Planning Paths of Complete Coverage of an Unstructured
Environment by a Mobile Robot

A. Zelinskyl, R.A. Jarvig, J.C. Byrné and S. Yuta
lIntelligent Machine Behaviour Section, Electrotechical Laboratory, Tsukuba 305 Japan.
2Intelligent Robotics Research Centre. Monash University, Clayton 3168 Australia.
3InteIIigent Robot Laboratory. Tsukuba University, Tsukuba 305 Japan.

Abstract- Much of the focus of the researcheffort in path

planning for mobile robots has centred on the problem of

finding a path from a start location to a goal location, while

minimising one or more parameterssuch as length of path,

energy consumption or journey time. A path of complete
coverage is a planned path in which a robot swedipareasof

free spacein an environment in a systematic and efficient

manner. Possiblapplicationsfor paths of completecoverage
include autonomousvacuumcleaners,lawn mowers, security
robots, land mine detectorsetc. This paper will presenta

solution to this problem basedupon an extension to the

distancetransform path planning methodology. The solution

has been implemented on the self-contained autonomous
mobile robot called the Yamabico.

I. INTRODUCTION

The problem of planning path of completecoverageof
an environment by a mobile robot has not received
significant researchattention. Much of the focus of the
research effort to date hasntredon the problemof finding
a path from a start location to a goal location, while
minimising one or more parametesgchaslength of path,
energy consumptionor journey time. A mobile robot
should be capable of plannimgher kinds of paths,suchas
have the capability to fingathswhich ensurethe complete
coverageof an environment.Possibleapplicationsof such
pathsinclude autonomoussacuumcleaners,Jawn mowers,
security robots, landnine detectorsetc. Completecoverage
pathscanalso allow a robot to systematicallyexplore and
map unknownterrains.This paperwill presentsa solution
to the problem of complete coverage based upon an
extension to the distance transform path planning
methodology. Experimentaksultsare presentedy way of
simulation and an implementation tme Yamabicomobile
robot.

Using distancetransformsfor planning pathsfor mobile
robot applicationswas first reportedby membersof our
groupin [1]. This approachconsideredthe task of path
planning to finding paths from the goal locatibackto the
startlocation. The path plannerpropagates distancewave
front through all free spacegrid cells in the environment
from the goal cell. The distancewave front flows around
obstaclesand eventually through all free spacein the
environment. For any starting point withihe environment
representinghe initial position of the mobile robot, the
shortest path to the goal tracedby walking down hill via
the steepestlescenpath. If thereis no downhill path, and
the start cell is on a plateau then it dsnconcludedthat no
path exists from the start cell to the goal cell i.e.gbalis
unreachablelnitially all the cells are initialised to high

values. Fig. 1 shows an example of the distance transform.
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Fig. 1. Distance Transform Path Planning.

One significant advantagethat distancetransform path
planning has over other path planning methods isithedn
easily be induced to exhibit different types of robot
navigation behaviours. Reference[1] describedhow the
distance transform could be modified to produce
"conservative","adventurous“path planning behavioursin
addition to the "optimum" i.e. shortest path behaviour.
Experimental simulatiomesultsof the "completecoverage”
path planning behaviour were reported [2]. However the
algorithm was not published.The algorithm for complete
coveragds as follows. To achievethe completecoverage
path planning behaviour,insteadof descendingalong the
path of steepestlescento the goal, the robot follows the
path of steepest ascent. In other words the robot moves
from the goal keepingtrack of the cellsit hasvisited. The
robot only moves into a grid cell which is closerthe goal
if it hasvisited all the neighbouringcells which lie further
awayfrom the goal. Fig. 2 showsa "complete coverage”
path example.This figure showsan environmentwith one
obstacle,start (S) and goal (G) locations, values of the
distancetransform,anda "completecoverage'path from S
to G.

The algorithm for the complete coverage of an
environment is as follows:

Set Sart Cell to Current Cell
Set all Cellsto Not Visited
Loop
Find unvisited Neighbouring cell with highest DT
If No Neighbour Cell found then
Mark as Visited and Stop at Goal
If Neighbouring Cell DT <= Current Cell DT then
Mark as Visited and Stop at Goal
Set Current cell to Neigbouring cell
Loop End

Path of Complete Coverage Algorithm
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Fig. 2. Path of Complete Coverage

An advantagef this completecoveragestrategyis that
the start and goal can be specified. This is useful if for
example, if awarehousdloor that needsto be cleaned.The
robot can start at one end of the warehouse andigred the
other end, readyto enterthe next warehouse While this
strategydoesnot guaranteethe "complete coverage"path
will be anoptimum pathi.e. the shortestpossibleand not
unnecessarilyvisiting any cell more than once, the
"complete coverage" produces a reasonable path with
minimal secondary visits to grid cells. Tiod the optimum
solution to this problem is equivalentto solving the
Traveling Salesman'sProblem. Each grid cell can be

would be to useexternalnavigationbeaconsHoweverthis
adds artificial structure to the environmentisltour aim to
conduct experimental work ianstructurecenvironmentsin
the next sectiona new approachis describedvhich extends
the work originally reported in [1]. The new approach
generates a superior complete coverage path witgisfewer
turns and has longer individusiraight path segmentsThis
new approachfacilitates its implementationon the self-
contained Yamabico mobile robot. The Yamabico robot t
dead reckoning and the tracking of landmdtksnaintainits
position estimate while it is executing the complete
coverage path.

Il. THE APPROACH

The new approachto the problemof completecoverage
is based upon an extensionthe "path transform"that was
developed by a member of our group [3]. The geghsform
was developedas an extensionto the original distance
transform. A disadvantage of the distance transform and |
other path planning methods is thlgy only minimise the
distanceto a goal. However the safety of the robot is
important particularly if the robot is operating in an
unknown environment sincehere are uncertaintiesin the
sensordata,i.e. the exactshapeand position of obstacles.
This problem is compoundedby the uncertainty in the
dynamiccontrol of a roboti.e. the preciseposition of the
robot is not alwaysknown by the robot's control system.
Thus both minimum distanceto a goal and safety of the
robot needto be consideredsimultaneously during path
planning. The path transformas successfullyimplemented
on our Yamabico mobile robot [4]. Using the path
transform the Yamabico was able to navigate alokgaavn
corridor and avoid unknown obstaclasangedn non-trivial
configurations.

In the path transformapproachjnsteadof propagatinga
distance from the goal waveont throughfree spacea new
wavefront is propagatedvhich was a weightedsum of the
distancefrom the goal togetherwith a measureof the
discomfortof moving too closeto obstacles.This had the
effect of producinga distance transform which has the
desirablepropertiesof potentialfields [5] without suffering
from the localminima problem. The path transformcan be
regarded as a numeric potential field.

regarded as city with each city connected up to 8 other cities. The distance transforms extendedo include safetyfrom

Closer observation of the above described path of
completecoverageshowsthat the path producestoo many
turns. This is because the coverage fallows the "spiral"
of the distancetransformwave front that radiatedfrom the
goal. In certain configurations of obstacles in an
environment this can produce unsatisfacioaghsComplete
coveragepathsof the type shownin Fig. 2 aredifficult to
execute on a mobile robot thaavigatesy deadreckoning.
The high number of turns and path segmevits inevitably
cause errors to be introduced in #stimationof the robot's
correct position. Possibly for these reasons an
implementationof completecoveragepaths on an actual
mobile robot has not beenreported. A possible solution

obstaclesinformation in the following way. Firstly, the

distancetransformis invertedinto an "obstacletransform"
where the obstaclecells becomethe goals. The resulting
transformationyields for eachfree cell in the data structure
the minimal distance from the centre of the free spatleto

the boundaryof an obstaclecell. Referto Fig. 3 for an

exampleof the obstacletransform and the accompanying
original distance transform.
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Fig. 3. Obstacle and Distance Transforms.

Finally, a second distance transfoisngeneratedhrough
free space from the goal location using a ro@st function.
This cost function is referredto as the "path transform"
(PT). The path transform for a call is defined as:

min

PT(c) o0 P

-~ O
gbngtl“(p) + Z aobstaclg c) .
O citlp O

whereP is the set of all possible paths from the cdlh the
goal, andp [JPi.e. asingle pathto the goal. The function
length(p) is the length of pathp to the goal. The function
obgtacle(c) is a costfunction generatedising the values of
the obstacle transform. It represents diegreeof discomfort
the nearesibbstacleexertson a cell c. The weight a is a
constant= 0 which determinesby how strongly the path
transform will avoid obstacles.

Finding the shortest path togmal using path transforms
is donein the samemanneras finding the shortest path
using distancetransforms,i.e. by following the steepest
path of descent.The path transform does not yield a
transform with local minimabecausall the costsof paths
to the goal from each cell apalculated.The path transform
for eachcell is the minimum propagatedpath cost to the
goal. Fig. 4 shows thpath transformsolution to the same
problemposedin Fig. 3. This figure showsthe result of

applying two different obstacle clearance dosictions. The
top figure showsa lighter cost function than the bottom
figure. The degreeof safety of the robot's path using the
path transform can be "tuned".

A similar result to path transforms called "numeric
potential fields" was reportedby Barraquandand Latombe
[6]. The numericpotentialis computedin three (3) steps.
Firstly, an "obstacle transform™" is computedof the free
space, from which a "distance skeleton&idracted.Joining
the highest values in the obstacle transform yieldsstance
skeleton. Secondly, the goal cell is connectethéodistance
skeleton and a distance transforneasnputedfrom the goal
cell to all memberscells of the distanceskeleton. Thirdly,
anotherdistancetransformis computedfrom the distance
skeletoncells to all the remainingfree spacecells in the
environment. Thignethodis more complicatedto compute
than the pathransform.Also, sinceit maximisesclearance
from obstacles itandeviatethe solution pathtoo far from
the shortest path. Another drawbacktiss methoddoesnot
considerclearancanformation. This method can guide the
robot through narrow free spacechannelsthat are close to
the goal thus endangeringthe robot. This problem is
counteredby removing channelsthat are narrow, but the
completenessf solutionis lost. The path transform does
not suffer this drawback.
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Fig. 4. Path Transforms with different cost functions.
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The path transform forms a better contour path for a rob UDDDDDDDDDDDDD
N pnpmEn |

to implement gpath of completecoveragethan the contour
path generatedby the original distance transform. The
distancetransform forms circular contour patterns which
radiatefrom the goal points. The path transform, on the
other handforms contourpatternswhich slope towardsthe
goal, but alsofollow the shapeprofile of obstaclesin the
environment.Fig. 5 and 6 show the distance and path
transformsolutions for the same planning problem. The
pathtransform(Fig. 6) produceghe better executionpath,
sinceit producesa pathwhich haslessturns andhasmore
path segments that are straight. The distarasesform(Fig.
5) producesa path which requires37 turns and has an
averagelength of 2.00 units for each path segment.In
contrast the path transform Kig. 6 producesa path which
requires 19 turns and has an average leafyth05 units for
each path segment.

Fig. 6. Path Transform Path of Complete coverage.

[11. Implementation

The aim of this researchproject was to implementthe
schemeof complete coverage describedin the previous
sectionon the Yamabico Robot, shown in Fig. 7. The
Yamabicois an autonomousself containedmobile robot
that was purposebuilt for the researchof mobile robotics
problems in indoor and outdoor environments T#je robot
is equippedwith two driving wheelsmountedon a central
axis and has optical and ultrasonic range sensors. Each

hardwarefunction of the robot is modularisedto run on a

single board computer. A master module implements
decision making and coordinates the actions of Gaatware

I:l module via sharechemoryanda communicationsyus. The

mastermoduleis programmedo control the operationsof
the robot with the sensor based ROBOL/0 language
developedfor the Yamabico[8]. Software on the robot's

Fig. 5. Distance Transform Path of Complete coverage. Mmaster module runs under a multi taskingeratingsystem

(MOSRA) which was written specifically for the Yamabic



Fig. 7. The Yamabico Mobile Robot.

To implement the complete coverage schemeon the
Yamabico some constraints mums placedon the approach
describedn the previoussection.Namely, the grid usedto
generate the complete coverggath shouldbe consideredo
be 4-connected instead of 8-connected. This constrairses
the planning schemeto generatea path that has longer
straight path sections and turns agstrictedto multiples of
90 degrees.This type of path is more suitable for
implementation on a practical mobile robot like the
Yamabico. The penalty for this constraint is that exisits
to a numberof cells may result. Simulation studieshave

Fig. 8 Monitoring Path Execution by Tracking Landmarks

Since the robot is executing a path whatbsely follows
the contours of obstaclesin the environment, landmark
tracking can be done in a straigbtward manner.However,
the obstacletransformdoesnot containall the information
necessaryto track the nearestlandmark. The obstacle
transform represents the distance to the closest landmatr|
the direction of the nearestlandmark is unknown. We
modify the generatiorof the obstacletransformto include
the directional information. This can be done in a
straightforwardmanner.Distancetransformsalways record
the minimum length path to a goal. At the time a new
minimum value is recordedfor a free spacecell, we can
easily record the direction of flow of the new distance
minimum into currentcell. Fig. 9 showsan exampleof a
direction transformwhich was createdat the sametime as
the obstacletransform. At path executiontime the robot
usesthe directionand obstacletransformstogetherwith its
orientation to decide which ultrasonic sensor it shouldtos

shown that the extra number of visits is small, less f#an correctits estimatedposition. The Yamabicois equipped
of the number of grid cells that represent the environment.With front, back and side ultrasonicsensors.Therefore,the

To correctly execute the planned path of complete
coveragethe robot must navigatewith greataccuracy.To
rely on dead reckoning alone to execute a long and
complicatedpathis unsatisfactorylUndoubtedlyerrors will
creepinto the estimateof the robot'sposition. Such errors
are cumulative and will inevitably lead to an execution
failure. The robot must periodically re-adjustits position
estimate. This is done by sighting landmarks with the
robot's ultrasonic sensors.The ultrasonic sensorsmeasure
the distancesto the landmarks and these distances are
comparedwith precomputedexpectedobservationdistances.
Any errorsthat ariseare and correcting dynamically during
path execution. Refer to Fig. 8 for an illustration of
position error correction. The precomputation of the
landmark sensing points can be elegantly donadiyg data
needed to compute the path transform. The patisformis
computedby using a combination of the obstacle and
distance transforms. The obstacle transfamws the exact
distancethat eachfree spacegrid cell is from the closest
obstacle filled grid cell.

robot only usesthe directionsfrom the direction transform
which are either N,S,E, or W to correct its position.
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Fig. 9 Direction Transform for Tracking Landmarks
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Fig. 10 Simulation Results

The proposedcompletecoverageschemedescribedabove
was initially implementedon the AMROS simulator[9].
This simulator modelsthe kinematics of the locomotion
system, and has realisticodelsof the robot'ssensorsThe
simulator is programmed in the exactly same maaséhe
Yamabic robot. The simulator proved to be a valuable
debuggingtool. Softwarecould be testedon the simulator
before it was used on the robot. Figure 10 shows an
example of output from the AMROS Simulator of the
Yamabicnavigatingin a 7m x 6m room with a 1.5m x
1.0m obstacle in the room's centre.

Finally the completecoverageschemewasimplemented
and tested on the Yamabico. The Yamabico stasessfully
able to navigate in the environment depicted in the
simulator.

IV FURTHER WORK AND CONCLUSIONS

The Yamabicowas programmedto work in an known
environment. If an unexpectedbstacleis encountereclong
the planned path trajectory by the sensing systems,the
Yamabico stops and waits for the obstacleto move. In
future it is planned to add an obstaalsidanceprocedureof
the type described in [4]. In this procedtine robot usesits
laser rangdinding systemto determinethe exactshapeand
location of the obstacle. A small local grid map is
constructedand a path transformis computed.The path
transformsteersthe robot from its current position around
the obstacle to a goal point. The goal panplacedbehind
the obstacleon the previously plannedcomplete coverage
path trajectory. Once the robot has reachedyts point, it
recommenceghe mission of complete coverage of the
environment.

This paper presenteda new complete coverageof an
environmentschemebasedon a numeric potential field
approach called thgpath transform™.It was arguedthat the

path transform was an appropriateschemefor complete
coveragesincethis methoddelivereda path that could be

readily executedby a robot. The new methodincorporates
the tracking of landmark® ensurethe correctexecutionof

the plannedpath by the robot. An implementationof the

scheme on the Yamabico robot was presented.
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