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SUMMARY

Surgeries are always challenging procedures. In ophthalmology in particular, the main
difficulties are represented by limited space, complicated viewpoints, and bad light conditions,
which make it even harder for surgeons to operate safely. This means avoid touching the
retina, i.e. the back surface of the eye, perform secure movements and do not apply too much
force on surfaces. This thesis deals with the problem of retinal collision avoidance through
a proposed real-time pipeline utilizing both Deep Learning and Computer Vision to provide

ophthalmologists with additional information about depth perception.
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CHAPTER 1

INTRODUCTION AND MOTIVATION

Vitrectomy is an eye surgery during which ophthalmologists remove the vitreous i.e., the
gel filling of the eye cavity, to allow better access to the retina, the back surface of the eye.
This procedure enables to perform various kinds of retina repairs, among which are scar tissue
removal, retina detachments repair, and treatment of macular holes.

All the mentioned eye surgeries require ophthalmologists to operate with instruments in
the range of 10 mm from the retinal surface. This distance is critical as the retina is an
extremely sensitive and frail surface that may be seriously damaged by any quick movement
or high pressure applied to it. Any damage to the retina can provoke serious eye conditions,
among which the worst case is surely blindness. For these reasons, safety is a huge concern in
ophthalmology and any viable tool that can, even slightly, enhance safety is adopted.

In these scenarios, safety can be enforced by:

1. ensuring a safety distance between instruments and the retina’s surface;

2. limiting the force applied to the retina;

3. limiting the speed of movements.

With this work, we focus on the first point only.



Currently, the techniques ophthalmologists can rely on to ensure the safety distance afore-
mentioned consist of simple, visual cues and experience of the surgeon. However, these ap-

proaches are highly unreliable due to a variety of factors.

1.1 Thesis goal

For what has been said in Chapter 1, the goal of this work is to provide additional, reliable
information about the distance of the instrument from the retina that the surgeons can couple
with visual cues to avoid retinal collisions and help decrease the risk of damages to patients.
Besides, to make this information available to ophthalmologists during surgeries, this work also

has the goal of providing the necessary information in real-time.

1.2 Outline

The rest of the thesis is organized as follows. Chapter 2 provides quick background knowl-
edge of the structure of the eye bulb together with an overview of adopted and proposed
solutions to previously mentioned limitations in ophthalmology to contextualize the work done
in this thesis. Chapter 3 then discusses related works employing stereo vision and deep learning
in various fields among which ophthalmology and some works with the similar goal of this thesis.
In Chapter 4, we illustrate the theoretical aspects and terminology of the algorithms used and
formally state the problem we want to face. Chapter 5 takes the reader through the specific
adaptation of the methodologies presented in Chapter 4 stating the reasons for the adoption.
Continuing in Chapter 6, the reader finds the technical description of the data used and the
specification of the low-level details of the implemented solution, including parameters’ values

and programming environments. Chapter 7, then, presents a discussion of the obtained results.



Finally, Chapter 8 recaps all the work done and draws the conclusions and possible future work

starting from the achieved results.



CHAPTER 2

BACKGROUND

2.1 Human eye structure

Given the purpose of this work and its area of application, we now present an overview of
the structure of a human eye. This overview does not pretend to be comprehensive of all the
medical details involving the human eye but aims at providing the knowledge required for this

dissertation.

Anterior chamber Cornea
(agueous humour)
Posterior chamber

Suspensory

Figure 1: Human eye structure.”

“By Rhcastilhos. And Jmarchn. - CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=1597930



As shown in Figure 1, the human eye is a sphere-like structure that can be roughly divided
into an anterior part (or segment) whose main components are the cornea, the iris, and the
pupil, and a posterior part, which comprehend many more sub-components [1]. The surface of

the eye bulb’s sphere is composed of three layers. From the outer to the innermost they are:

e the fibrous tunic, composed of the cornea on the front and the sclera on the back;
e the uvea, consisting of the choroid, the ciliary body, and the iris on the front;

e the retina, which presents retinal and blood vessels.

Light enters in the eye through the cornea, the pupil and then through the lens, whose shape
can be changed to adjust the focus. The size of the pupil controls the amount of light entering
the eye. Once inside the eye, photons are captured and converted to electrical signals by the
photo-sensitive cells of the retina and transmitted to the brain through the optic disc. The
posterior portion of the eye, between the retina and the lens, is filled with the vitreous, a

substance made of water and proteins with sticky density.

2.2 Vitrectomy

There exist many different eye diseases, many of them concerning the posterior part of the
eye. As can be read in section 2.1 and seen in Figure 1, many components residing on the back
of the eye are not easily accessible if affected by a disease. In particular, the retina, which can
be affected by many conditions, is complex to be accessed.

Vitrectomy [2] is the name of the ophthalmic surgery, which is performed to enable easy

access to the retina by removing the vitreous. There exist two main types of vitrectomy. The



first is called Pars Plana Vitrectomy and is performed to allow further operations for diseases
affecting the posterior segment of the eye. The second type of vitrectomy is called Anterior
Vitrectomy and, as can be deducted by the name, is performed in case of conditions affecting
the anterior portion of the eye, in particular, the anterior chamber. Rarely, in fact, the vitreous
can flood in the space between the cornea and the pupil, requiring surgery. After the vitrectomy
is complete, the posterior segment is filled with a gas bubble that is used to keep the retina in

place until the eye heals completely.

2.3 Surgical Microscopes and TrueVision System

To successfully perform eye surgery like vitrectomy, the ophthalmologist should have a clear
view of the inside of the eye. To enable this clear view, surgical microscopes [3] are currently
employed in the operating room to provide a magnified view of both the anterior and the
posterior segment of the eye. However, this magnification of the eye would be useless without
the employment of a correction lens placed by ophthalmologists between the microscope’s lenses
and the eye to take into account distortion produced by the cornea, the eye lens and the humor.
Besides this assistantship, these surgical microscopes provide more advanced visual assistance,
such as 3D visualization and Optical Coherence Tomography that we describe in more details
in the following sections. Since surgeons have to look through the surgical microscope, they lose
any perception of depth as they look at a 2D image. 3D cameras setups, such as TrueVision
3D System by Leica Microsystems [4], can be attached to stereoscopic microscopes to help
ophthalmologists on this aspect. These systems display and record a stereo video of the surgery

in real-time.



2.4  Visual Cues

The use of the surgical microscope described in section 2.3 enables a variety of simple visual
cues. This approach may seem trivial but visual cues are still a powerful tool in ophthalmology
widely used by ophthalmologists to operate safely [3]. Probably, the simplest and most widely
used visual clue is the distance between the shadow of the instrument produced by a surgical
torch and the instrument’s tip. Intuitively, the closer the shadow to the instrument’s tip in the
2D view, the closer the instrument’s tip to the retina in the 3D space. However, this approach
is extremely unreliable due to the complex light conditions in the eyeball caused by the limited
space where ophthalmologists have to operate. Moreover, the surgeon’s experience sometimes

is not enough to prevent damages as operating conditions change constantly.

2.5 Optical Coherence Tomography

As mentioned in section 2.3, current surgical microscopes also produce non-invasive imaging
of the retina through Optical Coherence Tomography (OCT) [5]. OCT makes use of light waves
to produce a cross-section image of the retina as shown in Figure 2. This equipment allows
ophthalmologists to observe the different retina layers, measure their thickness and check for
diseases. OCT is made possible because the various layers of the retina produce different
responses to light waves. The OCT scanning lasts for about 5 - 10 minutes and produces a
cube of images that can be sliced to obtain the cross-sections of the retina aforementioned. OCT
is widely used for diagnosis of various conditions among which macular holes, macular edema,

age-related macular degeneration, glaucoma and diabetic retinopathy [5]. However, since the



OCT scanner employs light waves, it is useless for conditions that prevent light to pass through

the eye as, for instance, cataracts.

Figure 2: Optical coherence tomography scan.”

“Image by courtesy of Dr. Stephen Boppart, Biophotonics Imaging Laboratory, University of Illinois at
Urbana-Champaign. EB 005221 - NIBIB,
http://www.nibib.nih.gov/publicPage.cfm?section=gallery&action=desc&page=1&photo=27, Public
Domain, https://commons.wikimedia.org/w/index.php?curid=11909114

2.6 Intraoperative Optical Coherence Tomography

The OCT scan described in section 2.5 is an offline methodology i.e., analyzed after the
surgery ends for more in-depth medical controls. This scan is surely useful for the diagnosis
of eye conditions as said in section 2.5. However, an on-line OCT able to show the real-time
status of the retina during the surgery is useful. iOCT, Intraoperative Optical Coherence
Tomography [5], works the same as OCT but on-line during the surgeries. Instead of showing
a single cross-section of the retina, iOCT shows the two cross-sections, which intersect in the
point iOCT points to, allowing us to have a view along both the x and y axis through the

retina.



2.7 Computer Vision

Due to a large amount of visual data available thanks to the use of advanced surgical
microscopes i.e., 3D videos, 3D images, OCT scans, iOCT videos and more, there have been
many of computer vision applications in ophthalmology [6]. Computer Vision (CV) is the
branch of Computer Science dealing with how computers can gain understanding from visual
data [7] [8]. Computer vision’s techniques include object detection, tracking, features detection,
pattern matching, stereo vision and many more [7]. Given the type of data provided by the
microscope, stereo vision is particularly attractive. There exist, in fact, various applications
and research projects concerning stereo vision in ophthalmology. Stereo vision is the sub-field

of computer vision that allows a perception of depth from 2D images.

2.8 Deep Learning

With the growing popularity of Deep Learning, the desire to perform the tasks mentioned
in section 2.7 with Deep Learning methodologies increased. Deep Learning is the name of a
family of Machine Learning algorithms employing mostly Deep Neural Networks (DNNs) [9],
a modified version of standard Artificial Neural Networks (ANNs) [9] [10]. Artificial Neural
Networks are statistical models used to perform a wide range of tasks, from sales forecasting
to e-mail classification. Their main peculiarity is their ability to generalize on large amounts of
data to perform tasks without explicit instructions. Deep Neural Networks differ from standard
Artificial Neural Networks by the ability to automatically learn features from raw data instead
of requiring handcrafted features by a human expert. In particular, Convolutional Neural Net-

works (CNNs) [11] [9], a sub-set of DNNs, leverage the mathematical operation of convolution
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to extract features. They have proved to be very effective in computer vision task becoming the
state-of-the-art for computer vision tasks in terms of accuracy and flexibility. For this reason,
Convolutional Neural Networks found a large number of applications in ophthalmology with

good results.



CHAPTER 3

RELATED WORK

The interest for Stereo Vision and depth estimation in healthcare, and in particular in
ophthalmology, is not new. Having a perception of depth during critical stages of surgeries is
important. For this reason, Stereo Vision has been applied in many different manners and with
many different purposes. In [12], for instance, classic Stereo Vision techniques are applied to
estimate the depth structure of the optic disc and from that extract useful information for the
diagnosis of glaucoma. A more advanced application of Stereo Vision is a 3-D reconstruction
of a scene, which produces a more concrete depth model of the scene. This is the case of [13]
in which a 3-D model of the retina is reconstructed starting from stereo images.

More recently the increasing interest in Deep Learning merged with ophthalmology’s needs.
In [14] Convolutional Neural Network are exploited on fundus images to perform regular pixel
classification and detect retinal lesions. In [15] instead, the power of U-net-like Convolutional
Neural Networks is employed to estimate the depth map of the optic disc as in [12] but this
time starting from monocular images. Another interesting use of Deep Learning on fundus
images can be read in [16] where haemorrhages are detected from retina images with ConvNets.
The compelling aspect of this work is the deep focus on data instead of the topology of the
network. As said in the paper, the training performances of a network can be improved and
speed-up by focusing on the learning effort of the network on the most challenging samples

that usually contain a large amount of information. [17] proposes an improved system to learn

11
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features to assess the gravity of cataracts based on deep learning. More compliant with the goal
of this thesis is the work presented in [18] where a Convolutional Neural Network is employed
to perform regression and estimate the coordinates of two important retinal landmarks: fovea
and the optic disc. We also cite [19], which explores the effectiveness of transfer learning with
and without fine-tuning on medical images that we think has some degree of interest for future
work.

In conclusion we want to cite a work in which a distance and force sensing needle making
use of optic fiber and OCT scans is described. In [20] an hardware device is designed, devel-
oped, and validated with a similar purposes of this thesis: avoid dangerous collision with the
retina. However, while they make use of additional hardware devices, constituted by the needle
described above and a special interrogator able to read the data produced through the optic
fiber, we rely on stereo videos and software solutions only. These differences make our solution

cheaper and easier to deploy.



CHAPTER 4

FORMAL DEFINITION AND PROBLEM STATEMENT

In this Chapter, we first define formally the statement of the problem we are facing.

We then provide all the theoretical details and introduce the technical terminology of the
methodologies employed to implement our solution. In particular, we describe the computer
vision techniques of stereo vision, thresholding and histogram equalization that we extensively
used. We then draw a complete description of Artificial Neural Networks and Convolutional

Neural Networks.

4.1 Problem Statement

The problem this work proposes to solve is the lack of reliable information about the dis-
tance of the instrument’s tip from the retina surface. We are now ready to formally state the
computational problem definition.

Given 1920 x 1080 stereoscopic frames from videos of vitrectomy surgeries with resolution
3840 x 1080 at 60 FPS showing the surgical instrument and the retina fundus, track the instru-
ment’s tip in the 3D space to detect and avoid collision between the surgical instrument and
the retina.

In order to achieve this result, we present an automated pipeline, which locates the instru-
ment’s tip in the frames and estimates its distance from the retina. In details, our proposed

pipeline:

13
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e locates the instrument’s tip coordinates (x, y) in the 2D space;
e estimates the depth of the tip i.e., the z coordinate, to locate it in the 3D space;

e performs the computation in real-time to provide ophthalmologists with the position of

the instrument’s tip in the 3D space.

Fundus depth estimation, retina collision avoidance and retina landmarks localization have
already been attempted applying both standard Computer Vision and Deep Learning. However,
the novelty of our work resides in the purpose and the unique combination of these techniques.

4.2 Machine Learning

Machine Learning (ML) is a sub-field of Computer Science that employs algorithms and
statistical models to build software that can perform tasks of different kinds without predefined,
explicit instructions [9] [11]. The core of learning in Machine Learning is data. Thanks to
statistical models, Machine Learning can learn to perform tasks by generalizing on the training
data.

Machine Learning paradigms differ from each other depending on the type of task and data
available. The three main paradigms of Machine Learning are Supervised Learning, Unsuper-
vised Learning, and Reinforcement Learning. Supervised Learning is the most used and
most mature of the three. It makes use of annotated data i.e., data with multiple input vari-
ables and one or more desired outputs. Input variables are also called features, attributes or
independent variables; output variables are also called targets, labels or dependent variables.
Supervised learning tries to approximate the unknown function that relates input and output

variables. Supervised Learning tasks include regression and classification.
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Given an annotated dataset, the task of estimate a real, continuous value is called regres-
ston. This is the case of estimating coordinates in an image or predicting a selling price. The
most simple form of regression is Simple Linear Regression [11]. It concerns a single input
variable and a single output variable and uses a linear function of the input variables to ap-
proximate the relation between input and output. Due to the number of variables, also called
the dimension of the dataset, the Simple Linear Regression is easy to be visualized with x and
y in the Cartesian coordinate system. More advanced regression approaches include Multiple
Linear Regression [11], which makes use of multiple independent variables, and Polynomial
Regression [11], which employs functions with degree > 1 to approximate the relation between
input and output.

To learn the unknown function, regression employs a loss function and a set of weights. The
loss function summarizes the error between the output value produced by the regression model
and the real, expected output value. To improve the performance of the model, the loss function
has to be minimized i.e., the global minimum of the function has to be found, corresponding to
the minimum error between the inferred and the real output. The weights are used to adjust
the statistical model to fit the data better and decrease the value of the loss function. Classic

loss functions for regression tasks are Mean Squared Error (MSE) [9]

S iy (4.1)
=1



Root Mean Squared Error (RMSE) [21]

Mean Absolute Error (MAE) [9]

Residual Sum of Squares (RSS) [22]

Coefficient of Determination R2 [23]

where

and

1 n
1=

16

(4.2)

(4.3)

(4.4)

(4.6)

(4.7)

where y; is the produced output, g; is the expected value, and n is the number of samples.

To minimize the loss function multiple approaches are possible. They can be divided into:

e direct approaches, among which Least Squares and Gradient Descent;

e discriminative approaches, including Maximum Likelihood;

e generative approaches.
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For the purpose of this thesis, here we analyze direct approaches only. Given the loss function
L, function of the weights w, Least Squares looks for the point where the gradient of L is null
(= 0) and their eigenvectors are positive (the function is convex). To perform this computation,
Least Squares [11] compute the first and second derivative of L and look for the weights vector
w that makes the first derivative null and the second derivative positive. For large datasets,
minimization with Least Squares is not feasible as the number of parameters explodes. In this
case, a iterative, on-line algorithm called Gradient Descent [11] is used. After defining the loss
function L as a sum over samples, Gradient Descent computes the gradient of the loss function
one sample at a time and updates the weights vector w by following down the slope of the
gradient with a fixed step 7, called learning rate. See parameters updating rule of Gradient

Descent in equation Equation 4.8.

witl =wk — % . VL (4.8)

where k is the iteration. There exist several variations of Gradient Descent, which differ
each other in the updating rule. Some of them vary the magnitude of the learning rate, others

add some term in the equation, others make use of decaying running averages of the gradient.

When the dependent variable is a discrete value, the task is called classification because
the discrete values of the dependent variable can be seen as the labels of classes to which the
samples in the dataset can belong to. This is the case of spam/not-spam email classification

or ML-based diagnosis. Classification can be binary when there exists only two classes in the
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dataset, or multi-class when more than two. Unlike regression that is said to be linear if the
function relating input and weights to the output is linear, Classification is said linear if the
decision boundary is linear i.e., if the surface dividing the samples is a line. If the input space is
not linearly separable, as the XOR-problem, a non-linear separation boundary for classification
is needed. As for regression, the learning performance of a classification model is measured with

a loss function. A typical loss function for classification tasks is the Cross-Entropy function [11]

= @ilnyi + (1 =) (1 —Iny,)) (4.9)
i=1

where y; is the produced output, y; is the expected value, and n is the number of data points.
An example of a linear model for classification is the perceptron [11]. The most widely used
implementation of binary classification is Logistic Regression [11]. Like regression, it outputs a
real value that, however, is interpreted as the probability of a sample to belong to one of the two
classes, so that a sample is labelled with the class generating the highest probability. Logistic
Regression employs Sigmoid as activation function. More advanced classification algorithms
exist, such as Decision Trees [9] or Naive Bayes [9], the latter employing a-posteriori probability
derived by the samples in the dataset to classify never seen samples. What makes Naive
Bayes Naive i.e., simple, is the assumption that the samples are conditionally independent and
identically distributed, which is a quite strong assumption.

Non-linear regression and classification models are more powerful than linear ones as they

can fits data better. For this reason, Artificial Neural Networks, which are non-linear models
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described in details in the subsequent sections, are widely used. They can, in fact, effectively

approximate non-linear functions.

Unsupervised Learning employs data without a target value or a label and it is used to
learn previously unknown patterns of the data. The typical unsupervised task is represented
by clustering. In clustering, the algorithm tries to divide the examples into clusters based on
intrinsic similarities of the data itself and not based on a provided label as in classification. A
well-known clustering algorithm is K-means [11]. In K-means a fixed number of cluster K is
chosen a-priori and then the algorithm tries to minimize the intra-cluster variance of samples

while keeping a high the inter-cluster variance.

Finally, in Reinforcement Learning an agent is trained to perform actions into an envi-
ronments to maximize a reward. This process is usually modeled as a Markov Decision Process
(MDP) [10].

4.2.1 Artificial Neural Networks

Artificial Neural Networks [9] [10] are a Machine Learning model inspired to the learning
process of the human brain. They are built with layers of perceptrons, a.k.a. neurons, which
constitute the basic structure of learning in ANN. Typically, the topology of an ANN is the
following, as showed in Figure 3:

e an input layer with as many neurons as the number of input variables;

e one or more hidden layers with multiple neurons;

e an output layer with one or more neurons, depending on the number of output needed.
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Input layer Hidden layers Output layer

Figure 3: Topology of a standard feed forward artificial neural network.

These layers can be connected in a forward way to build Feed-Forward Neural Networks
(FFNN) [11], or with cycles to build Recurrent Neural Networks (RNN) [9]. The latter is
usually employed on data with some kind of time dependency.

The output of each neuron in each layer is feed as input to all the neurons in the subsequent
layer. These interconnections between the layers are characterized by weights w; j, which con-
stitute the trainable part of an ANN. Updating the weights makes possible to change the final
output of the ANN and so to minimize the difference between the output of the model and the
target value. This difference is called error and, as already said in section 4.2, is measured with
a loss function, which is a function of the weights and the input. This said, training an ANN

means to find the weights’ vector such that the loss function value reaches one of its minima.
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To do so, we must be able to compute the minima of the loss function. However, loss functions
employed in ANNs are usually complex, n-dimensional functions with many parameters and
very difficult to study. For this reason, ANNs employ the Gradient Descent approach, described
in section 4.2. With Gradient Descent, starting from a random initial point corresponding to a
random initialization of the weights in the ANN, we follow down the slope of the loss function’s
gradient to get closer to a minimum, as showed in Figure 4. However, this algorithm doesn’t
assure to reach the global minimum of the loss function as reaching a minimun strongly de-
pends on the starting point and the nature of the loss function. For this reason, there’s always
the danger of ending in a local minimum or, even worst, to never get to a minimum. Due
to the complexity of the layered structure of a ANN the numerous weights are updated with
back-propagation.

As mentioned closing section 4.2, Artificial Neural Nets are considered a powerful tool in
Machine Learning because of their ability to effectively approximate very complex, non-linear
functions. This effectiveness is made possible thanks to the introduction of non-linear activation
function in the neurons. See figure Figure 5. Activation functions [9] [11] are functions employed
inside each neuron to filter the linear combination of input and weights that each neuron receives
from the previous layer. Since the output of an ANN is defined by linear combinations between
weights and input and subsequent composition of the activation function in each neuron, the
introduction of at least one non-linear activation function ensures to approximate a non-linear

function. This happens because the composition of linear functions only is still a linear function.
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Figure 4: Gradient descent idea.

There exist several activation functions employed in Artificial Neural Networks, which vary

based on the task. We mention:
e the linear function, which is still used for regression tasks only in the output layer to
output real values;

e the ReLU (Rectified Linear Unit) used both in the output layer to produce non-negative

real values and in hidden layers as non-linear function;

e the sigmoid function, particularly useful for classification tasks as its output ranges be-

tween 0 and 1.
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Figure 5: A model of an artificial neuron.

However, a well-known issue of high dimensional functions is a phenomenon called over-
fitting. Overfitting happens when a Machine Learning model, ”learns by heart” the training
set by perfectly fitting it so that its generalization capabilities on never seen samples are re-
duced. Overfitting is generally due to lack of data and large value of the weights. Luckily
some techniques have been developed to prevent overfitting. First of all, there exists dropout,
which simply randomly disable neurons’ interconnections in ANNs with probability p to en-
hance generalization. Moreover, there exists regularization, which is embedded in loss function
to penalize large weights during updates and once again improve the generalization capabilities

of the network. Regularization can be added to the loss function as Ridge regularization (or
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weight decay) [11], which adds a penalty equal to the squared norm of the weights, or as Lasso
regularization [11], which adds a penalty equal to the norm of the weights. Lastly, the more
trivial way to prevent overfitting is be in possession of a large amount of data. This method
may seem trivial but with Supervised Learning algorithms described in section 4.2 this would
require to annotate a huge amount of data. Together with overfitting, a less problematic phe-
nomenon called underfitting can appear. Underfitting occurs when the network, or the Machine

Learning model, is not able to sufficiently fit the data.

4.3 Deep Learning

Deep Learning (DL) [9] is the name of a set of Machine Learning (ML) methods employing
mostly Artificial Neural Networks (ANN) to solve regression, classification and more advanced
tasks such as segmentation and tracking in fields among which Computer Vision (CV) [9],
finance, and Natural Language Processing (NLP) [9]. Deep Neural Networks (DNN) [9], un-
like standard Artificial Neural Networks described in section 4.2.1, also referred to as shallow
ANN, are characterized by a high number of layers, the depth of an ANN. Moreover, another
peculiarity of DNNs is the employment of an automatic features extraction section. In fact,
unlike standard Artificial Neural Networks, which are feed with features hand-crafted by data
engineers, DNNs receive raw data and can learn a deep understanding of features thanks to the

embedded features extraction section.

4.3.1 Convolutional Neural Networks

Convolutional Neural Networks [11] [9], in short ConvNets or CNNs, are a particular type

of Deep Neural Network that make use of the mathematical operation of convolution [9] to



26

extract features from the data. Convolution makes use of a convolution kernel i.e., a matrix,
containing values called weights and shifting on the input data. The kernel can have different
size and even different dimension. For instance, for NLP tasks in which the input data are
1-D sequences of words, the convolution kernel is a 1-D matrix i.e., an array. Otherwise, for
Computer Vision tasks where the input data are images the kernel may be a 2-D matrix with
height and width or even a 3-D matrix with height, width and depth to take into account the
RGB channels of the image. The weights inside the kernel can be trained to learn features from
the input, similarly to interconnections’ weights for ANN. Following, we consider the case of

ConvNets dealing with images as this is our case of interest.

Input image Convolution kernel Feature map

Figure 7: Convolution.
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In this scenario, the kernel is used for convolution by computing the element wise product
between a kernel’s weights and the underlining pixels for each kernel position on the input
image and then summing up the result (dot product). The result of the dot-product is feed
into an artificial neuron with an activation function. Each filter has a neuron associated to
it. The matrix of all the outputs from a neuron for all the positions of a kernel on the input
image is called feature map or activation map. A feature map represents the features learnt by
the network for a particular input with a particular kernel. As can be seen from Figure 7, due
to the size of the kernel, convolution consumes some pixels on the border of the input image.
These pixels get lost unless a padding is used on the input image. Usually, padding consists of
adding zeroed pixels around the image. The size of the padding is relative to the size of the
kernel. In Figure 8 the padding is 1 since the kernel size is 3 x 3. Another little variation to
standard convolution is the stride. Stride is the step of the convolution kernel on the input
image, as can be seen on Figure 9. It is used to avoid overlap the kernel of the image and to
reduce the amount of data produced by convolution.

Thanks to convolution, ConvNets can learn spatial features from the images i.e., features
belonging to the 2-D representation of the images. Similarly to ANNs, convolution represents
in every way a hidden layer of the network.

In this sense, ConvNets usually include multiple convolutional layers each of them having
multiple convolutional kernels as shown in Figure 10. Each kernel corresponds to a single
artificial neuron and a single feature. These kernels are called filters. A typical example

of features are edges: a ConvNet can learn to locate edges in images by training a filter to
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Figure 10: Structure of a convolutional neural network.

detect areas of transition in pixels’ intensity. Thanks to their multiple sequential layers of
convolution, CNNs learn a hierarchy of features. This hierarchy means that filters in the
first convolutional layers learn low-level features while filters in the last convolutional layers
learn high-level features. Sometimes these features are easily understandable by humans, as
for edges and shadows, sometimes they are not understandable and they are said to lack in
interpretability. Since the amount of data produced with the different filters by convolution
can be considerable, ConvNets usually employ an additional layer to summarize and compress
data called Pooling [9]. Pooling gathers together multiple values of all the feature maps of one
convolutional layer into a single value to be streamlined to the next one. Normally polling is
performed with max or average.

Convolutional Neural Networks showed to be very reliable and powerful for automatic fea-

tures extraction and learning relying on some interesting properties. First of all, considering
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each single pixel as an input feature would lead ANNs to suffer from the Curse of Dimensional-
ity [11] i.e., the case in which the considered dataset contains way more attributes (dimension-
ality of the dataset) than data points, leading to difficulties in learning. In fact, considering a
low resolution RGB image 512 x 512 leads to 512 x 512 x 3 = 786, 432 input variables. Moreover,
the use of a convolutional kernel assures to take into account the spatial structure of the image
(locality), relating close pixels each other. Nevertheless, pooling grants some degree of shift

invariance.

4.4 Computer Vision

Computer Vision, in short CV, is the branch of the Computer Science dealing with how com-
puters can gain understanding from visual data i.e., images and videos. It gathers techniques
and algorithms for images and videos handling, Image Processing, Video Tracking, Object
Detection, Artificial Intelligence, Features Detection & Matching, Stereo Vision, and many
more [24].

These techniques are usually exploited to automate visual tasks that can be performed by

humans.

4.4.1 Stereo Vision

Stereo Vision [24] is the sub-field of Computer Vision that allows transforming a scene from
the 2D world to the 3D world. Unlike standard image and video capturing that makes use
of a single camera, stereo vision needs two or more cameras to be able to compute the depth
of the captured scene. This availabity of additional data enables further computation and

processing that single-camera visual data don’t allow. Following, we analyze the special case
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of two stereo cameras since it is the most common case in practice and it is the case of our
surgical microscope.

We call left-view the image captured by the camera on the left and, similarly, right-view
the image captured by the camera on the right. To be able to derive depth of single points
and, consequently, of entire objects, first of all, we must be able to match corresponding points
between the left and the right view. This is the so-called Correspondence Problem [24] i.e.,
given a point z in the left view find the corresponding point 2’ in the right view. To tackle this

problem the Epipolar Geometry [24] comes to the aid.

4.4.1.1 Epipolar Geometry

‘:‘O x

Epipolar plane

Epipolar line

Epipole
e Baseline

Figure 11: Epipolar geometry.
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The Epipolar Geometry is the geometry of a stereo vision scene that gathers all the math-
ematical relations between the 3D points and their corresponding projections in the 2D space.
Let’s consider a point X in the 3D space and its 2D-projections on the left and the right view,
respectively, z and 2’ with camera centres O and O’. We call baseline the line connecting the
two camera centres; the epipolar plane is the 1-D plane containing the baseline and the point
X; the epipoles are the intersections of the baseline with the image planes of the two cameras;
the epipolar lines for the point X are the intersections of the epipolar plane with the image
planes. Epipoles can happen to lie outside of the image planes if the rotation between the
left and the right camera doesn’t allow an intersection. This said, potential matches for point
x on the left view must lie on the epipolar line corresponding to point X in the right view
and vice-versa. This is called Epipolar Constraint and it deeply facilitates the correspondence
problem as we have to check a very limited number of points for matches instead of looking at

the entire image.

4.4.1.2 Image Rectification

The easy, ideal stereo vision setup consists of cameras with image planes parallel one to the
other, parallel to the baseline and with camera centres at the same height. In this simplified
case the epipolar lines are always horizontal, parallel with the horizontal edges of the images.
In the more general case images planes are not parallel and the above-mentioned property
of the epipolar lines doesn’t hold anymore. In this case, we must apply a procedure known
as Rectification [7] to remove the distortion due to the perspective. Rectification consists of

re-projecting the two image planes to a common plane parallel to the baseline. After this
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transformation, the geometric relations are the same as the aforementioned ideal case with

parallel image planes.
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Figure 12: Rectification example.”

“By Silvio Savarese - Lecture presentation for computer vision, Public Domain,
https://commons.wikimedia.org/w/index.php?curid=37248047

4.4.1.3 Camera Calibration

Real-world lenses are not perfectly flat but have some degree of warp. This characteristic
can affects the final images with different degrees of distortion, higher near the edges of the
images, that can make straight lines look bent. Moreover, in 2D images, all distance must be
measured in pixels instead of length units as all real-world references have been lost.

Camera Calibration [24] is the process that allows us to compute the so-called intrinsic and

extrinsic parameters of a camera and overcome the above-mentioned issues. Intrinsic parameters
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are parameters depending only on the camera’s manufacturing. They include focal length f,
camera centres and image format. Instead, extrinsic ones are those parameters depending on
the relative position of one camera w.r.t. the other and they include a translation factor 7" and
a rotation factor R.

A standard procedure to estimate these parameters makes use of a known pattern with
known dimension and numerous key points, such as a chessboard. This additional knowledge
allows to transform the known pattern from the 3D to the 2D space of an image and derive the
parameters that allowed that transformation.

In our case, we were not able to calibrate the stereo cameras as we received the stereo videos
only without information about the stereo cameras that recorded the surgery and their intrinsic

parameters.

4.4.1.4 Disparity Maps

The disparity map is an gray scale image, which contains the disparity value for all the
pixels in the original stereo images. The disparity [24] [7] of a pixel is defined as the difference
in the x coordinate of matching points between the left and the right image. It is important to
notice that we can compare the x coordinate only thanks to the epipolar constraint [24] that
limits our search on the epipolar lines and thanks to rectification that makes epipolar lines
horizontal. This way matching points have the same y coordinate. Thank to disparities it is
then possible to compute depth through the baseline and the focal length with

B-f

=—— 7 4.1
z disparity (4.10)
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where f is the focal length of the camera pair, B is the baseline of the setup, and z in the

depth. We now show as this formula can be derived thanks to the Epipolar Geometry. Let’s

PLX'L, y'L) P'R(X'R, Y'R)

Figure 13: Rectified stereo vision setup.

consider the setup in Figure 13 with a 3D point P with coordinates (x,y, z), cameras centers
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Cr, and Cg, images centers L and R, cameras axis M and N, and projections p/; and p, of the
P. We fix the origin of the coordinate system in the left camera center C',. We can consider

the similar triangles PMCp, and p}; LCy, and derive

(4.11)

&
S
| ®

where PM = x, MCy, = z, p; L = 2, and LCy, = f. Similarly with similar triangles PNCg

and p’y RCR we derive

(4.12)

where PN =z — B, NCg = z, pPyR = 2/, and RCr = f. From Equation 4.11 we obtain

xr = (4.13)
f
that substituted in Equation 4.12
z-ah ozl (4.14)
f - f ‘
Cleaning up equation Equation 4.14
zoxp 2 x’R_B (4.15)
f f '
< / /
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We finally obtain that

B B-f _B-f
e T d (17

where 2, — 2, is the disparity d of point P, z is the depth of point P, B is the baseline of
the stereo setup, and f the focal length. From Equation 4.17 it can be noticed that disparity
must be large for object close to the camera and small for objects far away from the camera.

Disparity is in fact inversely proportional to depth.

4.4.2 Thresholding

Image thresholding [24] is a Computer Vision technique applied to greyscale images to ob-
tain a binary image that usually divides the foreground from the background. This technique
is widely used in many computer vision sub-fields such as segmentation. Simple image thresh-
olding fixes a unique intensity threshold so that pixels with intensity below this threshold are
set to 0 (black) and pixels with intensity above the threshold are set to 255 (white). A big
limitation of this simple thresholding algorithm is the need of a human expert setting the global
threshold for all the pixels. Nevertheless, a value for the threshold can be automatically chosen
by computing the average intensity value of the greyscale image and iteratively tune this value.
However, simple thresholding works better with clear foreground-background separation and
good light conditions.

A more advanced algorithm is Adaptive Thresholding [25]. Instead of using a global thresh-
olding value for all the pixels, Adaptive Thresholding computes a threshold for each pixel in the
image based on the intensity values of its neighbours. It employs a mask around each pixel to

compute a weighted mean. Both the size of the mask and the averaging method can be tuned.
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An even more advanced algorithm to perform automatic thresholding is Otsu Threshold-
ing [26]. It is a histogram-based method meaning that it leverages the image histogram to
choose a proper value for the threshold. Otsu Thresholding tries to minimize the intra-class
intensity variance of pixels by looking at the probability of each intensity value in the histogram.

The algorithm is the following:

e compute the image histogram and the probability P(i) of each intensity value i;

e for each threshold value ¢ between 1 and 255, compute
a*(t) = qi(t)oi(t) + g2(t)o3 (1) (4.18)

where o2(t) is the intra-class variance of two classes expressed as weighted sum of the
variance of the two classes, 02(t) is the variance of the first class, o3(t) is the variance of

the second class and
a(t) =Y P(i) (4.19)

255

@)= > P(i) (4.20)

i=t+1

e the Otsu’s threshold corresponds to the value ¢ producing the highest intra-class variance

a(t).

Otsu Thresholding works particularly well with bi-modal images i.e., images whose histograms

present two clearly-separated peaks. However, when the valley between the two peaks in the
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histogram is corrupted, due to noise or small foreground area w.r.t. the background, Otsu

Thresholding presents some limitations in computing the right threshold value.

4.4.3 Histogram Equalization

Histogram equalization [7] is a computer vision technique used to adjust the contrast of an
image. It is used to increases the contrast between objects in the image, especially when the
foreground and the background are both dark or bright. It employs the image histogram to re-
distribute large intensity peaks across the entire image. Histogram equalization is widely used
for medical images that are usually under or over-exposed, such as x-ray scans. A more advanced
histogram equalization technique exists, called Adaptive Histogram Equalization (AHE) [7].
Differently from standard histogram equalization, Adaptive Histogram Equalization computes
several sub-histograms of the image, each one corresponding to a different area of the input
image and it then applies local histogram equalization. This approach helps enhance local
contrast and properly enhance edges in different regions of an image. A known issue of AHE
is its tendency to amplify little amounts of noise in local, homogenous patches. This happens
because the outcome of histogram equalization re-distributes peaks over the considered pixels.
To avoid this issue, a slight variation of AHE has been developed called Contrast Limited
Adaptive Histogram Equalization (CLAHE) [7]. CLAHE limits the amplification of noise in

homogenous patches by clipping high peaks of the histogram.
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5.1 Our pipeline

Our proposed solution consists of an automated pipeline employing several Computer Vi-
sion [24] [7] techniques and a Convolutional Neural Network [11] [9] to provide ophthalmologists

with additional information about the relative distance of the tip of the surgical instrument to

the retina.

In detail, the pipeline reads a single stereoscopic frame from a stereoscopic video of oph-

thalmic surgery. The current pipeline works on recorded videos for testing reasons but it can

Figure 14: Pipeline overview.
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be easily modified to work on a stream of data. It then pre-processes the stereoscopic frame to
split left and right view and remove from each frame the logo of the framework employed by
the surgical microscope to encode the stereoscopic video. At this point, a copy of the left frame
is cropped to 1368 x 1026 to centre the region of interest (ROI) represented by the circular view
of the fundus and remove the areas of black pixels near the edges that are useless. This step is
performed employing Otsu Thresholding. The cropped left frame is also resized to 320 x 240.
Once the left frame has been resized, it can be feed to our Convolutional Neural Network to lo-
cate the instrument’s tip in the scene, if any. The outcome of this step is a tuple containing the
coordinates of the instrument’s tip in the left frame. Now, both the original left frame and right
frames are pre-processed with Contrast Limited Adaptive Histogram Equalization just before
computing the disparity map of the scene with Semi-Global Block Matching. Since disparities
are independent of the camera’s intrinsic parameters, we do not perform the transformation
from disparity to depth as we do not want to be dependent on the microscope employed and
we always work with relative values. The output of this step is a disparity map of the entire
scene where landmarks are in the same coordinates system of the left frame. This is because
the stereo matching algorithm uses the left frame as the reference. This implementation detail
allows applying the coordinates estimated in the previous step to look for the disparity values of
the pixels belonging to the instrument’s tip and the background retina. To perform this compu-
tation, an average disparity value of the tool’s tip is computed by averaging the disparity values
around the estimated coordinates with a mask and Gaussian weights. A similar computation

is performed to compute an average disparity value for the retina. The difference is the size
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of the mask used, which is larger, and the weights, which should be such to exclude the pixels
belonging to the instrument since it also appears in this mask. With a unique disparity value
for both the instrument’s tip and the retina, we perform a comparison. Warnings are issued
if the comparison outputs a value below a fixed safety threshold. To provide a retina average
disparity value more resilient w.r.t. noise and available even when the retina results occluded,
we store the most recent disparity values estimated for the retina and compute their running
mean. We discard all values distant from this mean as outliers. This approach is possible since
the retina surface does not move significantly during the entire video and, in particular, among
frames. On the other hand, this same approach cannot be implemented for the instrument’s

tip as the latter moves much more during the surgeries.

5.2  Otsu Thresholding

In our pipeline, we employed Otsu Thresholding to filter the circular view of the fundus,
which is lit by a surgical torch from the areas of black pixels around it. The reason why
we decided to use thresholding in detecting and cropping the region of interest in our frames
is that the surgical frames have large areas of black pixels and a lit, circle area showing the
retinal fundus. After analyzing the data, we figured out we could have leveraged an intensity
threshold to segment the region of interest through thresholding. Moreover, exploring the
strengths and flaws of different thresholding algorithms described in section 4.4.2, we realized
Otsu Thresholding was the right one to employ in our scenario. Basic and simple Adaptive
Thresholding showed to be too unreliable in finding a proper threshold value. On the other

hand, the Otsu’s Method has two main characteristics explained in section 4.4.2 that drove my
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choice. First of all, Otsu Thresholding does not require a hardcoded, human-tuned threshold
value as it can automatically choose the most suitable value based on the image histogram. This
was important as we wanted our pipeline to work seamlessly on any surgery video. Moreover,
Otsu’s Method is known to work well on bi-modal images i.e., images with two well-defined
peaks in the image histogram. This is the case of our frames which, as described above, can be

easily separated in completely black pixels and coloured ones.

5.3 Contrast Limited Adaptive Histogram Equalization

As mentioned in Chapter 1, the light conditions of ophthalmic surgeries are inconsistent:
some areas appear well lit by the surgical torch while others are dark or affected by glares. Stereo
matching algorithms, and so disparity maps quality, can be deeply affected by light conditions
of the image. This said the available techniques were explored and we found that histogram
equalization [7] can adjust contrast in images and improve stereo matching algorithms. Among
the histogram equalization algorithms, CLAHE (Contrast Limited Adaptive Histogram Equal-
ization) [7] was finally chosen because it does not suffer from noise-amplification issue of AHE
(Adaptive Histogram Equalization) [7] but still applies local equalization Moreover, it is widely

used in medical imaging as this class of images are usually over or under exposed.

5.4 Semi-Global Block Matching

As the goal of our work is to detect and avoid retinal collisions, we initially planned to esti-
mate the relative distance between the surgical instrument and the retina surface in two ways:
leverage the 2D distance between the instrument’s tip and its shadow on the retina, suggested

by our ophthalmologist expert as the most widely used visual cue currently employed in the
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operating room as mentioned in section 2.4, and exploiting the advanced visual data collected
during the surgery i.e., the stereoscopic videos, described in section 2.3. Eventually, segmenting
the instrument’s shadow in the frames and computing the Euclidean distance between the tip
of the shadow and the tip of the instrument resulted to be unreliable and cumbersome. The
difficulties arose mainly in locating the shadow in the frames. It is, in fact, not always present
or its shape not always sharp as these properties are strongly correlated with the position of the
surgical torch. For all these reasons and the availability of stereoscopic videos, we decided to
face the problem by employing stereo vision. While exploring and working with stereo vision,
we realized that, as we miss the intrinsic parameters of the stereo cameras described in section
4.4.1.3 and we are interested in a relative distance measure instead of an absolute, real dis-
tance value, we could have worked with disparity maps that are the last step before computing
depth. Disparity values in disparity maps belong to the same scale, meaning that if two pixels
have the same disparity value their depth would be the same. This allowed us to compare the
disparity values of pixels without computing their depth. Finally, when we had to choose a
stereo matching implementation to compute disparity maps we took into consideration several
stereo matching algorithms but, after we have read some documentation and have tested them
on our data, we choose to employ SGBM (Semi-Global Block Matching) [27] because of its
well-known tradeoff between runtime and quality of the produced disparity maps. A stereo
matching algorithm is needed to solve the Correspondence Problem mentioned in section 4.4.1
and find corresponding points between the left and the right frame. The peculiarity of SGBM

is that it looks for corresponding points within a subset of the image. Given a pair of rectified
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images and point p in the left image with coordinates (x,y), SGBM looks for the match p’ in
the right image as

{2/ >z N2’ <z+ D} (5.1)

where D is the maximum allowed disparity. This limited search space reduces dramatically the
run-time.

5.5 Convolutional Neural Network for Instruments’ Tip Localization
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Figure 15: Structure of our CNN.

Before starting the long process of building a Convolutional Neural Network, we attempted
various standard Computer Vision techniques to locate the tip of the surgical instrument.
However, a common issue of all the attempted techniques was the lack of generalization and
the sensitivity to data variance that CNNs, with their intrinsic properties, can overcome. The
techniques we attempted include Hough Line Transform [7], a computer vision algorithm used
to detect straight lines in images. We employed Hough Line Transform to detect the two

straight lines outlining the edges of the surgical tool and then approximate the location of
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the instrument’s tip as the intersection point of these two lines. However, this technique was
very unreliable due to the high encoding compression of the frames making the instrument’s
edges dull and blurred. Moreover, not all the surgical instruments in the videos are straight,
making locating the instrument’s tip with the intersection point of the Hough lines unfeasible.
Nevertheless, some frames also contain a very noticeable instrument’s shadow that Hough Line
Transform was used to detect as a straight line in place of the instrument’s body. Some examples

of the performance of Hough Line Transform can be seen in Figure 16

Figure 16: Hough Line Transform issues.
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Similarly, Edge Detection algorithms, like Canny Edge Detection [7], were attempted and
resulted unreliable due to the high encoding compression of the frames, blurring the edges of the
surgical instruments. Another computer vision technique attempted to segment the instrument
in the frames by leveraging its colour was Color Thresholding [7]. The surgical instrument,
made of steel, is grey coloured and so it should have been easy to segment it based on its colour.
Unfortunately, the light conditions inside the eyeball produce reflections on the steel body of
the surgical tool, adding red, white, and yellow shades to the silver color of the tool. These
reflections made Color Thresholding not applicable and highly unreliable in properly outlining
the instrument’s edges. As the instrument’s tip resembles a very prominent feature in the
frames, we also attempted some features detection & description algorithms among which ORB
(Oriented FAST and Rotated BRIEF) [28] and SIFT (Scale Invariant Feature Transform) [29].
These algorithms look for features as distinctive corners. Edges are not good features as an
edge-patch can usually match the entire edge while a corner-patch is unique. However, feature
detection algorithms do not employ any knowledge about the task while detecting features. This
pitfall, in our case, resulted in features identifying sharp blood vessels on the retinal surface or
artefacts produced by noise and glares in addition to the instrument’s edges, with no possibility
to filter out the outliers. Unfortunately, there is no way to tell these algorithms to detect key
points of the instrument’s tip in place of other landmarks in the frame, such as prominent blood
vessels. Examples of the mentioned issues are shown in Figure 17.

This last flaw led me to take into consideration the use of a supervised machine learning

model as such a model can be trained to detect a feature of choice by providing a target. We



Figure 17: ORB issues.
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eventually choose to employ a Convolutional Neural Network as CNNs are the current state-of-
the-art approach for feature extraction and supervised tasks on visual data. We also attempted
to leverage the movement of the surgical instrument to track it using Optical Flow [30]. Optical
Flow is a Computer Vision that computes the movement vector of the pixels across subsequent
frames. This movement vector allows having an understanding of what is moving in the frames,
in which direction and so to track prominent pixels. We tried two different versions of the
Optical Flow: a dense version, which computes the movement vector of every pixel in the
frame, and a sparse version, which computes the movement vector for some few input points
only. However, the dense version was very computational heavy and dramatically slowed down
the entire pipeline when coupled with the stereo matching algorithm. Moreover, since the
videos are not stabilized and the movement in the eyeball is random, the dense Optical Flow
map presented a huge amount of noise, making the instrument’s shape barely visible. A dense
optical low map with the mentioned issues can be seen in Figure 18.

The sparse Optical Flow was instead faster and free of noise. However, it needed some input
points to track. These points should be as much accurate as possible to track the right features
across frames. We already discussed the lack of accuracy of feature detection algorithms, like
ORB and SIFT, making this class of algorithm unsuitable for our task. Our Convolutional
Neural Network, on the other hand, was able to provide points that are accurate enough for
the sparse Optical Flow. Eventually, we realized that it was faster and more reliable to locate
the instrument tip in each frame through the CNN, instead of running the network once and

tracking the located point with Optical Flow.
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Figure 18: Dense Optical Flow issues.

The Artificial Neural Network we employed in our pipeline is a Convolutional Neural Net-
work coupled with a Fully-Connected Feed-Forward Neural Network to perform Regression.
The opening ConvNet extracts features from surgery frame; the Fully-Connected FFNN is then
used to leverage those features and learn the coordinates of the instrument’s tip in the frame.
The topology of the network is inspired by [18], but in our case, it contains a total of six layers
of 2D convolution, each of which with more filters than the CNN described in [18]. Moreover,
our topology consists of a deeper and wider FFNN, with more layers and more neurons in each
layer. Finally, we employ RGB images in place of gray images.

The input shape for the network is (320, 240, 3), representing RGB images with shape 320

x 240. The convolutional section is built with 6 2D-convolutional layers each followed by a
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layer of Max Pooling and a layer of Dropout. The first convolutional layer has 32 kernels with
size (3, 3), ReLU activation function and padding to do not lose any pixels during convolution.
Starting from the second one, convolutional layers have (2, 2) kernels than double each time
starting from 64 until 512. The activation function is still ReLLU and padding is the same. All
the max-pooling layers have a kernel size of (2, 2) and padding; dropout probability is 0.05 for
the first layer, 0.1 for the second one and 0.2 for all the remaining layers. The Fully-Connected
segment of our network consists of 4 dense hidden layers with 350 neurons each and ReLU
activation function. The output layer has 2 neurons with ReLU. In Figure 19, Figure 20 and
Figure 21 some features maps from different layers of the network for the input in Figure 22

are shown.

5.6 Adam Optimizer

In section 4.2.1 we stated that loss function optimization in Artificial Neural Networks is
usually performed with Gradient Descend and in section 4.2 we cited that several implemen-
tations of this algorithm exist. Here we describe the one employed in our pipeline: Adam
(Adaptive Moment Estimation) [9]. Adam is an adaptive learning rate optimizer that can
update the value of the learning rate during the learning process based on the loss function
gradient similarly to Adagrad [9], AdaDelta [9] and RMSprop [9]. Adam computes and stores
both an average of the squared gradient with exponential decay and an average of the gradient

again with exponential decay as

my=P1-my_1+(1—51) g (5.2)



Figure 19: Some features maps from the first layer of our CNN.
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Figure 20: Some features maps from the second layer of our CNN.

Figure 21: Some features maps from the third layer of our CNN.
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Figure 22: Input corresponding to the features maps above.

and

v = P vi—1 + (1 — ) ‘9t2 (5.3)

where gy is the loss function’s gradient, m; is the average of the gradient and v; the average of
the second gradient. Both these two estimates are biased towards zero as they are initialized

to 0. For this reason, Adam employs unbiased versions of the above estimates as

my

(5.4)
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and
N Vg
Vy = 55
This said, Adam update rule for parameters results to be
Oy = 0,1 — —— i (5.6)
VU + €

where 7 is the learning rate, 6; is the vector of the model’s parameters at iteration t, and e
is worth 10~®. We can notice the learning rate changing magnitude inversely proportionally to

the unbiased estimate of the squared gradient.

5.7 Overfitting

In section 4.2.1 we mentioned the phenomenon of overfitting occurring in Artificial Neural
Networks and some techniques to limit and solve it. Here we describe how we prevent overfitting
to happen. The most basic expedient we used to avoid overfitting is dropout [9]. Dropout is
a technique used in ANN to randomly disable connections between neurons and layers with
probability p to improve generalization through this randomness. In Convolutional Neural
Networks dropout is implemented by randomly zeroing weights inside the convolutional kernels.
Dropout is applied during training but not during inference.

An additional technique we employed is Early Stopping [9]. FEarly stopping is a more
advanced and widely used technique to limit overfitting that makes use of a validation set to
check for overfitting during training. The validation set is a reserved part of the entire dataset of

never seen samples employed to validate the generalization capabilities of the network on-line.
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Network’s performance on the validation set is compared to the performance on the training set
to check for overfitting. Early Stopping stops training the network when the difference between
the loss on the validation set and the training set begins to diverge. This difference means
that the network is starting to overfit on training data, performing badly on the never seen
samples of the validation set. The only parameter Early Stopping requires is the patience i.e.,
the number of epochs to wait before stopping the training since the first divergence has been
detected. Finally, we mention regularization in the form of Ridge regularization (L2) described

in section 4.2.1 with magnitude 5 x 10~ that we used on the first version of the CNN.

5.8 Typical Data

The raw data employed to carry out this research consists of videos of vitrectomy surgeries
recorded using the surgical microscope present in the operating room. These videos, publicly
available on the Internet, show the fundus and a surgical instrument manipuled by the oph-
thalmologist. The surgical tool is usually a straight pipe made of steel; however, some videos
seldom show hooked tools and tongs. The scene is lit through a surgical torch also handled by
the surgeon. The fundus is not always clearly visible as some scar tissue or blood clouds, which
is usually the reason why the surgery is performed, can be presented between the microscope
viewpoint and the fundus. The recorded surgery usually implies the surgeon chopping floating
scar tissue, peel anchored scar tissue or remove blood clouds. The surgical microscope records
the surgery both as standard, 2D video and as stereoscopic video. The latter version is the
main data employed in this work. These videos are sampled to extract single frames, which

compose the dataset for the Deep Learning algorithms. At this point, the dataset misses the
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target variables, which in our case are the coordinates of the instrument’s tip. To provide this
information a marking tool was developed and employed. The marking tool allows the user to
whether locate the instrument’s tip in the frame and store its coordinates or identify the frame
as invalid if no instrument is displayed in the frame. Sampling the videos, we had to choose a
size for the images in the dataset. The perplexity was between using high-resolution images to
preserve many details but enlarging the run-times or lower-resolution images to decreases the
run-times. We then reached a tradeoff between information preserved and reduced run-time.
No data augmentation was performed on the definitive version of the dataset. On the other
hand, we performed undersampling by rebalancing a bias toward some patients to improve the

generalization capabilities of our Convolutional Neural Network.



CHAPTER 6

EXPERIMENTAL SETUP

6.1 Implementation Details

The pipeline is entirely implemented in Python that has been preferred over other widely
used programming languages such as C++ and Java because is considered to be the best
language for prototyping due to its simple syntax. Moreover, most Deep Learning frameworks
provide APIs for Python. For IO operations and image processing Python’s OpenCV has been
employed. OpenCV is an open-source computer vision library with plenty of built-in functions
for image processing, 10 operations, stereo vision, 2D features detection, segmentation and
more. It provides APIs for C++4, Python and Java. To deal with matrices and numerical
computation NumPy has been employed, which is a library for optimized numerical computation
and n-dimensional data representation. Pandas has been chosen to handle the data in the
dataset through the Dataframe object. It is an open-source Python library for high-performance
data structures. For Deep Learning programming, Keras with TensorFlow’s backend has been
used. TensorFlow is a Google’s open-source library for numerical computation and machine
learning with APIs for Python, Java, C++ and JavaScript; Keras is, again, an open-source
Python library providing high-level APIs for neural networks training, test and deployment. It

needs a computational backend, which we decided to be TensorFlow.
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The current version of the pipeline is implemented to work with the recorded videos of
ophthalmic surgeries described in section 5.8 but it can be easily modified to work with streams
of data. We employed NumPy matrices indexing to crop the original frames from 1920 x 1080 to
1920 x 1026 to remove a logo on the bottom right corner. To center the region of interest (ROI)
we utilized OpenCV’s threshold function with the Otsu label to perform Otsu thresholding
described in section 4.4.2. OpenCV’s findNotZero function was then employed to find the
left and right edges of the ROI and know where to crop. The outcome is an image with
shape 1368 x 1026. This shape was chosen because multiple of 320 x 240, input shape of
the Convolutional Neural Network employed in the pipeline. Resizing was performed with
OpenCV’s resize function. The Convolutional Neural Network was implemented with Keras
and TensorFlow backend. All the details about it can be found in the next section. Histogram
equalization has been performed with the OpenCV’s build-in function CLAHE with contrast
limited to 1.0 and mask size of (3, 3). Disparity maps were computed with images 1920 x 1026
with OpenCV’s stereoSGBM. The parameters employed for SGBM were adapted to each video
as we figure out that it was not possible to find a unique set of parameters producing good
disparity maps.

6.2 CNN’s Training Environment

As mentioned in section 6.1, a Convolutional Neural Network has been employed in our
pipeline to estimate the coordinates of the instrument’s tip in the frames. We described the
version and the structure of our Convolutional Neural Network in section 5.5. However, some

additional details are needed to fully depict the CNN used.
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We decided to employ RGB images instead of greyscale (1-channel) images to preserve the
majority of the details in the images, persuaded that a certain amount of useful information
is contained in colours. We used a batch size i.e., the number of samples considered at each
step of the optimization, equal to 64. Learning rate was chosen with an initial value of 0.001
(1073) but with the possibility to dynamically change it with Adam optimizer. Optimizers are
the implementations of Gradient Descent algorithms. We choose Adam as it is well known to
be faster to converge on large dataset and reliable.

We split our dataset as 90% training set, 10% validation set and 10% test set. We deployed
Early Stopping, described in section 5.7, with patience 15 epochs and Model Checkpoint with
frequency 1, which stores the values of the weights each time a new minimum in the loss function
is reached. This technique ensures to always have the best set of weights so far. In section
5.5, we stated that we configured the two output neurons of the network with ReLLU (Rectified
Linear Unit) activation function. Here we explain why: since we are performing a regression
task on pixels coordinates, we want neurons that can output non-negative real values, as pixels’
coordinates range from 0 to image-width and from 0 to ¢mage-height. In the final version of
the network depicted in section 5.5, we did not add regularization as the number of samples
in the dataset resulted enough. Moreover, regularization prevented the network to fit the data
properly resulting in bad performances. We defined a custom, still widely used, loss function

implementing the Euclidean Distance,

(6.1)
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where y; is the produced output, y; is the expected value, and n is the number of samples. We
employed this loss function as the error we want to minimize in the network is the distance

between the predicted point and the ground truth.

6.3 Training Dataset

Data is a core aspect of Machine Learning, as already said in section 4.2 and 4.3. We
were provided with videos recorded by two 4K stereo cameras at 60 FPS but provided to the
user with resolution 1920 x 1080 (FullHD) in the monocular version and 3840 x 1080 in the
stereoscopic version. However, to train our CNN we needed a dataset containing surgery images
and instrument tip coordinates as the target. No such dataset is available on the Internet so
we had to build our dataset from scratch with the frames of the surgeries videos.

The first step was to choose a size for the images in the dataset. The trade-off was between
loss of too many details with a very low resolution and long computational run-times with a
high resolution. Eventually, we opted for the shape 320 x 240, which preserves the majority
of details but drastically decreases the run-time when training and deploying the CNN. We
then sampled frames from 7 distinct videos at 1 frame every 10. Subsampling was required
as the provided videos have a high frame rate, causing subsequent frames to be very similar
to each other, which is bad if we want to train a CNN. This way we produced a non-labelled
dataset containing nearly 10 thousand 320 x 240 images of 7 different surgeries. Some frames
are shown in Figure 23. The next step was to annotate all the frames with the coordinates of

the instrument tip if present.
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To obtain these annotations, we built a custom labelling tool using TkInter, a Python
library for GUI (Graphical User Interface). The tool allows the person in charge of providing
the frames’ annotations to point at the instrument’s tip in the frames and save its coordinates
in a CSV file. In case of instrument missing, tip occluded or frame corrupted, the user is allowed
to invalidate the frames through a button in the GUI. This custom tool allowed us to annotate
the 10k frames by hand in about 20 hours of work. In the end, 9.5% of the frames resulted

invalid and 90.5% resulted valid i4.e., suitable for the CNN.

Two versions of the dataset were built and employed for the CNN training. The first
version consisted of annotated frames sampled from the videos plus additional frames created
with data augmentation. Data augmentation is an oversampling technique used to increase the
number of samples in the dataset by applying transformations to the samples in the dataset.
Examples of possible transformations are rotation, flip, zoom-in, zoom-out, pixels intensities
variation and noise addition. However, on this first version, our CNN was not performing at
the best of its capabilities. This version contained in fact two main issues: a bias introduced
by the strong data augmentation performed and an intrinsic bias towards surgeries with more
frames in the dataset. So, instead of performing hyper-parameters tuning and changes in the
network topology, we decided to extensively work on the data to improve its quality. In brief,
we substituted oversampling via data augmentation with under-sampling that, as underlined
in several papers among which [31], usually works better. The second and current version of

the dataset was the result of this process: we completely dropped data augmentation that it is
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not strictly needed but can be added in the future and we balanced the number of frames from
each surgery, so that to remove any bias towards a particular scenario.

We also performed a little bit of data exploration to deeply understand our data before
feeding the our CNN. We plotted the distribution of the targets along the x and y-axis discov-
ering that the x-components have a Gaussian distribution with the mean around the centre of
the image and the y-components have a bi-modal distribution. These distributions explain why
the CNN outputs some coordinates near the centre of the image when no tip is shown in the
frame.

For testing purposes, we kept aside two videos that the network never saw during the

training so that we tested the performance of the pipeline on never-seen images.

6.4 Testing Environment

In this section, we describe the hardware and software environments used to develop our
proposed pipeline. The majority of the pipeline was developed using a laptop running macOS

10.14.6 with:

e a 2.6 GHz dual-core Intel i5 CPU;

an Intel Iris integrated GPU;

8 GB DDR3 of RAM at 1600 MHz;

128 GB SSD of storage.

This machine was used to run all the tests regarding image processing. However, some sections

of the pipeline are too computational heavy for the machine described above. For this reason,



Figure 23: Some frames from the dataset.
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a workstation has been used to train the Convolutional Neural Network and test the entire

pipeline. This machine runs Windows 10 with:

e a 3.7 GHz exa-core Intel i7 CPU;

an Intel UHD Graphics 630 integrated GPU;

16 GB of RAM at 2666 MHz;

256 GB SSD of system storage;

e 1TB HDD of additional storage;

2x NVIDIA GeForce GTX 1070 Ti with 16GB dedicated GPU.

On both machines, we employed JetBrains’ PyCharm IDE. However, on the laptop, we employed
a Python virtual environment with standard Tensorflow installed while on the workstation a
Python virtual environment with Tensorflow-GPU to take advantage of the computational

power of the GPUs.

TABLE I: LAPTOP’S SPECIFICATIONS SUMMARY.

H CPU RAM Integrated GPU ‘ Dedicated GPU ‘ Storage H
2.6 GHz dual-core | 8 GB DDR3 Intel Iris n/a 128 GB SSD
Intel i5 1600 MHz




TABLE II: WORKSTATION’S SPECIFICATIONS SUMMARY.
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H CPU RAM Integrated GPU Dedicated GPU Storage H
3.7 GHz exa-core | 16 GB DDR4 Intel UHD 2x NVIDIA GeForce | 256 GB SSD
Intel i7 2666 MHz Graphics 630 GTX 1070 Ti 16GB | + 1TB HDD




CHAPTER 7

RESULTS

In this chapter, we present the results achieved by our pipeline. Since the general perfor-
mance of the pipeline depends on how our CNN performs, we first present the training and test

performances of our network.

7.1 CNN’s Training Metrics

We already mentioned in section 6.4 that we trained our Convolutional Neural Network
on a workstation with two NVIDIA GeForce GTX 1070 Ti. The final model deployed in our
pipeline took 28 minutes on the workstation to train; the training loss reached a value of 0.0120
(12 x 1073) and the validation loss 0.0132 (13.2 x 10~3) before the Early Stopping stopped the
training process after 74 epochs, as showed in Figure 24.

The loss function on the test set with the weights stored in the model checkpoint measured
0.015 (15 x 1073). We plotted the distribution of the errors over the test set containing 657
samples that can be seen in Figure 25.

The mean error resulted to be 3.24 pixels with a standard deviation of 4.17. The max error
performed was of 87.81 pixels and the minimum 0.11 but the interesting statistics is that the
90th-percentile is 5.53 pixels. This value means that 90% of the samples in the test set had an

error less than or equal to 5.53 pixels.
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Figure 24: The loss function plot on training and validation set.
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Distribution Of Errors On The Test Set
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Figure 25: The distribution of errors performed by our CNN on the test set.
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We also tested the final performance of our CNN on videos as this is the environment it
has to be deployed in. We tested our network on both videos we used to extract frames as we
sampled images 1 every 10 and those videos still contain a large number of new frames, and

never-seen-before videos we excluded from the dataset.

TABLE III: PERFORMANCE OF OUR CNN ON THE TEST SET.

H Count Mean Std Dev Min 25% 50% 75% 90% Max H
657 3.24 417  0.11 1.72 257 3.78 5.53 87.81

In Figure 26 we show some inferences of our Convolutional Neural Network on never-seen
images. Based on the output of the network, we drew a box, which is more meaningful as the

pipeline employs a pixel mask and not a single point.

7.2 Pipeline Performance

We already discussed the accuracy of the Convolutional Neural Network in the previous
section. About the depth estimation, the value produced by the pipeline seems to be consistent
with the scene during the majority of the video. However, due to a series of factors among which
lack of rectification and lack of texture in the frames, some false negatives and false positives

are produced by the pipeline. A false positive means that the pipeline issues a warning even



Figure 26: Samples of inferences of our network on never-seen frames.
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if the instrument tip is not dangerously close to the retina; a false negative means that the
pipeline does not issue a warning when needed.

Concerning the runtime, a single iteration of the pipeline takes between 70 and 100 mil-
liseconds. More in details, our Convolutional Neural Network takes about 2-3 milliseconds to
produce an output, the Semi-Global Block Matching algorithm takes between 30 and 65 mil-
liseconds to compute the disparity map and the remaining time is due to IO operations and
helper functions, like cropping, resizing, histogram equalization and thresholding. As it can
be noticed, the computation of the disparity maps is the performance bottleneck. It may be
speeded up by employing lower resolution images for stereo matching but we would be concerned
about the loss of details.

Figure 27 and Figure 28 show the pipeline running on a video with the GUI highlighting
the position of the instrument tip and indicating the current frame. The distance warning is

also displayed in Figure 27.



Figure 27: Screenshot of the pipeline deployed - part 1.
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Figure 28: Screenshot of the pipeline deployed - part 2.
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CHAPTER 8

CONCLUSIONS AND FUTURE WORK

8.1 Conclusion

In conclusion, we designed and developed an automated, real-time pipeline, which represents
a proof of concept for the employment of Convolutional Neural Networks and Stereo Vision to
estimate the relative distance of the instrument tip from the retina surface.

Overall, the performance of the Convolutional Neural Network in inferring the location of
the instrument tip in the frames can be considered to be acceptable for real-time visualization
as shown by the statistics in section 7.1. Of course, CNN’s inferring capability can be enhanced
with additional data and with further effort on its topology. The quality of the disparity maps
employed in the pipeline is not always satisfactory, causing some unwanted false positive and
false negative. As discussed in section 4.4.1.2, we should have performed rectification before
applying stereo matching and computing disparity maps as stereo matching algorithms are very
sensitive to distortion. However, we could not rectify the images as we lack intrinsic parameters
and transformations H1 and H1 described in section 4.4.1.2. Moreover, the quality of the
disparity maps shows a large variance across different videos due to the lack of generalization
of the parameters of Semi-Global Stereo Matching. This variance means that a set of optimal

parameters and fine-tuning is needed for each video to always obtain good disparity maps.
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Concerning the entire pipeline, we think that its accuracy in tracking the instrument tip and
estimating its depth is satisfactory for the purposes of this thesis. About real-time performance,
the pipeline runs in real-time at 24 frames per second on mid-range hardware, being easily

deployable in real microsurgical settings.

8.2 Future Work

Given the results and the limitations of our proposed pipeline described across Chapter
7 and section 8.1, we foresee a great variety of future extensions to this work. First of all,
achieving image rectification in this scenario could lead to a terrific improvement in the quality
of disparity maps and of the entire pipeline as consequence as discussed in section 4.4.1.2. In
general, a better and more stable quality for the disparity maps is desirable to improve the
performance of the pipeline. In this sense, the employment of ad-hoc Convolutional Neural
Networks for the computation of disparity maps represents a viable path. CNNs could, in fact,
overcome the lack of generalization of SGBM mentioned in section 8.1.

Moreover, some additional efforts can be spent on the dataset and the network structure to
improve the inference accuracy of our CNN. For instance, in section 6.3 we stated our choice of
dealing with 320 x 240 images as the real-time performance was a concern: modify the dataset
and the structure of the CNN to deal with higher resolution images is an option to improve
inference quality. Other viable alternatives are expanding the dataset or carefully analyze
the activation maps of the hidden layers of the network to drive modifications in our CNN’s

structure.
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In conclusion, Recurrent Neural Networks (RNN) represent another possible extension. As
mentioned in section 4.2.1, RNNs are Artificial Neural Networks that can work on data with
some kind of time dependency. They leverage not only spatial features but also temporal
features. As there exists a strong time correlation between frames across surgery videos, RNNs
can be successfully employed to deal with videos as a stream of data and not only as a sequence
of independent frames to enhance the performance of the pipeline. Our only concern about this
approach may be represented by real-time performance of RNNs, as they are computationally

heavy.
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