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Dear editor,

Autonomous gastrointestinal robots are the future form
of traditional manually operated endoscopes for reducing
adverse events, such as perforation of the gastrointestinal
tract [1-3]. Cardia center detection is a key task for gas-
trointestinal robots to autonomously enter the stomach to
fulfill inspection and therapeutic operations. However, none
of the existing studies addresses the problem of finding the
center of the cardia, i.e., an image guidance task serving the
gastrointestinal robots for passing the cardia.

Detection of the cardia center is fulfilled by using the hy-
brid maximum pixel grayscale average variance algorithm
and the reference point increment dilation method. An ap-
propriate threshold is found to delineate the outline of the
cardia, and then the dilation step is used to obtain higher ac-
curacy and avoid big error provided by the modified Otsu’s
method for the scenarios like the cases in subfigure D in Fig-
ure Al in Appendix A. Also, an appropriate dilation method
is selected to obtain real-time image processing speed. The
pipeline of the proposed method for finding the cardia center
is shown in Figure A1, where all results are first obtained
here.

Assume that a digital image is a matrix with .Z pixels
by 4 pixels, and the pixels of the image are represented in
L € N gray levels. The quantity of the pixels at the level ¢,
i €[1,2,...,L] is denoted by n; and the total number of the
pixels of the image is denoted by N =nj; +na +---+ng.
The probability at the level i is

LeN
pi=ni/N, pi<0, > pi=L (1)
im1

Now suppose that we dichotomize the pixels into two
classes Cp and C; (background and objects, or vice versa) by
a threshold at the level k € [1,2,...,L]. Co denotes pixels

with the levels [1,2,...,k] and C; denotes the pixels with
the levels [k + 1,k + 2,..., L]. The occurrence probabilities
of the classes Cp and C are given by

k
wo = Pr(Co) = > pi = w(k), (2
i=1
and
L
w1 =Pr(Cy) = Z pi =1 —w(k), (3)
i=kt1

where w(k) denotes the zeroth-order cumulative moments of
the histogram up to the k-th level, and the probabilities of
mean levels of the classes Cp and Cp are given by

k k
po =Y _iPr(i|Co) = > ipi/wo = u(k)/w(k),  (4)

i=1 i=1
and
L & pr — p(k)
p1 = Z Pr(z|Cr) = Z ipi /w1 = 1T7k7 (5)
i1 i=kt1 —w(k)

where p(k) denotes the first-order cumulative moments of
the histogram up to the k-th level and is defined as

k
p(k) = ip:. (6)
i=1
The total mean level of the original image is
L
pr =p(L) = ipi. (7)
i=1

The global optimal threshold is determined by maxi-
mizing the between-class variance in the classical Otsu’s
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Figure 1

method, while in this study, the maximum pixel grayscale
average variance [4] is employed to obtain the global optimal
threshold. The pixel grayscale average variance between two
areas is defined as the distance, i.e.,

Ui = pr/N. 3)

In the following, we present the procedure for finding the
segmentation threshold which is denoted by Thg. Firstly,
the points with the grayscale value 0 or 255 are excluded
from the following procedures. Secondly, an initial value is
assigned to Tho € [0,255]. Thirdly, the pixel grayscale av-
erage variance S between target area and background area
is defined as

_ (Tho — Uo)(Ul - Tho)

S b
(U1 — Up)?

(9)

where Uy and U are obtained via (8). Fourthly, S is calcu-
lated according to (9) accompanying with the initial thresh-
old Tho and the increment of Thg with the step length 1.0,
and we obtain a pixel grayscale average variance set S, i.e.,
S € S. Then, find the maximal value from the obtained set
S, ie.,

Smax = max Si, (10)

i€ K

where K is the number of the elements of S. Finally, we find
the threshold Tho corresponding to Smax via (10). Then the
dilatation procedure, which is presented in Appendix Bl,
and the algorithm for calculation of cardia center, which is
given in Appendix C1, are used to find the resultant cardia
center.

Four cases of cardia shown in Figure D1 are selected to
demonstrate the improvement of the detection time of the
cardia center with the RPI method than the conventional di-
latation method. Further, the position error of cardia center
detection for various conditions is analyzed, and the errors
are 6.58, 5.09, and 2.69 pixels between the center of ground
truth and the center by the algorithm for side view closed
orifice cardia, open orifice cardia, and FICE imaged cardia
in Figure E2. Further, the proposed method is compared
with seven algorithms to show its advantage, and the com-
parison is shown in Figure E1.

Four typical conditions of the normal healthy cardia are
selected to demonstrate the effectiveness of the method, i.e.,
the simple and complicated folds, and the small and large
open orifices. Also, the performance of the algorithm is ver-
ified by four typical lesions surrounding the cardia including
reflux esophagitis, carcinoma of the gastric cardia, cardiac
mucosal laceration syndrome and Barrett’s esophagus. The
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(Color online) Setup for real-time tracking of the cardia in a practical endoscopic screening procedure.

detected center positions of the normal and diseased cardias
are shown in Figures F1 and G1, respectively.

Video tracking experiment is also implemented. The
cardia center tracking for the offline video is shown in
Figure H1. We apply the method to a real endoscopy pro-
cedure to test the feasibility of the cardia center detection
algorithm. We randomly select an endoscopy screening pro-
cedure on a thirty-six year-old male patient in the Sixth Ex-
amination Room, the Gastroenterology Department, Peking
University Third Hospital. The cardia of the patient is
healthy. The setup of the realtime cardia center tracking
system is shown in Figure 1. The real-time tracking experi-
ment is shown in Figure I1.

Conclusion. In this study, we develop an approach, i.e.,
the hybrid maximum pixel grayscale average variance and
reference point increment dilation method, to find the center
of the cardia. The task is one of the indispensable tasks for
image guidance of an autonomous gastrointestinal robot to
pass from the esophagus to the stomach through the cardia.
The proposed method is generally effective for both normal
cardia and diseased cardia neighbored with various kinds of
common lesions.
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