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Evaluating robotic surgical skills efficiently and effectively while providing surgical residents with
intuitive and easy to understand feedback is an important problem. This dissertation focuses on
the design, implementation, and experimental validation of a style-based surgical skill assessment
haptic guidance and training method that addresses key challenges related to surgical training sys-

tems.

The first topic of this dissertation is finding differences in the style of movement of an expert
versus a novice while performing a task. We leverage crowd-sourced assessment to define the
stylistic attributes of surgical motion and find features within movement and physiological data to
classify style. We show through an experimental human subject study that stylistic behaviors can
distinguish between different levels of expertise and have more discriminating power than standard

scoring systems for surgical robot simulators.

The second topic of this dissertation is to automate the stylistic behavior detection in near-real-time
to be able to provide feedback to the user during task performance. For this purpose, a data driven
model was developed and tested for each proposed stylistic behavior adjective. These models

enable the detection of a deficiency as soon as it occurs.
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The final step in a training system is to provide meaningful feedback to the user. Since each
individual learns in a different way, it is important to customize training for each individual. The
third topic of this dissertation is to provide the trainees with adaptive feedback based on their
stylistic performance. For this purpose, the deficiency of a user’s stylistic behavior is detected and
is used to provide an appropriate force feedback to help correct movement. Three types of force
feedback for each stylistic behavioral adjective are evaluated in this study and the best feedback

for each style is found through an experimental human subject study.

The work in this dissertation provides a groundwork for adaptive, automatic and real-time surgical
skill training. This method can also be extended for coaching in other areas other than surgical

applications, such as sports.
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CHAPTER 1

INTRODUCTION
1.1 Problem definition

Robotic surgery is becoming increasingly popular as the robot provides improved stereo vision,
dexterity, and precision for more complex procedures and in confined regions of the body compared
to open surgery and minimally invasive laparoscopic surgery (MIS) (Morris, 2005). Telesurgery is
another advantage of robotic surgery. The translation of movements from the master side manip-
ulator to the patient side manipulator in surgical robots (Fig. [I.1)), enables performing operations
and assisting other surgeons without the need to be present at the surgical site.

Due to the unique techniques required in robotic surgery, surgeons must acquire several techni-
cal skills different from open surgery or MIS. Thus, adequate training of surgeons is necessary for
acquiring mastery in performing surgical procedures using the robot. The lack of tactile sensations
and force feedback present in open surgery, and to a lesser extent in MIS, make surgical robotic
training a challenging task, due to increased dependence on visual perceptual cues and reliance on
proprioception.

Patient safety is the major priority in surgical procedures. As surgical skill is directly asso-
ciated with surgical complication rates, efficient training is crucial for achieving successful out-
comes (Birkmeyer et al., 2013). Surgical training for technical skills has been built based on
William Halsted’s method of See One, Do One, Teach One (Carter, |1952); however, this has
caused controversy in the field due to concerns for patient safety since in this method, learning is
done through practicing on real patients; thus, different approaches have been proposed to alleviate
this matter.

For robotic surgical training, surgical simulators are being used widely due to moving training
outside of the operating room and providing a patient free learning environment. Simulators’ au-

tomatic assessment and scoring mechanisms also enable objective assessment of trainees’ perfor-



Figure 1.1: The da Vinci surgical robot, Intuitive Surgical Systems

mance; however, some advancements in these simulators can improve training and ensure effective
results. Some potential advancements are discussed here.

A crucial step in surgical training is the evaluation of technical skills learned by trainees. Sim-
ulators use recorded hand movement data to calculate descriptive metrics and provide feedback
to trainees based on their performance. Examples of these metrics from the da Vinci® Skills
Simulator™ include time to complete the task, economy of motion, instrument collision etc.
(Fig.[I.2) These quantitative metrics do not imply how one must move differently to behave more
like an expert. Focusing on differences in the quality and the style of movement of an expert vs.
a novice, could provide rich insight on the differences in performance between the two, and can be
used to guide novices to adopt expert-like styles in their movements.

Simulators have automated the evaluation of surgical skill by providing objective assessment
and eliminating the need for direct observation from experts which is time and resource intensive.
They provide descriptive metrics to the trainee at the end of the task as a feedback for their per-

formance; however, the limited number of metrics calculated by simulators may not represent the
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Figure 1.2: The da Vinci® Skills Simulator™ scoring, Intuitive Surgical Systems

skill deficiencies of the surgeons efficiently. In addition, these metrics are calculated based on
the whole duration of the performed task, and scores are not provided to the trainee until the end
of the simulation task. Automatic surgical skill modeling and evaluation based on data driven
models that make use of the whole kinematic data set, instead of considering limited features
selected by expert knowledge, enable extraction of underlying information in the movement data.
Furthermore, real-time error detection could provide feedback to the user as soon as errors are
made.

Since each individual learns in a different way, customizing training to focus on each indi-
vidual’s technical skills throughout task performance leads to more efficient learning. Adaptive
training is another potential improvement of simulator-based training. In addition, descriptive
features given to the user at task completion by current simulators do not provide information on
how to modify movement to improve performance. Feedback can be provided to the user during

task performance through different types of feedback including audio, vision, haptic etc. Provid-



ing trainees with proper feedback relevant to the deficiency in their movement in real-time, can

improve trainees’ movements, and guide them towards more expert-like behavior.

1.2 Prior Work

In this section, first the most widely used tools and methods in surgical skill assessment found in
the literature are discussed. Then different methods and models for automating the evaluation pro-
cess and differentiating technical skill levels are presented. Finally different methods for applying

feedback to the user, as well as different types of feedback are included.

1.2.1 Saurgical Skill Evaluation Tools and Techniques
Direct Observation

Traditionally, technical skill assessment in surgery was done through directly observing trainees’
performance by surgical experts and providing self-reported procedure logs, with no specific cri-
teria. Global ratings and checklists provide a structured method of assessment which improve
the traditional direct observation method. Since different types of surgery require different skill
sets and techniques, they require different evaluation and assessment metrics associated with them
(Peters et al., 2004} Morris, |2005; |Vassiliou et al., [2010). Thus, global ratings and check lists have
been proposed for all major types of surgery to focus on criteria important to that type of surgery.
Examples of checklist for three major types of surgeries are objective structured assessment of
technical skills (OSATS) for open sugery (Martin et al., [1997), global operative assessment of la-
paroscopic skills (GOALS) for minimally invasive laparoscopic surgery (Vassiliou et al., 2005),
and global evaluative assessment of robotic skills (GEARS) for robotic surgery (Goh et al.,|[2012).
The GEARS checklist is shown in Fig.[1.3]
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While these methods have been significantly studied and validated, they require considerable
resources and time from a team of experts to evaluate trainee performance. To reduce the overall
burden of direct observation-based surgical skill assessment methods, various non-direct methods
for surgical assessment have been proposed and some of the most popularly used ones will be

discussed here.

Dexterity Analysis

One of the most widely used methods in this field is dexterity analysis which focuses on quan-
titative analysis of surgeon’s hand or tool motion for evaluating technical skills. Quantifying the
assessment of surgical skill is done through recorded motion data which provide descriptive sta-
tistical features such as time, path length, number of movements, speed, and motion smoothness
to differentiate expertise levels (Grober et al., 2010; Schijven et al., 2002; Derossis et al., [1998;
Liang et al., 2018). In motion analysis these descriptive statistical features are used to evaluate
performance. Motion analysis devices, such as the Imperial College Surgical Assessment Device
(ICSAD) (Datta et al.,|2001), have been developed which autonomously measure the total distance
moved by each hand, number of movements, and the total time using electromagnetic trackers. 1C-
SAD has been validated for use in open surgery as well as laparoscopic surgical simulation (Datta
et al., 2001} [Taffinder et al., 1999). Other dexterity analysis methods for skill assessment in MIS
include Advanced Dundee Endoscopic Psychomotor Tester (ADEPT) (Francis et al., 2002), an ob-
jective scoring method for evaluating endoscopic task performance, and McGill Inanimate System
for Training and Evaluation of Laparoscopic Skills (MISTELS) (Fried et al., |2004; |Acosta and
Temkin, 2005). For the assessment of robotic surgical skills, most studies have been carried out
on the da Vinci® Skills Simulator™ and the da Vinci® Surgical System™ (Intuitive Surgical, Inc.,
CA, USA). Stergiou et al. studied the ability of objective kinematic measurements including task
completion time, distance travelled, speed, curvature, and relative phase, in distinguishing expert

and novice performance on da vinci robot (Stergiou, [2008).



These metrics provide useful information about trainees’ technical skills; however, they are

limited, selected by expert opinion and could be missing additional key features.

Crowd Source Assessment

Crowd-worker evaluation has recently gained a lot of attention in surgical skill assessment due to
its efficiency and reliability. Crowd-sourcing is a method where workers complete simple online
tasks for a small monetary compensation. The cost-effectiveness and time efficiency of this method
holds great promise for many labor-intensive applications such as language processing and infor-
mation retrieval, and its reliability has been the topic of several research publications (Callison-
Burch, 2009; |Alonso et al., 2008}; Brabham), 2010; Blohm et al., 2013)). For surgical educational
research, several studies have shown the effectiveness of crowd-sourcing in evaluating surgical
technical skills. After the developement of CSATS, a crowd-sourcing method for surgical skill
evaluation, by Chen et al. (Chen et al., 2014)), several studies have shown the effectiveness of
crowd-sourced assessment of surgical skills in various procedures including: cricothyrotomy (Agh-
dasi et al., 20135)), robotic radical prostatectomy (Ghani et al., 2016)), robotic urologic surgery (Holst
et al., 20135)), optical biopsy for bladder cancer diagnosis (Chen et al.,|2016)), general surgery resi-
dency training (Deal et al., 2016)), and basic laparoscopic urologic skills (Kowalewski et al.,|2016a),
to name a few. In environments where surgical skill motions can be captured only through video,
crowd-sourcing can be an effective evaluation method (Kowalewski et al., 2016b).

However, despite its time-efficiency in evaluating performance compared to expert evaluation,
crowd sourcing is still an offline evaluation method and can not provide the trainee with online

feedback.

1.2.2 Automating Surgical Skill Assessment using Feature Extraction and Skill Modeling

The tools and methods discussed in the previous section, require human interaction to either di-

rectly observe and evaluate performance, or to extract meaningful metrics that are then used for



evaluation. Automating the evaluation process has been the focus of many studies in the literature,
since it increases the time and cost efficiency. Recently, simulators have found their way in surgi-
cal training practices. They can record and store large amount of data that can later be processed.
Data science is an emerging field in surgical training and evaluation which is used to extract use-
ful information from these large amount of data, and assists with objective computerized surgical
coaching and active learning (Maier-Hein et al., 2017). The most common methods for automatic

surgical skill assessment is discussed here.

Machine Learning Models using Descriptive Features

In addition to directly using the global movement features discussed in section[I.2.1] these descrip-
tive movement features are used as input to machine learning models to automatically distinguish
between different levels of expertise (Hung et al., 2018; Fard et al., 2018]).

As mentioned earlier, these hand-crafted features require expert and domain-based knowledge,
lack flexibility, and are time consuming and labor intensive to compute. In addition, they may not
be able to capture underlying information in the rich kinematic data as they only focus on a limited
set of movement characteristics. Also, due to the stochastic nature of human motion, descriptive
features alone may not sufficiently capture a user’s skill level in repetitive tasks (Reiley and Hager,

2009b)).

Statistical models

To take into consideration the stochastic property of time-series motion data, statistical modeling of
time-series data and unsupervised learning methods have been widely used for activity recognition
and extracting procedural knowledge for skill assessment. Studies focusing on skill assessment us-
ing procedural knowledge, usually rely on surgical activity recognition and skill assessment at the
subtask level (Lin et al., 2005, 2006; Reiley et al., 2011)) and include different granularity levels

such as motion, activities, steps, phases, and procedure. Some studies focus on detecting surgemes



which are low-level surgical activities (Lea et al., 2015), while others focus on higher level activity
detection at the maneuver level. These activities are built up of a sequence of surgemes and can
be more useful for providing feedback to the users at this level (DiPietro et al., [2016). They pro-
vide the ability to analyze simple movements for quantitative assessment of surgical skill (Uemura
et al., 2016). The goal of skill modeling is to uncover and measure the underlying characteristics
of skill hidden in measurable motion data. Statistical models can be used to describe the sequence
of motions for automatic task recognition. Hidden Markov Models (HMMs) which determine hid-
den parameters from observed data, are one of the most widely used statistical models in surgical
skill assessment. Reiley et al. performed gesture classification using HMM to model each gesture
in a trial after applying linear discriminant analysis (LDA) to the continuous kinematic data for
dimensionality reduction (Reiley et al., 2008). In another study Reiley et al. applied an HMM
on discrete spectrum features extracted from a short time Fourier transform of the velocity fea-
tures in the kinematic data with the goal of evaluating surgical skill in tasks and sub-tasks (Reiley
and Hager, 2009b). In (Reiley and Hager, [2009a), they studied the relation between subtasks and
skill using the same features. Varadarajan et al. accomplished a surgical recognition task (jointly
identifying gesture boundaries and assigning gesture labels) by applying an HMM to features de-
rived from modeling the kinematic data (after an optional LDA) using Gaussian mixture models
(GMMs) (Varadarajan et al., 2009). Their topology for HMMs was entirely derived form data.
These studies show that statistical models such as HMMs are able to recognize skill level and
surgemes from motion data. Pattern discovery methods can also be used to identify surgical pro-
cedural sequences that may be useful for surgical skill evaluation in the future (Huaulme et al.,
2017).

These gesture classification methods require large amount of labeled data which is obtained
through manual annotations thus, are time consuming and labor intensive. Furthermore, these
methods are task dependent as they focus on different gestures in a specific task and do not focus

on the general style of movement during task performance.



Deep Learning

Deep learning, a popular method in data science that extracts features from raw data and is based
on learning data representations, is widely being used in surgical skill assessment for automating
the assessment. It has been used with different data modalities including kinematic data, video,
imaging, and functional neuroimaging data for the purpose of surgical skill assessment. Wang et
al. used kinematic data from robot end effectors to train deep networks for assessing surgical skill
levels (Wang and Fey, |2018). Jin et al. used deep learning to track tool movement in laparoscopic
surgery from video data and extracted metrics such as tool usage patterns and movement range for
surgical skill assessment (Jin et al., 2018)). Law et al. used deep networks to train a robot instrument
tracker, then classified technical skill level using the movement of the robotic instruments (Law
et al., 2017)).

All the methods mentioned above are able to differentiate different levels of expertise; however,
they do not focus on the structural differences in the quality of movement between the performance
of a novice relative to an expert in order to be able to provide them with relevant and more mean-

ingful feedback.

1.2.3 Adaptive and Customized Training Feedback

Adaptive technology is introduced into training devices to develop customized user-specific train-
ing which results in more effective learning. An adaptive system can be known as a supervisor
that instructs each trainee based on his/her unique performance and provides specific instructions
on how to proceed or adjusts the task for each individual to ensure best results for each trainee.
An adaptive system consists of a control loop that detects changes in the output from a desired
point, this can be done using machine learning approaches. Feedback is then applied to modify
the response to move it towards the desired performance (Vaughan et al., 2016)). Thus, adaptive
systems require constant monitoring and measurement of performance, an adaptive variable, and a

methodology to adjust the variable to enhance performance (Kelley, [1969).
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In adaptive training, the user’s performance is evaluated based on a specific criteria and the
next training step is adapted accordingly. Task difficulty level is one element of focus in adaptive
training. The difficulty of the task is updated based on user’s performance to adjust the level of
challenge and enhance learning. This has been studied in digital games (Charles et al., 2005).

The stimulus or the type of feedback provided to the user (such as visual, audio, or haptic
feedback) is another element of focus in adaptive training in which the type of feedback is adapted
based on the user’s performance. In customized learning using haptic feedback, the user’s move-
ment is modified to match a desired movement.

To study the effect of haptic feedback on user’s performance, two types of haptic feedback
are typically used: reflective feedback and guidance feedback. The former provides the user with
a feeling of touch and force in interacting with an object in environments where these sense are
missing. In virtual environments this is done through haptic rendering. The latter provides users

with haptic cues, and assists the user in correcting movements to improve performance.

Reflective Feedback

Haptic feedback in VR simulators improves training (Basdogan et al., 2004; Tholey et al., [2005;
Cosman et al., [2002). Many studies show that the loss of haptic feedback in MIS and RMIS can
cause errors and thus, safety issues (Joice et al., 1998} Okamura, 2004; Tang et al., 2005; Morino
et al., 2006; Gutt et al., 2004; |Antoniou et al., 2011)). The lack of haptic feedback (both force and
tactile) causes an inappropriate level of force applied to the tissue (Enayati et al.,|2016). Incorpo-
rating haptic feedback can alleviate this (Tavakoli et al., [2005), and result in reduced performance
error (Demi et al., 2005} |Ortmaier et al., 2007; (Wagner et al., [2002).

Tactile feedack decreases the force applied to the tissue and hence reduces tissue damage (Wot-
tawa et al., |2016; King et al., | 2009). Force feedback can improve psychomotor skills in the early
training phase (Van der Meijden and Schijven, 2009; Strom et al., 2006; |Lamata et al., 2006; Kim

et al., |2003). Yanping et al. developed a simulator with force feedback for learning bone-sawing
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skills. The results indicate a higher improvement in novice performance compared to expert’s (Lin
et al., 2014). An experiment was conducted to determine if the cognitive load in the early stages
of learning basic laparoscopic skills is too much to be able to undertake haptic cues by novice
surgeons. The results indicate that haptic feedback improves performance accuracy even while
cognitively loaded (Cao et al., 2007)). Vibrotactile feedback can be used to provide information
such as surface texture or contact force. An in vitro study by McMahan et al. shows that this type
of feedback is preferred by users yet it does not improve performance in terms of applied force or
completion time (McMahan et al., 2011); however, an in vivo study showed that vibration feedback
can increase the immersion and situational awareness of surgeons (Bark et al.,|2013]).

This type of reflective feedback, though proving to be helpful in providing the user with a
feeling of touch and force in teleoperated environments where these senses are missing, does not
provide any cues to the user on how to modify movement to improve performance. Guidance

feedback which addresses this issue is discussed in the following section.

Guidance Feedback

Haptic guidance can enhance learning new motor skills in robotic environments where an instructor
is not present to guide the user on how to modify his/her movement. Different studies have shown
the effectiveness of haptic feedback in developing motor skills (Boulanger et al.,[2006; Solis et al.,
2003; Feygin et al., 2002), as well as providing movement guidance (Stanley and Kuchenbecker,
2012; Norman et al., 2014). A common type of training motor skills using haptic feedback, is
transferring expert skills in which an expert’s movements are recorded and played back to train
a novice (Yang et al., 2008). However, (Gibo and Abbink, |2016) showed that haptic feedback
can help discover new movement strategy rather than following a specific trajectory or enforcing a
specific movement. They provided the subjects with an environment to explore different types of

movement using haptic feedback and adopt the best strategy. Haptic disturbances which suggests
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disturbing the movemnet instead of guding the user can also improve motor skills (Lee and Chot,
2010).

While all these methods prove the effectiveness of haptic feedback in movement guidance,
they do not focus on performance feedback. Jantscher et al. designed and implemented a frame-
work that provides vibrotactile feedback method based on movement smoothness. They proved
that the smoothness-based feedback improved accuracy compared to trajectory based feedback
methods (Jantscher et al., 2018). They provided the subjects with vibrotactile cues with a degree
of pleasantness relative to their performance; however, results in the literature show scenarios in
which force feedback assists the user in performing a task, yet is perceived negatively by the hu-
man user (Gwilliam et al., 2009), and other scenarios in which force feedback does not improve
performance, yet is preferred (McMahan et al., [2011)). These results indicate that objective per-
formance metrics and subjective user response surveys may not be sufficient for understanding the

intuitiveness of a control interface.

1.3 Contribution

In this dissertation, we propose novel methods to address the problems mentioned above. We
develop the groundwork for building a surgical robotic training system for autonomous assess-
ment of user’s performance, while providing real-time, automatic, understandable, and customized

feedback to match each individual’s requirements.

1.3.1 Proposing a Novel Method in Surgical Skill Assessment Based on Stylistic Behavior

We believe that there is an underlying behavioral style that distinguishes experts from novices.
We leverage the idea that perception of expertise is an instinctual response. This means a casual
observer, who may not know anything about the objectives and goals of the observed behavior,
can still distinguish between a novice and an expert by observing their movements and their per-

formance. Inspired by this fact and recent work on crowd source assessment of skills, we built a
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lexicon of surgical expertise. The lexicon was chosen based on traits important in robotic surgery

defined by the six skill domains in GEARS, and with consultation with surgical faculty.

1.3.2 Finding Quantitative Metrics Associated with the Styles of Movement

After presenting the idea that the style of movement can define the proficiency of the subject, an
important research question was: what quantitative metrics correspond to expert-like style? We
sought to identify metrics embedded in the trainee’s style of movement to be able to communicate
with the trainee, through more understandable language, on how to improve deficiencies in surgical

style.

1.3.3 Automatic and Real-time Skill Level and Stylistic Behavior Detection

We automated the identification of users’ performance based on their stylistic behavior. We pro-
posed a method that automatically captured underlying structures in raw movement data in near

real time, while eliminating the need for complex feature engineering and expert knowledge.

1.3.4 Adaptive Training and Feedback Algorithms

We introduced a framework that provided the user with customized force feedback. Based on
the users performance, a deficiency in the movement style was detected with reference to a de-
sired output (expert knowledge), a relevant force feedback was applied to the user to correct the
movement. We evaluated the effectiveness of automated force feedback training system through

an experimental study.

1.4 Dissertation Overview

In this chapter, we presented the motivation for our research in automatic and customized robotic

surgical training. We also presented the relevant prior work for this research.
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Chapter 2 describes our novel method in surgical skill assessment using stylistic behavior. A
lexicon of surgical expertise is proposed and evaluated through crowd-workers, who rated the per-
formance of the users. Quantitative metrics associated with the contrasting adjectives in the lexicon
are found through an extensive search. We extract several metrics from sensor measurements and
find the best metric for each word pair based on the best correlation with the crowd source assess-
ment, and also correlation with expert ratings. The metrics are then validated by their ability to
distinguish among different levels of expertise.

The metrics extracted in Chapter 2 require a lot of knowledge to process the data and find
the correct features. In Chapter 3 we focus on automating the surgical skill level assessment as
well as the evaluation of stylistic behavior in near real-time, while eliminating the need for feature
engineering and manually extracted features from motion data. A dictionary learning algorithm
is developed to detect the good or poor performance for each stylistic behavior (each word in the
lexicon presented in Chapter 2) using the raw kinematic data. A separate dictionary is learned and
evaluated for each word, and the results of the performance detection is presented in this chapter.

In Chapter 4, we conduct an experiment to examine the effect of three different types of force
feedback (spring, damping, and spring plus damping) on the improvement of the user’s stylistic
behavior. The users perform a simulated needle steering task using a haptic device. A deficiency
in the user’s stylistic behavior is detected using the algorithm developed in chapter 2. One of three
types of feedback is applied to the user once a deficiency in the style is detected. All types of
feedback are tested for all movement styles, and the the results for the best type of feedback for
the improvement of each style is presented.

Finally in Chapter 5, we summarize our main results and present topics for future work in

robotic surgical training that build upon ideas presented in this dissertation.
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CHAPTER 2

ASSESSMENT OF SURGICAL SKILL USING STYLES OF MOVEMENT

2.1 Introduction

In this chapter, we propose and evaluate a novel method for surgical skill assessment using styles
of movement. Many surgical assessment metrics have been developed to identify and rank surgical
expertise; however, some of these metrics (e.g., economy of motion) can be difficult to understand
and do not coach the user on how to modify behavior. We aim to standardize assessment language
by identifying key semantic labels for expertise.

In recent years, the field of data-driven identification of surgical skill has grown significantly.
Methods now exist to accurately classify expert vs. novice users based on motion analysis (Howells
et al., 2008)), eye tracking (Ahmidi et al., 2010), and theories from motor control literature (Nisky
et al.l 2014), to name a few. Additionally, it is also possible to rank several users in terms of
expertise through pairwise comparisons of surgical videos (Malpani et al., | 2014). While all these
methods present novel ways for determining and ranking expertise, an open question remains: how
can observed skill deficiencies translate into more effective training programs? Leveraging prior
work showing the superiority of verbal coaching for training (Porte et al., 2007), we aim to de-
velop and validate a mechanism for translating conceptually difficult, but quantifiable, differences
between novice and expert surgeons (e.g. more directed graphs on the known state transition dia-
grams (Reiley and Hager, 2009b) and superior exploitation of kinematic redundancy (Nisky et al.,
2014)) into actionable, connotation-based feedback that a novice can understand and employ.

A great musician, an all-star athlete, and a highly skilled surgeon share one thing in common:
the casual observer can easily recognize their expertise, simply by observing their movements.
These movements, or rather, the appearance of the expert in action, can often be described by
words such as fluid, effortless, swift, and decisive. Given that our understanding of expertise

is so innate and engrained in our vocabulary, we seek to develop a lexicon of surgical expertise
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through combined data analysis (e.g., user movements and physiological response) and crowd-
sourced labeling (Chen et al., 2014; Malpani et al., 2014). The central hypothesis to this study is
that human perception of surgical expertise is not so much a careful, rational evaluation, but rather
an instinctive, impulsive one.

Prior work has proposed that surgical actions, or surgemes (e.g. knot tying, needle grasping,
etc.) are ultimately the building blocks of surgery (Lin et al., 2006). While these semantic labels
describe the procedural flow of a surgical task, we believe that surgical skill identification is more
fundamental than how to push a needle. It is about the quality of movement that one can observe
from a short snapshot of data. Are the movements smooth? Do they look fluid? Does the operator
seem natural during the task? The hypothesis that expertise is a universal, instinctive assessment is
supported by recent work in which crowd-workers from the general population identified surgical
expertise with high accuracy (Chen et al., 2014). Thus, the key to developing effective training
strategies is to translate movement qualities into universally understandable, intuitive, semantic
descriptors.

We believe that there is an underlying behavioral style that distinguishes experts from novices.
We leverage the idea that perception of expertise is an instinctual response and propose an approach
to assess surgical skill level based the behavioral style of the user.

This chapter describes three studies. The first section [2.2] describes and evaluates our proposed
lexicon for evaluating surgical skill. The second section [2.3|focuses on finding metrics associated
with the words in the lexicon. The third section [2.3|describes a method for automating the GEARS

scoring in robotic surgery using our lexicon.

2.2 Defining and Validating a Lexicon for Surgical Style

Inspired by studies showing the benefit of verbal coaching for surgical training (Porte et al.,|[2007),
we selected a set of semantic labels which could be used to both describe surgical expertise and

coach a novice during training. The lexicon of surgical expertise was proposed by consulting
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robotic surgical experts and is also based on skill components important in robotic surgery, as
mentioned by the GEARS assessment tool. The six preliminary word pairs chosen and their cor-
responding data metrics are listed in Table 2.1 While by no means exhaustive, this study aims to
determine if this preliminary set of stylistic adjectives could be used for surgical skill assessment,
by associating these adjectives with measurable data metrics. As this was a preliminary study, we
selected adjective pairs that were commonly used and also had some logical data metric that could
be associated with them. For example, crisp/jittery can be matched with a jerk measurement, and
relaxed/tense can be matched to some metric from electromyography (EMG) recordings. Galvanic
skin response (GSR) is another physiological measurement anxiety (Critchley et al., 2000), thus
serving as a basis for a calm/anxious word pair. The choice of word pairs and the corresponding
metric is not unique; however, in this section, we simply aim to determine whether or not these
word pairs have some relevance in terms of surgical skill evaluation. This study was published

in (Ershad et al., 2016).

Table 2.1: Lexicon of Stylistic Behavior and Proposed Metrics

Positive Adjective Positive Metric Negative Metric Negative Adjective
Crisp High mean jerk Low mean jerk Jittery

Fluid Low ang. velocity var  High ang. velocity var ~ Viscous

Smooth Low acceleration var ~ High acceleration var ~ Wavering

Swift Short completion time long completion time  Sluggish

Relaxed Low normalized EMG High normalized EMG Rough

Calm Low GSR event count High GSR event count Tense

Our hypothesis is that crowd-rated adjectives, which simultaneously correlate to expertise level
and measurable data metrics, will be good choices for an automated coaching system. Many studies
have recently investigated the effectiveness of crowd-sourcing for the assessment of technical skills
and have shown correlations to expert evaluations (Chen et al., 2014; [Malpani et al., 2015} White
et al.,[2015; Kowalewski et al., 2016b). These studies support the hypothesis that the identification

of expertise is somewhat instinctive, regardless of whether or not the evaluator is a topic-expert in

18



his or her evaluation area. The goal of this portion of our study is to see if the crowd can identify
which of the chosen words for expertise are most important or relevant for surgical skill. Therefore,
we conducted an experimental evaluation of our word pairs and metrics through a human subjects
study, using the da Vinci® Skills Simulator™ (on loan from Intuitive Surgical, Sunnyvale, CA).
Users were outfitted with a variety of sensors used to collect metric data while performing tasks on

the simulator.

2.2.1 Human Subject Study and Simulated Surgical Tasks

Three subjects were recruited to participate in this study, approved by both UTD and UTSW IRB
offices (UTD #14-57, UTSW #STU 032015-053). The subjects (right handed, 2545 years old)
consisted of: An expert (+6 years clinical robotic cases), an intermediate (PGY-4 surgical resident)
and a novice (PGY-1 surgical resident). All subjects had limited to no training using the da Vinci
simulator; however, the expert and intermediate had exposure to the da Vinci clinical robots.

The simulated surgical tasks chosen for this study were used to evaluate endowrist manipula-
tion, needle control and driving skills (Fig.[2.1(a,b)). Endowrist instruments provide surgeons with
range of motions greater than a human hand. Thus, these simulated tasks evaluate the subject’s abil-
ity to manipulate these instruments. The needle driving task evaluates the subject’s ability to effec-
tively hand off and position needles for different types of suture throws (forehand and backhand)
and while using different hands (left and right). All subjects first conducted two non-recorded
warm up tasks (i.e., Matchboard 3 for endowrist manipulation warm up and Suture Sponge 2 for
needle driving warmup). After training, subjects conducted the recorded experimental tasks for
endowrist manipulation (Ring and Rail 2) and needle driving (Suture Sponge 3). For the purposes
of data analysis, each task was subdivided into three repeated trials, corresponding to a single pass

of a different colored ring (i.e., red, blue or yellow), or two consecutive suture throws.
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o™

(a) Ring and Rail Task (b) Suture Sponge Task

Figure 2.1: Two simulated tasks on the da Vinci® Skills Simulator were chosen including: (a) Ring
and Rail 2 and (b) Suture Sponge 3. These tasks were chosen for their ability to evaluate endowrist
manipulation and needle driving and control skills.

2.2.2 Experimental Setup and Data Collection System

To quantify task movements and physiological response for our semantic label metrics, we chose
to measure joint positions (elbow, wrist, shoulder), limb accelerations (hand, forearms), forearm
muscle activity with EMG, and GSR. Joint positions were recorded using electromagnetic (EM)
trackers (trakSTAR, Model 180 sensors, Northern Digital Inc., Ontario, Canada) with an elbow

estimation method as described in (Nisky et al., 2014). Limb accelerations, EMG and GSR were

measured using sensor units from Shimmer Sensing, Inc. (Dublin, Ireland). Several muscles were
selected from EMG measurement including bilateral (left and right) extensors, and a flexor on
the left arm, which are important for wrist rotation, as well as the abductor pollicus, which is

important for pinch grasping with the thumb (Criswell, 2010). These muscles were recommended

by a surgeon educator. For each subject, baseline data was collected including arm measurements

for the elobow position estimator, and maximum voluntary isometric muscle contractions (MVIC)

for normalization and cross-subject comparison (Halaki and Ginn, 2012). We also recorded videos

of the user posture and simulated surgical training task with CCD cameras (USB 3.0, Point Grey,
Richmond, Canada). Robot Operating System (ROS) was used to synchronize all data collection.

The experimental setup and sensor locations are shown in Fig. [2.2a,b).
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T Simulated Limb Inertial
- #; Surgical Task Measurement Units
- g = with EMG + GSR

#  Electromagnetic Joint
Position Tracking

(b) Shimmer Sensor Placement

Figure 2.2: Human subjects conducted simulated tasks using the da Vinci® Skills Simulator while
wearing various sensors for motion, position, and physiological response measurement (a). Inertial
measumrements were obtained from the hands and forearms, as well as the foot, while electromyo-
graphy signals were recorded from various muscles relevant to robotic surgical tasks. Galvanic skin
response was also measured (b).

2.2.3 Crowd-Worker Recruitment and Tasks

For each trial, side-by-side, time-synchronized videos of the simulated surgical task and user pos-
ture were posted on Amazon Mechanical Turk. The videos ranged in length from 15 s to 3 min and

40 s. Anonymous crowd-workers (n=547) were recruited to label the videos using one from each
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Please watch the video in it's entirety. You will see one side-by-side clip including: (1) a video of the surgical simulation task, and (2) the corresponding video of the subject
performing the task

After watching the video, please answer all 8 questions by selecting how much each pair best describes the movements or qualties of the subject.
1. Does the subject seem.... (Select only ONE of the following):

Viscous

Fluid
i 2. Does the subject seem.... (Select only ONE of the following):

Rough

Smooth

3. Does the subject seem.... (Select only ONE of the following):

Jittery
Crisp

Figure 2.3: Crowd-workers were recruited on Amazon Mechanical Turk to select between con-
trasting pairs of adjectives to describe videos of the subject posture and task performance, played
simultaneously. Crowd-workers were required to select one of each adjectives pair to earn credit
for the job.

of the six contrasting adjectives pairs (Fig.[2.3). Crowd-workers received $0.10 for each video and

were not allowed to evaluate the same video more than once

2.2.4 Data Analysis Methods

For each word pair, many options exist for correlation to a desired metric (e.g., sensor location,
muscle type, summary static etc.). In this preliminary study, we selected metrics based on logical
reasoning and feedback from surgical collaborators. To measure crisp vs. jittery hand movement,
we calculated the standard deviation of the trial average mean value of jerk from the inertial mea-
surement unit (IMU) mounted on the subjects right hand. Similarly, fluid/viscous was measured by
variability in angular velocity of the same IMU. Smooth/rough was measured by the variability in
acceleration magnitude of an IMU mounted on the right forearm. The acceleration magnitude was
calculated for each time-sampled x, y, and z accelerations to eliminate the effects due to gravity
[15]. To measure the calmness vs. anxiousness of the user, the GSR signal was processed using the
Ledalab EDA data analysis toolbox in Matlab to count stressful events (Benedek and Kaernbach,

2010b). Mean EMG levels were recorded through electrodes placed on the forearm extensor as a
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measure of relaxedness vs. tenseness of the subject. In order to compare EMG levels between dif-
ferent subjects, these signals were normalized using the maximum of three repeated EMG signals
during a maximal voluntary isometric contraction (MVIC) for each muscle. All EMG signals were
high pass filtered using a fourth order Butterworth filter with a 20Hz cut-off frequency to remove
motion artifacts and were detrended, rectified, and smoothed (Halaki and Ginn, 2012). The EM
tracker data was used to visualize user movements and was not correlated to any word pairs. Fi-
nally, a Pearsons R correlation was used to compare the crowd-worker results and data metrics for

each word pair.

2.2.5 Results and Discussion

The trajectories for each subject’s wrist movements as measured by the EM tracker are shown in
Fig. As expected, the expert movements are tighter and smoother than the intermediate and

novice.

(a) Novice (b) Intermediate (c) Expert

Figure 2.4: Wrist trajectory of subjects performing Ring and Rail 2 (red ring)

Figure compares the mean and standard deviation of each chosen metric through all trials

among three subjects. Of the 547 crowd-workers recruited, 7 jobs were rejected due to incomplete
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Figure 2.5: Mean and standard deviation of all metrics for all trials and subjects.
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labeling assignments, resulting in 30 complete jobs for each of the 18 videos posted. The results

of the analysis can be seen in Fig.[2.6]

00 ‘

Expert
90 =0 = |ntermediate |
=0 =Novice

80
70 F
J_ - *
-
60 - _{, ]
50F———§————————}F——————— rs—————-1
40 {»
30 -

20

10

O 1 1 1 1 1 1
Fluid Smooth  Crisp Swift Calm Relaxed

Figure 2.6: Results of the crowd-worker assignments

An ANOVA analysis was conducted to identify significant groups in terms of expertise level,
type of task, and repetition for the data metrics, as well as crowd sourced data. Additionally, the
crowd sourced data was evaluated for significant differences in terms of word assignment rates. Ta-
ble 2 summarizes the significant statistical results (p < 0.05), significant groups (post-hoc Scheffe
test), and the correlation between the crowd ratings and data metrics. For nearly all metrics, there
was no significant effect due to task or repetition. The expert exhibited better performance on all

metrics, with the exception of the smooth/rough and relaxed/tense. This could be due to a poor
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choice of metrics, or data collection errors with the expert EMG signal or baseline. The crowd
assigned significantly better semantic labels to the expert, then the intermediate and novice. Ad-
ditionally, the crowd rated the ring and rail tasks with significantly lower ratings than the suturing
task, and evaluated the second repetition across all subjects as worse than the first and last. The
magnitude of the data metric to crowd rating correlation ranged from 0.25 to 0.99. The best cor-
related metric to word-pair was swift/sluggish and the worst correlated metric was smooth/rough

followed by crisp/jittery.
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2.2.6 Summary of Defining and Validating a Lexicon for Surgical Style

In this section, we presented a lexicon of surgical expertise composed of contrasting adjective
pairs, associated with quantitative movement or user-based metrics. We showed that crowd-labeled
training videos correlate strongly to expertise level. The data metrics typically also corresponded
to expertise level; however, there were some discrepancies in terms of the smooth/rough metric and
relaxed/tense metric. Finally, the crowd-workers identified differences based on task and repetition
not seen in the data metrics, and not all data metrics correlated to trends in the crowd-worker
ratings. In the next section we will determine which metrics are best correlated, and who/what
is more correct in evaluating expertise - the crowd or the metrics. We also expand the lexicon to

include additional semantic labels and will identify, specifically, which better predict expertise.

2.3 Finding Metrics associated with Surgical Styles

Stylistic coaching is often present in mentored training with an expert. This type of coaching
is lacking from current surgical simulators which focus on quantitative metrics (e.g., workspace
range, instrument collisions, economy of motion, etc.). Verbal feedback has been shown to effi-
ciently improve performance in technical skills (Porte et al., 2007), and thus supports our hypothe-
sis of stylistic-based coaching. Therefore, an important research question arises: what quantitative
metrics are perceived when observing an expert, and how are these metrics translated to verbal
descriptors of movement? In the previous section, we proposed a method for surgical skill assess-
ment using a semantic lexicon of stylistic behavior to describe surgical expertise. In this section,
we expand the lexicon proposed previously and aim to find the data metrics which most highly
correlate to the lexicon of surgical expertise. The extended lexicon is shown in Table Further-
more, to evaluate the effectiveness of these metrics for differentiating different levels of expertise,
the metrics are used to classify subjects to different expertise levels. This study was published

in (Ershad et al., 2018Db)
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Table 2.3: Extended Lexicon of Stylistic Behavior

Positive Adjective Negative Adjective

Crisp Jittery
Coordinated Uncoordinated
Fluid Viscous
Deliberate Wavering
Swift Sluggish
Smooth Rough
Relaxed Tense

Calm Anxious

2.3.1 Experimental setup

A block diagram describing the procedures in this study is shown in Fig. Each object in the
diagram is discussed in detail in the following. The experimental setup is similar to the study in

the previous section 2.2} however, data collection is discussed in more detail in this section.

Subjects and Simulated Surgical Tasks

We extended the previous study by recruiting 14 subjects including four experts (practicing robotic
surgical faculty), three fellows (surgical fellows post residency), three intermediates (PGY-4 sur-
gical residents), and four novices (medical students). All subjects were asked to perform two tasks
on a da Vinci® Skills Simulator™ (same as the tasks discussed in section. The study protocol

was approved by both UTD and UTSW IRB offices (UTD #14-57, UTSW #STU 032015-053).

Data Acquisition

To find quantitative metrics associated with the adjectives in our lexicon, task movements and
physiological response, as well as videos of the user and of the training tasks, were recorded.
In order to record data from all sensors and cameras simultaneously, Robot Operating System

(ROS) (Quigley et al., 2009) was used.
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Figure 2.7: The proposed method combines crowd-selected adjectives of expertise, and the met-
rics associated with crowd-assignment rates, through the use of a machine learning classifier to
determine levels of expert-like style.

Position data Position data were acquired using electromagnetic trackers (trakSTAR, Model 180
sensors, Northern Digital Inc., Ontario, Canada) at 256 Hz, placed on the wrist, elbow and shoulder

joints (Fig. 2.2). Position derived metrics are commonly used in surgical skill assessment

tthy and Munz,,[2003; Datta et al., 2001). Wrist, elbow, and shoulder joints are shown to be effective

in arm posture analysis in Robotic surgery (Nisky et al., 2013).

Motion data Motion data were gathered through kinematic measurements with a sampling fre-
quency of 512 Hz using inertial measurement units (IMU), embedded in the Shimmer sensors
(Shimmer Sensing, Inc., Dublin, Ireland) located on the hand and forearm, which control clutch-
ing and tool manipulation, and the foot, which controls the camera view of the robot (Fig. [2.2](b)).
The sensors include integrated 6 DoF inertial sensing via accelerometer, gyroscope, magnetometer

and altimeter sensors.

Physiological data The physiological responses used in this study included electromyography
(EMG) and galvanic skin response (GSR), which were recorded using Shimmer sensors with a
sampling frequency of 1024 Hz and 512 Hz respectively. The EMG and GSR sensor positioning

is shown in Fig. b). EMG signals were recorded from forearm extensors, flexors, and policis,
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which are the main muscles activated in robotic surgery (indicated by an expert surgeon), while
performing a robotic surgical task on da Vinci® simulator. For EMG signal acquisition, two sen-
sors were placed 2cm apart along the longitudinal midline of the desired muscle, parallel to the
muscle fibers. Maximum voluntary isometric muscle contractions (MVIC) were collected for nor-
malization and cross-subject comparison. For this purpose, each subject was asked to contract the
desired muscle with maximum strength for three repetitions of 10 seconds each. The maximum
value among these three repetitions for each muscle was selected as the baseline MVIC.

GSR was recorded to gain information of the stress level of the user. Two electrodes of the

shimmer GSR sensor were placed on two neighboring fingers for signal acquisition.

Videos Two CCD cameras (USB 3.0, Point Grey, Richmond,Canada) were used to record videos

of the subject performing the task, as well as the task being performed on the simulator.

Crowd Sourced Assessment of Stylistic Adjectives

The paired videos were randomized and rated by the crowd using the adjectives proposed in the
lexicon. For each subject trial, a side-by-side, time-synchronized video of the simulated surgical
task and user posture were posted on Amazon Mechanical Turk. A total number of 84 videos
(14 subjects and 2 tasks, 3 repetition each) were posted. Anonymous crowd workers were asked
to label each video based on the 8 adjective pairs in the proposed lexicon. A screen shot of the
videos and questionnaire posted on Amazon Mechanical Turk is shown in Fig[2.3] They received
$0.10 for each video and were not allowed to evaluate the same video more than once. A total of
1680 surgical assessment tasks were requested (20 unique crowd-workers assessed each of the 84

videos), out of which 27 tasks were rejected due to incompletion.

Faculty Expert Assessment of Stylistic Adjectives and GEARS Scoring

Seven faculty experts were also recruited to assess the videos (each expert evaluated 12 of the 84

videos). The crowd ratings were comparable to expert ratings. However, the crowd assessment
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took 3 days to complete, while it took more than a month for seven experts to complete rating
84 videos. The paired videos were also rated based on the GEARS domain by 7 faculty experts

through Qualtrics survey.

2.3.2 Candidate Metrics for Stylistic Adjectives

A total of 83 metrics were calculated from the motion, position, and physiological data measure-
ments as potential metrics to associate with each stylistic adjective pair. The chosen metrics for
measuring fluidity, smoothness, crispness, and deliberateness of movement, and anxiety levels of
the user, were proposed based on inspiration from the literature (Balasubramanian et al., 2015;
Anderson et al., 2012; \Grober et al., [2010; [Postacchini et al., [2015)), as well as metrics that could
easily be computed from our sensor data. The calculated metrics are discussed below. Table [2.4]

shows all the metrics used in this study.

Position-Based Data Metrics

The position of the shoulder and the wrist were measured directly using EM trackers. However,
because of the metal structure of the armrest and its interference with the elbow measurements from
the EM tracker, we estimated the elbow position using the shoulder and wrist positions measured
by the EM trackers, as discussed in (Nisky et al., 2014). The elbow position was measured by the

average of two estimates below:

X5 () = Xs(t) + Lye % 15(1) 2.1)

XY (£) = Xop(£) + Lew * Py (£) 2.2)

where X and X" are the estimate of the elbow position using the shoulder and wrist sensor re-
spectively, L and L,,, are the length of the upper arm and the forearm respectively, which were

measured by placing EM trackers on the shoulder, elbow, and wrist joints prior to the experimental
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trials. The direction of the longitudinal axis of the shoulder and wrist sensors, are rys and ry,,,
respectively.
The cumulative path length of the mentioned limbs was calculated as the sum of Euclidean

distances between sample points (Anderson et al., 2012), from Eq[2.3]

Y 1) — p(k— 1) 23)
k=0

where p(k) is the position of the sensor in the kth sample for a total number of n samples. The
difference in distance traveled by both hands was also calculated. The movement speed for both
hands was calculated from the derivative of the position measurements and the mean and standard

deviation of the speed were calculated.

Motion-Based Data Metrics

The IMU sensors were placed on the hands, forearms and the foot (which controls the camera
view with the pedal). The position of the motion sensors is shown in Fig. 2.2(b). Thus all IMU
measurements discussed in the following, are measured for these limbs. The X, Y, and Z directions
for the measurements associated with the IMU sensor is shown in Fig.[2.§] Limb acceleration and

angular velocity were measured using the Shimmer sensors. For each sensor we calculated:

* The mean and standard deviation of the angular velocity in X, Y, and Z directions.

The mean, standard deviation, and maximum of jerk in Z direction.

The mean and standard deviation of the magnitude of the jerk.

The mean and standard deviation of the magnitude of the linear acceleration.

The number of movements using the magnitude of the resultant acceleration calculated as
follows, which was used in each instance of the acceleration measurement to eliminate the

effects due to gravity (Grober et al., 2010).

Anet = sqrt(a)zc + a§ + ag) (2.4)
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Figure 2.8: A standard orientation was selected for all Shimmer sensors to ensure appropriate
computation of various metrics. The sensors were mounted on each subject with the +Y axis
placed proximal on the limb with the base of the sensor mounted medially on the dorsal side of the
limb.

The net acceleration was then smoothed using Gaussian filter with a 0.5 standard devia-
tion (Shenoi, |2005). The peaks in the smoothed net acceleration signal, which indicate an
increase and decrease in the acceleration, count the number of movements (Grober et al.,

2010).

* A jerk cost function (jerk trajectory) was calculated as follows

i (jerke(k)* + jerky(k)* + jerk,(k)?) (2.5)
k=0

where n is the number of samples in the signal.

* Since surgical movements are inherently dynamic, we developed a new heuristic metric, the
maximum of average jerk within 1/8 time intervals of the overall task completion time T (i.e.
T /8). This metric captures the average jerk within a short segment of the overall task.

Physiological Data Metrics

The amplitude of the EMG signal was used to compare subject performance. In order to com-

pare EMG signals, the signal was normalized using the maximum voluntary isometric contraction
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(MVIC) signals (Halaki and Ginn, 2012). After the EMG signal was acquired, DC offset was re-
moved and the signal was rectified and filtered by a non-zero phase lag, third order low-pass But-
terworth filter with a cut-off frequency of 20 Hz to eliminate noise due to motion artifacts (De Luca
et al., 2010)).

The average and variability in the EMG signal gathered from the left and right extensor, right
left flexor and the left pollicis was used to assess whether subjects were relaxed or tense.

The number of events in the GSR signal was calculated from the GSR Shimmer sensors using
Ledalab (Benedek and Kaernbach, [2010a), and it was time averaged for each subject. The standard

deviation of the GSR signal was also calculated.
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2.3.3 Metric Selection

Among all the proposed metrics found for each adjective pair, the best metric associated with each
pair was found using a cross correlation coefficient. The metrics as well as the crowd ratings were
arranged based on the expertise levels, and Pearson correlation was calculated for each proposed
metric associated with each adjective pair, and the relevant crowd ratings. The metrics with the
highest correlations were chosen. The correlation between the crowd ratings and the faculty ratings

for each adjective pair were also calculated.

2.3.4 Metric Normalization

Since the units of the data metrics are different, the range of value that they take are also sig-
nificantly different. This difference in dynamic range can negatively affect the performance of a
classifier. To overcome this problem, for each trial the data metrics were normalized using the

following method

X = (D —min(D))/(max(D) — min(D)) (2.6)

Where D is the array containing data metrics associated to each trial. To minimize the effect of
outliers, Winsorizing was used such that the bottom 5% of values are set equal to the minimum
value in the 5th percentile, and the upper 5% of values are set equal to the maximum value in the

95th percentile.

2.3.5 Metric Evaluation in Distinguishing Expertise Levels

To evaluate the metrics’ ability in distinguishing different levels of expertise, two classifiers were
trained using the chosen metrics. The trained classifiers were used to differentiate expert levels
(expert, fellow, intermediate, or novice) based on the metrics associated with the stylistic behavior

of each subject.
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A Gaussian Naive Bayes classifier was used with the prior probabilities set as class relative frequen-
cies distributions. The distribution parameters of the model are estimated through cross validation
on the training set.

A Naive Bayes classifier is a probabilistic classifier based on conditional probability and Bayes’
theorem. For the space of decision with M classes, the probability that a set of feature vectors

X = X1,X>,...X),, belong to the correct class m; is determined as:
P(m;|X)=P(m;NX)/P(X) (2.7)
Classification is done according to the following rule:
Xem if P(miX)>P(m;|X) forall i
Based on Bayes theorem, equation[2.7)can be written as:
P(m;|X) = P[P(X|m;)P(m;)]/P(X) (2.8)

with the naive assumption of each feature X, being conditionally independent of every other fea-
ture X, for all p # g, this equation can be simplified as discussed in (De Moraes and dos San-
tos Machadol 2007). However this classifier has proven to perform well in spite of the indepen-
dence assumption on the features (Zhang, [2004). In this study, a multi-class Naive Bayes classifier
was trained using the selected features to assess its ability to classify the subjects based on expertise
level.

A SVM classifier with radial basis function (RBF) kernel and parameters (C,y) was also used.
K(u,v) = exp(=Ylu—v|*),y>0 (2.9)

Gamma is the free parameter of the Gaussian radial basis function. C controls the cost of misclas-
sification on the training data. The parameters of the RBF kernel were tuned through a grid-search
on C and Y using cross-validation. Various pairs of (C,7) values were tried and the one with the

best cross-validation accuracy was chosen.
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2.3.6 Cross Validation

Two types of cross validation were performed. The first one was a simple k-fold cross validation
which partitions the data set into k partitions, trains the classifier on k-1 partitions, and tests it on
the remaining partition. This is repeated for every partition. The second method was leave one
user out (LOUO) cross validation in which all data from one user is left out while the classifier is
trained on the remaining users’ data, the trained classifier is then tested on the left out user’s data.

All analysis were done in Matlab.

2.3.7 Results and Discussion
Results of Crowd Assignments

The results of the crowd source rating can be seen in Fig. [2.9(a). This figure shows the mean and
standard deviation of the percentage of the crowd assignments, relating the positive adjective to the
expertise level, for each adjective pair in our lexicon. The percentage was calculated by counting
the total number of times a positive adjective was chosen for a single video and the average was
calculated over all the videos for the particular level of expertise. As indicated by these results,
the crowd assigned the best performance to experts, followed by fellows, then intermediates, and
then novices for all eight pair of adjectives. The mean and standard deviation of the simulator
scores for the subjects, based on their expertise level, is shown in Fig. [2.9(b). As indicated in this
figure, the simulator scores show a similar performance for the expert (mean = 72.37%, standard
deviation = 22.35%) and fellow (mean = 78%, standard deviation = 13.29%), with a slightly better
performance for fellow. The scores associated with the intermediate and novice are in agreement
with the crowd assignments for expertise levels.

Statistical analysis was done on the crowd ratings for each pair of adjectives to identify signifi-
cant difference in terms of expertise level, type of task, repetition, and their interactions. This was

also done on the overall crowd rating, which is the average assignment percentage for each subject
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for all adjective pairs. These results can be seen in Table[2.3] As indicated by the results, although
ratings progressively increased with levels of expertise, differences between experts and fellows,

and between novices and intermediates were not significant. However, significant differences were
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noticed when the expert and fellow levels were combined and compared to the combined interme-
diate and novice levels for almost all of the adjectives. This demonstrates that, to some extent, the
levels of expertise can be distinguished between subjects regardless of the task type or the number
of repetitions. The simulator scores indicated significant difference between the combined expert
and fellow levels compared to the novice level but no significant difference was seen on the inter-
mediate level. This shows that, as opposed to the simulator, the crowd was able to distinguish the

intermediate level from the expert and fellow level.

Correlation Between Crowd Assignments, Data Metrics, and Faculty Ratings

The correlation coefficients between the crowd rating and the proposed data metric for each pair
of adjective, the crowd and faculty ratings, and the data metrics and faculty ratings are indicated
in Table 2.6] In the crowd/metric correlation, a positive correlation shows that a higher value of
the metrics relates to the positive adjective. A negative correlation shows that a lower value of the

metric relates to the positive adjective.
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The metrics that were used for potentially relating to the adjective pair “fluid/viscous” were
the distance traveled calculated from the position sensors, the number of movements and the mean
and standard deviation of angular velocity in the X, Y, and Z direction of the IMU sensors. Among
all these metrics, the mean angular velocity and the number of movements of the right hand showed
best correlation with the crowd (99% and 99%) and faculty ratings (97% and 98%). A higher angu-
lar velocity represents a more fluid movement. As indicated by Fig.[2.10(a), the expert has a better
performance in both “ring and rail” and “suture sponge” tasks, compared to those of the novice
and the intermediate, however fellows’ performances were very similar to experts. In the case of
fellow 2, performance was even better than the experts. For the adjective pair “smooth/rough”,
the potential metrics were the jerk trajectory, and the mean and standard deviation of the normal-
ized linear acceleration of the IMU sensors. The jerk trajectory of the right forearm showed the
highest correlation to the crowd and faculty ratings (-98% and -92% respectively). The minimum
jerk trajectory is associated with smoothest movement. This result is consistent with the literature
which commonly associate a smooth movement with minimum jerk trajectory (Flash and Hogan,
1985]; Balasubramanian et al., 2015). As indicated in Fig. 2.10{b), novices have the highest jerk
trajectory in both tasks and the jerk trajectory decreases as the level of expertise increases. Subject
number 10 which is an intermediate showed a performance similar to that of an expert for this
metric. For the adjective pair “crisp/jittery”, the potential calculated metrics were the mean, max-
imum and standard deviation of the normalized jerk also the jerk in Z direction, and the average
of the maximum jerks in 1/8 completion time of the IMU sensors. The average of maximum jerks
in 1/8 time intervals and the Jerk standard deviation of the right hand equally showed the highest
correlation to the crowd (99% and 99%) and faculty ratings (97% and 96%). The average of the
maximum jerks in 1/8 completion time was greater for crisper movements and associated to higher
levels of expertise (Fig. [2.10(c)). Subjects number 8 and 14 , which were an intermediate and a
novice respectively, showed similar performance to that of an expert in this metric. For the adjec-

tive pair “swift/sluggish”, the task completion time was calculated which showed -99% correlation
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Figure 2.10: Computed data metrics for each task and subject level are shown in (a-h). These
metrics showed the highest correlation with crowd-sourced assignment ratings of the chosen ad-
jectives.

with the crowd and -96% with the faculty ratings. Fig. [2.10(d) shows that the higher the level of
expertise, the less time was taken to complete the task. Subject number 8 which is an intermediate,
had a performance similar to that of a novice. The potential metrics used for the adjective pair
“relaxed/tense” included the mean and standard deviation of the normalized EMG signals. The
mean normalized EMG from the policis showed the highest correlation with the crowd and faculty

rating, both 99%. Fig. [2.10[e) shows that the average normalized EMG is higher for the higher
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levels of expertise almost for all subjects. Subjects number 6 and 7 have similar performance to
that of a novice for this metric. For the adjective pair “calm/anxious”, the standard deviation in
the GSR signal as well as the number of events were calculated and the GSR standard deviation
showed higher correlation, -94% with the crowd and -97% with the faculty ratings. Fig. 2.10(f)
shows that the GSR variability decreases as the level of expertise increase showing a calm appear-
ance of the user for higher levels of expertise. For the adjective pair “deliberate/wavering”, the
mean and standard deviation of the speed from the position sensors were calculated. The average
speed of the right hand showed the highest correlation, 98% with the crowd, and 95 % with the
faculty ratings. Fig.[2.10(g) shows that experts and fellows had similar performance and novices
and intermediates also had similar performance in this metric. For the adjective pair “coordi-
nated/uncoordinated” the differences between the distance traveled by each hand was calculated
and showed a -97% correlation with the crowd and -90% with the faculty ratings (Fig. [2.10(h)).
This difference decreases as the level of expertise increase showing more coordinated movements
for higher expertise levels. Subject number 8, an intermediate, showed similar performance to a
novice for this metric.

The normalized mean and standard deviation of the metrics for the expertise levels, associated
with each adjective in the lexicon is shown in Fig.

The signatures associated with three adjectives are represented in Fig. for better a under-
standing of the relation between the proposed metrics and the expertise levels.

Fig. compares the average and standard deviation of the crowd-source ratings and the
chosen physiological metrics respectively through all trials for all four levels of expertise. Note
that the crowd ratings for each pair of word and its relevant metric is shown on the same plot and
the two ratings track each other. This demonstrated the correlation between the metrics and the
crowd assignments.

Three-way ANOVA tests were performed on the chosen metrics to identify significance in

terms of expertise level, type of task, repetition, and their interactions. Similarly, the ANOVA
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Figure 2.12: Comparison of expert and novice signatures associated with adjectives
(a)“Deliberate”, (b)*“Crisp”, and (c)“Calm”. (a)The experts show few large peaks while the novices
show more smaller peaks. (b)The experts show greater peaks in the jerk signal while the novices
show lower jerk (c) The experts show lower variability in the GSR signal while the novices show
higher variability.

test was done on the overall, or total, average of each data metric for each subject. The results
of the ANOVA can be seen in Table The levels of expertise of expert and fellow were sig-
nificantly different from novice and intermediate for almost all of the adjectives. No significant

difference was seen among the repetitions in all trials. However for some trials the type of task

was significantly different.
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Figure 2.13: Crowd-sourced assignment ratings are shown for each word-pair, with the highest
correlated data metrics overlaid. Ratings and metrics are broken down between the four levels of
expertise: “E:Expert”, “F:Fellow”, “I:Intermediate”, and “N:Novice”.
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Classification Results in K-Fold and LOUO Cross Validation

The performance of the Naive Bayes and SVM classifiers were compared. The validation was
done using 10-fold and LOUO cross validation. Results from the classifications can be seen in
Table [2.8] The classifiers’ performances were evaluated for four different cases: four groups of
expertise; three groups including experts plus fellows, novices, and intermediates; two groups
including experts plus fellows and intermediate plus novices; and finally two groups including
only experts and novices. In both classifiers the success rate was the best when distinguishing
between only experts and novices (for Naive Bayes K-fold: 100+ 0% and LOUO: 974 9%, for
SVM K-fold: 100 + 0 % and LOUO: 94 £ 10 %) and worse for distinguishing among four levels
of expertise (for Naive Bayes K-fold: 89+ 12 % and LOUO: 83+ 15 %, for SVM K-fold: 84 +
11 % and LOUO: 75 £+ 13 %).

Table 2.8: Expertise level classification success rate using metric data

Naive Bayes SVM

10-Fold LOUO 10-Fold LOUO
{EEILN} 89+12% 83+15% 84+11% 75+13%
{EIN} 94+8% 93+12% 86+12% 79+15%
{EEIN} 954+7% 94+14% 90+7% 90+9%
{E,N} 100+£0% 97+£9% 100£0% 94+10%

2.3.8 Summary of Finding Metrics associated with Surgical Styles

In this section, we proposed a framework for objective skill level assessment based on metrics
associated with stylistic behavior. For this purpose, we developed a stylistic behavioral lexicon
based on the six domains described in the Global Evaluative Assessment of Robotic Skills (Goh
et al., 2012). The lexicon was validated through crowd sourced analysis. The crowd ratings were
highly correlated to faculty ratings for the adjective choices. To find quantitative metrics associated

with each stylistic adjective pair, various motion and physiological measurements were gathered,
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and the best metrics were chosen through correlation with the crowd ratings. A classifier was
trained based on the data metrics chosen from the previous step and proved to be able to distinguish

the expertise levels.

2.4 Automatic Surgical Skill Rating Using Stylistic Behavior Components

A gold standard in surgical skill rating and evaluation is direct observation, which a group of ex-
perts rate trainees based on a checklist with a likert scale, by observing their performance during
a surgical task. This method is time and resource intensive. Technical advances have enabled
large amount of data acquisition for evaluation purposes. A vast amount of studies have focused
on surgical skill assessment to replace direct observation which mainly focus on the identification
of novices and experts through quantitative methods; however, very few studies have focused on
automatic ratings of surgical skill based on the global rating skills. The global evaluative assess-
ment of robotic skills (GEARS) consists of six domains which demonstrate the fundamental skills
in robotic surgery (Fig. [I.3). These domains include depth perception, bimanual dexterity, effi-
ciency, autonomy, force sensitivity and robotic control, and can be associated with a scale between
1 and 5, with 1 indicating a poor performance and 5 indicating a high performance. Brown et al.
were among the first to study automatic scoring of a surgeoans skill based on GEARS scores. They
used regression based and classification based methods to train a model using force, acceleration,
and time measurements. These models were used to predict GERAS scores (Brown et al., 2017).
In this section we evaluate our proposed lexicon’s ability to automatically rate robotic surgical
skill, based on the six domains in GEARS. We compare the score predictions using the stylistic
behavior lexicon with the prediction results using features extracted from user kinematic data. This

study was published in (Ershad et al., 2018a))

2.4.1 Methods and Experimental Setup

The Experimental setup for this study is the same as the setup discussed in section|2.3.1
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Feature Extraction

For each trial, the following features were extracted.

24.2

Mean and standard deviation of linear velocity, angular velocity, linear acceleration and Jerk

in X,y, and z direction from the IMU sesnsors.

Mean and standard deviation of the norm of linear velocity, linear acceleration, and Jerk

from the IMU sesnsors.
Jerk trajectory from the IMU sesnsors from Eq. [2.5]as discussed in section [2.3.2]

The maximum of average jerk norm within 1/8 time intervals of the overall task from the

IMU sesnsors.

The distance traveled by the right and left hand, right elbow and shoulder calculated as the

sum of Euclidean distances between sample points (Anderson et al.,|[2012), from Eq.
The difference in distance traveled by both hands.

The number of movements in right and left hand obtained from Eq. as discussed in
section[2.3.2]

Predicting GEARS Scores

Two methods were compared to predict the GEARS scores. The first method tests our proposed

lexicon in their ability to predict GEARS scores. For each domain in GEARS, a regression learner

was trained using the crowd ratings for the words in the lexicon. Prior to training the regres-

sion learner, adjective selection was performed using stepwise regression. This was performed

separately for each of the five GEARS domains. Faculty ratings of the videos based on GEARS

provided a gold standard for the regression algorithm. We used leave one user out (LOUO) cross

validation for model tuning and testing. In this method, all data from one user is left out while
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the classifier is trained on the remaining users’ data, the trained classifier is then tested on the left
out-user’s data.

The second model uses the features extracted from the kinematic data gathered from sensors
for the prediction. A similar approach was used here. Stepwise regression was used to select
kinematic features for each domain in GEARS separately. A regression learner model was trained
using the selected features for each domain separately and LOUO was used for model tuning and

testing. The results from the two methods were compared.

2.4.3 Results

The average score for each subject was calculated through all trials from the same subject. The
developed regression models were used to predict the GEARS scores. Since GEARS scores are
integer numbers, the values were rounded. Fig. shows the gold standard and predicted scores
(between 1-5) for both regression models for 10 different test sets for each domain in GEARS.
The developed regression models were used to predict the GEARS scores. The mean and standard
deviation of prediction accuracy for the regression learner model using the kinematic data as well
as the stylistic behavior lexicon is indicated in Table The results show that both regression
models are in agreement with the faculty ratings for all domains, with a slightly better performance
for the regression learner model trained using the kinematic data, for all of the domains in GEARS
except for "Robot control”. This might be due to the fact that the extracted kinematic features do
not fully represent this skill and the lexicon is more successful in capturing the information that
the crowd raters grasp from observing the use’s movements.

The kinematic model average precision was above 70 % for all all domains, and the stylistic
behavior model average precision was above 69 % for all domains. The highest prediction accuracy
from the kinematic data model was obtained for the “Efficiency” domain at 89 £ 11 % and the
lowest was obtained for the "Robot control” domain at 70 £ 16%. For the stylistic behavior

model, the highest accuracy was obtained for the domain “Efficiency” at 86 + 16%, and the lowest
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Figure 2.14: Regression learner GEARS predictions (a score between 1-5), for 10 different test sets. Blue
circles indicate the ratings from the faculty experts, black x’s are the predicted scores from the regression
learner model trained using the features extracted from the kinematic data, and red squares are predicted
scores from the regression learner model trained using the stylistic behavior lexicon.

was obtained for the ”Autonomy” domain at 69 + 13. The performance of both models were good;
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Table 2.9: LOUO Corss-Validation Accuracy in predicting GEARS Scores

GEARS scores Prediction Accuracy GEARS scores Prediction Accuracy

GEARS Domain Using Kinematic Data Using Stylistic behavior lexicon
Depth Perception 84 +5% 78 £ 14%
Bimanual dexterity 88 £ 23% 77+ 18 %
Efficiency 89 £ 11% 86 £ 16%
Force Sensitivity 80 + 14% 72 £ 10%
Autonomy 81 £ 8% 69 + 13%
Robot Contorl 70 + 16% 74 +21%

however, the models performed better in some domains compared to the others. This suggests that

each individual skill is associated with unique quantitative and qualitative metrics.

2.4.4 Summary of Automatic Surgical Skill Rating Using Stylistic Behavior Components

In this section we evaluated our stylistic behavior lexicon in their ability to predict the GEARS
scores. For each domain in GEARS, we trained one regression learner model using the stylistic
behavior lexicon and one using the features extracted from user’s kinematic data. The results show
that the prediction scores in both cases are in agreement with the gold standard faculty ratings.
This study contains preliminary results indicating that the stylistic behavior lexicon and features
extracted form user motion can be used for automatic rating of surgical skill. Thus, alleviating the

need for direct observation by a team of experts to rate a trainee’s performance.

2.5 Conclusion

We have proposed a novel method for surgical skill assessment using semantic labels. These labels
will be the basis of a future automated coaching system. We hope to extend these methods to
other aspects of surgical training, such as: open and laparoscopic skills, team dynamics, patient

interactions, and professionalism.
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Metrics associated with the semantic labels were calculated from kinematic and physiological
measurements; however, the metrics were selected using a time-consuming process of estimating
and extracting features. The kinematic and physiological metrics selected might not completely
capture the rich information available in these data channels. To overcome these limitations, the
next chapter will focus on automatic feature extraction using data driven models which are fed
with the higher dimensional raw data to learn the effective features.

This study was carried out on a robotic simulator; however, the simulated environment may
not fully represent actual surgical environment and subjects might not be as engaged with the sim-
ulation exercise when compared to interaction with a physical robot. In future work, we will study
subjects by implementing our proposed method on a da Vinci® robot and will evaluate different
forms of stylistic feedback to the user including visual, haptic, and verbal cues. Finally, the meth-
ods proposed in this chapter might be relevant to other training domains, such as rehabilitation or

sports coaching.
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CHAPTER 3

AUTOMATIC REAL-TIME SKILL LEVEL AND STYLISTIC BEHAVIOR DETECTION
3.1 Introduction

Automatic skill evaluation is of great importance in surgical robotic training. Machine learning
and data driven features play an important role in automating the assessment. A key step in au-
tomation using machine learning is to be able to extract meaningful information from the recorded
data. Simulators record large amount of movement data which provide rich source of information;
however, kinematic data is highly redundant thus, extracting useful information for a better repre-
sentation is essential. Several dimensionality reduction and feature extraction methods have been
proposed to reduce the redundancy in kinematic data and provide an efficient representation. One
widely used method for this purpose is dictionary learning methods. Dictionaries are a set of basis
vectors that can be used for a new representation of a data set which can bring out features that
are not identifiable in the raw representation of the data. Principle component analysis (PCA) is
a transformation technique that allows learning a complete dictionary (set of basis vectors). PCA
is widely used for feature extraction in human motion analysis and activity recognition (Jeppsson,
2017; |Yong et al., 2013; Jarque-Bou et al., 2019; Mollazadeh et al., [2014; /Ali and Shah, 2008;
Milovanovi¢ and Popovic, [2012). It finds the direction of maximum variance in the data set and
projects the data onto the new subspace of maximum variance components with orthogonal axes.
Human motion is constrained by body dynamics and lies in low dimensional manifolds (Scholz and
Schoner, 1999; |Latash et al., 2002); thus, it can be encoded by sparsity through an over-complete
dictionary. One advantage of using an over-complete set of basis vectors is its ability to better
extract underlying information from the data set. Dictionary learning and sparse coding has been
used for human activity recognition (Bhattacharya et al., 2014; Johnson and Ballard, |2014). In this
chapter, we use sparse coding for detecting the quality of movement based on styles of movement.

Extensive research has been done to automatically evaluate surgical skill as discussed in sec-

tion These methods, while providing great results in differentiating expertise levels, do not
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provide any information to the user on how to modify movement to improve performance. Being
able to detect the differences in the way a novice moves vs. the way an expert moves, can help
provide meaningful feedback to the novice on how to move differently and thus improve results.

In the previous chapter, we leveraged the fact that skill assessment can be done by simple in-
tuition, and introduced a novel concept of distinguishing expertise levels based on user’s stylistic
behavior which is visible in the movement while performing a task. The stylistic behavior of a sub-
ject can represent the ease, efficacy, and expertise with which an individual executes some complex
manipulation task. To capture some of these behaviors in robotic surgery, we previously developed
a lexicon of positive and negative stylistic descriptors (Table [2.3). We showed that the style of
movement defines the user’s skill level and is easily distinguishable by non-expert observers. We
also proposed some metrics associated with each stylistic behavior, and studied the effectiveness
of these metrics in skill level assessment. The metrics were extracted from multiple kinematic
and physiological measurements including position, linear velocity, angular velocity, linear ac-
celeration, electromyography (EMG), and galvanic skin response (GSR). This required extensive
expert knowledge to select a limited number of metrics. Feature learning from the raw kinematic
data, as opposed to knowledge-based feature extraction, can infer important latent information and
eliminate limitations of human selected features.

In this chapter we aim to eliminate metric extraction, and detect the quality of performance
based on each style automatically. We first test some automatic feature extraction methods in their
effectiveness in distinguishing different expertise levels. Then we aim to automatically identify
user’s performance based on their stylistic behavior. We propose a method that automatically
captures underlying structures in raw movement data in near real time, while eliminating the need
for complex feature engineering and expert knowledge for extracting metrics as discussed in the
previous chapter. We propose a dictionary learning method to find basis vectors which can uncover
hidden underlying structures in raw kinematic data to model stylistic behavior. For each stylistic

behavior adjective, first a codebook is learned. Then, feature extraction is done using the learned
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codebook. These features are used to train a classifier which is then evaluated and tested for

performance.

3.2 Surgical Skill Level Assessment using Automatic Feature Extraction Methods

Automatic feature extraction methods can make use of the whole kinematic data set instead of con-
sidering limited features selected by expert knowledge. Feature learning from sequential kinematic
data for the purpose of human activity recognition has been studied in various applications and has
proven to be efficient in activity recognition from motion sensors (Bhattacharya et al., 2014; Mazilu
et al., [2013). These methods reveal meaningful information in the data without requiring explicit
domain-based knowledge, and can be used to extract a reduced subset of new features from the
original high-dimensional data and discover unknown patterns form low-level sensor data.

Inspired by studies in human activity recognition and to deal with feature redundancy in kine-
matic data, we aim to study the effectiveness of three automatic feature extraction methods, which
provide high quality discriminant features, in detecting underlying information from time-series
kinematic data in distinguishing different surgical expertise levels. These methods include prin-
ciple component analysis (PCA), independent component analysis (ICA), and linear discriminant
analysis (LDA). All three methods are linear transformation techniques which reduce the dimen-
sion of the original input data. PCA aims to eliminate the information redundancy. ICA estimates
components as statistically independent as possible. LDA improves the separability of samples in
the subspace.

These automatic feature extraction methods are used to extract a reduced subset of new features
from the original high dimensional raw data and discover unknown pattern form low-level sensor
data.

The resulting features are used as input to four different classifiers to evaluate the ability of
classification based on these features. In addition, for the purpose of real-time user proficiency

level detection, the minimal time interval for accurate classification of skill levels is studied. This
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is an important parameter for the development of future feedback methods in surgical training.

This study was published in (Ershad et al., 2018))

3.2.1 Experiment Setup

In this study, the position data recorded form EM trackers (trakSTAR, Model 180 sensors, North-
ern Digital Inc., Ontario, Canada) at a sampling rate of 256 Hz. was used from the experiment
setup discussed in section [2.3.1] The movement of the shoulder, elbow, and wrist from the dom-
inant hand and positions from both hands in X, y, and z directions (15 measurements total) were
recorded. 14 subjects including four experts (practicing robotic surgical faculty), three fellows
(surgical fellows post residency), three intermediates (PGY-4 surgical residents), and four novices
(medical students) were recruited to perform two simulated tasks (suture sponge and ring and rail)

on the da Vinci® Skills Simulator™ .

3.2.2 Kinematic Data Windowing and Real-Time Evaluation

For the purpose of detecting and correcting trainees’ stylistic behavior during the performance
of a task, as opposed to providing feedback about their performance at the end of the task, we
considered feature detection on intervals of the acquired kinematic signals while performing a
task. For each trial, the kinematic data were normalized and windowed. To avoid significant
ringing from the windowing process we applied a Hanning envelope along the time dimension of
each window so that movements could be decomposed into overlapping windows. Different sizes
of time intervals were considered including: 0.04 s (10 samples), 0.25 s (64 samples), 0.4 s (100
samples), 1 s (256 samples), 2 s (512 samples), for the purpose of finding the minimal time interval
for real-time detection and control. 15 position measurements for each sample was considered
and arranged in n-dimensional vectors where n = 15 X num.samples = 150,960, 1500, 3840, 7680,
respectively, for each chosen time frame. The minimal window size which could accurately predict

user stylistic behavior was suggested. Specifically, we considered measurements of the form x; €
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R", where x; is a vector containing all measurements within the ith frame and n is the length of the

frame, i.e., the unlabeled measurements are represented as the set X = {x,x2,...,x;}, x; € R"

3.2.3 Feature Extraction Methods

To deal with feature redundancy in kinematic data, feature extraction methods were used which
provide high quality discriminant features. The data was separated into two groups of train and test
data sets. The training data includes data from each of the four expertise levels. Each of the feature
reduction methods (PCA, ICA, LDA) were applied on the whole training data matrix, obtained by
arranging all the n-dimensional vectors in the training set. This yields a transformation matrix,
which was then applied on the test data to get the test data on the same feature space as the training

data.

3.2.4 Classification and Cross-Validation

Four classifiers including Naive Bayes, Support Vector Machine (SVM), Nearest Neighbor (NN),
and Decision Tree were used to evaluate the performance of the extracted features, in distinguishing
among different levels of expertise. Performance of the classification methods was examined using

a 10-fold cross validation.

3.2.5 Results and Discussion
Feature Extraction and Classification Results

Figure shows the cumulative variance explained results of PCA. As indicated by the figure,
the first 15 principle. components account for more than 95% of the variance. Thus, resulting
in reduction of feature size from 900 to 15 features. The results of a 10-fold cross validation for
four classification methods for each of the feature extraction methods are shown in Table 3.1l The
results indicate that PCA features, in combination with the SVM classifier, are most effective in

classifying among expertise levels from arm joints and hand position data.
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Figure 3.1: Variance explained of all principal components.

Table 3.1: Classification Success Rate

Classifier

SVM Nearest Neighbor | Decision Tree Nave Bayes
Feature
Extraction
PCA 98 +0.21% 97 £+ 0.40% 88 £0.71 % 65 + 0.67 %
ICA 88 £ 0.38% 74 £ 1.12% 65 £ 0.80% 54 £ 1.94%
LDA 43 +£0.33% 63 + 1.49% 58 + 1.74% 64 £+ 1.04%

3.2.6 Classification Results for Different Time Intervals

Figure [3.2] compares the SVM classification accuracy for PCA features in different time intervals.

This shows that the highest accuracy is achieved in 0.25 sec with 64 samples.

3.2.7 Summary of Surgical Skill Level Assessment using Automatic Feature Extraction

Methods

We proposed a method for detecting user’s surgical proficiency level, within short time intervals.
We studied the effectiveness of three feature extraction methods from hand position movements

during two robotic surgical training tasks, for the purpose of finding underlying patterns in kine-
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Figure 3.2: SVM classification for PCA for different number of samples.

matic movement data to distinguish among different expertise levels. The results indicate that
among the three feature extraction methods studied, PCA is the most effective. This implies that
the redundancy in kinematic data can be removed by PCA features which extract linearly uncor-
related features from the original low-level data set. Also, PCA features are able extract useful
underlying information from kinematic data for distinguishing trainee’s proficiency level. The
minimal time frame size for accurately classifying different expertise levels using PCA features
has also been studied. Automatic feature extraction using windowed kinematic data can be useful
in real-time assessment of skill level for the purpose of real-time feedback and customized training

in simulator based training.

3.3 Automatic and Near Real-time Stylistic Behavior Assessment in Robotic Surgery

In this section, we aim to automatically identify users’ performance based on their stylistic behav-

ior in near-real-time without the requiring expert knowledge feature extraction.
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For this purpose, we first leverage the time and resource efficiency of crowd-sourcing in eval-
uating surgical videos based on our proposed lexicon(Table [2.3). Then, we use this data to train
multiple models, each representing one of the stylistic behavior pairs. The models are learned
from the raw kinematic data through sparse dictionary learning, a method which represents the in-
put data as a linear combination of a set of basis vectors. This new representation of the data makes
the problem of classification easier. Using short time intervals enables near-real-time error detec-
tion, which could identify deficiencies in the movement as soon as they appear. This also leads to
feedback methods during training, rather than the more traditional methods of post-task feedback.
Assessing surgical skill based on the style of movement can also help provide customized feedback
aimed at training to mastery of a task, not merely proficiency. This study was published in (Ershad

et al., 2018b).

3.3.1 Method Overview

An overview of our stylistic behavior detection method is shown in Fig. After collecting
the data, we reduce the dimensionality of the kinematic data using PCA. Then, a set of basis
vectors that capture characteristic patterns of user’s movement are found. These vectors enable
transforming sensor data to the feature space spanned by the basis vectors in the codebook. Once
the basis vectors are learned, the training data is used to find the sparse codes (coefficients of the
basis vectors) which are then used to train a classifier. After training the classifier, the stylistic
behavior in new sensor movement recordings can be recognized by transforming the new data into
the same feature space and applying the learned classifier. Detailed discussion for each step is

provided here.

3.3.2 Dimensionality Reduction

Time series sensor data, which in our experiment corresponds to 3D position data, is used in

this study. To remove redundancy in kinematic data, and thus reduce the computation time and
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Figure 3.3: Proposed algorithm for one stylistic behavior adjective: Feature reduction using PCA is applied
on each frame of the raw kinematic data. A codebook is obtained using this feature reduced kinematic
dataset. This codebook is used to extract sparse features, which are then used to train a classifier. The raw
test data goes through the same feature reduction and basis vector transformation process.

complexity, PCA is used. PCA has been widely used for dimensionality reduction in kinematic
data, which provides a linearly uncorrelated set of basis vectors that reduce correlation in the
dataset, while preserving variability (E1 Moudden et al., [2016; Karg et al., |2009; Ershad et al.,
2018b; Kirkwood et al., 2011; Milovanovi¢ and Popovic, [2012). We apply PCA on the training

data to find a reduced dimension feature space. The test data is also transformed to the same feature

space.

3.3.3 Codebook Learning

Predefined dictionaries are widely used in signal decomposition (Mallat, 1989; Dhamala et al.,
2008); however, designing and adapting a dictionary based on a desired dataset better captures
complexities and latent structures in the data (Hoyer, 2002). In this study, a set of over-complete
basis vectors are learned from the sensor data. The new representation of the data, based on
the learned basis vector, is sparse which means that there are few non-zero components in the

representation.
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To represent the good or poor performance of each stylistic behavior adjective, a codebook is
learned from the kinematic data. Two types of basis vector sets are learned for the negative (Dy)
and positive ( Dp) performance of each adjective pair. The total codebook D,y = {Dp,Dn} is
then the concatenation of these two separate basis vector sets, which is used to find the sparse
codes in each time frame (Wright et al., 2009). The positive and negative labels used for learning
the codebook are obtained through crowd-sourced ratings for each trial. This method is further dis-
cussed in Section (3.4} Once the over-complete codebook is constructed, any input sensor recording

can be represented as a linear combination of the basis vectors in the codebook:
n
T =Y wid; (3.1)
i=i

where T is the input signal, n is the number of basis vectors in the codebook, w;s are the sparse

code coefficients, and d;s are the basis vectors. The codebook learning problem is to optimize:

k
min Y. ||T; — Dwi| |5 + Al wil | (3.2)
i=1

which contains two problems: 1) finding the codebook D = djy,...,d, such that the reconstructed
signal Dw; is as similar as possible to the original signal 7; (i.e., ||T; — Dw;|| is minimum), 2) finding
the activation coefficients W = wy,...,wy, such that they are sparse. The parameter A controls the
trade off between these two constraints. To learn the codebook, we used the K-SVD algorithm
which is an iterative method that alternates between the two processes mentioned above (Aharon
et al., 2006). The over-complete codebook enables better capturing of the underlying structures in
the data compared to complete codebooks (i.e., PCA). The sparsity results in a small subset of the

over-complete basis vectors to be activated; thus, resulting in a reduced computational complexity.

3.3.4 Feature Representation and Classification

Once the codebook has been learned (D;yq; = {D1,D5}), sparse codes for the reduced feature
training dataset are calculated by optimizing the following equation using the LARS-Lasso algo-

rithm (Efron et al., 2004)).

Nz :argmin||T,-—Dmmlwi||%+7t||wi||1 (3.3)
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To find the sparse codes for a new set of measurements, the reduced feature dataset is mapped to
the space represented by the basis vectors in the codebook, and the set of sparse coefficients, W;,
is calculated. The sparse codes from the training set are used to train a classifier for each of the

stylistic adjectives.

3.4 Experimental Study

3.4.1 Data Collection

The subject recruitment and simulated tasks used in this experiment are similar to those described
in the previous chapter discussed in detail in Section[2.3.1] The raw kinematic movement data were
obtained from positions of the shoulder, elbow, and wrist from the dominant arm, and positions
from both hands in x, y, and z directions (15 measurements total). Wrist, elbow, and shoulder
joints are shown to be effective in arm posture analysis in robotic surgery (Nisky et al., 2013).
Hand motion data has also been the primary data set for surgical skill evaluation (Datta et al.,
2002, 20015 Smith et al., 2002; Hayter et al.,|2009; Darzi and Mackay, |2001). The positions of the
shoulder, wrist, and hands were measured directly using EM trackers at a sampling rate of 256 Hz;
however; due to metallic interference from the armrest on elbow measurements, the elbow position
was estimated using measured shoulder and wrist positions (Nisky et al.,[2014).

The sensor positioning is shown in Fig. [3.4] Videos were also recorded for crowd-source
assessment. The crowd assessment of the videos is described in detail in in the previous chapter
in section Robotic Operating System (ROS) was used for synchronizing the data collected
from the cameras and the EM trackers.

Two datasets are important in this study: (1) ground-truth stylistic behavior labels and (2) the
raw kinematic data for learning. The ground-truth labels were obtained through crowd-sourced

assessments. A positive label was assigned to a trial if it was rated as positive by more than or
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Shoulder

Figure 3.4: Sensor Positioning: Human subject conducted simulated tasks using the da Vinci Standalone
Simulator while wearing an electromagnet tracker
equal to 50% of the crowd-workers and a negative label was assigned if it was rated as positive by

less than 50% of the crowd-workers.

3.4.2 Data Pre-Processing

Frame extraction

For each trial, the sensor data were normalized and windowed into small time intervals of 0.25 s.
Each data frame containing 64 samples for 15 signal measurements (X, Y, and Z positions for each
of the five electromagnet trackers) was arranged into a 960 dimension vector. To avoid significant
ringing from the windowing process, we applied a Hanning envelope along the time dimension
of each window so that movements could be decomposed into overlapping windows. Using short

time intervals enables near real-time stylistic behavior recognition.
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Dimensionality Reduction

For the training data, PCA was applied on the whole training data matrix that was obtained by
arranging all the 960-dimensional vectors in the training set into the matrix. This provides a trans-
formation matrix which is used to project the test data frames onto the same space as the training
dataset. Input frames of position readings are projected onto the linear PCA subspace, that retains
at least 95% variance of the data resulting in significant reduction in dimension size form 960
to 15-dimensional data vectors. Removing the correlations among the position data within each

window improves the coding process in sparse coding.

3.4.3 Codebook Learning and Sparse-Code Feature Extraction

Based on the dictionary learning method for recognizing stylistic behavior, as described in sec-
tion [3.3.3] we derived a codebook of basis vectors from the training dataset. We used the crowd-
sourced ratings of positive or negative performance of each adjective as labels for each trial to
capture the stylistic behavior characteristics in the sensor measurements. Eight different code-
books were learned, one for each adjective pair. The positive and negative codebook learned for
one stylistic behavior (Fluid/Viscous) is shown in Fig.[3.5] Once the codebooks were learned us-
ing the training dataset, new frames of input data were projected onto these set of basis vectors
and the sparse codes for each codebook was obtained using the sparse coding method explained
in section [3.3.4] The new representation of the input signal using the learned over-complete code-
book is sparse. For a trial labeled with positive performance for a specific adjective, the sparse
code representation of that signal indicates most non-zero coefficients for the positive basis vector
(Dp), and for the trial labeled with negative performance, the negative basis vector (Dy) contains
most non-zero coefficients. The coefficients of the codebook for two randomly chosen positive and

negative trials of one adjective pair (Fluid/Viscous) are shown in Fig.
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Figure 3.5: Examples of dictionaries learned from two trials. Plot (a) shows a the basis vectors
learned from a positive performance. Plot (b) shows a the basis vectors learned from a negative
performance. The dictionary used in this study includes 50 basis vectors for each of the two types
of positive and negative performances. The total code book is the concatenation of these two
dictionaries with 100 basis vectors.
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Figure 3.6: Examples of sparse codes from two trials. D;_sqg are the basis vectors related to the
positive performance, and Ds;_1qg are the basis vectors related to a negative performance. Plot (a)
shows a trial with positive performance and has most non-zero coefficients for the first 50 basis
vectors. Plot (b) shows a trial with negative performance and has most non-zero coefficients for

the second 50 basis vectors.

3.4.4 C(lassification

A Support Vector Machine (SVM) classifier was trained for each of the stylistic behavior adjectives
using the training data. We considered radial basis functions (RBF) as the Kernel function of
the SVM classifiers. The optimal parameters of RBF kernal (C and y) were tuned using a grid

search through 10-fold cross validation. The C parameter controls the trade off between a smooth
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decision boundary and the classification accuracy, and the y parameter is the inverse of the standard
deviation of the RBF kernel (Gaussian function). Various values of (C and y) were tested and the
one with the highest cross validation accuracy was selected. The trained classifier was then used

to evaluate stylistic behavior performance for the test dataset.

3.5 Results and Discussion

3.5.1 Dimensionality Reduction

The cumulative variance results of PCA is shown in Fig. The first 15 principal components
account for more than 95% of the variance. Thus, resulting in reduction of feature size from 960
to 15 features. Finding sparse features for the reduced dimension dataset is more time efficient
compared to obtaining features for the original dataset. This enables feature extraction in real-

time.
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Figure 3.7: Variance explained of all principal components
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3.5.2 CodeBook Size

For our sparse coding approach, we studied the effectiveness of different codebook sizes on the
classification results. An example of the changes in classification accuracy by changing the number
of basis vectors in the codebook for one stylistic behavior is shown in Fig. [3.8(a). Codebook sizes
(i.e., number of basis vectors) of 50, 100, 200, 300 were considered.

By increasing the codebook size form 50 to 100 the classification accuracy changes from 89.51
+ 3.82 % to 91.05 + 4.02 %, and the computational time changes from 50.14 s to 55.42 s. How-
ever, further increasing the size of the codebook does not show significant improvement in the
performance of the classification (91.05 + 4.02 % to 91.45 4+ 3.55 %, and 91.77 + 3.33 % ),
but significantly increases the computational time (50.14 s to 81.17 s, and 121.40 s) as shown in

Fig. b). Thus, we chose n = 100 for the number of basis vectors used in the codebook.

3.5.3 C(lassification Performance

Table [3.2] shows the classification accuracy on the test data for each stylistic behavior adjective.
Three classifier models using three different datasets (raw data, PCA features, PCA + sparse
coding features) were trained and tested for each stylistic behavior adjective. The results indicate
improved performance when using sparse coding with PCA features compared to only using PCA
features, or raw data. Our proposed method shows a mean improvement ranging from 18.7% -
68.5% increase in classification accuracy compared to using raw data, and a mean improvement

ranging from 1.35 % - 20.59 % increase compared to using PCA feature.
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Figure 3.8: Tradeoff between classification accuracy and time taken to learn codebooks for dif-
ferent number of basis vectors in the codesbook. The classification accuracy increases with the
number of codebooks; however, by increasing the number of basis vectors above n=100, very little
increase in accuracy (0.4% (a)) is acquired at a significant increase in computational time (46%
(b)). Thus, n=100 is chosen as the optimum number of basis vectors.
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3.6 Conclusion

In this study, we proposed an automatic and near real-time frame-work for recognizing the quality
of stylistic behavior performance in surgical skill. Our approach eliminates the time consuming
feature engineering process which requires domain-specific knowledge. For this purpose, we used
machine learning and data driven feature extraction methods. For each stylistic adjective, a code-
book consisting of basis vectors for the positive and negative performance in short-time intervals
was built using the kinematic data and crowd-source assessment. This codebook provides a sparse
representation of the data as a linear combination of the basis vectors. The advantage of this method
is that the dictionary was inferred from the raw input data as opposed to predefined dictionaries
(i.e., wavelet or Fourier transforms) which are not adapted to a specific dataset. In addition, the
sparsity of the new data representation reduces the computational complexity. The sparse codes
(coefficient of the basis vectors) were then used to train a classifier to recognize positive or negative
stylistic behavior performance. We used short-time intervals (0.25 s) in this study thus enabling
the recognition of quality of performance and as a result, the detection of deficiency in the style of
movement in near real-time.

The most time-consuming aspect of this method is building the codebook; however, this does
not need to be done in real-time, and once the codebok is learned the sparse coding can be done in
real-time. The time needed for constructing the codebook depends on the number of basis vectors
in the codebook, the window size, and number of samples in the window. For reducing the time
and complexity of building the codebook, we used PCA to reduce the dimensionality of the data
by removing redundancy in the data.

This study used position measurements from users’ limbs while performing a task on the da
Vinci® Skills Simulator™ . Future studies will focus on applying the proposed method to data from
robot joints and end effectors and integrating it with a da Vinci Research Kit (dVRK) (Kazanzides
et al., 2014) to be able to detect the poor performance without body-worn sensors and eventually

provide trainees with relevant feedback to improve performance.
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In the next chapter we will use the near-real-time stylistic behavior detection method proposed
in this chapter to detect the deficiencies in movement as soon as they appear and apply feedback

associated with the descriptors to help correct movement styles
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CHAPTER 4
ADAPTIVE SURGICAL ROBOTIC TRAINING USING REAL-TIME STYLISTIC
BEHAVIOR FEEDBACK THROUGH HAPTIC CUES

4.1 Introduction

Surgical outcomes are highly dependent on surgeon skill levels. Efficient training that provides
trainees with appropriate feedback and assists them to achieve expert-like performance is critical
for mastering technical skills in surgery, as well as achieving successful outcomes for the procedure
and the patient (Curry et al., 2012). Traditional methods in surgical training typically involve
an expert observing and evaluating a trainee’s performance in simulated surgical tasks or in the
operating room, and providing feedback to the trainee on how to improve performance (Cameron,
1997). Automating skill assessment can alleviate the time intensiveness and subjectiveness of these
methods; however, finding an effective and efficient feedback method, which is intuitive and easy
for the user to understand, is crucial (Hoffman et al., 2015).

For patient-free and more objective training environments, virtual reality (VR) simulators have
begun to find their way into surgical training (Gallagher et al., [2005; [Badash et al., [2016). Sim-
ulators provide factual and quantitative data to the the human user after the completion of each
simulated task, such as number of instrument collisions, time to complete the task, and the num-
ber of missed targets. These data indicate the success rate of the trainee but do not necessarily
provide them with more meaningful feedback on how to modify their movements to improve per-
formance (Sewell et al., 2008)).

An ongoing advancement in surgical simulators is to provide the trainee with real-time feed-
back based on a deficiency in their performance. Errors are computed from the users interaction
with the virtual environment and feedback is provided to the user to improve results. Haptic feed-
back has been widely used for training purposes in simulators (Pezzementi et al., 2008} Halabi
et al., 2013} Ko et al., 2017; Luo et al., 2016); however, the feedback is very task-dependent and,

to our knowledge, does not provide any feedback related to the style of movements.
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Adaptive training is beginning to be explored in virtual reality surgical simulators, developed
with the idea that providing relevant and customized training tasks and and feedback to trainees,
based on individual strengths and weaknesses, could enhance learning outcomes. The large amount
of data recorded and stored by VR simulators enables data-driven analysis and automatic perfor-
mance evaluation. This enables adaptive training based on each individual’s needs (Vaughan et al.,
2016). An example of an adaptive robotic surgical training is presented in (Mariani et al., 2018)).
This study compares training with adaptive curriculum to self-managed training and shows signifi-
cant improvement in performance and learning skill using an adaptive framework. However, these
performance assessment and adaptive feedback methods are largely task-dependent, which limit
the generalizability of these approaches.

In this section, we propose a framework to provide task-independent stylistic feedback to the
human user during movement-based or surgical training tasks to provide the user with a more
intuitive and global understanding of their stylistic deficiencies. We designed, implemented, and
evaluated an adaptive training method composed of the following elements: (1) Our proposed
framework first evaluates the user’s stylistic behavior performance in near-real-time and detects
deficiencies in some movement styles as discussed in chapter 3] (2) Next, it provides the user
with haptic cues to modify movement to improve performance. A secondary aim of this study is
to evaluate the effectiveness of three common types of haptic feedback, namely, spring, damping,
and spring-damping feedback that is computed from prior user positions and velocities.

This chapter is structured as follows. In section |4.2| our proposed stylistic assessment and
feedback method is discussed in detail. It includes a deficiency detection phase and a feedback
applying phase. A deficiency in style is detected from user hand position and velocity data, by
comparing to expert style for a variety of stylistic adjectives. Then, the user is provided with either
spring, damping, or spring-damping force feedback, depending on their randomized assignment
of our feedback groups. We evaluate the effectiveness of our adaptive stylistic force feedback

using both performance metrics as well as stylistic changes over the duration of the experimental
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study. Section describes the experiment design and tools used to conduct the experiment. In
section [4.4] we present the results of the proposed training method, and discuss the effect of the
different types force feedback on styles of movement. Section [.5] concludes this chapter and
suggests the future research in this field. This study was submitted to and is under review in IEEE

Transactions on Haptics.

4.2 Methods

Our goal is to improve robot assisted training to help achieve mastery in surgical robotics. For
this purpose, we aim to (1) introduce a customized framework in which each individual is pro-
vided training based on his/her stylistic deficiencies, (2) provide the trainee with feedback in a
timely manner and in near-real-time, (3) introduce a generalizable and task-independent frame-
work which evaluates performance based on the user’s style of movement, and (4) develop a more
understandable and intuitive way to communicate with the user on how to modify movement to
improve performance.

A systematic framework for recognizing the quality of movement through stylistic behavior
and applying appropriate feedback for correcting the style was developed using a human machine
interface (i.e., a haptic device) and a simulated task. Fig j4.1] shows the block diagram of the

proposed method.

4.2.1 Surgical Skill Assessment Using Stylistic Behavior

In Chapter 2] we presented a novel surgical skill assessment method based on the surgeon’s stylistic
behavior. We proposed a lexicon of surgical styles through collaboration with expert surgeons
(Table [2.3), and evaluated the ability of stylistic descriptors to differentiate different expertise
levels using metrics correlated to crowd-sourced assessments of surgical style in training videos.
In Chapter [3) we proposed an automatic method for detecting the quality of performance, based

on these behavioral styles and within 0.25 seconds of movement. In this chapter, we design and
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Figure 4.1: System Block Diagram: The human user interacts with a haptic device and the sim-
ulation environment (a). In advance of the experiment, training movement data is used to learn
a dictionary of stylistic feature codes and a classifier is generated to predict stylistic deficiencies
in near-real-time (Ershad et al., 2019) (b). During the experiment, each frame of data from hap-
tic device kinematic measurements is represented into stylistic behaviors by projecting it on the
learned dictionary (c). The quality of the users style is detected using a classifier which takes the
coefficients of the new representation of the data as an input (d). Finally, force feedback is pro-
vided to the user if negative performance is detected. Three different types of feedback forces were
evaluated in this study for their effectiveness in improving user style, including spring, damping,
and spring damping feedback, computed from prior user positions and velocities (e).

test a framework for automatically detecting the deficiency in movement styles in near-real-time,
and examine the effect of three different types of force feedback (spring, damping, spring and

damping) on six different styles of movement (Table [4.1).

Table 4.1: Lexicon of Stylistic Behavior

Positive Adjective Negative Adjective

Fluid Viscous
Smooth Rough

Crisp Jittery

Relaxed Tense
Deliberate Wavering
Coordinated Uncoordinated
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4.2.2 Data Acquisition

The Geomagic Touch haptic device (3D Systems, Rock Hill, SC) was used in this study. This
device allows for 3-degree-of-freedom force feedback and 6-degree-of-freedom sensing. It is used
to both provide the user with the desired movement tasks, as well as force feedback guidance
cues based on stylistic deficiencies. Position, and linear and angular velocity measurements were
recorded from the stylus of the haptic device at a frequency of 256 Hz. To enable near-real-time
performance, stylistic detection was performed on every frame of 30 samples of incoming data

(representing 0.12 seconds).

4.2.3 Detecting Deficiencies in Stylistic Behavior

The stylistic behavior performance was detected using the method described in Chapter [2| For

clarity, we briefly summarize the method here.

Dictionary Training and Classifier Model Training

For each stylistic behavior, a dictionary containing the basis vectors for the good and bad per-
formance is created using the kinematic data from the right hand manipulator of da Vinici skill
simulator from the JIGSAWS data set (Gao et al., 2014). This dataset includes position, velocity,
and angular velocity from the robot end effectors (which is similar to the type of data obtained
form the Geomagic Touch end effector). The positive and negative labels regarding each stylis-
tic behavior adjective used to train the model were obtained from crowd-sourced assessment on
the JIGSAWS video data set (discussed in Section 4.2.3)). The input data is then represented as a
linear combination of the basis vectors in the dictionary. The dictionary and the coefficients are
calculated using an optimization algorithm that iterates between two problems of finding the basis
vectors such that the reconstructed signal is as similar as possible to the input signal, and finding

the coefficients such that they are sparse. These sparse codes are then used to train a SVM classi-
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fier. Six separate codebooks are learned for each of the six stylistic behavior adjectives, leading to

six trained classifiers.

Crowd-Sourced Assessment for Positive and Negative Performance for Each Style

The JIGSAWS videos were uploaded to Amazon Mechanical Turk and crowd workers rated the
videos based on the quality of performance in the six styles of movement mentioned in Table
The crowd-workers were asked to rate the video based on either a positive or negative adjective for
a given stylistic descriptor (e.g., smooth v.s. rough movement, crisp vs. jittery movement). Each
video was rated by 20 crowd-workers. The trial was eventually assigned a positive label if it was
rated positive by more than or equal to 50 % of the crowd-workers and was otherwise assigned as

negative.

Coefficient Calculation

For a new set of input data (i.e. a new frame of 30 samples), dimensionality reduction is done using
principle component analysis (PCA) to remove correlations among the data set, then this reduced
dimension data set is projected onto the learned codebook. The new representation of the input
signal is sparse. The sparse codes from the new data frame at each point of time is then fed into the

trained classifier for performance evaluation. Algorithm 1 shows the pseudo code for this method.

4.2.4 Providing Feedback for Correcting Stylistic Behavior

To avoid confusing the operator with multiple, potentially competing feedback cause, the exper-
iment was divided into 6 blocks and only one stylistic deficiency was detected within this set of
movement trials. Based on which style detection algorithm was activated for a given block in the
experiment protocol, when a poor performance was detected using the proposed near real-time al-
gorithm, one of the three type of force feedback was turned on. The three types of force feedback

that were compared in this study (Fig. are discussed below.
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Algorithm 1 Style Performance Detection Algorithm
Input: new data
Output: stylistic behavior performance S;

1: while trial not finished do
2:  Get every data frame of 30 samples (d f)
3:  perform PCA on the new data frame (d fpca)
4:  Project the reduced dimension data set onto the dictionary
D = [D,,Dy],
D, € R and Dy € R,
1: Number of basis vectors in the dictionary,
d frca = Wp1Dp1,Wn1Dn1 + WpaD o, Wy Do+
et Wpleh WDy

5. use the sparse codes (W1, W1, ..., Wy, Wy;) as input to the pre-trained classifier
6: ;= classifier output

S; = 1 if poor performance is detected,

Si; = 0 1f good performance is detected)
7: end while

Spring Feedback Damping Feedback  Spring-Damping Feedbac

PRIOR STATE F = kAx PRIOR STATE F = bAv PRIOR STATE F=kAx + bAv

Figure 4.2: Three types of haptic feedback including spring feedback, damping feedback, and
spring + damping feedback were studied here for their ability to provide stylistic cues to the human
operator. A force feedback was generated based on the users prior position in time.

» Spring Feedback: This was calculated using the difference between the the position of the

hand at time t (D), and the position at time t-1 (D5).

Fy =Ky (D1 — D) (4.1)
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The gain K was obtained through trial and error and chosen to be 30. The gain was chosen
to be high enough so that the user would be able to feel the feedback, but also maintain the

stability of the system. This gain was fixed throughout the experiment.

» Damping Feedback: Was calculated using the difference between the the velocity of the hand

at time t (V}), and the velocity at time t-1 (V).

F;=By(Vi —V,) 4.2)

The gain, B; was chosen to be 15. A lowpass filter with a cutoff frequency of 100 HZ was
used to remove noise and smooth the velocity signal and prevent the system from becoming

unstable.

* Spring + Damping Feedback: Was calculated using the difference between the the position

and velocity of the hand at time t (D1, V), and the position and velocity at time t-1 (D, V3).

Fyg = Ksq(D1 —D3) + Bsg(Vi — Va) 4.3)

The gains, K; and By, were chosen to be 10 and 5. Similar to the damping feedback, a
lowpass filter with a cutoff frequency of 100 HZ was used to remove noise and smooth the

velocity signal and prevent the system from becoming unstable.

Algorithm 2 shows the pseudo code for applying the haptic feedback.

4.3 Experimental Setup

Figure 4.3|shows the experimental setup and the simulated needle steering task.
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Algorithm 2 Feedback Generation Algorithm
Input: S;: style performance , 0 otherwise

S; = 1 if good performance is detected,

S; = 0 if bad performance is detected,
Output: f,,,: force feedback to be applied

1: define feedback type (F)
F = F;: Spring Feedback,
F = F;: Damping Feedback,
F = Fd: Spring+Damping Feedback
2: while trial not finished do
3:  if §; =0 then
4: Jow =F
5:  endif
6: end while

Figure 4.3: Experimental setup showing a subject interacting with the simulated environment using
the Geomagic Touch haptic device and the simulated needle steering target reaching task.

4.3.1 Participants
A total of 21 subjects participated in this study. The study protocol was approved by UTD IRB of-
fice (UTD # 14-57). Participants had no previously reported muscular-skeletal injuries or diseases,

or neurological disorders. The subjects were divided into 3 groups of 7 subjects each. Each group

was assigned the same randomized movement task, but only received either spring, damping, or
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No With

Feedback Feedback

Figure 4.4: An example of an experiment protocol for one subject. The protocol consists of six
blocks, each related to one stylistic behavior detection algorithm that was activated for that block.
For each block, the user first performed a set of reaching movements with no feedback to en-
able a baseline computation of style, followed by a set of trials with feedback that was provided,
based on measured stylistic deficiencies. For each subject, a single feedback method was provided
throughout the whole experiment, but at different points of time, depending on the style detection
algorithm for that subject. Hence, a unique feedback relevant to style was provided to each subject.

spring-damping feedback for each of the stylistic adjective blocks. This parallel study design was
chosen to allow us to evaluate the effect of the type of haptic feedback on corresponding changes

in stylistic behavior.

4.3.2 Simulated Task

The simulated task consisted of reaching a set of targets under a kinematically constrained environ-
ment, simulating the control of a steerable needle using Cartesian Space teleoperation (Majewicz
and Okamural, 2013)). This task was chosen due to its complexity as a single-handed movement and
one that naturally hunders movement is a straight-line path, which we felt would not be difficult
enough to illicit stylistic changes in the user movements. The movement tasks were developed us-
ing C++ and the CHAI 3D haptic rendering library. Users were asked to reach four 5 mm targets,
mirrored vertically, at predefined locations which were presented to the user at random. The user
was instructed to initialize each trial by moving the virtual stylus to the starting point. After reach-
ing the target the user would end the trail by pressing a button on the stylus. Data was collected

from the time the user initialized the haptic device until they defined the end of the trial.
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4.3.3 Experimental Protocol

The experiment was divided into six blocks of kinematically constrained movement trials (e.g.,
controlling a steerable needle under cartesian space teleoperation), with each block corresponding
to one of the six stylistic adjectives. Each block includes a baseline segment consisting of two
repetitions for each target (a total of 16 reaching trails) with no force feedback applied, and a
segment that contains an applied force feedback for five repetitions of movements for each target (a
total of 40 reaching trials). In each block, force feedback was provided when a stylistic deficiency
was detect for the given adjective corresponding to the block. A 20 sec break was provided to the
user between each block. Both target location and ordering of stylistic blocks was randomized for

all subjects. An example of the experiment protocol is shown in the Figure [4.4]

4.3.4 Stylistic Behavior Performance Detection

The kinematic data recorded from the haptic device includes user hand position, velocity, and
angular velocity all in X, Y, and Z directions, resulting in 9 signal channels. Based on the style
detection algorithm that was activated in each block, the new frame of data was projected onto the
set of over complete dictionary that was calculated as discussed in The sparse codes for each
incoming frame of data was calculated and used as input to a classifier to detect the performance
quality based on the activated detection algorithm for the specific style. The classifier returns O if
a poor performance is detected, returns 1 otherwise. The detection algorithms were implemented

in MATLAB.

4.3.5 Providing Feedback to the User

For each frame of incoming data if a poor performance was detected (output of the classifier was
0), one type of force feedback (spring force feedback, damping force feedback, or spring-damping
force feedback), was activated and applied to the user’s hand. A custom C++ code was developed

to apply the force through the Geomagic Touch device. Robot Operating System (ROS) (Quigley
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et al., |2009) was used to build the connection between detection algorithm in MATLAB and ap-
plying the force to the user through the Geomagic Touch haptic device in C++. Three types of
forces, as discussed in section 4.2.4] were studied in this experiment. Each group of subjects was
provided with one type of force feedback throughout the whole experiment for all different blocks

of style detection.

4.3.6 User Performance Evaluation Metrics

To quantify the quality of performance in each trial in which a feedback was applied, the perfor-
mance quantity P was calculated, as discussed in the following, and assigned to that trial. For each
style (i.e., each block in the protocol (Fig[4.4)), the first section of the block where no feedback is
applied is used as a baseline for that style. The performance of the user was evaluated using the
metric calculated as follows: For each trial, the sum of number of times a one was detected (good
performance), was divided by the total number of detection in that trial. This was also done for
the baseline trials for each style and averaged over all baseline trials. Then, to compare the perfor-
mance when a force feedback was applied, to the no feedback condition, the following metric was

used:
P = (num_positive WF /num_total WF) — mean(num_positive_NF /num_total NF)  (4.4)

Where:

num_positive_WF' 1s the number of good performance detected in a trial with feedback,
num_total_WF": is the number of total detections in a trial with feedback,

num_positive_NF': is the number of good performance detected in the baseline trial (no feedback),

num_total _NF': is the number of total detections in the baseline trial (no feedback).

4.3.7 Task Performance Evaluation Metrics

To compare the effect of the three types of feedback on the task performance, three metrics were

calculated. The calculated metrics were: (1) time taken to reach the target, (2) needle trajectory
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straightness (the distance traveled by the needle divided by a straight line to the target), and (3) the

needle position error (the distance between the needle and the target at the end of the trial).

4.4 Results and Discussion

We collected a total of 7056 trials (21 subjects, 336 each). Data analysis was carried out for all
trials. The results include the evaluation of stylistic behavior improvement, as well as an evaluation
of task performance as a function of the different types of haptic force feedback. A NASA Task
Load index survey was also conducted to show how users percieved the feedback provided to them

in terms of workload.

4.4.1 Effect of Force Feedback on Styles

The effect of each type of force feedback on each style of movement is shown in Figure 4.5
The mean and standard deviation of the quantity associated with good performances (P) for the
three different types of force feedback (spring, damping, spring-damping) are plotted. This is the
average of the metric P over all trials related to a style detection in a block. The values above
the horizontal line crossing at 0 show the improvement of the movement style when applying
feedback with respect to the no feedback condition and the values below this line indicate that
receiving feedback did not improve the movement style compared to not receiving any feedback.
This plot indicates that the spring force feedback was able to improve the average performance of
the styles “crisp”, “deliberate”, and “relaxed”. The damping force feedback improved the “crisp”
and “deliberate” styles on average, and the spring+damping force feedback was able to improve
the “smooth”, “calm”, “deliberate” styles on average.

Overall, all styles except for “fluid”, showed an average improvement by applying one or more
types of force feedback. The “fluid” style however showed the best performance in the absence of
the forces studied here. This can be due to the fact that other kinematic metrics, rather than the

position and velocity, contribute to the fluidness of movement. In this study only force feedback
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Figure 4.5: Comparing the effects of three different types of haptic feedback on each style. For
each group of subjects receiving the same type of feedback, the mean and standard deviation is
shown for the number of positive performance normalized to the total number of detections and
divided by the baseline stylistic positive performance, for each style. The values above 1 show an
improvement in the performance when applying feedback compared to the no feedback condition
in the baseline trials.

associated with position and velocity were studied. According to our previous study (Ershad et al.,
2018b), the angular velocity of the hand movement is related to the fluidity of the movement. Thus,
in future work, applying other types of force feedback which incorporate the effect of angular
velocity might help to improve the fluidity of movement. This study was limited by the fact that
the haptic device used was not able to provide rotational feedback cues. The style “deliberate” was
improved by all types of forces when compared to the no feedback condition; however the most
improvement occurred when applying spring force feedback. A post hoc statistical analysis was
done to determine significant differences in different types of force feedback, different targets, and

task repetitions. For each stylistic behavior adjective (Table [4.2)) the Kruskal Wallis test was used
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to identify significantly different groups. Effect significance is identified for p-values less than

0.05.

4.4.2 Effect of Force Feedback on Task Performance

For each trial, task-specific metrics including the time taken to complete the task, needle trajectory
straightness, and target error, were calculated to evaluate the effects of different types of feedback,
as well as the no feedback condition, on task performance. The mean and standard deviation of
each of these metrics were calculated. Figure 4.6](a) shows that the time taken to reach the target
is improved using all three types of force feedback compared to the no feedback condition. For
targets 1 and 2, the group with spring force feedback showed the least time taken to reach the
target, and for targets 3 and 4, the group with the spring-damping force feedback showed the least
time taken to complete the task.

The target positioning error in all four targets was improved using all three groups of receiving
force feedback compared to the no feedback condition; however, the group which received the
spring+damping force feedback showed the least error (Fig. [4.6](b)). This indicates that applying
force feedback increases the accuracy reaching task regardless of the target.

The straightness of the trajectory traveled by the needle is compared in Fig. {.6] (c). This
figure indicates that for all four targets, the group which received the damping feedback showed
a straighter needle path compared to the other two feedback groups and the no feedback condi-
tion; however, spring feedback and spring+damping force feedback caused less straightness in the
needle trajectory compared to the no feedback condition.

In general, the time and the target error are improved by applying at least one of the forces as
feedback improves the task performance compared to absence of any feedback. The straightness of
the trajectory however is only improved compared to absence of feedback only when the damping

feedback
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Target configuration and needle trajectory for all trials for each adjective are shown in Fig-
ure grouped by the force feedback and color-coded by target error. This figure shows the
traces from all trials receiving spring force feedback regardless of the style. The plot visually

demonstrates that in general, spring force feedback improves task performance.
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Figure 4.6: Three metrics including (a) time to complete the task, (b) target positioning error,
(c) and needle trajectory straightness were used to evaluate the effect of the haptic cues on task
performance. For each group of subject receiving the same type of force feedback, the mean
and standard deviation of each task performance metric is calculated and compared for 4 target
locations.

4.4.3 Statistical Analysis

For each stylistic behavior adjective, as well as each task performance metric, a post hoc statistical
analysis was done to determine significant differences in the three types of force feedback, different
targets, and task repetitions. The Kruskal Wallis test was used to identify significantly different
groups. Effect significance is identified for p-values less than 0.05.

The results from the statistical analysis on different styles of movement (Table[d.2)) indicate that
for the style Fluid/Viscous, the spring force feedback showed significant difference in improving
the user performance compared to spring force feedback but showed no significant difference
compared to the spring+damping force feedback. For the Relaxed/Tense, Deliberate/Wavering

styles, the spring force feedback showed significant difference in improving the user performance
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Figure 4.7: Target layout and resulting needle paths for all subjects under the spring, damping, or
spring damping feedback conditions. Needle paths are color-coded by final target error, with green
paths indicating smallest error.
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compared to the other two types of feedback. For the Crisp/Jittery style both the spring feedback
and damping feedback showed significant difference in performance improvement compared to
the spring+damping feedback. For the Smooth/Rough style, the spring+damping force feedback
showed significant difference in performance improvement compared to the spring feedback but
no significant difference was found compared to the damping feedback. For the Calm/Anxious
style, the spring+damping force feedback showed significant difference in performance improve-
ment compared to the other two feedback types and the damping force feedback showed signifi-
cant difference in improvement compared to the damping feedback.

For the task performance metrics, the statistical analysis indicates that for the target positioning
error, spring+damping feedback shows significant difference in reducing the error compared to
damping feedback but is not significant compared to spring feedback; however, it results in a sta-
tistically significant less straighter path traveled by the needle compared to damping feedback. The
spring feedback results in statistically significant less task completion time compared to damping
feedback and spring+damping feedback (Table |4.3)).

The statistical analysis indicate that task repetition shows no statistically significant effect in
the different types of stylistic behavior nor the task performance metrics, as opposed to the target
location which shows significant importance in both styles and task-specific metrics. This is shown

in the third and fourth column of Tables 4.2 and 4.3
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4.4.4 Subjective User Report

Fig. 4.8 shows the NASA-TLX user report on performing the experiment for the three group of
subjects receiving three different types of feedback, based on 6 criteria of mentally, physically, and
temporally demanding, subject’s’ perceived performance, effort and frustration.

The results from user survey (NASA Task Load Index) indicate that subjects who received the
spring force feedback found the feedback unpleasant and the tasks more demanding compared to
subjects who received the other two types of feedback. This indicates that a haptic feedback can

improve task and user performance but still be unpleasant to the user.
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Figure 4.8: NASA Task Load Index

4.5 Summary of Adaptive Surgical Robotic Training Using Real-Time Stylistic Behavior
Feedback Through Haptic Cues

In this study we proposed an automatic training framework in a simulated environment which

detects a poor performance in the user’s style of movement in near-real-time and applies force
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feedback using a haptic device to help correct the hand movement. We conducted a user study
to evaluate three different types of force feedback: (1) spring force feedback, (2) damping force
feedback, and (3) spring+damping force feedback for six different behavioral styles. In general,
this study demonstrates that haptic feedback used as guidance during a task can help improve task
performance, as well as human subject stylistic behavior.

“Spring” force feedback resulted in less time to complete the task, hence faster performance
speed. It also helped demonstrate a more fluid, crisp, calm, and deliberate behavior in the user’s
movement while performing the task.

“Spring+Damping” feedback reduced the target error resulting in a more accurate performance;
however, it resulted in a less straight needle path and more time to complete the task. It helped
demonstrate a more relaxed performance.

“Damping” force feedback resulted in a straighter line traveled by the needle in the simulated
task towards the target; however, it lead to an increased target error and a slower speed resulting in
more time taken to complete the task. It helped the user to demonstrate a more crisp performance.

In this study we considered only three type of force feedback related to position and veloc-
ity; however, this might not be sufficient for all styles, since other kinematic metrics can also be
associated with some styles. In future studies considering other types of force feedback can help
improve the performance of the styles that were not improved using only a position or velocity
force feedback. Implementing the proposed method in the dvrk through an in vitro study with
standard surgical training exercises instead of a simulated environment, can contribute to better
evaluating this method and will also be the focus of future studies.

This study provides the groundwork for continued research on user performance based feed-

back for adaptive training.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

This dissertation presents the design, implementation, and experimental validation of an adaptive
surgical robotic training system that provides several key contributions related to surgical skill as-
sessment and training: (1) proposing an objective and intuitive surgical skill assessment method
based on the style of movement, (2) suggesting quantitative metrics associated with the styles of
movement, (3) performing automatic and near-real-time skill assessment based on stylistic behav-
ior, (4) developing a framework for near-real-time, intuitive and customized training. The main
objective of this dissertation was to propose a framework for a more intuitive way to provide feed-
back to users in robotic surgery training. An important feature in training is being able to provide
trainees with intuitive and easy to understand feedback that can tell them how to modify movement
to improve performance. The current skill evaluation methods, e.g. surgical simulators, provide
the trainee with some quantitative metrics at the completion of a task which are sometimes hard to
understand. To be able to provide trainees with more intuitive feedback for more effective training,
we focused on the style of movement and aimed at improving subjects’ stylistic behavior while
performing a task by proving real-time feedback.

We introduced a novel method for evaluating technical skills in robotic surgery based on sub-
jects’ style of movement. As opposed to many studies in the field of surgical skill assessment
that break down a surgical task to building blocks and evaluate the surgeon’s performance within
those building blocks, we believe that there is a more general characteristics in the movement that
differentiates an expert form a novice. This is visible to an observer who has no familiarity with
the objectives and technical aspects of a specific task and the human brain can easily distinguish
between a good and a poor performance. The quality of performance is expressed through vocabu-
lary using adjectives like “fluid vs. viscous”, “ smooth vs. rough”, etc. which describe the style of
movement. Thus, the first aim of this dissertation was to evaluate surgical skill based on different

levels of expertise using multiple adjectives describing the quality of movement. This method was
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tested and evaluated through an experimental study. An experiment was carried out using 4 dif-
ferent groups of expertise including novice, intermediate, fellow, and expert. These groups were
identified based on their years of experience in robotic surgery. Paired videos of a subject perform-
ing a simulated task on the da Vinci skill simulator, along with the simulated videos were presented
to the crowd. The crowd was able to differentiate among the four levels of expertise based on their
style of movement. This provides a groundwork for a novel and global method in skill evalua-
tion which is task independent. In the next step, we wanted to be able to quantitatively evaluate
a subject’s performance based on their style of movement. The subjects in our experiment were
wearing multiple inertial measurement unit (IMU) and physiological sensors on their hands and
arms to record movement and muscle activities from these limbs while performing the simulated
task. We then extracted multiple metrics from the sensors and found the best metrics correlated
to each adjective pair through correlation of the metrics with the ratings from the crowd for each
adjective describing the styles of movement. The metrics were then evaluated in their ability to
distinguish among different expertise levels. This was done using a classifier with the metrics used
as input to the classifier. These metrics can provide some insight on how to quantitatively describe
certain styles of movement; however, the metrics presented in this study while being effective in
distinguishing different expertise levels are by no means exhaustive and other metrics including
frequency domain metrics need to be evaluated for their effect in proving meaningful results. This
will be the focus of future studies. These labels can be the basis of future automated coaching
systems. We hope to extend these methods to other aspects of surgical training, such as: open and
laparoscopic skills, team dynamics, patient interactions, and professionalism.

Deciding which metrics to extract and finding a relevant metric that can effectively represent
a movement style is very time consuming and requires expert knowledge. In addition, the met-
rics were calculated upon the completion of a task and could not be used to evaluate performance
and provide meaningful feedback to the user during task performance. Real-time evaluation of

technical skill is important for providing feedback to the user in a timely manner and assisting
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with modifying movement by providing meaningful feedback to the user during the task, to im-
prove performance. Another contribution of this dissertation is automating the detection of stylistic
behavior in real-time during task performance. To automatically recognize stylistic behavioral per-
formance, a dictionary was learned for each stylistic adjective. The dictionary was derived from
the raw data, meaning that as opposed to predefined dictionaries with specific basis vectors, it was
learned from the data set. The benefit of this method is that the dictionary can be learned from
any type of data which enables capturing the underlying features and characteristics of the specific
data set and thus, a more accurate representation of the data. The total dictionary contains two set
of basis vectors one, pertaining to the positive performance of a stylistic adjective, and the other
one pertaining to the negative performance. These two sets of basis vectors are learned from the
trials with positive or negative label assigned through crowd source ratings. Once the dictionary
is learned form the training data and the basis vectors are defined, the data is projected onto the
dictionary. For a trial with a positive label, the coefficients of the basis vectors belonging to the
positive performance contain the most non-zero elements and likewise for a trial with a negative
label. A classifier was trained using these coefficients to detect the good or poor performance in
each trial. The dictionary and the classifier models are saved and used for new incoming data of
the same type. This is done for short frames of data hence, enabling a near real-time assessment.
Once the assessment is done in near-real-time, it is important to provide a relevant feedback
to the user as soon as the a poor performance is detected to help improve movement during per-
formance. Real-time and adaptive training is an ongoing topic of research in training simulators.
Detecting errors when they appear and giving hints to the user on how to act differently to correct
movement can significantly improve performance and out-coming results. Since trainees have dif-
ferent set of skill sets, each individual requires a unique set of training routines focusing on their
deficient technical skills, to guarantee efficient training. The other contribution of this disserta-
tion is providing haptic feedback upon the detection of a negative performance in each style of

29 ¢

movement. Three different types of haptic feedback including “spring”, “damping”, and “spring +
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damping” forces were studied and evaluated for each style to find the best feedback that improves
each stylistic behavior. A human subjects study was carried out for this purpose. Each subject was
presented with one type of haptic feedback for each style in near-real-time. The experiment proto-
col allowed the detection of one of the stylistic behaviors over a span of time and thus applying a
haptic feedback as soon as a negative performance in that style was detected. The subject’s perfor-
mance was monitored in real-time to see whether it was improved over multiple repetitions of the
task when applying the force feedback. The subjects were asked to complete a NASA Task Load
index survey at the end of the experiment. The results indicate that what a the human subject might
perceive as a pleasant feedback might not always be proper for improving the outcome results.

In conclusion, significant advances were made in this dissertation toward a novel and more
intuitive method for assessment and training of technical skills in surgery to help obtain mastery
in robotic surgery. This dissertation presents the ground work for an adaptive training method
in surgical skill training using real-time haptic feedback based on intuitive stylistic cues. A key
difference in the performance of a novice and an expert is in the way that they move their hands
during task performance, which is visible to a casual observer who does not know the objectives
and technical details of the task being performed but rather instinctively picks up on these differ-
ences in hand movement and tool manipulation. This opens up a whole new area for research in
skill assessment and training not only in the surgical field but also other fields, such as sports. The
idea is that if we can figure out what is it that a human brain can distinguish in the performance
of an expert, we can apply the same method to obtain an objective and automatic skill assessment
method. In addition, this knowledge can help us achieve a training method with easy to understand
feedback which can significantly improve learning technical skills in a task. The effectiveness of
skill assessment based on stylistic behavior, proposed in this dissertation, is currently being evalu-
ated for another study in basketball coaching. Furthermore, many interesting problems remain for
improvement in adaptive training such as adaptation in task difficulty levels, as well as visual or

other types haptic feedback not studied in this dissertation.
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