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Abstract

In this paper we presenta techniquefor effective texturing of im-
plicit surfaces.Ourtechniqués basednusageof similarfunctions
for thedescriptionof bothimplicit surfacesandsolid textures.

Modeling solid texturesrequiresuseof functionswith almost
unit gradientlength. In order to constructsuch functions, we
have discoreredtwo operationswvhich presere almostunit gradi-
entlengthproperty Basedntheseoperationsywe have developeda
techniquesimilarto Constructie Soft Geometryfor modelingboth
implicit surfacesandsolid textures.

1 Introduction

Oneof theimportantproblemsn implicit modelingis effective tex-
turing the implicit surfaces.Our goalin this paperis to developa
texturing schemehat caneffectively provide uniform texturesthat
canconformary orientable2-manifoldshapes.

Figure 1 shawvs an exampleof suchan irregular topology tex-
turedby our method.Note thatalthoughthe shapes comple, the
texturesconformwell to thevariedterrainandmaintaina very uni-
form thicknesswith no obviousstretchof thetextures.

Creatinguniform solid texturesrequiresa setof conditionsthat
thefunctionsmustsatisfy Theseconditionsrequirethatthe gradi-
entlengthof the functionsbe lessthanbut almostequalto 1, and
we call functionsmeetingthis conditionalmost unit gradient length
functions.

A significantcontritution of this work is the introductionof a
setof binary operationghat are closedover almostunit gradient
lengthfunctions. Sincetheseoperationgprovide approximateset
operationsdesiredfunctionscanbe constructedntuitively by the
new binaryoperationsWe obsere thatthenew operationsarealso
usefulsothatshapemodelingandthe sameoperationcanbeused
for bothshapeandtexture modelingby constructinghe sametype
of functions.

2 Motivation for Almost Unit Gradient
Length

Throughoutthe paper we let F be the setof functionsmapping
vectorsin the3-dimensionaEuclidearspaceR? to realnumbers.
Letw beapositive realnumberand f beary functionin F, we
call
1+ cos(wf)
2
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Figurel: Texturesover anirregularshapewith severalhandles.

atexture function with texturefrequeny w anddefinesolid textures
in termsof texture functions. Sincethe texture functionsalways
give a real numberbetween) and 1, by usinga simple mapping
we can describeshadingparametersuch as diffuse color, opac-
ity or specularcolor. The following simple mappingfrom R to
monochromeolorshelpsto visualizethebehaior of agivenfunc-
tion £ in R* asshawn in Figure2:

black, if f <0and(1+ cos(wf))/2 < 0.5,

_ ) lightgray if f <0and(1+ cos(wf))/2> 0.5,
9(f) = darkgray if f > 0and(1 + cos(wf))/2 < 0.5,
white, if f>0and(1+ cos(wf))/2 > 0.5,

\§

o

Figure2: Exampleof thefunction f(v
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Basedon this mapping,eachcolor is assignedo a "ring” (or a
"layer”) boundedy two implicit cunes f(z,y) = (4k — 1)7 /2w
andf(z,y) = (4k+1)n/2w fork = 0, F1, F2, .. .. Sincethegra-
dientlengthrepresenttherateatwhich theimplicit curvesvary; in
orderto make the thicknessof rings (or layers)of the texture uni-
form, regardlessof the value of w, we would preferthat gradient
length|V f| of thefunction f is approximatelyequalto 1. If thisis
the case the parametew directly controlstexture frequeng. The
following exampleswell illustratethis obseration. In Figure2 the
function f(v) = v e v — r?, whosegradientlength |V f| = 2|v|
is unboundedindincreasesvith |v|, doesnot provide uniformtex-
ture. On the otherhand,the function f(v) = |v| — r, which de-
scribesthe sameimplicit curve with |V f| = 1, providesa uniform
textureasshawn in Figure3 sinceits gradientiengthis equalto 1.

°

Figure3: Exampleof f(v

=[] —r.

We can identify anothercondition for texture modeling func-
tionshby viewing ary volumerenderingalgorithms(suchasmarch-
ing cubeq[11, 3] or ray marching[13]) assamplingof the volume
whichis requiredto beaccuratelf |V f| < 1, theNyquistrate[6],
which is the requiredsamplingratefor accuratesampling,canbe
determineddirectly from the layeringfrequeng w. On the other
handi,if thereis no upperlimit over the gradientlength,theremay
bealiasingregardlesof the choiceof samplingfrequencies.

Sincethetwo conditionsabove requirethe functionswhosegra-
dientlengthis boundedby andapproximatelyequalto 1, the most
desirablefunctionsfor modelingsolid texturesare the oneswith
gradientlength exactly equalto 1. Let 7 denotethe setof unit
gradientiengthfunctions

T={feF| |Vfw)|=1, YveR*.

It is known thatthereis alarge variety of functionsin thefunction
set7. Examplesof functionsin 7 arethe sphere function f(v) =

|v — vo| — r, which definesaspheran 3D with radiusr andcenter
vg, andthe plane function f(v) = ni e (v — vg), which defines
a planein 3D passingthroughve andwith unit normaln;. The
following sectionpresentsa methodto createnew functionswith

unit gradientength.

3 Unit Gradient Length Preserving Oper-
ations

For effective modelingof solid textures,thereis a needfor alarge
varietyof functionswhosegradieniengthis exactly equalto 1. We

have discorereda setof operationghat presere the unit gradient
lengthproperty By usingtheseoperationsa setof essentialinit

gradientlengthfunctionscanbe obtained.Considerthe following

functionaloperation:

NES
h[fl,f2]={ ; ’

if f1 >0 andf2 >0,
if f1 > foandfz <0,
if f2 > f1 andfl < 0,
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with gradient

fiVfi+ f2Vfa
VI +f3

V f1,

V fa,

if f120 andf220:
Vh[f1, fo] = if f1>frand fa <0,
if fo> fiand f1 <O0.

Themodelingpropertiesof operationk canbe summarizedsfol-
lows:

e ClosureProperty:

— hl[f1, f2] is aunit gradientlengthfunctionif f; and f;
areunit gradientengthfunctionsandV f; e Vf2 = 0.
We will laterillustrate the visual meaningof the con-
dition V f1 @ Vf» = 0. Thisis straightforvard for the
casewhereeither f; or f» or both f; and f; arenega-
tive. We needto shaw it only for thecasewheref; and
f2 arebothpositive:

Vh[f1, f2] ® Vh[f1, f2]

fiVfi+ f2V fo R

VI + £

fiVfi+ f2V fo
VI+ 12
fi(VfieVH) + f3(VfaeVfa)
f+1 f+1
+2f1f2(Vf1'Vf2)
f+1
() + £3(1) +2f1£2(0)
+1

fi+f3
fi+13
1.

— h[f, —f] is aunit gradientengthfunctionif f is aunit
gradientiengthfunction. This propertyis easyto shav
sinceh[f, — f] = | f|. Wewill laterillustratethevisual
meaningof the operatiorh[f, — f].

e Commutatvity andAssociatvity:

— Commutatity: The operationis commutatie, i.e.,
hlf1, f2] = hf2, f1].
— Associatvity: The operation is associatie,

hlhlf1, f2], fa] = hlf1, hlf2, f3]]-

Becauseof thesetwo properties althoughthe operationis a
binaryoperationjnsteadf nesteperationghesimpleform
h[f1,..., fn] canbeusedwithoutspecifyingtheorderof the
functions.

i.e.,

e Functionaloperationh|f1, f-] is relatedto intersectioroper
ationas:

V(f1) NV (f2) = V(h[f1, f2]).
whereV ( f) denotesainimplicit solid V' (f) = {v|f(v) < 0}.

o C! continuity:
h[f1, f2] is C* continuousverywheresxceptin V (h[f1, fa])
(inside and boundaryof implicit surface S(h[f1, f2]) ). In
otherwords, S(h[f1, f2] — @) will notincludesharpcorners
if a > 0 whereS(f) denotesanimplicit surfaceasS(f) =

{vlf(v) =0}
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The lasttwo propertiesof the operationh are particularlyuse-
ful for intuitive creationof building block functions. Because
of the shapepropertyof h, the implicit surface S(h[f1, ..., fa])
can be constructedby using intersectionoperation. Although
S(h[f1,--., fa]) canhavesharpcornersS(h[fi,. .., fn] —a) will
not. In otherwords, V (h[fi, ..., fn]) canbe usedasa skeleton
and S(h[f1,---, fn] — a) will bethe shapewhich hasminimum
distanceto theskeletonV (h[f1, . . -, fa]).

Let n1,n2 betwo orthonormalvectorsin R? andlet fi(v) =
ny e (v — o), f2(v) = m2 ® (v — v). By usingoperationh
overthesetwo functions,it is possibleto createsimpleshapesLet
f3 = h[f1 —ai, —f1 —ai, f2 —az, —f2—a2] thenV(fg) is S|mply
arectangulashapewith cornersvg+a1v1+azvs2, vo+a1vi —a2v2,
Vo —a1v1 —Aa202, andvg—a1v1 +a2v2. S(f3—a3) istheloci of the
pointswhich areexactly minimumas distancefrom the rectangle
V(f3). Notethatthis approactis similar to Bloomenthak mini-
mumdistancgunctionsfrom a givenskeletonshapd4]. If az =0
therectangldbecomes line sggmentandS(f3 — a3) becomeshe
loci of the pointswhich areexactly a3 distancefrom the line sey-
ment. If botha; = a2 = 0, thenV(f3) becomesa point and
S(fs — a3) becomescircle. Moreover, V (h(fs — a3, — f3 +a3))
is a skeletonin the shapeof S(fs — as) which canbe usedto de-
scribeatoroidin 3D. Theseexamplesareshavn in Figure4.

By usingthe functionsin R? it is easyto goto R®. Letns =
n1 X N2, fa =nze(v—o), fs = h[fs —as, f1 —as, —fa +ad].
ThenS(fs) is simply a rectangulamprism, S(fs — as) definesa
varietyof ellipsoidallook-a-like shapessaloci of thepointswhich
are equaldistanceto the prism. By using h functionsit is also
possibleto definetoroidal shapes.Let f¢ = h[fs — a3, —f3 +
as, fa, — f4], thenS(fs—a¢) isatoroidalshapelf botha; = az =
0 thenthe shapds regulartoroid. Severalexamplesof 3D building
blockshapesreshavn in Figure5. Thefigureincludesoneregular
sphereoneregulartoroid, a variety of ellipsoidalshapesandtwo
non-r@ulartoroidalshapes.

Circle Skeleton
h(f 3-a3,~f 3+a3z) with
a1=0,a p=0and a3 small

Rectangular Skeleto n Thin Rectangle Skele ton
f 3 with f 3 with

a;>0anda p=ajp/2 aj>0anda ;small

Figure4: Examplesf 2D building block functions.

Figure5: Examplesof 3D building block shapegiefinedby the A
operations.
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4 Approximate Set Operations

It is importantto notethatexactunionandintersectioroperations
min andmaz arealsoclosedover 7', However, theresultingfunc-
tionsafterthe applicationof maa andmin operationsarenot C*.
In orderto get C* continuousfunctions, we needto relax exact
unit gradientlength conditionandallow functionswhosegradient
lengthis boundedby andcloseto 1.

In our work with unit gradientlengthfunctionsand operations
overthem,we have discoveredthatthe operation

1
wy(f1, f2) = ;log (/1 +eP)

is especiallyuseful,wherep is a positive number This operation
providestheapproximatesetoperations

V(wp(f1, f2)) V(f1) NV (f2),
V(—wp(=f1,—f2)) V(f1) UV (f2),
V(wp(f1,—f2)) V(f1) =V(f2).

Moreover, asp becomedarge, the operationw, approacheshe

min andmaz operationsvhich arecommonlyusedin shapemod-
eling

X

limp, 0 V(wp(f1, f2)) —  V(maz(f1, f2))
=V(fi)NV(f2),

limpyoo V(—wp(—f1,—f2)) — V(min(fi, f2))
=V(fi)UV(f),

limy—y o0 V(wp(f1, —f2)) —  V(maz(f1, —f2))

=V (f1) - V(f2)

In addition, the operatiomv, satisfiesall of the following condi-
tions:

1. Let AV denotethe setof functionswhosegradientlengthis
boundedby 1: N' = {f € F| |Vf(v)| <1 Vv € R*}.
ThenA is closedunderw,. In otherwords,if f; and f are
in AV, thefunctionw, (f1, f2) will alsobein N

2. For high valuesof p, operationw, over functionswhosegra-
dientlengthalmostequalto 1 createmew functionswith al-
mostunit lengthgradientfunctions.

3. Operationw, canconstructC* functionsfrom C* functions.

Thesepropertiesstatethat by usingw, anda setof functions
whosegradientlengthis almost1 or exactly 1 asinitial building
block functionswe canintuitively construcfunctionswhosegradi-
entlengthis boundedby andcloseto 1.

Imagesin Figure6 shav variouspropertiesof thew,, operation.
Thesettheoreticrepresentationf the polygonatthetopis usedto
describethe functionsby replacingeachsetoperatiorwith related
approximatew, operationHerebuilding block functionsarecircle
functionsthat describethe boundarief the shapeat the top. As
seenin thefigure, the higherp valuesprovide almostunit gradient
length. On the otherhand,lower p valuesgive smoothershape.In
therestof this sectionwe shav thatw, satisfiedPropertied,2,and
3.

4.1 Closure Property of w,

Propertyl claimsthat AV is closedunderw,. It meansthatthe
operationw, overtwo functionswhosegradientiengthis bounded
by 1 alwaysgivesa functionwith a gradieniengthboundedby 1.
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Figure6: Constructingunctionsfrom circle functionsandthe op-
erationw, with variousp values.

It is easyto shaw this property Let |V fi| < 1 and|V f2| < 1 for
Yo € R3, then

|pr[flaf2]| = |V (Il—) log (epfl +ePf2)) |

ePf1 »f2

= | Vii+

V fa|

epf1 4 epf2 erf1 4 epf2

ePf1

| Vi

erf1 4 epf2

ePl1
- epfl +epf2 Vf2|

laVfi+ (1= a)Vfal,

ePf1

where0<a=——+ <1
erfi 4 epfa

alVfil+ (1 —a)|Vfal
1; forvow € RE.

IN N

4.2 Preservation of Almost Unit Gradient Length

Property2 claimsthatfor high valuesof p, the operatiorw, over
almostunit length gradientfunctionsresultsin functionswith al-
mostunit lengthgradient.Notethatasshavn in subsectior.1,the
new gradientvectoris theinterpolationof thegradientvectorsV f;

. . . ePf1 ePf2
andV f> with theinterpolationterms —7—==> and 7——7 1

spectvely. For high valuesof p, evenif fi andf, areonly slightly
differentfrom eachother oneof the interpolationtermsbecomes
almost0, while the otherbecomesalmost1 asshavn in Figure?7.
Thus,if the lengthsof V f; andV f» arealmost1, the length of
the new gradientvectorwill alsobe almostl. This effectis also

(¢)
l

olviousin theimagesin Figure6. Theseémagesshav thatwhenp
becomesmaller gradientlengthtendsto be shorter On the other
hand,higherp valuescreatealmostunit gradientength.

exp(pf 1
exp(pf 1)+exp(pf  2)
078 —

0.50 —

0.25 —

po0 16 4 2
0.00 [ .
T T T T T T T
15 1.0 0.5 oo 0.5 1.0 158
fa-fa

Figure7: Behavior of GradientinterpolationFunction.

4.3 Continuity Control

Property3 claimsthat the operationw, constructsC” functions
from C'* functions.This claim caneasilybe seersince

ePf1 ePf2

Vwp|f1, f2] = Vfi+

V fa,

epf1 4 epf2 epf1 4 epf2

sothat Vw, is continuouseverywherewhen f1, f2, V f1 andV fa
arecontinuous.

C° functionscanalsobe obtainedfrom C* functionsby using
the operationw,. In fact, if p goesto co, the gradientfunction
becomesliscontinuoust f; = fa:

Vmaz(fi, f2] = { Vi it fi > o

Vf2 otherwise.

Note that p valuescontrol smoothness. The imagesin Fig-
ure 6 shaw this control. Whenp becomesmaller shapesdecome
smoother On the otherhand,for higherp values,shapedecome
lesssmooth.

Entirely similar to above discussionwe candefineanotherop-
erationfor approximateunion

Wy(f1, f2) = —wp(—f1, —f2)

andshawv thattheoperatiorw, alsosatisfiesall propertieof wp,.

5 Function Construction

To illustrateour modelingof the shapemodelingfunctionsandthe
texture functions,we first introducea setof definitions. Let w, be
thebinaryoperatoron thefunctionspaceF definedin Sectiord.

We saythata binarytreeT is ordered if every non-leafnodein
T hasexactlytwo children,whicharelabeledasleft child andright
child, respectiely. In particular the leaves of an orderedbinary
treecanbeuniquelyorderedrom left to right into a sequence.

GivenanorderedbinarytreeT of m leavesandabinaryoperator
w, we candefineinductvely a functional T,, from F™ to F, as
follows.

If m = 1, thenT,[f1] = f1. Supposen > 1. Let T’ bethe
subtredn T rootedat the left child of theroot of T andlet " be
thesubtreen T rootedattheright child of therootof T'. Moreover,
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assumehatthesubtre€l” hasr leavesandthesubtreel”’ hasm—r
leaves. ThenthefunctionTy [f1, f2, . - ., fm] IS definedas

Tw[f11f2a . afm] = w[Tilu[fla . 'afT]aTziJ,[fT+lz' ",fm]]

Intuitively, the function T, [f1, f2,- - -, fm] canbe obtainedfrom
thetreeT andthe operatorw asfollows: labelthe m leavesof T
by them functions f1, fa, ..., fm from left to right in this strict
order andlabel eachnon-leafnodeof T by the operatorw. Now
eachleaflabeledby f; representshe function f; while eachnon-
leaf nodey with aleft childrenu andaright child v representshe
functionw[f., fv], wheref, and f, arethefunctionsrepresented
by the left child » andright child v of thenodey. Now the func-
tion Tw[f1, fa2,- - -, fm] is theonethatis representedy theroot of
the orderedbinarytreeT. ThefunctionalT,, will be calledatree
functional (basedntheorderedreeT andthebinaryoperatorw).

In our modeling bothshapemodelingandtexturefunctionswill
be modeledwith two typesof treesT), andT*), whereT}, trees
arebasedon the orderedbinary treesandthe operationh givenin
Section3, and T*) treesare compositionof the orderedbinary
treesbasedn thebinaryoperationsw, andw, givenin Sectiord.
TheT®) treesareinductively definedasfollows. The T(® trees
aretheT), trees.EachT ) treeis associatedith apositve number
p andis givenby oneof thefollowing threestructures:

o AT™ treeis aT,, treewhoseleavesarelabeledby 79
trees,wherei < k (this correspondso the approximateset
intersection);

o AT® treeis a Ty, treewhoseleavesarelabeledby T
trees,wherei < k (this correspondso the approximateset
union);and

o A T® treehasits root labeledby (—, p) with two children
labeledby two T treeswherei < k (this correspondso
the approximatesetdifferenceoperationw, ( f1, — f2), where
f1 andf, arefunctionsrepresentetly T(*) treeswith i < k).

Basedon the resultswe proved in Section4, simpleinduction
shaws thatthe functionalbasedon eachT*) treeis closedon the
functionspaceV, preservingalmostunit gradientiength,andhav-
ing goodcontrolon continuity

T®) will beusednotonly to computethevalueof thefunctions,
but alsotheir gradients.For the computatiornof gradientthe node
operationaw,, w, andh will bereplacedy relatedoperationon
thegradientsvhicharegivenin sections3 and4 respectrely. In the
computatiorof thegradientjnputsof T}, will bethen; unitvectors
which are usedto describethe initial planefunctions. The value
of the vectorfunctionalthat describeghe gradientwill similarly
computedy thegradienbperationgivenin sections3 and4. Note
that sincethe function valuesobtainedby the treesT}, and T'*)
needto be usedin computingthe gradient,the operationsusedin
computationof the gradientsare dependenbn the position of v.
Therefore althoughthe input vectorsare constantthe computed
gradientis dependentnthe positionw.

We usethe gradienttree to computealso the diffuse color of
ary given point. We assigna diffuse color to eachinitial plane
functionandthesediffusecolorsarechoserto betheinputsof T},.
Then,thediffusecolor of ary given point v is similarly computed
asexplainedin the previousparagraph.

6 Coupled Modeling of Shape and Tex-
ture

For the descriptionof shapesand textures, one can usedifferent
functionsby usingcompletelydifferenttreefunctionalsT *). How-
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Figure 8: Exampleof effects obtainedby the function given in
Equation(1).

ever, thisapproachloesnotprovide muchcontrolovertexturefunc-
tions. In orderto effectively modeltexture functions,the local ef-
fectsneedto becontrolled.

We have obseredthatthe bestlocal controlcanbe achieved by
usingsimilar functionsfor both shapesandtextures. Let a shape
be givenby a T tree, we obtaintexture functionsby changing
only the lowestlevel T7® = T}, (which we call building block
functions) and keepingthe restof 7). The visual effect to be
achieved by suchreplacementaneasilybe understoody viewing
eachbuilding block T3, separately

In orderto illustratetherelationshipbetweershapeandtexture,
we usethefollowing functionto determineopacityvalues,

f=fo+a(cos(wfi)+1) (1)
wherecoeficienta is a positive realamplitude. We defineopacity
valuesby the simpletransformation

. 1’ foeV )
opacity[v] = { 0, othverwist(af)

Note thatthe resultof this operationis animplicit surfacecon-
sistingof a shapedescribedoy fo anda displacementexture de-
scribedby fi. This displacementexture givesa very goodunder
standingof thebehaior of texturefunction f; . Figure8 shavs how
texturescanbeillustratedby this operationwherewe have chosen
the shapemodelingfunction fo to definethe loci of pointsin R?
with equaldistanceo aline sggment,andthetexturefunction f; to
definea planeperpendiculato theline sggment.In thetop figures
thelayeringfrequeng w is heldfixedwhile theamplitudea is var-
ied, andin the bottomfigure, the layeringamplitudeis held fixed
while thefrequeny w is varied.

Figure9: Exampleof usingrelatedbuilding blocksfor the shapes
andtextures.

The examplesin Figure9 shav the effectsof two differenttex-
ture functionsonto the sameshapebasicshape. As shavn in the
figureby usingdifferentbuilding blockstexturescanbecontrolled.
We have alsoobsenredthatit is evenpossibleto getadditionalcon-

trol by replacingT’, with T*) type of functions. For instancethe
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effectof usinganapproximateinionoperatiorovertwo 7' *) build-
ing block functionsastexturefunctionsis shawvn in Figure10. Ex-
amplesof morelocal controlof texturesareshavn in Figurel1l.

Two Textures obtained b
building operation over the
blocks .

y approximate union
two building blocks

p=64

Figure10: Examplesf usingapproximateinion.

Initial T Textures obtained b
mbﬁildiﬁlg building blocks
blocks

y adding new

Figure1l: Examplesof addingvariousbuilding blocks.

In orderto demonstratehe power of our texture construction
method we modela shapewith severalholesby usingT*) typeof
functions. Figuresl, 12 and 13 shaw texture functionswhich are
obtainecdby replacingeachT}, functionwith adifferentT}, function
(coloredversionsof Figures12 and 13 are alsoincludedin this
proceedings).The shapein Figure 12 usesa generalfunction in
orderto createanoil paintedook

f=fo+> aj(cosw;fi) +1) 2)

Jj=1

wherecoeficientsa;’sarepositive realnumberschoserto generate

fractalnoise.

7 Implementation and Generalization of
Our Method

Any function whosegradientlengthis boundedby 1 satisfiesthe
following Lipschitzcondition:

|f(’l)1) - f(U2)| < |’U1 —’U2| Yvi,v2 € RE.

When both functions f, and f; in Equation(1) in section6 sat-
isfy theLipschitzcondition,thenthecorrespondindunction f also
satisfiesthe Lipschitz condition [15]. Under this condition, the
speedof ray tracing and ray marchingcan be greatly improved
[10, 9, 15]. In this paper we usethe spheretracing methodde-
velopedby Hart[8, 9].

In renderinghesemagesfor thecomputatiorof the pixel opac-
ity, we useover operation suggestedy Drebinet. al. [5]. For
the computationof the color values,we usea derivation of non-
photorealistidighting modelsuggestety Goochet. al. [7].

Figure12: Fractalnoiselik e texturesover anirregular shapewith
severalhandles.

Figurel3: Texturesover anirregularshape.

Oneadwantageof thefunctionbasedapproachs thatthenormal
vectorsatevery pointis definedby thegradientof thefunction. The
gradientof thefunctiongivenin Equation(2) in section6 is simply

m

Vf=Vfo— Zajwj sin(w; f1)V f1

j=1

whereV f; is computedy treefunctionalT*) asexplainedbefore.

In anotherpaper we have introducedthe conceptof constant
time updateabilityof functionsconstructedby functionaloperations
[1]. Bothoperationsv, andh createconstantimeupdateabléunc-
tions. The constantime updateabilitypropertysuggestshatinter
active modelingis possiblewhen specialhardware dedicatedfor
renderingvolumesis developed.

We alsopoint out thatthe shapeslescribedy the Ricciimplicit

formulation[14] (et + /2 + .. .,epf'")l/p —1 = 0 andthe

shapeslescribedy ourw,® operationw,(f1, f2 ..., fm) = 0 are
exactly the same. It is easyto shaw thatthe shapedescribedby
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Blinn'sexponentiafunctions[2] canalsobeexactlyrepresentetly
functionsconstructedy w,. In otherwords,theoperationw, does
not only provide uniform texturesand constantime updateability
but alsodescribeshe sameclassof shapeshatthe Ricci andBlinn
operationglescribe.

Tree functional T doesnot include ary deformations,al-
thoughdeformationareconsidereédnimportantpartof Construc-
tive Soft Geometry{17]. We obsere thatit is possibleto develop
3D deformationghat satisfy our conditions. One approachmight
be extendingsomeof the modelsusedfor modelingcloth, where
surfacelengthmetricstendto remainnearly constantover defor
mations.By includingsuchdeformationstreefunctional*) can
be mademorepowerful.

In the paperwe useonly a singletexture functionthatonly pro-
videsdisplacementexture. However, we shouldpoint out that it
is possibleto useseveraltexture functionsto obtainmorecomple
effects. For instance paint strokes or blobby particlescanbe ob-
tainedby our approximatentersectioroperationw, overtwo and
threetexturesrespectrely. The volumetricwavescanbe obtained
simply by supplyinga phasevariabler in the texture description,
giving cos(w f1 + 7). Othershadeparametersuchasdiffusecolor
or surfaceaccessibilityf12] canalsobedeterminedy texturefunc-
tions.

We also remarkthat close coupling of texture functionswith
shapemodelingfunctionsis mainly usefulfor makingthetexturing
processalmostautomaticfor implicit shapes. However, for user
controlledapplicationssuchcouplingis not really a necessity In
fact, if we do not enforcethe coupling, the texture functionscan
evenbeusedover parametrior polygonalsurfaces.Sincetheoper
ationsthatcreatethetexturefunctionsareconstantime updateable
[1] andbuilding block functionsareskeletonbasedye expectthat
it is possibleto develop userfriendly systemdor fastandintuitive
texturing parametricor polygonalsurfaces. Sucha 3D texturing
systemcanespeciallybe usefulfor animationandmovie industries
wheremostof computegraphicsobjectsarehandpaintedby using
3D paintingsystems.

8 Conclusion

In the paper we focusedon demonstratiof thefeasibility of cou-
pledmodelingof shapesandtexturesfor bettertexturedesign.We
have identifiedthatthe gradientengthof texturefunctionsmustbe
smallerandalmostequalto 1. We have alsodevelopeda methocto
constructsuchtexture functions. Sincethesetexture functionscan
effectively be usedfor modelingimplicit surfaces,we have intro-
ducedthe concepbf coupledmodelingof bothshapesandtextures
for creatingtexturethatconformswell with the shapes.
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