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Abstract

A doth smulation sysem must generate a human body
model based on measured data obtained from range data. We
propose modding and deformation methods based on such
data. In our system, the human body ismodeled by layered
metaballs which correspond to the horizontal cross section of
the body. For each cross section, metaballs are generated by
measured sample points on the boundary of the cross section.
Inorder to fit the metaball surface with the sampling points,
we erployed the Sespest Descent method. For body
deformation, the sampling points on the cross section are
smoothly moved using Bezier curves. To show the effectiveness
of the proposed method, we demondrate fitting and
deformation, the two human body modelsto be used for the
cloth smulation.

1. Introduction

One gpplication of computer graphics iscloth simulation or

CAD system for cloth design. Such acloth smulation system
must generate human body models based on messured data
obtained from range data for a given person putting on clothes.
Metaballs are useful for modeling ahuman body because of the
smooth and flexible surfaces. In our system, the human body
modé is created by layered metaballs which correspond to the
horizontal cross section of the body. This paper proposes two
methods. a method for fitting the metabal aurface to the
meesured surface, and abody deformation method.
Inour gpproach, we prepare abasic human body modeled by
metaballs. Thismode can beoptimized to fit the measured
human body. For each cross section of the human body,
metabals are generated using sampling points on the boundary
of thecross section (i.e., contour curve). In order tofit the
metabal surface to the sampling points, we employed the
Steepest Descent method. We optimize the parameters (center
position, radius and density) of the metaballs by minimizing the
dendty eror evduaed a each sampling point on the cross
section.

In some cases, we need interactive deformation of the human
body modedl. We propose a deformation method using Bezier
curves for smooth deformation. That is, the sampling points on
each cross section are deformed by the Bezier curves controlled
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by afew mouse operations. For this operation, we propose an
effective agorithm for calculating the closest point on aBezier
curve using the Bezier Clipping method [1] which isan iteration
method using only linear equations. Previous methods for
finding the closest point on a curve have depended on two
calculation methods: the sampling method (finding the closest
point within subdivided curves) and the numerical method [2]
using thedot product of thederivative of the curveand the
vector from the point to the curve. These methodsinsufficient
inlight of computational cost, sowe propose amore effective
goproach.

Our god isto create ahuman body modd for cloth smulation.
Thus, using the proposed fitting method, wehave deveoped
two human body models, the standard human mode from the
measured data of the average Japanese and adeformation of that.
To show the effectiveness of the proposed method, cloth
smulationisapplied to these moddls.

2. Fitting metaballsto the measured body using
the Stegpest Descent method

2.1. Object representation by metaballs

In the metaball technique, a surface of metaballsis defined as
theiso-surface (equi-potential surface) of afield function. We
usethefield function proposed by Nishimura[3].

Thefield value at any point (X, Y, 2) isdefined by distances d
from the specified center position of each metaball i inthree-
dimensiona space. Thetask of the user isto specify the center
position (X; , ¥i , Z;) of eechmetaball i , its density W, at the
center, effective radius I, and fidd function f(d ;). For n
metaball, the density W at point (X, Y, 2) is defined by

n

W(x,%2) =8 wf(d). (1)

1=
A suface of metabdls is defined as an iso-surface when the
density equalsthreshold value T. If thereis only one metaball,
the shapeisasphere. Threshold radiusr is defined asthe radius
of the metaball when the dengity equasthe threshold value.

2.2 Using the Steepest Descent method

A cloth smulation system must generate human body models
based on messured data. Muraki [4] proposed a “Blobby



Modd” for autometicaly generating ashape description from
range data Hedarted with a singlemetaball and introduced
more metabdls by gplitting eech metabdl into two further
metaballs S0 as reduce the energy value. However, the 3D object
is dowly recovered as the iso-surface produced by a lage
number of metabdls. Bitter [5] proposed a method that
combined medial axises and implicit surfacesin recongructing a
3D solid. However, this method requires many implicit
primitives. If the model is constructed of too many implicit
primitives, the computationa cost for cloth smulation becomes
prohibitively expensive. To generate the human body model
withasmall number of metaballsand minimal error from the
mesured data, we propose generating the model by using layered
metaballswhich correspond to the horizontal cross section of the
body.

Cross sections of the body are extracted from measured detain
equd space. Metabdls are arranged roughly inside the contour of
each cross section by hand (see Fig.1). Theréationship between
the sampling points on a cross section of body and themetaballs
isshownin Fig.2. The metaball parameters (Xi, i, Zi, i, W;)
are optimized by minimizing the dengity error evauated at each
sampling point on the contour of the cross section of the body.

Field densities for each metaball (based on distance between
the sampling point and each metaball) are summed. When the
density on the sampling point arrives at the threshold density T,
the metabdl surface fits the sampling point perfectly. The
suare-sum of error between the density on each sampling point
j andthreshold value T is defined by
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where d; isthe distance from the sampling point j to the center
of metaball i, and nisthe number of metaballs.

We optimize the metaball parameters (%, Yi, Zi, i, W;) by
minimizing E evduaed a al sampling points on the cross
section.  Non-linear optimization is necessary to solve this
problem.  Though any non-linear optimization method can
optimize the paramelers to optimize the paramgers by the
Newton method or Quas-Newton methods (to generate ahuman
body modd), an inverse matrix of enormous unknown numbers
(i.e, 5N) must be cdculated a every iteraing step. For this
optimization, we employ the Steegpest Descent method because
of itssimple agorithm. Parameter X for theinitia shape of the
metaballsis defined by

0 _
X = (0% Y124y By Wy X Yo s T W), (3)
wheret isthe transposition symbol.
Gradient NE of E is cdculaed in the Stegpest Desoent
method. N E isdefined by
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Theparameter X and N E(X©) are substituted into the next
equation, and a new paamger X® for the metabdls and
N E(X®) are calculated. An operation to calculate the next new
metaball parameter is repeated until E becomes small enough, at

which point the optimum vaue of the parameter is obtained.

X" =X g NE(X‘K’), (5)
where @ isstep size, Kisthe number of iterative steps, X® is
the parameters of the metaballs, and X**? isthe new parameters
of themetabdlls.

O Metaball

----- Cross section

Figure 1. Combination of metaballs on cross

sections.

Sampling point j
Contour line

Surface of metaballs

Figure 2. Relationship between sampling points on a
cross section of body and metaball surface.
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(b)After fitting
Figure 3. Sampling points on cross section including
acromion and metaballs.



As anexample, Fig.3(a) shows sampling points on a cross
section induding acromion and metaballs before optimizing.
Eleven metabdlsare aranged roughly inorder to fill up the
insde of the sampling points on the contour of the cross
section. The black points are sampling points, the circlesarethe
surfaces of each metaball on the cross section, and the numbers
inthe circles are identification numbers for the metaballs. The
metaball surface on the cross sectionis represented by the white
area. The optimized result isshown in Fig.3 (b). Asshownin
thisfigure, the metabd| surface fitsthe sampling points.

The metabdls on every cross section are combined (i.e.
layered).  After combining, the metabdl surface changes
dightly dueto interaction between the layered metaballs. Then,
the parametersof al layered metaballs are optimized. We can
save computation time by using thistwo step optimization, one
for each layer and onefor the combined layers.

3. Deformation of the human body model using
Bezier curves

In our system, the human body model islayered. Free-form
deformation of the body can be done by deformating each layer.
That is, the deformation can be achieved by the combination of
2D operations. In our approach, the shape of the human body
isdefined by sampling points on the cross sections. That means
that the deformation can be done by moving the sampling
points in a 2D plane. We propose a method of freeform
deformation using Bezier curves controlled by a few mouse
operations. Sampling points can be moved aong every kind of
curve, incduding B-spline curve, because any curve can be
converted into Bezier curve. The main ideaof the deformetionis
to move the sampling points through field morphing: the field
isdefined by Bezier curves, and these curvesare deformed by
detection of the closest point on the curve to apoint on ascreen.

3.1. Previous work for calculation method of the
closest point on acurve

Wehave two methodsto findthe closest point on curveC
defined by parameter u to aspecified point Q.

The subdivison method into sub-gpans is as follows, the
method evauates curve points a equdly spaced parameter
values on acurve, and compute the distance of each point from
Q, and choose paraneters to be thevalue yielding the point
closest to Q. In this method, we need 10" of point evaluations
and distance calculations when we need an accuracy of 10" (e.g.,
N=3) on parametric space (see Fg.4(a)).

While the numerica method is asfollows; the distance from Q
toapoaint P on curve C(U) (see Fig.4(b)) is minimum when the
dot product of tangent vector C'(U)and the vector QP is zero
(see[2]). That is, when the vector from Q to apoint P on the
curveis perpendicular to the tangent vector C', the distance PQ
isminimum (see Fig.4(b)). That is, we can obtain the following
eqution.

C'(u)XC(u) - Q) =0. (6)

The above equation corresponds to

(X()- %) 2 4 (y(u) - y&% =0

Thedigtancefrom Q to C(u)is minimum when equation (6) is
satisfied. In the case of degree n curve, we should solve degree
(20-1) polynomid. In gengd this is solved by Newton
iteration. For Newton iteration, however, weneed theinitial
guessfor theiteration, and it is not robust for multiple roots
(minimal points).

Given apoint Q assumed to lieonthecurve C(u)of degree
N, point inversion isthe problem if finding the corresponding
parameter, suchthat C(u)= Q. It isknown that point inversion
can be solved in closed form if n£4. The problem is
exacerbated when the point Q is not precisdly on the curve, so
we ned to solve it by using the projection for curves (or
minimizing the distance between Q andC) .

(b)
Figure 4. Finding the closest point on a curve.

3.2. Proposed method for calculation of closest point

All parametric curves can be converted to Bezier form. Sowe
discusshere planer Bezier curves. We definea function g(u)
whichistheleft side of equation (6), and g isgiven by

g(u) =C'(u) {C(u)- Q), (7)
where

Cw-Q=4(R-QBW,  ®
C(1)=4 (R~ RIE™(W),

and B”(u)=§bui(1- u)"'denote the Bemgein bass
! elg

polynomidl.

Thefunction g(U)in equation (7) is adegree (21-1) polynomia
in Berngtein form. We can obtain the minimum distance when
o(u)=Oissatisfied. Inthe case of degree 3 curve, we haveto
solve degree 5 polynomid for which there is no closed form to
slve and which has computationa cos and robustness
problems (These can not be solved analytically in the case of
such ahigh degree curve). For such higher degree of curves, the
problems ae more serious.  The method proposed here
overcomes them by using the Bezier Clipping Method which
was developed for ray tracing of Bezier patches[1]. The root of
thefunction is effectively and precisely solved by using Bezier
Clipping which uses the convex hull property of Bezier curves
and isan iterative (and robust) method using liner equationsfor



higher degreefunctions.

The method converges to roots by clipping away the intervals
which have no solutions; these intervals are extracted by using
the geometric characteridics of the convex hull property of
Bezir curves  In this problem wecould get enough of a
solution through severd iterations (3 to 8). This means the
proposed method is 2 digits faster than the sampling method (or
subdivision method) mentioned before.

Intervas containing a root or roots ae extracted by using
function g which isconverted from C and C’, andcurve C is
dipped by using the intervd. By repedting this process
intervals containing solutions become narrow, and then the
solution can be obtained.

3.3. Outline procedur e of the proposed method

Lets congder an arbitrary point Q(%,,Yy) and Bezier curve C(U)
whose control pointsP;(%,Y:) (i=0,..,n); the derivative of curve
C is cdled hodogrgph C'. Example of the third curve and
arbitrary point Q is shown with Fig.5 (a). Function 9(u)and
convex closure of the control point are shown with Fig.5 (b).
Theagorithm finding the closest point P on aplaner Bezier
curveC within aspecified distance Ry from Qisasfollows(see
Fig.6):

Figure 5. Extracting the interval satisfying g(u)=0
(in the case of cubic Bezier curve).

1) After transforming control points of C so asto beorigin
Q (see eguation 8), calculate distances, d,, dn, from Q to two
endpoints, Py, P, and set the minimum distance of d,, d, and
R @S Grin, that is, drmmin(dy, dn, Riip)

2) Clip curve C by the band which bounds of the circle with

radiusdninand which is perpendicular to PP, (see Fig.6)

3) Obtain C' from curve C (se equation 8), and calculate
functiond from C andC’ (see eqution 7)

4) If the dgns of all contral points of g are postive(or
negdive) (i..e, there is no diffeet €gn), then this
section(segment) of the curve has no solution, and so proceed to
the next section, and return to step 3.

5) Extract the parameter interval which stisfies 9= 0 (see
[Unin U] in Fig.5(b)).

6) If aBezier clip fallsto reduce the parameter interval width
(Unex Unin), Split the curve in half, then return to step 3 for one
half.

7) If Upge - Uni> € (user given tolerance), dlip the curvewith
thisinterva, then return to step 3.

8) Cdculae digance d by assuming as U=(UpirtUna)/2,
redefine the minimum distance di,= min@, d;), store Xandy
at point C(u), if thereis any remaining section of thecurve,
return to step 3.

Note that the function g is not solved directly; g isjust used
for extracting the interva which has solutions (roots). Bezier
Clipping is completed by subdividing C into three segments
using the de Casteljaualgorithm. The degreeof gis higher
thanthat of C, so the clipping processis performed to curve C
not for g.

Figure 6. Clipping the Bezier curve by using the band
with widthd,;;, .

3.4. Interactive shape modification of curves

The designer usualy modifies a parametric curve by moving
oneof itscontrol points. Itisdifficult to predict thefind shape
of the curveif we move the control point. So we propose a
useful technique which can deform the curve directly by moving
aspecified point on the curve using the mouse on ascreen.

We can find parameter vaue U at the closest point P on acurve
by clicking point Q near the curve using amouse button. Lets
consider moving paint P of the curve.

After selecting the closest control point P to parameter value
u, the displacement of control point DPy can be obtained by
using the displacement of mouse cursor DP at P (see Fig. 7).

DR, = DP/ B'(u). (9)



Figure 7. Shape modification of a curve.

3.5. Smooth deformation using Bezier curves

In our approach, the shape of the human body is defined by
sampling points on cross sections. This means that the
deformation can be done by moving the sampling pointsin a
2D plane. For this operation we have to solve two problems:
limiting the number of operations and smoothing the
connectivity between sampling points. For  smooth
displacement of sampling points, the idea of image warping can
be applied.

For image warping, there are several methods such as feature-
based method [6], mesh warping [7,8], and FFD(Free Form
Deformation) [ 9]. The method proposed can be categorized as
feature-based method.

Beier [6] hasintroduced atechnique for morphing based upon
fidds of influence surrounding two-dimensiond control
primitives. He called this gpproach fidd morphing. Heused
line segmentsas control primitives. In our method, however,
thefiedd morphing is performed by usng Bezier curves. He
used two parameters, the distance from the line vV, and the
position aongthe line U (O<u<l.). We extend thisidea to
Bezier curves  If the degree of the curve is one, the both
methods are equivdent. Our method dso defines two
parameters, U andV, as mentioned before.

Compared with the method using line segments, the method
using Bezier curves hasthe following advantages:

(1) Deformation is performed by small number of curves.

(2) Smooth deformation (little variation of distortion) can be
redized. (For smooth trandtion we need the number of
connected linesaong the curve))

(3) Complex deformation can be done by moving only one
point on the curve.

Compared with mesh warping, the method proposed here has
thefollowing advantages.

(2) Though alot of mesh points have to be moved in mesh
warping, moving only oneor a few pointson a curvecregte
aufficient visud effects

(2) For Bezier mesh (used in FFD [9]) and B-spline mesh
[7], the displacement of control points do not correspond to the
displacement of theimage.

It is the digplacement of the points around the curve
corresponds to the digplacement of image.  Therefore, this

method isvery effectivefor interactive sysems.

By using the digance cdculation to curves, we can redize
feature-based deformation. We can get two parameter values U
and V with respect to the relationship between apoint Q and
Begier curve C, where U isaparameter value at the closest point
P on curve C(u) from Q, Vv isthedigancefrom Qto P. By
using the techniques described in the previous sections, we have
auseful tool. That is, these parameters can be obtained by the
method in section 3.2, and we can easly deform the curve
interactively by using the technique in section 3.4. Asfor the
goplication of these techniques, we propose methods for
deformation of object representation by metabdlls.

First, we discussthe caculation method of the coordinates
systemrelated to asingle curve. Lets denote parameters (Uy, V)
for point P with respect to curve Cy, the coordinates of point P
isdefined by (see Fig.8-9)

R = G(u) +VieN(uy), (10)
where N isaunit normd vector at point C,(u,)

After deforming curve C,.to C,%, point P movesto point
P2 having the same parameters (u,, Vi), the new point is defined
by (Fig.8-b)

R =G (U) +wi N (). (11
For m Bezier curves, C,(k =1,... ,m), new point P*is given by
P'=3 wR’, (12)

where VkvkO are weights which are of similar definition to those
used in [6]; the weights Wy assigned to curve K should be
strongest when the point isexactly on the curve, and wesker
the further fromit the paint is.

(b)
Figure 8. Transformation of coordinates by using
Bezier curve.



3.6. Defor mation of the human body mode

So far, we have described 2D deformation. The human body
modé is created by layered metaballs which correspond to the
horizontal crosssection of the body. On each cross section,
metaballs are generated from sampling pointson the boundary
curve of the cross section. These sampling points are deformed.
The procedure for deformating the human body mode is as
follows.

(1) Select the cross sections of the human body to be deformed
after displaying the sampling pointson ascreen (see Fig.9(a)).

(2) Overlay Bezier curves dong with the sampling points of the
cross section, and deform the sampling points (red pointsin the
figure(see color page)) by deforming the Bezier curves (see
Fig.9(b)). The curves are deformed by moving the mouse.

(3) Optimizethe parameters of metaballs to fit the deformed
sampling paints (see Fig.9(c)). In this optimization, the Stegpest
Descent method is used (see Section 2).

Fig.9(8 shows the streens of JAVA gpplets which display
finding the cross sections of the human body. In Fig.(b), three
Bezier curves are overlaid on the sampling points on the boundary
of the cross section. Two are selected by the mouse cursor and
deformed. The deformation can be obtained easily with afew
mouse operations. As shownin thefigure, the points aong(or
close to) the curves are moved to the points on the deformed
curves. That is, the digplacement of points around the curvesis
exactly same asthat of the mouse movement. The deformation

(a) Sampling points on boundary curves of horizontal cross
sections

(b) Deformation of boundary

(c) Optimization of metaball

(d) Original (e) Deformed

Figure 9. A human body modeled by metaballs
(some sample points on the cross sections of the
metaball surface are deformed by the proposed
method).

isvery smooth because the points move aong the Bezier curve.
By moving the curve, sampling pointSred points in the
figure(see color page)) are moved smoothly. If wewant to hold
some of the points, we can overlay the curves on them as
constraint curves. In order to fit the surface of the metaballsto
the deformed sampling points, the position and radius of each
bal is optimized using the Steepest Descent method(see
Fig.(c)). Fig.9 (e) shows an example of deformation (the breast
isdeformed). Fig.(d) istheoriginal body.

4. Examples

Fg.10(@ shows the human body modd based on the
measured data of a standard Japanese femalewhose height is
156.8 cm and bust girth is 81.5 cm. For comparison with (a),
Fig.10 shows the body model in triangular patches. Table 1
showsdigance-error between the surfaceof metaballsand the
sampling points on the major cross sections. As shown in the
table, we can get the human body mode with minimal error.
The cpu timesfor first and second steps are 6 minutes and 118
minutes on a Slicon Graphics Indigo R4000, respectively.
The cpu time for the method not divided into two stepsis 201
minutes. Thus, the proposed method saves computation time.

To show the effectiveness of the proposed fitting and
deformation methods;, the two human body modelsare gpplied for
cloth smulation [10,11,12]. The cloth simulation isapplied to



the standard human body model, then to the deformed mode
from the tandard. Armsare added to the moddsin Fig.10. We
canmove therrams. Fig.11 shows paper patternsfor ablouse
simulation. Fig.12(a) shows astandard body modd raising its
arms. Fig.12(b) showsa body model with abreast deformed
from the s¢andard. Fig.12(c) and (d) show cloth smulations of the
blouse for the sandard body and the one with the deformed
breast , respectively. Inthiscase, the sameblouseis used for
both bodies. Asshownin theseimages, wecan get redigtic
shapes of dothestofit various human bodies.

(a) Metaball model (b) Triangular patch model
Figure 10. Standard human body model.

J

Figure 11. Paper patterns for a blouse.
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(@) Standard human body model human body model.

(b) Deformed model

i

(c) Simulated shape of blouse on standard human body model

(d) Simulated shape of blouse on deformed model

Figure 12. Simulated shape of the blouse on the



Table 1. Distance-error between the metaball surface
and the sampling points on the major cross sections.

Distance-error after fitting

Mean (mm) SD. Max (mm)
Cavicde 157 1.13 5.24
Acromion 1.28 0.94 45
Nipple 0.98 0.88 4.66
Wag 0.56 0.41 17
Iliospinde 154 0.88 3.65
Hip 0.79 0.61 2.49

5. Conclusion

A cloth smulation system must generate human body models
based on measured data obtained from range data. This paper has
proposed modeling and deformation methods of human body.
This paper has also proposed a new detection dgorithm for the
cdosest point on acurve to a point on ascreen: As for the
gpplications, this paper aso proposed an interactive deformation
of human bodies.

The conclusion is described asfollows.

(1) We optimize the metaba| parameters by the Steepest Descent
method to generate the body model based on the measured data
obtained from range data.

(2) We propose amethod of free-form deformetion using Bezier
curves. We can get the closest point on acurve using the Bezier
Clipping method, which usesthe convex hull property of Bezier
curves and is an iterative method using linear equationswith a
smal number of iterations. This method is useful for
interactive operations such as deformation because of its quick
cdculdion.

(3) The metabdl human body models used for cloth smulation
are displayed as excdlent examples toillugtrate the proposed
method.
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