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Abstract—The lack of physiological motion compensa-
tion is a major problem in robotic-assisted cardiac surgery.
Since the heart is beating while the surgeon carried out
the procedure, dexterity of the surgeon’s and precision are
compromised. Due to the operative space and the visibility
of the surgical field are reduced, the most practical solution
is the use of computer vision techniques. The lack of
efficiency and robustness of the existing proposals make
physiological motion compensation to be considered an
open problem. In this work a novel solution to solve this
problem based on the minimization of an energy functional
is presented. It is described in the three-dimensional space
using the Z1—regularized optimization class in which cubic
b-splines are used to represent the changes produced on the
heart surface. Moreover, the logarithmic barrier function
is applied to create an approximation of the total energy
in order to avoid its non-differentiability. According to
the results, this proposal is able to deal with complex
deformations, requires a short computational time and gives
a small error.

Keywords—Beating heart surgery, image analysis, mo-
tion compensation

1. INTRODUCTION

Minimally invasive cardiac surgery (MICS) has
become a popular approach since it offers differ-
ent benefits in comparison with traditional cardiac
surgery such as [1]: smaller incisions: shorter term
rehabilitation; less bleeding: faster recovery: reduc-
tion of blood transfusion and cosmetic improvement.
Despite all benefits during a MICS, surgeon has to
deal with important difficulties, among which it must

be highlighted the following [2], [3]: reduction of the
operative space; lessening in surgical field visibility;
loss of mobility and lack of comfort (ergonomic chal-
lenges). Apart from overcoming previous drawbacks,
Robotic-Assisted Cardiac Surgery has emerged as a
very practical and suitable solution to MICS because
improves surgeon’s dexterity and precision, eliminates
the tremor and avoids fatigue. However, since the
heart is beating while intervention is carried out, the
surgeon has to tackle two sources of disturbances: res-
piration and heartbeat. These physiological motions
hinder surgeon’s gestures and limit precision during
surgery. Thus, a research goal is to compensate them
in order to provide the surgeon with the sensation of
working in a motionless area.

To cope with physiological motion compensation
problem some authors [4], [5], [6], [7] have proposed
the use of mechanical stabilization devices, which are
positioned over the heart surface to keep the region of
interest in steady state. However, their performances
have been reported to be unsatisfying. The main
drawbacks of this type of devices are that exhibit
1.5 —2.4mm of residual motion (i.e. heart motion still
needs to be manually compensated by the surgeons),
they can only be applied on the top of the heart
surface, and they can damage the heart tissue, and
affect the mechanical performance of the heart [8],
[9]. Likewise, active cardiac stabilizers are proposed
in [10], [11], wherein suppression of residual motion
is seen as vibration cancelation. Although authors
proved the viability of using this type of stabilizers,
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Fig. 1: Proposed solution for motion compensation in robotic-assisted heart surgery.

besides their size and their long-term stability, the
fact that biocompatibility issues are not taken into
account, make still complicated the use of this type
of devices in real clinical environments. A different
approach was explored in [12], [13]; where the use of
predictive control to compensate physiological motion
is put forward. However some problems related to
noise and the lack of efficient motion retrieval restrict
the use of this kind of approach.

In order to avoid the above-mentioned drawbacks,
Nakamura et al. [14] demonstrated the feasibility
and practicality of using Computer Vision Techniques
(CVT) for heart motion compensation. In that work
authors, introduced the concept of heart synchroniza-
tion and developed a system which artificial markers
were used for tracking a region of interest. Artificial
markers were also used in [15] for motion estimation
using a calibrated vision system. However, authors
pointed out the limitations of using those markers and
proposed replace them by texture information. Like-
wise, artificial markers and the physical properties of
the heart were adopted in [16] for tracking the beating
heart. Although an additional sensor was also used
to measure the pressure inside the ventricle, it was
proved that was a disadvantage due to the reduced
operating space. In [17] physics-based heart motion
tracking method is proposed, where heart surface is
described as a physical elastic body in form of Partial
Differential Equation (PDE). In their work authors

attached passive colored markers to the heart to carry
out the feature extraction. Previous proposals are
unpractical due to the difficulty of placing artificial
markers on the heart surface due to its glossy property,
the reduced work space, the blood and vapors.

To avoid the limitations arising from the use of
artificial markers, Ortmaier et al. [ 18] suggested em-
ploying natural markers of the heart for tracking the
heart motion. In that work, an affine motion model
was used for tracking the motion of the 2D projec-
tion of the beating-heart. In [19] the combination of
maximally stable extremal regions (MSER) and the
traditional gradient based image features was used
for salient landmark selection. Moreover, the authors
extend the Lucas-Kanade (LLK) method to achieve
temporal tracking of the heart. Later on authors in
[20] proposed the use of a probabilistic framework
based on Markov-Random Field - Bayesian Network
(MRF-BN) for tissue deformation recovery. Another
tracking method is presented in [21], in which authors
pointed out the introduction of Thin- Plate Splines
(TPS) for representing the heart surface deformation,
and proposed the use of a dual Fourier series to pre-
dict the heart motion during occlusions. The approach
proposed in [22] makes use of the SURF method for
recovering distinct regions that are used in the Lucas-
Kanade tracker. A template matching method using
stereoscopic fluorescence images is implemented in
|23], in which the normalized cross-correlation (NCC)



method is used. In a most recent work [24], a tracking
scheme that uses a probabilistic similarity measure
is proposed. In that work the joint spatial-color dis-
tribution is applied to represent the target region,
and TPS are used for recovering 3D information.
Unfortunately, a major problem of the existing robotic
surgery systems is the lack of physiological motion
compensation. Although different solutions have been
presented; the lack of robustness, efficiency and ac-
curacy lead this problem to be considered still open
[25].

In this work, a 3D tracking based on the
f1—regularized optimization class is presented. To the
best of our knowledge, there are no previous reports
of using this class in the context of physiological
motion compensation. Moreover, the use of explicit
regularization is highlighted which allows stabilizing
the solution and decreasing the number of local
minima.

This paper is organized as follows. In Section 2
the general problem to be solved is presented as
a total energy minimization issue. The main stages
of the proposed solution are described in Section 3.
Then, some results are presented at Section 4, and the
conclusions are put forward in Section 5. The paper
concludes with a list of notation terms used along the
work.

2. PROBLEM STATEMENT

The setup for heart motion compensation is part of
the Robotic Surgical System given in Fig. 1., in which
four modules are integrated in a robotic surgical
system. Apart from the heart motion compensation
module the system includes: an image processing
module which allows the correction and enhancement
of the image sequence; a prediction module which
guarantees system operation even in presence of oc-
clusions given by the surgical instruments and blood;
and a tool-tissue interaction module, which synchro-
nizes the heart motion and instruments avoiding tissue
damage.

Heart motion compensation can be formulated as
an energy optimization problem, wherein information
source is given by a stereo camera that allows recon-
structing the three-dimensional world space (see Fig.
2). So, the general idea is that, once the region of

3D World Coordinate
System

Fig. 2: The points in the three dimensional space
world are obtained as the projections of the corre-
sponding points of the left and right images.

interest to be repaired (i.e. the artery) is identified, its
deformation, is controlled by the changes measured
in a set of uniformly spaced set of points, P, at
each instant time, t. Thus, if I, : Q;, — R and
I : Qy,, — R are rectified images of the left and right
camera two terms have to be considered: i) a measure
of discrepancy, F'p, between I, and I images and ii)
a regularization term, Fp, that allows restricting the
space of solutions. Then, the total energy, F, given
by the following generalized equation:

Eg(P) :E;)(IL(d(:I.'; P) - I)‘ IR(.’JT))
+ (Er(d(z; P))

where (€ R* gives a balance between both terms,
and x represents a vector in R". Given equation 1,
for solving the heart motion compensation problem,
in addition to selecting the optimization method, it
is necessary to choose both the discrepancy measure
and the regularization method that must be used in
order to obtain the better solution. Moreover, there
are other factors to be taken into account that com-

(n
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Fig. 3: Detailed flow chart of the Processing Module and the Heart Motion Module.

plicate the problem solving. there are Firstly, there
are the precision requirements imposed by the small
blood vessels diameter (between 0.5 mm and 2.0).
Furthermore, illumination issues must be born in
mind. On the one hand, due to the glossy property of
the heart surface, specular highlights appear during
the intervention. They have to be taken into account
since they are a source of error and cause loss of
information. On the other hand, due to the source
of illumination is not fixed illumination variance is
expected. Thus, in order to increase robustness the
solution has to work in a lighting-insensitive scenario.
Moreover, in order to avoid introducing error in the
solutions, undesirable singularities (i.e. occlusions)
must be taken into consideration.

3. PROPOSED SOLUTION

In this section, the solution for compensating phys-
iological motion during a Robotic-Assisted cardiac
surgery is presented. Firstly, the selection of the
deformation model which allows parametrizing the
changes on the heart surface is presented. Secondly,
explanation about how the Eq. 1 is reformulated. That
is, the definition of the two terms, Fp and Ep, of
our energy functional will be presented. Since both
are formulated using £1—norm the expression defined
is given via £1-—regularized optimization class. Then,
an explanation about how specular highlights are

detected and removed is presented, this process is car-
ried out in order to increase robustness and efficiency
of the proposed solution. For a better understanding
of how these three steps are correlated a flowchart is
depicted in Fig. 3.

3.1 Deformation Mapping

In order to paramatrize the heart motion, a defor-
mation model is needed. Although there are several
models, the selected model for this application must
meet two characteristics: short computational time
and offer valuable information [26]. A well-defined
classification of deformation models can be found in
[27], in which three categories are described based on
if are: i) inspired by physical models, ii) knowledge-
based models or iii) inspired by approximation and
interpolation models. Although models of the first
category have been widely applied in medical applica-
tions, these are inherently computationally expensive
and have difficulties for dealing with complex defor-
mations (i.e. provide inaccurate deformation) [28]. On
the other hand, even though in the second category
are able of dealing with complex deformations their
computational complexity makes them unsuitable to
be used in this area. Therefore, the third category
has been selected since models in this category offer
a good trade-off between computational time and
ability of dealing with complex deformations, offering
valuable information during the image transformation.



In the third category well-known models can be
found as: thin-plate splines [29], elastic body splines
[30], piecewise affine [31] among others. The main
drawbacks of these models are: inverse inconsistency;
lack of mathematical optimality and continuity; and
high computational demand. Another option in this
category is B-splines that offer various desirable ben-
efits such as [32], [33]: easy manipulation; compact
support; low computational cost; optimal mathemati-
cal properties; multiresolution; Hélder continuous of
order n; affine invariance and preservation of both
convexity and diminishing properties. Given the ad-
vantages of B-splines (free-forms) they have been
selected as the deformation model used for measuring
the disparity d. Particulary, in this work we have
considered b-splines of degree 3 (i.e. cubic), whereby
is defined as follows:

3 3 n
d(z,P) =Y " .. Y Py [] Tewe) : {z € R}
J1=0  ja=0 k=1

(2)
Let C; | C; > 0 be all control points in d-dimensions
belonging to a lattice uniformly spaced. Moreover,
defining T ,,, as basis functions given by

Yo(p) = (1 - p)*/6

Y1) = (4+ 3u® — 64%)/6

Yo(p) = (1 — 3u® — 3u” + 3p) /6

Ya(n) = /6

Once d is determined, the distance along the Z-axis
is retrieved by:

3)

fxB
dm

where f is the focal length and B the baseline.

Z =

(4)

3.2 The Discretize-Optimize Approach

As the physiological motion compensation problem
is here treated as an energy minimization problem, the
main difficulties are twofold: (i) the definition of the
energy terms that represent adequately the problem
to be solved, and (ii) how to efficiently represent
each term of the energy functional. Thus, in this
section, these two issues are described. Moreover,
although existing proposals are oriented to use the
£2— norm, in this section, the solution is described

using the £1—regularized optimization class. This has
been the chosen regularization class because, besides
outperforming the solutions obtained using the £2—
norm, the £1— norm: works-well with outliers, is
related to robustness, outperforms solutions obtained
by the £2— norm and is non-sensitivity to changes of
intensity. In addition, it should be emphasized that the
aim of using explicit regularization in this application
is threefold: guarantee an existing and stable solution
via restriction of the space of solutions; to penalize
oscillating deformations (i.e. generate a well-defined
displacement field); and decrease the computational
cost of the optimization process.

To reformulate Eq. 1, firstly, it is necessary to
evaluate the discrepancy between the two images.
Although different methods can be considered, the se-
lection of the most adequate depends on the problem
to be solved. In here, since the images are acquired
by the same sensor, big intensity variations between
them are not expected. Therefore, an iconic method
is a perfect match for this application. In particular,
to reformulate F'p, the Sum of Absolute Differences
(SAD) method has been selected due to its simplicity,
low computational time working in real-time, and
robustness in front of variation of intensities and
outliers.

Secondly, as undesirable mathematical properties
appear, they lead us to deal with an ill-posed problem.
This kind of problem is characterized by the fact
that it does not fulfill the Hadamards postulate [34],
which asserts that a well-posed problem must satisfy
three main requirements: i) existence, ii) uniqueness
and iii) continuity. Thus, it is necessary to define the
penalization term, F', in order to impose stability to
the solution and decrease the number of local minima.
Although there are various options for choosing K
such as: the well-known method called Tikhonov [35],
Mumford and Shah model [36], curvature among
others, they have disadvantages such as lack of edge
preservation, complex analysis or negative practical
results lead us to select the method proposed by Rudin
et al. called Total Variation (TV) [37]. Thus, using
both SAD and TV methods Eq. 1 is rewritten as
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follows:

E(P) = /[IL (z) + 7) — Ip(z))|dz+

5)
le /“ IVd(z)|de

From a practical point of view and efficiency, in
this work the discretize-then-optimize methodology
is used. Strictly speaking, taking original continuous
functional from Eq. 4, it is rewritten by a discretiza-
tion in order to obtain a standard optimization prob-
lem. Therefore, Eq. 5 is expressed as

;% Z |(In(d(z) + z) — Ir(z))|+

refl

>3 Ivd(@)

1 zef2

(6)

The main inconvenience of the previous formu-
lation is that it is non-differentiable at zero. As a
consequence, the optimization process is hindered,
and standard methods are not directly applicable. A
classic alternative is to use subgradient methods [38]
or e—subgradient methods [39], but they converge
slowly and they have the lack of efficiency in certain
cases. Another option is to treat the unconstrained
non-differentiable problem as a constrained problem.
The simplest and effective alternative is to redefine
the functional with a differentiable approximation,
allowing the use of classic unconstraint optimization

methods. In this case, in order to avoid moving to
the restricted area (i.e. zero), the log-barrier function
given in Eq. 7 is applied, where log(-) is the natural
logarithm and ¢, is the value that determines the
impact of the barrier over the function.

Let fiog be the logarithmic-barrier expressed by

fiog(d) = —¢ 3 loge,(d)

refl
{d € R¥ey(d) > 0 for all z € Q} h
A
V fiog(d) = — mex(d)
zer *

In order to generate a differentiable approximation of
the total energy Eq. 7 is integrated in Eq. 6 Therefore,
the energy functional to be minimized becomes

1

= > 1(In(d(x) +x) — Ir(x))| +
N (= P
Ed

®)
ZE Vd(x)| — ¢ ) loge,(d)
xEf? N zef) P

Er fios

where ¢, = d?. Since the Eq. 8 becomes in a smooth
minimization problem, it can be solved by a standard
unconstrained methods. In this problem, Newton’s
method is applied to minimize Eq. 8, it has been
selected due to its excellent global convergence.



3.3. Specular Highlights

Computational stereo methods are prone to error
in presence of non-Lambertian specular highlights. In
our case the surface properties of soft-tissue gives rise
to specular reflections, which are the direct reflection
of the light source on the glossy and wet-like surface.
These specular reflections work as occluders and
considerably reduce the available visual information
used by the tracking algorithm. With the aim that
two previous modules have a proper behaviour, the
detection and removal of specular highlights must
be carried out. So, to get rid of specular reflections,
and increase the overall accuracy of the proposed
tracking algorithm, a two-steps solution is presented
(see Fig. 4) in which, after detecting regions affected
by specular highlight, an inpainting process is applied
in order to recover actual information of the heart
surface.

Since specular reflections are characterized by local
coincidence of intense brightness and unsaturated
color [40], detection can be carried out by con-
sidering, and analyzing, these two color features.
Although the saturation (S), and intensity (I) values
can be directly obtained using the RGB (Red-Green-
Blue) space, in our proposal the RGB image has
been converted to the HSI (Hue-Saturation-Intensity)
color-space. Three principal factors make this color-
space ideal for developing computer vision appli-
cations [41]: its variables are somehow correlated
with human being’s color perception, decoupling the
intensity component from the color information, and
the close relationship between chromaticity and how
humans perceive color. Among the existing RGB to
HSI transformations, we have considered the given
by Eqs 9 to 11 because is more robust to noise and
the saturation component is made to be less sensitive
to the nonlinear effects than in other transformations
[42].

0 if B<G
H-{gﬁg‘_.ﬂ siB>G &
g 1[(R-G)+(R—B))
6 = cos { (R—G)?+(R—B)(G—B)]} } (10)

3 .
S=1- m[mm{ﬂ,(?,l?)] (11)

[=3(R+G+B) (12)

Thus, saturation and intensity values of the im-
age pixels are obtained using the above transforma-
tions, and then a specular detection solution based
on thresholds is applied. This strategy is the most
convenient due to its short computational time and its
efficient detection. If I, and S,, are the maximum
intensity and saturation values of the pixels in the
image, and I" € ) denotes the regions showing
specular reflections, we say that a pixel is in I if
their intensity and saturation values (Int and Sat,
respectively) satisfy the following condition:

if(Int > Thy, && Sat < Thga) then belong to &

(13)
where Thin = 04 % I,,, and Thsy = 0.15 x S,,,
have been heuristically selected. Then, the image is
converted to grayscale and all points in I/ are put in
black color.

Once the specular regions have been determined
the second step, inpainting, is applied. That is, given
a region inside the domain of the image, inpainting
is the process of modifying the image pixels’ values
in order to avoid standing out with respect of its
surroundings [43]. The proposed inpainting process
works as follows: the eight neighbors of the current
position are taken, and only those who are different
from black are used to calculate the mean. Finally, the
result is assigned to the current position. This process
is repetend until all positions are evaluated.

4. EXPERIMENTAL RESULTS

This section illustrates the performance of the
methodologies presented in Section III. Experiments
have been conducted using a realistic data set from
The Hamlyn Centre Laparoscopic [19]. The video
sequence has a duration of 60.2 sec. in which the
cardiac surface is affected by respiration and cardiac
motion. Simulated experiments have been performed
using a PC intel Core i7, 8GB RAM, and Nvidia
GeForce GT 540M.

Firstly, in order to increase robustness and effi-
ciency of the proposal specular highlights are taken
into account, in Fig. 5 an example of the strategy



(A) Stereo-Pair Images (RGB).

tB] Detection of Specular Highlights (HSI).

(C) Inpainting (Grayscale)

Fig. 5: (A) Part of the sequence of left and right original images, (B) Detection of the specular highlights
using both attributes saturation and intensity in the HSI space color, (C) Reconstructed images using the

proposed inpainting process.
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Fig. 6: Three dimensional world reconstruction, using the proposed approach, of three time instants of the

image sequence (in pixels).

TABLE I: Performance Analysis

#Control Points 36
Avg. Time per stereo-pair [sec.] 0.0581
Avg, f#flterations per slereo-pair 19
Ave. Error Tracking (px) 1.25

presented in the subsection 3.3 is displayed, in which
detection and inpainting of the specular highlights

are carried out in order to avoid producing error
during the execution of the proposed methodology.
Moreover, it worth noticing that at the beginning of
the approach, identification of the zone to be repaired
is defined (see Fig. 7)., and then, it is handled by a
set of control points. In this case, 36 points were used
because this number offer a good trade-off between a
good approximation and short computational time. In
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Fig. 7: Detection of the region to be repaired, i.e. the
artery.

other words, as more points a better approximation is
obtained but computational cost increases. In Fig. 6
the changes produced on the heart surface are shown
in the three dimensional world, in which three time
instants of the sequence are plotted. Moreover, it
can be noticed that regularization term helps prevent
unplausible deformation.

In order to validate the performance of the pro-
posed approach, three main factors were evaluated:
computational cost, i.e. average time per stereo-pair
given in seconds; number of iterations during the
optimization process given by the average number
of iterations per stereo-pair; and accuracy evaluated
by the average error of the tracking given in pixels.
According with the results presented in Table I, the
approach demonstrated to offer a good balance be-
tween accuracy and the computational time demand.
Moreover, it demonstrated to work even during com-
plex deformations.

5. CONCLUSIONS

In this work a new 3D methodology for physiolog-
ical motion compensation during a robotic-assisted
cardiac surgery has been presented. It is based on
the £1—regularized optimization class, in which de-
formation model is based on the cubic b-splines and
the non-differentiability of the energy functional is
coped via an approximation of it. Computational per-

formance together with the accuracy, 0.0581 sec. and
1.25 px, demostraste the potential of the presented
methodology even under complex deformations. As
future work, this proposal will be combined with our
methodology proposed in [44] for force estimation in
order to avoid tissue damage.

NOTATION
P : set of control point
d : disparity
t:time

Ep : discrepancy energy
Er : regularization energy
FE; : total energy

flog : logarithmic-barrier function
f : focal length

Iy, : left rectified image
IR : right rectified image
log(-) : natural logarithm
n : number of dimensions
S : Saturation

I : Intensity

H : Hue

T. : basis functions

(1 : image domain

@ : barrier factor

¢ : regularization factor

V : gradient operator

x 1 vector

R+ : positive real numbers
R : Set of real numbers
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