Differential Coordinates for Interactive Mesh Editing
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Abstract the shape such that the modification is intuitive and resem-

bles the outcome of manipulating an object made of some

One of the main challenges in editing a mesh is to retain physical soft material. This operation is extremely simple
the visual appearance of the surface after applying vari- yet powerful. The analysis of this fundamental editing oper-
ous modifications. In this paper we advocate the use of lin- ation leads to the understanding of other higher-level mesh
ear differential coordinates as means to preserve the high-editing operations. For the ease of explanation we will only
frequency detail of the surface. The differential coordinates discuss the relocation of a single vertex. The use of more
represent the details and are defined by a linear transfor- complex handles composed of multiple, possibly weighted
mation of the mesh vertices. This allows the reconstructionhandles, is implied, enabling mimicking other modeling
of the edited surface by solving a linear system that satisfiesmetaphors (see e.g., [2] and the references therein).
the reconstruction of the local details in least squares sense.  Thare are a number of crucial requirements on an edit-
Since the differential coordinates are defined in a global co- ing operation which make shape modeling a challenging
ordinate system they are not rotation-invariant. To compen- problem: The operation should be efficient enoughifier
sate for that, we rotate them to agree with the rotation of o 4ctivework. It should providdocal influence andde-
an approximated local frame. We show that the linear least . ; preservation. Typically, moving a handle is a local op-
squares system can be solved fast enough to guarantee iNga1ion where only nearby vertices are affected. In addi-
teractive response time thanks to a precomputed factoriza-jo 4 flexible tool allows the user to easily define the de-
tion of the coefﬁuent_matnx. We demonstrate that our ap- gree of locality and hence enables edits of different scale
proach enables to edit complex detailed meshes while keepz g <hown in Figure 1. When dragging the handle vertex,

ing the shape of the details in their natural orientation. the deformed surface should retain the look of the original
surface in a natural way. If a surface is smooth, the mod-
ified shape should remain smooth. If the surface contains

1 Introduction some geometric details, ttshapeandorientationof these
details should be preserved. The editing operation should

Editing tools for three dimensional shapes have been annaturally change the shape and simultaneously respect the
important research area in geometric modeling and Com_st.ructural detail. This problem bepomgs more prono.unced
puter graphics. It is a challenging problem since a good V\{lth the emergence and th'e proliferation of three dimen-
editing tool should be intuitive and easy to use, and at the Sional scanned models. Unlike CAD models, the surfaces of
same time flexible and powerful. In the following we are Scanned models are usually not smoothed and contain high-
focusing on mesh editing, where the tool works on Shapesfrequency details which one would like to preserve since

represented by triangular meshes. There is a vast amount of'€Y contribute a lot to the appearance of the surface.
tools for free-form modeling of shapes from scratch mostly  In this paper we advocate the use of differential coor-
based on piecewise polynomial surface representations (sedinates as an alternative representation for the vertex co-
e.g., [8, 12]). For triangle meshes, the most popular ex- ordinates. We show that this representation leads to effi-
ample of such tools are subdivision techniques [20]. How- cient, interactive and intuitive shape modeling including lo-
ever, these techniques aim at the design of smooth surfaces;al control and detail preservation. The differential coordi-
and they are not appropriate for editing arbitrary, existing nates represent the geometric details and are defined with
meshes such as the complex, highly detailed shapes thatespect to a common global coordinate system. This rep-
emerge from digitizing real-world models. resentation allows a direct detail-preserving reconstruction
A basic editing operation is to move a single vertex of the of the modified mesh by solving a linear least squares sys-
mesh. This relocation of theandlevertex is propagated to  tem. The differential coordinates are not rotation-invariant
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Figure 1. Editing the Mannequin model with different “locality” effects. (a) and (c) show the original model with the same
handle vertex (at the tip of the nose) but different regions of interest (ROI). The dots mark the locations of anchor points that
surround the ROI. (b) and (d) show the result of dragging the handle vertex the same distance with the two different radii of
ROI. Since the radius of interest in (c) is larger, the effect of the editing operation is more global.

since they are defined in a global coordinate frame. As wewhich requires only the solution of a sparse linear system.
show below, this can cause distortion of the orientation of The Laplacian-based fairing operator is carefully developed
the details on the reconstructed surface. Our approach tdrom a signal processing point of view, revealing the re-
compensate for that is to rotate the differential coordinateslation to geometric frequencies. Techniques for modeling
according to the rotation of an approximated local frame. smooth surfaces are still an active research area [17].

This rectifies the natural orientation of the details, as one  The apove work considers the design of smooth sur-

would expect them to appear. faces. Shapes that contain geometric details, like those
The method we present in this paper allows editing arbi- gcquired from real-world objects, require special editing
trary triangle meshes. Our approach enables flexible, intu-yoo|s to preserve the details. The standard approach to
itive and interactive shape modeling. The method is concep-getail-preserving uses a multiresolution representation of
tually simple and fairly straightforward to implement com- the mesh. It enables large-scale editing on a coarse level
pared to common techniques. The method avoids explicitang naturally propagates modifications to the finer levels.
multiresolution representations of the shape to allow edit- The geometric details are usually expressed as some kind of
ing in different scale as shown in Figure 1. displacements relative to a local coordinate frame [10]. The
For the sake of speed, in this work we have restricted our- gifferent levels can be considered as geometric frequencies
selves to express the differential coordinates in linear termsgy resolution of detail, where the coarsest level refers to a
only. The reconstruction process requires solving a sparsesmooth surface. Roughly speaking, the editing modifies a
linear least-squares system over the modified region of thecoarse level, and the modified version of the next finer level
surface. We show that this process is fast enough to guaranis computed by "adding” the displacements. This is iter-

tee interactivity even for detailed mesh regions. ated over the hierarchy until the finest level of the detailed
surface is reconstructed.
2 Background Zorin et al. [25] present a framework for interactive mul-

tiresolution modeling. Their technique is based on input

Mesh Editing.  In this section we briefly overview mesh Meshes with subdivision connectivity. Kobbelt et al. [15]
editing techniques for geometric modeling as they have enable the mterachvg editing of arbltrary meshes, using a
evolved in the recent years. Early approaches focused orfwo-band decomposition to encode o_letalls between original
the design of smooth surfaces. Welch and Witkin [24] in- @nd & smoothed mesh. The further improvement of the re-
troduced a variational method for free-from shape design construction leads to multi-band decompositions [11, 16].
based on arbitrary triangle meshes. An edit operation im-  The encoding scheme of the local detail is critical. Zorin
poses some geometric boundary conditions, and the modi<et al. [25] and Guskov et al. [11] use local frames attached
fied surface is obtained by an optimization process that min-to vertices and normal displacements that pierce the origi-
imizes a fairness functional. Taubin [22] improves the effi- nal surface and thus lead to resampling. Kobbelt et al. [15]
ciency of the optimization by applying Laplacian smoothing use face-based frames, and the local encoding optimizes the



base point of the displacement vector. The encoding wasSbe a scheme approximating vertiq}j\:,c_v by linear com-

further improved in [16] to avoid artifacts in the reconstruc- bination of some other vertices:

tion. In a recent work [4], displacement volumes are ap-

plied to prevent local self-intersection in the reconstructed p;~S(p;) = z ;i P 1)

surface. This method requires an iterative, non-linear opti- ieSUPRI).i#]

mization process. Other works aim at adjusting the vertex

density [14] and remeshing the modified surface on the fly,

trading computation time for a regular vertex distribution.
A different approach, introduced by Lee et al. [18] pa-

where suppj) denotes the set of vertex indices that scheme
Suses to approximate vertgx
Now, the linear transformatioB(p;) = p; — S(p;) is de-
rameterizes the region of interest over a planar domain ano@ned as linear differenti_al me_sh opera’For crea_ted by scheme
andD(V) =V — §V) is defined as differential represen-

fits a multiresolution B-spline to the relocated handles. The . )
o . : tation of the mesh created by sche®én the next sections
modified surface is reconstructed from displacements to the

: . : . . . -we will use such representations for our 3D mesh as a point
spline. This can be interpreted as a kind of simple constraint f departure to our mesh editing alaorithm
deformation ¢codef[3]), well-known for FFD. In this con- oraepart aring alg .
text, Bendels and Klein [2] recently introduced an inherent A basic examplg of a linear dlffere_nt|al mesh operator

' o . . created by schemis the mesh Laplacian operator:
parameterization by geodesic distances to improve on the
constraint fitting and interpolation. 1

D(pj):L(pj):pj_E Z Pis 2

Differential Coordinates.  The simplest form of differ- Fi(jeE
ential coordinates is the Laplacian coordinates. The pow- . . 1
erful properties of Laplacian coordinates for mesh repre- Whered, is the valency of vertexandS(p;) = g3 ; j)ce Pi
sentation are not new and have been exploited in variousis the approximation scheng
ways. Taubin [22] derives a discrete mesh fairing operator  In general, the operatdd can be viewed as a filter of
that is applied to model smooth surfaces. Karni and Gots-high-frequency detail, i.e. the detail that is missed out by
man [13] take advantage of this extension of spectral theorythe approximation schent® In the case of the Laplacian
to arbitrary 3D mesh structures for progressive and com-schemepD measures the deviation of a vertex from the cen-
pressed geometry coding. Based on Laplacian coordinatestroid of its neighbors and thus captures local detail prop-
Sorkine et al. [21] derive a geometry compression algorithm erties of the surface. These are the kind of details that we
that benefits from strong quantization. would like to preserve during an editing operation.

Alexa [1] shows that Laplacian coordinates can be effec- The operatoD is linear and can be represented by an
tive for morphing and briefly discusses their potential for (nxn) matrixM, wheren= |V/|:
free-form modeling. He proposes to use differential coor-

dinates to perform local morphing and deformation of the 1 i_= j _
mesh, suggesting differential coordinates dsaal mesh Mj=q —o;j I<supri)
description, which would be more suitable to constrain un- 0 otherwise

der a global deformation of the mesh. This work also

mentions the difficulty in using affine-invariant coordinates Thus,(8*,8%),8@)=M(p™,p¥), p#)), wheres™ is the

for mesh representation: the vertex neighborhood cannot-vector ofxcomponents ob(p). We call the vectob(p;)
always define a local frame (due to linear dependency), thedifferential coordinatesf vertexj. If [sup(j)| is small

and thus the problem is numerically unstable. In our pa- thenM is a sparse matrix, and the differential coordinates
per, we bypass the developement of affine-invariant coor-can be efficiently computed.

dinates in mesh editing by proposing a procedure to ex-  Given the differential coordinate3®), 5%, 5 of the
plicitly manipulate the differential coordinates (which are Mesh, the absolute coordinates of the mesh geometry can
only translation-invariant). Aithough our approach does not Pe reconstructed by solving the systih = 5 (the same
provide a completely affine-invariant representation of the 90€s fory andz). The matrixM can be singular. For exam-

mesh, it preserves the orientation of the mesh details undeP!€; in the case of the simple Laplacian (2), revk = n—k
the deformations, and it is fast and robust. wherek is the number of connected components in the

mesh [9]. We add spatial constraints to the system to ob-
tain a unique least-squares reconstruction and to control the
shape of the surface. To put a (soft) constraint on the po-
sition of vertexi, we add the equatiowx, = wic; to the

Let G = (V,E) be a 3D triangular mesh, whe¥é de- system €; is the desired location ana, > 0 is the weight
notes the set of vertices of the mesh &denotes the set  that we assign to the constraint). We then solve the resulting
of edges. Denote bgj the spatial position of vertek Let systemAx = b in the least-squares sense.

3 Fundamentals



4 Preserving the orientation of the details

Ideally, relative coordinates should be rotation-invariant,
represented in a local coordinate system with respect to
some local reference frame. However, the differential co-
ordinates, as defined above, are represented in the global
coordinate system, since they are merely an image of a lin-
ear transformation dR3". Therefore they are not rotation-
invariant. The transformation of the differential coordinates
to local frames (defined at each vertex differently, based on
some neighborhood) is not a linear invertible mapping of
RR3". While staying in a linear framework has efficiency and
simplicity advantages, it brings up the following problem:
As a result of an editing operation, certain deformation of
the surface is introduced, which typically involves some lo-
cal rotations. However, the reconstruction of the surface
from the differential coordinates does not respect the local
rotations and therefore the orientation of the reconstructed
details will not be preserved and not rotated with the de-
formed surface. This is demonstrated in Figures 2 and 6.

Recall that the editing of the surface is meant to modify v

I’

large features of the surface, while keeping the small details i — VIl wherev = (p; —p;) = (P =P}, N )N;.

locally unchanged. More precisely, we would like to pre- , ) )

serve the orientation of the details with respect to the sur- 1€ rgtauon of the normal component is defined by
roundings. To compensate for rotations, ewglicitly rotate ~ Nj < Nj- The rotation of the tangential component is esti-
the vectors representing the differential coordinates, while Mated by observing the transformation of the chosen edge

continuing to represent them in the global coordinate sys- (I-1)- Among all edges emerging froitis best to choose
tem. The rotation is taken to be the local estimation of the the one whose direction is the closest to being orthogonal to
transformation applied to the low frequency surface. n;. We can writeD(p;) in this frame:

More formally, let us consider two meshit and M/,
whereM’ is the mesh obtained froi by an arbitrary edit-
ing transformatior. M andM’ share the same connectiv- After applying transformatiorT, the above frame trans-
ity and have different geometry. Denote py andpj the  forms to {n,u};,n} x u};}, whereuj; is the direction of
spatial locations of vertexin M andM’, respectively. Let  edge(j,i) in the transformed meshl’, projected onto the
us also definer; andnj as the estimates of the normals at plane orthogonal ta}. The rotated differential coordinates
vertex j in M andM’, computed as an average of the face of vertexj are:
normals in some neighborhood of the vertex. L , , .

The following is an important property of the differential D'(pj) = anj + Buj; +y(nj x Uj).
coordinates:

Figure 2. The differential coordinates are not rotation-
invariant. Therefore, when we edit the mesh (blue curve),
the orientation of the details with respect to the low-
frequency surface is not preserved. To rectify this, we
explicitly rotate the differential coordinates (see the red
curve).

In other words,

We defineR, andR, to besimilar rotationsif
R-D(p;) =D(R-p;), 3)

. . . R, — Ryl ~0 4)
whereD is the transformation from absolute to differen-

tial coordinates an® aglobalrotation applied to the entire  using some norm induced by a vector norm®h Since
mesh. property (3) is correct globally, we expect it to be correct
The editing transformatiom introduces different lo-  for locally similar rotations. Denote bR the rotation as-
cal rotations across the surface (in addition to stretch, of sociated with the vertek The normal directions of nearby
course). Thus, our key idea is to use the above propertypoints over a low-frequency surface do not deviate rapidly
of the differential coordinates locally, assuming that locally (in Section 6 we describe how to achieve "smooth” normal
the rotations are similar. estimation). Local tangential rotation is also a slow chang-
The local rotation at vertey is approximated by ob-  ing parameter for reasonable transformatidnSinceR. is
serving the rotation of an orthogonal frame consisting of defined using the estimation of normal and tangential rota-
{nj, uj, nj xu}, whereuy is a unit vector obtained by  tions of the low-frequency surface, we expgR — R;|| to
projecting some edg@, i) onto the plane orthogonal . be small for vertices in the neighborhood of. Thus, we



can expect the property (3) to be valid locally, or in other
words, that the reconstructed transformed surface retains
the orientation of the details with respect to the underlying
low-frequency surface.

In summary, the reconstruction from the rotated differ-
ential coordinates consists of the following four steps:

1. Apply a rough deformatioil to the mesh.

2. Approximate local rotationR;.

3. Rotate each differential coordinddép;) by R;.

4. Solve the system oR;(D(p;)) to reconstruct the
edited surface.

Figure 3. Classification of the vertices of the edited re-
gion (ROI). The yellow vertex is the handle vertex which

is moved by the user. The green vertices are the free
vertices of the ROI (their position changes according to

the reconstruction process). The red vertices are the
stationary anchors - their position is constrained in the
least-squares sense.

5 Editing using differential coordinates

From the user’s point of view, the editing process is com-
prised of the following stages: First, the user defines the
region of interest (ROI) for editing. Next, the handle ver-
tex is selected. In addition, the user can optionally define
the amount of “padding” of the ROI bstationary anchors 2
These stationary anchor vertices support the transition be-
tween the ROI and the untouched part of the mesh. The
user can also define the type of the differential operator he
wishes to use. Finally, the user moves the handle vertex, of
and the surface is reconstructed with respect to the relo-
cation of the handle and displayed. The last two steps of
selecting and then relocating a handle are repeated for the o
current ROI until the desired surface edit is achieved.

On the algorithmic side, the following steps are per-
formed. Once the ROI, the stationary anchors within and R ) : : .
the handle vertex are defined, the mesh vertices are logically
partitioned into two groups: the modified vertices, consist-  Figure 4. The effect of editing the mesh (in blue) using dif-
ing of the ROI, and the rest of the mesh, which is untouched ferent orders of the Laplacian operator. The constrained
and thus stays fixed. Only the submesh of the modified ver- ~ anchors are the left- and rightmost vertices of the mesh.
tices is considered in the following editing process. The  Pulling the handle vertex in the middle resuits in the
positions of the handle vertex and the anchors constrain the ~9réen curve for the 1st-order Laplacian and red curve
reconstruction and hence the shape of the resulting surface. for the 2nd-order Laplacian operator.

The handle acts as a control point, therefore this constraint

is constantly updated. The unconstrained vertices of theapproximate the rotations we have to a priori estimate the
edited mesh represent the overall shape and are forced tmormals of the editing result. The details of this normal
follow the user interaction. The stationary anchors are re- estimation are given in the next section. It is based on a
sponsible for the transition from the ROI to the fixed part of reference shape that is a rough, approximate result of edit-
the mesh. The least-squares solution approximates their poing the input mesh. Here, we simply use the reconstruction
sitions (see also [21]) resulting in a soft blend between the with respect to the not yet rotated differential coordinates
two submeshes. To further improve on the smoothness, weas reference. Then our normal estimation approximates the
choose several layers of anchors, which are weighted pro-normals of some underlying smooth surface. This approach
portional to their geodesic distance from the handle. Select-proved to be effective for estimation of local rotations; how-
ing the amount of these padding anchor vertices depends orver, other types of deformations can be applied to obtain
the user’s requirements, as mentioned above. We have oba reference surface, such as a simple constrained deforma-
served in all our experiments that setting the radius of thetion [2, 3].

“padding ring” to be about 10% of the ROI radius gives sat-  In the last step, after applying the local rotations to the
isfying results. Figure 3 illustrates the vertex classification. differential coordinates of the vertices in the ROI, we recon-

The edited surface is reconstructed from the locally ro- struct the surface by solving the linear least-squares sys-
tated differential coordinates, as described in Section 4. Totem defined in Section 3. The system is constructed from
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Figure 5. A 2D example of smooth surface normals estimation. (a) and (c) show the surface with high-frequency detail and
the estimated normals of the underlying smooth surface. In (a) a naive averaging of the detailed surface normals was used.

(b) shows the same normal vectors as in (a), but the Y coordinate of the origin point of each normal is set to zero. This
visualizes the problem of the naive estimation - the resulting normals do not vary smoothly. In (c) we show the result of
normals estimation using weighted average (with the same support as in (a)—(b)), as explained in Section 6. As demonstrated

in (d), such estimation leads to more smoothly-varying normals which are closer to the real smooth surface normals.

the basic differential operator matrix and the extension of the polynomialp(t) = r%t3 - r%tz + 1. It has the desired

the constrained vertex positions equations. The right-handproperties: p(0) = 1, p'(0) = p'(r) = p(r) =0, and it is

side vector contains the rotated differential coordinates to-smooth. The distance measure used should ideally be the
gether with the constrained locations of the handle and thegeodesic distance betweprln andp;; however, it is diffi-
stationary anchors. The solving procedure is efficiently im- cult and computationally costly to compute. Therefore, we
plemented, as explained in Section 7. We are free to chooseetreat to an approximation by computing the length of the
an appropriate (linear) differential operaf@r such as dif-  weighted shortest path betwepp andp; using Dijkstra’s
ferent orders of the Laplacian. However, a higher-order op- algorithm, where the edges of the mesh graph are assigned
erator has larger support, resulting in a less sparse systemveights equal to the edges’ length. A more detailed discus-
matrix. Figure 4 shows a 2D example of editing a mesh by sion of this choice is given in the next section.

employing the same constraints and handle movement, by The weighting scheme leads to a smoother approxima-
using first- and second-order Laplacian (without applying tion of the normals, as can be observed in the 2D example
explicit rotations to the differential coordinates). The latter in Figure 5. The figure compares the naive averaging with
operator exhibits smoother transition between the stationarythe elaborated weighted averaging. Note that the supporting
vertices and the ROI. neighborhood is the same in both cases.

6 Normals estimation 7 Implementation issues

The detail preservation technique introduced in Section 4 ap, interactive editing tool must provide the user an im-
requires an approximation of the normals of the underlying megiate feedback. The critical part of our algorithm is
smooth surface. A naive estimation can be applied by aver-ihe reconstruction from the differential coordinates, conse-
aging the normals of the detailed.surface in some neighbor-cwermy we express them in linear terms only. Thus, the
hoodW; of radiusr around the estimated vertgx computational kernel of our editing algorithm is a sparse
n linear solver for the least-squares problem {#AR — b|

n; = ||n||; n= n;. over the modified region of the surche. Thi_s prot_)l_em can
iEW; be solved fast enough to guarantee interactive editing. The
speed is gained thanks to a pre-factorization of the coeffi-

However, this simple method does not always give sat- cient matrix, which permits very fast solves. Hence it is
isfactory results since it weighs all the normals equally possible to work on large, detailed meshes while maintain-
(see Figure 5(a)-(b) for an example). A better alter- ing interactive frame-rates.

native is to use a smooth weighting scheme, where the To solve the linear least-squares system, we use a direct
weights decrease with the distance from the estimatedsolver for the normal equations’ Ax = ATh. The coeffi-

vertex:n = yicy Wijni; W = p(dist(p;,p;)). The radial  cient matrixAT Ais positive semi-definite, and its triangular
function p should be a smooth function vanishing close to factorization is computed &' A = R'R, whereR s an up-
r (the estimation support radius). We have chosen to useper triangular matrix. The factorization is the most time-



consuming operation, but it only needs to be done once Model | ROI | Factor| Solve

per defined edited region. Once the factorization is avail- ~ Mannequin(Figure 1(a)) 1,201 | 0.031| 0.002
able, the system can be solved very efficiently by back- — Mannequin(Figure 1(c)) 3,395| 0.051| 0.003
substitution, as many times as necessary. This is required ~ QOctopus(Figure 7, top) 4,685| 0.092| 0.005
each time the position of the handle vertices is changed, Octopus(Figure 7, bottom)| 12,774 0.568| 0.020
which implies a change of the right-hand side vettor Octopus(Figure 6, bottom)| 16,792 0.804 | 0.030

In our implementation we useaucs version 2.2 [23] Height field(Figure 6, top)| 32,280 1.863 | 0.069

as linear solver. It is a direct solver which performs quite
fast even on large editing regions, as shown in Table 1. The Table 1. Running times of solving the linear least-squares
table displays factorization and solving times for the ROIs  systems for the different editing regions. ROI denotes
that we used in our experiments. The fast solve procedures the number of vertices in the editing region. Factor is
enable interactive frame-rates when editing complex, de- the time in seconds spent on the factorization of the nor-
tailed meshes. The timings were measured on a 2.4 GHz mal equations. The factorization is performed only once,
Pentium 4 computer. when the editing region is selected.  Solveis the time to

Another implementation issue to address is the compu-  solve for one mesh function.
tation of geodesic distances needed for our smooth normals
estimation and the weighting policy for the stationary an-
chor points. As explained in Section 5, the anchors’ weights simple height field and for th@ctopusmodel. We compare
are proportional to their respective geodesic distance fromto the reconstruction from coordinates defined with respect
the handle. In contrast to [2], these distances are appliedo the global coordinate system, which clearly suffers from
merely to aid a smooth transition between the edited re-unnatural distortion of the local detail (note the rings on the
gion and the fixed part of the mesh. Therefore, we observedarm of theOctopus.
that an inexpensive approximation to the geodesic distance
is sufficient for our application. We use Dijkstra’s algo-
rithm to compute discrete shortest paths, where each edg
is weighted by its length.

The above examples indicate that our method enables in-
uitive and flexible shape modeling at interactive frame rates
or fairly complex models. For all edits we chose the dif-
ferential mesh operatdd as uniform discretization of the
. . Laplacian also known as the umbrella operator [15]. For
8 Results and discussion our purposes this simplest discretization has been proven to

be good enough, but better approximations can be used as

We demonstrate that representing the geometric informa-well (as in e.g., [7, 11]). The order of the Laplacian affects
tion of a triangle mesh in differential form enables detail- the local support of the operator and hence the sparseness
preserving interactive shape modeling. The absolute vertexof the system. We plan to investigate the tradeoff between
positions are reconstructed from their relative coordinatesadditional computational costs and the benefit for editing.
by solving a sparse linear system. This can be done effi-
ciently, as discussed in the previous section. In fact, we
get interactive response for the reconstruction in our ex-
periments. Table 1 provides the computation times for fac-
torization and back-substitution for the shown examples as
well as the size of the editing region. Note that the factor-
ization is applied only once per ROI.

Figures 1 and 7 show examples for edits on kfhen-
nequinand theOctopusmodels. As the user defines regions
of interest of different size, the surface is edited on different  Based on the elementary operation of moving a sin-
scales of detail. The modification of tictopusfacial ex- gle vertex, more advanced editing operations can be easily
pression in Figure 8 adds and changes some high-frequencyuilt. Constraining curves and handle regions can be done
detail. In the examples, we padded the outer layers of theby appropriately grouping handle vertices, like for model-
ROI with weighted stationary anchors for about 10% of its ing the eyebrow in Figure 8. In general, we can interpret
radius, as explained in Section 5. the displacement of an arbitrary subset of handle vertices as

The figures show the preservation of details and surfacedefinition of a more general free form deformation (see [2]
features like the nose and lips of thkannequiror the circu- for a recent discussion on the topic). All these extensions
lar stamps of th®ctopus The local rotations are appliedto are independent of, and do not interfere with, the core al-
the differential coordinates to preserve the orientation of the gorithm and thus can be easily integrated into our shape
details. Figure 6 illustrates the effect of this operation for a modeling framework.

Our approach is conceptually simple, and its implemen-
tation is relatively straightforward. The software consists of
two main components: the triangle mesh and a sparse linear
solver together with a matrix package. Both components are
available in standard libraries (e.g. [5, 23]) and can be eas-
ily combined. Note that our technique does not require any
involved method for multiresolution analysis and synthesis
to provide interactive edits of different scale.



9 Conclusion 6]

In this paper we show how a differential representation
of vertex coordinates can be exploited for the editing of ar-
bitrary triangle meshes. The use of this representation leads
to a conceptually simple yet powerful method for interac-
tive, feature-preserving shape modeling method. Thanks to [8]
local rotations of the relative coordinates the orientation of
the details are preserved. Our examples show the effective- [9]
ness and efficiency of the method for fairly complex input [10]
meshes. In particular, we show that a simple and intuitive
modeling tool provides results quickly, while preserving the
local surface details.

As we discussed the value of relative coordinates and
in particular Laplacian coordinates, have been recently pro-
nounced in other applications like mesh morphing and ge- (12]
ometry compression. We believe that differential coordi- [13]
nates have a lot more potential in digital geometry process-
ing. For instance, this includes the extension of more digital
image processing techniques that employ differential oper- [14]
ators, like in [19], to meshes, which we plan to investigate
on in the future, as well as on alternative representations of
differential coordinates.
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Figure 6. The effect of applying local rotations to the differential coordinates. The left column displays the original models.
Middle column shows an edit performed ~ Withoutlocal rotations. Note the distortion of the letters and the circle stamps. The
right column shows the result of the same editing operation with local rotations applied. The orientation of the details is
much better preserved.



Figure 7. Defining different ROIs and applying the editing technique. The handle vertex is located at the tip of the front arm,
marked by the bright sphere. The left column displays the original model with anchor vertices shown by small dots (they

mark the padded boundary of the ROI). In the right column the result of an editing operation is displayed. The small ROl in the
top row results in a local change of the shape of the arm, whereas the larger ROI in the bottom row allows for a more global

deformation.
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Figure 8. We have used our editing technique to design a new facial expression for the Octopusnodel. Note that creating the

high-frequency detail of the brow requires local edits, whereas bringing the two eyes closer is a more global operation. The
locality control is achieved merely by changing the radius of the ROI.
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