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Abstract

We proposea new tednique that provides a unified
framevork for modelingthe collision dynamicsof objects
having arbitrary shapeand rugosity The technique as-
sumeghat boundaryof the objectis expressedyy elemen-
tary sggmentswith somerandomdistribution of perturba-
tion. Collision detectiorandtreatmenis doneconsidering
this conceptualrepresentation.In order to efficiently de-
tect collision betweernirr egular objects,we introducethe
aumentearientedboundedoxtree

1. Intr oduction

In orderto berealistic,a simulationof the dynamicbe-
havior of a setof rigid objectsshouldconsiderall possible
characteristicof the objectsandtheir ervironment. One
of the characteristic$o be considereds the geometryof
the objects. Much of the work in the areaconcentratesn
objectsdefinedby poligonalaproximationor on piecavise
smoothobjectsdescribedby eitherimplicit or parametric
surfaces,but doesnot considerobjectsof arbitrary shape
with perturbatioror rugosity

Several techniqueshave beenproposedto model ob-
jectshaving arbitraryshapessuchasparticlebasedmode-
ling [28], variationalmethodg26, 27], directmanipulation
[2, 3, 21], andfreeform deformation[4, 12], amongothers.
All thosetechniquesllow makingobjectsof adesiredorm
startingfrom a initial one. In this way we could represent
amodelthatis anapproximatiorto a real object. Usually,
this approximation however, is goodonly up to a certain
level of detall, sincethe surfaceof realworld objectsis not
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completelysmooth. Rather it presentsomeirregular de-
greeof rugosity which canaffect the dynamicbehaior of
theobjectsin animation.

Most simulationtechniquegreatcollitions eventsusing
friction coeficients, thatsumarizeheeffectsof surfacede-
tails and materialpropertiesin contacts[11], considering
this asbeingconstanin all objectsurface;theseconside-
rationis not all true, becausen the real word the surface
detailsare not allways homogeneoudor that the friction
coeficientmustvary in eachpoint of the objectsurface,so
affectingdynamicbehaourof contacts.

In this work, we proposea new techniquethat provides
a unified framewvork for modelinganimationbasedin dy-
namic simulationwith objectshaving arbitrary shapeand
rugosity The techniqueconsiderthe characteristiof sur
facedetailsto treatthe collision andthento producereal
behavour of the objectsin animation.

In Section2 we discusghe modelingof objectshaving
arbitraryshapeandrugosity usinga multiresolutionrepre-
sentatiorbasedon waveletsandstatisticalestimationtech-
niguesto dealwith the finer levels of detail; in Section3
we explain how to detectcollisions betweenobjectswith
rugosities;in Section4 we formalizethe dynamicaspects
of sucha collision. Finally, in Section5 we concludeand
discusspossibleextensionsof thisapproach.

2.Complexobjects

In this papera comple objectis an objectof arbitrary
shapewith irregular distribution of detail representingts
rugosity The detailscould be expressedy a multiresolu-
tion representatiothat,conceptuallyconsidersll levelsof



detail of the object,in suchaway thatit capturests rugo-
sity.

We sayconceptuallypbecausét is not practicalto repre-
sentexplicitly the finer levels of detail. Instead,explicit
representatioris given up to a certainlevel of detail. Be-
yond that level, detail is seenasa perturbationappliedto
thesurface,accordingo certainstatisticalaws.

2.1 Surfacerepresentation

We consideronly two-dimensionabbjects,boundedby
a simple closedcune. In particular we use periodic cu-
bic B-spline curves[23] with a certainnumberof control
pointsdistributedin a way to definea shapeof the object.
The arbitrary density of the control points could simulate
dacomple shapeof thereal objectdefiningtheirboundary
equialentto surfacein 3D.

The B-spline can be always reparametrizedo the unit
domain|0,1). Thus,the parametricequationof a sggment
of curve f; with four controlpointscanbewritten as:

fi(t) = B(t).C;, for 0<t<1, @)

wherethe4 x 4 matrix B(¢) is givenby
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andthevectorC; of thecorrespondingontrolpointsis
Cj = [cj1cjcivrcipal”

All' control points defining the objectare given by vector
C = {eo,...,cn—1}, which generates: sggmentcurves,
(fj)j:l,...,n-

Startingwith the controlpointvectorC® = ', we could
obtainthe curve in multiresolutionrepresentatioby recur
sively applicationof awavelettransformation8, 22, 25, 7].
This producesa sequenceof representationfiaving de-
creasingresolution,characterizedy control point vectors
co,.ct,...,cN,

2.2 Rugosity

In orderto representherugosityof the objectboundary
in resolutioncorrespondingo C° we could, in principle,
resortto higherlevelsof resolution givenby controlpoints
arraysC*,C?,...,C", upto the necessaryevel of detail.
However, explicitly representinghesdevelsof detailis not
practical,dueto the large storagerequirementandto the
factthatthisinformationis only usedocally, sinceacontact
involvesonly afew pointsof eachboundary

Insteadwe think aboutrugosityin termsof tolerancein-
tervalsover the objectboundary To eachcurve sggmentf;
of the boundarywe associate tolerancevalue \; thatwill
beusedin thecollision detectiorandtreatmenprocedures,
asexplainedin Sections3 and4.

Thevalueof thetolerance\; canbeinterpretedn statis-
tical terms,by consideringhattheadditionalcontrolpoints
that determinethe rugosity have displacementselative to
f; thatareindependentlynormally distributed, with mean
0 andvarianceaf., asnoisesthat,in multiresolution,could
representhehigherlevelsof details.A directformto relate
o andA is by usingtoleranceantenal [18]: A = go, where
0 < g < 1; in particularwe considerg = 0.9.

Onotherway to relatec and A could be by considering
that A is the universalthresholding([5]) correspondingo

2logm

o givenby A = o N whereo is the varianceof the
highestievel waveletcoeficientsof amultiresolutiorrepre-
sentatiorandm is the numberof suchcoeficients. We use
thefirst form, by associating tolerancentenal A to each
segmentof boundary

3. Collision detection

Detectingcollisionsof complex geometricobjectsis the
mosttime-consumingpart of a dynamicsimulation. Most
of theexistingapproacheareorientedfor objectsdescribed
by a polygonalapproximation1, 17, 10, 14, 13] without
consideringheir boundarydetails;it seemshardto extend
theseapproacheso perform collision analysisfor objects
with non-homogeneousigosity We proposean extension
of the OBBtreetechniqud9] to efficiently detectcollisions
of comple objectswith suchcharacteristics.

3.1 Hierarchical structur esof oriented boxes

Asin theOBBtreemethod efficientcollisiondetectioris
achievedby establishing hierarchicaktructureof oriented
boxes. The first stepfor generatingour structureconsists
in creatingelementaryorientedboxesfor eachsegment f;
of the boundaryincluding their rugosities.With theseele-
mentaryboxeswe definedother boxes of the hierarchical
structure.

Theelementanpoxis createdn two step;first we com-
putethe fitted orientedbox from segmentf;, after we in-
cludetheir rugositiesexpressedy the correspondingole-
rancevalue A; (Figurel). The principal axis of the fitted
orientedbox is determinecby the eigenvector of the co-
variancematrix of a numberof regularly samplingpoints
on f;, andthe dimensionsof box arecomputedoy projec-
ting the segmentf; over eachprincipal axis. The addition
of dimensiorof theboxin A; correspond#o “f atteningthe
fitted orientedbox (se€[20] for details).



Figure 1. Oriented bounding box conser ving
rugosity .

For eachpair of adjacentelementanpboxeswe construct
anotherorientedbox, called a first level box in the hierar
chical structure.Eachof thesenew boxesincludetwo ele-
mentaryboxes. After that, we constructthe secondlevel
boxesthatincludecompletelytheelementarypoxescorres-
pondingto two adjacenffirst level boxes. This processs
continueduntil atreeis built, wherethe highestlevel box
includesall elementaryboxesof the object. Note that, at
eachlevel, the orientationof a box is determinedby the
correspondingurve sggmentin therepresentatiothatcor-
responddo thatlevel of resolution.

In all levels,the boxesbuilt by the processabove consti-
tute augmentedoundedboxesof the correspondingurve
segment,in suchaway asto includetheperturbationsleter
minedby thesurfacerugosity Theconstructiorof theaug-
mentedorientedboundedoxestree(AOBBtree)is donein
a bottom-upprocesswhich differsfrom the approachused
in the OBBtreemethod.

3.2 Contactdetection

Sinceeachobjectin the simulationervironmenthasa
AOBBtree,thetestfor intersectiorbetweentwo objectsis
doneby testingthe respectie boxesin a hierarchicalway,
asdescribedn [9], until elementanpoxeslevel. Two boxes
do notintersectif andonly if thereis aline suchthatthe
orthogonalprojectionsof the boxes onto that line do not
intersect. Actually, it sufficesto testthe lines which are
parallelto a sideof oneof the boxes,which takesconstant
time.

Whentwo elementarpoxesintersecttherespectie sur
facesggmentscouldbein threestatesintersectioncontact
with tolerance or separation.Thesestatesare detectedby
expressingasin [24], the intersectionof two segmentsas
the solutionsof the equation

H(tg,tg) = fi(ts) — gu(ty) =0, 3)

andthe pair of nearespointsin two seggmentsasthe solu-
tionsof equation

hi(tyty) = (filts) — gu(ty))-fi(ts) =0, @
hs (.tf’tg) = (_fj(,tf,) — gk (tg))-g;'(_tg) =0,

f; (tr)

= g (to)

p

Figure 2. Tolerated contact between two piece
of boundaries.

wherethe tangentvector of f;(ts) is denotedby f:(ts).
Both systemsof equationshave two unknows, ¢ty andt,,
and canbe solved by the iterative Newton’s method[19],
which requiresgood startingsolutions. To find them, we
usetheintenal method[6], combinedwith a heuristicthat
consistsn testingfirst thosepairsof intervalsfor which the
curve pointscorrespondingo their centersarenearest.

The testfor the stateof the two segments, f; and g,
is doneby first checkingwhetherthey intersect,using(3).
If they do intersect,the processs aborted,and controlis
returnedto the dynamic module for anotherloop with a
smallerstepsize. If thereis no intersectionwe find the
nearespair of pointsonthosesegmentausing(4) andcom-
paretheir distancewith the combinedtoleranceof the sey-
ments.Thatis, if thereexistsa solution(t¢, t,) for (4), we
checkwhether

[[d(ts,to)|l < Ap 4 Ags

whered(t¢,t,) = f;(ts) —gr(ty). Contactwith tolerance)
occurswhenthis conditionis satisfied.

The contactpoint betweenf; and g;, is consideredas
belongingto the rugosityarea,commonto both segments,
andis givenby p = gi(ts) + 0.5d(ts,ts), asshown in
Figure2.

4. Dynamic of contact

In all caseof contactsgxceptin separationye usedy-
namicbasedn impulses,an approachintroducedby Mir-
tich [16] andHahn[10]. Theimpulsesateachcontactpoint
dependon the local friction coeficientsassociateo boun-
dary whosecomputatioris explainedbelow.



4.1 Rugosity approximation

For eachcontactpointwe computethetoleranceelative
to f;(ts), similarcasesfor gy (t,), by interpolatingn adja-
centtolerances,;, wherem — 1 is thedegreeof polynomial
interpolation(we addoptcubicinterpolation;n = 4).

Thelevel of rugosityover the boundaryis aproximated
by acontinuougiecavisepolynomialcurvey. Pointy; ()
of therugositycurve correspond$o curve point f;(¢5), and
the distanceX;(tf) = v;(tx) — f;(ts) is the toleranceat
thatpoint.

The m adjacenttolerances{,_1, Ay, Apy1, Arya} fOr
interpolationdependof t; € [0,1), seeFigure3. So, if
ty < 0.5thenrisj—1,andty =ty + 1.5; else, is 5, and
tx =ty + 1.0.

Thecoeficientsof cubicpolynomialy(t) = ag + a1t +
ast?+a3t® areobtaineddy evaluating\(¢) fort = 0,1, 2, 3,
that correspondo the middle points of the adjacentinter-
vals.

Xj1 Xj Xji1 Xj+2

Xj1 Xj Xji1 Xj+2

(contactpointfor ¢5 < 0.5)

Figure 3. Tolerance function.

4.2 Friction coefficientadopted

Thefriction coeficientrelative oneobjectboundaryfor
examplefor f;, atthe contactpointis modelledasa func-
tion 1( ;) of thecorrespondingolerancevalue);(t¢). We
adoptthefollowing:

0 if A; < Ami
) = ] = min 5
1) { Aj — Amin  Otherwise ®)
Thatis, we considerthat surfaceshaving tolerancevalues
smallerthana certainvalue (\,,;,) have zerofriction (see

Figured).

In collision, both boundariesf; and g;, have different
friction coeficients,; (¢t ¢) anduy(t,) respectrely, attheir
contactpoint p. Thus,the commonfriction coeficient for
collisionis consideredisy = MAX {p(ty), pr(ty) }-

ST =L LT T T T - Amin

Figure 4. Relation between a tolerance and
friction coefficient.

4.3 Impulse

If p, andp, represenpointp for objectsA andB, res-
pectely, theirrelative velocity is givenby

'UTel(t) = i)a,(t) - pb(t)

Let nn be the unitary normal vector of objectB at p, so
the normalcomponendf v,.¢; IS Vel = Vrer-n. 1N this
way, whenwv,..;_, < 0, the contactis a collision, whereas
vrel_n = 0 impliescontinuouscontactandvye;_, > 0 im-
pliesseparation.

The collision is treatedby consideringconsenration of
momentun15]; for that,let P, and L, bethelinear mo-
mentumandtheangulamomentunof A, respectiely. The
collision hasa infinitesimaltime of duration,in which oc-
currsthevariationof momentunthatcorrespondto theim-
pulseJ. Themomentumaftercollisionis givenby

Pt=P,+JandL} =L, — 7, x J, (6)

wherer,, is the vetor from the centerof massof A to the
contactpointp.

Thevelocity of the contactpointwith respecto A, after
collision, is expresseds

-+

i pa+miJ+[I;1.(raxJ)]><ra

P, + [il - (i«algli»a)] J, 7)
Mg
wherel is the3 x 3 identity matrix, I is theinverseof
the matrix of inertia of A, and#, is the dual antisimetric
matrix of »,. Thevelocity of p with respecto B, similarly
to thecaseabove,is

. . 1 SO
by =Dy — [El — ("1, lrb)] J.



Thereforetherelative velocity aftercollisionis givenby
vl =vea+ K.J, (8)

whereK = (m% + m%,) 1-— ('?'aIgli-a + %bIglﬁb) isthe
collision matrix, which can be easily verified to be posi-
tive semi-definite.This impliesthat.J canbe computedas
a simple expression consideringthe restitutionconstant
andfriction coeficienty of thecollision,usingNewtonand
Coulomblaws.

Newton’s law relateghe normalcomponentsf therela-
tive velocity beforeandafterthecollision, as

vjel_n = —EUpel_n- (9)

Coulombs law treatsdynamicandstaticfriction, respecti-
vely, throughthefollowing equations:

if v, 7 0thend; = pud,, (10)

if vyei+ = 0thend; < pdy, (12)

whereJ = J,,.n — J;.t. Theunit tangenciatelative velo-
city vectort is orthogonato 7.

Thereforejn the caseof staticfriction, therelative velo-
city aftercollisionis expresseds

vj_cl = v::el_t'i - E'vrel_n-'ﬁ;
by replacingit in (8), consideringheconditionvjel_t =0,
we obtain

J = =K (Vyel + €VrelnR). (12)

For staticfriction, it mustbeverifiedthatJ; < uJ,; else,
we mustcomputeheimpulsefor dynamicfriction, from (8)
considering/; = uJy, and(9), computing/,, first. With the
valuesof J,, andJ;, we cancomputethevelocitiesof A and
B aftercollision, using(6).

Continuouscontactis treatedalsoby impulses conside-
ring thatit resultsfrom micro-collisiond16]. Thecondition
vrel_n = 0 (@pproximately)s perturbedo v,.;, < 0, by
adoptingheclassicakquatiorof mechanics? = v} +2gd,
with vy = 0 andv; = vyei_n, yielding

Uprelon = — 295,

where0 < § < Misthesizeof thepenetratiorin therelative
tolerance\ of contactpoint,asshavnin Figure5.
Therestitutioncoeficient, ., for contactis givenby

ee(d) = 510"+,
wheree is the normalrestitutioncoeficient, A is thetole-
rancerelative to f;(ts), andemq, > ¢ is specifiedby the
user Noticethate.(4) variesfrom e to enq, asaquadratic
function of 4, this permitsto computegreatvalue of im-
pulsewhenthe penetratiorof contactpoint on tolerances
greatest.

A

p(t)

(t)

inside

Figure 5. Penetration degree of contact point
on tolerance inter val.

4.4 Examples

To obseretheresultingeffectsof theapproactproposed
herewe analysethe dynamicbehaviour of two simple ob-
jects. We considerone fixed objectaslying horizontally
and allow the secondcircular object, having initial hori-
zontalvelocity, to move freely. In this situation,we could
displaythevariationof friction coeficientdependingf ru-
gosity degreeon eachcontactpoint. Figure 6 shows the
simulationsceneof thetwo objects.

- D

(initial state)

_

(stateduring simulation)

D

Figure 6. An example of dynamic contact be-
tween two simple objects. Horizontal block is
fixed, and the spherical object is free to move
over the horizontal object.

To createtherugosityover the objectsurfaceswe usea
library of severalrugositypatterns.We considerthevalues
definedin Figure7? to testour model.



type_0

0.01

0.30 type_1

0.2 0.15 0.20 0.15 type_2

0.28 || 020 || 0.6 || 0.20 type_3

Figure 7. Example of four types of library for
tolerances.

We appliedeachtype of rugosity givenin Figure7 to
eachobjectandobsenedthe variationof thefriction coef-
ficientin eachcollision betweerthetwo objects.In thefirst
Figure 8, we obsere a constantbehavior of the friction,
becausehoth objectswere coveredby constantrugosities
(type1 of Figure7). Theotheroneswereobtainedby com-
bining rugositiesfrom library; for examplethe last figure
representsugositiestype 3, wherethetolerancevaluesare
non-homogeneousjstributedover bothboundaries.

Figure 9 shows anotherexamplewherewe considered
anobjectof arbitraryshapewith initial horizontalvelocity,
moving over a fixed objectlying horizontally Thereare
several collision pointsin eachtime step. Figure 10 and
Figure 11 show their velocitiesbehavior reparametrizedo
the unit interval for differentdistribution of rugositiesover
eachobject. In the first case,the rugosity covering both
objectis constantandin the secondcase the objectshave
rugositytype 2 andtype.3, respectialy.

Figure 12 shaws two columnsof animationsequences
of several irregular objects. In eachcasethe objectsare
coveredwith severaltypesof rugosity andhave differents
dynamicbehaiors.

5. Conclusion

Realisticsimulationmustintegratethe morphologicas-
pectof the objectasoccurin the real word, becauseeal
world objectshave arbitraryshapesandheterogeneoudis-
tribution of rugositieson their surfaces.

Therugositydegreegrelative to the contactpointsof ob-
jectsin collision permitsthe computatiorof a friction co-
efficient, in eachcollision event; for thatis necessaryo
includethe parameteof rugosity on the geometricdefini-
tion of the object, becauseheir explicit geometricrepre-
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0 10 20 30 40 50 60 70 80 90 100
collision event

(type2 - type?2)

rugosity
rugosity

0 10 20 30 40 50 60 70 80 90 100
collision event

(type3 - type3)

Figure 8. Friction value in each collision event
between two objects (fixed horizontal block -
free spheric object).

sentationis not practical. The useof statisticalestimatves
helpsusto characterizehe rugositybehavior of eachlocal
areaof the surfaceusingthe rugositytolerancevalueasa
parameterThe consideratiorof anon-homogeneoudistri-
bution of rugositiesover objectsurfacesallows usto obtain
animationswith interestingmovementspecause¢hey have
differentconstrainsfor eachcollision event.

An immediateaxtensionof thiswork is its usefor 3D en-
vironments For thatwe canuseB-splinessuriaceso model
objects,all othersconsiderationsemainingthe sameasin
this work. For realisticvisualizationof the objectsit may
benecessarjo generateherugositiesover eachobject,us-
ing the statisticaldistributionsassociateavith thetolerance
values.
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Figure 12. Animation of objects with different types of rugosity , sequence of scenes (al-a3)and
(b1-b3) respectiv aly, for each case.
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