finds the doorways. (2) Each of the other robots

selects a different doorway and completely explores the

corresponding room. (3) Each room (or section) is explored

by only one robot except in the case that there more robots

than the available doorways. For example, if there are three

doorways and four robots, each of the doorways will be

assigned a robot. The fourth robot will choose one of the

doorways (the closest one) to help the robot that already

assigned to this room. Once a new doorway is discovered

by the corridor robot, the fourth robot or its colleague in the

same room directly leaves its current room and goes to the

newly discovered doorway.

Another set of experiments was performed to evaluate

the frontier-obstacle technique with more complex

environments in which each room has more than one door.

For the office-like environment shown in Figure 5 (left),

new four doors are introduced (one door between any two

adjacent big rooms), as shown in Figure 9. Figure 9 shows

the trajectory maps when explored with one, two, three,

and four robots. It is clear that, as stated before, one of

the robots is dedicated to explore the corridor then each

two adjacent big rooms (considered as one room because

of the door between them) are fully explored before the

robot leaves them and so on. Figure 10 shows the trajectory

maps for the same environment with more four additional

doors when explored by one and two robots. As before, one

robot is dedicated to explore the corridor first producing

two separated upper and lower unexplored areas. The robot

then fully explores one of these areas before leaving it to

the other one. When exploring with two robots, each robot

is directed to one of these unexplored areas. In case one

of them finishes its area before the other one, it goes to

Figure 10. The trajectory maps for the environment shown in Figure 5 (left) with more eight doors when explored with one and two
robots.
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the other area to help its partner. The result of this set of

experiments confirms the efficiency of the frontier-obstacle

technique in more complex environment.

Last set of experiments presented in this section was

proposed to assess the frontier-obstacle technique with dif-

ferent starting position for each single robot. Figure 11

shows the trajectory maps for the environment shown in

Figure 5 (left) when explored with one, two, three, and four

robots. Figure 11 shows that even when the robots start from

different starting position, which may not be close to each

other, each robot is assigned a different room and it does not

leave it until it is completely explored. It seems that starting

from different starting positions helps to further reduce the

overlap among robots.

4.2. Comparison with standard Frontier-based

Exploration

The proposed exploration technique was tested with three

office-like environments shown in Figure 5. The explo-

ration experiments were run as follows: Each environment

is tested with different numbers of robots (1 to 5) then the

experiment is repeated five times and the average time to

complete the exploration is recorded. Also the total distance

traveled by all robots, which is equal to the sum of the

distances traveled by each individual robot, is recorded. The

experimentation with the proposed technique started with

the environment shown in Figure 5 (left); it was explored

with one robot, then this experiment was repeated five times,

then the average time to complete the exploration in addition

to the total traveled distance are recorded. Then it is tested

with two robots and repeated five times and, as before, the

average time and the total traveled distance are recorded.

This procedure is repeated until the number of robots is five.

Same procedure is repeated for the other environments. Fi-

nally, we compared our proposed technique to the standard

frontier-based approach in which each robot is assigned to

the closest frontier cell.[10,11,21] In the standard frontier-

based exploration, each robot chooses the closest frontier

cell with simple procedure to reduce the overlap. In [21],

Holz et al. stated that ‘Although exploring closest frontiers

is a rather simple and native strategy, the resulting paths

are reasonably short and do not rank behind those acquired

using more sophisticated strategies’. To further reduce the

overlap associated with the standard frontier-based explo-

ration, the selected frontier cell has not to be within the

sensor range of any other robot as proposed in [11]. In other

words, the selected frontier cell should not be close to any

other robot.

Figure 12 (left) shows the exploration time with the num-

ber of robots for the environment shown in Figure 5 (left),

and (right) shows the total traveled distance with number

of robots for the same environment. Figure 13 (left) shows

the exploration time with the number of robots for the envi-

ronment shown in Figure 5 (middle), and (right) shows the

total traveled distance with number of robots for the same

environment. Figure 14 (left) shows the exploration time

with the number of robots for the environment shown in

Figure 5 (right), and (right) shows the total traveled distance

with number of robots for the same environment.

From Figures 12–14, it can be noticed that the proposed

enhanced Frontier-based exploration technique significantly

outperforms the standard Frontier-based exploration tech-

nique. The exploration time with the proposed technique

is much less than that of the standard frontier-based tech-

nique for the three environments. Moreover, the proposed

Figure 11. The trajectory maps for the environment shown in Figure 5 (left) when explored with one, two, three, and four robots starting
from different positions.



Advanced Robotics 11

Figure 12. Left: Exploration time with the number of robots for the environment shown in Figure 5 (left). Right: Total traveled distance
with number of robots for the same environment.

Figure 13. Left: Exploration time with the number of robots for the environment shown in Figure 5 (middle). Right: Total traveled distance
with number of robots for the same environment.

Figure 14. Left: Exploration time with the number of robots for the environment shown in Figure 5 (right). Right: Total traveled distance
with number of robots for the same environment.

technique also reduced the total traveled distance by the

robots for all of the three environments which means that

the proposed technique is an energy saving technique.

5. Conclusions

In this paper, a novel and efficient technique is proposed

to coordinate a team of mobile robots in order to explore

unknown environment. The aim is to minimize the explo-

ration time and the traveled distance required to accomplish

the exploration task. In this technique, each robot chooses

one of the frontier cells that have been discovered by the

most recent scan of its laser scanner. Usually, each scan

produces more than one frontier cell. A frontier-obstacle

method is proposed to choose the most appropriate frontier

cell among the ones produced by the most recent scan.

In case that a given robot does not have any frontier cell

available from its own scanner, it applies frontier-obstacle

method to the frontier cells produced by other robots to

choose the closest frontier cell that lies on the closest door-

way or on a narrow passage. The results of the proposed

technique led to a balanced distribution of the exploring
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robots over the environment. The balanced robots distribu-

tion reduces the risk of interference and collisions between

robots. More importantly, the new exploration technique

led to shorter exploration time and shorter traveled dis-

tance compared to the standard well-known frontier-based

exploration approach.

Most of the well-known exploration algorithms require

complex computational capabilities. There are two main

reasons for the need for the complex computations, target

cell selection and path planning. For target cell selection,

the new technique effectively selects the appropriate cell

with simple computations based on a new concept named

frontier-obstacle method. For path planning, the published

exploration techniques employ famous path planning algo-

rithms such as breath-first and A∗ which requires complex

computations. Whereas in the proposed technique, a very

simple procedure is used to find the optimal path for each

individual robot. Simply, if the goal cell was discovered

from the recent scan then there is a clear straight-line path to

it. In such a case, a path planning algorithm is only required

when the robot finishes exploring a room or a segment and

wants to move to another room or segment.
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