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ABSTRACT

CrashViewer [5, 18] is a tool for visualizing car crash sim-
ulation input and output data consisting of nite elemen

meshes. For a shorter work o w, a feature for local defor-
mation of the car componens represeried by FE meshes
is desired. This feature allows to quickly make minor cor-
rections and enhancemerts directly on the FE mesh. The
roundtrip through the CAD department and the remeshing
of the CAD represertation is avoided. The crash simulation

can be started immediately with the modied car compo-
nent(s).

In order to achieve this goal, we investigate a variety of ap-
proaches related to free-form deformation (FFD). We base
our implementation on the directly manipulated free-form
deformation (DMFFD) [8, 7], adding various enhancemerts
to this approach. We improve the deformation behaviour to
be more uniform and consistert over time and space, and
thus more intuitiv e and user friendly. Further, we presert
ways for increasing the e ciency of the computations neces-
sary for meshdeformation. Finally, we specify a simple user
interface which is easyto use while providing the necessary
precision.

Categoriesand Subject Descriptors

1.3.5 [Computer Graphics ]: Computational Geometry and
Object Modeling

General Terms
Algorithms, Performance
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1. INTRODUCTION

Product cycles in the automotiv e industry like in other
industries are becoming shorter. In order to be competitiv e,
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the companies need to optimize the product developmert
process. One aspect of the car body developmert is the pas-
sengersafety. A certain set of real crash tests is obligatory
for the new car model to be approved. Crash simulations
basedon nite elemerts help to reduce to the minimum the
number of expensive protot ypes being crashed. Crash sim-
ulation results are available in a small fraction of the time a
real protot ype needsto be built.

It is well known that car prototypes are designedwith a
CAD system, which deals with curved surfaces, parametri-
cally represeried by various spline types. In order to per-
form a nite elemert calculation like a crash simulation, the
car componerns needto be meshed,i.e. transformed into a
nite element mesh. For numerical reasons,the nite ele-
ments are preferably quadrilaterals and just a few elemerts
are triangles. Just a few years ago the transition towards
independertly meshedcar componerts has been done, with
the advantage of beeing able to modify a car component
without requiring anymore to re-meshthe whole car model.

After the data from the CAD department have beenmeshed,
the mesh usually cannot be input directly into the simula-
tion. Discretisation of the continuous surfacescan lead to
inconsistencieslik e penetrations, perforations and undesired
gaps. Also, during the developmenrt process,somecar com-
ponent data might be available only in a deprecatedversion,
or a version newer then the rest might be tested regarding
crashbehaviour. In all thesecasessomeminor deformations
of geometry are necessaryto resolve the inconsistencies. It
is desirable, and sometimesthe only way (e.g. in the case
of discretisation artefacts) to perform those deformations on
the nite elemert data instead of requesting a change from
the CAD department.

In the CrashViewer tool for visualization of nite elemert
data an automatic detection and removal of perforations and
penetrations already exists, which is described in [5]. But
sometimes, as in the caseof dierent componert versions,
a more exible, explicit geometric deformation is desirable.
In this paper we describe a solution suitable for the specic
needsof nite elemert deformation, which can also be used
in other areaswhere meshesneedto be deformed. Special
attention is given to the e ciency of the algorithms in order
to achieve interactivit y. Further, a simple and intuitiv e is
provided to facilitate e cien t work without much training.

2. RELATED WORK

Basically, there are two typesof deformation approaches,
given an arbitrary polygonal mesh: the spline-based free-
form deformation and the direct transformation of some



mesh region in combination with the discrete fairing of the
adjacern regions[11, 10, 12].

We have choosenthe spline based free-form deformation,
becausethe mesheswe want to modify are discretized spline
surfacesfrom a CAD system. This approach automatically
presenesmeshdetails and doesnot require the computation
of a resolution hierarchy. However, it is a good idea to give
the engineerseeral tools at hand, therefore we may in the
future further examine the suitabilit y of the discrete fair-
ing approach for deforming car componerts given as nite
element meshes.

Free-form deformation (FFD) [17] and extended FFD [2]
both embed the whole object into a tensor product volume.
The volume can be deformed by means of spline control
points while the embedded object is deformed accordingly.
Usually Bezier splinesor B-splines are usedfor their proper-
ties likelocal control, a ne/pro jectiveinvariance, contin uity
etc. Unfortunately, the handling of such splinesis not very
intuitiv e. Especially the large number of control points for
a tensor product volume is confusing and the actual object
is more or lessobscured by the control points.

A more natural way to deform a surface is to shape it
directly, like it would be done with a real object. Direct
manipulation of FFD [7] can satisfy this requirement. One
or seweral arbitrary points can be moved while the control
points are computed such that the constraints are satis ed
in a least squaressense.

Hu et al. [8] computed the control point displacemerts
in a more e cien t way, using Lagrange optimization for the
least squares tting. They also have shown that a multiple
points constraint is equivalent to some sequenceof single-
point constraints. This means that every task of moving
seweral points simultaneously can be solved as well by mov-
ing eat point sequerially by a certain amount.

Cua and Neumann [1] preserted a hardware architecture
for accelerating the computation of free-form deformation
(but not for computing the control point displacemerts in
DM-FFD). Basically, this is an extension of the surfaceeval-
uators in OpenGL. We cannot say if such hardware will be
available on the market one day. But it is well-known that
graphics hardware in general becomesmore programmable
and thus more exible. For OpenGL 2.0 more exibilit y is
planned in order to support programmable graphics hard-
ware. The white paper found at [14] would allow the imple-
mentation of free-form deformation accelerationin the hard-
ware vertex processorin a custom way. In this paper, we also
presert an approach for using OpenGL's surface evaluators
(available today) to help computing free-form deformations.

3. DIRECT MANIPULA TION OF FFD
Let Q(u;v;w) be a tensor product spline volume:
I;X;n
Q(u;v;w) = Pijk Rigx (u;viw) 1)
ik =0
where Rijx (u;v;w) = Bi(u)Bj (v)Bk(w) are basisfunctions
and Pijx the control points of this tensor volume. | + 1,
m+ 1 and n+ 1 are the number of control points respectively
the number of basis functions in ead dimension. Without
restriction of generality welet 0 u;v;w 1. The minimal
displacemerts of the cortrol points P« in order to achieve
the movemernt of a point S (start point) inside the volume
Q(u; v;w) to an arbitrary point T (target point) is given by

(I8)):
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with Q(us;vs;ws) = S.
The tensor product spline volume Q%(u; v; w) with the new
control points P, can be written:

I;X;n
QO(U;V;W) = Pi:?:k Rijk (U; v;w)
ik =0
I;X;n
- (Pijk + ik JRigk (U;viw)
ik =0
I;X;n
= Pijx Rijx (u;viw)
ik =0
I;X;n
+ ik Rigk (U;v;w)
ik =0
I;X;n
= Q(U;V;W)+ isjik Ri;j;k (U|V|W) (3)
ik =0

4. THE BEZIER SPLINE APPROACH

Our goal wasto provide a exible and simple to usemed-
anism for little deformations of nite elemert meshes. It
should be fast enoughto allow interactiv e use. The deforma-
tion characteristics should neither depend on the previously
performed deformations, nor on the location of the region
being deformed. The deformed regionsand their boundaries
should provide an adjustable level of contin uity.

In our rst implementation we used Bezier splines which
worked ne at the rst glance. The control points are placed
on a regular grid, aligned with the bounding box of the car
componernt. An advantage of Bezier splinesis that they con-
tain the control points at the ends, so that the convex hull
of the control points is initially equal to the tensor volume,
i.e. the image of Q(u; v;w).

After displacing the control points, the new shape of the
car component has to be computed. Firstly, for eath ver-
tex V of the nite elemert mesh, we needto compute the
spline parametersuy ; vy ;Wy,0 uy;w ;wy  1sud that
Q(uv ;v ;wy) = V. Then, the new position of V is equal to
Q%uv ;v ;wy), accordingto (3). The calculation of the pa-
rameters uy ; v ; Wy sud that Q(uyv ; vy ;wy) = V normally
implies the solving of an equation of degreen, where n is the
degreeof the splineswe use[7]. In our casea G2 contin uous
modeling should be possible,which implies splines of degree
3.

The solving of a third degree equation can be avoided,
if the splines fulll the linear precision property. Linear
precision here meansthat

Lerm=t @)
i=0

for degreen basis functions B]' with parameter t (seealso
[4]). Linear precisionimplies that, if all the control points of
a spline are positioned equidistantly on a line, the parameter
t for which a given spline value is reached can be obtained by
linear interpolation. The spline function value moves uni-
formly. Some sourcesstate that linear precision just means



that the spline curve becomesa straight line whenewer the
control points are collinear. This latter de nition we don't
use here.

Bezier curves have the linear precision property [4]. We
could therefore use a Bezier tensor volume with equidistant
control points to allow linear interp olation of spline param-
eters. This approach has some drawbacks. Firstly, if we
want more control points, we must increase the degree of
the curve. Moving a control point somewhata ects also the
distant regions of the volume, we have no local control.

Sometimesit is desirable to deform adjacent car compo-
nents simultaneously. Then, we would need to embed the
whole car in a volume, to avoid discortin uities at volume
boundaries. But embedding the whole car in a Bezier ten-
sor volume is not practicable, mainly becauseof the lacking
local control and for performance reasons.

Further, deformations close to the border of the Bezier
tensor volume have di erent characteristics than deforma-
tions in certral regions. Figure 1 sketchesan example of such
an inconsistert deformation behaviour. In this example, a
point of a surface is displaced along the surface normal. If
the point is at the margin of the volume, the surfacenormal
changeswhen the point is displaced. If the displaced point
is located in a certral region of the volume, the surface nor-
mal at that point doesnot change and the deformation has
another shape than in the previous case. This behaviour
is annoying to a user who normally doesn't seethe control
mesh during direct manipulation and who normally has no
background in spline theory.

\

Figure 1: A surface in a Bezier volume deforms dif-
ferently depending on the initial position of the dis-
placed point. Up: initial setting. Middle: displace-
ment of the surface near control point 3 in normal
direction. Down: same displacemen t vector applied
near control point 2.

5. THE B-SPLINE APPROACH

In order to achieve local control, a standard approach is
the use of B-spline tensor volume. This way, increasing the
number of control points does not imply degree elevation.

By adjusting the number of control points, the range of the
deformation can be modi ed in ead dimension.

In most of the previous FFD applications, the rst and
the last control point of a B-spline lies on the spline's ends.
This is achieved by knot multiplicit y of (degree+ 1) at the
ends of the knot vector.

If such a B-spline curve has exactly (degree+ 1) dif-
ferent control points, it is equal to a Bezier curve. With
more control points, we have a B-spline with local control.
But, considering tensor volumes, we still have the problem
of lacking contin uity at the volume boundary. Moreover, the
linear precision condition is not ful lled for this kind of B-
splines. Linear precision eventually can be achieved through
weighting of the control points [3], the spline thus becoming
rational. Attaching di erent weights to the control points
unfortunately changesthe deformation behaviour in an ir-
regular and undesired way.

Due to these shortcomings of the common B-spline curves,
we switched to B-spline curves with uniformly distributed
knots. The linear precision property is granted now, so that
the spline function parameters (u; v; w) for the meshvertices
and for the specied start point are e cien tly computed
through linear interpolation. Furthermore, the deformation
behaviour is now uniform.

This new B-spline curve doesnot reach the terminal con-
trol points anymore. As an eect, the tensor volume in
which we embed the object for deformation is now smaller
then the convex hull of the control points. Anyway, the user
does not needto bother with the control mesh, he directly
manipulates the embedded object while the control meshist
not displayed.

6. UNIFORM DEFORMATION BEHAVIOUR

Other publications on direct manipulation of FFD [7, 8]
deal with the embedding of the whole deformable object into
the tensor spline volume. Deformations are sequerially ap-
plied on the same, more and more distorted volume. This
procedure provides the ability to undo a deformation by re-
versely displacing the start point. It also provides commuta-
tivit y of the deformation operations [8]. Further, the spline
function parameters (u; v; w) of eacth meshvertex needto be
computed only once[7].

Keeping the same embedding volume for seweral defor-
mation operations also has disadvantages: the current de-
formation behaviour is in uenced by previously performed
deformations. For the user, who does not want to seethe
control mesh, the systemreacts di eren tly whether he inter-
acts with a previously distorted region or with an untouched
one - and he will not remember which is which. And even if
he knows that the region is already distorted, it is hard to
tell anymore which areawill bea ected by the new deforma-
tion and how the deformation will look like. Forthermore,
the deformation behaviour in a global volume alsois slightly
di eren t depending on where the start point is located.

In CrashViewer, like in other software, the user must be
able to save the deformed object and contin ue work later.
It is undesirable to save the deformed control meshto a le,
not only becausethe standard data format doesnot support
this feature, but also becauseof the need for a deformation
behaviour not depending on previous operations. Therefore
it is a good ideato provide a new cuboid embedding volume
for each deformation operation. This volume actually must
not embed the entire object but only the region which is



a ected by the distortion. The continuity properties of the
B-splines with uniform knot vector provide a (G99 1)
contin uous transition betweenthe deformed region and the
rest of the object. This locally constrained embedding vol-
ume is always certered arond the start point, so that the
deformation behavior of the object is also independert from
the location of the start point. Providing a new, local em-
bedding volume for ead deformation step, the deformation
behaviour is uniform in time and space.

Some advantages of keeping the same embedding volume
for seweral deformations can not be directly used anymore.
Regarding undo-abilit y, we can instead save the vertex po-
sitions for an undo operation. We also presert another solu-
tion later on. The lack of commutativit y is not a problem in
practice. The fact that the spline parameters (u; v; w) need
to be recomputed for each deformation operation is not a
problem becausewe can do this by linear interpolation now.

7. PERFORMANCE ISSUES

When the user picks one point for displacemert, the point's
coordinates (u; v;w) relative to the embedding volume are
computed. From (2) results that (degree+ 1) control points
are displaced in caseof a one point constraint. The reason
is, that for a given spline parameter u at most (degree+ 1)
B-spline basis functions B;(u) are non-zero [16].

Each of the displaced control points a ects a region of
(degree+ 1) spline segmerts in eat dimension. Since the
control points are placed equidistantly on a straight line, the
distance between control points is equal to the length of a
spline segmen. Control points lie at the segmen's bound-
aries or at their middle, depending on whether the degree
is even or odd. The region aected by all the displaced
control points in eac dimension is (2degr ee+ 1) spline seg-
ments, respectively (2degr ee+ 1) times the spacing between
control points. To reproduce a spline with m segmerts, we
need (m + degree) control points. Therefore, the volume
of in uence is spannedby (3 degree+ 1) control points per
dimension, that means a total of (3 degree+ 1)% control
points.

Sincethe embedding volume is always certered around the
start point, only afraction of the control point displacemerts
must be computed due to symmetry. For a spline degree of
3, only 6 out of 64 control point displacemerts needto be
computed using (2), the others are equal to one of those 6
values.

In the caseof a large volume embedding the whole ob-
ject, the start point parameter for the displacemert would
have dierent values for each operation. Sometimes, the
start point parameter might be closeto a spline knot point,
at other times the start point might be somewherein the
middle of a segment. As we can seein Figure 3, the de-
formation characteristics varies slightly depending on where
the start point lies, although all control points are aligned
in a uniform manner. This gure also shows the comparison
betweena secondand a third degreespline volume.

Placing the tensor volume in such a way that the start
point's spline parameter (us;Vvs;ws) lies exactly on a knot
segmen boundary, the number of displaced control points is
reduced by one in ead dimension. The reasonis that only
deg ee basis functions are dierent from zero at B-spline
segmens boundaries, rather than (degree+ 1). Spanning
the volume by means of degre€® instead of (degree+ 1)°
control points is therefore mathematically correct.

Using only degree control points reducesthe number of
control point displacemens to calculate. Decreasing the
number of control points, however, the displacemert charac-
teristics loosessomeof its smoothness, the curvature distri-
bution becomeslessuniform, although the continuity prop-
erties are still the same. Therefore, in our application we
decided to use (degree+ 1) cortrol points in eac dimen-
sion. Again, regarding the caseof a global, persistert control
grid, it would depend on the start point position wether the
behaviour is that of the rst caseor that of the secondcase
or something inbetween.

Looking at (2), we obsernethat actually the computation-
ally intensive displacemert factor of the control points

o~ Rijk (Us;vs;ws)
™ m; T\
ik =0 Rfx (UsiVvs;ws)

(®)

remains the same unless we change the degree, becausewe
always place the volume in such a way that (us;vs;ws) =
(0:5:0:5; 0:5). Therefore, the displacemert factor for each
control point can be re-used and needsjust be multiplied
with the deformation vector (T S).
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Legend:

R start point |
(O displaced control point

@ vertex of the deformed object

D control points that affect point@ H
@ displaced control points that affect @

region of vertices influenced by the same
control points

Figure 2: Most vertex displacemen ts require just a
few bases functions to be computed.

For deformation regions containing a signi cant number
of object vertices, the computation time is proportional to
the number of vertices. For an e cien t computation of the
mesh deformation we keepin mind that eath meshvertex is
only a ected by the (degree+ 1) control points around him.
From these (degree+ 1) control points, just a few are dis-
placed. Becausethe current vertex position is known, only
the di erence vector must be computed basedon 3, so that
the basisfunctions must be computed only for the displaced
control points a ecting this vertex. The closer a vertex is
to the corners, the smaller is the number of displaced con-
trol points that a ect this vertex and therefore the number
of non-zero basis functions for computing its displacemert.
An example for degree?2 splines is sketched in Figure 2.



8. SPECIAL MODELING TASKS

Often, a bending in onedirection is desired, while the cur-
vature in the orthogonal direction should not change. This
can approximately be achieved by extending the tensor vol-
ume by a relatively large amount in the direction(s) along
which the curvature should not change. The example in
Figure 5 has been constructed thisway, with a single point
constraint and an embedding volume 10 times larger in X
and y direction then in z direction (while the number of
control points is still the samein ead direction). Though
this is only an approximation, it has very good results. For
absolute precision, the factor would needto be in nite.

The large amount of deformation in Figure 5 is just for
illustration. In practice, the deformations are small, since
only minor corrections need to be made on nite elemen
data. Therefore, no signicant skew is introduced, which
would deteriorate the simulation result.

An undo functionality can be achieved, by aligning the
embedding volume with the deformation direction and mak-
ing it very large in this direction. This way, the spline pa-
rameter of the start point is nearly the same as the spline
parameter of the end point. The result is, that the shape
of the embedded object is restored when the initial position
of the start point is restored. With a persistent embed-
ding volume this was obvious, but when eath deformation
is started with a new embedding volume the composition
of two contrary deformations usually leadsnot to the initial
shape. The reasonis that the relativ e positions of the points
are not the same whether the deformed volume is kept for
the next operation or it is replaced by another, undeformed
one.

9. GRAPHICS HARDWARE SUPPORT

At the SIGGRAPH conference2000 Chua and Neumann
[1] preserted a hardware acceleration approach for free-form
deformations. As this approach requires special hardware
und software (i.e. OpenGL) extensions not available yet,
we have thought of another way to use hardware for the
acceleration of free-form deformation. We examined how
we could usethe already available hardware acceleration of
spline surfacesfor free-form deformation.

The OpenGL library provides so-called evaluators, which
compute the position of a vertex in function of the con-
trol points, given a spline parameter value u for curvesor
(u; v) for surfaces. Yet, there is no way to specify a three-
dimensional control mesh and three-dimensional parameter
values (u; v; w).

Based on relation 1, we can write

I;X;n
Q(u;v;w) = Pijx Bi(u)Bj (v)Bk(w)
ik =0
= Pij (W)Bi(u)Bj (v) (6)
i =0
where
Pij (w) = Pijx Bk (w) (7)
k=0

Pi; can be thought of as control points of a surface so that
the function of this surface at parameter (u; v) evaluates to
the desiredvertex. Expression (7) is computed by the CPU,

the results for all (i; j) are fed into the graphics hardware in
order to evaluate (6). For ead vertex with dierent spline
parameter w the Pi; must be recomputed and fed into the
graphics hardware.

A problem is that the OpenGL library does cope with
Bezier splines only. As a solution, the B-spline volume
coould be converted into a set of aligned Bezier volumes
by intro ducing new control points after the control points
are displaced. Then, the Bezier volume ead vertex belongs
to must be determined. To do this e cien tly, the vertices
must be in a spatial order. Unfortuately , with nite elemert
meshesthis is usually not the case. Further, in many appli-
cations, like in CrashViewer, it is not enough to draw the
deformed object, but the new vertex coordinates must be
read back from the hardware for updating the scenegraph
and for writing them to le.

Through the optimizations described in section 7 we al-
ready have achieved interactiv e frame rates (better then 3
fps) for deformation regions of 10000 vertices with spline
degree 3 on regular workstations like Silicon Graphics Oc-
tane with 250 MHz. Therefore, hardware acceleration for
FFD was not implemented in the CrashViewer context, but
the described hardware acceleration might be useful in other
environments.

When modifying a car componert, the whole sceneneeds
to be refreshed in order to correctly display the modi ca-
tions. In our casethis meansthat eventually hundreds of
car componens need to be redrawn if one componert is
modi ed.

If the workstation provides a su cien tly fast transfer rate
between graphics memory and main memory, the sceneren-
dered without the object under modi cation can be saved
as an image plus z-bu er into memory. Then, seweral modi-
cations of the sameobject can be done without redrawing
the whole scene. Instead, the saved image and z-bu er is
fetched from memory ead time and the modi ed object is
rendered on top of it. This approach decouplesthe frame
rate from the scenecomplexity.

10. USERINTERFACE

Any good user interface should be kept as simple and
intuitiv e as possible. Usually the actual coordinates are not
known, the user just knows how the object should look like.
Though, the userwants to achieve a precise modeling.

A widely-used approach are manipulators, like the ones
that come with SGI's Openlinventor library [9]. These ma-
nipulators give some information about what actions are
possibleon the selectedobject. However, through additional
geometry they may confuse the user and obscure parts of
the object. Furthermore, their exact positioning is hard top
achieve with the mouse, the user's intentions are only ap-
proximated.

For the reasonsabove we preferred another tool for object
manipulation. In the real world, a hammer is a widely-used
tool for the deformation of a solid yet deformable object.
Based on this idea, we implemented a rubb erhammer-like
functionalit y with various extensions.

When a plate is hit by a hammer, it gets a bump. This
is equivalent with some displacemert perpendicular to the
surface. Therefore, we take the normal as displacemert di-
rection by default. Sometimes this is not desired, for ex-
ample on corrugations, sothat we provide the possibility of
picking another point on the sameor on another object for



using that normal as deformation direction. Sometimes it
is neccessaryto stretch or shrink a surface, then a direc-
tion within that surfaceis obtained, either by projection of
the current deformation direction onto that surface, or by
picking two points of the surface. To inform the user about
the current deformation direction, we optionally place a bi-
colored, three-dimensional arrow near the cursor. Besides
"pushing”, the user can also "pull" the surface.

The amount of displacemert is easily determined. The
user hits dierent keys, like key '1' to key '0' in order to
move the point under the cursor by a xed amount like 1
to 10 millimeters. This is fast and precise, the user can
quickly employ seweral hits to change the shape as desired.
Before changing the shape, it is useful to save the old vertex
positions so that seweral undo levels are possible.

Perforations between parts are a frequent inconsistency
when meshing CAD data to obtain nite element meshes.
Figure 4 shows how a perforation is removed with just one
displacemert operation.

11. CONCLUSIONS

In this paper we preserted a practical application of free-
form deformation with direct manipulation. We pointed out
problems of previous approaches and we found solutions for
this problems. The algorithms have beenoptimized for com-
putational e ciency . By using a new embedding volume for
ead deformation, the deformation behaviour has become
more uniform and therefore more intuitiv e.

When resolving inconsistenciesof nite elemert meshes,
relativ ely small deformations are performed. Therefore, some
problems with FFD like self-intersection [6], elemert skew
and distortion do not appear in this context.

A fast and simple user interface has beed designed and
already usedwith successhy usersbeing engineersfrom the
automotiv e industry . The integration into a daily-used tool
proved the practicabilit y of the results.

Through changing the in uence radius, i.e. the embed-
ding volume size, the user has good control over his oper-
ations. He can modify the full range from a single vertex
up to all objects at once. The alternativ e methods for pen-
etration and perforation removal decribed in [5] provide a
supplemenrtary facility for precisely aligning objects to eadc
other.

Though we implemented the preserted featuresfor the de-
formation of car componerts represeried by nite elemerts,
most results can be used for deformation of arbitrary ob-
jects. We think that the approach can be adapted for the
handling of voxel data, too, leading to somekind of warp like
it is often performed on images[13, 19]. We plan to further
examine the application to voxel data, becausevolumetric
data setsalso have increasing importance in the automotiv e
industry .

In the near future, we plan to develop a mostly automatic
removal of inconsistenciesfrom nite elemert meshes. Iter-
ative application of direct manipulation seemsa promising
approach.
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Figure 3: Comparison between dieren t degrees and control point arrays. Up: second degree, 6 control
points per dimension. Middle: second degree, 7 control points. Down: third degree, 10 control points. Left
side shows a side view, right side shows the color mapp ed displacemen t characteristics for displacemen ts

larger then 1%.



Figure 4. Left: Perforation between two nite element meshes. The red 3D-P ointer shows the deformation
direction, whic h is automatically = determined in this example based on the local surface normal and the
viewing direction. Righ t: Perforation remo ved using a single-p oint-constrained DMFFD operation.

Figure 5: Shaping a car comp onent by means of a single-p oint constrain t. Local details lik e corrugations are
stil present. Due to a volume very large in two dimensions (x and y axes directions), the comp onent was
deformed just along the third dimension (z axis direction).



