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Abstract. In robot-assisted laparoscopic surgery, an endoscopic camera
is used to control the motion of surgical instruments. With this minimally
invasive surgical (MIS) technique, every instrument has to pass through
an insertion point in the abdominal wall and is mounted on the end-
effector of a surgical robot which can be controlled by visual feedback. To
achieve an accurate vision-based positioning of laparoscopic instruments,
we introduce the motion constraint in MIS which is based on the location
of out-of-field of view insertion points. The knowledge of the (image of
the) insertion point location is helpful for real-time image segmentation
issues, particularly to initiate the search for region seeds corresponding to
the instruments. Moreover, with this ”eye-to-hand” robot vision system,
visual servoing is a very convenient technique to automatically guide
an instrument but it requires the velocity screw to be expressed in the
appropriate frame. Then, the location of the insertion point is seen as the
main part of the larger problem of determining the overall transformation
between the camera and the robot end-effector frame. This is achieved
thanks to a novel algorithm for the pose determination of cylindrical-
shaped instruments. With the proposed method, the location of insertion
points can be recovered, on-line, with no marker, without any knowledge
of robot kinematics and without an external measurement device.

1 Introduction and Motivations

In laparoscopic surgery, motions of surgical instruments are constrained to by
the insertion point locations in the abdominal wall [1], reducing the mobility
since only 4 degrees of freedom are available (see Fig. 1 (left)). Endoscopic vi-
sion systems may be used for intra-operative guidance of instruments, however
to achieve an accurate positioning inside the abdominal cavity, many hard prob-
lems must be overcome. Well-known difficulties are emanating from the time-
varying lighting conditions, the presence of specularities, bloodstained parts,
smoke and a non-uniform and moving background due to patient breathing and
heart beating. The major problem for this ”eye-to-hands” robot vision system
is the unknown position/orientation of the instrument w.r.t. the camera frame
which must be recovered to properly guide instruments thanks to visual servoing
techniques. Visual servoing consists of using the data provided by cameras to
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Fig. 1. (left) The free 4 DOFs (insertion/pan/tilt/spin) in laparoscopic surgery. (right)
The instrument mounted onto the AESOP surgical robot in the operating room.

control the motion of a robot [2]. To this aim, a set of visual features s must be
designed from the data measurements to control the desired degrees of freedom
(DOF). To perform an image-based visual servoing, one needs to compute an
interaction matrix Ls, which links the time variations of visual features to the
relative camera-object kinematics screw τ which is defined by ṡ = Ls τ [3]. To
control the robot using the joint velocities, we must have ṡ = Js q̇ + ∂s

∂t , and
Js = −Ls cTi

iTe
eJ(q) , where eJ(q) is the robot Jacobian expressed in the end-

effector frame (Re). cTi is the time-varying transformation between the camera
frame (Rc) and the instrument frame (RI). With the 4 DOFs available in MIS,
if v is the vector corresponding to the penetration direction, it is expressed with

cTi =
[
v [t]× R
03 R

]
, (1)

where R = (r1, r2,v) is the rotation matrix and t is the translation vector be-
tween the camera frame (Rc) and the instrument frame (RI). The estimation of
vectors v and t is the main objective and contribution of the paper. The or-
ganization is as follows. In the next section, we review some endoscopic vi-
sion systems used in robot-assisted laparoscopy. In section three, we briefly
present the image segmentation, we formalize the motion constraint together
with the 3D pose of cylindrical-shaped objects. In section four, we present
experimental results for the location of the insertion point in surgical
conditions.

2 Related Work on Vision-Based Robotic Guidance for
Minimally Invasive Abdominal Surgery

Prior works have been conducted to process laparoscopic images for the devel-
opment of navigation systems in the human body. Wei et al. [4] have used a
laparoscope mounted on a robot arm and have designed a color marker to re-
alize a tracking task. This spectral mark was then utilized to control the robot
motion at a sampling rate of 15 Hz. Wang et al. [5] have proposed to enhance
laparoscope manoeuvering capabilities. In so doing, they have conceived a gen-
eral framework to assist the surgeon in manipulating a laparoscope mounted on
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a robot end-effector. This framework has been applied to the 2D positioning
of the imaged tip of instrument with the AESOP robot in a way to follow the
laparoscope. Like for the previous related work, it’s a 2D visual tracking sys-
tem.It is also assumed that the camera is mounted on a robot (eye-in-hand).
Other more recent works are rather related to the 3D tracking with a station-
ary camera. Hayashibe et al. [6] have designed an active scanning system with
structured lighting for the reconstruction of 3D intraoperative local geometry
of pointed organs. A robot vision system that automatically positions a single
laparoscopic instrument with a stationary camera is described by Krupa et al.
[7]. A laser pointing device has been designed to emit markers on the organ. A
visual servoing algorithm is carried out to position a marked instrument by com-
bining pixel coordinates of the laser spots and the estimated distance between
the pointed organ surface and the tip of the instrument. It is worth noticing that
a on-line identification of the Jacobian matrix for pan/tilt control was realized
with robot joint motions to directly get expressions of the velocity screw in the
instrument frame. At the Center for Computer Integrated Surgical Systems and
Technology (CISST), several techniques for assisting surgeons have been devel-
oped. Many of them involve (mono- and stereo-) vision-based robot control with
articulated instruments [8]. To identify the robot (fixed) frame-to-camera trans-
formation, the Optrotrak system is used. Burschka et al. have noticed an offset
of approximately 5 mm which is due to the difficulty of segmenting led centers.

Some solutions for the recovery of insertion points have been provided by
Krupa et al. [7] and also by Ortmaier et al. [9] but with respect to the robot
frame, which inherently introduces errors of the robot model. Moreover, these
methods need specific markers. Robotic tasks may require interactions with tis-
sues, instruments must be autoclavable before a surgical operation and since
several one may alternatively be used (depending on the subtask addressed),
it is not convenient to always use artificial landmarks placed on endoscopic
tools.

3 Localization of Instruments and Motion Constraint

In this section, we formalize the motion constraint. A scene structure from mo-
tion approach is developed to get the location of insertion points. To this aim,
the automatic segmentation of instruments is briefly presented and a novel algo-
rithm for the 3D pose estimation of cylindrical-shaped instrument is detailled.

3.1 The Motion Constraint in MIS

The multiview approach we present exploits existing motion constraints of in-
struments observed by a stationary camera. We denote with (Rc) the camera
frame with projection centre C, (RI) the reference frame attached to a laparo-
scopic instrument with an arbitrary origin OI . We define a unit vector v as the
direction of instrument axis. The small incision area in the abdominal wall is
represented with a geometrical point I (Fig. 2 (left)). With the notations used
in (1), we have CI = t + R OII = t + λ R

[
0 0 1

]T
= t + λ v , for any
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Fig. 2. (left) In laparoscopy, endoscopic camera can observe organs and parts of in-
struments with motions constrained to insertion points I1, I2, ... on the abdominal wall.
(right) Plücker coordinates of the cylinder axis and its perspective projection.

scalar λ ∈ R. Since most instruments exhibit a surface of revolution (SOR),
the attitude of the axis of revolution may conveniently be represented with the
Plücker coordinates as it is for any 3D straight line L. It is a couple of alge-
braically dependent vectors (v, w) such that vTw = 0. Thus w is chosen as the
vector normal to the interpretation plane of the viewed line, that is the plane
passing through the projection center and the 3D line (see Fig. 2 (right)). They
may alternatively be gathered in the following (singular) matrix L or its dual L�

(L L� = 0):

L =
[

[w]× −v
vT 0

]
, L� =

[
[v]× −w
wT 0

]
. (2)

The motion constraint can be expressed as the intersection of multiple conver-
gent 3D straight lines. Since any (homogeneous) point X is on L if L�X = 0, given
n displacements corresponding to the set of dual Plücker matrices {L�

1, L
�
2, ..., L

�
n},

the intersection of lines is obtained with a rank-3 (4n × 4) matrix GT
n such that

Gn = [L�
1, L

�
2, ..., L

�
n] . That is, the null-space of GT

n must be a one-dimensional
subspace and the intersection may be computed with n (n ≥ 2) 3D displace-
ments. By computing the SVD of GT

n, one obtains the common intersection with
the singular vector associated to the null singular value. Moreover, the perspec-
tive projection of the 3D line Lj is the image line lj defined by (see [10], p. 186)

[lj ]× = KcPc Lj (KcPc)T = [(Kc)−T wj ]× ⇒ lj ≡ (Kc)−T wj , (3)

where Kc is the matrix of camera parameters and Pc is the projection matrix.
Since vector lj is defined up to a scale, it does not depend on the magnitude of
vector wj , hence the n convergent image lines l1, l2, ..., ln must satisfy

(
l1 l2 . . . ln

)T
i =

(
w1 w2 . . . wn

)T

︸ ︷︷ ︸
Wn

(Kc)−1 i = 0 (4)

where i is the image of the insertion point I. It follows that a set of n 3D straight
lines is projected to n convergent image lines if the above (n × 3) matrix Wn is
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of rank 2. It’s only a necessary condition which does not ensure the convergence
of the 3D lines, but which makes so important the accurate estimation of the
imaged cylinder axis (lines lj), hence the estimation of its Plücker coordinates.

3.2 Real-Time Segmentation in the Abdominal Cavity

In laparoscopic surgery, many surgical instruments have metallic parts lead-
ing to grey regions in the image. The color image segmentation we designed is
based on chromatic HS (Hue-Saturation) color attributes. The joint color feature
H = S H is a powerful discriminant cue as shown in Fig. 3 (middle). To get out
an oversegmentation, a fast non linear filtering has been especially designed. A
region-based segmentation approach has been developed, and since any instru-
ment is constrained to pass through the insertion point, the automatic detection
of seeds to initiate a region growing process is reduced to a one-dimensional
search of low H values along the image boundaries. The region boundary-pixels
are then extracted and classified in two classes and a robust least median of
squares method is used for modelling the apparent contour of cylindrical instru-
ment with a pair of lines (l− and l+, Fig. 3 (bottom)), or to reject the region if
the distance between boundary-pixels and the corresponding (putative) line is
too large (see [11] for details).

3.3 Pose Computation of a Cylinder

We present a novel algorithm for the pose estimation of a cylinder. As a close
related work, Wong et al. [12] have proposed an algorithm which is able to
recover the orientation and the depth while an image rectification is performed
to coincide the imaged revolution axis of a SOR with one image axis and when
the image of a latitude circle is available. The method we propose here is designed

Fig. 3. Segmentation of surgical instruments in the abdominal cavity for two endo-
scopic images. (top) Original images. (middle) Selected regions in the HS-image. (bot-
tom) Estimation of the pair of straight lines from the apparent contours (in green).
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for straight circular cylinders. All components are computed in one stage and
it does not need any image transformation and no latitude circle, hence it can
deal with partial occlusion of the apparent contour as it is for this application
area. Given the radius rc and the apparent contour, we look for the Plücker
coordinates (v,w) of the cylinder axis. It can be shown with the perspective
model that any point m lying on the apparent lines l− and l+ must satisfy

(l−)T m ≡ {(Kc)−T (I − α[v]×) w}T m = 0

(l+)T m ≡ {(Kc)−T (I + α[v]×) w}T m = 0 , (5)

with α = rc/
√

‖w‖2 − r2
c . To compute the pose parameters, we define vectors

y = α[v]× w, ρ− = (Kc)T l− and ρ+ = (Kc)T l+. With these notations, (5)
becomes [

−I I − ρ− 0
I I 0 −ρ+

] [
yT wT μ1 μ2

]T = A6×8 x = 0 (6)

with the unkwown vector x = (yT,wT, μ1, μ2)T. and μ1 and μ2 are two non-null
scalars. y and w are algebraically dependent since they satisfy yTw = 0 and
‖y‖ = |α| ‖w‖. The latter equation should be developed so as to extract the
expression for α

r2
c (‖w‖2 + ‖y‖2) = ‖w‖2 ‖y‖2 (7)

Since A6×8 has a rank equal to 6, the SVD U6×8 D (v1, · · · ,v8)T has two null
singular values and the null-space of A6×8 is spanned by the right singular vectors
v7 and v8 and provides a 2-parameter family of solutions as a linear combination
of the two last columns of V as x = λ v7 + τ v8 , for λ, τ ∈ R . Then,
substituting y = (x1, x2, x3)T and w = (x4, x5, x6)T in yT w = 0 gives the
following homogeneous quadratic equation in λ and τ a1 λ2 + a2 λτ + a3 τ2 = 0,
where ai are scalar functions of v7 and v8. Two real solutions for s = τ/λ,
s− and s+, can be computed. Then, reporting these solutions in (7) gives an
homogeneous quadratic equation c1(s) τ2 + c2(s) τ4 = 0 and the solutions

are τ = 0 (double) and τ = ±
√

− c1(s)
c2(s)

.

4 Experimental Results

With a training box at the lab, the detection and tracking of a surgical instru-
ment has carried out (see Fig. 4 (top)) with the AESOP surgical robot. During
the guidance, we noticed some small temporal variations of the image (i1) of
the insertion point I1 due to errors in the overall segmentation (Fig. 4 (bottom
middle)). In Fig. 4 (bottom right), we have reported the dual parameter space of
convergent lines lj (distance versus angle of image line direction), since a unique
intersection of lines must lead to perfectly collinear points (blue bullets).

In the operating room of IRCAD 1 (see Fig. 1 (right)), this method has been
validated with a living pig. The precision of the image of the insertion point
1 Institut de Recherche contre les Cancers de l’Appareil Digestif, Strasbourg, France.
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Fig. 4. Experiments in the lab to validate the proposed method. (top) Three images
with the detection of a single surgical instrument (in green). (left) A training box is
used together with the endoscope fixed onto a monoCCD camera. (middle) Temporal
variations of i1 coordinates in the image while moving the surgical instrument. (right) In
the parameter space of convergent lines (θ, ρ) corresponding to the imaged instrument
axis, ”points” (blue bullets) must be collinear with a motionless insertion point.
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Fig. 5. (left) The convergent imaged symmetric axes and the estimated image of the
insertion point i1 at (593.4; 105.5) (black cross) computed with the least mean squares
during the guidance of an instrument in the operating room. (middle left) In the param-
eter space of onvergent lines (θ, ρ), ”points” (blue bullets) must be collinear. (middle
right) The estimated image of the insertion point i1 at (615.5; 103.9) (black cross)
and the parameter space (right) with the robust estimation when 50 % of data are
rejected.

i1 = (593.4; 105.5) (see Fig. 5 (left)) is given by the standard deviations σu = 25.4
and σv = 4.1 pixels respectively in the horizontal (u) and vertical directions (v)
with the least mean squares method. These results show a significantly better
precision in the vertical direction. This can be explained either by the breathing
motion or by a no sufficient spread of orientation motions in one direction while
the robot is guiding the instrument. By performing a least median of squares
method, 50 % of displacements have been discarded (see Fig. 5 (right)) so as to
get a robust estimate of i1. Standard deviations are then σu = 11.4 pixels and
σv = 2.6 pixels with the robust method. Finally, the Plücker coordinates of the
remaining lines are used to get the 3D location of I1 = (−258.9 ± 29.4; −68.4 ±
5.2; 316.4 ± 34.7) with the selected displacements.



534 C. Doignon, F. Nageotte, and M. de Mathelin

5 Conclusion

In this paper, we have proposed a method to estimate the location of out-of-field
of view insertion points on the abdominal wall suited for vision-based robotic
guidance in MIS. This is helpful to drive the image segmentation based on seeded
region growing and it is needed for expressing the velocity screw in the appro-
priate frame so as to track surgical instruments with visual servoing techniques.

For cylindrical-shaped laparoscopic instruments, we have presented a novel
algorithm which solves the Plücker coordinates of a cylinder axis and which can
deal with partial occlusions of instruments. Despite the disturbance due to the
patient breathing, we have shown that this method provides satisfactory results
in real surgical conditions with only few endoscopic images.
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