
US 20020159622A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2002/0159622 A1 

Schneider et al. (43) Pub. Date: Oct. 31, 2002 

(54) 

(75) 

(73) 

(21) 

(22) 

(63) 

(51) 
(52) 

METHOD AND SYSTEM FOR FAST 
DETECTION OF LINES IN MEDICAL 
IMAGES 

Inventors: Alexander C. Schneider, Mountain 
View, CA (US); Jimmy R. Roehrig, 
Palo Alto, CA (US) 

Correspondence Address: 
PENNIE & EDMONDS LLP 
1155 Avenue of Americas 
New York, NY 10036-2711 (US) 

Assignee: R2 TECHNOLOGY, INC. 

Appl. No.: 10/152,462 

Filed: May 21, 2002 

Related US. Application Data 

Continuation of application No. 09/087,245, ?led on 
May 28, 1998, noW Pat. No. 6,404,908. 

Publication Classi?cation 

Int. Cl.7 ..................................................... .. G06K 9/48 

US. Cl. .......................................... .. 382/128; 382/199 

(57) ABSTRACT 

Amethod an apparatus for detecting lines in medical images 
is disclosed, Wherein a direction image array and a line 
image array are formed by ?ltering a digital image With a 
single-peaked ?lter, convolving the resultant array With 
second order difference operators oriented along the hori 
Zontal, vertical, and diagonal axes, and computing the direc 
tion image arrays and line image arrays as direct scalar 
functions of the results of the second order difference 
operations. Advantageously, line detection based on the use 
of four line operator functions along the horizontal, vertical, 
and diagonal directions in accordance With the preferred 
embodiments actually results in feWer computations than 
line detection based on the use of three line operator 
functions. In particular, because of the special symmetries 
involved, 3x3 second order difference operators may be 
effectively used. Moreover, the number of computations 
associated With the second order difference operations may 
be achieved With simple register shifts, additions, and sub 
tractions, yielding an overall line detection process that is 
signi?cantly less computationally intensive than prior art 
algorithms. Also according to a preferred embodiment, 
computational complexity is reduced by selecting a sepa 
rable single-peaked ?lter, and sequentially convolving the 
digital image With the component kernels of the separable 
single-peaked ?lter. 

SELECT SPATIAL SCALE PARAMETERU 
AND FILTER KERNEL SIZE NK 

502 
/ 

I 504 
CONVOLVE DIGITAL MAMMOGFIAM / 

IMAGE WITH NKX‘I KERNEL 
1X=G;1 

L /506 
CONVOLVE1X WITH 1 x NK KERNEL 

IG=IX“GY 
512 

I /508 I /s1o ‘ / 
O 1 O 1 O -1 0 -1 O 

A=1G*-I O —1 DZIJO 0 0 |__1G* _14 _1 
0 1 0 -1 0 1 _1 0 

514 
1 1 1 / 

516 
/ 518 

f 1 
6m = (1/2) alan(D/A) 

GENERATE LINE IMAGE L(i,j) FROM 
W016 )AT EACH PIXEL max 



Patent Application Publication Oct. 31, 2002 Sheet 1 0f 5 US 2002/0159622 A1 

102 

SCAN IN -/ DIGITIZE 

I 104 
ADJUST RESOLUTION 

(OPTIONAL) 

I 106 
LINE AND DIRECTION DETECTION 

l ‘I08 
SPICULATION DETECTION AND PFIIORITIZATION 

I 110 
OUTPUT TO DISPLAY DEVICE 

FIG. 1 



Patent Application Publication Oct. 31, 2002 Sheet 2 0f 5 US 2002/0159622 A1 

202 
SELECT SPATIAL SCALE PARAMETER O- / 

AND FILTER KERNEL SIZE NK 

l 204 
FORM FILTER KERNELS KU(O), KC7 (60), AND 

KO-(120) 

l 206 
SEPARATELY CONvOLvE DIGITAL MAMMOGRAM 

IMAGE WITH THE KERNELS KO'(O), K0'(60), AND KO- (120) 
Wo'(0) = 1*KO(0) 
WGIGO) = 1*KUI60) 

W0-(12O):1* KG (120) 

l 208 
FOR EACH PIXEL COMPUTE 

BASED ON VALUES OF w(7 (o), WU(6O), 
AND Wo-(120) TO GENERATE 
DIRECTION IMAGE PM (i, j) 

l 210 

GENERATE LINE IMAGE L(i,j) FROM 
LINE INTENSITY ESTIMATION FUNCTION 
EVALUATED AT @MAX AT EACH PIXEL 

FIG. 2 



Patent Application Publication Oct. 31, 2002 Sheet 3 0f 5 US 2002/0159622 A1 

' 302 

SELECT SPATIAL SCALE PARAMETER a / 
AND FILTER KERNEL SIZE NK 

CONVOLVE DIGITAL MAMMOGRAM 
IMAGE WITH TWO DIMENSIONAL 

SINGLE PEAKED FILTER 
IF = |*F 

I /°6 
CONVOLVE IF WITH SECOND ORDER 

DIRECTIONAL DERIVATIVE OPERATORS 
AT 0,45, 90, AND 135 DEGREES 

304 

l 308 
FOR EACH PIXEL COMPUTE eMAX 

BASED ON VALUES OF WU(O), WU(45), 
W5 (90) AND W0'(135) TO CREATE 

DIRECTION IMAGE eMAX (i, I) 

l 310 

GENERATE LINE IMAGE L(i,j) FROM 
LINE INTENSITY ESTIMATION FUNCTION 
EVALUATED AT QMAX AT EACH PIXEL 

FIG. 3 



Patent Application Publication Oct. 31, 2002 Sheet 4 0f 5 US 2002/0159622 A1 

[402 
DOUBLE THE ARRAY |F TO PRODUCE 

THE ARRAY 2|F 

(404 (408 
SUBTRACT lF(i-1,j) FROM 2|F SUBTRACT IF(i-1,j-1) FROM 2|F 

f‘406 + + (410 
sUBTRACT lF(i+1,j) TO SUBTRACT lF(i+1,j+1) TO 
PRODUCE D2(0)*lF PRODUCE D2(45)*|F 

412 416 
f v v ( 

SUBTRACT lF(i.i-1) FROM 2|F sUBTRACT IF(i+1,j-1) FROM 2|F 

(414 x i ~18 
sUBTRACT lF(i,j+1) TO 
PRODUCE D2(9O)*lF 

sUBTRACT lF(i,,j+1) TO 
PRODUCE D2(135)*|F 



Patent Application Publication Oct. 31, 2002 Sheet 5 0f 5 US 2002/0159622 A1 

/ 502 
SELECT SPATIAL SCALE PARAMETERQ' 

AND FILTER KERNEL SIZE NK 

_". 
CONVOLVE DIGITAL MAMMOGRAM / 504 

IMAGE WITH NKX 1 KERNEL 

L / 506 
CONVOLVE 1X WITH 1 X NK KERNEL 

lG=|X*Gy 

l i 512 508 510 l / 
/ / 

O 1 0 1 -1 O _1 O 

A=1G*-1 0 -1 0:150 0 L=1G*_1 4 _1 
O 1 0 -1 1 0 _1 O 

0 
O 
0 

514 \ / 
W0" (6 max) = (1/2)(L + SQFiT(A2 + D2)) 

(518‘ l l /516 
GENERATE LINE IMAGE L(i,j) FROM 

6m = (1/2) atan(D/A) W016 max) AT EACH PIXEL 

FIG. 5 



US 2002/0159622 A1 

METHOD AND SYSTEM FOR FAST DETECTION 
OF LINES IN MEDICAL IMAGES 

FIELD OF THE INVENTION 

[0001] The present invention relates to the ?eld of com 
puter aided analysis of medical images. In particular, the 
present invention relates to a fast method for detecting lines 
in medical images. 

BACKGROUND OF THE INVENTION 

[0002] Line detection is an important ?rst step in many 
medical image processing algorithms. For example, line 
detection is an important early step of the algorithm dis 
closed in US. patent application Ser. No. 08/676,660, 
entitled “Method and Apparatus for Fast Detection of Spicu 
lated Lesions in Digital Mammograms,” ?led Jul. 19, 1996, 
the contents of Which are hereby incorporated by reference 
into the present application. Generally speaking, if the 
execution time of the line detection step can be shortened, 
then the execution time of the overall medical image pro 
cessing algorithm employing that line detection step can be 
shortened. 

[0003] In order to clearly illustrate the features and advan 
tages of the preferred embodiments, the present disclosure 
Will describe the line detection algorithms of both the prior 
art and the preferred embodiments in the context of the 
computer-assisted diagnosis system of US. patent applica 
tion Ser. No. 08/676,660, supra. Importantly, hoWever, the 
scope of the preferred embodiments is not so limited, the 
features and advantages of the preferred embodiments being 
applicable to a variety of image processing applications. 

[0004] FIG. 1 shoWs steps performed by a computer 
assisted diagnosis unit similar to that described in US. 
patent application Ser. No. 08/676,660, Which is adapted to 
detect abnormal spiculations or lesions in digital mammo 
grams. At step 102, an x-ray mammogram is scanned in and 
digitiZed into a digital mammogram. The digital mammo 
gram may be, for example, a 4000x5000 array of 12-bit gray 
scale pixel values. Such a digital mammogram Would gen 
erally correspond to a typical 8“><10“ x-ray mammogram 
Which has been digitiZed at 50 microns (0.05 mm) per pixel. 

[0005] At step 104, Which is generally an optional step, the 
digital mammogram image is locally averaged, using steps 
knoWn in the art, doWn to a smaller siZe corresponding, for 
example, to a 200 micron (0.2 mm) spatial resolution. The 
resulting digital mammogram image that is processed by 
subsequent steps is thus approximately 1000x1250 pixels. 
As is knoWn in the art, a digital mammogram may be 
processed at different resolutions depending on the type of 
features being detected. If, for example, the scale of interest 
is near the order of magnitude 1 mm-10 mm, i.e., if lines on 
the order of 1 mm-10 mm are being detected, it is neither 
ef?cient nor necessary to process a full 50-micron (0.05 mm) 
resolution digital mammogram. Instead, the digital mam 
mogram is processed at a lesser resolution such as 200 
microns (0.2 mm) per pixel. 

[0006] Generally speaking, it is to be appreciated that the 
advantages and features of the preferred embodiments dis 
closed infra are applicable independent of the siZe and 
spatial resolution of the digital mammogram image that is 
processed. Nevertheless, for clarity of disclosure, and With 
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out limiting the scope of the preferred embodiments, the 
digital mammogram images in the present disclosure, Which 
Will be denoted by the symbol I, Will be M><N arrays of 
12-bit gray scale pixel values, With M and N having exem 
plary values of 1000 and 1250, respectively. 

[0007] At step 106, line and direction detection is per 
formed on the digital mammogram image I. At this step, an 
M><N line image L(i, and an M><N direction image 0maX(i, 

are generated from the digital mammogram image I. The 
M><N line image L(i, generated at step 106 comprises, for 
each pixel (i, j), line information in the form of a “1” if that 
pixel has a line passing through it, and a “0” otherWise. The 
M><N direction image 0maX(i, comprises, for those pixels 
(i, having a line image value of “1”, the estimated 
direction of the tangent to the line passing through the pixel 

(i, Alternatively, of course, the direction image 0maX(i, may be adjusted by 90 degrees to correspond to the direction 

orthogonal to the line passing through the pixel (i, 

[0008] At step 108, information in the line and direction 
images is processed for determining the locations and rela 
tive priority of spiculations in the digital mammogram 
image I. The early detection of spiculated lesions (“spicu 
lations”) in mammograms is of particular importance 
because a spiculated breast tumor has a relatively high 
probability of being malignant. 

[0009] Finally, at step 110, the locations and relative 
priorities of suspicious spiculated lesions are output to a 
display device for vieWing by a radiologist, thus draWing his 
or her attention to those areas. The radiologist may then 
closely examine the corresponding locations on the actual 
?lm x-ray mammogram. In this manner, the possibility of 
missed diagnosis due to human error is reduced. 

[0010] One of the desired characteristics of a spiculation 
detecting CAD system is high speed to alloW processing of 
more x-ray mammograms in less time. As indicated by the 
steps of FIG. 1, if the execution time of the line and 
direction detection step 106 can be shortened, then the 
execution time of the overall mammogram spiculation 
detection algorithm can be shortened. 

[0011] A ?rst prior art method for generating line and 
direction images is generally disclosed in GonZales and 
WintZ, Digital Image Processing (1987) at 333-34. This 
approach uses banks of ?lters, each ?lter being “tuned” to 
detect lines in a certain direction. Generally speaking, this 
“tuning” is achieved by making each ?lter kernel resemble 
a second-order directional derivative operator in that direc 
tion. Each ?lter kernel is separately convolved With the 
digital mammogram image I. Then, at each pixel (i, j), line 
orientation can be estimated by selecting the ?lter having the 
highest output at (i, j), and line magnitude may be estimated 
from that output and other ?lter outputs. The method can be 
generaliZed to lines having pixel Widths greater than 1 in a 
multiscale representation shoWn in Daugman, “Complete 
Discrete 2-D Gabor Transforms by Neural NetWorks for 
Image Analysis and Compression,”IEEE Trans. ASSR Vol. 
36, pp. 1169-79 (1988). 

[0012] The above ?lter-bank algorithms are computation 
ally intensive, generally requiring a separate convolution 
operation for each orientation-selective ?lter in the ?lter 
bank. Additionally, the accuracy of the angle estimate 
depends on the number of ?lters in the ?lter bank, and thus 
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there is an implicit tradeoff between the siZe of the ?lter 
bank (and thus total computational cost) and the accuracy of 
angle estimation. 

[0013] A second prior art method of generating line and 
direction images is described in Karssemeijer, “Recognition 
of Stellate Lesions in Digital Mammograms,”Digital Mam 
mography: Proceedings of the 2nd International Workshop 
on Digital Mammography, York, England, (Jul. 10-12, 1994) 
at 211-19, and in Karssemeijer, “Detection of Stellate Dis 
tortions in Mammograms using Scale Space Operators, 
”Information Processing in Medical Imaging 335-46 (BiZais 
et al., eds. 1995) at 335-46. A mathematical foundation for 
the Karssemeijer approach is found in Koenderink and van 
Doorn, “Generic Neighborhood Operators,”IEEE Transac 
tions on PatternAnalysis and Machine Intelligence, Vol. 14, 
No. 6 (June 1992) at 597-605. The contents of each of the 
above tWo Karssemeijer references and the above Koen 
derink reference are hereby incorporated by reference into 
the present application. 

[0014] The Karssemeijer algorithm uses scale space 
theory to provide an accurate and more ef?cient method of 
line detection relative to the ?lter-bank method. More pre 
cisely, at a given level of spatial scale (I, Karssemeijer 
requires the convolution of only three kernels With the 
digital mammogram image I, the angle estimation at a pixel 
(i, then being derived as a trigonometric function of the 
three convolution results at (i, 

[0015] FIG. 2 shoWs steps for computing line and direc 
tion images in accordance With the Karssemeijer algorithm. 
At step 202, a spatial scale parameter a and a ?lter kernel 
siZe Nk are selected. The spatial scale parameter 0 dictates 
the Width, in pixels, of a Gaussian kernel G(r,o), the equa 
tion for Which is shoWn in Eq. (1): 

[0016] At step 202, the ?lter kernel siZe Nk, in pixels, is 
generally chosen to be large enough to contain the Gaussian 
kernel G(r,o) in digital matrix form, it being understood that 
the function G(r,o) becomes quite small very quickly. Gen 
erally speaking, the spatial scale parameter 0 corresponds, in 
an order-of-magnitude sense, to the siZe of the lines being 
detected. By Way of example only, and not by Way of 
limitation, for detecting 1 mm-10 mm lines in ?brous breast 
tissue in a 1000x1250 digital mammogram at 200 micron 
(0.2 mm) resolution, the value of (I may be selected as 1.5 
pixels and the ?lter kernel siZe Nk may be selected as 11 
pixels. For detecting different siZe lines or for greater 
certainty of results, the algorithm or portions thereof may be 
repeated using different values for a and the kernel siZe. 

[0017] At step 204, three ?lter kernels KO(0), KO(60), and 
KO(120) are formed as the second order directional deriva 
tives of the Gaussian kernel G(r,o) at 0 degrees, 60 degrees, 
and 120 degrees, respectively. The three ?lter kernels K0(0), 
KO(60), and KO(120) are each of siZe Nk, each ?lter kernel 
thus containing NkXNk elements. 

[0018] At step 206, the digital mammogram image I is 
separately convolved With each of the three ?lter kernels 
KO(0), KO(60), and K(120) to produce three line operator 
functions WO(0), WO(60), and WO(120), respectively, as 
shoWn in Eq. (2): 
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[0019] Each of the line operator functions WO(0), WO(60), 
and WO(120) is, of course, a tWo-dimension array that is 
slightly larger than the original M><N digital mammogram 
image array I due to the siZe Nk of the ?lter kernels. 

[0020] Subsequent steps of the Karssemeij er algorithm are 
based on a relation shoWn in Koenderink, supra, Which 
shoWs that an estimation function WO(0) may be formed as 
a combination of the line operator functions W0(0), W0(60), 
and WO(120) as de?ned in equation (3): 

(V3)sin(26))WU(120) (3) 
[0021] As indicated by the above de?nition, the estimation 
function WO(0) is a function of three variables, the ?rst tWo 
variables being pixel coordinates (i, and the third variable 
being an angle 0. For each pixel location (i, j), the estimation 
function WO(0) represents a measurement of line strength at 
pixel (i, in the direction perpendicular to 0. According to 
the Karssemeijer method, an analytical expression for the 
extrema of W0(0) With respect to 0, denoted 0 at a 
given pixel (i, is given by Eq. (4): 

rnin,rnaX 

emimfl/ztarc tanmjweo-wo (120)) (WU(6O)+WU(12O)—2WU(O)) 1712] (4) 
[0022] Thus, at step 208, the expression of Eq. (4) is 
computed for each pixel based on the values of WO(0), 
WO(60), and WO(120) that Were computed at step 206. Of 
the tWo solutions to equation (4), the direction Gmax is then 
selected as the solution that yields the larger magnitude for 
W0(0) at that pixel, denoted W0(0maX). Thus, at step 208, an 
array 0maX(i, is formed that constitutes the direction image 
corresponding to the digital mammogram image I. As an 
outcome of this process, a corresponding tWo-dimensional 
array of line intensities corresponding to the maximum 
direction Gmax at each pixel is formed, denoted as the line 
intensity function WO(0 rnaX) ' 
[0023] At step 210, a line image L(i, is formed using 
information derived from the line intensity function 
W0(0maX) that Was inherently generated during step 208. 
The array L(i, is formed from WO(0maX) using knoWn 
methods such as a simple thresholding process or a modi?ed 
thresholding process based on a histogram of WO(0maX). 
With the completion of the line image array L(i, and the 
direction image array 0 (i, j), the line detection process is 
complete. 

max 

[0024] Optionally, in the Karssemeijer algorithm a plural 
ity of spatial scale values O1, 02, . . . , on may be selected 
at step 202. The steps 204-210 are then separately carried out 
for each of the spatial scale values (O1, O2, . . . , on. For a 

given pixel (i, j), the value of 0maX(i, is selected to 
correspond to the largest value among Wolwmxl), 
WO2(0maX2), . . . , Wonwmxn). The line image L(i, is 
formed by thresholding an array corresponding to largest 
value among Wolwmxl), WO2(0maX2), . . . , Wonwmxn) at 
each pixel. 

[0025] Although it is generally more computationally ef? 
cient than the ?lter-bank method, the prior art Karssemeijer 
algorithm has computational disadvantages. In particular, 
for a given spatial scale parameter (I, the Karssemeijer 
algorithm requires three separate convolutions of Nk><Nk 
kernels With the M><N digital mammogram image I. Each 
convolution, in turn, requires approximately M~N~(Nk)2 mul 
tiplication and addition operations, Which becomes compu 
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tationally expensive as the kernel siZe Nk, Which is propor 
tional to the spatial scale parameter (I, groWs. Thus, for a 
constant digital mammogram image siZe, the computational 
intensity of the Karssemeijer algorithm generally groWs 
according to the square of the scale of interest. 

[0026] Accordingly, it Would be desirable to provide a line 
detection algorithm for use in a medical imaging system that 
is less computationally intensive, and therefore faster, than 
the above prior art algorithms. 

[0027] It Would further be desirable to provide a line 
detection algorithm for use in a medical imaging system that 
is capable of operating at multiple spatial scales for detect 
ing lines of varying Widths. 

[0028] It Would be even further desirable to provide a line 
detection algorithm for use in a medical imaging system in 
Which, as the scale of interest groWs, the computational 
intensity groWs at a rate less than the rate of groWth of the 
square of the scale of interest. 

SUMMARY OF THE INVENTION 

[0029] These and other objects are provided for by 
a-method and apparatus for detecting lines in a medical 
imaging system by ?ltering the digital image With a single 
peaked ?lter, convolving the resultant array With second 
order difference operators oriented along the horiZontal, 
vertical, and diagonal aXes, and computing direction image 
arrays and line image arrays as direct scalar functions of the 
results of the second order difference operations. Advanta 
geously, it has been found that line detection based on the 
use of four line operator functions can actually require feWer 
computations than line detection based on the use of three 
line operator functions, if the four line operator functions 
correspond to the special orientations of 0, 45, 90, and 135 
degrees. Stated another Way, it has been found that the 
number of required computations is signi?cantly reduced 
Where the aspect ratio of the second order difference opera 
tors corresponds to the angular distribution of the line 
operator functions. Thus, Where the second order difference 
operators are square kernels, having an aspect ratio of unity, 
the preferred directions of four line operator functions is at 
0, 45, 90, and 135 degrees. 

[0030] In a preferred embodiment, a spatial scale param 
eter is selected that corresponds to a desired range of line 
Widths for detection. The digital image is then ?ltered With 
a single-peaked ?lter having a siZe related to the spatial scale 
parameter, to produce a ?ltered image array. The ?ltered 
image array is separately convolved With second order 
difference operators at 0, 45, 90, and 135 degrees. The 
direction image array and the line image array are then 
computed at each piXel as scalar functions of the elements of 
the arrays resulting from these convolutions. Because of the 
special symmetries involved, the second order difference 
operators may be 3><3 kernels. Moreover, the number of 
computations associated With the second order difference 
operations may be achieved With simple register shifts, 
additions, and subtractions, yielding an overall line detection 
process that is signi?cantly less computationally intensive 
than prior art algorithms. 

[0031] In another preferred embodiment, the digital image 
is ?rst convolved With a separable single-peaked ?lter 
kernel, such as a Gaussian. Because a separable function 
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may be expressed as the convolution of a ?rst one dimen 
sional kernel and a second one dimensional kernel, the 
convolution With the separable single-peaked ?lter kernel is 
achieved by successive convolutions With a ?rst one dimen 
sional kernel and a second one dimensional kernel, Which 
signi?cantly reduces computation time in generating the 
?ltered image array. The ?ltered image array is then con 
volved With three 3><3 second order difference operators, the 
?rst such operator comprising the difference betWeen a 
horiZontal second order difference operator and a vertical 
difference operator, the second such operator comprising the 
difference betWeen a ?rst diagonal second order difference 
operator and a second diagonal second order difference 
operator, and the third such operator being a Laplacian 
operator. Because of the special symmetries associated With 
the selection of line operator functions at 0, 45, 90, and 135 
degrees, the direction image array and the line image array 
are then computed at each piXel as even simpler scalar 
functions of the elements of the arrays resulting from the 
three convolutions. 

[0032] Thus, line detection algorithms in accordance With 
the preferred embodiments are capable of generating line 
and direction images using signi?cantly feWer computations 
than prior art algorithms by taking advantage of the sepa 
rability of Gaussians and other symmetric ?lter kernels, 
While also taking advantage of discovered computational 
simpli?cations that result from the consideration of four line 
operator functions oriented in the horiZontal, vertical, and 
diagonal directions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] FIG. 1 shoWs steps taken by a computer-aided 
diagnosis (“CAD”) system for detecting spiculations in 
digital mammograms in accordance With the prior art. 

[0034] FIG. 2 shoWs line detection steps taken by the 
CAD system of FIG. 1. 

[0035] FIG. 3 shoWs line detection steps according to a 
preferred embodiment. 

[0036] FIG. 4 shoWs steps for convolution With second 
order directional derivative operators in accordance With a 
preferred embodiment. 

[0037] FIG. 5 shoWs line detection steps according to 
another preferred embodiment. 

DETAILED DESCRIPTION 

[0038] FIG. 3 shoWs steps of a line detection algorithm in 
accordance With a preferred embodiment. At step 302, a 
spatial scale parameter 0 and a ?lter kernel siZe Nk are 
selected in manner similar to that of step 202 of FIG. 2. 
HoWever, in a line detection system according to a preferred 
embodiment, it is possible to make these factors larger than 
With the prior art system of FIG. 2 While not increasing the 
computational intensity of the algorithm. Alternatively, in a 
line detection system according to a preferred embodiment, 
these factors may remain the same as With the prior art 
system of FIG. 2 and the computational intensity of the 
algorithm Will be reduced. As a further alternative, in a line 
detection system according to a preferred embodiment, it is 
possible to detect lines using a greater number of different 
spatial scales of interest 0 While not increasing the compu 
tational intensity of the algorithm. 
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[0039] At step 304, the digital mammogram image I is 
convolved With a tWo-dimensional single-peaked ?lter F 
having dimensions Nk><Nk to form a ?ltered image array IF 
as shoWn in Eq. (5): 

[0040] By single-peaked ?lter, it is meant that the ?lter F 
is a function With a single maximum point or single maxi 
mum region. Examples of such a ?lter include the Gaussian, 
but may also include other ?lter kernels such as a Butter 
Worth ?lter, an inverted triangle or parabola, or a ?at 
“pillbox” function. It has been found, hoWever, that a 
Gaussian ?lter is, the most preferable. The siZe of the 
single-peaked ?lter F is dictated by the spatial scale param 
eter o. For example, Where a Gaussian ?lter is used, (I is the 
standard deviation of the Gaussian, and Where a ?at pillbox 
function is used, 0 corresponds to the radius of the pillbox. 
In subsequent steps it is assumed that a Gaussian ?lter is 
used, although the algorithm may be adapted by one skilled 
in the art to use other ?lters. 

[0041] At step 306, the ?ltered image array IF is then 
separately convolved With second order directional deriva 
tive operators. In accordance With a preferred embodiment, 
it is computationally advantageous to compute four direc 
tional derivatives at 0, 45, 90, and 135 degrees by convolv 
ing ?ltered image array IF With second order directional 
derivative operators D2(0), D2(45), D2(90), and D2(135) to 
produce the line operator functions WO(0), WO(45), WO(90), 
and W0(135), respectively, as shoWn in Eqs. (6a)-(6d). 

[0042] Advantageously, because the particular directions 
of 0, 45, 90, and 135 degrees are chosen, these directional 
derivative operators are permitted to consist of the small 3><3 
kernels shoWn in Eqs. (7a)-(7d): 

02(0) = -1 2 -1 

0 0 0 

D2(45) = 0 2 0 

-1 0 0 

D2(90) = 0 2 0 

0 -1 0 

W135) = 0 2 0 

0 0 -1 

[0043] The above 3><3 second order directional derivative 
operators are preferred, as they result in feWer computations 
than larger second order directional derivative operators 
While still providing a good estimate of the second order 
directional derivative When convolved With the ?ltered 
image array IF. HoWever, the scope of the preferred embodi 
ments is not necessarily so limited, it being understood that 

Oct. 31, 2002 

larger operators for estimating the second order directional 
derivatives may be used if a larger number of computations 
is determined to be acceptable. For a minimal number of 
computations in accordance With a preferred embodiment, 
hoWever, 3><3 kernels are used. 

[0044] Subsequent steps are based on an estimation func 
tion WO(0) that can be formed from the arrays WO(0), 
WO(45), WO(90), and WO(135) by adapting the formulas in 
Koenderink, supra, for four estimators spaced at intervals of 
45 degrees. The resulting formula is shoWn beloW in Eq. 

(1-2 cos(20))WU(9O)+(1—2 sin(20))WU(135) (8) 

[0045] It has been found that the extrema of the estimation 
function WO(0) With respect to 0, denoted 0 at a given 
pixel (i, is given by Eq. (9): 

min, max 

WU(90))}ITI] (9) 

[0046] At step 308, the expression of Eq. (9) is computed 
for each pixel. Of the tWo solutions to equation (4), the 
direction Gmax is then selected as the solution that yields the 
larger magnitude for WO(0) at that pixel, denoted as the line 
intensity W0(0maX). Thus, at step 308, an array 0maX(i, is 
formed that constitutes the direction image corresponding to 
the digital mammogram image I. As an outcome of this 
process, a corresponding tWo-dimensional array of line 
intensities corresponding to the maximum direction Gmax at 
each pixel is formed, denoted as the line intensity function 

[0047] At step 310, a line image array L(i, is formed 
using information derived from the line intensity function 
WO(0maX) that Was inherently generated during step 308. 
The line image array L(i, is formed from the line intensity 
function WO(0maX) using knoWn methods such as a simple 
thresholding process or a modi?ed thresholding process 
based on a histogram of the line intensity function 
W0(0maX). With the completion of the line image array L(i, 

and the direction image array 0 (i, j), the line detection 
process is complete. 

[0048] FIG. 4 illustrates unique computational steps cor 
responding to the step 306 of FIG. 3. At step 306, the ?ltered 
image array IF is convolved With the second order direc 
tional derivative operators D2(0), D2(45), D2(90), and 
D2(135) shoWn in Eq. An advantage of the use of the 
small 3><3 kernels D2(0), D2(45), D2(90), and D2(135) 
evidences itself in the convolution operations corresponding 
to step 306. In particular, because each of the directional 
derivative operators has only 3 nonZero elements —1, 2, and 
—1, general multiplies are not necessary at all in step 306, as 
the multiplication by 2 just corresponds to a single left 
bitWise register shift and the multiplications by —1 are 
simply sign inversions. Indeed, each convolution operation 
of Eq. (6) can be simply carried out at each pixel by a single 
bitWise left register shift folloWed by tWo subtractions of 
neighboring pixel values from the shifted result. 

max 

[0049] Thus, at step 402 each pixel in the ?ltered image 
array IF is doubled to produce the doubled ?ltered image 
array 21F. This can be achieved through a multiplication by 
2 or, as discussed above, a single bitWise left register shift. 
At step 404, at each pixel (i, in the array 21F, the value of 
IF(i—1,j) is subtracted, and at step 406, the value of IF(i+1,j) 
is subtracted, the result being equal to the desired convolu 
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tion result IF*D2(0) at pixel (i, Similarly, at step 408, at 
each pixel (i, in the array 2IF, the value of IF(i—1,j—1) is 
subtracted, and at step 410, the value of IF(i+1,j+1) is 
subtracted, the result being equal to the desired convolution 
result IF*D2(45) at pixel (i, Similarly, at step 412, at each 
pixel (i, in the array 2IF, the value of IF(i, j-l) is 
subtracted, and at step 414, the value of IF(i, j+1) is 
subtracted, the result being equal to the desired convolution 
result IF*D2(90) at pixel (i, Finally, at step 416, at each 
pixel (i, in the array 2IF, the value of IF(i+1,j—1) is 
subtracted, and at step 418, the value of IF(i—1,j+1) is 
subtracted, the result being equal to the desired convolution 
result IF*D2(135) at pixel (i, The steps 406-418 are 
preferably carried out in the parallel fashion shoWn in FIG. 
4 but can generally be carried out in any order. 

[0050] Thus, it is to be appreciated that in the embodiment 
of FIGS. 3 and 4 a line detection algorithm is executed 
using four line operator functions WO(0), WO(45), WO(90), 
and WO(135) While at the same time using feWer computa 
tions than the Karssemeijer algorithm of FIG. 2, Which uses 
only three line operator functions WO(0), WO(60), WO(120). 
In accordance With a preferred embodiment, the algorithm of 
FIGS. 3 and 4 takes advantage of the interchangeability of 
the derivative and convolution operations While also taking 
advantage of the ?nding that second order directional 
derivative operators in each of the four directions 0, 45, 90, 
and 135 degrees may be implemented using small 3x3 
kernels each having only three nonZero elements —1, 2, and 
—1. In the Karssemeijer algorithm of FIG. 2, there are three 
convolutions of the M><N digital mammogram image I With 
the Nk><Nk kernels, requiring approximately 3~(Nk)2~M~N 
multiplications and adds to derive the three line estimator 
functions WO(0), WO(60), and WO(120). HoWever, in the 
embodiment of FIGS. 3 and 4, the computation of the four 
line estimator functions W94 (0), WO(45), WO(90), and 
W0(135) requires a ?rst convolution requiring (NQ2~M~N 
multiplications, folloWed by M-N doubling operations and 
8-M-N subtractions, Which is a very signi?cant computa 
tional advantage. The remaining portions of the different 
algorithms take approximately the same amount of compu 
tations once the line estimator functions are computed. 

[0051] For illustrative purposes in comparing the algo 
rithm of FIGS. 3 and 4 With the prior art Karssemeijer 
algorithm of FIG. 2, let us assume that the operations of 
addition, subtraction, and register-shifting operation take 10 
clock cycles each, While the process of multiplication takes 
30 clock cycles. Let us further assume that an exemplary 
digital mammogram of M><N=1000><1250 is used and that 
Nk is 11. For comparison purposes, it is most useful to look 
at the operations associated With the required convolutions, 
as they require the majority of computational time. For this 
set of parameters, the Karssemeijer algorithm Would require 
3(11)2(1000)(1250)(30+10)=18.2 billion clock cycles to 
compute the three line estimator functions WO(0), WO(60), 
and W0(120). In contrast, the algorithm of FIGS. 3 and 4 
Would require only 
(11)2(1000)(1250)(30+10)+(1250)(1000)(10)+8(1250)(10 
0)(10)=6.2 billion clock cycles to generate the four line 
operator functions WO(0), WO(45), WO(90), and WO(135), a 
signi?cant computational advantage. 

[0052] FIG. 5 shoWs steps of a line detection algorithm in 
accordance With another preferred embodiment. It has been 
found that the algorithm of FIGS. 3 and 4 can be made even 
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more computationally ef?cient Where the single-peaked ?l 
ter kernel F is selected to be separable. Generally speaking, 
a separable kernel can be expressed as a convolution of tWo 
kernels of lesser dimensions, such as one-dimensional ker 
nels. Thus, the Nk><Nk ?lter kernel F(i, is separable Where 
it can be formed as a convolution of an Nkxl kernel and 
a 1><Nk kernel Fy(j), i.e., F(i, As knoWn in the 
art, an Nkxl kernel is analogous to a roW vector of length Nk 
While a 1><Nk kernel is analogous to a column vector of 
length Nk. 
[0053] Although a variety of single-peaked functions are 
Within the scope of the preferred embodiments, the most 
optimal function has been found to be the Gaussian function 
of Eq. (1), supra. For purposes of the embodiment of FIG. 
5, and Without limiting the scope of the preferred embodi 
ments, the ?lter kernel notation F Will be replaced by the 
notation G to indicate that a Gaussian ?lter is being used: 

G. = gm <12) 

[0054] At step 502, the parameters 0 and Nk are selected 
in a manner similar to step 302 of FIG. 3. It is preferable for 
Nk to be selected as an odd number, so that a one-dimen 
sional Gaussian kernel of length Nk may be symmetric about 
its central element. At step 504, the M><N digital mammo 
gram image I is convolved With the Gaussian Nk><1 kernel 
Gx to produce an intermediate array IX: 

IX=GX*I (13) 
[0055] In accordance With a preferred embodiment, the 
sigma of the one-dimensional Gaussian kernel GX is the 
spatial scale parameter a selected at step 502. The interme 
diate array IX resulting from step 504 is a tWo-dimensional 
array having dimensions of approximately (M+2Nk)><N. 

[0056] At step 506, the intermediate array IX is convolved 
With the Gaussian 1><Nk kernel Gy to produce a Gaussian 
?ltered image array IG: 

1G=IX*Gy (14) 
[0057] In accordance With a preferred embodiment, the 
sigma of the one-dimensional Gaussian kernel Gy is also the 
spatial scale parameter a selected at step 502. The ?ltered 
image array IG resulting from step 506 is a tWo-dimensional 
array having dimensions of approximately (M+2NQ><(N+ 
2N1‘). Advantageously, because of the separability property 
of the tWo-dimensional Gaussian, the ?ltered image array IG 
resulting from step 506 is identical to the result of a 
complete tWo-dimensional convolution of an Nk><Nk Gaus 
sian kernel and the digital mammogram image I. HoWever, 
the number of multiplications and additions is reduced to 
2~Nk~M~N instead of (NQ2~M~N. 
[0058] Even more advantageously, in the situation Where 
Nk is selected to be an odd number and the one-dimensional 
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Gaussian kernels are therefore symmetric about a central 
element, the number of multiplications is reduced even 
further. This computational reduction can be achieved 
because, if Nk is odd, then the component one dimensional 
kernels GX and Gy are each symmetric about a central peak 
element. Because of this relation, the image values corre 
sponding to symmetric kernel locations can be added prior 
to multiplication by those kernel values, thereby reducing by 
half the number of required multiplications during the 
computations of Eqs. (13) and (14). Accordingly, in a 
preferred embodiment in Which Nk is selected to be an odd 
number, the number of multiplications associated With the 
required convolutions is approximately Nk~M~N and the 
number of additions is approximately 2~Nk~M~N. 

[0059] In addition to the computational savings over the 
embodiment of FIGS. 3 and 4 due to ?lter separability, it 
has also been found that the algorithm of FIGS. 3 and 4 may 
be made even more efficient by taking advantage of the 
special symmetry of the spatial derivative operators at 0, 45, 
90, and 135 in performing operations corresponding to steps 
306-310. In particular, it has been found that for each pixel 
(i, j), the solution for the direction image 0 and the line 
intensity function WO(0maX) can be simpli?ed to the folloW 
ing formulas of Eqs. (15)-(16): 

WU(9maX)=1/2(L+\/(A2+D2)) (15) 

6maX=1/2a tan(D/A) (16) 

[0060] In the above formulas, the array L is de?ned as 
folloWs: 

[0061] 

O —l 0 (18) 

[0062] As knoWn in the art, the array L is the result of the 
convolution of IG With a Laplacian operator. Furthermore, 
the array A in Eqs. (15) and (16) is de?ned as folloWs: 

[0063] 

010 (20) 

A=1G* -10-1 

010 

[0064] Finally, the array D in Eqs. (15) and (16) is de?ned 
as folloWs: 
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[0065] 

l O —l (22) 

—lOl 

[0066] Accordingly, at step 508 the convolution of Eq. 
(20) is performed on the ?ltered image array IG that results 
from the previous step 506 to produce the array A. At step 
510, the convolution of Eq. (22) is performed on the ?ltered 
image array IG to produce the array D, and at step 512, the 
convolution of Eq. (18) is performed to produce the array L. 
Since they are independent of each other, the steps 508-512 
may be performed in parallel or in any order. At step 514, the 
line intensity function WO(0maX) is formed directly from the 
arrays L, A, and D in accordance With Eq. (15). Subsequent 
to step 514, at step 516 the line image array L(i, is formed 
from the line intensity function WO(0maX) using knoWn 
methods such as a simple thresholding process or a modi?ed 
thresholding process based on a histogram of the line 
intensity function WO(0 rnaX) ' 

[0067] Finally, at step 518, the direction image array 
0maX(i, is formed from the arrays D and A in accordance 
With Eq. (16). Advantageously, according to the preferred 
embodiment of FIG. 5, the step 518 of computing the 
direction image array 0maX(i, and the steps 514-516 of 
generating the line image array L(i, may be performed 
independently of each other and in any order. Stated another 
Way, according to the preferred embodiment of FIG. 5, it is 
not necessary to actually compute the elements of the 
direction image 0maX(i, in order to evaluate the line 
intensity estimator function W94 (em) at any pixel. This is 
in contrast to the algorithms described in FIG. 2 and FIGS. 
3 and 4, Where it is ?rst necessary to compute the direction 
image 0maX(i, in order to be able to evaluate the line 
intensity estimator function W0(0) at the maximum angle 
0 

[0068] It is readily apparent that in the preferred embodi 
ment of FIG. 5, steps 512, 514, and 516 may be omitted 
altogether if doWnstream medical image processing algo 
rithms only require knoWledge of the direction image array 
0maX(i, Alternatively, the step 518 may be omitted alto 
gether if doWnstream medical image processing algorithms 
only require knoWledge of the line image array L(i, Thus, 
computational independence of the direction image array 
0maX(i, and the line image array L(i, in the preferred 
embodiment of FIG. 5 alloWs for increased computational 
ef?ciency When only one or the other of the direction image 
array 0maX(i, and the line image array L(i, is required by 
doWnstream algorithms. 

[0069] The preferred embodiment of FIG. 5 is even less 
computationally complex than the algorithm of FIG. 3 and 
4. In particular, to generate the ?ltered image array IG there 
is required only approximately Nk~M~N multiplications and 
2~Nk~M~N additions. To generate the arrayAfrom the ?ltered 
image array 16, there is required 2-M-N additions and MN 
subtractions. LikeWise, to generate the array D from the 
?ltered image array IG, there is required 2-M-N additions and 
MN subtractions. Finally, to generate L from the ?ltered 



US 2002/0159622 A1 

image array IG, there is required M~N bitWise left register 
shift of tWo positions (corresponding to a multiplication by 
4), followed by 4-M-N subtractions. Accordingly, to gener 
ate the arrays A, D, and L from the digital mammogram 
image I, there is required only 2~Nk-M~N multiplications, 
2~NkM~N additions, 4-M-N additions, 4-M-N subtractions, 
and MN bitWise register shifts. 

[0070] For illustrative purposes in comparing the algo 
rithms, let us again assume the operational parameters 
assumed previously: that addition, subtraction, and register 
shifting operation take 10 clock cycles each; that multipli 
cation takes 30 clock cycles; that M><N=1000><1250; and 
that Nk is 11. As computed previously, the Karssemeijer 
algorithm Would require 18.2 billion clock cycles to com 
pute the three line estimator functions WO(0), WO(60), and 
WO(120), While the algorithm of FIGS. 3 and 4 Would 
require about 6.2 billion clock cycles to generate the four 
line operator functions W0(0), W0(45), W0(90), and 
WO(135), a signi?cant computational advantage. HoWever, 
using the results of the previous paragraph, the algorithm of 
FIG. 5 Would require only 
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[0073] The preferred embodiments disclosed in FIGS. 3-5 
require a corrective algorithm to normaliZe the responses of 
certain portions of the algorithms associated With directional 
second order derivatives in diagonal directions. In particular, 
the responses of Eqs. (6b), (6d), and (22) require normal 
iZation because the ?ltered image is being sampled at more 
Widely displaced points, resulting in a response that is too 
large by a constant factor. In the preferred algorithms that 
use a Gaussian ?lter G at step 304 of FIG. 3 or steps 
504-506 of FIG. 5, a constant correction factor “p” is 
determined as shoWn in Eqs. (23)-(25): 

010 (24) 

KA=G*—I 0-1 

010 

(11)(1000)(1250)(30)+2(11)(1000)(1250)(10)+(4)(1000)(1250)(10)+(4)(1000)(1250)(10)+(1000)(1250)(10)=0.8 
billion clock cycles to produce the arrays A, D, and L. For 
the preferred embodiment of FIG. 5, the reduction in 
computation becomes even more dramatic as the scale of 
interest (re?ected by the siZe of the kernel siZe Nk) groWs 
larger, because the number of computations only increases 
linearly With Nk. It is to be appreciated that the above 
numerical eXample is a rough estimate and is for illustrative 
purposes only to clarify the features and advantages of the 
present invention, and is not intended to limit the scope of 
the preferred embodiments. 

[0071] Optionally, in the preferred embodiment of FIGS. 
3-5, a plurality of spatial scale values O1, O2, . . . , on may 
be selected at step 302 or 502. The remainder of the steps of 
the embodiments of FIGS. 3-5 are then separately carried 
out for each of the spatial scale values O1, 02, . . . , on. For 

a given piXel (i, j), the value of the direction image array 
0maX(i, is selected to correspond to the largest value among 
Wolwmxl), WO2(0maX2), . . . , Wonwmxn). The line image 
array L(i, is formed by thresholding an array correspond 
ing to largest value among Wolwmxl), WO2(0maX2), . . . , 

Wonwmxn) at each piXel. 

[0072] As another option, Which may be used separately 
or in combination With the above option of using multiple 
spatial scale values, a plurality of ?lter kernel siZes Nkl, Nkz, 
. . . , Nkn ay be selected at step 302 or 502. The remainder 

of the steps of the embodiments of FIGS. 3-5 are then 
separately carried out for each of the ?lter kernel siZes Nkl, 
Nkz, . . . , Nkn. For a given piXel (i, j), the value of the 
direction image array 0maX(i, is selected to correspond to 
the largest one of the different WO(0maX) values yielded for 
the different values of ?lter kernel siZe Nk. The line image 
array L(i, is formed by thresholding an array correspond 
ing to largest value among the different WO(0maX) values 
yielded by the different values of ?lter kernel siZe Nk. By 
Way of eXample and not by Way of limitation, it has been 
found that With reference to the previously disclosed system 
for detecting lines in ?brous breast tissue in a 1000x1250 
digital mammogram at 200 micron resolution, results are 
good When the pair of combinations (Nk=11, o=1.5) and 
(Nk=7, o=0.9) are used. 

1 O —l (25) 

KB: G*000 

—lOl 

[0075] In the general case Where the digital mammogram 
image I is convolved With a single-peaked ?lter F at step 304 
of FIG. 3 or steps 504-506 of FIG. 5, the constant correction 
actor p is determined by using F instead of G in Eqs. (24) 
and (25). 

[0076] Importantly, the constant correction factor p does 
not actually affect the number of computations in the con 
volutions of Eqs. (6b), (6d), and (22), but rather is incorpo 
rated into later parts of the algorithm. In particular, in the 
algorithm of FIG. 3, the constant correction factor p is 
incorporated by substituting, for each instance of W0(45) 
and WO(135) in Eqs. (8) and (9), and step 308, the quantities 
pWO(45) and pWO(135), respectively. In the algorithm of 
FIG. 5, the constant correction factor p is incorporated by 
substituting, for each instance of D in Eqs. (15) and (16), and 
steps 514 and 518, the quantity pD. Accordingly, the com 
putational ef?ciency of the preferred embodiments is main 
tained in terms of the reduced number and compleXity of 
required convolutions. 

[0077] A computational simpli?cation in the implementa 
tion of the constant correction factor p is found Where the 
siZe of the spatial scale parameter 6 corresponds to a 
relatively large number of piXels, eg on the order of 11 
piXels or greater. In this situation the constant correction 
factor p approaches the value of 1/2, the sampling distance 
going up by a factor of \/ 2 and the magnitude of the second 
derivative estimate going up by the square of the sampling 
distance. In such case, multiplication by the constant cor 
rection factor p is achieved by a simple bitWise right register 
shift. 

[0078] As disclosed above, a method and system for line 
detection in medical images according to the preferred 
embodiments contains several advantages. The preferred 
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embodiments share the homogeneity, isotropy, and other 
desirable scale-space properties associated With the Karsse 
meijer method. HoWever, as described above, the preferred 
embodiments signi?cantly reduce the number of required 
computations. Indeed, for one of the preferred embodiments, 
running time increases only linearly With the scale of 
interest, thus typically requiring an order of magnitude 
feWer operations in order to produce equivalent results. For 
applications in Which processing time is a constraint, this 
makes the use of higher resolution images in order to 
improve line detection accuracy more practical. 

[0079] While preferred embodiments of the invention 
have been described, these descriptions are merely illustra 
tive and are not intended to limit the present invention. For 
eXample, although the component kernels of the separable 
single-peaked ?lter function are described above as one 
dimensional kernels, the selection of appropriate tWo-di 
mensional kernels as component kernels of the single 
peaked ?lter function can also result in computational 
ef?ciencies, Where one of the dimensions is smaller than the 
initial siZe of the single-peaked ?lter function. As another 
eXample, although the embodiments of the invention 
described above Were in the conteXt of medical imaging 
systems, those skilled in the art Will recogniZe that the 
disclosed methods and structures are readily adaptable for 
broader image processing applications. Examples include 
the ?elds of optical sensing, robotics, vehicular guidance 
and control systems, synthetic vision, or generally any 
system requiring the generation of line images or direction 
images from an input image. 

What is claimed is: 
1. A method for detecting lines in a digital image, com 

prising the steps of: 

?ltering said digital image to produce a ?ltered image 
array; 

convolving said ?ltered image array With a plurality of 
second order difference operators designed to eXtract 
second order directional derivative information from 
said ?ltered image array in a predetermined set of 
directions; 

processing information resulting from said step of con 
volving to produce a line image; 

Wherein said predetermined set of directions is selected to 
correspond to an aspect ratio of said second order 
difference operators. 

2. The method of claim 1, Wherein said second order 
difference operators are square kernels, and Wherein said 
predetermined set of directions includes the directions of 0, 
45, 90, and 135 degrees. 

3. The method of claim 2, Wherein said second order 
difference operators are 3><3 kernels. 

4. The method of claim 3, said step of ?ltering said digital 
image array comprising the steps of: 

selecting a single-peaked ?lter kernel; and 

convolving said digital mammogram image With said 
single-peaked ?lter kernel. 

5. The method of claim 4, Wherein said single-peaked 
?lter kernel is a separable function comprising the convo 
lution of a ?rst one dimensional kernel and a second one 

dimensional kernel, and Wherein said step of convolving 
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said digital mammogram image With said single-peaked 
?lter kernel comprises the steps of convolving said digital 
mammogram image With said ?rst one dimensional kernel 
and said second one dimensional kernel. 

6. The method of claim 5, Wherein said single-peaked 
?lter kernel is a Gaussian. 

7. The method of claim 6, Wherein said step of convolving 
said ?ltered image array comprises the steps of: 

convolving said ?ltered image array with 3x3 second 
order difference operators designed to eXtract second 
order derivative information along the 45 degree and 
135 degree directions; and 

subsequent to said step convolving said ?ltered image 
array with 3x3 second order difference operators 
designed to eXtract second order derivative information 
along the 45 degree and 135 degree directions, multi 
plying the results of said step by a constant correction 
factor to accommodate for more Widely spaced sam 
pling along the diagonals. 

8. A method for detecting lines in a digital image, com 
prising the steps of: 

selecting a spatial scale parameter, said spatial scale 
parameter corresponding to a desired range of line 
Widths for detection; 

convolving said digital image With a ?rst one dimensional 
kernel and a second one dimensional kernel to produce 
a ?ltered image array, said ?rst one dimensional kernel 
and said second one dimensional kernel each having a 
siZe related to said spatial scale parameter; 

producing a line image based on second-order spatial 
derivatives of said ?ltered image array; 

Wherein said line image is produced from said digital 
image using a number of computations that is substan 
tially proportional to the spatial scale parameter such 
that, as the spatial scale parameter is increased, said 
number of computations increases at a rate that is less 
than the rate of increase of the square of the spatial 
scale parameter. 

9. The method of claim 8, said step of producing a line 
image based on second-order spatial derivatives of said 
?ltered image array further comprising the steps of: 

convolving said ?ltered image array With a plurality of 
second order difference operators designed to eXtract 
second order directional derivative information from 
said ?ltered image array in a predetermined set of 
directions; and 

processing information resulting from said step of con 
volving to produce a line image; 

Wherein said predetermined set of directions includes 
directions along the diagonals of the digital mammo 
gram image. 

10. The method of claim 9, Wherein said second order 
difference operators are 3><3 kernels. 

11. The method of claim 10, Wherein said ?rst one 
dimensional kernel and said second one dimensional kernel 
are single-peaked functions each having an odd number of 
elements. 

12. The method of claim 11, Wherein said ?rst one 
dimensional kernel and said second one dimensional kernel 
are Gaussians. 



US 2002/0159622 A1 

13. A method for detecting lines in a digital image, 
comprising the steps of: 

selecting a spatial scale parameter, said spatial scale 
parameter corresponding to a desired range of line 
Widths for detection; 

convolving said digital image With a ?rst one dimensional 
kernel and a second one dimensional kernel to produce 
a ?ltered image array, said ?rst one dimensional kernel 
and said second one dimensional kernel each having a 
siZe related to said spatial scale parameter; 

separately convolving said ?ltered image array With a 
?rst, second, and third second order difference operator 
to produce a ?rst, second, and third resulting array, 
respectively; 

computing a direction image array comprising, at each 
piXel, a ?rst predetermined scalar function of corre 
sponding piXel values in said ?rst, second, and third 
resulting arrays; 

computing a line intensity function array comprising, at 
each piXel, a second predetermined scalar function of 
corresponding piXel values in said ?rst, second, and 
third resulting arrays; and 

computing a line image array using information in said 
line intensity function array. 

14. The method of claim 13, Wherein said ?rst, second, 
and third second order difference operators each comprise a 
3x3 matriX. 

15. The method of claim 14, Wherein said ?rst second 
order difference operator comprises the difference betWeen 
a horiZontal second order difference operator and a vertical 
difference operator. 

16. The method of claim 15, Wherein said second order 
difference operator comprises the difference betWeen a ?rst 
diagonal second order difference operator and a second 
diagonal second order difference operator. 

17. The method of claim 16, Wherein said third second 
order difference operator is a Laplacian. 

18. The method of claim 17, Wherein said ?rst predeter 
mined scalar function comprises the arctangent of the quo 
tient of said corresponding piXel value in said second 
resulting array divided by said corresponding piXel value in 
said ?rst resulting array. 

19. The method of claim 18, Wherein said second prede 
termined scalar function comprises the sum of tWo times the 
corresponding piXel value in said third resulting array plus 
the square root of the sum of the squares of the correspond 
ing piXel value in said ?rst resulting array and the corre 
sponding piXel value in said second resulting array. 

20. The method of claim 19, Wherein said step of com 
puting a line image array using information in said line 
intensity function array comprises the step of using a modi 
?ed thresholding process based on a histogram of said line 
intensity function. 

21. A computer-readable medium Which can be used for 
directing an apparatus to detect lines in a digital image, 
comprising: 

means for directing said apparatus to ?lter said image to 
produce a ?ltered array; 

means for directing said apparatus to convolve said ?l 
tered image array With a plurality of second order 
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difference operators designed to eXtract second order 
directional derivative information from said ?ltered 
image array in a predetermined set of directions; 

means for directing said apparatus to process information 
resulting from said step of convolving to produce a line 
image; 

Wherein said predetermined set of directions is selected to 
correspond to an aspect ratio of said second order 
difference operators. 

22. The computer-readable medium of claim 21, Wherein 
said second order difference operators are square kernels, 
and Wherein said predetermined set of directions includes 
the directions of 0, 45, 90, and 135 degrees. 

23. The computer-readable medium of claim 22, Wherein 
said second order difference operators are 3><3 kernels. 

24. The computer-readable medium of claim 23, said 
means for directing said apparatus to ?lter said image to 
produce a ?ltered array further comprising means for direct 
ing said apparatus to convolve said digital mammogram 
image With a single-peaked ?lter kernel. 

25. The computer-readable medium of claim 23, said 
means for directing said apparatus to ?lter said image to 
produce a ?ltered array further comprising means for direct 
ing said apparatus to convolve said digital mammogram 
image With a separable single-peaked ?lter kernel by suc 
cessively convolving said digital image With a ?rst one 
dimensional component kernel and a second one dimen 
sional component kernel of said separable single-peaked 
?lter kernel. 

26. The computer-readable medium of claim 25, Wherein 
said separable single-peaked ?lter kernel is a Gaussian. 

27. An apparatus for detecting lines in digital images, said 
apparatus comprising: 

a ?rst memory for storing a digital image; 

a ?rst convolution device capable of convolving said 
digital image With a ?rst one dimensional kernel and a 
second one dimensional kernel to produce a ?ltered 
image array, said ?rst one dimensional kernel and said 
second one dimensional kernel each having a siZe 
related to the siZe of lines being detected; 

a second convolution device capable of separately con 
volving said ?ltered image array With a ?rst, a second, 
and a third second order difference operator to produce 
a ?rst, second, and third resulting array, respectively; 

a ?rst processing device capable of computing a direction 
image array comprising, at each piXel, a ?rst predeter 
mined scalar function of corresponding piXel values in 
said ?rst, second, and third resulting arrays; 

a second processing device capable of computing a line 
intensity function array comprising, at each piXel, a 
second predetermined scalar function of corresponding 
piXel values in said ?rst, second, and third resulting 
arrays; and 

a third processing device capable of computing a line 
image array using information in said line intensity 
function array. 

28. The method of claim 27, Wherein said ?rst, second, 
and third second order difference operators each comprise a 
3x3 matrix. 
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29. The method of claim 28, wherein said ?rst second 
order difference operator comprises the difference betWeen 
a horizontal second order difference operator and a vertical 
difference operator. 

30. The method of claim 29, Wherein said second second 
order difference operator comprises the difference betWeen 
a ?rst diagonal second order difference operator and a 
second diagonal second order difference operator. 

31. The method of claim 30, Wherein said third second 
order difference operator is a Laplacian. 

32. The method of claim 31, Wherein said ?rst predeter 
rnined scalar function comprises the arctangent of the quo 
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tient of said corresponding piXel value in said second 
resulting array divided by said corresponding piXel value in 
said ?rst resulting array. 

33. The method of claim 32, Wherein said second prede 
terrnined scalar function comprises the sum of two times the 
corresponding piXel value in said third resulting array plus 
the square root of the sum of the squares of the correspond 
ing piXel value in said ?rst resulting array and the corre 
sponding piXel value in said second resulting array. 


