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INTRODUCTION

The development of autonomous mobile robots isigoausly gaining importance
particularly in the military for surveillance as las in industry for inspection and
material handling tasks. Another emerging markeéh wnormous potential is mobile

robots for entertainment.

A fundamental requirement for autonomous mobile te®lbomost of its applications

is the ability to navigate from a point of origm& given goal. The mobile robot must
be able to generate a collision-free path that eotsnthe point of origin and the given
goal. Some of the key algorithms for mobile robavigation will be discussed in this

article.

BACKGROUND

Many algorithms were developed over the yearshierautonomous navigation of
mobile robots. These algorithms are generally diadsinto three different categories:
global path planners, local navigation methods andhybrid methods, depending on the
type of environment that the mobile robot operat#kin and the robot’s knowledge

of the environment.

In this article, some of the key algorithms for rggation of a mobile robot are
reviewed. Advantages and disadvantages of thesetalys shall be discussed. The
algorithms that are reviewed include tiaigation function, roadmaps, vector field
histogram, artificial potential field, hybrid navigation and theintegrated algorithm.

Note that all the navigation algorithms that aicdssed in this article assume that the

robot is operating in a planar environment.
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GLOBAL PATH PLANNERS

Global path planning algorithms refer to a grouma¥igation algorithms that plans
an optimal path from a point of origin to a giverabm a known environment. This
group of algorithms requires the environment tdrbe from dynamic and unforeseen
obstacles. In this section, two key global patmpiag algorithmsnavigation

functions androadmaps will be discussed.

Navigation Functions

The most widely used global path planning algoriiermperhaps the navigation
function computed from the “wave-front expansiod>C Latombe, 1991; Howie
Choset et al, 2005) algorithm due to its practigaBase in implementation and
robustness. The navigation functiNns theManhattan distance to the goal from the
free space in the environment. The algorithm rexguimformation of the environment

provided to the robot to be represented as an afrgsid cells.

The navigation function assigns a numeric va@lue each cell with the goal cell
having the lowest value, and the other unoccupsa#id baving progressively higher
values such that a steepest descent from any osidaess the path to the goal. The
value of the unoccupied cell increases with th&adise from the goal. Each grid cell
is either free or occupied space denoted®@ye andgCoccupied- First, the value dfl is
set to ‘0’ at the goal cetjCyoa. Next, the value o is set to ‘1’ for every 1-Neighbor
(see Figure 1 for the definition of 1-Neighborsp@ea which is ingCeree. It is
assumed that the distance between two 1-Neighbarsrmalized to 1. In general, the

value of eaclyCy e cell is set tdN+1 (e.g., ‘2') for every unprocessg@i e 1-
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Neighbor of the grid cell with valud (e.g., ‘1’). This is repeated until all the grid

cells are processed.

1 (z, ¥ 5

Fig. 1. The shaded cells are the 1-Neighbor of tleell (x, y) and the number
shows the priority of the neighboring cells.
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Fig. 2. Path generated by the navigation function.

Finally, a path to the goal is generated by follogvihe steepest descent of the
N values. To prevent the path from grazing the abssathe grid cells which are less
than a safety distaneefrom the obstacles are omitted in the computadiothe
navigation function. Figure 2 shows a path gendrhtethe navigation function. The

black cells are the obstacles and the grey cedlshar unsafe regions.

Roadmaps
A roadmap is a network of one-dimensional curves that cagttite connectivity of

free space in the environment (J.-C Latombe, 1B@hner et al, 2000; Foskey et al,
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2001; Isto P., 2002; T. Siméon et al, 2004; Xiagtdiou et al, 2004; Howie Choset et
al, 2005; Bhattacharya et al, 2007). Once a ropdmaa been constructed, it is used
as a set of standardized paths. Path planningissréduced to connecting the initial
and goal positions to points in the roadmap. Vaimethods based on this general
idea have been proposed. They includevib®ility graph (Danner et al, 2000; Isto P.,
2002; T. Siméon et al, 2004joronoi diagram (Foskey et al, 2001; Xiaobing Zou et
al, 2004; Bhattacharya et al, 200ffgeway net andsilhouette (J.-C Latombe, 1991;

Howie Choset et al, 2005).

Thevisibility graph is the simplest form afoadmap. This algorithm assumes that the
environment is made up of only polygonal obstaclé® nodes of gisibility graph
include the point of origin, goal and all the vees of the obstacles in the
environment. The graph edges are straight line satgthat connect any two nodes
within the line-of-sight of each other. Finallygtshortest path from the start to goal

can be obtained from thesibility graph.

Advantages and Disadvantages

The advantage of th@avigation functions, roadmaps and other global path planning
algorithms is that a continuous collision-free pedin always be found by analyzing
the connectivity of the free space. However, thadgerithms require the environment
to be known and static. Any changes in the enviremnoould invalidate the
generated path. Hence, the navigation functionsoéimel global path planning
algorithms are usually not suitable for navigatio@n initially unknown environment

and those with dynamic and unforeseen obstacles.
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LOCAL NAVIGATION METHODS

In contrast to the global path planners, local gatron methods do not require a
known map of the environment to be provided tortimt. Instead, local navigation
methods rely on current and local information freemsors to give a mobile robot
online navigation capability. In this section, tebthe key algorithms for local

navigation:artificial potential field andvector field histogram will be evaluated.

Artificial Potential Field

Theartificial potential field (O.Khatib, 1986) method, first introduced by Kbais
perhaps the best known algorithm for local navagatf mobile robots due to its
simplicity and effectiveness. The robot is représeémas a particle in the configuration
spacey moving under the influence of an artificial potehproduced by the goal
configurationggeai @nd the scalar distance to the obstacles. Typitad goal

generates an attractive potential such as

Ug(q):%Kg(q‘qg)T(q‘qg) (1)

which pulls the robot towards the goal, and eaddtauitei produces repulsive

potential such as

2
dlj if d <d,

~
/o—\\
_Q-lH

I
|

@)

0 otherwise

which pushes the robot away from the obstacleates where there is more than one
obstacle, the total repulsive force is computedheysum of all the repulsive forces
produced by the obstaclesy &nd K, are the respective gains of the attractive and
repulsive potentiald; is the scalar distance between the robot and dbsta he

repulsive potential will only have effect on thdad when its moves to a distance
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which is lesser thady. This implies thatl, is the minimum safe distance from the

obstacle that the robot tries to maintain.

Ohstacles

Fig. 3. Robot's motion influenced by potential fied.

The negated gradient of the potential field givesartificial force acting on the robot.
F(a)=-0U(a) (3)
Figure 3 shows the attractive force

Fyla)=-Kk,la-a,) (4)

that is generated from the goal and the repulsiveef

Ko[i——j— it d, <dg
Fi,o(q): d; dg di2 )

0 otherwise
that is generated from an obstaiclEr is the resultant of all the repulsive forces and
attractive force. Note thatdenotes the total number of obstacles which selethan
a distancel, from the robot. At every position, the directidntlois force is

considered as the most promising direction of mokorithe robot.

(@)= g @)+ X F, ) ©
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Vector Field Histogram

Thevector field histogram method (Y.Koren et al, 1991; J.Borenstien, 199131y
Huiliang et al, 2003) requires the environmenteadpresented as a tessellation of
grid cells. Each grid cell holds a numerical vailoa ranges from 0 — 15. This value
represents whether the environment representeldebgrid cell is occupied or not. 0
indicates absolute certainty that the cell is naupged and 15 indicates absolute
certainty that the cell is occupied. A two stagedaduction process is carried out

recursively to compute the desired motion of theot@h every instance of time.

In the first stage, the values of every grid c#it are in the vicinity of the robot’s
momentary location are reduced to a one-dimensjtal histogram. Each bin from
thepolar histogram corresponds to a direction as seen from the culoeation of the
robot and it contains a value that representsata sum of the grid cell values along
that direction. The values from tpelar histogram are also known as thpelar
obstacle density and they represent the presence of obstacleg irefipective

directions.

In the second stage, the robot selects the binauidlivpolar obstacle density and
direction closest to the goal. The robot movesiedirection represented by the
chosen bin because this direction is free fromaatbss and it will bring the robot

closer to the goal.

Advantages and Disadvantages
The advantage of tregtificial potential field, vector field histogram and other local

navigation methods is that they do not includerdinal processing step aimed at
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capturing the connectivity of the free space iactse representation. Hence a prior
knowledge of the environment is not needed. Atiastant in time, the path is
determined based on the immediate surroundingeofdhot. This allows the robot to

be able to avoid any dynamic obstacles in the teladinity.

The major drawback of the local navigation methisdbat they are basically steepest
descent optimization methods. This renders the imobbot to be susceptible tocal
minima (Y.Koren et al, 1991; J.-O. Kim et al, 1992; Liu€Zigqing et al, 2000; Liu
Chengqing, 2002; Min Gyu Park et al, 2004).a8al minimum in thepotential field
method occurs when the attractive and the repufsnes cancel out each other. The
robot will be immobilized when it falls intolacal minimum, and loses the capability
to reach its goal. Many methods have been propassolte thdocal minima

problem (J.-O. Kim et al, 1992; Liu Chengging €t24100; Liu Chengging, 2002; Min
Gyu Park et al, 2004). For example, Liu Chengglig Chengqing et al, 2000; Liu
Chengqing, 2002) has proposed the virtual obstaetdod where the robot detects
thelocal minima and fills the area with artificial obstacles. Camsently, the method
closes all concave obstacles and thus avoidiceg minima failures. Another method
was proposed by Jin-Oh Kim (J.-O. Kim et al, 19@23dlve thdocal minima

problem. This method uséscal minima free harmonic functions based on fluid

dynamics to build the artificial potentials for ¢dsle avoidances.

HYBRID METHODS
Another group of algorithms suggest a combinatiotihe local navigation and global
path planning methods. These algorithms aim to coenthie advantages from both

the local and global methods, and to also elimisatae of their weaknesses. In this
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section, two key hybrid methods algorithrhgbrid navigation andintegrated

algorithm will be reviewed.

Hybrid Navigation

Figure 4 shows an illustration of thgbrid navigation algorithm (Lim Chee Wang,
2002; Lim Chee Wang et al, 2002). This algorithmmbaes thenavigation function
with thepotential field method. It aims to eliminate local minima failugesd at the
same time does online collision avoidance with dyicaobstacles.

Attraction point Robot’s Carrent Position
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Fig. 4. lllustration of the hybrid navigation algorithm.

The robot first computes the path joining its catrgosition to the goal using the
navigation function. The robot then places a circle with an empiniedius centered
at its current position. The cell that correspotadthe intersection of the circle with
the navigation function path is known as the attraction point. The atioagboint is

the cell with the lowedll value if there is more than one intersection.

The robot advances towards the attraction poimtgutsiepotential field method and

the circle moves along with the robot which wiluse the attraction point to change.

10
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As a result, the robot is always chasing afteradyic attraction point which will
progress towards the goal along tbeal minima freenavigation function path. The
radius of the circle is made larger to intersectdaggation function path in cases
where no intersections are found. The radius otitoée is reduced to smaller than
the distance between the robot and its goal wheididtance between the robot and
its goal becomes smaller than the radius of theeciiThis is to make sure that tNe

value of the next intersection will be smaller thlaa currenfN value.

Integrated Algorithm

In recent years, thetegrated algorithm (Lee Gim Hee, 2005; Lee Gim Hee et al,
2007) has been proposed to give a mobile roboabiigy to planlocal minima free
paths and does online collision avoidance to dynahstacles in an unknown
environment. The algorithm modifies thientier-based exploration method (Brian
Yamauchi, 1997), which was originally used for magding, into a path planning
algorithm in an unknown environment. The modifiechtier-based exploration
method is then combined with thgbrid navigation algorithm into a single

framework.

Figure 5 shows an overview of theegrated algorithm. The robot first builds a local
map (see Part Il of this article for details on bagding) of its surrounding. It then
decides whether the goal is reachable based orctjugred local map. The goal is
reachable if it is in free space, and is not reblehdi it is in the unknown space. Note
that an unknown region is a part of the map whigh ot been explored during the
map building process. The robot will advance towale goal using theybrid

navigation algorithm if it is reachable or advance towardssihle-goal and build

11
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another local map at the sub-goal if the goal isreathable. This map will be added
to the previous local maps to form a larger maghefenvironment. The process goes

on until the robot finds the goal within a free spa

(L)
40[ Scan Local Map |

}

Go to Sub-Goal ]

Fig. 5. The integrated algorithm.

The sub-goal is computed in three steps. First pcenthe path that joins the robot's
current position and the goal using tiaigation function. The unknown cells are
taken to be free space in the computation oh#tvegation function. Second, all the
frontiers in the map are computed. The boundaifyeef space and unknown region is
known as the frontier. A frontier is made up of augr of adjacent frontier cells. The
frontier cell is defined as amgCre cell on the map with at least two unknown cells
0Cunknown @S its immediate neighbor. The total number of fesrdells that make up a
frontier must be larger than the size of the rabahake that frontier valid. Third, the
frontier that intersects the navigation functiothpaill be selected and its centroid

chosen as the sub-goal.

12
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Advantages and Disadvantages

Thehybrid navigation algorithm has the advantage of eliminating locadima

failures and at the same time doing online collimenidance with dynamic obstacles.
However, it requires the environment to be fullytum for the search of a navigation
function path to the goal. The algorithm will faala fully unknown environment. It
also does not possess any capability to re-planavigation function path during an
operation. Therefore any major changes to the enrient could cause failure in the

algorithm.

The integrated algorithm has the advantages ohpigriocal minima free paths, does
online collision avoidance to dynamic obstacle®ially unknown environments. In
addition, the algorithm gives the mobile robot ghtar level of autonomy since it does
not depend on humans to provide a map of the emviemt. However, the advantages
come with the trade off of tedious implementatiofsis is because the integrated
algorithm requires both thg/brid navigation algorithm and a good mapping

algorithm to be implemented at the same time.

CONCLUSION

Mobile robot navigation involves more than plannangath from a point of origin to
a given goal. A mobile robot must be able to folline planned path closely and
avoid any dynamic or unforeseen obstacles durtgiirney to the goal. Some of the
key algorithms that give a mobile robot navigatoapability were discussed in this
article. These algorithms include thavigation function, roadmaps, artificial

potential field, vector field histogram, hybrid navigation and thentegrated algorithm.

13
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FUTURE TRENDS

The assumption that on-board sensors have pedrsing capability is generally
made by researchers researching on mobile robogataw. In reality, these sensors
are corrupted with noise and this usually causesrad effects on the performance of
the navigation algorithms. The greatest challelmgefrobust implementation of the
navigation algorithms is therefore to minimize #uverse effects caused by the

sensor uncertainty.

14
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TERMS AND DEFINITIONS

Global path planner: A group of navigation algorithms for planning @ptimal path
that connects a point of origin to a given goad iknown environment.

Manhattan distance The distance between two points measured aloeg aixright
angles. For example, given two poinisgpd p in a two-dimensional plane at;(%1)
and (%, Yy») respectively, the Manhattan distance betwgesmp p is given by |x - X

+ |y - yal.

Graph Node: Graph Node is also known as graph vertex. Itpsiat on which the
graph is defined and maybe connected by graph edges

Graph Edge: Graph edge is usually drawn as a straight linegragh to connect the
nodes. It is used to represent connectivity betvweenor more nodes and may carry
additional information such as the Euclidean distametween the nodes.

Local navigation methods A group of navigation algorithms that do not riegua
known map of the environment to be provided tortimot. Instead, local navigation
methods rely on current and local information freemsors to give a mobile robot
online navigation capability.

Hybrid methods: A group of navigation methods that combine thabgl path
planning and local navigation algorithms. The otiyecis to combine the advantages
eliminate the inherent weaknesses of both groupdgoiithms.

Local minima: It is also known as relative minima. Local minimuoefers to a
minimum within some neighborhood and it may noalgtobal minimum.
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