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Abstract—For transmitting complex 3D models over model only needs to be encoded once and can be transmitted
bandwidth-limited networks, efficient mesh coding and and decoded at multiple bit rates.

transmission are indispensable. The state-of-the-art 3D mesh In literature, many progressive mesh compression schemes

transmission system employs wavelet-based progressive mest}1 b d includi 3171, | h
coder, which converts an irregular mesh into a semi-regular ave been proposed including [3]-[7]. In our research, we

mesh and directly applies the zerotree-like image coders to Consider progressively compressing triangular meshesi-A t
compress the wavelet vectors, and view-dependent transmission angular mesh is typically irregular in connectivity. Theelst

which saves the transmission bandwidth through only delivering progressive mesh Coding technique is to convert irregu|ar

the visible portions of a mesh model. . mesh into semi-regular meshes. Such a conversion process
We propose methods to improve both progressive mesh cod- .

ing and transmission based on thorough rate-distortion (R- IS ,Cf"‘”ed reme;hlng. For example, Let al. prowdeq an

D) analysis. In particular, by noticing that the dependency efficient remeshing technique called the MAPS algorithm [8]
among the wavelet coefficients generated in remeshing is notln that scheme, an irregular mesh is first simplified into a&bas
being considered in the existing approaches, we propose tomesh. Each triangle in the original mesh can be mapped into
introduce a preprocessing step to scale up the wavelets so thatth an “internal” triangle within a base triangle. Then, the das

inherent dependency of wavelets can be truly understood by the - - . .
zerotree-like image compression algorithms. The weights used in mesh is subdivided, and the new vertices obtained through

the scaling process are carefully designed through thoroughly Subdivision are mapped back to the vertices in the original
analyzing the distortions of wavelets at different refinement mesh. Finally, the base mesh and these mapped vertices form

levels. For the transmission part, we propose to incorporate g semi-regular mesh. In addition, the generated semiaegul

the |IIum|nat|o_n (_effects into the existing view-depend progressive mesh can be efficiently compressed using wavelet based image
mesh transmission system to further improve the performance. .
coding schemes [7].

We develop a novel distortion model that considers both illumi- .
nation distortion and geometry distortion. Based on our proposed ~ Based on the generated semi-regular mesh that has sub-
distortion model, given the viewing and lighting parameters, we division connectivity, Simet al. further developed a rate-

are able to optimally allocate bits among different segments in distortion (R-D) optimized view-dependent mesh streaming
real time. Slmulatlon result_s show S|gn|f|c_an_t improvements in system [9]. The system consists of three parts: prepraugssi
both progressive compression and transmission. - . . S
progressive mesh coding, and view-dependent transmission
Index Terms—Progressive mesh coding, progressive mesh|n preprocessing, an irregular mesh is converted into a-semi
transmission, rate-dlstortlon analysis, view dependent, illumina- regular mesh using the MAPS algorithm. Then, the mesh is
tion dependent, semi-regular meshes. . . V! .
partitioned into many segments. Each segment is progedgsiv
encoded using the SPIHT algorithm. Finally, given the view
. INTRODUCTION direction, the system optimally allocates bits for eachmsent
Three-dimensional (3D) mesh compression has becolms&sed on the developed R-D model and progressively trasmismit
more and more essential in 3D technology especially for stahem to the receiver side. Hoppe [10] also proposed a view-
age and transmission of complex models. With the increasgependent refinement algorithm, where a mesh is represented
popularity of networked graphics applications, 3D mesh ehodas a PM (progressive mesh). Initially, a coarsest mesh is
transmission has received more and more attention in tiehdered. Then the algorithm iteratively checks each xerte
past few years. Considering the time-varying characterift whether it needs to be split (refined) or not. A vertex will
wireless channels, progressive mesh coding is highly el@sironly be refined if it is within the viewing frustum, facing
With progressive compression techniques, a complex 3D mestwards the viewer, and the screen-space error is larger tha

. . . a predefined threshold.
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ent dependency of wavelets can be truly understood by the
zerotree-like image compression algorithms. Althoughdiea
is simple, the weights used in the scaling process are aatain
by thoroughly analyzing the distortions of wavelets atetfiit
refinement levels. Experimental results show that compared
with the state-of-the-art wavelet based 3D mesh compnessio
scheme, our proposed mesh coder can achieve significant
guality improvement with only slight complexity increase.
Moreover, we further propose an illumination and view
dependent progressive mesh transmission system. Although
the view dependency has been considered in previous work
such as [9]-[12], they did not take into account the illu-
mination effects, which results in rendering the perceptua
unimportant over-dark or over-bright portions and thustess
the transmission bandwidth. In this paper, we consider both
illumination distortion and geometry distortion. Throutjtor-
ough derivation and simplification, we reach a practically
feasible distortion model, which can be calculated in rieaét
Experimental results show that significant gain can be aeldie ; ; : ;
when the illumination effects are being considered in aoldlit (c) base mesh (d) semi-regular mesh
to the view dependency. F
The rest of the paper is organized as follows. Section |
reviews the related work. Section Il presents our proposed
progressive mesh coder. Section IV describes our proposed
illumination and view dependent progressive mesh transmis -wi2 w2
sion scheme emphasizing on distortion modeling. We show
the simulation results in section V and conclude the paper in
section VI.

ig. 1. The remeshing process of bunny head.

II. RELATED WORK

This research can be regarded as an enhancement to the
state-of-the-art progressive mesh coding and transmissio ., w -wi2
framework proposed in [9]. In this section, we provide the
background information related to the the major components

used in [9]. Fig. 2. The butter-fly subdivision. In (b), the wavelet is ttisplacement
between original and predicted vertex position, 1&+1 — V/L+1,

(a) butterfly (b) wavelet

A. Remeshing

In [9], the MAPS algorithm [8] is adopted to convert
an irregular triangular mesh into a semi-regular mesh with
subdivision connectivity, which is called a remeshing s l0sslessly by a single-rate mesh compression scheme such as
as illustrated in Fig. 1. In particular, the original mesh e MPEG-4 3DMC algorithm while the wavelets are encoded
simplified into a base mesh and the base mesh is then refifé@gressively by a wavelet-based image coder such as the
into a semi-regular mesh through a series of subdivision aA@rotree coder [13] or the SPIHT coder [14]. In particular,
vertices adjustments. The butterfly subdivision (see Fig))2 in [9], vertices are organized into edge-based trees to have
is used in [9] to predict the next level vertices from the eatr the hierarchical parent-offspring relationship so thabree-
level. The prediction errors, i.e. the difference betweegioal like coders can be applied. Each vertex on base mesh edges
vertices and predicted vertices, are treated as wavelets (8ecomes a root node of an edge-based tree. Fig. 3 shows the
Fig. 2(b)). Encoding wavelets will lead to higher compressi Structure of a edge-based tree. In this way, all the vertees
ratio than encoding the original vertices. This is becatise tbe covered by edge-based trees without overlapping.

wavelets are usually small and less correlated. In sumntiagy, Recall that a wavelet here is the displacement between the

remeshing process ger]erates a be}se mesh and a sequen ?emcted vertex and the corresponding vertex on the aigin
wavelets, based on which the semi-regular mesh can be f

del. In other words, each wavelet is actually a displacgme
reconstructed. vector(Az, Ay, Az). In [7], three independent zerotree coders
) . are applied to encode the three components separately. In
B. Wavelet Based Progressive Mesh Coding [9], the SPIHT algorithm is applied to first encode the scalar
In the coding process, the base mesh and the waveletssgn(Az) - /(Az)2 + (Ay)? + (Az)2, followed by the
are encoded separately. Typically, the base mesh is encodadoding ofAy and Az if the scalar is significant.
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V . . Zerotree-like
—» Remeshing | Scaling — Wavelet Coder >

Fig. 4. The diagram of our proposed wavelet based progeessash coder.

// : \\
o v direction. Luebkeet al. [15] pointed out that the silhouette
A‘ regions are more important than interior regions and engaloy
v a tighter screen-space error threshold in the simplificatio
‘VA process. Reddy [16] proposed to select levels of detail (£OD
according to a fundamental perceptual model, and an updated
, ot version of the perceptual model was further proposed in.[17]
E}%pﬁ’i‘ngggﬁ}‘fi‘fle of an edge-based tree, whefe™™ is one of the four - Alough the perceptual model is not comprehensive, it does
achieve some desirable effects such as preserving sileouet

boundaries and high contrast details. However, the paraépt
C. R-D Optimized Transmission model requires tremendous computations.

In [9], elach. edge-based tree is treated as a segrr_]enF and a  R-D OPTIMIZED WAVELET-BASED PROGRESSIVE
R-D function is developed for each segment. We will discuss MESH CODING

the R-D modeling in detail in the subsequent sections. Ssgpo
there is an R-D function for each segment, denotedas- A Problem Statement
fr(Re),k = 1,2,...,n, where D;, and R,, are the distortion  As described in Section II-B, the existing wavelet based 3D
and the rate for théth segment respectively, amdis the total Semi-regular mesh coders directly extend the state-e&the
number of segments. During the transmission, the key gqurestivavelet-based image coders to compress the wavelet vectors
is how to optimally allocate bits to each segment or tree ggnerated in the remeshing process. The main problem @ thes
that the total available bit budget can be well utilized. I'5ac approaches is that the particular properties of semi-eggul
bit allocation problem can be formulated as follows: given @meshes are not being taken into consideration. Specifically
certain bit budgetR, how to find the optimalR,, values that in image compression, wavelet coefficients of an image at
minimize "', Dx = >_1_, fx(Ry) subject to>";_, R, = different levels are independent from each other. A distort
R. of a coefficient at a coarser level does not affect the distort
This is an n-dimension constrained optimization problem. f any other coefficient at a finer level. However, in 3D
common solution is to use the Lagrange multiplier method. Bemi-regular mesh compression, the situation becomelfytota
particular, minimizing the distortion is the same as mirzimg different. That is, the wavelets in tlith level affect the vertex

the following equation with some value of positions in the(l 4+ 1)th level and the subsequent levels due
" " to the subdivision operations. Thus, with the same error, a
ka(Rk) + )\(Z Ry, — R). (1) Waveletatalower level contributes more to the total distar
P =1 than a wavelet at a higher level.
. - ) It is well known that the principle of zerotree-like coders
By differentiating _the E.q. (1) with respect @i,k = s {5 send the higher order bits of the larger magnitude coef-
1,2,..n, we obtamn- equatlons:fk(ﬁk) tf‘ = 0,k = ficients first. Directly applying zerotree-like coders tacede
1,2,...,n. Together with the constrainty;_, B = R, semi.regular meshes only considers the wavelet magnitudes

theorencally then +1 varliablesr; |.e)\. ande”,k - 1’2’,“"7:’ fWithout taking into account the dependency and the inherent
can be derived. In practice, there is usually no derivabie fq,0q,1a1 importance among different levels of wavelets.sThu
mula for the above optimization problem. Instead, the gyeeg s generated progressive bitstream is not embedded gince |
a!gorlthm IS typlcally used to search the optimal solutiorai is not guaranteed that the earlier portions of the progressi
discrete solution space. mesh bitstream are always more important than the lates.part

D. Quality Measurement B. R-D Optimized Progressive Coding

For 3D mesh coding, one of the key challenges is how Fig. 4 shows the diagram of our proposed wavelet based
to measure the quality. A popular metric is the Hausdorffrogressive mesh coder. Basically, we add one new compo-
distance, which measures the distances between geometdnt, “scaling”, between the remeshing component and the
shapes. However, this type of metric is not the same esding component. The purpose of the scaling component is
the perceived visual quality since it is defined purely frorto give different weights to wavelets in different levelsthat
the geometry point of view. Several research studies haweir magnitudes can truly represent their importance. One
been conducted to find more appropriate quality metrics. &mvantage of such a system is that it can directly employ the
particular, Hoppe [10] proposed a view-dependent meshienetexiting remeshing and zerotree-like coding algorithms.
called screen-space geometric error, which measures the ge The key question in our proposed mesh coder is how to
metric error after projecting geometry models in the vigyinset the weights for different wavelets. In order to addréss t



IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS FOR VIDEO TECHNOLOGY,OL. X, NO. XX, XXX 2009 4

guestion, we need to analyze the distortion. In our research ®:1
we consider using geometric distortion to measure the recon O:112
structed mesh quality. The geometry distortion is typicall

defined as the mean square error between original vertices W w
and reconstructed vertices, i.e. []: wi2

1 ,
D(MGM)zm S il )
v;EM,v;EM/
= =

L
where |V| is the total number of vertices, and and v,
denote the vertices in the original semi-regular méghand
the reconstructed semi-regular mekh, respectively.

Since in the progressive representation vertices are rep- (@) error propagation
resented by wavelets, it is highly desired to compute the 2
distortion through wavelets so that repeatedly reconstrgic
the vertices can be avoided. As pointed out in [9], the mean
square error of verticelfv; —v;||2 can be approximated by the 2e/4 2004
mean square error of wavelgts); — w, ||2. However, they are 3e/4 \/” 3e/4
not exactly equal due to the dependency among the vertices \/\/\/ .
at different levels.

In [9], a distortion model was proposed, which considers the e e
error propagation effect due to subdivision. In particukes e o
shown in Fig. 5(a), the distortion for the center solid @rot N T
the ith level will propagate to the other three types of vertices
in the (I + 1)th level with the weights of 1/2w and —w/2,
respectively. Considering the valence of six feature foerais
regular mesh, the error propagation effect (includinglfitse
from a particular level to the next level is approximated by @g- 5. The error propagation weights and wavelet errors.
weighting factor [9]

e/4 e/4

(b) wavelet errors after three times subdivision

W = 1246 x (l)2 46 x w2412 x (,Ey different wavelet errors, having a pattern @ + 1) vertices
) 2 2 with an error of(k/2L"1)e, k = 1,2,..., L. Adding all the
= 25+% () distortions together and removing the overlapping, weveeri
where w ranges from 0 to 1/8. Further taking into accourf® total distortion for this particular triangle as
the error propagation among multiple levels, the weightafor 5 Ly 1 o2
distortion in theith level is defined as [9] dr = (164 4) ®)
W, =wt=t 1=12...,L (4) It also means that the distortion 682 /2 introduced at level
[ will result in a total distortion ofdy_;.,. Therefore, the
where L is the total number of subdivision levels. We|ght for a distortion at théth |eve| becomes
Note that although the authors in [9] did consider the depen-
dency among the wavelets at different levels in their diiior W, = dp-i+1 — §4L—l + 17 1=1,2,...,L (6)

model, they only applied it for the distortion estimationdan 3e2/2 6 6

did not use it to improve the coding performance. MoreoveFinally, the overall distortion is calculated as

their derived weights shown in Egs. (3) and (4) are rough .

approximation because they assume the error propagations . "2

of individual vertices are the same. The subsequent asalysi b= Z Z Wi Jlws = wi ()

further details the inaccuracy of such simple weights.
We first consider the simplest case, ie= 0, and assume wherew; € M' meansw; is used in thdth level refinement.

all the wavelets at level 1 (base mesh is at level 0) have anWe would like to point out that although the weight in

uniform errore (see Fig. 5(b)). We study how the distortion€Eq. (6) is derived in the case with the subdivision parameter

at level 1 are propagated to subsequent levels. In partjcula = 0, it can be directly used for the other cases with# 0.

considering a vertex on an edge is shared by two adjacdifis is becausa ranges from 0 to 1/8 and the corresponding

triangles, it is clear that the distortion at level 1 for thirror propagation is insignificant as shown in Eg. (3).

particular triangle is3e?/2. As shown in Fig. 5(b), after the In our implementation, with the derived weight in Eq. (6),

first level subdivision, the base triangle is divided intootwthe scaling component in Fig. 4 changes a waveigtw,; €

types of triangles:T, and Ti. It can be observed that thel!, into /W,w; before the SPIHT encoding. To encode a

vertices generated at different subdivision level§jnalways vector wavelet coefficient/Axz, Ay, Az) for a vertex, we

have the same errar while the new vertices ifl; are of propose the following method. We first encode the scalar

=1 w;eM?!
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of Al = sgn(Axz) - /(Ax)?+ (Ay)? + (Az)2, where
sgn(Ax) denotes the sign of\z. After the scalar is encoded,
Ay/AlandAz/Al are lossless encoded with entropy coding.
In this way, during decoding, the error caused by comprassio
is distributed toAx, Ay, and Az in proportion.

IV. R-D OPTIMIZED ILLUMINATION AND VIEW
DEPENDENTTRANSMISSION

A. Progressive Transmission System Fig. 6. The Blinn-Phong shading model.

Now, we consider applying the developed 3D mesh coder
for progressive 3D mesh transmission. Our key idea is to
consider the view and illumination dependencies. Spetiifica Projected on the screen. Specifically, the total view-delpan
we try to avoid the transmission of the invisible portionsianscreen space error for thigh segment is

avoid the refinement of the perceptually unimportant over- L

dark or over-bright portions of a 3D model. In order to do D; = Z Z a; - |(v; — U;) x V|?

this, a 3D mesh needs to be partitioned into many segments. I=1 v, e M}

Fortunately, the adopted 3D mesh coder naturally organizes L

vertices into edge-based trees, each of which can be coedide _ Z z ai- Wy - |(wi — w;) X V|2 Q)

as a segment.

In particular, in our research, a semi-regular mesh is diyid
into two components: base mesh and edge-based forest. Where a; is either 1 or O, indicating whether the vertex is
vertices from the first time subdivision of the base mesh avésible or not,W; is the weight derived in Eq. (6), and € M,
taken as roots for each edge-based tree. Clearly, the numb@ansv; is a new vertex introduced in thigh refinement of
of trees in the forest is the same as the number of eddBs kth segment.
in the base mesh. We use the MPEG-4 3DMC (3D meshWe can easily obtain; by checking the angle between the
coding) algorithm to encode the base mesh while employingrtex normalN; with the view directionV'. If the angle is
our proposed wavelet-based progressive mesh coder toendeds thanr/2, the vertex is visible; otherwise, it is invisible.
each edge-based tree separately. In this way, the base mesisimplify the computation, for all the vertices within one
is losslessly transmitted to the receiver, while the edgsedd Segment:, we assign the same normal directidit since the
trees are progressively delivered according to the aJailaib vertices in one segment are around the the neighborhood of a
budget. base mesh edge and their normal directions are close to each

The key question is how to optimally allocate bits to eacpther. We calculateV* as the average of two neighboring
segment or tree so that the total available bit budget can Ip@se triangle normals. In this way, the computatiormotan
well utilized, as discussed in section II-C. In other word$e done as follows:
we need to decide which segment should be refined at which 1, (Nk.V)>o0;
level. In order to achieve that, we need to develop the R-D a; = { 0, (N¥-V)<o. (10)

function for each segment that takes the illumination armgvvi
dependencies into consideration. 2) Illumination Distortion: In this Study, we use the Blinn-

Phong shading model [18] as the illumination model (shown
o _ _ _ in Fig. 6). Let L be the normalized lighting vector for a
B. lllumination and View Dependent Distortion Modeling  directional light source, andV; be the normal vector of the

In our research, we define the overall distortion as a comisirface at;. The intensityZ; at vertexv; is given by

nation of geometry distortion and illumination distortjare. { Ioka + Iika(N; - L) + Lks(N; - HY™, (N;-L) > 0;
D = D"+ AD*, (8) faka, e L)(ﬁ;) |

where we use the screen-space distortidhto measure the Where k., ks and k; are the ambient, diffuse and specular
geometry distortion,D* denotes the illumination distortion, material coefficients,/,, I, and I, are the corresponding
and ) is a user defined weight. In the following, we describBiT"/”ance' andH;, called the halfway vector, is defined as
our developed models fab® and D* in detail. LV N )

1) Geometry Distortionin section IlI, we have derived the 1he vertex position error of; will affect the normal vector
geometry distortion in Eq. (7). Now, we consider the factbr it vi, @nd thus the illumination of its neighborhood will also
viewing direction. In our research, we assume that the viewR€ affected. We define the illumination distortidpat v; as
is located at a far distance and thus orthogonal projecson i Q. (T T\2
used, i.e., the viewing direction is the same for all theivest

Let V' denote the normalized viewing direction. We use thﬁ/herel,; is the corresponding intensity for the reconstructed
screen-space error metric, which calculates the geomernoc  vertex v;, S; is the surrounding triangle area, i.6; =
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Z?Zl S, j,» andb; is the projection ofS; on the screen, which  Substituting Eq. (16) back to Eq. (14) together with using

is defined as (N* . H)Y™~1 to approximate(N; - H)™~!, and further sub-
. { NEV, (N*-V) > 0; 13 stituting Eq. (14) back to Eq. (12), we derive
v 0, (NkV)SO S?, / ’
di = biﬁ{cﬂ(wi —w;) - L] + c3[(w; —w;) - H]?
Based on the illumination model in Eq. (11), the illumina- ‘ , ,
tion error can be derived as follows: + 2c1e2[(w; — wy) - L][(wi — w;) - H]} 17)
S / .
/ = big (i l(wi —w;) - L]? + &[(w; —w;) - H?

I; — I, = Iokq(N; - L) + Iky(N; - H)™ — Ijkg(N, - L) 2
—Isks(Ni, -H)™ (14) + 2¢1¢9[(w; —w;) -H/]2 — crco|w; —w;|2[1— (L- H)]},
= Iikal(N; — N,) - L] + LkJ(N; - HY™ — (N, - H)™ ,
akl( i) Ll Lkl )" e H) whereH' = b, ¢y = Iy ka, ¢o = Is-kg-m(N*®-H)™ 1,

~ Igka[(Ni — N;) - L] + Isksm[(N; — N;) - HI(N; - H)™ ™' and the derivation of the last step is based on the property of
dot product derived in Appendix.

ed Finally, the total illumination distortion for théth segment
dein be expressed as

where N, is the corresponding normal for the reconstruct
vertexv, and the last step approximation is based on first-or
Taylor expansion.

In order to compute the illumination error in Eqg. (14), we L
need to compute the normal vector chanyg — N,. The DE=>" %" Wi-d, (18)
common way to compute a vertex normal is through averaging =1 v;eM]

its surrounding triangle normals, which requires to retas ,
vertex positions. Such a method is computationally prokibi WhereW; is to compensate the approximation [of; — v; 2
since we need to consider all the possible reconstructaevey [[wi — w;|*.

positions. In order to avoid that, we simply approximate a 3) Distortion Model Simplification:For practical applica-
vertex normal as a weighted average of the surrounding eddé@ns of 3D mesh transmission, given the viewing and ligitin

ie. parameters, we need to perform optimal bit allocation among
6 o different segments in real-time. The distortion model dbsd
1 (vi — viy) . . . .
N; ~ EZT (15) by Egs. (9) and (18) are computationally intensive. This is
j=1 b because for one set of viewing and lighting parameters, we

wherev; ;,j = 1,2,...,6 are the six surrounding vertices for need to compute the distortions for each vertex under efier

verteXUZ»J:ede‘?« the edge length ofv; — v, ,), is to reduce %it rates, which is impractical. Therefore, in this subsegtwe

the sengitivity ozfjthe calculation by theledgléjléngth Adoag further develop a 5|mp||f|gd d|§tort|on modell. The basmde
| tP separate the wavelet distortion from the viewing anctirgh

to Eq. (15), the normal vector change can be apprOX'rna‘tepgrameters. In particular, we approximate any dot product i

derived as the form of [(w; — w,) - AJ? into [w; — w,|?- (N* - A)?, where
, 18 (vi — v;;) — (v, — vi ;) A denotes a vector and* is the normal vector for théth
N — N =~ = i (2% i (%]
i i 6 E i segment.
=1 I

With such a simplification, the screen-space distortion for

1 26: v — v, the kth segment becomes,
6 = Ei L
Wi — ! Di = ap[N* x VY N Wilw; —w,[>. (19)
~ 5 L (16) I=1 p,e M}
6 The illumination distortion for théith segment becomes,
where - = ¢ >0, 5

Note that Eq.. (15) is by no means an accurate method for — b {A(N*- L)? + A(N* - H)? + 2c165(N* - H')?
normal calculation. However, it works fine for our partiqula I
purpose, i.e. computing the illumination distortion, doethe —c1e[1— (L-H)|} - (Z Z Wliiﬂwz' _ w;|2)7 (20)
following reasons. First, it is a good normal approximation E;
for the cases where each vertex has a valence of six and
the vertices are distributed more or less uniformly, whiciherea, andb, are defined in Egs. (10) and (13).
is quite common for semi-regular meshes. Second, althoughlo computeS; and E;, we make use of the two base trian-
the approximation of Eq. (15) causes problems in the caggies and their edges since in the one-to-four subdivisien th
of locally planar regions, where it produces normal vectoshape of the four off-spring triangles in the next level iir
lying in the planes, and concave regions, where we obtain tleethat of the two base triangles. In particular, we denoe th
normals in opposition direction, it does not have a greatoeff two base triangle areas &% ; and Sy 2, and the surrounding
on computing the magnitude of the normal difference, whiatdge length a€, ;,5 = 1,2,..,6, as shown in Fig. 7. For
plays the key role for computing the illumination distortio a particular vertex;, we have the following approximations:

=1 'UieM]i
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Fig. 7. The estimations of edge length and triangle area.

6 Sk,1+8S (b) Proposed at 0.2 bpv
;:%Z 1 x21andSi=WXﬁ.Thus,we

E; i=1 By
derive
% —_SeatSua (21)
i T2x (i E,w.)

which is a constant for all the vertices within one segment. [
Based on the developed simplified distortion model, for each
segment we only need to compy®&~_, Yovermt Wi |w; —w;|?
once, which is independent of view and lighting parameters
and can be pre-computed. During the online transmissidg, on
the view and lighting dependent portions in Egs. (19) and
(20) need to be calculated. In this way, the view and lighting
dependent transmission can be achieved in real time. (c) [9] at 0.6 bpv (d) Proposed at 0.6 bpv

Fig. 10. The reconstructed models for Venus.

V. SIMULATION RESULTS

A. Results of Progressive Mesh Compression B. Results of View and lllumination Dependent 3D Mesh

. ransmission
We implement the proposed wavelet based 3D mesh coJer

by adopting the MAPS algorithm [8] for remeshing and SPIHT In this section, we test the performance of our proposed
for encoding wavelet coefficients. We test on two 3D graphickstortion model that considers both view and illumination
models, “Venus” and “Armadillo”. dependencies. To illustrate the importance of the illuridma
First, we evaluate the accuracy of our proposed distortiglistortion, we compare the approaches with and without the
model. Fig. 8 shows the results of the distortion estimatioponsideration of the illumination distortion. In partiaul one
where our proposed distortion model uses the derived weightbased on Eq. (19) and the other is based on both Egs. (19)
given in Eq. (6) while the previous model in [9] uses th@nd (20). For simplicity, we detach the mesh coding part and
weight given in Eq. (3). We would like to point out thatdirectly select vertices for transmission.
the distortion model is a function of the wavelet distorion Fig. 11 shows the comparison results. It can be seen that
Given a bit rate, it is needed to perform SPIHT decoding imnder the same number of vertices the approach considering
advance to obtain the individual wavelet distortions. It calllumination can achieve much better visual quality. Thés i
be seen from Fig. 8 that the estimated distortions by obecause it gives more refinement for the important partsewhil
proposed model closely match the actual distortions at eaalocating less number of vertices for unimportant parta. O
bit rate, much more accurate than using the previous modahe hand, both approaches consider the view dependency and
This is mainly because we assign more accurate weights to thes do not refine the invisible parts, as shown in Fig. 11(a).
wavelet distortions at each level. Note that all the digtart On the other hand, the approach considering illuminativasyi
results here are normalized with respect to the distortibn bigher priorities to the parts with high contrast, whichdedo
the base mesh. the better performance. In particular, the invisible baide $s
Second, we compare the wavelet based 3D mesh codeetrefined at all for a front view direction (see Fig. 11). Hue
with and without the scaling components. The rate-SNRont side, the approach without considering the illumioat
performance is shown in Fig. 9 and the reconstructed mod6gavily refines the parts that contribute to the boundaries
at a particular bit rate are shown in Fig. 10. From Fig. ®qually throughout the face. However, with shading engbled
we can see that our proposed coder significantly outperforsgme boundaries become visually more important than others
the state-of-the-art coder proposed in [9] with- 3 dB gain The approach considering illumination gives more refinemen
at most of the bit rates. The reconstructed models in Fig. i@ these visually important boundary parts. The experi@en
further demonstrate that our proposed coder achieves muieRults for other models are shown in Fig. 12.
better perceived visual quality. Fig. 13 gives the progressive transmission performande wit
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Fig. 8. Distortion estimation.
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Fig. 9. The comparison of the rate-SNR performance.

(a) invisible back side (b) visible front side with illumina-(c) visible front side with illumina-
tion shading disabled tion shading enabled

Fig. 11. The performance comparison for Venus with a bandwiéitt0% vertices. Top: without considering illumination. Boh: considering illumination.
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Fig. 12. From top to bottom: Armadillo, Horse, Lucy, Santa.threfst: without considering illumination. Rightmost: with thensideration of illumination.
Middle: corresponding zoom-in parts. For all the models, welse- 0.5 and the bandwidth to be 20% vertices.
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Base mesh

5%

10%

20%

Original
mesh

Fig. 13. The progressive transmission performance Wjith= Iy = Is = 1.0, kq = 0.2, k4 = 0.8, ks = 1.0 andm = 10. The four columns from left to
right: considering illumination (front-view), not considieg illumination (front-view), not considering illuminan (side-view), and considering illumination
(side-view).
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5% ~ 20% of the total number of vertices. It can be seehave

that the performance gain of our proposed system is more ,cos(a + B) + cos(a — )
prominent at lower total available bandwidth. A = [N| 5
_ 2 (L-V) a—fB, 1
= NP5 4 cos(—5 ) — 5
_ o (L-V)  (N-H)* 1
VI. CONCLUSION = INFl=——+ N2 5]
_ - o = (N-H)?- |N‘2M (22)
We have made two main contributions in this research. The 2

first contribution is that we have derived the weighting fimit  \, here 7 — Z+Y_ For the case that the geometry relationship

shown in Eq. (6), which can accurately reflect the importan‘é‘?nongNTLl,LXJ}‘/i‘s. different from that illustrated in Fig. 6, we

of yvavelets at different refinement levels. Based on theveéri 5, perform similar derivation and the final expression & th
weight, we proposed to scale up the vector wavelets gemeraie e
in remeshing so that the inherent importance of wavelets can

be truly utilized by the zerotree-like compression aldoris.
Experimental results have demonstrated that our proposed
mesh coder significantly outperforms the existing one. Our The authors would like to thank Dr. Jae-Young Sim and
second major contribution is the illumination distortiomdel Prof. Chang-Su Kim for sharing their source codes for the
derived in Eg. (20). Combined with the geometry distortiowork in [9]. Some 3D models are obtained from the Stanford
model in Eg. (19), we obtained an overall distortion mod&lD Scanning Repository. The authors would also like to
that considers both illumination and view dependenciess Thhank anonymous reviewers for their valuable comments and
is a significant contribution since to the best of our knowlked suggestions.
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