METHOD AND APPARATUS FOR EDI TI NG THREE- DI MENSI ONAL
| MAGES Field of the Invention The present invention
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di mensi onal images. Background of the Invention The
obj ective of radiological diagnostic techniques is to
identify normal structures and pathol ogi cal structures
from medi cal radiol ogy inmages. Radiology is becom ng
i ncreasingly inportant in nedical examnation and
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examination during the course of their treatment. With the advancement in

technology, newer and more robust radiological technologies have become
available. The greatest revolution has been with the advent of cross-sectional

imaging and 3D volume imaging is a further refinement of that technique.

In order to define the pathologies in images, it is essential that normal
structures and their normal variation should be clearly defined and illustrated.
For this reason, a thorough knowledge of normal and anomalous anatomy is

essential. The anatomical structures must be segmented and labelled in the

form of atlases.

On 2D images this is a straightforward process and several software
packages are available that satisfactorily perform this process. Such software
is in extensive use in radiology. However, the techniques and the results of
2D processing cannot be used for 3D processing for a number of reasons.
Firstly, to process an image one slice at a time is tedious if user intervention is

required, and secondly, the results from 2D processing are not consistent in

3D.



3D. As the body is a three dinensional object and al
the organs occupy a volume, it is desirable to be able
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radi ol ogical images in three dinensions as well as in
two dinensions. The difficulties in segmentation and
editing of structures in 3D inmges have hanpered the
full use and potential of thrgee-dinensional (3D)
medi cal inmaging. As nedical imaging in 3D volune is
increasing in technol ogy, the support software to edit
3D structures in inmage volunes is | aggi ng behi nd and
t he software
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of volume data but such software is greatly dependent on tedious user

manipulation.

Some of the commonly used software for 3D volume editing is described

below:

3D-DOCTOR by Able Software Corp.

The main modules developed for the editing of images are Image Editor,
Boundary Editor and Point Editor, the main functionalities of which are:

Image Editor - Image pixel values can be displayed in real time on a screen.
A user can also modify pixel values by drawing in the image with a specified

pen, and map pixel values to new ones.

Boundary Editor - Object boundaries generated from segmentation can be
edited using this editor. A user can delineate an object boundary or region of
interest manually with the boundary line editor. Boundary lines are used

directly in 3D surface rendering and volume rendering.



directly in 3D surface rendering and vol ume

rendering. Point Editor - Points of 3D |locations can be
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used on another image to show the difference of

certain locations. VIrace/Slice Align/Surfer by VavTek

Inc. 1A US VIrace - This is a general purpose,

Regi on-based, 2D image analysjs and 2D i mage

measurenent program It creates regions of interest

and outputs statistics based on those regions of

interest. The statistics include region of interest
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saveua sesies of cropped or filled ROls to Xreal{e squo Gmes. It also has a
tracing editor and allows for autotracing of the images. VTrace reads and
writes 8 bit or 16 bit raw images. It also reads and writes the TIFF image

format, and the SGI image library format.

Slice Align — This is software to align and register a stack of 2D images. It
consists of two programs: the first program lets a user align a stack of 2D
images so they can be used in 3D reconstruction or deconvolution. The user
identifies fiduciary points on two consecutive images, then aligns the two
images to those selected points. After all the images are aligned, the second
program loads all the images into memory and computes the final
adjustments automatically using a least squares approach. These programs

currently run on SGI and IBM computers.

Surfer — This is a 3D surface extraction for 3D rendering program. This
program is most often used in combination with the Slice Align programs

outlined above. Re-registered images sometimes do not render well due to



Surfer - This is a 3D surface extraction for 3D

rendering program This programis npbst often used in
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above. Re-registered i mages sonetines do not render

wel | due tothe odd alignments of the boundaries on

reregi stered i mges. Surfer lets the user outline (by

tracing) the areas of interegt in each 2D inmage. After

all the areas have been traced, Surfer extracts a

surface, based on the multiple 2D traces. The

extract ed Isurface can be rendered in VoxBlast. Surfer

is currently avajlahle on SG nachi.ngs. e 0

ot edmPUIYBTENS BPPITSEriEh oAy Btagrd IHBREy erets the

e é&ﬁh&( ARk the Hhesd einterdst liPuabn DiTERRageS Wirrall the

ool's *are robust and useful, they still the |ack
bfemscsaenbean telcedeSurfer extraels-alishEage obased paghe multiple 2D

acemosTREQRRERIPAl Py TaaI NP B0 R eRR lurer i

SEMEAEY aMildIPbA S| MBckipese | mages. Serra et al .
proposed "Brain Bench" as virtual tools for

stereotactic frame neurosurger Serra L, Now nski .
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requiring dedi cated tracki ng hardware, an expensive
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ditlap £K, e Brain Bench: virtual tools for stereofactic frame neurosurgery.
Medical Image Analysis, 1997;1(4):317-329]. They extracted vasculature by
using 3D intervention with the volumetric data in the virtual environment. This
solution is quite expensive, requiring dedicated tracking hardware, an

expensive graphics workstation and a sophisticated software system.

In addition, Chui et al. [CK Chui, W Hua, YP Wang and WL Nowinski, A novel
approach for extracting and editing 3D Object associated with volume images
using an interactive multimedia environment, Patent Pending. PCT filed - PCT
& SG Filed: PCT/SG00/00101 & SG200300588-1, 7 Jul. 2000; published
international application No: W002/05217] proposed a solution to extract and
edit a 3D object associated with volume images, using an interactive

multimedia environment.

In the paper by Hua W, Chui CK, Wang Y, Wang Z, Chen X, Peng Q,
Nowinski WL, entitled ‘A semiautomatic framework for vasculature extraction



edit a 3D object associated with vol une i mages, using

an interactive nmultinedia environnent. In the paper by
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Nowi nski W., entitled '"A sem automatic franmework for

vascul ature extractionfrom vol une i mage', Proceedi ngs

of 10th International conference on bionedica

engi neering, Decenber 2000, pp. 515-516, Hua et al.

descri bed the integrated visualization and inmage

editing systemto extract vascul ature from 3D i nage

scans. In this system a volune rendered imge is
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a volume of medical images arranged in serial sections. The editing methods
include tracing and automatic growing of connected components defined by
the grey level range. The editor performs a statistical analysis of the signal
contained in each subvolume and this is used in studies of magnetic
resonance (MR) signals in medical images. The graphic editor is also used
for creating 3D views from MR images based on a volume-rendering
algorithm. The editor transforms the volume of images by remapping their

grey levels and by multiplanar cuts.

Most of the previously available commercial software or research protocols
have some drawbacks which make them tedious to work with or they do not
provide enough tools to adequately segment the radiological images. The
software available as standard operating systems with most commercial MRI
machines is powerful enough to manipulate images, but it has limited tools to
offer when segmenting 3D volume data.



grey levels and by multiplanar cuts. Mst of the
previously avail able commercial software or research
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to work with or they do not provide enough tools to
adequately segnent the radiol ogical imges. The

software avail abl e as standard operating systens wth
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mani pul ate images, but it has limted tools to offer
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fields of interactive segmentation, labelling, quantification, 3D modelling and

3D model construction.

Users may extract the object of interest in many ways. Consequently, a 3D
continuous model may be built and three orthogonal planes (tri-planar)
contours may be extracted at any point confined by the object region. The
shape of the object may be modified freely through modifying these tri-planar
contours. As the editing is applied to a 3D continuous model, the
consistencies of the modifications may be maintained. A 3D surface model
may be generated from the tri-planar contours to extend the result to more
applications. A spatial vertex index method may be designed to easily and

efficiently manipulate the shape surface model.

Preferably, an algorithm embodying an aspect of the invention will enable
easy and accurate 3D editing of volumetric data in a user friendly interface.
The algorithm preferably enables 3D editing to be performed on both the
image model and the surface model of, for example, anatomy shapes on



consi stencies of the nodifications may be mmintai ned.
A 3D surface nodel may be generated fromthe
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applications. A spatial vertex index nmethod nmay be
designed to easily and efficiently mani pul ate the
shape surface nodel. Preferably, an algorithm
enbodyi ng an aspect of the inyention will enable easy
and accurate 3D editing of volunmetric data in a user
friendly interface. The al gorithm preferably enabl es
3D editing to be perforned on both the i nage nodel and
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first aspect the invention there is provided, a
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met hod

TraBRaIRE ahd 2l siiFedbiBE Tve of an'image o

segnenting the data to select data to be processed;

RiERaHhidie, @mbbtikeersts o tise invehtion dedy bé apiplied ¢ eotmplicated 3D
data; interpolating the three dinensional nodel of the

sirustures. data to generate a continuous three
di mensi onal nodel ;

According to a first aspect of the invention there is provided a method for
editing three dimensional images, the method comprising the steps of:

obtaining three dimensional data representative of an image;
segmenting the data to select data to be processed;
generating a three dimensional model of the selected data;

interpolating the three dimensional model of the selected data to

generate a continuous three dimensional model;

extracting one or more tri-planar contours from the continuous three

dimensional model;
editing the continuous three dimensional model;

generating a three dimensional surface model from the one or more

extracted tri-planar contours; and



extracting one or nore tri-planar contours fromthe

conti nuous three dinensional nodel; editing the
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di mensi onal surface nodel fromthe one or nore

extracted tri-planar contours; andediting the three

di nensi onal surface nodel. According to a second

aspect of the invention therg is provided an apparatus

for editing three dinensional imges conprised of

three di nensi onal inmage data, the apparatus

conprising: a selector for segnenting the data to

sel ect rocesse first, _generator for
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an extractor for extracting one or more tri-planar contours from the

continuous three dimensional model;
a first editor for editing the continuous three dimensional model;

a second generator for generating a three dimensional surface model

from the one or more extracted tri-planar contours; and
a second editor for editing the three dimensional surface model.

According to a third aspect of the invention there is provided a computer

program product comprising:

a computer usable medium having a computer readable code and
computer readable system code embodied on said medium for editing three

dimensional images; said computer program product further comprising:
computer readable code within said computer usable medium for:
obtaining three dimensional data representative of an image;

segmenting the data to select data to be processed;



obtai ning three di nensional data representative of an

i mge; segnenting the data to select data to be
w@eweossed; generating a three di nensi onal nodePCDEGL008000045

sel ected data; interpolating the three di nensiona

nodel of the selected data to generate a continuous

t hree di nensi onal nodel; extracting one or nore

tri-planar contours fromthe gontinuous three

di mensi onal nodel; editing the continuous three

di mrensi onal nodel; generating a three dinensiona

surface nodel fromthe one or nore extracted

tri-planar .contgu and .editing t t hr ' si onal
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Preferred enbodi nents of the invention will now be
descrirhéﬂadmfu Yhe thes@rdiimenaivthali rhbdele b r thec seleatddhadata to
accompanyi n rawi ngs i.n which; Fi gure lis aflow
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according to an enbodi nent of the invention; Figure 2
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extraction froma continuous field; Figure 6 is a flow
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Figure 7a is a representation of a continuous contour

nodel ; [ hovv| ng the

editi néﬁj)r%j{%tﬁg%én }%@ﬁ@‘%ﬁ%ﬁ? T el of Figure 7a
through shifting the grid points;

Brief Description Of the Drawings

Preferred embodiments of the invention will now be described by way of

example and with reference to the accompanying drawings in which:

Figure 1 is a flow diagram showing the process steps in a method according

to an embodiment of the invention;
Figure 2 is a schematic block diagram showing a segmentation process;

Figure 3 is a flow diagram showing the process steps in a method of 3D

model generation according to an embodiment of the invention;
Figure 4 is a representation of 3D iso-parametric interpolation;
Figure 5 is a representation of contour extraction from a continuous field;

Figure 6 is a flow diagram showing the process steps in a method for
modifying a 3D model through tri-planar contour editing according to an

embodiment of the invention;



Figures 8a to 8h are a series of 3D editing stages of

an object on three orthogonal 2D planes; Figure 9 is a
w0 e@oessard at i on of the object shape of a contiPCD862005/000045

contour nodel after contour editing;, Figure 10 is a

fl ow di agram of the process of surface nodelling and

editing according to an enbodi nent of the invention;

Figure 1lis a diagramillustygting conventi onal
triangle surface data storage and index; and Figure 12
is an illustration of a 2D pol ygon surface spati al

i ndexi ng nethod. Detailed Description O Preferred

Embodi_nents A flow di agram of the overall process
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@WhobbhélZdehﬂs interpolated in a fifth stage 8 to
Sroducg a 3D |fnterpol ated continuous nodel. Fromthe
i.stribution of th ol.ate srmohfu ction
ﬁgur@%waa reRsaseRtatonat fie BpBcEThatE s g paiaIoortBl model
%ﬁﬁj et on the orthogonal cross section
p nes typicallTy, the axial, coronal and sagittal
pl anes), nmay be extracted in a sixth stage 10 and
Figtirect) iscalBowatiagiam phiherprocess of suréace wgeliing and edltlng

Feaprdege o SooqiERMethBlhudtiotine &l ucire s

perfornmed by changi ng the 3D conti nuous nodel,

RagiieCT 8 adiagRen fllusfrating coneattiomal trianghey spdam dafehgtorage
resulting output fromthe seventh stage 12 is a snooth
raflsk iegexi ad on of

Figure 12 is an illustration of a 2D polygon surface spatial indexing method.

Detailed Description Of Preferred Embodiments

A flow diagram of the overall process according to an embodiment of the
invention is shown in Figure 1. The first stage 1 initiates the process and in
stage 2 the data to be processed is read into the system. The data is then
segmented in a further stage 4 to obtain a preliminary set of voxels. Taking
these voxels as control points, the continuous approximation of a function, for
example, the grey level, is generated as a 3D model in a fourth stage 6 and
this is then interpolated in a fifth stage 8 to produce a 3D interpolated

continuous model.

From the distribution of the interpolated smooth function, the tri-planar
contours which are the contours of the interested shape on the orthogonal
cross section planes (typically, the axial, coronal and sagittal planes), may be
extracted in a sixth stage 10 and a surface model of the interested structure



an anatony or pathology structure, which may be used
for exanple, for 3D surface/solid nodelling,

waee@nvsfsecat i on and construction of a 3D nodel POF/SG2005/000045

atlas. The data defining the surface is then witten
to a store in an eighth stage 14 to concl ude the
procedure in a ninth stage 16. The main purpose of
tri-planar editing is to seggent a particular
structure fromthe input patient data set. In a
preferred enbodinent, if a 3D nodel database/atlas is
available, it my be used to guide the prelimnary

b oBGIAING I B RYETISIege i phdbie 866 2 e Mkqiion of
%eo mtéllé%té@%ﬁg?é ?tﬁ‘fc'ttﬁ% s PEHdrindde By raingfhgMtid 3Dheontinuous

g
current patien ata. Alternatively, if such a nodel
hiodettmeniddriediyethetttiplanae contayr ekankepinthe regi on
whi ch corresponds to the structure. This may be

hi eved thrquagh. i nt.er ' [ ' :
dheasrofion yRatroR B b 68 B 7 S aepiongpiation of
ah AhoRIYO Mﬁpﬁ’ﬁiﬁild%ﬂ@!ﬂuﬂﬂfé;aﬁlsichsmayﬂm uséd fox ekample, for 3D
representing the object of interest. From thi

sobace/0lid AgRsaling, dyaniiisation,ASLoQStAIEN S GosR T IRAg) or atias.

Wthin this subspace, a continuous nodel of the object

The, ¥ g&%giha e YRR r{% 3% RAkah 1o stbre Bt ageighth stage 14 to

_ contour n e generated in every slice
ebnthidedhe Pprocehgetin alnisthdstage dal directions. In this
stage 10, the user may nodify the 3D conti nuous

g]lﬁ{eur%lt@kjr};& r,tpg%ce)\lfqgf1 Eﬂ-%?aglnag I&?i?(l r{d;igtté %ieg(fﬁeﬁ'@ %{ p%‘g?g IféF sRubtlre from
iy i'ﬁp[lﬂ 651%_ni§tdét§t y&e anakopyefafedaashbodiraentsif a 3D model

required until the operator is satisfied. As long as . .
tdataliBatatino viss avefialecnt may er wsedr doj Quide ﬁb‘gt iREgliminary

data aqcur at t.he .r I ' eda.f

RSSO e R85 i HRrRE dn'tls S04, b6 sruoure
2B PrecedsaleB gkt fbanthendataladelatias| asd is registered with
construction and the |ike. After the tri

Charairrant rations daimg Alasaaivesof Skeh b MUSpdl IR qiyailable, the

Goer may extract the region which corresponds to the structure. This may be
achieved through interactive region growing, thresholding and other 2D

contour editing.

The result of the above mentioned process is a set of voxels representing the
object of interest. From this voxel set, in stage 8, a 3D ROl may be defined
accordingly. Within this subspace, a continuous model of the object may be

defined through interpolation.

In stage 10, a 3D tri-planar contour may be generated in every slice of the
axial, sagittal and coronal directions. In this stage 10, the user may modify
the 3D continuous structure through changing the tri-planar contours in any
direction with respect to the patient data, refining the structure anatomy as
many times as required until the operator is satisfied. As long as the 3D
contours represent the structure in the patient data accurately, the result will



construct a surface nodel in stage 12, and edit the
surface nodel interactively and efficiently with the

W@ appost42of surface vertex spatial indexing tertiOGEYF000045

This enables the final surface nodel of the RO to be
obt ai ned. Thus, the tedious 3D segnentation and
editing which is present in prior art systens nay be
sinplified in the present invention to 2D

mani pul ati ons, eventually producing a segnentation
result in 3D inmage nodels and surface nodels. Figure 2
shows the segnentation stage 4 (of Figure 1) of the

35 koo S oS PRMCRTBL BRMAEC b el sheve
tAHANAGE) iRfreentitfly PlaRfingRiodelThBaS 6bhatfudtionrait td Iike.

the user may segnent the object using any automati c,
sem autonatic or interactive algorithmto obtaip the

Fterclieotiipbatar cnieisisnefl the imrgeopjadtel argdragisd. jee user may
TS S0 AR Pl aRO RS el AR Bl il
i amck efficiantly witly e tsapport of tsagiaca OverfBixespadizl lindexing technology.

voxel s e then stored 22 a f he next,
wis svables the el Suitsen sl of e RO BpebtiRedher o a
nodel or atlas 24 is avail able, the object selected

1068, 1the t3HoRISH griéhtafiorAndSediahg Shith i8 presentnia prior art
stage 26 to match 1t approximately with the current

depisteres maynbe heimplifiednin the presandtiaventien 4pa2l manipulations,
gé\?@uﬁ@ﬂ'a$¢d®2ﬁi%%%§fn9%€%n?%ﬁt @23§ﬁfr{aﬁ;§dm%%leishgnd surface

SpgaeRt ation is the set of voxels representing the
obj ect under investigation. Figure 3 shows the 3D
generation of a 3D continuous nodel fromthe

(oL Fig

skiggre 2 showsnthe iseomantaliosiagg i ﬁﬁeoﬁy(ﬁg{hlﬁeobiect of
"plER L SUREETE? Fdy L SRR 5 gyl rovar
aintérastiveoc segmentatibn0. Or f thmoaglvaatlas rvemrping. t h&bor interactive
segmentation, the user may segment the object using any automatic,
semiautomatic or interactive algorithm to obtain the 3D region corresponding
to the object. This may be achieved through 2D/3D image processing tools.
Patient data 18 is segmented, as described above, in the interactive
segmentation stage 20. The resulting voxels are then stored 22 ready for the
next processing stage. In the alternative approach where a model or atlas 24
is available, the object selected from the 3D model or atlas 24 is warped in a
warping stage 26 to match it approximately with the current dataset from the

patient volume data.

The space occupied by the transformed model is defined as the preliminary
structure. The output 22 of the segmentation is the set of voxels representing
the object under investigation.

Figure 3 shows the 3D generation of a 3D continuous model from the voxel

sets 22 obtained in the segmentation stage of Figure 2.



IS, a region consisting of voxels not in the shape
under consideration, a continuous field for the space

WO pooalossabo t he object is | ocated may be det er m PEOHSGIO08000045
second stage 30. This may be achi eved by conputing the
spatial position of the voxels in the object
mul tiplied by the dinension of the voxels. In the next
stage 32, grid points are detggnmned to discretize the
structure. Initially the grid my be constructed as a
uni form rectangul ar nmesh on the i mage under
consi deration. Any curvilinear grid may be used .

e 8, 08 2t P B 0, B P b, 3, B -

rfRid valroef, 36r exampldD1apat its Wvasiohi 100 efvr Bevacant region, that
represented by its value at the various grid points.
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nuous, the shape t he object may "be snoot
adetetrhimedoinsa seagndbestagae‘rﬁﬂedTh'ﬁheayU;eeat:hmgdkiw computing the
repre ent.e.d at ny reso| uﬁi\l on | evel
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Surfaces generated movi ng' | east squares met hods,
Neftuodunet | Indiadly tGe gpidirnay be, cadisirugtedias a urdrin We@tangular mesh

preferabl dto ner.at e he | gbal__continu

¢ ifade kT s0HPERD” Y el iRiCer SBRLIRY P pged . Next
|ha§t Eaesapﬂélaxvméméis fdrel shicwa®d an thé veplusnygad oone using
smoot'h in the entire space and it is able to produce

anierpelagienof lonike seexic ptagenidb, cthe i3 egntinpus field may be
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mat hemati cal fornul ae used in one or nore preferred
eTilb@Cbomszus)fmbhel nmyefamlﬁateanwltmrescﬂdtuom rEptEHendmﬂ)r( of the

re mat hemptical backgrou an be found in
gﬁ%peé\se}eﬁemhe&s Qe s, CO’HWb‘%Bﬁi ﬂfhﬁeﬁa@e ket th@n?*PJ?PteH‘ay be
smoothed and the noise may be removed. The object may be represented at

any resolution level.

A mean least square (MLS) interpolation scheme [as described in the paper
by Lancaster P., and Salkauskas K., entitled Surfaces generated by moving
least squares methods, Mathematics of Computation, 37:141-158, 1981] is
preferably used to generate the global continuous model. The main
advantages of MLS interpolation are that the approximated field function is
continuous and smooth in the entire space and it is able to produce any order
of consistency. This continuity and consistency will enable the continuous 3D
model to be obtained from the set of isolated voxels 22.

The mathematical formulae used in one or more preferred embodiments of
the invention are listed in Equations (1)-(7). More mathematical backgrounds
can be found in the paper by Lancaster P., and Salkauskas K., entitled
Surfaces generated by moving least squares methods, Mathematics of



Surfaces generated by noving | east squares nethods,

Mat hemat i cs of Conput ati on, 37:141-158, 1981. For
webk@s®ssa2one- di mensi onal interpol ation the genePCHSGTNG/000045

formula is, /(w) (1) Factors (w) are sinply weights of

control points ur One may define these factors in

various ways, for exanple, weight may be defined as

the inverse distance q.(w) befgeen a generic point and

a control point U: |.(w) =1 where, (2) () (=1 For

approxi mation in 3D space, the classic one-di nensional

i nterpol ation fornula above is not applicable,

St 57 Sl Ll Sl E5SRBL Bk Biton ne
f%g;fé,%ﬁgﬁf&fnlﬁé@ are sufficient: P(x) =[ 1, x, v,
y4 3

The above set of P(x) is a regular polynoni al
basic of the first order. According to the paper by
Lancaster P., and SaAKapskas K. entitled Surfaces
generatgd by novi ng|l.east squares nethods, Mthenatics
of £ (W BT AR NWhEE A1#B=11981 , an int(¢ypol ation
formul @i s construct fromthe specific inner product
of basic functions ijp @eskipol points. For N control
points x . inthe neighbourhood of a generic point x ,
the approxi mation of a variable x uses the wei ght
f ton, M impli; weights Ol comboP poidtév-u, ( B May define these
AF(:I%E)LSO\%M?X?PF@(% %t %XJ') (5) W’FX)== {il--t6§», 2+,

8fctors in various ways, for example, weight may be defined as the inverse

distance ¢,(w) between a generic point and a control point ;:

A(w)= ——';qi(—w)——where, 2)

zqi(w)

i=1

1
gi(w)y=—— p>1
[w—w
For approximation in 3D space, the classic one-dimensional interpolation
formula above is not applicable, instead, a set of basic functions of three
variables is necessary. For linear interpolation, four basic functions of P(x) are

sufficient:
PX)=[1,%x,2° (3)

The above set of P(x) is a regular polynomial basic of the first order.
According to the paper by Lancaster P., and Salkauskas K. entitled Surfaces
generated by moving least squares methods, Mathematics of Computation,
37:141-158, 1981, an interpolation formula is constructed from the specific

inner product of basic functions in control points. For N control points x; in



s3 -30sr if O<s<l; or O ifs>=1 (6) where, s = ( X - X
0)/h (7) As in the one-di nensional case, the weight

WO eovessaed i s arbitrary and nonnegative, and for@mb&2005900045
above provides a nonotonically decreasing function
simlar to a Gaussian, but less tine for conputing is
required. At a point (xc,yc,zc) in the continuous
field, the tri-planar contouzﬁcan be extracted from
the continuous field. At each direction, the cross
section plane in different directions is extracted,
fromwhich the contours are defined as the iso-contour

f L hol I in th I . F .
Bl bR S i BSnEben B, B3 b o yeyabl »
| \BGi ﬁ% =T0 b | ected 3D
@%ér'] @@r\ﬁ%tbma |§|Hﬁ%‘r(¥c?ai)e) Ther:f ng? ggn?ours on the
axial, sagittal and coronal slices are: C( ¢c) ={P ( o

; c, - N = P , Y , ’
?’t&’) =ZZ\;\/, gé)ﬁo)(%)@gq)) Oi{ggi?)y ,{Zt(:;( u ((:x, 54) u(Z)rf) =
To} As the continuous nodel is represented by the val ue

AlX)t=heST i (k)Peg)Pabl @)at the grid points, (5)
interp@vation is carried out to calculate a val ue
bet ween these grid nodes. For a 3D field, at any given

point, it is possible to determ ne the cubic el enent
in whifh thig point..is | gcated ..JTo_address this poigt,
WYi0%)s b‘gﬁaﬁ%ﬂl‘ t’écc%rﬁﬁue °§g)c’f1;[3§?t hat descri bed (|B>1
t he paper by Vvang M Shao M entitled Fundanental s and
numeric nmethods in finite el enent nethods, TSing Hua

Whergr sity press, 1988, |SBN 7-302-00227-4 and shown

in Figure 4 may be used, the main steps of which are

i sted bel ow, The advantage of i so-par arre?si c

it el pBl-aXi a¥fis that it is si npl e and fa( , and is

able to generate

As in the one-dimensional case, the weight function is arbitrary and non-
negative, and formula (6) above provides a monotonically decreasing function

similar to a Gaussian, but less time for computing is required.

At a point (xc,yc,zc) in the continuous field, the tri-planar contour can be
extracted from the continuous field. At each direction, the cross section plane
in different directions is extracted, from which the contours are defined as the

iso-contour of a threshold value in the plane.

For an exact definition, let u(x, y,z) be equipotential surface in our object, and
u(x,y,z) =T, be a selected 3D contour (that is, surface). Therefore, contours

on the axial, sagittal and coronal slices are:
C( C) = {P ( C» yv Z) u(XC, y’ Z) = TO}
C(yC) = {P(Xv yC ’ Z) U(X’ yC ’ Z) = TO} (8)

C(ze) ={P(X, Y, Zo) u (XY, Zs) = To}



snooth contours in any resolution. Wth reference to

t he paper by Wvang M Shao M entitled Fundanental s and
wovessa2net hods in finite el ement nethods, TSPEIYSERIAS/000045

Uni versity press, 1988, |SBN 7-302-00227-4, the

definition of the transformati on between gl obal and

| ocal coordinate systens, which maps eight gl obal

nodes to the nodes of cubic wgth size 2*2*2* is as

follows: {x,y,z} =f({ x ,h,V}t ) (9) This fornula

defines transformation of a point in coordinates

(x,h,z ) to new coordi nate system (X, y z) . For

i Sﬁ@? 5 Itniglpgs:gﬁé glgler%tpl{é)s%rﬁﬁ &g%p 8 pgocﬁlé%tlc‘f ariable at
Eﬁ@%‘élﬂ ?ﬁifnty rnterpéFatlbn ig' c)a}-ned Ng(lfl@ ca‘rléulafé a~valué >be]zWéén these

(1-i 7)(1-S-y
Q(Idﬂ")C(deSWff()r( a @ylds ammycg(yqn pwn)t,( |113< p‘pﬁ@é'e( fa dﬁtefm'ne the

cykgc( %/Ie)n%ryt gn N&ﬂﬁ%qthl@) %) |?1} J/s) i&f%l&]l 8 89&%35’%@% Q)g(am*f an iso-

ph\'aﬁﬁétrﬁ:t @ittinfRie uoh a thatodedcsibed |gl1he fapetdwsWang M, Shao
npl e object. After constructing.th ri]tln

M;,d@ntlthqqEuagﬁmntalﬁa@ncb@ugagrpamegap § §n gﬁe(ign}qr@raethods
é\% @g% Uﬁl\}:ér&gf ére’és hbgs h(%ﬂr@ 7b§021-@b9§7147§hd td@wn in Figure

sent i n the object region does not
s griyfhe ased ythef fein stepe afomhichraredistessbelow. The advantage of

F h
o oo ahebicilaase e gt A b e B Bl i q pgnorate
tH C%mcﬁﬁg Iﬁgﬂ?‘i‘ééddutﬂme conti nuous nodel and its

contours in any rection may be obtained from

With reference to the paper by Wang M, Shao M, entitled Fundamentals and
numeric methods in finite element methods, TSing Hua University press,
1988, ISBN 7-302-00227-4, the definition of the transformation between
global and local coordinate systems, which maps eight global nodes to the

nodes of cubic with size 2*2*2* is as follows:

&Yzt = f{Eme)") ©)

This formula defines transformation of a point in coordinates (£,7,£) to new
coordinate system (x,y,z). For isoparametric interpolation the set of

approximated functions are expressed via three-linear basic functions N,.

m

=ZNixi9y=iNiyi>Z=iNizi (10)
1 i=1 i=1

u(x,y,z) = ZNiu(xi’yi’Zi)

i=1

Nt =(1-&)(1-n)(1-5 )/8 Nz =(1 +&)(1-17)(1-5)/8

Ng =(1+&)(1+n])(1-c V8  Na=(1-&)(1+7)(1-5 )8



t he existing voxels. However, as these voxels cone
fromimge registration and prelimnary segnentati on,

w0 b@otgsed t may not correspond accurately to tPEI/SG2005/000045
original dataset. The shape of the continuous node

may be nodified to enable it to fit to the object in

the original dataset. Such a procedure is done through
tri-planar contour editing. Hgure 6 shows the nain

steps of contour editing. Taking as a starting point

t he continuous nodel 36 defined by values at the grid

poi nts, the contours obtained nay be nodified by

hifti t osjtions of the gri oi\gs. The, uyser
ﬁ%y‘(i'ﬁ?ﬁﬂ,hﬁﬂ%gs)ﬁe nextﬁ%'l(ibg)aﬁslg ée)mral poﬁn for
def ormati on near a contour point. In a further stage

- g en o\;Ssplqa n point to a
ﬂ\g% E}Lf’fzﬁo?‘?) y,gﬁlgr eﬁg ¢1e%$gyg§éﬁg§/t8he sel ect ed
poi nt of the contour with a nouse, or using a

kyhessitns |, §,he siapfor@ontrbEpdiRtsrodel is to be

def'ormed continuously, in a further stage 46, the
position of grid points nearby nust al so be nodified.
| Figtifee5 shbastadampie objechohfier constiaicting lilee dostihaausmmodel, the

for this point js DXC the displacenent of .a I nt

el W@ye%_@&@@f@éaf&?@wcg Ry PorsheVT T3fIgHTE 2, 1t should
- oy H . e r .

W a1l 8058 kR eta Pl 3iotient fion doos no

Tigsificanthaaffeettheucontousnggesul8. Fartberraers, riheiuserirsay change

e Tt b S5 el b oA B M Hept gt smoot

n@é'e?%é,ﬁcpaqyory, then the user nust return to the
di spl acenent” stage 44 and repeat the process until

satisfied. Once satisfied, the user nust determne in

sThe eobiinupie madebanddis aoméoyss de @sy directignsBay hgeptained from
8,980 088, o8, AUREAS 1RAORSing Rin e Yiaton
and preliminary segmentation, the result may not correspond accurately to the
original dataset. The shape of the continuous model may be modified to
enable it to fit to the object in the original dataset. Such a procedure is done
through tri-planar contour editing. Figure 6 shows the main steps of contour

editing.

Taking as a starting point the continuous model 36 defined by values at the
grid points, the contours obtained may be modified by shifting the positions of
the grid points. The user may select, in the next stage 42, a central point for
deformation near a contour point. In a further stage 44, the user may then
displace the chosen point to a new position by, for example, dragging the
selected point of the contour with a mouse, or using a keyboard. If the shape
of the 3D model is to be deformed continuously, in a further stage 46, the

position of grid points nearby must also be modified.

If the selected central point is X , the displacement for this point is AX;, the

displacement of any point Xp may be expressed as,



sel ect a new point for deformation, and repeat the
process. Alternatively, when satisfied, the user may
wOo eweN8s329 in a further stage 54, the 3D contiPCD862005/000045
nodel , by the values at the grid points, to include
t he changes made. As the continuous 3D structure is
deforned in a consistent way, the shape of the
tri-planar contours will chapge consistently. It is
therefore possible to approximate an object froma
conti nuous nodel such as that shown in Figure 7(a), by
changing the position of the grids. Figure 7(b) shows
t he aggrox&naéﬁd obj ect gener at ed i? hi s manner.

1 Fi ' t he shape of the 3D ti nuous node
causes the nei ghbouring regions also to be deforned
aﬁ@ﬁédlng to the deformation defined by the user. As
an exanple, Figures 8a to 8h illustrate the 3D result
of tri-planar contour editing.A cylinder shape shown
in Figyte 8a i d as the input. The tri-planar
WXQ).H% -89 e"‘&%o@ﬁgllfnolgﬁﬁur es 8b P BF=l |tohe user(13)
selects point P, shifts this point Pin the x
di rection guided by the contour of direction z, and

ef or th sh of contour to that shown4yn Figure
ge, nﬁ( H@Q%SD nodel and its contou?@ ?n t he
other tmo dlrectlons are displayed in Figures 8f, 8g
MNly Sh-plRsnesdrituatsywill netdits begxtractedctonpiadoh # new outline.

deformati on of the 3D object is transfprnmed

Hhisrisreastid b i Stgoe st A delaRAAN & 13 BeRctaieit SBap as o
t r S of jt t
St o i Ao, ¢ Ssusenyc . Sekaen i o
GReicRIttGry Athémthe ouser mmst hetwnftormeddmmlaﬁﬁmemﬂqgtage 44 and

bepgerbe-rreassyw ol FaIsdRende e SPURIAG 10° 8y iy (ERfmine in
SHa0E o7 BNl W ok ty e Bt e mnstos
nenfinapethd pracessy fthe luser oiaynthen r@turndgéhemﬂ%ﬁmneﬂégﬁ 42 and
st]eleé{ é\nndee %rcl)?r?tnﬂnlrydé)foﬁﬁgts ion, and repeat the process. Alternatively,
when satisfied, the user may redefine, in a further stage 54, the 3D
continuous model, by the values at the grid points, to include the changes

made.

As the continuous 3D structure is deformed in a consistent way, the shape of
the tri-planar contours will change consistently. It is therefore possible to
approximate an object from a continuous model such as that shown in Figure
7(a), by changing the position of the grids. Figure 7(b) shows the

approximated object generated in this manner.

Modification of the shape of the 3D continuous model causes the
neighbouring regions also to be deformed according to the deformation
defined by the user. As an example, Figures 8a to 8h illustrate the 3D result

of tri-planar contour editing.



the values froma segnent [-1 , 1]. During
nodi fi cation of the inmage, continuous transfornmations
wapewenssa2speci ficati on of the boundary occur. AEES&2005/000045

operations have varied constants Xj,yi,Z and nodified

parameters x ,h,V . It is not generally possible to

predict the transformation to be nade. Therefore, the

general parameters x ,h ,V akg converted to new

paraneters a,b ,g by the vector function (a, b ,g ) =

C-:_(x _,h ,V ) and the constants Xj,yi,Z are reforned to
.W by a sinple addition operation. To provide

2\2&@4@ t ! anﬁ%\g{r} ﬁgﬁ : lgyreO:Btat #Zugejcg %%sg{]ey gip%tbeThe tri-planar
F E BRRER&RN tn Figutes 8BbBdcofdhbiuger iseletts pomﬂ Phghifts this
easi bl e deformati ons of the i rm%wdepl cted in

pomtA%lnatheesdirectlm guude@foytthe conE foh iRgCTion £, aad Yeforms the
rame ric,r
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ary in segnent [-1
i ndependent|y. Due to the continuity of all o
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xgiNang s PUitEo R MICTUa Bty ot T AP Bpiermed object,
tRE' ot ﬂh@gs'rﬂogélgﬁebfr &hé (SMoothheoritinaious dlsiett m"ayobe generated
anatom cal structures at sub-pi xel or sub-voxel Ievzj =1,
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carried out accurately. The problem of matching and

ripgivelues from ategmenBP1j fjages i s sol ved by

During modification of the image, continuous transformations and the
specification of the boundary occur. These operations have varied constants

x,i,zi and modified parameters &,7,5. ltis not generally possible to predict
the transformation to be made. Therefore, the general parameters £,7,¢ are
converted to new parameters «,B,y by the vector function (a,B,y) =
G(&,17,¢) and the constants X,z are reformed to u;,vi,w; by a simple

addition operation.

To provide one-to-one transformation, it is necessary to be certain of non-
singularity of the Jacobian of transformation G [7,8]. This condition is ensured

by feasible deformations of the image depicted in Figure 4.

As a result of all of the transformations, a parametric representation of the

converted image in the following form may be obtained:



appl ying an optim zation technique. The nmat hemati ca
nodel is based on the construction of a displacenent
w0 p@baissatd t he two vol unmetric i mages under conpB€T/SEI05/000045

The objective function consists of two itens, nanely

the bending energy of the field, and the accuracy of

the image transformation. To formulate the nodel, if

T(x) denotes a gradient fielggof displacenent, and S
depicts the 3D domain of the 1mage, then the probl em

may be expressed as: mn (17)where, U(Xx) is an inverse
transformation field. Numerous conventional methods

are knovvn jch attenpt to solve equation (12)
I‘L %@{4,01 xepp! e the paper byigpga A W,
ent éz?i I e 'Régi st at’l on and the Cons%(r u)gtl on O

I\/UI ti di mensi onal Brai n, | n Handbook of nedi cal
i magi ng: %agcesm ng and ana

Wbk (ene (60 ) Br 598, cal i f . ﬁ'o(ﬁmﬁ%é%méé“ 2000,
pp. 569- 603, and the paper by Johnson H. J. and

ri ntitled I sten n k and
ﬁﬂﬁi@ S)?E"'?e,)&lﬁlyr?{a%e Regi sM?Qnﬁ .;F_’El)@r 2?5%0“ ons
On Medi cal Imaging, 2 1, No. 5, 2002] However, the

C hGal Iutlone S 614 1 @t i onal 16
ca% g1 ﬁ b&@n&nﬁgpproach F/'s tg ap?J(Iyypg(rg)é}(CeEures of (16)
approxi mation. In such an approach, a reasonabl e
) e pRgy(MabyE I8 be sel Mted-bo)(tapnii+ou)/8t he
conputatl on. One may apply a grid p0| nts algorithmto
approximate the field function Mont e- Car |l o
avhpreipaiametarsoms 14 ¢t usawastse@maré Igedt Bdependanty.
probl em [see the paper by Sobol I . M entitled A

Aa *fﬁgéwﬁtpnw Hlabe TucalG e o 1 oh y Perg (e 8.7 ),
é@ﬁgt!m%{%ry r%j él%ﬁ%gtb?hléﬁeyﬂ%% ggpér?ﬁ%@i\gl @Sﬁfe 9 depicts the

%ﬂééthbé%uh@a@@f werstjectabpresented infFigttea®(bgnd i s
i ndependent of the resolution of the scanning inmage,

thus the process of m
The quantlfIo ation of anatomqgélnsglruc%uresm sub-pg(el or sub-voxel level is

critical to many medical examinations. Due to the fact that a continuous
model for the object is available in preferred embodiments of the present

invention, the quantification of the model may be carried out accurately.

The problem of matching and registration of two 3D images is solved by
applying an optimization technique. The mathematical model is based on the
construction of a displacement field of the two volumetric images under
comparison. The objective function consists of two items, namely the bending
energy of the field, and the accuracy of the image transformation.

To formulate the model, if T(x) denotes a gradient field of displacement, and S
depicts the 3D domain of the image, then the problem may be expressed as:

min— L||AT(x)||2dx+ [[reo-v@e) e (17)



As the nethod enbodying the present invention involves
the continuous processing of the 3D nodel, the 3D
wardoasssaonst ruction is facilitated. Wiilst thePCT/SG2005/000045
tri-planar contours for the 3D i mage nodel have been
extracted, the surface nodel is nuch better and nore
suitable than the contours in presenting the 3D node
visually, and virtual realityqsinmulation applications.
Preferred enbodi nents of the present invention
therefore provide an advanced technol ogy to enabl e
efficient mani pul ati on of the surface
onstruction of .a s nodel fromc
r%egas ontours

é%aﬁd‘?‘{‘?féelt@é‘g?rm% 3'5?4 nore than twenty

years. Research of 3D surface reconstructi on from
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A
) Dumerichbe [Seips Suample S16 Rabek iy Tata AV Sititled Image
ﬁeéqjét?@[fﬁg%nd W dognéﬁucﬁo& ]Muﬁﬂnﬁénélbﬁalnﬂd?ﬁdlnhﬂéndbook of

1o & rove researchers, such
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st AR LB 3p o .
condgﬂi}? gg}%eﬁp%sgch@ﬁltféﬂv@o%%[bdtnﬁhc%ﬁﬂ( and IntenS|ty-Based

Bol ssionat [J. D. Boi ssonna
Shmge RegistrationtEERTransactionsrAn Mediea! Ig@glng)r%ﬂ 'No. 5, 2002.].
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| t. r bl dth f
e B TR e I ot ante f1 el d e Used

as an alternative approach to the
The process of registration yields labelling for the structure of the object under

consideration. The result of this processing may contribute to the construction
of the atlas and is independent of the resolution of the scanning image, thus

the process of mapping is simplified.

As the method embodying the present invention involves the continuous

processing of the 3D model, the 3D atlas construction is facilitated.

Whilst the tri-planar contours for the 3D image model have been extracted,
the surface model is much better and more suitable than the contours in

presenting the 3D model visually, and virtual reality simulation applications.

Preferred embodiments of the present invention therefore provide an
advanced technology to enable efficient manipulation of the surface model.



cal cul ation of an object fromcontour slices by Jones

and Chen in 1994 [M W Jones and M Chen, A new
W@pKossako t o t he construction of surfaces fronPCDOBGDNF/000045

data, Conputer G aphics Forum 13(3), 75-84, 1994].

Thi s approach attenpted to suggest a solution to

resolve the traditional subproblens altogether. A

surface reconstruction al gorisbhm of piecew se-Iinear

i nterpol ati on between pol ygonal slices was devel oped

by Barequet and Sharir in 1996 [G Barequet and M

Sharir, Piecew se-Linear Interpolation between
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L?’eéﬁ\elejbrﬂ@ht figafg7@) 2h ypr iSikus hgﬁmmmedbeémwi@rmahzed and

ed rational solutions for generating su f
nm@edneed bmmmws@egr%t:ﬂ;s, st asFdichady. FHenss ¢ B t‘?ﬂ“él?m and
a t
Hnf 9o, SOMRAE e eSSBSl g oo

fG@rﬁh’iLhﬁcatme ofradel AC#.ak6p 17, 68F- %62] ovanioush methods and

research. At t, . f II [
nreadhathareiasan NiathbEn oridRbuch 1055; Bisslordt 1. D.

ﬁ&gﬁo%ﬂgg\"%ﬁ&e ;}e}?(glg%;c{tﬁ#lbﬂrﬂbhf ;ﬁéﬁéra‘t‘rd)éh" JertibAs, Computer

eatures of i mages W th
| Visiong lehlcguaddrimge Sroeassingigth 1838.ul-29presented a very

N N R e —
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ctrve Cont ou

I nter nat| onal Jour nal
(WepetseSAmsroand1Siean [Paddeyess1S3Skjnner; eederS,lan Surfaces

Mor t nsen
D T T ey
ﬁ.a&n&bﬁaeé 'Y NEIY1C gy, @a6azen] nexplick dlﬁE{Ed the problem into
Proceed| ngs of Conputers in Cardi oIo
6fomr gadproblems, namely the correspondence prob|em '313 ’tllu%) problem,

the branching problem, and the surface fitting problem.

The Euclidean distance field was used as an alternative approach to the
calculation of an object from contour slices by Jones and Chen in 1994 [M. W.
Jones and M. Chen, A new approach to the construction of surfaces from
contour data, Computer Graphics Forum 13(3), 75-84, 1994]. This approach
attempted to suggest a solution to resolve the traditional subproblems
altogether. A surface reconstruction algorithm of piecewise-linear
interpolation between polygonal slices was developed by Barequet and Sharir
in 1996 [G. Barequet and M. Sharir, Piecewise-Linear Interpolation between
Polygonal Slices, Computer Vision and Image Understanding, 63, 1996, 251-
272). Furthermore, Klein et al.[Reinhard Klein, Andreas Schilling, Wolfgang
Strasser, Reconstruction and Simplification of Surfaces From Contours,



Durham NC, Cct. 1992]. In enbodinents of the present

invention, the inplenentation of live-wire user
w@iodassaeo surface extraction is useful to hel ppCEEGER05/000045

extract the surface directly fromthe 3D i nage nodel s.

Surface nodel s generated according to the conventiona

nmet hods nenti oned above are commonly stored in the

formof a polygon mesh, or ajgist of polygon arrays,

wherei n the pol ygon consi sts a nunber of vertices. Due

to the arbitrary nature of polygons, there is, in

general, no generic principle to sort the verti ces.

ly,
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surface in 3D scenes, in conventional systerrs a progr am

nmust search through all the verti ce
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generate the surface nodel from 3

cont ours.
deensen,aSi MorserWed. iBarstt, iandgbrter dEER; ,Aciqp?yg'léoundary
S[ﬁg’rﬁchorlt\ﬁgtsiﬁl ggﬁé{ﬁépe. o’,@ﬂténélgﬁalsLﬁﬁr?a?ﬁc”?‘?@brammng," in
IEEE Proceedings of Computers in Cardiology (CIC '92), pp. 635-638,
Durham, NC, Oct. 1992]. In embodiments of the present invention, the
implementation of live-wire user guidance surface extraction is useful to help

users extract the surface directly from the 3D image models.

Surface models generated according to the conventional methods mentioned
above are commonly stored in the form of a polygon mesh, or a list of polygon
arrays, wherein the polygon consists a number of vertices. Due to the
arbitrary nature of polygons, there is, in general, no generic principle to sort
the vertices. Mostly, the vertices are conventionally stored in a computer in
an array as they were generated, and a polygon index is used to indicate their
connections. Thus, the spatial information of the vertices of polygonal
surfaces is not sorted in any order in conventional systems. In view of this,
when the spatial position of a vertex is required, for example, in the pick up
and manipulation of vertices on the surface in 3D scenes, in conventional



editing, a decision to continue editing or to finish
must be made. Should it be necessary to continue, the

Wae pabiosd42vertex index will need to be nodifi edP@BSGHI0&000045
process continues until a satisfactory result has been
obt ai ned, at which stage 70 the result is saved and
the process discontinued 72. Figure 11 shows a
conventional triangle surfacegsdata storage and index
system where vertices are stored in an unstructured
style. The triangle index 74 is built up for rendering
pur poses, but it does not help in spatial retrieval.
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The process continues until a satisfactory result has been obtained, at which
stage 70 the result is saved and the process discontinued 72.

Figure 11 shows a conventional triangle surface data storage and index
system where vertices are stored in an unstructured style. The triangle index
74 is built up for rendering purposes, but it does not help in spatial retrieval.
This is achieved from the vertex array 76 which is assembled from the triangle

index 74 but is in no particular order and is stored as the data is received.

To overcome or ameliorate the problems with traditional methods, an
embodiment of the invention proposes a method of indexing the spatial
information for surface manipulation in interactive computer graphics. The
index method uses fundamental data structures and algorithms similar to
those used in sparse matrix computing [Zahari Zlatev, Computational
Methods for General Sparse Matrices, Kluwer Academic Publishers, 1991].



all of the vertices once and, for each vertex, to

cal cul ate the i ndex nunber of the cell in which the
woerbess4dal | s. | f the node for this cell existBCT/BGL008000045

spatial index structure, the vertex index is then

added into the node. If the node for this cell does

not exist, the node is created and inserted into the

proper position of the spatialg i ndex structure, and

the vertex is added into the node. In this exanple, a

2D illustration is given to interpret the algorithm

However, a 3D grid is a projected 2D grid and the
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found in Donald Knuth, The Art of Conputer

Br.o | nt.al .
A ggfg‘nﬁﬁgptu\@ %'Saﬁ%?ﬁ!%eto? ?_)@r%ﬂ%'stéthﬁgyog? aamlrl1n|r(16d list, a
Wirkbd Bable Gt thedlies Bhe Ehoiosi afchiiidta statureTelapeoricat on the
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is possible to explain howto retrleve a vertex usi ng
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CnhK syicture, e vetex aee el aaieliatd tikede i the node for
K€ el Og0BR ot ChAStE tROMEHR 1 chedtbdi &nd NRserted into the proper

position of the spatial index structure, and the vertex is added into the node.

In this example, a 2D illustration is given to interpret the algorithm. However,
a 3D grid is a projected 2D grid and the polygon surface is projected to line

segments.

In the system of Figure 12, an array list is used to store vertex data, however,
many other data structures may also be used, such as a linked list, and/or a
B-tree. Data structure suitable for building this index maybe found in Donald
Knuth, The Art of Computer Programming, Vol. 1, Fundamental Algorithms,
Addison-Wesley, 1997 and Robert L. Kruse, Programming with Data
Structures, Prentice Hall, 1989. The choice of data structure used will depend

on the specific application and the user’'s choice.



grid cell”. This is de facto in floating number

conputation and in conputer graphics. It is not
woemesssaey to adhere to any unit of nmeasur emenPCT/BG2005/000045

consi deration of the cell size. The size of the grid

cell may be determ ned by the users based on their

usage and resources. The size of the grid cell can

al so be used to control the pgsources used by the

i ndexi ng data structure. In sonme applications, it may

be necessary to retrieve not just a single vertex,

but, for exanple, a region, or a vertex as a centre
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The size of the grid cell can also be used to control the resources used by the

indexing data structure.

In some applications, it may be necessary to retrieve not just a single vertex,
but, for example, a region, or a vertex as a centre and its neighbourhood
vertices. The enquiry may be defined as a bounding box that is equivalent to
the size of the region of interest. When retrieved by a bounding box, the
algorithm will take the bounding plane of the bounding box in each dimension
as an interval, and then compare the grid cells within the interval. This
retrieval will return a bunch of neighbourhood vertices as requested.

In some applications, the spatial position of the vertices may be changed
during the operation of the application. In this case, the spatial index may
also be affected. To ensure the index is correct, the vertex coordinates need
to be verified. If the vertex still falls in the grid cell, then nothing needs to be



certain position, a conventional programwould need to

browse through all the vertices. On average, it wll
woe@dossa2check five thousand vertices. HoweverPCT/BG2008000045

spatial index structure according to an enbodi ment of

the invention, taking a pixel cube as the grid cell

then the maxi mum |l ength of the linked list is one

hundred, (in fact, it is muchsless, on average, in a

real scenario). Therefore, it the vertex exists, on

average the conputation will be only 50(for

X-1ist)+50(for Y-list)+50(for Z-List). That is, the
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ta'stored in the i ndex nod
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here raoreudoplru gl frorsantendss: TRSTHEL foblleck A yortex is ata
1% ﬂvpbﬁhoﬁaél cBRVERRINGS pRigrEmPyodideer td browsem\urcyugh all the
menory used by the structure, is about the

seriices: it avaraget éwilhaeed to sheckverthoyisand vertiGeses t he
nunber of vertices. By contrast, the pol ygonal

vertices. t I r I ' i

Tweyer, tﬁﬁ éfi)%ﬁl%ﬁ Apc%’eé{ gt?lgcggﬁé“hgé%m negﬂté é?f;‘bg{l%@]drl]rpﬁntm of the
Qhvéntior, esking aq@kel cube ssitive grid esthdiendhe maxiotuny dengih of the
wll need three floatin {T’Qrsfo

linked list is one hundred, (|(h; 12\ F is much ?ess, on average, in a real
scenario). Therefore, if the vertex exists, on average the computation will be
only 50(for X-ist)+50(for Y-list)+50(for Z-List). That is, the average
comparison computing time is only 150. This is a dramatic improvement
compared to five thousand comparisons in traditional retrieval. The speed of
retrieval may be improved by more than 90 percent, which is particularly

advantageous.

Certain overhead resources are needed to maintain the spatial index.
However, if the implementation of applications using this method can be
carefully designed, the resource can be minimized compared to the resource
used by the geometrical surface itself. Considering the index structure only
needs to present grid cells containing vertices, the number of nodes in the
index structure should be something similar to the number of the vertices.
However, the data stored in the index node are all integers which may be

represented by 1 or 2 bytes. In the above example, the pointers in the index



ordi nate val ues and, sonetines, three floating nunbers
for normal values. Mre floating nunbers nay be
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Hence, in such an enbodinent, a vertex will need at
| east six floating numbers for rendering purposes. Six
floating nunbers needs at |east 24 bytes. Therefore,
in the exanpl e nentioned aboyg, a polygon surface
havi ng ten thousand vertices wll need at |east 240K
of nmenory. Furthernore, the triangle index wll
requi re around 200K as it has twenty thousand

triangles. Thus, in thi | s
SlruUfey OindBPHgP v B T Th, JOe b, gen be

Basd1 I Rfin iethor
FGEUSELPT BB iy, S rgony e by e st

iaboyt theexhinty order gfdjefas dsiused by aTHAkefe MRS hgehumber of
dr%natlc performance i nprovenent, this is an

ae @ﬁ?able trade-of f. Another factor which nmay be
justified is the grid cell size. Increasing the size

g%/dbgﬁtr%t}jdhé lq?dlygv'bridl vertices aré etypicatty sepresentathdyi ayfloating
grid cell nay cont ) erti _
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_ e maj or probl em of the vertices of th
flwagigg msnbérados rareleniggspuipeses. nSknfleating: NeREeEY nng;g% at least

“oh o . PN . .
o, B TBIe: I tnarplethlie elpliel 2ER, i iPtfgon surface
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and deformation. Enbodinments of the invention
dRurthermdre, ithe tdangje oindax it lesiuirenaroung 2ok #s dt e, twenty

pol ygon, sur f aces, provj de S a it,h

L8R UGS R B TR SHES By for
SfeAbieithg wWill ®enE tPBOOK. This means that the overhead memory used by
the spatial index structure will only take about 10 to 20 % of the total memory

used by the polygon surface. Considering the dramatic performance

improvement, this is an acceptable trade-off.

Another factor which may be justified is the grid cell size. Increasing the size
of the grid cell will reduce the precision of enquiry, and a grid cell may contain
more vertices. However, the index structure will become smaller which will
reduce the overhead resources used. The user may vary these factors to

obtain the desired balance between performance and the resource used.

In summary, embodiments of the invention provide a convenient tool for users
to extract the shape of an object. As mentioned above, there exists in
conventional methods and systems the major problem of the vertices of the
polygon surfaces being stored in an unstructured order which causes



Enbodi ments of the invention may be broadly used in
many application domains, such as conputer graphics,
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geonetrical nodel editing applications and FEM
conputation, to nane but a few In particular, it is
consi dered that enmbodi ments of the invention may find
applications in, for exanplepgthe fields of radiology,
such as in diagnostic radiology inmging, nedica
i mgi ng and nedi cal image processing, interactive
i mge editing, tissue vol ume segnent ati on,

uantitativ anaton1ca e ORs.:
om0 USRS SRGes GHnG 1 tel RPOTIAE b T s p Edmmon
Plrdl}rérﬂt irP"'nteHHt% gram@s ipplicatuie), Isum aexsumiemﬂing and
mage processing, comnputer gam ng
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yal sz)t':%sgf?gaﬂg&iog’{ ?ﬁi%ce%hgﬂgldjrgw?gqgééﬁﬁg%ﬁ 3- al§brithms

*fé]*/éii%bbgm e tidess and theluheighbourhebdlusing spatidl iimfodsation.
nmedi cal research for segrrent ation of nedi cal dat a,

such as VHD or r adi ol ical i di
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arti.n esplrlt a s
RS, L3RS e, BH0PGr  gRhe RS Seomentatin
‘i“d%ﬁe\t%almégmﬁe%natd‘rﬁlcﬁ'ebbgmeﬂm Ssurtamhmmiedapssuallzatlon
obt ai nin ree dinmensional data representati
and nedjéing, mteractlve visual simulation, three Jimensional ° modellmg,
extramedical image processing, computer gaming, map feature recognition,
geometric modeling, interactive visualization, and surgery planning and

simulation.

It is further considered that embodiments of the invention may be particularly
useful in the fields of medical research for segmentation of medical data, such
as VHD or radiological images, medical research for construction of human
body models, such as a brain atlas, or orbit atlas, radiology and surgery for
accurate 3D segmentation and quantification of tumours and radiotherapy for

accurate 3D planning of doses.

It will be appreciated that the scope of the present invention is not restricted to
the described embodiments. Numerous other modifications, changes,
variations, substitutions and equivalents will therefore occur to those skilled in
the art without departing from the spirit and scope of the present invention.



segnenting the data to select data to be processed;
generating a three dinensional nodel of the selected
wa@lai08/0884p4 er pol ati ng the three di mensi onal nodedT/e66G2005@00045
sel ected data to generate a continuous three
di mensi onal nodel; extracting one or nore tri-planar
contours fromthe continuous three dinmensional nodel;
editing the continuous three3€inﬁnsional nodel ;
generating a three dinensional surface nodel fromthe
one or nore extracted tri-planar contours; and editing
the three di mensional surface nodel. 2. The nethod of
claim1, wherein the step of segnenting conprises:
MPt ng an interactive segmentation process. 3. The
met hod of claim 2, wherein the interactive
gegment @byl oF URFR heed Hirhdssienaldniages! the mefiood tomprising
for obtaining the three dinensional data correspondi ng
the steps©fl ected data to be processed. 4. The nethod of
claim 2, wherein the interactive segnentati on process
COMPY | pen A A AHfieritiich dBlIRIEuhthave BPaRIMBGS { he
t hr ee °HIHENgiona ata corresponding to the sel ected
data to be processed.5. The nmethod of claim2, wherein
t he i segmeriting ¢he dateetar selecidaia de bepreeegradses an
interactive algorithmfor obtaining the three

b or seBecing & iR dRERRRHe oLt A EIGERAREET 2 1

step of segnenting further conprises the step of

gener ghtefsblatimptther threé dimeristoriat pmedehtdfntet lseléated)edata to
bei ng exam ned. 7. The nethod of %{ﬁ?i m 1, wherein the
gessraie as@@ﬁmmulsghwm%&naim ing froma stored

nodel and/or a stored atlas data representative
extracting one or more tri-planar contours from the continuous three

dimensional model;
editing the continuous three dimensional model;

generating a three dimensional surface model from the one or more

extracted tri-planar contours; and
editing the three dimensional surface model.

2. The method of claim 1, wherein the step of segmenting comprises:
applying an interactive segmentation process.

3. The method of claim 2, wherein the interactive segmentation process
comprises an automatic algorithm for obtaining the three dimensional data

corresponding to the selected data to be processed.

4. The method of claim 2, wherein the interactive segmentation process
comprises a semi-automatic algorithm for obtaining the three dimensional
data corresponding to the selected data to be processed.



of the data to be processed; warping the data

representative of the data to be processed to match
wa@ppsosideat el y the three di nensional data PCT/SG2005/000045

representative of the imge; and generating a pattern

of voxels representing the i mage bei ng exam ned. 8.

The nethod of claim1, wherein the selected data

corresponds to a three-di mengjonal volune and wherein

the step of generating the three dinensional nodel of

the selected data conprises: determning the

t hr ee-di nensi onal vol une corresponding to the sel ected

ata; _determnjn tid,points i.n the t e dj i
G2t = S B Pl e WS BRG] rocess
eBfMpPiceS e irfteRicivE adigGithAs fét obRirfingthe theéeridimensional data
provi de a three-di nensional continuous field defined

sorreaponrging & thselesied dptade bemresestekai d grid points
to generate the continuous three dinensional nodel.9.

he rrqxhtéo | aj : ereiaith N

i mensi ongvéﬁr?gge?f :T(}slél e#’ng@e@?ﬂhom&gﬁg%?ﬁ%\%ﬁtﬁ%@mﬁ further
gobhprisesrthe, step bf Weeeeating aeaticep o vordist iepgeserding the image
conti nuous three dinensional nodel conprises:
H8NGLeXHYINee one or nore extracted tri-planar
contours; and shifting one or nore positions of the

Gne QFI'HE)ﬁ\%trEFd &f B9in i Swhereih tes stdpo itfndg émprises:

conti nuous three dinensional nodel. 10. The net hod of

claim1, wherein the step of generating a three .
di mensieleniingfiem gstoredimodeb apeios @sstorrthalias datp ppresentative

P B BRI orpr i sing & 115t of K
coordinates, a list of y coordinates and a list of z

coor divwaipirsy thndatt mpresertatives phtieabateeta be, prahessschto match

the list of di.nat es, list of vy, .
ap%roki?natgly tl)'l(e (t:r?r%g irrﬁaeng%na} ggta rle?)res%ntgtlve of the image; and

generating a pattern of voxels representing the image being examined.

8. The method of claim 1, wherein the selected data corresponds to a
three-dimensional volume and wherein the step of generating the three

dimensional model of the selected data comprises:

determining the three-dimensional volume corresponding to the

selected data;
determining grid points in the three dimensional volume; and

calculating by means of interpolation the one or more field variables at
said grid points to provide a three-dimensional continuous field defined by the
one or more field variables at said grid points to generate the continuous three

dimensional model.



coordi nates and the list of z coordinates are stored

separately. 11. The nethod of claim 10, wherein the
wG@@p/ogfs2edi ti ng the three dimensional surfaceP@Dset005/000045

conprises, for a given point having an associ ated X

co-ordinate and an associ ated y co-ordinate,

determning if the x co-ordinate for the given point

is stored in the spatial vergex index and, if so,

determining if the corresponding y co-ordinate is also

stored in the spatial vertex index and, if so, editing

the three di nensional surface nodel by altering the x

and/ or y and/ or o- or di nat es. net h f . .

2l ai nfha mﬁﬁ}qché)f ‘ﬁ%‘ﬁbﬂhS‘fV gredn otl'l'?nﬁorf OKE; ﬂgﬁgt fimensional

rgpggﬁ?o%%%dfcgf Ji@é% ghalub3- at Gl pEIRtE) dnafwisengirotie step of

rein one or nore of the steps
editing the eomtiriuels mrm)dmmsmmaimqﬂe FRFAISES: 14. An
apparatus for editing three dinensional inmges

i sed.of ,th
COmDY b SigtSh 1 pEE o B Ao PRGN ERL ol and

data to select data to be processed; a f| rst generator
for ggmeif 6E o midre gwsitione s it ahe radeoreogrid peints to alter the

sel ected data;, an interpolator terpol ating the
shape ofithessantiweus tpi@e dipensigpa @]oéi@i ed data to

generate a continuous three dinmensional nodel; an

”a’ﬂw@ é’tﬁo Xbf A3, ORRefin MPE stép - o @@ﬂéra’ung a three

htours ro he cont I ndous t hree di nensi onal nodel
GlrﬁerﬁéibnﬁcbmcefmodelcbdmprgsaShe conti nuous three
di mensi onal nodel; a second generator for generating a

three di ne SI onal surfac .
extr a&?@@rq ind g1 spalel WF&W\?@%&( {?ttﬁorgbsecon%e "36? ”cl?‘eo spatial
SaHELS r\'%éﬁ&%hfiﬁﬁﬁgcﬁ 13640 ')(Qﬁ)@'rdlﬁafe‘saadlsn’oﬂ9Icooidinafélseand a list
apparatus o 14, wherein the selector is

af zanogedinatesappdy an
storing the spatial vertex, wherein the list of x coordinates, the list of y
coordinates and the list of z coordinates are stored separately.

11. The method of claim 10, wherein the step of editing the three
dimensional surface model comprises, for a given point having an associated
x co-ordinate and an associated y co-ordinate, determining if the x co-ordinate
for the given point is stored in the spatial vertex index and, if so, determining if
the corresponding y co-ordinate is also stored in the spatial vertex index and,
if so, editing the three dimensional surface model by altering the x and/or y

and/or z co-ordinates.

12.  The method of claim 11, further comprising storing the edited three

dimensional surface model.

13. The method of any one of claims 1 to 12, wherein one or more of the

steps are implemented in software and/or hardware.



interactive segnentation process. 16. The apparatus of
claim 15, wherein the interactive segnentation process
w@eovpossEes an automatic al gorithm for obtai ni NRECT/BE2005/000045
three di nensi onal data corresponding to the sel ected
data to be processed. 17. The apparatus of claim15,
wherein the interactive segnentati on process conprises
a sem -automatic algorithn1f§§ obtai ning the three
di mensi onal data corresponding to the selected data to
be processed. 18. The apparatus of claim 15, wherein
the interactive segnentati on process conprises an
interactive algorithmfor obtaini

m ng tlh,e t hree ised of th
d# menAncapnaraisaios @diting tee fimesiPna! WAges eampgped of three
sah.-m 15, wherein
At ERIfPop dard e IR AT 20 o
voxel s representing the i mage bei ng exam ned. 20. The
appar atsetectbr for siegmishtingttbe clata theeleel datade beoprocessad;
means for selecting froma stored nodel and/or a

stored atlas data represen Y he.

o1 oceds Hint Geisretero ot GRRRIENENE flipd Fimiisdoddl Ribde of the
Qbldch&y dafad to be processed to match approxinately the
three di nensi onal data representative of the inmage;
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the first generator is arranged to determne the
t hr ee-a eriractondbr \eotracting cmee op analien ifi-planak cardpuss; fram the

data, to ete(rqm'ne .%rigmggi 1its in the three
FOREAYPH HIreg AIMRRSIONA €eal cul ate by neans of
i nterpolation one or nore field variables at said grid

poi Nt 5 it BHRYE OF editiny the-cdntiRnsuStrbe dimensionabmibidel; d
defined by the one or nore field

a second generator for generating a three dimensional surface model

from the one or more extracted tri-planar contours; and
a second editor for editing the three dimensional surface model.

15.  The apparatus of claim 14, wherein the selector is arranged to apply an

interactive segmentation process.

16. The apparatus of claim 15, wherein the interactive segmentation
process comprises an automatic algorithm for obtaining the three dimensional

data corresponding to the selected data to be processed.

17. The apparatus of claim 15, wherein the interactive segmentation
process comprises a semi-automatic algorithm for obtaining the three
dimensional data corresponding to the selected data to be processed.

18. The apparatus of claim 15, wherein the interactive segmentation
process comprises an interactive algorithm for obtaining the three dimensional

data corresponding to the selected data to be processed.



variables at said grid points to generate the
conti nuous three di nensional nodel. 22. The apparatus

wO@Rooclhss42e 14, wherein the conti nuous three di neCESGIIAE/000045

nmodel is defined by one or nore values at one or nore
grid points, and wherein the first editor is arranged
to adjust the one or nore extracted triplanar
contours, and to shift one ogynore positions of the
one or nore grid points to alter the shape of the
conti nuous three dinensional nodel. 23. The apparatus
of claim 14, wherein the second generator is arranged
rate a vert

o 1herabRaES of aiaie, Bn oo R d i€ fgpnged to
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coordi nates; and wherein the apparatus further

conprises a menory store for storing the spati.al
26r t eThevanpasatystdislaimst4,ovherebothgreRleEPESOMPHESS: st
of y coordinates and the |ist of z coordinates are

stor eh@ﬁerﬁgfcﬁt ?él(‘é%ti@gifrom% SRpéd %Hé%f?é?&lbﬁi%?&ed atlas data

wher e e 'secon I'tor 'Is arrange or a given
pspresehtaitive of éne datadoi e prbcessed;or di nate, an
associated y co-ordinate and an associ ated z

coordinate, _to determine if the x. co-ordin Pt

gi ven RAM fqré"’a:f_f)lﬂge_ €i qe?tf" ngge&gmajﬁve\fgﬁbggﬁtq?%glgy ea[%g f:essed
kb rﬁgtcht %Pg?éﬁﬁmatélf the {Hie Cinicatsisiali dtay rapresentatios eof the
i's al'so stored in the spatial vertex index and, if so,
umagetamdn ne if the corresponding z coordinate is also
stored in the spatial vertex index and, if so, to edit

the thr di [ i . .
ey boREEEIFERHo 3 Ia6® oTIdRls RoRaEAt g e bein
Hxpadipéds of claim 24, further conprising a nenory

store for storing the edited three dinensional surface

nodel ._26. The appar.at us ,of any. e 0 | ai 14 t o0
et B b0 silocib Al érbdponds o 2
qg%%r-@Wénsié 1€A08nR Snd Wh(e"rﬂﬁtﬂfe fitdt' §bn&RtdOlis arranged to
second generator and second editor are inplenmented in
Etemaine thedheze-dmnetvsioral volume corresponding to the selected data,
to determine grid points in the three dimensional volume, and to calculate by
means of interpolation one or more field variables at said grid points to
provide a three-dimensional continuous field defined by the one or more field
variables at said grid points to generate the continuous three dimensional

model.

22.  The apparatus of claim 14, wherein the continuous three dimensional
model is defined by one or more values at one or more grid points, and
wherein the first editor is arranged to adjust the one or more extracted tri-
planar contours, and to shift one or more positions of the one or more grid
points to alter the shape of the continuous three dimensional model.

23. The apparatus of claim 14, wherein the second generator is arranged
to generate a spatial vertex index for the surface model, the spatial vertex
index comprising a list of x co-ordinates, a list of y co-ordinates and a list of z



27. A conputer program product conprising: a conputer
usabl e nedi um havi ng a conputer readabl e code and

W@ 0vpl08sae9 r eadabl e syst em code enbodi ed on sai BCTeG20081000045
for editing three dinensional imges; said conmputer
program product further conprising: conmputer readable
code within said conputer usable nmediumfor: obtaining
three di nensional data represgntative of an inage;
segnenting the data to select data to be processed;
generating a three di mensional nodel of the selected
data;interpolating the three di nensional nodel of the

HOREAIa (5% AR STL T, SRR SOHENBE SHBIPLSEs 2. megpeyy store for
%gﬁﬁrﬁtgrtﬁeféﬁﬁﬂél hRsreXNtiistels thd e ofi xeitsoRinatesPdee jlist of y
editing the continuous three dinensional nodel;

gmoedinatasgand the kst ofizeoesdioates argrstered sapdsatel.om t he

one or nore extracted tri-planar contours; and editing

D PRGS BhARAGE 8P &hinT 45! ARSrdiR9RS second editor is arranged, for a

given point having an associated x co-ordinate, an associated y co-ordinate
and an associated z coordinate, to determine if the x co-ordinate for the given
point is stored in the spatial vertex index and, if so, to determine if the
corresponding y co-ordinate is also stored in the spatial vertex index and, if
so, to determine if the corresponding z coordinate is also stored in the spatial
vertex index and, if so, to edit the three dimensional surface model by altering

the x and/or y co-ordinates and/or z coordinates.

25. The apparatus of claim 24, further comprising a memory store for
storing the edited three dimensional surface model.

26. The apparatus of any one of claims 14 to 25, wherein one or more of
the selector, first generator, interpolator, extractor, first editor, second

generator and second editor are implemented in software and/or hardware.
27. A computer program product comprising:

a computer usable medium having a computer readable code and
computer readable system code embodied on said medium for editing three

dimensional images; said computer program product further comprising:
computer readable code within said computer usable medium for:
obtaining three dimensional data representative of an image;
segmenting the data to select data to be processed;

generating a three dimensional model of the selected data;
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interpolating the three dimensional model of the selected data to

generate a continuous three dimensional model;

extracting one or more tri-planar contours from the continuous three

dimensional model;
editing the continuous three dimensional model;

generating a three dimensional surface model from the one or more

extracted tri-planar contours; and

editing the three dimensional surface model.



