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Abstract— The con guration spaceof a robot is partitioned
into free spaceand C-obstaclespace.Most of the prior work in
collision detection and motion planning algorithms is targeted
towards checking whether a con guration or a 1D path lies in
the freespace.In this paper, we addressthe problem of checking
whether a C-spaceprimiti ve or a spatial cell lies completelyinside
C-obstacle space,without explicitly computing the boundary of
C-obstacle. We refer to the problem as the C-obstaclequery.
We presenta fast and consewative algorithm to perform this
C-obstacle query. Our algorithm usesthe notion of generalized
penetration depth that takesinto accountboth translational and
rotational motion. We computethe generalizedpenetration depth
for polyhedral objects and compare it with the extent of the
motion that the polyhedral robot can undergo.

Our approach is general and useful for designing practical
algorithms for completemotion planning of rigid robots.We have
integrated our query computation algorithm with star-shaped
roadmaps[1] — a deterministic sampling approach for complete
motion planning. We have applied our modi ed planning algo-
rithm to planar robots undergoing translational and rotational
motion in complex 2D ervironments. Our algorithm is able to
perform the C-obstaclequery in milliseconds and improves the
performance of the complete motion planning algorithm.

I. INTRODUCTION

The conceptof robot's con guration spaceis widely used
for motion planning of rigid and articulatedrobots[2], [3].
The robot is representedhs a con guration in the parameter
spacethatencodegherobot's degree-of-freedonfD OF ). The
obstaclesn theworkspacemapto theforbiddenregions(or C-
obstaclespacg in the con guration space.The complemenbf
C-obstaclespaceis calledfreespace The free spaceis the set
of collision-freecon gurations,i.e. the robot doesnot collide
with the obstaclesThe goal of motion planningis to check
whetherthereexists a pathfrom theinitial con gurationto the
nal con guration that lies completelywithin the free space.

The compleity of computingthe boundaryof C-obstacle
spaceis exponentialin the numberof D OF s. Furthermore,
exact C-obstaclespacecomputationis proneto oating point
errors and degeneraciesAs a result, it is hard to compute
the boundaryof C-obstaclespaceexactly, even for low-DOF
robots. Insteadof computingthis boundaryexplicitly, mary
planning algorithmsperform collision and proximity queries
to check whethera con guration lies in the free spaceor
not. This reducesto checkingwhethera speci ¢ placement
of the robot in the workspacecollides with ary obstacleor
not. The probabilisticroadmapplannerg PRM) [4] alsocheck

whethera continuous1D path sggment connectingtwo free
con gurationslies in the free space.

In this paper we addresghe problemof checkingwhether
a con guration spaceprimitive or a cell lies completelyin C-
obstaclespace(i.e. C-obstaclequery). Formally speakingthis
gueryis de ned as checkingwhetherthe following predicate
P is true:

P(A;B;Q): 892 Q; A(q)\ B6 ;: (1)
Here,A is arobot, B represent®bstacleandQ is a C-space
primitive or a cell; A(q) representshe placemenbf A atthe
con guration g. Q may be a line sggment,a cell or a contact
surface that is generatedrom the boundaryfeaturesof the
robot andthe obstacles.

The C-obstaclequery is useful for cell decomposition
basedalgorithmsfor motion planning [2]. Thesealgorithms
subdvide the con guration spaceinto cellsandneedto check
whethera cell is fully containedeitherin the free spaceor in
C-obstaclespaceThe C-obstaclequeryalsoarisesn sampling
basedapproachedor motion planning, especiallycomplete
motion planning. Theseinclude the starshapedroadmapal-
gorithm [1], which is a deterministicsamplingalgorithmand
subdvidesthe con gurationspacednto a collectionof cellsin a
hierarchicaffashion.Giventhatthe time andspacecompleity
of thesemethodsgrows quickly with the level of subdvision,
it is importantto identify cells that lie in C-obstacleso that
no further subdvision is performedon thosecells.

Most prior work has focusedon checking whether such
a continuousprimitive lies inside the free space,such as
collision-free checkingfor a path segment[5], [6]. However,
thesetechniquesare not directly applicableto the C-obstacle
query Previous methodsto perform C-obstaclequeryrequire
enumeratingcontact surfaces and tend to be inefcient in
practice[2]. In the workspace C-obstaclequeryis equivalent
to deciding whether the robot and the obstaclesoverlap at
all the con gurationsthat belongto the primitive or the cell.
Conceptually this is oppositeto the problem of Continuous
Collision Detection(CCD)for collision-freepathchecking[5],
[6]. However, C-obstaclequery computationis moredif cult.
Standardtechniquesbasedon bounding volume hierarchies
cannotbe directly usedto checkwhethera cell or a primitive
completely lies in the C-obstaclespace.Moreover, the C-
obstaclequeryis often usedfor multi-dimensionalprimitives,



suchascellsor contactsurfaces On the otherhand,prior work
on CCD hasbeenrestrictedto 1-dimensionabaths.

A. Main Results

We presenta fast C-obstaclequery algorithm for rigid
robots.Our algorithmefciently checkswhethera continuous
C-spaceprimitive, such as a cell or a contactsurface, lies
inside the C-obstaclespace.Our algorithm usesthe notion
of genealized penetation depth which takes into account
objects translationalas well asrotationalmotionto compute
the extent of penetrationIn orderto perform C-obstaclecell
guery we rst computea lower bound on the generalized
penetratiordepthP D9 betweenarobotA andan obstacleB.
The lower boundon PD? is calculatedby decomposingoth
A and B into corvex polytopesand computingall possible
pairwise, corvex PD9 betweenthese polytopesand taking
theirmaximumvalue.We extendSchwarzeret al.'s method[6]
for a 1-dimensionalpath segmentto a multi-dimensionalset
of pathsto computean upperboundon the motion trajectory
of amoving robot. We comparethe lower boundof P D ¢ with
the upperboundon the motion trajectoryto performthe C-
obstaclequery Our approachis conserative and provides a
sufcient condition for the query In practice,our algorithm
is fastand performsthe query in a few millisecondsfor 2D
rigid robots. We have used our algorithm to acceleratethe
performanceof starshapedroadmapalgorithm for complete
motion planning.

B. Organization

The restof the paperis organizedasfollows. In Sectionll,
we brie y surwey relatedwork in this area.We introducethe
notationandgive an overview of our approachin Sectionlll.
In SectionlV, we presenbur algorithmfor computinga lower
boundon PD9 and extend our algorithmto perform queries
on contactsurfacesin SectionV. We highlightthe performance
of thesealgorithmsandits applicationto starshapedoadmaps
in SectionV.

Il. RELATED WORK

In this section,we brie y review the previous work on C-
obstaclequery continuouscollision detection(CCD) for local
planning, penetrationdepth,and motion boundcalculation.

A. C-obstacleQuery

A C-obstaclequery algorithm basedon contact surface
enumerationand corvex decompositionhas been described
in [2]. A con guration cell lies entirely inside C-obstacle
if it is containedby C-obstacleregion formed by a pair of
cornvex piecesfrom the robot and the obstaclesrespecitiely.
One drawvback of this methodis that it enumeratesll the
contactsurfacesfor every corvex pair to testthe containment.
Moreover, it is ratherdif cult to extendthis approacho higher
DOFsrobots.

B. ContinuousCollision Detectionand Local Planning

The goal of continuouscollision detection (CCD) is to
determinewhetherall con gurationsalonga continuouspath
are collision-free or not. Different types of approachehave
been proposedfor this purpose:algebraicsolving approach
[7], [8], sweptvolume-basedpproacH9], adaptve bisection
approach[5], [6] and kinetic data structuresapproach[10],
[11]. A typical applicationof CCD is local motion planning
suchasprobabilisticroadmapapproach(PRM) [4], whereone
needsto quickly determinewhethera given path sgmentis
collision-freeor not [6].

C. Penetation Depth

PenetratiorDepth(PD) is adistancemeasurdo describehe
extent of inter-penetrationbetweentwo overlappingobjects.
Onecande ne PD differently dependingon whetherconsider
ing only translationalmotion or consideringboth translational
androtationalmotionin the measureA classicalde nition of
translationalPD, PD!, is de ned asa minimum translational
distanceto make two objectsdisjoint. This de nition canbe
formulatedin termsof the Minkowskisumof two objects[12]—
[16]. The generalizedPD, PD9 takesinto accountboth the
translationaland rotationalmotion [17].

D. Motion BoundCalculation

Schwarzeret al. [6] proposea methodto bounda motion
trajectoryby calculatingthe maximallengthof curve segments
tracedby all pointson a moving robotwith constantinearand
angularvelocities. This techniquehasbeenextendedto bound
the motion of an articulatedrobot, and the upperbound on
the motion trajectoryis obtainedby taking the weightedsum
of differencesbetweenall con guration parameterslongthe
motion trajectory Redonet al. [18] boundthe motion trajec-
tory of linear sweptspheregLSS) by usinginterval arithmetic
andthis boundhasbeenusedfor dynamiccollision checking
betweena moving avatarandthe virtual ervironment.

I11. C-OBSTACLE QUERY ALGORITHM

In this section we introduce our notation and give an
overview of our C-obstaclequery algorithm.

A. Notations

We usethefollowing notationthroughouthe restof the pa-
per We de ne arigid robot A moving amongstationaryrigid
obstacleB;; :::; By. For arigid robotin 2D with translational
androtationalD OF s, its C-spaceresidesin R?2  SO(2). A
con gurationq in this spacerepresentethy threeindependent
con guration parametersx, y representingits translational
componentsand  representingts rotational angle. A line
segmentin C-spaceconnectingcon gurations q, and qy, is
represente@ds q,.q,. A cell C in this C-spaceis de ned as
a Cartesianproductof the following form (Figure 1):

yiy2]l [ 15 2l

We denoteA (q) asaplacementf arobotA atacon guration
g. Let I(t) be an arbitrary curve in C-spaceWhenA moves

C = [x1;X2]



C

Fig. 1. The upper bound of the motion of the robot wheniit is
restrictedto thecell C: C isacellin R? SO(2) with con guration
parametes X, y, and . Initially, therobotis placedat qa, the center
of the cell. The boundingmotion of the robot, whenit movesalong
the diagonal sggment,i.e. from qa to qc, is greater than or equal
to the boundingmotion moving along line sggmentfrom qa to g,
whee ¢, is an arbitrary point on the boundaryof the cell.

alongl, ary pointp on A tracesadistinctcurve in workspace.

Let p(g) asthe positionof the point p at the con gurationq.
Thelength of the curve tracedby the point p is:
Z

(p:h) = Jip((t)i d(I(t):

B. Motion BoundCalculation

The formulation of C-obstaclequery requiresan extent of
the motion that the robot A canundego in workspacewhen
it is restrictedto a C-spaceprimitive Q. If the underlying
primitive is a 1-dimensionalcurve (e.g.,1), Schwarzeret al.
[6] de ne the boundingmotion as:

)

(A;1) = UpperBound( (p;1)jp2A):

In particular whentherigid robotA movesalongaline sey-
ment 4,.q, iN C-spaceSchwarzeret al. computea bounding
motion asthe weightedsum of the differencebetweenq,
andqy for eachcomponent, y and

(A5 qasap) = Jdbx  Gax]* Jdby day]+ R jou )
The weight R is de ned as the maximum Euclidean
distancebetweenevery point p on A andthe rotation center
This equationcan be easily extendedto a rigid robot in 3D
with highertranslationaland rotationalD OF s.
We de ne the boundingmotion of the robot whenit is

restrictedwithin a cell C insteadof a curve:

(A;C) = maxt (A; q.:q,) ] Ob2 @G; 4)

whereq, is the centerof C, andqy is ary point on @, the
boundaryof C (Figure 1).

Amongall line segments g, .q,, thediagonalline sggments
have the maximum differenceon eachcon guration compo-
nent. According to Eg. (3), the maximum of the bounding
motion (A; q..q,) iS achiered by ary diagonalline sggment
of the cell. Therefore,the bounding motion for the cell C
is equivalentto the boundingmotion over ary diagonalline
sgment q,:q.:

Ja: J:

Separating

path Trajectory of p

Fig. 2. Notations of sepaating path and trajectory length for

genenlized penetation depthPD9: Therobot A with a refeence
point o initially intersectswith the obstacleB. The curvel is called
a sepaating path, since when A moves along this path, it nally

sepaatesfrom B. Thelengthof the trajectorytracedby any point p

on A is thearc lengthof its moving trajectorypp®. Eq. (6) usesthese
two notationsto de ne the generlized penetation depthP D 9.

(AiC)= (A} gaiac)s (®)

whereq, is the centerof the cell andq. is ary cornerof the
cell.

C. Geneanlized Penetation Depth

The formulation of our C-obstaclequery also requiresan
extentof inter-penetratiorbetweerthe robotandthe obstacle.
The translationalPD, PD!, is often de ned as a minimum
translationaldistanceto separatéwo overlappingobjects.

PD'(A;B) = min(fk d kjinter ior (A + d)\ B = ;g):

However, this notion is not directly applicable to our
method,because rigid robot canhave both translationaland
rotationalD OF s.

We adoptthe generalizedpenetrationdepthP D9 by [17],
which takes both translationaland rotational motion into
account.The generalized®D canbe de ned usingthe notions
of separatingpath andtrajectorylength. As Fig. 2 illustrates,
a separatingpath | in C-spaceis sucha curwe that when a
robot moves along |, the robot can be completelyseparated
from the obstacle.The length of the trajectoryof ary point p
on the robot A moving alongl is de ned by Eq. (2).

GivenasetL of all possiblecandidate®f separatingaths,
PD9Y betweena robot A andan obstacleB is de ned as:

PDY(A;B) = min(fmax(f (p;l)jp 2 Ag)jl 2Lg): (6)

A usefulpropertyrelatedto PD9 is asfollows:
THEOREM 1 For two cornvex polytopesA and B, we have
PDYA;B) = PD'(A;B):

The proof of this result can be found in [17]. Furthermore,
like PD', PDY satis esthe property:PD9(A;B) = 0if and
only if A andB aredisjoint.



Fig. 3. Gear example: This gure illustratesan application of our

C-obstaclequery algorithm to speedum completemotion planner -

the starshapedroadmapalgorithm. In this example the objectGear
needsto move frominitial con guration A to goal con guration A°
by translatingand rotating within the shadedrectangular2D region.
Ther are ve gearlike obstaclesBi(i = 1;::;5) in this example
andthere are narrow pass@esbetweerB; andB,, andB4 andBs,

and no path existing in the passae betweenB3; and Bs. We show
therobot's intermediatecon gurationsfor the foundpath. Using our

C-obstaclequery we can achieve about 2.5 times speedup for the
starshapedroadmapalgorithm for this example

D. C-obstacleCell Query Criterion

We now statea sufcient conditionfor C-obstaclecell query
i.e., to checkwhetherA andB overlapat every con guration
g in acell C (Fig. 1).

Lemma 1: For a cell C with the centerq,, the predicate
P(A;B;C) is trueif:

PD%A(ga);B) > (A;C): @)

Proof: We wantto prove that Eq. (7) implies that there
is no free con gurationon ary line sggment ¢, .q,, Whereqy
is arny con guration on the boundaryof the cell C. According
to the de nition of PD?9, the maximumtrajectorylength for
every pointon therobotA moving alonga possibleseparating
path should be greaterthan or equal to PD9(A(qa);B).
Moreover, accordingto Eq. (4), the trajectory length of the
robot when it moves along q,.q, is lessthan or equalto

(A;C). Since PDY(A(ga);B) > (A;C), the minimum
motion requiredto separatethe robot A from the obstacle
B is larger than the maximum motion the robot A could
malke. Therefore thereis no free con guration alongary line
segment g, :q,-

Becausehereis no free con gurationin every line sggment
betweenq, to qp, this concludesthat every con guration
in the cell C lies inside C-obstaclespace,and the predicate
P(A;B;C) holds. [ |

We useLemma 1 to conseratively decidewhethera given
cell C lies inside C-obstaclespace.The C-obstaclequery
algorithm includestwo parts: computing a lower bound on
PD? for the robot A(qa) and the obstacle B, which is
presentedn the next section,and computingan upperbound
on motion: (A;C), which can be easily computedby Egs.
(5) and (3).

1V. LOWER BOUND ON GENERALIZED PENETRATION
DEPTH

In this section, we presentour algorithm for efciently
computinga lower boundon PD9. The algorithm is based
on the factthat PDY is equalto PD! for corvex polytopes
[17]. As a result, we can obtain a lower boundon PD? by
(1) decomposinghon-coivex modelsinto corvex piecesand
(2) taking a maximum value of PD9s betweenall pairwise
combinationsof corvex pieces.More precisely the algorithm
canbe describedas follows:

1) As a preprocessgecompose non-comwex robot A and
obstacleB into corvex pieces;i.e., A = [A i, where
i=1:5M andB = [B;, wherej = 1;::;;N.

2) During run-time query place A at con guration g to
obtain A(Qq).

3) For eachpair of (Ai(q); Bj),

a) Performcollision detectionto checkfor overlaps.
b) If the pair overlaps,PDE = PD'((Ai(q);Bj),
wherek = (i 1)N + j; otherwisePDJ = 0.
4) Lower boundon PD9 = max(PD}) for all k.

A. TranslationalPenetation Depth Computation

In our method, the lower bound on generalizedPD9
computationis decoupledinto a setof PD! queriesamong
corvex pieces.The PD' betweentwo corvex polytopescan
becomputed15], [19], [20]. ThesemethodscomputeP D! by
calculatinga minimum distancefrom the origin to the surface
of Minkowski sum betweentwo corvex polytopes.

Given that our C-obstaclequery requiresthe lower bound
on PDY, this imposesthatthe PD! computationusedin our
methodshouldbe exactor be a lower boundtoo. In particular
the methodin [19] guaranteesucha lower bound and [15]
provides a even tighter lower bound basedon an iterative
method.

B. Corvex Decomposition

In our method, the corvex decompositionis performed
as a preprocessOur query algorithm also works when the
decomposedcorvex pieces may overlap with each other
Moreover, our methodalso allows the union of decomposed
convex piecesto cover only a proper subsetof the initial
model,i.e. [A ; A. We usethesepropertiesto reducethe
numberof corvex pieces.

C. BoundingVolumeHierarchy Accelertion

Our lower bound on generalizedPD9 computationcan
be acceleratedy standardboundingvolume hierarcly-based
collision detectiontechnique For two disjoint cornvex pieces,
their PD! is trivially setto 0. In practice,there are mary
disjoint pairwise combinationsof corvex piecesfor two non-
convex overlapping polytopes. Therefore,to accelerateour
gueryalgorithm,we detectsuchdisjoint pairsand prunethem
away. We emplg/ standardooundingvolume hierarcly-based
collision detectiontechniquesuch as axis-alignedbounding
box (AABB) or orientedboundingbox (OBB) [21], to con-
senatively checkwhetherthe cornvex piecesare disjoint.



Fig. 4. World Map Example:This gure showsan applicationof our

C-obstaclequeryto speedup a completemotion planner - the star-

shapedroadmapmethod.In this example the object needsto move
from initial con guration A to goal con guration A° by translating
androtatingwithin the shadedectangular2D region. Our C-obstacle
query can achieve about 2.0 timesspeedugfor this example

V. APPLICATIONS

In this section,we highlight several applicationsof our C-
obstaclequery algorithm. First, we apply our C-obstaclecell
gueryto the starshapedoadmapapproacH1] to improve its
performanceNext, we applythe queryalgorithmto a different
C-spaceprimitive — a contactsurface. We highlight the per
formanceof our query algorithm on both theseapplications.

A. C-obstacleQueryfor StarShapedRoadmaps

We have appliedour C-obstaclequeryalgorithmto acceler
atethe starshapedoadmapalgorithm[1], [22]. Thisalgorithm
computesa roadmapthat capturesthe connecwity of free
spaceand is able to perform complete motion planning. It
constructghe roadmapby performinganadaptve subdvision
in C-space.The adaptve subdvision method generatesa
volumetricgrid in C-spacesuchthatevery grid cell C satis es
thefollowing property:the portion F ¢ of free spacecontained
within C is starshapedj.e., thereexistsa pointo 2 F¢ such
thato can“see” every pointin F¢. This starshapedoroperty
of the grid cellsis usedto extracta roadmapof the free space
that capturedts connectvity.

One of the major performancebottlenecksin the original
starshapedroadmaparisesfrom processingmary cells that
lie in the C-obstaclespaceand do not contrikute to the nal
roadmapFor example,in the Gear example(shovn in Fig. 3),
during C-spacesubdvision, about 70% cells that completely
lie inside C-obstacleandhandlingthesecells takesabout40%
of the total time.

In orderto acceleratéhe starshapedoadmapconstruction,
we apply the C-obstaclequery algorithm to conseratively
identify the cellsthatareinsideC-obstacleandcull themaway.

Another bene t of the C-obstaclequery is to accelerate
the checkingof non-&istenceof ary collision-freepath. The
starshapedroadmapmethod determinesthat no path exists
betweerthe startandthe goalcon gurationsif thecorrespond-
ing partsof the roadmapare disconnectedi.e., separatedy
C-obstacle.This computationis acceleratedy using the C-
obstaclequery

B. ContactSurfaceCulling

Contactsurfaceor C-surfaceis de ned to be the locus of
con gurations of a robot at which a speci c feature of the

robotis in contactwith afeatureof anobstacle The boundary
of free spacecanbe extractedfrom an arrangemenof contact
surfaces.

Remawing contact surfacesthat do not contritute to the
boundaryof free space(i.e., contactsurfaceslying inside C-
obstacle)is an important step in terms of acceleratingthe
procesof constructingthe boundaryof free spacg23]. Since
the time complity of thesecomputationsis a polynomial
function of the numberof contactsurfacesin d dimension,
effectively identifying and culling contactsurfacescan signif-
icantly improve the performanceof constructingthe bound-
ary of free space.In order to determinewhethera contact
surfacelies inside the C-obstaclespacewe rst computean
axis aligned cell that boundsthe given contact surface. If
this cell lies inside C-obstacle the associatedC-surface lies
completelyinside C-obstacle,and can be culled awvay. This
computationcan be performedby using our C-obstaclecell
query algorithm.

C. ExperimentalResultsand Analysis

We have implementedthe C-obstaclequery algorithm for
2D robotswith two translationaland one rotational D OF s.
For the PD' computationwe usethe Mink2D package'. We
employ the OBB intersectiontestto acceleratéheintersection
testbetweentwo cornvex polygons.

Our query algorithms have beenintegratedinto the star
shapedroadmapmethod. We test the enhancedplanner on
complex 2D benchmarkswith translational and rotational
D OFs. Figures3, 4 and5 illustrate the collision-free paths
computedby our plannerfor the Gear, World M ap and
Piano models.In orderto demonstratehe effectivenessour
C-obstaclecell query we de ne the Cell Culling Ratio as:

number of culled C-obstaclecells

Cell Culling Ratio =
uiting I number of C-obstaclecells

Table | illustrates that our C-obstaclequery algorithm can
achiere from 65% up to 80% Cell Culling Ratio in our
benchmarksTable| alsoshaws the averagetime for eachC-
obstaclequery For the Gear example,it takesabout0:12ms
for a single query The executednumberof C-obstaclequery
is 111,313,andthe total executiontime for C-obstaclequery
is 13.30s(Tablell).

Tablell shavs the performancespeedugor the starshaped
roadmap method. We obsere 2-3 times speedupin our
benchmarksThe effectivenessof our contactsurface culling
is shavn in Tablel.

V1. CONCLUSION AND FUTURE WORK

We have presenteda fast C-obstaclequery algorithm for
rigid robots.The algorithmcancheckwhethera cell or a con-
tactsurfaceliesinsidethe C-obstaclespaceWe have presented
a novel techniqueto performthe query basedon penetration
depth computationand boundson the motion trajectory Our
C-obstaclequery algorithm is generaland can be usedwith

http://www.cs.tau.ac.il/ ~ efif/collision_detection/



[ [[ Gear | Piano [ World Map |
Cell Culling Ratio 75.21% | 67.21% 65.52%
Time Per Cell Culling 0.12ms | 0.04ms 0.06ms
Surface Culling Ratio* 11.11% | 20.20% 22.15%
Time for all C-surface Queries 3.28s 0.40s 11.27s
TABLE |

EFFECTIVENESS OF C-OBSTACLE CELL AND SURFACE QUERY:
FOR 2D EXAMPLES, OUR QUERY CAN IDENTIFY ABOUT 65% TO
80% C-OBSTACLE CELLS. THE AVERAGE QUERY TIME VARIES
FROM 0.04MS TO 0.12MS. * THE SURFACE CULLING RATIO IS
DEFINED AS THE RATIO BETWEEN CULLED CONTACT SURFACES
OVER ALL INPUT CONTACT SURFACES.

l [[ Gear | Piano | World Map |

Time of Original Method(s) 261.4 | 47.0 160.5
Time of AcceleratedViethod(s) 110.4 | 15.9 78.7
Speedup 2.4 2.9 2.0
Time for C-obstacleCell Query(s) || 13.3 0.8 1.8

TABLE 1l
PERFORMANCE: THE PERFORMANCE IMPROVEMENT IN THE
STARSHAPED ROADMAP METHOD BY USING C-OBSTACLE CELL
QUERY. FOR THE COMPLEX 2D EXAMPLE - Gear, OUR
ALGORITHM CAN IMPROVE ITS PERFORMANCE BY 2.4 TIMES.

cell decompositiorbasedblannersMoreover, our algorithmis

easyto implementand ef cient in practice.We have applied
our C-obstaclajueryto acceleratehe performanceof the star

shapedoadmapalgorithmfor completemotion planning.Our

experimentalresultsshav that by integrating our C-obstacle
cell and contactsurface query algorithmswith this method,
we canimprove its performance.

Thereare several directionsto pursuefor future work. We
are interestedin further improving the effectivenessof our
C-obstaclequery algorithm. We would like to extend the
algorithmto handlearticulatedrobots.Finally, we would like
to combinethe C-obstaclequery with probabilistic roadmap
methodsto designa hybrid plannerthat canhandlehigh DOF
robots.
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