-1 COVPONENT LABELING Field of the invention The

present invention relates to inmage processing, and

relates nore particularly to conputer inaging

techni ques that are used for Igbeling spatially

rel ated conponents. Techniques of this type can be

used in various conputer vision and nedical inage

processi ng applicati cG@MBONENE LABBLING ng and

segnenti ng radiol ogi cal inmages of the human brain.
Background The term "conponent” is used in the field
AieldUTHE Biventiohon to indicate a group of pixels or

voxel s havi ng one or nore conmon properties. This

common property is, for many applications, spatial

cEN LV b t 0 t
CORFELAK ke FORLE0 § NIBE SO SEHEORRA' A Frre paciclarly o
@bnpmtdrémgmc@ghhqu@nthat errpuscelr fori lsbdimg amiaﬂzedﬁkatﬂd components.

%%salo?;(rglag &alé J ghusgga% eg%riodl% OC%\SI?PLHE?{ o nlﬁlon 92l medical image
qﬁsctegﬁﬁgl applivatighe suelbel quditiyidgadind degficatihd yadivogicybisages of the
eX|st|ng net hods for | abeling connected
M&#HPs: one type is based on | abel equival ences,
and the other is based on contour tracing. Severa
al gorithns based on | abel equival ence are proposed for
|Baskereundconnect ed conponents. These i ncl ude
al gorithnms that repeat passes through an inmage to
propagate | abel equivalences directly, or indirectly
Viihe temp‘r‘mmlxjnenﬁlis uszdah tleefald bf cdm;iutbai'ils'ﬁd to éndieate a gfoup of pixels

t hese and other related type Lthns can be
RBRaeF el e <o mare resRR prowerfes iy SRmpR Ry i, for many
Npplicatons &bafidl réenmmﬁytE@eﬁﬁng@mtedl @Jﬂﬁidneﬁs b@aaﬂn@y image is a
sequential | qcal operations”, Conputer Vision and

Tedpencfd opsabAR i @he figlds of gaftern pejognition; eRIAPYIER¥iSiRg, and medical

%ﬁ%ﬁ@ b%fgﬁsqﬁlﬁ_glﬂgﬁs gfﬁéé%eﬂ Ac\'o e(Ptéﬂrlﬁtoeﬁ sﬁhb&lgﬁ%e Fnd each connected

| near -
componatis hesigsietl iangiquegabélt Ehenqsarm gasucn’abfdwo typescoinexisting methods

tjealblggelg@e o%gg%égéﬂgg sts :(I)\genlg%n ds l!)ars% 'Y ep P%%Fequlveﬂenceg and the other

is based on contour tracing.

Several algorithms based on label equivalence are proposed for labeling connected
components. These include algorithms that repeat passes through an image to propagate
label equivalences directly, or indirectly via a provisional label search. A detailed review
of these and other related types of algorithms can be found in Suzuki et al [Suzuki, K.,
Horiba, I., Sugie, N., “Linear-time connected component labeling based on sequential

local operations”, Computer Vision and Image Understanding, 2003; 89: 1-23].

Contour tracing techniques are described in Chang et al [{Chang, F., Chen, C.J., Lu, CJ,,
“A linear-time component-labelling algorithm wusing contour tracing technique”,
Computer Vision and Image Understanding, 2004; 93: 206-220]. The two-dimensional

(2D) contours are labeled, and only one pass is needed to label inner object pixels.
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(2D) contours are | abeled, and only one pass is needed

to | abel inner object pixels. 00690 2 Both types of

techni ques have limtations. The nunber of passes

required in |abel equival ence yrethods typically

depends upon the conplexity of the connected

conponents. Simlarly, the contour tracing nethods are

dBeh wWpeeofleathnipes have limbajdrexiThy mimiidreofC padsesirsquired in label

i nvol yed. Lahel.ing connected conponepts is .

Qe aiepods { Bty Sebas orbon M, sPrwlegits, g fip comected
Qifoheiith X SimiMrly, OR| cOitotk GRAIGNIMthoddN¥reNBlse NBGchiléht upon the
obj ect pixels or voxels belonging to the sane

compberdiytofithe conioup Eyolved. same | abel . Once a

nei ghbori ng obj ect pixel/voxel is |abeled, its

nei ghbori ng obj ect pixels/voxels are checked and

| ItbelieglcorFieitsd ppopenenteis fuodamenidly amgcursied dperaieon. Starting from an

ohject. pixel s/voxels of this co nent are_ | abel ed. .

RS Pl 8F el O BiPafboniit e PTERRERE (Hicts PR Svorels belonging

| ta lied samgteccmq;umeﬁﬁ iedssiggdahe f@ahﬁe ldbeE Cick \ﬁ&leiéhbﬁﬁlt’lg obfct pixel/voxel

are.p erre s.iterative nct.i ons ar [ Y, .

fia teled) 3 orehbring abigrPivelsNeKelh ot 9390?%5 454, fbelst apis procedure

CRABMIR AfilMME he tAsdee hikBYObYels NEVIRIS BEIBSTont are labeled. Iterative

iterative approaches to | abeling connected conponents .

FOBIPEAYPLS atd pePInyed, iin@rddtisketnt labThile perufetiedicomppnengs. Iterative
the. i e : :

TSR e oSt 'l en IR Rl E R e Sl BER A Wl rocursive

apphteqatts.cand. dol my consachermstnnadistacked meatvey.i ng connect ed

- conponents are thus required in view of these and

ot her observations. 00680 3 Sunmmary Connect ed

QARRANEBEs, Htadlaghé BEprodshed €S hibtlgdcdiBESEd comPoRkaieshe Wdniputationally
technique_ referred to hereafter_ as enhanced

rRefiFignt T hisaetipiency dinsxascrbptadowbemh et pepe hegomeslagger, such as for
MR BhORiddal md tEfI?% ﬁ&%n&%ﬁﬁ{%ﬁ&o@mﬁg ?@ﬁ%‘u@&q Thipfoved methods

benefits of |te£§ In ter
for labeling connected components are thus required in view of these and other

observations.
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consunption). The enhanced recursion techni ques
descri bed herein can be used in

arbitrarily-di nensi oned i mages, though are
particularly suited to conputatyon of three-

di mensi onal binary inmages. The terns volunetric inage
and voxel are used synonynously herein. Wile the
Sumamaey recursion techni ques are described wth
reference to three-dinensional inmges, these
techniques are also applicable to n- dinensiona

| CR@este® codpbhdrt 34BAldE "RNEseABed RBERC s ¥A¥Eloh Afelhnique referred to
det ect ed, and rocessed Al internal object voxels

&@fﬂ#@ét é‘blelﬂ‘@nﬁedc@ﬁtlrﬁ@n whjdicatteppieto anﬂmlﬁ the bansfifshelgecursion (in
I ahe o)

ance? %ewltﬁrdsblngln %g‘ge[‘}?g%’ lﬁl r g{.% horrl]&ﬁ%tgef? ggﬁgn%lgj @gtterms of memory

\mnslmptlcmé,l dihe venhaocedheecosiny ¢ecbbjgues desaited berdini tsn be used in
ect oxels, ,initiate suhseque enhan

A PERRhSEhed Pifeckymoflh oR; FeTAS AL Ly SORBOEESn of three-
C@lﬁﬁﬁﬁi@ieﬂoﬁﬁlar)f hin‘iagaﬁpmp hexinfs f\Q)llhilgethe glﬁsgé tardn voxel are used
i mpr ovenent utatiqnal speed,, and nmenor
SHIRRHRAY B hereie ﬁwofﬁrﬁ@w%ﬁtreweev (eslijieyotre dgporibed with

t¥RiGRE ©OMREL-alhQRBNLS iMAEA! | HedtUsdbhhRBSs tal?émalﬁch Gpplicable to »-
nunber of background voxels,  which are not involved

idimersienal images of arkiteasy dimepsjonsi t er at i ve operations nay
not necessarily have an advantage in terns of
conmput ati onal speed, as iterative operations process
tOlgead vokele arendegertedphnd procesed. AN smteapelr @fjécd wexas eonnccted to a centre
rf rmed on for ,object voxels. cl osed rein is ..

BieE HOaclo P G i ORI o el qaseording to an
tehﬁaxfc%@ Re@frsioh 3Rededit. Mdnhinferdl 'ttt viorbIe) reMtiveVioX@it Sentre object
that are internal to a predeterm ned sub- vol une

Jorelnddtsipiernal ebjseicioxels, miiaine sthspaueat grfiaared reRprsion procedure.
directly connected to the unmarked voxel. The

| abeling step is repeated for all voxels that are not

iEmt mmaltynﬂs aof ygpiced renhptiwkinns ¢his spproadh Brfeund)tmt reowlt ilhimprovements

b
h SomABHR el ARt lRpiod ofh IS pLpHEH G xels imvolved

R piodD @ﬁﬁbutﬁtﬁfrﬁnierﬂsuﬂ%f it lesy ﬂﬁtﬁt thk ali@hber Tdfebackground voxels,
precedi ng step e repeated for i ni nq unl abel | ed
(yg}lél'ttare 9% dpeo v gm computations. Accor ingly, iterative operatlons may not

necessarily have an advantage in terms of computational speed, as iterative operations

process the entire image, while recursive operations are performed only for object voxels.

Disclosed herein is a method of labeling components. The method includes the step of
labeling with a current label all voxels that are internal to a predetermined sub-volume
oriented with respect to an unlabelled voxel, and directly connected to the unmarked
voxel. The labeling step is repeated for all voxels that are not internal to the
predetermined sub-volume, but which are labeled with a current label. The method
further includes increasing a window size to a predetermined maximum and incrementing
the current label. The preceding steps are repeated for remaining unlabelled object

voxels.
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Advancenents in desktop personal conputing have

reduced the cost of nmenory chips. Further, the

M crosoft TM Vi sual C++ 6.017.0 devel opnment envi ronnent

has a default stack allocationyof 1 Megabyte (MB),

t hough theoretically there is no limt on the stack

size. The enhanced recursive nethod descri bed herein
oAdemscracmo ip dosktse phsbivat e:bmpatrﬁg have edtided theoeosanfl nodmory chips.

;ﬁ%ﬁﬁgﬂﬁomﬁﬁﬁgﬁ%ﬁ g\b/e?oo& flg\]:e‘liod I aw n A nin%nt IlwlsI g’ default stack

| Atehtidinar | d&EALGEMIBS Qlﬁdl@ﬁQhle@ﬁéﬂl'j} thEﬂeqs n% liffit®n the stack size,

tabl e of pixel values Tllustrating an aspect of _the
cpr@ﬂvén@ed mpesivagnetbed Apsgtibed hersay pHierg aneamepramise; bpgween memory

? Qﬁc ﬁg&E&GHQQHthS of a sagittal slice of
the in erp

hantom vol une and the correspondi ng
bi nary i mage vvlth threshold 60. Fig. 4 is a schenmatic
representation of a conputer system suitable for
perform ng the conponent |abelling technique

deéeseripiedl ofdiewingsDet ai | ed description The term voxel
is a contraction of "volunetric elenent”, and is used
to refer to the smallest distinguishable box-shaped

PAE! 195 22060 @RrdbMBRES RRBIvel TR cont eh@%ellﬁfg l%chmque described
voxel (x, y, z) of a binary volune b(x, y, z)

ibereinchangeabl y denoted as b(x, y, z). Voxeli zatl on is
the process of adding depth to an image using a set of
cross-sectional inmages that are typically referred to
daiga2 wod wblet ofi pixdd abhee illusrhiésearc aspeet (fah¢ canpdndntriabpelng technique

(pr sli es%1 are represented pi xels. The space between
é‘%ﬁcrfs%g%ﬁf %ls in one slice is referred to as

i nterpi xel distance, which represents a "real -world"
di stance. The di stance hetween any two slices is

rigeer 34 ando3Rs arenrepreseniations of én%f’élttwﬁh@ﬁ of| 9 interpolated phantom
RS Gt ﬁle%orrégﬁlhdm iy irfl \bléh Thesdnt aset is

processed when ar e” stacked i n conmputer nenory
00680 5
Fig. 4 is a schematic representation of a computer system suitable for performing the

component labelling technique described herein.
Detailed description

The term voxel is a contraction of “volumetric element”, and is used to refer to the
smallest distinguishable box-shaped part of a three-dimensional image. The label of a

voxel (x, y, z) of a binary volume b(x, y, z) is interchangeably denoted as b(x, y, z).

Voxelization is the process of adding depth to an image using a set of cross-sectional
images that are typically referred to as a volumetric dataset. These cross-sectional images
(or slices) are represented pixels. The space between any two pixels in one slice is
referred to as interpixel distance, which represents a “real-world” distance. The distance
between any two slices is referred to as interslice distance, which also represents a “real-

world” depth. The dataset is processed when slices are stacked in computer memory
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based on interpixel and interslice distances to

accurately reflect the real-world sanpled vol une.

Next, additional slices are created and inserted

between the dataset’'s actual slices so that the

entire volune is represented as data. The pixels in

each slice have, effectively, taken on volune and are

rHaved” O @htSrpixicP land ihtersBEe disfRiosd N@cut g Geflot@XBd Seal-world sampled
undergo opacity transformation. Qpacity

tHokH8$.or mati on gi ves voxel s different opacity val ues.

This transformation is used to expose interior

details of an image that woul d ot herwi se be hidden by
déeiterdditimmabslings queesreased sndimsergdebetwosteths. datasgiés actual slices so that
[ r rimaril d,| th iel f i_cin .

atﬂn% glgt?rg E“Jé)gup & 1esn% rgs%@_tf?dz %ssc’lat&fflhe(]?%stﬁlﬁ 31{1 g%&&lgg ﬁla%, e%fectlvely, taken
Tomagduaphini arSaawsyoxalRd FRh shiebdineisicnaRbaggavorels undergo opacity

| magj ng) .so qne .can obtain,accurate 3 els of the .
ﬁtﬁﬁ*gﬁﬂg%w- @B&%}YS tfa%t{)%m& gmer@“%ﬁ P8y opacity values. This
QRIERIBANSh 1OuRll BChHPobd Mtedbred@hils bNbRiRSke Rt NOSWM SHherwise be
t hey are background voxels. Note, a_background voxel

iddenl bydarkesy mesperaUe.CEBAElayPS verels. Msxebieages ergeprimarily used in

?ﬁé I bP eafcir%bbﬁcpgﬁev led 65 )@Rﬂ;s' AT ?@omgﬁ@ﬁnﬂﬂﬁf Tomography)
nsequently, a voxel that is an ‘object "voxel 1n one

Hephs, @ad MRIn@Wadnetic Bztegpoce Inegiag) so bac &agr obtai aconrate 3D models

[ t her. applJ.cation. . An obj ect.cogponent is .

R B oaB o s ST bty el et e RiBanafap ghiccts that are of
exRARl, Coth&wikohee Cdre (hatkgrdnd coRrele! eNptamd Backgedund voxel can also
ot her. Two voxels (x1, yi, zl1l) and _(x2s ()2(12 ,222, if . ..
|C5gg‘resp0;g§ 1locsome [tissue. yﬂogoie’zr, 4he defipition, 10&]61 vgrel is application

%Féﬁén@fsﬁbﬁls&ﬂl@ﬁ’ﬂﬁ PRIx A Ralfi- HOBBREL 98xel @M or® application may be
t hree-di nensi o

) al ‘vol ume, 26-connectedness for a voxel

deegptirnsiastatmckeround vexel 2eanatherappkicagiane) directly

surroundi ng a voxel. Ceonetrically, the 26-connected

nei ghbors (xi, yi, zj) of a voxel having (x, y, z) as

| Ar5 objette®eiponiont id ianallesticand i ¢Hjget tvbrels dhdt avd eginetted (foxiexample, 8-

|+ - +lz - zjl <3, Ix- xil <1, 1y -yl] < )

f’ompiﬁ/e_d ci\)iq{)]—@nil’ectg(}pdm@( pa’tchﬁtl’aerz iT)wo( y(oxegls (}ck,)y_l,yzl) chi (%2, 2, Z2), if 1 -

BQut Yaleng,| <CORREE, L |ty 1 i die LiRedRETBASHEWRS ah® af® 26-connected. For a

nei ghboring pi xels, and the equival ent connectivity in )

dregndbmensignpl grhvsies i26reoaneaedraes for) a yexgrinsprbesphpseg voxels (26 in
o - | y . .

31115 %%%é) gﬂé&gesg?{oug%ﬁgg ég&g?ﬁ g%téfcneg‘?:qgg %@%ﬁ cgmzecgedjf%ghbors (X1, V1,

@; Fofya voxe] hawig €&, 5 2 asitsiistegalcoedlizates satisfyrib¢ folloxahg: [x —x1 |+ [y —

?}ﬂd+ S z‘ff@‘if W—Sﬁl <L ly-nl=<1z—z <1, and (x1, y1, z1) # (x, y, z). Equivalent

connectivity in two dimensions is 8 neighboring pixels, and the equivalent connectivity in

an arbitrary dimension d is (3d— 1) neighbors.

For a binary volume or sub-volume defined by a <x < b, c <y <d, e <z <f, any voxel (x,
y,z)witha<x <b, ¢ <y<d, and e <z < fis called an internal voxel, and is otherwise
called a non-internal voxel. Voxels on the border of a volume are non-internal, and are

internal voxels within this border. An internal object voxel is both an object voxel and an
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called a non-internal voxel. Voxels on the border of a

volume are non-internal, and are internal voxels

within this border. An internal object voxel is both

an obj ect voxel and an 00690 6 4 nternal voxel, while a

non-i nternal object voxel is both an object voxel and

a non-internal voxel. The enhanced recursion

tiatehil qoeeldekide 4 hettimeanal obje ducdds béth anwiiret vatel and a non-internal
recursive steps (thus decreasing nmenory consunption)

wWi*Fe marking all the object voxels connected to a

specified object voxel in a manner simlar to that of

the basic recursion, The enhanced . recursion techni que

dFhei f@él@nqeﬁée@mm techplaupdescribed hamgiriedyiges she number of recursive steps

S(kﬁ;?.\1 k%@ﬁguf‘n to§ m@lma‘i’ﬂn %ﬁl t‘ﬁQ %ﬁj&ét {&kels connected to
eac une uce

a nom-recurs :
rfesmplﬁed cﬂﬂumu M@Xal om a nGinmek singlan dmthan t)éthtrdbasmb]eemion The enhanced

voxel.s i.n,each sub-val une. ens
VAR RO B B e VR o B, and labels
flhxemat lodfdct @bxélb Qﬂf‘eair:]}ﬂ%@lb-\(ralﬂmmrgi ab@hmes@env@gtts teduce memory
onents. t echni g i el ds uni q
SRERTBRLGR, é?hagiﬂ@atnoedmﬁm?i APISCoF sl i g9 ?%\gﬁwae gnsures that the
Ywhdld volkafells BlieckBEaid @RS [4BElehI 9- 1 is described in turn
below. Step 1 Initialization of object voxels and

background voxels An initialization procedure is
f d l;
Ok 7B FLARARCA S el Db RRE T SR e compgnents. The
redpeptki weltly a uiihpleuaim]nfon aach olf ltheamt;geatrmg@oamis of hédery image b(x,
I [ t f 1 and O.
o LB SrE GRS Ot R 1 it eiBa gy et “voxel o are

|n|t|aI|zed to a value of 1, and the | abel s of al

background voxels are |n|t|aI|zed to a value of 0, In

prtemdr deitigfizasionfidieglivavels s baskarawid yxelsopj ect

voxel s are thus |abeled in preparati on of subsequent

st eps. Also, a current label m which is used in
s%rbmétépji@nﬁozsp@psdure & panforinad e gdndamdiaﬂ theerlobels af ghe object voxels and

val of 4. urrent

$55 D aBroutta obr e 86 VR of FARL0 PeimReBil Bambi  Adinary image and
RSk @vo SARIBE g (ifrcdﬁlfse, wtedickeidaetonel and ONFéradoaberdndepthe labels of
aﬁleo%jec't voxels are initialized to a value of 1, and the labels of all background voxels are
initialized to a value of 0, in preparation of subsequent processing. All object voxels are

thus labeled in preparation of subsequent steps.

Also, a current label m, which is used in subsequent steps, is initialized to an arbitrary
value of 4. The current label m is assigned to the non-marked object voxels first
encountered in the raster scanning order, described below in relation to Step 2.

Step 2 Determining unmarked object voxels

The binary volume b(x, y, z) is scanned for unmarked (that is, unlabeled) object voxels,

starting from voxel (0, 0, 0) in a predetermined raster scanning order. To accord with

raster scanning convention, one may scan with x incremented first, followed by y and
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Step 2 Determ ni ng unmar ked obj ect voxels The binary

volume b(x, y, z) is scanned for unmarked (that is,

unl abel ed) object voxels, starting fromvoxel (0, O,

0) in a predetermned raster scanning order. To accord

with raster scanning convention, one may scan with x
incremented first, followed by y and 00690 7 finally

Hihally b =5 Yséyetantic seminligsropiduecaudids ysingsanyi Lﬁﬁrilarmea@bj ect voxels.

rkeq obj ec voxel s. her predefe e nni n
&ngaereaﬁﬁ S5 @ngwr@ae UFCSRA beeafi %égo{} s pvided that cach
tv&@lﬁcédd}‘é%@ inlduc@egisessed in due course. Step 3
Label I i ng obj ect voxels This step |abels a connected

conmponent through enhanced recursion. Starting from

t§1g%3f i3 llz%g%gfelétegon j ect voxel (x0, yO, zO) found in

unmar ked obj ect voxels 26-connected
to (x y, z) are marked with the sanme |abel in. This

Chl E‘i\ﬁ’ﬁgs %I(S'S%él%eg ({}pr}"lfpléﬁg\f? S@Wgenbﬁr?cségd‘%gurﬁl?n Sﬂ%’tmg from the
fﬁlﬁﬂ'ﬁﬁhﬂdrkétgobjeét&ml %]02 Ry, +i0)(f3{1hid"%n) sga b; alkalmE)rf(iérkw object voxels
ichis e orjgi abe ume_b(x,
?‘{% el g’P\bb%EIarwmslseq 88 tlvia §2BF labeh i rigps bcagved via the
qgmﬁhﬁ %nggﬁgected to its center voxel in the sub-

volume™w th the current | abel m and changi ng the
cor r es poreiting theoxeskingrvogekw, yhich)is W@(QTWOaZQ] 4) for any
voxel t 6-.c0n
(X6 2 B S SR RS PSRBT ERrORHER o cony o
ttheongindlilatg:] vokeie ta(nply g@atomna)he \(caebwst ep 4 |s a
|terat

|
Conbi nat Rbsas o sBeel sioty xRy Y-t eled Bhitefier voxel in the sub-

OGS WAR khe SHRPPO Bdel MOandWhaRdifig He VR¥BpSudg VORI in b(x, v, 2) to m;
bi nary volunme b(x, y, z) in x, y, and z directions are

ard Ly, and LZ respectively. Any voxel within b(x, vy,
z) Wi llgy BgVvfyivosel BEEY 8 Mot M 3bRef Yoxel 26-connected to w in the sub-

volume, its coordinates are set to be the working voxel and go to 2).
{Sub-step 4 is a recursion, while sub-step 3 is an iteration, and the combination of sub-

steps 3 and 4 is the enhanced recursion).

Suppose the numbers of voxels of the binary volume b(x, v, z) in X, y, and z directions are
Ly, Ly, and L, respectively. Any voxel within b(x, y, z) will have its integer coordinate (x,
y, z) satisfying 0 < x < (Ix-1), 0 <y < (Ly-1), and 0 < z < (L-1). When this is not
satisfied, i.e., when either one of the following inequality is satisfied, the voxel (x, y, z) is

said outside the volume b(x,y.2):x<0,x>Ls, y<0,y>L,,z<0,0rz>L,.

The (2n+1)(2n,+1)(2n,+1) neighborhood of a voxel (x°, y’, 2’} is a collection of all those

voxels (x, y, 2) satisfying [x-X’| <ny, [y-y’'I <ny, [z-2’| <nz, and (x, ¥, 2) # (X", ¥, Z).
The derivation of a sub-volume (a cuboid with (2n,+1)(2n,+1)(2n,+1) voxels) from (x’,

y’, 2°) is done this way: from (x°, y°, 2z’) find its (2n+1)(2n,+1)(2n,+1) neighborhood in

b(x, y, z) and copy this neighborhood to the sub-volume; for those neighborhood voxels
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y, z) satisfying 0 < x < (Lx-1), 0 <y < (LY Il ), and
0 <z < (L, -I). Wen this is not satisfied, i.e.,
when either one of the follow ng inequality is
satisfied, the voxel (x, y, z) gs sai d outside the
volume b(x, vy, z): x <0, x >LX, y <0, y>Ly, z <
0O, or z > L. The (2n, +1)(2ny+|)(2n +1) nei ghborhood of

DuIEh(x( ¥, z), they ae sbt 109 & 1RO KAkl sap-volundd. |Th%'§ﬁ'§-@olume has its own
voxels (x, y, z) satisfying Ix-x" | _ < nx,

WOI‘C]FQ&IQ systena, aid tl'@nlgla(tyf()ns}yp bgfween thg: 0r1g§nal vgﬁgme bixe v, z) and the
((1 bIvoRin O thsa? LS Lé of Q’o?élb&fl ?xevgu{)r\/olume i 1ts own coordinate
| phme 3 .

nx+ 2ny+ +1) vox
dystemtih (1%, NAN:), fv\{hmh c((»rtespgnd,s te (¥, §i,28) ofithe original volume b(x, y, z) in

n, ..+1){2ny+1)(2nz+1 0 b( x
&%%9“%‘%%‘@"‘%%@&%% oslyﬁtg L%ﬁ%gs%a@g]tm%hé ?Orreys I(l)(iseélée getween the
ﬁ@b@bhﬁﬁfﬁﬁ@ domp])e&i uild. Oﬁﬁﬁ) 3111‘3V%1Uﬁ]&: islglsb 6261%16d)(2n,z|)1 )(2|h§1+d))(2nz+ 1) sub-
set rma -voluyne. T Y
kg of évqu £o6F &nn*alt Qr’swiﬁhd “Yohwnf fjom 8‘0 ; S°
bet ween the original volune b(x, y, z) and the
sub-volune is a translation: the center voxel of the

dabeling agenpestad eonepgreaioBring fram the Srss matgmmprkedygbject voxel (xo,
Wel: ' th |
T o SEp0IsRBEUSE b follokvipe Sukeifpe. 1 O e

Through this translation the correspondence bet ween

t t nme b- oI [
Bt B SRS FoBBH 1At Gentimeor ( ',S
)Sub szep)z ForniudRie the {ubRyotithé Zfdnn!'{b)e veotRimgOlossEw! rom (X'

Label ing a connect ed cg;ionent starting fro

twa sﬁe'ppf%t innibe syhrretunag @{ﬁl allyintg P J@gtovoxe 6 gq;)nected to its center
Eldw WitShe @\B@e:ﬁ Mbebfn Qﬂr&ah {hb %ofr@%#oﬁﬁ‘fnggroxel in b(x, y, z) to m;

- st eps. step 1. set th coordi
\ﬂ@lbmtwpg4 vioxaly W?@L;th(at(xs a ya-ingeshal obRgbveted g6+ z:onnetced to w in the sub-

t m
B B abrde ST e B AR KBS e 2.
Gﬁ:jb&tdp ¥ ax elrlsc%‘ﬁrm owhﬁe:mlﬁs&p 3 Issarcération, andxe combitabion of sub-
t he urrent abe chang he c espondi n oxel
iStPp Axand, 4 g yhe ephgpee %g{?ﬁ“@{oé'p esb}{’ ~SfB ?élﬁ?‘fsv’g’i‘g‘f“ ?’Féj{m%t@n as given
deltN- i nt er nal obj ect voxel 26-connetced to win the

sub- volune, its coordinates are set to be the working
voxel w and go to sub-step 2. Sub-step 4 is a

LO njgi&% sch\QH'erl i§ ngwjde%r%ds stSafihtdrhiRaRld RBel ANd e Any negative

number can be used, to avoid confusion with existing labeled object voxels.

Within a 3x3x3 neighborhood of (x, y, z), any object voxels are assigned the intermediate
label m' (such as — 10, as noted above) while voxel (x, y, z) is itself assigned label m. In
this 3x3x3 neighborhood of (x, y, z), if any voxel (x;, y1, z|) has label ', check (x1, yi,
z1)’s 3x3x3 neighborhood. If any voxel (xa, y2, z2)’s label is 1, also change (x2, y2, z2)’s
label to m'. Obviously (x2, y2, z2) is 26-connected to (x, y, z), by definition of being in the

3x3x3 neighborhood of (x, y, z). Change (x1, y1, z1)’s label from »' to m, in any event.

Within a 5x5x5 neighborhood of (x, y, z), if any voxel (x3, 3, z3)’s label is m', check the
3x3x3 neighborhood of (x3, y3, z3). If any voxel (x4, ys, z4)’s label is 1, change its label to
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steps 3 and 4 is the enhanced recursion. Sub-step 3

needs further explanation as given below An

iteration schene is now described. Set an internediate

label m = - 10. Any negative _gunber can be used, to

avoi d confusion with existing 1abel ed object voxels

Wthin a 3x3x3 nei ghborhood of (x, y, z), any object

VX Elbvicuisk (8 SL.ONPlE 2dhconnBéted e, @1@ Alsqbﬁb)g,,rrg) i QBcdonnected to (x,

as - as noted above) while vo
i% mlrdo Heghd i %%gme?tﬁd tq {3, Jf3h? m 32434@. -fyggeted to (x, .,

qf (x, vy, z), if any voxel (xi, yi, zl) has |label ni,
check (xI, yl, zi)'s 3x3x3 nei ghbor hood. If any voxel
(x2, y2, 22)'s | abel is 1, also change (x2 y2, z2)'s

l'ﬁﬂ? 'nc'f(ga)smrbwgéi\f)%xpéfl%&%syfré tézix %ﬁé 36 ‘8 r@ﬁg&eﬁl‘tﬁ (tihé Qindow size

Ion O

rteaagheb dtdmedbtﬂfm(led m;lxmnym ofiimg-gb >-( Q@iny +y]1) x @) ¥4)] Ghreskequently, all

5X5
oG st sl eSO g Sl ¥ oty agsbeied m il
| @pﬁﬂn inferfl, objﬂﬁﬁﬁiﬁxelm%m&iﬁ%&t%d e (g hbor wibid thé sdb‘-ﬁolum% are set back

I f any voxel 4,. s. |.abe ,
.tpslabeéblemflothe@eh@we@ rpgursiens ?’@ugﬁ%at?f!xﬁ ihenm If ensures that the

%ﬁfe?@ﬂ B Yokds Qﬁacoﬁne&éd tdo‘ﬁxd (yX%) a)‘é3 iab%ﬁ:ﬁ 1'a§er-by—layer with voxels

26-connected to (X,
oo rtn e@t od 2obgixg, lalyejg-,d zf&):t \ylmlb nymmamr)g |the Rb6egpnnectivity. This

260((236 %1%%? %nél{(%es( é‘)’at thie o~ QVOIIIlpxe Sdoep fl Ehidek ltlﬂ:t }Q% H%EOVM from reaching

Zes SO Oon, contlnues un
Viduid do Witk Zarts o€ aled ﬁﬁagel'm [ )51 bibelcd rbyl inétthtitng xhengnhadced recursion from

(Znx+1) x (2ny + 1) X n2 +.1). Consequently, all

i APRepgrin aéePJe%%@fﬁés(té@%%%-@e%@&O z«‘se Y @y 7)

mnthln the sub-volunme are | abeled mwhile al

non-i nt er nal ect voxels 26-connected to (x, vy, 2z)

wtepidn Wﬁ@f@gﬁaéﬂéﬂ une are set back to label 1, and

the enhanced recursions are initiated fromthem This

ensures that the internal object voxels 26-connected

t'Thi§ >stepy prepprear for| labelinggd theayext bynieatedr compérenyoxed dinds the first

| | ab d first, whil
i oseg“f%‘%r\éévﬂgéli%)‘}keor ﬂg'gffc’asp? ; Th: ;S pr ocled(ljre al so

ensures that the sub-vol une does not bl ock the
recursion fromreaching out, to other

i Hhegen &f wndatingmckidenipcramenting theyrrat Eﬁ%ﬁtm& fam an inital value of 4
MRCHES AR inkfe®Bnting x, followed by y and finally z to find the next unmarked (that is,

a voxel with a label of “1”) object voxel having a label of 1. Once an unmarked object
voxel is found, the enhanced recursion of step 3 is initiated. The procedure stops when no

further unmarked object voxels are found.
The output of the component labeling exercise is a unique label for each of the object
voxels, with those voxels connected to each other having the same label, while those

voxels that are non-connected have different labels.

Pseudocode

00680



those non-internal object voxels that are 26-connected
to (x, y, z). Step 4 Updating | abels This step
prepares for |abeling the next connected conponent,
and finds the first wunmarked_gpiect voxel in the
raster scan order. The step of updating includes
incrementing the current label m(froman initia
VDdhle 1dklody prebuntslpstadanddd thar eprstnts thexalgdrithindfor doaponent labeling
b%%a% ¥ z to find the next unmarked (that is, a

@T V% | abel of "1") object voxel having a | abel
of 1. Once an unnmarked object voxel is found, the
enhanced recursion of step 3 is initiated. The

en no further unmarked object

Rrocedure stops wh
voxel s are found. The outpu he conponent | abeling
exercise is a unique |abel erﬁglséﬁ of the object

vioxelSet alMobfct NHSE 140X 8hs all PACISSERL FdXeRAB. SENBE current label m to
havi ng the sanme | abel, while those voxels that are

non- doenaet éfcl?ltﬁ?é)& integer pEgalgithanghap 2 is pigd e dahshbounggppvoxels).
0 Tabl d
t% E]a %ﬂ%%’ %ﬁ?a?@dsolﬂﬁab ef Q0 H{éa{as{??gﬁﬁ'g%ﬁtei and set a

gorithmfor conponent I ng descri ove.
TABLE 9 Iwn@e@\@kﬂweb$E§t voxels to 1 and aI

back rou t urr Iab
(or gd fé‘ger@* @F@geﬁ%ﬁy Mz h -vgém? in. g(ﬁs%,dz) centered
to 'abel ab@ﬂﬂdﬁéWObiﬁﬁgbs})eluQ a. Find the f| rst

unmar ked _obj ect voxel e ras S ord
set & woVk ivﬁg thg obpamulgicg s VQBmer e e ggwx?ﬂo m for all

1) (2ny + vhipid d‘bjéc)t voXBIs ViR HAED 0-Ebrihkted Yo thé)wd%ﬁ ?%ﬁéﬁ w.
around the working voxel w. c¢c. Wthin the fornul a

sub- el urfhangh thegeorrespondigevoxelopd 4(xt B shihdhe &1 + 1)(2n+1)(2n+1)
'unlabelI§g¥§$bﬁﬁgd%9%qh§nﬁq§gzare 26-connected to the

wor Ki n
e.  For each non-internal object voxel with label m, set it as the working voxel w,

return step 2b, until there is no unmarked object voxels 26-connected to v;.
The non-internal object voxels 26-connected to the center voxel in the sub-
volume will be labeled when their respective coordinates are set as the
working voxel to initiate subsequent recursion (go to sub-step 2 from sub-step
4.

f. Increment m by 1 and return to step 2a to search for the next unmarked object

voxel, until no unmarked object voxels remain.

Results

Fig. 2 illustrates one cycle of the enhanced recursion procedure for a 2D local window
size 5x5, from an object pixel (1*). A two-dimensional window is shown for ease of
representation. Internal object pixels 8-connected to the central pixel (1*) are marked 1#,
and are assigned the same label as that of the 1* pixel, namely m. Non-internal object
pixels 8-connected to the centre pixel within this local window are marked with 1** and

are checked for subsequent round of enhanced recursion.
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d. Change the correspondi ng voxels of b(x, y, z) in
the (2nx + |)(2ny+l)(2nz+1) nei ghborhood of w from1
to m e. For each non-internal object voxel with |abe
m set it as the working voxel ;w. return step 2b
until there is no unmarked object voxels 26-connected
to v;. The non-internal object voxels 26-connected to
the center voxel in the sub- volune will be |abeled

en.their .respective cpordi.nates are set _as the
Bt i TP ) el CoBOBHE TSFERUIET G pocqnected to the
sdéhtrs a1 21 ) iR Thes 55 TcBPwirdbw, bverl thotgMaRly di BYentuAReonnected to
return to step 2a to search for the next unmarked

dbf enire pixslel ;| until no unmarked object voxel s remain.

Results Fig. 2 illustrates one cycle of the enhanced
recursion procedure for a 2D | ocal w ndow size 5x5,
fFigsn3nambpBeire pioxethrpme reprasaniasiods ok asagittal slige dehmvan gnterpolated

S f o e of reppesentation. Jlnt al object . .. .
eARal B CRR 0Bz po 3077 BRb Rk Aol Ry Blibrined image with
rtﬁfekl&ﬂd b8 (Figa BB).@iﬁei@Sﬁﬂg@ﬁﬁs@MeﬁdFﬁiﬁS&bﬂiwaﬁe ﬂ]h’]fshoblf value of 60
¢ 1% o © ot Ceot DI .
et s Bptal s e Sk rokErouan A PRI BRLieny are assigned
s NSIGUEt av kel et WbbRA 1 whereadWoixeld N R2160 SRk hrEMold are treated as
subséquent round of enhanced recursion. 00680 -11 The

fhagkgroundpjoxels, gindeprs ait tupshqnged: Thel mmyiravm PRt gepnected object

?:%gb@ﬁ%nt ?%@g{l&vhm »ﬂg{é‘? GahE gtﬂe? R%jggthco%ﬁ:gr}%ﬁts R Bhrckd g%a[)i,/ With a black

ow, even are eventu
dankprotret] Rig. 3B hienmastrates piak ehhaneed)secudslomuah pBpapate to the whole

nonochr representations of a.sagittal slice froman

EE 56 (. SPsTed cebieRF TR s rdrCebrinsly 4 06

I nhonogeneity (Fig. 3A) and its binarized inmage wth
threshold 60 (Fig. 3B). Pixels with grayscale |levels

Hitfieced wgtiadne threshol d val ue of 60 (and are hence

lighter than the bl ack background to a predeterm ned

extent) are assigned

Another method is described having enhancements compared with the above-described

method. This enhanced method also yields a unique label for each of the 26-connected
object components of 3D binary image b(x, y, z). The same broad steps represented in the
flow chart of Fig. 1 apply. The boundary voxels are labeled in the same way, and non-
boundary voxels are labeled with only one checking procedure: the same label as that of
its left neighbor, that is, the same label as that of the voxel having the same y and z

coordinates, but 1 less in x coordinate.

Step 1 Initialization

This includes setting all object voxels to 1 and background voxels 0; setting boundary
voxels to 2 and the current label to a value of 4. A boundary voxel is an object voxel
which is either non-internal to the image or within its 3x3x3 neighborhood there is at

least one background voxel.

Step 2 Scanning
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as object voxels to be | abel ed, whereas pixels bel ow
this threshold are treated as background voxels, and
are |l eft unchanged. The maxi mum 3D connect ed obj ect
conmponent is marked white, whike _other object
conponents are marked gray, with a black background.
Fig. 3B denonstrates that enhanced recursion can
propagate to the whole imge, so that connected

AROR A DB EIE Hhet ) BBE 8V RgY Bk il ¥ ineremented firt,

FONPREEBY Wahdl fluly BPeVe- described nethod. This
enhance nethod al so yields a unique | abel for each of

the 26-connected object conponents of 3D binary inmage

QFg 3.1 Aklind NE same broad steps represented in the
chart Fig. 1 apply. The boundary voxels are

| abel ed in the same way, and non- boundary voxel s are

I d with I Ki th

108 Sflectihln® B el ol haRpRIsaR Rt seohti GRE < e

| abel as that of the voxel having the sane y and z
rdlnates % | less .in x coqrdinate.

1
FRReT 45 Yk 5 o Rk o 2L SR 51l Abp @Gt v 0 find the
t%uﬂdﬁ'ﬁ GoRpeke s (v, 9)(% §319g tﬁ@&ﬁﬂaﬁge@fééﬁl%ﬁfnydes&ﬁlﬁﬁ i Step 3 of

and the current T'abel to a value of 4. A bounda

\ﬁbcxé/lh ingthad, my} assign, e boungaist pohponsint [Math ﬁhéwumﬂtelahgﬁ/ m, and the
&h& Qab %e%%ﬁﬁhﬂx&ts 3x3x3 nei ghborhood there is
one

eas rou voxel . Step 2 Scanni ng 00680
-12 Scan t he b|nary vol unme b(x, y, z) starting from

bkt b b andhe S Bt Fand I Houpfisspiponeh from (x, ,

wgﬁ %ﬁ etdhgﬁ@dvleesmﬁmaae@cﬁmowswpeg dfMy %dsé‘s@igﬂelﬁhs boundary
order. en

&AEPRnent Witk &fbgj( Qe/ j Yy2). ZThe-vgx_el}af[ ﬁ:a-l? J(’isez) is an o)bjec% voxel, and is
labeled as b(x-1, y, z). As the voxel at (x, y, z) is an object voxel and is obviously 26-
connected to (x-1, y, z), the label at (x, y, z) should be the same as that at (x-1, y, z), which
is b(x-1, y, z). When b(x, y, z) = 1, (x, ¥, z) is an internal object voxel, and b(x, y, z) is
assigned the label of its left voxel b(x — 1, y, 2).

Step 4 Updating

This includes incrementing x, followed by y and finally z to find the next unmarked object
voxel with label 1 or 2 and initiate Step 3. This cycle is continued until no unmarked
object voxels remain.

Computer hardware

Fig. 4 is a schematic representation of a computer system 400 of a type that is suitable for
executing computer software for component labeling. Computer software executes under

a suitable operating system installed on the computer system 400, and may be thought of

as comprising various software code means for achieving particular steps.

00630



boundary conponent from (x, y, z) using the enhanced
recursion described in Step 3 of the M nethod, and
assign this boundary conponent with the current |abel
m and the current |abel in |§ incremented by 1. Wen
b(x, vy, z) =2, x > 1, andb(x-l y, z) >0, find

t he boundary conponent from (x, y, z) using the
enhanced recursion described in Step 3 of M and

al)ghsélo%gg)togéi%g %?%pg}teggggg%%ﬁé | abelq}%( 0 gﬁﬂyoard 410 and
irfousk 38| add as vk d}spla\y 480, THS cBﬁlﬁuﬁéP)ﬂQb 1%&1\1(1&‘9 aYpro@ssor 440, a
is an obj ect voxel i s obviously - connect ed

(remoryyAS0z )nput/wetpufa@@) interfages 460, éﬁis&ﬂﬁdr—'@i llﬁéffii%e"“‘s‘;aﬁ%d a storage
ah%v}cg%sat (x 1, y, z), which is b(x-1, y, z). Wen

Z) 1, (x, y, z) is an internal object voxel,
and b(x, y, z) is assigned the |label of its Ieft

xel b(x - 1., Ste U This inc
et dgbis Sresitr Bt the BT ol Sk i HesGperating system
tahe thexdo f@réﬁﬁﬂv@@e@@éutmgomiervm& hopestftigl dys@im. 2T Ghemory 450
initiate Step 3. This cycle_is continued until no

am%e@nd@m AEESSVRSIPY (RAYDnandciradiRidy mMRReiaROM)gand is used
%nﬂ&c?:e%ﬁ@ﬁﬂ?tthb rdRRoeggpt ati on of a conmputer system

400 of a type t I's suitable for executing conputer
softvvare for corrponent | abel i ng. Conputer software

elﬁl il eo inl ft'en%?é 44§§/ss nk@%lacgtooglﬁég ﬁg@pdg:@;o@ gﬁw& 'd?ﬂ lrlﬁgo signals for
yl (81 ﬂhg vmbldmpetamm Waereinpade opeatesthé compaier 420 rsq;rov;ded from
0,.-13 The co. ntso t he

par @?I : e S"ﬂ @%]?%%ﬁgi Thestarage ﬁlﬁuggggg sap ing l}égfb%ﬁlf drive or any

mrgﬁq@ablé@gﬁgemwﬂnd a video display 490. The
conputer 420 includes a processor 440, a nenory 450,

i nput/output (1/0O interfaces 460, 465, a video

'E&Eﬁ %%ﬁ? cgﬁlgone?ﬁdo?tlﬁtaf or 45 isc(?oréééteil -HE%B i tetnhal bus 430 that
processor 'S a cent processi ng uni LB'[ at
encdodasebtd, hddepse raatli cogtrel buees) to allow components of the computer 420 to

communicate with each other via the bus 430.

The computer system 400 can be connected to one or more other similar computers via a
input/output (I/O) interface 465 using a communication channel 485 to a network,

represented as the Internet 480.

The computer software may be recorded on a portable storage medium, in which case, the
computer software program is accessed by the computer system 400 from the storage
device 455. Alternatively, the computer software can be accessed directly from the
Internet 480 by the computer 420. In either case, a user can interact with the computer
system 400 using the keyboard 410 and mouse 415 to operate the programmed computer

software executing on the computer 420.

Other configurations or types of computer systems can be equally well used to execute

computer software that assists in implementing the techniques described herein.
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and the conputer software executing under the
operating system The nenory 450 includes random
access nenory (RAM and read-only nenory (ROM, and is
used under direction of the prgcessor 440. The video
interface 445 is connected to video display 490 and
provi des video signals for display on the video

di splay 490. User input to operate the conputer 420 is
provided from the keyboard 410 and nouse 415. The
GOtchétevi ce 455 can include a disk drive or any

ot her suitable storage nedium Each of the conponents
of the conputer 420 is connected to an internal bus
Agicun alteratinns aad madaficationy garebe madedodbatechniqygs @sd arrangements
t 0

B R DR b by RO Lot ol o o
comput er system 400 can be connected to one or nore
other simlar conputers via a input/output (110)
interface 465 using a conmuni cati on channel 485 to a
network, represented as the Internet 480. The
conmput er software nmay be recorded on a portable
storage nedium in which case, the conputer software
programis accessed by the conputer system 400 from
the storage device 455. Alternatively, the conputer
software can be accessed directly fromthe Internet
480 by the conputer 420. In either case, a user can
interact with the conputer system 400 using the
keyboard 410 and nouse 415 to operate the programmed
conmputer software executing on the conputer 420.

O her configurations or types of conputer systens can
be equally well used to execute conputer software
that assists in inplenenting the techniques descri bed
herein. 00680 -14 Conclusion Various alterations and
nodi fications can be made to the techni ques and
arrangenents described herein, as would be apparent
to one skilled in the relevant art.
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00680 -15 Cainms: 1. A nethod of |abeling conponents
conprising the steps of labeling with a current | abel
all voxels that are internal to a predeterm ned
sub-vol une oriented with respe %_to an unl abel | ed
voxel, and directly connected to the unmarked voxel;
repeatl ng the |l abeling step for all voxels that are
NOKkaim&tt ernal to the predeterm ned sub-vol unme, but
which are | abeled with a current |abel; increasing a
wi ndow size to a predeterm ned maxi mnuny increnenting

the curg %&hddaﬁ%belﬁg QoPBRH SnpinPHEGRYL BE St eps

for remaining unlabell ed object voxels. 2. The mnethod
as cl ai ned i dakdliagmwith fauroslrrent dahebr 216 vexelhethalt ape ohternal to a

I niti aI réda@%m(ﬂ eVl Xﬁéng&? Rﬁ‘& Felsh %rtooﬁl %ﬁfabelled voxel, and

voxel s round voxel progra
pr oductdifeotly bahﬁbiedm@ﬂmommleafdmmhrrprl Si ng corrput er

sof tware recorde n onpu Lu or .
per for i g t REPGLBEIEHSEERE SHpL T A ROXStHe di fimal to the
for | ahgbdetdtthifcaudiRINihe, HARhichl d?@la@a@léﬂ%ﬂ{ a Sekdnvadbel;
recorded on a conputer- readabl e medi um f.or per form ng
the steps of 1B¢raasigga wiyslonosize to a predetermined maximum;

" incrementing the current label; and

repeating the preceding steps for remaining unlabelled object voxels.

2. The method as claimed in claim 1, further comprising the step of initializing

voxels of a volume as either object voxels or background voxels;
3. A computer program product for labelling components comprising computer
software recorded on a computer-readable medium for performing the steps of

claim 1.

4. A computer system for labelling components comprising computer software

recorded on a computer-readable medium for performing the steps of claim 1.
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