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Abstract

In this paper, we present an adaptive multi-chart and neslbilution mesh representation suitable for both the CPUtlnd
GPU. We build our representation by simplifying a densesgoh mesh to a base mesh and storing the original geometny in a
atlas structure. For both simpli cation and resolution toh we extend a hierarchical method based on stellar oper#o the
GPU context. During simpli cation, we compute local paranmations to generate charts and an atlas structure todub later
in multiresolution management. Unlike previous approachee employ the simpli ed mesh as our base domain in a nolest at
descriptor combined with a specialized halfedge datatrecachieving superior geometric accuracy while addilogvadditional
storage. Finally, we show that our mesh representation earsed to adaptively control the mesh resolution in the CRUtha
GPU at the same time in a broad range of applications, fronihredsing to rendering.
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1 1. Introduction s by MAPS; in particular, the operations carried out in the-sec

Pol | hes h b the de facto standard re ond step are not the direct inverse of the ones performecein th
: olygonal meshes have become the oe facto standard reprge step. These two correlated problems hinder the sotutio

» sentation fo_r surfaces in 3D_graph|cs appllcat|ons_ [1]. Aae s inadequate to act cooperatively in the CPU and the GPU com-
. representation based on triangle meshes constitutes time fo

. . . o utational domains.
s dation of common rendering techniques, e.g. rasterizatih 7P

traci hil drilateral h s The goal of this paper is to improve on the shortcomings of
° ray- rgc;mgf], chquua d” ;.i erat (cnzuaa) mesnes ared more ap-, Ithe traditional multiresolution representation, corgating the
» propriate tor modeling, texiure-mapping and numerica operations involved in simpli cation and reconstructiorithw

s Simulations. In this work we are interested in both repr(‘:a;en41 out storing the simpli cation sequence. This allows our mul

? :;g.:saﬁ;sd srl(r)l\j\(l:ttjrecombme them with an adaptive mUIt'reSOLlf'tiresolution representation to beective on both the CPU and
10 .

3, the GPU. One of the rst steps towards this goal is@eometry

u  Dense-polygon meshes can be a burden to edit or renzfii_?%age(GlM) introduced by Gu et al. [5]. In GIM, the geometry
2N gomplex scenes. To m|t|g§1te th'S. problem, graphlcs apPe of the surface, as well as other attributes, is encoded implsi
13 cations often employ a multiresolution representation hef t matrix, transforming arbitrary surfaces into a completelyu-
1 surface based on derent strategies, as reviewed in section '

_ _ . = i’lar representation. This regularity is particularly imigmt for
i: s(,)tggsdI::eif;ta?r?eeocrli(;?r:aa:%gr?:gr:r:z;ﬁ issoé\iﬁglliee%ric;]brrr:‘ie;?atwg GPU-based applications since it enables the usage of ésxtur

1 cal fashion, while either storing the simpli cation seqeenthe « and guarantees data coherence, diminishing the need ekvert

: . so caching techniques in hardware. Additionally, a mip-magapy
i: ':gﬁyt/r;ggulf:ri]r?g\;;vlré:j);Ozfr;eniz;igﬂiiize(()fm)e [Szd}fggéngrem:j' s: mid can be constructed from a given GIM texture, attuning the

L . s2 original surface to multiresolution representation.
2 pli cation step, another well-known method callédultireso- 9 b

. . N The following work of Sander et al. [6] describ&ulti-
lution Adaptive Parameterization of Surfad®$APS) [3]. Sec- ;
Z ond, the Ioial parametrizations can be moddi ed to)t[p]aralimet = Chart Geometry ImageCGIMs), taking a step further rep-

- . ; . ss resenting the surface with a regular atlas structure. In MGG
® f;ibodr'lv'z'soggﬁécaeazgdstzgzgggh;Ln dL:\Ilti';ieg’rc[’Al}]Jt'ql_nh?f:' s the surface is partitioned in a set of charts, where each ishar
24 5 . -

»s Sult is a smooth mesh with controllable adaptive resolutfiat = regular GIM. This representation improves on the paraetri

ss tion distortion of the rst approach by mapping the surface

* app.roxmates, as the resolution increases on each re‘-t’"an’sgtpiecewise to aregular domain instead of mapping the entire s
27 original dense mesh.

. . . . face. However, both approaches undergo the same problem of
s Although an eective solution, the traditional multlresolu-: pluing parts of the surfgge together. On t?]e one hand pGIM use

tion representation has a few shortcomings. One is the memo . - ' ' :
ZZ consur?wption when storing the simpli cati?)n sequence | o a topological sideband to glue the boundary of the parametri

.« to restore the original mesh, as done by PM. Another is the cﬁsgomain when the surface is not a topological disk. On therothe
. Lo ) . 4 hand, MCGIM uses a zippering method gluing the boundaries
22 connection between simpli cation and reconstruction, esel ° ppering giuing

Preprint submitted to Compute& Graphics November 19, 2013



s Of each chart by snapping boundary samples on the regulars«loharts generated by each local parametrization. While thegsh

e mMain. In this paper, we borrow the idea of regular charts samare stored regularly in a texture to respect the GPU reqeiném

& pling from GIM and MCGIM but combined with simpli cation «s of data coherence, in the CPU the charts maintain the connec-
e iN the same spirit of PM and MAPS to avoid the post-processiadgivity of the simpli ed mesh using the halfedge data struetu

e topological and zippering solutions. 10 The resulting atlas stores the multiple charts, adding aadw

7 To build our atlas structure, we rst simplify the input dense: ditional cost to the overall data structure while providiag

n mesh (see gure 1(a)) by removing vertices in a@ient way 1. adaptive, multiresolution hierarchy by controlling how mya

= than PM. We make use of two stellar operators to remove wervertices to use from each individual chart.

75 tices in the simpli cation process [7face weldandedge weld 1. Finally, we present a method to combine our connected struc-
 explained in sections 3 and 4. The resulting coarse trianguture of charts in the CPU with a boundary-aware structure of
s lar mesh is converted to a base quad mesh, as depicted ins@hart interiorsin the GPU. This method enables a subdivision
7 ure 1(b), using a weighted graph matching algorithm [8].-Du¥ scheme to control the mesh resolution at lower levels in the
7 ing simpli cation, each removed vertex is projected onte ths CPU and, at the same time, allows the GPU to further increase
s corresponding face (in face weld) or edge (in edge weld).tdhe resolution at higher levels.

7 yield our local parametrizations and nal atlas structuseg

s gure 1(d)). 0 2. Related Work

m Multiresolution representation of a surface, i.e. a pohyajo
12 mesh, can be obtained essentially from twoedent strategies.
us One is explicit, through an atlas parametrization of thdemar
ua capturing levels of detail from a base coarse mesh to theedens
us original mesh. And the other is parametric, by smooth serfac
ue representation, that is a surface composed of parametdhem
w7 glued together. Both strategies have a vast literature end s
us eral works intersect these two concepts, for a comprehensiv
1e Overview please refer to Botsch et al. [1], Floriani and Magi
120 [10] and Grimm and Zorin [11].
= The partition of a polygonal mesh into charts is the rst
122 target of study in many works devoted to construct a mulbires
123 lution representation. The work of Krishnamurthy and Levoy
124 [12] presents an interactive system where the user manually
125 partitions the polygonal mesh into charts, to then t B-8pli
(d) 1zs patches to each chart and generate a smooth surface. This t-
127 ting is also done by Losasso et al. [13] but for genus-0 sagfac
Figure 1: lllustrative example of our atlas constructioa) A ..s using only one chart, and on an octahedral domain. MAPS [3]
scanned input model (Kikito) is simpli ed using stellar ope .., makes the partitioning automatic by combining the ttingthwi
tions and then converted to a quad mesh (b). (c) The supegpgimpli cation from ne to coarse resolution. Carr et al. [Jli4n-
sition of both dense and base meshes. (d) The parametrizatiprove on the chart-packing strategy of MAPS by using rectan-
done individually on each base-mesh face and edge yields.@gilar domains, packing is discussed on the context of our con
charts and nal atlas structure. 1 tribution on section 6. When considering the base coarse mesh
13 @S the base domain of a subdivision surface, several sghmtivi
135 Schemes can be used to obtain a smooth surface [4, 15, 16]. The
s 1.1. Contributions 1w choice of one over the other depends on the initial base domai
8 In this paper, we make three contributions in atlas-basednd on the desired multi-chart and multiresolution prapsrt
ss mesh representation. We rst introduce an alternative weths The work of Sander et al. [17] partitions a mesh using greedy
e t0 iIncrementally compute local parametrizations throudltioe s face clustering (similar to MCGIM [6]) to parametrize PM,mi
s Simpli cation process. In contrast with the original PM rhetl, 1. imizing texture stretch. The concurrent work of Garlandlet a
s We use a hierarchical simpli cation algorithm based onlateh. [18] also presents a face-clustering algorithm, but mining
&7 operators, which changes the mesh resolution by at mosggl-k a more general error metric. The subsequent work of Shlaf-
s Neighborhood instead of 2-rings as done by the PM basic.epnan et al. [19] develops a clustering-based partitioninthoc
s eration —edge collapse Our choice of operators is similaf. in the interesting context of surface metamorphosis. Theemo
« to MAPS simpli cation viavertex removahnd retriangulation,..s recent work of Tarini et al. [20] considers the intersectain
a1 but improving on the mesh generation quality and allowing.ethe mesh with poly-cubic faces to build seamless texture-map
« quad, ortile, coverage of the mesh and the usage of dual opemping, called PolyCube-Map, stored and accessed by the GPU.
o5 ators for reconstruction. 1s Depending on the goal, the mesh partitioning method can ac-
o Next, we adapt a well-known data structure, narhatf- s count for stretch and texture deviation, chart planarityeen
« edge[9], to handle multiresolution and the connectivity of the a common morphing domain, among others.

2
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1w After mesh partitioning, the multiresolution represeiatat .s processes, each of which attuned to theedénces between the
12 can be constructed explicitly by geometric atlas parametris CPU and the GPU.

153 tion. The work of Ji et al. [21] builds and maintains an atlas

15 Structure using the GPU via PolyCube-Maps [20]. However, th Triquad and4-k Meshes.Our adaptive multi-chart and mul-
1ss PolyCube-Map is not adequate to detailed geometric festuretiresolution representation builds on the variable retsmiud-k

156 as it is designed for texture mapping. The concurrent werkneshes [7] framework. The multiresolution in this framekvor
1s» of Hermandez and Rudomin [22] prioritizes rendering simplic is obtained by minimal local modi cations combined with a
s fying the charts transition and restricting the multiresioin 2 Special type of mesh — a triangulated quadrangulatiortr(or

15 representation to a view-dependent application. In thigepaz2 quad, where every triangle is uniquely paired up with another
w0 We address these limitations de ning a generic multireoiu 2 triangle to form a quad which is not necessarily planar.

e representation and using dirent strategies for the atlas con- , )
«« struction and handling. 214 Stellar Operators. In a triangulated manifold, the set of oper-

»  The multiresolution representation can also be constiuctetOrs that changes the mesh in a minimum local neighborhood

.« implicitly by approximation to a smooth surface [3, 12]. TH& &€ called stellar operators [16]. These operators areingea

. work of Lee et al. [23] augments this idea with a per-patch dié Surface representation to simplify, re ne and change tfe- co
.« placement eld for a better approximation of the originalshe * nectivity of the mesh. Figure 2 summarizes the action of each

.« Later, the work of Boier Martin et al. [24] combines a faca: Stellar operator, namelyace weldand its duaface split edge
. clustering method to generate a quadrilateral base mesh witveldand its duakdge splitandedge ipwhose dual is itself.
160 parametrization to obtain a Catmull-Clark [15] subdivisgur- face weld edge weld edge flip
o face. The more recent work of Bokeloh and Wand [25] synthe- —~ —~ —~

1 Sizes geometry on each region using a subdivision procedu% ’ ﬁ § ® %
2 on the GPU. Although tting smooth surfaces is an interegtin fa‘c?ﬁlit ed:g\es/plit edg\eﬁip

w3 alternative, we will focus on an explicit representationtiod

s Surface via multiple regular charts in an atlas structurehe Figure 2: The stellar operators used in our representation.
s same line of work of the GIM [5] and MCGIM [6] approaches.

s  One direct way to construct an atlas parametrization of the

w7 surface is to cut it open to be topologically equivalent te th ) ) ) )

1 plane, and use a global parametrization. The work of Kharievi 4. Adaptive Multi-chart and Multiresolution Mesh

9 €t al. [26] proceeds in this direction improving on the angle

. . . . > We follow the idea of minimum modi cations to construct
= based attening algorithm [27] by introducing cone singila " o\ tace representation in two complementary methods. W

w1 ties and using circle patterns. Later, the circle packingrime A ' :

. : o AR . 4 I -pol h h
12 IS generalized to Ricci ow algorithms in the work of Jin et al §t2rt bi; SImp |fy|ng an mput depsel polygon mgs ﬁt%”.r@ ¢
13 [28].  Although nding a global parametrization is a way to Induced parametrization In a simple way, as detailed in sec-

o« build an atlas structure, here we focus on local paraméiim 26 tion 4.1. Then the triangles of the coarse mesh are paired to
us done incrementally in t'he spirit of PM [2] and MAPS [3] 227 form tiles, producing a hierarchical K-mesh, explained in sec-

186 In this work we consider the problem of nding an adaptivzé8 tion 42 The resultis atriquad mesh equipped wi_th_info'rmraF
1z Multi-chart and multiresolution mesh representation fofas = ofthe input mesh (see an example in g 1(d)). This informatio

L . .23 produces two data structures, explained in section 4.3} tse
188 C€S, Which is eective for both the CPU and the GPU. Obtalnlgg reconstruct the surface in section 4.4.

10 an adaptive multiresolution representation in these twiecds
190 IS @ complex problem, even considering only the GPU compu;,
23

191 ’ ’ 1 . f r

22 method described by Velho and Gomes [7]. The idea is to apply
122 3. Background 2 only stellar weld operators to the mesh, altering its retsmiin

s  We rstde ne the problem and outline our solution to the® & minimal way. More speci cally, only the 1-ring neighbo

1« describe a few concepts used in our mesh representation. * of faces of the vertex being removed (in red in gure 2) wil
" a8 change. As a consequence, the boundary vertices and edges of

s Problem De nition. The problem is to obtain an adaptive multe this 1-ring region, or its link, remain intact. _

1% chart and multiresolution representation of the same seiifa 2 N OUr scenario we use a combination of edge ips and face
w two di erent computational domains. The rst is the CPU, ¢4-Of €dge welds to perform the simpli cation process. The edge
1= pable of handling irregular connectivity which is inhedtdi- 22 1P Operator can change the surface drastically and it isyonl
1 rectly from the static input mesh; the second is the GPU, te@Pplied to better approximate the original surface; or técima

2 signed to deal with regular implicit connectivity in the fioof 2« the vertex degree requirement of 3 or 4 for simpli cation. In
- texture images. The solution we present takes as inputra tia the rst case, the ip is used to choose an interior edge when
x gulated two-manifold mesh and returns two data structusies ¢ Performing an edge weld operator. While in the second, the

s able for both computational domains. This solution allows?i [P iS used to reduce the degree of a vertex selected to be re-
x4 10 control the mesh resolution in two cascading level-aaie®® moved enabling a weld operator. In both cases we estimate the

3



29 error of performing the operator using the quadric errorrimet:.o The matching is then equivalent to pairing all mesh triasgte

20 introduced by Garland and Heckbert [31]. Our simpli catiofn such a way that every triangle belongs to only one pair (see an
s method uses only ip and weld operators, later we explain hewexample in gure 4). To compute the matching, we de ne a
22 10 Use the split operator for adaptive resolution control. 2s3 function that assigns a weight to each edge of the dual gmaph,
3 Oneach step of the simpli cation process, the removed vermesh edge. These weights are used to nd a maximum weight
4 teX IS parametrized on the simpli ed face (in case of a fageperfect matching on the (weighted) dual graph, which is a per
s Weld) or edge (in case of an edge weld) using an exponentidect matching whose sum of edge weights of paired triangles i
26 Mapping. This induces a hierarchical parametrization ef th maximum over all perfect matchings.

27 surface that is maintained throughout simpli cation, iver-

2 tices that have been mapped to a face in previous simplooati

250 Steps are re-mapped to the current face using barycentsie co

x0 dinates. The resulting multiresolution parametrizatisim-

261 ilar to MAPS [3], but it is simpler to implement and achieves - -

262 better results due to the locality of the stellar simpli icat op-
x3 erators (see gure 3 for an example of a simpli ed mesh). Tri-
x4 @angles and remeshing quality is further discussed in seétio

Figure 4: The head of the Kikito coarse mesh is covered with
tiles using triangle pairing. The result is our base quadmes

208 In our scenario we use the weights to obtain a tile cover-
200 age suitable to be used as an atlas structure, considerang on
a0 Chart for each tile. Instead of a function that values playaf

s the paired triangles, as in the original work of Daniels lhakt

a2 [8], we use a function that penalizes overlapping of neighbo
w3 ing tiles. Our weight function rst ranks possible tiles by-o

@) () © s0s thogonality; and then by “manifoldness”, i.e. the weighsét

gs to zero if the corresponding edge has one vertex of degree 3.
w6 This penalty feature enables the reconstruction of thdaraig

a7 surface on top of each tile, avoiding the case of pairing tivo t

w8 @ngles incident to a degree-3 vertex and generating gepmetr

xs  After completing the simpli cation process (we decimate 6 overlaps. . : . :
The result of the matching algorithm is a triangulated mesh

approximately 1% of the original mesh), the resulting meshi$ . ; . :
:i OEF base don);ain with the dgnse mesh)parametrizeg IocallfluoWlth alltriangles paired, or a triquad mesh. The pairedglas

2 10p of it. The simpli cation can reduce the original meshesia ™ form guad tiles that are used in our representation to chdngge
' 213 surface resolution adaptively. Moreover, the tiles are aksed

an arbitrary size as long as the simpli ed mesh is a tria a ) .
. Ay 9 P MBdla ' s charts in a multi-chart regular structure.
270 two-manifold mesh.

an Th(=T companion_ parametrization has two important Propery 5 \1uttiresolution Data Structures

o ties. First, the pre-image of every vertex of the dense mesh i ) i ) o

2 a point whose coordinates are barycentric coordinatesneitre  With the techniques described so far, we have simpli ed an

2 spect to the vertices of a base-mesh face or edge. Secondy tiut dense mesh, storing local parametrizations, anégéhe

s base-mesh vertices are, in fact, vertices of the originalhme:= Simpli ed triangles, grouping parametrizations pairwiséhe

2 We use these properties later to construct our atlas descrip e Output is a triguad base mesh equipped with information from
a0 the input mesh, which suces to build our multiresolution rep-

2 4.2. Building the Tiles a1 resentation of the mesh through two data structures.

2s  The result of simplifying the input mesh is an equivalefit The rstis a halfedge-based data structure in the CPU spe-
- triangulated two-manifold mesh. In order to use the stetar ™ cialized to represent the collection of all parametrizagioi.e.

20 NEment operators to attain multiresolution, we need toerov* our multiple charts, and to support stellar operators, die.

2 the entire simpli ed mesh with tiles, that is, pairs of trglas * adaptive mesh. We start by constructing the regular hatfedg

22 forming quads. To that end we use a graph matching idea Salzr?"cjata structure from the triquad base mesh, but classifysilg h

2 lar to the one described in Daniels Il et al. [8]. = €dges in two typesboundaryandinterior. Each dual-graph
=  The ideais to pair triangles by nding a maximum weigfit edge not chosen when pairing base-mesh triangles (exglaine

26 perfect matching on the dual graph of the triangulated mé&q" section 4.2) corresponds to a base edge in the boundary of

2 This matching is guaranteed to exist in meshes without boufidf chart, which generates two boundary halfedges. Each dual-
27 aries, i.e. with an even number of triangles. However, ircpré’ graph edge chosen by the pairing corresponds to a base edge

= tice, we overcome this limitation by performing edge spiits in_ the interior of a chart, generating two interior halfedge _
2 Unpaired border triangles, in case of non-degree-3 dutitesr ** Figure 5 (center) shows an example of boundary halfedges (in

Figure 3: The head of the Kikito scanned model (a) is simpli
using stellar operators to 2% of the original mesh (b) af8%
in the nal coarse mesh (c).
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as brown) and interior halfedges (in blue). We classify thef-hal:  The two data structures comprise our multiresolution repre
as edges by making each triangular face point to its interidi- has sentation. The original surface is approximated using e s
a6 €dge, which avoids the need for additional data structumeespsz cialized halfedge and set of charts, allowing not only théJCP
s After classi cation, we store on each halfedgeiadexto 0 but also the GPU to control the resolution.

xs the chart that contains it, and two positions on the paramete

s domain: start andend The parameter domain of a chart issa 4.4. Reconstructing the Surface

w0 unit-square region, illustrated in gure 5 (right), follamg the .., The reconstruction of the surface uses the halfedge data
s texture-mapping design of the GPU. The start and end positig, structure to determine the edges that can be split, or the ver
s are stored as twou(v) coordinates. Both index and positiop, tices that can be weld, by the stellar operators. Initiallyyer-
«s coordinates ensure a one-to-one correspondence betwsén @ces are set to be at level 0 and unable to be removed and only
= and atlas. Finally, we store on each verteresolution level ., interior edges can be used to re ne the mesh. The edge split
«s (starting at 0 for base-mesh vertices) to control the meap-ad, operator inserts a new vertex at the middle of the split eitige,
«s tivity. This is done similarly to the 4-8 subdivision methdd] ., |ystrated in gure 6, with attributes given by the samplerett
w7 but, instead of a 4-8 mesh with smooth subdivision contrel, yy position on the corresponding chartimage. The sampleiposit
«s have a 4 mesh with a parameter domain per tile. Remarkablyjs determined by the split halfedge data, i.e. chart indexi, a
us the subdivision scheme works exactly in the same way. w1 Start and endu( v) positions. The complementary edge weld
32 Operator removes a vertex from the interior of a tile.
s The edge split operator changes all four boundary halfedges
geomelry ﬁ se4 10 be interior halfedges, consequently changing the newirand
¥ WS . terior halfedges to be boundary. The edge weld operatorasdo
+ o ' w6 these changes. Altering halfedges to be either interiooand-
normal m so7 @ry is su cient to determine split edges and weld vertices. An
[ | s edge can be split if both its halfedges are interior, and texer
a9 can be weld if its 1-ring halfedges are boundary. Figure éwsho
Figure 5: The base mesh (left) is converted to a specializedn example of a sequence of split operators applied to rénae t
halfedge data structure (center) and a collection of regulamesh adaptively on a certain region.
charts (right), one for each base-mesh quad face.
Y/

s  The second data structure is a set of charts, stored on both
= the CPU and the GPU, computed using the local parametrizati
2 0Ns and the triquad base mesh. The boundary edges of a qu%\
=3 face are mapped to the unit square, and the parametrization o

=4 €ach edge is transferred from its linear domain (explaimed i

=5 Section 4.1) to each side of the square. This produces dagdic Figure 6: lllustrative example of the adaptive resolutiontcol

=6 Of edge parametrizations (each boundary edge is shareddby tvwof a tile and its chart, showing the corresponding verterlgv

ss7 charts) but it amounts for a small additional storage ondted t At each resolution, only a set of edges can be split (withaeir

s data structure (discussed in section 6). The replicatiahaft and a set of vertices can be welded (with a cross).

w0 boundaries is important to guarantee that the resultingtada

o tessellation in the GPU is crack-free, while maintainingete .. The successive applications of stellar operators induces a
s fetching coherence. a2 variable-resolution lattice, where the coarse (dense)hnigs

s2  The interior of a chart is obtained by triangle rasterizatig, the source (sink) node. Any cut in this graph is an adaptive
ses USing ordinary scan conversion, similar to MCGIM [6]. We-rag; mesh and, since the base coarse mesh is initiallykanésh,

s t€rize vertex attributes, such as geometry and normalsefsees it is not necessary to store the whole graph, only the current
« amples in gure 5), of the dense 3D triangles inside a chare(q, mesh is required to have the entire adaptive multiresaiutio

%o Vertex inside is enough to consider a triangle inside) in#Da .., Moreover, the resolution level at each vertex is used toreafo

7 image. This image is cropped to the unit square and yields.Quin invariance of one-level maximum dirence between adja-

ses Chart domain (we discretize it in a 333 image). Finally, the.,, cent faces. This feature produces a smooth resolutioritins

w0 @ Ne interpolation along the edge lying between two neighb@rwhen adapting the mesh.

s ing charts (a 1D image also discretized with 33 pixels) igluse...  The re nement and simpli cation rules are managed by the
= average the values around the boundary of the two charth. BoCPU, where the halfedge data structure resides, and guaran-
2 chart boundaries are updated to the average value ensuringee that the surface can also be adaptively reconstructégin

s correct overlap of attributes. It is interesting to notetttds .- GPU. The CPU can stipulate any resolution to the mesh, from
s @verage is not necessary for chart corners, since the bese-m coarse to ne (up to the chart image resolution), and the GPU
«s vertices are the original dense vertices and the averag&wgustarts from this prede ned resolution. The GPU can further
ae considerk equal vertices of degrde a8 control the resolution of the mesh, using built-in tessita

5



«9 Shaders, following dierent subdivision rules. These rules de-

0 rive from the fact that the GPU tessellates the surface ialpar

«21 lel with the information given by the CPU and the set of charts

«22 Stored as an atlas image in texture memory.

2 The CPU information sent to the GPU captures the current
«24 halfedge data structure via a list of patches with four lautes

«s per patch: ¢;v), sandc. The rst two attributes (; v) are the

s lower-left coordinates in the atlas imagejs the side of the

«27 patch in pixels, and de nes the initial subdivision of the patch.

«s The patch can be seen as a square piece of the atlas of up to the
9 Size Of the chart. In the case the patch is the entire tile) ap i

w0 Ure 6 (center), theu(v) is the chart origin position in the atlas,

«a SIS the chart size, and de nes the inner and outer GPU tes-

.22 Sellation levels to match the edges inside the tile. When more
3 than one odd-level vertex appears in the interior of a the, t

w0 Patch is subdivided into four patches and their attribute sup-

s dated accordingly. This additional CPU subdivision is &mi (a) (b) (©) (d)
a3 10 the restricted quadtree of the Catmull-Clark [15] sulsidn

« scheme, but allowing adaptivity. Figure 7 shows an exampl&i9ure 8: Final reconstruction of the Kikito statue: its @as-
«» of a tile with level-1 and level-3 vertices subdivided intuf ~ duad mesh (@) is adaptively re ned from bottom to top in the
« patches by the CPU to be sent to the GPU. CPU (b); the head of the model is further re ned in the GPU

(c); and in (d) a more detailed re nement is imposed by the
CPU. Boundary edges (in brown) and interior edges (in blue)
denote the patches resolution level on each stage.

0
+ -+« Cascading Level-of-DetailThe rst application aims to ren-

s der hundreds of meshes using level-of-detail (LOD) at tineesa
CPU ' GPU w5 time in the CPU, with adaptive re nement as in gure 8(b), and

w6 iN the GPU, with view-dependent tessellation re nemeng-Fi
Figure 7: The tiles and charts are converted by the CPU igt@re 9 illustrates this cascading LOD applied to a checketboa
four patches sent to the GPU. s of meshes rendered in real-time.

wo  After the patches are sent, the GPU subdivides the patches
« in parallel, using the atlas image to evaluate vertex aitiei¥
w2 generated by the tessellator. The patch subdivision fallove
w3 rules to avoid cracks in the surface. The rstis to have the-mi
«s imum subdivision level given by the patch attribateThe sec-
«s ond is to specify border subdivision consistently acros$shyes,
ws that is, using only the information from pixels at the patciub
«7 ndary. With these two rules, the parallel speci cation ofeyu
«s Subdivision levels is guaranteed to generate a valid trikatgd
w9 two-manifold mesh (see examples in gures 8(c) and (d)). ;
s  The combined data structures with patch de nitions and
s Subdivision rules constitute our adaptive multi-chart amal- /

w2 tiresolution representation. Figure 8 illustrates a madebn- .
w3 Structed from its base triquad mesh (coarsest resoluticart-
w4 trary mesh resolutions. Note that @rent parts of the mesh are
»s at di erent resolutions de ned by either the CPU or the GPU.

Figure 9: The Bimba model is adaptive re ned in both the CPU
and the GPU (top) to be rendered with LOD (bottom).

«e 5. Applications o Fine-detail Editing. The second application uses the atlas struc-

s Multiresolution meshes have a wide variety of applicatjons ture to add details to a mesh by creating extra charts. These
s from real-time collision detection to high-de nition taxie map-«: charts are combined with the regular charts to create agroje
s Ping. Multiresolution with adaptivity is even better pasited « tion e ect of the editing. Figure 10 shows this ne-detail edit-
w0 than xed resolution control, since it can be applied to oegi «: ing of the word3-torusin a model, regions close to the word (in-

w1 Of interest in the mesh rather than the entire mesh. Heregwe-dner ring bottom) are at higher resolution than far regionseo

s Scribe two illustrative applications of our mesh repreatiah. s rings top) de ned by the CPU and the GPU.
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Table 1: Details of our multiresolution mesh representatkor
each tested model, we show the number of vertices (#v) and
triangles (#t) of the original dense mesh and the simpli edd
mesh, the number of charts (#c) in the atlas structure, #ee si
of the atlas in pixels and its eciency (e .).

Dense Mesh  Base Mesh Atlas Structure
Model

#v #1t #v #t #c size e.
Kili 490K 977K 559 1028 514 759759 913%

Neptune 2M 4M 2336 4680 2340 1611584 914%
Bimba 192K 384K 338 672 336 62594 867%
Gargoyle 97K 194K 182 360 180 46229 852%
3-torus 16K 34K 71 150 75 297297 869%
Kikito 75K 150K 66 128 64 264264 939%

Figure 10: The 3-torus model is edited using adaptive re ne-
ment (top) to then be rendered in full detail (bottom).
s2 mesh anddist as the Hausdor distance between the dense
s1s mesh and each multiresolution mesh from level 0 (base mesh)
6 6. Results and Discussion s1s to 10 (full-resolution mesh). The decimation rate of% and
. . . s1s chart size of 33 33 pixels ensure that the level-10 mesh has
«n Ourtest platform is an Inte| Core i7 2600 CPU with 16GB approximately the s:me number of vertices and trianglelseof t
«n Of RAM and an nVidia GeForce GTX 560 Ti GPU with 1GB; o5 megh) Figure 11 shows the measured PSNR for each
«s We have constructed our adaptive multi-chart and multrresslg)tested model.
« lution representation for a large number of models. The en- Our strategy of combining a stellar-based simpli catiortiwi
s tire pre-computational pipeline is automatic and takestBan _ o anifold-aware triangle matching results on a good aspect
« 15 minutes to complete per model, where simpli cation andy;,, ., triquads, as can be seen in gures 1(b) and 8(a). The
s Matching are the most expensive steps. o

Table 1 . th . iveline f | (gase-mesh vertices are distributed across the base saface
o avle 1 summarizes the conversion pIpeline Ior Severalmoay o.q 1t of our pipeline. Additionally, reconstructing tser-

«s €ls. The simpli cation followed by matching transform the ¢, .0\ ising subdivision followed by tessellation with s@aar
« model's dense mesh in a triquad base mesh. After matchingy, s jncreases mesh quality while maintaining the aspect
«s7 the rasterization step creates each chart to be packed i an

| iruct This struct hends all surfaci 1 #o of triangles, as shown in gure 8(d) and by the PSNR re-
« las structure. This structure comprehends all surfacealess, o s This is true even for complex models, such as the the

89 g;?gitasegr]i:%gr?:gl’ 23;??;;3?3 heerlgar;;irgsg ?g':;]neg ,Gstorid INeptune statue and the Kilimanjaro terrain model, illustddn
40 P P Rlbs gures 12 and 13, respectively. The Kilimanjaro model (Kili

w1 € ciencymeasures the amount of signi cant information in t@g achieves the highest geometric accuracy, with irregulaneo-

2 pixels 9f each texture. The packing §tep organizes thes:hartﬂ tivity, almost one million triangles and boundaries.
w3 @ Matrix form close to a square, which may leave several chart

w0 Slots empty inside the nal atlas (see gure 13), reducing at ! " $HY%
w5 las e ciency. The replication of boundaries inside charts also
w06 Slightly reduces the atlas eiency.

«7  Our specialized halfedge data structure is used from the ini
w08 tial state of our multiresolution representation to thel fl-

w00 resolution state in the CPU. The data structure is dynandc an

s0 €Xpands as the mesh resolution increases. The additiamal st | )
su age is low compared with a regular halfedge data structure. | ($)%
sz requires 6 bytes per halfedge (2B for the chart index and 4B fo - .

s0s the start and end positions) and 1 byte per vertex for the res- / — &
s Olution level. Considering the storage of only the base mesh s s s s s s s s s
ss and the atlas texture, our combined multiresolution datacst

s6 tUre is smaller than the original static dense mesh usingjaeg

so7 halfedge.

< \We express geometric accuracy in our multiresolution rep- Figure 11: Precision of our multiresolution representatio

so resentation as Peak Signal-to-Noise Ratio (PSNR), fotigwi

s MCGIM [6]. The PSNR, PSNR= 20log;o(peakdist), iscom- = Analyzing further the PSNR results, the highest resolution
su puted using thgpeakas the bounding box diagonal of the denseof the Gargoyle model achieves a slightly lower accuracydB
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Figure 12: The Neptune model simpli ed and tiled to its basesim(left), increasing the resolution to level-3 (secoondifthe left),
level-6 (third) and level-9 (fourth); and the original demaesh (right). Each upper-left corner details the top oftieelel's head.
Quads drawn are in fact triquads.

sss duals of the simpli cation operators are used in the recmust

ss6 tion method from coarse to ne resolution. The atlas combine
ss» With dual operators leads to a multiresolution mesh represe
sss tation e cient to both the CPU and the GPU. We demonstrate
sso the practical use of our representation in two applicatioes-

so dering hundreds of meshes with cascading LOD and editing a
s Small part of an adaptive mesh.

ss2 Future Work. Although we have focused on both the CPU and
s3 the GPU computational models, our multiresolution repmese
se« tation should specialize to either model using the preskaeata
Figure 13: The Kili model (top) converted to our multiresolss structures. One example of CPU specialization is to maintai
tion representation (bottom): the base mesh (center); gegmss the irregular domain of each chart, instead of rasterizing a
(left) and normal (right) atlases. sz regular domain, improving reconstruction accuracy.
sss  Another more profound specialization is to adapt the atlas
seo Structure to a multiresolution subdivision surface ttexlthe
s« di erence) compared with MCGIM (see [6, gure 14]). The gg; dense mesh. Since our multiresolution representationssda
s OMetry accuracy is lower given the fact that our chart domain on stellar operators it woulg, be trivial to incorporate eitia

= are squared regions and we do not have an optimization stegatmull-Clark subdivision or 2-subdivision while still main-
s» On the ip side, our packing step is more eient and simpler;.;; taining adaptivity control.

s We have a nal atlas image more suitable to GPU-based appli-
s cations; and the accuracy of our charts can also be improyved b
s0 an optimization procedure similar to MCGIM. =« Acknowledgments
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