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below 1 mm, which satisfies demanding requirements of neurosurgical
procedures. Furthermore, the sensor fusion increased the robustness to
electromagnetic field disturbances, reaching, in condition of high distortion,
errors comparable with the nominal accuracy of an electromagnetic localizer in a
metal-free environment.

The developed system represents a step towards the vision of the !"#$%#&'(#
%)&)*( which envisages a smart environment with a context-aware sensory
system capable of understanding human commands and even intentions for a
seamless human-machine interaction and adaptive surgical workflow

management.
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Chapter 1

Introduction

1.1.Computer Assisted Surgery

Surgical interventions are among the most challenging activities
performed by humans. They require years of training and education, coupled
with practice, intuition, and cognitive as well as manual abilities.

To facilitate such a complex task, research efforts in biomedical
engineering led to the introduction of Computer Assisted Surgery (CAS). CAS
is a set of technologies and methods to assist the surgeon from the
preoperative planning phase to the intra-operative phase, providing image
guidance and, in some cases, robotic assistance to perform the procedure.
Although CAS is a relatively young concept dating back to the end of the 80’s,
many of the underlying concepts have been developed and refined over the
last century.

The first example of using an external device to define a space within an
anatomical structure and to guide a tool within that space, was the so-called
stereotactic frame by Horsley and Clark (1908). The frame was meant to be
fixed to a subject’s head (in this case, monkeys) and to be aligned with
external anatomical landmarks (e.g. auditory canals) with the purpose of
guiding electrodes insertion. The fundamental assumption of this approach
was that the brain has a constant structure and that external landmarks
could be used to predict internal structures.

Only half a century later, with the advancement of imaging techniques,
Horsley and Clark concept was renewed first by Spiegel et al. (1947) so that
two orthogonal images (anterior-posterior and side-to-side) could be made
with the frame mounted on the head. Identifying the same feature in both the
images allowed to resolve the third dimension and opened the way for
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Chapter 1. Introduction

3.! Registration of the localizer volume with the preoperative data

4.! Visualization of the position of the tool with regard to medically
important structure visible in the preoperative data

5.! Evaluation of differences between the preoperative data and the intra-

operative reality
To this extent, navigation platforms include the following hardware:

o/ a localization system for tracking the position and orientation of
patient body parts and surgical instruments;

e/ a computer for managing the data acquisition stream and for
registering the data to preoperative images, typically Magnetic
Resonance Imaging (MRI) or Computed Tomography (CT) scans;

o! adisplay for visualization

o! optionally, intra-operative imaging device (intra-operative US
imaging, or more complex and expensive intra-operative CT and MRI
imaging devices) can be used to evaluate the difference with the

preoperative plan, in particular in case soft tissues are involved

Nowadays, surgical navigation systems find application in various fields
such as orthopedic surgery (Sugano, 2003), (Hananouchi et al, 2009),
abdominal surgery (Zhang et al, 2006), ENT surgery (Klimek, 2005) and
neurosurgery (Willems et al., 2006).The use of navigation systems in
orthopedic procedures, such as total knee arthroplasty or hip resurfacing,
proved to enhance mechanical axis alignment, accuracy and precision
prosthesis positioning, to shorten the recovery period for patients and to
reduce the length of the learning curve for young surgeons (Bathis et al,
2004) (Seyler et al., 2008). Abdominal surgery, both open and percutaneous
procedures, also exploit navigation systems to improve intra-operative
orientation during biopsies and tumor resections and to augment
information displayed to surgeons in standard image-guided procedures
(typically CT-guided or ultrasound-guided percutaneous surgery) (Beller et
al., 2007) (Lange et al., 2004) (Das et al., 2006). Navigation systems proved to
help surgeons during ENT surgery in localizing complex structure in the

frontal and maxillary sinus (Gunkel et al, 2009), (Strauss et al., 2009).
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Chapter 1. Introduction

o 1" Y& ()* +%,-. &)IBSYEY" &'&(%0)&" *+%" +-.%/" 0" IRA&LA" ~+%64("
42++%]/("5678 ,"*+%6"*"49/4%: (" 0\ &A4%/&-O/"#YA$/9<9=""79+:9+*(-9/"
5>#7" @A;8B" #$%" )*=/%(-4" -/, 24(-9/" C-($-I")-1-*(2+%" *4(-.%" D<2E=*(%"
8%/89+&"-&")%6*&2+%,"*D(%o+" ($%" %6&(*0<-&$)%6/(" ID"*" &(*(-9/*+")*=/%(-4"
D-%¢,B

o 1,228'(* 3%* +9,)243)$(%* 252#BO&Y" & '&(%)&" <9A*<-FU%" :U)*/%
YF=I%(&" O+" -):<*/(%," (+*1&:9/,%+&B" G*&&-.%" & &(%6)&" *+0b" +%p<*(-.%<"
1%C"*/," $*.%" 0%%/" 28%," -" )%, -4-1%" (9" <94*<-FU%" [*&9=*&(+-4" D%%,-/="
(20%68BHY%+4"Po(" *<BRKLS'9+" DO+" (2)9+" (+*41-/=" , 2+-/=" +* -*(-9/"
($%+*:"BM-<<92=$0%%("* <K N3

B6Y6&:-(%" ($%")* O+ (*=%"9D" /9(" +%12-+-/="<-BER-=$(?" PQHA&":+9.- %"
<Ob&&"*AA2+*4"*&" 49)*+0b " (9" RHA&"*/," &2DD%+" D+9)")*=/%(-4" D-%<," -&(9+(-9/"
296" (9" DYo++9)*=/%6(-4" J*(Yo+-*<" O+" %<Uod(+-4*<<" :9C%+%," ,%.-4%&" C-($-/" ($%"
)%*&2+96)%/(".9<2)%B

a. V)
a.
A
V" -
€—> . - ‘
2 / N
b &?:}\0
- . \e «© " "

Fig. 1.2 ! Examples of commercial EMTS transmitters (left) with their respective sensors (right).
Ascension3 trackSTAR (a) is an example of DC driven EMTS, whereas NDI Aurora (b) is an AC
driven EMTS.
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Chapter 1. Introduction

correct diagnosis of the patient pathology, or to quickly react to sudden
situation changes.

Given the proved advantages of providing the surgeon with additional pre-
and intra-operative information, the adoption of sensing technology in
modern CAS systems is not free from risks and drawbacks though. Issues
arise due to the peculiarity of the operating theater, which is a complex,
delicate and crowded environment.

Furthermore, the limitations of currently available tracking technologies
affect their usability in modern over-crowded ORs and in the fast control
loop of a surgical robot.

Tracking systems for surgical applications should be evaluated in terms of:

o! Accuracy. This, of course, depends on the application; typical values
for most applications are around 1 mm for translation and few
degrees for rotations, up to the most demanding neurosurgical
procedure where localization error less than 1 mm is required.

o/ Robustness. This concept is strictly related to the safety of the
procedure, and entails, for instance, a continuous data stream.

o/ Update rate. This has only recently gained attention with the
introduction of robotic systems. Current tracking technology, typically
have update rate of few tens of Hz, which ensure good results for
standard navigations systems. In case of a control loop of a surgical
robot in contact with the patient, the feedback information must be

provided at several hundreds of Hz.

Based on these parameters, OTSs present high accuracy but their
robustness is limited by the line-of-sight requirement. On the other hand,
EMTSs accuracy is affected by electromagnetic disturbances but they are able
to measure position and orientation of tools inside the body without any line-
of-sight requirement. Both OTSs and EMTSs, though, provide data at a
relatively low update rate for robotic applications, whereas IMUs are able of
acquisition frequency around 1 kHz, but the integration of acceleration and
angular velocity data leads to accumulating errors. Main limitations of the

aforementioned sensing technologies can be overcome by their combined
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use. To this extent information sources must be first correctly synchronized
and then fuse together, usually with a probabilistic approach.

The management of multiple sensors with different frame rates and
spatial scales entails a data fusion process in both time and space. Using a
software-based application for time-stamping external information induces a
temporal imprecision, which can be due to the offset of the PC clock with
respect to a reference time and to the drift of the internal clock (frequency
error) (Kais et al,, 2006). Attention should be paid to spatial consistency as
well, since each sensor has its own reference system and spatial scale; spatial
transformations between reference systems can be estimated with
calibration procedures (De Momi et al., 2008), (Schwald et al., 2004).

The goal of this thesis was to investigate methodologies for the
management and integration of multimodal sensors in surgical applications
and to develop a software framework for sensors data acquisition and fusion.

The thesis is organized in two main chapters. The first part of the work
concerns the software framework for sensors management and it was
carried out at NearLab, Politecnico di Milano, Italy, within the European
research project ROBOt and sensors integration for Computer Assisted
Surgery and Therapy (ROBOCAST) FP7-1CT-2007-215190. The second part is
mainly focused on the optical line-of-sight occlusion problem. A preliminary
study on the Unscented Kalman Filter technique and model-based robust
optical tracking was carried out during my stay at Kitware Inc., Carrboro, NC,
USA. The proper sensor fusion algorithm was developed at NearLab while

still collaborating with Dr. Enquobahrie at Kitware.
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As already pointed out in Chapter 1, Surgical navigation involves a) a
registration process between physical space and pre-operative images space
and b) intra-operative localization of the surgical tool in order to show
position and orientation of the instrument with respect to anatomical
structures. To this extent, different types of sensors (see §1.3) are widely
used and provide surgeons with multimodal information.

The need for libraries for the simultaneous management and integration
of sensors information has recently arisen. In the surgical field, this has led to
the design of a software framework for tracking system management and
surgical navigation application prototyping, known as the Image-Guided
Surgery Toolkit (IGSTK)* (Enquobahrie et al., 2007), (Ibanez et al.,, 2008),
(Yaniv et al., 2010), an open-source project continuously expanding to also
include other types of sensors (e.g. video and ultrasound images).

Furthermore, modern CAS systems often rely on multiple sensors from the
aforementioned categories in order to ensure redundancy in case of failure
"#$ %0&$ (&) #+S #*,,+(+"%$ *" &(-1%*&"$ %&S$ *".(+1/+$ /0(1+&"/2$ '+(.+'%*&"3$ 4&($

instance, Tobergte et al. (2009) proposed a data fusion algorithm, using an

* http://www.igstk.org
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Chapter 2. Data acquisition framework: the “Sensor Manager”

Fig. 2.2, are:
o I"'#$%&" ()*+)*! (NS), similar to a Domain Name System (DNS) of the
ROBOCAST network, which translates domain names into the

respective numerical identifiers.

* I(#,)-.1/0)12! (SC), a process that periodically checks for consistency of
the calibration and registration transformations and for possible

occlusion of the OTS line-of-sight.
*13%'0!4)+)5!/6&-*655HLC), in charge of robots control.

* 13#7-%1! /6&-*655)HC), which controls a 4%&)#*! 81-9#-6tnotion

according to a haptic device input and manages force information.

* 139$#&!1/6$79-)*!:&-)*,#1)! (HCI), which provides a surgeon interface

for intra-operative navigation and workflow execution.

*1()&;6*! <#&#')*! (SM), an IGSTK-based application that gathers
tracking data and US images and provides them to the other

components upon request.

The middleware of ROBOCAST is =0)!8/>!?@AYTAO)>, a freely available,
open-source, and standards-compliant, real-time C++ implementation of

CORBA based upon the Adaptive Communication Environment (ACE)®.
"% $%&'(&)*+,-)./&,

The SM is a software component within the distributed architecture of the
ROBOCAST system (Vaccarella et al.,, 2011 CARS). It is implemented as a C++
service application without a user interface running on a dedicated machine.
The main purpose of the SM is to gather data from localization systems
(optical and electromagnetic) and US imaging devices, and forward such
information upon request to the other components of the system (clients). As
is each component of the ROBOCAST framework, the SM is part of a

client/server architecture based on the middleware TAO CORBA.

* http://www.theaceorb.org

¢ http://www.dre.vanderbilt.edu/ACE
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Fig. 2.3 - The SM data acquisition architecture. A separate Tracker Thread is spawned for each
tracking system in order to continuously store new data in a buffer. The buffer is shared with
the application Main Thread where data are time-stamped by the IGSTK RealTimeClock and
copied in another buffer. Through the IsValidNow() block, pose data are delivered to the client
only if less than K ms elapsed since data was acquired (K=user-defined threshold). Upon
request pose data delivered to the client after a temporal validity check with a user defined
threshold. US image requests are managed in the main tracking thread with the OpenCV capture
module and time-stamped by the IGSTK RealTimeClock.
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The SM can transparently manage all the IGSTK supported tracking devices
through an XML configuration file, allowing flexibility in hardware
arrangement.

According to the IGSTK architecture, as shown in Fig. 2.3, tracking data is
continuously acquired in a separate thread (Tracker Thread, one for each
tracking systems) and stored in a buffer. The main thread updates spatial
objects transformation by reading the stored tracking data from the buffer at
a user-defined frequency (20 Hz), and marks each data with a timestamp
provided by the IGSTK RealTimeClock. Pose data is checked for temporal
validity prior to being provided to clients; the IGSTK IsValidNow() function
compares the current time (read from the RealTimeClock) and the timestamp
associated with the pose data, and forwards the information to the client only
if it is less than K ms elapsed since data acquisition (K is a user-defined
threshold).

Open-CV allows the acquisition of images from US imaging devices, which
are connected to the SM laptop via an USB frame grabber (EZ-Grabber, PAL:
720 x 576 @ 25 fps). US images are time-stamped using the same clock used
for tracking data (IGSTK RealTimeClock).

2.4 The experimental protocol

The IGSTK-based application was validated in a modular and distributed
CAS system. Experiment #1 was aimed at comparing time intervals measured
with different clocks in the ROBOCAST distributed architecture. Experiment

#2 computed the SM latency.

2.4.1 Experiment #1

The optical localization system (Certus, NDI Inc., Ontario, Canada) was
connected to the SM (SERVER), and two client machines (CLIENT1 and
CLIENTZ) were set-up to request localization data. The three computers
specifications are listed in Table 2.1. Each machine was connected to a
Gigabit Ethernet LAN in the ROBOCAST, CORBA-based client/server

architecture.
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Chapter 2. Data acquisition framework: the “Sensor Manager”

The reference time for the experiment was provided by the SM based on
the timestamp of localization data. CLIENT1 and CLIENT2 internal clocks
(based on MS Windows API) were compared with the reference time in order
to explore inter-machine variability. Since Windows NT operating systems’
internal timer resolution is 10-15 ms (47), a higher resolution is achieved by
accessing the High Precision Event Timer (HPET) incorporated in PC through
the Windows API; for each machine in our setup, the frequency of the HPET

proved to be nominally 3.57 MHz with a microsecond resolution.

Table 2.1 - Specifications of computers involved in the tests

CPU RAM oS
Intel T7600 MS Windows XP
SM 2 GB
@2.33 Ghz Professional, SP3
Intel Q9550 MS Windows XP
CLIENT1 3 GB
@2.83 GHz Professional, SP3
Intel E6600 MS Windows XP
CLIENT2 2 GB
@2.4 GHz Professional, SP3

!
SM and CLIENT clocks were started and stopped together in order to

measure six different time intervals AT; (15, 30, 45, 60, 75 and 90 minutes).

SERVER CLIENT

[
Timestamped data request
Elaborate
Request Timestamped data Store T1
‘ < Store T1
. Wait AT
Timestamped data request a ]
Elaborate
Request Timestamped data Store T2
| Store T2,
I
Y

Fig. 2.4 - Experimental protocol to compare ATi measured with different PCs: the CLIENT
receives time-stamped data and compares SERVER timestamp with its internal HPET time.

The test protocol is summarized in Fig. 2.4.

When the client requests tracking data, the SM, based on the IGSTK
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Chapter 2. Data acquisition framework: the “Sensor Manager”
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"#$%&™($)*+ running on the SM (SERVER); the CLIENT1 internal clock
resulted being slower (about 1 ms/min), while the internal clock on CLIENT2

proved to be faster (about 2 ms/min).
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The latency of the SM in providing data to clients is shown in Fig. 2.6. Since
the data distribution resulted in being non-Gaussian (Lilliefors test, p < 10-3),
median values (with interquartile ranges) were computed. Latency for
tracking data resulted in being about 2 ms and does not depend on the
tracking system used (Kruskal-Wallis test, p > 0.5). US images showed a

latency of about 40 ms.
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Chapter 2. Data acquisition framework: the “Sensor Manager”

2.6 Use case: 3D Ultrasound temporal calibration

We choose three-dimensional (3D) Ultrasound (US) as paradigmatic
example application of the proposed SM architecture and proved its
feasibility in the ROBOCAST final demonstrator.

3D US imaging is a non-invasive medical diagnostic method that is
recently gaining importance as intra-operative imaging in surgical
procedures, where organs or soft tissues morphology varies with respect to
the pre-operative situation. In neurosurgery, for example, US images of the
brain are registered with preoperative Magnetic Resonance imaging (MRI) to
determine the brain shift occurring during the operation (Gronningsaeter et
al., 2000), (Lindseth et al., 2003), (Unsgard et al.,, 2011). 3D US imaging is
used also in radiotherapy (Wong et al, 2011) and abdominal surgery
(Johnston et al., 2008), (Mozer et al., 2005). 3D ultrasound imaging can be
build from 2D images by tracking the position of a probe in space, by a
mechanical, optical or electromagnetic localization system and associating
each US scan with the respective probe pose in 3D space. To ensure accuracy
of the reconstruction, temporal alignment of tracking data and US images is a
demanding requirement (Jacobs and Livingston, 1997); this is achieved
estimating the overall latency between images and tracking data through a
temporal calibration procedure.

The experimental setup, shown in Fig. 2.7, is composed by an active
marker OTS, NDI Optotrak Certus (Northern Digital Inc., Canada), an
ultrasound imaging device, Prosound Alpha 7 (ALOKA Co., Ltd,, Japan), and a
six Degrees of Freedom (DoF) serial robot, PathFinder (Prosurgics, UK).

In order to estimate the temporal offset between the DRF tracking data
and the US image, the probe immersed in the water tank was moved along
the vertical direction using the PathFinder serial robot, which was
programmed to achieve 3 repetitions of vertical motion (lasting 0.83 s at 30

mm/s constant velocity); the experiment was repeated ten times.
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The bottom of the tank is represented on the US image as a line; the
distance of the line from the top of the image is computed for each frame so
that a mono-dimensional signal is obtained. Position data of the probe DRF
was acquired at the same time and normalized with respect to the amplitude
of the movement performed. The two signals were aligned using the

timestamps provided by the SM application and the time lag was estimated

by computing the maximum of the cross-correlation function of the two time

series.
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Chapter 2. Data acquisition framework: the “Sensor Manager”
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Chapter | "

Sensor fusion
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Chapter 3. Sensor fusion

achieve a higher update rate in order to perform patient motion
compensation in a robotic surgery framework.

EKF has been used also for a multiple-sensor fusion algorithm for a
wireless hybrid tracking system that integrates electromagnetic sensing coils
and IMUs: Ren et al. (2012) showed that integration drift of IMU can be
successfully compensated by the measurements from the EMTS.

Other applications include robotic manipulator control (Jassemi-Zargani
and Necsulescu, 2002) and mobile robot localization (Jetto et al., 1999).

2) Bayesian networks belong to the family of probabilistic graphical
models used to represent a set of random variables and their conditional
dependencies to express knowledge about an uncertain domain (Jensen,
1996). (Zhang et al., 2010) proposed a Bayesian network based multiple
sensor fusion for a health monitoring system where a hierarchical approach
was adopted for classifying features extracted from different sensors data.
The limit of the previous approach is that every probability distribution in
the system is assumed to be Gaussian or a mixture of Gaussian whereas a
non-parametric representation would better approximate true distribution.

3) The Dempster-Shafer decision theory is considered a generalized
Bayesian theory, which is the canonical method for statistical inference
problem. It allows combining evidence from different sources and arriving at
a degree of belief that takes into account all the available evidence. It has
been also used for context-aware intelligent sensor fusion, like in (Wu et al,,
2002) where an application to tracking the focus of attention of people in a
conference meeting is showed: experiments showed that the capability to
track people’s attention with the fusion framework is significantly higher
than single sensor’s performance.

Aside from the previous algorithms, there exist several architectures for
sensor fusion whose performances heavily depend on the application
(Elmenreich, 2007).

Elmenreich (2007) distinguished between:

e Abstract models, which offer guidelines but not concrete

implementation criteria;
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More recently research efforts have been directed to the so-called
cognitive sensor fusion, which is a biologically inspired approach to integrate
multiple sensor data (Schmidt, 2010). One of the main goals of this approach
is to provide artificial systems with situation or context awareness and high

level reasoning capabilities, but this is outside the scope of this thesis.

3.2 The Unscented Kalman Filter

In control theory, a dynamical system is described by a set of two
equations according to the state space representation (also known as “time

domain approach”):

#Xk =f (Xk$1> Uy, Wk)

7, =h(x.%) G

where, /23is the state transition function, which predicts the current state 4s
based on the previous state, 4se, on the current control input, Os; 85 is
random noise representing the uncertainty of the model. The output
function, "23, relates the observed variables, 9s, to the current state, 4s; : 5is
the measurement noise.
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(3.3)

Julier and Uhlmann (2004) proved that these estimates are accurate up to

the second order of the Taylor series expansion of f(x).

Navigation systems are being used in technologically advanced surgical
platforms in order to improve the outcome of procedures such as orthopedic
surgery (De Momi et al, 2009), abdominal surgery (Zhang et al, 2006),
neurosurgery (Grunert et al., 2003) and others. Navigation platforms consist
of a) a localization system for tracking the position and orientation of patient
body parts and surgical instruments; b) a central computer for managing the
data acquisition stream, and for registering the data to preoperative images,
typically Magnetic Resonance Imaging (MRI) or Computed Tomography (CT)
scans; and c) a display for visualization. A plethora of different sensing
technologies have been introduced into the OR during the past two decades,
with the purpose of improving the accuracy and safety of surgical procedures
for both patients and operators (Taylor and Stoianovici, 2003), (Beasley and
Howe, 2009), (Haidegger et al., 2008).

Among the variety of sensors used in the OR (Vaccarella et al., 2012b),
optical localization systems (OTS) (typically near-infrared cameras, which
localize active or passive markers) are the most widespread for surgical
navigation due to their accuracy, ease of use, and cost-effectiveness
(Joskowicz and Taylor, 2001). However, OTS requires clear line-of-sight
(Halvorsen et al., 2005), which is difficult to ensure in current overcrowded
ORs. When a prolonged marker occlusion occurs, proper visual/audio
feedback should be provided to alert the surgeon. In cases of short-term
occlusion (e.g. medical professionals passing through the working volume of
the camera), the absence of sensor data will result in a flickering effect of the

tracked object on the screen. To address this line-of-sight problem in optical
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trackers, different approaches have been proposed. The first common
method increases the visibility of the tracked object; for example, with a
multi-surface markerization (Firtjes et al, 2011). While this method
increases the visibility of the object with different orientations in space, it
does not solve the line-of-sight issue due to camera occlusion. The second
approach is a state space approach based on different implementations of the
Kalman filter. This technique is frequently used to solve robust pose
estimation problems (Halvorsen et al, 2005), (Simpson et al, 2007),
(Vaccarella et al., 2012a).

Simpson et al. (2007), proposed an Unscented Kalman Filter (UKF) to
estimate the uncertainty in localizing the pose of a surgical instrument based
on optical markers measurements. The main limitation of this work is the
Euler angles representation of the rigid body rotation, which introduces
kinematic singularities. Halvorsen et al. (2005) proposed an Extended
Kalman Filter (EKF) based on noisy marker measurements to estimate the
rigid body pose with application to human motion analysis. The filter shows
good performance in also managing marker visibility occlusion; however, the
main limitation is the adopted parameterization of rigid body motion
(cardanic linkage and helical axis), which suffers from kinematic singularities
as well. In Vaccarella et al. (2012a), a quaternion-based UKF was used to
estimate translation and rotation of an optically tracked surgical tool in cases
of short line-of-sight occlusions. The filter is based on a first order model and
showed a maximum error of 2.5 degrees for rotation and 2.36 mm for
translation in cases of occlusion lasting for 10 samples (20Hz acquisition
rate).

Whereas optical trackers are widely used for tracking instruments in open
surgery, their application is very limited in laparoscopic surgeries where
procedures are carried out through a small access to the target organ. In
these procedures, flexible probes are needed to be tracked from inside the
patient body (Ko et al.,, 2011). In such applications, EMTS are widely used
(Cleary et al., 2005b). With the recent advancement in miniaturization of the
sensor, EMTS are being predominantly used in a variety of medical

applications (Krtcker et al.,, 2007), (Wood et al., 2005), (Nijmeh et al., 2005),
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(Yoon et al,, 2006). These systems are not subject to the clear line-of-sight
limitation, but are less accurate and suffer from magnetic field distortion in
the presence of metal objects or electrically powered devices (e.g. operating
tables, drills, robots, etc.) (Zhang et al,, 2006), (Frantz et al., 2003). Nafis et al.
(2006) showed, in fact, that metal objects can affect the performance of
commercially available EMTS with errors up to 27 mm.

Another common drawback of most tracking systems is a relatively low
update rate which, for example, compromises their application for
controlling a robot during contact tasks. A common method used to enhance
tracking performance is to include inertial measurements of the object to be
localized. IMUs provide information on linear acceleration and angular
velocity of a rigid body at a high frame rate (up to 1 kHz), but suffer from
integration drift if used to measure translation and rotation. Tracking
systems can be integrated with IMUs to overcome limitations such as
occluded line-of-sight (OTS), electromagnetic distortion (EMTS), low frame
rate (both OTS and EMTS), and integration drift (IMU). In Tobergte et al.
(2009), optical and inertial data are fed into a model-based data fusion
algorithm, using an EKF for application to robotic surgery for patient motion
compensation. Roetenberg et al. (2007) used a Kalman Filter to combine an
IMU with a wearable EMTS for human motion analysis. Similarly, Ren et al.
(2012) combined inertial and electromagnetic tracking data for the
localization of a surgical tool using an EKF.

Chung et al. (2004), improved EMTS accuracy in image-guided surgery
applications using optical measurements as a gold standard; EMTS and OTS
reference systems are registered once with a calibration procedure, and the
pre-computed electromagnetic field distortion correction is then applied to
all the EMTS measurements in the OR. Recently, a combined use of EMTS and
OTS also found successful application in navigated laparoscopic
ultrasonography (LUS), a technique used to acquire intra-body ultrasound
images, typically of the liver and pancreas (Feuerstein et al., 2007). Similarly
to Chung et al. (2004), Feuerstein et al. (2007) used an OTS to correct EM
field distortion; in this case, the correction was not pre-computed, but

continuously updated through the hybrid magneto-optical tracking of a
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flexible laparoscope ultrasound transducer. However, no probabilistic
approach was used to fuse optical and electromagnetic data together, and
line-of-sight occlusions were not taken into account.

Data synchronization in sensor fusion is a particularly challenging task. In
order to obtain precise synchronization, a sufficiently accurate global timing
for all sensors is necessary (Kaempchen and Dietmayer, 2003). In this
respect, different protocols were defined for the sensor network, such as the
Network Time Protocol (NTP) (De Vito et al., 2008) and the Precision Time
Protocol (PTP) (Na et al., 2007). As discussed in Chapter 2 and published in
Vaccarella et al. (2012b), a centralized approach for data acquisition can be
adopted, where a single module acquires data from all sensors and time-
stamps it with a unique clock and broadcasting information in a client-server
network.

In this work, robust tracking of surgical instruments during navigated
surgery is achieved using a sensor fusion algorithm that allows for
overcoming the limitations of the two adopted localization systems, OTS and
EMTS. The proposed algorithm uses the UKF, which makes use of a
deterministic sampling to estimate the probability distribution of random
variables undergoing a non-linear transformation, rather than approximating
the non-linear functions (see §3.2). Data acquisition and synchronization is
based on the SM architecture presented in Chapter 2. The sensor fusion
approach was compared with the UKF-based prediction of instrument pose
without using data from the EMTS, as in Vaccarella et al. (2012a). We
demonstrate that it is possible to compensate for short marker occlusion (9
samples), providing a continuous estimate of the instrument pose with
clinically acceptable accuracy. Furthermore, the proposed algorithm proves

to increase the accuracy of EMTS in the presence of magnetic field distortion.
3.3.2 Materials and methods

Spatial transformations and system calibration

OTS and EMTS refer their measurements to their internal reference frame.
In Fig. 3.3, the surgical instrument is represented as a triangle with three

optical markers on the vertices, and with a six degrees of freedom (DoFs)
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sensing coil in the center. Coordinate frames and their spatial relationships
are also shown in Fig. 3.3, and the following notation is adopted:

Reference Frames (RF) are associated to tracking systems’ internal
coordinate systems;

Dynamic Reference Frames (DRF) are associated with tracked objects and
will be referred to as optical (ODRF) or electromagnetic (EMDRF), depending
on the adopted tracking system; the spatial transformation from reference
frame A to B is denoted as ATs.

The setup depicted in Fig. 3.3 includes the following reference frames:

- RFors: the OTS internal reference frame. All optical measurements are
referred to this reference frame.

-  RFgmrs: the EMTS internal reference frame. All electromagnetic
measurements are referred to this reference frame.

- ODRF_EMTS: the DRF associated to optical markers on the EM field
generator.

- ODRF_target: the DRF associated to optical markers on the target
object (e.g. the surgical instrument). Estimating the pose of this
reference frame is the objective of this work.

- EMDRF_target: the DRF associated to a sensing coil on the target

object.

For a combined use of information from sensors acquiring optical and
electromagnetic poses within a sensor fusion framework, the spatial
relationship between the OTS and EMTS internal reference system must be
known. This means to estimate the X and Y matrices (see Fig. 3.3) with a

calibration procedure, solving the following system of equations:

AlX=Y1B (3.4

where:

_ODRF_EMT _OTSp-1 0TS
A= STODRF_targE_ TODRF_EMTS TODRF_targe (3.5)

—EMTSp -1
B= TEMDRF_tar@t
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Chapter 3. Sensor fusion

shown in (3.6), where ! [1x3] is the translation vector (Cartesian
coordinates); " [1x3] is the linear velocity vector; # [1x4] is the quaternion
describing the orientation of the surgical instrument; and / is the angular

velocity vector.
.
x=[ p v q a)] (3.6)

The quaternion representation for describing the orientation was chosen
in order to avoid kinematic singularities of conventional Euler Angles
parameterizations. The state vector evolves in time according to the chosen
process model, i.e. constant velocity model; see (3.11). The term to update
the position is straightforward and is given by the linear velocity vector times
the time interval. In regards to the orientation, the term to update the current
attitude is given by the angular velocity times the time interval; this results in
a rotation vector, which expresses the orientation in terms of an axis,
represented by a unit vector $ in Cartesian space, and an angle, ! , of rotation
around the same axis, $ (see Appendix A). As shown in (3.7) and (3.8), we
take advantage of the exponential/logarithmic mapping between a

quaternion, #, and a rotation vector, %{ Grassia, 1998):

r=1!-u (3.7)
q=e’ and r=In(q) (3.8)

Thus, we derive the update equation for the quaternion, given the angular
velocity vector, / , and a time interval, &', considering the differential rotation

as follows:
dg=e'" (3.9)

Similarly to Kraft (2003), the process noise, ( , is expressed in terms of

degrees of freedom of the state vector, regardless the actual dimension of the
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state vector (13, due to the quaternion representation). Thus, the noise

vector is 12-dimensional:
w=yw’ W W y® $ (3.10)
ot & .

where ! P represents the noise on the translation vector; ! vV represents the
noise on the linear velocity vector; ! ' *represents the noise on the rotation
expressed by three components (noise on rotations around the three axis x,
y,z); and ! ® represents the noise on the angular velocity. Consequently, the
noise vector cannot be simply added to the state vector; the rotation noise
vector, ! """ has to be converted in the corresponding noise quaternion "V,
according to (3.8), and multiplied by the quaternion representing the current
rotation.

The covariance matrix of the process noise, #, is defined as described by
Fioretti (1996). According to the dimension of the noise vector, ! , # is a 12-
by-12 matrix. The state transition function (3.11), which describes the
evolution of the state from time k to time k+1, is non-linear since the four
components of the quaternion need to be updated starting from the three

angular velocities:

D +v, dt+w?
v, +w,
f(x w, dt)=x,, = , § g (3.11)
q."q; "dq

w
o, +Ww,

where dt is the time step of the filter.

The output function, h, relates the current estimate of the state vector, >q
with the measured variables, Z, =g(Xk, Vk), in presence of white Gaussian
noise, /, , whose covariance matrix, 2, depends on measurement accuracy:
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(R, © 0

0O R, 0 0
! ~N(O,R), R= m2 3.12
(0-K) 0 0 .. 0 (312)

0 0 0 R,

where Rmi expresses the measurement uncertainty of the i-th (i=1...N) optical

marker:

aZ 0 0
R.,=| 0 & O (3.13)
0 0 &

where ay, ay and a; are the vendor’s stated accuracies on the three axis. R is
set as diagonal matrix since marker measurements are considered
independent from each other; furthermore, the sub-matrices Rmi are also
diagonal as the error in determining each marker coordinate (e.g. x), due to
the other two (e.g. y and z), is considered to be negligible.

In the proposed model, the measured variables are the 3D position of each
marker fixed to the target rigid body, thus the output vector will be a 3L-
dimensional vector, where L is the number of markers.

The configuration of the markers and their position, with respect to the

ODREF _target

rigid body reference frame, is fixed and known, Pn,» and is stored in

the matrix M in homogenous coordinates (in case of three markers):

ODRF _target ODRF _target

M = pml pm2
1 1 1

ODRF _target

P (3.14)

The estimated absolute position (with respect to the localization system)

of each marker is:
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Chapter 3. Sensor fusion
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Fig. 3.4 - EMTS measurements are used in cases of marker occlusion to estimate the position of
the missing marker in the OTS reference system. For simplicity, only ODRF_targetp,; is shown. The
other coordinate systems in the figure are the following: RFors, OTS internal reference frame;
RFemts, EMTS internal reference frame; ODRF_EMTS, DRF associated to optical markers on the
EM field generator; ODRF_target, DRF associated with optical markers on the target object;
EMDREF_target, DRF associated to a sensing coil on the target object.
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The error matrix is then used in the sensor fusion algorithm when one or
more optical markers are missing to further correct the EMTS-based

prediction of marker position. Thus equation (3.16) becomes:
ors P = OTSTODRFiEMTS Y EMTSTEMDRFftarget I X | E | OPRFtes P (3-18)

The covariance matrix of the measurement noise, R, is tuned according to
the available measurements. As long as all markers are optically tracked, the
stated accuracy of the OTS is used to define the covariance matrix R, as
shown in (3.12) and (3.13). When one or more optical markers’ position are
obtained through electromagnetic measurements, the corresponding
elements of R are set to a higher value, given by the variance of the
calibration residual translation error.

Fig. 3.6 summarizes the main steps of the two algorithms, NSF and SF.

44



I"#$%8&'() *¢-&,-.'(/0-1., (

X
Xia1 + kel +
x F [
A o -3
B R o R TR
T Bl ) X [r— S — R T — -
Xo - 0 4
Iy k
o Xo  =initial state
Xy =initial state A“
5 ZF i o
e - predicted markers position % = predicted markers position 0TS d

- ; A

ko= o

Lk = measured markers position yas e . measured markers position ves [ no

kY x _ v . Lne-or-signt

Xy = predicted state at time k k = predicted state at time k PRI
X _ .

Xyl = state at ime k+1 k+1 = state at time k+1

K  =Kalman gain K  =Kalman gain

2139 (H67.89(: 1H#3H; /(%" &(%<.(HT3."1%",-*(="&(>HT#,($'&:18%1., D$:H#%&(8?787&(1-($&. ;& (

1,( @.%"(#73.1%";-A( <"18"("#B&( :1//&'& %( @&"#BL."-( 1,( 8#-&( ./( .$%18H#T( #'9&'( ;&#-0'€;&, %(

0 #BHLTH@171%2*(C-(-".<,(.(%"&( 7&/%( -1:&A( %"&( D+2(#73."1%";('&ST#8E&-( %"&( :1//& &, 8&( @&Y6<&&(
$'8:18%&: (#: (H8Y%O0HT (. $% 18#7 (;&#-0'8;&, %-(<1%" (#(B&8%.'(/(E&' .-*(="&(+2(#73."1%";(F'13"%(-1:&GA(
(% & (%" ("H, AHT<H?($ BL&-(#(,., F&.(&#-0'8;& %(B&8%. (E oH(1,(8#-&-(/(71B/ 513"%(
.8870-1.,A($%18H#7(;#9&'($.-1%1.,-(#'&(1,:1'&8%72(:&'1B&: (@?(&78&8%".;#3,BB( &#-0'8;&, %* (

Experimental Setup and Protocol

$# %&'()*+# *-)(# .1012# 3(4(5(6# (45# $7)&)(# .1012# 3(4(5(6# +8+9:;+# <:):#
7+:5#=&)#>? @#(45#AB?@#):+C:-9*D:'8E#SH +*FHO&G +#ABH +:4+&)#<(+#(99(-H:5#9&H#(#
OH):: 1;()J:) +#&CO*-(#C&*49:) 2#(+#+H &< BHIBHE

PH:#-:149)("*N:5#;&57" #=&)#5(9(# (-O 7*+*9*&4# (A5HIY(; C*AK 2#5:+-)*P:5#
*A#3H(C: WQ2H#< (+#T7+: 5t (+#(#+:)D:)#*4# (#5*+9)*P79:5#()-H*9:-97):#&D: ) #IH :#2$>
38)P(#C)&9&'B

PH:#-(FP)(9*&4AH ; (9)*-:+# HASH) 24 (+#*Att LEI62#<:):#:+9%: (9:5#P8#):-&)5*4K#
LR#+9(9*-# C&+:+#<*9H# P&IH#>? @# (454 AB? @E# ?H:#): +*57 (‘#9)(4+'(9*&4H#:)) &)# <(+#
:D('7(9:5# T+*4K# OH:# 4&):# &=# IH:# 9)(4+'(9*&4# D:-9&)# &=# IH:# 9)(4+=8&);(9* &A%
{(9)*F2HE(-&;C79:5# (+# *A#t LESMBT# <H:):(+# OH:# ):+*57 (‘# )&9(9*&A4A# :))&)# <(+#
-&;CT9:5#(+HIH #A&) H&=HIH:HAT (4K +#:F9)(-9:54#=) & #IH:#)&9(9* &4#C () 9# &=H
EE# B:5*(4# ):+*57(# -(*P)(9*&4# :))&)+# (45# 9H:# KAF()9*"# )(4K:# <:):#
-&;C79:5BE#

$=9:)# 9H:# -(*P)(9*&A4# C)&-:57):2&# FC:)*;:49+# <:):#t -())*:5# &7T9E#
AFC:)*:: 498 USH<(+#(*;:5#(9#-&; C()*4KH#IH # @ G#(45#/ @ GH (' K&)*OH  #*Att-(+: +#&=#
%4 | &FHKHO# &--'T+*&4# &=# (CC)&F*;(9:'8# &4:#t (45# 9<&# +:-&A5+# Vi (45t SVi#
+(;C"+62#<H*-H#():#-&;C) (P #<*OH#(HC&++*P": HEA+ *KHIH&--' T +*&AH5 T #9&#
(H+7)K:&AH#(--*5:49("8#H*S*AKHIH #;()J:)+#57)*AK#IH :#+7)K:)SE#AF CYQ# 9#

" #



Chapter 3. Sensor fusion

was aimed at evaluating the performance of the SF algorithm in the presence

of magnetic field distortions.

Fig. 3.7 - Hybrid pointer localized by means of three retroreflective optical markers, circled in
red, and of a sensing coil, marked in the green circle. The dynamic reference frame (DRF)
associated with the three optical markers is denoted with ODRF_target, while the DRF
associated with the electromagnetic sensing coil is denoted with EMDRF _target.

Experiment #1

In order to compare the SF and NSF algorithm performances, a set of 30
trajectories was used. The pointer was moved freehand for 30 seconds and
the motion was sampled with both tracking systems at 10 Hz. The following

groups of trajectories were identified:

- 3arcs

- 3circles

- 7 curve lines

- 5 straight lines

- 3 eight-shaped path
- 3 random

- 3 rectangles

- 3 sinusoids

Marker occlusions were simulated. The optical measurements of the pose

of the optical DRF attached to the pointer, “Toqe ., during the entire

acquisition were used as references for error computation.
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As shown in Fig. 3.8, an occlusion window lasting 9 samples was applied N
times (N = 27), shifting it over the entire acquisition and hiding 1, 2, and all 3
markers.

To evaluate the performance of the algorithm as functions of the occlusion
duration, the same protocol is also adopted for N=13 occlusion windows
lasting 19 samples.

Details of the experimental protocol are summarized in Table 3.1

T T T T T

60—

401 | . ,"'/"/‘«,.a"“" 7

I 1 ] ] I i I
10 20 30 40 270 280 290 300
samples

213% 4(F67#8$9&(./(8.%1.,(#9.,3(%"&(7HT1-(/(.,&(.$%L:H#9(8#;&*(<(,1,&(-#8$9&-( .::90-1. ,(
=1,>.=("#-( ?7&&,(#$$91&8>( @(A(BC(88E(-"1/%1,3( 1%( .D&'( %"&( &,%1'&(#:E01-1%1.,*(F"&($".:&( 1-(
'&$&HY&>( %" &&(%188-("1>1,3(.,&G(%=.(#,>( %" &&(8#';8'-('&-$& %1 D&IH*(F"&(-#8&($'.%.:.9(=#-(
#9-.(#$$91&>(%.(@(A(I)(.::90-1.,(=1,>.=-(9#-%1,3(1J(-#8$9&-*(

Root Mean Square Error (RMSE) and a 95% Confidence Interval (CI) were
computed as functions of the sample lag from the beginning of the occlusion
window. The error was computed considering all 30 datasets together and

clustering them based on the 3D shape of the trajectory.
I"#$%&'$()*+,*

Experiment #2 was designed to test the robustness of the SF algorithm
against magnetic field distortion. Chromium-vanadium steel was used as a
distorter in the proximity of the EM generator, as shown in Fig. 3.9. As a
preliminary step, the static translation accuracy of the EMTS in the
aforementioned disturbed environment was evaluated. The sensing coil was
held steady in 30 different points of the EMTS working volume. At each point,
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error in cases of complete occlusion (Fig. 3.10f) is lower than in case of

partial occlusion for the NSF algorithm (Fig. 3.10d-e).
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The NSF error dependency on occlusion duration is more evident in Fig.

3.11 where the results for 19 sample occlusion intervals are reported; on the
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other hand, the SF algorithm shows a RMS error of less than 2.1 mm for
translation and 3.6 deg for rotation. Maximum and minimum translation and
rotation RMSE for each type of trajectory are reported, along with the 95%

confidence interval in Table 3.3 and Table 3.4 respectively.

2#348) %) (61,1707 (#,8(T#IL707(:6+;(#,8(<=>(12(. (%'#,-4#%1.,(1,(%"&( @ (% #A&BY%. C(%C$&~(
/. (DE(F®#,8()("188&, (7# G&'-*(+H(#,8(1+H(#4J. 1%"7-(# &(B.7$#&8

. 2'%,-A#%1.,((<=>(

-AHO B+

2%, 4#(;17';_('(64”( 1.,/18&,B&(?,%& M#4(

2'#A&BY%.'C( K77L (

2C$&( +H 1+H ( +H I+H (
61, (| 6#9 (| 61, ([ 6#9 (| 61, (] 6#9 (| 61, (| 6#9 (
D(N188&,(6#'G& (
Arcs 0.12 10.15]0.17 | 0.61 | 0.22 | 0.28 | 0.37 | 1.36
Circles 0.16 | 0.24 | 0.23 | 1.21 | 0.28 | 0.44 | 0.46 | 2.61

Curve lines 0.22 {0.28 | 0.29 | 1.25 | 0.39 | 0.53 | 0.55 | 2.28
Straight lines | 0.14 | 0.19 | 0.13 | 0.26 | 0.23 | 0.35 | 0.21 | 0.52
Eight -shaped | 0.23 | 0.45 | 0.51 | 2.24 | 0.45 | 1.12 | 1.19 | 4.52

Random 0.66 [ 0.81 | 2.39 | 9.65 | 1.16 | 1.63 | 4.77 | 18.0
Rectangles 0.17 | 0.21 | 0.20 | 1.06 | 0.31 | 0.44 | 0.39 | 1.94

Sinusoids 0.18 [ 0.23 [ 0.29 [ 1.62 [ 0.31 | 0.47 | 0.59 | 2.69
F(N188&,(6#G&- (

Arcs 0.43 [ 0.51 1149 13.37 1092 |0.73 | 2.06 | 5.06
Circles 0.77 {098 | 3.25 | 13.4 | 1.83 | 1.35 | 5.97 | 27.6

Curve lines 099 | 1.15 | 3.26 | 14.6 | 1.74 | 2.01 | 6.31 | 29.5
Straight lines | 0.45 | 0.62 | 1.51 | 296 | 0.71 | 1.14 | 2.13 | 4.41
Eight -shaped | 1.19 | 1.79 | 7.81 | 25.9 | 2.52 | 3.98 | 18.1 | 63.1

Random 1.82 215|817 |31.2 |3.07 | 414 | 13.8 | 61.7
Rectangles 0.64 (084|247 | 9.11 | 1.13 | 1.78 | 4.61 | 23.4

Sinusoids 0.75 | 0.91 | 3.05 [ 12.7 | 1.29 | 1.65 | 6.18 | 22.9
)(N188&,(6#G&"- (

Arcs 0.59 [0.72 10.81 | 3.07 1099 | 1.35 | 1.63 | 6.50
Circles 1.29 | 1.72 | 411 | 21.2 | 2.20 | 3.30 | 6.91 | 37.9

Curve lines 1.48 | 1.87 | 4.36 | 25.0 | 2.76 | 3.71 | 7.85 | 49.4
Straight lines | 0.73 | 1.03 | 1.06 | 3.33 | 1.32 | 1.87 | 2.12 | 6.87
Eight -shaped | 1.88 | 2.55 | 10.1 | 53.6 | 4.04 | 5.48 | 24.4 | 123

Random 243 (351|112 |594 | 441 |7.05|174 | 118
Rectangles 099 (136 | 2.76 | 13.6 | 1.74 | 3.06 | 6.02 | 33.0
Sinusoids 1.19 | 1.45|3.85 | 21.3 | 2.02 | 2.61 | 7.34 | 39.2
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2#348) *5(671,1808(#,9(8#:1808(; 7+<(#,9(=>2(1@(.'(.%#%1.,(1,(%"&(A(%'#B&C%. D(%D$&- (/. (EF(
G##,9(0)("1998&, (BH HE&'-*(+I(#,9(J+I(#4K.'1%"8-(#'&(C.8$#&9*  (

- %H%1.,((=>7(
- %#%1.,(;7T+<(LO&KNI | 1./19&,C&(@,%& N#4(
2'#B&C%.'D( LI&KM

2D$&( +1( J+ ( + ( J+ (
71, ([7# (70, (78 (71, 7% (71, ([ 7% (

E(O199&,(7#'H&' (
Arcs 0.3310.38 10.60 | 2.73 10.57 [0.79 {1.53 | 6.19
Circles 0.40 | 0.51 | 0.64 | 5.30 | 0.68 | 0.82 | 1.15|11.4
Curve lines 0.47 | 0.63 | 1.02 | 551 | 0.82 | 1.26 | 1.93 | 10.3
Straight lines 0.29 | 0.37 | 0.30 | 1.07 | 0.48 | 0.62 | 0.65 | 2.06
Eight-shaped 0.46 | 0.81 | 1.77 | 9.87 | 0.84 | 1.86 | 4.02 | 20.3

Random 2.20 | 437 | 10.9 [ 54.6 | 3.63 | 6.45 | 108 | 22.2

Rectangles 0.33 | 0.43 [ 0.57 | 4.69 | 0.60 | 0.85 | 1.23 | 8.69

Sinusoids 0.36 | 047 [ 091 | 7.15 | 0.63 | 0.85 | 1.88 | 11.7
G(O199&,(7T#H&- (

Arcs 0.30 | 0.35 | 0.94 | 3.28 [ 0.47 [ 0.75 | 1.89 | 6.06

Circles 049 | 0.61 | 3.56 | 17.8]0.82 | 1.16 | 7.42 | 37.9

Curve lines 0.54 | 0.73 | 3.74 [ 19.5 | 1.03 | 1.33 | 8.11 | 40.5

Straight lines 0.28 | 0.39 | 0.72 | 2.27 | 0.50 | 0.68 | 1.64 | 4.69
Eight-shaped 0.81 | 1.22 | 889 | 36.5 | 1.78 | 2.71 | 22.6 | 85.0

Random 1.52 | 424 | 10.6 | 45.3 | 2.90 | 4.71 | 16.2 | 81.7

Rectangles 043|056 | 2.61 | 11.8 | 0.78 | 1.28 | 4.65 | 31.1

Sinusoids 043059 [337 [17.4 | 079 | 1.13 | 6.88 | 32.1
)(0199&, (7T#H&'- (

Arcs 0.32 [ 0.41 | 0.57 [ 1.72 [ 0.60 | 0.83 | 0.92 | 2.82

Circles 041|053 | 0.69 | 244 | 0.74 | 0.93 | 1.29 | 4.26

Curve lines 0.51 | 0.65 | 1.07 | 3.76 | 0.95 | 1.35 | 1.63 | 7.60

Straight lines 0.31 1037 | 0.44 | 1.26 | 0.53 | 0.68 | 0.68 | 2.13
Eight-shaped 0.53 10.78 | 0.99 | 4.62 | 1.03 | 1.80 | 2.11 | 11.0

Random 2.02 | 434 | 564 | 146 | 3.66 | 6.11 | 7.57 | 33.2
Rectangles 0.38 046 | 049 |1.48 | 0.70 | 0.86 | 0.71 | 2.19
Sinusoids 0.38 | 0.49 | 0.62 | 2.41 | 0.75 | 1.02 | 1.02 | 4.77

Fig. 3.12 and Fig. 3.13 show translation and rotation RMSE together with a
95% CI, computed with 1, 2, and 3 hidden markers for arc-shaped and
random trajectories respectively. SF results (in blue) are compared to NSF (in

red). Errors are shown as functions of the sample lag from the beginning of
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the occlusion window. Arc-shaped trajectories showed the lowest amount of
error (maximum 3.37 mm for NSF and 0.72 mm for SF), whereas random
trajectories the highest (up to 59.4 mm for NSF and 3.5 mm for SF). As in Fig.
3.10, for both arc-shaped and random trajectories, the error increases with
the duration of the occlusion and the number of hidden markers; except
rotation errors for the NSF algorithm in cases of complete occlusion (Fig.
3.12f and Fig. 3.13f), which is lower as compared to partial occlusion (Fig.
3.12d-e and Fig. 3.13d-e).
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The static accuracy of the NDI Aurora in the presence of magnetic
distortion was experimentally evaluated; RMSE and a 95% confidence
interval are reported in Table 3.5, along with the corresponding values in an
M"#3%&!()#* )"+$',"-)"&* [%* 10,'&)H#* $"* &L)* +)"#,'2%* &)31"$3/4*
specifications (Kirsch, 2005).

6#:78&() %I (F+6H% 1 <(#<<OH<E(<.=$0%&8618(( 81-%60"&8( &L S8 1=8, %6#7 (-&I@B(#-('&$.'%&8(:E(
%"8&(D&,8.' (/. (#(=8YHB'&& (&, D1". =& %* (

+%#%1<(M<<0'H8E(%00":&8(-&% 0% +%#%1<(M<<0'8HRMB1-%0"&8(
-&%0%
M#-('8$.'%&8(.,(>NO(%&<", 1<#7(-$&<1/1<#%.,
FG+H( IJK(1O ( FG+H( IJK('O (
18.64 mm 30.86 mm 1.6 mm 3.0 mm

SF results are shown in Fig. 3.14. Translation RMSE and a 95% confidence
interval are computed for 1, 2, and 3 hidden markers over the entire set of 10
acquisitions in a metal-disturbed environment. Errors are shown as functions

of the sample lag from the beginning of each occlusion window. The RMSE
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ranges from 0.5 mm in cases of partial occlusion, to 3.5 mm in cases of

complete occlusion.

DT T T w
& —RMSE j 6
|-=--95% ClI
5t 5 E

0 L 1 L

sample sample sample

Fig. 3.14 - SF results in cases of metal distortion for 1 (a), 2 (b), and 3 (c) hidden markers. RMSE
and a 95% ClI are reported.

3.3.4 Discussion

Optical and electromagnetic tracking are two common technologies
exploited in surgical navigation systems to localize instruments and the
"#$%&H' () *+,-) $&) #.%) /01) 2%3%4#.%5%((6) /78) 4%5%$"*$5%$#-) $() 5$$#%,) *-) 5$&%
sight requirements and EMTS accuracy is greatly affected by electromagnetic
field distortion.

In this chapter, we proposed a Sensor Fusion algorithm (SF) for a
combined use of OTS and EMTS data to compensate for both the
aforementioned flaws.

A correct temporal alignment of sensor information is essential for
guaranteeing the consistency of the fusion algorithm, since wrong data
synchronization can be a source of noticeable errors. Data acquisition and
synchronization is achieved in our setup with the centralized architecture
described in Chapter 2, which ensures a synchronization error within the
frequency tolerance of one single quartz crystal oscillator (typically #10-100
ppm).

In this work, we used UKF to manage non-additive noise required by the

quaternion parameterization, and to deal with non-linear functions without
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the need of Jacobian computation, as required in EKF. The equations
describing the motion of the rigid body rely on quaternion parameterization
for rotations and are highly non-linear. Quaternion representation has the
advantage of avoiding kinematic singularities, which occur at certain values
of rotation angles with other parameterizations, such has cardanic linkage or
helical axis (Halvorsen et al., 2005).

Experiment #1 was aimed at evaluating the tracking algorithm robustness
to missing measurements (optical markers occlusion) for approximately one
two second (9, 19 samples) intervals. The proposed SF algorithm was
compared with a UKF-based prediction of the instrument pose, NSF, as
reported in (Vaccarella et al, 2012a). Results showed a significant
improvement in translation and rotation error when exploiting EMTS data
with the SF method. In both the SF and NSF algorithms, the first order model
of the filter is a good approximation only in a neighborhood of the occlusion
event; thus, the errors increase with the duration of the occlusion if the
trajectory deviates from a straight line and constant velocity. However, even
in case of longer occlusion intervals (approximately 2 seconds), this is less
evident in the SF algorithm, in which the pose estimate is always corrected
with a full set of marker measurements. This is a remarkable result since the
proposed SF algorithm improves one of the main limitations of the NSF
algorithm: the length of the occlusion event. As expected, the translation
error also increases the number of hidden markers. This is due to missing
measurements in the NSF algorithm and to less accurate measurements in
the SF approach. This is not true for the NSF rotation error, as shown in Fig.
3.10d-e-f, where the error in case of complete occlusion is lower than the
errors associated with less occluded situations. A possible explanation is that
in cases of partial occlusion, the constraint of rigid motion does not hold
since missing markers evolve following the first order model, whereas the
others are updated according to the measurements. Complete random
trajectories showed the worst performance, both for SF and NSF algorithms,
and again this is referable to the underlying first order model. On the
contrary, on arcs and straight line trajectories, both algorithms perform

better and SF showed a tracking error often even lower than the EMTS stated
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Chapter 3. Sensor fusion

In conclusion, the presented algorithm improves the performance of
typical surgical tracking systems in terms of robustness to line-of-sight
occlusion (OTS) and localization errors due to electromagnetic disturbance
(EMTS), resulting in a continuous and reliable data stream to be displayed on

the navigation monitor to the surgeon.
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Aim of this thesis, which was partially carried out within the ROBOCAST
project, is to investigate methodologies for the management and integration
of multimodal sensors in surgical applications and to study and develop a
software framework for data acquisition and fusion.

Moreover, multi-sensor data fusion, which has been widely investigated in
literature for applications to mobile robots control, autonomous vehicles,
environment modeling and others, is an open research field with reference to
surgical applications. Research efforts in this direction aim at overcoming the
limitations of currently available tracking technologies for surgery, in order
to ensure a more accurate and robust spatial localization of patient and
surgical tools.

In Chapter 2, we proposed a centralized, multi-sensor management
software architecture for a distributed CAS system. The software was
developed as a data server module in a client! server architecture, using two
open-source software libraries: IGSTK and OpenCV.

The advantages of a centralized management of multiple sensors were
experimentally demonstrated. In particular the proposed architecture has

two main scientific and technological implications:

-1 23,-"+,144%1+, . Ethernet communication can be adopted to reduce
architecture complexity, avoiding traffic overhead of synchronous bus
network. This is the case of the ROBOCAST architecture, where the
communication bus does not carry synchronization information. In
such conditions, we demonstrated that a unique time-stamping
module for all the involved sensors limits the synchronization error to
the accuracy of a single clock (typical quartz accuracy is 10 + 100
ppm). The direct clinical implication of this is the safety of the
procedure, which can be carried out on the basis of consistent
information provided either to the surgeon or to the controller of a
surgical robot.

-l 2$#%1#.(#.15,6&,%Complex CAS systems involve multiple Cartesian
coordinate frames (e.g. pre-operative images, intra-operative images,
localization systems, possible actuators), whose spatial relationships

are often pre-computed with a calibration procedure. The centralized
60



Chapter 4. Conclusions
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Chapter 4. Conclusions

of-sight occlusion in the specific setup of a real OR, so that the filter can be
tailored and optimized for the particular application, in terms of parameters
tuning and noise covariance estimation. This will be carried out in the near
future thanks to a recently established collaboration between our laboratory
(NearLab, Politecnico di Milano), the Neurosurgery department of the
Niguarda Hospital (Milan, Italy) and Medtronic (Minneapolis, MN, USA) one
of the main developers of surgical navigation suites, which will open its
system to us for research purpose. The second step is to make the algorithm
running on-line during the surgical procedure. To this extent, the sensor
fusion algorithm will be implemented as a C++ module to be integrated with
the SM.

The other direction for further development points towards the extension
of the fusion algorithm to OTS and IMU. In fact, despite the good results of
fusing together optical and electromagnetic localization data, hardware
limitations of these tracking technologies do not allow having high update
rate as required by robot control loop in complex surgical tasks. An example
of such complexity can be found in the ACTIVE project, funded by EU grant
FP7-ICT-2009-6-270460, which aims at developing a multi-robot system for
patient-awake neurosurgery (e.g. epilepsy surgery). In the ACTIVE scenario,
sudden and unpredictable patient motion must be detected or possibly
anticipated in order for the robots to compensate the motion and to promptly
react to safety critical conditions (e.g. epileptic seizure while the tool is in
contact with the brain). Enhancing standard tracking techniques (e.g. optical
tracking) with inertial measurements is therefore needed. Fusing together
OTS and IMU on the one hand will again ensure robustness to line-of-sight
occlusions and on the other will increase the update rate of the surgical tool
pose estimation and provide information of where the tool is likely to be in
the next time instants. IMUs are, in fact, capable of higher update rate
(hundreds of Hz, compared to tens of Hz of OTS and EMTS) and provide
information about linear acceleration and angular velocity that can help in

predicting the tracked object motion.
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Appendix A

Orientation representation
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Appendix A. Rotation representations

axis of the top, and the body-fixed x- and y-axes point out the sides of the top.
The tilt of the top away from the world z-axis is the nutation angle, and the
moment arising from this tilt produces the familiar slow orbiting motion,
called precession.

This parameterization has singularities at nutation values of 6 = nx for n €
Z. At these points, changes in spin and precession represent the same
rotation.

It is a notable characteristic of this parameterization, and all
parameterizations of the form (i; j; i), that there exists a singularity at the

home position, [¢, 6, ¢] = [0, 0, 0].

A.1.2. X-Y-Z sequence

The angles associated with this sequence are sometimes called Cardan
angles. They are commonly used in computer graphics and aerospace
engineering. These angles are also commonly referred to simply as Euler
angles in the aeronautics field, in which ¢, 6 and vy are known respectively as
roll, pitch, and yaw, or, equivalently, bank, attitude, and heading.

This parameterization has singularities at pitch values of 6 =x/2 +nm, for
n € Z. It is thus only suitable for describing moving objects that do not
perform vertical or inverted maneuvers, such as land vehicles, boats and
transport aircrafts. All Euler angle sequences that do not have a repeated axis

of rotation have this singularity.

A.2. Rotation Matrices

An orthogonal matrix whose determinant equals 1 can be used to perform
a rotation in Euclidean space. The set of such matrices is the special
orthogonal group denoted by SO(3).

We refer to the elements of a rotation matrix as follows:

! #

| %rn h, Is &
R=irp r, 1, §=%r21 Iy, Iy & (a.1)

% &

%l T I §
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Appendix A. Rotation representations

A.3. Quaternions
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A.5.3. Rotation vector <--> Quaternions

The axis u and the angle 6, defining the rotation vector r (according to

equation (a13)), can be retrieved from the quaternion q as follows:

6 = 2+ arccosd,

a,
0-——, 6=0 22
a=! "al (2-22)
[0,0,0] 6=0

The quaternion q(describing the same rotation of the rotation vector

r = ud, is the following:

g, = cos(g)
0 2

(a.23)
qV:u-sin(g)
2

The same results of equations (a.21) and (a.22) yield from the
exponential/log map, which maps a rotation vector describing the axis and

magnitude of a 3D rotation to the corresponding quaternion and vice versa as

follows:

g =exp(r)= lcos(g), usin(g)l (a.24)

r = log(q) = 2arccos(q,) ! - L (a.25)
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Appendix A. Rotation representations

R=(q;-47q,)7+24,4, +2q,0

0 -q5 q (a.29)
whereQ=| q;, 0 —q,
-9, q, 0
A.5.6. Euler Angles <--> Rotation Vectors

There is no direct unambiguous conversion between Euler angles and
rotation vectors. Such conversion can be achieved using one of the
abovementioned conversions to be used as an intermediate step, e.g. from

Euler angles to rotation matrix and from rotation matrix to rotation vector.
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