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G aphi c@NWH¥RTENGAZIONALBIB2Rf 3388 ng, vol . 54, no. 5, by C. W Niblack,
P.B. ¢bB9PRardid¥ Capson al so display such undesirable traits. 25 The
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probl em™© kel et on branches was recognised. in the N black €t al
paper, but a Sktletomimatiers denotesf treedprothes e wheré hebilocts ecare neddcddrica

t wo- di nensi gnal skel et oni,zati on net hog of inproved qualjity so as to '
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a set of three-dimensional surfaces or curves.

15 Two-dimensional skeletonization is a process commonly used in computer
vision and pattern recognition and there are continual efforts to improve the
quality and to increase the speed of skeletonization.

There are some patents on two dimensional skeletonization, such as US
patent number 5,224,179 entitled “Image skeletonization method”.  This

20 disclosure is based upon templates and could have *hairy” branches. Similarly,
skeletons produced using the methods described in US patent number 5,023,920
and the paper entitled ‘Generating skeletons and centerlines from the distance
transform” CVGIP: Graphical Models and Image Processing, vol. 54, no. 5, by
C.W. Niblack, P.B. Gibbons, D.W. Capson also display such undesirable traits.

25 The problem of hairy skeleton branches was recognised in the Niblack et al
paper, but a solution was not offered. |

There is therefore a need for a two-dimensional skeletonization method of
improved quality so as to produce a neater skeleton.
The skeletonization of three-dimensional volume images also has many

30 applications, particularly in the fields of image processing, pattern recognition and
computer graphics, and more specifically in relation to medical image analysis
such as in cardiology, neurology and radiology areas. Some two-dimensional

skeletonization methods have been adapted for three dimensional images, but
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obj ect s, Pro¢essimgr( t88% cBPUnd/ain 30B8)ab83 at i70n byd. Gymprteen. Tlaplsketoy ol -

5, no. 3 . 196- 209 by Y. Zhou and .A. Toga. The resultant skel eton,
however , r%%@tlrﬂgofrogbﬂastqﬁ/praag g'fﬂvé%v%e'ﬁt%‘?te &ood ?ﬁéf"été’tc leyled Jog dwe-
patents @inshebeddisea! &iRBe MskeoxtrAsh] eRdEirNBRSShtrulR kel etons. US

patent nunber 5,699,799 entitled "Automatic Determ nation of the Curved
Axis of a 3Wotieke skaigbenizatyrednethod asimimgvet thtee-dinénsionak dats seds pot y,

h L% 0Qt ) j.cabl e | .t . JS..pat ent 224,179
ent 1100 IR 1T & oD b el BB ont LR R Sy TS gBIeER

t wo- di nefBEBTadnsdutioasion Vikgetizativh 868 TUmPeteR CrapHRE, K/Bl.td,‘ﬁn%.e?:,gbﬂq%i- onal .
Siml arIAé us Spt nt 20 number 5 023,920 entitled. "Method for Finding the
Medi al  A%PS BY Ansteithind Anlogambee resultarnt skelatnadhoweyer, whe nobdibi taxi s

6, 047 00 Sate] S B ana apparat us for Three- D menei onal
Reconst r uctThene odireCatsenapyne/gssehts bn oskeds@indgtaphied! BROES o Df vessel
15 skeletons. US patent number 5,699,799 entitled “Automatic Determination of the
Curved Axis of a 3D Tube-shaped Object in Image Volume” is for one vessel only, -
however and is not applicable to vessel trees. US patent number 5,224,179
entitled “Image Skeletonization Method" is for skeletonization of two-dimensional
binary images and cannot be extended to three-dimensional. Similarly, US patent
20 number 5,023,920 entitled “Method for Finding the Medial Axis Transform of an
Image” is a 2D method to get the medial axis of a 2D binary image, and cannot
be extended to 3D.
US patent number 6,047,080 entitled “Method and Apparatus for Three-
Dimensional Reconstruction of Coronary Vessels from Angiographic Images” is
25 essentially a method to reconstruct a three-dimensional structure by stereo
principle. This approach is inherently a two-dimensional skeletonization method,
and as such has an inherent correspondence problem in both building up the
correspondence and locating the correspondence. Further, the 3D centerline is
calculated from the correspondence of the 2D centerline.
30 There is therefore also a need for a more efficient three-dimensional
skeletonization method.
Accordingly, it is an object of the present invention to overcome or ameliorate
at least one of the problems of the prior art. |
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15 local maximum pixels in the binary image; locating any one-pixel wide valley
pixels in the binary image; locating any two-pixel wide valley pixels in the binary .
image; and forming a current primary skeleton, wherein the initial skeletal

elements comprise the local maximum pixels, one-pixel wide valley pixels and
two-pixel wide valley pixels.

20 According to a further aspect, the present invention provides a computer
program product including a computer usable medium having computer readable
program code and computer readable system code embodied on said medium for
skeletonizing both three-dimensional and two-dimensional binary images within a
data processing system, said computer program product further including

25 computer readable code within said computer usable medium for: locating any
local maximum voxels/pixels in the three-dimensional/two-dimensional image;
locating any . one-voxellpixel wide valley voxels/pixels in the three-
dimensional/two-dimensional image; locating any two-voxellpixel wide valley
voxels/pixels in the three-dimensional/two-dimensional image; and forming a

30 current primary ske-leton', wherein the initial skeletal elements comprise the
located local maximum voxels/pixels, one-voxel/pixel wide valley voxels/pixels
and two-voxel/pixel wide valley voxels/pixels.
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metric Further, according to another preferred embodiment of the invention,

distance transforms are performed on the image, which are based upon local

Euclidean metric and a look up table of discrete distance values. In this

embodiment, the combination of a lookup table and the local Euclidean metric

20 ensures the accurateness of the distance transform, which in turn helps to
achieve centeredness of the skeleton.

Brief Description of the Drawings
The invention may best be understood by reference to the following
description in conjunction with the accompanying drawings, in which:

25 Figure 1 is a flow chart illustrating thé stepé for calculating the skeleton of
three dimensional vessel trees according to an embodiment of the present
invention, _

Figure 2 is a flow chart illustrating the steps for performing three-
dimensional distance transforms according to an embodiment of the present

30 invention.

Figure 3 is an example of a one-voxel wide valley voxel in two-dimensional
case, with shown values being the distance indexes and the center voxel being a

one-voxel wide voxel.
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Figure 1 is a flowchart illustrating Yhe steps for calculating the
skel eton of three dinensional vessel trees according to an enbodi nent of.
the present invention. Figure 2 is a flowchart illustrating the steps for

per forni ng t Hrigere diiaenBowrchiartdndicating the atefotonocateconsivogelt widanalley
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chart i rwitictig vioxeldanankeds' haing themtveo-ooreMoidel valiege val | ey  voxel s
according to &an adi_ npnt of t.he. pr.esent inventijon lgure 5 is an exanple
of at -voxﬁgﬂf%g '§zﬁnﬁ%‘§f Cl%ﬁrtt'ﬂg'-cc%it'ﬁgﬁg?éﬁ%ﬁs anL@,ate &)"?‘Noi(%lew‘_\sjﬁﬁ_@lq'@ynar ked
* being \idxglstavsbm#@tovwembadlirﬁgm @f-tﬂe%geﬁtih%ﬁﬁéd.ow chart indicating

al | ey

the steps to |ocate two-voxel w de Ve voxel s according to an
enbodi ment ofFigHee grie sefiowiahaentlustnating the stepsite propagatedminitial Ipriosanyat i ng

the ste r.ap initial prinpr skeletqon to t the fi

or mar v Sitel o8R8 e het ity ke, A S8R 8 4 eliacient o7 Ahgur e
Is a flduveritwrt illustrating the steps to propagate a skeletal el enent
candiﬂﬁte to locate new skel etal elenents according to an enbodi nent of

the itRenti orfighigyf ds caiflowy chagyiillustiating the stepseiei poprgate ay skelétal t he
f . Riaglingi ; | ne
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enbodi mneith@fnvemdionnventi on. Figure 11 is a flow chart illustrating the
steps for Ca'ﬁb‘h?‘et br}g é Q%gsrg% oeftaort]wgfdimensiona‘l array where the surface patch
of & is marked with *.
15 Figure 10 is a flow chart illustrating the removal of redundant local
maximum voxels according to an embodiment of the invention. |
Figure 11 is a flow chart illustrating the steps for calculating the skeleton of
any two dimensional binary images according to an embodiment of the present
invention. |
- 20 Figure 12 is a flow chart illustrating the steps for performing two-
dimensional distance transforms according to an embodiment of the present
invention. |
Figure 13 is a flow chart indicating the steps to locate one-pixel wide valley
pixels according to an embodiment of the present invention.
25 Figure 14 is a flow chart indicating the steps to locate two-pixel wide valley
pixels according to an embodiment of the present invention.
Figure 15 is a flow chart illustrating the removal of redundant local
maximum pixels according to an embodiment of the invention.
Figure 16 is an illustration of a real human vessel! tree.
30 Figure 17 is an illustration of the real human vessel tree shown in Figure
11 overlaid with a skeleton calculated using a method according to the present
invention,



any two di nensional binary imges according to an enbodi nent of the present
"I'nvehtion. 20 Figure 12 is a flow chart illustrating the steps ¥ QUN 2005
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present invention. 25 Figure 14 is a flow chart indicating the steps to
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I's angi Pl §ﬁé@5e§'&r tidh two di mensi onal binary image with a skeleton
cal cha present invention overlaid. Figure 19 is an

i 11 ust r akicodDinednslomaldnttigegnsi onal binary image with a skel eton cal cul at ed
using Hildi tﬁ_@' s nmethod. 5 Detailed Description Two Di nensional |nages. In
the two.di mefist¥hivo; siensl daEaegpwseasing dorpaicel a ipixal e themrmalidst uni t

di el 86ing domeic|a il s thewirhal
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f or egr ogach pike! pilkteke eithertjrecor perce! All pixéIPiaki S ohakirBEABHGoH PolAk! ed
backg&:u.ndl pi Xcﬁ{js' l.n a tw ,di_[rensi onal image, a Cartesian coordinate

syst & RER'SY FUPELPIER'S ang pielsiakingozare@reisailad baskerandpixisand Y and
having the sg®+s6di : : i - f i_.xel not ed .as- (x, Yy)
and x and y are sup;l)@gggi%?‘g' E@%%-Oé]n?ﬁ@%&ﬁ%@ﬁﬁgfg;g%ﬁaggg%ﬁw% I n
some r aWje the swphexem belngedandiest as o ahdt Ve hayingMhepbASleSsd¥éX0Thy0) and
Pl(x%, cygardln%tes of any pixel are denoted as (x, y) and x and v are supposed to be

" non-negative integers and to be within some fange.

15 The Euclidean distance between any-two pixels Pg(Xo, Yo) and Pi(xi, yq) is
calculated by '
[PoPy] = sqrt ( (ko-x1)? + (yo-y1)? )
where sqrt stands for square root. _
When [P¢P4] is 1, pixels Py and P4 are called 4-connected or 4 adjacent,
_20 and they are 4 neighbor to each other. Likewise, when [PoP4] is either 1 or 1.414,
then_ Po-and P4 are called 8-connected or 8 adjacent; and they are 8 neighbor to
each other. ' |
Two pixels are adjacent or neighbors to each other if they are at least 8-
connected. A pixel path is defined as a sequence of pixels satisfying the condition
25 that adjacent pixels are at least 8-connected and every other pair of pixels is.
‘disconnected. A set of pixels is connected if, for any pixels within it, there is a
path within the set connecting them; otherwise it is disconnected.
By skeleton of a two dimensional binary image it means a subset of pixels
§ of the binary image that satisfy the following criteria:
30 (1) they have the same connectivity as the original binary image;
(2) they allow the binary image to be reconstructed to within a specified,
known error along its border, where the reconstruction is done using only
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are all non- -negative integers. Furthermore, X, y, and z are supposed to be within
'_15 certain range, i.e., |

in

0<=x<L,
O<=y<ly
O<=2z<L,
where Ly, Ly, and L, are some constants, and they all normally take the value of
20 128, 256, or 512.
It is also supposed that the three axes of image volumes have the same
scale.
The Euclidean distance between any two voxels Po(xo, Yo, Zo) and P1(x1, V1,
z4) is calculated by
25 [PoP1 = sqrt ( (xo-x1)? + (Yoy1)? + (zo-21)?)
where sqrt stands for square root. ,
When [PoP4] is 1, voxels Pg and P4 are called 6-connected or 6 adjacent,
and they are 6 neighbor to.each other. Likewise, when |PoP4] is either 1 or 1.414,
then Po and P4 are called 18-connected or 18 adjacent, and they are 18 neighbor
30 to each other; when |PoP4| is either 1 or 1.414 or 1.732, then Py and Py are 26-
connected or 26 adjacent, and they are 26 neighbor to each other.
Two voxels are adjacent or neighbors to each other if they are at least 26-
connected. A voxel path is defined as a sequence of voxels satisfying the
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P1(x1, yl1, z1) is calculated by 25 1PgPll = sqrt ( (XO-x1)2 + (yo-yl)2 +
(20-Z1)2 ) where sqrt stands for square root. Wien IPOP1) is 1, voxels Po
and Pl are called 6-connected or 6 adjacent, and they are 6 neighbor to
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except at Dbifurcation positions, t pat e uni que.
path in S should be unique.

Three Dimensional Skeletonization

A first embodiment of the present invention will now be described in
relation to producing a one voxel wide skeleton of a binary volume of a vessel
15 tree: _
Referring now to Figure 1, a method according to this embodiment of the
present invention includes the following six major steps: |
1. performing 3D distance transform (10);
locating local maximum voxels (20);
20 locating one-voxel wide valley voxels (30);
locating two-voxel wide valley voxels (40);

propagating skeletal elements (50); and

o o s 0N

removing redundant local maximum voxels (90).
The above-described steps will be described in greater detail herewith.

25 For the purposes of this discussion, a binary volume image containing the
vessel trees will be defined to be a three dimensional array of voxels, denoted as
IM (x, v, 2). The x, y, and z indexes represent the X coordinéte, Y coordinate, and
Z coordinate of a voxel respectively. IM (x, v, z) takes the value of either 1 or 0,
with 1 for the voxels on vessel trees (object voxels), and 0 for background voxels.

30 A 6-boundary voxel is an object voxel that has at least one of its 6-
connected neighbors being a background voxel. Likewise, an 18-boundary voxel
is an object voxel that has at least one of its 18-neighbors being a background
voxel, a 26-boundary voxel is an object voxel that has at least one of its 26-



:I_'pree D nensi onal Skel etoni zation A first enbodi nent of the present
I hvent'ioh will now be described in relation to producing a one vOxBIN gggle

skel et on vwH navoop@ry vol une of a vessel 15 tree. Referri ngct}%\&ogmuﬁi&gure
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atgriteipj(eee beipwsifor g congepiof disignceindexd. A guese iradinttondirsei ng a

one of 1 28 GUE LT ReUBgAre VAP LuhS. IS Sroraet s kng etk bei ng
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26- boypdary ,voxel s_are cal |l .ed boundary voxels. An interior voxel is an
obj eclffav%ﬁélbevd(qrﬁa fpm IPP% %ge%onnect ed nei ghbors being object voxels. A

voxel p' Per?@rnﬁlﬁlg' -W@é?’dig‘eﬁsﬁq%tﬁgaﬁée Isl'lﬁ’lansﬁ’ofbr‘rlOlata itemis an ordered set
of quantTiTes. For ex ; - onal coordi nates of a voxel
t oget her wi t PAitheeeddimemsienalndistarice tearisfomin ¢ a slakass te itefRelybesayn for the
concept c&)l];ta(rjwiccset\?a G& ti'ongﬁl)né &jg&eygxeilss. al'r];ela rd?stta;mcr:]e ftirarnsstform in the present -
embodiment of the invention is based on the differentiation of 3 kinds of different
16 boundary voxels and a lookup table. Instead of setting all the boundary voxels"
distance values to 0, the distance value of any object voxels with only 26- .'
connected neighbor background voxels is defined as 0.866, the distan.cé value of
any object voxels with only 18-connected. neighbor background voxels is defined
as 0.717, and the distance value of any object voxels with only 6-connected
20 neighbor background voxels is defined as 0.' These three kinds of boundary
voxels are denoted as 26-boundary voxels, 18-boundary voxels, and 6-boundary
voxels respectively. |
With the distance values 0, 0.717, 0.866 for boundary voxels and the local
Euclidean metric (1, 1.414, 1.732) for iteration, a lookup table can be built for all
25 the possible discrete distance values an object voxe! could take, in an increasing
order. This lookup table builds a unique correspondence between the three-
dimensional distance transform value and its index. The index corres'ponding to
the specific distance value is called the distance index hereafter.
Now referring to Figure 2, the three-dimensional distance transform
30 according to an. embodiment of the invention is illustrated.
The first step is initialization (11). This includes finding all the object voxels

and setting their distance values to infinitive. In this invention, the infinitive value
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(15). 11’5hé/%§<3¥esu%%i %Fe{%‘é@]%ag%ife%!o?:@%ﬁgg% as sHE®H 15 t5oBY (sdd bdot 15 get .
the distance indexes of all the object voxels (19).

In the subsequent processing, it is the distance indexes rather than the
distance values that will be used. For example, from Table 1, the 41st entry of the
distance value is 4.41. Thus a distance of 4.41 will have a distance index of 41

20 associated with it. Table 1 shows the lookup table for distance not greater than
10. For larger distance values, the corresponding distance indexes can also be
found.
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maxima are the local maximum voxels.
Locating One-voxel Wide Valley Voxels

For any binary volume V defined on a'cuboid lattice, a component is a set
of voxels saﬁsfying the following two conditions:
20 1. All the voxels in ihe component are object voxels;

2. For any voxel in the component, there is a path from this voxel to any 6ther
voxel of the component so that all the voxels on the path belong to the
component.

The “number of objects” of a binary volume V is defined as the number of
25 components within V.
For any object voxel p in IM(x, Yy, z), its distance index is denoted as 1d(p),
its X coordinate is denoted as p(x), Y coordinate p(y), and Z coordinate p(z)
respectively.
A 3x3x3 binary volume related to voxel p, denoted as Vings Clx, v, z) is
30 formed in the following way:
1 Vias P(1,1, 1) =0

2. For any voxel q, q e Ny, if its distance index Id(q) is bigger than that of p,

then the corresponding element in Vings (X, v, Z) is set to 1, else set td 0.
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In Figure 4, a flow chart for locating one-voxel wide valley voxels is

illustrated. Firstly, for all the non-local maximum object voxels, induced volumes

are created (31). Then the number of objects for each induced volume is

15 calculated. (32). If this number is at least 2, then the corresponding voxel is a
one-voxel wide valley voxel. | |

The concept of one-voxel wide valley voxels is unique to the present

embodiment of the invention.

Locating Two-Voxel Wide Valley Voxels

_ 20 Two object voxels are called a pair of equal-distance voxels if they have’
the same distance index and are at least 26-neighbors.
Suppose that two object voxels py and p; are a pair of equal-distance
voxels with distance index Id (p1).
A 5 x 5 x 5 binary volume related to p; and pp, denoted as Vings®" P? (x, v, 2), is
25 formed in the following way: _'

1. Vings ®*P2 (x, y, 2) is initialized to 0for 0 <=x < 5,0 <=y < 5,0 <=2z < 5;

2. For any object voxel q, q € Npy or g € Ny, if its distance index Id (q) is
bigger than Id (p4), then the corresponding element in Vings ®' 72 (x, y, 2) is
set to 1. Thatis to say, | _

30 Vinas " P2 (q(x) = p1(x) + 2, Q(y) = p1(y) + 2, q(z) = p1 (2) +2)
and '
Vinas " P2 (q(x) - p2(x) + 2, q(y) — paly) + 2, q(2) - p2 (2) + 2)
will be set to 1if Id (q) > Id (p4).
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di stance,dcm&gc%ag ‘(gﬁg‘}n f)%%h)ért‘r’ x 5 binary volume related to pl and P2,

denoted as Vin Y. Z2). is 25 formed in the follow ng way: 1.

Vi nd5 (Pl 'Fm) o(ngectwoxebs are two-voxd!ivvidd %ﬂe@vb%lsoifﬁwe sa‘ns?y thdfofowing ° O
<=z < For any object voxel g, g e NP1 or ¢ I'ts di stance

i ndex ?dc?'a‘im' * bigger than Id. (pl), then the correspondl ng elenment in

Vind5 (P1l. 42 t s to say, 30 Vind5 (Pt, p2)
(q?x) ( pl(t) )Th%garé(a ;)Zrazrbgi?@? dlg% J%]X% 'pl (z) + 2) and Vind5 (P1, p2)

VRO ol i %%Sf%gvggsﬁwgs% YFS%b08 14 Vinds (PL
>

Ip2) (x(q) ?Q%Peé)l‘?(n@'gﬁ‘% ki e[p argnodwe=voxekw @)ev%le&a/qugtﬁthe i nduced

vol une of am Fad bt r % i e

the i nduced pgl (ra'h?/rgl ung\q](‘b?#&gé oorf'?ﬁ—]e %%E%dg;atua{?@lg)% 8‘@&% e?@\]g g’ﬁ%%m de

val | eillovoxel spairfis ghigpssdti sfy the following 5 conditions: 1. They are a

' f I | ln t 26 nei ghbors, there is no
e voxel v oEER B ERs et sekambll et PR IGe “Yalleys Iy bonguo-

t wo- voxedinveritonall die. VIKel tio-voxel wide valley voxels are marked with * and the
distance indexes are shown.
~ Now referring to Figure 6, a flow chart for locating two-voxe! wide valley
16 voxels is illustrated. For all the non-local maximum object voxels, ﬂhd all the
possible equal-distance pairs of voxels (41). Create the induced pair volumes for |
all the equal-distance pairs that have no neighboring voxels being either one-
voxel wide valley or two-voxel wide valley voxels (42). Calculate the number of
objects for each induced pair volume (43), and if this number is at least 2, then
20 the corresponding voxel pair is a two-voxel wide valley.
The concept of two-voxel wide valley voxels is also unique to the present
embodiment of this invention.

Propagating Skeletal Elements

An object voxel is a skeletal element if it satisfies one of the following
25 conditions:
1. Htis a local maximum voxel:

2. ltis a one-voxel wide voxel;
3. ltis a part of a two-voxel wide valley voxels;
4. The number of objects in its s-induced volume (see below for definition) is

30 at least 2;
The s-induced volume of an object voxel p, denoted as Vs® (x, ¥, 2), is a 3x3x3
binary volume formed in the following way:
1. Initialize Vs® (x, y, 2) to Ofor0 <=x< 3,0 <=y < 3,and 0 <= z < 3;



4. The number of objects of the induced pair volune of the equal-distance
10 pair is at least 2. Figure 5 shows an exanpl.e of a two-voxel w-dé JUNl 2085
in the two- %) m{ensi onal case. The two-voxel w de valley voxels are marked
With * a\r,xgot' 8P st ance i ndexes are shown. Now referring PETISGYUP@E, a
flow chart for |ocating two-voxel w defyalley 15 voxels is illustrated.

For all the non-local maxi mum object voxels, find all the possible )
equal -di stance pairs of voxels (41). Create the induced pair vol unes for

all the eqpal ggp \ ave Qi ' | ' |t her
one- voxel Qwi Egﬂ ;a‘/g?l%gie ogf%b? %@,\%Eefpp,jfagw\}gﬁh%li’r\%éxﬂgfﬁsb‘fgﬁ)tﬁa@bgﬁ? 'e the
number of obpregtis dlreadyar bkélethl elemeat, thenltheeotrédponding élémbhiﬁwvg‘ﬁber I's
at least 2, then 20 the corresponding voxel pair is a two-voxel w de
valley. The c é’eﬁ}'scﬁetg‘?\ﬂavoxel wi de vall ey voxels is also unique to the
present TAMOE ggpt of this invention. Propagating Skeletal Elenents An

obj ect voxel is a’skeletal element if it satisfies one of the following 25
condi tSons: 1. VP ({xp—-Ipgrpt Tnaki)mipiyyextl q(z) 2.p(kY+1$ a one-voxel wide
voxel; 3. It,is a ari. of a two-voxel wi de valley voxels; 4. The nunber of
obj ects in"Y'“?esS-eFtﬁE?u €d vol une (see bel ow for definition) is 30 at |east
2, The s-induceg Isj{aewzf @an obj ect voxel p, denoted as Vs, (P) (x, vy, z),
is a 3x3x3 binary volu '?ormad in the following way: 1. Initialize

Vs(P) (X, y, ¥oebfids alrerdg a0skejeta| eledtertz<3; | 1VO 02/0581)1)8 15 - 7 JUN

2000 P! 500 M TAPR 21 58 kSt R ol EuBy el B P
the ct0 rieepiithay skele®M Atha ¥R whefe jiist SombSorsiBib di@idal ERAtents 4@ say,
. available, then the union of the currehtly available skeletal elements is called the
current primary skeleton. The current primary skeleton is a subset of the primary
skeleton. The purpose of skeletal element propagation is to find the final primary
skeleton, |
15 Now referring to Figure 7 a flow chart of the propagation from an initial
primary skeleton to the final primary skeleton is shown. ' |
The initial current primary skeleton is formed from the local maximum
voxels, one-voxel wide valley voxels, and two-voxel wide valley voxels (51). The
maximum of the distance indexes is MaxInd, and the current primary skeleton is
20 organized into Maxind number of lists, with each list containing the current
skeletal elements of a specific distance index, from 0 to Maxind (52). For brevity,
the list to hold all the current skeletal elements with distance index DI is denoted
as List[DI] (0 <= DI <= MaxInd).
The search starts with distance index 0 and continues in the order of
25 increasing distance indexes. This is generally necessary, because an existing
skeletal element will produce new skeletal elements having a distance index
bigger than or equal to that of the existing skeletal element. Starting with distance
index 0 and marching in ascending order, for each List[Dl], judge if List[DI] is
empty (54). If List[DI] is not empty, remove the skeletal element p from the head
30 of List[DI] (65). For each 26 neighbor q of voxel p, q € N,, if g is-not a current
‘skeletal element and its distance index is not less than that of p, then q is a
skeletal element candidate. Also check if q is a skeletal voxe! candidate (56).




2 V.(P) (g (x) - p(x) +1, a(y)-p(y)+1 q(z)-p(z) +1) wll be
set to |l if Id (q) > |d (p) or voxel q is already a skeletal el emtrdUN 28%
uni on of @IOIO, (,ng§kel etal elenents is called the primary skel eton or the
10 final prinafy skeleton. At a stage where just some of tRETSEEPUS

el enent s are ava| | abl e, then the uniolf of the currently avai | abl e skel et al
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referrln[g to Figure 7 a flow chart of e propagation froman In
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is 20 organi zed into Maxi nd number of I7sts, aec st containing the
curr er§ vejueieds ased| terjedge itba sbtelep@calementjcam@ldete isnalevew Skeadataletepndditxi nd

(52). (7ﬁrewty, the list to hold all the current skeletal elenents with
di stance’index DI is denoted as List[DI) (0 <= DI <= Maxlnd). The search

starts with diheante ln'i!ﬁhberoofi% é‘c@gﬂdfne% ihBuéde IdaE @f at l%"_ési’%rtﬁés' ng

di st ance |ndexes This is genera El necessary, because an existin
skel et al Skaleiabelen@nt candidried. e Beisea apwiy ermiuc‘sedhs}wle@lalaﬂmmta‘rma i ndex

bi t t of t.h t ele t. Start
o 00 Sarlind el elatral e nfigi: o nawbedipes sisStal GieTastn i L D1 |
j udgeto fis ladsleH Bb khé %orr@@PbMd &1@4)3& §$8) érhcﬁé;[v&,ﬂlcélﬁy é‘&ged? E@L%ft[gémﬁeﬁ he

skel et al eI enent p.fro 0 ‘of For e nel ghbor
q of vox8l %emlj”%d Pﬁd—'sﬁ[@lldﬁ an’ébl(5‘b) current skel etal element and its

di st ance i nde ss. f t he skel et al Ie nt
candi dat e. Alﬁglgérﬁ ly‘i ﬁ the Eﬁé"le}aﬂac%le% InP\f “é‘f&‘égn'au 'a‘g}t 8 T%\gﬁ pros 897 JUN
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-of the il';) ate skel et al voer d, P, q's s- |nduced bi nary volunme is

creat ed isie@PRimber of obj ect s of a s-
The search from List[DI] for new skeletal elements continues until List[DI] _
is empty. |
The added skeletal elements from the search of List[Dl] will have a
distance index not less than DI, which ensures that once List[DI-] (t is non-
negative integer, t < DI) is empty, it will be kept empty. When List[DI] is empfy, Dl

20 is incremented by 1, and then the new Dl is compared to the maximum distance
index Maxind as shown in step 55. If DI is greater than MaxInd, the search for
skeletal elements is over, thus the final primary skeleton has been obtained.
Otherwise, it is checked whether List[DI] is empty to search for new skeletal
elements from List[DI] as indicated by step (54).

25 From this description, it is apparent that the search from an existing list of
skeletal elements for new skeletal elements is a kind of propagation.- Only the 26
neighbors of an existing skeletal element are checked which is a great advantage
to gain speed.

Remove Redundant Local Maximum Voxels

30 In three-dimension space, the set of local maximum voxels could form
some surface patches if the type of object voxels is not limited. In order to
achieve a three-dimensional curve-like skeleton, the object voxels in the present
invention are limited to be of a tree-like structure.



i hduced volunme is also calculated (62). Now referring back to FLg (g?oge
nunber of objects of the s-induced 5 volune is used to judge if a '1( t al

el enment GgpdhMadigs i s a new skeletal el errent (57). Wen th
objects of its s-induced volune is at ast 2, the skelet gﬁé@%‘ﬁ'ﬂ

candidate g, g ENp, is a newy producé skel et al elenment from the
existing skeletal elenment p. If qis a newly produced skeletal elenent, ..
then q 10 is added to the corresponding list (58) and specifically added to
List[ld[q]]. Fiewise, theprepagaticmeiskeletal ete[nm;}tswsukﬁhmyﬂt(tﬁ‘b)oth surfaces
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I ndex Maxind as shown in step [ f D fgreater X1 nd, the Search
for skdPMECENURE) ¥opsie Wit fsao@lé%anfstehw@etxmf bifean preurace patehedinthealmchkben

obt ai ne r _st ] ,is empty to search for
new skelqgtaaﬁ] h@l\)gS ai’% W@ﬁwk{‘i]le ] s i ﬁ(ﬁ)lf ?3%9[?8%@?%}3[&5??@ @S%Terdo
this deswithpti on, |t is apparent that the search froman existing list of

skel ei(ﬂl el errﬁnts for new sk% etal elenents is a kind of propagation. -
Only the 26 HBi YHBoR O VArLleWias iskglarbiceiva, snapdacahmaximeckadxats ch i s

a great faemay ase s&ﬁa&?'dhtélﬁ’eﬁged € BRBYARANt 4 Lgﬁg%gé\/&ééﬁgﬁ (r)tﬁ.lesl s 30

I n three-di nensi on spac the set [ ocal” maxi hum v sone
sur f ace Sracfinsdionfis nem&s afseblof dma‘.al\ma)ehmnn yorels Withrthedamandtdiie t o

o osent THEOCRINGRE ARG oBBIBIORS: tree. | i ke structure. - 7 JUN 2005
WO 02/ 058008 Wrﬁ%lé&oé?%x%f's, there is at least one voxel p, whose 26-neighbors
15 - N, will contain at least other two non-maximum voxels;
2. For any voxel in the set, a 26-connected path to any other voxels in the set |
can be found.
A neighboring voxel of a surface patch is a skeletal element satisfying the
following two conditions:
20 1. ltis not a local maximum voxel;
2. Among its 26-neighbors, there is at least one neighbor being a local
maximum voxel of the surface patch.
Now referring to Figure 10 a flow chart illustrating 'the removal of
redundant local maximum voxels is shown. Firstly, for any surface patch, the
25 neighboring voxels are found (91). For each of the neighboring voxels of the
surface patch, a local maximum voxel is marked as undeletable (92). If there is
just one neighbor that is the local maximum voxel in the surface path, then this
local maximum voxel is marked as undeletable. If there are at least two neighbors
that are local maximum voxels in the surface patch, the following tiebreak rule is
30 applied to mark one undeletable local maximuml voxel:
1. If-there is only one 6-connected neighbor that is the local maximum voxel
of the surface match, then this local maximum voxel is marked
undeletable;



Li kewi se, the propagation of skeletal elements could result in both
surfaces and curves. Even though it is supposed that the object v@xgis

the 3D bi\n%r(%/(ﬁj“m%ge is of vessel trees, the local maximumvoxels still can
be quite Qe85 ¥ he sense that some of the | ocal maxi muMGKEEISOWAN for m
surface patches due to 5 either incorré®t segnmentation or pathol ogical
status of vessel's as shown in Figure 9. In this regard Figure 9 )
illustrates a two-di nensional array where the |ocal nmaxi numvoxels with a
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contain at 3t dasthese nadie o Sneanneeiednnaighixerss but. these ian&b’t \l&fasélcarim t8e set,
26- _ | ., A
et ghbor i ng. veaTeaed JoRRY i RoNes o the ubife Hocn @hose ok TidAy e

fol | ow ng twamdbnwhrkiipas undBletablét is not a local maxi num voxel; 2. Anong
its 26-nei hqgrﬁ, there is at |east one neighbor being a |local maximum
voxel of tfie 5UPPER EBabenl8ReANEEeEr Reigfboss, FPyluthereoisaaf llenst coree 126-

illustratin f i cal ' els is_sh .
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For eH¢h of taved merihibas Lindeletatdés of the surface patch, a | ocal maxi mum
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15 to the surface patch, or q is marked undeletable, the corresponding '

element in Vina® (x, v, 2),

i.e., Vinas® (q(x)-p () + 1, q{y)-p(y) + 1, q(2) -p(2) + 1) is be set to 1.

Then the number of objects in the induced volume is calcutated (94). If the
number of objects is at least 2, then the local maximum voxe! belonging to the

20 surface patch is marked undeletable, otherwise it is marked deletable and is
deleted from the primary skeleton (95). All the deletable local maximum voxels
are also called redundant local maximum voxels in this invention.

Steps (91) to (95) are repeated until all the surface patches are processed,
and a one-voxe!l wide three-dimensional skeleton of the vessel tree is achieved.

25 A working illustration of this émbodiment of the invention is provided in
Figure 16 and 17. Figure 16 illustrates a snapshot of a human vessel tree.
Figure 17 illustrates a skeleton of the Figure 16 vessel tree, which was calculated.
using the present embodiment of the invention. This skeleton tree is overlaid on
the actual human vessel tree. In this regard, the accuracy and cleanness of the

30 resulting skeleton is apparent.

Two Dimensional Skeletonization

A second embodiment of the present invention will nhow be described in
relation to producing a skeleton of a two dimensional binary image.



WO 02/ 058008 18 PCT/ S@1/00008 2. If there are at |east two 6-connected

nei ghbors that are the | ocal maxi num voxels of the surface patch,7 ttg 25
6- conneched yi)gisghors. are checked in descending priori tybcfr{sﬁm/mmp?(:k’
l-eft, right, top, and down. The first t local maxi mum voxel I's mar ked
undel etable; 5 3. If there are no 6- cdfnect ed nei ghbors, but there is at

| east one 18- connected voxel that belongs to the surface patch, choose one

randomly and mark it as undeletable; 4. If there are no 18-connected
nei ghbors, biWith refecence i Flgena t1 1o @emethodcacswedingdtovitisceemblodirheitedf dngs t o

t he surtface pat.c chgos ne random 10 and mark it as undel etable. For
each vo@\?e%'%w?‘apﬁe%ﬂée&]M@%n@%ﬁépﬁét has not been marked undel et abl e,
15, g 20 pBIndatnaloy (oforred (93) [ Lhe foll owng vy 1
b; 2. F%r- @caéﬁh@iﬁm@d magdmumepiqus: AO)NP, if q is a skeletal elenent but not
bel on 15 1o the surface patch, .or, q.1S. marked undel etable, the

corre pgndfoﬁa{?n%f)aﬁéoﬁ)feli%‘%9;vﬁy§¥ﬁ'x?]§?1é@'z), i.e., vind3(P) (q(x) - p (x)
+ 1, a(w) focBling two-bixelWidle vaRéy bixeld [1405; be set to 1. Then the nunber of
objects. in the induced volume 1s calculated (94). If the nunber of

obj ect s 5 sP@papatirg skeletalaiemgats 6t&4); maxi num voxel belonging to the 20

sur facegppa I 1se. it is marked del et abl e and
i s del etsgdkﬁ%\)rﬁq @%@r@?@%‘ﬁ%@@{"%@é W' t he del etabl e | ocal maxi num
voxel s Tdvegealksss will hewdl beedesttirid inanate d@pgiinum voxels in this invention.

Steps (91) tq (95) are repeated until all the surface patches are .
procdfsed, aRf the PhEPQss& Pt thisidisqussiondianbinenbimpge ieldenetedes 1M Yessel
tree isaghieved ' | t f | ' ‘he

I nventi @ng!:% prov Jﬁ%lﬁﬁm%;duﬂl}%celbugﬁgﬁ%bggiagulségﬁén%rpﬁﬂ%F%?égr?%dé%apshot
of a humeighbess blking aebacKgrguma plxeli Ahud-bioahedana pidetlietzanoibct pigeFihgitire 16

vessel tree, which was.calculated. . ysing the present enbodi nent .of .the
o ont i DS Pt B 45 Bl Ts R A RkOTBHBS Sl BT ROALds o r ce.
In thisar i A A B fio i r t A |@ton is
bppar ene SES kIS U IR LB eSS b oot PRI A PP BRI 6

15 neighbors are also denoted as N,.

Performing Two-dimensional Distance Transform

The three-dimensional distance transform discussed in relation to the first
embodiment of the invention can be extended to two-dimensional image space.
The modification is as following: the distance value of any object pixels with only

20 8-connected neighbor background pixels is defined as 0.717, and the distance

 value of any object pixels with only 4-connected neighbor background pixels is
defined as 0. These two kinds of boundary pixels are denoted as 8-boundary
pixels, and 4-boundary pixels respectively.

With the distance values 0, 0.717 for boundary pixels and the local

25 Euclidean metric (1, 1.414) for iteration, a lookup table can be built for all the
possible discrete distance values an object pixel could take, in an increasing
order. This lookup table builds a unique correspondence between the two-
dimensional distance transform value and its index. This index corresponding to
the specific distance value is also called distance index hereafter.

30 Now referring to Figure 12, the two-dimensional distance transform
according to this embodiment of the invention is illustrated.

The first step is initialization (111). This includes finding all the object pixels.
and setting their distance values to infinitive. In this example, the infinitive value



A second enbodi nent of the present invention will now be described in

r'el ati'on to producing a skeleton of a two di nensional binary inmegé.JUNV205
02/ (L 800\% 1% e d UN 2005 PCT/ S@1/ 00008 Wth reference to Figure 11, a
met hod actdr’ ("nfj"“tgo this enmbodi ment of the invention incl B§ESGRHE0008

followi ng major steps: 1. perform ng 2R0di stance transform (110); 2.

| ocating | ocal maxi mum pixels (120); 5 3. |ocating one-pixel w de valley.
pi xels (130); 4. locating two-pixel w de valley pixels (140); 5. '
pr opagat ingebieb600! Fot sty Bakt ndBois Lyum
pi xel s (190); These steps wl I@%&ngglégggﬁﬁgg%s{aﬁgﬁo%% etggc?c?ét{égé r the
p,urposesnS'Sa%'H‘?@tég%ll}@ﬁsﬂ&q, a binary image is denoted as IMXjy). A

o connoet e natentBsrLoBEh Y. Bt &bl xds arsibustabanadns - sistance s an
obj ect piaklest frat sethtas0.at 7| 8A§10 me&ivélpjﬁzm %’?gwﬁlleggitggjc@ﬁm@@g“”d

pixel. _An interior pixel is an object p

nei ghber §CBETIRgtesHosethas with theindjsitarte pakies areSutdnighbayeiar ¢ 18) s oTenot ed
as Np. P ) Two- dJ konal Di stance Transform The three-di nensi onal
di stanceapég%s- g?erﬂ i%%&g'ss@ab?n relation to the first enbodinment of the

i nvention can lthesquerrediethat @ntpty- 4 | WRAlits idiRg8e . gﬁ,gié' ication
is as foH? i n '.t&qgle di st ance F{,/bgl uemﬁﬁjany gtsjjdéggt ﬁ%iéggﬁg C\j/&p?-p}egn y L]EZéOd:

8- connec ﬁwr%%bﬁ% rnmﬁwﬁkﬁéts is defined as 0.717, and the

di stance val 0D - pi S W - connect ed nej ghbor
background pi )@Ir?q}iw{fg&pﬁ%‘% cgsex pﬁﬂgégsg%syﬁﬁﬁggt QF%%%HQ '5’i Q(ﬂ)s are
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If the queue is empty, the calculated distance values of all the object pixels
15 are checked against a lookup table similar to téble 1 to get the distance indexes .
of all the object pixels (119). In the subsequent processing, it is the distance
indexes rather than the distance values will be used.

Locating local maximum pixels

| A local maximum pixel is an object pixel whose distance is not smaller than

20 that of any of its 8-connected neighbors. In the present invention the distance
index is preferably used to locate such pixels. In this regard, the local maximum
pixels are located by identifying the local maxima from the distance indexes of the
two-dimensional distance transform. These local maxima are the local maximum
pixels.

25 It also follows that a non-local maximum pixel is an object pixel that is not a
local maximum pixel.

Locating One-pixel Wide Valley Pixels

For any binary image B defined on a square lattice, a component is a set of
pixels satisfying the following two conditions:
30 1. All the pixels in the component are object pixels;
2. For any pixel in the component, there is a path from this pixel to any other
pixel of the component so that all the pixels on the path belong to the
component. |



the specific distance value is also called distance index hereafter. 30 Now
referrimg to Figure 12, the two-dinensional distance transform dcdl

to this ey i of the invention is illustrated. The fi i
initiali 32??%'&“?%1) Thi s includes finding all the object E’E{’@F@P‘"’Qﬁd

setting their distance values to infi #ltive. In this exanpl e, the
infinitive value 7 JUN 2005 WD 02/ 058008 PCT/ SG1/00008 20 is set to 5000.
For all the background pixels, their distance values are set to any

negat i vdhient'rgaber i &fe objekts Toéra thimarg- boagdaByis defindd bamiribar yurpbeelsf ar e

| ocated and their distance values are set to 0.717, and O respectively
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(116) L1 The oo e I ) et P ES R ) i
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8= or 4t@mwiﬁgm;ghbor of p respectively. If d(p) + 8 (p) is smaller
than d (q), then‘i‘?(q) is set to be d(p) + 8(p), and g is put into the queue

(118). Steps Bitid 7(1: ) £14:8) continue until the queue is enpty. |f the queue
[ ty, 4h i st | f all the.opject pixel 15
checked aghi ter A BEREE. Budr 87 lsties” i s Bloder et g ™'
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is the distance indexes rathér than the distance values will be used.
LocatliOndhiedisalo saki num pi xel s A | ocal maxi mum pi xel is an object pixel

whose di stange i@ } e O that of any of its 8-connected

nei ghbors. I%‘”i’:‘he @?@Sé@L{I' ‘éﬂgﬁfgmﬁ‘l'fhe di stance index is preferably used
to |l ocate W_HICHE Q@gp(td_ $if lUNqY bilg (Fpgﬁtmif |d iﬂ;@(p)mxi mum _pi xels are

| ocat ed by ap)dentl fél ng the local naxima fromthe di stance i ndexes of the
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15 its induced image is at least 2. _

Now referring to Figure 13 a flow chart for locating one-pixel wide valley
pixels is illustrated. Firstly, for all the non-local maximum object pixels, their
induced image is created (131). Then the number of objects for each induced
image is calculated (132). If this number is at ieast 2, then the corresponding pixel

20 is a one-pixel wide valley pixel. '

The concept of one-pixel wide valley pixel in two-dimensional image space
is the counterpart of the concept of one-voxel wide valley voxel in three-
dimensional image spat:e. This concept is unique to this embodiment of the
invention.

25 Locating Two-pixel Wide Valley Pixels

Two object pixels are called a pair of equal-distance pixels if they have the
same dis{ance index and are at least 8-neighbors.
Suppose that two object pixels p and p; are a pair of equal-distance pixels
with distance index Id (ps). A 6 x 5 binary image related to p; and p2, denoted as
30 Bings®!P? (x, y), is formed in the following way:
1. Bings P P? (x, y) is initialized to 0 for 0 <= x < 5,0 <=y < 5;
2. For any object pixel q, q € Nyt or g € Ny, if its distance index Id (q) is bigger

than Id (p1), then the corresponding element in Bjygs ®'P2 (x, y) is set to 1.



Locati ng One-pi xel Wde Valley Pixels For any binary inmage B defj| pegd,0
squar'é lattice, a conponent is a set of pixels satisfying the foll

two condiwioanmssed® 1. Al the pixels in the conponent are qhj hxel
For any pi glﬁ ir:ﬁ?he conponent, there %as a path fromthis %ﬁr&%og@b@ﬁy _
ot her pixel of the conmponent so that | . the pixels on the path belong to
the conmponent. - 7 JUN 2005 WO 02/058008 PCT/ SGO /00008 21 The "nunber ..of
objects" of a binary image B is defined as the nunber of conponents wthin
B.  For ahRatdbjtesaypixel p in IMx, y), its distance index is denoted as Id

(p), its X gporghnpate is den %gg p(x d Y coordinate p(y)
respectivel y.céf‘l‘#A 3xéq8?)ﬁ'aplxxf @?)%)e'r&ﬂéai""% pi xel p, denoted as Bi nd3
(P)(x, y) kpdforned in the followng way: 1. Bind3 (P)(1, 1) = 0; 2. For
any pixel q, q E its distance index Id (qgq) is bigger than that of p,

NP, if
t hen the corr%ﬁpgﬁ(ﬁ?)r{g(@l-em(w) +id) ByndPayx+3) is set to 1, else set to O.
10 Th IS.b Bj ) X)-p(x)+1, g(y)-p(y)+1) will be set to | if
I d (q)aé> |MJ£?B§,%¥B?°{'JWEC‘{C5>(§££P$ Id (p). BInd3 (P) (X, y) (0 <= x < 3, 0
<=y < BpiSPeBl hed) (e pdused 4=pees50k dIka!the indudd ' 1 a
one- pi xel,m\_/?/i de vgl-??at;g pixel if trfgynun)ger gl;é%ggﬁégéﬁé@%q(%%@e :Ofgﬁi%r%%ged
i mage i sdigtanceaeair of pigelsref @ndi pg ard Maded dhelindubedvpaihamage dor Ishoat i ng
one- pi xe{h Y\ééjff‘erval ley pixels is illustrated. Firstly, for all the
non-| ocal nmaXi num obj ect pixels, their induced inage is created (131).
Then the niiieobjett phietctre two-phastwidadutied piksBoR théy%@k@fg' tabgelidiiRg) . | f
this qr;bcinber Js at least 2, then the corresponding pixel 20 is a one-pixel
wi de VAIFNAANEel . The concept of one-pixel wide valley pixel in
t wo- di Si I 'gekgéq terpart of the concept of one-voxel
w de vm'e;r%\% )?é% I'n { fégﬁaldﬁ:“?rteatr@?odr%\g#g’i mage space. This concept is unique
to this 2niotheredhetghbohs theresmé one-pixel wide valley pixel; '

3. In their 8 neighbors, there are no two-pixel wide valley pixels;

e
S,

2.

4. The number of objects of the induced pair image of the equal-distance pair is
15 at least 2. _

Now referring to Figure 14 a flow chart for locating two-pixel wide valley pixels |
is illustrated. For all the non-local maximum object pixels, find all the possible
equal-distance pairs of pixels (141). Create the induced pair images for all the
equal-distance pairs that have no neighboring pixels being either one-pixel wide

20 valley or two-pixel wide valley pixels (142). Calculate the number of objects for
each induced pair image (143). If this number is at least 2, then the
corresponding pixel pair is a two-pixel wide valley.

The concept of two-pixel wide valley pixels is also unique to this embodiment
of the invention.

25 Propagating Skeletal Elements in Two-dimensional Image Space

This procedure is based upon that described in the previous embodiment
of the invention, being the propagaﬁon of skeletal elements in three-dimensional
image space, may be used. This is particularly the case since the concepts of
primary skeleton or the final primary skeleton, current primary skeleton are the

30 same as defined in three-dimensional case.

[n this regard, the method would be modified in terms of an object pixel
being a skeletal element if it satisfies one of the following conditions:
1. Itis alocal maximum pixel;
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pair of equal -distance pixels if they have the sane distance index AHN 205
at | east Woori@hinors. Suppose that two object pixels pl andcpRgai/®ods pair
of equal -di stance pixels wth di stanc& index Id (pi). A5 x 5 binary inmge
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i ndex | d2( d} is @& oBpjxe! widagixeld (pi), then the corresponding el enent in

Bi nd5 (P4, | ' to. 1. = 7 JUN .2005 WO 02/058008 22
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i nd d I : : |y di; L s, dbat | t 2.
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pi xel s s is llrestiyat skelefdlarhbnt, hﬁeﬁ%e'd&@spﬁﬁéﬂn?‘—@!bﬁ#&rﬂ% Egipxﬁé, 9 idind
all t (ﬁﬁpossi %91 equal -di stance pairs of pixels (I41). Create thelinduced

pair ge§eF all the equal-distance pairs that have no nei ghboring
pi xel s bﬁg'%?sq;&tgllégr one-pi xel wi de 20 valley or two-pixel wde valléy
i s By

25 Locating Two-pi xel Wde Valley Pixels Two object pixels are cal lf‘

pi xels (1 Ul ate the number of objects for each induced pair inmage
(143). If this Bfhiex) -p(at+ Hipagy) -2p(yhen) t he

will be set to 1 if
Id (q) > Id (p), or -
15 pixel q is already a skeletal element. _
Another difference is that in the present propagation procedure the number
of objects of the s-induced image B (x, y) is checked for new skeletal elements.
Removing Redundant Local Maximum Pixels

This procedure is based upon. the removal of redundant local maximum
- 20 voxels described in the previous embodiment of the invention. The surface patch
here, however, is the neighboring local maximum pixels. _
Referring to Figure 15, for any surface patch, find the neighboring pixels (191).
For each of the neighboring pixels of the surface patch, mark a local maximum
pixel as undeletable (192). | _

25 For the neighboring pixels,” if there is just one neighbor that is the local
maximum pixel in the surface path, then this local maximum pixe!l is marked as
undeletable, If there are at least two neighbors that are local maximum pixels in
the surface patch, the following tiebreak rule is applied to mark one undeletable
local maximum pixel:

30 1. If there is only one 4-connected neighbor that is the local maximum pixel of

the surface match, then this local maximum pixel is marked undeletable;
2. If there are at least two 4-connected neighbors that are the local maximum
pixels of the surface patch, check the 4-connected neighbors in descending
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tmo-bfxel wi de valley pixels is also unique to this enbodi nent gf““hQMS

i nvention,, PBropagating Skel etal El ements in Two-di nensional |nmage Space
Thi s progkaﬁggﬁﬁggbased upon that described in the previou§cgﬁ566@ﬁ@ﬁt of
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" and o =850 Bxet) WkolPie duiach bafir Rt el e et Eed ubeietaid. § naex
i s bi ggeits Indiaeti hatagef B Pofx, ?) isif@rmbaiqgcﬂrye %'Whﬁ@{ @lggpent, then the

correspondi_ng (gl enment _in BS(SD (x, y). is 10 set That is to say,
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Renovi ng Redundant Local Maxi mum Pi xel s This procedure 1s based upon. the

renoval of Bredud¥a¥t (Bocal maxi num
Binaa® (q(x) = p () *+ 1, q(y) - p(y) + 1)
is be set to 1.
Then the number of objects in the induced image is calculated (194). If the

15 number of objects is at least 2, then the local maximum pixel belonging to the
surface patch is marked undeletable, otherwise it is marked deletable and is
removed from the primary skeleton (195). Steps (191) to (195) are repeated until
all the surface patches are processed so that a one-pixe'l wide two-dimensional
skeleton is achieved.

20 In this regard, referring to Figure 18, a skeleton calculated using the
present embodiment of the invention is illustrated, which is overlaid on the two
dimensional binary image from which it was extracted.

As a comparison on the effectiveness of this embodiment of the invention,
as compared to prior art methods, referring to Figure 19, a skeleton calculated.

25 using a prior art method (Hilditch's-methbd) is illustrated. Most of the existing 2D
skeletonization methods produce a skeleton very similar to that produced by
Hilditch's method, which is described in a publication entitled “Linear skeletons
from square cupboards,” Machine Intelligence, vol. 4, pp. 402-420, 1969 by C. J.
Hilditch. Hence Hilditch's method is taken as the basis for comparison.

30 Variations and additions are possible within the general inventive concept as
will be apparent to those skilled in the art.

it will be' appreciated that the broad inventive concept of the present
invention may be applied to various types of three dimensional and two dimensional



20 voxel s described in the previous enbodi nent of the |nvent|on.?Im

2005
surface patch here, however, is the neighboring | ocal maximm piXel's”
Ref erri noyvoabrgwge 15, for any surface patch, find the nepgoaii/m@opi xel s
(191). For each of the neighboring plggls of the surface patch, mark a
| ocal maxi mum pixel as undel etable (1 25 For the neighboring pixels,
if there is just one neighbor that is the | ocal naxinuntpixel in the -

surface path, the GB$ | oca ﬁHXIﬁUﬁ] ixel i.s mark d as, unqgletable

there ar %ﬂ'“@@e@tc@ h&anghthat dhereya leénh’%ﬁle”ﬁ% R i dendsednto thee
surface ] yeak rule is applied to mark one
undeIetaﬁﬁ%ﬁpW%%ggnwgébgﬁk#gpygﬁag3o 1. If there is only one 4-connected
nei ghbor that is the | ocal maxi numpixel of the surface. match, then this
| ocal maxi mum pi xel is marked undel etable; 2. If there are at |east two
4- connect ed nei ghbors that are the | ocal maxi num pixels of the surface
patch, check the 4-connected nei ghbors in descending - 7 JUN 2005 WD
02/ 0580118 PCT/ SG01/ 00008 24 priority: left, right, top, and down. The
first nmet |ocal maxi mnum pixel is marked undeletable 3. If there are no
4-connect ed nei ghbors, but there is at |east one 8-connected pixel that
bel ongs to the surface patch, choose one randomy and mark it as 5
undel et abl e; For each pixel p within the surface patch that has not been
mar ked undel etable, its induced image Blnd3 (P) (x, y) is fornmed in the
following way (193): 1. Bjnd3 (P) (x, y) ( 0 <=x <3, 0 <=y <3) is
initialized to 0; 2. For a neighboring pixel g, g e NPl if qis a skeletal
el ement but not belongs to 10 the surface patch, or q is marked )
undel et abl e, the corresponding elene-~t in Bind3 (P) (x, y), i.e., Bjnd3
(P) (a(x) - p (x) +1, a(y) - p(y) + is be set to 1. Then the nunber of
objects in the |nduced image is calculated (194). If the 15 nunber of
objects is at least 2, then the | ocal nmaxi mum pi xel belonging to the
surface patch is narked undel etable, otherwise it is nmarked del et.able and
is renoved fromthe primary skeleton (195). Steps (191) to (195) are
repeated until



all the surface patches are processed so that a one-pixel wide _

‘two- di mensi onal skeleton is achieved. 20 In this regard, referri nb Uy 2005
Fi gure 18wauzisehist on cal cul ated using the present enbodi nERts@fidob@
tnvention is illustrated, which is ov§§I aid on the two dinensional binary
image fromwhich it was extracted. As conmpari son on the effectiveness of
t-hi s enbodi nent of the invention, as conpared to prior art nethods, )
referring to Figure 19, a skeleton calculated. 25 using a prior art nethod
(Hlditch's method) is illustrated. Mdst of the existing 2D skel etonization
met hods - | _ A R AL .oy Hilditch's
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be appreciated that the broad inventive concept of the present invention
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| ocal maxi mum voxel s i he, vol u image: .(b) locating any one-yoxel w de
val l ey voxel s cioﬁn;frﬁg \9&%‘&@%@@?‘0?@) ﬂ'p%@&phd%ﬁiﬁ,t&g@\yﬁ%g? &e/aligY| ey
voxel s in the verklnend eseox@widedallegnaikems, @ current primary skel et'on,
wherein the initial skeletal elements” conprise all the |ocated | ocal

maxi mum voxel s, one-voxel w de valley voxels and two-voxel w de valley
voxels. 5 Method of claim 1 further including the step of performing a three

dimensional distance transform on the volume image, the transform including the

steps of. _

(a)  locating boundary voxels and assigning a distance value of 0.866 to all 26- .
boundary voxels, 0.717 to all 18-boundary voxels and 0 to all G-boundary
voxels;

(b)  queuing all boundary voxels;

(c) iteratively calculating distance values of the interior object voxels by
comparing each queued voxel p having distance value d(p) with. its
neighbors ' q having distance values d(q), such that:

(0 if d(p) + 8(p) is less than d(q), then d(q) is set to d(p) + §(p) and q is
put into the queue;

(i) otherwise, d(q) remains as the distance value of voxel q;

Wherein 8(p) takes the value of 1, 1.414 or 1.732 if q is a 26-, 18- or 6-

connected neighber of p respectively; and |

(d) comparing the calculated distance values with a table of discrete distance

values to obfain a distance index for each object voxel.



2. Method of claim1 further including the step of performng a three
ai mensi onal distance transformon the volunme inmage, the transform- hciyndipg
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to all 6-boundary voxels; (b) queuing all boundary voxels; (c) iteratively
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d(qg) is set to d(p) + 6(p) and g is put into the queue; otherw se, (?(q)
renai ns e logal mpximumyoxalsue of voxel gq; Wierein 6(p) takes the val ue of

1, 1.414 or 1.732 if g is a 26-, 18- or 6- connected nei ghbor of p
respectively; and (d) conparing the cal cul ated di stance values with a table

of discrgte dVRLERTOf cHanUeSwidreRP Al Nofe-JbgbPRER | /bR6Iseaeh | RaiRrt
voxel . WD 02/ 058008 27 - 7 JUN 2005 5/PCT/S C(ll/OOg%ggéyéﬁgfﬁﬁg ggggﬁgiHIZ

wher ei n ¥$BY the fllowdng siepsvoxel s are | ocated by identifying |ocal naxi ma

of the distan i ve WA e.l.oc nm,are. the |.ocal Xi mum

voxel s. dﬂf NE? Sldlggﬁ 6gﬁdpﬁgféﬁ%lpﬁ%fogﬁ%b@@ggﬂ n\ﬁxﬁﬂu%?t?@ﬁ?\’/%r}gi s are
| ocat ed (bysi ngalthletihglthonundes o pdjectafeidadH nguasd VBAKREDs VM tHER WHh each

non-1| ocal maxi num obj ect voxel;  calculating the nunber of objects for each

i nduced vol un®e SWERPThaf opigfts tneahael twe. obieecrgespoadingean-ionsl t he
voxel - o wothagmyAElect ke Be bl ER B AREE Val Tey "Voxele are
located using the follow ng steps: (a) locating equal distance pairs of
voxel's fé.om tl{}leethnoocp b!f%a?r.n T wierrrlém %ll?l. et(\:/«}o-voxel wide valley voxels are located
using the following steps:
(@) locating equal distance pairs of voxels from the non-local maximum object
voxels; |
(b)  caleulating an induced pair volume for each equal distance pair-of voxels .
that do not have any one voxel Wide valley voxels or two voxel wide valley
voxels as neighbors;
(c) calculating the number of objects for each induced pair volume, such that
when the number of objecgs is at least two, the corresponding equal

distance voxel pair is a two-voxel wide valley voxel.

8. Method of claim 1 further including the process of forming a primary

skeleton by determining any new skeletal elements from the initial skeletal

elements, including the steps of:

(a) determining a maximum of the distance indexes of the initial skeletal
elements of the current primary skeleton, MaxInd;

(b)  organizing the current primary skeleton into Maxind liéts, each list
containing the skeletal elements of the current primary skeleton having a

specific distance index;

(c) in consecutive list order, comparing each skeletal element p with its
neighbors q, such that:
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Met hod o rein the step o rmning if g is a new skeletal

el enent (bjicl ucasulatiay tbalmmhtaéncﬁg:b?asctsoif trok s ddld ved dvatufrer afid (b)
¢ts of the s-indyced vol une; and % when t he
e

| cul at f b
ﬁﬁm(::)gr adl]CS]Obj ‘@E?gt{gb rt O %%ta f $he sandicad VolinRg is @\b’eaﬁh@\ﬁ) dhen § a new

skel etal el errgrgne@, Cle"éapgleﬁ*?erﬁl aimed in claiml| further including the
step of renoving undtant ocal maxi mum voxels to obtain a one-voxel wi de

skel etal curve, |nclud|ng:
8. Method as claimed in claim 1 further including the step of removing
redundant local maximum voxels to obtain a one-voxel wide sk‘életal curve,
including:
() locating any Surface patches; and for each surface patch:
(i) determining the neighboring voxels;
(ii) if only one néighboring voxel is a focal maximum voxel, designating
that voxel as undeletable;
(i)~ if two or more neighboring voxel are local maximum voxels, then:
(A) if there is only one 6-connected neighbor that is the local
maximum voxel, then this voxel is marked undeletable: or
(B) if there are at least two 6-connected neighbors that are local
maximums, then the first met local maximum in a front, back,
left, right, top and down comparison, is marked undeletable;

or

(C) if there are no 6-connected neighbors, but at least one 18-
connected voxel, one of the at least one 18-connected voxels
is marked undeletable; or



(a) Iocatl ng any surface patches; and for each surface patch: (i)
‘det ef i ni ng. the nei ghboring voxels; (ii) if only one neighbori ng Tv e 12006 s

a | ocal oer designating that voxel as undel eta é\ i if two
or nore @Bﬂ@n‘] “ng voxel are |ocal maﬁ"]rrum voxel s, then: P T/SIG ‘/"k de is
only one 6-connected nei ghbor that is e local maxi mum voxel, then this

voxel is marked undeletable; or (B) if there are at |east two 6 connect ed
nei ghbors that are(Pbcalf thesareIme, 188eAnesiedinaighbars, busedileastanaud®in a

0T ikl Lo [9BSR bl o

connect ed voxel, one of 1stfl'm@rlaéd Uadeibtame 18- connected voxels is nmarked
undel et abl e; ér JU[\I 20%2 "0 02/ 0581108 PCT/ SG01/00008 29 (D) if
there are no @-coﬁﬁ@é‘ alingrieeJreusad velymeer albyexelswithin the sHHase datefoxel

one of the at Ie_asg.I rp% q?cﬁcﬂé’é‘?xcﬁ'u‘éﬂje‘éoﬁfﬁ& eta' mar ked undel etable; (iv)
uced vo

calculating the in une of a voxe h| n the surface patch that
have not been(vyar kedlcufaﬂmbethaMLﬂnbféNc)f aih;damiaIvathmn@at:hendlméxbvolomeobj ects

ithin each I f.th unmb f t t | t 2,
then the | ocalViax HimBRsE! SLebieRis BuatIaag HADER INe IntskEaX HHBNOKEb! &,
otherwi se i1 s debeiifdsfacdGhitnds Hakbai MdbMBBIEChId s Pl dBelRIC 15 a

t hr ee- di nensi onal bi nary v une |ncﬁ({kng one or nbre vesse? trees.
Met hod of claim9 wherein the vessel trees are any ki nds of vessel trees

i ncl udi ng hu VeSS trees. and her .ani_mal trees In a
et hod of- SkeWBEH 51 FIE™R | i BEel eI SHE I RGP IR regelME REnAGEINaTY of
locati ngv@lﬂﬁre\f@éﬁldwg BRe \RIrh6i veusel frebgc! uding the fol l owing steps: (a)
cal cul ating an induced vol une for each non-|ocal naxi mum object voxel; (b)

cal cul ating the nunber of objects for each induced vol une, such that when

the nunbes ~of Al 6615 diinPb WEEYin O velld F85S SAPARY NGaDBRL85 rees

including human vessel trees and any other animal vessel trees.

11.  In a method of skeletonizing a three dimensional volume image, a method .

of locating one-voxel wide valley voxels including the following steps:

(a) = calculating an induced volume for each non-local maximum object voxel;

(b)  calculating the number of objects for each induced volume, such that when
the number of objects is at least two, the corresponding non-local

maximum object voxel is a one-voxel wide valley voxel.

12.  In a method of skeletonizing a three-dimensional volurme image, a method
of locating two-voxel wide valley voxels including the following steps:
(a) locating equal distance pairs of voxels from the non-local maximum object

voxels:

(b)  calculating an induced pair volume for each equal distance pair of voxels
that do not have any one voxel wide valley voxels or two voxel wide valley

voxels as neighbors;



maxi mum obj ect voxel is a one-voxel wide valley voxel. 12. In a rre-thoﬁmpgws .
‘skel et oni zing a three-di nensional volune inmage, a nethod of |ocating

t wo- voxehy g gigssu@d | ey voxels including the follow ng stepspct@gol/anas i ng
equal distance pairs of voxels fromthg non-1local maxi mum object voxels;

(b) calculating an induced pair volune for each equal distance pair of

var ey (e SRR bRNE RS SRRl Bk e Oh et BB Blne) Rt iBbos
(c) calcul atlwgehhmeumnmhﬁferobf objexsts sisf ot leathtvwo) divee dopaispondingmeguatich
that when the nunber of objects is at | east two, the correspondi ng equal
di-st ance voxed'sﬁﬁdlqu@(eéP@WbsGGWQPV%Q&W%WWWI 13. Conputer program

product including. a conputer usable medi um having conputer readable
program code and conputer readable system code enbodied on said nmediumfor

skel et oM 3 ngCammneEpcbgrEmSpmajctvﬂbMdmg asag@nputelmusaml@ahadlum @i’y ng
system said -conpyter program product further includin uter readabl e -
code wi mmpggﬁrdeegﬁ?}@tpépg@a@pée@m GATPYEST Teay alplséatslt%@ eE0Rdigthxi mum

voxel s i g Lhey yaliirR f?ﬁ?%?etoﬁ@r%%%?éé‘@m?é%l&% gﬁ?ﬁéaﬁ“‘ag"e WRhihey dugrel s

in the vol une i mage any two-voxel w y voxels 1n the
vol une |mwe551agdsde¢nﬁ eaid m@mpLder rpEograpn ipredyctstuelhner dncluaig eompuier

initial skelagLeag%cf nt S %se t I oc ted. | ocal nmaxi mum voxel s,
one- voxél W@T@O ef HeAR'EXef 'WTbI Tvall ey voxels. 14. Method
of | skel afeyni ZioRtiflg MY ICLATPRSNIAAR BIERT themgRndFhaging the steps of

(a) locatrng any maxi num pi xel's in the binary iTage; (b) |ocating any
one- pi xeﬂb)vm dkecahmg @ylymr»ee\mml widaealiensoxels mmﬁze vglgind iovageing any

t wo- pi xe | e i xel s ar nd (.d)_ formi,ng a current
ot mar y Oel cpsRinaREy B idke! Mide FaleLlete IR e dMadsiatoe the | ocal
Mexi Ime @) xel formie-aPedfbntbemardl dieVetBh X Y HeraifdtHaMMitidli Kedlewll demahtsey

i xels
P comprise the located local maximum voxels, one-voxel wide valley voxels

and two-voxel wide valley voxels.

14. Method of skeletonizing a two d'im'ensional binary image including the
steps of: '
(a) locating any local maximum pixels in the binary image;
(b) locating any one-pixel wide valley pixels in the binary image;
- (c) locating any two-pixel wide valley p‘ixels in the binary image; and |
(d) forming a current primary skeleton, wherein the initial skeletal elements
comprise the local maximum pixels, one-pixel wide valley pixels and two-

pixel wide valley pixels.

15. Method of claim 14 further including the step of performing a two
dimensional distance transform on the binary image, the transform including the
steps of:

| (@) locating boundary pixels and assigning a distance value of 0.717 to all 8-

boundary pixels and 0 to all 4-boundary pixels;



15. Method of claim14 further including the step of performng, rf WO
“di meYisi onal distance transformon the binary inmage, the transfor HEW 1 2005i ng

the ste g | ocating boundary pixels and assigning hPhees val ue
of 0. 717 309{/ g("g;) boundary pi xel s angbﬁ to all 4- boundary‘agﬁ/)égl s; \
8

02/ 058008 31 - 7 JUN 2005 PCT/SQ01/0 .(b) queuing all boundary pi xel s;
(c) iterativel . cal ul a di stance val ues of the interior object pixels
by conp@>| ngq%%'*ﬂ:'ﬁ &Md&rﬁB vhavi ng di stance value d(p) with its

nei ghbor@) q hgsafigel)i %b@“ufaﬁtln\gab‘l&énéé q\)/alué§CBf tthét lntél‘i&r 'dbj@Ktpblx’elsg(tB‘) i's

| ess than"d(q), then d(q) is"set to d(p) + 8(p) and g is put Into the.

queue; (ii) otdreparisg, eda;hq)qwe;mi rgxels pt havifigs tdisteace avaleeod(p) »with gits
an 8- or 4-connected

Wh h
vt anbor o) SAESERal paRRYS %{ﬁ@nea>vaé%%ﬁp§€q‘3nadqwaia| Culatod di stance
val ues with a(,)t abl ﬁd@{)) d'&%ﬁ)r@tl@séjtlﬁérﬁafcgl tHe i$ gep@,t @(pl) .;ag@) %t,ﬁngqssl ndex

for each object pixel.” 16." 'Method of c erein the'l ocal maxi mum
pi xel s are | ocat edpb’ylnto tlmmmél;e,ng | ocal maxi ma of the distance indexes,

wher eby the | the | ocal imum els. ,17. Met hod of clal m
14 V\,he)r/ei n an@‘ oneng'leﬁé(ls f@&ﬁ‘%ﬁyaﬁufk@&ﬁa%e pﬁ@&t@d"x%‘sﬂ 'ng the

foll ow ng st epgierks) 8@'@Hé§tthé‘gla%’e IROLERK HIRGE of @raﬁ‘?@hornﬁfbdrﬁféélt%d

maxi mum obj ect pi xel s; cal cul ating the number ‘of obj ects for eac .
i nduced i mageneighbbr bﬁptres:ﬂrﬂn’mvelyhandunber of objects is at least two, the

o xel . 18) NeeHBRaLS s SRR R R b so et o disorel Sfstdhe Y o

| ocated usinga(B8 @btémv'arwst%heesndé@)orlémtds]gcteasaal di stance pairs of
pi xel s fromthe non-local maxi mum object pixel's; (b) cal culating an

i nduced pair imge for each equal distance pair of pi xel s
16. Method of claim 15 wherein the local maximum pixels are located by
identifying local maxima of the distance indexes, whereby the local maxima
are the local maximum pixels. |

17.  Method of claim 14 wherein any one-pixel wide valley pixels are located
using the following steps: '

(a) calculating an induced image for each non-local maximum object pixels;

(b)  calculating the number of objects for each induced image, such that when
the number of objects is at least two, the corresponding non-local

maximum object pixel is a one-pixel wide valley pixel.

18.  Method of claim 14 wherein any two-pixel wide valley pixels are located

using the following steps:

(a) locating equal distance pairs of pixels from the non-local maximum object
pixels; '

(b)  calculating an induced pair image for each equal distance pair of pixels
that do not have any one pixel wide valley pixels or two pixel wide valley

pixels as neighbors;



that do not have any one pi xel wi de valley pixels or two pixel w de valley
pi xel s as nei ghbors; -* 7 JUN 2005 WD 02/058008 PCT/ SG01/ 00008 32 A QUN 2005

cal cul at {g, /(mmp;unber of objects for each induced pair ingggcc &M%PO; hat
when the nunber of objects is at |east 94 WO, the correspondi ng equa

di stance pixel pair is a two-pi er Wi de val l ey pixel. 19. Method of claim
14 furt i ncl,ud t ess for pri, mar skel et on .
det er mi rr:(ieﬁﬁg a?ﬁJCH%\;\/%QIJBFe'E ENogr 8 jects ?Bh%aﬁg Indyuee Pagldmaé@alsucélfé\ﬁént s,
i ncl udi ng t heyRERPEE] t i 29 t Xes
of the initial F:"sﬁe'léﬁlet gunﬁtgérer@rférﬁé%tg Ehgeclgrg%ﬂe%g]b?rﬁ%a#&ré%@%ba[}'ﬁ éqﬁ%ﬁ nd;
(b) organi zi rdjstancecpikekpair jsra h&m-}plwwléewalleylmdvaxl nd lists, each |ist

containing the skeletal elenents of the current primary skel et on havi ng a
specific distance index; (c) in consecutive |ist order, conparing each

skel et al1®| engBthéy V@Sft&lalnﬁsm TaHAEP A duding® YR prficdss ok X Yoirhing 4Spffn?

current skeletal element and its di stance X I'S not
p, then Skelejoa bueﬂ@teamna;ngneny newndkelatal; elenmantsf fromi $hea laklel eskaletel enent

candi dat d,a w skel e elenment, then q is added to the end of
t he corrggg'%ﬁ églu?frggtt% 2'% %hod of claim 19 wherein the step of

det er mi riahg ldet@rmfmlﬁg r@%&kmlﬂhabf tﬁé%@tﬁndeﬂ%d&é@% f)é%he %Itfé;i s'ﬁ]élé’c‘éll an

s-induced image for q; (b) cal cul ating the nunber of jects o
s- |nduced i @m‘%{ﬁﬂo(‘if)e Grsent prémanndieletan, daxdeds of the s-induced |mage

:ﬁ 2It ai %BL fu t @nﬁ\ uda'rq r{f g”me%?g ez(#ﬂ) ﬂ% hééﬁl@ﬁ@ %Odﬁ%% l'?r#am nmum

pi xel s to obtenmamxmglﬁaeplskeletam élenfatid of ahe et prlnﬁ\a@rg/b@keﬂkﬁpn_(h’r’évm%@“ ng
any surface patc and for each surface patch: eterm ning the

nei ghbori ng ﬁg?éqlfgc distance index;
() in consecutive list order, comparing each skeletal element p with its

neighbors q, such that:

(@ if g is not a current skeletal element and its distance index is not
less than that of p, then g is a skeletél element candidate;

(i) if q is a skeletal element candidate and also a new skeletal element
then q is added to the end of the corresponding list.

20. Method of claim 19 wherein the step of determining if g is a new skeletal
element includes:
(a) calculating an s-induced image for q;

(b)  calculating the number of objécts of the s-induced image; and

(c)  when the number of objects of the s-induced image is at least two, then q

is a new skeletal element.

21.  Method as claimed in claim 14 further including the step of removing
redundant Jocal maximum pixels to obtain a one-pixel wide skeletal curve,
including:
(a) locating any surface patches; and for each surface patch:

(i determining the neighboring pixels;



7 JUN 2005 \\' O 02/058008 PCT/S@01/00008 33 (ii) if only one nei_g?bm‘i [ag
‘pixel’ is a local maxi mum pixel., designating that pixel as undele 6{’ !

(i) 1fvwwawuedso@r e nei ghboring pixel are |ocal maxi num ppgekgerddign: (A
if there is only one 4-connected neighggr that is the local naxi num pixel,

then this pixel is marked undel etable; or (B) if there are at |east two

4- ted i ghb t hat . | . i then the fi et l..
st o Sikre . Rrdnl S BEEnRRARG oifE s B e bSmbRh kel Hesiatiodan o,
or (O if there arthatpidelecanneibiedbiei ghbors, but at | east one 8- connected

pi xel , one of  the at | east one 8-connected pixels is, marked undel et abl e;
or (iv) cal cuiiBti nf tWRer metRRighhaged pixel@re frcatmaximum pixeletham: f ace

patch that have n be d t X ~calicyl at | n er
of objects within gél)ch ?ﬂhﬂﬁéﬁgf"’rﬁﬁggﬂfﬁ ?J"?'?eﬁ(‘%% W@Pe# @‘LF‘* E%j@%?’?cggb at
least 2, then the |ocal _mmrinunﬂf:bdemhen@ﬁistmﬁelStslrﬁaak@d pRYslatdise;mr ked

undel etable, otherwise it is deleted. 22. In a nethod of skeletonizing a

two di mensional bi Bty ifithgee aEe Ablarsd typ 4-repnesing neighhsrs éhatargdooal | ey

pi xel s including the fol i t : [ L j . flor each
non-| ocal maxi mum obj ecﬁ%@ﬁ}é tﬁg éﬂ??[r?ﬁﬁﬁgg?lﬁﬂn%%wqﬂtﬁ %???'&‘glr each
i nduced igage, such thiatombacn\doWre%mmpheison,filsmmmeﬁ&nﬂelmblléparsé tWOi I t he
correspondi ng non-|qQcal ., maxi num obj ect pixel, ig one- pi xel, wi de vall ey
ixel P23 1 o melBba G TSk FLBoRp A i Had R olat i ay Onedre. . a
method of |ocating twogghx&ltedl OgeSIYBhé%\ftﬁé)éﬁle%s't BRé \edbSHthdchsd BJe'l§}‘é’: ng

steps: WD 02/058008 34 r 7 JUN PCT/ S1/ 00008 (a) locating equa
di stance pairs of pixel sndrkednundeletablel ocal maxi num obj ect pi xels; (b)

cal cul ating agyi nduged, pai f LTRAE.L 9% 835 LRI el efl SHARCEPRIrtac pBIcke! S
that have not been marked undeletable;
(v) .  calculating the number of objects within each induced image;
(vi)  if the number of objects is at least 2, then the local maximum pixel

of the surface patch is marked undeletable, otherwise it is deleted.

22. In a method of skeletonizing a two dimensional binary image, a method of

locating one-pixel wide valley pixels including the following steps:

(a) calculating an induced image for each non-local maximum object pixel;

(b)  calculating the number of objects for each induced image, such that when
the number of objects is at least two, the corresponding non-local

maximum object pixel is & one-pixel wide valley pixel.

23. In a method of skeletonizing a two-dimensional binary image, a method of

locating two-pixel wide valley pixels including the following steps:



that do not have any one pixel w de valley pixels or two pixel wde valley -
'pi xel's as neighbors; (c) calculating the number of objects for ea&h iJHﬁu?@éd
pai r i mag&0 igwssnoshat when the nunber of objects is at | eastr/dcmpodiie
correspondi ng equal distance pixel papg is a two-pixel wde valley pixel.
24. Conputer program product including a conputer usable nmedi um havi ng

on Sai a K ura o R TR R Bt PR R R ARE b ) PG RERIR £

data processipixglsystem said conputer program product further including

iy 1 ocaOlaxCARHBILRS THUEHS FRInERg0F HaD@a0) AURGHEAGe H GRGIRIRel

Vel ey pi xol & 80 (e ut bke PR G s Vo kA RCoR o i R yalef”

skel et on, whepbiels elsendighitoraj skel etal el ements conprise the |ocated | ocal

g? i'e|msjm |)er %’alc%rl]gt-irf)g' ﬁ% n\ﬂmm %r\f)?lolb?gctglé?lesachaig uég\é) -pglirxi?rllagvg,dseuc\f\a!dlaefy
when the number of objects is at least two, the corresponding equal

distance pixel pair is a two-pixel wide valley pixel.

24.  Computer program product including a computer usable medium having

computer readable program code and computer readable system code embéc-:ijed

on said medium for skeletonizing a two dimensional binary image within a data

processing system, said computer program product further including computer

readable code within said computer usable medium for:

(a) locating any local maximum pixels in the binary image;

(b) locating any one-pixel wide valley pixels in the binary image;

(c) locating any two-pixel wide valley pixels in the binary image; and

(d)  forming a current primary skeleton, wherein the initial skeletal elements
comprise the located local maximum pixels, one-pixel wide valley pixels
and two-pixel wide valley pixels.



