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Abstract
This paper poposed an optimal tracking technique in three dimensional space of the needle shape intraoperation.
The technique make use of stereo vision and epipolar geometry to reconstruct corresponding point lying on the
centerline of the needle captured from two camera. Using epipolar relationship between two sets of corresponding
point, the spatial position of the centerline of the needle is reconstructed with respect to world coordinate system. As a
result, the spatial position as well as geometric shape of the needle is tracked in near real-time interval.
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Introduction

In recent years, much attention has been paid for
minimally invasive brain surgery with the treatment of
controllable flexible needle due to its vast advantages [1,
2]. Especially, it has not only a minimal affected area but
also a much shorter period of recovery time compared to
conventional open surgery. Most of the recent steerable
needle system uses its tip to steer and control the direction
as well as its 3D geometric shape [3]. However, due to the
limitation in stiffness of existing needle, its tip and shaft
may cause the damages for the brain [4]. To control the
movement of the needle precisely as well as to avoid the
damages of brain, three dimensional needle tracking
control is required but implementation is challenging.
Some techniques are available for 3D shape tracking of
the needle in surgery such as using sonography machine,
MRI imaging device, CT imaging [5-10]. However, due
to their limitation in term of poor image quality and long
generating time, they are currently not applicable in realtime robot assisted surgery.
Hence, to overcome those challeges arised in needle
control for brain surgery, we propose an optimal
technique to track both tip point and entire geometric
shape of the needle in three dimension space using stereo
vision and 3D reconstruction algorithm. The tracking
experiment is carried out with a flexible needle fixed
inside the workspace of stationary stereo camera where
the distance from cameras to the needle is set
approximately 250 mm. By the suggested methods, first,
the stereo camera is precisely calibrated with a standard
checker board of size 11x11 squared grids in each
dimension to get projection and each fundamental matrix.
Next, stereo image pair of the fixed needle is captured by
both cameras sequentially and saved in memory for post-

processing. In image processing step, image of the needle
is segmented and then complemented to get its entire
shape in 2D. To reduce the image size by eliminating
unnecessary information, a skeletonization technique is
applied for finding the centerline of needle shape in each
image. Each single white-pixel belonging to centerline of
left and right image is then saved in two point set,
respectively. Epipolar geometry and fundamental matrix
is utilized to determine corresponding point pair between
two point. When having corresponding point pair, 3D
reconstruction algorithm is applied to determine position
of each single point belonging to centerline of needle
shape with critically high accuracy: positional error
attains
mm when the distance from camera to the
needle is 250mm. Therefore, 3D shape of the needle in
space is properly determined by a point set which
describes its centerline.
To confirm the accuracy of 3D reconstruction, projection
algorithm proposed by R. Harley and A. Zisserman and
PI. Corke with camera model is applied [11, 12]. The
experimental results show that the mean error of the
projection attains 30.3 pixels within approximately one
second of processing time. In conversion to real world
coordinate, the mean error attain 1.01 mm. We expected
that the proposed tracking technique will provide a
significant contribution to improve accuracy and
processing time of recent needle tracking technique and
could be applied in practice.
The paper is organized as follows. In Section 2, the
centerline extration technique used in 2D images wil be
introduced. The application of epipolar geometry
extraction technique in corresponding point check will be
shown at Section 3. The algorithms to reconstruct 3D
position and geometric shape of the needle in space will
be explained in Section 4. And then, the experimental
results and conclusion will be provided at the last parts.
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Centerline extraction

Figure 1 describes the images of the needle captured by
the stereo camera. These images are pre-processed to enhance the contrast of the edge and equalize the histogram.
Furthermore, all of the noise around the border of the image will be eliminate to get the best segmentation of the
needle shape.

Figure 1 Image of the needle captured by two cameras

Figure 2 Image of the needle after skeletonization

and

(1)

To save memory as well as to reduce the processing time
in the next step, the number of point in each set could be
reduced by k times. It is a trade-off between processing
time and resolution of accuracy. Therefore, to remain a
proper precision in tracking geometric shape of the
needle, the condition should be hold as
with
. In this condition, if
, there is a large
discontinuous distance at the centerline of the needle
shape and it may cause the difficulties or mismatch for
curve fitting step. Figure 3 shows an example of large
discontinutity of this.
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Corresponding point check

3.1

Epipolar geometry

In order to reconstruct positions of each centerline point
of needle shape, we have to determine the corresponding
points in stereo image pair. In stereo vision, epipolar geometry describes the relationship between two images p
and q captured by two cameras located at spatial points
and , respectively. Epipolar geometry is normally used
to check the correspondence between two points or two
point sets from two calibrated cameras [12].
Assuming that M is a spatial point located at the centerline of the needle shape, M can be captured by stereo
camera and appeared in two image as
and
, respectively (with
). Figure 4 describes epipolar geometry between two corresponding images p and
q in relation with the epipolar plane and baseline. The
epipolar geometry in this case could be used to determine
whether a point
belonging to image p is the correspondence of
in image q or not.
Furthermore, a fundamental matrix F describes the constraint between two corresponding points
and
projected from a spatial point M in three dimentional
space. The point
and
from two images is consider
as corresponding point if and only if the below constraint
is hold:

Figure 3 Large discontinuity image of the needle centerline after skeletonization reduced by 5 times

For the preprocesssed image in Figure 1, the centerline
extraction is carried out with skeletonization technique
implemented in Matlab 2014b as shown in Figure 2. After
skeletonization processing for each image, we can obtain
a set of centerline point in two-dimensional space as of
and in (1).

Figure 4 Epipolar geometry between two images
(2)

in which, the coefficients a, b, c satisfies line equation in
2D plane
.

where
is the epipolar line started from epipole
on which the point
must lies on.
Therefore, in order to check if a point in image p is the
correspondence of another point in image q, we only need
to check whether the constraint in (2) is zero.

3.2

Fundamental matrix derivation

The fundamental matrix of epipolar geometry can be
described and derived in many ways. One of the most
well-known technique is introduced by Hartley and
Zisserman in [12]. To approach the fundamental matrix
method, camera calibration is firstly carried out with a
standard checkerboard of size 11x11 squared grids [13],
where the size of each square is 2x2 mm. After calibration
step, the camera’s intrinsic and extrinsic parameters are
properly obtained.
Denote that the intrinsic and extrinsic of two camera are
and
for camera p,
and
for image q,
respectively. Projection matrices of two views p and q,
where and are obtained as in the following equation,
and

(3)

If we assume that the world coordinate system is set
coincidently to the camera coordinate system of the view
p, then and now become:
and

(4)

where
is the transformation matrix from the camera
coordinate system of the view p to that of view q.
Then, the fundamental matrix corresponding to two views
of the stereo camera can be described as in (5).
(5)
where

is the pesudo-inverse of ,
is camera center position and the epipoles
of two corresponding images can be obtained as in (6)
(6)
where the right subscript “ ” indicates a skew-symmetric
matrix.

3.3

Corresponding point selection

As described in Section 3.1, two points that is corresponding point pair
and
are obtained when
is satisfied. In order to check this constraint between
two point set and in Section 2, a pencil epipolar line
in epipolar plane is drawn, which starts from
two point
and of image p, go through epipole of
the image q. The line is formed by (7).
(7)

Figure 5 Epipolar line

and its intersection with needle
shape

Therefore, the corresponding point of
in image q is
the intersection between epipolar line and the needle
shape as illustrated in Figure 5.
However, due to the error in calibration process, the
constraint
is not completely equal to zero.
Practically, we utilize this constraint as
(8)
As our experimental results showed that the
reconstruction error of a single point became less than 0.3
mm within this constraint.

3.4

Distance map

It is easy to check the corresponding point pair between
two point set
and
by iterating
times steps in
Section 3.3. However it is not a smart way to do because
of memory burden and computation time consumption.
Instead, we propose the use of distance map with only one
matrix computation. It is named distance map since the
constraint
describes the distance from point
to epipolar line
.
Distance map is constructed by:
(9)
in which row-i of D describes the distance from the point
to the epipolar line
.
Figure 6 illustrates a typical distance map by using
fundamental matrix F and epipolar geometry. The dark
color shows low value of distance, and inversely, the light
color means high value of distance.

Figure 6 Distance map created by epipolar geometry
Practically, we will search for all position in distance map
D which has value
. The set of corresponding
point pair will be determined by:
(10)
where
. By reconstructing the distance
map, imaging processing time for checking corresponding
point is greatly reduced from approximately 19 second
down to 1.01 second.
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3D reconstruction of the needle
shape

Figure 7 Setup of the experiment

Refer to our previous research results [14], we have
proposed a numerical formula to reconstruct a 3D point
from two corresponding points of stereo images.
Although the thereoritical formula comes from X-ray
image, we proved that our method can be applied to
digital image as well.
In brief, assumed that two points
and
are corresponding points, obtained from
projection of a 3D point
onto two
images p and q, respectively. Subsequently, the position
of M is obtained by solving the following equation:
(11)
(12)
where,
is reconstructed 3D point in
camera coordinate,
is a transition matrix,
H is a 44 infinity homography matrix [12] and
is
intrinsic matrix of image q obtained from calibration step.
Replace all of these parameters into Equation (12), we
obtain the 3D position of point M reconstructed from
stereo images p and q.
Repeat the same procedure to the corresponding point set
determined in Section 3.4, the position and geometric
shape of the needle is reconstructed in three dimensional
space.

5

Figure 8 Needle shape is fixed inside workspace of stereo camera

Figure 9 Different view of reconstructed needle shape
with full point connected

Experimental Results

In this experiment, a three dimensional needle shape is
fixed inside the region of interest of calibrated stereo
camera as illustrated in Figure 7 and 8. The shape of the
needle can be controlled by a knob in manually.
First, the stereo camera is calibrated with standard checkerboard to get intrinsic and extrinsic parameter for 3D reconstruction. And then, it captures the corresponding images of the needle and carries out the 3D construction to
get 3D position and geometric shape of the needle. Finally, the position and geometric shape of the needle is
reconstructed by using algorithm proposed in Section 4.
The results are illustrated shown at Figure 9 and Figure
10.

Figure 10 Different view of reconstructed needle shape
with the number of points is reduced by 4 times

6

Figure 11 Projection of 3D point set back into left and
right stereo images
After 3D reconstruction, to confirm the accuracy of the
suggested method, we used camera model proposed in
The Machine Vision Toolbox by PI Corke to project 3D
point set back into original images. The result of projection is shown in Figure 11.
In this case, we used Mean Error to estimate the error in
projection step.
(13)
where d is the minimum distance from a single projected
point (blue dot) to the 2D needle centerline (white line)
and n is the number of reconstructed point.
The mean error shows that the projection error attains
30.3 pixel in image coordinate. After that, we convert the
error from image coordinate to real world coordinate by
multiplying the error in pixel with pixel size provided in
datasheet of the camera. The result indicates that the error
is 1.01 mm.
Furthermore, we calculate processing time to reconstruct
the needle shape in five cases, in which the number of reconstructed point is reduced by k-times. The result is
shown in Table 1 where our suggested method with distance matrix algorithm will significantly reduce the computation time.

In this paper, we proposed an optimal tracking technique
of flexible needle for brain surgery. This technique can
track both position and geometry shape of the needle in
real-time with high accuracy. The mean error attains 30.1
pixel in image coordinate and 1.01 mm when converted
into real world coordinate. The epipolar constraint
contribute mostly to the accuracy improvements of the suggested method. Furthermore, by
utilizing distance matrix, the processing time is significantly reduced, approximately 20 times faster than the
technique using
times iteration for checking proper
constraint. This technique remains a weakness especially
when dealing with noisy data. This is also our work in the
future to improve so that it could be applied in real medical application.
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[1]

[2]

[3]
knumber

Number
of point

Processing
time (with distance matrix)

1

331

19.21 s

1.01 s

2

165

11.56 s

0.59 s

3

110

8.54 s

0.43 s

4

83

6.89 s

0.48 s

5

65

5.13 s

0.29 s
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Table 1 Processing time to reconstruct needle shape
with/without distance matrix
Processing
time (without
distance matrix)
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