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Abstract

Introduction: Motion analysis is a valuable tool for assessment of psychomotor skills in laparoscopy. Nonetheless, it requires
technologies for tracking the activity of the laparoscopic instruments during training. This paper presents a sensor-free system
fo track the movements of laparoscopic instruments based on an orthogonal camera system and video image processing.
Methods: The movements of the laparoscopic instruments are tracked with two webcams placed in an orthogonal configura-
tion. The position and orientation in the three-dimensional workspace are obtained using color markers placed on the tip of
the instruments. Results: Accuracy tests show a resolution of 0.14 mm for displacement, with 1694 cm?® of total workspace,
and 0.54° in the angular movements. Mean relative errors of the tracking system were <1%. The orthogonal cameras show
high precision, linearity, and repeatability of motion recording of the laparoscopic instruments. Conclusion: The proposed
system offers unconstrained manipulation of the instruments and a low-cost alternative for traditional tracking technologies.
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Resumen

Introduccion: El andlisis del movimiento es una valiosa herramienta para la evaluacion de las habilidades psicomotrices en
la laparoscopia. Sin embargo, requiere tecnologias para el seguimiento de la actividad de los instrumentos laparoscdpicos
durante el entrenamiento. En este articulo presentamos una técnica sin sensores para realizar el seguimiento de los movi-
mientos de los instrumentos laparoscopicos basado en un sistema de camara ortogonal y procesamiento de imdgenes de
video. Método: Los movimientos de los instrumentos laparoscdpicos son capturados con dos camaras web colocadas en
configuracion ortogonal. La posicion y la orientacion en el espacio de trabajo tridimensional se obtienen utilizando marcadores
de color colocados en la punta de los instrumentos. Resultados: Las pruebas de precision mostraron una resolucion de
0.14 mm para el desplazamiento, con 1694 cm® de espacio de trabajo total y 0.54° en los movimientos angulares. Los errores
relativos medios del sistema de seguimiento fueron <1%. Las cdmaras ortogonales demostraron alta precision, linealidad y
repetibilidad de la captura de movimiento de los instrumentos laparoscdpicos. Conclusiones: El sistema propuesto ofrece
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una manipulacion sin restricciones de los instrumentos laparoscopicos y una alternativa de bajo costo para las tecnologias

tradicionales de captura de movimiento.

PALABRAS CLAVE: Laparoscopia. Sistema de seguimiento en video. Cdmaras ortogonales. Triangulacion. Andlisis de

movimiento.

|ntroduction

Laparoscopic surgery is a minimally invasive
approach which is performed through small incisions
in the patient’s abdominal wall. Through these small
incisions, special long surgical instruments are introdu-
ced into the abdominal cavity by means of cannulas
(trocars). The workspace within the abdominal cavity is
obtained with the pneumoperitoneum generated by in-
sufflated CO, gas. Visualization of the internal anatomy
is obtained by an endoscopic camera, which shows a
two-dimensional (2D) image on an external monitor'.

Over the past few decades, laparoscopic surgery
has become a standard procedural in many surgical
interventions. This surgical technique has many im-
portant benefits for the patient such as less pain and
organ damage, shorter recovery and hospitalization
periods, better cosmetic outcomes, and earlier returns
to regular activities®2. However, laparoscopy involves
significant technical challenges different from those in
conventional open surgery. Laparoscopic surgery re-
quires high skill and dexterity in the use of long sur-
gical instruments that reduce haptic sensation, as well
as adaptation to a limited workspace and the loss of
depth information due to indirect visualization of 2D
endoscopic images®.

Surgeon’s training is the centerpiece of safe and
successful laparoscopic surgery*’; therefore, it is im-
portant to develop training systems that allow the
development and improvement of the surgeon’s skills
as well as the measurement and assessment of the
level obtained. The use of training systems such as
physical trainers®, virtual (VR), and augmented rea-
lity (AR) simulators'-'” has proven to be reliable tools
for learning and for continuous improvement of the
surgeon’s motor skills in patient-free environments,
which may be transferable to the operating room.
These systems use various technologies to measure
instrument movements during training®%. However,
the majority of these devices, in particular, the VR and
AR simulators, use mechanical linkages associated
with the displacement of the instruments or sensors
that modify and restrict the surgeon’s freedom of mo-
vement altering the experience and performance.

At present, there are alternatives to capture and
record the movement of the instruments by means of
image analysis. These registration systems, based on
computer vision techniques, offer a viable alternative
for the training systems and the operating room. In
the operating theater, there are systems for robo-
tic-assisted surgery and mechatronic assisted camera
holders?"?*. These robotic systems use color segmen-
tation techniques to detect the tip of the instruments
with markers?2, geometric models of the camera using
the spatial information from the incision points, or the
optics vision field combined with the shape of the long
surgical instruments®. In training environments, some
applications have also been developed for video-ba-
sed tracking of the laparoscopic instruments. This
concept is used in the ProMIS simulator (CAE Health
care, Montreal, Canada)"'*', in which three separate
cameras capture, in Cartesian coordinates (x, Y,
and z), the movement of laparoscopic instruments
inside a mannequin. However, the elements that make
up the tracking system are fixed to the ProMIS system
and cannot be exported to another simulator.

Other approaches are presented by Cano et al.252¢
and Allen et al.?” in which the three-dimensional (3D)
movements of the instruments are captured using the
2D image from the endoscope of a box trainer, gathe-
ring information on the instruments’ position from the
vision field, as well as their shape and vanishing point
within the image. These systems are sensitive to illu-
mination changes, which result in errors during the
estimation of the instruments’ edge (which, in turn, are
based in edge detection algorithms such as Canny
and Sobel filtering). Moreover, if the field of view of
the endoscope is obstructed or the instruments are
crossed, it will produce tracking errors.

In this article, we present the development of a trac-
king system of laparoscopic instruments, which uses
two inexpensive cameras, instead of three cameras,
in orthogonal configuration, and video image proces-
sing. The orthogonal cameras system enables captu-
ring of the movements by triangulating the position of
the tip of the laparoscopic instruments in the
workspace, without relying on the estimation of the
instruments’ geometry. This video-based tracking
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device is portable and easy to install in any training
environment and platform without making important
modifications to their structure. In addition, this sys-
tem allows the free manipulation of laparoscopic ins-
truments since it does not use sensors or mechanical
joints associated to them, offering a feasible alterna-
tive to traditional tracking systems.

Materials and methods
Laparoscopic instruments

Laparoscopic instruments are the principal means
for manipulating organs and tissues inside the abdo-
minal cavity of the patient. The design of these ins-
truments consists of a long slender shaft of 5 - mm in
diameter and 32 - cm in length, with jaws and teeth
that allow a gentle and secure grip of tissue (Fig. 1).
The instrument handle controls the opening/closing of
jaws, as well as motions in four degrees of freedom
(DOF) (up/down, left/right forward/backward, and tip’s
rotation).

Tracking system description

The video-based tracking system consists of two
webcams placed on orthogonal configuration to cap-
ture the 3D motions of the laparoscopic instruments
in real-world coordinates. The capture and image pro-
cessing of the surgical instruments is done online. The
webcams are installed in a steel sheet at a distance
of 13.5 cm from each other, keeping an orthogonal
disposition (Fig. 2A). With this feature, the image pla-
ne of the top and bottom cameras is parallel to x-y
and x-z planes of motion of the instruments, respec-
tively (Fig. 2B).

Software implementation is performed using the
OpenCYV library in C language. There are several pha-
ses associated with the tracking system’s algorithm:

CORRECTION OF IMAGES

Distortion of the image - radial or barrel - is a recu-
rring phenomenon which deforms the images in a
nonlinear way, from the optical center toward the pe-
riphery. This distortion is caused by optical aberra-
tions of the camera lens®. To determine and correct
the images coming from the orthogonal cameras, a
correction software based on the algorithms o0f?4% is
applied to both images.

HANDLE

Figure 1. Degree of freedoms of laparoscopic instruments.

13.5em

Figure 2. Video-tracking system based on two inexpensive webcams
placed in orthogonal configuration. (A) Isometric representation of the
orthogonal webcams at a distance of 13.5 cm. (B) Final design of the
cameras system.

DETECTION OF LAPAROSCOPIC INSTRUMENTS

To facilitate the detection of laparoscopic instru-
ments in the image, green and blue color markers are
placed near the tip of each surgical instrument. The
system employs a similar color-based segmentation
as described by Wei et al.??, which isolates the
instrumental color markers within the image. Once
the objects of interest are detected within the image,
first-and second-order moments® are calculated to
determine the centroid (center of mass) of the mar-
kers in the image coordinates (u,v), and the angle (0)
of the instrument with respect to the point of incision
or cannulas. The noise in the segmented image,
which does not belong to the object of interest, is
removed by means of two opening morphological
operators®!.

DETERMINATION OF THE POSITION OF THE
INSTRUMENTS

To find the 3D position of laparoscopic instruments
within the workspace created from the orthogonal
cameras, an algorithm based on linear triangulation
method was implemented®>®, This method determi-
nes the position of an object in 3D space by analyzing
the intersection of two lines using two images taken
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with a cameras system and the equation system
(u=Px). To solve this equation, it is necessary to have
6 reference points in image coordinates (u,v) with
their corresponding real-world coordinates x = (x,y,2)
and calculate the coefficients of the P projection ma-
trix34. This result allows us to resolve the ambiguity
resulting from the placement of the orthogonal
cameras.

ORTHOGONAL CAMERA CALIBRATION

For this process, we searched the best 6 bench-
marks to get an optimal triangulation with the most
accurate results (Table 1). A total of four linear equa-
tions in real-world coordinates x = (x, y, z) were
obtained from two images. The solution for these
equations in terms of real-world coordinates was
obtained using the technique of single value decom-
position®. As a result of this algorithm, only the
surgical instrument coordinates in the images are
needed to determine the 3D location in the real-world
coordinate scene. These image coordinates are in-
troduced into the four equations, which may be wri-
tten in the form Ax = 0 for a suitable 4x4 matrix, A,
to obtain their corresponding values in real-world
coordinates x = (x, y, 2)* (Fig. 3).

Finally, [x(t),y(t),2(1)]] the motion data of the
laparoscopic instruments are stored in separate sec-
tions within a text file (*.txt) for further analysis.

Technical validation

Once the software calibration for the orthogonal
cameras model was developed, a series of tests were
conducted to determine the linearity and repeatability
of the movements registered with the orthogonal ca-
meras system. The standard coordinate system of a
universal milling machine was used as a pattern for
these trials. This machine has a resolution of 25.4 ym
in each of its three axes and was used to precisely
control the position of the tip of the instrument in the
directions x, y, and z. In addition, the milling machine
also allows controlled movements at different speeds.
During the tests, the steel sheet with the webcams

Table 1. Reference points for calibration of the orthogonal
cameras

Reference  Real-world Image Image
points coordinates coordinates coordinates
Top Bottom
camera (x-y) camera (x-z)
(v.y,2)° () ()
1 (0,0,0) (39.04, 17.28) (142.44,107.81)
2 (10, 4,0) (600.80, 237.78) (509.60, 73.08)
3 (5,8,0) (812.73, 462.74) (295.22, 16.70)
4 0,8,4) (122.92, 389.23) (15.39, 239.45)
5 (10, 8, 8) (484.46,350.36)  (582.20, 464.87)
6 (5,0,8) (327.95, 98.66) (305.59, 368.15)

“The coordinates are expressed in centimeters. "The coordinates are expressed in pixels.

Figure 3. Determination of the three-dimensional position of surgical instrument (cm) by means of triangulation the position of the colored marker

in the images (pixel).
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Figure 4. Laparoscopic instrument without the handle used for the
validation process.

was mounted on the platform of this universal milling
machine. A laparoscopic instrument with a green color
marker was modified, its handle removed, to attach it
to the chuck of the milling machine (Fig. 4).

With this modification, the laparoscopic instrument
was placed on the chuck at an angle of 45°. The ins-
trument was moved in relation to the tracking system
in 60 mm linear motion along three DOF (3DOF: left-ri-
ght, up-down, and forward-backward) and at 3 different
speeds (375, 650, and 850 mm/min). These move-
ments were performed in two ways: moving from point
a to point b (a-b) and moving from point a to point b
to point a (a-b-a) (Fig. 5A). These movements were
recorded 30 times within the working space of the
cameras. The resolution on each axis and the inter-
pretation of possible systematic and random errors in
the registers were obtained with these trials.

For evaluation of angular movements, the surgical
instrument with the green marker was rotated on its
point of the incision from left-right at speeds of 2, 4,
and 6 rpm. The movements, point a—point b (a-b) and
point a—point b to point a (a-b-a), were made from 0°
to 90° and were registered 30 times (Fig. 5B). The re-
solution of the angles in the planes x-y, exyand X-Z,0,,
and the interpretation of possible errors during the re-
gistration process was obtained with these trials. For
all tests, the relative error (%) of the measurements
recorded was calculated with the following equation2’:

Xrgas — X

Error = real measure .. 400 (1)
Xreal

Where x__ is the distance in millimeters obtained by

the milling machine and x is the distance in mi-

measure

llimeters measured by the cameras system. The mean

Figure 5. Placement of cameras on the platform of the milling
machine with the modified surgical instrument for experimental testing.
(A) Linear displacements. (B) Angular movements.

error and standard deviation were calculated for both
tests.

Results

The results of all trials with the orthogonal cameras
system and the calculation of the relative errors are
presented in table 2.

The results of the linear displacements showed the
minimum movement that the orthogonal cameras sys-
tem can track in the 3DOF allowed. The resolution of
the system for the 15t DOF (left-right) was 0.1359 mm.
For this degree of freedom, the visual system could
record up to 140 mm of the workspace. For the
2" DOF (up-down), the resolution of the system was
0.1421 mm with a total displacement of 110 mm in the
workspace. Finally, the resolution of the system for the
3“ DOF (forward-backward) was 0.1451 mm, and a
total displacement of 110 mm movement was allowed.
The results do not show any trends in the recorded
motion as nonlinearities in the working axes. The total
workspace of the cameras system was 1694 cm?.

The results of the angular movement of the instru-
ment showed the minimum angle that can be observed
with this tracking system. The resolution for the angle
6, was 0.5329° (0.0093 rad) and 0.4898° (0.0085 rad)
for the angle 6,,. In these trials, 4 measurements were
excluded from the recorded data due to outliers, ac-
cording to the guidelines in Osborne et al.* Figure 6
shows examples of the results for linear displacements
a-b (Fig. 6A) and a-b-a (Fig. 6B), and for angular mo-
vements a-b (Fig. 6C) and a-b-a (Fig. 6D).

Discussion

The goal of this study was to present the development
of an orthogonal cameras system for tracking the 3D
movements of laparoscopic instruments using online
video image processing. We have demonstrated the
feasibility of using a vision system based on orthogonal
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Table 2. Results of testing obtained by the orthogonal cameras system

Test Speed Distance a-b® Mean relative error a-b-a* Mean relative error
a-b SD (%) SD (%)
(Left-rigth)’ 375 (mm/min) 60 mm -0.3648 = 0.3866 -0.3733 £ 0.3228
650 (mm/min) 60 mm -0.5363 = 0.4887 -0.4578 + 0.5295
850 (mm/min) 60 mm -0.4337 + 0.7509 -0.4381 + 0.6703
(up-down)’ 375 (mm/min) 60 mm -0.3101 £ 0.3692 -0.3416 + 0.2965
650 (mm/min) 60 mm -0.5491 £ 0.5014 -0.5838 + 0.4532
850 (mm/min) 60 mm -0.5312 + 0.5763 -0.5881 + 0.5163
(forward-backward)' 375 (mm/min) 60 mm -0.4823 + 0.4214 -0.3376 + 0.4172
650 (mm/min) 60 mm -0.3833 + 0.6636 -0.5929 + 0.5957
850 (mm/min) 60 mm -0.4609 + 0.7475 -0.6135 + 0.5906
Oxy? 2 (rpm) 90° -0.0428 + 0.1380 -0.0610 + 0.1387
4 (rpm) 90° -0.0595 + 0.2191 -0.0567 + 0.2069
6 (rpom) 90° -0.0456 + 0.3611 0.0296 + 0.3381
Oxz? 2 (rpm) 90° -0.0312 £ 0.1112 -0.0220 + 0.0982
4 (rpm) 90° -0.0715+0.1134 -0.0801 + 0.1442
6 (rpm) 90° -0.0921 + 0.1654 -0.0780 + 0.1504

"Means were calculated with 30 repetitions.

2Means were calculated with 26 repetitions (4 outliers excluded from analysis).
SMovement of the instrument from point a to point b, in all the working space.
“Movement of the instrument from point a to point b to point a, in all the working space.
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Figure 6. Examples of results of the tests. The movements (a—b) A and (a-b-a) B were performed at a speed of 650 mm/min, repeated 30 times.

The movements (a-b) C and (a-b-a) D were performed with the instruments placed at 45° at a speed of 4 rpom, repeated 26 times.
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cameras to track the movement of the instruments with
precision, reliability, and repeatability. The cameras dis-
position allows complete visualization of the training
setting, regardless of its configuration, and to register
instrument movements with high linearity inside the
workspace. The system presented does not restrict the
natural movement of the instrument necessary to achie-
ve the learning objectives of the surgeons because it
does not need sensors or mechanical joints associated
with the instruments or the trocars. Furthermore, this
tracking system is easy to reproduce due to the use of
algorithms well-known in computer vision literature and
with the reduced computational cost of image proces-
sing, using only two inexpensive webcams.

Color-based segmentation showed its robustness
under different lighting conditions such as the lighting
environment in which we did the experimental tests.
The color code used for the optical marker in green
was suitable for the detection of the instrument during
the tests. Moreover, it also opens up the possibility of
detecting and differentiating more than two instru-
ments simultaneously using markers with different co-
lors. The noise filter, developed with the erosion and
dilation morphological operators, avoids the improper
instrument detection. The software of instrument de-
tection allows partial occlusion of the optical marker
without suffering considerable loss of precision of the
color marker; however, in the future, we will work
toward total occlusion, performing experiments in
more realistic scenarios involving the superposition of
the instruments inherent in the manipulation of objects
during the training tasks.

The calibration of the cameras system demonstra-
ted the desirable accuracy and precision in obtaining
the position of the tip of the instrument in the real
world scenario. In particular, analysis of the shape and
vanishing point of the surgical instruments within the
image used in other video tracking systems was not
necessary, thus avoiding detection errors due to shif-
ting illumination conditions inside the simulator or tra-
ining platforms. Our tracking system only needs a set
of benchmarks taken from the workspace of the ca-
meras system; this characteristic makes it easy to
adapt to other training platforms and setups. Although
our results indicate that calibration of the system
should be performed only once, if the orthogonal dis-
tance from the cameras is changed or modified, the
cameras system must be recalibrated according to the
new workspace obtained.

According to the results (Table 2), the smallest mo-
vement that the orthogonal cameras system can

recognize inside the workspace is below 0.15 mm in
any of the 3DOF. The system presented linearity and
repeatability in the three axes (x, y, and z) with errors
<0.62% which indicates a high precision within the
1694 cm? of workspace obtained. During testing, the
maximum error was found in the 3 degree of freedom
(forward-backward), during the movement test (a-b-a)
at the highest speed. We believe that a possible rea-
son for these outcomes might be due to two factors:
(1) the image correction applied to both images being
insufficient to reduce the distortion of the cameras
and (2) the 6 control points, which were taken in the
working space for calibration of the orthogonal came-
ras system, were not the best set. Considering these,
further studies will be carried out to improve the cali-
bration of the images as well as the selection of the
best set of benchmarks for an optimal estimation of
the instruments position with more accurate results;
nevertheless, it is considered that an accuracy of
about 2-3 mm is enough for the analysis of the move-
ments of instruments and the evaluation of performan-
ce of the surgeons and trainees?.

For the angular movement of the instrument, the
minimum recording angle that the system can recog-
nize is below 0.6° (0.01 rad) with a measurement error
of <0.1%. The maximum error measured during the
test (a-b) was for the angle with the x-z plane, 6 at
the highest speed. The basis for these results might
reside in the calculation of angles using the second
order moments. This method is very dependent on the
amount of light entering to the working space of the
cameras. Despite this dispersion of the data relative
to the standard deviation, the pattern presented simi-
lar accuracy and repeatability during angular move-
ments at different speeds.

Finally, our video-based tracking system offers a
low-cost alternative to traditional tracking technolo-
gies, a non-obstructive solution for capturing the la-
paroscopic instruments motion and a portable tool for
tracking and registering the performance of the sur-
geons. In addition, the software of orthogonal came-
ras system stores the motion data of the laparoscopic
instruments in separate sections within a simple text
file (.txt) for the analysis of the execution during the
training. In the future, we will integrate motion-based
metrics for analysis of the performance of surgeons
automatically. Furthermore, validation studies using
this orthogonal cameras system incorporated into a
box trainer will be conducted, involving the participa-
tion of laparoscopic surgeons with different levels of
experience.
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In conclusion, a system for tracking the movement
of laparoscopic instruments by means of a set of or-
thogonal cameras and video image processing has
been described. This video-based tracking system
automatically detects the 3D position of the surgical
instruments within the workspace of the cameras. The
experimental trials showed that laparoscopic instru-
ments can be accurately tracked by the orthogonal
cameras system with high linearity and repeatability.
This tracking system allows the free manipulation of
laparoscopic instruments without altering the ergono-
mics of the surgical instruments and the performance
of the surgeons. Furthermore, due to its portability
and low-cost, the orthogonal cameras system may be
easily adaptable to the different models of simulators.
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