Lens distortion in optically coupled digital x-ray imaging
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The objectives of this research are to analyze geometrical distortions introduced by relay lenses in
optically coupled digital x-ray imaging systems and to introduce an algorithm to correct such
distortions.Methods: The radial and tangential errors introduced by a relay lens in digital x-ray
imaging were experimentally measured, using a lens-coupled €8&rge coupled deviggroto-

type. An algorithm was introduced to correct these distortions. Based on an x-ray image of a
standard calibration grid, the algorithm first identified the location of the optical axis, then corrected
the radial and tangential distortions using polynomial transformation techrivpseilts:Lens dis-
tortions were classified and both radial and tangential distortions introduced by lenses were cor-
rected using polynomial transformation. For the specific lens-CCD prototype investigated, the mean
positional error caused by the relay lens was reduced by the correction algorithm from about eight
pixels (0.69 mm) to less than 1.8 pixel€0.15 mn). Our investigation also shows that the fourth
order of polynomial for the correction algorithm provided the best correction re3aitclusions:

Lens distortions should be considered in position-dependant, quantitative x-ray imaging and such
distortions can be minimized in CCD x-ray imaging by appropriate algorithm, as demonstrated in
this paper. ©2000 American Association of Physicists in Medicir#0094-24080)03705-9

Key words: lens distortion, optically coupled x-ray imaging system, camera calibration

[. INTRODUCTION point on a scintillator, and focuses it onto a corresponding

Both fiber optically coupled and lens-coupled CCD X_rayconjugate point on an electronic imager. Under the most
imaging systems have been used in digital mammographractical conditions, the lens, same as all other optical com-
and digital radiograph¥-3 The cascaded imaging chain con- Ponents, is not able to form a perfect image due to the pres-
sists of a scintillator, an optical compone(either a relay —€nce of aberrations. Lens aberrations include spherical aber-
lens or a spatial coherent fiber bungland an electronic ration, coma, field curvature, astigmatism, axial color, lateral
imager, such as a CCD imad&f Obviously, the optical ~color, and distortioff. Most of these aberrations degrade the
properties of the lens, or the fiber, can affect the quality ofmage quality by “blurring” the image.

the x-ray imaging significantly. In our previous communica- Lens distortion is a unique aberration in that it does not
tions, the characteristics of optical fiber taper and its impac@legrade the quality of the image in terms of sharpness and
on image contrast were analyzédfhe impact of lens- focus. Rather, it affects the shape of the image, causing it to
coupling efficiency on signal-to-noise ratio was depart from a true-scaled duplication of the original object.
investigated This communication focuses on the geometri- For instance, if one acquires the image of a square grid as
cal distortions caused by relay lenses, since it is well knowrshown in Fig. 2a), the recorded image can be affected by
that aberrations, including geometrical distortions, do exispincushion distortion, as shown in Figk?, and affected by
even with a well-designed and well-built lens. We will first barrel distortion, as shown in Fig.(@. Pincushion is an
introduce the origin of lens geometrical distortion. We will outward displacement of a given image point from its desired
then take the lens-coupled CCD x-ray imaging system as alpcation on a mean image plane: Its magnitude increases, in
example to analyze the positional errors introduced by lenghe simplest cases, as the field angle of the optical system
geometrical distortion. Finally, we will present an algorithm increases. The field angteis defined in Fig. 1. On the other
for correcting geometrical distortions caused by lens in digi-hand, barrel distortion is an inward displacement, and its

tal x-ray imaging. magnitude also increases with the field angle, but with a
different orientationsee Fig. 2c)]. The distortions demon-

Il. GEOMETRICAL DISTORTIONS CAUSED BY strated in Fig. 2 are only radial distortions, which for a

LENS purely rotational system cause the actual image point to be

As shown by Fig. 1, a relay lens used in an opticallydisplaced radially in the image plane, independent of the
coupled CCD x-ray imaging system collects light from aazimuth in the field.
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CCD Fic. 3. lllustration of tangential distortion: A straight line passing through
the center(optical axig of the field is recorded as a weakly curved line. In
this schematic, the dashed lines show the undistorted geometrical pattern
and the solid lines represent the distorted pattern.

Fic. 1. A schematic of a lens-coupled CCD digital x-ray imaging system.

The field anglex is defined as the angle formed by the optical ddistted
line) and the principal ray through the center of the lens connecting the two

conjugate points. Due to the presence of the residual distortion, the local
scale on an image produced by a lens-coupled digital x-ray

In principle, a lens is a rotationally symmetric system. In'Mmaging system may vary both radially and tangentially at a

. : . given image position from the mean value.
practice, no ideal lenses can be made. Small errors retain ; o : o .
: . . . . In many diagnostic-imaging applications, such as routing
in the alignment and centering of a multielement optical sys-

tem lead to tangential displacement of image point: the ma gastrointestinal fluoroscopy, the presence of geometrical dis-
! rtions is often unnoticed by the image readéseffect on

nitude of such distortion depends on both the azimuth an e diagnostic quality is up to discussjofThe presence of
the off-axis position of the field. Figure 3 shows an example eomet%ical dis?ortio)r/]s is IOhowever of reatF:m ortance in
of the tangential distortion. One of the effects of tangentialg ’ o g P

distortion is that a straight line passing through the center Oposmon-dependent, quant|tat|ye 'maging, su_ch as in cardiac
: . catheter placement, neurological embolization procedures,
the field may be recorded as a weakly curved line.

Lens aberrations cannot be avoided completely in o tica‘:f‘nd in image guided biopsy. For instance, the errors intro-
pletely P duced by both radial and tangential distortions reduce the

design; however, they can be minimized. Optical designers "~ .
. - . ositional accuracy of a lens-coupled CCD stereotactic sys-
evaluate the potential contribution of each aberration to th -m

final system performance and adjust the configuration of the
optical assembly to achieve satisfactory performance for
each application. For instance, an optical designer usuall
balances the outward and inward displacements to minimizﬁl' POSITIONAL ERROR INTRODUCED BY LENS
geometrical distortions. The designer, however, has to To investigate the geometrical distortion introduced by
“trade-off” many factors, such as cost and size, againstienses in digital x-ray imaging, a lens-coupled CCD proto-
technical parameters required by specific applications. Withype was used.The system, consisting of a scintillating
exception of certain custom built systems, distortion errors irscreen (Gg¢0,S:Th), a relay lens and a CCD camera, is at-
the range of 1-3 percent may be present in commerciallyached to a clinical x-ray machine. The camera employs a
available relay lenses, when these lenses are used in the immechanical shutter. An optical hood was used to shield the
aging system. CCD sensor from ambient light. The CCD array size is
1024x 1024 pixels, and 0.024 mr0.024 mm per pixel. The
camera was operated under a temperature-2% °C to re-

duce thermal electron noise. The low temperature was
N achieved with a compact thermoelectric cooler. The opera-
tion of the system is described as follow&) During x-ray

exposure, the x-ray beam passing through the testing target is
attenuated and interacts with the scintillating scré@nThe
x-ray photons are then converted into a large number of vis-
@ (b) © ible light photons.(3) The relay lens projects the optical
Fic. 2. lllustration of geometrical distortions introduced by lefa. A scene from the scmtlllatlng screen to the photosensmve sur-

checkerboardlike grid without distortiofl) Pincushion distortion(c) Bar- face_ of the (_:CD camerdd) The CCD Pixel array samples _
rel distortion. the information and creates a digital image. In our experi-
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Fic. 5. lllustration of the coordinate system to characterize lens distortions.

Fic. 4. Digital x-ray images showing the effect of lens distorti¢a. An Th_e optical centerx;,Y.) i; served as the origin of polar qgmain. The base

x-ray image of a checker board like grid, acquired using a prototype lens@Xis ©f the polar system is parallel to theaxis of CarteSI?n :s,ystem. The

coupled CCD x-ray imaging systerth) a standard map of the gridashed ~ distorted and undistorted points are denoteds8) and (o', "), respec-

lines), properly scaled, was artificially overlaid on the distorted x-ray image, fively- The radial distortionAp, tangential distortionA7, and combined

to demonstrate the geometrical distortion. distortion, Ay, are also illustrated in this figure.

ment, this operation was controlled by a computer. The x-rasﬁ_

energy and exposure used in the experiments were 30 kV able 1, radial distortion errors, and total distortion errors
and 32 mAs, respectively. &:ombmed radial and tangential errpese listed as functions

A commercial Nikon lens, F/1.2, 50 mm focal length of the field angle of the optical system. The radial distortion

equipped with a close-ugNikon Close-up #2lens was used EirgoréAiﬁ ';Bg&ecgoéilﬁi::grtlon erroly, are illustrated in
h lay | j h ical i f h in- =" } ) . .
as the refay lens to project the optical image from the scin As shown in Table I, the positional displacement of an

tillating screen to the CCD imager. The relay lens is working , . =~ = . . .

. e . . . object imaged by such a lens-coupled digital x-ray imaging
at a 3.6:1 demagpnification ratio, thus making an object of one tem can be. in the most severe cases. more than nine
millimeter in length occupy~11.6 pixels in digital image. sys r ! St Sev Ses, !

During experiments, a checkerboard-like grid made by Copplxels away from its true location within a field angle of 30°.

per wires was imaged by the prototype system. To minimiz Considering the fact that the CCD imager used in the proto-

the effect of x-ray focal spot on image quality and geometriﬁype has only 10241024 pixels, the positional error intro-

cal shape, the copper wires were kept directly against thguc_e_d by the lens d'Storf“On cannot _be qeglected In-any
scintillator (no air gap between the testing target and theoosmon-dependent, quantitative x-ray imaging.
x-ray detectoy, and the distance from the x-ray focal spot to
the scintillator was kept at 650 mm. The diameter of the
copper wires was 0.17 mm and the spacing between the copv. AN ALGORITHM FOR LENS DISTORTION
per wires(center to centgrwas 5 mm. CORRECTION

An x-ray image of the calibration grid acquired by our
imaging system is shown in Fig(&. In Fig. 4b), a map of
the grid (dashed lines properly scaled, is artificially over-
laid over the acquired image, to demonstrate the geometric

Digital image processing techniques can be used to cor-
rect geometrical distortions introduced by optical and opto-
gllectronic component€~2n our study, a correction algo-
rithm was introduced to minimize the lens distortion. The

distortion. At locations near the center of the imdgear the . . .
X . . algorithm was derived based on the nature of the lens distor-
optical axis of the lens the standard map overlaps with the tion

x-ray image almost perfectly. At locations toward the edges After a digital image of a standard grid is acquired by the

of the image, the displacement between the map and the . : i
. . . IMmaging system, the algorithm operates as follows:

x-ray image becomes clearly noticeable. Apparently, this

specific lens used in this prototype introduced a significanfl) Localize the intersections of the wires of the gffda-

barrel distortion. ture points;

To quantitatively measure positional errors introduced by(2) Create an ideal map of the grid;
lens distortions in digital x-ray imaging, positional displace- (3) Identify the optical center of the lens;
ment of the grid image from its true location was calculated(4) Perform polynomial-transformation to correct distor-

for all the feature pointsgintersections of the grid wirgsin tions.

TaBLE |. Positional errors introduced by relay lens versus field angle of the optical system.

Field anglea (degre¢ 3.6 8.6 13.0 17.4 22.1 26.2 30.0

Radial distortionAp (pixel) 1.26 2.28 3.25 4.30 5.43 6.94 7.42
Combined distortiom\y (pixel) 2.39 3.16 4.15 5.19 6.61 8.04 9.71
Combined distortiom\y (mm) 0.20 0.27 0.36 0.45 0.57 0.69 0.84
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These procedures are discussed in detail in the succeedisgme that the lens distortion is negligible near the center of
text. the image. Thus, the parametdrsand b can be estimated
using feature points in the center region of the actual grid
image. In our experiment, with the whole image size of

A semiautomatic procedure was developed to localize the024x 1024 pixels, a 208 200-pixel sub-image was taken
positions of the feature pointwire intersections of the grid  around the image center for the purpose of the parameter
The first step of this procedure was to manually locate twacalculation. This sub-image covers four pairs of straight
adjacent feature points, which served as the starting points dihes. Each line equation was initially determined using two
the semiautomatic procedut&Centered at each of the start- calculated feature points as described above. Then in the
ing points, a local window was set UB0x 40 pixels rect- perpendicular direction along this line, the points with a local
angle in our experiment A connected region was deter- minimum gray level were localized. Using the least mean-
mined that containedn adjacent pixels(m=8 in our  square fitting method, the parameters of the line equation
experimenk with the lowest gray levels inside the window. could be determined precisely with these local minimum
This region could be named as a valley region. Because ajray level points. The calculated grid map of the center re-
the superposition of the two wires, the x-ray attenuation atjion was then extended to the whole image, thereby creating
each intersection of the gridfeature point was higher. the entire calculated grid map. However, the map was
Therefore, feature points showed minimum pixel value in theroughly positioned with respect to the geometrical center of
image. It is reasonable to assume that the feature point wake x-ray image array. The last step of this procedure was,
located inside the valley region. The reason for chosen &herefore, to shift the calculated grid map slightly to achieve
connected region instead of a pixel is to improve the algothe best alignment with the actual grid image by minimizing
rithm’s robustness for the unavoidable imaging noise, and tehe following criterion function
improve the accuracy of the locations of the feature points.

A. Localizing feature points

The exact location of the feature point,(y,) was defined F:E [(Xgi_xai)z"'(ygi_yai)z]i (3)
as the gravity center of the valley region i
m where 4,yg) and (,,y,) are the feature points corre-
Xa=— 2 Xif(Xi,Y;) sponding to the calculated grid map and actual grid image,
mi=1 respectively. The subscriptindicates theith feature point,
[ and the summation in E@3) is over all feature points of the
Ya= Zl yif(Xi.yi), (1) x-ray image.

where f(x;,y;) was the gray level at pointx(,y;) in the  C. Identifying the optical center of the lens
valley region***® Using Eq.(1), the first two feature points,

their starting points being manually located, can be deter- Normally, the lens distortion is mainly in radial direction,
mined in sub-pixel accuracy ' which causes an inward or outward displacement of a given

The algorithm could identify the next starting point ac- image point from its true location. This type of distortion is

cording to the distance between two known feature pointsf'triCtIy symmetric about the optical a)&éj.lgwnh this.prop—
along the extensioror perpendiculdr line between them, erty, a method was developed to localize the optical center

since the calibration image was a checkerboardlike grid. Ongoptical axis.

by one, the remaining feature points were determined byt Let ()]fc’)t/C) den(_)t? the optl(_:al t(;]enteri thle _radlal dlstorgon
using this method. at any feature pointXy;,Yai) in the actual image can be

calculated by:

B. Creating the ideal map of the grid d(Xai  Yai) = V(Xai—Xo) 2+ (Yai—Ye)?

The ideal map of_the grid was created to serve as the _\/(Xgi_xc)z'i'(ygi_yc)zi @)
standard pattern for image correction. In Ref. 16, Shah and ] ) )
Aggarwal acquired an ideal image by another lens that introWNere, &g,y is the corresponding feature point to the
duced minimal distortion. If the polynomial warping method (Xai+Yai) in the calculated ideal grid map. _
was employed, the grid target could be used as an undis- FOr feature pointX,;,y,;), its symmetric location about
torted ideal grid itself® Here, a method was employed to the optical centerxc,yc) is given by (Xc—Xai 2y~ Yai).
create an ideal map of the grid from the actual distorted grid' herefore, the asymmetry of the radial distortion xg./)
image using the following mechanism. can be characterized by a function

The grid pattern consisted of two sets of parallel straight
lines intersecting at a right angle. One set of parallel lines J(Xc,yc)ZZ [d(Xai,Yai) = d(2Xc—Xai, Y~ Ya)], (D)

can be described by the equation:
B . o where the subscriptindicates theth feature point. The sum-
yizkxtib - (i=..=1,0.1.), @ mation is over all feature points of the x-ray image. The
where the parameterk and b are the slope and the optical center is such a point that the asymmetry of the dis-
y-separation of the lines, respectively. It is reasonable to adertion is at a minimum level. Therefore, the problem of

Medical Physics, Vol. 27, No. 5, May 2000
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searching the exact location of the optical center is equiva-
lent to an optimization procedure in which the center posi-
tion (x.,Y.) is to be determined in order to minimize the
object functionJ in Eq. (5).

To perform such an optimization procedure, the following
steps were adopted:

(1) First, select the center of the digital image as the initial
location for the optical center.

(2) Search forx., by minimizing the object functiord in
Eq. (5) with y, fixed.

(3) Then, with a fixedk, determined in step 2, search fgr
by minimizing J. Fic. 6. Digital x-ray images showing the effect of distortida) The cor-

(4) Repeat steps 2 and 3 until the location of the opticakected result of the grid image by fourth-order polynomiakse the image of

: o S the grid before the correction in Fig).4The mean residual error was re-
center is stabilized within a reasonable tolerar@e duced from 8.04 pixel to 1.78 pixelb) A standard grid majdashed lines

pixels in our experimeml was overlaid on the corrected grid image to show the minimized geometrical
distortion. Compare with Fig. 4 to see the effect of the correction.

(@) ®

It should be noted that for a feature pointz(y,), its
symmetric point (X,— X5,2y.— Ya) about the centen(,y.)
may be falling between the known grid wire intersections. In
such a situation, a two-dimensional interpolation was imple- ) ) ) )
mented according to its neighbors to seek an estimate of i&duction when compared with the uncorrected images in

radial distortion. Bilinear interpolation was used in our Fig- 4. _
method2® To quantitatively measure the effectiveness of the correc-

tion algorithm, the absolute mean residual erfoositional
D. Performing polynomial-transform to correct displacement of the gnq image from its true !oca)_uwas
distortion calculated for all of the intersections of the grid wires. The

mean residual error before correction was 8.04 pixels and

Polynomial transformation is a common method used tofier corrections 1.78 pixels. In Fig. 7, the mean values of the
correct the distortion$:~23Since a combination of radial dis- radial distortion errorAp, before and after correction are

tortion and tangential distortion was seen in the image, in Oublotted as function of the field angte of the optical system
experiment two sets of polynomials were needed. One Wageter 1o Fig. 1 for the definition o). In Fig. 8, the mean

used to correct the radius as measured from the optical celxjues of the combined distortion errdry, before and after
ter, and the other was used to correct the polar angle a5

. orrection, are also plotted versus the field anglgefer to
measured from the base axis of the polar system. As show|:3ig 5 for illustration ofAp andA+)

in Fig. 5, th? distorted image of a fea_ture pom_t is denoted as Clearly, the polynomial algorithm effectively corrected
polar coordinatgp,6), and the distortion-free image of the the lens distortion in digital x-ray imaging
point is denoted asp(,0"). The radial position of each pixel '

and the tangential offset component were corrected by apply-
ing two set ofN-order polynomials:

0'=a,0+a,0°+az0°+a,0%+- -,

]

6
p'=b1p+bap®+bap+byptt- e, ©

-

—e—Before Correction
—&— After Correction

@

ixels)

where,a; andb; are the distortion coefficients. The above
equations hold for all feature points of the image. Becausel';5 5
the number of feature points generally exceeded the numbeg
of polynomial coefficientsg; andb; were solved by least-
squares fitting which minimized the mean-square error be-Z 3 |
tween the calculated positions from E®) and the undis-
torted positions in ideal grid map. The two sets of coefficient

a; andb; can be used for the corrections of all image signals. ! — L

0 5 10 15 20 25 30 35
Field Angle (degree)

Disto

Radial

V. RESULTS AND DISCUSSIONS

A. Effectiveness of the algorithm Fic. 7. The mean radial distortion errors before and after correction as a

; ; ; ; ; unction of field angle of the optical system. Before the correction, the error
This algorlthm was apphed to the Images vaU|red by Ou'ﬁanges from 1.26 pixel€.109 mm to 7.42 pixels(0.64 mn). After correc-

prototype _Iens-cou_pled_ digital x-ray ima}gir?g SySte_m- Thetion,the mean error ranges from 0.56 pix@05 mn) to 1.00 pixels0.086
corrected images in Fig. 6 showed a significant distortionmm).
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12 TasLE Ill. The polynomial coefficients used for correcting lens distortions
(N=4).
10 | —a—Before Correction
—e— After Correction For radial a; a, ag ay
ol Distortion 1.008 2.83810°° —1.634x107 1.091x10 1°
For tangential b, b, bs b,
Distortion 1.003 —2.293x10°% —4.751x10°4 3.074x10°°

Combined Distortion Ay (pixels)
-2

2 M
device that can relay an image without degrading its quality

0 . s » " i 2 . % or distorting its shape. One could, however, balance the de-
Field Angle (degree) sign _tr_ade_—o_ffs of thg sc_alected components according to the
specific clinical applications.
Fic. 8. The combined distortion errofsy with respect to field angle before Arguably optical lens still is the most conventional and

and after correctiorirefer to Fig. 5 for the definition ofAy). Before the idel di . t . ith
correction, the error ranges from 2.39 pixé@s206 mm to 9.71 pixels0.84 widgely used imaging component. In comparison with many

mm). After correction, the error ranges from 1.45 pixésl25 mmto 2.18  Other optical techniques, lenses have many advantages, such
pixels (0.19 mm). as (1) cost effectiveness: It may be expensive to build just
one or two custom lenses, but in mass production, lenses can
be made at very low cost?) flexibility: Even with a simple
relay lens, the parameters such as magnification, aperture,
field of coverage, and depth of focus are adjusta{dpjm-

As described previously, two sets Kforder polynomials  5ge quality: A well-designed lens offers much higher spatial
were used in correcting both radial and tangential distortions.ego|ution than many other optical components or optoelec-
It is important to select a proper order Nfto achieve opti-  gnjic devices. For most commercial and custom lenses, ab-
mized result. Theoretically, higher-order polynomial leads g rations are selectively minimized according to the specific
less residual error. However, higher-order polynomials can,,jications. However, residual aberrations, including geo-
also cause oscillation and make the mathematical solutm%etrical distortions do exist even with a well-designed and

unstable. In our experiments, the effect of different orders of, o it jens. Although these residual distortions are usu-

the polynomials on lens distortion correction was tested byaIIy small in terms of absolute or relative errors, they will

generating sets of coefficients for ordelMé=2, 3, 4, 5, 6. . . . .
. . ) reduce, for instance, the positional accuracy of image guided
The mean residual errors after correction for differdntal- groce dures P Y g€ g

ues are listed in Table Il. The results showed that the imag The distortion introduced by relay lenses, however, can be

correction improved as the order of the polynomial mcreasegninirnized with digital image processing techniques. In fact,

up to four. However, the correction effect decreased Withlt is easier to correct distortions introduced by lenses than
higher-order polynomials. y

In addition to the possible oscillation, another reason forIhat by many other types of imaging components, since lens

. . . . . . . _27
lack of improvement was that it could lead to some extradIStortIon is primarily radial and tangential dependznt

round-off errors when the higher order polynomial transfor-I" Other words, lens distortion may be “mapped” with a set

mation was performed. For the investigations using our im°f mathematical formulas and compensated accordingly us-

aging system, the optimal order of polynomials appeared t4'9 @Ppropriate algorithms, as demonstrated in this paper.
be four. The corresponding polynomial coefficieatsandb; We have shown that based on the nature and the classifi-

are listed in Table III. f:ations of Ien§ distortign, the coefficients qf the poly.nc.)m.ial
in the correction algorithm can be determined to minimize
VI. CONCLUSION _both radial a_nd tar_wgennal distortions. For the spem_ﬂc imag-
_ o _ o . ~ing system investigated, the fourth order polynomials pro-
Optical coupling is an important link in various digital vided the best correction results. The low order polynomials
x-ray imaging systems. The optical properties of the compowere not sufficient for modeling the lens distortion, and the
nents, either a lens, a fiber bundle or other optoelectronigigher order polynomials tended to introduce oscillation that

device will affect the quality of clinical procedures signifi- yakes the algorithm unstable.
cantly. There is no ideal optical component or optoelectronic Overall, our analysis suggests that lens distortion should
be considered in developing optically coupled digital x-ray

TasLE Il. The mean residual errors of corrected image using polynomial'magmg systems for position-dependant, quantitative x-ray

B. Order of polynomials and its impact on distortion
correction

transformation of different orders. imaging, and that residual geometrical distortions could be
minimized effectively using digital image processing tech-
Polynomial order(N) 2 3 4 5 6 ni . -
iques. The advantages of using lens to relay images from

Mean residual errotPixel) 2.14 2.02 1.78 3.94 4.77

Mean residual errofmm) 018 017 015 o034 o041 Scintillating screen to electronic imager are cost effective-

ness, flexibility and image quality.
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