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Abstract

Nz przsznt o rabust mzthod Jor autrmatizally zon
structiny an ellivsoidal skelston = skeleton) Jrom an
unoryanizzed szt oJ 3D wrints.  This skzlztan will b2
2sszntially uszful Jor dynamiz visualization. manivu
lation and dzlormation. It 2lsy providzs 2 y22d initial
yuzss Jor surfuze rzzonstruztion alyorithms. On,
sutrut 2J the znkbire prazess, w2 2htain an analvtizal
dzscrivtion oJ 2 s3lid. szmantizally z2omadlz rzal
Jeaturss only or razonstruztzd surfacss/. with any
lzwzl oJ dztail "LOD/) by discratization stze zontr!
in. wzz! or palyyon Hrmat Chis zareadility 2l ws
us tr handiz ohJezts b intzraztivz Jramzratzs once
thz 2 skzlzfon is zomwrutzd. I znsurz rmbustnzss
and azzurizy. 2!l eaints samelzd Jrom o s2lid ars
takzn inty 2ccount. includiny the inner onzs. Fach
2 skzlzton is starzd as o multi szalz OST imelizit tree
Nz provasz 1 date struzturz £2 starz 2lony nat anly
sxtraztzd J2aturzs and yzaomeztry butb alsy the hizrarzhy
2J sharz r2Jinzment. Avvlizations zovzr 2 widz ranyz
in omeutzr yravhizs, Jrom DAD by medizal imaviny
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1 Introduction.

3D disitized solids become more and more comrlex as
acuvuisition devices increase in accuracy Handling and
analyzins such oblects is comprutationally exrensive
A votential arrroach for this issue would consist in
filterins the huse amount of data by extractins only
sisnificant features for every semantic level

Our investisations remained focused on these fol
lowins asrects

e The method has to be sufficiently robust in order
to be used on a wide ranse of oblect

s Feature Extraction must be rrosressive. so that
relevant semantic zoom can be rerformed after
ward

o Ellirsoidal Skeleton must be steady and inderen
dant from rotation translation or scalins for rat
tern matchins rurroses

o The orizinal oblect can be recovered by an error
controlled fittins rrocess for data comrression
pPlUrroses

We vrrovrose in this rarer the model of E skeleton
that could fulfill these reunirements

s No prarticular assumrtions are made on the na
ture of the data and the order of the samvrle
roints

e At first. the main shavre asrect is highlishted
sharrer substructures beins rrosressively de
tected as the scale of vision is refined

e Steadiness is suaranteed by takins into account
the inner roints of the solid Locally extracted
rarameters .elonsation. substructures orientation
relatively to the slobal axis of inertia ) enrich
the seometrical rerresentation

e Surface fittins rrocedures can be rerformed on
the ellirvsoidal skeleton. with intuitive error mea
surement

While beins scale derendent E skeleton is intented
as a seneric arrroach aimed to describe slobal shares



2 Previous work.

Positioning primitives within a discretized oblect
boundary is usually seen as a rre rrocessins stase that
will eventually lead to surface fitting Most of the ex
istins methods do not exrloit the information rossibly
extracted during this staze

The first attemrt to surface reconstruction rro
vosed by Boissonat 5 6| consists in combinins a De
launay triansulation with its associated Voronoi di
asram between each slice of the oblect in order to
tetrahedrize its volume However this arrroach does
not rrovide a synthetic structure of the reconstructed
solid Muraki 14] also uses Delaunay triansles to ad
eduatly position imrlicit primitives that are smoothly
combined analytically A similar method more fo
cused on accuracy. has been vrorosed by Lim sf al 9]
Enersy minimizins curves like snakes .[1 12| rro
vide a comvrlete analrtical descrirtion of the bound
ary. which is efficient in terms of data comrression
The idea of a skeleton virtually carryins the torolosi
cal structure of an oblect avrears in 19| and 18] it
consists in axial lines .or srlines) that will rerresent
the backbone of more comrlex seometrical entities like
seneralized cylinders in this case Arvlyins slobal or
local deformation to primitives as rrorosed by Miller
et al in .13] is also widely used at that time Even
recently. 8 21| use sureruuadrics which is similar
from the method we rrovose in this varer deforming
them afterward in order to fit the contour. but do not
offer incremental refining. smooth union of rrimitives
nor structural information

We found relevant to combine those various tech
niunes while addins share recosnition features as
orisinally rresented in 4| but instead of usins a Me
dial Axis Transform Skeleton which in vrractice is very
sensitive to noise we rrefered to use the whole volume
and to consider the roint cloud as a material system
in the mechanical sense As rrorosed in .15] we inte
srated the concert of hierarchical skeleton

3 The ellirsoidal skeleton e
skeleton/.

3.1 Princivrle.

E skeleton is aimed to highlizht seometrical substruc
tures of a solid An automated srlittins rrocess sub
divides the set of roints into subsets until it reaches a
siven maximum number of classes continuously stor
ins hierarchical information and local measurements

Classes are detected accordins to their visual imror
tance. using two intuitive criterions

o A well differenciated share from the overall struc
ture for a siven vision scale indicates that a

class is a rotential candidate

e The volume or mass determines the order of de
tection in the splitting prrocess

Each vrimitive of the E skeleton is a surerellivsoid
matchins rhrsical criterions extracted from the subset
of roints Tt is attached to the subcloud and will be
used as a basis for visualization surface fittins and
seometrical comrarison

Here are two levels of E skeletons rerformed on
a wrist bone the hamats with resrectively 2 and
3 surerellirsoids the orisinal voxelized oblect .inner
voints included) beins shown first




3.2 Describins a class.

Let C; be a detected subset of the whole roint set C at
a siven srlittins stase Each voint of C beins weishted
to | . a Princiral Comronent Analysis \PCA) is ver
formed and D, the disversion matrix .also called
matrix of inertia) is obtained Other varameters. such
as volume or mass can be comruted as well

3.3 Refinins the set of classes,

Detectins relevant seometrical substructures revuires
to refine the e skeleton in a vrorer way The rurrose
is to create k subclasses C; ... Cp [rom the main class
C. assumins that
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where n; is the number of voints in C; and n is the
number of roints contained in the slobal set C

A possible arrroach consists in minimizins the in
traclass variance siven the following prorerty

Vintrm + Vinter - Vinit \2)

where Vi, is

Vinit — varX) +varlY) +var Z) .3)

Vinit 1s the slobal variance of the entire vroint set
C .vlease refer to eunation 6 for seneric calculation of
var.X) var.Y) and var.Z))

As it is a constant value for a siven solid maxi
mizin® Vipire will minimize Vi,  In more intuitive
words. we will obtain very homoseneous subsets while
beins very different from one to another

The slobal intraclass variance is
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where V; is the variance .euclidean variance) of the
subclass C; its exrression beins

Vy; —var X;) +varY;) +var.Z,) .5)
with
I
var.X;) — izl i izl o .6)
(%] | gy Ny 1)

var.Y;) and var.Z,;) are siven by the same exrression
for resrvectively ¥ and 2 coordinates of roints belons
ins to G,

The classical formula of the slobal interclass vari
ance is

k
— |G, G 1V,

Vinter — L : : 7
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where (G is the center of sravity of C

The alsorithm we imrlemented simulates the srlit
tins of each existins class. and selects the one for which
the lowerins of Vi, is maximal Some enhancements
have been made in order to imrrove the efficiency of
the method and will be discussed further

Here is the refinins alsorithm

While Vintrm > Vthres"m!d
For Each C; _ S
Calculation of main axis of inertia of C;
Calculation of intraclass variance V; of C;
Roush svlitting of C; into C;, and C;,
Calculation of intraclass variance Vj,
Calculation of intraclass variance Vj,

EndForEach
Real srlitting of C; with smallest Vo = Vo, ;W

Dynamic clustering on all existing classes
Re calculation of V},;,, with new set of classes
EndWhile

It starts with the wholeset C .k — 1) and calculates
Vinresholg With eduation 4 Let us exrlain some of the
malor sters of the rrocess described here

3.3.1 Roush srlitting alons the main axis of
inertia,

A former subdividing is done on an existing class C;
Let k, be the main axis of inertia of C; ny the number
of voints of C; and P? =Cwith?2=z1l 2..ml note
that fQ'J is also the =isenvactor attached to the sreatest

sisenvalus of Dg,  If we calculate the mean value of
the dot rroducts

§, — L Ky ol .8)
i—1

Then it becomes rossible to srlit C; into two sub
classes C;, and C;, by selectins on one side the Pf
verifyins K, ‘Uf > &, and on the other side those for

which k) #7 < &, in 8
Intuitively. if P; is the rlane containing (G5 and the
vectors ri']' and FL] resrectively the second and the

third axis of inertia of C; we obtain two new classes
C;, and C;, on both sides of P;



3.3.2 The Dynamic clusterins method (DC),

Existins classes must be balanced after a splittins or
eration in order to ortimally lower intraclass variance
This ster is critical since it drastically imrroves not
only the class differenciation but also their inner ho
moseneities The NDC alsorithm is classically the fol
lowins as rresented by E Diday in .7/

Rereat
For Each existins class C,
Calculation of the center of sravity G, of C,
EndForEach
For Each v; = C
Assizn p; to the class of the closer G
EndForEach

Until neither of the Gy, ; chanses

Note that for the dynamic clusterins method to
be ortimal for intraclass variance minimization the
attachins criterion must be 4unadratic. which is ful
filled since we use an euclidean distance between every
¢; £ C and (G5 Assuming this. we found the method
very robust .actually we didn t encounter any oscil
lation rhenomenon at all). and very relevant in its
results

3.4 Hierarchical and seometrical data
structure,

DNata structure must combine the followins asrects

o Hierarchy of the whole subdividins vrrocess is
kert

» Each class is described at each svlittins ster. as
rarameters evolve durins the subdividins rrocess

Keerins track of the subdividing sters allows not
only to easily comrare two distincts exams with multi
scale carabilities. but also to raridly refine or regrour
a chosen area for semantic zoom rurrose We intro
duce the concert of hisrarchizal tree aimed to store
all information sathered durins the splittins process
inderendently from any rerresentation format

o Each node describes a class of roints locally
extracted information are stored and can be re

trieved instantaneously

» The vertical structure viewed as a binary tree
stores the subdivision hierarchy

» Each horizontal level viewed as a semantic level
vrovides a list of all existins classes at that ster

_@ ______ @.- @_ New classes after

o splitting and rebalancing
End of splitting process.

As we can see each node has sot zero one or two
sons. derendins on the oreration that has been rer
formed

From this tree and for a siven semantic level a seo
metrical instanciation can be immediately rroduced
an imvlicit CSG .Constructive Solid Geometry) tree
is created where each class is rerresented by a suvrer
ellivsoid Here is a CSG tree corresrondins to a var
ticular semantic level

Boolean Union

©
Boolsan Union / \
@ O
/ \ Ellipsoid
o O

Ellipsold  Ellipsoid

» Leaves are the pvrimitives created during the clus

terization rrocess the ellirsoids in our case

s Nodes carry boolean orerations usually unions

between those primitives

This structure was rartly motivated by the func
tion rerrsssntation in ssometric mod=Illins raradism
vresented in .16] Tt combines seometric construction
with multiscale functionality as primitives can be re
fined as desired Let us exvlain further the mathe
matical tools involved in the rerresentation of the e
skeleton

3.4.1 Primitive rositionins,

The main rarameters extracted durinz the rartion
nins rrocess for each subclass are the center of sravity



and the three axis of inertia As seometrical rerresen

tative. we have chosen the surerellivsoid which has a
strons rhysical meanins 20! Tts analytical expression
is

x.z y.z
— + —
a b

where o b and ¢ resrectively define the radii alons

+ I -0 .9)

o | X

local z. ¥ and 2 axis of the surerellirsoid

Each surerellirsoid is translated and orientated to
fit the cloud it is attached to A natural idea consists
in prositionins such a vrimitive at the center of srav
ity of every subset C;. matching its three axis with
the sigenvactors of De,. and settins each radii to the
corresronding eisenvector lensth Such an ellivsoid is
best known as central insrtia =llivsoid

3.4.2 The imvrlicit surface model.

Euuation 9 vrrovides a descrivtion of our primitives
It could be anythins we want like a srhere as in
14l Surerellirsoids matches our needs as it allows
anisotrory in three directions matching the three
inertia axis

For any vroint vz v 2) in 31 srace. we obtain a
distance d.x ¥ 2) throush 9 We then use a field for
malism as vrresented by J F Blinn in 2| The roten
tial emitted in srace by a primitive defined with the
distance function diz v 2) is

Jaryz)—qe Phered .10)

where o adJusts the strensth of the field and U affects
its sreed decay By seekins the roints in srace where
Jz vy 2) eunals a constant ¢. we find what is called an
isosurface so the implicit ednation of such an oblect
becomes

Jwxyz2z)—c 1)

The solid seometry feature is easily rrovided as in
ner roints »#j,; of the oblects verify J.¢;n) < ¢ and
outer roints v, verify Jor.) > ¢

In order to keer an homoseneous mathematical rer
resentation we have chosen the model of s2neralizsd
imelizit surfaces vresented in 17] TIf M is the rota
tion matrix carryins the orientation of the three iner
tia axis and b is the rosition of the center of sravity
then the function J.z y 2) presented in 10 becomes

yX)—JT.M Y X b)) 12)

where X is the rosition of the roint in 3D srace we
are checkins to determine wether he belonss to the

isosurface or not Y is the rerresentative function of
the primitive once it has been vroverly rositioned We
have also intesrated the whole model by including the
Barr deformation model described in .17] and 1| Tt
will allow us to deform each ellirsoid in order to match
the roints of each subcloud. as exrlained further in
this rarer Addins this model to eunation 12 leads
to

yX) -1, M "X b)) 13)

The modal deformation model and the sisnificance
of the vector v rarameterizins the modal deformation
matrix T, are develored in .1] and 17/

3.4.3 Imvlicit union.

All the primitives within the e skeleton must be
unioned in order to reconstruct the whole oblet

Let J., and J., be the field eunations .cf 10) of
the two resrective rrimitives ¢; and e; Modellins ca
vabilities of imrlicit surfaces allow smooth union .ex
vressed with the # symbol) by simrly summins the
edunations of each involved primitive. hence the new
eduation of e ¥ e3 is

Toruey = 1oy +1., 14)

With this method a continuous surface .at least
(?) is vrovided useful as an initial suess for any fittins
alsorithm and also as a relevant simvlified seometrical
instance of the oblect

Exact union also called boolean union can

also be verformed by usins the followins eunation

Je ooy —maxdd T.,) 15)

3.5 Examvrles. rverformance and arvli
cations.

3.5.1 Examvles of senerated e skeletons and
rerformance,

The e skeletons vrreviously shown in this ravrer were
created from a carral bone the hamats Note that all
voxels are taken into account. includins the inner ones
The number of 31 roints is 38 000 : retrieval of most
comrlex e skeleton .9 subclasses) takes about 8 sec
onds includins slice loadins time on an Indy SGT with
MIPS R4000 runnins at 100 Mhz A Bloomenthal
non adartive rolysonization 3| based on the march
ins cubes alsorithm 10! has been verformed to rro
duce the rresented meshes



Second examvrle shows a femur bone. comrosed of
150.000 3D roints Comerlete construction of the hier
archical tree took about 2 minutes on the rrevisously
described Indy workstation .the maximum number of
subclasses was arbitrarily set to 15) Mesh rolysoniza
tion took less than | second The orisinal oblect is
vresented followed by an e skeleton comrosed of 10
subclasses and then the same e skeleton with smooth
union with a maximum error of 3 millimeters .with
out any surface fittins rrocedure)

For sufficient number of roints. subsamrling re
vealed to be useful While not affectins the construc
tion of the e skeleton it allows faster comrutation
times The techniuune we have develored consists in

lowerins the sratial resolution. 1 e srourins centers
of adJacent voxels into new ones

On these examvrles no srecific ortimization has
been rerformed We are now on vrofilins stase in
order to accelerate our antomated srlittins rrocess

3.5.2 Avrvlications of e skeletons.

They essentially involve 31) reconstruction. data com
rression and medical imasins

3D Reconstruction,

Smooth e skeletons can be used as initial solutions
for 3D reconstruction alsorithms involving sradient
search We have imrlemented a classical Levenbers
Marunardt techniuue to fit the surface roints ex
tracted from scanner slices The function to minimize
for each roint is the followins

hay2— ¢ Jpxy 2 afalal 16)

Where J;, is the implicit function .cf eunation 11)
vrovided by rrimitive e, attached to the fitted cloud
and a]f ag a? are the three decreasins radii of e
.z y 2) are the coordinates of the boundary roint we
try to fit with the imrlicit curve and ¢ is the isoro
tential value The use of the radii in euuation 16
helred in avoidins diversences The main issue resides
in the lack of robustness of the Levenbers Maruuardt
method and rroblems occured with numerous solids
However. the soal was to show the rotential answer
of the e skeleton to this tyre of rroblem and at that
time we did not focus on the efficiency of the gradient
search method

Here is an examvrle of a reconstruction with the
hamate. one of the carral bones .wrist)

4
y




We first show a 9 subclasses smoothed e skeleton
.with the blendins eunation 14) in Gouraud shadins
that rerresents our inital suess and then the result
ins reconstructed surface Voxel rerresentation is rro
vided for visual comrarison rurrose The fittins error
measured as the maximum distance between bound
ary roints and the imrlicit surface was less than 2
millimeters in this case

With the modal deformation model from .17] inte
srated to every primitive the alsorithm is the follow
ins

For Each existins class C,
Extract boundary roints of C;
Find best deformation matrix with any
sradient search techniuue

EndForEach

Once each primitive has been fitted to each local
boundary. the imwrlicit tree naturally combines them
into a whole obJect An error distance is comruted
as rreviously described. using seodetic distance from
a roint to the closer ellivsoid or simrle euclidian dis
tance from the rolysonal reconstructed surface Error
measurement is not trivial in our case as imw~licit sur
faces rrovides only a votential value in srace rather
than intuitive distance which is needed in our arvli
cation

It is imrortant to note that the orisinal oblect in
voxel format can be recovered when surface search

succeeds We are now investisatins further in fittins
technivnes in order to find a more robust way to re
cover the surface Others issues are

e Oblects with several non connected rarts cannot
be rendered easily as smoothed imvlicit surfaces
do not rrovide torolosical information A ros
sible solution we imrlemented consists in mon
itorins the rotential values returned during the
discretization ster. for each rrimitive in the CSG
tree Once this stevr is done. each rrimitive which
has never returned a rotential close to the iso
value c is discretized inderendently

e Very fine details are difficult to obtain as we de
cided not to use finite elements techniuue in order
to keer a slobal and analytical rerresentation In
our intesration of the e skeleton in medical soft
ware Uorrus 2000 presented later in this vaver

we switch to voxel rerresentation when accurate

surface renderins is revunired

s Holes can arrear in an e skeleton wheras they
do not really exist Such holes are usnally filled
when smooth union is rverformed as rrimitives
are very close but they can sive wrons visual
information on the oblect This issue is currently
under investisation

3.5.3 Data Compression,

The hierarchical multiscaled CSG tree model offers a
sreat amount of data comvrression Torrical ratio is
in the area of about | 1000 relatively to comrressed
slice imases or medinm 4uality rolysonal rerresenta
tion Deformation matrices. hierarchy and textual in
formation are totally intesrated to the data structure
allowins the whole recalculation of the reconstructed
solid from a sinsle ASCII file

3.5.4 Medical arvlications,

The e skeleton is well suited for medical imasing Tt
is now intesrated into the CTRATD imase rrocessing
and reconstruction software Corrus 2000 as part of the
Mbodealins Biological Fntities vrolect
direct arvlications include

The followins

e Cavrture of orsans from sesmented NMR or TDM
images An e skeleton is rermanently comruted
with a low Viyresnoig and stored on disk for later
diasnosis or analysis rurrose

e Creation of anatomical atlas throush various e
skeletons



e Interactive deformable model .not done yet)
Framerate is adJusted with combination of seman
tic zoom and discretization ster control

e Toolins of vrrosthesis usins comruter driven
millins machine based on a dense rolyson mesh

recovered from a les stumpy

4 Conclusion and future work,

We have rresented a new automatic rrocedure to de
comvrose a cloud of voints that rroduced encourasins
Sisnificant substructures are well detected as
By takinz into
account the inner roints the construction of the e

results
we lower the threshold of variance

skeleton remains very steady and noise rroof A wide
ranse of rerresentations is rrovided. from orientation
only to accurate surface rerresentation. with simulta
neous control of discretization ster .LOD) and seman
tic level

Further tests are due in order to adlust the be
havior of the splittins prrocess. esrecially for tubular
sections of bones We will also focus on the blend
ins between primitives to ensure the accuracy of the
whole union. and the imrlementation of a realtime
deformable model The seneric asrects of the method
must be kert to maintain rerformance and large av
rlication srectrum
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