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Abstract

Biofilms can be described as aggregates of microorganisms which clump together and are often
attached to a surface. As mesoscale systems, imaging techniques are required to obtain
information about their properties and structure. One such technique is Optical Coherence
Tomography. The images obtained through this technique are complex and contain large
amounts of valuable information that can be used to characterize a given biofilm. Therefore,
it is in the best interest of anyone studying them to utilize automatic processing. In the case of
Optical Coherence Tomography, a software tool has been recently developed to analyse two-
dimensional biofilm images. However, no such tool exists that allowed for the analysis of three-

dimensional images.

The main work developed and described in this document is the expansion of the existing two-
dimensional software tool, into a three-dimensional perspective. This corresponds to the
updating of the previously existing algorithms so as to allow for the analysis of three-
dimensional biofilm images. In order to achieve this, a thorough look and rewriting of each

function presented in previous work is contained within this document.

As the result of the work described in this document, several algorithms are available for the
processing of three-dimensional biofilm images. Several improvements have been identified for

future work to reduce processing times and allow for higher convenience.

Keywords: Biofilm, Imaging, Automatic Processing, Software
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Resumo

Os biofilmes podem ser descritos como agregados de microrganismos que se aglomeram e estao
frequentemente ligados a uma superficie. Como sistemas em mesoscala, sao necessarias
técnicas de imagiologia para obter informacdes sobre as suas propriedades e estrutura. Uma
dessas técnicas é a Tomografia de Coeréncia Optica. As imagens obtidas através destas técnicas
sao complexas e contém informacao valiosa que pode ser utilizada para caracterizar um dado
biofilme. Por conseguinte, é do interesse de qualquer utilizador que as estude recorrer ao seu
processamento automatico. No caso da Tomografia de Coeréncia Optica, foi recentemente
desenvolvido uma aplicacdo informatica de analise de imagens de biofilmes bidimensionais. No
entanto, nao existia ainda uma aplicacdo informatica deste tipo que permita a analise de

imagens tridimensionais.

O principal trabalho desenvolvido e descrito neste documento é a expansao da aplicacao
bidimensional existente, para uma perspectiva tridimensional. Isto corresponde a actualizacao
de algoritmos anteriormente desemvolvidos para processamento unicamente a 2 dimensoées de
modo a permitir a analise de imagens de biofilmes tridimensionais. Para o conseguir, o presente
documento contém uma visao completa e reescrita de cada funcao apresentada em trabalhos

anteriores.

Como resultado do trabalho descrito neste documento esta disponivel um conjunto de
algoritmos que permitem o processamento de imagens tridimensionais de biofilmes. Ainda
permanece como trabalho futuro o desenvolvimento de alguns codigos que permitam reduzir

os tempos de processamento e uma maior comodidade na obtencao de resultados.
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1 Introduction

1.1 Framing and presentation of the work

Biofilms can be described as aggregates of microorganisms which clump together and are
often attached to a surface (Hall-Stoodley et al., 2004). There is considerable variety within
their properties and applications, as they can be comprised of any number or association of
cells. Their use in industry has been documented, such as in Microbial Fuel Cells (Wang et al.,
2013), as filters on sewage treatment plants (Lewandowski et al., 2011), as well as in oil

degradation from freshwater systems (Golyshin et al., 2008).

As mesoscale systems, imaging techniques are required to obtain information about their
properties and structure. These may include Scanning Electron Microscopy (SEM), (Relucenti et
al., 2021) laboratory x-ray (Carrel et al., 2017) confocal microscopy (Schlafer et al., 2017 as
well as Optical Coherence Tomography (OCT) (Hou et al., 2019), (Wagner et al., 2010), which
is the main focus of this work. This technique allows for the acquisition of 3D images of a given
biofilm, through the use of light refraction. A beam of light is directed at the tissue of interest,
and the scattered light is collected and treated through interferometry. It has applications in
medicine and surface characterization, as it is able to obtain results without damaging the

sample (Aquino et al. 2019).

The images obtained from these techniques are then processed and return valuable
information on morphology, structure, and physical properties, as well as a clear visual
representation of the studied biofilm. These are then often used to ascertain if a biofilm is

appropriate for a given system (Drexler et al., 1999).

The analysis of these images through manual processing is inefficient, complex, and down
to personal interpretation as they require pixel-by-pixel analysis. Therefore, automation is in
the best interest of anyone analysing these images. Automatic processing of these images is
available for confocal microscopy, as reported, for example in (Heydorn et al., 2000) or (Mueller
et al., 2006) and has recently been developed for 2D OCT images in (Narciso et al., 2022) and

forms the basis on which this work was developed.

With this in mind, the main objective of this work was to expand on the algorithms devised
for 2D methodology, so as to adapt them for the 3D case. As three-dimensional structures, they
can only be characterized by three-dimensional processing. Two-dimensional analysis is
naturally limited, as there is variability in depth along a given biofilm, with a notable difference
generally observed between the first and last 2D slices. Additionally, due to how image

processing depends on continuity detection, a given section of an image may be incorrectly
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characterized as non-biofilm if the analysis is done in two dimensions only, given that it may
have continuity in the non-measured direction. Properties such as roughness, porosity and
average thickness depend on all three spatial dimensions and as such 2D analysis can paint an
incomplete picture and return information that may not truly characterize the biofilm.
Therefore, for analysis to be complete would require information that is only available through

the use of 3D imaging.

However, for 3D, the amount of information to process is considerably larger. As the
three-dimensional images are stacks of two-dimensional ones, a significative increase of the
number of pixels to analyse occurs. Additionally, as each pixel requires more operations to be
processed, the computational complexity of these issues is considerably raised by the extension
to 3D. Processing times may be elevated from seconds in 2D processing (image sizes around
10MB) to hours or days in 3D processing (image sizes around 1500 MB). Therefore, a potential

solution is parallel processing.

Parallel processing is the division of a given task into multiple threads, which can be
independently worked on by a given processor and is often applied to previously existing
algorithms to improve their efficiency (Alamsi et al., 1989). In order to obtain results in a
reasonable timescale, it was in our best interest to develop parallel processing functions that

would be able to shorten the processing time.

1.2 Contribution of the author to the work

Taking the two-dimensional algorithms developed by Narciso et al. (2022) as a reference,
a new version of the code was devised to analyse 3D images. | studied each of the original
algorithms presented in this article and adapted them to meet the demands of three-

dimensional processing.

These tasks consisted of the addition and writing of a series of lines of code, so as to
adapt the previously existing functionality. Most of the work focused on the main processing
functions as well as the two continuity tests used to obtain the biofilm’s structure. This
consisted of the bulk of the work, as it required the adaptation of the algorithms to contemplate
a considerably larger amount of points and calculations. Besides these two continuity tests,
every auxiliary function was adapted in order to enable 3D image processing. This includes the
reading of images as well as their pre-processing. Changes were required and applied to the

output functions, as well as the calculation of parameters.

This work was done in close collaboration with my supervising team and can be divided

into three separate stages:

()] Discussion of necessary code changes and implementations;

Introduction 2
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(1) Code writing, debugging, troubleshooting, and testing;

(I Code review and functionality confirmation.

This workflow was undertaken for the update of all necessary algorithms. All of the functions
were updated by me, with additional support from the supervising team, especially in the

parallel algorithms.

Upon completion of code writing, | performed a series of performance tests so as to
provide initial insight into potential improvements to processing times through manipulation of
parallel parameters. This provides preliminary information on how to achieve faster processing

of images.

1.3 Organization of the dissertation

Chapter 1 presents the introduction, with a general overview of the principles required, as well

as the motivations for this work.

Chapter 2 corresponds to the state of the art, where a series of basic principles and analysis of

current developments in OCT treatment of biofilm images will be presented.

Chapter 3 presents a description of the materials and algorithms used. Pseudocode is presented
and explained for all the algorithms, and schematics are shown to represent the study of the

problem at hand.

Chapter 4 presents three case studies. These cases report the results of the use of the code
structure developed on the analysis of separate images, as well as a direct comparison to
previously existing work, and a preliminary study on the optimization of the key parallel

processing parameters to achieve faster computing times.

In the conclusion presented in Chapter 5, a retrospective look on the work as a whole is shown,
as well as suggestions for future work in this field and the next steps to be taken in

development.

In Chapter 6, an informal assessment of the work done is also shown, as well as the author’s

personal thoughts of the work developed.

Introduction 3
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2 Context and State of the art

2.1 Biofilm Imaging

The study of biofilms is a vast and varied area of study, with potential applications in many

different fields, as in the medical, food, and energy industries.

A Biofilm can be described as an aggregate of microorganisms, where there is direct contact
between each microorganism’s cells. Besides these microorganisms, there is also an
extracellular matrix of polymeric substances (EPS), which are produced by the cells contained
within the biofilm. They have highly hydrated three-dimensional structure, and form on any
type of surface, upon exposure to environmental factors. After a given microorganism is
exposed to the necessary conditions, it undergoes a dynamic change to its genes, causing it to

grow in a way that is beneficial to the formation of biofilm (An et al., 2007).

Biofilms’ general properties are affected in large part by their morphology, as demonstrated in
(Bishop et al.,1995). In this work, the biofilm structure was measured and shown to cause
variations in mass transportation efficiency between different elements of the biofilm’s matrix.
This structure can be characterized by parameters such as average thickness and roughness.
Their application and efficiency for a given problem can vary with these properties. As an
example, in (Maria Culell et al., 2015)’s work, the nitrification levels achieved with different
thickness of ammonia oxidizing bacteria biofilms within a moving bed reactor were measured.
Although biofilm thickness was not found to affect the ammonium production, nitrate
production was higher for higher thickness biofilms. As another example, in Yun shen et al.,
(2012) adhesion of pathogenic Legionella pneumophila biofilms to water surfaces were
measured for different roughness biofilms. By changing the flow velocities, it was demonstrated
that smoother biofilm surfaces lead to easier detachment of pathogens. It can then be said that
the determination of biofilm properties is of key importance for the biofilm function (how it

behaves).

When unattended, a given biofilm will grow on a given liquid or solid substrate up to a
macroscopic level. However, in many cases of interest, there is a focus on the microscopical
aspects of biofilms, including individual cell growth. There has also been a growing interest in
a mesoscale approach, to ascertain mechanical properties. Therefore, imaging techniques are
required to adequately characterize them. A summary and review of most current techniques

is available in (Azeredo et al., 2016).

Context and State of the art 5
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Light absorption is one important asset in biofilm microscopy. For example, the effects studied
by Carvalho and da Fonseca (2007), through optical microscopy showed that that there is a
linear relation between the intensity of light absorbed in a given area of biofilm is related to
the thickness of biofilm at that point. This corresponds to different brightness levels of the
corresponding image. Although optical microscopy is cheap, easy to perform, and only requires
simple preparation of a given sample, it has severe limitations when it comes to the amount of
information extractable. The level of magnification achieved does not allow for in depth
characterization of specific sections of the biofilm, and there is a maximum value of saturation

detectable, after which no further information can be gained.

In contrast, Confocal Laser Scanning Microscopy (CLSM) is widely accepted to be the most
versatile and powerful technique available to characterize biofilms in their microscopic scale.
It works based on fluorescency. While in typical fluoroscency microscopy the sample is evenly
illuminated by the light source, in CLSM, the beam of light is passed through a pinhole, and
onto the sample allowing for a specific point of a given system to be illuminated. Using an
oscillating mirror arm, multiple parallel points can be analysed at once, and a two or three-
dimensional structure can be imaged. This technique has been applied to many different types
of biofilm, such as those described in (Guilbaud et al., 2015; Sun et al., 2015; Villacorte
et al., 2015), and allows for the calculation of volumes, thicknesses and roughnesses, as
detailed in Bridier et al. (2010)

Through the use of different dyes (Neu and Lawrence, 2014a, b) or genetic modification
(Klausen et al., 2003b; Sanchez et al., 2015; Tolker-Nielsen & Sternberg, 2014) biofilms
fluorescency can be achieved to allow for the application of CLSM. However, this is also the
biggest limitation to the use of CLSM, as any system that cannot be made fluorescent is invalid

for analysis through this method.

Scanning Electron Microscopy (SEM) has also been applied to biofilms. In this method, a beam
of electrons is used to scan the surface of a material, which then scatters and absorbs these
electrons and returns information to characterize the surface. It is, however, unable to return
information in depth, as the electrons do not penetrate the surface. Although SEM has been
used as a comparative method (Di Bonaventura et al., 2003, 2006; Hasan et al., 2015; Li
et al., 2015;) for its positive properties, such as the ability to visualize a large amount of
information at once when compared to other imaging techniques (from 50 to 100 nm), SEM’s
sample preparation is time consuming and tedious, and may destroy the structure or cause
artifacting, as reported in (Hannig et al., 2010). This limits the use of SEM, as the biofilm
samples may be valuable or unique, or as the loss of information from artifacting may be

inacceptable if precision is required.

Context and State of the art 6
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Optical coherence tomography (OCT) is currently undergoing study and interest as a suitable

imaging tool for description of biofilms on a mesoscale.
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Figure 1: Schematic of OCT functioning (Taken from:(OBEL, n. d)

As shown in Figure 1, OCT images are obtained from the use of an interferometer, a light source,
a beam splitter and two arms, one for reference and one for sampling. The sampling arm
consists of a lens pointing at the object of interest (in this particular case, biofilm). The light
from the light source is reflected and scattered by the sample, which causes interference with
the beam splitter. This interference is what provides the information that will be recorded and
analysed. It is then returned as information in the form of an image, a dataset in greyscale,
which returns higher (brighter) values for higher biofilm concentrations, and lower (darker)
values to indicate the absence of biofilm in a given region. In the particular case of biofilm
imaging, the association of depth information is called an “A-scan”. The sum of consecutive
parcels of this information is called a “B-scan”. Although a name for consecutive B-scans has
not been formally attributed yet, it is referred to in literature as a C-scan. As OCT detects
scattering and reflection, it is well suited to describe the general structure of a given biofilm.
It also avoids the main problem of techniques such as CLSM, as samples do not need to be
fluorescent.
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OCT showed to be promising in several biofilm studies, like for example the one from Xi et al.
(2006) who monitored the growth of a Pseudomonas aeruginosa biofilm within a glass capillary,
non-invasively and in-situ. In 2010, Wagner et al. developed a study where they first visualized
the complete structure of a three-dimensional biofilm and demonstrated that its compaction
(normalized measure of how strongly compacted biofilm structure is) depended on the Reynolds
number of its fluid. In this study, single OCT scans were obtained within two minutes with no
sample pre-treatment. A series of following studies, such as those found in Fortunato et al.
(2016) and Rasmussen et al. (2016) cemented OCT as a versatile tool for the characterization
of biofilm structures at the mesoscale. As an example, result, Figure 2 shows typical raw data

in image format obtained from OCT in the study of these systems:

Figure 2: Image obtained from OCT analysis of biofilm

As can be seen, the data is available in a greyscale image, where brighter whites correspond to

the existence of biofilm. Some visual artifacting can be seen in the bottom right of the image.

2.2 Image processing

While the aforementioned studies focused mainly on OCT’s ability to accurately portray and
represent biofilm’s general morphology or even growth over a given timeframe, the interest
lies in the complete characterization, with the calculation of parameters such as thickness and
roughness. In order to derive these parameters from OCT imaging, a series of image processing

treatments should be applied to the datasets. As shown in Figure 2, OCT returns a greyscale
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image, which can then be read by a computer as a three-dimensional matrix. Each pixel having
a different value for X and Z to describe position, as well as a matching greyscale intensity. It
is these three-dimensional matrices that are then manipulated through a series of operations.

This is the starting point for this work, and the area to which it corresponds.

Initially, the datasets are binarized, and each individual pixel is separated into biofilm or void.
This requires the separation based on a threshold. Though multiple thresholding algorithms are
available to determine this value, the Otsu method (Otsu, 1973 ; Yerly et al., 2007) and the
triangle methods (Derlon et al., 2013) are commonly used. This thresholding can also be applied
manually such as in Blauert et al. (2015). After the information is binarized, it may be further
processed. For example, in Wagner et al. (2010), downscaling was performed to lower image
size prior to binarization, and following it a white line was drawn to separate the biofilm base
from the attached structure after which the height of biofilm in each scan was calculated. In
contrast, in Dreszer et al. (2014), custom MATLAB scripts were used to initially locate and
separate the base from the structure, after which edge detection was used to obtain an outline
of the biofilm, filtering was applied to separate real voids from those caused by visual
artifacting, as well as removal of spurious nose pixels prior to height calculation. More recently,
in (Narciso et al., 2022), an independent, fully automatic and novel software was presented,
entitled Biofilm Imaging and Structure Classification Automatic Processor, shortened by the

authors to BISCAP, constitutes a simple way to automatically process 2D OCT images.

This software functions based on a novel thresholding and substratum detection strategy. As
detailed by the authors, pre-processing is non automatic and consists of the indication of a
maximum (Zmax) and minimum (zmin) value of z, which will correspond to the top and bottom
interfaces of the biofilm in study. Afterwards, the image is cut along these two lines. A

representative schematic is shown in Figure 3:
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Biofilm + Interface Data

Figure 3: Schematization of pre-processing execution

This is however, a completely optional step that can be disregarded. However, the gains in
computation time vastly outweigh the relatively lower investment of time corresponding to the
marking of the lower and upper bounds. Additionally, during this step, a lower bound is given
for the determination of the base of the biofilm interface. This is referred to as the limit value
for z (zum) and will provide an initial value for the next algorithm to search. These values are

provided via manual pre-processing.

There is then a series of automatic processing steps, which are divided by the authors into four

steps.

(I) Initially, the bottom interface’s position is calculated. This interface is often identified by
a series of very bright pixels occurring in the lower bounds of the image. This observation results
from the analysis of a large number of OCT images and is not a necessary condition. The authors
report this algorithm as being able to accurately detect the position of the bottom interface

for the majority of OCT datasets.

In a first step, all points with the highest intensity in x are marked, and then filtered.
These values are then estimated as a series of straight lines between the filtered points,
resulting in an accurate depiction of biofilm interface. The flowchart depicting the steps

required is shown below in Figure 4.
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Figure 4: Flowchart for biofilm interface

(II) In order to accurately portray the data and separate biofilm from background, binarization
is applied. This is the second step, and corresponds to the calculation of a threshold intensity,
and subsequent classification of every pixel as biofilm (above threshold) or void (below

threshold) respectively.

The threshold is calculated by taking the average of pixel intensity for a certain
percentage of the pixels present in the top sections of the image to obtain a value that
accurately estimates the average background pixel intensity and is defined by two user
parameters. These parameters are p (corresponding to the p-percentile of highest pixel
intensities) and m, which is a multiplication factor greater than 1. As the threshold value is
subjective and varies from image to image, the combination of these two factors ensures a

decent estimate is used.

Upon thresholding, pixel binarization occurs. In this step, every pixel is classified as

potential biofilm or as void. Its corresponding schematic representation is shown in Figure 5:

Start S R I »[ 1 (is biofilm)

0(is void)

Figure 5:Schematic representation of binarization

(I1NAs a third step, the biofilm’s structure is then discovered using a volume filtration strategy,

whereupon only the pixels connected, whether directly or indirectly to the substratum are
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biofilm. This leads to a continuity search in all 8 spatial directions, as explained in Figure 6’s

schematic, where white represents biofilm, black represents void and grey is the interface.

1: The initial point (blue dot) is located
directly above the biofilm interface(grey).

2: Continuity test

All B points surrounding the original point are

tested. Any white blocks in direct contact with

the original point are validated as biofilm.

3: Continuity Test (continued)

From all points previously validated as biofilm,
a new continuity check is executed. Any white

points connected to this new point are also

validated as biofilm. This is repeated

sequentially until there are no more possible

connections.

Figure 6: Structure Detection 1 schematization

Additionally, as a fourth and final step, the top interface is determined through the detection
of the initial biofilm pixels, starting from the top of the image. A similar method to the previous

algorithm is adopted, although detection starts from the top of the image and finishes upon
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the detection of the first biofilm pixel within a given slice. The schematic is demonstrated

below, in Figure 7.

An initial line (lisht blue) is

defined as the current search

point. All adjacent coordinates are

calculated.

Any coordinates detected as

previously void (now light blue),

become the new search point.

Interface points detected are

marked as such (orange).

Figure 7:Structure Detection 2 schematization

Upon completion of these processing steps, there is complete information on biofilm structure,
which then allows for the calculation and return of a series of user defined outputs, including
values for parameters that have shown their relevance, such as thickness and roughness, as
well as a novel “compaction parameter”, which presents a measure for how much of a given

biofilm’s main structure is actually comprised of voids.

This software is therefore able to return parameters such as thickness and roughness,
accurately and completely characterizing a given B-scan for a system. However, to the authors
best knowledge, no similar software to BISCAP exists for the treatment of three-dimensionally
stacked images, or C-scans. As previously stated, biofilms are a three-dimensional structure

and, to obtain accurate and complete information, a similar analysis would have to be
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employed, but contemplating the complete set of information returned by a thorough OCT

imaging of a system.

This dissertation then sets out to expand and improve on the software developed in (Narciso et
al., 2022), so as to allow for the analysis of three-dimensional cases. In order for this, it is
expected that changes will be required to each of the previously described algorithms, so as to

take into consideration the additional spatial dimension.

The main output results from this work is a functional software that adequately and accurately
describes any biofilm system into a ‘clean image’ with no artifacting and that returns values
for biofilm structural parameters, such as thickness and roughness. These parameters will have

been redefined and recalculated to accommodate the addition of the third spatial dimension.

Additionally, problems with computational efficiency and time to process are expected to arise,
as the number of calculations is exponentially higher, not only from the increased amount of
information to process, but also from the additional continuity testing in the volume filtration
method. Therefore, it is also expected that some advancements will be made in the sense to

lower the calculation time required to obtain results.

Context and State of the art 14



Biofilm Structure and Property Characterization through Optical Coherence Tomography Image Processing

3 Materials and Methods

To advance within the work done, a series of algorithms and methods were developed, as can

be roughly summarized in the Flowchart shown in Figure 8.

OCT Image

W
Image
Cropping
N
! " Top and Bottom |
Bottom Interface | .. ... ... ......... | interface visual g . i Height Map !
Identification {I1) ! representation | ! (Output 4) i
! (Output 1) | 1 ———————— '
) L Structure ; Structure ; Property
Thresholding (1i1) Binarization (IV) Detection 1 (V) Detection 2 (V1) Calculations
r-==-==-"" i """"" 1 [ !__________'i [ !__________“I
! Binarized image ! ! Biofilm Structure E | Properties i
! (Output "binario") ! ! (Output 2) b (Output 3) |

Figure 8: High level readability of general processing

Step | corresponds to image pre-processing, while steps Il to VI correspond to processing. The
dotted arrows point to the outputs obtained through each stage. The steps taken for their
updating will be detailed in this chapter. To prove their functioning as well as to help develop
these algorithms, they were implemented in Python. The materials used for this

implementation and research are also described within this chapter.
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3.1 Methods

The base material for this work are images obtained from OCT imaging. For consistent and
correct analysis, an axis system was devised to work as a consistent referential. These axes are

shown in Figure 9.

Figure 9: Axes system for three-dimensional imaging

As can be seen in Figure 9, z axis corresponds to height information, x axis to horizontal
information, and y to depth information. In a two-dimensional case, the axis system is the
same, but there is no y dimension. It is also important to note that higher z values correspond

to the lower parts of the image.

Initially, the raw greyscale images are imported as a 3D matrix and created as NumPy arrays.
As the treatment of this data progresses, differing 3D matrices are created and processed in
order to guarantee adequate information gathering. This treatment can be divided into 3
sections, which are: pre-processing, processing, and property calculations. The updates
required for pre-processing, processing and post-processing functions algorithms are
summarized, schematized, and outlined in the following section. Additionally, pseudocode is

included as a demonstration of the logic behind the more complex algorithms.

3.1.1 Pre-Processing

Image cropping (1)

Initially, the image is loaded as a three-dimensional matrix. Information is provided to crop this
initial matrix, to remove unnecessary information, namely the top and bottom parts of each
z/x slice, which contain only background information, consistently with the principles

highlighted in Figure 3 for the 2D case.
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3.1.2 Processing

Bottom interface identification (ll):

From the cropped image obtained in step I, the brightest voxels present within the image are

identified, and used as an initial basis for the bottom interface searching algorithm.

In order to function for three-dimensional imaging, this algorithm required adaptation. It had
added onto it a repetition loop, in order to call it as many times as there are slices in y. This
results in a two-dimensional matrix of pairs of x-y values, which each include the z coordinate
that corresponds to the height of the biofilm’s surface for the subsequent calculations.
Thresholding (I1I)

This step follows the same principles described in Section 2.2 for thresholding. The main
difference is the use of points from every y slice, to accurately represent the complete image.

Voxel binarization (1V):

With the threshold obtained from step lll, all voxels are binarized, and identified as either

biofilm or background.

This algorithm functions based on the same principles described in Section 2.2, and simply
attributes the value to each three-dimensional voxel instead of each two-dimensional pixel.
This results in the creation of three-dimensional matrix S®™.

Structure Detection 1 (V):

The structure detection functions consisted of the bulk of the work. They are complex, highly
precise algorithms who must be functioning correctly in order to ensure that the biofilm’s

structure is completely characterized.

This algorithm determines if there is continuity between biofilm voxels, both in the vertical (z)
as well as the depth (y) and horizontal (x) directions. As there is now a cube like structure,
search starting from an interior voxel leads to a direct check of all 26 points that are directly
adjacent to the initial point considered, in direct contrast to two-dimensional problems, where
only 8 adjacent pixels are checked. This is well represented by the schematic shown in Figure
10.
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Figure 10: Schematic representation of continuity detection in y direction.

In the schematic, different z values are colour coded, red for lower values, black for the same
z value as the coordinate of the point being checked, and orange for higher values. Voxels
pertaining to lower y or equal y values are not shown to allow for visual clarity, similarly to
Figure 9. This structure is therefore repeated in a mirrored fashion for y values lower than the
one of the voxels currently being checked, and checking for the coordinates with the same y
value occurs identically to the structure detection described in section 2.2. This then leads to
a total of 26 voxels to check for any given interior voxel (as when y is the same, the point itself
is not checked). This corresponds to 9 voxels in the y-1 slice, 9 voxels in the y+1 slice, and the

8 adjacent voxels in current y slice.
The pseudocode for this updated function is shown below:
1.1 CREATE Matrix Sstrwith same size as Image.

1.2 INITIALIZE all voxels in Sst as “non-biofilm”, except the biomass voxels (from Skin) as

“unexplored”.

1.3 FOR all (y, x) pairs from 0 to Ny.; and Nx.1 respectively, directly above (in y,z-1,x) to bottom
interface voxels, label every biomass voxel as “biofilm”. This step corresponds to the initial iteration

and is the source of continuity.

1.4 FOR all voxels identified from previous step or step 1.6, calculate every adjacent voxel’s

coordinates in all directions (26 voxels total).

1.5 For all voxels from step 1.4, if its status is “unexplored” update it to biofilm (it is

adjacent to at least one biofilm voxel as calculated in an earlier iteration) and add it to a list of voxels
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to be processed in the next iteration. End current iteration. If there are additional voxels to be

processed, begin a new iteration and go to step 1.4. Else, terminate.

1.6 When step “1.4” is completed, update any remaining “unexplored” voxels to “Non biofilm”.

(While they are biomass, no continuity exists with bottom interface). Return final Sstr

This was achieved through the updating of the previously existing two-dimensional functions.
These updates correspond to the addition of the third dimension to the continuity checking.

This implied a logic structure, so as to ensure no repeat calculations are done.

The search for new voxels must occur in a way as to not include coordinates outside the image
limits. In order to implement this, the logic structure divides the processing area into 9

different sections, as described in Table 1.

Table 1: Logic Structure sections

x coordinates y coordinates Directions (x) Directions (y) Number of points

0<x<MNy-1 0<y<N,-1 Left,Right Back,Front 26

0 <x<Ni-1 y=0 Left,Right Back 17

0 <x<Nx-1 y=N,-1 Left,Right Front 17

x=Nx-1 0<y<N,-1 Left Back,Front 17

x=0 0<y<N,-1 Right Back,Front 17
x=Ny-1 y=N,-1 Left Back 8
x=0, y=N,-1 Right Back 8
x=Ny-1 y=0 Left Front 8
x=0 y=0 Right Front 8

For each of the sections presented in Table 1, the relevant coordinates are then added to the
list of points to check. This logic structure is essential for the functioning of the algorithm, as
otherwise points outside of the matrix will attempt to be checked, resulting in failure. This is
the most complex part of the algorithm, as the correct coordinates must be added in order to
not double-check unnecessary points, and the coordinates are calculated individually for each

new iteration.

As can be seen, the main difference is the added continuity dimension. This can be likened to
voxel search occurring in a cube shape instead of a square. The original algorithm is unable to
detect depth continuity, even if called for each slice individually. This difference is what makes

it three-dimensional analysis.
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Structure Detection 2 (VI):

An updated version of this algorithm was also devised and implemented for this work, which
will take into consideration that any of the 26 neighbouring points could be the initial interface

point, whose pseudocode is contained below.
2.1CREATE Matrix Sintwith same size as Image.

2.2 Label all voxels as “unexplored”, except the voxels below zbot and above zmex , which are labelled

as “background”.

2.3 DEFINE all voxels at z= zmax1 as the starting voxels for the first iteration,

2.4 FOR all voxels to process (from step 2.3 or step 2.6), check the matching voxel in Sstr.
2.5 IF voxel in Sst =” non biofilm”; check every adjacent voxel.

2.6 IF any voxel checked in 2.4 is marked as “biofilm”, mark iteration’s voxel as

“interface (water side)”.
2.7 ELSE mark it as “background”, and add its coordinates to the next iteration.
2.8ELSE mark voxel as “interface (biofilm side)”.

2.9 Stop current iteration. If there are additional voxels from step 2.6 begin a new iteration and go to

step 2.3. Else terminate.
In the case of this algorithm, the logic structure is highly similar to the one present previously.

The nine different sections present in Table 1 are once again considered, so as to avoid checking
of unnecessary or inexistent points. However, testing is now for the presence of any single
biofilm voxel in the vicinity. Upon detection of any voxel corresponding to biofilm, no further
search is conducted from that voxel in particular. To ensure this, each voxel has every adjacent

voxel checked in all three directions.

The main difference between the new version and the previously existing algorithm is, as in
Structure Detection 1, the number of directions that must be checked for new points. Each

individual point will have, for most cases, 26 adjacent voxels to check.

These two algorithms correspond to the largest portion of the work and calculations and are
the functions that require the most processing power. The number of voxels to analyse in each

of them rise exponentially with the size of the image.
3.1.3 Property Calculations and Outputs

As the program runs and the matrix is updated, visual outputs are created to return valuable

information, and allow for visual confirmation of the software’s functioning.
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The first output, named binario, corresponds to the result of the binarization step. It is
therefore an image of the same size as the original, where every voxel marked from
thresholding as potential biofilm is shown with maximum intensity (“pure” white), while
everything else is black, signalling voids. This is achieved by multiplying each value within the
binarized matrix by the maximum intensity (0 ->0 (black), 1 ->255 (white)) and is useful to
confirm if the threshold parameters used were appropriate, as it visually shows if things that

are clearly not biomass (such as minor visual artifacts) are being considered as such.

The second output, named Output1, corresponds to the result of the Structure Detection steps.
Every point of the biofilm is shown in its original intensity, while all voxels corresponding to
either the top and bottom interfaces are marked as a user defined colour. This allows for an

identification of the biofilm bounds.

The third output, named Output2, corresponds to the final result of all steps. It returns an
image where everything that is not considered biofilm is considered as background. This is
equivalent to showing only the biofilm structure and is a good representation of the biofilm in

each slice.

Upon completion of the structure detection steps, the matrix with all the information required
for property calculations is available. These are calculated according to the set of equations

below, and are compiled in the excel file corresponding to Output3:

Equation 1 refers to the calculation of biofilm thickness,

Le(x,y) = (2 (x,y) — 2P (x, ) * Pien (1)

where Lg(x,y) is the biofilm’s thickness (z) for each x,y pair. z°°!(x,y) and z'°’(x,y) are positions
in z for the bottom and top interfaces, and pen corresponds to each voxel’s real life equivalent

length.

Equations 2, 3 and 4 refer to the calculation of biofilm roughness,

_ Lr(x, 2
@) = > I;v(x y) (2)
Zaiffiey) = |(Lp(x,y) — Lp)| (3)

1
R=—— :
(o) 2.7
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where, L corresponds to average biofilm thickness, zg;sr(xy)corresponds to the difference
between the biofilm thickness in a given x,y pair, R refers to the roughness, and Nx and Ny
correspond to the image’s pixel size in the x and y directions respectively.

Equation 5 refers to the calculation of the compactness parameter,

c nP plL (5)
F— 7T
Lp (N, Ny)

where Cris the compaction factor, and nP(x,y) is the number of biofilm pixels in the z direction
for a single x,y pair. It is therefore a measure of the number of pixels that actually correspond
to biofilm (shown by the biofilm thickness’ average) and the total number of pixels from top to

bottom interface.

The final output, Output4, is a height map of the biofilm. It is obtained by normalizing the
value of thickness to greyscale, and then returning a two-dimensional image. It therefore
corresponds to a x/y slice, where the brightness of each pixel is directly proportional to its

thickness.
3.1.4 Parallel Processing

In order to reduce the processing time and obtain results and characterization within a workable
timeframe, additional parallel processing versions of the algorithms were devised. They allow
for the processing of different sections of each image in a different process, allowing for the
complete use of multi-core processors, as are common within modern computers. These can be

activated or deactivated through the change of a parameter within the code.

This is achieved through the division of the image into equally spaced “sections”, within the x
and/or y direction. z sectioning is not feasible due to the way continuity is detected, as contact
with the interfaces would be impossible to guarantee. The number of sections the image is to
be divided in is defined by the user. These are divided as equally as possible, so as to ensure
processing is efficient. The division meticulously separates the sections into bands, which are
individual three-dimensional matrices, maintaining potential continuity information. A

visualization of this process is shown in Figure 11.
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Figure 11: Sectioning of biofilm in x and vy directions (4 x slices, 2 y slices)

After this sectioning, a series of parallel threads are created, in order to run the original
continuity algorithms on each section. This returns information on each section independently
and is lacking information on the lines through which the “cut” was executed. Therefore,
updating has to be undertaken to consider the complete image, as otherwise information would

be irrevocably lost, and incorrect information returned.

These updating functions are precise and complex, and required a different approach to every
other function. They are based off of “incomplete” information derived from the sectioning,
and therefore had to be carefully planned. They initially check every point along the individual
directions of X and Y and update accordingly. This means defining an upper and lower bound
for each section in each direction, so as to ensure no checks are attempted beyond the limit of
each band. Additionally, the zones where there is intersection between bands are carefully

checked.

This updating is slightly different for each of the Structure Detection algorithms defined in the
previous section. For the second test, there is need of an update to the voxel status in order to
ensure that the status of each voxel is the correct one. This is due to the different possibilities
in Structure Detection 2, where voxels can be defined as interface or simply biofilm. This means
the addition of a final step, where the voxels along the z direction are updated to guarantee

the top interface is correctly calculated.

The schematization for parallel algorithm one is displayed below in Figure 12.
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Figure 12: Parallel Processing schematization and explanation
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To summarize, parallel processing takes place through the application of five distinct steps:

1. First, all coordinates for a given band must be calculated, and all bands are made into

a distinct matrix.

2. All bands are processed with the previously described corresponding algorithm.

All individual results are added, and the original matrix is mostly restored.

4. Every coordinate where an addition occurred, has every point checked for biofilm

existence.

5. For every point where biofilm is found, the original algorithm is run for final continuity

testing.

Figure 13 Illustrates these 5 steps schematically.
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Figure 13: High Level description of parallel steps
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This series of steps ensures that the parallel implementation gives the same results as a
completely sequential approach.

At the end of the execution of the parallelized tests, an object identical to the one that would

be obtained through the non-parallelized, previously described algorithm is achieved.
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3.2 Materials

As a way to confirm their functioning by implementing the algorithms presented in the previous

section, code was written in the Python programming language.

Python is a high-level, general-purpose programming language. It’s widely known for its ease
of use and code readability. It’s highly customizable through the use of modules, which allow
it to be used in a variety of fields. There is a very large amount of libraries available, with a
wide range of functionalities, from Data analytics to graphical user interfaces (Kuhlman, 2012).
These characteristics made it ideal for the development of this work, as there were libraries
available for the main challenges of this work, which were matrix manipulation and image

reading and writing.

A brief description of the libraries used is found in the following section:

NumPy

NumPy stands for numerical python, and is a library used to allow python to work with
traditional arrays, instead of its default lists. It consists of a series of pre-compiled C code and
allows for efficient and fast processing of large amounts of data (Harris et al., 2020). It is the
basis for other libraries which require the array structure to function properly.

OpenCV (cv2)

OpenCV, which stands for open Computer Vision, is an open-source library used for machine
learning and image processing. It allows, among other functionalities, the conversion of images
into a 3D array or matrix, for further processing. It allows for this work to be developed, as it
reads the biofilm images and turns them into an array which is then manipulated to identify
the biofilm properties.

Pandas

Pandas allows for the creation of DataFrames, an object type that can be imported or exported
to excel. It is mostly used to allow the exportation of the processed results and properties
(McKinney, 2011), (Severance, 2009).

It should be noted that NumPy holds special significance to this work, as it is what allows for
all the critical matrix operations which make up most of the tasks. All other libraries were used

for the simplification of auxiliary work.

Collaboration platform GitHub was also used as a means to allow for cooperative code-writing

and peer reviewing as well as for code storage during the intermediate stages.

All the results were obtained through the use of a remote workstation running a UNIX System,
on an Intel(R) Xeon(R) Silver 4114 CPU @ 2.20GHz with 128 GB of RAM as there is a large sum

of operations, depending on the size of the image.
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Images were acquired with a Ganymede Spectral Domain (SD) OCT-Optical Coherence
Tomography system (Thorlabs GmbH, Germany) with a wavelength of 930 nm. A visualization

field of 3.66 mm_2.98 mm was used for the X-Z section. A refractive index of 1.40 was used.

All the examples shown in this work are from biofilm formed with a Pseudomonas fluorescens
ATCC 13525 inoculum, supplied with a nutritional medium. Biofilm growth occurred in a CDC
biofilm reactor, under a 2800 Reynolds number in water. The detailed experimental procedure

and materials for these growth conditions are described in Pereira et al. (2008).
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4 Results and discussion

In this chapter, three case studies will be shown. Initially, a complete analysis of a three-
dimensional image will be presented, as well as the results obtained from the execution of the
previously mentioned code on a complete OCT Image. Comparisons will be made with typical
values found in literature for the system in study. In the second case, a comparison between
two dimensional results and three-dimensional results for the same section of a given biofilm
image will be shown, so as to better display the differences between both cases, as to show
that information is lost. In the third case, analysis performed on the parallel processing
parameters will be displayed, as an attempt to provide initial insights into the best way to

utilize parallelism to reduce the processing time.

4.1 Complete three-dimensional analysis

Starting from a sampled three-dimensional image, of dimensions 720(x)/1024(z)/509(y) voxels,
the series of processing steps can be shown and analyzed from the program outputs, which
consist of a series of image files and an excel file. All these results were obtained from the

same image and required a runtime of 178343 seconds (approximately 49 hours, 32 minutes).
4.1.1 Pre-processing Results

As is shown in Figure 14, a large section of the image is not actually biofilm.

Figure 14: Initial two-dimensional slice of the image analysed.

Everything demonstrated above the orange line, and below the yellow one, is unnecessary

information, as there is no biofilm to analyze.
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Therefore, information is provided in an excel file to cut unnecessary z clutter to reduce

processing time. For the image in question, the values provided are shown in Table 1 below.

Table 2: Limit values for z

Zmin Zmax Zjim

“sample3D” 300 526 500

Upon pre-processing, the image is now equal to the one presented below in Figure 15.

Figure 15: Pre-processed, two-dimensional slice of the analysed image

Care was taken to ensure no sections of biofilm were missing. For example, in y slice 209 (shown
below in Figure 16), a series of pixels than clearly be identified as biofilm are found in a lower
value of than in every other previous frame. The cut has to be executed above this value.

e T e e T e g el

Figure 16: Slice for y = 209 of image showing highest biofilm point in all stacks.
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4.1.2 Processing Results

The matrix created by binarization is then calculated and represented in the slices of output

“binario” present in Figures 17 and 18.

-

Figure 18: Slice corresponding to y= 409 of the binarized, processed image.

As can be seen, thresholding initially allows for all pixels in a stack to be classified as potential
biofilm or background. Floating biofilm pixels may, however, still correspond to continuity in

the y direction or visual artifacting.

After this, structure detection occurs, and is well represented in output 1, as shown in Figure
19.
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Figure 19: Biofilm and interface structure for first two-dimensional slice.

This demonstrates the functioning of structure detection quite well, as the interfaces are

clearly visible.

In addition, Figure 20 shows directly adjacent slices in terms of y continuity, and it can be
demonstrated that something that would initially, through two-dimensional analysis, be seen
as floating, is actually connected to the biofilm as a whole through depth continuity. The
relevant section is highlighted with a blue circle. All images were cropped and then added

together and are identified.
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Figure 20: Adjacent biofilm stacks from y = 305 to y= 309

As the image proceeds further along in depth, it is clear that the section marked with the blue

circle, initially perceived as floating biofilm, is actually part of the complete structure.

The same can be seen in many other examples throughout the image. This gives certainty in
the correct functioning of the algorithm and is a good indicator that it’s working as intended.

After the structure detection algorithms have run, every value required for the calculation of

Output3 is available and is then exported as shown in Table 3.
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Table 3: Output 3

value
Average thickness 80.78 (um)
Median thickness 60.76 (um)
St. dev. thickness 63.01 (um)
Max. thickness 451.38 (um)
Roughness 44.74
cocticiont 058
e o
Threshold 105.39

The thickness values are consistent with the image analyzed. There is high variability in the
biofilm, as it is very “wavy” in the y direction. The maximum thickness corresponds to the area

attached to the base, where the biofilm is consistently present.

Upon completion of all the analysis, output 2 can be created, which corresponds to biofilm

structure, with every other pixel colored as complete black. All greyscale intensities are also

normalized. This is shown, for example, in Figure 21:

Figure 21: Structure of biofilm in y=0.

Output 4 is the final one and corresponds to a density map for the biofilm. It is a two-
dimensional representation of biofilm density for the x and y directions. It is shown in Figure
22.
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Figure 22: Thickness map of biofilm, in the x/y plane.

Brighter whites correspond to points where there is more often biofilm in the z dimension,
indicating that the biofilm is thicker at that point.

4.2 Two-Dimensional comparison

In this section, a series of two-dimensional sections from the same three-dimensional image
analyzed in the previous case are checked and compared one by one. This will allow for better

comparison of the functioning of the developed software.

In Figure 23, the comparative results for the first stack are shown.
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Figure 23: Comparison between first stack for three-dimensional and two-dimensional

analysis. The top image and bottom images correspond to three-dimensional and two-
dimensional analysis respectively.

As can be seen, on the right-hand side of the image, a series of points are not counted due to
lack of direct continuity.

In Figure 24, comparative results for stack number 209 are shown.
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Figure 24: Comparative results for y =209. As in the previous example, the top image

corresponds to three-dimensional analysis and bottom image to two-dimensional analysis.

4.3 Parametric optimization of parallel processing

A small amount of parametric optimization was done for the available code. To this end, the
same image was run multiple times with different x and y cuts. This was done for the image
presented in Figure 25. This image has an original size of 750(x)/400(z)/149(y) voxels,
considerably smaller than the full-scale example shown in previous cases. This was done as the
processing time for the full-scale image with the presently available algorithms was unfeasible

for suitable testing within the available timeframe.
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Figure 25: Output 2 for the y = 0 stack in the example image used to test parallel parameters

The runtime for each of these tests is shown in the table depicted in Table 4:

Table 4: Parallel processing cuts and processing time

Xbands Ybands Time (s)
Case 1 1 15 13223
Case 2 3 10 36250
Case 3 3 3 2312
Case 4 5 5 3728
Case 5 7 7 19774
Case 6 10 3 5477
Case 7 15 1 2522

The parameters analysed were the number of x and y divisions. This is then correlated with the
size of each band. More divisions will lead to smaller band sizes, and more parallel processes

to calculate each band.

As can be seen, runtime appears to grow considerably for this test with y distance. This can be
theorized to be due to the image’s complexity in the y direction. As shown in Figure 26, which

represents the last stack in the y direction for this image, there is a very large difference

between the first stack and the last one.

Figure 26: Output 2 for the y = 149 stack in the test image.

As this complexity grows, the weight of the processing for each final re-processing grows. This
seems to indicate that the sectioning should occur in the direction where continuity is

smoother.
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The value for non-parallel processing is not shown in the chart and is equal to 86564 seconds.

This corresponds to over double the highest value achieved with parallel processing.

These results, while preliminary unequivocally show 2 things. The first is that parallel
processing was correctly implemented and works to reduce processing times considerably. The
second is that a series of parametric studies are warranted. While this test image had relatively
manageable runtimes, it would be in the best interest of efficiency to conduct further study

into what the most effective parameters to use would be in different types of images.
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5 Conclusions and future work

5.1 Conclusions

In this work, a series of algorithms were created to allow the complete processing of three-
dimensional images of biofilm obtained from Optical Coherence Tomography. The algorithms
were successfully implemented in Python and are able to return results for every biofilm image
tested so far. These algorithms have not yet been translated to a graphic user interface or
similar system, and are currently only available through direct Python scripting, requiring basic

programming knowledge to operate.

All available algorithms are based on well-known principles and have been expanded in a
functional way to encompass the three-dimensionality of the task at hand. This included the
complete expansion of binarization, thresholding, and Structure Detection algorithms. All of

these tasks can be considered complete.

Additionally to the main algorithms, parallel processing algorithms were devised and
successfully implemented to allow for the reduction of processing time, with initial tests
showing at least a 50% reduction in processing time when compared to completely sequential

image treatment.

The combination of the developed sequential algorithms with the parallel processing ones
allows for the complete characterization of any given biofilm image, within a reasonable
timeframe. This corresponds to a complete assessment of the biofilm’s structure and
properties, resulting in the return of values such as biofilm thickness and roughness. This
process is done automatically, with minimal user input. These algorithms are of use to any
individual or research group who desires to adequately describe a biofilm system at the

mesoscale.

After completion of algorithm writing and implementation, a series of examples were tested to
ensure the functioning of the developed scripts. The software was able to adequately
characterize and show biofilm morphology, as well as calculate biofilm parameters. Multiple
examples are shown in this work of this correct functioning, and no problems were detected

with the detection of any type of biofilm structure.

Direct comparison between previous existing algorithm’s results and the new developed ones’
was also performed, to unequivocally show the correct implementation of the three-

dimensional principles required for biofilm characterization.

Upon initial testing, the parallel processing algorithms were also iterated upon, and initial

testing was performed to obtain a clearer picture of the best implementation and use of the
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developed algorithms so as to reduce processing time. This included a series of tests where
different parameters were considered, and processing times measured. Preliminary results
were obtained for the best values of these parameters to use, considering images of similar

nature to those tested.

Overall, a major step forward in the study of biofilms through OCT can be said to have been
taken, as the means to adequately characterize biofilms through three-dimensional OCT

analysis is now available after the completion of this work.

5.2 Future Work

As previously mentioned, a series of improvements are possible:

Initially, the bottom interface detection algorithm could be improved upon. It currently relies
on each biofilm section independently in two dimensions, which may lead to mistakes when the
surface is highly uneven. Implementation of extra detection in the Y direction could help avoid

such errors with the estimate.

While two algorithms were initially developed for Structure detection 1 and 2, only one was
extended to the three-dimensional case. Additional tests and analysis could be done to ensure

the most efficient implementation possible.

While the algorithms have proven to be functional, they are implemented as a series of python
scripts, which are not very user-friendly. Implementation of a graphic user interface would be

a valuable addition and help with pre-processing visualization.

Parallel processing is implemented from a basic standpoint but could be particularly scrutinized
to increase efficiency and decrease processing times. While an initial search for parallel
processing parameter’s optima is described in this work, a lot more tests must be executed

before conclusions can be taken about the best way to section each image.

Additionally, the base algorithms could be replaced with faster versions designed from the
ground-up to function with parallel processing, such as Swensen-Wang or Wolff. These
algorithms rely on random clustering and could effectively detect continuity in a less intensive

fashion.

All outputs are currently shown in the original form for an OCT image, which is a stack of two-
dimensional images. A three-dimensional model image shown from perspective would be a

relevant output to be able to easily visualize three-dimensional structure.
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6 Assessment of the work done

6.1 Objectives Achieved

By the end of the writing of this document, a fully functional version of the intended work is
available. It adequately characterizes biofilms through the analysis of three-dimensional OCT
images and calculates every parameter besides porosity. The main objective of the work can

therefore be said to be complete.

All algorithms are functional and correctly updated to encompass three-dimensionality, and
preliminary results show high levels of promise as to their correct implementation. The series
of principles applied ensure the correct detection of biofilm structure, as initially intended.
Additional, improvements have been identified such as development of a graphic user interface

to allow for easier use.

Parallelization was successfully implemented and considerably reduced processing times for
the tested cases and is a major step forward in the accessibility of this analysis’ usage.
Additionally, initial tests to confirm parallelization parameters are available to provide

guidelines for future work and research.

Overall, the work can be said to have been a success, as the main objective was completed,
and a major step forward was taken in allowing the characterization of biofilms through OCT

analysis.

6.2 Other Work Carried Out

Before any other work was developed, initial timing for two algorithms available for two-

dimensional processing was checked, so as to ascertain which would be more viable.

All the functions in the main algorithms were timed for multiple images, so as to obtain

information as to the most optimizable sections.

6.3 Final Assessment

As of the writing of this final section, the main objective of the work was completed, as the

image processing algorithms are available for use.

The precise nature of the work undertook was a challenge for me and has definitely been a

learning experience which positively impacted my work ethic and experience.
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