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The measurement and simulation of the three-dimensional structure of magnetic
reconnection in astrophysical and lab plasmas is a challenging problem. At Los Alamos
National Laboratory we use the Reconnection Scaling Experiment (RSX) to model 3D
magnetohydrodynamic (MHD) relaxation of plasma filled tubes. These magnetic flux tubes are
called flux ropes. In RSX, the 3D structure of the flux ropes is explored with insertable probes.
Stereo triangulation can be used to compute the 3D position of a probe from point
correspondences in images from two calibrated cameras. While common applications of
stereo triangulation include 3D scene reconstruction and robotics navigation, we will
investigate the novel application of stereo triangulation in plasma physics to aid
reconstruction of 3D data for RSX plasmas. Several challenges will be explored and addressed,
such as minimizing 3D reconstruction errors in stereo camera systems and dealing with point
correspondence problems.

I. INTRODUCTION
Magnetic reconnection is a fundamental process

in plasma physics in which local breaking of
magnetic field lines results in a restructuring of the
magnetic field and a release of stored magnetic
energy in the form of plasma flow [1]. It is studied
widely in astrophysical and laboratory plasmas,
such as solar flares [2] and magnetic fusion plasmas,
where it can degrade particle and energy
confinement [3].

In the Reconnection Scaling Experiment (RSX), 3D
magnetic reconnection is studied in parallel plasma
current channels (flux ropes) which mutually
attract. RSX uses multiple probe positioners that
facilitate the collection of 3D data by enabling
precise movement of the probes in three
dimensions [5].

Stereo triangulation can be used to  compute the
3D position of a point from its projection in two
images by computing the intersection of rays
originating from the camera lens center and passing
through the corresponding image points [6]. This
requires knowledge of the intrinsic parameters for
both cameras, which describe the direction of a ray
projecting out of a pixel on the image. In addition,
the extrinsic parameters of the cameras are also
required, which describe one camera’s rotation and
translation with respect to the other.

Various camera calibration procedures exist to
determine the intrinsic and extrinsic parameters in
a stereo camera configuration [7]. It is important to
choose the most accurate method available as an
improper calibration can be a major source of error
in all measurements. The other major source of
error is the error in identifying exact point
correspondences in both images in a stereo system,
which results in the projected rays not intersecting
in 3D. The points must be displaced in such a way
that this reprojection error is minimized. There are
several solutions available that address this
problem [8,9].

In some instances it is possible for the insertable
probes to be obscured in one of the camera views.
This means we cannot implement a fully automatic
solution that will determine the position of the
probes without any user interaction. We will
address these issues and implement a solution that
will be able to compute the 3D position of the
probes when only visible in one camera view.

II. TECHNICAL DESCRIPTION
To provide a framework for the stereo

triangulation process we will first introduce the
simple linear pinhole camera model. Figure 1
depicts a simple linear pinhole camera model,
which maps a point from 3D space to the image
plane. In Euclidian space ℝ the mapping of beam
direction = [ , , ] to image coordinates



= [ , , 1] is achieved by first projecting it onto
the plane = 1 and multiplying the normalized
image coordinates by the intrinsic camera matrix as
described in equations (1.1) and (1.2) [10].

= 1 = 1 = / ′/ ′1 (1.1)

= 000 0 1 (1.2)

Figure 1: Projective mapping of 3D object onto
image plane

The intrinsic camera matrix consists of the focal
distance (scale factors) and the principal point, (the intersection of the optical axis with the
image plane). In order to be able to model a real
camera as a pinhole camera, the geometric lens
distortion must be computed and reversed.
Equations (2.1) – (2.3) describe the mapping of
normalized points to distorted image coordinates
using a model that takes into account radial and
tangential lens distortion [11]. K1, k2, k3, and k4 are
the distortion coefficients calculated in the camera
calibration step. The normalized points are related
to the beam direction by equation (1.1).= + ′= + ′ (2.1)

= (1 + + ) + (3 + ) + 2′ = (1 + + ) + 2 + ( + 3 )
(2.2)= + (2.3)

Figure 2 depicts a stereo camera model showing
the paths of beams of light passing from 3D point P
through the center of projections onto the image
planes.

Figure 2: Perspective projection of point P onto left
and right camera planes

Let = [ ] and = [ ]
be the coordinates of point P in the right and left
camera reference frames. The left camera frame is
related to the right camera frame by a translation
and a rotation:= + (3.1)

The vectors of the perspective projections of
point P onto the camera planes are = =[ 1] and = = [ 1] . Our goal is to

solve for and and then solve for the
remaining coordinates. Equation (3.1) can be
rewritten as:[− ] = (3.2)

Let ≐ [− ] . The least squares solution can
be written as:

= ( ) (3.3)

Letting = − , an explicit solution for
equation (3.3) may be derived [12]:= ‖ ‖ ( ⋅ ) ( ⋅ )( ⋅ )‖ ‖ ‖ ‖ ( ⋅ ) (3.4)

This solution was implemented in the IDL
programming language. The code was largely based
off of Bouguet’s work on the Matlab Camera
Calibration Toolbox [13].

= [ , , 1] is achieved by first projecting it onto
the plane = 1 and multiplying the normalized
image coordinates by the intrinsic camera matrix as
described in equations (1.1) and (1.2) [10].

= 1 = 1 = / ′/ ′1 (1.1)

= 000 0 1 (1.2)

Figure 1: Projective mapping of 3D object onto
image plane

The intrinsic camera matrix consists of the focal
distance (scale factors) and the principal point, (the intersection of the optical axis with the
image plane). In order to be able to model a real
camera as a pinhole camera, the geometric lens
distortion must be computed and reversed.
Equations (2.1) – (2.3) describe the mapping of
normalized points to distorted image coordinates
using a model that takes into account radial and
tangential lens distortion [11]. K1, k2, k3, and k4 are
the distortion coefficients calculated in the camera
calibration step. The normalized points are related
to the beam direction by equation (1.1).= + ′= + ′ (2.1)

= (1 + + ) + (3 + ) + 2′ = (1 + + ) + 2 + ( + 3 )
(2.2)= + (2.3)

Figure 2 depicts a stereo camera model showing
the paths of beams of light passing from 3D point P
through the center of projections onto the image
planes.

Figure 2: Perspective projection of point P onto left
and right camera planes

Let = [ ] and = [ ]
be the coordinates of point P in the right and left
camera reference frames. The left camera frame is
related to the right camera frame by a translation
and a rotation:= + (3.1)

The vectors of the perspective projections of
point P onto the camera planes are = =[ 1] and = = [ 1] . Our goal is to

solve for and and then solve for the
remaining coordinates. Equation (3.1) can be
rewritten as:[− ] = (3.2)

Let ≐ [− ] . The least squares solution can
be written as:

= ( ) (3.3)

Letting = − , an explicit solution for
equation (3.3) may be derived [12]:= ‖ ‖ ( ⋅ ) ( ⋅ )( ⋅ )‖ ‖ ‖ ‖ ( ⋅ ) (3.4)

This solution was implemented in the IDL
programming language. The code was largely based
off of Bouguet’s work on the Matlab Camera
Calibration Toolbox [13].

= [ , , 1] is achieved by first projecting it onto
the plane = 1 and multiplying the normalized
image coordinates by the intrinsic camera matrix as
described in equations (1.1) and (1.2) [10].

= 1 = 1 = / ′/ ′1 (1.1)

= 000 0 1 (1.2)

Figure 1: Projective mapping of 3D object onto
image plane

The intrinsic camera matrix consists of the focal
distance (scale factors) and the principal point, (the intersection of the optical axis with the
image plane). In order to be able to model a real
camera as a pinhole camera, the geometric lens
distortion must be computed and reversed.
Equations (2.1) – (2.3) describe the mapping of
normalized points to distorted image coordinates
using a model that takes into account radial and
tangential lens distortion [11]. K1, k2, k3, and k4 are
the distortion coefficients calculated in the camera
calibration step. The normalized points are related
to the beam direction by equation (1.1).= + ′= + ′ (2.1)

= (1 + + ) + (3 + ) + 2′ = (1 + + ) + 2 + ( + 3 )
(2.2)= + (2.3)

Figure 2 depicts a stereo camera model showing
the paths of beams of light passing from 3D point P
through the center of projections onto the image
planes.

Figure 2: Perspective projection of point P onto left
and right camera planes

Let = [ ] and = [ ]
be the coordinates of point P in the right and left
camera reference frames. The left camera frame is
related to the right camera frame by a translation
and a rotation:= + (3.1)

The vectors of the perspective projections of
point P onto the camera planes are = =[ 1] and = = [ 1] . Our goal is to

solve for and and then solve for the
remaining coordinates. Equation (3.1) can be
rewritten as:[− ] = (3.2)

Let ≐ [− ] . The least squares solution can
be written as:

= ( ) (3.3)

Letting = − , an explicit solution for
equation (3.3) may be derived [12]:= ‖ ‖ ( ⋅ ) ( ⋅ )( ⋅ )‖ ‖ ‖ ‖ ( ⋅ ) (3.4)

This solution was implemented in the IDL
programming language. The code was largely based
off of Bouguet’s work on the Matlab Camera
Calibration Toolbox [13].



III. DESIGN CONSIDERATIONS
The biggest challenges faced in this project are

dealing with situations where a probe is obscured in
one camera view and transforming the 3D
coordinates from the camera reference frame to
the RSX origin coordinate system. Figure 3
illustrates the two cameras looking into the end of
the RSX machine.

Figure 3: Drawing of camera views looking into the
RSX machine

Stereo triangulation cannot be employed in
situations where a probe is partially obscured in one
of the camera views. To overcome this problem we
will measure the Z distance of the probes to a
reference point (origin) inside RSX and use stereo
triangulation to obtain the distance from this
reference point to the cameras. The total distance
can then be used to determine the 3D coordinates
of the probes. See figure 4 for a view of the probes
from one of the viewport cameras.

Figure 4: View of probes inside RSX showing how
probes can be obstructed by the plasma gun

(white cylindrical object)

In order to be able to accurately determine
the position of the probes the cameras must be

perfectly aligned (perpendicular) to the Z axis in
RSX. It is difficult to align the cameras to be
perfectly perpendicular to RSX. Therefore, the best
solution is to find the rotation of the cameras
relative to the RSX origin and transform the 3D
coordinates in order to align them with the RSX
coordinate system. Once the probe position has
been found relative to the cameras a rotational and
translational transform can be applied in order to
recover the probe position relative to the machine
origin.

In an effort to automate part of the probe
position measurement process we have
implemented a procedure that detects a set of
coplanar points on the XY plane in RSX on the set of
images collected from the stereo camera setup.
Figure 5 provides an overview of the corner
detection process.

Figure 5: Edge / Point detection process used
to identify XY plane of RSX

The four coplanar points on the XY plane of RSX
are detected as follows:

1. Canny edge detection is performed. A
threshold was chosen that eliminates most
unnecessary lines.

2. A Hough transform detects lines and maps
them to parameter space, where each line
is represented by a ( , ) coordinate pair.

3. The lines are filtered to reject all lines that
are below a certain length and lines that do
not lie nearly horizontal or vertical.

4. Points where horizontal lines intersect
vertical lines are identified as corner points
for the XY plane.

3D coordinates for the coplanar points are
obtained through stereo triangulation. A normal is
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projected from 3 coplanar points and compared to
the normal (0, 0, 1). This allows us to determine the
rotation of the plane in two dimensions. After
reversing this rotation the third rotation can be
easily obtained and reversed. All of the procedures
discussed so far form the foundation that enables
determination of the 3D position of all probes with
respect to the origin of RSX given the Z distance of
the probes to this point.

IV. EXPERIMENT
In order to test the feasibility of a stereo camera

setup on the RSX machine an experiment was set up
to simulate the distances involved in triangulation
of the probes in the vacuum chamber.

A single camera (Sony IMX105PQ CMOS sensor)
was mounted on a rail mount on an optical table in
order to be able to precisely control the distance
between cameras in our pseudo stereo camera
setup. Images were taken at a resolution of
2048x1536 pixels. The distance between cameras
was chosen to be 30mm as this roughly corresponds
to the distance between viewports on the end of
the RSX chamber. The camera was calibrated using
DLR CalDe and CalLab [14].

Stereo triangulation was performed on a
checkerboard target with squares of known size
(20mm) at distances of 60cm, 120cm, and 180cm.
The distance of 180cm was chosen because this
roughly corresponds to the distance of the
insertable probes in the machine to the viewport.

All 130 points on the checkerboard pattern were
detected on the test images and after stereo
triangulation the lengths of all sides of the squares
on the checkerboard pattern were measured in 3D.
These were compared to the known reference size
of 20mm to obtain the error measurement. 237
measurements were obtained for each stereo pair
of images processed. Figure 6 shows a pair of test
images taken at a distance of 60cm from the target.

Figure 6: Stereo image pair from experiment

Figure 7 depicts histograms of error distributions
for each distance from the target. Units of

measurement are in mm. As expected the error
generally increases as distance measured increases.

The wide spread in error distribution is most
likely due to errors in detecting point
correspondences in stereo image pairs. The
checkerboard pattern corners were detected using
DLR CalDe.

Figure 7a-d: Histograms of error and mean error
percentage vs distance
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V. CONCLUSION
Our results have shown that stereo triangulation

is a very accurate technique to determine the
position of multiple probes inside a vacuum
chamber. The largest mean error in the
checkerboard pattern reprojection was 1.4% at a
distance of 180cm. This is an acceptable level of
error that will be comparable in real probe
measurements since the probes will perform data
measurements in a sweep across the chamber
resulting in a set of position points similar to the
shape of the checkerboard pattern. The largest
source of error that will be encountered in future
work will be errors in measurement of the Z
distance of the probes to the RSX origin as well as
errors in selecting probe points in camera images.

In future work we will implement our stereo
camera setup on the viewport at one end of the RSX
machine and utilize the setup to collect 3
dimensional data from the experiment.

While we have implemented all of the code
necessary to detect the 3D position of any probe in
the RSX vacuum chamber, it is challenging to find a
set of inexpensive high resolution cameras that
have a common lens mount such as the C-mount or
CS-mount. Obtaining a highly accurate
measurement of the probe positions requires a high
resolution camera that can be modified to have a
small field of view so that no pixels are wasted on
imaging the part of the chamber that won’t be used
in the positioning of the probes.

A practical addition to this project would be to
automate the detection of probe points just like the
already existing detection of plane corners so that
the only user input required is the Z distances of the
probes to the RSX origin point. A major challenge
involved in realizing this feature is developing a
robust algorithm that can accurately detect the
same point on the probe in each image. In addition,
stereo triangulation could be performed
automatically for probes that are visible in both
camera image planes to reduce the amount of user
input required.
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