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Abstract—In the following paper a system for laparoscopic
surgery training is presented. The main contribution of the
paper is a novel approach to training, where a 3D model of the
training object serves as a base of the interaction between the
trainee and the system. A thorough state of the art is analyzed,
later the main components of the system are described, as well
as an outline of the applied 3D recovery algorithm.
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I. INTRODUCTION

LAPAROSCOPIC surgery brings significant benefits
into the healing process and therefore an increasing

interest in it is observed. Great benefits over traditional
surgery include: limited scarring, reduction in pain and
recovery time, leading to a smaller risk of complications.
Study conducted by Hansen et al. [1] shows that patients
who have undergone laparoscopic appendectomy had five
times fewer wound infections, two times shorter discharge
time and fewer of them required narcotic analgesia. On the
other hand, there is a number of downsides, for instance
the surgeon’s perception both haptic and visual - is
very limited, which extends the procedure time (in the
open appendectomy case 63 as opposed to 40 minutes
in laparoscopic appendectomy [1]) and the likelihood of
human error. Also investment in expensive instruments and
a very long training period are required. Surgical training
should be modular, where each module should focus on
the development of certain behaviours - knowledge-based,
rule-based and skill-based. This paper will focus on a
system designed particularly for the skill-based behaviour
training.

The primary skills that have to be developed during the
training involve - depth perception, dexterity and hand-eye
coordination. Traditionally, according to the Surgical Papy-
rus [2] since the times of ancient Egypt, surgical training
has always followed the model of master and apprentice
and involved mentorship in real-life clinical cases, where
the apprentice would gain skills and experience from his
teacher. That approach to surgical education hasn’t changed
significantly since ancient times. It is also worth noting that
the training was strictly dependent on the availability of a
patient and tied with the course of patient care [3], [4], [5].

Since some of the surgical skills do not strictly require
practicing them in a real-life clinical situation - it is
desirable to enhance them in a safe enviroment, without
any risk to patients. It is also important to note, that
the operating room is not the best learning environment

because of factors such as stress, time constraints and costs
that have a negative impact on the learning process.

On the other hand, reference [6] shows, that surgical
simulation has positive impact on improvement of psy-
chomotoric skills, i.e. the gallblader dissection procedure
was 29% faster for residents trained on simulators, also
accidental injuries during the procedure were 5 times less
frequent in that group. Similar results in a cholecystectomy
procedure are shown in [7]. Therefore a number of surgical
simulators, both physical-model-based and software-based,
have been developed, all allowing the trainees to safely
master the basics skillset.

Fig. 1. Karl Semm’s pelvi-trainer [8].

One of the first simulation devices for laparoscopic
training was the Pelvi-trainer, designed by Karl Semm in
1986 [8]. The original concept consisted of a transparent
box, where organs were put. The box contained several
holes to introduce the instruments and the camera, Figure
1. The training method proposed by Semm was gradual:
at first the trainee would only learn to use the instruments,
without the use of the endoscope, secondly the endoscope
would be introduced, while the trainee would be still
allowed to occasionally look at the organ through the
transparent walls of the box, and finally the box would
be covered with a cloth to obscure vision. Since 1986 the
concept of a pelvi-trainer has influenced many simulators
and is currently used in many training programs.

Semm’s pelvi-trainer is a typical example of a skill-
based training device, that focuses on development of de-
xterity, depth perception and hand-eye coordination. There
are several simulators that serve for knowledge- and/or
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behaviour-based training as well as skill-based. One of
the first systems built for that purpose is the Karslruhe
Endoscopic Surgery Trainer and the KISMET software
[9], [10]. It is a complete training system with built
in scenarios for practicing procedures like laparoscopic
cholecystectomy. There are several products similar to the
Karslruhe Trainer, for instance the MISTELS system [11],
or the LapMentor [12]. A lot of effort has been put in
those systems to reproduce details such as graphics, organ
deformations and haptic feedback. Needless to say those
systems are very expensive.

One skill-based approach that combines a simple pelvi-
trainer with a high-tech system is the Virtual Assistant Sur-
gical Training (VAST) system, developed at the University
of Arizona [13]. It is comprised of a pelvi-trainer and a
computer system. The computer, through a magnetic posi-
tion sensor, collects data about the instrument’s tip position,
which is used to rate the trainee’s performance in a certain
exercise, based on time, path length and accuracy. The
individual’s progress can therefore be precisely measured
and monitored.

The approach represented by VAST is especially intere-
sting and will serve as a basis for the further described
training system which incrementally adds to the VAST
trainer.

II. DESCRIPTION OF THE SYSTEM

The purpose of the proposed system is to aid a trainee
in the development of basic skills, as dexterity, hand-
eye coordination and depth perception. The novel way of
interaction, and the main contribution of this paper, allows
the trainee to develop the skill of avoiding certain regions
where the appearance of an instrument might inflict damage
to the patient.

A. System outline

The system resembles the VAST prototype trainer [13]
and is comprised of a standard pelvi-trainer setting an
endoscopic camera and two instruments - and a computer.
The instruments have an embedded position sensor. The
video output of the camera, as well as the position sensors,
are connected to the computer, where additional processing
occurs, as in Figure 2. There are two results of the
processing. First - each exercise performed by a trainee
is scored, and thus the performance can be analysed, and
secondly the trainee is optionally informed by an auditory
signal coming from a speaker, whenever he approaches the
hazardous area with the instruments.

The score achieved in the exercices is calculated by
the computer and based on the information collected from
position sensors and the video camera.

Initially, before the exercise can start, and after a new
model is introduced to the pelvi-trainer a 3D representation
of the model is built, from images collected with the
endoscopic camera. Secondly a hazardous region can
be selected, the trainee has the opportunity to see and
understand where the region is on the model, so it can
later be avioded, during the course of the exercise. This
can be done individually for each exercise to introduce
more difficulty into the exercies. Later the coordinates of

Fig. 2. Flow of the proposed system.

the instruments obtained from the position sensors can be
used to determine the location of the instrument in the
reconstructed environment.

The 3D structure of the viewed scene, recovered in the
process of the system’s work, is at this point not intented
strictly for visualization - the trainee observes the image
as it comes from the endoscopic camera, but rather for
the purpose of determining the hazardous regions within
the 3D model. Through fusion of the 3D reconstructed
model and sensor data the coordinates collected from the
position sensor located on the tip of the instrument can
be used to determine it’s location and proximity to the
hazardous area. If the position sensor indicates appearance
of the instrument in a hazardous region an auditory signal
is produced and a penalty score applied.

B. Training model

The training is based on simple tasks that trainees have to
complete within a specified time. Several types of exercises
have been proposed by others [14] [15], the common goal
is to practice dexterity, coordination and depth perception.
Example exercies are :

1) Knot tying
2) Cutting and suturing
3) Picking up objects
4) Touching different points on a model

Each exercise is associated with a different physical model
which is placed in the pelvi-trainer’s box. The trainee’s
score is calculated with respect to :

1) Elapsed time
2) Length of the path of the instrument tip
3) Accuracy

It is proposed that another factor is introduced and that the
score is significantly decreased upon hitting a hazardous
region, defined at the begining of each exercise.

III. PROCESSING

The following paragraph describes a method for recove-
ring the 3D structure of the scene, which is the initial step
in the work of the proposed system. It also dicsusses the
method of key-frame selection as one of the problems in
the structure-from-motion approach.

During laparoscopic procedures it is natural that after
introducing the camera into the body, the surgeon performs
a series of movements with the camera to find the best
viewing point for performing the procedure, and also to
discover any potential abnormalities in the viewed organs.
It is therefore natural that a video sequence containing
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images of the operating field can be obtained in that manner
also during the training procedure and serve as a source of
images for a structure from motion 3D geometry recovery
algorithm.

A. Structure from motion

Since the early 1980’s there has been a lot of research in
the field of recovering 3D structure from camera image se-
quences [16], [17]. Current state of the art algorithms [18],
[19] perform the task without previous camera calibration
and with the only constraints on the image sequence that
a certain number of corresponding feature points between
frames can be established and that a sufficient baseline
(distance between the camera locations) exists. It has been
proven [18] that the point-correspondences, along with
several constraints on the camera, can lead to a metric
reconstruction of the imaged scene.

In general the reconstruction process consists of: (a)
selecting potential point matches between the frames of the
sequence, (b) estimating the 3D geometry, (c) refinement.
Since the whole process is based on point correspondences
it is very important that the first step is performed carefully.
Therefore potential matches, (m, m′), are selected from
a set of points that contains only interest points that
significantly differentiate from their neighborhood and can
be matched with their corresponding points in other views.
The set of interest points is populated through a Harris’
corner detection procedure [20], later the matches can be
found using a similarity measure, i.e. cross-correlation. It
is important that the usage of a video sequence limits
the search for matches to a certain subwindow of the
image, because the camera movement between the frames
(baseline) is small and therefore feature points stay in a
several-pixel range.

After the feature matching has concluded two initial
views are selected that will serve as a base for further
sequential structure refinement. The criteria of selecting
such views are:

• maximization of the number of features matched be-
tween the views,

• sufficient baseline between the views, so the initial 3D
estimate can be properly performed.

While the first criterion is easy to fulfill, based on
the results of feature matching, it is significantly harder
to determine if a view meets the second one, which is
especially important in images from a video sequence,
where the baselines are usually very small.

The simplest approach would be to limit the frame sequ-
ence and select only every k-th frame, where k depends on
the framerate of the video. In fact, basing on the constraint
that the camera moves are rather smooth and slow and
the imaged object itself remains still, it is suggested to
perform such a reduction of the input video sequence, Fin,
by reducing the framerate, fps, to 2 frames per second.

Fin = {1, 2, ..., n},
Fnew = {1, k, 2k, ...},

k =
[
fps

2

]
.

Such a reduction will majorly decrease the computa-
tional effort involved with the feature point selection. A
finer approach, that also allows to ensure the constraint
of general motion of the camera is to use the Geometric
Robust Information Criterion (GRIC) [21], to check if
the set of two-view point correspondences can be better
described by a homography or by epipolar geometry. The
homography model scores better with GRIC for small
baselines, while the fundamental matrix model for bigger
camera distances. In any case the matching points should
lie on an epipolar line and satisfy the following equation:

m′T Fm = 0, (1)

where m and m′ are row-vectors containing the homo-
genous coordinates of a matched point pair and F is the
fundamental matrix relating the two views. Equation 1 can
be further used to find additional point correspondences.
This approach is used in [18], where the first key frame
is always assumed to be the first frame of the video
sequence, and the second is selected when the epipolar
geometry model overtakes the homography model (which
guarantees a certain baseline) and where the number of
matched features stays over a certain threshold.
Another similar method based on comparing the repro-
jection errors of the homography and epipolar geometry
models has been given in [22], while a more sophisticated
and optimized approach to keyframe selection has been
presented in [23].

Fig. 3. Structure from motion algorithm sparse surface model recon-
struction.
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Figure 3. illustrates the process of sequential refinement
of the recovered structure. After the initial two views have
been selected the images may be further processed for
the retrieval of the 3D geometry, next additional views
are added, selected in a similar manner as in the initial
step. The recovery of the 3D geometry is based on the
normalized 8-point algorithm and a triangulation method
described in [19]. The 8-point algorithm is used to compute
the fundamental matrix, F , and the epipoles (e, e′), from
a set of point correspondences (m, m′) between 2 images
by solving (1). The F matrix can be then used to calculate
the camera matrices, (P, P ′), which are needed for the
triangulation step.

P = [I3×3 | 0] , (2)
P ′ = [[e′]x F |e′] , (3)

where [e]x is a skew symmetric matrix of the form:

[a]x =

⎡
⎣ 0 −a3 a2

a3 0 −a1

−a2 a1 0

⎤
⎦ , (4)

and linked with vector product in the following manner:

a × b = [a]x b. (5)

It is now clear how important careful selection of point
matches is. To ensure that the set of matches doesn’t con-
tain any invalid pairs a RANSAC fitting of the fundamental
matrix is used, following [19],[18].

Finally the 3D coordinates of the points can be retrieved
by solving the following equations :

m = PM, (6)
m′ = P ′M, (7)

where M are the real-world coordinates of a point, and
(m,m′) is a pair of matching images of the point M .

The resulting surface model is sparse and has to undergo
dense disparity matching to become geometrically correct
and to be used in the process of selecting hazardous
regions.

IV. DISCUSSION

The goal of this paper has been to present a laparoscopic
surgery training system with a new approach to interaction
between the trainee and the system. It has been proposed to
build a 3D representation of the training model used in an
exercise, select hazardous areas which should be avoided
by the trainee and finally score the trainee’s performance
appropriately. An approach to one of the problems ari-
sing in structure-from-motion 3D geometry recovery - key
frame selection - has also been selected.

It has been argued [23], that the selected key-frame se-
lection algorithm, following Pollefeys [18], is not optimal,
and a better approach has been presented. The benefits of
the approach presented in [23] for the proposed system
should be evaluated.

Knowledge of the 3D model and geometry of the scene
can be further used to visually augment additional infor-
mation into video from the endoscopic. Similar systems,
although with different applications, have been presented

[18]. It is interesting to apply the augmented-reality appro-
ach to laparoscopic training and examine it’s usability in
the Operating Rooms. The presented system can serve as
a basis for such augmented-reality trainer.
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dosurgery Simulations with KISMET: A flexible tool for Surgical
Instrument Design, Operation Room Planning and VR Technology
based Abdominal Surgery Training,” Proc. Virtual reality World,
vol. 95, pp. 165–171, 1995.

[11] S. Fraser, D. Klassen, L. Feldman, G. Ghitulescu, D. Stanbridge,
and G. Fried, “Evaluating laparoscopic skills,” Surgical Endoscopy,
vol. 17, no. 6, pp. 964–967, 2003.

[12] Simbionix Ltd., http://www.simbionix.com, 2006.
[13] C. Feng, J. Rozenblit, and A. Hamilton, “A Hybrid View in a Lapa-

roscopic Surgery Training System,” Proceedings of the 14th Annual
IEEE International Conference and Workshops on the Engineering
of Computer-Based Systems, pp. 339–348, 2007.

[14] A. Derossis, G. Fried, M. Abrahamowicz, H. Sigman, J. Barkun, and
J. Meakins, “Development of a model for training and evaluation of
laparoscopic skills.” Am J Surg, vol. 175, no. 6, pp. 482–7, 1998.

[15] G. Fried, L. Feldman, M. Vassiliou, S. Fraser, D. Stanbridge,
G. Ghitulescu, and C. Andrew, “Proving the value of simulation
in laparoscopic surgery,” Ann Surg, vol. 240, no. 3, pp. 518–528,
2004.

[16] B. Horn and B. Schunck, “Determining Optical Flow,” Artificial
Intelligence, vol. 17, no. 1-3, pp. 185–203, 1981.

[17] S. Ullman and E. Hildreth, “The measurement of visual motion,”
Physical and Biological Processing of Images Eds OJ Braddick,
AC Sleigh (New York: Springer) pp, pp. 154–176, 1983.

[18] M. Pollefeys, L. Van Gool, M. Vergauwen, F. Verbiest, K. Cornelis,
J. Tops, and R. Koch, “Visual Modeling with a Hand-Held Camera,”
International Journal of Computer Vision, vol. 59, no. 3, pp. 207–
232, 2004.

[19] R. Hartley and A. Zisserman, Multiple View Geometry in Computer
Vision. Cambridge University Press, 2003.

[20] C. Harris and M. Stephens, “A combined corner and edge detector,”
Alvey Vision Conference, vol. 15, p. 50, 1988.

[21] P. Torr, A. Fitzgibbon, and A. Zisserman, “The Problem of Degene-
racy in Structure and Motion Recovery from Uncalibrated Image
Sequences,” International Journal of Computer Vision, vol. 32,
no. 1, pp. 27–44, 1999.

[22] S. Gibson, J. Cook, T. Howard, R. Hubbold, and D. Oram, “Accurate
camera calibration for off-line, video-based augmented reality,”
Mixed and Augmented Reality, 2002. ISMAR 2002. Proceedings.
International Symposium on, pp. 37–46, 2002.

[23] T. Thormahlen, H. Broszio, and A. Weissenfeld, “Keyframe se-
lection for camera motion and structure estimation from multiple
views,” Proceedings of European Conference on Computer Vision,
pp. 523–535, 2004.

861



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>







    /HEB (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


