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Abstract; A source image is regarded as a polygan, and the extended line of the morphologic conditional
skeleton must cross the vertex of a polygon. The ennvex corvers can be ohtained throngh deteciing the zero
radius of the maximum plate on morphologic skeleton. All the results of corner detection are given by logical
hetero-or operation between two corner sets of source image and its supplementzl image. In addition to the
pseudo lattice, corners which are generated by discrete sampling can also be eliminated. This method has very
high value in exactly locating the corner. can reduce the computational cost, only requires simple hardware
equipment s and is convenicut [or parallel provessing. Because of using large plate to detect corner, this method is
goud for noise filtering and can be popularized o gray images by using two kinds of large plate,
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A corner is defined as the junction point of two or more straight-line edges. Corners are special {eatores in an
image. They are very useful in computing optical flow, pattern recognition, image matching, motion analysis and
sa on. The earliest corner detection method involved segmenting an image into regions first and then using a chain
code to represent the object boundaries. The work done by Rosenfeld™" to detect a corner using k-curvature s the
mativation for this work, but it is too simple to salve the problems completely. Asada'®! used Gaussian smaothness
technique and cubic f-splines to ealenlate k-curveture, detect the discontinucus paints on a curve, and then find
the corners. Other developments hased on Asada’s work include those by Langride'™!, Gerard Medioni™®! and
Fischler’', Another method [or grey image corner detector is proposed by Krishnan es af. ™, in which they
described & corner as the production of the sine in 7 and an exponential in its direetion in a portion of the mask and
the production of twao sines in o and v direciions in the remaining portion. However. these methods need complex
computation and are difficult to implement using hardware,

In this paper, a novel method for vorner detection based on mathematical morphologic skeleton is proposed.
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The source image is regarded as & polygon, and the corners can be obtained through detecting the zero radius of the
maximum plztc on morphelogic skeleton. In particular, the corners of @ concave vertex ean be obtained using the
supplemental image. All the results of corner detection are given by logical hetero-or operation hetween two cotner
sets ol the source image and its supplemental image. Tn addition. the pseudo lrttice corners where are generated by
discrete sampling can be eliminated. Experiments show that this method works well » performs at & high computa-

ticnal speed and is casy to implement using hardware.
1 The Mcthod of Skeleton Extracted from Continuons Seis

Definition 1. Suppose the ser X and structure element 5 are two arbitrary sets of points in F? space.
Minkowski addition and subtraction can be defined as follows .
XEB= (X B.Nx7 7}
X88={r.B.cX}
where, Bi=lx—6:6€ B}, B, = {x+b.6€ B).
Definition 2. Suppose X € F2. K is a closed unit sphere in £2. If »B, (» >0 is a real numhber) satisfics the
following three conditions .
1} rbB=X
2) There is not any other structurce element + B (X .+ B, 2r B,
3) rB.is the maximum plate in set X, point x is the center and r is the radius. Point z is called the skeleton
point in set X. All skeleton points are called the skeleton of set X and denoted as SK{X), and the center of the

maximum plate whose radins is » 18 denored as SK, (X}, all of which appear SK(X)= J3K,(X).
)

It D{x) is the maximum plate on skeleton point =y then sct X can be reconstructed completely using skeleton,

thus, X= |J D¢z

£ IR(K)
Defimition 3. Suppose X € E’, B is a convex structure element (including coordinate origin) , and for any x €
X Sup{rirB. X}z X i o
By ey () = £ is called the constructing characteristic function of sct X about structure
0 r&X

element B. r5,(x) B, denotes the maximum constructing characteristic clement carresponding to ¥X. When for B is

a closed unit sphere, the constructing lunction is denoted as ry ().

& ( ,Y@(?‘ a
Definition 4. Les X € £, B is a closed unit sphere, then SK*(X) — {x,.hm dlx xlr) £ R

: >ﬂ}1Q21

Ao, XOGx(x)+t)B)
£

is called the condition skaleton of set X, and I'i_~ is called the contract ratio of skeleton
point r, where ¢ denotes the Euclid distance.
M aESKIX)Y, and d (. X@(ry (23 +B)— ¢, so SK(X)CTSK(X), thus
ﬁ the sel of conditional skeleton is a proper subset of skeleton.

g {j\ Suppose X is a polygon and one of its internal angles is 26, When a<<1/sind,
Fig. § (.ond[tumal skeleton

. SK7(X) is the bisector of this internal angle; otherwise, when a<1/sinf, it is a
halve the internal angle

null se1. To an appointed e, SK*(X) filters thosc biscctors cross the internal an-
gle 26 which satisfy the condition (sinf>1/e), ir is shown in Fig. 1. Formula (1) gives a new method 1o compute
condition skeleton.
SKI(X)=(XOrB)— (X8rB)stPla—1)drB (1)
where structure element B is a unit plate, dr is a positive minuteness real number, dr® is a minutencss plate with
a radius dry and ( * Jaeis a symbol of morpho]ogica.l opening for rB 1o ( » }; thus

(XOrB) s = (XOrB)BdrB]PdrB
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For all appearances. when a=1,
SK'UX)=(X&B)—(XOrB)un
SKHX)=8K(X)

The skeleton of X is the conditional skeleton of X when #==1. According to the characters of the conditional
skeleton, the extended line of the conditional skeleton must cross the vertex of a polygon. o conditional skeleton
halves the internal angle of the palygon X, and for cach vertex of X there is ane extended line of the canditianal
skeleton crossing il. The corner of X must be on extended line of the conditional skeleton, and the maximum plate

of the skeleton point on the conditional skeleton tends to zero when near 10 the corner.

Then the corner is denoted as SKUX)=X X=X (XOIrB)PdrB (2)
Corner detection is the simplest method in this case, as shown in Fig. 2.
Let X =0 PQ; be a polygon. so: &y . E*\\__/ P
(XOdrB)DdrB=Q ABQ, X — (XBdrB)Sdr—PA ABPB e AT
The result of corner detection is the region made up ol 74 ,;Di,[’h‘. ,6'//
The greater drf is. the larger are the regions that can be derected. So Fig 2 The resull of corner detection,
we can use large o~ plate to deteet corner. Given a threshold Ty when dr  with the dash denoting the skelewon

>T, all corners with radius larger than or can be detected, and the noise with radius less than dr is filtered. This
result of corners detection by large plate is regarded as the first step for corner deteetion, then the accurate corner
detection is conducted by using operator §&,(X).

Because SKU(X)=SK(',(X) , the internal angle Fsinf<1/a=1) can only be detected according to the charac-
ter of the condition skeleton. The internal angle should be less than 18§0°, thus operator SK,(X) is only for detec-
tion of the convex corner rather than the cancave corner. Tn this case, we shoubd caleulate the supplemental set X

of X first. then valeulate the corner of X7, All the corners of X and X* comprise the whole corner set of X.

2 The Method of Corner Detection for Gray Image

Corners are identified where the direction changes rapidly in a chain code in discrete binary image. but drB
cannot be sel too large in discrete image and should be expressed as an accurate plate, As a result, Formula (2}
should be changed to a generalized morphologic opening pursuant to the {ollowing Formula (3),

SK(X)=X—(XBB.)$HB, (3}

The radius of 5,15 one pixel larger than the radios of By in discreie binary image, and X van be reconsirucied

completely. Then, the two kinds of minimum plate S, and Sy are defined, and shown in Fig. 3.

Suppose the binary image is I, then

(%) DS, Gajy=maztIG | 1,0 TG+ 1y d G ) TG— 1,00, j—1))
by 198, G y=min LG +1 ) I+ 1 TG0 JG—1.7). TG =10}
4
Fig. 3 Two kinds of If the radiuses of 8 and B, are unequal. ane needs to use a more complex caf-
discrete munimum plate culation. The following Farmula (4) is used as a corner derection operator,

Cory =T — (1685, )5S, (4)
This operator van only detect the convex corner whose internal angle is less than 30° but miss these corncrs
whose internal angle is less than 180" and larger than §0°. It can also remove the pseudo latiice corner gencrated by
discrete sampling . which means that this aperator suits to detection of the acute angle corner.
Fur detection of an obtuse angle corner, B, should be a proper subset of B, and is much similar to a plate in
Formula (3). As a result, the following Formula {5} is used as a new corner detection operator,
Cor,=1—{105 S, (5)

SCAHIFICIT hieped/ www. jos. org. cn




1598 Journal of Sefrware B4 FI/  2001,12Q1D

This operator is not only used for acute angle corners but also for obtuse angle corners. such that ali the
points whose directions change rapidly in chain code will be detected. Tmportantly . the diagonal at 45° direction
will be detected as a continuous line because there is a little sidestep in each adjacent point on the diagonal. The
supplememal mage [” of source image 7 is calculated for detecting corcave corner, but 1he boundaries of T and I°
are nat the same and have one pixel discrepancy. After executing a dilation calculation fur F'o ' — PS8, I' and [
have the same boundary. The Cory operazor in the lollowing Formula (6} is used for I’ corner detection.

Cory=1'—{'O8,)DS, (6}

The concave corner of T is detected using this operators and the diagonal at 15" direction is detected as a
continuous line which is the same as that obtained using Cor;. As a result, all the corners are denoted as the
following Formula (7).

Cor=Cor, ACur, (&rd)]
where A denotes the hetero-or aperation of two images. Figure 4 shows the flow chart of the corner detection

methad based an morphologic skeletan in hinary image.

N [ N X @
I—F@TI—+I®SAP- a ; |lfof I XXX ol
b e o o0 00 o000
T : o 'YX XX ooe
{BS, |‘L’I B8, B, ]_"—i_”r LA ®
H g 5.,
= 20 w2
Fig. 4 Flow chart of the corncer detection method Fig. 5 Two kinds of discrete
based on morphologic skeleton 1 binary image minimum plate for gray image

This method can be used to gray images. In gray image, the value of pixel gray degrec can be regarded as the
high value in 3D coordinate system, and the polygon of binary image becomes a polyhedron. We can use the
conditienal skeleton to detect corners. Becsuse the edges in gray imege are smooth sidesteps, these edges can be
detected as corners. According to Formula (1), to locate accurate corner, the minuteness radius or of plate is
neaded, but for smooth sidestep edges. the radius dr of plate should be large. A number of experiments show that
two kinds of minimum plate 8, and &, are good for gray image corner detection(Fig. 5).

Cory==T— (108,105,
Cor;=I' - I'05:,)DS5 .
Sz can be decompnosed intn two structire elements Sy, 5, Minkowski addition and S, can be decomposed into two

structure elements S,, &, Minkowski addition. so

Sw="5 055,

81 =5,55,
Cory=1— (185,85, 88,PS. (8
Cor,=F — (I'05,085,)55,Ds, ()
Cur,=Cors ACor, (10

For gray image
TIPS, Gy =max{JG41, 410 7G4 1,0, TG+, =10 G j 1), TG 5.
TG =10, 0G - Lt 100G — 1, 000G 1. — 1t +v
IB5: G ) =min{TGH1, i+ D61 006G+ -0 IG5+ 1,10
TG =D G—=1 4+ 100G 1,0 00U =1, 1)) —w
v is a constants i (s related 1o image gray.
We use Cor, operator for corner detection in gray image. Se a threshold Vr. If the value of pixel in Corg is
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greater than the threshold Vi, this point is regarded as a -+ Cor g |-
. . . - I y Y v y
corner. This method is influenced by noise and the gray | A fot Binary }of 88, - Cor

: — Cor 5 |-
degree changes. It can detect points other than corners, | !

Fig. 8 Flow chart of the corner defection method

thus, better method for gray image corner detection should based on morphologic skeletion in gray image

he paid mare attention to in the future research. Figure §

shows the flow chart of the corner detection method for gray image,
3 The Result of Experiment and Conclusion

Figure 7 shows the result of corner dezection for English letters “HUST”. (a) is the source image. and (b) is
the result of corner detection using operator Cor;. It shows that only the concave corners are detected. (¢) is the
result of corner detection nsing operator Cory and shows that only the convex corners are detected. (d) is the result
of hetero-or operation between (b} and (c), showing that the real corners in the source image are boosted up, and

the pseudo lattice corners on the diagonal are eliminated.

HUST | « -« | -

(a} (b) (<’ (d)

Fig.7 The result of corner detection {or English letters “HUST™

The result of corner detection of concave polvgons with holes is shown in Fig. & (a) is the source image;
{b) is the result of corner detection using operator Corys (¢) s the result of corner detection using operator Cory
(d) is the result of hetero-or operation between (b) and {(c); (e) is the result of corner detecticn using operator
Cory. Only the acute angle corners arc detected. (£) is the result when the supplemental source image is operated
by operator Cor,. After (f} is hetero-or operated with (e}, all real corners are detected. except for the obtuse
angle corners.

There are (1+4-+8)N* comparison calculations tor an N % N pixels image by operator Cor.y (1—4+1+4+
8YN® ealculations hy operator Cory. and NP caleulations by eperator Cor. 8o there are only 32N%comparison
caleulations and no any other complex calculations for Fig. 4. There are only 48N® comparisen calculations for Fig.
B and can get the result of corner detection for gray image.

The experitments shaw that this method is very useful in locating the corners, can reduce the computational
cost, It only needs simple hardware, is convenient for parallel processing. is good for noise filtering and is anti
disturbance because ol executing Minkowski subtraction first, The greater are the radiuses of structure elements
B and B;, the larger are the regions for corner detection and the easier is corner estimation. Thus, the precision
for location of a corner is reduced. end the computational cost is increased. The future research will focus on
corner detection in gray images.

Figure § shows the result of corner detection for gray image by using operator Cor,. (a) is the source gray

image with noise, (b} is the result of corner detection, processed to binary value, There are many pseudo corners

m (h),
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(a) (b) (c}
N "' L
) Yo il Y -
EENE TR ," hld
R AN , :
'4 ‘“ ' - ' ] ' Al
(d) (e) ()

Fig. 8 The result of corner detection for concave polygons with holes

(a) (b)

Fig.9 The result of corner detection for gray image by using operator Cor,
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