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Figure 1: Steps in the algorithm. (a) shows a manually cae@eture, (b) is the texture converted to a geometry imageshows the vector

field giving texture orientation, and (d) shows the synthediresult.

Abstract

In this paper, we present an automatic method which can-trans
fer geometric texturefrom one object to another, and can apply
a manually designed geometric texture to a model. Our method
is based orgeometry imageas introduced by Gu et al. The key

ideas in this method involve geometric texture extractmundary
consistent texture synthesis, discretized orientatiahsaaling, and
reconstruction of synthesized geometry. Compared to otteth-
ods, our approach is efficient and easy-to-implement, andymes
results of high quality.
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1 Introduction

complexity. However, it is more difficult to perform comptitans
on meshes of this type which often have complicated topoidgi
domains compared to the relative simplicity of processiegur
lar 2D images. Thus, in recent years, a variety of techniduaess
been developed for manipulation of such models; these arerge
ally referred to agligital geometry processingTriangle meshes
are suitable for hardware rendering, but they are genediiy
cult to edit. There are different approaches to facilitatitimg on
meshes. One is multi-resolution editing, which constractser-
archy of mesh models using a wavelet-like structure. THenal
the results of manipulation of low-resolution versions afdels to
be mapped back to the original high-resolution model. Aeotp-
proach, callectutting-and-pastingfocuses on allowing the user to
cut part of a model and paste it somewhere else (on the same or a
different model). Our approach is different: we focus onrgetric
details or textures which we extract and transfer to anatieatel,
so that the new model has similar geometric details or petteBy
a geometric texture, we mean a small scale deformation véetd
locally affecting a surface; we assume that the underlyegnget-
ric surface is smooth relative to the scale of details in theure.
Our approach allows the process to be done automaticaliycan
be guided by the user to create interesting and visuallyspigae-
sults.

Triangle meshes are widely used for modeling geometry. They Our method processes arput modelto give anoutput model ge-
are easy to acquire, and can be used to represent surfaceg of a ometric details of interest are taken fronsample modeand are
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applied to the input model to produce the output model. Thsicba
steps are shown in Fig. 1.

If we use as a sample model an object with an existing interest
ing texture, we can use our technique fexture transfer If we
want simple regular patterns, it is also possible to magukign

a sample model with any 3D surface editing tool, and trarsieh
patterns to other models instylizationprocess. We could also use
some surface patch covered with a special finish (e.g. fidesca
or wood carving) as the sample model. In this case, the fegult
effects are similar to non-photorealistic rendering andcai this
artificial texturing



This paper gives an approach for extracting geometric testitom
sample models, and synthesizing similar textures on inpdets,

in the output image and the sample texture to decide whatthey
size next. A similar idea in [Ashikmin 2001] considers locah-

in a way which hides seams across boundary cuts which are madesistency, which is especially important when synthesiziagural

when converting the input model to a geometry image. In order
to further improve the synthesis results, especially fasa@tmopic
textures, we have developed a discretized orientation aaling
approach to allow synthesis of textures with a desired tieasid
orientation. Our method is based on tpeometry imagesepre-
sentation proposed by Gat al. in [Gu et al. 2002]. We briefly
summarize this idea and various related techniques in @e2ti
An overview of our algorithm is given in Section 3 and detaite
provided in Section 4. Experimental results are presentegeic-
tion 5, and conclusions and discussions of future work arengin
Section 6.

2 Related Work

Our method is based on tlgeometry imagesepresentation [Gu
et al. 2002], proposed by Gat al.. It allows aregular grid repre-
sentation for meshes afbitrary topology Given a surface mesh,
this is accomplished by first making cuts in the mesh to make it
homeomorphic to a disk, then adding additional cuts to redlis-
tortion. This allows parameterization of the surface on anpt
domain; geometric information (e.g. positions, normatsmaell

as other attributes are then sampled on a regular grid indis
main. Geometry images are useful in this work as they make ope
ations on geometry efficient and easy to implement. Howekey,
still have certain problems in areas which are addressedusipa-
per. Firstly, geometry images usually include cuts, ancsisbancy
across such cuts is required in model editing. Secondlymgéo
ric textures may be anisotropic, and so users may wish toelefin
an orientation field on the input model for more precise antr
Traditional texture synthesis methods on surfaces are lcetgd
and usually not very efficient, as they are usually based omeso
kind of surface marching On the other hand, our method utilizes
the regularity of geometry images, together with a pressicg
step, to synthesize texture at a combination of differeiemations
and scales, leading to very efficient generation of the dutpmdel.
After the preprocessing steps of geometry image generatioh
texture preparation, the synthesis step is orders of madmiaster
than traditional methods based on surface synthesis,dingvthe
possibility for interactive editing. Recently, geometrmgages have
been further studied in [no et al. 2003; Losasso et al. 200
and Hoppe 2003; Sander et al. 2003].

Our work is also closely related bmagetexture synthesis methods,
although here we are dealing wileometric texturegshe common
factor being the regular grid used to describe both 2D imaayed

textures. A scheme which can be considered to be a comhinaitio
these ideas is given in [Hertzmann et al. 2001]. In most nustlex-
cept those like the one in [Ashikmin 2001], searching thiolagge
data sets of high dimensions needs to be done frequentlg, Tifu
ferent techniques have been used to speed up the procdssl-inc
ing use of tree-structured vector quantization in [Wei amydy
2001a] and approximate nearest neighbors (ANN) in [Hertema
et al. 2001].

Patch-basednethods copy consecutive patches from the sample
image, and stitch them together to generate the synthetigem

A dynamic programming approach is used in [Efros and Freeman
2001] to compute the minimum error boundary cut in order tiehi
the seam in the synthesized image. This method is limitetah t
the seam is processed sequentially, considering each rpixalf

in turn. TheGraphcutmethod proposed in [Kwatra et al. 2003], on
the other hand, removes this limitation by using a graph ettt
nigue, computing the minimum cut using the maxflow algoritiom
find the least visible cutting path. This method can also ls#lyea
extended to higher dimensions.

Hybrid methods, e.g. in [Nealen and Alexa 2003], firstly use patch-
based texture synthesis, possibly with an adaptive papeh and

in those overlapping areas where the synthesized reselts@ase
than a specified threshold, pixel-based resynthesis isqmeed to
further improve results.

Our current implementation is based on a pixel-based aphrdat
extending the principle to a patch-based or hybrid appreamiid
not be difficult.

Various research aims to synthesize image textures direstbur-
faces. The approach in [Turk 2001; Wei and Levoy 2001b] dgnse
tessellates the surface with sample points and assignsesjnéd
attributes (e.g. color) in a per-point manner. Such apgresoften
require surface marching or similar operations, which atevery
efficient. These methods can be considered as direct eatensf
planar texture synthesis methods. A texture synthesisoddthsed
on a texture atlas was proposed in [Ying et al. 2001]. Petuad.
proposed a patch-based method that uses alpha-blendinideto h
cross-boundary seams [Praun et al. 2000]. Setfed. [Soler et al.
2002] give a patch-based approach that covers the surfaloémvi
age patches in a hierarchical way. Zelird&taal. [Zelinka and Gar-
land 2003] compute pimp mapduring a preprocessing phase; this
data structure allows rapid location of candidate matchiémying
textures to be directly synthesized on the surface. Regiowigg

is used to decide the best vertex order for synthesis. Tipisaph
can synthesize textures on quite large models at inteeacites.

geometry represented as a geometry image. Research on imagdhe latter two methods do not synthesize new textures, byt on

textures and texture synthesis has a long history, and bas/eel
much attention as textures bring realism to computer gcaphi
comprehensive survey of this field is outside the scope sfthper.
Here we only focus on a few neighborhood matching-basedrext
synthesis approaches proposed recently which are mostaeta
our work. Texture synthesis based on neighborhood matahésg
first introduced in [Efros and Leung 1999]; such methods aan b
generally categorized into three typgsixel-basedapproaches as
in [Ashikmin 2001; Hertzmann et al. 2001; Wei and Levoy 2001a
patch-basedapproaches as in [Efros and Freeman 2001; Kwatra
et al. 2003] and the combination of these two methods, e gplgh
and Alexa 2003].

Pixel-basedmethods generate synthetic image pixels one by one
usually in scan-line order. The basic idea of [Wei and Levo91a]
is to consider similarity measures between neighborhobgixels

assign texture coordinates to vertices of the original mé&ghile
they are suitable for stochastic image texture synthdsty, ¢annot
easily be extended to perform geometric texture synthesis.

Various recent work considers the transfer of geometritutes or
details. Sorkineet al. [Sorkine et al. 2004] propose an approach
based on the properties of Laplacian coordinates, edtaldighe
correspondence by parameterization and warping under sgfea+
ified constraints. Their approach deals with geometricidietans-
fer, rather than statistical textures. The similaritydzhgnage syn-
thesis method has been extended to geometric surfaceslinae
and Garland 2004] using a polar sampling pattern cajleatesic
fans This approach is similar to a generalized displacementmap
ping. Bhatet al. [Bhat et al. 2004] give an approach that synthe-
sizes similar geometric textures from examples, which risilar

to our method. Their method extends the idea of image aredogi
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Figure 2: Algorithm overview

to surfaces; however, their approach is based on volumegigal
and thus requires representation conversion if the inputahis a
mesh. As in the case of image analogies, their approachresgas
input a pair of example models with and without texture, velasr
our approach only needs a single model with the desired geicme
texture.

Using traditionaimagetexture synthesis methods to add geometric
textures is often difficult because the topological strretof the
sample model and the input model may be quite different. Be-
cause we use thgeometry imagaepresentation, our method is
much simpler as it works on a regular domain. It can efficientl
achieve high quality results while providing user contiblve use
animageas a texture source, we do not explicitly require texture
extraction and reconstruction step. On the other hand, skeofi
regular, densely sampled geometry images allows us toesfflgi
and compactly carry out texture transfer for surfaces artlites
with high-frequency geometric detail.

3 Algorithm Overview

Restating the problem, our aim is to take an input model aedt-a t
tured sample model, and to transfer the texture from the Eamp
model to the input model to produce an output model. Our ntetho
is outlined in Fig. 2.

For both the sample model and the input model, the first sthge o
processing is to generate a geometry image representaliba.
idea is basically the same as in [Gu et al. 2002], althoughlae a
use a different method of seam computation. If the model is of
non-zero genus, we first cut it using a contraction scheméasim
to that used in [Gu et al. 2002]. If the model is highly curved,
containing some “extrema” or protrusions, we can use aatiter
method similar to [Gu et al. 2002]. Alternatively, we cante®d use

a variation of the method in [Zhu et al. 2003] to add additlanss.

The whole cutting process makes each model homeomorphic to aeterized sample model.

disk. This disk is mapped topologically to a rectangular dom
The skeleton-based seam computation from [Zhu et al. 2088] h
the advantage that it avoids the expensive iteration neby¢Gu

et al. 2002]; also the resulting seams are shorter givenahees
extrema.

Next, we parameterize the model in a planar domain. We make
some slight modifications to the original approach desdrihgGu

et al. 2002]. The parameterization method employed to gémer
geometry images aims to prevent large stretching to avoitéin
sampling, but at the same time a quasi-conformal mappints@s a
desirable. These two aims are contradictory for non-deadite
surfaces, so a compromise is necessary. For a given sametng
olution, the stretch minimization method proposed in [Saret al.
2003] represents the geometry well. Other parameterizatieth-
ods with similar attributes are also possible. Howevedirsgdac-
tors always vary across the model, as do local rotations. &e n
to devise some technique to efficiently compensate for sfiebte
when synthesizing textures. This technique can furtherdeel tio
advantage to provide user control of the alignment and regaif
geometric textures. These techniques are explained iil thefec-
tion 4.

For sample models, although it is possible to use the fullehad
input, in practice, it is most likely that we will wish to useseall
portion or patch of the model's surface containing the @ekgeo-
metric texture. This is possible because textures oftea hahort
range stochastic structure, and so small patches suffice teh
resentative. Furthermore, it is less satisfactory to ektrextures
from highly curved surfaces, as distortion or other artganay re-
sult. For model stylization and artificial texturing applions, it

is possible to extract the desired geometric details froaman or
almost planar surfaces. Note also that sample models dgndoa
not need to be converted exactly to geometry image repiagseamt
Instead, if we can map the texture to a planar domain, we @m th
cut out a rectangular portion of the domain to use as a soorce f
texture synthesis. This can result in lower distortion ttiave cor-
rectly compute a true geometry image for the sample patetisat
simplifies later processing as we can then convenientlyecetihe
distortion in the extracted texture for simplicity. We useathod
based on that in [Lévy et al. 2002], but other parametednadp-
proaches with natural boundaries could also be applied.

We next need to extract the geometric texture from the param-
Intuitively, geometric details high-
frequencycomponents of the corresponding geometry image. The
sample model itself can be considered as a combination ofa ba
mesh (representing the basic geometric shape) and geordetri
tails which we call the geometric texture. Similar ideas ased

in image editing [Oh et al. 2001], where images can be treated



as a combination of low-frequency lighting variation angi
frequency image textures.
approximate the base mesh, after which, based on the pamamet
ization of the base mesh, we create a series of consistaitdoe
ordinate systems, and encode the geometric texture in theiare
domain.

Using user defined orientation and scaling (if desired), alt as
scaling of the parameterization, for efficiency we next prapute
a set of texture samples with discretized orientation aatireg

Using the extracted geometric textures, we then apply tleethet
input geometry model to create a textured geometry modelder

to keep the texture consistent across the cut boundary, we us
two-pass approach. First we synthesize the texture iggdtie
boundary, after which we resynthesize the texture in regicear
cut boundaries in a way which tries to enforce consistencyafo
local neighborhood, based on the already synthesizedseésuhat
neighborhood. This process can be repeated several tifugster
improve the synthesized results.

Finally, the synthesized textured geometry image is cdadento
an output surface mesh model. This may be remeshed for iagder
efficiency if necessary.

Section 4 gives further details of the key steps above: texx-
traction, boundary-consistent texture synthesis, hagdiirienta-
tion and scaling, and reconstruction.

4 Algorithm Details

4.1 Texture Extraction

The purpose of texture extraction is to extract geometriailde
from a sample model or patch, giving a representation deitiaio
synthesis and transfer. Various previous work deals wiplausgion

of details from a base mesh. For example, Biermenal. [Bier-
mann et al. 2002] studied this in the context of cut-andeasit-
ing, using a method based on multi-resolution subdivisiofeses;
further such work can be found in the references in their pape
Kobbelt et al. give a mesh smoothing approach for extracting a
base surface [Kobbelt et al. 1998]. Their method could beteda
for use here. As geometric textures are statistical in sasmall
patch would be sufficiently representative.

Depending on different application requirements, we ssgtee
use of one of three alternative approaches to texture extnac
namely, smoothing and differencing, planar parameter doszan-
pling, and height field sampling. These are efficient and -¢asy
implement, as the computations are mostly based on a regptar
and so traditional image processing techniques can be used.

In order to take advantage of geometry images, we encodexthe e
tracted texture at each grid point of a regular grid as a venta
well-defined local coordinate system. We call the resultiagtor

at each grid point geometry texel Such a representation can be
considered to be a variant of a geometry image.

4.1.1 Smoothing and Differencing

This method extracts the texture as follows. Given a sampléein

or patch already in geometry image representation, we reedd-t
couple the shape of the base mesh from the geometric textdre d
tails. We perform a smoothing operation to estimate the esludp
the base mesh, filtering out the geometric textures, usirgiéas

idea to that in [Oh et al. 2001]. In order to prevent sharpuies in

We first use a smoothing process tothe base mesh from being filtered out as texture, we insteslius

lateral filters proposed in [Tomasi and Manduchi 1998]. Note that
because we have geometry images, wadineed to use bilateral
filters adapted to meshes (see e.g. [Fleishman et al. 200&j3ev
use can lead to topological problems.

Let us denote by j the position of the grid point with coordinate

(i,]), wherep = (x,y,2) is a vector inR®. For the particular grid
point at(ig, jo), we define the relative weight of any grid point at
(i, j) with respect tdio, jo) as:
Wi(.’i}mio) _ 'o jo) B (i0.Jo) 7 1)
where
al<lj0 jo) _ exp{— (i—ip)? - (J —jo)? } @)
of
" 91 Pl
(i0jo) _ Pij — Pio,jo |2
B = exp{—wg}, ®3)

Here a is a weight measuring nearness in the grid wifllés a

weight measuring position vector similarity in 3511/('0 o) com-
bines these twoog; controls how rapidly weights drop off as grid
points get farther apart, while, has a similar effect for position
vectors.

Then, the smoothed position pf j, denoted byp; j is computed as

follows (assuming a grid resolution &f x N:

5 - SN N dwli plid
7 Zu:o ZV:O WU'-,\})

(4)

If the sample patch is not too highly curved, we assume ttat th
bending of the base mesh can be neglected when extractitgxthe
ture. This holds true in many real situations as small genmet
distortions are not very noticeable.

We construct a local coordinate system at each grid points Th
comprlses the smoothed mesh normal direaticmlocalx direction

X, and a third orthogonal vectytr 'We can approxmate the unit
normal vectom; j at grid point(i, j) using a 1-ring neighborhood
of triangles. We next fix a locad direction,x.f,— using

% = pi.,j+1; Pi,j—1

(this should be made orthogonalrig by subtracting its component
in the direction ofn; j, and then normalized). Fgr= 0, we simply
usex j = pi.1— Pi0, andj = N —1is similar. We then compute the
y direction using

Q)

Yiij = Mij XX,

To find the texture, the difference vectpr; — i j is measured in
this local frame as a 3-tuplelx j,dy; j,dn j). The encoded texture
is recorded as a regular grid of 3-tuples.

4.1.2 Planar Parameter Domain Sampling

For almost planar sample patches, which are common in applic
tions, we may use other approaches to extract the geomettioe

to reduce possible distortions. We can fit a plane to the paity
arobust regression method; we useR#ANSACGpproach [Fischler
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Figure 3: Geometric texture extraction using smoothing différencing: (a) is the armadillo model, (b) gives a cungaanple patch, (c)
shows the smoothed surface, (d) presents the extractedegigotexture image, and (e) shows the reconstructed &xtuia plane.

and Bolles 1981]. A se$ of a few points is randomly chosen, and

(dx,dy,dn,r,g,b) wherer,g,b are the red, green and blue compo-

a planeHs is fitted using least-squares. We then count the number nents of the sample point respectively.

1(S) of data points that are within a predefined threshold digtanc

5 of Hs. This process is repeated for a sufficiently large number of The whole process is illustrated in Fig. 3, which shows ampia

setsS, and we find thes with the largest number df(S). Then, a
traditional least squares fit is done only using points(5) to find

the planeH. Note that we do not use vertices of the original mesh
for sampling the mesh, as such points are generally not ydisH
tributed. Rather, we generate sample data points randarobtyrde

ing to the area.

Next we project the boundary of the sample model patch oo th
plane. Any point orH can be represented as+ xe; + ye, where

e; ande, are two normalized orthogonal vectors in the plane, and
Vp is a reference point in the plane. Each vertean the bound-
ary of the patch, having positiopy, is projected onto the plane by
calculating:

(XY)v=(pv-e1, pv-&).

We then parameterize the patch with the boundary paranfeteds

as the projected coordinate values. Then, the largest esdoar
the parameter domain is detected, and we then regularlyleamp
the texture inside this square. The parameterization seter-d
mines a piecewise linear mapping from the parameter donaain t
the patch. We use this mapping to find the corresponding jpoint
the patch. A local coordinate system is trivial to find: we @&
use(er, e, €1 x €). A difference vector between the sample model
and the plane is measured in this coordinate system, thusygv
similar representation to the previous approach.

4.1.3 Height Field Sampling

In some cases, the texture may be sufficiently simple thét paint
above the base surface corresponds to a single point onriygesa
model, in which case a height field suffices to describe thiitex
For example, it is reported in [Wang et al. 2003] that meswstr
tures on tree barks can be modelled as a height field. Heid#t fie
sampling is done in a similar way to the previous approactegix
that vertices can be projected directly on to the base platheowt
the need to perform a parameterization.

4.1.4 Observation and Example

If the sample model also contains traditiorialage texture in-
formation, as well as geometric texture, we can sample the im
age texture together with the geometric texture, givingtapbe:

where a patch cut from the leg of the armadillo model is taken a
the sample model.

4.2 Boundary-Consistent Texture Synthesis

If the input model is not homeomaorphic to a disk, it is necessa
introduce boundaries using one or more cuts. The geometaigem
representation handles this issue and makes correspopalirsyof
boundaries exactly meet. After adding geometric detaits need
to again keep the boundary consistent. This is accomplislyed
resynthesis of textures near cut boundaries to hide thesseam

4.2.1 Initial Geometric Texture Synthesis

As in [Wei and Levoy 2001a] and other image texture synthesis
methods, we need to synthesize a regular grid of geometic te
tures with a resolution equal to that of the geometry imagthef
input model. Two steps are used. Firstly, we fill each grichpoi
with geometric texture samples randomly chosen from thepgam
model grid, which ensures that the initial random textur@getthe
same statistics as the sample model. Next, we build Gauggian
mids of the sample and the destination geometric textuheset
pyramids do not go up to the highest level but just a few leaets
used. We synthesize starting at low resolution and endirnigt
resolution. At the lowest resolution, we use a calisahaped tem-
plate to update the current texel, by finding the nearest miatc
the sample to give the newly synthesized texel. At higheoltes
tions, we take a combined template usinf-ahaped template for
the current resolution together with full neighborhoodimfiation
for lower resolution texels. In our implementation, we ag@rox-
imate nearest neighbor matchirfiylount 1998] to accelerate the
matching process.

The above synthesis approach gives a synthetic geometryeima
without boundary consistency, which we address next.

4.2.2 Boundary Resynthesis

To get boundary consistency, the above method is modifigtsfi
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Figure 4: Synthesis results across the cuts. (a) gives desigepus-3 model with a few cuts, (b) shows the synthesizadtrand (c) is the

synthesized model with cuts highlighted.

We apply a resynthesis stage at each level of synthesis.dlo, lvee
construct aboundary fixing pyramidgimilar to the Gaussian pyra-
mid used in the previous texture synthesis stage. Such arbisr
can easily be constructed provided that we use an initiarpater-
ization for the input geometry image which fixes the cut-reoaea
low resolution grid spacing equal to that of the highestllef¢he

4.3 Handling Orientation and Scaling

The sampled texture often has an implicit orientation aradirsg
which must be respected when the texture is applied to that inp
model. To control the orientation, the user defines an catent at
selected key points of the input surface, and from these iantar

pyramid. Subsequent sampling can then be done at a higer res jon, field is interpolated across the surface. This contresexture

lution. For example, the parameterization may place thenodes
on a 65x 65 grid, while sampling may be done on a 26257
grid. The boundary fixing pyramid is constructed by subsampl
the boundary grid points; the chosen geometry image reptese
tion makes sure that after this down-sampling the boundalyeg
still match.

orientation during synthesis. Secondly, the parametiizgro-
cess as well as the geometric shape of the input model cacale lo
variations in scaling of coordinates which must also benakto
account when synthesis is performed. In this Section, wéaaxp
how this is done.

We use a set of texture samples with different orientatiomissaal-

Next, for each level of synthesis, to hide the seams acrass th ing during the synthesis process. In practice, we use a s8t of

boundary, we use a relatively small full neighborhood teatgplvith

equally spaced orientations and 3 levels of scaling, whieli@ind

size e.g. 5 5. We resynthesize texture samples one by one in scan- {0 be sufficient. This set of samples is built in advance teefor

line order for those texture samples near the boundary afriiein
a boundary strip of size in accordance with the characiegite of
the texture. We put the center of the template at each nearelaoy
position, and collect information from both sides of the iyppiate
boundary.

The resynthesis process can be repeatedly performed kvers
for better results. After each iteration, to make identifiedindary
texels have identical values, we randomly choose one amhgate
its value to the other(s).

For other problem cases, e.g. texels in the corner of gegrimatr
ages, or where two cuts meet, we use a heuristic approachadn p
tice such cases are rare and do not cause problems in the resul

Fig. 4 shows that our texture transfer method generally svor&ll
even across cuts in the surface of the input model; this isodem
strated using texture from the armadillo’s leg shown in BigThe
left hand illustration shows the cut made in a simple genosdel
to convert it into a geometry image. The middle illustratgbrows
the synthesized model while the right hand illustrationghthe lo-
cation of the cut. Occasionally, however, it may happenttiere is
large anisotropic distortion of the parameterization riearbound-
ary, which is different on either side. Our approach canndy f
compensate for this, resulting in small remaining visuatdntinu-
ities, as can be seen in Fig. 4.

synthesis. For efficiency reasons, again for each oriemtatnd
scaling, we also build in advance an approximate neareghber
searching structure which is used to decide how to propabate
texture, based on the texture synthesized so far.

We need to estimate the scaling factor at each grid pointeofrth
put geometry image. For a grid poivg, assuming its 4-connected
neighbors arey, Vo, V3, V4, Wwe can compute the local scaling factor
as:

1 4
Svo) = 7 % [IPve — Puill2-
4i; 0 2

We can then compute the average scaling fagtéor the whole
input geometry image, andralative scaling factor Ror position
Vp as:

R(vo) = S

During synthesis, we estimate the relative scaling factarthe
local position to be synthesized. In a similar way to the idea
in [Tonietto and Walter 2002], suppose the 3 scaled sample te
tures areTy, k = 1,23, whereT, has the original sizeT; is a
scaled up version, ants is a scaled down version. We compute
level(vp) = logR(vp) + 2. If the level is outside the range of 1 to 3,
we use a value of 1 or 3 as appropriate; otherwise if it faltevben
two levels, says ands—+ 1, we then choos@&s with a probability



(a) without flip avoidance

(b) with flip avoidance

Figure 5: Results with and without flip avoidance

s+ 1—level(vp) and otherwise choosk, ;. The idea can be gen-
eralized to use more levels of scaling, but at a greater ctatipoal
cost. We find 3 levels acceptable in practice.

To define orientations, the user needs to define a few key tange
vectors on the mesh, and then a diffusion process is cartied o
to interpolate an orientation vector field on the mesh usinglar
ideas to those in [Turk 2001]. This is done as follows: vextor
except for the preset ones are initialized to zero. For eadiexvy

on the mesh, we consider its 1-ring neighborheed . ., v, map
the corresponding vectors to the tangent plang-atcall themfi—
and iteratively update the vector fieldwgtusing

K
o= fo+t S Wi(fi — fo).
o= Tfo i; 0

Heret is a step-size control; in practice, using a relatively $mal
t (e.g. 01) ensures stability\| is a weight, proportional to the
reciprocal of the edge length and normalized to have sum \dfee.
iterate until the vector field converges.

For faster convergence, we construct a pyramid and compete t
vector field from coarser to finer levels. The regular natdrges
ometry images greatly simplifies this process making itigitéor-
ward.

Next we map the vector field to the 2D parameter domain. Let
us denote the surface point b(u,v) where(u,v) € R? is the pa-
rameter value. As described before, we can easily estidiaf@u

and dX/dv by considering the 4-connected neighbors in the grid.
We can then project the specified vectoonto the parameter do-
main, which reduces to finding andy satisfyingxX, + yX, = v;

this vector then needs to be normalized. To get correctteatihe
boundary, the vector fields for vertices on either side dididd be
identical when mapped to the parameter domain. On eacthivtera

vector field update, we thus average the vectors for correpg
vertices. (Simply doing this at the end would cause the bagnd
vectors to be inconsistent with their neighbors’ vectors.)

During the synthesis process, we apply a probability deciso
choose the sample orientation which gives the best matcthein
same way as for scaling.

4.4 Reconstruction

The last step is to add the synthesized geometric texturtbe to-

put model to get the output model. We need to construct assefie
continuous local coordinate systems to apply the syntadsjeo-
metric texture to generate the real positions for each gridtpThe
local coordinate system is computed in the same way as farreex
extraction, and again we use a system(%f;, ¥ j,fi j), wherex;

y andrirepresent the two iso-curves and normal direction, all nor-
malized.

For a grid point on the input megh j; we compute the new position
vector after addition of texture detail as:

Pij = Pij + o %+ dy 9 +dn
wheredx, dy, dnare synthesized geometric texel values at each grid

point.

4.4.1 Flip Avoidance

In practice, if we simply modify the positions as above, ighiy
curved areas, the vertices may be modified in an inconsistant
ner, resulting in flipped faces. This can happen if the serfac



(a)

highly curved and the applied texture is relatively largee ¥én
avoid flipping by reducing the amount of modification of the-su
face. Thus, in practice we add the texture in a series of asing
steps, rather than all at once. If flipping is detected (themab
change is larger than a threshold, e.g. ?)5€he last step is un-
wound for the related vertices, and further growing thenalisb-
ited. This works well in practice, as shown in Fig. 5.

5 Experimental Results

Geometric textures have a variety of different applicatias noted
in the introduction. We present here a few experimentalli®su
which demonstrate the effectiveness of our methods inrdiffiecir-
cumstances.

The first example involves model stylization. We transfeinapte
manually designed geometric texture consisting of a fewslito
a destination model and cover it with such geometric det8ke
Fig. 1.

The second example shows how an exis@flgimagecan be used
to produce a height field for model stylizatioimtensityin the im-
age is converted theightabove a plane. We used an image of a
piece of leather to create a height field which was then agptie
the bunny model—see Fig. 6. Such an approach provides afplent
source of geometric textures for application to models.

The third set of examples shows the ability to transfer genme
textures from one model to another. See Fig. 7. Two diffetext

(b)

Figure 6: Geometric texture transfer using an existing ien@gheight field. (a) an image of a piece of leather (b) traresféo bunny model.

tures have been taken from the lower and upper leg of the aimad
model. The first has been applied to a tyrannosaur model aad a g
goyle model; the second has also been applied to the tyrannos
model. This shows the effects of (a) applying the same teximr
different models, and (b) applying different textures te game
model. Note that models which originally contain geometté:
tails need to be smoothed before geometric texture syisth&sie
neck on Fig. 7(c) contains denser detail than other regisribexe

is a large anisotropic distortion in this region which catioe fully
compensated for by our current method. The blurring seeten t
nose in Fig. 7(e) is due to its representation by a relatigemall
area in parameter space. The parameterization of geomedigeis
has isotropic scaling, and we use a scaled-up or scaled-tdewn
sion to synthesize regions with different scalings, legdio the
blurring seen.

The fourth set of examples in Fig. 8 shows the gargoyle modal w
transferred geometric texture with globally modified dgnsWe
achieve this by simply offsetting the scaling by a small ampto
globally increase or decrease the geometric texture gensite
final set of examples in Fig. 9 shows the effect of different-ve
tor fields on the texture transfer process. Several key v&gtere
manually selected for each example, and interpolation sed to
derive the vector field at each grid point. It can be seen thetor
field can be used to guide the synthesized texture as desired.

We implemented our algorithm on a PC with a Pentium IV 2.4GHz
CPU using C++. The models used for the tests described in this
paper were converted to 257257 geometry images. A three-level
Gaussian pyramid was used, and the sample models were sample



(d) (e)

®

Figure 7: Geometric texture transfer. (a) shows two patcbegining geometric textures cut from the armadillo’s I shows a gargoyle
model, (c) shows the gargoyle model with synthesized texadded, (d) shows a tyrannosaur model, and (e) and (f) shawtgsaur models

with two different geometric textures.

either at 64x 64 or 128x 128 resolution. For texture extraction, we
cut two patches from the armadillo model, each containinguab
8,000 vertices. The extraction step took about 10 secondst of
which was used in parameterization. The time taken to réngis
the model was around 0.6 seconds. The synthesis time, inglud
training time for the approximate nearest neighbor stmactaNN)
was dominated by nearest neighbor queries. Using appte@ia
proximation error bounds for the ANN, this step took 2 to 16-se
onds, depending on the resolution of the sample patch, wupe
synthesized results without visible degradation of qualit

6 Conclusions

In this paper, we have presented an efficient algorithm tesfea
geometric textures from one model to another, which requiezy
little user intervention while providing opportunitiesrfaser con-
trol, if desired. Our method is much faster than most preslipu
reported, especially after the preprocessing stage oftremtisig
query structures. The synthesis and reconstruction steaede

been found to be suitable for representing surfaces haénmgt-

ric textures. However, there are still some limitationsum current
work. Geometry images usually have relatively large di&ios,
which may include anisotropic scaling, and these cannotbhg f
compensated for by our approach. Our method could be exdende
to use a conformal geometry image representation, and wélwou
expect better results due to the avoidance of anisotroplingcand
usually lower distortion; we intend to explore this in fugurOur
method is based on use of parameterization of the mesh espres
tation, and so the topology can not be changed after syathgsi
geometric texture on a surface.

Geometry images are discrete samples of a continuous suead
are limited by the resolution chosen. While higher resolutie-
ometry images can be used, this is inefficient if only partshef
final textured object have high levels of detail. Instead sihg a
regular grid for the geometry image, it might be worth inigeting
the use of @eometry quadtre® overcome this problem. Gaussian
pyramid synthesis algorithms are suitable for implemeyntiris ap-
proach as the synthesis is actually done from coarse to fieésle
Difficulties lie in organizing the quadtree so that it rensmanela-

done in a few seconds. The geometry image representation hadively regular, and achieving continuity between diffarkavels of



Figure 8: Geometric texture transfer with different densit

detail. The disadvantage is that the fully regular struectfrgeom-
etry images will be lost.

Further issues remain to be explored. Firstly, the idea is th
paper could be implemented as an interactive geometridipgin
tool for model editing—a cloning-like tool for geometrictdding
would be very useful. Secondly, it is possible to extend theai
to different synthesis methods, especially patch-baspdbaphes.
Thirdly, spherical geometry images [Praun and Hoppe 2008} c
tain more regular boundary connectivity which will posgilpiro-
vide smoother results across the boundary of an object.owoll
ing the global conformal parameterization work of [Gu andiYa
2003; Gu et al. 2004], it is also possible to implement oupalg
rithm on conformal geometry images: a multiple-patch repn¢a-
tion, in which each patch is a regularly sampled rectangldarain.
The distortion could be lower due to the introduction of riplé
patches, and the nature of conformality. These can be ¢zgloi
future work.
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