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Abstract—Flexible endoscopes are used in many diagnostic
exams and surgical procedures in gastroenterology as well as
in Natural Orifice Transluminal Endoscopic Surgery. In order to
assist the surgeon during these difficult procedures, physiological
motion cancellation has been successfully applied on a robotized
endoscope. However, the stability and performance of the classical
controllers were ensured only on a small working area, thus
preventing the surgeon to manually move the endoscope during
motion rejection. In this paper, we propose original methods
to improve the physiological motion rejection while taking into
account manual depth changes performed by the surgeon. For
this purpose, an adaptive repetitive controller based on depth
estimation is proposed. The validity of the approach is demon-
strated in in vitro experiments.

Index Terms—Flexible endoscopy, physiological motion cancel-
lation, repetitive control, visual servoing

I. INTRODUCTION

FLEXIBLE endoscopes are widely used in medical diag-
nostic exams and surgical procedures. They have also

been used recently in a new promising surgical technique
called Natural Orifice Transluminal Endoscopic Surgery [1]
which is currently under development on the animal model,
and at the stage of the first trials on human beings. It consists
in accessing the peritoneal cavity by passing through a natural
orifice to accomplish treatments. In order to navigate inside the
human body, the surgeon manipulates two wheels which ori-
entate the distal bending tip along two orthogonal directions.
He uses the images transmitted by the camera embedded at
the tip of the endoscope as visual feedback. Manipulating the
endoscope using the wheels, and the forward/backward motion
of the endoscope for performing the desired movements is a
difficult task. Actually, the effect in the endoscopic image of
inserting the endoscope depends on the shape of the endoscope
inside the body of the patient, which is usually unknown.
Moreover, physiological motions (breathing) which generates
important disturbances on the endoscope are a major concern
for physicians.

Active physiological motion compensation using robots is a
possible solution to this problem [2]. It has been proposed for
laparoscopic surgery [3] and cardiac surgery [4]. A similar
approach has been proposed in [5] for flexible endoscopes:
the two DOFs of the distal bending tip are automatically
controlled so as to compensate the occurring disturbances,
which provides a stabilized endoscopic view to the surgeon.
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However, this approach is not sufficient because the problem
is different from the one solved in [3] and [4]. In those cases,
the relative position beween the camera and the organ does not
change during the procedure. In flexible endoscopy the camera
is embedded in the endoscope which also carries the surgical
instruments. Hence the motions performed by the surgeon on
the endoscope modify the spatial relation between the sensor
and the target. When such motions arise the conventional
solution results in bad motion rejection.

In this paper, we propose a solution to successfully apply
active physiological motion rejection to flexible endoscopy by
taking into account the motions performed by the surgeon
on the endoscope. Next section presents the basic breathing
motion compensation process and its limitation in the case of
depth modification. In section III our original solution based
on depth adaptation is developed. Finally section IV presents
experimental results in vitro.

II. CONTROL SCHEME

The breathing motion cancellation is performed using a
repetitive control law together with a 2D visual servoing
scheme.

A. Model of the visual loop
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Fig. 1. Block diagram of the visual servoing loop

The model block-diagram of the visual loop is given in
Fig. 1. The tip of the endoscope is driven through wires by
two motors mounted on the endoscope handle [5]. Motors are
velocity controlled and the bandwidth of the velocity loops
is much higher than the sampling frequency of the external
visual loop (25Hz). Hence one can neglect the dynamic effect
of the actuators. The velocity of the image feature Ḟ is then
related to the joint velocity reference q̇ by

Ḟ =
∂F

∂r

∂r

∂q
q̇ = LdJq q̇

where Jq is the robot Jacobian relating the camera frame
velocity ṙ to the joint velocity q̇ and Ld is the interaction
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matrix of the considered image feature. Jq(q) can be obtained
from the kinematic model of the system as presented in [6].
It depends on the joint positions which can be measured by
encoders. The form of Ld depends on the kind of image feature
which is tracked. For controlling the 2 DOFs of the endoscope
tip, a sufficient and well-adapted feature is a point. For a point
of 3D position (x, y, ζ)T in the camera frame which projects
in F = (X,Y )T in the image plane one has

Ld(ζ) =

 
− 1
ζ

0 X
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XY −(1 +X2) Y
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ζ
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As for any general feature, Ld depends on the depth ζ. The
discrete time transfer function between the velocity reference
and the position of the features in the image is then given by

P (z−1) =
Y (z)

U(z)
= z−3(1− z−1)Z


J

s2

ff
= J

Ts · z−4

1− z−1
(1)

where J = LdJq and Z represents the z-transform at the
sampling rate Ts. The delay z−3 in the feedback loop is used
to take into account the image acquisition and processing time.
The motion of the organ as well as motions of the endoscope
can be taken into account as output position disturbances D(s).

B. Control law

Breathing motion is perfectly periodical when controlled
by a ventilator. This is especially the case for NOTES pro-
cedures. Several control architectures allow the periodicity of
the disturbance to be taken into account (repetitive controllers,
predictive controllers, RST controllers). They are based on the
internal model principle [7]. They include in the controller a
periodical signal generator of the form 1

1−z−N , where N is the
number of sampling periods in one period of the disturbance,
so that the controller gain are infinite at the frequency of the
disturbance and its harmonics. They are able to asymptotically
cancel periodical disturbances. The following analyses and
solutions can be applied to any of these controllers (see for
example [6] for a GPC application). For clarity, we take as
example the case of the Prototype Repetitive Controller (PRC)
as proposed by Tomizuka et al. [8].
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Fig. 2. Servo loop with the PRC controller

For a stable minimum phase plant P (z−1) = z−dB(z−1)
A(z−1) ,

the PRC controller Cr(z−1) (Fig. 2) is given by

Cr(z
−1) =

z−N+dÂ(z−1)

(1− z−N )B̂(z−1)
=

z−N

1− z−N P̂
−1(z−1) (2)

where Â(z−1) and B̂(z−1) are estimates of A(z−1) and
B(z−1). The same formalism can be applied to our system
(Eq. (1)) because the unstable pole of the plant is safely
compensated inside the controller by a pole of the signal
generator.

From Eq. (2), we obtain the following control law

U(k) = U(k −N) + P̂−1(q−1)E(k −N).

The control action computed by the PRC is made up of the
control action at the previous period (repetitive action) and
a learning term depending on the past residual error. When
convergence is reached, the learning term becomes null and
the past control actions are repeated each period.

C. Limitations of the control law

It has been shown [5] that the PRC cancels the periodical
disturbance after only one period when the model is accurate.
But for all repetitive controllers stability and performance
deteriorate in case of model errors. Then, overshoot can
appear during reference changes and periodic disturbances are
rejected after several periods only. Possible instability can also
appear if the gains of the model are underestimated.

The PRC must be tuned for a given model of the system.
For the considered system there are two origins of model
modifications during the operation. During tracking the tip of
the endoscope moves and the robot Jacobian Jq varies. When
the surgeon manually acts on the endoscope body the depth
of the feature changes and the interaction matrix also varies.

When the depth changes, the model errors become important
and several periods of disturbance are then necessary before a
new convergence can be reached (Fig. 5). For improving the
time to convergence and ensuring the stability of the system
even under important depth modification, it is then necessary
to adapt the model of the system used in the PRC controller.

III. PROPOSED SOLUTION

A. Model adaptation by controller decoupling and Jacobian
inversion

The solution we propose is to actually adapt the model
outside the PRC controller. This is made possible because the
dynamic parts of the system (delay and integrator) are not
dependent on the depth. The only parameter that is changing
with the depth is the Jacobian matrix. We propose, in a first
control improvement, to decouple the system by inverting the
Jacobian matrix. In this manner, we can use a decoupled PRC
controller that will handle the process dynamics independently
of the process gains. The generic model used in the PRC is
given by

B(z−1) = Ts

„
1 0

0 1

«
and A(z−1) = 1− z−1.

The control action obtained with the decoupled PRC con-
troller Uc is multiplied with the estimate Jacobian inverse
Ĵ−1 before being sent to the system (see Fig. 4) : U(z) =
Ĵ−1Uc(z).

If the Jacobian can be accurately estimated at each step
k, then the velocity reference sent to the system equals the
velocity reference that would be obtained with the exact model
of the system. As a consequence, after a change of depth, the
tracking error will converge to zero after only one period of
disturbance (see Fig. 5).

B. Transient response improvement by depth adaptation

However, as shown on Fig. 5, the transient response to a
depth change is not satisfying. This is due to the modification
of the apparent disturbance. To explain this behaviour, suppose
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that the error in the image space has been stabilized to zero
before depth change. Then, at step k, the actual velocity ref-
erence sent to the system is identical to the velocity reference
sent at step k −N : Uc(k) = Uc(k −N).

If a depth modification arises, the velocity reference vectors
remain equal during one complete period of the disturbance.
However, the effect of the disturbance in the image plane
is actually modified since (see Fig. 3), from perspective
projection, we have :

vd(k) ∼
ζ(k −N)

ζ(k)
vd(k −N) (3)

where vd is the apparent velocity of the feature into the image
caused by the disturbance.
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Fig. 3. Effect of (a) a manual endoscope motion on the (b) projection of
the target in the image

Hence, the control action applied to the system after multi-
plying with the Jacobian inverse leads to an error in the image.
This error is only corrected after one period when the new
apparent disturbance is learned.

To account for the depth change, we look for the actual
velocity reference Uc(k) which should be sent to the Jacobian
inversion and, then, to the system so that the effect in the
image of the motion of the endoscope would compensate the
effect of the disturbance, that is :

J(k)Ĵ(k)
−1

Uc(k) = vd(k) =
ζ(k −N)

ζ(k)
vd(k −N)

Since the error was null before the depth modification one

has J(k − N) ̂J(k −N)
−1
Uc(k − N) = vd(k − N). If the

estimates of the Jacobian are exact then it ensues that we must
apply

Uc(k) =
ζ(k −N)

ζ(k)
Uc(k −N).

Finally, this correction of the repetitive action can be applied
if the depth ratio can be estimated. The complete control
system is shown on Fig. 4 and the ability of this method to
improve the transient response of the system is clearly shown
on Fig. 5.

Note that if the depth is not modified then Uc(k) =
Uc(k −N) and one gets the original PRC behaviour. Hence,
this method can also be used without explicitly knowing or
detecting that a depth modification has occurred.

Z
−2

Image
acquisition

ZOH

Ts
Z

−1

Features
extraction

PRC
Yd(z) U(z) q̇(s)

J
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Fig. 4. Block diagram of the visual servoing loop with decoupled PRC and
depth adaptation

IV. RESULTS

For applying the proposed control scheme, one needs to
estimate the depth modification during the motion of the en-
doscope. We propose to do this by using the visual information
given by the endoscopic image.

A. Features extraction

The visual tracking is achieved using the Efficient Second-
Order Minimization (ESM) algorithm proposed by Malis et
al. [9]. This algorithm estimates the homography between a
selected planar reference template and the corresponding area
in the current image. The feature extraction algorithm provides
the homography matrix G(k) between the initial position of
the planar template in the image and the current position.
Each point, p(k) (notated in homogeneous coordinates), of
the template in the image at step k is related to its position
in the reference image p∗ by the following relationship :
p(k)α G(k)p∗. We use the center of the template, initially
defined as a rectangle on the area of interest, as the visual
feature for the feedback.

B. Depth change estimation
Provided that the intrinsic parameters of the camera K are

known, one can obtain the Euclidean homography H(k) by

H(k) = K−1G(k)K.

Given a point m(k) of the template expressed in metric
coordinates (m(k) = K−1p(k)), it is possible to obtain an
estimate of the change of the depth of this point by the
following relationship [10]:dζ(k)

ζ∗
=
m(k)THnorm(k)m∗

m(k)Tm(k)

where Hnorm(k) = 1
medsvd(H(k))

H(k). The required ratio
ζ(k−1)
ζ(k) is finally estimated as

̂ζ(k − 1)

ζ(k)
=

̂ζ(k − 1)

ζ∗

dζ∗
ζ(k)

.

C. Experiments

We have developed a test bed to validate the control strategy.
A model of the abdominal cavity organs is fixed to a motorized
device which creates a periodic displacement of the target
with period T = 5s in front of the motorized endoscope. In
this experiment, the initial depth, set to 60 mm, is assumed
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known. There are several solutions in practice to estimate it.
One could for instance use a marked endoscopic tool passing
through a working channel. Automatic methods are also under
investigation. But note that this procedure has only to be done
once. After the initial rejection of the periodic disturbance, the
target is brought closer to the endoscope at approximately 20
mm, then, the target is brought back to the initial depth.

Fig. 6(a), (b) and (c) show the behaviour of the three
controllers (PRC tuned for the initial depth, decoupled PRC
with the Jacobian inverse, decoupled PRC with the Jacobian
inverse and with control update).

The effect of depth modification is very close to the effect
obtained in simulation Fig. 5). Note that because of backlash
in the endoscope, the disturbance is not rejected in one period
even if the initial depth is measured. Oscillations which appear
with the classical PRC are much more attenuated with the
model update, while the depth adaptation highly reduces the
residual error in the image. Quantitavely, the integral from
t = 50s to t = 150s of the absolute error is 1254 pixels
without adaptation, 702 with the model update and 324 with
the depth adaptation. Depending on the configuration, an
offset can appear in the image which is compensated at the
next period (see Fig. 5). This offset arises from a parallax
effect which cannot be compensated by a modification of the
amplitude of the control action.

These results show very clearly that the behavior of the
system is good even if the model of the system is not accurate.
Real-time image processing also allows depth information to
be obtained with sufficient accuracy.

Fig. 5. Simulation results on a model built on Matlab/Simulink based on
the kinematic model of the endoscope. Top : x axis of the image, bottom :
depth of the target in the camera frame. The controllers are activated at t =
5s, the depth is modified at t= 20s and then brought back to its initial value
at t= 40s

V. CONCLUSION

We have shown in this article that it is possible to improve
repetitive control algorithms to simultaneously reject periodic
disturbances while manually moving a medical flexible en-
doscope. Our approach, based on the controller decoupling
and depth adaptation, has proven useful for highly reducing
residual errors when modifying the distance between the
endoscopic camera and a structure of interest. Our system
does not use any external sensor and is only based on image
processing, encoder measurement and a complete model of the
system. Methods have been recently proposed to also correct
parallax effects [11]. Results are very promising and in vivo
trials will be carried soon.

Fig. 6. Laboratory test bed experiments. The controllers are activated at t =
10s, the depth is modified at t= 60s and then brought back to its initial value
at t= 110s
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