-1- COMPONENT LABELING Field of the invention The present invention
relates to image processing, and relates more particularly to computer
imaging techniques that are used for labeling spatially related
components. Techniques of this type can be used in various computer
vision and medical image processing applications, such as quantifying

and segmenting radiologicaljRaqss £hHhe, ARIApNRrain. Background

The term "component” is used in the field of computer vision to indicate a
group of pixels or voxels having one or more common properties. This

FONBIRLIRRSHHbis, for many applications, spatial connectivity. Labeling
connected components in a binary image is a fundamental operation in

the fields of pattern recognition, computer vision, and medical image
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hthrendhizéim 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.,
Baskgroundsygie, N., "Linear-time connected component labeling based on

sequential local operations”, Computer Vision and Image Understanding,

2003; 89: 1-23]. Cantour tracing t{eg{mi ues are described.in Chang etal |
TRSHSHY, EOTENERNIC 8 Wy i e ‘1'H%ﬁ?lﬂm’éeéé?ﬁ]ﬁé}ﬁ%ﬂ‘ﬂé%ﬂiﬁémup of pixels
oalgoesithmaising eenteuntracigiigohniesieitics. This common property is, for many

applications, spatial connectivity. Labeling connected components in a binary image is a
fundamental operation in the fields of pattern recognition, computer vision, and medical
image analysis. A binary image is converted into a symbolic image, and each connected
component is assigned a unique label. There are basically two types of existing methods
for labeling connected components: one type is based on label equivalences, 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 er af [Suzuki, K.,
Horiba, 1., Sugie, N., “Linear-time connected component labeling based on sequential

local operations”, Compuier Vision and Image Understanding, 2003; 8§9: 1-23].

Contour tracing techniques are described in Chang et al [Chang, F., Chen, C.J., Lu, C.J.,
“A  linear-time component-labelling algorithm using 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.



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. -9- Both types of techniques have limitations.

The number of passes required in label requivalence methods typically

depends upon the complexity of the connected components. Similarly,

the contour tracing methods are also dependent upon the complexity of
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and labeled. This procedure continues until all the object pixels/voxels of

this component are labeled. Iterative computations are performed, in
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of computational speed) and the benefits of iteration (in terms of memory
Nevertheless, iterative approaches to labeling connected components are computationally
mefficient. This inefficiency is exacerbated when the images become larger, such as for
three-dimensional magnetic resonance imaging (MRI) applications. Improved methods

for labeling connected components are thus required in view of these and other

observations.



consumption). The enhanced recursion techniques described herein can
be used in arbitrarily-dimensioned images, though are particularly suited
to computation of three- dimensional binary images. The terms volumetric
image and voxel are used synonymoushrherein. While the enhanced
recursion techniques are described with reference to three-dimensional

g’mgﬂl%%these techniques are also applicable to n- dimensional images of
arbitrary dimensions. Object voxels are detected, and processed. All
internal object voxels connected to a centre object voxel within a
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method of | ing components. The method includes the step of fabeling

dinensiengtimepas s arBRelsinwnsiehternal to a predetermined
sub-volume oriented with respect to an unlabeled voxel, and directly
connected to the unmarked voxel. The labeling step is repeated for all
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For many types of typical computations, this approach is found to result in improvements
in computational speed, and memory consumption. The number of object voxels involved
in tvpical computations is usually much less than the number of baékground voxels,
which are not involved in computations. Accordingly, iterative operations 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 unlabeled 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
includes the step of incrementing the current iabel and may include the step of increasing
a window size to a predetermined maximum. The preceding steps are repeated for

remaining unlabeled object voxels.



Also disclosed herein is a method for labeling connected components of a
multi- dimensional binary volume. The method comprises the steps of
scanning the multi- dimensional binary volume to identify unlabeled object
voxels; and, for each unlabeled object%xel: formulating a sub-volume of
the multi-dimensional binary volume relative to the respective unlabeled

AoRjeatyoxel: [aReding with avemaentdabebepach dakbaled ghischMaxebr a muls-

internal tQ the sub-volume that is connected to the respective unlabeled
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binary volume is 2-dimensional, each unlabeled object voxel internal to
the sub-volume that is 8-connected to the respective unlabeled object
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object voxel internal to the sub-volume that is 8-connected to the respective unlabeled

object voxel 1s labeled with the current iabel.

Computer systems and computer program products for performing the steps of the

foregoing methods are also disclosed herein.



Fig. 1 is a flow chart of steps involved in a component labeling technique
described herein. Fig. 2 is a table of pixel values illustrating an aspect of
the component labeling technique described herein. Figs. 3A and 3B: are
representations of a sagittal slice of thednterpolated phantom volume and
the corresponding binary image with threshold 60. Fig. 4 is a schematic

ﬁ%&%@éﬁ{ fh .e@k‘%88}$é¥s‘?{n§}’%§ﬂ)§+f§%%\f@ rr&ﬁfégﬁnéf{égc%‘é% of menﬁoery chips.

component labeling technique de ed herein. Detailed description T
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image. The label of a voxel (x, y, z) of a binary volume b(x, y, z) is
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caslin@ERPHd APoMAaesiIgimeet 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.—v%orld" td tance. The distance between any two slices is referred to
Description o rawimngs, " "
as interslice distancé, which also represents a "real- world" depth. The

dataset is processed when slices are stacked in computer memory -5-

Fﬁ’gaslﬁqsog RLRIPXEARE iisIslice distances 0, AcGiAteIM RHEL G que described

l-world sampled volume. Next, additional slices are created and
hiigérted between the dataset's actual slices so that the entire volume is
represented as data. The pixels in each slice have, effectively, taken on

volume and are now voxels. For a three-dimensional image, voxels
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Figs. 3A and 3B: are representations of a sagittal slice of the interpolated phantom

volume and the corresponding binary image with threshold 60.

Fig. 4 is a schematic representation of a computer system suitable for performing'the

component }abeiing technique described herein.
Detailed description

The term voxel is & contraction of “velumetric 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 fo as interslice distance, which also represents a “real-

world” depth. The dataset is processed when slices are stacked in computer memory



transformation is used to expose interior details of an image that would
otherwise be hidden by darker, more opaque, outside-layer voxels. Voxel
images are primarily used in the field of medicine and are applied to
X-rays, CAT (Computed Axial Tomography) Scans, and MRIs (Magnetic
Resonance Imaging) so one can obtain accurate 3D models of the
bBUTA B YOGS Bt AiEC QRIS IRYAOESRANAJT ORIRESRa sampled
that are of Interest, otherwise they are background voxels. Note, a
vBAERground voxel can also correspond to some tissue. Moreover, the
definition of object voxel is application dependent. Consequently, a voxel
that is an object voxel in one application may be categorized as a
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Equivalent connectivity in two dimensions’is 8 neighboring pixels, and the
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any voxel (X, y,z)witha<x<b,c<y<d,and e <z <(fis called an
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border. An internal object voxel is both an object voxel and an -6- internal
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caepeintednal avexékround voxel in another application.

An object component 1s a collection of object voxels that are connected (for example, 8-
connected or 26-connected) with each other. Two voxels (x), y1. z1) and (x2, ¥2, 22), if |xy -
xo| <1, -l <1, and |z; - 29| £ 1, are calied 26-neighbors and are 26-connected. For a
three-dimensional volume, 26-connectedness for a voxel describes those voxels (26 in
this case) directly surrounding a voxel. Geometrically, the 26-connected neighbors (x1, v,
z1) of a voxel having (x, y, z) as its integer coordinates satisfy the following: |x —x; |+ |y —
vitl-zis3 kx| shy-wlsl -z <1, and (xy, y1, 21) # (%, ¥, 2). Equivalent
connectivity in two dimensions is 8 neighboring pixels, and the equivalent connectivity in

an arbitrary dimension dis (39— 1) neighbors.

For a binary volume or sub-volume defined by a <x <h, c <v <d, e <z </, any voxel (x,
v, oywitha <x <h, ¢ <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



The enhanced recursion technique described herein reduces the number
of recursive steps (thus decreasing memory consumption) while marking
all the object voxels connected to a specified object voxel in a manner
similar to that of the basic recursion. The-enhanced recursion technique
divides the entire volumetric element into sub-volumes, and labels
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reduce memory consumption. Checking non-internal object voxels in
vexeh sub-volume ensures that the whole volume is checked and thus

labeled. Fig. 1 presents a flow chart of steps involved in labeling

connected components. The technique yields a unique label for each of
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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

MEesionesiathe Nen-PRmkesk destiMoyRlsdiiat 1angaintraf ilNed@pifients. The
scanning order, described gglow in relation to Step 120, Step 120 .
[SSBRAIHARiIR B AnE IR BB PV THE IR GBIBRIEEIR, 3, & pigary image b(x,

ysepmael sothoynaketFihat is dondabeled)ohjartivaxels, starting from
voxel (0, 0, 0) in a predetermined raster scanning order. To accord with
raster scarming convention, one may scan with x incremented first,

SieboiNddbyialiamtosef object voxels and background voxels

An initialization procedure is performed to standardize the labels of the object voxels and
the background voxels to values of 1 and 0 respectively. The input is a binary image and
these two values can, of course, be different from 1 and 0. For convenience, the labels of
all object 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 arbifrary
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 126,
Step 120 Defermining unmarked object voxels
The binary volume b{x, v, 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 v and



finally by z. A systemic scanning procedure avoids missing any unmarked
object voxels. Other predetermined scanning procedures can be adopted
if desired, provided that each object voxel is addressed in due course.
Step 130 Labeling object voxels This step-labels a connected component
through enhanced recursion. Starting from the first unmarked object voxel
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the original label volume b(x, y, z) around the voxel w; 3) labeling all
internal object voxels 26- connected to its center voxel in the sub- volume

Skith the currqmg)gg% gbﬁgpmgggmg the corresponding voxel in b(x, y, z)

to m; and 4) for any voxel that is a non-internal object voxel 26-connected
to w in the sub- volume, its coordinates are set to be the working voxel
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2b-diventians argxL vyl y,) and hmﬂeapeau}yehe Aaryevortel withimBigxiy azdiwilld via the
5%&&% pﬁ%gr coordinate (X, Y, z) satisfying0 Sx < (L, -1),0<y<

Ly-- Py < (L, -1). When this is not satisfied, i.e., when either one
of the féﬂ@WW@lﬁ@M&ikW@m@ﬂedwtheh\mmM&, ¥0. @0}5 sald outside the

lume-R( 3 f L
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thy eHegl e 1B unge ?I%aﬁué—ﬂ/ﬁigqadﬂh&mxﬁ/w J <ny, [z-Z'l <nz, and (X,
Y, 2) # (?(),l%&lﬂg all internal object voxels 26-connected to its center voxel in the sub-

volume with the current label m and changing the corresponding voxel in b(x, y, z) to m;
and

4) for any voxel that is a non-internal object voxel 26-connected to w in the sub- _
volume, its coordinates are set to be the working voxel and go to 2).
" (Sub-step 4 1s 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, v, and z directions are
Lx. Ly, and L, respectively. Any voxel within b(x, y, z) will have its integer coordinate (x,
¥, z) satisfying 0 < x < (Ly-1), 0 £y < (Ly-1), and 0 < z < (L,-1). When this is not
satistied, i.c., when either one of the following inequality is satisfied, the voxel (x, v, z) is

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

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

voxels (X, y, z) satisfying [x-X"| <ny, [y-y’| S ny, |27z < n,, and (x, v, ) # (X, ¥, 2°).

The derivation of a sub-volume (a cuboid with (2n,+1)(2ny+1)(2n,+1) voxels) from (x”,
y’, 2’} 1s done this way: from (x, y’, 2") find its (2n,+1)(2ny+1)(2n,+1) neighborhood in

b(x, v, z) and copy this neighborhood to the sub-volume; for those neighborhood voxels



The derivation of a sub-volume (a cuboid with (2nx+1)(2ny+l)(2nz+1)
voxels) from (x', y', z') is done this way: from (X', y', ') find its
(2nx+1)(2n,,+)(2nz+]) neighborhood in b(x, y, z) and copy this
neighborhood to the sub-volume; for thoge neighborhood voxels -8-
outside b(x, y, z), they are set to 0 in the formed sub-volume. The
sub-volume has its own coordinate system, and the relationship between
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nz), which corresponds to (X', y', z') of the ;;EIHBJ volume b(x, y, z) in "the
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2nx+1)(2ny+1)(2nz+l) sub- vglume of (X', y', z') or (2n,+1)(2ny+l)(2n,~+1)

t aﬁ.%ﬁﬁéqg%é%“&? ?&eﬁftsléfmf’ggﬁm ﬁ%&lﬂmé&%&%&n&vﬂwmﬁwen the

ty/fronhthesfisstongtietnmatkethobjabt wsxeldXsailyo caliydqand-nSiep BCap+1) sub-
ne.in the following sub-steps.. .Sub-step,1: set the.coordinate of the
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from the working voxel w; Sub-step 3: in the sub-volume, label all internal

IORIBGY XS RGOMREISALIR U ARNISE oG] Wit the crentlabel m. o (.
and change the corresponding voxelIn b(‘x3 Yy, z) to m; Sub-step 4: for any

Yoka| ISREr ifrB Rt orjas the el lpsaaenivdetarto w in the sub-

volume, its coordinates are set to be the working voxel w and go to
%s b-step 2. Sub-step 4 is a recursion, while sub-step 3 is an iteration, and
e

Tsmbinskibh sradpatisids srriking R dxe HecEion,
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S LA RS SR S MO AR 1 coner
wonebls. Witithire a8 x3xJabelghbarhoethgt (ke yozjespoydibject vedeld@rey, z) to m;
S%%S_'gggpeg:%? ziirrllg(?\rfr(];'xe‘: i%te% is a non-internal object voxel 26-connetced to w in the sub-
volume, its coordinates are set to be the working voxel w and go to sub-step 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. Sub-step 3 needs further explanation as given

below.

An iteration scheme is now described. Set an intermediate label m' = — 10. 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 (xi, yy, z;) has label m', check (x;, 1,
z1)’s 3x3x3 neighborhood. If any voxel (x2, y», 22)’s label is 1, also change (xa, y2, z2)’s
label to m’. Obviously (x2, y», z2) is 26-connected to (x, y, z), by definition of being in the

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

Within a 5x5x5 neighborhood of (x, y, 2), if any voxel (x3, s, z3)’s label is m', check the
3x3x3 neighborhood of (x3, y3, z3). If any voxel (x4, ya, z4)’s label is 1, change its label to

Ll



label m' (such as - 10, as noted above) while voxel (x, y, z) is itself

assigned label in. In this 3x3x3 neighborhood of (x, y, z), if any voxel (xi,

yl, zi) has label m', check (XI, yl, zi)'s 3x3x3 neighborhood. If any voxel

(X2, y2, z2)'s label is 1, also change (x29y2, z2)'s label to m'. Obviously

(x2,y2, z2) is 26-connected to (X, Y, z), by definition of being in the 3x3x3
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2y4, z4)'s label is 1, change its label to 00680 -9- in". Obviously (x4, y4, z4)

IS 26-connected to (X, y, z). As (x3, y3, z3) is 26-connected to (x, Y, z) and

(x4, y4, 24) is 26-connected to (x3, y3, 23), (x4, y4, Z4) is also
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the enhanced recursion from those non-internal object voxels that are

oubleopimst R toik B Fpastels rolehsdeding MbEs b S peshrassion from

thabeling-ihehexbeprnestet cRmpRERLANddindsthe first. unmarked
object voxel in the raster scan order.

Step 140 Updating labels

This step prepares for labeling the next connected component, and finds the first

unmarked object voxel in the raster scan order.

The step of updating includes incrementing the current label m (from an initial value of 4)
by 1 so and incrementing x, followed by y and finally z to find the next unmarked (that is,
a voxel with a label of “17) object voxel having a label of 1. Once an unmarked obiect
voxel 1s found, the enhanced recursion of step 130 is initiated. The procedure stops when

no further unmarked object voxels are found.
The output of the component labeling exercise is a umique 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



The step of updating includes incrementing the current label in (from an
initial value of 4) by 1 so and incrementing 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 unmarkedl@bject voxel is found, the
enhanced recursion of step 130 is initiated The procedure stops when no
’[féj%ih%r igje%nvg K 8’%%1}@0 P%bg IEIE sen% %Ut o?ftltthef% é]%%{]etnt labeling
eIrng exertise 1s a unigue la ofthe o rect voxels, wi
desogbedosliseconnected to each other havrng the same label, while those
voxels that are non- connected have drfferent Iabels Pseudocode 10
' i | ' e UTarTe T |gunu|||| for
component Iabelrng described aboiFé\BiéBtiE 1 1. Set all object voxels to

1 a%% h g{oundl§/9 IS t aﬂ %e G ent l ?o 61 Lghgog tzlabel mto

arbitrary |nte er greater d to labe boun ary VOXEls

a. Frfhdmr@ﬁ@tmmmrmfotgmmmﬁ,mStﬁeSragtert(séﬁnldr@Ierdadeeé@IS)
24 WQrk'n@W%é’Vtﬁ%th}lﬂlf Qeﬂuolﬁ'@c{h&)@[% i e Yatid) (Rt o}der and set a
sub-volume in b(x, y, z) centered around the workrng voxel w. c. Within

the formuié[féiﬂiggiﬁﬂ?‘tﬂhrn§ thange the label from 1 to in for all unlabeled

objegt voxelsthat:ar@262q0nnegted to the workingmoxelwadChange theentered
corresponding voxels of b(x, y, Lin the (2nx + 15(2n) +1)(2n,+1)

neighborHS68RG HORF 140 ML For each non-internal object voxel with

labet in, saviitas the warkingadxabWoltetu rehiepbhainiibéherens nao m for all

unmarked o Is 26-caonnected to.v,. .
unggcl e 2 Voxa that arc 5)6-0’01mected to the working voxel w.

d. Change the corresponding voxels of b(x, v, z} in the (Zn, + D)(2Zn+1)(2n.+1)
neighborhood of w from 1 to m.

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 case 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 [* 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.



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 | and retdrn to step 2a to search for the
next unmarked object voxel, until no unmarked object voxels remain.
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cenbedivrehsidnanwlindow leshovindor.eaism dhoegirdhenmticivemtethatonnected to
tﬁ)@@ﬁ{@?gg@-connected to the central pixel (1*) are marked 1#, and are
assigned the same label as that of the 1* pixel, namely in. Non-internal
object pixels 8-connected to the centre pixel within this local window are
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_object component is marked white, while other object components are
iRAkad GHCURRCISRRPRREKS SEHeb Y. Sererhionstrates that
enhanced recursion can propagate to the whole

Enhanced method

Another method 1s 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, v, 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 iabel as that of
its left neighbor, that is, the same label as that of the voxel having the same y and z

coordinates, but I less in x coordinate.

Step 110 Initialization

This includes setting all object voxels to 1 and background voxels 0; setting boundary
voxels to 2 and the current fabel 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 120 Scanning



image, so that connected components are labeled correctly. Enhanced
method 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-conneectéd - object components of 3D
binary image b(x, y, z). The same broad steps represented in the flow

hart,of Fig. 1 apply. The boundary.voxels are labeled. in.the.same way,
S;Cr?& ?\%en-glé’%{}nag%/x\l/%gﬁé Hré |§%‘é1é1§)ﬁ?ﬁlo‘ﬁ‘f§} %Pr?é ’ccéfébciﬁ}{ Fodidfpsnted first,
b wamhevatreidBniidy bf 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 110 Initialization This includes setting all object voxels to 1 and
Harkgbund Ve E: 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

Labe e ekehotmlrs e diepo s aRisshg thossumedadsnary

volume b(x, )), z) starting from voxel (0, 0, 0) with x incremented first,

IIow\sd by y.and fingll M% Z. ?tep 130 Labeling Label object voxels as
%g’eg&ég re ﬁ%%t%ﬁ 88 ke §?:é"lgn order. Wﬂel#xb(x,iy? 7§20, find the
tanddard compbneyt Hor @nd x)udianthdenhdnogdzrsubkifinddheitedundaap 130 of

onent from .7) using the enhanced recursign described in. Ste

tﬁ%%f %E%ﬁl %letﬁ%%%gélr{wﬁ Sa%g}lgnr?e HisBOURTER; &0 r%l porent with ‘ﬁ\bg {5, and the
coanreaiialdet m inenditivataslbeht label m is incremented by 1. When b(x, vy,
z)=2,x>1,and b(x-1,y, z) >0, find the boundary component from (x,

\X/hen b(x,y,z)=2,x>1,and b(x — 1,3, z) > 0, find the boundary component from (x, v,
z) using the enhanced recursion described in Step 130 of M, and assign this boundary
component with label b(x — 1, y, z). The voxel at (x-1, y, 2) is an object voxel, and is
labeled as h(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, y, 2) is an internal object voxel, and b(x, y, z) is
assigned the label of its left voxel b(x — 1, y, 2).

Step 140 Updating

This includes incrementing x, followed by y and finally z 1o find the next unmarked object
voxel with label 1 or 2 and initiate Step 130. 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, as described hereinbefore.
Computer software executes under a suitable operating system instalied on the computer
system 400, and may be thought of as comprising various software code means for

achieving particular steps.



z) using the enhanced recursion described in Step 130 of M1 and assign
this boundary component with label b(x - 1, y, z). The voxel at (x-1, y, z) is
an object 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- cehRected to (x-1, y, z), the label at
(x Yy, z) should be the same as that at (x 1 y, z), which is b(x-l, y, ).

VWhen b(x ter t I
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continued untfl marked object voxel$ reniain. Computer har ware
dEvgcu48Sa schematic representation of a computer system 400 of a type

that is suitable for executing computer software for component labeling,

as described hereinbefore. Computer software executes under a suitable

156 areathgs ey St amed opreres S Pitef CEYStehrudiscaitd Mgy perating system
athoughtcohpmeenaprising \wiioussoftwace aadeperang foysreNieMiRImemory 450
ticular steps. - 13 The com s of the c uter system 400 .
e T BRSF o R DO 4 0 A e A HOB KUl nd 5 used
udilpldiret@0n Dcheamputsod2lincludes a processor 440, a memory 450,
input/output (I/0O) interfaces 460, 465, a video interface 445, and a storage

device 455. The processor 440 is a central processing unit (CPU) that
Téreadeesittalopereting systeeicd o tideeohsplaeA80favdmerexdeutindgo signals for

d%‘flﬁ{ 59%@%@8%3@1’%@6 T@?emﬁﬁ!t? 14 O%%at@cf dce(ﬁr{ hdp Hg@?& ﬁ?&/lded from

memory (RAM) and read-only memory IS us
tharketaner 8 prédegysy ﬁb@ The storage device 455 can mclude a disk drive or any

other suitable storage medium.

Each of the components of the computer 420 is connected to an internal bus 430 that
includes data, address, and control buses, 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 (1/0) 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 46¢ from the storage
device 455. Alternatively, the computer software can be accessed directly from the
Internet 480G 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.



The video interface 445 is connected to video display 490 and provides
video signals for display on the video display 490. User input to operate
the computer 420 is provided from the keyboard 410 and mouse 415. The
storage device 455 can include a disk-drve or any other suitable storage
medium. Each of the components of the computer 420 is connected to an
internal bus 430 that includes data, address, and control buses, 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
Cootnglru§}gylar computers via a input/output (1/0) 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
VRRHIMRMBIENCASE IS GABRUIEH SRMWATE RIQEELIMREESSIRH RYangements

the computer system 400 from the storage device 455. Alternatively, the
destribeter Bofilarétai B dedesseRPEiFraEyrotithekifishndt 48rpyglsaant art
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. -14- Conclusion Various alterations and modifications
can be made to the techniques and arrangements described herein, as
would be apparent to one skilled in the relevant art. - 15 - Claims: 1 A
method of labeling components comprising the steps of:
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labeling with a current label all voxels that are internal to a predetermined
sub-volume oriented with respect to an unlabeled voxel, and directly
connected to the unmarked voxel; repeating the labeling step for all voxels
that are not internal to the predeterminegd sub-volume, but which are
labeled with a current label; increasing a window size to a predetermined
maxiniu n; incrementing the -current label; and repeating the preceding

*for remaining unlabeled object voxels. 2. The method as claimed in
claim 1, further comprising the step of initializing voxels of a volume as

either opject vaxels-arfackaround voxels, 34 commuter program product
for labéling"components eomprising comptiter software recorded on a

computer-readaidingediath, saidwwomput@rssoftwarexebmpriginge internal 0 a
3 I ith q ¢ |
°°mp“#%e?ét%ﬁ&%@%&%%-(%ﬁ&%%‘fvﬁg%%ﬁ %yﬁ‘ﬁ”%%%‘?%aﬂnv%%%é% kel. and

internal to a predetermined s me oriente respect to an
unlabeféteotioxesinastdedite ¢y conAdaedawlhe unmarked voxel; computer

program code foprepeating the-labeling, step ar alkvaxelsthal ar& DRkmal to the

internal to the predetermined sub-volume, but which are labeled with a
currenPisBEICEBLEEP PRIGREM B e teR HErsasiag Wikiaduwaiziebsia
predetermined ; BaxiRLM; GAMPYLEL PIOgraRcRgR i Resememting the
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current label; and computer program cade for repeating the preceding
steps for remaﬁﬁﬁﬁ%ﬁf&b"eﬁgﬁ &t i%%?il?pﬂ{. A computer system for
labeling compageigngaid peropiiter Systcir camprisingniabeled object voxels.

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

voxels of a volume as either object voxels or background voxels;

A computer program product for labeling components comprising compuier
software recorded on a computer-readable medivm, said computer sofiware
comprising:

computer program code for labeling with a current labe!l all voxeis that are
internal to a predetermined sub-volume oriented with respect to an unlabeled
voxel, and directly connected to the unmarked voxel;

computer program code for repeating the labeling step for all voxels that are
not internal to the predetermined sub-volume, but which are labeled with a
current label;

computer program code for increasing a window size to a predetermined
maximum;

computer program code for incrementing the current label; and

computer program code for repeating the preceding steps for remaining

unlabeled object voxels.

A computer system for labeling components, said computer system comprising:
a memory for storing data and instructions to be performed by a processor;
and

a processor coupled to said memory, said processor programmed 10:



a memory for storing data and instructions to be performed by a
processor; and a processor coupled to said memory, said processor
programmed to: - 16 label with a current label all voxels that are internal to
a predetermined sub- volume oriented i#ith respect to an unlabeled voxel,
and directly connected to the unmarked voxel; repeat the labeling step for

all Yoxe'sﬁfﬁ‘%ﬁ ?vﬁ‘é‘h”é’tﬁ!;%%ﬁ?%é%@g %B%%%t‘%ﬁﬁl"é%dm-”&"ﬂc’t'é”é‘ereb&éﬂermmed sub-
which are labeled with'a current label; increase a window size to a
predetenhimedmaakidiuti risprehiertthelebefeht alsbl anhdirepidat tnpected to the
precedjpg.sieps {grLemaining unlabeled object voxels. 5. A method for

labeling connected components of a multi-dimensional binary volume,

said metH&BebHip iR stdps JF wemniha! sard maricantendisnaicdetermined
binary valure.te-identifivniakelad ehigst iaxgienfargach unlabeled

object voxel.: formulating a sub-volume of said multi-dimensional binary

volume ré1SHRAESA THEIRYpLaitR ARTetR R BISE B %M iabeling with a

current labgkeaasch uslabetadiabiecinodxel internal to said sub-volume that
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. repe.
different COH&nt
wherein said method comprises a combination of iterative and recursive

5ProcESIER/hod for labeling connected components of a multi-dimensional binary
volume, said method comprising the steps of:
scanning said multi-dimensional binary volume to identify unlabeled object
voxels;
for each unlabeled object voxel:
formulating a sub-volume of said multi-dimensional binary volume
relative to the respective unlabeled object voxel;
fabeling with a current label, each unlabeled object voxel internal to said
sub-volume that is connected to said respective unlabeled object voxel; and
selecting a different current label for the next unlabeled object voxel
identified; -
wherein sald method comprises a combination of iterative and recursive

Processes.

6. The method as claimed in claim 5, wherein uniabeled object voxels external to one

sub-volume and internal to another sub-volume are labeled in a recursive process.

7. The method as claimed in claim 5, comprising the further step of initializing voxels
of said multi-dimensional binary volume as either object voxels or background

voxels.

8. The method as claimed in claim 5, wherein said binary volume is 3-dimensional and
each uniabeled object voxel internal to said sub-volume that 1s 26-connected fo said

respective uniabeled object voxel is labeled with said current label.



6. The method as claimed in claim 5, wherein unlabeled object voxels
external to one sub-volume and internal to another sub-volume are
labeled in a recursive process. 7. The method as claimed in claim 5,
comprising the further step of initializiﬂngoers of said multi-dimensional
binary volume as either object voxels or background voxels. 8. The

9. methedpsiclaimedamelain Suwhereinsaid hinam ¥QIWmEed®: is 2-dimensional and
3-dimensignal and each unlabeled object voxel internal to said
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voxekisstaleled vwth-gaidi stirtentlabelbe]13d Qith Reimatheg aselaimed in
claim 5, wherein said binary volume is 2-dimensional and each unlabeled
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andkadprocessor coupled to said memory, said processor programmed to:
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said multiedimesgigiomal ihHidanynsduaie bislativediathe respietife unlkbeled object
object vr[)x% Ciabel with a current label, each unlabeled object voxel

intefnar

0 $3id sub-volume that is connected to said respective unlabeled

object vokeleamdrdetetsdddiféerenkelirrent label for the next unlabeled

object voxel

11.

12.

formulate a sub-volume of said multi-dimensional binary volume
relative to the respective unlabeled object voxel;
label with a current label, each unlabeled object voxel internal to said
sub-volume that 1s connected to said respective unlabeled object voxel; and
select a different current label for the next unlabeled object voxel
identified:
wherein said processing unit is programmed to perform said labeling using a

combination of iterative and recursive processes.

The computer system as claimed in claim 10, wherein said processor is
programmed to label object voxels external to one sub-volume and internal to

another sub-volume n a recursive process.

The computer system as claimed in claim 10, wherein said processor is
programmed to initialize voxels of said multi-dimensional binary volume as either

object voxels or background voxels.

The computer system as claimed in claim 10, wherein said binary volume is 3-
dimensional and said processor is programmed to label each unlabeled object voxel
internal to said sub-volume that is 26-connected to said respective unlabeled object

voxe! with said current label.



identified; wherein said processing unit is programmed to perform said
labeling using a combination of iterative and recursive processes. 11. The
computer system as claimed in claim 10, wherein said processor is
programmed to label object voxels extéfral to one sub-volume and
internal to another sub-volume in a recursive process. 12. The computer
system as claimed in claim 10, wherein said processor is programmed to
initialize voxels of said multi-dimensional binag volume as either object
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with saishepuent fabetarhSradcdadptiatproigrambeiogucheorsrdsiigidonents of a
computer.readable mfe%ium comprising .a computer program recorded . .
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mutti-chime
therein for a%lehng con

volume, saitpanrputesrarogrdstorecut oo rapdi s -dimpidtespregmvolume to
COdeichgxg annilngeﬁgéd uI%i-di&n?rjsioEpal binary volume to identify

unlabef 8’b]j1(§31c5[l voxel%;JgrQ\dvgo?nspﬁtner program code for. for each

unlabeled@bjeatvpxet: formudafing fastietvohinhelef saidc: voxel:
mum-dimenSiopo%lnglipa%ngvglusr{rz}:)qvolume of said multi-dimensional binary volume
relative to the respective unlabeled object voxel;
labeling with a current label, each uniabeled object voxel internal to said
sub-volume that is connected to said respective unlabeled object voxel; and
selecting a different current label for the next unlabeled object voxel
identified;
wherein said computer program code comprises computer program code for

performing a combination of iterative and recursive processes.

16.  The computer program: product as claimed in claim 15, wherein unlabeled object
voxels external to one sub-volume and internal 1o another sub-volume are labeled in

a recursive process.

17. The computer program product as claimed in claim 15, further comprising computer
program code for initializing voxels of said multi-dimensional binary volume as

either object voxels or background voxels.

18.  The computer program product as claimed in claim 135, wherein said binary volume
1s 3-dimensional and said computer program product further comprises computer
program code for labeling each unlabeled object voxel internal to said sub-volume
that is 26-connected to said respective unlabeled object voxel with said current
label.



relative to the respective unlabeled object voxel; labeling with a current

label, each unlabeled object voxel internal to said sub-volume that is

connected to said. respective unlabeled object voxel; and selecting a

different current label for the next unlabb&led object voxel identified;

wherein said computer program code comprises computer program code

for performing a combination of iterative and recursive processes. 16.

The computer program product as claimed in claim 15, wherein unlabeled
19bjebeeroxaisexmicmpmn bitelutiinsy eleimehidcistarial thanothagid binary volume

subjyolumeALlahelad i@ égﬁiﬂ@éﬁeg?'ﬁ)%‘fgﬁs piddub@ LRMPH prises computer

u

program product as claimed in claim 1 rther comprising computer
progFA BB f6r it aheiig FaxB IR MRIREHIASAISTBIFIHifaApd sub-volume
volume as-eihesahiastyaxalspREMackaraineivi;els vh8e TRRICOIMNMUIBENT label.
program product as claimed in claim 15, wherein said binary volume is
3-dimensional and said computer program product further comprises

computer program code for labeling each unlabeled object voxel internal

to said sub-volume that is 26-connected to said respective unlabeled

object voxel with said current label. - 19 19. The computer program

product as claimed in claim 15, wherein said binary volume is

2-dimensional and said computer program product further comprises

computer program code for labeling each unlabeled object voxel internal

to said sub-volume that is 8-connected to said respective unlabeled

object voxel with said current label. COMPONENT LABELING



ABSTRACT Disclosed herein is a method of labeling components. The
method includes the step of labeling (130) with a current label all voxels
that are internal to a predetermined sub- volume oriented with respect to
an unlabeled voxel, and directly conneéted 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 includes the step of incrementing the current label and may
include the step of increasirig MBNIOWI slzaBd b i¥édetermined
maximum. The preceding steps are repeated for remaining unlabeled

object voxels. Fig. 1
ABSTRACT

Disclosed herein is a method of labeling components. The method includes the step of
labeling (130) with a current label all voxels that are internal to a predetermined sub-
volume oriented with respect to an unlabeled voxel, and directly connected to the
unmarked voxel. The labeling step 1s repeated for all voxels that are not internal to the
predetermined sub-volume, but which are labeled with a current label. The method
includes the step of incrementing the current label and may include the step of increasing
a window size to a predetermined maximum. The preceding steps are repeated for

remaining unlabeled object voxels.

Fig. 1



