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Application of the Delaunay triangulation interpolation
in distortion XRII image
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Abstract: To alleviate the distortion of XRII ( X-ray image
intensifier) images in the C-arm CT (computer tomography)
imaging system, an algorithm based on the Delaunay
triangulation interpolation is proposed. First, the causes of the
phenomenon,
Delaunay triangulation interpolation are analyzed. Then, the
algorithm procedure is explained using flow charts and
Finally, described  to
demonstrate its effectiveness and feasibility. Experimental
results Delaunay triangulation
interpolation can have the following effects. In the case of the
same center, the root mean square distances (RMSD) and
standard deviation (STD) between the corrected image with
Delaunay triangulation interpolation and the ideal image are
5.760 4 x 107" and 5. 354 2 x 107", respectively. They
increase to 1.790 3, 2.388 8, 2.338 8 and 1.262 0, 1.268 1,
1.202 6 after applying the quartic polynomial, model L1 and
model L2 to the distorted images, respectively. The RMSDs
and STDs between the corrected image with the Delaunay
triangulation interpolation and the ideal image are 2.489 x
107" and 2.449 8 x 10" when their centers do not coincide.
When the quartic polynomial, model L1 and model L2 are
applied to the distorted images, they are 1. 770 3, 2. 388 8,
2.338 8 and 1.269 9, 1.268 1, 1.202 6, respectively.
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wing to the advantages of low cost, little volume
and easy operation, the C-arm CT is widely applied
in reality. For instance, it can be used by surgeons to as-
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sist complete disease diagnosis'"’, operation evaluations'
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and equipment localization”'. However, these applica-

tions are based on high-quality CT images reconstructed
with the acquired projection data. Practically, two de-
vices can be used to acquire the projection data, namely
the flat panel detector and the X-ray image intensifier. To
obtain high quality images, the flat panel detector is
widely used in high-end or large C-arm CT. However,
the price of the application is very high. Therefore, in the
middle and low-end C-arm CT, X-ray image intensifier
(XRII) still occupies an important, if not dominant, po-
sition, particularly in developing countries or areas.

However due to imaging environments, as well as
magnetic fields, gravity and other factors'"', the acquired
data deviates from the original position, which leads to
XRII image distortion. This distortion phenomenon seri-
ously affects the machines’ application and even brings a-
bout misdiagnosis. Consequently, the acquired projection
data (XRII image) must be corrected.

To solve the problem of XRII image distortion, re-
searchers have proposed different correction algorithms,
namely the global correction algorithm™”’
correction algorithm''. In the classical global correction
algorithm', a high-order polynomial is used to correct

and the local

the distorted XRII image. The polynomial represents the
relationship between the ideal image and the distorted im-
age, whose coefficients can be solved via the least square
method. The correction precision is related to the accura-
cy, distribution and quantity of extracted control points.
The local correction algorithm'® first divides the target
distorted image into several sub-images, such as trian-
gles, quadrilaterals or other shapes. Then every sub-im-
age is corrected independently. The final corrected image
is obtained by fusing the corrected sub-images. The main
advantage of the local correction algorithm is its simplici-
ty. Moreover, it can obtain high correction precision and
good correction in local distortions'™'. However, low effi-
ciency, discontinuous phenomena in adjacent regions,
and sensitivity to S-distortion and pillow distortion are its
shortcomings'' .

On the basis of analyzing the global correction algo-
rithm'*™ and the Delaunay triangulation'™* interpolation
(DTI), this paper proposes a DTI XRII image distortion
correction algorithm. First, the DTI and its implementa-
tion are introduced. Then, data are acquired and the pro-
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posed algorithm is tested to demonstrate its validity. Fi-
nally, some conclusions are drawn.

1 The Delaunay Triangulation and its Imple-
mentation

The correction algorithm based on the DTI belongs to
the global correction algorithm. Yet, the algorithm is dif-
ferent from other global correction algorithms. The main
reason is that the DTI is based on the Delaunay triangula-
tion grid that possesses the following characteristics, such
as an empty circumcircle and the largest least angle!”,
being well-formed, having a simple data structure, mini-
mization of data redundancy, and the like.

1.1 The Delaunay triangulation grid conception and
character

The Delaunay triangulation is a set that expresses a se-
ries of connected but non-overlapping triangulations. It is
a form of an irregular triangulation grid and the main rep-
resentative of DTM. The grid has two features:

1) Each Delaunay triangulation circumcircle does not
contain any other point in this area. The character is
called the Delaunay triangulation grid empty circumcir-
cle. The character has also been known as a judge criteri-
on of building the Delaunay triangulation gird.

2) Among the triangulation grids of points set, the least
angle of the Delaunay triangulation grid is the largest.

1.2 Delaunay triangulation mesh construction algo-
rithm

Since the late 1970s, the research on constructing a tri-
angulation mesh based on Delaunay triangulation subdivi-
sion has been developed. Some valuable algorithms have
been proposed. In general, according to the process of
constructing a Delaunay triangulation grid, the algorithm
is divided into three types, namely the insertion point by
point, the triangulation construction growth, and the di-
vide-and-conquer algorithm'"”' .
1.2.1

Its basic thought is that the data points are inserted into

Insertion point by point

the existing Delaunay triangulation mesh point by point.
The following are its specific steps:

1) Define a super triangle that contains all points and
set it as the initial Delaunay triangle.

2) Insert the untreated point P in the points set into the
existing Delaunay triangulation grid.

3) A triangular including P is found. The P is connect-
ed with the three points in the triangle. As a result, three
new triangles come into being.

4) The local optimization algorithm is applied to up-
date all generated triangles.

5) Repeat steps 2) to 4), until all points are inserted.

6) Finally, delete the super triangle.

1.2.2 Triangulation grid growth

The basic idea of triangulation grid growth is that the
two points with the shortest distance are first connected
into a Delaunay side. Then, according to the Delaunay
boundary criterion, the other points of the Delaunay trian-
gle are identified and the new produced sides are dealt
with successively, until all the sides are completed.
1.2.3 Divide-and-conquer algorithm

Fig. 1 shows the flow chart of this algorithm'”'.

/ Input points set V /

| According to relationship of points set, the points are sorted. |
4>| The sorted points are divided into two parts.

| Every subset generates a Delaunay triangulation grid. |

1

All Delaunay triangulation grids are merged into

a Delaunay triangulation grid.

End

Fig.1 Flow chart of the divide-and-conquer algorithm

1.3 Algorithm implementation based on DTI

DTT technology can interpolate 2D scattered points onto
a surface. The scattered points are named control points,
and the other points are named no-control points. Accord-
ing to the known figures of control points, DTI technolo-
gy produces reference maps of no-control points to correct
distorted XRII images.

Fig. 2 shows the flow chart of the algorithm. Where
x,, y,, X, and y, are four vectors from Refs. [7, 14]. x,
and y, store the control points x-coordinates and y-coordi-
nates in the distorted XRII image, respectively. Corre-
spondingly, the x-coordinates and y-coordinates in the
ideal XRII image are introduced into x, and y,. X, and Y,
represent all the x-coordinates and y-coordinates in the
ideal image, respectively. Correspondingly, X, and Y,
represent all the x-coordinates and y-coordinates in the
distorted image. The following section is a brief textual
description of the algorithm.

First, the four vectors x,, y,, x, and y, are interpolated
into two Delaunay triangulation surfaces, x, = f(x,, y,)
and y, =f(x,,y,). Then, according to x, =f(x,,y ), ¥,
=f(x,,y,) and X, and Y,, all the x-coordinates and y-co-
ordinates in the distorted image are computed and stored
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into X, and Y,. Finally, bilinear interpolation is used to

correct the distorted image. Here, the corresponding

x-coordinates and y-coordinates are extracted from X, and

Y,, respectively.

/ Input x;,y; ,%; .5,

| Delaunay triangulation surfaces x; =f(x,,y,)and ¥; =f(x3,y,)

!

/ Input X, and ¥,

| Computing according to X, , ¥, , X1 =f(x,,y,)and y; =f(x;,y,) |

/ Output X, and ¥,

'

| Bilinear interpolation

Corrected XRII image

End

Fig.2 Flow chart of the DTI algorithm

2 Data Acquisition and Experimental Comparison
2.1 Data acquisition

During the experiment, we used a C-arm CT to acquire
the data. The machine is manufactured by the Nanjing Pu
Love Ray Imaging Equipment Limited Company and its
parameters are shown in Tab. 1. In the process of data ac-
quisition, the machine was rotated 190° with constant
speed, acquiring 200 images with resolution 1 024 x 1 024
pixel. Windows XP and Matlab R7. Ol constituted the
main software environment. The hardware includes Intel
(R) Core(TM) 2 Duo 1.50 GHz CPU and 1 GB memory.

Tab.1 C-arm parameters for the experiments'”'*!
Parameters Value
C-arm X-ray source-to-detector distance/mm 1030
C-arm arc deep/mm 810
C-arm diameter/ mm 1 860
X-ray beam cone angle/(°) 8.37
C-arm track along the arc sliding angle/(°) 190
Number of collected images in the sliding process 200
Projection image resolution/pixel 1024 x1 024
Detector resolution/( pixel - mm ~!) About 4.4

2.2 Qualitative comparison

In order to reduce the computation cost, the length and
width of the image are, respectively, reduced to 1/2 of
its original acquired image in calculation. Fig.3 is one
zoomed acquired distorted image.

Fig.3 Distorted XRII image

During the implementation of experiments, the pro-
posed algorithm was compared to the classical correction
algorithms, such as the global polynomial correction
model, local linear model L1 and nonlinear model L2.
The classical global polynomial correction model ' is
shown as

X, =a, +a,x, +a,y, + a,x; +a,x,y, +a;y. +--- (1)
Y, =b, +b,x; +b,y, +b3x? +b,x.y, +b5y? + }

The formulae of local linear model L1 and nonlinear mod-
el L2 are shown as

Model L1
X . =a,+ax +a,y.
i 0 17%i ZyI} i=l,2, ‘,N (2)
Y, =b, +b,x; +b,y,

Model 1.2

Xi:a0+al‘xi+a2y[+a3x[yi} i=1.2,.N(3)
Y, =by +bx; +b,y, +b;x,y,

When models L1 and L2 are used to correct the distort-
ed image, the distorted image is first divided into four
sub-images along horizontal and vertical directions from
its middle point. Then, every sub-image is corrected.
The final image is obtained by fusing all the corrected
sub-images. In the case of the same center, Fig.4 shows
the corrected images using different correction algo-
rithms. Correspondingly, Fig. 5 illustrates the corrected
images using all the correction algorithms when their cen-
ters do not coincide.

From Fig. 3, the S-distortion and pillow distortion can
be clearly found in the acquired XRII images. After the
images were corrected using DTI, the S-distortion and
pillow distortion no longer existed in the corrected images
(see Fig.4(a) and Fig.5(a)). From Fig. 4 (a) and
Fig.5(a), we can see that the corrected images are not
very exact. The cause for the phenomenon is that the ex-
tracted control points mainly concentrate on the center po-
sition. Naturally, the phenomenon does not affect form-
ing the relationship between the distorted image and the
ideal image. Fig.4(b) and Fig.5(b) are the corrected
images using the quartic polynomial. As can be seen from
Fig.4(b) and Fig.5(b), the S-distortion does not exist
and pillow distortion exists in part. As for Fig. 4 (c),
Fig.4(d), Fig.5(c) and Fig.5(d) , using local linear
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Fig.4 Corrected images with the same center. (a) DTI; (b)
Quartic polynomial; (c¢) Model L1; (d) Model L2
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Fig.5 Corrected images with different centers. (a) DTI; (b)
Quartic polynomial; (c) Model L1; (d) Model L2

model L1 and nonlinear model L2, there is S-distortion
and pillow distortion to some extent. Moreover, the cor-
rected image is broken into two images in Fig.4(c) with
the corrected model L1. These phenomena further illustrate
that the correction effect of the global correction algorithm
is better than that of the local correction algorithm.

2.3 Quantitative comparison

In experiments, the correction accuracies of all correc-
tion algorithms are compared. Here, the correction algo-
rithms include the global quartic polynomial correction al-
gorithm, the local linear correction algorithm ( model
L1) and the nonlinear correction algorithm ( model 1L2)
and the DTI correction algorithm. Image distortion cor-
rection accuracy is judged using two indices, root mean
square distances ( RMSD ) and standard deviation
(STD). Their corresponding formulae are as follows:

n

2 (di)2 172

RMSE = (ﬁ) (4)

172

STDE = (nljg(di—c?)?) (5)

where d, = ((x (i) — corrx (i))> + (y (i) -
corry(i))?*)"* or d, = ((xcenter (i) — corrx (i))”> +
(ycenter(i) — corry (i))*)"?. RMSD is the root mean
square error between computed control point’s coordina-
tion values in the ideal image and the corrected control
point’s coordination values in the corrected image. The
smaller RMSD implies a better correction effect. When
RMSD equals zero, the interpolated surface passes though
the control points in the ideal image. In this case, the
correction effect is the best.

Tab. 2 gives the correction accuracies of various correc-
tion algorithms when centers between the corrected image
and the ideal image coincide. Correspondingly, when the
centers between the distorted image and the ideal image
do not coincide, the correction accuracies are listed in
Tab.3. The RMSE and STDE of model L1 and model 2
are computed as follows. First, the RMSE and STDE of
every sub-image are computed. Then, the RMSE and
STDE summation of all the sub-images are computed. Fi-
nally, the final RMSE and STDE are calculated by avera-
ging the summation.

Tab.2 Correction accuracy with the same center

Algorithm RMSE STDE
DTI 5.7604x107"  5.3542x107*
Quartic polynomial 1.790 3 1.262 0
Model L1 2.388 8 1.268 1
Model L2 2.338 8 1.202 6

Tab.3 Correction accuracy with different centers

Algorithm RMSE STDE
DTI 2.489 x10° 1 2.449 8 x10°13
Quartic polynomial 1.770 3 1.269 9
Model L1 2.388 8 1.268 1
Model 1.2 2.338 8 1.2026

The RMSE and STDE between the corrected image
using model L1 and the ideal image are 2. 388 8 and
1.268 1 whether they have the same center or not. The
two values become 2. 338 8 and 1. 202 6 whether they
have the same center or not, after the model L2 is used to
correct the distorted images. After global quartic polyno-
mial correction, RMSE and STDE become 1. 790 3 and
1.262 0 (The two images have the same center) and
1.770 3 and 1. 269 9 (The two images have different
centers) , respectively. After using the correction algo-
rithm proposed in this paper, RMSE and STDE become
5.760 4 x 10" and 5. 354 2 x 10" ( The two images
have the same center) and 2. 489 x 10 " and 2. 449 8 x
10" ( The two images have different centers), respec-
tively. These results prove that the proposed algorithm
outperforms the classical global polynomial correction al-
gorithm and the local linear correction algorithm ( model
L1) and the nonlinear correction algorithm ( model L.2).
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3 Conclusion

The distorted XRII image can bring about adverse
effects for subsequent courses. In this paper, a DTI algo-
rithm based on the classical algorithms is proposed to cor-
rect the distorted images. Experimental results show that
the proposed algorithm can not only effectively correct the
distorted XRII images, but also bring about better results
than the classical correction algorithms. To demonstrate
its reliability and validity, in the future, we will apply
the algorithm to clinical data and compare it with the clas-
sical algorithms.
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