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ABSTRACT 2. VIRTUAL CLAY MODELER 

We have developed the interactive defonable clay 
modeler to provide a human designer with a rnethd to 
interact with the virtual objects. I n  our model. the 
smoothness of the surface and the volume constancy are 
gu.mnteed even i f  any dcSormation is applied, Our method 
consists of two fundamental rndcling concepts. One IS the 
representation of the objects by the sliced cylinder 
mndel(SCM) and the other is smm~hed contour model 
bascd on the Snzke. The SCM determines the rough shape 
and the Snake makes the surface xmooth. 

2.1 Representation m&t of the clay 
In our model, we assume the clay object has the 

following design consmintx. 
(1) A clay object has a symmemcd form which is given by 
rotating the contour line mund  the axis. 
(2) The volume of the clay object does not change, even if 
its shap is deformed. 
( 3 )  The 2-D contour is con~inuous and differentiable 
(smooth). 
The represenration of the d a y  is shown in Fig. I .  Let R be a 
rotationally s y m m e ~ c  object. R can he ohrained by rotating 
11s contour C. 

P. INTRODUCTION C : 1 7 1 ~ )  = (X(t i ) .Y(n))  (1 ) 

Recently. the rndcling methods for representing the 
natural and non-functional shapes as well as the 
deformation of their shapes, called the dcfonnabIe mdels, 
have been proposed. These methods are applied to several 
fields such ns CG, computer usion and palrtrn recognition. 
Our research aims at the development nF thc computer 
supported conceptual design system for the 3D objects, 
using these deformable modeling methods. 

Pentland and WiEliamsl 1 ] proposed h e  usage of the 
s ~ p e ~ - q ~ a d r i c ~  to represen1 the elastlc deformable ohjects 
and applicd i t  for the 3D object recognition. Me also applied 
the modal dynamics to reduce the computational cost for the 
determination of the shapes. Tertopoulos and Eleischer[2t 
represented both the mot~on and the form of the objects hy 
the new expressing method based on the theory of 
eIasticity. He applicd thc methcd lor the represenration of 
the plastic clay as well. These methods, however, need 
morc effon to rcalizc real-time deformanion. 

A rndel proposed by Sato and Nurnazaki(31 can 
provide the ~nteractive deformation of the plastic 
rnzatinnally symmezric clay. I n  this model. ro reduce 
computational iinic. the shape is represented by its 2- 
dimensions! contour described by s small number of 
points. The modification operations can be applied just on 
one of those points at one: time. Furthermore. the deformed 
shape i s  determined by only a few points near the actually 
modified point. The disadvantages nf this methd are that 
thc number and [he positions of those points affect the 
deformed shape. and that the smoothness of the 
cnntour(riurface} is not considered at all. 

We have developed the inferactive defonnabte clay 
modeler which guarantees the smoo~hnese of the surface 
and the volume constancy. Our method consists of two 
fundamental modeling concepts. One i~ the representation 
of the objects hy the sliced cylinder mdeE(SCM) and the 
other is the srnmthed contour model based on the Snake. 
Thc f m e t  detem~ncs the mugh shape and the latter makes 
the surface smooth. In both methods, the energy 
minimi7ation techniques are employed. 

around y-axis, where O<u<l. X(u) 2 0 and Y(u) 2 [I. For 
simplicity, hereinafter, we assume an abject has no hoEes 
Inside, that is ,  the inside of R is full with the clay. We also 
introduce the following constraints. in order to give fine 
operational environment to the uqers. 
(4) The area to be m d i f i e d  by one action should not be 
limited to the namw mpion. 
( 5 )  The rigidity of the clay can be varied by tuning some 
parameters. 
(6) Deformations are perfwed in real-time. 

2.2 Sliced cylinder model (SCM) 
In our model, the object R is constructed by a 

collection of thin cylinders (F1g.2). Each of these cylinders 
can bc represented by its radius (x value of rhe contour C) 
and rhickness (difference aF y value: dY). The s h a ~  of the 
object R is modified by changing the radius i1nt1 the 
thickness of each cylinder under volume constancy. We 
define the energy functions corresponding to the changes of 
the shape and the psition of the cylinders. 

Fig.1 Representation of R by the contour C. 



Fig.2 Sliced cylinder model. 

Suppose that R is deformed fmm a cylinder S with 
a unit height and with radius ro. Under volume constancy. 

Therefore, dYldu decides the new radius X. The shape of 
R i s   presented by the Y(u). Here, we assume that Y(u) is 
increasing, a function of  class ~ 2 ,  and Y(O)=O. 

Next, we define the evaluate function. Let V ( u )  
and Yuu) be the shapes of R before and after deformation, 
respecrive1 y. First. for the change of the thickness of each 
diced cylinder, dY - dY*, we define the following strain 

I I u  
En = +(y - 1l2 

2 k l #  
dY d Y P  

(4) 
= y;=- 

du 
where k is a constant value. For the shift ol  each sIiced 
cylinder. Y - Yo, we define the following energy 
proportional to the shifr. 

whcm p is constant. The total energy with respect to the 
mdification of the sliced cylinders is defined as 

= - + - I  (6) 

We call this model "Sticed Cylinder Model". in shart SCM. 

2.3 Smooth surface by the Snake. 
We intrduce an energy minimization technique 

called Snake141 to make the contour smmrh. Snake is an 
active confnur m d e l  for detecting or determining contour 
lines in images. The definition of the Snake is as follows. 
Energy is defined along a curve, and the contour is 
determined as [he curve which minirnizcs this energy. T h i s  
energy is defined by the internal energy Elnt, the external 
constraint energy Ecnn, and the image energy Elmg k t  a 
contour be v(u) = (x(u),y(u)), OSull. The rota1 energy i s  

(7) 

Eint operates so that  he contour gets smooth. We use the 
following Eint to define the smoothing energy of our 
mrdel. 

Fig.3 The given modifying operation. 
Tho conmur C (right) and its Y(v) (IeR). 

where a and are parameters which conml, the properties 
of the contour. 

3. DEFORMA'IION BY ENERGY MNMIZATTON 

3-1 Rough repmentation obtained by SCM 
The total deformation energy of R is defined as 

follows by Emove and Esmootb- 

Etot.1 = Emmr + Esrnwth 

(9) 

We minimize this energy under the condition of volume 
constancy (3). We employ 2 step minirnizntion. In the first 
step, Ernove is minimized and the rough deformed shapt is 
obtained. In  the second step, Etotal i s  minimized by the 
Greedy algorithm[S] using the rough shape as the initial 
shape of its iteration. 

Thc detail of how to deform in the first step is 
described beIow. Some part of the contour C is mdificd 
externally, such as squashing its OSy<yo pan to xo, as 
shown in Fig.3. Where Y(u)fl, X ( u ) f i ,  Y(O)4 c~nd the 
clay should he moved to the area of y>yo. In the area of 
OSySyo, the defamed shape Y(u) is determined by this 
squashing. 

Let u~ be a value which satisfies Y(uo) = yo, 

In the area of y&y(uoluSl), the Eulefs equation is  

Here we must consider the boundary conditions far solving 
equation (12). There are 'three sets of the conditions 
according to the types of the deformation. The first type is 
rhe case that the defmation is occusred locally in the area 
of uo<uSul(ef) (Case I ) .  In this case, Y(u)=YO(u) holds 
in 'the m a  u>ul. The boundary conditions of this case are 

u 1 satisfies 



(a) Case 1. 

(b) Case It. 

w A 

(c) Case IH. 

Fig.4 The resultant shapes by the 
sliced cylinder model. 

We obtain ul by solving (14) nurncricaIly. Then, we g t  
the deformed shape with u l .  

In this case. ul must be hetween uo and 1. 
When ul becomes larger than I ,  deformation 

should he occurred in the entire area of uoSu ( < I ) .  The 
second case i s  that Y ( 1 )  is pnssihre to lx larger than Yo(l) 
(Care I t ) ,  such that u=l mean5 the top or the clay. The 
boundary conditions of Cast I I  are 

Fig.5 The resultant shape 
by minimizing E,,,. 

The rhird type is that Y(1) is fixed to Yo / l )  (Case 111). 
where u=l  mcans the botrnm of the clay. The boun~lnry 
conditions of Caw Ill are 

We obtain the following equations (18) and (19) for Case I1 
and Case Ill, respectively. 

k -(m - yO(tio)) -+ JJn tf(Y:)'d~~ 
r = i' 

J;( \ . , : ) ) 4 / l t  

Fig.4 shows examples of these three cases. When the 
modification i s  opmted to the cenlnl pan nf R. we use the 
ahove methods indcpendcntiy on the uppcr and the lower 
pans of the modified ;~n.a. 

In r h i ~  rnethtxl, the deformed shape and thc area can 

be changed by tuning rhe parameter plk. In the examples 
shown in Fig.4, plk is 6.0 in Casc I. and 0.1 in Casc I1 
and Case III. 

3-2 Determination of the final d e f m e d  shape 
In the second step of our methoci. we get the final 

shape by m~nim~z ing  Erotal by rhe Grccdy algcrirhm. We 
use the rough shape obtained In the first xtep aq the initla! 
s h a ~ .  We discrctize the contour af the rnugh sh:tpe 

and 

Volume constancy (3) ie represented. 

Then, Yi of vi i s  moved in its neighbur if thc value of 
Etotal i s  decreased by the move. and the cmrrllnater nf vi 
and vi+[ are also changed according to the m m t  Y ,. This 
process i s  applied sequentially and itcntivety to all p i n t s  vi 
except thasc which are quashed externall y. and rermrnnted 



Fig.? An example of shape design. 

if the n u m b  of the moved points becomes less than the 
threshold value. Then, we get the final deformed shape 
constructed by vi. Fig.5 shows an example of applying the 
second step to the contour shown i n  Fig.l(a), where 
a=1.0, B=l.O. p=1.0 and k=l.0, 

4. EXAMPLES AND RESULTS 

Some examples of deformation are shown in FigA 
and Fig.7. Fig.6 indicates nhc deformation of the object R 
when the external squashing optration is given downward 
in succession. The operation is shown by the move of the 
pentagon in the figures. I n  this example, the contour i s  
dicre t izd  by (F1 points, a= 1 .O, P=l.0, p1.0 and k=1.0. 
The time taken to get and display the deformed shape is 
a b u t  0.3 seconds on Penonal Iris 4D135TG workstation. 
Fig.7 shows an  example of a created shape using our clay 
modeler. 

Our method satisfies the conditions (4) - (6) 
described in Chapter 2: the d c f o d  area is repmsented by 
u l which is different fm each deforming action. the rigidity 

of the clay can be tuned by p and k, and the response is  
quick enough for intemcrive operations. 

5. CONCLUSION 

We have developed the interactive defomablc clay 
modeler. Our modeling method consists of two 
fundamental modding concepts of the s l~ced cylinder 
rnodel(SCM) and the smooth4 contour m d e l  based on the 
Snakes. and employs the energy minimizntion techniques. 
The features of  our m e t h d  are that a shape can be 
deformed i n  succession, the rigidity of the ciay can be 
tuned, and the response is quick enough for lnttractivt 
operations. 

We will extend this m d t I  for genera1 3D objects 
and for a system which makes it  possible for a designer lo 
create desired shapes more cficiently. 
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