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ABSTRACT 
A two-handed 3D styling system for fl'ee-form surfaces in a 
table-like Vir tual  Envi ronment ,  the  Responsive Workbench 
(I~WB)TM , is described. Intui t ive curve and surface defor- 
mation tools based on variat ional  model ing and interaction 
techniques adap ted  to 3D V R  model ing applications are pro- 
posed. The  user draws curves (cubic B-splines) directly in 
the Virtual  Envi ronment  using a stylus as an inpue device, 
The era'yes are connected automatically,  such tha t  a curve 
network develops. A combinat ion of automat ic  and user- 
controlled topology extract ion modules  crea~es the  connec- 
tivity information.  The  underlying surface model  is based on 
B-spline surfaces, or, alternatively, uses mult isided patches 
[20] bounded by closed loops of curve pieces. 

1, STYLING IN VIRTUAL 
ENVIRONMENTS 

Many designers would like sketching free4brm shapes quickly 
in the conceptual design phase wi thout  using a complex 
CAD system [6]. Project ion-based Virtual Environments  
like the Responsive Workbench (RYVB)TM t [19] offer the 
following advantages for sketching applications over traditi- 
nal desktop interfaces: 

3. 

The three-dimensionali ty of percept ion in combinat ion 
with 3D intera.ction gives an immedia te  understanding 
of the shape. 

Regions can be identified, localized, and selected di- 
rectly in space. 

The large, high-resolution projection plane enables the 
representation of objects on a scale which corresponds 
~o the working region of both hands. 

Figure 1: 3D styling of  s u r f a c e s  o n  the Responsive 
W o r k b e n c h  ( R W B )  T M  
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Our m~tbition is to suppor t  free-form styling capabilit ies m a 
sketching system on the Responsive Workbench. We try to 
overcome the involved complexity regarding the user inter- 
[~me by exploiting three-dimensionali ty for the development  
of an al ternat ive tool selection approach. Moreover, we hide 
the mathemat ica l  complexi ty from the  designer by develop- 
ing intuitive deformation techniques for curves and surfaces 
relying on familiar metaphors.  Our  basic approach is con- 
structing curve nets like in [291 by drawing cubic B-spline 
curves directly in space and creating surfRces inside the  loops 
of the  curve net. see Figure 1. 

The  paper is organized as follows: After summariz ing pre- 
vious and related work in 1.1, we discuss two "alternative. 
but  related surface modeling approaches in 1.2. Section 2 
summarizes the principles and previous work for variational 
modeling. In sections 3 and 4. we develop our tools based 
. u  this technique for curves and surfaces, respectively. We 
mr~egrated the tools into our modeler  described in section 
5. [n addition, we propose two interaction techniques for 
modeling applications on the  workbench. We give ideas for 
fllvure work in 6 and draw conclusions in 7. 

'Responsive Workbench (RWB) is a t rademark of GMD, 
('mrmany, 1996. 
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1.1 Related w o r k  
In recent years, research work on modeling in Vir tual  En- 
vironments has gained much interest. Most contributions 
which provide free-form sketching capabili t ies follow a direct 
approach. They develop methods how users can quickly cre- 
ate and deform surfaces as presented in [23, 30, 34]. They 
have only a few drawing restrictions which usually involves 
tha t  it can be very difficult to derive closed form represen- 
tat ions from the user input. In our approach, surfaces are 
created indirectly by drawing the primal curves of objects 
like in [29]. An advantage of this is that  we can create sur- 
faces of closed form representation interactively, which is an 
impor tant  aspect in a Virtual  Environment.  On the other 
hand, users have to accept some topological restrictions dur- 
ing the shape design. 

Desktop and Head Mounted Display Systems 
In 1976, Clark [3] build a system which used a HMD and 
some but tons  to design bicubic patches rendered as line- 
drawings. To our knowledge, the first work proposing the 
idea of two-handed interaction and editing curve nets  is the 
"3-Draw"-system from Sachs et al. [29], which is a desktop 
oriented system. One hand controls a tablet  whereas the 
other hand draws curves on the tablet .  Both hands are elec- 
t romagnetical ly tracked. The system lacks a surface model, 
so that  only the curve net is shown. But terwor th  et al. 
[1] developed a modeling applicat ion designed for a Head 
Mounted Display (HMD) environment. The user assembles 
objects  out  of solid primitives like spheres or cylinders. Wi th  
the  "Fast Shape Designer", van Dijk [35] developed a similar 
system compared to that  of Sachs et al. [29]. They use an 
irregular network of NURBS curves. The surfaces suppor ted  
are 3 sided or 4 sided tensor product  surfaces. To extract  the 
topology for such kind of applications, Elsas et al. [36] im- 
plement a search method to generate a set of patches out of 
a sketched curve network. Usoh et al. [34] describe an idea 
for deforming surfaces in a HMD environment. They define 
spl int-based surfaces by sweeping them out  with the hand 
and manipulate  them. They are able to deform them by 
simulating deformations. The "THRED" system by Shaw, 
Green et al. [7, 31] describe a simple two-handed desktop 
free-form editor. The user interacts  with the model  with 
both hands, which are tracked. "JDCAD" by Liang and 
Green [22] is a 3D solid modeling and animation system. 
Zeleznik et al. [41] describe a gesture based design system 
for 3D objects. It does not yet support  free-form curves 
or surfaces. Matsuda  et al. [25] follow a similar approach. 
They t ry  to extract  object descriptions out of ambiguous line 
segments typically used in paper  drawings when an object  
is roughly sketched. The object descriptions are based on 
polyhedrons. The  "Teddy" sketching interface [15] allows 
designing free-form models quickly and easily. From sev- 
eral 2D strokes, plausible polygonal surfaces are constructed. 
The "Skin" approach [23] proposes a new part icle-based sur- 
face representat ion for sculpting free-form surfaces. Users 
interactively guide the particles to form tr iangulat ions with 
propert ies that  make them suitable for subdivision. Sev- 
eral contributions deal with vir tual  assembly like [12, 17]. 
Some systems even support  force feedback like the  commer- 
cially available FreeForm TM2 modeling package [16], which 

2FreeForm is a Trademark of SensAble Technologies. 

is coupled t,o a PHANToMTM 3 haptic  device. This system 
uses an internal volumetric representation which requires a 
conversion if smooth surface representations are preferred. 

Projection-based systems 
Dani and Gadh [5] present a desktop VR system for de- 
sign, called "COVIRDS", by using a combination of hand 
gestures, voice input,  and keyboard input to create and ma- 
nipulate a 3D artifact.  They have extended their work for 
project ion-based VR systems. An approach which relies on 
pictographic gestures describing superquadrics has been re- 
alized by Nishino et al. [26] in a 3D modeling system running 
in a projection wall environment. I t  has even been extended 
to support  collaborative 3D modeling in a dis t r ibuted Vir- 
tual  Environment [27]. Cutler  et al. [4] realized two-handed 
interaction for the  Responsive Workbench (RWB)TM based 
on observations of how the two hands work together in daily 
life si tuations [11]. The approach of Krause and L/iddemann 
[18] about vir tual  clay modeling supports  spl int  based vir- 
tual  tools which are used to take away vir tual  mater ia l  from 
a voxel volume. Their system is implemented on the work- 
bench. W. Buxton et al. [2] contr ibute a styling approach 
mot ivated  by the automotive design process. They explore 
the  t radi t ional  and  current uses of large displays in this field 
and present new applications, including digital t ape  draw- 
ing, that  make innovative use of large displays. Gregory 
et al. [8] couple a small PHANToMTM force feedback de- 
vice with a multiresolution mesh editor which allows users 
to natural ly  create complex forms. The appearance can be 
further enhanced by directly paint ing onto the surface. In 
contrast  to [16], their  work is based on a surface represen- 
tat ion.  The  calculation of the surface deformation relies on 
a simple heuristic. A direct approach for surface sketching 
is "Surface Drawing" by Schkolne and SchrSder [30]. Poly- 
gonal surfaces are created by moving a hand,  instrumented 
with a glove, through space on the workbench. This modeler 
seems to fulfill all the requirements identified in a workshop 
analysing the needs of designers in Vir tual  Environments 
[6], like intuit ive interaction and direct transfer of the de- 
sign intent,  al though it was not par t  of the user tests. How- 
ever, they do not  support  a closed form representat ion of 
smooth surfaces. This would involve topological restrictions 
or special t rea tment  at the boundaries to fulfil continuity 
requirements, which may not be desirable in such a direct 
approach. 

Other related work 
Hummels et al. [13, 14] describe possible scenarios and ges- 
ture based 3D modeling concepts for a car styling environ- 
ment. The interplay between both hands is used trying to 
extract  the description of shapes. 

1.2 Modeling free-form curves and surfaces 
Two related approaches exist tha t  can be used as a basis to 
develop intuit ive modeling tools on top of them. 

Variational methods try to create fair shapes by minimiz- 
ing the energy of a curve or surface under given constraints. 
They have been introduced for surfaces by Welch and Witkin 
[38]. Wesselink and Veltcamp [37, 39, 40] present varia- 
tional modeling techniques and tools for curves and surfaces. 

3PHANTOM is a Trademark of SensAble Technologies. 
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Greiner and Seidel [9, 10] discuss approaches for energy func- 
tionals used in minimization methods. 

The usual way these methods work is that a designer first 
has to define positional or directional constraints of an ob- 
ject and after that has to activate an energy minimization 
step to produce a shape. The process is then repeated until 
a desired shape ha~ been found. Althoug this approach pro- 
duces fair, pleasant shapes, is has one drawback. The mini- 
mization step applied in a usual way is a global smoothing 
process which wipes out details that may be desired features. 

The second approach relies on the simulation of elastic defor- 
mations when a tbrce is operating on a curve or a surface. If 
variational modeling is already available, linem- elastic de- 
formations for small forces can be implemented in a rela- 
tively easy way. In this case, the Hookean law holds and 
the energy matrix can be used as the stiffness matrix of the 
system. The full dynamic case is more complicated (and 
involves more computation time). ~Vork in this field is pre- 
sented by Qin et al. [28] for Catmull-Clark surfaces and by 
Terzopoulos [32] for NURBS curves and surfaces. 

This paper presents intuitive curve and surface deformation 
tools based on variational modeling techniques by combining 
energy terms multiplied with weight functions (implemented 
for curves). Our main contribution in this field is to present 
a method how energy terms introduced by [37, 39, 40] could 
be combined to define intuitive, interactive tools which can 
be applied locally or globally. Such tools demonstrate their 
usefulness especially in a Virtual Environment. Therefore, 
we present a sketching system for simple objects constructed 
from curve networks and free-form surfaces. The effects of 
the tools presented in this paper are similar to the already 
established elastic deformations and therefore could be seen 
as an alternative approach. However, the way they are ap- 
plied is different. 

2. BASICS OF VARIATIONAL MODELING 
FOR CURVES AND SURFACES 

Variational modeling is a modeling approach based on min- 
imizing a "fairness" functional defined over a curve or sur- 
face. The goal is to achieve a fair, pleasant shape. Although 
there is not an exact definition of what is meant by "fair", 
the following criterions can be found in the literature: In- 
flection points, flat spots, and buckles or bumps are not 
desirable. The shape should be somehow visually pleasing. 
As a functional which measures the fairness, a combination 
of bend and stretch energy approximations can be used. 

2.1 Notation 
Throughout the paper, we use the following notation. Vec- 
tors are assumed to be columns and are denoted by boldface 
lower case characters, like v, whereas matrices are denoted 
as uppercase boldface characters, e.g., M.  Scalars are de- 
noted by italicized characters, e.g., w or E. The dot product. 
between two vectos x and y is written xTy. Derivatives are 
denoted by points or by subscripts, e.g., ± or s~. 

2.2 Curves 
For the following, we assume that  our curves or their seg- 
ments can be described in the following representation: 

n 

c(t) = E pi-N} (t) (1) 
i = 1  

is a curve with n control points p.~ and basis functions Ni(t) 
defined over a parameter t. In this paper, we assume this 
representation when we use the term "curve". We imple- 
mented our tools ~br non-uniform cubic B-spline curves. 

The energy functional approximations for the bend energy 

and the stretch energy 

(2) 

E8 = ff'tl 1 II~..n(t)ll2dt (3) 

for curves in their simple forms as given in [40] axe then 
quadratic in the control points, so that (6) can be solved 
efficiently, to and tl denote the curve parameter interval 
where the curve xm~,~ is supposed to be minimized. Eb and 
E~ are parts of a weighted sum, that  describes the in ternal  
energy of a curve, 

Ei  = wbEb + w s E s .  (4) 

To allow more control over the shape of a curve, attractors 
have been introduced by [39, 40]. Attractors are weigthted 
energy terms which contribute to the external energy E~ of 
a curve. As their na~ne indicates, these energy terms can 
attract a curve towards a given point, line, plane or towards 
another curve. 

E = w i E i  + weEe (5) 

depicts the total energy of the curve. The quadratic parts 
of E can be assembled into an energy matrix A E R 3r~×s" 
for the curve. A = A~ + A ~ . A ~ , A e  E N 3n×3n. where Ai 
contains the internal energy and A~ is the external energy 
matrix. If all the control points pi are collected in the con- 
catenation vector c E R 3~ . a quadratic programming prob- 
lem with linear constraints 

minimize c T A e  4- bTc 4- k (6) 

such that D c  = e, (7) 

is obtained where b contains the linear contributions of the 
energy terms in E and k contains the constant parts. (7) 
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with D E R'~×a~',e E R ~" comprises the m linear con- 
straints, which can be used to fix the first and last con- 
trol points influencing the curve segment subject to mini- 
mization. This problem can be solved efficiently by various 
means, see [39]. 

2.3 Surfaces 
In this paper, we assume the following representation when 
we use the term "surface". We implemented the tools for 
uniform bicubic B-spline surfaces. Let 

i:1 

describe a surface s : f~ -+ R 3 with with n control points 
p~ and bivariate basis functions /~(u ,  v) defined over the 
rectangular domain f~ C IR 2 and (u, v) E [). As in the curve 
case, a weighted sum Ei of simple approximations of the 
thin plate or bend energy Eb and of the stretch energy E~ 
is commonly used as the internal energy contribution to the 
fairness functional: 

g, 
Eb I (  ~ T suusv, u + 2suvsuv = + s ~ s ~ ) d u d v ,  

Jr  
(9) 

of an object. The following energy terms could be adapted 
for this task: 

~,0  = I I ~ ( t )  - x ~ ( t ) l l  ~t (n)  

In our experiments, a combination 

(14) 

~ p  : "WpO~--~pO -~- Wpl ~p l  (la) 

produces the best results. These energy terms tend to mini- 
mize the variations between two curves. If x~f (t) is initial- 
ized with the original curve and Xmin (t) is set to the results 
of the minimization, features of the original curve can be 
preserved, which can be controlled by using corresponding 
weights. 

We introduce locality of the energy minimization by weight 
functions defined over the same parametric domain as the 
curve. We define "local" bend asld stretch energy terms Eb~ 
and E~l as follows: 

f ( T  T 
Es = su su + s v sv)dudv, 

F 
(lO) 

(16) 

Ei = wbEb + w~E, .  (11) 

Here, F C ~ denotes the region for the optimization (6). 
Similar to (5), attractors contribute to an external energy 
Ee and can be used to control the shape resulting from the 
minimization process. The total energy of the surface be- 
comes, like in the curve case 

E : w i E i  + w~Ee. (12) 

The control points Pi can be concatenated into a vector e, 
analogous to the curve case, and a minimization problem 
like (6) under linear constraints like (7) has to be solved. 
The constraints can be used to fix the control points of the 
boundary. 

3. I N T U I T I V E  CURVE S T Y L I N G  T O O L S  
With such tools at hand, designers are able to influence the 
minimization process in a way that the object adopts a de- 
sired shape. However, the possibilities to deform a curve 
or surface in this way are restricted. Within the region in 
which the minimization occurs, details tend to decrease and 
previously defined features are being ignored. Therefore it is 
necessary to add energy terms which can preserve the shap~ 

~f~01 (17) 

where wba (t) and w~a (t) are user defined weight functions to 
control the amount of smoothing along the curve. 

With these features, it is easy to combine energy terms to 
develop new interactive, intuitive curve deformation tools. 
In the following paragraphs, we give some examples how this 
can be achieved. 

3.1 A curve smoother  
An interactive curve smoother can be assembled from the 
following energy terms. 

E = E . . . . . .  th = WbEbt + WsEsl + WpEp, (18) 

where wbl(t) and ws~(t) are chosen to be an exponential 
weight function of gaussian shape with it 's maximum at 
the parametric location to where the designer points at the 
curve: 

Wbl (t) = w.~/(t) = e -~(~--t°~ (19) 
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a > O, Wb, and w.~ have to be chosen by the designer. This 
interactive smoother works in the following way. First, a 
curve x,~n is selected that is supposed to be smoothed. In 
each frame of the application process, the curve parameter 
to is determined from the location of the input device which 
should be reasonable close to the curve. The current state 
of xm~in (~) is copied into x~,ef(t) to calculate a new Esmoott~ 
which defines the matrix A for the minimization step. The 
solution produces a curve which is slightly smoother at the 
location of the pointer, but  still retains it 's details beside the 
maximum of the gaussian. This curve is taken as x.,.~/(t) for 
the next application step. The curve is gradually smoothed 
out depending on the weights used. tn fact, the smoother is 
designed to be applied in a similar way as a flat iron would 
be. The pointer is moved along the curve until the desired 
shape has been achieved. The smoothing effect decreases 
over time as long as the curve is active. Figure 2 shows an 
example. 

F i g u r e  2: S m o o t h i n g  a c u r v e  local ly 

3.2 A curve sharpener 
The curve sharpener can be interpreted as the inverse opera- 
tion to the curve smoother. It seems to be peculiar to create 
a sharpening operation with variational methods. However, 
it is easy to implement the desired effect by simply choosing 
negative weights wb and w,~ in equation (18) for the weight 
function of the internal energy. The curve sharpener is ap- 
plied in the same way as the curve smoother such that initial 
details on the curve can be elaborated. As opposed to the 
smoother, the sharpening effect increases over time. This 
means that the whole process does not converge. Usually 
the sharpening tool is deactivated before this critical situa- 
tion occurs. Figure 3 shows a curve which has been locally 
sharpened. 

F i g u r e  3: S h a r p e n i n g  a c u r v e  local ly  

A curve puller 3.3 
Several attractors have already been proposed by [40] to 
pull a curve segment to a given point p, line or plane or 
pull a point at the location to on the curve towards another 
given point p. As an example, we list the "point to point 
attractor" : 

Ep~ = I I x ~ ( t o )  - pl[e. (20) 

To create a curve pulling tool which preserves the details 
and features of the selected segment (Figure 4), we combine 
Epp with a shape preserving term Ep selected from equations 
(13), (14), or (15): 

E = E,~ll = w,~Epp + wpEp, (21) 

The way the curve puller works is a little bit different from 
the smoothing and sharpening procedures. When the puller 
is activated with a curve Xm~n(t), x,ef(t)  in Ep is initialized 
with this curve to preserve it 's details. In the following 
frames of the application process, only p in (20) is updated 
with the current pointer position. 

F i g u r e  4: Pu l l ing  a c u r v e  s e g m e n t  ( t o  t h e  u p p e r  lef t )  

3.4 Advantages 
We note that these deformation tools have similar effects 
than the simulation of a force application onto a curve. How- 
ever, the way of controlling smoothing and sharpening is 
rather indirect compared to the direct pulling or pushing 
process. Especially for larger deformations the amount of 
arm movement can be restricted to pointing to the location 
where the effect is intended to increase. Moreover, it seems 
to be easier to control the exactness of the snoot ing process 
of a curve in this way rather than trying this with direct de- 
formations. By applying the intuitive "flat-iron-metaphor',  
the location of smoothing out the curve can be distributed 
in a very elegant way. 

4. INTUITIVE SURFACE 
STYLING TOOLS 

Similar styling tools can be developed for surfaces, since they 
can be represented in an analogous canonical representation 
(8). For surfaces, we use a different approach to implement 
shape-preserving behaviour. From the internal energy and 
the control points we compute the equilibrium bq = A~c 
and add it to the right hand side of the linear system used 
to solve the minimization problem (6). In (6), we set 

b = b~ - wqbq, (22) 

where b~. contains the linear contributions of all attractors 
in the system. The weight wq controls how much the result 
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approaches the minimal energy surface. Wq = 1 results in 
the original surface, whereas wq = 0 causes the minimal 
surface (if we assume b~ = 0). 

4.1 A surface smoother 
The surface smoother is designed in a way tha t  the grade 
of the smoothness can be controlled by stopping the energy 
minimization when the desired shape is achieved. In con- 
trast  to the curve case, weighted energy fimctions are no~ 
implemented. The energy term is simply *,he combination 
of the bend and stretch engergies: 

E = E.~,~ooeh = w~E~ (23) 

In addition, an equilibrium is calculated to delay the smooth- 
ing process over time. In each frame of the application pro- 
cess, wq in (22), with an initial value of 1, is multiplied by 
a factor f < 1. The result becomes the new Wq, such that  
the influence of bq is decreasing. Note that  b~ ..= 0 in this 
case. Because the energy matr ix  A needs to be initialized 
only once, the smoother can be used interactively. In each 
frame, after calculating bq and b,  only the solving step needs 
to be performed. 

4.2 A surface sharpener 
A sharpening tool can be derived from the smoother by sim- 
ply using an f > 0. This causes the whole surface to get 
"inflated", until s topped by the user in order to avoid that  
the process diverges. 

4.3 A surface puller 
The surface puller can be used to deform a surface region 
similar to the curve case. We need a shape preserving term, 
bq ~om (22), an internal energy term, and a "point to point 
at tractor" for surfaces, as defined in [39], 

Epp = Ils("*o, vo) - p}l 2, (24) 

where (uo, vo) is the parametr ic  location of the surface point 
which is supposed to be a t t rac ted  towards p. The total  
energy in case of surface pulling becomes 

E = Ep~ll = w i E i  + wm, Epp. (25) 

Recall tha t  bq is computed only from Ei, the quadrat ic  con- 
tr ibution from Epp does not influence the equilibrium bq. I t  
has to be initialized when the puller s tar ts  working and re- 
tains i t 's  value in the following frames. Only Epp and b have 
to be updated  before the solution can be calculated. 

5. MODELING ON THE 
RESPONSIVE WORKBENCH 

5.1 Modeling curve networks 
In our system, cubic B-sptine curves can be edited freely in 
space, but  new curves have to be woven into the existing 

curve network. ~i~he curve is first drawn directly in space 
without any constraints. [['his is not as difficult as it might 
appear. As opposed to drawing a t t empts  with the mouse, 
a drawing sweep on the workbench is a large scale gesture, 
which results in pret ty  smooth curves. Wi~ use this method 
successfully even without doing any sot~ware filtering of the 
da ta  points, merely by applying the s tandard  cubic B-spline 
interpolation. The object in Figure I has been designed with 
this technique on the workbench. On the net curves ~o which 
the new curve comes close, intersection points with the new 
curve are estimated. The final curve is an approximation of 
the new curve which interpolates the intersection points. A 
similar technique is used tbr maintaining the connectivity in 
the net when a single net curve is changed. 

5.2 Extracting the topology 
For the extraction of the topology, we use a combination 
of an automatic  loop searching module based on geometric 
criteria and the explicit selection of successive curve pieces 
that  are supposed to form a loop. A closed loop is a set of 
successive curve pieces that  surround a surface. 

5.3 Creating the surfaces 
A method of generating surfaces from a network of curves 
that  has arbi t rary  topology has been proposed by Kuriyama 
[20] for the quick input of surfaces in 3D-CAD systems dur- 
ing the initial stage of design. 

From m surrounding curves, a patch is computed  by trans- 
finite interpolation of neighboring curves and then blending 
the subsurfaces. The patches have the nice proper ty  of G ~ 
continuity with neighbouring patches if all curves surround- 
ing it have C ~ continuity. 

These surfaces are supported in our system. However they 
cannot be deformed directly. Therefore we implemented the 
surface styling tools from section 4 for bicubic B-spline sur- 
faces and implemented them already fbr Catmull-Clark sur- 
faces. We are currently integrating the Catmull-Clark sur- 
faces into our system. 

5.4 Two-handed modeling 
The non-dominant hand assists the modeling hand in draw- 
ing curves by controlling the position and orientation of a 
modeling coordinate system dynamically or by fixing it at a 
preferred place, following the suggestions from Shaw et al. 
[7, 31]. In this way, it is easier to deal with space curves. Al- 
ternatively, the non-dominant hand conl:rols a vir tual  trans- 
parent drawing plane onto which curves are projected, or it 
applies symmetry  planes globally or locally. 

5.5 Manual tool selection 
We implemented 3D context-based menues which are vari- 
able in position to support  modeling applications on the 
workbench. The goal is to integrate the selection of tools 
in the workflow in non disturbing way. Object-specific sets 
of tools can be associated with the existing classes in the 
system. 

To activate a toolbar, the user has to localize an object  of the 
associated class with the pointer. By pressing the pointer- 
button,  a toolbar appears, awaiting a tool selection. The 
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F i g u r e  5: Se lec t ing  a tool  f rom the  curve  too lba r .  

edit data point 

sharpen segment 

attach new curve 

smooth segment 

toolbar coordinate system is defined such that it 's center 
coincides with the center of rotation of the wrist. In this 
way~ the wrist position is connected to the toolbar so that 
it can follow the hand. The rotational degrees of freedom 
of the toolhar are not connected. Heading and pitch are 
frozen, whereas roll, the rotation about the pointer axis, is 
set to 0. We achieve a toolbar which is fixed relative to 
the wrist position but can still be moved. To select a tool, 
the hand has to turn until the pick ray emanating from the 
pointer hits the corresponding icon (Figure 5), after that the 
button should be released. 2hlrning the hand does not affect 
the toolbar position, so the whole process is comfortable for 
the user. If the virtual toolbar is hidden by another object, 
it can be dragged out easily. To properly isolate the toolbar 
movement from turning the hand around the wrist, it is 
necessary to define an individual shift vector in the receiver 
coordinate system of the tracking hardware ibr each user 
seperately. We found that a curved horizontal arrangement 
of the tools corresponds very well to turning the hand, if the 
radius of the configuration equals the distance of the wrist 
to the toolbar. 

The technique described is similar to Liang's ring rnenue 
[21], which has proven to be very useful. In addition to 
their solution, our technique allows a moving menue, follow- 
ing the hand. The initial orientation of the menue relative 
to the user can be influenced by the direction the user points 
at the object. We found the flexibility of the menue posi- 
tion and it's initial orientation to be very useful in Virtual 
Environments with large workspaces. 

6. F U T U R E  W O R K  

6.1 G e s t u r e  b a s e d  t o o l  s e l e c t i o n s  
In the last section, we used the pick ray emanating from the 
pointer to identify an object and therefore an associated set 
of tools. To reduce this set further or even to select a cer- 
tain tool, we can exploit three-dimensionality by evaluating 
the position and orientation of the pointer relative to a co- 
ordinate system defined on the object in a reference point. 
This point could be the intersection of the object with the 
pick ray or another point close to the pointer position. For a 
curve, the Frenet Frame may be used, for a surface the sys- 
tem of directional derivatives could be a reasonable choice. 

We explain our approach by means of the curve, because the 
tool set for curves can contain many related and unrelated 
tools for editing, copying or deleting curves. Our objective is 

F i g u r e  6: H o l d i ng  the  p o i n t e r  for curve  t o o l  se lec-  
t ion.  

to find intuitive criterions for the position and orientation of 
the pointer relative to the curve which could be interpreted 
ms aa intention of the user to perform a certain manipulation 
on tile curve. Vqe evaluate the angle a, 0 ° < [a[ < 180 ° of 
the pointer to the curve tangent and the distance d of the 
pointer's tip to the reference point p on the curve and select 
a tool according to table 1. Figure 6 demonstrates how the 
tool selection depends on the geometric properties. 

Note that the approach described works only i n a  3D Virtual 
Environment. In this way we can exploit all properties of 
the RWB to integrate and support the selection of tools in 
3D. 

curve tools 

d < 2cm 

2 < d < 4cm 

60 ° ~ I~1 ~ 120° 

edit data point 

sharpen segment 

I~l ~ 3o ° or 
I~1 ~ 150° 

attach new curve 

smooth segment 

Table  1: G e s t u r e  b a s e d  s e l e c t i o n  o f  c u r v e  too l s  

6 . 2  F o r c e  f e e d b a c k  
The drawback of "interacting in the air", which occurs par- 
ticularly with regard to elastic deformations, will be at- 
tacked by integrating a large version of the PHANToMTM 
[24] device into the workbench environment. In contrast to 
this, controlling the smoothing and sharpening tools from 
sections 3 and 4 works very well even without force feedback 
since the corresponding arm movements are rather indirect. 

7.  C O N C L U S I O N  
This paper has presented curve and surface styling tools 
which can support the intuitive transfer of the design intent 
into virtual models. The tools are designed especially for 
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free-form modeling applications in Virtual Environments. A 
modeler on the Responsive Workbench (R~NB)TM has been 
described that supports the quick input of surfaces by allow- 
ing the user to draw the primal curves of a model directly in 
3D. Characteristics of 3D Virtual Environments have been 
exploited to develop approaches in the field of interface de- 
sign, that help to reduce the complexity of interaction pro- 
cesses in modeling applications in 3D. 

User studies have to evaluate the usefulness of the proposed 
techniques to suggest further improvements, especially for 
the manual and implicit tool selection mechanisms from sec- 
tions 5.5 and 6.1. 

Although reliable evaluations are missing, users reported 
that the toolbar technique from section 5.5 can alleviate in- 
teraction with menues compared to a fixed menue location 
on the workbench. This technique has been integrated in vi- 
sualization projects for automotive and medical applications 
developed in our group. 
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