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Abstract

Many techniques have been devdoped for 3D objed
deformation. These techniques have been widely used in
most CAD/CAM systems. Intuitive while dficient methods
for interactive 3D objed deformation in a VR
environment, howeve, are rare. One of our current
research projedsisto deveop such atechnique based on
the use of a sensor glove The idea is to create a hand
surface interpdating through al the data pdnts of the
sensor glove Through mappng the vetices of an oljea
model to the hand surface, the objed model may be
deformed simply by changing the hand gesture. An initial
method for implementing this idea was presented in our
recent paper. In this paper, we discuss ®me of the
limitations of the erlier method ard present a refined
method that overcomes most of the limitations. The
resulting method is both efficient and intuitive as
demonstrated by the results of our experiments.

1. Introduction

Parametric surfaces are widely used for objed
modeling. Free-Form Deformations (FFDs) [1] embed the
objed model to be deformed inside a parallelepipedica
3D lattice defined by a tensor product piecewise tricubic
Bezer volume. The deformation d the 3D lattice will
result in the deformation o the embedded objed model.
Extended FFDs [2] do not require enclosing the objed
with a regular 3D lattice but rather, arbitrarily shaped
lattices are built by combining several tricubic BezZer

volumes, ead represents an individual FFD. However,
extra dfort is neaded to maintain the continuity between
these volumes. NURBS-based FFDs [3] extend FFDs by
redefining the Bezer volumes by norruniform rational
B-splines ones. The resultant lattice is non-uniformly
subdvided and thus different weightings can be given to
different regions of the modd to crede different
deformation effeds. These tedniques have been
implemented with a 3D pointing input device [4] and a
3D tradker [5]. However, all the above techniques concern
modeling through deforming the control lattice instead of
the objed itself, which is nat intuitive aadis only suitable
for expert users who have knowledge in parametric objea
modeling.

Dired manipulation d FFDs [6], on the other hand,
allows the user to move the sample points on the objea
model and compute the necessary changes to the control
points of the FFD. This method is more intuitive.
However, similar to ather algorithms, it concerns the
modificaion d objed points one by one. In addition, it is
computationally very expensive because this method is
based on the technique of least square cdculation.
Furthermore, the problem could be very complex when
more than one vertex paint is to be moved at the same
time, and the solution may nat be unique.

JDCAD [7] is a system built on the MR Toalkit [8].
It allows interadive 3D objed credion together with
key-frame animation. The system made use of both a 3D
magnetic tracker and a keyboard as inpu devices. Unlike
the work described in this paper, their work aimed at
providing a better interface for objed creaion by



asembling primitive volumesinsteal of creaion by using
FFD techniques.

Kurmann in [9] proposed a system for interadive
spatial modeling to support architecural design in a VR
environment. By using the mouse or other possble 3D
inpu devices, the user may interad with the system in a
3D environment. This enables the user to formulate
designideasin a 3D space Similar to the JDCAD system,
this gstem makes use of predefined olbeds, such as
building elements or furniture, to creae the scene. It aso
introduced the wncept of positive (solid) and regative
(space volumes for scene credion. This concept was
creaed to coincide with architedural design reeds.

The systems discussed so far concern mainly scene
asembling bu not of artistic sculpturing in an interadive
environment. Kameyama designed a system [10] for
creaing deformable virtual objeds using a 3D position
tradker and atadil e feadback device The system provides
functions for creaing a virtual objed, but there is no
means for the manipulating a modeling of an existing D
model.

In this paper, we present a method for virtua
sculpturing kesed on the use of a sensor glove for
deforming virtual objeds. This technique extends and
refines our earlier paper described in [11]. As will be
shown, the new method is intuitive and efficient. The rest
of this paper is organized as follows. In sedion 2 we
summarize our previous work on virtual sculpturing and
highlight the differences between our ealier method and
the method presented here. We then describe the aedion
and the update of the hand surfacein sedion 3 In sedion
4, we discuss the mapping of objed points to the hand
surface ad in sedion 5 we describe how the objed is
deformed. In sedion 6 we show and discuss ®me
experimental results of our method. Finally, we present
the conclusion d our work in sedion 7 of this paper.

2. Previous Work

In this projed, we are developing an intuitive
method for dired objed credaion and modification using
the sensor glove. The idea is to crede aparametric hand
surface which interpolates through al the key data points
of the sensor glove. These data points indicate the finger
joint paositions of the user’s hand. The hand surfaceis then
mapped to the objed model to be deformed. Based on
changing the user’s hand gesture, the objed model can be
deformed acoordingly. The major advantage of this
approach is that multiple cntrol points of the objed
surface ca be modified at the same time in an intuitive
manner.

In our ealier paper [11], we described our initia
method for implementing the new approadh. In that

method, the hand surface is represented by a Bezer
surface Before the objed deformation process the user is
required to open his hand widely with the pam surface
fadng the objed to be deformed. This fadlitates the
credion of a @mplanar surface cdled the base plane. In
other words, the base plane is defined from the @-domain
of the hand surfacein flat state. This base plane is used
for mapping ead of the vertices of the objed model being
modified to a parametric coordinate of the hand surface
To do this, we first projed ead vertex to the base plane
in a diredion paralel to the normal vedor of the base
plane, and the base plane is uniformly subdivided to
determine the parameter coordinate of the hand surfaceto
which the vertex maps. When the hand surface danges
due to the change of the user©s hand gesture, the positions
of the affected oljed vertices need to be updated. For
eadh vertex of the objed model, the normal vedor,
N(up,Vv,), a the crresponding parametric coordinate,

H(u,,vp), of the hand surface is multiplied by the
projeded dstance parameter, d,, of the vertex from the
base plane, resulting in a moving vedor, d, XN(u,,v,) .
This moving vedor is then added to H(up,v,) to
determine the new position of the objed vertex.

However, N(u,,v,) may change very rapidly and

the deformation of the objed model may becme difficult
to control. In addtion, sef-intersedion of the objed
model may sometimes occur. To reduce this unwanted
effect, a blending parameter, a, is introduced to reduce
the dfed of N(u,,v,) on the deformation. The new

position of the objed vertex is then determined as
follows:

Q=H(up,vp) +d,[(1- @)N(up,v,) +aNg ],

where N is the normal vedor of the base plane,
and [V], denotes the unit normal vedor of V. By
seleding dfferent values of a, the user could achieve
different effeds. When a =0, the deformation will be
completely based on the norma vedor of the hand
surface When a =1, the mapping is $milar to FFDs in
which the deformation is a linea extrusion d the hand
surface #ong NJ . When a deaeases from 1 to 0, the

corresponding mapping becomes more and more sensitive
to N(up,,v,) . The deformation of the objed model also

becomes less and less coherent to the shape of hand
surface

Although the method is smple to implement, it
suffers from a number of constraints. In this paper, we



address ®me of these cnstraints and propose dternatives
for overcoming them.

For fast prototyping, the hand surfaceis represented
by aBezer type tensor product surface Asinherited from
the properties of BezZer representations, this surface
suffers from the undesired gobal control of deformation.
This means that alittl e movement on any part of the hand
surface say afingertip, will | ead to the change of shape of
the whole hand surface. In addition, in our previous
method, we set the control points of the hand surfaceto
the data points of the sensor glove. This may only offer an
indired deformation d the objed model. To improve the
modeling d the user’s hand, in the new method, we
propose to fit a bicubic B-spline tensor product surfaceto
the data points. We dso discussan efficient computation
and rendering method (seesedion 3.

In our ealier method, the user is required to set
hisher hand in a oplanar state before the objed
deformation process so that the base plane of the hand
surfacemay be aeaed. However, when we experimented
with the sensor glove, we found that it was in fad very
difficult to set al joint paositions of the user's hand ona
single plane. Any deviation of the finger joints from the
base plane may lead to errors in the initial parametric
mapping from objed vertices to the hand surface In
addition, because the mapping is via the base plane, the
amourt of movement that the user’s hand can make from
theinitial coplanar stateis gnall. In this paper, we present
anew mapping method kased on ray-projedion to replace
the parallel projedion used in our previous work. With
the new mapping method, mapping is via a 3D
trianguated hand model, and therefore, the user is no
longer required to set his’her hand in a coplanar state
before the deformation process This is discussed further
insedion 4

Finaly, since in ou earlier method, deforming the
objed modd is based onthe locd hand surface normal,

N(u,,Vvp), and the distance parameter, d, this may cause  xunits< T

undesirable objed crossover. To counterad this, we
suggested aweighting o N(u,,v,) by the normal vedor

of the base plane. This produces a pushing effed on the
whole objed rather than modifying the shape of it. In
sedion 5 we introduce anew modificaion technique,
which can adapt to dfferent hand gestures and alleviate
the aossover problem.

3. Parametric Hand Surface Model

The development of our hand surfacemodel is based
on the CyberGlove™ from Virtual Tedhnologies, Inc., but
extension d the method to ather sensor gloves is expeded
to be straightforward. In the following subsedions, we

briefly introduce the CyberGlove™, and then we present
an efficient method for creaing the hand surface

3.1. Collection of Data from the Cyber Glove™

The CyberGlove™ that we use has 18 sensors. The
VirtualHand™ software library [12,13] provides functions
for reading the transformation matrices of 5 3
articulated rigid segments comprising the virtual hand
model. These matrices hold the transformations to
successve joint origins. The first dimension refers to the
5 fingers and the second dmension refers to the first,
seand and third joints neaest to the fingertip. Each of
the segments is in its locd coordinate. Applying the
spedfic transformation matrix to ore joint, the new
matrix hadds the coordinate system for the next joint. The
hand model is thus formed as an articulated model with
eat segment in its locd coordinate system. From these
transformation matrices, we canr determine 5 3 joint
positions. Since the 18-sensor CyberGlove do nd
explicitly measure the positions of the fingertips, these
data must be determined by some other means. As for
most normal human hand motion, the joints nearest to the
fingertips are rrelated to the neighbouring joint.
Therefore, 5° 1 fingertip positions can be predicted by
this phenomenon[14]. We then deducethe centre of palm
from the wrist and the joints nearest to the wrist. By using
a 3D magnetic tracker, the wrist position and the hand
orientation can be obtained. The first joint position o
ead finger is thus deduced to be & the position 23 from
the wrist to the joints nearest to the wrist, which pcsitions
have drealy been obtained from the transformation
matrices (Figure 1).

Figure 1. The 3D triangulated hand model.

Now, we have 5° 5 joint data points representing
the feaure gesture of the hand. We then extend the data
pointsto 7° 7 simply by extending the last segments in
eah o the dimensions on the edge by x unit(s). The



border part is used to prevent unmatched gaps when
partial modificaion is applied to an oljed. This can
produce a effed of modeling the dastic property of the
objed model. The more dastic the objed, the smaller the
parameter x and the narrower the border. Detail of the
modificaionisdiscused in sedion 5

3.2. Efficient Hand Surface Modeling

In our implementation, we aede the hand surface
with a bicubic B-spline tensor product surface A bicubic
B-spline tensor product surfaceis defined as foll ows:
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where J;; are the postions obtained from the

CyberGlove. NuZ(u) and Nv(v;) are the abic basis

functions at knots u, in U-dimension and Vi in

V-dimension, respedively. R, , are the control points of
the hand surfaceinterpolating J; ;

In order to improve the dficiency of creding the
hand surface with a bicubic B-spline tensor product
surface we do not determine the inverse of the matrices
implicitly. Instead, we simplify a technique propased by
[15]. Since the hand surface is a tensor product surface
we may let:
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Equation (1) becomes,
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As both Equations (2) and (3) represent seven ore-
dimension B-spline, the interpolation process of the two-
dimension tensor product B-spline surfaceis now reduced
to fourteen oredimension B-spline interpolating
processes.

Now, consider solving the one-dimension
interpolation problems. Consider Equation (3), for eath
(at+1)th column, wherea =0,...6, the problem could be

seen asfollows:

Given 7 data points J,; (where i=0,...6). Our
goal is to find the aubic B-spline curve SY(v) with
knot vedor {0,000,v,V,,V5,v,, V51111 and 9
unknown control points E,, (where n=0,...8)
such that Sa( ) ai and aso the arve satisfies

end pant interpolation
$(0.0)=3,, and S!(1.0)=

condition, i.e.,

To further improve the dficiency, the interpolation
of data points are chosen to coincide with the interior
knats defining the hand surface Recdling the definition
of a abic B-spline [16], for eat data point coincides
with the interior knot, there ae only three nonzero cubic
basis functions at ead of these knots.

S(Vi): Nis(vi )Ei + Ni3+l(Vi )E| at N.+2( )Ei+2

By setting a,=N3v), b =N3,v) and
g = N2, (v ) the following tridiagonal system can then be

set up, which can be solved efficiently by numericd
methods [17] without evaluating the inverse of a matrix.
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The ed  tangents Dao =Jda1- Jao and

Da6=Jas- Jas determine the end condtions of the
B-spline &s,
: Eao = Jao : Eas =Jas

I 1 1
% Ea1=Eaot 5 Dao and

|
¥ Ea7 =Ja6- E Das

Equation (2) could be solved in a similar manner to
resolve the 9° 9 control points R, and therefore, a

B-spline tensor product control hand surface @ptures the
feaure hand gesture is defined.

To further improve the performance we may aso
incorporate the incremental technique [18] for rendering
of the deforming hand surface

4. Mapping of Objed Verticesto the Hand
Surface

To improve the mapping acaracy, we replace the
original paralel projedion method with the ray-projedion
method for mapping objea vertices to the hand surface



4.1. Ray-projection

Initially, a point cdled the centre of projedion, P.,
is determined at a cetain dstance d., from the palm

centre (Figure 2). This distance will affed the level of
deformation to an objed model. The detail of the dfed
will be discussed in sedion 5

1%
Border .”Q I N Border
AR N, R
] ’I S e.
R C Lo
° ; : handsurface
(W
> :
d. a vV, -
el I bobject surface
1 i
é '
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1 @ finger joint positions
«
p © exended joint positions

Figure 2: Ray-projection.

Ray-projedion is referred to the projedion o a ray
direded from the centre of projedion P., through ead of
the objed vertices, V, where a=0,...,n-1 of an objed
consisting d n vertices. Thisray is projeded onto the 3D
trianguated hand model as shown in Figure 2. Notice the
mapping is unique & long as there is no self-intersedion,
relative to the centre of projedion, occurred in the hand
gesture. The 3D trianguated hand model is constructed
by triangulating the data points, J; ;. The reader will
recdl that the hand is modelled by a tensor product
surface By joining neighbouring joint pointsin U and V
dimensions, a tetrahedron mesh with 6° 6 tetrahedronsis
formed. Sinceit is not guaranteed that the four vertices of
atetrahedron are on a single plane, we further bregk eadh
of the tetrahedrons into two triangles,

jtrii 0103 ;i s disgjn
1. .
i 21D disa jaading

Hence, a 3D triangulated hand model with 6” 6” 2
triangles is formed (Figure 1) and ead triangle, tri; ; 4,

definesaplane, T; ; 4, asfollows,

TiyJ'u#:(PxNi,j,#)-i-di,j,#:0 (4)

where i =0,...6,j =0,...6and #=01. P is any pant on
the plane T; ; 4. N; ;4 is the normal of the plane and
d; ;4 isthe offset of the plane from the origin.

A ray, R,, through a particular vertex, V,, is

defined as:
Rcl:P:Va+k>{Va' Pc]| (5)
To test whether a ray, R,, interseds the plane,
Ti j#» We need to solve the scalar variable, k, asfollows,
K= di s+ Nijudy ©)
Ni,j,# ><[Va - P(:]|
If Nijs4Va- R], equals zero, R, and T, ;; wil

be paral el to eat other. Otherwise, they will i ntersed at
some k. Followed by a transformation to the 2D locd
coordinate defined by T ; .., clipping [19] is applied to

determine whether R, interseds within triiy j.4- Oncewe

identified which triangle and where within the triangle the
ray interseds, the crrespondng parametric coordinate of
the hand surface ca be determined using the barycentric
coordinate method [14].

4.2. Two-PassProjection

Notice that the 3D triangulated hand model consists
of 6”7 6" 2 triangles and ead defines a plane. Therefore,
in the worst case, for an objed consisting d n vertices,
the mapping process could consist of a maximum of
6° 6° 2" n projedions, intersedion and clipping tests.
These processes are very computationally expensive. To
minimize the number of projedions and tests, we separate
the processinto two steps: determination d intersedion
trianges and determination d intersedion pants.

4.2.1 Determination of Intersedion Triangles

The first step is to determine which triangle aray
interseds by ray-projeding ead of the objed verticesto a
singleplane p and nd diredly onto ead o the 6” 6" 2
triangles of the 3D trianguated hand model as described
previously. The plane p is st up byincluding the centre
of the pam, J,,, and setting it’s normal the same &s that

of the centre of the pam, N,,. We then ray-projed all

7" 7 hand data points onto p and a @rresponding 2D

base mesh is constructed (Figure 3). That is, the 2D base
mesh is coplanar and istotally contained in the plane p .

To map the objed vertices to the control hand
surface we ray-projeded eech of them, V,, to p.



Followed by a transformation to the 2D locd coordinate
defined by p, clipping [19] is applied to determine which
triangle of the 2D base mesh the vertex projeded. Notice
that the intersedion d the triangle on the 2D base mesh
indicaes the intersedion d the correspondng triangle on
the 3D triangulated hand model. Therefore, by this initial
projedion, we @an determine which triangle of the 3D
triangudated hand model the vertex interseds in ore
projedion and one dipping process

‘]4‘4'{"-“"-
(same point)

Figure 3: Two-pass projection.
4.2.2 Determination of Intersedion Points

The second step is to determine the red intersedion
on the arresponding triangle of the 3D trianguated hand
model the ray interseds. Thisisdore by first solving k in
equation (6) and subsequently, applying a transformation
to the 2D loca coordinate defined by the plane, T, ; 4,

containing the red triangle the ray interseds. Finaly, the
parametric coordinate (u,v), which the vertex is mapped,

can be evaluated by the barycentric coordinate method
[14] and thisiswhat we discussed in sedion 41

5. More realistic Sculpturing Mapping

In the previous dion, we have proposed to replace
the parale projedion method by the ray-projedion
method for mapping objed vertices to the hand surface
Correspondngly, the shape modification method reels to
be changed also.

" 3D trianguated hand model

5.1. Sculpturing M apping

Recdl our previous work [12], the position d an
objead vertex V, isdeformed by:

Vag:: Squaava) + da XN quaava)

where N€u,,v,) isthe unit normal vedor of the hand
surface & (u,,Vv,). S€u,,v,) isthe 3D coordinate of the
hand surface & (u,,v,) and d, is the dirediond
distance of the vertex V, to the base plane with the hand

in flat state.

With ray-projedion, N€u,,v,) is redefined by the
unit vedor from S¢u,,v,) to V¢ which is equa to the
unit vedor from S¢u,,v,) to P,. That

Vg- Sku,,v,)], =[P - Stu,,v,)], (Figure4). Thus:

is,

VE=Stu,,v,) +d, P, - Stu,, vy, (@)
where d, =|V, - S(uy,Va)| €))
\......hand surface
Border
object surface

@ finger joint positions
0 ray-intersection
points

O object vertices

7

Figure 4. Object Vertex Modification.

Notice in bader parts, the change is applied with
weightings, wt, which progressvely dleviate the
modeling effed on the objed vertices and pevent
undesirable sudden change (Figure 4). At the elges, the
weighting is proportiona to the ratio of the parametric
distance of a vertex from the border, either in U-diredion
or V-diredion, to the width of the border. For the vertices
mapped to the rner borders, the weightings in bah
diredions are multiplied. An oljed vertex, V,,, mapped

to the border is deformed as:



Vig=wt* (Squbbe) +dy P, - Squb’vb)]| )+ @- W) * vy

where \° istheinitial 3D coordinate of vertex V,, before
any modificationis applied to the objed.

5.2. Flexible Modification Region

With ray-projedion, the modification region can be
very flexible. It can be changed either by changing the
gesture or by changing the locaion of the centre of
projedion. In our system, the modification region can be
defined in threeways.

With perallel projedion (Figure 5a), the modificetion
region will be the same size & the hand surface Note that
the dirediona distance, d,, is the magnitude of the

vedor from the hand surface to the objed vertex
(Equation 8 and the surface normal is replacal by the
diredion d the same vedor. Therefore, d, xN(u,,V,)

equals V, - S(u,,Vv,) . Equation (7) will then become,

Va¢: Squa!va)*'(va - S(Uaiva))

That is, DV, =DS(u,,v,) which implies that the
change of the hand surface @plies diredly to the

corresponding vertices of the objed. This leads to a
similar effed astouching the objed.

ray- intersection ml nts

rend /}“< M
surface

objed
surface /

objed vertices
Pc
€) (b) (©

Figure 5: Modification Region - (a) Parallel
projection, (b) Reduced ray-projection, and
(c) Enlarged ray-projection.

When the centre of projedion, P, is st in front of

both the hand surface a&d the virtual objed, a reduced
region d modification could be resulted as $own in
Figure 5b and is demonstrated in Plate 1. As the distance
between the point of the hand surface where an ohjed
vertex mapped to and the palm centre increases, the
magnitude of modificaion made to the objed vertex
reduces. In this case, it isresulted in areduction modeling
effed.

By setting the centre of projedion, P;, at the bad of

the hand surface an enlarged region d modificaion
coud be resulted as down in Figure 5¢c and is
demonstrated in Plate 2. Conversely to the cae aove, the
magnitude of change applied to the objed vertex
increases, as the distance between the point of the hand
surface ad the palm centre increases. This produces a
magnifying modeling effed.

6. Results and Discusdons

We have implemented the algorithm in C++ with
Open Inventor and OpenGL on a SGI Indigo” workstation
with a 200MHz MIPS 4400 CPU and the Extreme
graphics acceerator. We have tested the system with five
different models and some of the results are shown in
plates 1 and 2. Plate 1 shows the seguence of grasping an
apple model. Notice that the centre of projedion is st in
front of both the hand and the objed, thus producing a
reduction effed. Plate 2 demonstrates the deformation of
afacemodel. The cantre of projedion is %t at the badk of
the hand and thus producing a magnifying effed. In eech
plate, there is a duster of coloured points indicaing the
corresponding mapping o objed vertices to the hand
surface The white points indicae vertices mapped to the
border. The duster is used to reved the control of
different regions of the hand surfacethat can be gplied to
the objed model. Plates 1a and 2a show the models in
their initial shape. Plates 1b, 1c, 2b and X show the
sculpturing effed applied to the models while the hand is
changing its sape. The grasping effed shown in Plate 1c
is an enhanced effed upon our previous work.

Mode No. of |[Stagel: Mapping |Stage 2:
Vertices|of objed vertices |Modification of
to hand surface  |Virtua objed
Total |Average |Tota |Average
Time [time Time |Time
(per vertex) (per vertex)
Button 701 0.35s 0.50ms| 0.35s| 0.050msg
Tegot
(high res.)) 2081| 1.00s 0.48ms| 0.11s| 0.055ms
Tegot
(low res.) 529 0.26s 0.49ms| 0.03s| 0.055ms|
Apple 867 0.45s 0.52ms| 0.055] 0.050ms|
Face 2278| 0.86s 0.38ms| 0.13s| 0.055ms|

Table 1: Performance of the new method.

To evauate the performance of our system, we
measured the time taken in the two main stages during
sculpturing as own in table 1. In stage 1, objed vertices
are mapped to the hand surface It takes approximately
0.5ms per vertex. In stage 2, the vertices are updated



acording to the change of the user’s hand gesture. It
takes approximate 0.05ms per vertex. In al experiments,
the time for fitting the tensor product surfaceto the data
points is only 0.005 to 0.01s. Thus it is concluded that
the new method is very efficient and is appliceble to VR
sculpturing.

7. Conclusions

In this paper, we have presented the enhancement to
our previous work by introducing the dficient B-spline
tensor product surface to model the hand surface The
mapping d the vertices of the objed model to the hand
surface is refined by ray-projedion. Together with the
redificaion d the distance parameter, the new method
can succesqully alleviates undesirable self-intersedions
of the objed model. In addtion, with the flexible
projedion mapping, the dgorithm produces different
levels of effed, which is a valuable feaure for virtua
sculpturing. As demonstrated by our experimental results,
the new method is very efficient and the deformation
operationisintuitive for use in VR application.
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