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Abstract

We present a technique designedaiming to improve the compressionof the
Edgebrealer CLERS string for large and regular meshes,where regularity is
understood asthe compactnessof the distribution of vertex degrees.Our algo-
rithm usesa specially designedcontext basedcoding to compressthe CLERS
sequence.lt is exceptionally simple to implement and can easily incorporated
into any existing Edgebrealer implementation which usesthe Spirale Reversi
algorithm for decompression.Experimental results shav that our procedureis
very fast (600,000triangles per secondon Pl1I 650MHz for decompression)and
leadsto compressionrates which are, in most cases superior to those previously
reported for large meshesof high regularity.
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Figure 1: The Edgebrealer traversal of the well-known bunny and horse models.
Trianglescorrespnding to di®erer symbols are shown in di®eren colors('C'=blue,
'R'=green, 'S'=red, 'E'=magenta, 'L'=y ellow). Notice that the triangle in the certer
of the "gure on the left is the onefrom which the traversalstarts.



1 Intro duction

Three dimensional surfaces,usually represered as triangle meshes,are commonin
applicationsrelated to computer graphicsor computer aided design. The currert Te
formats usedto represen this kind of data are often very uneconomicalin terms of
storage,which makesthe task of downloading them from remote locations aswell as
local manipulation cumbersome.The techniquespresened in this paper may help to
alleviate theseproblemsby providing a simpleand e®ectie technique for compressing
the connectivity of triangle meshes.

3D triangle meshesare typically viewed as consisting of two major types of in-
formation: connectivity (which can be thought of as a speci cation of all triples of
vertices bounding a triangle) and geometry (meart asthe vertex locations). Before
any compressionis done, the connectivity information typically requires more stor-
agethan the geometry Becauseof this, the connectivity was the focus of all early
compressionsdhemes. The current state of art compressionalgorithms reversethese
proportions: compressingconnectivity with 2 bits per vertex is often possiblewhile
the compressedyeometry for a typical irregular meshrequires about 5 times that.
In spite of this, we beliewe that considerableprogresson the way of designingmore
accessiblebetter, simpler and faster connectivity compressioralgorithms is still pos-
sible and it will stimulate the more widespreaduse of the 3D technology as well as
insightful researth endeaors on the frontier of information theory, data compression
and computational geometry

Triangle meshconnectivity compressiorhasrecerily grown into avastand vibrant
researt area. The pioneering papers [2, 4, 15, 16, 10] establishedthe traversal-
basedapproad which is used, with numerousimprovemerns, to this day. During
compressionthe triangles of the meshare traversedin an order determined by the
connectivity itself. Somedescription of the local connectivity around the traversed
triangles or vertices(e.g. degreeq16, 1] or status of the adjacer verticesor triangles
[10, 4]) forms the compressedepresemation. The decompressiorprocedurerebuilds
the global connectivity by reconstructingit alongthe encaler'straversalpath in away
which ensuresthat it is consistem with the local connectivity information speci ed
by the encaling string.

It is interesting that the theoretical worst caseresults are much worsethan the
typical experimertally measurescompressiorrates. The classicalresult of Tutte [17]
provesthat there is no compressioralgorithm adieving lessthan log,(256=27) ¥4 3:24
bits per vertex for all triangulations. The most recen algorithms [4, 5, 11, 16, 1, 8]
easily achieve much better compressionrates, often well below 2 bits per vertex for
large and regular meshes.Thus, they are able to take advantage of coherenceoresert
in regular meshes. The paper [14] shaws that for suzciently large mesheswhose
fraction of degree-6verticesis closeenoughto 100%,the Edgebrealer CLERS string
can be compressedwith 1:622 bits per vertex (lessthan 50 per cert of the Tutte's
lower bound). The paper [5] describesa variant of the Cut Border Machine algorithm
[4] which takesadvantage of meshregularity to substartially improve the compression
rates. The papers[1] and [8] shawv that, using an optimized variant of the algorithm
of [16], bit rates closeto O bits per triangle can be achieved if, in addition to large
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percertage of degree-6vertices, their algorithm does not generatetoo many split
codes(which indeedhasbeenobsenedin practice). In general,the compressiorrates
reported in [1, 8] (in bits per vertex), are closeto the erntropy E of the vertex degree
distribution (if the typically small overheaddue to the split operationsis neglected),
given by

*

E= i falog,fq;

d=3
wheref 4 is the fraction of verticesof degreed. In this paper we presern a compression
algorithm for the Edgebrealer CLERS sequencdasedon the ideasof [14]. This paper
is a more detailed description of results presened at the poster sessionof the Data
CompressionConference[13).

Our experimerts show that its compressiorratesare often below E bits per vertex,
especially for large and regular meshes.In particular, they are better than the algo-
rithm of [1]. Our algorithm is very simple: the original Edgebrealer meshtraversalis
not changed. In fact, our method merely enhanceghe previousways of compressing
the CLERS string by using a regularity-driven cortext-based entropy coding. This
makesit excient in terms of running time and exceptionally easyto implemert.

The structure of the paper is as follows. In Section2 we brie°y recall the Edge-
brealker algorithm and Spirale Reersi decaling algorithm for the sake of complete-
ness. Section 3 discusseghe motivation of our cortext-based encaling scheme. Fi-
nally, section4 presens the experimertal results.

2 Edgebreak er and Spirale Reversi

In this sectionwe brie°y recall the principles of Edgebrealer [10] and Spirale Rewersi

style of reconstructing the encaded meshfrom the encaling string [7]. We are going

to assumethat the mesheswe are dealing with are simplei.e. are triangulations of

the two-dimensionalsphere. Equivalertly, they are manifold triangle mesheswith no

boundary nor handles. Howewer, let us stressthat this assumptionis made only for

the purposeof this presertation: the standard ways of dealingwith holesasdescribed

in [11], [9] or [7] caneasilybe madea part of our sheme. Handlesare brie°y discussed
in Section2.4.

2.1 Edgebreak er encoding

The Edgebrealer encading procedure transforms a given input meshinto a string
of symbols from the setf C,L,E,R,Sg. The symbols are in one-to-onecorrespndence
with the triangles of the mesh. The order of symbolsis de ned by a depth- rst seart
traversalof the mesh. Roughly speaking,ead of the symbols encaleswhether certain
meshelemerts adjacernt to its correspnding triangle have beendiscoreredbeforethat
triangle is rst visited during the traversal. Below we state the algorithm in full detail
using the half-edgerepresemation of the input mesh.

As an auxiliary data structure we usea stadk of half edges. We also equip eah
of the verticesand triangles of the meshwith a binary °ag indicating whetherit has
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status action
(state of ‘disco vered' °ags)
Trigh t(h) Tieft (h) tip (h) symbol half-edges
output pushed (in order)
righ t( h)

FALSE FALSE FALSE

FALSE FALSE TRUE left (), righ t(h)
left (h)

mrIno

TRUE FALSE TRUE
FALSE TRUE TRUE righ t( h)
TRUE TRUE TRUE none

Figure 2: Edgebrealer encaling: actionsfor a given status and notation for a neigh-
borhood of a half-edgeof h
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Figure 3. Changesto the meshon stadk causedby the C, L and R synbols (left; NG
standsfor 'new gate'); S operation: the meshon top of stack (with gate g0) is glued
to the right edgeof the new triangle, and the secondon top (with gate gl) - to its
left edge;the bottom edgebecomesghe gate of the resulting meshwhich replacesthe
former two on stack (right)

beendiscorered or not.

At startup, all °ags are set to FALSEand the stad is initialized to hold one
arbitrarily chosenhalf edge. Then, until the stak is empty, we pop a half-edgeh
and, depending on the state of the “discorered' °ags of the triangles Tignt (h), Tiert (h)
and the vertex tip (h) (seeFigure 2) we output one of the symbolsin fC;L; E;R; Sg
and push one, two or none of the half-edgesight(h), left(h) on top of the stack. The
required actions are shavn in Figure 2. Beforeclosingthe loop, we mark the triangle
T, and all of its verticesasdiscovered. The readeris referredto [10] for more details.

2.2 Spirale Reversi decoding

The Spirale Rewersi decaling processfollows the execution path of the Edgebrealer
encaling procedurebadkwards. It scansthe encaling string starting from the last
symbol and, for ead of the symbolsread, performsan operation on a stack of meshes.
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The mesheson the stadk are triangulations of connectedcomponerts of the comple-
mert of the discovered part of the meshin the analogousmomern of time during
compression.Their order on the stadk correspndsto that of half-edgeson the stadk
while encading the mesh. The operation assaiated with ead of the symbols "undoes'
the e®ectthat it hason the undiscorered part during compression. The details are
given below.

At startup, the stad is empty and at termination it cortains just oneitem - the
reconstructedmeshidertical to the encaled one. Each of the meshesn the stadk has
an assaiated special external (i.e. not having an opposite) half-edge. That special
half-edgewill be called its gate Gates correspnd to the half-edgesplaced on the
stadk during compression.Synmbols C,L,R generateoperationson the meshon top of
the stack and do not causethe number of items on the stak to change. The e®ect
of those operations is shavn in Figure 3. Eacd of them adds a single triangle to
that meshbut they di®erin how that triangle is "glued'to it or how the new gate is
assignedto the transformed mesh. An E symbol causesa new one-triangle meshbe
pushedon stadk. Thereforeit increaseghe number of mesheson stadk by one. An S
symbol causestwo mesheson top of stadk to be popped and glued to form a larger
mesh,which is then pushedon the stad (Figure 3).

2.3 Binarization of the CLERS sequence

The CLERS sequenceproduced by Edgebrealer has to be corverted into a binary
string. Se\eral ways of doing that, taking advantage of the symbol frequenciesor
dependencieshave beenproposed. The original method suggestedn [10] is basedon
the obsenation that the frequencyof C's is always equalto 50%. Thus, it is natural
to usea Hu®mancode with 1 bit for a C and 3 bits for any of the other 4 symbols.
This leadsto encaling sizesof 4 bits per vertex. An improvemert of that scheme
can be found in [9] (3.66 bits per vertex). In [14] a scheme capableof approading
1:622bits per vertex for suzxciently large mesheshaving suzciently large perceriage
of degree-6verticesis described. For even better theoretical results (3.56 bits per
triangle) obtained using di®eren techniques,see[6].

The results cited above provide guararteed upper boundson the encaling length.
In practice it turns out that using the general-purmpse conditional entropy coding
techniques (like the k-th order arithmetic coder) one can usually obtain encalings
much shorter than those upper bounds ([11], seealso Section4 of this paper): less
than 2 bit per vertex for large and highly regular meshes.

2.4 Handles

Surfaceshaving possibly a large number of handlesand tunnels often emergein ap-
plications. Handles can be incorporated into our scheme by introducing another
operation, which in many respects behavessimilarly to an S operation and therefore
is denotedby S'. An S' operation adds one triangle to the meshon top of the stadk
in a way which changesthe homotopy classof that mesh (Figure 4). The gate is
glued to the right edgeand someother edge,not neighboring on the gate, is glued
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new gate

Figure 4: S' operation; g0 is the gate of the meshon top of the stadk and gl is the
edgeto be identi ed with the left edgeof the new triangle.
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Table 1: Numbers of C,L,E,R and S symbols occurring for a speci ¢ value of the
degreeof the starting point of the gate for the horse model (an R and C symbol
appearing for degreel4 and 15 respectively have beenskipped).

to the left edge. Our implemertation assumedhat the encaled surfaceis orientable

and therefore no gluing direction information is necessary The iderti er of the edge
to be glued to the left edgeof the S' triangle hasto be provided as a part of the

encaling. In our implemertation, the edgesare labeled with consecutie integersin

order in which they are created during decompression.Each S' operation increases
the dimensionof the rst homologygroup [3] of the disjoint union of all meshen the

stadk by 1 and all other operations leave it unchanged. Therefore, the total number

of all sud operationsis twice the number of handles.

3 Optimized Binarization of the CLERS Sequence

To start with, let usbrie®y recall the prediction schemeof [14]. It is clearfrom Figure
3 that a C causeghe starting vertex of the gate to becomean internal vertex of the
meshon top of stadk. Therefore,no triangles incidert to that vertex are added later
during decaling process.Assumethat the meshedo be encaled are expectedto have
a large fraction of degree-6vertices. If this is the case,we can attempt to predicta C
basedon the number of triangles (in the already decaled part of the mesh)incident
upon the starting point of the gate. If the number of sud triangles (referred to as
the degreeof the starting point of the gate later on) is 5, a C is likely to occur; if it
is not, we would rather expect someother symbol. Table 1 shows that indeed most
of the C synbols appear when the degreeof the starting point of the gate s 5.



symbol: | C | L | E | R | S |
nal degree:| =d+ 1|, d+3|, d+2|, d+2|, d+ 4|

Table 2: Constraints put onthe nal degreeof the starting vertex of the gate by eah
of the Edgebrealer symbols.

preceding symbol #C | #L #E #R | #S
11400, O 0 | 36229 | 854
83| 23 61 137 3
897 6 9 425| 16
36095| 208 69| 8618|479
7| 701 1215 60 1

nmaoamron

Table 3: Dependenceof a CLERS synbol on its predecessofor the horsemodel.

The degreeof the starting point of the gate in°uencesthe probabilities of other
symbols as well. To understand why, let us supposethat the starting point of the
gates hasd incidert triangles. If the next symbol readis a C then a vertex of degree
d+ 1is created. Thus, the number of C's occurring at sud instancesis equalto the
number of verticesof degreed+ 1. While the constraints on the vertex degreegput by
other symbols are not sode nitiv e, they are easily obsened statistically. If the next
symbol isan L, s must have degreeat leastd+ 3in the nal mesh,unlesss is a starting
vertex of the nal gate. This is becauseoneits incidert triangle is added by the L
operation itself. Another oneis added by the C operation which makes s internal
relative to the decaded one. The third oneis added by the operation immediately
precedingthat C operation (it is di®eren from the L operation courted beforesince
it movesthe gate away from s). The sameargumert can be usedto derive bounds
on the nal degreeof s depending on the symbol occurring when s was the starting
point of the gate. The boundsare givenin Table 2.

Becauseof the above, one can expect that most of the R and E symbols appear
whend - 4, mostof L's whend - 3 and most of the S symbolswhend - 2. Tablel
is in agreemen with this obsenation, actually shaving that the peak count for eath
symbol occursfor a di®eren d. This is typical for a large and regular mesh.

Our experimerts shaw that including the precedingsynbol in the decaler's order
asapart of the cortext helpsto substartially decreas¢he compressiomnrate (including
more than one symbol doesnot add to savings becauseof slover corvergenceof the
probability models). Table 3 shavs the numbers of symbols following some other
symbol of the Edgebrealer encaling string. What is particularly important for the
compressiomnrate is the unewen distribution of C's and R's, dominating the CLERS
string. The table shaws that, if the processedsymbol is a C, then R is more likely
to follow than a C and vice versa. The reasonis that on regular patchesembedded
in the encaded mesh, strings alternating betweena C and an R (Figure 5, seealso



Figure 5: A dominarnt Edgebrealer traversal pattern on a regular part of a mesh: the
shadedtriangles had beendiscovered before. As the traversal path passesnext to
them, a layer of triangles is discovered and a seriesof CR symbol pairs is generated.

Figure 6: Verus, rabbit, blade, bunny, Buddha, dragon, feline, hand and horse.

Figure 1) are generated.

4 Exp erimen tal results

Our implemertation of the compressionalgorithm consistsof two Tters: a standard
Edgebrealer encaler, modi ed to output the cortext alongwith ead of the CLERS
string symbols and the context basedrange coder basedon [12]. The decompression
algorithm is essetially the Spirale Rewersi algorithm, the only di®erencebeing that
it includesthe rangedecaler and a routine for cortext computation. The test models
are shavn in Figure 6. Someof them have been processedby deleting small con-
nected componerts (Buddha, dragon and blade) and patching the holesby adding
one dummy vertex per hole (bunny and dragon). When erntropy coding is applied
to the CLERS string, the S' symbols are replacedby S synmbols. Their locations
can be encaled as a list of integersbetween 1 and the total court of all S and S’
symbols. The data assaiated with ead S' symbol (i.e. identi ers of the edgesto be



model vertices | triangles | rateours [bpv] | rateg [bpv] | Evdistr decompr.time [s]
bunny 34839 69674 1.15 1.70 1.16 0.11
horse 48485 96966 1.34 1.65 1.42 0.15
rabbit 67039 134074 1.46 1.74 155 0.21
blade 879712 | 1760072 1.55 1.83 1.67 2.95
hand 327323 654666 1.80 2.03 1.88 1.05
Venus 50002 100000 2.09 2.30 2.10 0.16
feline 49864 99732 2.26 2.43 2.25 0.16
dragon 437103 | 874386 2.37 254 2.34 155
Buddha | 543652 | 1087716 2.39 2.56 2.35 1.88

Table4: Experimertal resultsfor our test models. They arelisted in order of increas-
ing E.gistr , the entropy of vertex degreedistribution, which can be thought of as a
regularity measure.rateg denotesthe best compressionrate of an entropy coder of
order betweenO and 4.

glued to the left edgeof the new triangle) are also encaled as a list of integersof a
“xed width. The length of the CLERS string and the maximum degreeof a vertex
are alsoencaled as integers. The cortext is computedas5ad+ ng, whered is the
degreeof the starting point of the gate and ns 2 0;1;2;3;4 is the ID of a synbol
in fC;L;E;R; Sg. Table 4 comparesour results to the entropy of the vertex degree
distribution, which is a lower bound for compressionrates of [1] and [16], showing
that our algorithm performsbetter for large and regular meshesthe advantage being
the biggestfor mesheswith the ertropy of the vertex degreedistribution closeto 1:6
bits per vertex. It alsoshavsthat our compressiorrates are signi cantly better than
rates obtained by applying a higher order entropy coder directly to the CLERS string.
Notice that the running time of the decompressions consisternly about 600,000tri-
anglesper second(on a PII1 650MHz). Our algorithm haslinear running time, soit
is guararteed to be scalable. The compressiormprocedure,whoseimplemertation has
not beenoptimized and can be substartially improved, runs in lessthan 40 seconds
for all our models.

5 Conclusion

We presened a cortext-based ertropy coding procedure optimized to work for the
Edgebrealer CLERS sequences$or large and regular meshes.It is very simpleto im-
plemen, fast (decompressioriimes are about 600,000triangles per second)and leads
to very good compressiorrates, in most casedetter than thesepreserted in [1]. Pos-
sible future work includestheoretical and experimertal analysisof various regularity
measuresand optimizing compressioralgorithms for theseregularity measures.
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