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Abstract

This paper presents a robotic vision system that auto-
matically retrieves and positions surgical instruments in
robotized laparoscopic surgery. The surgical instrument
is mounted on the end-effector of a surgical robot which
can be controlled by automatic visual feedback. The goal
of the automated task is to bring the instrument at a de-
sired location from an unknown or hidden position. To
achieve this task, a special instrument-holder is designed
with optical fibers and collimators. This instrument-
holder projects laser dot patterns onto the organ surface
which are seen in the endoscopic images. Then, the in-
strument is retrieved and centered in the image plane
using a visual servoing algorithm. With this system, the
surgeon can also specify a desired position for the instru-
ment in the image. Our approach is successfully validated
in a real surgical environment by performing experiments
on living animals in the surgical training room of IRCAD.

1 Introduction

In laparoscopic surgery, small incisions are made in the
human abdomen. Various surgical instruments and an
endoscopic optical lens are inserted through trocars at
each incision point. Looking at the monitor device, the
surgeon moves the instruments in order to perform the
desired surgical task. The main drawback of this surgical
technique is due to the posture of the surgeon which is
very tiring. Robotic laparoscopic systems have recently
appeared and are designed to reduce the surgeon’s fa-
tigue and to increase his or her accuracy. Today, sev-
eral commercial systems for laparoscopic surgery are al-
ready available, e.g., ZEUS (Computer Motion, Inc.) or
DaVinci (Intuitive Surgical, Inc.). With these systems,
robot arms are used to manipulate the surgical instru-

ments as well as the endoscope. The surgeon tele-operates
the robot through master arms using the visual feedback
from the laparoscope. This reduces the surgeon’s fatigue,
and potentially increases motion accuracy by the use of
a high master/slave motion ratio. We focus our research
in this field at expanding the potentialities of such sys-
tems by providing “automatic modes” using visual servo-
ing (see, [1] and [2] for earlier works in that direction).
For this purpose, the robot controller uses visual informa-
tion from the laparoscopic images to move instruments,
through a visual servo loop, towards their desired loca-
tion. Note that prior research was conducted on visual
servoing techniques in laparoscopic surgery to automati-
cally guide the camera towards the region of interest (see,
e.g., [3],[4] and [5]). However, in a typical surgical pro-
cedure, it is usually the other way around, the surgeon
first drives the laparoscope into a region of interest (for
example by voice, with the AESOP system of Computer
Motion Inc.). Then, he or she drives the surgical instru-
ments at the operating position. A practical difficulty
lies in the fact that the instruments are generally not in
the field of view at the start of the procedure. Therefore,
the surgeon must either blindly move the instruments or
zooms out with the endoscope as to get a larger field of
view. Similarly, when the surgeon zooms in or moves the
endoscope during surgery, the instruments may leave the
endoscope’s field of view. Consequently, instruments may
have to be moved blindly with a risk of undesirable con-
tact between instruments and internal organs.
Therefore, in order to assist the surgeon, we propose a
visual servoing system that automatically brings the in-
strument at the center of the endoscopic image. This
system also allows instruments to be moved to a posi-
tion specified by the surgeon in the image (with, e.g., a
touch-screen or a mouse-type device). It includes a spe-
cial device designed to hold the surgical instruments with
tiny laser pointers. The laser pointing instrument-holder
is used to project laser spots in the laparoscopic image
even if the surgical instrument is not in the field of view.
The image of the projected laser spots is used to guide



the instrument. Because of the poor structuration of the
scene and the difficult lighting conditions, several laser
pointers are used to guarantee robustness of the instru-
ment retrieval system. Another difficulty in designing
this automatic instrument retrieval system lies in the un-
known relative position between the camera and the robot
arm holding the instrument, and in the use of monocu-
lar vision that lacks depth information. This problem is
tackled in [6] by adding an extra laser-pointing endoscope
with an optical galvano-scanner and a 955 fps high-speed
camera to estimate the 3D surface of the scanned organ.
The approach in [6] requires the measurement of the rel-
ative position between the laser-pointing endoscope and
the camera. This relative position is estimated by an ex-
ternal camera watching the whole system (OPTOTRAK
system). This approach has two sources of uncertainty:
one in the measurement made by the scanner and the
camera and the other in the measurement made with
the OPTOTRAK system. However, in our approach, we
robustly estimate in real time the distance between in-
strument and organ by using images of optical markers
mounted on the tip of the instrument and images of the
laser spots projected by the same instrument. Therefore,
there is only one source of uncertainty that is the mea-
surement in the image. The paper is organized as follows.
Section 2 describes the system configuration and the en-
doscopic laser pointing instrument prototype. In section
3, robust image processing for laser patterns detection is
briefly explained. The control scheme used to position
the instrument by automatic visual feedback is described
in section 4. In the final section, we show experimental
results in real surgical conditions at the operating room
of IRCAD.

2 System description

2.1 System configuration
The system configuration used to perform the au-
tonomous positioning of the surgical instrument is shown
in Figure 1. The system includes a surgical robotic arm.

Figure 1: system configuration

The robotic arm allows to move the instrument across a
trocar positioned at a first incision point. The surgical
instrument is mounted into a laser pointing instrument-
holder. A second trocar is put in order to insert an en-
doscopic optical lens which provides the visual feedback
and whose relative position to the robot base frame is
generally unknown.

2.2 Endoscopic laser pointing instrument-holder
The prototype of an endoscopic laser pointing
instrument-holder is shown in figure 2.a. It is a 30
cm long metallic pipe with 10 mm external diameter
to be inserted through a 12 mm standard trocar. Its
internal diameter is 5 mm, so that a standard laparo-
scopic surgical instrument can fit inside. The head of the
instrument-holder contains miniature laser collimators
connected to optical fibers which are linked to external
controlled laser sources. This device allows to remote
laser sources which can not be integrated in the head
of the instrument due to their size. The laser pointing
instrument-holder mounted with a cleaning-suction in-
strument is shown in figure 2.b. The instrument-holder,
with the surgical instrument inside, is held by the
end-effector of the robot. It allows to project optical
markers on the surgical scene.

Figure 2: (a)-(b) endoscopic laser pointing instrument-
holder

3 Robust detection of lasers spots

A robust detection of the geometric center of the pro-
jected laser spots in the image plane is needed in our
system. Due to the complexity of the organ surface, laser
spots may be occulted. Therefore a high redundancy fac-
tor is achieved by using at least four laser pointers. We
have found in our experiments in vivo with four laser
sources that the computation of the geometric center is
always possible with a small bias even if three spots are
occulted. Due to the viscosity of the organs, the surfaces
are bright and laser spots are diffused. Therefore, the
main difficulty is to precisely detect diffused laser points
from the images speckle due to the ligthing conditions. A
simple image binarization is not suitable. Our approach
consists in synchronizing the laser sources with the im-
age capture board in such a way that the laser spots are
turned on during the even field of image frames and are



Figure 3: robust laser spot detection on a liver

turned off during the odd frames. In this manner, laser
spots are visible one line out of two and can be robustly
detected with a highpass spatial 2D FIR filter. Figure 3
shows images resulting from different steps of the image
processing from left to right and top to bottom: (original
image - high-pass filtering - erosion - detected geomet-
ric center). Coordinates of the center of mass are then
computed from the filtered image. Note that the motions
of organs due to heart beat and breathing may be also
extracted with this spatial filtering of the image inter-
lacing. They act like noise on the computed geometric
center. Therefore a low-pass time filtering is also applied
on the center of mass coordinates to reduce this noise.

4 Instrument positioning with visual servoing

In laparoscopic surgery, instrument displacements are
constrained to 4 DOF through an incision point. Only
three rotations and one translation are allowed. Let RL

be a frame of reference at the tip of the instrument and
let RC be the camera frame (see figure 4). We define the
instrument’s velocity vector Ẇ = (ωx ωy ωz vz)T

where ωx, ωy and ωz are rotational velocities of frame RL

with respect to camera frame RC expressed in RL and vz

is the translational velocity of the instrument along the
zL axis. In the case of a symmetrical instrument like,
e.g., the cleaning-suction instrument, it is not necessary
to turn the instrument around its own axis to do the de-
sired task. So only 3 DOF will be actuated for this kind
of instrument and the operational space velocity vector is
reduced to Ẇop = (ωx ωy vz)T . For a non symmetri-
cal instrument like a clamping instrument, the rotational
speed ωz can be kept in vector Ẇop. To perform a posi-
tioning of the instrument, the surgeon specifies the target
point on the screen. The required visual features are im-
age coordinates Sp = (up vp)T of the center of mass
of the projected laser spots. This center of mass is seen
as the projection of the instrument axis onto the organ.

Figure 4: System geometry

Adding optical markers on the tip of the instrument al-
lows to compute the depth d0 between the organ and the
instrument (see section 4.1). Figure 5 shows the control
scheme used for this positioning. The feature vector to

Figure 5: Visual servoing scheme

control is S = (up vp d0)T .
If the classical image-based control strategy is used for
visual servoing (cf. [7]), the reference velocity vector Ẇ ∗

op

is chosen proportional to the error on the features:

Ẇ ∗
op = MIK(S∗ − S) (1)

where K is a positive diagonal gain matrix, MI is the in-
teraction matrix, e.g., MI = J−1

S in classical visual servo-
ing where JS is a Jacobian matrix relating the instrument
velocity vector Ẇop to the image feature velocity vector Ṡ,
(Ṡ = JSẆop). Furthermore, S∗ = (u∗

p v∗
p d∗0)

T , where
S∗

p = (u∗
p v∗

p)T is the reference of the instrument posi-
tion in the image and d∗0 is the desired distance between
the organ and the tip of the instrument. The distance be-
tween organ and instrument can be measured only if the
laser spots and the instrument markers are visible (see
section 4.1). When the tip of the instrument is not in the
field of view, only Sp can be controlled. Therefore, the
instrument retrieval algorithm must have three stages:



Instrument retrieval and positioning:

Stage 1: Positioning of the laser spot at the center of
the image by visual servoing of Sp only; control of
(ωx ωy)T only, with Ẇ ∗

op = (ω∗
x ω∗

y 0)T .

Stage 2: Bringing down the instrument along its axis
until the optical markers are in the field of view;
open-loop motion at constant speed v∗

z with Ẇ ∗
op =

(0 0 v∗
z)T .

Stage 3: Full visual servoing.

4.1 Depth measurement
To perform the instrument positioning we need to mea-
sure the depth d0. Adding optical markers on the tip of
the instrument allows to extract this depth. We propose
two ways to estimate d0. In the first approach we put
3 markers P1,P2,P3 along the instrument axis in such a
way that we can assume that P1,P2,P3 are collinear with
the center of mass of the laser spots P (see Figure 4).
Then, the projective cross-ratio (cf.[8]) is computed from
points P ,P1,P2,P3 and their respective projection in or-
der to estimate the depth d0. The second approach is
a pose reconstruction algorithm which consists in com-
puting the 1-D homography between the line (along the
instrument) spanned by the points Pi and its projection
in the image plane spanned by the points pi. Extrinsic
parameters (one for the rotation and two for the trans-
lation parameters) are extracted from this homography
assuming intrinsic camera parameters are known. It’s
clear that the first approach is more robust to calibration
errors.

4.2 Interaction matrix
To control the position of the instrument in the image
plane, one needs to compute the Jacobian matrix JS

which relates the visual features velocity Ṡ and the in-
strument velocity Ẇop. This Jacobian matrix can be an-
alytically computed if the camera is motionless and if
the relative position of the instrument with respect to
the camera can be measured as well as the depth varia-
tion (if the instrument is in the field of view). However,
for safety reasons, it is not suitable that the laser spots
centering error signals, (S∗

p − Sp), induce depth motions
(v∗

z �= 0). Furthermore, when the instrument is going up
or down (v∗

z �= 0), no error are induced on the laser spot
centering. Therefore, it is recommended to choose the
interaction matrix MI with the following structure:

MI =
(

A[2×2] 0[2×1]

0[1×2] −1

)
(2)

The matrix A in (2) can be analytically computed from
JS if the instrument is visible in the image. When it is
not the case, as is stage 1 of the algorithm, this matrix
is identified in an initial procedure. This initial identifi-
cation procedure consists in applying a constant velocity

reference signal Ẇ ∗
op = (ω∗

x ω∗
y 0)T during a short time

interval ∆T . Small variations of laser spot image coordi-
nates are measured and A is estimated as follows:

Â =

( ∆up

ω∗
x∆T

∆up

ω∗
y∆T

∆vp

ω∗
x∆T

∆vp

ω∗
y∆T

)−1

(3)

The stability of the visual feedback loop is always guaran-
teed as long as AÂ−1 remains positive definite [9]. Should
the laser spot centering performance degrades, it is al-
ways possible to start again the identification procedure
(see also, related work on on-line update of the interac-
tion matrix [10]).

5 Experiments

Experiments were first conducted in the laboratory on
a laparoscopic surgical training box. Then, experiments
were conducted in real surgical conditions on living pigs
in the operating room of IRCAD (see Figure 6). The

Figure 6: Experiments in the surgical training room of IR-
CAD

experimental surgical robotic task was the autonomous
retrieval of a instrument not seen in the image and then
its positioning at a desired 2D orientation defined by a
pointer on the screen. We use a 800 MHz bi-processor
PC computer for image processing and for controlling,
via a serial link, the surgical robot (from Computer Mo-
tion, Inc.). A standard 50fps PAL endoscopic camera
hold by a second robotic arm (at standstill) is linked to
a PCI image capture board that grabs grey-level images
of the observed scene. For each image the center of mass
of the laser spots is detected in about 20 ms. Figure
7 describes the sequence of the algorithm used to per-
form the autonomous retrieval and positioning. The al-
gorithm is sequenced as follow: At first, rotational ve-
locity trajectories (on ω∗

x and ω∗
y) are applied in open

loop to scan the organ surface with the laser spot un-
til they appear into the endoscopic view. Then, the 2D
interaction matrix A is estimated (cf.(3)). For robust



Figure 7: task sequence of the practical experiment

identification purpose, we average several measurements
of small displacements. This allows to reduce the effect
of breathing motions which acts like a disturbance in real
surgical conditions. Then, the orientation of the instru-
ment is controlled by visual servoing in such a way that
the laser spot image coordinates reach the center of the
screen. Then, the instrument is brought down by a veloc-
ity reference signal v∗

z in open loop, until it is in the field
of view. Finally, the surgeon indicates the desired laser
point image coordinates, S∗

p = (u∗
p v∗

p)T , to be reached
and the visual servoing algorithm performs the position-
ing. Figure 8 shows experimental measurements of
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Figure 8: Laser spot image time response during the identi-
fication procedure and the visual servoing stage.

the laser image coordinates up and vp during the identi-
fication stage of A and during the first centering stage.
For the identification procedure, four positions have been
considered to relate variations of the laser image posi-
tion and angular variations. We can notice perturbations
due to the breathing. Figure 9 shows the 2D trajectory
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Figure 9: Image trajectory of the laser spots center of mass
during visual servoing in real experiments

20 30 40 50 60 70
0

100

200

300

400

500

600

700

u
p
 response during visual servoing (pixel)

time (s)

(a)

20 30 40 50 60 70
0

100

200

300

400

500

600

700

v
p
 response during visual servoing (pixel)

time (s)

(b)

Figure 10: Laser spot image time response during visual ser-
voing for different positions to be reached. (a)-
(b) with no disturbance

obtained (in the image) during the centering task by vi-
sual servoing. The oscillating motions around the initial
and desired position are also due to the effect of breath-
ing that acts as a periodic perturbation. Figure 10 and
11 show the laser image coordinates up and vp when the
surgeon specifies new positions to be reached. Figure 10
presents the performance of the system used on an endo-
trainer without breathing disturbance. Responses 11.a
and 11.b are obtained when the system is used in real
surgical conditions on a living pig.

6 Conclusion

The robot vision system presented in this paper automat-
ically retrieves and positions laparoscopic surgical instru-
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Figure 11: Laser spot image time response during visual ser-
voing for different positions to be reached. (a)-
(b) in real experiments

ment using visual servoing by means of laser pointers. To
add structured lights on the scene, we designed a laser
pointing instrument-holder which can be mounted with
any standard instrument in laparoscopic surgery. Suc-
cessful experiments have been held with a surgical robot
on living pigs in a surgical room. In these experiments,
the surgeon was able to automatically retrieve a surgi-
cal instrument that was out of the field of view and then
position it at a desired location on the image. Our algo-
rithm is essentially based on visual servoing techniques
and does not require the measurement or the knowledge
of the initial respective position of the endoscope and the
surgical instrument. We are currently working on precise
depth measurement and breathing motions cancellation.
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