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Abstract

Intuitive 3D surface ontrol and deformation ae aucial to
CAD/CAM. To do this in a virtua environment, howeve, the
technique must be vey dficient. A comnon method for shape
deformation is the freeform deformation (FFD) method, in
which the cmplete objed is deformed by deforming a D grid of
the objed. In this paper, we propcse an intuitive method for
surfacedeformation based on deforming a handsurface whichis
basically a bicubic B-spline surface interpdating o
approximating keydata pants of a sensor glove (i.e. finger joints
and pdm center of the user's hand. By setting up a
correspondng mapping letween the \irtual objed being
deformed andthe handsurface the objed can be deformed with
the antrol of the sensor glove As the user flexes higher fingers,
the objed changes its ape accordingly. Swch control can be
local or globd. For local deformation, we introdiuce a region
filter  function  which  imposes locality on  the
mappng/deformation. The new algorithm is made vey dficient
throughincremental updae. It is also intuitive as if the user were
using his handto deformthe objed diredly. Experimental results
show the patential of the new method

1. Introduction

Interadive surfacedesign and deformation have been extensively
studied in bah CAD/CAM and computer graphics. After the
surfaceor objed has been creaed, subsequent modificaions are
likely necessary. One mommon way to modify the shape of afree
form surfaceis to modify its control points one by one [5,10,11].
However, the modificaion processbecmmes tedious if the surface
or objed is composed of a large number of patches with many
control points. Thus interadive tools for manipulating a set of
control points or sampled pdnts are preferred. Existing
deformation methods and linea transformation methods include
[1,4,12]. In virtud redity, the user immerses into a computer
synthesized environment and interads with some virtual objeds
inside it. The most natural todl for interadion is the user’s hand.
To modify the shape of a surfaceor objed, one may want to doit

simply by flexing one’'s hand and fingers. The sensor glove is a
too designed for cgoturing the motion o the user's hand.
Commercia prodwts include VPL's DataGlove, Virtual
Techndogies CyberGlove, and Mattel’s PowerGlove. They all
have sensors that measure some or all of the finger joint angles. In
addition to cgpturing the user’ s hand gesture, a 3D pasition sensor
may aso be used to tradk the 3D position d the user's hand
inside the virtual environment. Our ideais to make use of the
sensor glove in the deformation process ® that the shape of a
virtual objea can be modified intuitively. A surface cded hand
surface is creaed, which is a bicubic B-spline surface
interpolating or approximating key data points of the glove (i.e.
the user’'s hand) including finger joints and palm center. This
surfaceis used to control and deform the shape of the virtua
objed. By setting up a crrespondng mapping between the objed
surfaceto be deformed and the hand surface the deformation cen
be handled in an incremental manner and the shape of the objed
surface tanges acording to the shape of the sensor glove. To
alow locd deformation, we dso introduce aregion filter function
W(u,v) which impaoses locdity on the mapping/deformation. With
this filter, we may modify the objed surface é@her globaly or
locdly. In order to eliminate the illness sate of the deformed
surfaces, an a blending parameter is used between the initial and
the adive normals of the hand surface When a deaeases from 1
to 0, the wrrespondng surface deformation becomes more and
more sensitive to the adive normal of the hand surface The new
method allows surfacedeformation in an easy and intuitive way.
We show some experimental results of the new method towards
the end d the paper.

The rest of the paper is organized as follows. Sedion 2 briefly
discusses me genera concepts on B-spline aurves and surfaces.
Sedion 3 pesents our method d surface deformation wsing the
sensor glove, and sedion 4 dscuses me techniques for
accéerating the proposed method Sedion 5 pesents ssme results
and dscuss the strengths and limitations of the method Finally,
sedion 6 pesents conclusions of this work and dscusses me
possble future work.

2. B-spline Curvesand Surfaces

A B-gpline aurve in 3D is a vedor-valued piecavise polynomial
function o the form:

)= 3 PN, (1)
i=0

where P; are Euclidean control points. N (t) are the normalized
B-spline basis functions of order k or degreek-1, and are defined
over theknot vedor T ={ty,t;,...,t 04k} -
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A B-spline aurve has ome well-known properties. For example:
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If the knot vedor of an order k B-spline aurve has k multiple end
knats, it is cdled a Bézier type B-spline. A Bézier type B-spline
interpolates the two end control points and is tangentia to the
control polygon at the end pants. A bicubic B-spline surfaceis
defined similarly with spline basis and its control points Pj,
i=0,1,...m and j=0,1,...n.

otherwise

HUW =5 3 RN 5(WN;5(v)
i=0j=0
The derivative of a B-spline surface ca be computed in a similar
way.

3. Surface Deformation with the Sensor Glove

Human fingers have flexion-extension and lateral abduction-
adduction as illustrated in Figure 1. The process of transforming
rav sensor data into finger joint angles is cdled “glove
cdibration’. The cdibration method dffers between flexion
sensors, and abduction/adduction ores. The sensor cdibration
method wses aleast-square formula that was given by [6].

6(r)y=a+br +cln(r)

where r is the raw sensor reading, 6(r) is the flex angle of the

finger. a, b, and c are cdibration constants. Most of the sensor
glove in their standard configuration do nd measure the flexion
angle 6 of the distal joints, except for the thumb. One way to

determine 6, is to take into acourt the cuging that exists
between 6 and 6, over the range of grasping motions.
Experimental measurements sowed that the general couging
formulais of the form [2]:

6 =2 a6 +2,6
where the parameters ay,a,and a, depend on the hand
charaderistics of individual user.

To simplify the presentation, we number the five fingers, thumb,
index, middle, ring and @nkie & fingers 1, 2, 3, 4 and 5, and let
the joint points of finger i be Qi1 Q2 Qis Q4 Qs If the
parameters of the midde finger L, L,,L;,L, are given, which
depend onthe dharaderistics of the user’s hand, the joint points
Qs1, Qs2, Qa3 Qz4, Qss Can be cdculated acwrding to the
measured angles 8, and 6, and the locd coordinate of the palm.

Thejoint points of other fingers can be determined simil arly.

Figurel. Finger parameters of the sensor glove.

3.1 Constructing the Hand Surface

To construct the hand surface which interpolates the measured
joint paints Q;;, i,j=1,...,5, we use the bicubic B-spline surface
The knot vedors, U = {up, Uy,..., Ug, Uig} and V = {vg, V,..., Vg,
Vit in U and V diredions respedively, are cdculated with chord
length. If we let L',,L} bethe aerage chord lengthsin U and V

diredions such that

O, _18 :
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Then the knot vedors U and V are chosen as foll ows:
Euo:Ul:Uzz%zo and U =Ug = Uy =g
Ho=vi=Vv,=v;=0 and Vv, =vg=Vy =V
Eugﬂ =, + L =1234

%’w =V +Ly

For convenience, we normalize the knot vedors such that uyp =
Vig = 1.0. The domain of parameter (u, V) is thus a unit square
region. If the hand surfaceH (u,v) isabicubic B-spline surface

1=1234

H(u,v) =

||Mm

6
z F?,jNi,s(U)Nj,a(V)
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Then from the interpalating condtions, H(u;,, v) = Q;;, i=1,...,5.
According to the end condtion, four rows of virtual data points
Qi;, 1,j=0,6, shoud be mmputed such that the hand surface
satisfies the given end condtion [3,9]. The following equation
can then be obtained:

Q=APB 2
where P, Q, A andB are 7x7 matrices defined as:
P=(R;), Q=(Q ), A=(N;5(u;)), B=(N;5(v))

The surface for interpdating al the given data points and
satisfying the spedfic end condtions can be obtained in a two-
step process First, piecavise cubics Fi(v), i=1,...,5, are used to
interpolate the data points Q;j, j=1,...,5, with the knot vedor V =
{Vo, V1,..., Vo, Vig} and to satisfy the spedfic end condtion, which
the quadratic end condtion is chasen here. Seond, S(u,v) is

obtained to interpolate the 5 curves F(v) as shownin Figure 1.

In some dituations, we may want to use a hand surface to
approximate the key data points of the sensor glove. For fast
computation, the hand surfaceis represented by a Bézier type B-
spline surface ad its control points are simply set equal to the
data points. The knot vedors in U and V diredions are dso
chosen asthe chord length. However, one more row of data points
are aded in U diredion so that the resulting hand surface
approximates well the shape of the glove. The alded data points
are obtained by extending the last segments with aratio 3, which

is chosen acording to the charaderistics of the user’s hand:
Q6=Qs*+B(Qs—-Q4)

Thus the hand surface ca be obtained very efficiently as foll ows.
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3.2 Setting up the Corresponding M apping

In the FFD method[12], a 3D boundng volume is used to deform
avirtua objed. In our method, however, surfacedeformation can
be mnsidered as a mapping of the hand surfaceto the surfaceof
the objed. It is, therefore, necessary to set up a well-defined
corresponcence mapping between the two. A planar region a the
so-cdled base surface RHy, is defined. It is the m-domain of the
hand surfacein flat state whose cntrol points are dl in a plane
1, . The objed to be deformed is embedded in the extended 3D

parametric spaceof RH,. The locd coordinate of the hand surface
is defined as follows. Let the unit normal vedor of 71, be N{

and C, bethe ceiter point of the paim. If Risany point on 7, ,
then the euation o m, is NS(R-C,)=0. Let
P =(Xp, Yp:2,) be acontrol point or sampled pdnt of the objedt
surface When P is projeded on to 7, its projedion
P =(Xp,Yp) with resped to 7, can be obtained as own in

Figure 2. If the projedion P’ of P is within RHq, then its
parameter (u,,v,) on the base surface RH, can be cdculated

easily by approximation method An accéeration method can be
designed similar to the cmputation o normal vedors (discussed

in sedion 4. When the projedion P’ of P is outside RHq, P will
not be modified.

When the sensor glove danges its ape, the hand surface
H(u,v) changes acordingly. P is then transformed to a new

pasition Q by the foll owing mapping:
Q=H(up,vp)+d,N(u,,vp) 4

where N(u,V,) istheunit normal vedor of H(u,v) at (up,,v,)

and d, isthe diredional distance of P to the base surface RHo.

The geometric meaning of the @ove deformation is that the
objed is deformed along the normal diredions as if it were in the
forcefield formed by the hand surface When P is on the positive

side of the hand surface i.e. (P - P)* Nj >0, then d,>0;
otherwise d, <0.

Q
P. %
N (Up,vp)
Yy dp Y dp

Pl

H(u,v)
X X

Figure2. The correspondencebetween P, P' and Q.

3.3 Defining the Blending Parameter

Althowgh Equation (4) can map a hand surface to the objed
surface it is snsitive to the normal variation d the hand surface
espedally if the glove is far away from the objed surface The
objea surface will change rapidly if the normal of the hand
surface varies quickly. In some etreme caes, the resulting
surfaceis far from satisfadory. For example, the modified oljeds
may be self-interseded as srown in imagesii-b and ii-c of Plate 1.
A modified mapping method is introduced here to solve this
problem.

Initially, the user extends the sensor glove to aflat state. The base
surface RH, and the locad coordinate of the hand surface ae set

up. The norma vedor, Nﬂ, of the initia hand surface is

recorded, and the deformation o an oljed can be made with
resped to thisdiredion. An ' blending parameter can be used to

relate the aurrent normal of the hand surface & (u,,v,) to NG .
The mapping shown in Equation (4) is then modified as foll ows.

Q:H(uvap)+dp[(l_a)N(up!Vp)+aNE|]l (5

where [V], denotes the unit normal vedor of V. By seleding

different values of a, the user can adieve different effeds.
When a =0, the mapping shown in Equation (5) degenerates to
Equation (4). When a =1, the mapping is smilar to the FFD
method in which the deformation is a linea extrusion o the hand



surface 4ong NP . When a deaeases from 1 to O, the
correspondng mapping becmes more and more sensitive to the
adive normal vedor of the hand surface The deformation o the
virtual objed aso becomes lessand lesscoherent to the shape of
hand surface

3.4 Global Surface Defor mation

In global surfacedeformation, all sample points or control points
of the surface ae modified. This can be dore by scding the
projedion region RHy so that all the projeded pdnts will lie
inside of RHy. This is dmilar to scding down the size of the
objed to be modified or scding up the size of the hand surface

3.5 Local Surface Deformation

In locd surfacedeformation, only part of a surfaceis modified.
There ae two approades to attain this goal: locdizing the objed
surface R(u,v) to be modified, or locdizing the dfed of the
mapping in Equation (5). The first approach depends on the
representation o R(u,V) . It requires R(u,v) being a freeform
surface The seaond approach is independent of the representation
of R(u,v).However, it is dightly more complex.

Localizing the objed surface

An adive region d the surfaceis gedfied in its parameter space
or in the 3D space If a parameter region Q =[u,U,;V,,V,] iS
spedfied, the surface R(u,v) is subdvided into sub-surfaces
along parameter values u=u,u, and v=v,,Vv,. Thiscan aso be
adchieved by knot insertion agorithm [3,7]. The parametric region
Q can be defined with the sensing dove by, for example,
spedfying the two diagonal points of the region onthe objed
surface After the surfaceislocdized, the sub-surfacein the ative
region Q can be modified by the sensor glove.

Localizing the mappng

The dfed of the mapping in Equation (5) can be locdized by
introduwing a region filter. To simplify the discusson, we will
describe the 1D filter function first. We spedfy the dfedive
region, R, =[a,b], and thefill et region, R; =[e, f], of the hand

surface & sown in Figure 3. This fill et region is introduced to
preserve the continuity of the deformed oljea surface For the
region filter function, F(u), it is 1 when inside region R;, 0

when ouside the fillet region R;, and a abic function which

joins  snocthly between F(u)=1 and F(u)=0. If

8 o
Bi'3(u):§§1—u)3" u', u00]], i=0,1,2,34, are the ahic

Bernstein-Bézier basis functions, then F(u) can be represented
asfollows:

0] ulfe f]
%_ ul[a,b]
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Infad, F(u) can be represented as a Bézier curve by introducing
related control paints, for instance,

(e,O),(e+:—:;(a—e),0),(e+%(a—e),l),(a,l)
over the interval [e, a. u; :e+l3(a—e), i=0,1,2,3, are often

cdled the Bézier coordinates of the four control points over [e, a
as siownin Figure 3.

F(u)

1+

Figure 3. The smoath region filter function F(u) and
its Bézier representationin [e, a. (“O” and “O0" denate
the Bézier coordinatesat F(u) =0 and lrespedively.)

In the 2D case, the region filter W(u,V) is a generalized tensor

produwct function o F(u) and F(v). The smocth region filter
W(u,v) is 1 when inside the interva [a, b; ¢, d], 0 when ouside
thefilter region[e, f; g, h], and bicubic (or cubic by linea) Bézier
functions which join smoathly with ead ather over the transit
regions as siown in Figure 4.

[e]¢
oq

pooOm
poom
cocom

Figure 4.
Bézier control paints. (“O” and “0O” dencte the Bézier
coordinates of the control points when W(u,v)=0 and 1

respedively.)

The region filter functionW(u,v)and its



W(u,Vv) can be represented as foll ows:
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Now, if the objed surfaceis deformed due to the deformation o
the hand surface a point P on the objea surface before the

deformation will become QY(P) after the deformation as
follows:

Q* =W(Up,Vp)Q+(1-W(up,Vp))P

where Q is obtained from the mapping Equation (5). The
parameter value (u,,v,) is céculated a the beginning. If it is

g
V- d
d

(u,v) O[e a; g,c]

(u,v) d[b, f; g,c]
(u,v) O[e a;d, h]

(u,v) O[b, f;d,h]

outside the fill et region, Q" is smply equal to P.

4. Accelerating the Computation

In this dion, we discuss ®me techniques for acceerating the
proposed algorithm. They include techniques for speeding up the
computation o the surface normal, which is neeled in
constructing the hand surface ad in deforming the objed surface
and for incremental updating the hand surface ad the objed
surface

4.1 Fast Computation of the Surface Normal

In ou implementation, the hand surface H(u,v) is subdvided

adaptively acording to its locd curvature and then approximated
by planar triangles. The normal vedor of the hand surface &
coordinate (up,v,) cen then be gproximated by weighted

average of the normals at neaby vertices of the rrespondng
triangle. Assuming that H(up,v,) iswithin triangle T, T,T;, and

T =H(u,v;), i=1,23, the normal vedor N,a H(u,,v,) can
be cdculated as foll ows (referring to Figure 5).

Np =[WiNg + W, N, +wN,],

where N; is the normal vedor of H(u,v) a points T,, and
(Wi, W,,w3) is the barycentric coordinate of (up,v,) with
resped to triangle defined by P = (u,v;), i=1,2,3.

P3(u3,v3)

Py(ug,vy)

Figure5. Approximation d normal vedor at (U, V,).

4.2 Incremental Update of the Hand Surface

Our method deforms an oljed based on a hand surface which
represents the user’ s hand. Because the shape of this hand surface
may change in every frame during the deformation, we may need
to construct a hand surfaceduring every frame time. This can be
expensive to do To overcome this limitation, we gply an
incremental technique to updite the hand surface & it deforms
instead of reconstructing it in every frame. Because the finger
parameters are mnstants during the deformation process A and B
in Equation (2) are mnstant matrices. Their inverse matrices can
therefore be pre-computed. When there ae only afew data points,

R, changed, the hand surface ca be updated very efficiently.

Let D be amatrix whose dements are dl zero except for the
element g ; at locdion (i, j) . When R ; ismoved by an amourt

9, » the coefficient matrix, P, containing the control point set
will change afollows:

P=P+A ‘DB’

Since D has only one nore zao element, the éove equation hes
only n+n? multiplicaions of scdar with vedor which are much

lessthan n*+n? in general cases. Here n=7 is the matrix order.
A similar technique was propased in ou recent paper [8].

4.3 Incremental Update of the Object Surface

If the shape of the hand surface danges by only a small amourt,
for example, the movement of only one cntrol point or one finger
joint, then the rrespondng surface point will be danged
acordingly from Q(P) to Q'(P). Q' can be evaluated by a simple
approximation formula when the data points obtained from the
sensor glove ae mnsidered to be the ontrol paints of the(®nd
surface & in Equation (3). Since the objed to be deformed often
has alarge number of sample poaints, the foll owing technique will
accderate the updating of the objed surface Suppcse that a



control paint B, of the hand surfaceis moved by a small
amourt g jo.Let H,,H,,H',,H', denotethe partial derivatives

of the hand surfacebefore the deformation H(u,v) and after the
deformation H'(u,v) at coordinate (u,,Vv,) . Let aso that

Bﬁo,jo = aOHu + bOHv +C0Hu x Hv
0
?(U: V) = Niga(U)N3(V)

The partial derivatives of G(u,v), G,,G, can be obtained from
Equation (1). Then the foll owing results can be derived:

g
EIHI(UP’VP) =H(Up,Vp) +J0,0G(Up, Vp)

%_{IUXHIV:HUXHV+(HUGV+GUHV)X5IO’jO (7)
g
Q'=Q+ (8,0 +adp)G(Up,Vp)

a +dP(1_a)[N+CO(HUGV+GUHV)XN]I

When the hand surface is approximated with triangles by
subdvision method, a look up table can be set up. The look up
table stores the pre-computed quentities (u,v,), H(y,v,),

Hy(w,v), Hy(u,v), N(u,v), i=12,...n, a vertices of

triangles where n is the total number of vertices. All the @ove
quantities at arbitrary coordinate (u,,v,) are weighted averages

of the arrespondng quantities at three vertices of respedive
triangle @ntaining (u,,Vv,) a sown in Figure 5 and Equation

(6). The detailed formulas are omitted here. It is clea
that H', H',, H', can be obtained from H, H,, H, with smple

computations. Thus Equation (7) involves less computation for
upckting the deforming objed surface

5. Results and Discussions

We have implemented the new method in C on an SGI
workstation. Plate 1 shows me initial results produced with
different blending parameter values. The imagesin columns i and
ii are generated with a=0, columns iii and iv with a=0.5, and
columns v and vi with a=1.0. Images in columnsi, iii andv arein
wireframe rendering while those in columns ii, iv and vi are
correspondng images in shaded rendering. All images in row a
show the origina objed and the hand surface Images in row b
show the deformed oljea and the hand surface when lifting up
the thumb dlightly. Imagesin row ¢ show the deformed oljed and
the hand surfacewhen the thumb, index and middle fingers were
up dlightly. Images in row d show the deformed oljeds when
locd deformation is used via the regionfilter. Imagesii-b and ii-c
(with a = 0), the shape of the deformed cup is very sensitive to
the adive norma of the hand surface ad the objed is Hf
interseded aong the rim of the aup. Images iv-b and iv-c (with a
= 0.5), the shape of the aup becomes less ensitive to the adive
normal of the hand surface Images vi-b and vi-c (with a = 1), the
deformed shape of the aup is independent of the adive normal of
the hand surface Initial results demonstrated the potential of the
new methodin the following aspeds:

1. Our method is more intuitive axd convenient to use than
existing methods auch as Pigel’s method [10,11] and FFD
method[12], espedally when alot of data ae involved in an
interadive ewironment. This is because the modificaion
tod in ou method is a hand surface rather a free form
volume. An oljed can be modified intuitively with ore or
several fingers moving up a down simultaneously.

2. The hand surfaceis used as a @ntrol todl rather than a tri-
cubic Bernstein-Bézier tensor volume. As such, this method
has a much lower computational cost, espedally when the
accéeration techniques discussed in sedion 4 are
incorporated.

3. A region filter W(u,v)is used to impose locdity on the

mapping/deformation.  With this filter, locd or global
deformation can be redized easily withou changing the (first
order) smoathness In this way, the deformation mapping is
independent of the representation d the surfaces or objeds
to be modified.

4. Addtiona parameters are available to mea with dfferent
demands including the blending parameter a and the region
parameters a, b, ¢, d; e, f, g, hin theregionfilter W(u,v).

6. Conclusions

In this paper, we have introduced a new method for deforming
surfaces using a sensor glove. It is by creding a hand surface
either interpolating or approximating key data points of the glove.
The deformation o the objed surface ca be adieved by
deforming this hand surface The new method is efficient and
intuitive. We have dso demonstrated some initial results of the
method

The work presented in this paper only concerns abou how to
deform an ohjed surface We ae airrently developing an editing
system for objed creaion and modificaion besed on the new
method We ae dso considering how to handle the situation
when there ae multiple objedsto be deformed at the same time.
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