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A New Approach for Nonlinear Distortion
Correction in Endoscopic Images
Based on Least Squares Estimation
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Abstract—Images captured with a typical endoscope show scopes show barrel-type spatial distortion, due to wide-angle
spatial distortion, which necessitates distortion correction for configuration of the camera lens. Barrel distortion introduces
subsequent analysis. In this paper, a new methodology basedngnjinear changes in the image, due to which, image areas
on least squares estimation is proposed to correct the nonlin- near the distortion center are compressed less, while areas

ear distortion in the endoscopic images. A mathematical model .
based on polynomial mapping is used to map the images from farther from the center are compressed more. Because of this,

distorted image space onto the corrected image space. The modelthe outer areas of the image look significantly smaller than
parameters include the polynomial coefficients, distortion center, their actual size. This inhomogeneous image compression in-
and corrected center. The proposed method utilizes a line search troduces significant errors in the results obtained during feature
approach of global convergence for the iterative procedure t0 gytraction. Continuous estimation of quantitative parameters,

obtain the optimum expansion coefficients. A new technique . - . :
to find the distortion center of the image based on curvature such as area and perimeter, is of considerable importance

criterion is presented. A dual-step approach comprising token While performing clinical endoscopy. Unless the distortion
matching and integrated neighborhood search is also proposed iS corrected, estimation errors could be very large [2]-[4].
for accurate extraction of the centers of the dots contained in a In addition, the distortion causes complications while using
rectangular grid, used for the model parameter estimation. The token matching techniques for pattern recognition. Distortion
model parameters were verified with different grid patterns. The - .,rection is also a prerequisite for the camera calibration to
distortion-correction model is applied to several gastrointestinal . - N

images and the results are presented. The proposed techniqueObtaln extrinsic and intrinsic camera parame.ters 51, [6]- .
provides high-speed response and forms a key step toward online Several researchers have presented various mathematical

camera calibration, which is required for accurate quantitative models of the image distortion and techniques to find the

analysis of the images. model parameters to complete the distortion-correction proce-
Index Terms—Camera calibration, distortion correction, en- dure. Tsai [7] proposed a radial lens distortion model which de-
doscopy, expansion polynomial. scribes a two-dimensional (2-D) image-correction technique. A

prism-distortion model was used in [8] to correct the tangential
distortion in an image. Nomuret al.[9] presented a calibration
. INTRODUCTION technique for high-distortion TV camera lenses. However,
INIMALLY invasive therapy (MIT) is increasingly this method requires precise placement of the calibration
becoming popular because of the use of natural ohart. Thus, a small shift of the chart prompts considerable
artificial orifices of the body for surgical procedures, whiclerrors in distortion correction. Weng [10] has explained radial,
minimizes the destruction of healthy organs and tissues. Elelecentering, and thin prism-types of distortions and techniques
tronic videoendoscopy has become one of the commorty model them mathematically. All the above models give
accepted forms of diagnostic and therapeutic procedures, deasonable results for images obtained from cameras with
to the advent of miniature CCD cameras and associatedrmal viewing objective lenses, but these models are not
microelectronics. Videoendoscopes facilitate observation, daffective for electronic endoscopes which use wide-angle
umentation, and electrical manipulation of the images &fns cameras. Smithat al. [11] gave a formulation in which
the internal structure of the gastrointestinal tract. In theskstortion was assumed to be purely radial, and orthogonal
endoscopes, cameras with a wide viewing angle lens (fish-e¥eebyshev polynomials were used to determine the model
lens) are used to enhance the imaging capability, which permparameters. Hidealét al. [12] presented a different method
the capturing of larger field in a single image [1]. However, fior estimation of the model parameters, in which a moment
has been noted that the images obtained from electronic endw@trix was obtained from a set of image points, and distorted
grid lines in the image were straightened on the basis of the
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is also presented. The proposed technique is independent of
the orientation of the calibration chart. Thus, it does not
require precise placement of the chart and the placement
errors in distortion-correction formulation can be avoided. The
performance of the proposed distortion-correction algorithm is
validated with grid patterns of different orientations. For the
precise correction of images, the distances of the object points
from the camera in three-dimensional (3-D) space must be
included in the distortion-correction procedure. However, the
method proposed here forms a key step toward the precise
distortion correction of the endoscopic images.

Fig. 1. Distorted image of the experimental grid of dots (diametérmm,
center distance- 2.5 mm) fixed at a distance of 10 mm from the endoscope

Il. THEORETICAL MODEL camera.
The distortion-correction technique presented here assumes

that the distortion is radial about the distortion center. Al-°
though nonlinear magnification of the distorted endoscop®
image in two dimensions is needed to correct the barfef
distortion, the assumption precludes the loss of generalﬁ
as a typical endoscope lens is circularly symmetric withify
narrow precision limits [11]. This assumption simplifies the . . "
model by converting a 2-D distortion problem into a one” EStimation of Expansion Coefficients
dimensional (1-D) problem. Let the distorted and corrected The expansion coefficients are estimated on the basis of
(or undistorted) image spaces are representedbyl”’) and the degree of straightness of the points, which lie on a straight
(I, V), respectively, and the distortion center and the correctéde before imaging. These are estimated in the distorted image
center by(u., v/ and(u.,v.). The distortion centefu’,v’.) is space by straightening the grid lines of a distorted grid image.
a point in the distorted image space such that the straight lirfésr this purpose, an experimental grid is used which contains
in the object space passing through it remain straight in thest dots arranged in horizontal and vertical grid lines. A
image space. The corrected center,v.) is a point in the typical distorted image of the grid is shown in Fig. 1. A new
corrected image space about which the expansion of distorthedil-step technique for accurate computation of the test dot
image gives a final corrected image. In the distorted imagenters is explained in Section Ill. Lét,; denote the center
space, magnitudg’ of a vectorP’ from the distortion center of a test dot lying in theth row andjth column of the grid
to any pixel location(x’,+) and the angl&®’ made by this with its coordinates atz;;, v;;). Let there bel. columns of test

map each pixel from the distorted image space onto the
rrected image space, there ae+ 4 unknowns, viz.,N
pansion coefficient$a,,’s), distortion center(«., ), and

rrected centefu.,v.). The estimation of the distortion
nter and the corrected center is explained in Section II-C.

vector from the horizontal/’-axis are given by dots in the grid image wittt; dot centers in thgth column.
o — A set 5, consisting of test dot centers of théh column is
p=V W —ul)2+ (v —v)? ¢ =arctan < - ‘j) defined as
U — U,

(1) SJ:{Pljv-Pijkajj}? for 7:17277L (5)

Let the same pixel be assigned to a new locatiery) in the To obtain a best fit polynomial curve for each sgf a

corrected image space and the magnitudad argumeng of Polynomial of degreeV! is defined as

the corresponding vectaP drawn from the corrected center M

to the new pixel location are Ri(x) = Z bojx®. (6)
=0

UV — Ve
p=+(u—u)?+(v—v)? 6=arctan <u _ uc>' (@) 7o estimate the coefficients,;’s, least squares estimation is
.used which provides sufficient emphasis on all those points
hich are far from the approximation, without allowing them
to dominate [13]. The unknowris,;’s are chosen to minimize
the functionF}; which is defined as

between the vector®’ and P. An expansion polynomial of
degreeN is defined to relate the magnitudes of the two vecto

in distorted and corrected images as )
1/2

N kj M 2
p=> ap” (3) =1 <UJ - baﬂ%> : (7
n=1 =1 a=0
where a,,’s are the expansion coefficients. As the distortiomence,baj's can be calculated from
has been assumed to be purely radial, there will be no change OF:
in the arguments of the corresponding vectBfsand P, i.e., L =0, for a«a=0,1,---,M. (8)

¢ = 6. After obtaining the magnitude of the new vector, b
the new pixel location in the corrected image space can Ber every setS; from (6) M + 1 simultaneous equations are
calculated as obtained, which can be represented in a matrix form as

u=u,+p cos, v="1,+p sind. 4) Hb==2 9)
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where
H = [hls](M+1)><(M+1)

ki
his = il

i=1

for 1,s=0,1,---,M

kg
— t _ s
Z—[Zo,Zl,"',Z]w] ’ Zs = E yU‘TU
=1

b=1[bo;j, b1y, bayl"
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wherec is the convergence rate paramefeis the expansion
index, and?E /da,, is the error gradient. Herey is chosen to
ensure that for everyA +1)th iteration, E(A+1) < E(A). If

« is large, the decrease in total erBrpredicted by the linear
approximation may greatly differ from the actual decrease, and
the global convergence could be violated. On the other hand, if
« is too small, the time taken for convergence may be too long.
The value ofg controls the overall expansion of the distorted
image and facilitates the generation of the weights for each
of the N coefficients. The iterative relationship given in (12)
also conforms with the principle of diminishing convergence,

To find the best linear fit for the set &f points injth column \hich ensures fast convergence at the initial phase of the
of the test dots, a first-degree polynomial is obtained from (Qerrection procedure whe# is significantly large. The error
Hence, two optimum polynomial coefficients are computegtadient for everyAth iteration can be computed using (13),

using (9). A normalized error function; is defined as the shown at the bottom of this page. To obtaih, /da,, and
normalized sum of magnitudes of the perpendiculars dra\mlj/aamboj andb,; are obtained from (9) as

from each of thek; points on the best linear fit gith column

as

kj

biji; — yij + bo
(14 03,)1/?

C; =

kj

=1

The total error for the whole grid image is obtained by

L
FE= Z Cj.
j=1

In the ideal condition, when there is no distortion in the imagépo;

(10) [2(1»

oo e] T [ 2w
_ i i
} Z Lij Z 3 Z TijYij

(14)

where ¥; denotes Ef;’l. The derivatives dbg; /da,, and
(11) 8b1;/da, can be calculated as

1

the total errorE is zero since all grid lines will be imagedda,,
as straight lines. However, due to image distortiahhas a
positive value which decreases monotonously as the distortion
reduces. The main objective of the mathematical model is to
find the expansion coefficienis,’s to minimize the total error

E. Minimization of £ is carried out by an iterative procedure

in which the new coordinates of the test dot centers in the
distorted grid image are calculated by using a new set of
expansion coefficients. The recursive relationship to find the
new set of expansion coefficients is derived from the line
search method of guaranteed convergence [14]. This method is
based on a globalization strategy to select the new coefficients.
The search direction in this strategy is different from that
derived from the Taylor series, as the Taylor series provides
local approximation of a function. The global convergence
ensures convergence of a series from any starting point to
a stationary point. Line search methods are widely used for
the purpose of global convergence. On the basis of this
method, the expansion coefficients can be obtained by using
the following recursive relationship:

2

2

/%J Z .T?J - <Z .T“>
2

k‘j Z .’L’ZQJ — <Z -TU>

Oz,
DI

day,

Oyij Oxij
—z Tig Z <$U %; + Yij 82:)
B Z 0wy Z xZJUZJ]

Oay,

(S TS X )

1
an(A+1) =a,(A) + an’ B(A) >, Oz, Oxij
(o) PrER) s
forn=1,---N (12) (15)
oF I 1 i: (1+ b%j)<8a; + by, 8a,j Tij a@;) — (boj + brjzij — yz‘j)<bljﬁrj> a3
aa/n j=1 kl i=1 (1 + b%})3/2
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In (15) and (16),z;;, andy;,; are calculated as . f
0E
l / Compute
Tij | |ue N cos 8 da,
=l e (25 an X
NO - —p

wherep;;(A) and®;; are the new magnitude and argument of
the vector drawn from the distortion center to the new center of
the test dotf;; after Ath iteration.p;;(A) can be computed as ‘1

N
pii(D) =" an(A)py] (18) END

n=1
3xij/3an andayij/aan can be obtained from (17) and (18) agig. 2. Flow chart to estimate the expansion coefficients.

(9377‘,]'
day,

The iterative procedure ends when the total error becomes
smaller than a prespecified lim#, i.e., E(A) < e. In the
process of distortion correctioR decreases as the grid lines
get straightened, and it reaches a minimum vdile, when

the most optimally straightened grid is obtained. If the image
is expanded furtherE starts increasing. Thus, i is chosen
less thanZ.,,, the diverging trend in total error is avoided
by stopping the iterations further whei(A + 1) > E(A).

The overall procedure for the estimation of the expansion
coefficients is given in Fig. 2.

‘n ’ _ Y]
= p;} cost;;, o, pi; sind; ;. (29)

Fig. 3. Corrected image corresponding to Fig. 1 before back mapping.

B. Estimation of Back Mapping Polynomial Coefficients

Once the expansion coefficients are computed, all the pixelsfined in a way similar to the expansion polynomial of
contained in the distorted image space are mapped onto (B and the coefficients are calculated by using nonlinear
corrected image space. It can be observed that a numberegfression analysis employing least squares for a finite number
pixel locations are left vacant in the corrected image space, tfepoints in the distorted image [15]. For every pixel in the
to the inhomogeneous expansion of the distorted image. T¢twrected image, the corresponding location in the distorted
expanded image in the corrected image space with vacant piehge is obtained and the information contained in that pixel
positions is shown in Fig. 3. To obtain the correct intensitpcation is assigned to the corrected image pixel. In case the
information of these vacant pixels, a back-mapping polynomigixel positions calculated using the back-mapping polynomial
is derived which maps every pixel from the corrected imagee nonintegers, a linear interpolation on the surrounding pixels
space onto the distorted image space. This polynomial issused to get the approximate pixel information.
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x0 y™y | The corrected image center is needed for back mapping, as
e yL all the vectorsP in the corrected image are obtained with
T W) respect to this center. To find this center a pixel location
1 L@ (@ is computed in the distorted image which, after distortion

(ch),ygc))%gc) K(ZC)* (x37,¥27) correction, corresponds to the corrected image center. This
‘ NG pixel location is found based on the criterion that in the

2 corrected image, pixel distances between the dot centers should
be the same for all the grid lines in the horizontal and the

vertical directions. The corrected image center is estimated by
applying the expansion polynomial to this pixel location in the
Historted image, which is obtained by iteratively minimizing

the variation in distances between the test dot centers in the

corrected image.

x5 y9) |

Fig. 4. Best fit polynomial curves of adjacent rows and columns of oppos|
curvatures.

C. Estimation of Distortion Center and Corrected Center

A reasonably correct estimation of the distortion center is [ll. EXTRACTION PROCEDURE TOOBTAIN
essential for effective determination of the expansion coeffi- DoT CENTERS OF THEEXPERIMENTAL GRID

cients. The distortion center is a fixed point for a particular Qugajitative results of the distortion-correction procedure
camera and, once calculated, can be used for all the imaggpend upon the accurate estimation of centers of the grid
obtained from that camera. From Fig. 1, it can be noted that §igts in the distorted image, because the mathematical model
curvature of columns decreases from the first to the sevepides these dot centers as its input. It has been observed
column and then increases from the eighth to the thirteenfiyt deviation in dot centers, even by a fraction of a pixel,
column, but the sign of the curvature changes. The safgroduces considerable errors during the computation of the
observation holds true for the rows also. Thus, the lin@kpansion coefficients. To find the actual center for each dot
which remain straight after imaging must lie between thging in theith row andjth column of the test grid, a new dual-
adjacent rows and columns of opposite curvatures. The rogp technique is proposed in which, at first, a pseudocenter
and columns of opposite curvatures are given in Fig. 4. Thg estimated by token matching, and then the actual center is
intersection of such straight lines gives the distortion centggjculated using integrated neighborhood search.

of the image. In the proposed method of distortion center

estimation, two polynomials, each of degrgepassing through 5 pseudocenter Estimation by Token Matching

a set of grid dots of the adjacent rows of opposite curvatures

are defined as In this method, the darker regions representing the test

d approprats threshold. using the_cynamic hstogram threah
q’(“ )(x) - lz_% cg“l)xl’ fork =1,2. (20) olrt)jri)ngptechnique, and the i?nage isy binarized. Tghe dynamic
h histogram thresholding is implemented by using the hill-
The best fit polynomial coefficients!’’ are obtained using clustering approach to find a suitable valley as a threshold
an equation similar to (9). The curvatuzé”) of kth row is

computed at the stationary point on a curie,”, 4" shown The pseudocenter is estimated as follows.

1) Define a token windowV of sizew xw such that the in-

n Flg. 4 as tensity of the window pixel at locatiofx, v), I'(x,y) =
d2ql(:)(:1') 255 Y(x,y) € W. An odd number is assigned to to
T dzZ | o ensure symmetry for token matching and is selected in
w) = i o 50 fork=1.2 accordance with the maximum dot size to allow full
<dq(”)(x) )2 superposition of the dots by the window.
14| 22 2) For the captured image of siZzg x Lo, for all the pixels
Az | 40 belonging to the image regidiw —1/2), (w—1)/2)) x
(21) (L1 — (w—=1/2),Ls — (w—1)/2)), the windowW is
superposed on each pixgl, such that its center matches
Similar polynomiaISq,(f) (x) for k = 1,2 are also defined for with the location(z, ).
the adjacent columns and the column curvatw%% for the 3) Compute choice valu€’,, for each pixelp,, as
kth column at the stationary poinjtz:i“),y,(f)) are obtained. (yt(w—1/2))  (a+(w—1/2))
The distortion centefur, v) is estimated by interpolating the ¢, —
four curvatures«ag”),/«;g”),;«;g‘:), and H§C> as I=(y—(w—1/2)) k=(z—(w—1/2))
o - mg‘:)xf) + /iéc)azéc) . <I’ <k + le -z, 1+ le - u) - I(k,l))
S (23)
MOMOMONE S _ _
=1 2 72 (22) whereI(k,1) is the intensity of the pixebs; of the grid

w7+ RS image.



350 IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 18, NO. 4, APRIL 1999

TABLE |
DEVIATION OF ACTUAL CENTERS OF THETEST DoTs COMPUTED BY AN INTEGRATED
NEIGHBORHOOD SEARCH FROM THE PSEUDOCENTERSOBTAINED BY TOKEN MATCHING

SI. No. 1 2 3 4 5 6 7
Pseudo 70.00, 55.00, 39.00, 53.50, 115.00, 53.00, 58.00,
center 45.00 5.00 32.00 45.50 46.00 30.00 97.50
Actual 68.95, 53.76, 38.28, 52.49, 113.72, 52.51, 57.46,
center 46.15 6.07 32.53 46.51 46.45 31.49 98.51
Difference 1.05, 1.24, 0.72, 1.01, 1.28, 0.49, 0.64,
(Pixels) 1.15 1.07 0.53 1.01 0.45 1.49 1.01

4) Arrange Cy,, Vps, in descending order in a choiceand K;; is the size of the NPA. Likewise, the actual centers
queue. of all the test dots in the grid image are calculated.

5) For the maximumC,, eliminate all the choice values
Cyny, from the choice queue for whidhn — x| < £ and
|n —y| < & where is a limiting number is chosen
in accordance with the size of dots and the distanceFor the proposed distortion-correction procedure, an experi-
between them to ensure that all the neighbor pixgls mental grid containing a rectangular array of dots of 1-mm
belong to the same test dot. In case one or more neighlsiiameter was used. The distance between the dot centers
pixels contain the same choice value as that of gixg] was chosen as 2.5 mm in horizontal as well as vertical
a spatial average of all these pixels is used as the pixitections. The small distance between the dots was used in
location for C,,, in the choice queue instead @f,y).  order to facilitate imaging of a large number of dots from

6) Take the next maximum value from the remaining choiake endoscope. This is preferred to enhance the accuracy

IV. EXPERIMENTAL RESULTS

gueue and repeat step 5. of the model parameter estimation. An electronic videoen-
7) Repeat step 6 until there is no neighbor pixel for all théoscopy system (Fujinon), which utilizes a CCD camera with
pixels in the choice queue. 200 000-pixel resolution and three light sources, red, green,

The locations of the pixels corresponding to the choice valuasd blue, was used for capturing the images. The captured
in the final choice queue give the pseudocenters of the tésages were digitized by a frame grabber and stored in an im-
dots. age buffer. The grid was attached to a copy-stand platform and
the camera of the endoscope was oriented perpendicular to the
B. Region Identification by Integrated Neighborhood Searctgrid surface at a distance of 10 mm. After imaging, as shown

Once the pseudocenter for each of the test dots in #eFig. 1, it was observed that the distance between the test

binarized image is obtained, the exact center is calculatélt centers decreases as they move away from the distortion
by an integrated neighborhood search. In this procedure, fighter. This implies that the distortion-correction procedure

pseudocenter is used as a seed to identify all the pixelsTH/St Produce an image in which distances between grid dot
the neighborhood region belonging to that particular test dGENters away from the distortion center are approximately

Further, a search is performed on the eight pixels surroundifigu@! t those which are close to the center.

the pseudocenter. The black pixels are stored in an array called "€ digitized image of size 144 110 pixels was binarized
the neighborhood pixel array (NPA) while the white pixel&SiN9 the histogram thresholding approach by considering the

are excluded from it. For each pixel contained in NPA, thsecond valley of the histogram as the threshold point. A total

surrounding pixels are checked and the pixels which are foufifi®8 dots were extracted for the distortion-correction model
black in the new search are again stored in NPA if they af@rmulation. To estimate the pseudocenters of the test dots
not already present in it. This sequence is continued until JY {oken matching, a windowV” of size 5x 5 pixels was

the pixels in the neighborhood region of the pseudocenter &%ed. The I|m|t_|ng numbeg was chosen as six, as it conforms
exhausted. After identifying the full neighborhood region, th@ith the dot size and the distance between the dot centers.

spatial centefz;;, ;). representing the actual dot center, id € actual centers were calculated by using an integrated
calculated by using all the pixels contained in NPA as neighborhood search. The deviation of the actual center from

the corresponding pseudocenter for seven test dots is shown in
1 1 Table I. It can be observed that the deviation is less than two
Y=g Z @i (1), Yis = . Z i) (24 pixels. It was found that this error was enough to introduce
’ 7=t significant degradations in the distortion-correction results.
where (z;;(1), y;;(1)) is the location of thelth pixel in the Before computing the expansion polynomial it is necessary
NPA of the dot in theith row and;th column of the test grid to compute the distortion center of the endoscopic image. The

I(ij I(ij
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The back-mapping coefficients are found by using a finite
number of image dots. For back mapping, the pixel location in
the distorted image corresponding to the corrected center was
found as (74, 45). The corrected image is shown in Fig. 8. It
can be seen that the image gets magnified after correction and
the grid is straightened within practical limits. The magnifi-
cation preserves the information around the distortion center.
In the corrected image the dot centers deviate slightly from
the theoretical straight line because of the initial assumption
of purely radial distortion. Minor errors in the estimation of
the dot centers and the interpolation of neighborhood pixels to
find the information contained in the noninteger pixel locations
also affect the quality of the corrected image. According to
the implementation of the proposed method on a PC (Pentium

Polynomial order, N 166 MHz), it is found that witho = 0.005 and 8 = 2.3 the
Fig. 5. Variation in least total errofE,.i,) with respect to the order of algorithm converged in 22 iterations (5.95 s). At the same time,
expansion polynomial. the implementation of the Hideaki’'s method [12] on the same
platform with the most appropriate selected set of coefficients

distortion center was estimated by using curvature criterign {0.0001,0.0000001, 0.0000000001} for a polynomial

and was found to be (69, 62) while the coordinate system wek order four (k = 3) needed 116 iterations (28.17 s) for
fixed at the bottom left corner of the image. To compensag@nvergence. Hence, it can be seen that there is a considerable
for unavoidable errors, a small region (a window of size 5 improvement in the computational speed for the distortion-
pixels) around the estimated distortion center was selected, &arection procedure by using the proposed technique.

a pixel lying within that window was chosen as the distortion In the present model, calculation of the model parameters
center for which the total erraE is minimum. To obtain the is independent of the orientation of the test grid. To verify
expansion polynomial, first of all the degree of polynomidhe proposed model, a grid image captured by tilting the
was ascertained. For this purpose, the re|ati0n5hip bet\,\,@werimental grld both in the horizontal as well as vertical
the degree of polynomial and the least total error Emin wé¥anes, as shown in Fig. 9, is corrected using the same ex-
examined experimentally, and it was found that the variatig¥@nsion polynomial. The corrected image is shown in Fig. 10.
in error was negligible for the polynomial of order mordt can be seen from the corrected image that the computed
than three, as shown in Fig. 5. We have chosen the orderRgfynomial is capable of correcting the distortion in the image
expansion polynomial as four. The four expansion coefficierggptured in any orientation. The same expansion polynomial
were obtained by using (9)—(19). The expansion coefficiertgn be used for distortion correction of the images taken by the
were computed from the iterative relation given in (12) foyideoendoscope until the time the camera lens is not changed
different values of the convergence rate parametefThe Or relocated from the CCD array. According to the physics
value of the expansion indeg was found to be optimum Of endoscopic imaging, as the distance between the grid and
at 2.3, which decides the weight of theh coefficient. The the camera increases, the image distortion decreases. Typical
rate of convergence of total error for two different values gfndoscopic images are taken within a range of less than 20
« is shown in Fig. 6. It can be observed thatcasncreases, Mm during clinical procedures. The same distortion-correction
convergence becomes faster. The number of iterations requi@ynomial was applied to several test images captured within
for convergence and the correspondifiy,, for different & viewing range of 20 mm, and it was observed that the
values ofa are given in Table Il. Asy decreasesE,,;, re- corrected images were acceptable for further analysis.

duces while the number of iterations required for convergence
increases. Butt,,;, does not decrease significantly after a
particular value ofa, aqpg, though the number of iterations
required for convergence increases exponentially. Hence, to
restrict the computation time to make it suitable for online While performing endoscopy it is important for the en-
camera calibration, the value of was chosen as a tradeoffdoscopist to know the approximate size of the ulcers and
between the accuracy and the computation time. In the presabhormal growths. It is necessary not only for identifica-
experimental setupe.p,, was chosen as 0.005. For the sdion of the status of the gastrointestinal tract but also to
of expansion coefficients obtained, the relationship betweknow the severity of the probable disease. Due to nonlinear
the distorted radius and the corresponding corrected radiuglistortion, the outer areas of captured endoscopic images
shown in Fig. 7. It can be observed that the outer areas of tue compressed more than the inner areas, thus seriously
distorted image having large radii expand more after distortiemdermining the inferential capability of an endoscopist to
correction. The mean error, representing deviation of the di¢termine the probable size of the region of interest. While
centers from the best fit straight line before and after distorti@malyzing the endoscopic images automatically, by employing
correction for typical dot columns in the grid image shown isoftware algorithms based on artificial intelligence, distortion
Fig. 1, is given in Table IlI. becomes a bottleneck for the spatial quantitative parameter

—_
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0
0 20 40 60 80 100 120
No. of iterations
Fig. 6. Rate of convergence of the total error for different valuesyof
TABLE I

NUMBER OF ITERATIONS REQUIRED FOR CONVERGENCE AND THE RESPECTIVE LEAST TOTAL ERRORS FORDIFFERENT VALUES OF «x

o 0.1000

0.0500

0.0100

0.0050 | 0.0010 | 0.0005 0.0001

Least total error | 3.6015
( Emin)

2.9573

2.8057

2.7843 | 2.7793 | 2.7788 2.7784

No. of iterations 2

12

22 104 209 1036

250

200 —

150 -

100

p (Corrected image)

50

0 20 40 60 80

p' (Distorted image)

100

extraction. That is why a corrective procedure to eliminate the
distortion of the endoscopic image is absolutely essential.

To demonstrate the effects of the proposed distortion-
correction technique, several gastrointestinal images were
captured and corrected by using the same expansion
polynomial. A typical gastrointestinal image is shown in
Fig. 11 and the corresponding corrected image is shown in
Fig. 12. Similarly, a second distorted image and its corrected
version are given in Figs. 13 and 14, respectively. It can
be noted that the original images were magnified and outer
areas expanded considerably due to the distortion correction.
The corrected images were seen by the expert endoscopists
and the opinions expressed were quite favorable for the visual
observation of the internal structure of the tract. In addition, the
guantitative parameters extracted from the corrected images
were suitable for predicting the status of the gastrointestinal
region, by using artificial intelligence.

VI. CONCLUSION

A novel method for correcting the nonlinear distortion
in endoscopic images has been proposed. The new method
requires a simple procedure, as it is independent of the

Fig. 7. Relationship between the vector magnitudes before and after disl@F—ientation of the test grid. The expansion coefficients were

tion correction.

obtained by using least squares estimation and were applied
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TABLE 1l
MEAN ERROR (DEVIATION OF THE DOT CENTERS FROM THEBEST FIT STRAIGHT LINE IN PIXELS) FOR TyPICAL DoT
COLUMNS IN THE GRID IMAGE SHOWN IN FIG. 1

Col. 1 Col.2 | Col.3 | Col. 4 Col. 5 Col. 6 Col. 7

Mean error 272 157 0.89 0.19 0.72 1.13 2.26
(before correction)
Mean error 0.34 032 0.27 0.18 0.25 0.30 0.33

(after correction)

Fig. 8. Corrected image corresponding to Fig. 1 after back mapping.
Fig. 11. A typical gastrointestinal image captured by an endoscope.

Fig. 9. Distorted image of a grid tilted in horizontal as well as vertical
directions.

Fig. 12. Corrected image corresponding to Fig. 11.

Fig. 10. Corrected image corresponding to Fig. 9.

Fig. 13. Gastrointestinal image before distortion correction.
to different grid patterns. It was observed that the expansion
polynomial obtained for a particular endoscope camera lens . _ . o 3
was capable of correcting the distortion satisfactorily. Thi§e regions of interest in the endoscopic images to facilitate
procedure is an essential step for the accurate measuremenmfuaintitative parameter extraction for decision making. Further
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Fig. 14. Corrected image corresponding to Fig. 13.

IEEE TRANSACTIONS ON MEDICAL IMAGING, VOL. 18, NO. 4, APRIL 1999

(4]

(5]

(6]

(7]

(8]
El

research is in progress to find a relationship between tH&!
expansion coefficients and the distance of the camera lens from
the object. The high-speed response of the proposed algoritfinj
makes the concept of online camera calibration feasible.
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