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Abstract

Harmful algae blooms (HABs) can produce lethal toxins and are a rising global con-
cern. In response to this threat, many organizations are monitoring algae populations to
determine if a water body might be contaminated. However, identifying algae types in a
water sample requires a human expert, a taxonomist, to manually identify organisms using
an optical microscope. This is a tedious, time-consuming process that is prone to human
error and bias. Since many facilities lack on-site taxonomists, they must ship their water
samples off site, further adding to the analysis time.

Given the urgency of this problem, this thesis hypothesizes that multispectral fluores-
cence microscopy with a deep learning hierarchical classification structure is the optimal
method to automatically identify algae in water on-site. To test this hypothesis, a low-cost
system was designed and built which was able generate one brightfield image and four flu-
orescence images. Each of the four fluorescence images was designed to target a different
pigment in algae, resulting in a unique autofluorescence spectral fingerprint for different
phyla groups.

To complement this hardware system, a software framework was designed and devel-
oped. This framework used the prior taxonomic structure of algae to create a hierarchical
classification structure. This hierarchical classifier divided the classification task into three
steps which were phylum, genus, and species level classification. Deep learning models
were used at each branch of this hierarchical classifier allowing the optimal set of features
to be implicitly learned from the input data.

In order to test the efficacy of the proposed hardware system and corresponding software
framework, a dataset of nine algae from 4 different phyla groups was created. A number
of preprocessing steps were required to prepare the data for analysis. These steps were
flat field correction, thresholding and cropping. With this multispectral imaging data, a
number of spatial and spectral features were extracted for use in the feature-extraction-
based models.

This dataset was used to determine the relative performance of 12 different model
architectures, and the proposed multispectral hierarchical deep learning approach achieved
the top classification accuracy of 97% to the species level. Further inspection revealed that
a traditional feature extraction method was able to achieve 95% to the phyla level when
only using the multispectral fluorescence data. These observations strongly support that:
(1) the proposed low-cost multispectral fluorescence imaging system, and (2) the proposed
hierarchical structure based on the taxonomy prior, in combination with (3) deep learning
methods for feature learning, is an effective method to automatically classify algae.
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Chapter 1

Introduction

“Access to water is access to education, work, and the kind of future we want for all the
members of our human family.”

— Co-founder of water.org, Matt Damon (1970 - present)

This introductory chapter provides the reader with a high level overview of the entire thesis.
First, in Section 1.1, an overview of harmful algae blooms (HABs) will be given. Then,
in Section 1.2, the problem of manual identification of algae will be discussed. Finally, in
Section 1.3, the main scientific contributions and outline of the thesis will be presented.

1.1 Motivation

We live in an amazing time. In general, people are living healthier and longer lives due
to advances in medicine and health. Thanks to modern transportation one can now travel
anywhere in the world. And thanks to the digital age, we can communicate with anyone
from nearly anywhere on the planet. Despite these optimistic observations, the world still
has significant concerns. These include, but are not limited to: poverty, lack of access to
clean drinking water and basic education, human sex trafficking, gender inequality, our
rapid energy consumption, and climate change. In fact, in 2015 the United Nations (UN)
created the Sustainable Development Goals outlining 17 major goals which they hope to
reach in the near future [1]. The 150 targets included in these goals were proposed by
sector experts.



Figure 1.1: The Moderate Resolution Imaging Spectroradiometer (MODIS) on the Aqua
satellite showing a harmful algae bloom (HAB) on Lake Erie on October 9, 2011 [2].

However, this overwhelming amount of targets created its own problems. How are
the targets prioritized? Which of these problems are actually solvable given our current
technologies, resources and time frame? Bjorn Lomborg, who led a team of economists, set
out to answer these questions and took on the task of prioritizing and ranking the order
of the UN targets. Lomborg explains that while these targets are commendable, many
are also unrealistic and unpractical. He argues that by pursuing unachievable goals, we
will actually hinder our progress instead of advancing it. For these reasons Lomborg and
his team proposed a set of 19 achievable targets, resulting in the greatest return on every
dollar spent on a given problem [3].

In the spirit of tackling a major world problem as proposed by the UN, while honouring
the focus on urgent problems as identified by Bjorn Lomborg, this thesis will make a con-
tribution to the challenge of providing clean water to all regions of the earth. The specific
focus of this thesis is the identification of algae in water with the goal of more efficient
management of harmful algae blooms (HABs). Recently, harmful algae blooms (HABs)
have become a common experience around the globe. For example, as seen in Figure 1.1, in
the summer of 2011 Lake Erie experienced a severe harmful algae bloom [!]. According to
the Great Lakes Environmental Research Laboratory this bloom was primarily Microcystis
aeruginosa, a type of lethal cyanobacteria [2].

Cyanobacteria can be extremely dangerous for humans and animals. For example,



swallowing Microcystis can lead to serious reactions, such as abdominal pain, diarrhea,
vomiting, blistered mouths, dry coughs, and headaches. In addition, Anabaena, another
common cyanobacteria, can produce lethal neurotoxins called anatoxin-a which are shown
to have caused death by progressive respiratory paralysis [5]. Therefore it is essential for
the proper management of any water that the water quality is monitored for different
cyanobacteria and other algae [6]. The preservation and maintenance of our water directly
affects marine wildlife, as well as the recreational, fishing and tourism industries. Moreover,
water maintenance is crucial for water treatments plants that are in charge of distributing
clean drinking water to the population.

However, as we will see in Section 1.2, this poses a significant problem as samples of
water must be taken from the source of water and shipped to a certified laboratory for
inspection. Then these samples must be manually inspected under traditional microscopy
techniques and each algae type is manually identified and enumerated.

1.2 Overview of Problem

The current method to monitor algae requires a human expert, a taxonomist to use a
microscope in order to manually identify and enumerate each algae. Due to the low number
of algae taxonomists available and the extensive experience required to classify different
algae, the process to identify and enumerate algae is time-consuming [6].

In addition, since the sample must travel to the taxonomist, there is additional transit
time, which further increases the turn-around time and the cost of analysis. Due to this long
process it is nearly impossible to maintain ongoing active monitoring of a given water body
for different algae and cyanobacteria [7, &]. To understand the environmental precursors to
algae blooms, and to study the behaviour of algae under different environmental factors,
a in-situ method to quantitatively identify and measure different algae species is essential
and much needed [8].

The problem that will be addressed and solved in this thesis is the need for human ex-
perts to manually identify different types of algae by looking through a microscope. This
problem will be solved by creating a novel imaging system that using machine learning
methods to automatically identify different types of algae in water samples. Solving the
problem of manual identification removes the need to transport the sample away from
the source water, removing the burden of analyzing back-logged samples by trained tax-
onomists. Therefore this thesis provides a method for on-site analysis of water samples
which can be analyzed in real-time using machine learning models.
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1.3 Thesis Contributions & Outline

Given the importance of identifying algae and the current limitations of the manual pro-
cess, this thesis proposes a new method to automatically identify algae in water. This work
is broken in eight chapters, as seen in Figure 1.2. After this introductory chapter, Chapter
2 will go into further details of HABs and the current practices of manual identification.
Chapter 2 extensively covers the problem being solved in this thesis. We will see how man-
ual identification and enumeration using a microscope is both tedious and time-consuming,
and is very prone to human bias and error.

As discussed by Walker et al., developing a method to automatically identify algae down
the genus or species level using modern imaging systems in combination with pattern
recognition techniques would be extremely valuable [3]. Sieracki et al. add that these
systems can potentially be used as an early warning sign for harmful algae blooms in
water bodies since these imaging systems can record the contents of predetermined water
volumes at high rates [0]. Therefore, in Chapter 3, the various methods to automate the
identification of algae will be presented. These methods include digital microscopy, imaging
flow cytometry, spectral analysis, fluorescence probes, and genomics.

To date, each method discussed in Chapter 3 has been fairly independent from the other.
Therefore, the proposed research combines two of these methods, the spatial element from
digital microscopy with the spectral element of fluorescent spectroscopy. The proposed
solution has three main scientific contributions, which are presented in the next three
chapters:

1. Contribution 1: Creation of a novel imaging device for low-cost acquisition of ab-
sorption and multispectral fluorescence images of algae (Chapter 4).

2. Contribution 2: Creation of a software framework to automatically identify algae
using multispectral-based classification & taxonomy-based-hierarchical classification
(Chapter 5).

3. Contribution 3: Creation of a novel dataset using Contribution 1 in order to test
Contribution 2 (Chapter 6).

Given this dataset, Chapter 7 will present the relative performance of all these models
and highlight the use-case for each one in order to determine the efficacy of Contribution
1 and Contribution 2. Finally in Chapter 8, the main conclusions and future work will be
presented.



Chapter 2

Problem

“In the year 1657 I discovered very small living creatures in rain water.”

— ‘the Father of Microbiology’, Antonie van Leeuwenhoek (1632 — 1723)

After the brief description of the problem in Chapter 1, this chapter presents further
details of HABs in Section 2.1 and the process of manual identification of algae in Section
2.2. We will see that it is imperative that drinking water treatment plants closely monitor
algae as this can be an indicator to assess which toxins are present in their source water.
Furthermore, we will examine why the current method of manual identification is time-
consuming and tedious.

2.1 Harmful Algae Blooms (HABs)

Harmful algae blooms (HABs) develop when different types of algae grow out of control in
a water body causing them to produce lethal toxins. HABs are happening all around the
world, from the North American Great Lakes, to the African Great Lakes and from Lake
Taihu in China to the Baltic Sea [12]. These HABs are having severe global economic and
social impact as they are affecting drinking water quality, recreational use of water and
tourism, as well as the fishing industry [13]. For example, during the 2014 Toledo water
crisis over 400,000 people lost access to clean drinking water for nearly three days [11].



Hepatotoxins Neurotoxin
Cyanobacterial Genera Cylindrospermopsin Microcystin Anatoxin Saxitoxin
Anabaena / Dolichospernum X X X X
Anabaenopsis X
Aphanizomenon X X X
Aphanocapsa X
Cylindrospermopsis X X
Haplosiphon X
Lyngbya (Plectonema) X X
Microcystis X
Nostoc
Oscillatoria (Planktothrix) X X X
Phormidium
Pseudanabaena X
Raphidiopsis X X
Umezakia
Synechococcus X
Synechocystis

Table 2.1: The State of Ohio presents the common algae which are known to produce
different toxins [10]. Knowing whether toxic producing algae are in a water body is critical
information for a drinking water treatment plant [11].

Furthermore, the number of blooms being observed has been increasing rapidly [15], and
due to phosphorus and nitrogen runoff in combination with climate change these blooms
are only expected to increase in severity. [12, 10].

One common toxin produced by a number of algae is known as microcystin, as seen
in Table 2.1. This toxin has a threshold guideline set by the World Health Organization
(WHO) since it is lethal for humans [17]. The maximum acceptable concentration (MAC)
for the cyanobacteria toxin microcystin-LR in drinking water is 1.5 ug/L, according to the
Government of Canada [I18, 11]. In addition, in 2014 the U.S.A. released the Harmful
Algal Bloom and Hypoxia Research and Control Amendments Act (HABHRCA), which
requires the National Oceanic and Atmospheric Administration (NOAA) and United States
Environmental Protection Agency (USEPA) to advance the scientific understanding and
ability to detect, monitor, assess, and predict HABs and hypoxia events in marine and
freshwater in the United States [19)].

Many different algae are the source of different toxins in our drinking water, as seen in
Table 2.1, which is presented by the State of Ohio [10]. Therefore knowing which algae are



present in a water sample provides insight into whether an algae bloom will have toxins or
not. To quote the Ohio State EPA:

“Phytoplankton samples can be collected to determine the cause of the bloom.
If cyanobacteria are present, the manager should use [Table 2.1] ... to determine
if the bloom is capable of producing cyanotoxins, and which cyanotoxins should
be analyzed.”[10]

Health Canada also voices the need for accurate counts which are provided by a highly
trained professional:

“The use of a trained microscopist with experience in identifying cyanobacteria
is favourable when performing cell counts.”[11]

2.2 Manual Algae Identification

Given the importance of having a trained professional with the ability to identify different
algae, it is worthwhile to understand this history and current practices of trained tax-
onomists. As explained by He et al., the WHO also suggests to use cyanobacteria and
algae identification and enumeration by a human expert as a screening tool to asses the
severity of an algae bloom. However, this process requires a high level of expertise as well
as time and for that reason becomes unsuitable as an early warning sign [20)].

As seen in Figure 2.1, the standard method of identifying and enumerating microalgae
consists of three main steps which are: (1) sample preparation, (2) classification, and (3)
enumerating. The purpose of the sample preparing is to condense the algae down to a
higher concentration that can then be observed. The three main methods to condense the
sample are filtration, centrifugation and use of sedimentation. Identification of different
genera and species is done manually by the human taxonomist. Lastly, a counting chamber
is used to aid the taxonomist in enumerating the sample. Before analysis of the sample can
occur the sample must first be concentrated. The two methods to concentrate live samples
are filtration and centrifugation, while sedimentation is used for preserved samples. In
general, centrifugation and sedimentation are the most common depending on whether the
cells are alive or are being preserved, however filtration is an effective means as well [21].

When identifying unicell or small colonies by way of filtration or centrifugation, counting
chambers such as the haemacytomter, the Thoma chamber, the Fuchs-Rosenthal or the
Burker chambers can be utilized to estimate the density of a variety of cultures. All these
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Figure 2.1: The standard method of identifying and enumerating microalgae consists of
three main steps which are: (1) sample preparation, (2) classification, and (3) enumerating.
The three main methods to condense the sample are filtration, using centrifugation and
sedimentation [21].

chambers have a grid with known spacing in order to determine the different microalgae
counts. In addition, most of these cell counters have very delicate surfaces that cannot be
scratched and must be handled very carefully [21]. When using sedimentation a special
type of counting chamber known as an Utermohl chamber can be used to identify and
count different microalage. These Utermohl chambers are usually very expensive and also
require time (approximately one day) to settle to the bottom of a solution. Furthermore,
a solution is added to the sample that kills and preserves the sample, which allows them
to sink to the bottom of the solution on account of gravity. The advantage is that now
the sample can be directly placed on an inverted microscope which can be used to observe
random sections of the condensed algae which facilitates the identification and enumeration
of microalgae [21].

Throughout the history of phycology, the study of algae, considerable effort was put
forth to classify and organize the diversity of algae into distinct groups. However little
effort was made to provide “identification (ID) keys” in order to facilitate its usefulness
to others, until 1931 when Lily Newton published her handbook of algae in the British
Isles [22]. 31 years later, in 1962, Eifion William Jones published his key to the genera



Figure 2.2: Manual identification of algae requires a human expert, a taxonomist, to
manually look through a microscope and classify all the organisms present in a water
sample. This method requires years of experience and is both time-consuming and tedious.

of British seaweed [23]. Throughout the last 50 years many others have released keys in
form of books [24, 25]. Since the advent of the internet numerous credible sources have
released online ID keys providing images of algae under a microscope to assist both novice
and professional taxonomists [20, 27, 28].

Regardless of what key taxonomists use, they must observe the algae under a micro-
scope, and compare their observations against the ID key, as seen in Figure 2.2. Constantly
switching between between these two tasks is tedious, time consuming [29], and may cause
straining on the eyes. A study by Culverhouse et al. estimate that human taxonomists
have a self-consistency identification accuracy between 67% to 83% and a 43% consensus
when comparing between taxonomists [30]. Furthermore, as identification can take hours
the taxonomist will likely fatigue, increasing the likelihood of a miss-classification. Due to
this time-consuming process the average time it takes for a given organization to get the
taxa breakdown of a water sample can be anywhere from a few days to a week. It is for
these reasons that many people have explored the automation of this task using digital
imaging and pattern recognition, as will be discussed in Chapter 3.
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Chapter 3

State of the Art

“If T have seen further it is by standing on the shoulders of giants.”

— Sir Isaac Newton (1643 - 1727)

Over the years there have been many different methods to automatically identify algae.
First off, in order to get an understanding of the biological classification of algae, an
overview of algae taxonomy and pigmentation will be presented in Section 3.1. We will
see that different algae groups have different associated pigments, and that these pigments
also have different spectral absorption curves.

Next the automated methods will be presented. In this thesis these methods will be
grouped into five main categories: microscopy based methods (Section 3.2), imaging flow
cytometry based methods (Section 3.3), spectral based methods (Section 3.4), fluorescence
probe based methods (Section 3.5), and finally genomics based methods (Section 3.6).

Microscopy methods can be further broken down into brightfield microscopy (Section
3.2.1), fluorescence microscopy (Section 3.2.2), and a combination of brightfield and fluo-
rescence microscopy (Section 3.2.3). Spectral methods remove any spatial components and
consist of absorption spectroscopy (Section 3.4.1) and fluorescence spectroscopy (Section
3.4.2). After exploring these methods a summary of the main findings for each method
will be presented in Section 3.7.
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3.1 Algae Taxonomy & Pigmentation

The term algae has no clear definition since many organisms that are referred to as algae
come from significantly different branches in the tree of life. For example, cyanobacteria
(blue-green algae) belong to the bacteria domain, while green algae belong to the eukarya
domain. The domain division is the lowest base rank split in the taxonomic structure,
illustrating that the term “algae” can include significantly different organisms. The one
characteristic of all algae is that they have chlorophyll and occasionally other pigments
to carry out photosynthesis. Using pigmentation to classify different algae was first done
by William Henry Harvey in 1836 when he divided algae into four major divisions: Rho-

Table 3.1: Different phlya of algae contain different pigments within their structure. The
most noticeably pigments are the Chlorophylls, C-Phycoerythrin (C-PE), C-Phycocyanin
(C-PC), and allophycocyanin (APC) [21].

Phylum Common Name Pigments
Chlorophylls Phycobilins Carotenoids Xanthophylls
Cerozoa n/a a, b Absent Absent Lutein,
(Chlorarachniophyta) Neoxanthin,
Violaxanthin
Charophyta n/a a, b Absent a-, B-, & y-Carotene Lutein,
Neoxanthin,
Violaxanthin
Chlorophyta Green algae a, b Absent a-, B-, & y-Carotene Lutein
Prasinoxanthin
Cryptophyta Cryptomonads a, ¢ Phycoerythrin-545 a-, B-, & e-Carotene Alloxanthin
R-Phycocyanin
Cyanophyta Cyanobacteria a, b C-Phycoerythrin p-Carotene Myxoxanthin
Blue-green algae C-Phycocyanin Zeaxanthin
Allophycocyanin
Euglenzoa Euglenoids a, b Absent B-, & y-Carotene Diadinoxanthin
Glaucophyta n/a a C-Phycocyanin p-Carotene Zeaxanthin
Allophycocyanin
Haptophyta Coccolithophorids a, Absent a- & p-Carotene Fucoxanthin
Myzozoa (Dinophyta) Dinoflagellates a, Absent p-Carotene Peridinin,
Fucoxanthin,
Diadinoxanthin
Dinoxanthin
Gyroxanthin
Ochrophyta Golden algae a, ¢ Absent a-, B-, & e-Carotene Fucoxanthin,
Yellow-green algae Violaxanthin
Diatoms
Brown algae
Rhodophyta Red algae a B-Phycoerythrin a- & p-Carotene Lutein
R-Phycoerythrin
R-Phycocyanin
Allophycocyanin




dospermae (red algae), Melanospermae (brown algae), Chlorospermae (green algae) and
Diatomaceae (diatoms) [31].

As provided by Barsanti et al. [21], a common and modern classification of algae
into different groups can be seen in Table 3.1. This classification scheme groups algae
into different phylum groups, as seen on the left in Table 3.1. Cyanophyta, as previously
mentioned in Chapter 1 and Chapter 2, are commonly known as cyanobacteria or blue-green
algae, and is the group of algae that is most associated with harmful algae blooms. Other
common phyla groups are Chlorophyta (commonly known as green algae), Euglenzoa,
dinoflagellates, as well as diatoms and red algae.

Table 3.1 also highlights the major pigments present in each phyla group. While
all algae contain chlorophylls, certain algae groups contain specific pigments that other
groups do not have. For instance, Cyanophyta have three common phycobilin pigments,
C-Phycoerythrin (C-PE), C-Phycocyanin (C-PC), and allophycocyanin (APC), while these
phycobilin pigments are completely absent from Chlorophyta, Euglenzoa and other phyla
groups. A similar pattern can be observed when inspecting the carotenoid pigments and
the xanthophyll pigments. For example, Cyanophyta only contains 5-Carotene, while other
groups contain additional carotenoid pigments. The other important thing to consider is
that even if two phyla groups have the same pigments present, they likely have different
concentrations of that pigment. For example, while both Cyanophyta and Chlorophyta
contain chlorophyll-a, one phyla may have more of that specific pigment than the other.
As we will see later in Chapter 6, this in fact can be observed.

As one may expect, each pigment has a different associated spectral curve that occupies
a unique part of the electromagnetic spectrum. This is illustrated in Figure 3.1, where we
see seven common pigments that were reported by Coltelli et al. [32]. Inspecting the
spectral absorption curves reveals that chlorophyll-a and chlorophyll-b have peaks in the
blue part of the spectrum (400 nm - 475 nm) as well as in the orange and red part of the
spectrum (600 nm - 700 nm). This is opposed to B-Phycoerythrin (B-PE) that occupies the
green part of the spectrum (500 nm - 600 nm) and C-Phycocyanin (C-PC) which occupies
the orange part of the spectrum (550 nm - 650 nm).

Since different pigments have unique spectra, and since different algae phylum groups
have different combinations of pigments, one can deduce that a given algae group will
likely have a unique spectrum relative to another algae group. As we will see in Chapter
3, this reality is commonly used in spectral methods (Section 3.4), however, is it rarely
used in combination with digital microscopy (Section 3.2). Only a few researchers have
explored leveraging both the spectral uniqueness of algae due to their pigments and the
spatial uniqueness of algae due to their different morphologies (Section 3.2.3).
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Figure 3.1: As observed in Table 3.1, different phyla of algae contain different antenna
pigments [21]. Here the major pigments are shown on a single plot [32]. Note how different
pigment are spread across different parts of the visible spectrum.

3.2 Microscopy Methods

A microscope is an optical device that magnifies a given sample by orders of magnitude
in order to viewed by human eyes or a digital sensor. Two common forms of microscopy
are known as brightfield microscopy (Section 3.2.1) and epi-fluorescence microscopy (Sec-
tion 3.2.2). Newer methods have been combining both brightfield and fluorescence mi-
croscopy (Section 3.2.3) as research has shown that a combination of this data allows for
higher performance when classifying organisms. By attaching a digital camera to either of
these microscope systems, one can capture one or more digital images which can be used as
input into a pattern recognition algorithm. The majority of the related work surrounding
automatic identification of algae uses feature extraction methods where distinct descriptors
are measured from a given image and then inputted into a machine learning algorithm such
as a support vector machine or decision tree.

3.2.1 Brightfield Digital Microscopy

Brightfield microscopy is an imaging modality where a broad band light source is placed
below the sample in order to illuminate it. Then a set of objective lenses are placed above
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the same which focus the light into an eyepiece for viewing by a human, or onto a camera
sensor for capturing a digital image. Brightfield microscopy is the most elementary and
low-cost forms of microscopy [33]. Early work on automatic algae classification began
in 1995 when Thiel et al. collected brightfield images of nine genera of blue-green algae
and two genera of green algae, used 14 Fourier descriptors, 6 cell features, 7 moment
invariants and 20 statistical features for texture, and used discriminant analysis to build
a classifier [7]. They achieved 98.10% accuracy when classifying from these 11 different
genera when training and testing on 158 samples. However, due to the small dataset and
the omission of evaluating their discriminant classifier with a test set, the results likely
showed an overfitted model to the training data.

Major work was done by Walker et al. in 2000 when they used a multiclass hierar-
chical classifier structure to properly classify four different species of Anabaena and two
different species of Microcystis [3]. They measured 123 object features, including morpho-
metric properties, object boundary shape properties, frequency domain properties, and
second-order statistical properties and then used stepwise regression to find discriminatory
features. Using a general Bayes decision function they achieved 97% accuracy when clas-
sifying. Although they only used cultured cyanobacteria, their work has shown that when
enough data is present classifying multiple species is relatively accurate. In 2014, Promdaen
et al. [31] developed a method to classify 12 different genera of microalgae with 97.22%
classification accuracy, using data collected from a variety of brightfield microscopes. These
genera included three types of toxic blue-green algae (Anabaena, Oscillatoria, Microcystis)
as well as 7 genera of green algae, and one genus of Euglenoids. Feature extraction involved
using Fourier descriptors, moment invariants, shape measures and texture features, while
their classifier was a support vector machine.

Next, Coltelli et al. released a paper in 2014 in which they describe how they used a
self-organizing map (SOM), an unsupervised learning method, to achieve 98.6% accuracy
from a set of 53,869 images of 23 different microalgae representing the major algal phyla [6].
After acquiring the images and segmenting the algae, the RGB images were converted to
the L*c*h* color space (lightness, chroma, and hue) and the morphological features were
extracted. To recognize the different algae, these features were grouped into classes using
clustering. Very recently, in 2019 lamsiri et al. [35] used three geometric shape features
(solidity, eccentricity, and convexity) as well as 13 features derived from a gray level co-
occurrence matrix (GLCM) to train a support vector machine and achieve a classification
accuracy of 91.30%. This was achieved while classifying five filamentous types of algae:
Anabaena, Oscillatoria, Spirogyra, Spirulina, and Anabaenopsis.

Overall, supervised learning methods such as support vector machines (SVMs), naive
Bayes, decision trees, and k-nearest neighbour have all been utilized to learn the optimal
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classifiers for different genera of microalgae when imaged under brightfield microscopy. As
inputs to these models the features used are primarily morphometric properties (diameter,
area, convex perimeter, elongation, etc.), but also Fourier descriptors, moment invariants,
and statistical texture features. It is important to note that all these methods are tra-
ditional feature extraction methods and do not leverage feature learning capabilities. In
addition, active learning and unsupervised learning methods have also been utilized and
have shown to be effective means of classification of different types of microalgae. There-
fore brightfield microscopy coupled with different classifiers is a viable method to classify
different types of cyanobacteria both to the genus level [7, 34, 6, 35], as well as to the
species level [3].

3.2.2 Fluorescence Digital Microscopy

The most widely used form of fluorescence microscopy is known as epi-fluorescence mi-
croscopy, which was invented by Johan Sebastiaan Ploem (1927 - present) [36]. In this
image modality a broadband light source, usually a mercury arc lamp, emits high energy
light into a filter cube. The light entering the filter cube passes through an excitation filter
which selects a narrow band of light which will reflect off a dichroic mirror and then fo-
cused onto to the sample using the objective lens. This high energy light causes the sample
to fluorescence, resulting in lower energy light being emitted from the sample. This lower
energy light passes through the objective lens and into the filter cube. Given the properties
of the dichroic mirror, the low energy light passes through the dichroic mirror, and then is
filtered by an emission highpass filter. Finally, this emission signal is then focused into an
eyepiece for viewing by a human or onto a camera sensor in order to capture an image.

In 2006 Ernst et al. [37] developed an automated system to count filamentous Plank-
tothrixz rubescens using image processing. By using a single band epi-fluorescence setup
they were able to identify and estimate the cell density for three different environmental
samples and one cultured sample of Planktothriz rubescens. They found that the Plank-
tothriz rubescens could be easily separated from algae when imaging under a fluorescence
setup.

In 2016 Jin et al. used fluorescence microscopy to separate Microcystis aeruginosa [38]
and Anabaena flos-aquae [39] from the background by exciting the respective samples at 546
nm and leveraging a Maximum Likelihood (ML) classifier. In both papers, Jin et al. then
enumerated the samples and calculated size statistics. When comparing their results to the
manual enumeration data using an hemacytometer they found their method achieved higher
accuracy using much less time and resources. These papers [38, 39] illustrate the power of
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using the auto-fluorescence of cyanobacteria to separate the cyanobacteria samples from
the background. However, these methods only inspect a single species of cyanobacteria at a
single fluorescence wavelength and do not explore using multi-band fluorescence microscopy
to classify between different genus or species of cyanobacteria and other microalgae.

3.2.3 Brightfield & Fluorescence Digital Microscopy

As we have seen, both brightfield microscopy and fluorescence microscopy can be used to
classify different genera of microalgae. However, when combining these two modalities we
have the potential to improve our classification capabilities.

In 2006 Rodenacker et al. [10] developed a system called PLASA (Plankton Structure
Analysis) that captured four fluorescence images and a brightfield image by using two flu-
orescent filters in tandem with a RGB camera. The first fluorescent filter cube had an
excitation of 450 nm - 490 nm with a emission long pass filter of 515 nm. The second
fluorescent filter cube had an excitation wavelength of 546 nm with a bandpass filter of
600 nm + 40 nm. They also developed a segmentation system which fed into a feature
extraction system in order to automatically identify different algae types. Hense et al. pub-
lished a paper in 2006 using the PLASA system [10] which allowed for both bright-field
and fluorescence images to be captured. They showed that autofluorescence information
improves the discrimination between algae and non-algal objects and also distinguished
between phycoerythrin (PE) containing algae and other algae [11]. One of the few im-
portant insights learned from Hense et al. is that thresholds based on fluorescent ratios
opposed to fluorescent intensities proved more effective for discriminating between algae vs
non-algae objects. In addition, they observed that under repeated excitation, chlorophyll-a
and phycoerythrin emission intensity show an exponential decay, which they call fluores-
cent fading. In order to combat this fluorescent fading, appropriate image acquisition is
required. Overall they found that the main benefit of using fluorescent information was the
separation of algae species from non-algae species and large amounts of detritus; therefore
Hense et al. recommend using multiple fluorescent features.

Walker et al. came to the similar conclusion that if accurate species level classifica-
tion is required, it is necessary to capture both fluorescence and brightfield images [12].
Therefore, in 2002, Walker et al. illustrated that by capturing a single fluorescence image
and a single brightfield image over 97% classification accuracy is possible when looking for
Anabaena sp. and Microcystis sp. in natural populations found in Lake Biwa, Japan [12].
Without the use of fluorescence imaging the automated analysis of microalgae in the sedi-
ment saturated samples is nearly impossible. In order to achieve this high accuracy they
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accomplished image registration using template matching and region growing techniques.
As a result 120 different features (morphometric, boundary shape, frequency domain, and
second-order statistics) were found and used to build a general Bayes decision function
with Gaussian distributions. However, they acknowledge that due to current hardware
limitations this is not viable, and therefore they limited their research to a single fluores-
cence image and a single brightfield image. Walker et al. believe that future improvements
in fluorescence imaging will enable a low-cost, automated, species-level analysis and clas-
sification of microalgae. In addition, they only explored a traditional feature extraction
based method and they did not leverage modern feature learning methods such a deep
neural networks.

3.3 Imaging Flow Cytometry

Imaging flow cytometry takes an existing microscope system and incorporates a flow sys-
tem in order to increase the throughput of the system. This imaging flow cytometry is a
hybrid of the speed and statistical capabilities of flow systems, combined with the imaging
feature of digital microscopy [13]. This allows for more samples to be collected, resulting
in a more representative distribution of a given algae population. Some common, commer-
cially available imaging flow cytometry systems built for automated algae analysis are the
Cytobuoy, the Flow Cytometer And Microscope (FlowCam) by Fluid Imaging Technolo-
gies, and the Imaging FlowCytobot (IFCB) by McLane Labs. As we will see, these flow
systems are often acquired by research labs to investigate the efficacy of such a system to
collect unique data which can be used in a machine learning model. Several important

studies related to the automatic identification of algae using imaging flow cytometry are
highlighted below.

Blaschko et al. conducted a thorough investigation using 982 images of 13 different
classes of plankton collected from a FlowCAM device in 2005 [11]. They used five different
groups of features which were simple shape, moments, contour representations, differential
and texture features. They then evaluated the classification performance using the fol-
lowing algorithms: decision trees, naive Bayes, ridge regression, k-nearest neighbour, and
support vector machines. In the end the best classifier, a SVM, was able to achieve only
71.08% accuracy.

In 2007 Heidi M. Sosik created the Imaging FlowCytobot (IFCB) to explore automatic
classification of phytoplankton [15]. In this study the submersible device collected images
which were used to extract features (size, shape, symmetry, texture, invariant moments,
and co-occurrence matrix statistics) to be entered into a machine learning algorithm. They
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trained and tested a 22 category classifier which achieved 88% overall accuracy. This rev-
olutionary technology allowed an unbiased approach to classify large amounts of phyto-
plankton data.

In 2013, Colares et al. used active learning in order to boost the performance of a
classifier from microalgae data which were captured using a FlowCAM system [16]. The
FlowCAM system provided 26 different features to represent the data, however Colares et
al. only used seven of those features from two datasets. The first dataset contained 1,526
images consisting of four classes: Flagellates (1,003 images), others (500 images), pennate
diatoms (14 images) and mesopores (9 images). The second dataset is composed by 923
images consisting of four classes: Pennate Diatoms (112 images), Flagellates (669 images),
gymnodinium (65 images) and prorocentrales (77 images). Two metrics, accuracy and
maxF'1, were used to evaluate the performance of their approach and their final Gaussian
mixture model with expectation-maximization classifier had an accuracy of 92%.

In 2016, Corréa et al. used supervised learning on FlowCAM data which consisted on
an imbalanced dataset of 24 types of microalgae divided in 19 classes [17]. They used the
Synthetic Minority Oversampling Technique (SMOTE) to achieve oversampling strategy
to compensate for the imbalances of their data. They evaluated five different supervised
classification schemes which included multilayer perceptrons, the naive Bayes classifier,
decision trees, and k-nearest neighbour (kNN). The input to these classifiers were ten
manually-chosen features selected from the FlowCAM data. Three metrics were evaluated
to produce the results which where Kappa, MaxF1 and MinF1. The best performance
classifier was a kNN and has the scores of 98.1%, 98.2%, and 98.2% for Kappa, MaxF1
and MinF'1 respectively.

Newer methods of imaging flow cytometry are beginning to use deep learning models
to automatically identify algae. In 2018, Gordcs et al. [18] used a deep learning approach
with a portable imaging flow cytometer in natural water samples. They captured diffraction
patterns of flowing microorganisms and then use object detection and deep learning-based
hologram reconstruction. They used this device for the detection of microplankton and
nanoplankton ocean in samples along the Los Angeles coastline. By combining the ability
of computational algorithms with deep learning Gordes et al. were able to create a cost-
effective, high-throughput flow cytometer to monitor algae.

3.4 Spectral Methods

Having covered the microscopy based approaches we will now shift to systems that have
no spatial component, but only a spectral component in the data. Spectral based methods
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Figure 3.2: The absorption of light of a solution can be measured by passing a known
broadband light source through the solution and measuring the transmitted signal with a
spectrometer.

can be further broken down into absorption spectroscopy methods (Section 3.4.1) and
fluorescent spectroscopy methods (Section 3.4.2). A spectrometer is a device that has the
ability to measure the relative intensity of different wavelengths across the electromagnetic
spectrum. Since the light-matter interaction is unique for different substances, light will
reflect, absorb, fluoresce and transmit at different intensities for different wavelengths.
Spectral methods are most accurate when the sample is assumed to be homogeneous: care
is taken that only one type of algae is present. Due to spectral mixing, which occurs when
different algae are present in the same sample, the spectrum of each is combined into a
single signal, making it difficult to determine the relative amount of each organism.

3.4.1 Absorption Spectroscopy

As seen in figure 3.2, the absorption spectra of a solution can be measured by passing
a known light source through a sample, and then measuring the transmitted light by a
spectrometer. The absorbance of a material, denoted by A is defined as:

P,
A= logloa = —logioT, (3.1)

t

where, ®; is the radiant flux incident on the material, ®; is the radiant flux transmitted
by the material, and T is the transmittance of the material.
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Figure 3.3: The absorption of algae for different phyla groups reported by Lee et al. (top)
[19] and Held et al. (bottom) [50].

The absorption of different algae, as seen in Figure 3.3, has been described in two
papers. The first paper is by Lee et al., who in 1994 measured three algae, each from a
different phyla group [19] from 400 nm - 750 nm. These algae were from the Cyanophyta
phylum, Chlorophyta phylum and the Dinophyta phylum. As seen from Figure 3.3 all
three algae peaked in the 400 nm - 475 nm range as well as in the 650 nm - 725 nm range.
The Cyanophyta also had a peak in the 575 nm - 650 nm range These spectral responses
all match the pigmentation data presented earlier in Table 3.1 as only Cyanophyta are
reported to have phycobilin pigments.

In addition, Held et al. reported the absorption spectra of Microcystis aeruginosa in
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Figure 3.4: A fluorescence spectra can be measured by using a broadband light source
which passes through a narrow bandpass filter to isolate the excitation wavelengths. This
excitation light enters the sample, causes the sample to fluoresce, and emits a lower energy
light signal. This lower energy light gets filtered by an additional highpass filter and then
measured by a spectrometer.

2011 [50]. This spectrum was measured from 300 nm - 700 nm and has similar trends
as the data reported by Lee et al. [19], but with a slightly different ratio of peaks. It is
also interesting to observe the strong absorption of this algae in the ultraviolet part of the
electromagnetic spectrum.

These spectra show that there is the potential to discriminate between different algae
phyla groups when using absorption spectra methods. However, as seen in Section 3.4.2,
most methods of spectroscopy use fluorescence based methods, where the excitation and
emission spectra of different algae tend to range much more than the absorption spectra
of different algae.

3.4.2 Fluorescence Spectroscopy

As seen in Figure 3.4, fluorescence spectroscopy involves using a light source and a narrow
bandpass filter to excite a sample at a high energy, corresponding to a lower wavelength and
then measuring the emission spectra at a lower energy, using a highpass filter, as seen in
Figure 3.4. The excitation wavelength excites the sample by absorbing a photon of light and
causes an electron to jump in energy state. When this electron then falls from this higher
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Figure 3.5: The excitation spectra from 400 nm - 650 nm was reported by Poryvkina et al.
[51] (top) and Gsponer et al. [52] (bottom). These spectra reveal significant differences in
the excitation wavelengths for different phyla of algae.

state, the energy is emitted as light at a higher wavelength. This is, in fact, the same
technique that epi-fluorescence methods (Section 3.2.2) use. Since fluorescence spectra
have both an excitation and corresponding emission spectra, both will be discussed. Some
papers only present either the excitation or emission spectra while others present both.
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Excitation Spectra

Poryvkina et al. [51] measured the excitation spectra of 31 algae species from seven phyla.
In Figure 3.5 (top), four of the 31 excitation spectra can be seen from two of the phyla
(Chlorophyta, Cyanophyta). In addition, Gsponer et al. [52] measured the norm excitation
spectra of five algae species from four phyla (Chlorophyta, Rhodophyta, Cyanophyta, and
Dinophyta) as seen in Figure 3.5 (bottom). Both of these studies [51, 52] demonstrate that
different algae types have unique fluorescence excitation spectra from each other caused
by the difference in pigments in a given algae type, as well the relative concentration of a
given pigment, once again matching the different pigments from Table 3.1.

Another very interesting observation from Figure 3.5 is that excitation spectra differ
significantly compared to the absorption spectra seen in Figure 3.3. This reveals the
potential use of fluorescence data as a method to achieve high separability as well as
a method of classifying different algae types. In fact, we will leverage this information
when designing our own hardware system in Chapter 4 and then report the corresponding
classification accuracy of using only fluorescence spectra in Chapter 7.

Emission Spectra

To determine this we must first look at work previously published by French et al. [53] and
Millie et al. [51] as seen in Figure 3.6.
French et al. [53], as seen in Figure 3.6 (top), measured the emission spectra of Por-

phyridium cruentum, a type of red algae, from 570 nm - 750 nm when exciting the sus-
pended sample at 11 different narrow-band wavelengths from 405 nm - 546 nm by using a
high pressure mercury lamp and additional optics. Figure 3.6 (top) illustrates that when
plotting three of the eleven emission curves the fluorescence emission increases when going
from 490 nm to 515 nm to 546 nm. In fact, this matches the work presented by Gsponer
et al. [52], whose data can be seen in Figure 3.5 (bottom), since the only species from the
Rhodophyta phyla peaks around 550 nm.

Millie et al. [51]. excited five different samples of microalgae from four different phyla at
either 440 nm or 490 nm. In Figure 3.6 (bottom), four samples, from three different phyla,
are presented, where the spectra were normalized to a range of zero and one. Each of these
fluorescence emission spectra from the presented three phyla (Cyanophyta, Dinophyta, and
Chlorophyta) are relatively unique as they each have a distinct peak wavelength. Therefore,
as expected, the emission spectra for different phyla are relatively unique which is caused
by the distinct pigments in each phyla as previously shown in Table 3.1. Furthermore, this
information can be leveraged when designing and building an imaging system.
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Fluorescence Emission vs. Wavelength
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Figure 3.6: The emission spectra of Porphyridium sp. by French et al. [53] (top) and

the emission spectral of four common algae from three phyla groups by Millie et al. [54].
These spectra show that different algae have different emission spectra which is the result
of these algae having different different pigments. Notice the wavelength range in this
figure compared to the wavelength range in Figure 3.5. Since the emission spectra is at a
lower energy, the spectra will be at a higher wavelength.

In addition to measuring the excitation spectra of five different types of algae, Gsponer
et al. [52] took one sample (Microcystis sp.) and also measured the emission spectra.
As seen in Figure 3.5 (bottom) and Figure 3.7, Microcystis sp. has a peak excitation
wavelength between 600 nm and 625 nm. As seen in Figure 3.7, the corresponding peak
emission wavelength is approximately 680 nm.
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Fluorescence Excitation and Emission of Microcystis sp. vs Wavelength

1.0

Microcystis sp.
= (Cyanophyta)
excitation spectrum
Microcystis sp.
(Cyanophyta)
emission spectrum

0.5 A

measured signal

0.0 I I 1 1 1 I 1 1 I I I 1 1 1 1 I 1 1 I I 1
300325350375400425450475500525550575600625650675700725750775800825850

wavelength, nm
Gsponer et al. (2018)

Fluorescence Excitation and Emission of Microcystis sp. vs Wavelength

1.0

Microcystis sp.
= (Cyanophyta)

excitation spectrum
057 Microcystis sp.
(Cyanophyta)
emission spectrum

measured signal

0.0 | I s S B B S B e D R B B B B N B B . — E—
300325350375400425450475500525550575600625650675700725750775800825850

wavelength, nm
Held et al. (2011)

Figure 3.7: The excitation and emission spectra of Microcystis sp. measured by Gsponer et
al. (top) [52] and by Held et al. (bottom) [50]. While the emission spectra is very similar,
the excitation spectra varies between these two authors.

In addition to these reports about excitation and emission spectra, work has been
done in exploring a fluorescence-based approach to identifying algae. In 2002, Beutler
et al. built a custom device that used five distinct wavelength LEDs (450 nm, 525 nm,
570 nm, 590 nm, and 610 nm) to excite different pigments in five different algae spectral
groups, which were: green algae (Chlorophyta), glue-green algae (Cyanobacteria), brown
algae (Bacillariophyceae and Dinophyceae) and mixed algae (Cryptophyceae). These LEDs
excited the Chlorophyll a pigments as well as other antenna pigments such as Chlorophyll ¢,
phycocyanobilin, phycoerythrobilin, fucoxanthin and peridinin [55]. By placing a bandpass
filter between the algae sample and the sensor they were able to take five measurements
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of the emission signal from the microalgae between 650 nm - 750 nm by turning on each
consecutive LED. Beutler et al. fitted a norm spectrum to each of the spectral classes and
found that each spectral group was differential from each other. They then proceeded to
use this new information to determine the chlorophyll concentrations of different diluted
samples of each spectral group and compared this to the known chlorophyll concentration
and found very high correlation.

Gregor et al. also used in vivo fluorescent methods as a tool to quantify phytoplankton
organisms in water in 2007 [56]. They found that phycocyanin fluorescence was a sensitive
indicator of the presence of cyanobacteria in water since the phycocyanin pigment in the
cyanobacteria is excited around 590 nm to 630 nm, and has a max emission around 650
nm. This is unique behaviour compared to eukaryotic algae which are excited around 430
nm to 530 nm and has their peak emission 685 nm, which is also the peak of Chlorophyll
a. When taking the ratio of the two fluorescent measurements in all samples they found a
very strong correlation to the true ratio of cyanobacteria to eukaryotic algae.

Hu et al. utilized the fact that different algae species have different ratios of antenna
pigments, which results in different fluorescence emission spectra [57]. Hu et al. imaged
twenty different algae from six algae divisions (Dinophyta, Bacillariophyta, Chrysophyta,
Cyanophyta, Cryptophyta, and Chlorophyta) by illuminating the samples at four different
wavelengths (440 nm, 470 nm, 530 nm, and 580 nm), and then measure the emission
spectra from 600 nm - 750 nm with a 5 nm resolution. In order to create a norm vector
of each algae division, each of these four emission spectra were concatenated to form a
single feature vector. Then, using a discrimination method established by multivariate
linear regression and weighted least-squares, it was shown that each of the norm vectors
from each phylum were independent from each other. This insight now allowed Hu et al.
to measure the spectra of a mixed sample and predict the relative ratios of different algae
phyla when comparing samples with two different species from different phyla.

In summary, spectrometers that measure multiple fluorescent wavelengths have the
ability to differentiate between different phyla of algae, as seen in Beutler et al. [55] and
Hu et al. [57]. Therefore spectral based approaches are suitable when looking at pure algae
types to determine which phylum the sample is from.

3.5 Fluorescent Probes

Just like imaging flow cytometry added a flow element to microscopy based approaches,
fluorescence probes takes the spectrometer approach and applies the theory to build an
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in-situ monitoring device. Based on these underlying fluorescent properties, a number of
probes have been developed and are currently on the market.

For example, McQuaid et al. used a YSI 660 V2-4 water quality multi-probe in their
experiments. This YSI probe was designed to measure the cyanobacterias phycocyanin
pigment at 590 nm (with a passband of 565 nm - 605 nm) and measures the pigments
emission at 660 nm £ 20 nm [58]. They found that the phycocyanin probe can be used to
monitor cyanobacterial biovolume in surface water when the cyanobacterial blooms were
dominated by Microcystis sp. and microcystin. Furthermore, they found that a taxonomist
analysis was found to underestimate the risk of a microcystin contamination, due to less
frequent sampling.

However, in more recent years, additional studies have been conducted on these probes.
In 2012, Zamyadi et al. took five different probes, some of which were YSI probes, and
found that there was no correlation between a given probe’s reading and the true cell
count in a given sample [59]. However, the authors did find that the correlation between
the probe’s readings and the total biovolume in the sample could be trusted.

Zamyadi et al. continued their work and in 2016 tested six different in-situ fluorometric
probes from major brands such as bbe, TriOS, Tuner Designs, and YSI [60]. One conclusion
from their research is that a major disadvantage of all these probes is the fact that they
cannot distinguish between species of cyanobacteria and that the use of a microscope
would be required to accomplish this task. Furthermore, it was highlighted that access
to real-time data and automatic frequent sampling (at least every 60 minutes) is a major
advantage of the probes and a highly desired functionality of a monitoring device.

Finally, Bowling et al. also used a YSI EXO2 fluorometric probe to measure the chloro-
phyll @ and phycocyanin and found that a good correlation between phycocyanin and total
cyanobacterial biovolume in two of the three ponds they investigated [61]. They also found
that phycocyanin did not correlate well with cell counts, and Chl-a was a poor measure of
cyanobacterial presence.

Therefore, probes that measure the Chl-a and phycocyanin can estimate the total bio-
volume in a cyanobacteria bloom, but are very poor at estimating actual cell counts of
different species of cyanobacteria in the samples [56, 58, 59, 60, 61]. In order to determine
the actual cell count of different organisms in a water sample, microscopy methods must
be utilized.

In addition, these probes are known to underperform when not in ideal conditions, as
stated by the state of Ohio:

“Phycocyanin is a pigment unique to cyanobacteria. Sensors are available which
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measure the presence of this pigment and report in either relative fluorescence
units (RFUs) or cyanobacteria concentrations in cells/mL. The cell concentra-
tion data, however, should be used with caution because sensors are typically
calibrated to a pure Microcystis culture, and Microcystis may not be the dom-
inant cyanobacteria in the water source. Also, other factors such as turbidity
and overall light availability can impact the amount of phycocyanin that is
produced per cyanobacterial cell. It is often best for a water system to review
the general changes in RFUs over time as an indication of an increase in bloom
severity instead of a particular cell/mL reading.” [(2]

3.6 Genomics

Recently the major increase in genetic data has propelled the birth of DNA taxonomy for
algae where species are classified by sequencing the precise order of nucleotides within a
DNA molecule [63]. For DNA taxonomy to be successful a database of prior DNA sequences
must first be built, and then DNA barcoding methods can be utilized to match the newly
sequenced DNA to the known database. However, one disadvantage of DNA sequencing
is that it can be difficult to match the new DNA sequence with the standard Linnaean
taxonomical names.

The most recent methods are genomics based methods, which primarily consist of quan-
titative polymerase chain reaction (qPCR). Water utilities are beginning to use commercial
molecular assays, however, since these molecular techniques require specialized equipment
and training to run, only a select few drinking water treatment plants can leverage this
new technology [64]. In summary, as explained by Clerck et al., while molecular based
technique are promising, the technology needs to advance in both the speed and success
rate before it can be a viable option for algae taxonomy [63].
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3.7 Summary of Methods

As we have seen in this chapter, there are five main methods that are currently being used
for automated identification of algae:

1. Digital Microscopy (Section 3.2)

2. Imaging Flow Cytometry (Section 3.3)
3. Spectral Analysis (Section 3.4)

4. Fluorescent Probes (Section 3.5)

5. Molecular Methods (Section 3.6)

Each of these methods have advantages and disadvantages. Digital microscopy ap-
proaches and imaging flow cytometry have the advantage of capturing spatial information
but lose the spectral data. Furthermore, the majority of these microscopy based approaches
only capture a single brightfield image. Only a few researchers have begun to look at mul-
tispectral imaging and combining brightfield with fluorescence imaging. Spectral based
methods and fluorescence probes measure the spectral fluorescence properties of algae,
however, they don’t capture any spatial information. While this can achieve phylum level
classification when inspecting a simple water sample, fluorescent probes are not dependable
when inspecting more complex samples. Finally, genomics based methods show promise
as an emerging technology, with the restriction that it requires specialized equipment and
training in order for the method to be effective.

Given all these trade-offs, in Chapter 4, we will present a novel cost-effective system that
captures a single brightfield images as well as multiple fluorescence images. To complement
this new instrument, a software framework will be presented in Chapter 5 in order to process
the data captured by the proposed imaging system. Then, in Chapter 6, a dataset will be
created in order to test these different contributions. Finally, the proposed imaging system
is used to test efficacy of using multiple fluorescence images when automatically identifying
algae. These results will be presented in Chapter 7.
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Chapter 4
Imaging System Design

“I begin with an idea and then it becomes something else.”

— Pablo Picasso (1881 - 1973)

All five approaches presented in Chapter 3 have shown to be effective methods to auto-
matically identify algae in a water sample. However, to date each method has been fairly
independent from the other. However, the research presented here proposes to combine two
of these methods, the spatial element from digital microscopy with the spectral element of
fluorescent spectroscopy. By fusing these, the spectral and spatial information, our system
is able to capture salient information from both modalities.

In Section 4.1 the optical design requirements will be presented. These include the
design requirements to capture a single brightfield image, as well to excite antenna pigments
of algae to generate four fluorescence images. Additional requirements are to generate data
on-site and analyze this data in real-time. Next in Section 4.2, three different fluorescence
setups will be compared and the orthogonal fluorescence microscopy approach will be
selected. Then in Section 4.3, the optical design configuration will be discussed. In this
section the specific LED wavelengths and filters will be selected to allow the imaging system
to capture both brightfield and multiple fluorescence images. In Section 4.4, the design will
be implemented by creating a 3D printed frame to house the optics, camera and printed
circuit board (PCB). In addition, a graphical user interface (GUI) will be created in order
to control the imaging system. Finally, in Section 4.5, a summary of the final system will
be presented.
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4.1 Imaging System Design Requirements

When designing a system to test the proposed method against existing methods careful
consideration must be taken to determine what must be included and excluded from the
system. In order to determine this, the hardware design requirements will based on the
related work as discussed in Chapter 3. The requirements to build such a device can be
broken down into the following sections:

1. Brightfield Requirements (Section 4.1.1)

2. Spatial Resolution Requirements (Section 4.1.2)

3. Multispectral Fluorescence Requirements (Section 4.1.3)
4. On-site Requirements (Section 4.1.4)

5. Real-time Analysis Requirements (Section 4.1.5)

4.1.1 Brightfield Requirements

As discussed in Chapter 2 and Chapter 3 a number of methods rely on the information in
a single brightfield image. As discussed in Section 2.2, nearly all manual identification is
done with a brightfield microscope. In addition, both brightfield methods (Section 3.2.1) as
well as imaging flow cytometry (Section 3.3) regularly capture a single brightfield image for
automated algae identification. In order to match current methods, the brightfield modality
must be incorporated into the design of the system. This will allow a direct comparison
between the baseline method of brightfield imaging against the proposed method of using
multiple fluorescence images. Therefore it is a design requirement of the hardware system
that it must be able to capture a single brightfield image.

4.1.2 Spatial Resolution Requirements

Algae can range in size from smaller organisms like single celled microcystis aeruginosa (3-7
um in diameter) to larger organisms such as ceratium (150 um in length) [21, 24, 25, 65].
As discussed in Section 2.1, microcystis is known to produce lethal toxins. In order for our
system to be effective at monitoring HABs, it must be able to resolve smaller microalgae
such as microcystis. Therefore, the first priority is to have a spatial resolution of at least
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0.75 um/pixel, as in this situation smaller microcystis cells would be four pixels in width.
However, given that there are many larger algae that are known to produce toxins, such
as filamentous Anabaena, it is also desired to achieve the largest field of view possible.

4.1.3 Multispectral Fluorescence Requirements

As seen in in Section 3.2.2, early work using fluorescence digital microscopy only captures a
single fluorescence image [3%, 39]. However, as seen in Section 3.2.3, if accurate classification
of algae is to be achieved, it is necessary to capture both fluorescence and brightfield
images [12]. Work by Hense et al., who used two fluorescence images, showed conclusively
that using these two fluorescent bands improves the discrimination of algae from non-
algal objects as well as phycoerythrin (PE) containing algae from others. Their final
recommendations was to use multiple fluorescent features [11]. In addition, as discussed in
Section 3.4, spectral based methods commonly collect more than two fluorescent spectral
features but lose the spatial information provided by digital microscopy. Section 3.4 showed
that different fluorescent signals yield separability between different types of algae. Beutler
et al. collected five fluorescent bands to separate five algae spectral groups [55], and Hu
et al. collected four fluorescent bands from six algae divisions [57]. Therefore a design
requirement for the proposed system is that it must capture more than two fluorescent
bands, where each band selects targets a unique pigment.

4.1.4 On-site Requirements

Another design consideration is the cost of the hardware of the system. Currently, on-
site data acquisition is possible from systems such as the FlowCam Cyano [11, 16, 17] as
well as the IFCB system [15]. However, these systems cost well over $100,000 USD and
provide limited automated image analysis. As both the FlowCam Cyano and the IFCB
are flow systems, removing the flow component dramatically reduces the costs. Even when
removing the flow components, a standard epi-fluorescence microscope with camera system
starts at $20,000 USD for lower end models such as AmScope and can easily cost $60,000 -
$80,000 USD for an Olymupus, Zeiss or Nikon setup. To reduce the costs of the proposed
system, this research aims to build a system for less than $10,000 USD. Therefore the goal
of this research is to build a low-cost device which is affordable for rural communities and
third world countries.
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4.1.5 Real-time Analysis Requirements

The final design requirement is to process and automatically analyze the data generated
from the system in near real-time. Having a near real-time analysis allows individuals and
communities who were previously limited by cost and distance the opportunity to analyze
their water bodies. For example, creating a low-cost system with real-time analysis allows
individuals and communities in rural areas or third world countries to determine their water
quality which is something they are currently unable to do due limited capital. Therefore,
the final design requirement of the hardware system is that must generate and process data
in real-time.

4.1.6 Summary of Requirements
In conclusion, a summary of design requirements for the system are as follows:

1. Capture a single brightfield image with a spatial resolution of at least 0.75 um/pixel.

2. Capture at least three fluorescence images where each image targets a different pig-
ment.

3. Be low-cost (less than $10,000) as to remove any financial limitations of rural com-
munities and third world countries to generate data on-site.

4. Automatically analyze the generated data in real-time to allow for real-time inspec-
tion of water samples.

Given these design requirements, Section 4.2 will present the fluorescence design con-
siderations. These considerations must weigh the benefits of the different modalities of
fluorescence imaging. These modalities are diascopic fluorescence microscopy (Section
4.2.1), epifluorescence microscopy (Section 4.2.2), and orthogonal fluorescence microscopy
(Section 4.2.3).

4.2 Optical Design Considerations

The goal of the imaging system is to capture one brightfield image and multiple fluorescent
wavelength images. There is only one method to capture a brightfield image, that is with
the illumination source underneath the sample and with the camera sensor and objective
lens above the sample. However, there are three main methods to collect fluorescent images:
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1. diascopic fluorescence microscopy
2. episcopic fluorescence / epi-fluorescence microscopy
3. orthogonal fluorescence microscopy

The advantages and disadvantages of each method will be discussed for the specific
application of building a low-cost device that can generate data in real-time.

4.2.1 Diascopic Fluorescence Microscopy

Diascopic fluorescence microscopy, also known as transmitted light fluorescence microscopy,
is a method where the illumination source is placed beneath the sample, and then a excita-
tion filter allows a narrow set of wavelengths of light to excite the sample. In the standard
brightfield setup, both this excitation light as well as the emission light continue to an
emission filter, which ideally only allows the emission light to pass onto a camera sensor.
Theoretically this setup works but practically it is not a viable means to collect fluorescent
data. Very high quality excitation and emission filters are required to ensure that no stray
light at unwanted wavelengths enter into the optical path. If the excitation filter allows
light to pass at higher wavelengths, any emission light from the sample will be lost since
the emission light from the sample can be several orders of magnitude weaker than the
intensity of the excited light [30].

Therefore the solution is to purchase high quality filters and switch to a darkfield
transmission setup to block out additional stray light. However both these improvements
drastically increase the price of the system. Using a darkfield setup with high quality filters
introduces additional problems since only a fraction of the excitation light will excite the
sample due to the darkfield setup. This results in exposure times of tens of seconds for a
single capture and quickly becomes impractical given the design requirement to capture
multiple fluorescence images. Smearing effects would occur in the image since the algae in
the water sample are alive and can move within the sample. Different wavelength images
would have organisms in different pixel locations due to the motion of algae over time. For
these reasons the diascopic fluorescence setup does not achieve our design requirements.

4.2.2 Epifluorescence Microscopy

Episcopic fluorescence or epifluorescence microscopy is the most common method to cap-
ture fluorescence data and was invented by Johan Sebastiaan Ploem in 1967 [06]. As
described by Ploem himself:
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“A fluorescence microscope is designed to provide an optimal collection of the
fluorescence signal from the specimen, while minimizing the background illu-
mination consisting of unwanted excitation light and autofluorescence. This
requires rather sophisticated technology, since the specimen can be several or-
ders of magnitude weaker than the the intensity of the excited light.”[30]

This setup uses a filter cube to direct the excitation light through the objective lens onto
the sample. The main advantage is that all the excitation light that passes through the
filter cube gets concentrated directly onto the field of view of the imaging system. Therefore
the capture times for a given fluorescent image are in the normal range of milliseconds,
making it a viable setup for our application. However the two main drawbacks of this setup
are: (1) it requires additional optical components such as a dichroic mirror as well as an
infinite corrected objective lens which increases the cost of the system, and (2) it requires
moving parts to switch between different filter cubes when collecting multiple fluorescence
images at different excitation wavelengths. Once again, given that algae move within a
water sample, this creates blurring and motion artifacts in the multispectral images. For
these reasons the epifluorescence setup is also unfit to achieve our design requirements.

4.2.3 Orthogonal Fluorescence Microscopy

The third method may be less common, yet it is valid as it is able to produce a fluorescence
signal. This method called orthogonal fluorescence microscopy places the excitation source
orthogonal to the sample. This removes the issue of stray light entering the optical path as
in the diascopic fluorescence setup, and it removes the need for the dichroic mirror in the
epifluorescence setup. The first reported use of this setup was in 1902 when Richard Adolf
Zsigmondy and Henry Siedentopf created a “ultramicroscope” in order to observe single
gold molecules [67]. More recently side-on illumination is used in light sheet fluorescence
microscopy (LSFM) where planar illumination techniques are used to send a sheet of light,
usually a few hundred nanometers to a few micrometers, through a sample [68]. LSFM
is an advanced and expensive method of fluorescence imaging, but the concept of side-on
illumination is a valid one. It is a suitable setup to achieve our design requirements as it
doesn’t have the issue of stray light (as in the diascopic fluorescence setup), and it doesn’t
require a dichroic mirror (as in the epifluorescence setup).

For these reasons it is the most suitable optical configuration considering the design
constraints. However, if we were to use a standard broadband light source for fluorescence
excitation, such as a mercury arc lamp, then a filter wheel would be required to select
the desired excitation band. Even worse, a second filter wheel would be needed in the
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orthogonal fluorescence setup in order to filter out the desired emission spectra. The main
advantage of the epi-fluorescence setup is that it combines the excitation filter, dichroic
mirror, and emission filter into one unit, called the filter cube. This results in only one
filter wheel in the optical system. So the design choice to use orthogonal fluorescence does
no longer seem to be the optimal setup. However, as seen in Section 4.3, we area able to
completely eliminate both these filter wheels, removing any moving components from the
optical system.

4.3 Optical Design Configuration

Having chosen the optimal fluorescence setup, that is, orthogonal fluorescence microscopy,
Section 4.3.1 will discuss a more detailed design of this setup. Specifically, the LEDs and
specific filters will be decided based on the spectral information presented in Chapter 3.
In Section 4.3.2, the brightfield LED and filter setup will be discussed. Finally, in Section
4.3.3 the main benefits of this design will be highlighted.

4.3.1 Fluorescence Optical Configuration

As previously discussed, the orthogonal fluorescence setup is the optimal choice since it
allows for fast acquisition times and it removes the need for a dichroic mirror. The problem
to be discussed is the removal of moving parts while still capturing a fluorescence signal.

In order to remove the excitation filter wheel, the broad band light source will be
replaced with high-power narrow-band LEDs. To determine the optimal LED wavelengths,
an understanding of what antenna pigments in each algae group is required. SooHoo et
al. [69] showed that for different marine phytoplankton the highest fluorescence yields occur
in the blue-green region of the spectrum, corresponding to bands of peak absorption by
the accessory pigments. They confirmed this for five different species: one diatom, two
dinoflagellates, one chrysophyte (golden algae), and one chlorophyte (green algae).

As discussed in Chapter 3, different algae groups are known to have different excitation
peaks based off of the photosynthetic pigments in their structures. These excitation peaks
range from approximately 400 nm to 650 nm as seen in Figure 4.1. Figure 4.1 incorporates

the excitation spectra presented by Poryvkina et al [51] and Gsponer et al. [52] with the
emission data presented by French et al [53] and Millie et al. [51] which was discussed in
Chapter 3.
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Figure 4.1: The optimal LEDs (top) where chosen based from the excitation spectra pre-
sented by Poryvkina et al [51] and Gsponer et al. [52] (second from top). Furthermore,
the transmission of the high-pass filter (third from top) was selected based off the emission
data presented by French et al [53] and Millie et al. [51] (bottom).

Therefore, as seen in Figure 4.1, four Luxeon high-power LEDs where chosen to excite
the major pigment peaks in this range. The wavelength peaks of these LEDs are 445 nm
(Royal Blue), 500 nm (Cyan), 545 nm (Lime), and 620 nm (Red Orange). There are two
main advantage of using narrowband LEDs, opposed to a traditional fluorescent lamp or
mercury arc lamp. First since the LEDs are already at a specific wavelength, and therefore
the excitation filter is now longer required to isolate the excitation light from the broadband
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light source. Secondly, LEDs can rapidly switch on and off, something broad band light
sources are unable to do. In addition, the narrow wavelength of these LEDs remove the
need of any mechanical filter wheel, allowing for faster acquisition rates. Compared to
broad band light sources LEDs also waste less heat and have longer lifetimes. Therefore
narrow-band LEDs are far superior compared to using a broadband light source with a
filter wheel.

The removal of the emission filter wheel resulted from gaining insight into the excitation
and emission spectra of algae. As seen in Figure 4.1, the majority of the emission spectra
of algae range from 575 nm to 750 nm, and therefore only a single highpass filter at 635 nm
is needed between sample and the sensor. From data presented in Chapter 3, we know there
is often fluorescence emission below the 635 nm cutoff, however, Figure 4.1 demonstrates
that for different phyla groups there is still adequate amounts of signal above the 635 nm
cutoff. It is also important to note that a highpass filter is still required in the system. If
this highpass filter were not placed in the optical path of the fluorescence emission signal,
it would get mixed with any diffuse or specular reflections caused by the interaction of the
LED light and the sample.

4.3.2 Brightfield Optical Configuration

Since the design of the fluorescence optics must be incorporated into the same design of the
brightfield optics, only the range of 635 nm or greater can be observed in brightfield mode.
This is because the highpass filter will block any light less than 635 nm, and transmit
any light that is greater than 635 nm. However, the optical design uses the fact that the
absorption spectrum of algae, as seen in Figure 4.2, has two major peaks as reported by
Lee et al. [19]. The first peak, from 400 nm to 525 nm will not be observed, as that signal
is blocked by the highpass filter. However, the second peak, from 650 nm to 725 nm will
be observed, as that signal will pass right through the highpass filter. By placing a 2700
K LED directly underneath the sample, a broadband LED can interact with the pigments
above 635 nm and a brightfield image can be captured.

It is important to note that the three absorption spectra shown in Figure 4.2 (middle)
are from three different phyla groups: Cyanophya, Chlorophyta, and Dinophyta [19]. This
same information was also shown in Figure 3.3 where it was discussed that the absorption
spectra for different phyla groups are relatively similar in nature. This observation allows a
highpass filter to be used at 635 nm as different phyla groups have a significant absorption
response above 635 nm.
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Figure 4.2: A 2700 K LED (top) is used as a light source for the brightfield imaging
modality. This LED will interact with the absorption spectra of different algae, a few of
which are presented by Lee et al. [19] (middle). The highpass filter (bottom) then blocks
any light lower than 635 nm.

4.3.3 Optical Configuration Benefits

In this manner the identical setup, as seen in Figure 4.3, can be used to rapidly capture
both multispectral fluorescence images and a single brightfield image. The orthogonal flu-
orescence setup with high-powered LEDs and a single highpass filter dramatically reduces
the costs of the overall system in comparison to standard epi-fluorescence setup. This sys-
tem allows for four spectral images at four different excitation wavelengths to be captured
in a rapid manner without any moving parts. Each of these four spectral images measure
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Figure 4.3: The optical system of the proposed imaging device allows the camera sensor to
capture a single brightfield image as well as four fluorescence images at different excitation
wavelengths. It is this configuration that will be used to generate a dataset which can be
fed into a software framework for automatic identification of algae.
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the relative concentration of different pigments in the algae, leveraging the fact that dif-
ferent algae groups have different pigments, and that those who have the same pigments
likely have them in different concentrations. Since different algae contain different pigment
concentrations, the relative fluorescence for different algae types will be different. It is this
information that can be used while building and testing a machine learning model.

4.4 Imaging System Implementation

Having completed the optical design in Section 4.3 the final step is to build the imaging
system. In section 4.4.1, the optimal microscope objective lens and camera sensor will be
chosen. The combination of the lens with the sensor is shown to be able to resolve single-
celled microcystis aeruginosa. In Section 4.4.2, the 3D printed hardware chassis will be
presented. This chassis houses all the optics, electronics, and other components. Finally,
Section 4.4.3, presents a graphical user interface that can control the camera and LEDs,
allowing on-site data collection to be possible.

4.4.1 Spatial Resolution

The theoretical spatial resolution limit, d, of a microscope system is determined by the

Abbe diffraction limit:
A A

d= 2nsing  2NA
where n is the refractive index, € is the half-angle, NA is the numerical aperture of an
objective lens, and A\ is the wavelength of light passing through the objective lens [70].
Given that the average wavelength of light passing through our system in 700 nm, and
that a standard 40x objective lens has a NA of 0.65, the theoretical value of d is 0.539 um.

(4.1)

Given that this distance is magnified by the lens and given that we want to meet the
Nyquist criterion (N) in order to avoid any aliasing, results in the following equation:

dM = pN (4.2)

Here d is spatial resolution limit, M is the magnification of the lens, p is the pixel size,
and N is the Nyquist criterion (a minimum value of 2). Substituting the d value of 0.539
pm, the M value of 40x, and the minimum value of N = 2, results in a required pixel size
13.18 um. However, no low-cost sensor exists with such a large pixel size. Furthermore, a
value of N = 2 is on the threshold of the Nyquist criterion and therefore is susceptible to
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Figure 4.4: Left: Using the USAF 1951 chart a spatial resolution of 0.65 um / pixel was able
to be achieved. Right: This is sufficient to measure single-celled microcystis aeruginosa
which is known to be 3-7 um [05]. This microcystis aeruginosa from the dataset in Chapter
6 is 10 pixels in diameter, resulting in a diameter of 6.5 um.

aliasing. For these reasons, N was chosen to be 4, resulting in a desired pixel size of 5.4
um, which is a readily available pixel pitch. A FLIR Grasshopper 3 NIR monochromatic
camera was selected as it had a pixel size of 5.5 um, and allowed full software control of
the sensor parameters (white balance, exposure time, frame rate, etc.). This sensor was
specifically suitable as it has a strong response in the NIR part of the electromagnetic
spectrum, matching the emission response of the data presented in Figure 4.1.

To calculate the the actual spatial resolution of the imaging system the 1951 U.S. Air
Force (USAF) chart was used, as seen in Figure 4.4 (left). Given this chart the spatial
resolution was calculated to be 0.65 um / pixel. Given the sensor dimensions of 2048 x
2048 results in a field of view of 1.33 mm X 1.33 mm.

To further validate this spatial resolution of 0.65 um / pixel, a single-celled microcystis
aeruginosa was imaged, as seen in Figure 4.4 (right). As reported by Xiao et al. microcys-
tis aeruginosa is expected to be anywhere between 3-7 um in diameter [05]. The observed
microcystis aeruginosa from the dataset in Chapter 6 is 10 pixels in diameter and there-
fore is 6.5 um in diameter. This check validates that the desired spatial resolution was
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achieved as the initial design requirement was to be able to resolve a single-celled micro-
cystis organism. Therefore the 40x microscope objective with a FLIR Grasshopper 3 NIR
monochromatic camera achieves a high enough spatial resolution to resolve single-celled
microcystis while simultaneously maximizing the field of view.

4.4.2 Hardware Chassis

By using an orthogonal fluorescence setup with high-powered LEDs and a single highpass
filter the cost of the system can be dramatically reduced while simultaneously allowing both
florescence and brightfield images to be captured in a rapid manner. The final consideration
in the design of the imaging system is to decide how to package all the components into
a single system that can be used by an individual. To achieve this design requirement,
this optical setup was encapsulated into a 3D printed frame, as seen in Figure 4.5. By
housing all the different optical and electrical components in a single chassis, this allows
the imaging system to be portable. Furthermore, the 3D printed structure also blocks any
ambient light from interacting with the sample, and thus preventing any additional errors
into the system.

The system works as follows. First, light is emitted from either the fluorescent illumi-
nation sources or from the brightfield illumination sources onto the slide that contains a
water sample. If the fluorescent illumination source is active, it will cause the algae to aut-
ofluorescence. If the absorption illumination source is active, the algae will either absorb
or transmit the light. The emitted or transmitted light then passes through a series of
lenses (acting together as an objective magnification lens) as well as a high-pass-filter, and
finally onto an imaging sensor. A vertical translation stage which controls the fine-tune
focusing of the image, is connected to the sensor and a focusing knob extends from the top
of the system, allowing a user to focus the image. In order to control the different LEDs,
a custom printed circuit board (PCB) was designed and manufactured.

The material cost of all the components and the 3D printed frame was approximately
$4,000 USD. Therefore the design requirement of building a low-cost system for under
$10,000 was met.
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Figure 4.5: The proposed imaging system was built using off the shelf components and
housed by a 3D printed frame. The user places the water sample in the imaging path and
then adjust the focus with the focusing knob. All control over the illumination sources and
sensor of SAMSON is done through the graphical user interface (Fig. 4.6).
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Figure 4.6: The graphical user interface (GUI) enables the flexible selection of different
illumination sources and changes in exposure time of the sensor, during the process of
viewing the water sample in real-time.

4.4.3 Software Control Tool

In order to control the LEDs and camera of this system, a graphical user interface (GUI)
was built, as seen in Figure 4.6. In a standard scientific environment, multiple software
programs are necessary for the purpose of image acquisition to control the various compo-
nents (e.g., sensor, individual illumination sources, etc.). As such, this typically requires
the user to switch between programs during the image acquisition process, which is time-
consuming and prone to error. Therefore, this user interface was designed to provide all
required functions in one concise and user-friendly interface, thus drastically improving
the usability of the image acquisition process. The three main functions in the GUI are:
i) live-stream visualization, ii) sensor exposure time control, and ii) illumination source
selection and control. All operations can be performed in the GUI sub-system through
sliders. Therefore, by using this software system on a local laptop, a user can use the
imaging system on-site to generate data in real time, meeting the requirement to generate
data on-site.
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4.5 Summary of Imaging System

At the beginning of this chapter there were four design requirements for the imaging system.
As review, they were:

1. Capture a single brightfield image with a spatial resolution of at least 0.75 um/pixel.

2. Capture at least three fluorescence images where each image targets a different pig-
ment.

3. Be low-cost (less than $10,000) as to remove any financial limitations of rural com-
munities and third world countries to generate data on-site.

4. Automatically analyze the generated data in real-time to allow for real-time inspec-
tion of water samples.

By carefully reviewing existing literature and by designing our system from first princi-
ples, a low-cost system with on-site data generation was created. The data created by this
instrument is a single brightfield image and four fluorescence images. This imaging system
has a spatial resolution of 0.65 um/pixel, which is sufficient to observe a single-celled mi-
crocystis aeruginosa. Furthermore, this entire imaging system costs approximately $4,000
USD to build, meeting the cost requirement to be under $10,000 USD. Having realized this
system, the next step is to design and implement the complementary software framework
in order to achieve the last design requirement of real-time data analysis. To fulfill this
final design requirement a software framework will be developed, as presented in Chapter
5.
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Chapter 5

Model Architecture Design

“All models are wrong, but some are useful.”

— George E. P. Box (1919 - 2013)

In the previous chapter we discussed the motivation and rationale behind building a low-
cost imaging system that can capture multiple fluorescence images and a single brightfield
image. Having designed and built this system, the doors now opens to exploring how
multispectral fluorescent data can be used when classifying algae. To explore this a number
of different model architectures must be designed and compared against each other in order
to determine the optimal configuration. These different architecture design considerations
can be summarized into three fundamental questions. These questions are:

1. Which data do we use? (Section 5.1)
2. How is the data represented? (Section 5.2)

3. How does the data propagate through the model? (Section 5.3)

These questions will guide the different architecture-design decisions in the following
sections.
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5.1 Data Modality

Question 1 (which data do we use?) requires a choice of which imaging modality is fed
into a given machine learning model. Given the data generated from the imaging system
proposed in Chapter 4, the choices consist of three options:

1. Brightfield Based Classification (Section 5.1.1)
2. Multispectral Fluorescence Based Classification (Section 5.1.2)

3. Combined Brightfield & Multispectral Fluorescence Based Classification (Section 5.1.3)

To determine which data modality is best, machine learning models must be trained and
tested where the only difference is the input data that is being used. By determining the
relative performance difference between these different models, we can determine whether
it is necessary to include multispectral fluorescence images as input to the model.

5.1.1 Brightfield Classification

Given that the majority of methods from Chapter 3 use a single brightfield image, that
configuration must be tested as a baseline. For instance, both brightfield imaging meth-
ods (Section 3.2.1) and imaging flow cytometry methods (Section 3.3) capture a single
brightfield image which is used for automatic identification. By building machine learning
models based only on the brightfield data, we can determine a baseline performance. If
the brightfield image contains enough information to adequately identify different algae,
then the fluorescence data is not required, reducing the number of images needed to be
acquired by the imaging system. This is important, as acquiring more images adds to the
complexity of the imaging system and also takes additional time.

5.1.2 Multispectral Fluorescence Classification

An alternative option is not to use the brightfield data, but to input only the multispectral
fluorescence data into a given machine learning model. This will allow us to test the clas-
sification performance when just capturing the fluorescence imaging. If this performance
is much higher than the brightfield classification method, then one must decide whether
the increase in performance is required. This will depend on how much better the clas-
sification accuracy is and the specific use-case of the the system. Furthermore, this is
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an important setup to test as spectral methods in Section 3.4 have been able to achieve
phyla-level classification of algae, by just using spectral measurements.

5.1.3 Combined Brightfield & Multispectral-Fluorescence Clas-
sification

The final option is to use both the brightfield data and the multispectral fluorescence data
when training and testing a machine learning model. This would leverage all the data
being acquired by the imaging system that was designed and built in Chapter 4. Once
again, if there is a performance increase compared to the other two options, once must
decide whether the performance increase is worth the additional data collection.

5.2 Data Representation

Question 2 (How is the data represented?) determines whether the data should be trans-
formed into some new space, or if the data should be left in its original form. The first
option is called feature extraction and the second option is called feature learning. This
results in two different classification methods:

1. Feature Extraction Based Classification (Section 5.2.1)

2. Feature Learning Based Classification (Section 5.2.2)

Since we are dealing with images, the feature learning paradigm will leverage convolu-
tional neural networks (ConvNets or CNNs). To stay in the domain of neural networks, the
feature extraction method will leverage feedforward neural networks. By simultaneously
exploring these two independent paradigms we can determine the relative performance
changes when using different image modalities (Section 5.1), and when using different
methods to propagate the data through the network (Section 5.3).

5.2.1 Feature Extraction Based Classification

Feature extraction requires preprocessing steps to transform the original data into a fea-
ture space. These features are usually hand-crafted and often based off domain expertise.
Low-level feature extraction includes edge detection and corner detection as well as Scale
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Figure 5.1: The feedforward neural network architecture used in feature extraction based
models. The extracted features are input into the model. The data propagates through
the network in order to classify a given type of algae.

Invariant Feature Transform (SIFT) methods. High-level feature extraction includes meth-
ods utilizing fixed shape matching (e.g. Fourier descriptors and the Hough transform), as
well as deformable shape analysis (e.g. active contours). There are many other common
object descriptors such as chain codes and moment analysis. Finally there are methods
to describe the structure within an image which include structural and statistical ap-
proaches [71]. These features are then passed into a machine learning approach such as a
decision tree, support vector machine or simple neural network in order to learn a mapping
from the extracted feature to the output class [72].

Given that the majority of the methods in Section 3.2 use a feature extraction in their
models, this configuration must be tested as a baseline. Therefore, to mimic these methods,
a set of features will be extracted and used to train and test a machine learning model. As
previously mentioned, convolutional neural networks are an appropriate choice for dealing
with images, however, we have now extracted a set of features from that given image. A
number of different machine learning methods can be leveraged here such as support vector
machines, decision trees, and neural networks. Neural networks were chosen as they can
theoretically approximate any non-linear function [73], and they are shown to outperform
other machine learning paradigms when the dataset size increases [74].
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The architecture of the feedforward model can be seen in Figure 5.1, and has an input
feature, five fully connected layers with a tanh activation function, followed by a softmax.
In a feedforward network the data propagates through the network from left to right. Each
layer of the network consists of multiple neurons that take a weighted sum of the inputs,
x, and bias, b and transform them with a non-linear activation function, which in this
case is a the tanh function. This process is repeated until the softmax layer normalizes the
output data.

The architecture presented in Figure 5.1 was determined through empirical testing over
many iterations. Initially the model consistently underfit the data and was unable to learn
any mapping from input features to the output classes. Care was taken to not exceed
a network with five layers to ensure that the network would not experience an unstable
gradient during backpropagation. Different number of layers, the width of each layer, as
well as the activation function was varied to find a model with an appropriate capacity to
learn the task at hand.

5.2.2 Feature Learning Based Classification

The advancements of feature learning, where neural networks automatically extract the
optimal features while simultaneously classifying, allows the raw image data to be passed
directly into the neural network. This completely removes the need to extract any features,
removing an often complicated step from the data pipeline.

The most common approach to feature learning for images uses convolutional neural
networks (CNNs) [75], and therefore it is the most appropriate method for dealing with
the images data generated from our imaging system. Over the last decade many CNN
architectures have been publicly released, each architecture superior to its predecessors.
Krizhevsky et al. released AlexNet (2012) [70], Szegedy et al. released GoogLeNet (2014)
[77], and Simonyan et al. released VGG (2014) [78]. Finally, He et al. released ResNet
(2015) [79] which has quickly become a standard convolutional neural network architecture
in computer vision. Li et al. demonstrate that the loss function for a network with skip
connections is easier to traverse when learning [30]. For these reasons a convolutional
neural network with a residual framework was chosen as the architecture for the feature
learning model.

ResNets are built off the idea of residual layers, which skip connections between different
layers of the network. As explained by He et al., the ResNet has a basic building block
called the residual learning block. This residual block is defined as

y = F (x,{W;}) +x. [19] (5.1)
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Figure 5.2: A two layer residual block as proposed by He et al. [79] where the convolutional
layers are in green, the batch normalization layers are in blue, and the ReLLU layers are in
yellow. This basic building block is repeated in the proposed model as seen in Figure 5.3.

More specifically, this residual block learns the function F which consists of multiple
convolutional layers and ReLu activation functions. A common implementation of this,
as seen in Figure 5.2, consists of two convolutional layers, W7 and W5, which are weight
matrices. The function F is then added element-wise with the input layer x to create y.
He et al. also explain that this term is then passed through another ReLLU layer, which we
will call z. Therefore, for the two layer case:

F =W, o(Wix). (5.2)
The output of the residual block is then:
z=o0(y) =o(F +x), (5.3)

where o() is the ReLU function. He et al. explain the counter-intuitive idea that adding
more layers to a standard network without the residual layers actually decreases the perfor-
mance. The main advantage of skip connections is that it avoids the problem of a vanishing
gradient which can occur during back-propagation, allowing the network to improve in per-
formance as more layers are added on.

Due to these advantages, the proposed deep convolutional neural network architecture
for algae detection will be based off the residual network architecture, as seen in Figure
5.3. More specifically, the base architecture that will be used is the ResNet18 architecture,
which has which has 18 layers of the base residual block. The input layer in Figure 5.3
consists of a 2D convolutional layer followed by a batch normalization layer and then
followed by a max pooling layer. This input layer takes one image for the brightfield
data, four images for the fluorescence data, and five images for the combined brightfield
and fluorescence data. The residual block layers (green) follow the structure presented in
Figure 5.2. The downsampling layers (red) consist of a 2D convolutional layer followed by
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Figure 5.3: The proposed deep convolutional neural network architecture for algae clas-
sification from multispectral imaging data. The architecture is based on a ResNet-18
architecture [79] with the input layer designed to take in a stack of multispectral images,
and the output layer designed to predict the type of algae in the imaging stack. The fea-
ture extraction component of the architecture was pretrained using the ImageNet dataset

[51, 82].

a batch normalization. Finally, the output layer is an average pooling layer, followed by a
fully connected layer, which feeds into a softmax function.

In addition to using convolutional neural networks for feature learning in an end-to-end
manner, many large datasets exist which can be used to pretrain a given CNN architecture
in order to leverage transfer learning. Transfer learning is the ability to leverage an existing
dataset from another domain for a different use-case. Opposed to training with random
weight initialization, the network comes with specific initialized weights as determined by
training on another dataset. This is of significant importance in our situation because
a deep learning model requires a large dataset of images in order to adequately learn a
mapping from input to output. As we will see in Chapter 6, the dataset collected is a total
of 6330 images, which is not sufficient to train a deep neural network.

For this reason we pretrained our proposed model using the ImageNet dataset [$1, 82].
ImageNet consists of over 14 million images with more than 20,000 categories of common
every day items (e.g. appliance, plant, tool, vehicle, etc.) [31, 82]. However, ImageNet and
our dataset in Chapter 6 are likely to have different data distributions, and therefore the
higher level features in the pretrained model will have little similarity to our dataset. Often
in transfer learning it is desirable to pretrain a network on a large dataset that follows a
similar data distribution of the smaller dataset. Given that the ImageNet dataset is so
diverse, the lower-level and mid-level features learned by the deep neural network can be
leveraged in our dataset. For this reason transfer learning using the ImageNet dataset will
still be beneficial in this application since we can allow the model to fine-tune its weights
to our application.
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In summary, the proposed deep learning architecture for algae detection was built off
the ResNetl8 architecture and was pretrained on the ImageNet dataset. This will allow
us to gather a relatively small dataset while still leveraging the power of feature learning
using deep neural networks.

5.3 Data Propagation

Question 3 (How does the data propagate through the model?) requires a choice between
two methods of how the data will travel through the model. This decision has two choices:

1. Flat Structure Based Classification (Section 5.3.1)

2. Hierarchical Structure Based Classification (Section 5.3.2)

5.3.1 Flat Structure Based Classification

The first method of propagating the data through the model is assuming a flat structure,
where all output classes have equal rank. This is the default method when training a
machine learning classifier as all output classes are independent of each other. Since this
is the standard approach, this classification method will be compared to the hierarchical
structure.

5.3.2 Hierarchical Structure Based Classification

The branch science called taxonomy deals with how we categorize and classify living or-
ganisms based on shared characteristics. Organisms with similar features, homologous
structures, traits and behaviours are grouped into a single taxon (plural: taxa). The fact
that there are course and fine similarities across living organisms brings rise to a hierarchy
of groups, that is, a hierarchy of taxa, where different taxa are nested inside other taxa.
Inherent to any hierarchy is a rank system. In biological taxonomy, a higher rank refers
to more general and broad characteristics and a lower rank refers to a grouping with very
high similarity in characteristics. From highest to lowest, the ranks are as follows: domain,
kingdom, phylum, class, order, family, genus, and species.

Over the last 200 years many taxonomy systems have been proposed, each evolving
from the previous. Currently the most widely accepted biological taxonomy structure is
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Figure 5.4: The proposed hierarchical structure is broken into four levels: the base level, the
phyla, level, the genera level, and the species level. Building a machine learning model in a
hierarchical manner allows online learning and explainability, both of which are important
in a regulated industry such as drinking water treatment plants.

the three-domain system as proposed by Carl Woese et al. in 1977, which breaks all life
into three domains: bacteria, archaea, and eukarya [$3]. All organisms have a unique
location in this hierarchical structure, which forms the entire phylogenetic tree, which is
commonly knows as the tree of life.

Since the biological taxonomy is divided into a hierarchical system, we can use this
prior knowledge when constructing our classifier. Opposed to building a single model and
attempting to classify down to the species level, it is much more advantageous to build
specific models for the different classification levels. For example, opposed to classifying
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30 different species from 6 different genera of cyanobacteria, is more logical to first build a
classifier to separate the different genera, and then build sub-classifiers for each genus in
order to determine the different species with that genus. This will allow each sub-model
to be much simpler when compared to the total complexity of a single model, ultimately
resulting in significantly less data needed to train each sub-model.

Such an approach was taken by Walker et al. when they used a hierarchical classifier
to achieve species level classification of four different species of Anabaena and two different
species of Microcystis [8]. Inspired by this, we also propose to use a hierarchical classifi-
cation scheme divided into four levels: the base level, the phyla level, the genus level, and
the species level, as seen in Figure 5.4. The entire model will be referred to as the global
model, while a given node model will be referred to a local model. Any node that has
more than one child node must make a decision as to what the output class should be.
Therefore, the nodes with more than one child node will have a unique machine learning
model, that is a node / local model. In this manner the global model is composed of a
hierarchy of local models.

The main advantage of this this approach is that it allows more explainability of what
the global model is learning, which in turn makes online learning simpler. Explainability is
an important feature of a model, as algae identification for drinking water treatment plants
is a regulated space. Having a hierarchy of local models allows one to determine at which
taxa level the global model is struggling. Not only does this allow one to understand the
global model, this allows one to focus on improving a single local model resulting in the
performance improving of a global model. For instance, in Figure 5.4, let’s assume that the
Genus 2 node is achieving low classification performance between Species 2 and Species 3.
This allows focused attention on improving that specific local model by either additional
data collection of just those two species, or experimenting with different machine learning
paradigms. Opposed to having to retrain an entire end-to-end flat model, we can now train
a specific branch within the hierarchy.

One potential disadvantage of this hierarchical approach becomes manifest when the
taxa identification of an algae changes. As biologists learn more about certain organisms,
their taxa identification can change. As we will see in Chapter 6, Anabaena flos-aquae
changed its name twice during the course of this PhD research. First it changed species
type from Anabaena flos-aquae to Anabaena variabilis, and then it changed genus type
from Anabaena variabilis to Trichormus variabilis. In a flat structure approach, the model
does not need to be retrained as just the class label will change. However, in a hierarchical
approach multiple local models will need to be updated. Specifically, the local model that
the algae left and the local model that it achieved will both need to be retrained.
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model # data modality data ] hierarchical
representation structure
1 Feature no
2 o Extraction yes
Brightfield
3 Feature no
4 Learning yes
5 Feature no
6 Extraction yes
Fluorescence
7 Feature no
8 Learning yes
9 Feature no
10 Bl’lghtfle|d + EXtraCtlon yes
11 Fluorescence Feature no
12 Learning yes

Table 5.1: The 12 models that will be evaluated side-by-side result from three set of options
when building a model. The first option is: which data do we use? The second options is:
how do we represent that data? And the third option is: how does that data propagate
through the network?

Even with this disadvantage, a hierarchical approach is likely to perform better in a real
world scenario since the number of output classes is constantly increasing as new algae are
being observed. In a use case such a drinking water treatment plant, new organisms will
regularly be detected, and therefore the machine learning model will need to be updated to
include these new organisms. In a flat structure, the entire model will need to be retrained
to accommodate the single new class, while in a hierarchical approach only a few local
model needs to updated, which will not affect all the other local models.

In summary, a hierarchical classification scheme allows for online learning and better
explainability of the classification as opposed to a flat structure. Ultimately, both these
structures need to be compared side by side using the same data and learning parameters
to see their relative performance. These results will be presented and discussed in Chapter
7.
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5.4 Summary of Model Architectures

We have seen that we have three independent sets of options with multiple outputs, there-
fore we must test each combination to determine the optimal classifier. To recap, these
three questions where:

1. Which data do we use? (Section 5.1)
2. How is the data represented? (Section 5.2)

3. How does the data propagate through the model? (Section 5.3)

These three questions result in a total of 12 unique models that must be tested, as seen
in Table 5.1. The first decision (which data do we use?) has three options which consist
of using the brightfield data, the multispectral fluorescence data, and the combination
of brightfield and multispectral fluorescence data. The second decision (how is the data
represented?) has two options which consist of feature extraction based methods and
feature learning based methods. For the feature extraction based method the model of
choice is a standard feedforward neural network. For the feature learning based method
the model choice is a modified ResNet18. The final decision (how does the data propagate
through the model?) has two options which consist of using a flat structure or a hierarchical
structure. To test the 12 models presented in Table 5.1, a dataset must be created using
the proposed imaging system from Chapter 4. The dataset collection and preparation will
be discussed in Chapter 6.
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Chapter 6

Dataset Collection & Preparation

“Though perfectly transparent and colourless when held between the eye and the light, or
a white object, it yet exhibits in certain aspects, and under certain incidences of the light,
an extremely vivid and beautiful celestial blue colour...” [31]

— the first reported observation of fluorescence by Sir F.W. Herschel (1738 - 1822)

It is important to develop an intuition of what data are being created by the proposed
hardware system as proposed in Chapter 4. In this chapter we will discuss the steps which
are needed to prepare the data for further analysis by the software framework presented
in Chapter 5.

First, in Section 6.1, we will discuss the nine types of algae chosen for our experiments.
Then in Section 6.2 the image acquisition of the data collection will be discussed. Given
that the raw data needs to be preprocessed, Section 6.3 will discuss how we clean and crop
regions of interest. This process consists of flat field correction (Section 6.3.1), thresholding
(Section 6.3.2), and cropping (Section 6.3.3).

Given that a region of interest has been located, Section 6.4 discusses the feature extrac-
tion process. The first set of features are brightfield features (Section 6.4.1) which consist
of Fourier descriptors, Hu’s invariant moments, geometric shape features, and texture fea-
tures. The second feature set consists of multispectral fluorescence features (Section 6.4.2).
Finally, in Section 6.5, an overview of the entire dataset will be presented.
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6.1 Algae Selection

In order to build a machine learning model one must first have a dataset to train and test the
model. However, to the best knowledge of the author, currently there is no multispectral
fluorescence dataset of algae that can be used to evaluate a given machine learning model.
Given that no dataset exists, we were motivated to build our own instrument (Chapter 4)
to image water samples containing algae.

Taking images of algae in water samples solves the problem of creating a dataset, but
it poses the problem of having unlabelled images. Solving this problem requires a human
to manually label the images, or it requires an unsupervised learning approach. Having a
human manually label all the images requires hiring a highly trained taxonomist, someone
with decades of experience. But even if such a person could be located, it would still take
a significant amount of time to do the labelling, which leaves this option unsuitable for this
research. It is possible to use unsupervised learning methods to separate the data into the
respective number of classes, however, this increases the likelihood of having incorrectly
labelled images. For this reason also unsupervised learning is not desirable when building
a dataset of labelled images.

In order to solve the problem of creating a labelled dataset we purchased pure algae
cultures and imaged each of these under our custom microscope. By imaging pure algae
cultures, it can be assumed that every organisms in the image belongs to the same class.
This results in a multispectral image that has one or more regions of the same organism.
This multispectral image can be further processed to locate regions of interest (ROIs) that
can be assigned a known class label, as discussed in Section 6.3.

Therefore, nine pure algae cultures were purchased from the Canadian Phycological
Culture Centre (CPCC). The taxonomic breakdown of these algae can be seen in Figure 6.1.
These algae cultures, as seen in Figure 6.2, are as follows:

[. Bacillariophyta
1. Fistulifera pelliculosa; AKA Navicula pelliculosa (CPCC 552)
II. Chlorophyta (green algae)

2. Ankistrodesmus falcatus (CPCC 366)
3. Scenedesmus quadricauda (CPCC 158)
4. Tetradesmus obliquus; AKA Scenedesmus obliquus (CPCC 005)
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Figure 6.1: The taxonomic breakdown of the nine types of algae used to test the proposed
hardware system and software framework. These nine algae come from four different phyla
groups and were purchased from the Canadian Phycological Culture Centre (CPCC). The
physical appearance of these nine algae can be seen in Figure 6.2.
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III. Cyanophyta (blue-green algae or cyanobacteria)

5. Microcystis aeruginosa (CPCC 300)
6. Pseudanabaena rutilus-viridis (CPCC 697)

7. Stenomitos tremulus; formerly Pseudanabaena tremula (CPCC 471)
8

. Trichormus variabilis; AKA Anabaena variabilis; formerly Anabaena flos-aquae
(CPCC 067)

IV. Euglenozoa

9. Euglena gracilis (CPCC 095)
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As discussed in Section 2.1, there are algae species that are known to produce toxins.
Two of the highest toxin producers that come from the Cyanophyta phylum are Microcystis
sp. and Anabaena sp.. For this reason CPCC 300 (Microcystis aeruginosa) and CPCC
067 ( Trichormus variabilis; AKA Anabaena variabilis; formerly Anabaena flos-aquae) were
chosen. CPCC 300 was specifically chosen as it is a small single-celled organism, allowing
us to evaluate the spatial resolution of the system. It is also known to be one the major
producers of microcystin, the toxin regulated by Health Canada, the USEPA and the World
Health Organization. Moreover, it is important to note that CPCC 300 was observed
as single-celled organisms, which is not its naturally occurring form as these single cells
commonly aggregate into large colonies.

As observed, the specific name of a given algae type can change over a period of time
based on what experts believe it to be. During the course of this PhD research CPCC 067
changed its name twice. When it was initially selected it was labelled as Anabaena flos-
aquae, but then its species type changed to Anabaena variabilis. At the time of this writing,
its genus and species name had recently changed to Trichormus wvariabilis. The other
selected Cyanophyta algae were CPCC 697 (Pseudanabaena rutilus-viridis) and CPCC
471 (Stenomitos tremulus; formerly Pseudanabaena tremula). These two were chosen as
they are similar in appearance to CPCC 067 and for that reason are commonly mistaken
for CPCC 067. Also in this case, the biological name of CPCC 471 changed at both the
genus and species levels.

One goal of this research is to explore whether a hierarchical approach would improve
classification performance and for that reason algae types from three other phyla groups
were chosen. From the Bacillariophyta phylum CPCC 552 (Fistulifera pelliculosa; AKA
Navicula pelliculosa) was chosen because it is similar in appearance to CPCC 300 (Micro-
cystis aeruginosa), as it is a small single-celled organism. From the Euglenozoa phylum
CPCC 095 (Fuglena gracilis) was chosen because they are a common single-celled organism
and are known to bloom in both freshwater and saltwater [$5].

Finally, three algae type were selected from the Chlorophyta phylum which were CPCC
366 (Ankistrodesmus falcatus), CPCC 158 (Scenedesmus quadricauda), and CPCC 005
(Tetradesmus obliquus; AKA Scenedesmus obliquus). CPCC 366 (Ankistrodesmus falcatus)
was chosen as it was a readily available Chlorophyta algae that was easy to maintain.
CPCC 158 and CPCC 005 were chosen as they were both part of the Scenedesmus genera,
however, CPCC 158 changed names from Scenedesmus obliquus to Tetradesmus obliquus.
Even with the name change the underlying research question can be explored as the basic
branching structure still exists within the hierarchy at different levels.
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Trichormus variabilis Stenomitos tremulus Pseudanabaena rutilus-viridis

Cyanophyta Cyanophyta Cyanophyta
CPCC 067 CPCC471 CPCC 697

Euglena gracilis Scenedesmus quadricauda Ankistrodesmus falcatus
Euglenozoa Chlorophyta Chlorophyta
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Figure 6.2: The nine types of algae used to test the proposed hardware system and software
framework. Note that some algae types are very similar in appearance, as observed in the
filamentous algae (top row) as well as the single celled algae (bottom row).
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Figure 6.3: The raw images go through a three step process in order to create cropped
images ready to be used by an image classifier. These steps are flat field correction,
thresholding and cropping.

6.2 Image Acquisition

Given the nine pure algae cultures in Section 6.1, 7 ulL of a given algae type was pipetted
onto a blank 3”7 x 17 slide, and was then covered with a standard cover slip. This prepared
slide was then placed into the imaging system from Chapter 4. Multiple images using the
graphical user interface from Section 4.4 were taken from a single slide under a 40x finite
conjugate objective lens. This process was repeated numerous time to build up a set of
multispectral raw images for all nine algae types. Each multispectral image consisted of a
single brightfield image and four fluorescence images.

Given these raw images, a number of steps need to occur before the data can be used by
the software framework presented in Chapter 5. They first need to be cleaned and cropped
(Section 6.3), after which additional features need to be extracted (Section 6.4).

6.3 Region of Interest Detection

Given a captured multispectral raw image, additional cleaning and preprocessing must
occur before it can be used by a image classification model. This cleaning and preprocessing
can be broken down into three main steps, as seen in Figure 6.3. Firstly, in Section 6.3.1
flat field correction will remove any illumination inhomogeneities. Next, in Section 6.3.2 a
binary image will be created separating the foreground object from the background objects.
Finally, in Section 6.3.3 the different foreground objects will be cropped.
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Figure 6.4: Flat field correction takes the raw camera image and corrects for noise, illumi-
nations and optical distortions [33].

6.3.1 Flat Field Correction

A captured multispectral raw image contains two significant types of noise that render it
unsuitable for scientific analysis. First, the image contains a bias signal and the resulting
noise increases the pixel values compared to the true photometric values. And second, a
raw image will contain a number of illumination and optical distortions inherent in the
imaging system. In order to restore the photometric accuracy and remove imaging defects,
a process known as flat field correction can be used [33]. Flat field correction can be
mathematically described as

_Ir—1Ip
CIr—1Ip
where I is the raw image, Ip is an image captured with no light source, that is a dark
image, [r is a image with no sample and only the light source and I is the corrected
image. In Figure 6.4, the raw images I can be seen on the top and the corrected image
Ic can be seen on the bottom. We can observe the non-uniformity of the light as there is
a noticeable bright spot in the raw images. After flat-field correction, the corrected image
has a complete uniform background. The other major benefit of flat-field correction is
that it removes any other background artifacts, such as dust or impurities on the optical
elements or camera sensor.

Io (6.1)
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Figure 6.5: The highest contrast image of the flat field corrected images was manually
chosen to be used in the thresholding task. Thresholding results in a binary mask which
distinguishes the foreground and background from each other.

6.3.2 Thresholding

Given a corrected multispectral image, the next challenge is to separate the background
from the foreground, as the algae samples are considered to be foreground objects as seen
in Figure 6.5. Since only one segmentation mask is needed for all five images, the highest
contrast image of the five spectral images was manually chosen for the thresholding task.
In the case where the brightfield image was chosen, the inverse of the image was taken
before the thresholding was applied.

To achieve this task a binary classifier was defined to classify each pixel into either the
foreground class, C'y or the background class, Cy. The decision boundary of this classifier,
0, was learned by implementing Otsu’s method [36], where the inter-class variability of the
image is maximized, which simultaneously minimizes the intra-class variability. For any
given pixel z the class, C(z), was determined by:

Olz) = {Cf if f(z) > 0 62

- C, otherwise

where f(z) is the pixel intensity at pixel z.
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Figure 6.6: Given the binary mask which separates the foreground and the background,
each foreground object can be cropped, resulting in a multispectral cropped image.

6.3.3 Cropping

Once all the organisms in a given multispectral image are segmented, each foreground group
of pixels in the image were extracted and cropped, as seen in Figure 6.6. The brightfield
cropped region of interest for each of the nine species can be seen in Figure 6.7. It is
important to note that each cropped image will need to be resized to a fixed dimension
as required for input to the deep convolutional neural network. For example, Microcys-
tis aeruginosa will appear larger than in the original image and the Anabaena flos-aquae
will appear smaller. This resizing results in the images losing their relative scale informa-
tion, potentially discarding useful information when classifying these different organisms.
Therefore this a potential limitation of the existing method, but is required for the current
neural network architecture.

These cropped binary masks and multispectral images are now ready for the feature
extraction process which will be discussed in Section 6.4.
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Trichormus variabilis Stenomitos tremulus Pseudanabaena rutilus-viridis
Cyanophyta Cyanophyta Cyanophyta
CPCC 067 CPCC471 CPCC 697
Euglena gracilis Scenedesmus quadricauda Ankistrodesmus falcatus
Euglenozoa Chlorophyta Chlorophyta
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CPCC 552 CPCC 005 CPCC 300

Figure 6.7: An example brightfield image crop for each of the nine algae types. Note how
certain algae are significantly smaller in scale compared to other algae.

6.4 Feature Extraction

The feature extraction can be broken into two main parts, as seen in Figure 6.8. First,
in Section 6.4.1, the brightfield features will be presented. These brightfield features are
created using Fourier descriptors, Hu’s invariant moments, geometric shape features, as well
as texture descriptors. Next, in Section 6.4.2, the fluorescence features will be presented.
These features take the mean of the pixels within a foreground object. These features are
extracted for use in the feature extraction based models as discussed in Section 5.2.1.
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Figure 6.8: The brightfield cropped images were used to generate a set of spatial features
using Fourier descriptors, Hu’s invariant moments, geometric shape features, and texture
features. The four band fluorescence spectral image was used to generate spectral features.

6.4.1 Brightfield Spatial Features

The set of spatial features extracted from the segmented organisms were generated using
Fourier descriptors, Hu’s invariant moments, geometric shape features, as well as texture
features. These features will each be discussed in more detail in the follow sections. These
spatial features were chosen to reproduce previous work [7, 34, 87, 35], which was discussed
in detail in Chapter 3.

Fourier Descriptors

The Fourier transform is a method to decompose a signal into its different frequency
components. Fourier descriptors use the Fourier transform to generate a feature vector
that describes the shape and relative size of a given 2D object in an image [38].

Fourier descriptors are an appropriate way to describe algae as they are translation
invariant, rotation invariant as well as scale variant [$9]. First, Fourier descriptors are
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translation invariant, which means they are independent of where the 2D objects are in
an image. Secondly, only the phase of the frequency signal is altered when a image is
rotated or the starting point of the boundary is changed. Since the feature vector is the
magnitude of the complex frequency signal, this makes the feature vector also rotation
invariant. Finally, Fourier descriptors preserve scale in the transformation, that is, for
two identically shaped objects where object A is twice the size of object B, the Fourier
descriptors for object A will be twice as large as object B. This is an important property
of this transform as different algae types can be distinct sizes, and therefore scale can be
used as a discriminating feature.

By only keeping N Fourier descriptors, a large amount of extraneous information is
removed. For example, given M points of the boundary of an object, this can be reduced
to N points in the Fourier space, where N << M. When these N points are transformed
back into the image space by taking the inverse Fourier transform, the same basic shape
is still preserved. In this thesis, 30 Fourier points were preserved (N=30) for different
different organisms, each with significantly different M values.

Hu’s Invariant Moments

Hu’s invariant moments [00] are a set of seven statistics calculated from the grey scale pixel
intensities in a segmented area from an image. These seven values are a set of commonly
extracted features as they are translation, scale, and rotation invariant and are derived
from a weighted combination of different central moments of a region. A central moment
[pq is defined as

fog = > Y (x =) (y — 7)1 (x,y) (6.3)

where (7,7) is the location of the centroid for a region, and I(x,y) is the pixel intensity
at pixel coordinate (z,y) within a region. By combining the 30 Fourier descriptors with
these seven moment invariant features brings the current total of features to 37.

Geometric Shape Features

Geometric shape features are commonly used as they are intuitive to understand and easy
to calculate [91]. The following six geometric shape parameters where extracted from each
region with the goal of having features to describe the spatial characteristics of a given
region:

1. Area: The number of pixels within a given region.

2. Convex Area: The number of pixel withing the convex hull of a given region.
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5, where A is

3. Circularity: Measures how round a region is and is computed as
the area and P is the perimeter of the region.

4. Major Axis Length: The length of the major axis of an ellipse that is fitted to the
region.

5. Minor Axis Length: The length of the minor axis of an ellipse that is fitted to the
region.

6. Eccentricity: Measures the ratio of the major axis length and minor axis length.

Combining the 30 Fourier features, the seven moment invariant features and these six
geometric shape features brings the current total number of features to 43.

Texture Features

In 1973, Haralick et al. introduced the Gray-Level Co-Occurrence Matrix (GLCM) to
describe the texture of a given image which was then used for in a classification task
[92, 93]. The co-occurance matrix tends to be very sparse, and therefore common metrics
are measured from the GLCM. Commonly four GLCM features are measured [9]:

1. Contrast: measures the local variation within the GLCM.
2. Correlation: measures the joint probability of specific pixel pairs.
3. Energy: computes the sum of squared elements in the GLCM.

4. Homogeneity: measures the similarity of the distribution of the values in the GLCM
to that of the diagonal values in the GLCM.

Combining these 4 texture features with the previous 43 features results in a total of 47
features extracted from the brightfield image. All of these 47 features describe the spatial
element of a given algae in a water sample.

6.4.2 Fluorescence Multispectral Features

Whereas the spatial features are calculated from the brightfield image, the spectral features
are calculated from the multispectral fluorescence images. To extract fluorescent spectral
features, the mean emission intensity at each of the four wavelengths was measured for
a given foreground region. More specifically, the four fluorescent spectral features are as
follows:
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1. 445 nm fluorescence: Average fluorescence intensity values within a given region
when excited by the 445 nm LED.

2. 500 nm fluorescence: Average fluorescence intensity values within a given region
when excited by the 500 nm LED.

3. 545 nm fluorescence: Average fluorescence intensity values within a given region
when excited by the 545 nm LED.

4. 620 nm fluorescence: Average fluorescence intensity values within a given region
when excited by the 620 nm LED.

For a given wavelength, the same LED, optics, camera sensor, and exposure time were
used, allowing a comparison to be done across different algae types and within the data
collected under these experimental settings. However, any spectral curves generated from
this data cannot be seen as true excitation fluorescence curves since they have not been
corrected. These corrections are required when the true excitation curve is needed as the
signal is altered due to the amplifications and attenuation at different wavelengths, which
are caused by the radiometric power differences of each LEDs (even though the LEDs
were all run at the same current, their power outputs can vary), the spectral response
of the optics, as well as the quantum efficiency of the sensor and the exposure time of
the camera. While the exposure time of the camera at each wavelengths was known, the
previously remaining parameters are unknown, and while they could be measured, they
were not measured in this experiment since the required equipment was not available.
However, since all the data was captured in the same manner, a comparison of different
algae types can be accomplished. This is because they only variable changing within the
system is the type of algae being imaged.
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Figure 6.9: A total of 6330 segmented and cropped multispectral images were generated
from the raw image collected from the imaging system. The class distribution of the nine
types of algae can be seen above.

6.5 Overview of Dataset

The distribution of the number of samples for each algae class, as chosen in Section 6.1,
can be seen in Figure 6.9. The total number of multispectral images was 6330, that is, each
of these 6330 images are composed of five sub-images, four of which are fluorescence based,
and one which is an absorption image. These images were created by first capturing raw
multispectral data (Section 6.2) from which the Region of Interest detection was extracted
(Section 6.3). Given these cropped images, both brightfield and fluorescence features were
extracted for each multispectral image (Section 6.4). For example, for CPCC 158, there
are 830 multispectral images (four band fluorescence with one band brightfield). For each
of those 830 multispectral images the brightfield spatial features were extracted and the
fluorescence multispectral features were extracted. The total number of extracted features
for every image was 51, where 47 come from the brightfield image and 4 come from the
fluorescence images. This set of images and features makes up the available data to now
train and test different classification schemes, which will be discussed in Chapter 7.
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Chapter 7

Experimental Results & Discussion

“The way to get good ideas is to get lots of ideas and throw the bad ones away.”

— Linus Pauling (1901 - 1994)

In Chapter 4, a novel low-cost imaging system was proposed that could capture multispec-
tral fluorescence images and a single brightfield image. In Chapter 5, it was proposed to
use a hierarchical classification approach based on the prior information of the taxonomic
structure. Finally, in Chapter 6, a dataset was created using the proposed imaging system
in order to explore whether this hierarchical approach would be beneficial.

This chapter will demonstrate that using multispectral fluorescence data has a higher
classification accuracy compared to the standard brightfield imaging modality. Further-
more, this chapter demonstrates that there is no change in performance between a flat
structure compared to that of a hierarchical structure. Therefore a hierarchical structure
is preferred as it is more suitable for online learning and for explainability.

The evidence for these conclusions will be presented in two sections. First, in Section
7.1, a qualitative analysis will be conducted on the data in order to build intuition and
gain understanding of the spatial and spectral components of the data. Then, in Section
7.2, a quantitative analysis will be done on the 12 different model architectures presented
in Chapter 5.
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7.1 Qualitative Analysis

Before a quantitative analysis of the results can be done, we will present a qualitative
analysis. This will provide context to the difficulty of the classification task and allow
us a better look at the data. This qualitative analysis will be broken into image analysis
(Section 7.1.1) and spectral analysis (Section 7.1.2). From the spatial analysis we will see
that different groups of algae have similar morphological characteristics and fluorescence
spectra while other groups have differences. From the spectral analysis we will quantify
the relative intensity of the fluorescence images allowing a deeper understanding into the
spectral nature of our data.

7.1.1 Image Analysis

To better understand the task of classifying nine types of algae, a sample algae image from
each class is shown in Figure 7.1. In this figure, we can see both the four band fluorescence
images as well as the brightfield image for each of the nine types of algae. To better
understand the spatial features these images have been resized to approximately the same
dimensions, and therefore these images are not to scale. To compare the relative scale of
each of the nine algae classes, please refer to Figure 6.7.

The first observation is that the three filamentous types of algae (CPCC 067, CPCC
471, CPCC 697) are all similar in appearance. Furthermore, these three algae types, in
addition to CPCC 300, belong to the Cyanophyta phylum and therefore have similar flu-
orescence responses. Since Cyanophyta are known to contain phycobilin pigments (e.g.
C-Phycoerythrin (C-PE), C-Phycocyanin (C-PC), and allophycocyanin (APC)), as dis-
cussed in Section 3.1, it is understandable that the highest fluorescence signal is at 620
nm, as this matched the peak excitation wavelength of the phycobilin pigments.

Another observation is that the three single-celled organisms CPCC 552, CPCC 005
and CPCC 300 are very similar in appearance as seen in the brightfield images. However,
all three of these algae types come from three different phyla, resulting in their fluorescence
spectrum to be quite different. CPCC 552 (Bacillariophyta) has the highest fluorescence
response at 445 nm with a progressively lower response at 500 nm, 545 nm and 620 nm
respectively. CPCC 005 (Chlorophyta) follows a similar pattern, however, the intensity at
445 is much larger compared to CPCC 552. In addition, the response at 620 nm is much
higher for CPCC 005 compared to that of CPCC 552. Also, CPCC 300 (Cyanophyta) has
the highest and a similar response to CPCC 005 at 620 nm. Relative to the CPCC 552
and CPCC 005 the fluorescence spectrum is extremely unique.
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Figure 7.1: The nine algae types from four phyla groups at four excitation wavelengths
(445 nm, 500 nm, 545 nm, and 620 nm) as well as the single brightfield image. This data
was collected with the imaging device from Chapter 4 and preprocessed using the methods
in Chapter 6. The average numerical values of the entire dataset can be seen in Figure 7.2.
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The other three algae types (CPCC 095, CPCC 158, CPCC 366) are seen to have
significantly different fluorescent spectra. CPCC 095 belongs to the Euglenozoa phyla and
is seen to have strong fluorescence across the entire spectrum, indicating a strong presence
of many different pigments. CPCC 158 and CPCC 366 both belong in the Cyanophyta
phylum and follow a similar fluorescence spectrum. However, CPCC 158 has a much
stronger signal at 545 nm compared to CPCC 366, indicating a higher concentration of
phycobilin pigments. This observation shows that there can be significant pigmentation
variations within a given phyla.

7.1.2 Spectral Analysis

To gain further insights into the fluorescence data the spectral features from Section 6.4.2
were averaged over all the different classes. A plot of these features for the nine different
algae types can be seen in Figure 7.2. The excitation spectra of the Chlorophyta algae,
the Cyanophyta, and the Euglenozoa with the Bacillariophyta algae can be seen in the
top, middle and bottom plots respectfully. It is important to note that the y-axis scale is
different for the three plots in this figure. These plots also validate the speculation from
Section 3.1 that different algae types have different concentration of pigments.

One initial observation is that all three of the Chlorophyta algae species have a much
larger fluorescence signal at 385 nm and 405 nm compared to the Cyanophyta algae, which
matches results presented by Poryvkina et al. [51]. This difference in fluorescent intensity
is due to the difference in pigmentation between each phylum, as previously discussed
in Section 6.1. Another observation is that EFuglena is consistently higher in excitation
intensity compared to the other samples as seen in Figure 7.2 (bottom). In fact, the
lowest Fuglena signal, 0.2 at 500 nm, is approximately the same value of the highest
value of excitation intensity of the other organisms. Furthermore, at 620 nm the range of
Chlorophyta algae is the same as the Cyanophyta algae (from 0.0 to 0.1). This observation
indicates that given the presence of certain algae, the single 620 nm excitation wavelength
is likely not sufficient to discriminate between Cyanophyta and other organisms that have
pigments which fluoresce at at 620 nm. For example, if Fuglena was present in the same
water sample as other Chlorophyta or Cyanophyta, the Fuglena signal would overpower
the other algae emission.

From this analysis in Section 7.1.1 and Section 7.1.2, we can conclude that the spec-
tral fluorescence images are likely to improve the classification performance compared to
when we classify these algae with just the brightfield images. We have observed that dif-
ferent phyla have significant different fluorescence spectra, and within one phylum there
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Figure 7.2: The multispectral emission spectra from nine types of algae when excited at
445 nm, 500 nm, 545 nm and 620 nm. Note the changes in the y-axis scale for each subplot.
These spectra show that different phyla groups have similar emission spectra. The images
for these nine algae are presented in the same order as in Figure 7.1.
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can even be some variation. Given that many of these algae have similar morphological
characteristics, this additional fluorescence information will likely improve the classification
performance.

7.2 Quantitative Analysis

In Section 7.1 we visually inspected the spatial and spectral aspects of this data in order to
build an intuition of the data and the classification task. Having completed this qualitative
analysis the current section will conduct a quantitative analysis. In order to perform a
quantitative analysis on the relative performance of the 12 proposed models, a dataset was
created in Chapter 6. In Chapter 5 three main questions where presented, which resulted
in 12 unique models. To recap, those questions were:

1. Which data do we use? (Section 5.1)
2. How is the data represented? (Section 5.2)

3. How does the data propagate through the model? (Section 5.3)

Each of the 12 proposed models from Chapter 5 were trained and tested using a seven-
fold monte-carlo cross validation scheme. In each run, the training set consisted of 70%
of the data, while the validation set and test set each consisted of 15% of the data. The
learning rate for all models was kept at 0.1 and the batch size for all runs was 64.

The final mean accuracy with standard deviation of each of the 12 models, averaged
over the seven runs, can be seen in Table 7.1. In addition, the confusion matrices of the
first run of these 12 models can be found in Appendix A. Having these results allows us
to now answer the questions from Chapter 5. Each question will be explored in detail;
however, they will be answered out of order since, as seen in Table 7.1, the data repre-
sentation (Question 2) has the largest impact on model performance, followed by the data

modality (Question 1), followed by whether a hierarchical structure was used (Question
3). Therefore:

1. Question 2 will be explored in Section 7.2.1: Data Representation Analysis
2. Question 1 will be explored in Section 7.2.2: Data Modality Analysis

3. Question 3 will be explored in Section 7.2.3: Data Propagation Analysis
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rep reds?at:tati on data modality hi:{ral::tr:lif: ! train accuracy |validation accuracy| test accuracy
Brightfield no 78.19% + 1.78% |77.22% + 1.71% |76.38% + 1.21%

yes 77.75% + 0.71% |77.54% + 0.97% |76.77% + 1.02%

Feature no 80.93% + 1.39% |80.64% + 1.42% |80.52% + 1.48%
Extraction Fluorescence yes 79.62% + 0.72% [80.92% + 1.32% |[79.12% * 1.45%
Brightfield + no 84.41% + 0.97% [83.50% + 0.98% |83.18% *+ 0.64%

Fluorescence yes 83.85% + 0.93% |84.40% * 0.95% |82.63% + 0.87%

Brightfield no 99.99% + 0.01% |94.40% + 0.95% [93.02% + 0.97%

yes 99.02% * 0.95% |91.75% * 1.15% [90.72% * 1.92%

Feature no 99.98% + 0.02% |97.97% + 0.27% [97.39% + 0.28%
Learning Fluorescence yes 99.80% * 0.20% |98.11% + 0.25% |96.91% * 0.72%
Brightfield + no 99.98% + 0.03% |98.23% + 0.33% [97.81% + 0.54%

Fluorescence yes 99.78% + 0.15% |98.27% + 0.18% [97.63% + 0.44%

Table 7.1: The classification accuracy is reported for the train, validation, and test sets
when evaluating the 12 proposed software frameworks.

7.2.1 Data Representation Analysis

In order have a fair and direct comparison between feature extraction and feature learning
based models no data augmentation was used. Data augmentation is a common practice
when using images, however, it is more challenging to augment a dataset from extracted
features. If the feature learning model used data augmentation it would automatically see
a performance increase compared to the feature extraction based model. This would bias
the results as it would favour the feature learning model.

In addition, the feature extraction model (feedforward neural network) ran for 300
epochs, while the feature learning models (modified ResNet18) ran for 100 epochs. The
difference in epochs was required to ensure that different model types each converged and
then plateaued at their optimal solutions. The feature learning model (modified ResNet18)
only trained the new input and output modified layers for the first 15 epochs while keeping
the original weights of the modified ResNet18 model frozen. After 15 epochs, all the layers
were unfrozen to allow the model to fine-tune its weights in order to learn the optimal
feature set across the entire convolutional neural network.

As seen in Table 7.1, all the feature learning models achieved 99% accuracy on the
training data compared to the feature extraction based models, where the highest train-
ing accuracy was 84.41% for the brightfield and fluorescence classifier that did not use a
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hierarchical structure. This immediately demonstrates that feature-learning methods are
preferred, compared to feature-extraction methods as they have higher performance and
require less preprocessing steps. Although the feature learning based models have very
high training accuracy, not all these corresponding models have high validation and test
accuracies. Specifically, the brightfield models have significantly lower validation and test
accuracies compared to the training accuracy, indicating that the brightfield models that
used feature learning are overfit to the training data.

One potential drawback of the feature learning approach with a fixed architecture is
that the input image size is fixed to a certain dimension. For example, in our case, the
feature learning model expects an image with the dimensions of 224 x 224. However,
as seen in Figure 6.7, a given crop ranges widely in dimensions. Smaller organisms have
a very small region of interest (ROI), while larger organisms have a dramatically larger
ROI. Furthermore, the filamentous organisms, such as CPCC 067, CPCC 471, and CPCC
697, can be very elongated, resulting in one dimension being significantly larger than the
other dimension. Since the feature-learning model requires a 224 x 224 image input size,
all the cropped ROI images must be resized before entering the network. Therefore all
scale information is lost when resizing these images, which results in the ResNet18 model
being scale invariant. In this situation, where the classification accuracy is still very high,
losing the scale information has no impact on the model performance and the feature
learning models still outperforms the feature extraction models. However, given that the
different sizes and scales of these different microorganisms can be used to classify them,
scale variance might a useful characteristic to retain, especially when dealing with more
output classes. That is, as new organisms are added into the database scale variance may
be a useful feature to maintain.

In summary, even with a one third the number of epochs, the feature learning approach
consistently outperformed the feature extraction approach. In addition, the feature extrac-
tion approach requires prepossessing the data before it can enter into the neural network,
while the feature learning approach directly takes the image as input into the network.
Therefore feature learning is a superior method over feature extraction as feature learn-
ing requires less work up front, and it achieves higher classification accuracy compared to
feature extraction.

7.2.2 Data Modality Analysis

Inspecting Table 7.1 one can observe that in both the feature extraction and feature learning
models, the test accuracy is the lowest for the brightfield models, slightly higher for the
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fluorescence models, and the highest for the combined brightfield and fluorescence models.
For the feature extraction models, this is a nearly linear increase as the brightfield model
has approximately 76% test accuracy, the fluorescence model has approximately 80% test
accuracy, and the brightfield and fluorescence model has approximately 83% test accuracy.
For the feature learning models, the relationship is more asymptotic as the brightfield model
has approximately 90% - 93% test accuracy, the fluorescence model has approximately
97% test accuracy, and the brightfield and fluorescence model has approximately 97% test
accuracy.

These results indicate that the fluorescence data modality has more of an impact on
model performance than the brightfield data modality. Since we have four times more data
for the multispectral fluorescence data (4 images) compared to the bright field data (1 im-
age), this increase is to be expected for the feature learning. However, in the case of feature
extraction, there are 47 features extracted from the brightfield image (see Section 6.4.1)
and only four features extracted from the multispectral fluorescence images (see Section
6.4.2). Therefore the four fluorescence spectral features contain more useful information
than all of the 47 brightfield spatial features. This shows the value of capturing the natural
autofluorescence of algae, as fluorescence data is able to achieve approximately 80% test
accuracy with only the extracted fluorescence spectral features, and approximately 97%
test accuracy when using the images as input to a feature learning model.

These results also show that there is value in simultaneously using both the brightfield
data and the fluorescence data as inputs to the model when using feature extraction, but not
when using feature learning. For the feature extraction models the combined brightfield and
multispectral fluorescence data achieves the highest accuracy of approximately 83%, which
is 3% higher than just the fluorescence model. However, for the feature learning model
from a strict observable improvement when using just the fluorescence data compared to
using the combined brightfield and fluorescence data. Therefore, one could leverage just
the fluorescence data in a feature learning paradigm and achieve the same performance
when learning a model from both the brightfield and fluorescence data. As concluded in
Section 7.2.1, this reinforces the value of using a feature learning paradigm over a feature
extraction paradigm.

In summary, in both the feature extraction and feature learning paradigms the fluores-
cence data had a higher accuracy compared to the brightfield data. This shows the value
of capturing the auto-fluorescence of algae and demonstrates the efficacy of the proposed
imaging system in Chapter 4.

83



data . hierarchical T-Test null hypothesis | T-Test null hypothesis
representation data modality structure test accuracy (p value = 0.05) (p value = 0.01)

no 76.38% + 1.21%

Brightfield TRUE TRUE
yes 76.77% * 1.02%
no 80.52% + 1.48%

EFeaturle Fluorescence i 0 TRUE TRUE
xtraction yes 79.12% + 1.45%
Brightfield + no 83.18% + 0.64%

TRUE TRUE
Fluorescence yes 82.63% + 0.87%
no 93.02% * 0.97%

Brightfield FALSE TRUE
yes 90.72% + 1.92%
no 97.39% + 0.28%

Featu.re Fluorescence X 0 TRUE TRUE
Learning yes 96.91% * 0.72%
Brightfield + no 97.81% + 0.54%

TRUE TRUE
Fluorescence yes 97.63% t 0.44%

Table 7.2: A T-Test between two consecutive models was run where the only difference
in the models is the use of a flat structure as opposed to a hierarchical structure. For
a p-value of 0.01 there was no noticeable improvement between any of the models. For
a p-value of 0.05 only one model showed a statically significant decrease in performance
when using a hierarchical approach.

7.2.3 Data Propagation Analysis

The final aspect when inspecting Table 7.1 is whether a flat structure or a hierarchical
structure was used while learning a model. For a given model, irrespective of which data
modality was used and irrespective of how that data was represented, the flat structure
consistently outperformed the hierarchical structure by a marginal amount.

T-Test Analysis

Since the increase in accuracy of the flat structure is so small compared to that of the
hierarchical structure, Welch’s t-test was performed between each of these two models
types. The null hypothesis of the t-test is that the two sets of accuracy averages are not
statistically significant from each other. In order words, the null hypothesis assumes that
the two sets of accuracy averages are very similar to each other. Therefore the alternative
hypothesis is that the mean of two sets of accuracies are statistically significant from each
other, and therefore there is a noticeable difference from one model to the other. Thus any
two models that reject the null hypothesis indicate a statically significant difference.

84



As seen in Table 7.2, when using a p-value of 0.01 the null hypothesis is true in each
case, and therefore there is no observable improvement between the flat structure and the
hierarchy structure. However, Table 7.2 also shows that when a p-value of 0.05 is used the
feature learning brightfield model does reject the null hypothesis, and therefore there is a
noticeable difference between the the flat structure and the hierarchy structure. In this
case, the flat structure model had an accuracy of 93.02% while the hierarchy structure had
an accuracy of 90.72%. Therefore, from a strictly accuracy standpoint, in this situation
it is better to allow the network to learn an implicit hierarchy when classifying in an flat
structure opposed to reinforcing a given hierarchy based off the taxonomic structure of the
biological organisms. However, this is not strongly supported as it depends on whether a
p-value of 0.05 or 0.01 is used.

Overall, since the flat structure and the hierarchy structure have similar performance,
the hierarchy model is preferred. The main advantages of using a hierarchical approach is
that it allows for online learning and it increases the explainability of the model compared
to using a flat structure model.

Hierarchy Performance

As previously mentioned, one advantage of having a hierarchical model is that the tree
structure can be decomposed, which allows for increased understanding of the sources of
error. Table 7.3, breaks down the test accuracy from Table 7.1 into the three taxonomy
levels of phyla, genus and species. Inspecting Table 7.3 reveals the astonishing fact that
the feature extraction fluorescence based hierarchical classifier was able to achieve 95.78%
accuracy to the phylum level. This is noticeably higher than feature extraction brightfield
and fluorescence based hierarchical classifier which achieved 91.90% accuracy to phylum
level. This indicates that adding the brightfield features with the fluorescence features
actually reduces the performance of the model classification.

In addition to outperforming the feature extraction brightfield and fluorescence hierar-
chical classifier, the feature extraction fluorescence based hierarchical classifier had similar
performance to that of the feature learning brightfield classifier, which achieved 94.45% to
the phylum level. This shows that the four average values from the fluorescence spectra
features provide the same amount of useful information to that of the single brightfield
image in order to classify a microorganism to phyla level. This provides strong evidence
that the multispectral fluorescence data is critical to the success of identifying different
algae type.
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data data modalit hierarchical test
representation Y level est accuracy
Phyla 84.79% + 1.15%
Brightfield Genus 76.77% = 1.02%
Species 76.77% = 1.02%
Phyla 95.78% + 0.99%
Feature

Extraction Fluorescence Genus 79.12% + 1.45%
Species 79.12% + 1.45%
Phyla 91.90% + 0.71%

Brightfield +
Fluorescence Genus 82.63% t 0.87%
Species 8263% + 0.87%
Phyla 94.45% = 1.71%
Brightfield Genus 90.72% + 1.92%
Species 90.72% + 1.92%
Phyla 99.03% + 0.45%
Feature o o
Learning Fluorescence Genus 96.91% + 0.72%
Species 96.91% + 0.72%
Phyla 99.25% + 0.29%
Brightfield + Genus  |97.63% + 0.44%

Fluorescence
Species 97.63% + 0.44%

Table 7.3: A further breakdown of the 12 model architectures reveals how the accuracy of
the model throughout the three levels of the tree.

7.3 Summary of Performance

This chapter started by qualitatively analyzing the data generating from Chapter 6. In-
specting this data resulted in the conclusion that the multispectral fluorescence data was
likely to improve the classification accuracy as there were noticeable differences in the
spectra between the four phyla. This was then confirmed to be true by conducting a
quantitative analysis of the 12 proposed model architectures in Chapter 5.

In summary, we observed that (1) feature learning drastically outperformed feature
extraction, (2) using fluorescence data results in a higher classification accuracy compared
to brightfield data, and (3) a flat structure and a hierarchical structure do not have statis-
tically significant different performance.
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Chapter 8

Conclusions & Future Work

“The time to work on a problem is after you’ve solved it.”

— R. H. Bing (1914 - 1986)

In this final chapter we will discuss the main conclusions of this work in Section 8.1 as well
as the potential future research directions in Section 8.2.

8.1 Conclusions

This thesis introduced a low-cost system that can generate data on-site as well as analyze
this data in real-time for the use case of algae identification. As discussed in Chapter 4, the
on-site data generation was accomplished by building a low-cost imaging system capable
of capturing a single brightfield image and four fluorescence images. This imaging system
was built for approximately $4,000 USD and was able to achieve a spatial resolution of
0.65 um/pixel. The imaging system is composed of magnification optics, a camera sensor,
a printed circuit board (PCB), and LEDs. All these elements are housed in a 3D printed
frame and are controlled by a customer graphical user interface (GUI).

To complement this hardware system a software framework was developed to analyze
the data in real-time, as discussed in Chapter 5. This software system uses a feature
learning approach along with a hierarchical classification scheme which was inspired by
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the taxonomic breakdown of algae into the phylum, genus and species levels. Twelve
model architectures were discussed and created by asking three main questions:

1. Which data do we use? (Section 5.1)
2. How is the data represented? (Section 5.2)

3. How does the data propagate through the model? (Section 5.3)

To answer these questions a dataset was created in Chapter 6, imaging nine types of
algae from four different phyla groups. In order prepare the raw images for data analysis the
region of interests (ROIs) had to be located. These ROIs were located by first conducting
flat field correction, then thresholding and finally cropping. Next a number of spatial
and spectral features were extracted from these images in order answer question 2 from
Chapter 5. After the raw images had been preprocessed there were a total of 6330 images
representing all nine algae classes.

Having a dataset made it possible to determine the efficacy of the proposed imaging
system and software framework, as discussed in Chapter 7. We observed that (1) fea-
ture learning outperformed feature extraction, (2) using fluorescence data resulted in a
higher classification accuracy compared to brightfield data, and (3) a flat structure and a
hierarchical structure had statistically significant similar performance. From these three
observations we can conclude that the proposed multispectral fluorescence imaging system
(Chapter 4), along with the proposed hierarchical structure that is based on a taxonomic
prior (Chapter 5), is an effective method to automatically classify algae.

8.2 Future Work

The future direction of this research can be broken into three main sections. In Section
8.2.1 will we will discuss working with natural water samples. In Section 8.2.2 future
work around semantic segmentation will be presented. In Section 8.2.3 a quick analysis of
separating live and dead cells will be discussed. Finally, Section 8.2.4 a brief discussion of
future work regarding the hierarchical structure will be presented.

8.2.1 Natural Samples

Future work involves collecting natural samples and evaluating the classification perfor-
mance on this new data. The dataset described in Chapter 6 was created by imaging nine

38



Figure 8.1: A sample was prepared by artificially mixing pure algae samples and then
adding dirty water from an outdoor puddle. The corresponding microscope images can be
seen in Figure 8.2.

sets of pure algae cultures. However real-world samples, as seen in Figure 8.1, can be ex-
tremely dirty due to particulates in the sample. The sample in Figure 8.1 was placed under
a brightfield and epifluorescence microscope, as see in Figure 8.2. As seen from this figure,
it is very unlikely that the algae can be properly identified by only using the brightfield
image. However, the fluorescence signal causes the algae to fluoresce, resulting in the algae
being easily identified from the background.

In order to conduct a study with natural samples, a professional taxonomist must be
employed who is qualified to label regions within a given image. This adds significant time
to exploring this path, but nonetheless it is still a worthwhile direction to pursue. The
purpose of the proposed imaging system in this thesis is its usefulness to an individual who
doesn’t have the time or budget to send a sample away for analysis. In order to reach this
goal, the water samples must graduate from lab samples to real-world samples.

One path to aid in the creation of a labelled dataset from natural samples is the use
of unsupervised learning approaches [95]. Given the human taxonomist can determine
how many different types of organisms are in a water sample, an unsupervised learning
approach can be taken where only the images near the class boundaries are given to a
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Brightfield Fluorescence

Figure 8.2: A sample of water from Figure 8.1 was placed under a microscope to capture
a brightfield image and fluorescence image. These images illustrate the benefit of using
fluorescence for identification of algae in a contaminated sample.
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human for labelling. This process can be iterative and thus large amounts of data can be
rapidly labelled and then verified by a human. This avoids the human expert having to
comb through all the data and manually labelling each one.

8.2.2 Semantic Segmentation

Another future research direction is to use semantic segmentation approaches to solve the
problem of identifying algae types in an image. For instance, inspecting Figure 8.3, we can
see that there are multiple algae types in a single image and that some of these organisms
overlap each other. Specifically, in Figure 8.3, many filamentous algae cover a large area
of the image and intersect with other algae. In this situation the current approach of
selecting a region of interest is no longer suitable, since multiple algae occupy a single
region. Given that a binary mask was created in Section 6.3.2, this mask can be used to
learn a semantic segmentation model to automatically segment and classify algae in images.
This also removes the issue of resizing the images to a fixed dimension when passing into
a image classifier (such as a ResNet18), which removes all scale information.

The scale of an organism is strongly related to its identity, and thus retaining this scale
information by using semantic segmentation approaches could improve the ability to au-
tomatically identify algae in a water sample through a digital microscope. Many standard
semantic segmentation models exists which offer a great starting point to determine how
effective this approach could be. These models include U-Net by Ronneberger et al. [90],
DeepLab by Chen et al. [97], and RefineNet by Lin et al. [95].

8.2.3 Separating Live & Dead Cells

To date a number of researchers have explored staining certain phytoplankton to separate
live and dead organisms [99, , 101]. Figure 8.4 illustrates two unstained cells beside
each other under brightfield and fluorescence illumination. In the brightfield configuration
the cells look similar in nature. However in the fluorescence setup the dead cell is no longer
visible, while the living cell has a very strong fluorescence response. Therefore a potential
avenue to explore with the proposed setup is to determine if live and dead cells can be
separated using the autofluorescence signal.
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445 nm 500 nm
545 nm 600 nm

Figure 8.3: A mixed sample under 445 nm, 500 nm, 545 nm and 600 nm. Note that multiple
algae types intersect with each other, making the current approach of cropping a region of
interest no longer suitable. Therefore it is recommended that future work explores using
semantic segmentation to achieve a per pixel classification.
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Brightfield Fluorescence

Figure 8.4: A dead cell and a live cell under brightfield and fluorescence illumination. Since
only the living cell is visible under fluorescence light, an interesting research direction is to
explore using the autofluorescence of algae to separate between live and dead cells.

8.2.4 Exploring the Hierarchical Structure

A final research direction to explore concerns the hierarchical nature of the model archi-
tecture. To further explore the benefits of this architecture it would be interesting to
determine how effective it is at online learning. This could be done by adding a single new
class to the structure and only retraining the node that makes the final decision. Assuming
parent nodes in the tree structure are not updated, how well would the overall performance
change? This is an important aspect to explore, because when the parent node misclassifies
an image, the error will propagate throughout the entire tree.

This approach of only training the last child node may perform even better when we
don’t use the existing taxonomy structure as a prior, but to learn a taxonomy struc-
ture based off the data. This research field is known as phenetics or taximetrics, and
strictly classifies organisms based on similar traits by deliberately ignoring the phylogentic
tree [102]. The advantage of using phenetics with the generated dataset is that we have
both fluorescence spectra information and the standard spatial imaging data. Having this
spectral-spatial data may offer new insights into the origins of certain organisms and the
relationships between them.
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8.3 Closing Words

This final chapter concludes that the proposed system is able to achieve fine-grained clas-
sification when using multispectral fluorescence data with a hierarchical framework. Some
initial ideas of future work were also discussed. In addition to these future research direc-
tions there are many other interesting possibilities to explore as this thesis is only the tip
of the iceberg of research that could be conducted with the proposed imaging system. It
is the author’s hope that this research will inspire others to join in solving this problem as
well as work on solving other important problems that stand in the way of people living
healthy and productive lives.
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Appendix A

Confusion Matrices

This appendix presents the confusion matrices for the 12 models presented in Chapter 5
and Chapter 7. The original data in chapter 6 was split into 80% train data, 15% validation
data, and 15% test data. These confusion matrices were created using the test data from
the first of seven monte-carlo cross validation runs.
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A.1 Model 1

data modality data . hierarchical model #
representation structure
Feature no 1
] Extraction yes 2
Brightfield
Feature no 3
Learning yes 4
Feature no 5
Extraction yes 6
Fluorescence
Feature no 7
Learning yes 8
Feature no 9
Brightfield + Extraction yes 10
Fluorescence Feature no 11
Learning yes 12

I. Bacillariophyta

1. Fistulifera pelliculosa;
AKA Navicula pelliculosa (CPCC 552)
II. Chlorophyta (green algae)

2. Ankistrodesmus falcatus (CPCC 366)
3. Scenedesmus quadricauda (CPCC 158)
4. Tetradesmus obliquus;

AKA Scenedesmus obliquus (CPCC 005)

III. Cyanophyta (blue-green algae or cyanobacteria)

5. Microcystis aeruginosa (CPCC 300)
6. Pseudanabaena rutilus-viridis (CPCC 697)

7. Stenomitos tremulus;
formerly Pseudanabaena tremula (CPCC 471)

8. Trichormus variabilis; AKA Anabaena variabilis;

formerly Anabaena flos-aquae (CPCC 067)
. Euglenozoa

9. Euglena gracilis (CPCC 095)

True label

True label

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095
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0.00 0.23 0.14 0.00 0.00 0.02

0.05 0.01 0.01 0.06 0.11 0.02
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A.2 Model 2

data modality data . hierarchical model #
representation structure
Feature no 1
] Extraction yes 2
Brightfield
Feature no 3
Learning yes 4
Feature no 5
Extraction yes 6
Fluorescence
Feature no 7
Learning yes 8
Feature no 9
Brightfield + Extraction yes 10
Fluorescence Feature no 11
Learning yes 12

I. Bacillariophyta

1. Fistulifera pelliculosa;
AKA Navicula pelliculosa (CPCC 552)
II. Chlorophyta (green algae)

2. Ankistrodesmus falcatus (CPCC 366)
3. Scenedesmus quadricauda (CPCC 158)
4. Tetradesmus obliquus;

AKA Scenedesmus obliquus (CPCC 005)

III. Cyanophyta (blue-green algae or cyanobacteria)

5. Microcystis aeruginosa (CPCC 300)
6. Pseudanabaena rutilus-viridis (CPCC 697)

7. Stenomitos tremulus;
formerly Pseudanabaena tremula (CPCC 471)

8. Trichormus variabilis; AKA Anabaena variabilis;

formerly Anabaena flos-aquae (CPCC 067)
. Euglenozoa

9. Euglena gracilis (CPCC 095)

True label

True label

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095
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A.3 Model 3

data modality data . hierarchical model #
representation structure
Feature no 1
] Extraction yes 2
Brightfield
Feature no 3
Learning yes 4
Feature no 5
Extraction yes 6
Fluorescence
Feature no 7
Learning yes 8
Feature no 9
Brightfield + Extraction yes 10
Fluorescence Feature no 11
Learning yes 12

I. Bacillariophyta
1. Fistulifera pelliculosa;
AKA Navicula pelliculosa (CPCC 552)
II. Chlorophyta (green algae)
2. Ankistrodesmus falcatus (CPCC 366)
3. Scenedesmus quadricauda (CPCC 158)

4. Tetradesmus obliquus;
AKA Scenedesmus obliquus (CPCC 005)

III. Cyanophyta (blue-green algae or cyanobacteria)

5. Microcystis aeruginosa (CPCC 300)

6. Pseudanabaena rutilus-viridis (CPCC 697)

7. Stenomitos tremulus;

formerly Pseudanabaena tremula (CPCC 471)

8. Trichormus variabilis; AKA Anabaena variabilis;

formerly Anabaena flos-aquae (CPCC 067)

IV. Euglenozoa

9. Euglena gracilis (CPCC 095)

True label

True label

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095
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Regular Confusion matrix
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A.4 Model 4

data modality data . hierarchical model #
representation structure
Feature no 1
Extraction yes 2
Brightfield
Feature no 3
Learning yes 4
Feature no 5
Extraction yes 6
Fluorescence
Feature no 7
Learning yes 8
Feature no 9
Brightfield + Extraction yes 10
Fluorescence Feature no 11
Learning yes 12
I. Bacillariophyta
1. Fistulifera pelliculosa;
AKA Navicula pelliculosa (CPCC 552)
II. Chlorophyta (green algae)
2. Ankistrodesmus falcatus (CPCC 366)
3. Scenedesmus quadricauda (CPCC 158)
4. Tetradesmus obliquus;
AKA Scenedesmus obliquus (CPCC 005)
III. Cyanophyta (blue-green algae or cyanobacteria)
5. Microcystis aeruginosa (CPCC 300)
6. Pseudanabaena rutilus-viridis (CPCC 697)
7. Stenomitos tremulus;
formerly Pseudanabaena tremula (CPCC 471)
8. Trichormus variabilis; AKA Anabaena variabilis;
formerly Anabaena flos-aquae (CPCC 067)
IV. Euglenozoa

9. Euglena gracilis (CPCC 095)

True label

True label

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095
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Regular Confusion matrix
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A.5 Model 5

data modality data . hierarchical model #
representation structure
Feature no 1
] Extraction yes 2
Brightfield
Feature no 3
Learning yes 4
Feature no 5
Extraction yes 6
Fluorescence
Feature no 7
Learning yes 8
Feature no 9
Brightfield + Extraction yes 10
Fluorescence Feature no 11
Learning yes 12

I. Bacillariophyta

1. Fistulifera pelliculosa;
AKA Navicula pelliculosa (CPCC 552)

II. Chlorophyta (green algae)
2. Ankistrodesmus falcatus (CPCC 366)
3. Scenedesmus quadricauda (CPCC 158)

4. Tetradesmus obliquus;
AKA Scenedesmus obliquus (CPCC 005)

III. Cyanophyta (blue-green algae or cyanobacteria)

5. Microcystis aeruginosa (CPCC 300)
6. Pseudanabaena rutilus-viridis (CPCC 697)

7. Stenomitos tremulus;
formerly Pseudanabaena tremula (CPCC 471)

8. Trichormus variabilis; AKA Anabaena variabilis;

formerly Anabaena flos-aquae (CPCC 067)
. Euglenozoa

9. Euglena gracilis (CPCC 095)

True label

True label

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095
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Regular Confusion matrix
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A.6 Model 6

data modality data . hierarchical model #
representation structure
Feature no 1
] Extraction yes 2
Brightfield
Feature no 3
Learning yes 4
Feature no 5
Extraction yes 6
Fluorescence
Feature no 7
Learning yes 8
Feature no 9
Brightfield + Extraction yes 10
Fluorescence Feature no 11
Learning yes 12

I. Bacillariophyta

1. Fistulifera pelliculosa;
AKA Navicula pelliculosa (CPCC 552)
II. Chlorophyta (green algae)

2. Ankistrodesmus falcatus (CPCC 366)
3. Scenedesmus quadricauda (CPCC 158)
4. Tetradesmus obliquus;

AKA Scenedesmus obliquus (CPCC 005)

III. Cyanophyta (blue-green algae or cyanobacteria)

5. Microcystis aeruginosa (CPCC 300)
6. Pseudanabaena rutilus-viridis (CPCC 697)

7. Stenomitos tremulus;
formerly Pseudanabaena tremula (CPCC 471)

8. Trichormus variabilis; AKA Anabaena variabilis;

formerly Anabaena flos-aquae (CPCC 067)
. Euglenozoa

9. Euglena gracilis (CPCC 095)

True label

True label

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095
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A.7T Model 7

data modality data . hierarchical model #
representation structure
Feature no 1
] Extraction yes 2
Brightfield
Feature no 3
Learning yes 4
Feature no 5
Extraction yes 6
Fluorescence
Feature no 7
Learning yes 8
Feature no 9
Brightfield + Extraction yes 10
Fluorescence Feature no 11
Learning yes 12

I. Bacillariophyta
1. Fistulifera pelliculosa;
AKA Navicula pelliculosa (CPCC 552)
II. Chlorophyta (green algae)
2. Ankistrodesmus falcatus (CPCC 366)
3. Scenedesmus quadricauda (CPCC 158)

4. Tetradesmus obliquus;
AKA Scenedesmus obliquus (CPCC 005)

III. Cyanophyta (blue-green algae or cyanobacteria)

5. Microcystis aeruginosa (CPCC 300)

6. Pseudanabaena rutilus-viridis (CPCC 697)

7. Stenomitos tremulus;

formerly Pseudanabaena tremula (CPCC 471)

8. Trichormus variabilis; AKA Anabaena variabilis;

formerly Anabaena flos-aquae (CPCC 067)

IV. Euglenozoa

9. Euglena gracilis (CPCC 095)

True label

True label

Regular Confusion matrix
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A.8 Model 8

data modality data . hierarchical model #
representation structure
Feature no 1
] Extraction yes 2
Brightfield
Feature no 3
Learning yes 4
Feature no 5
Extraction yes 6
Fluorescence
Feature no 7
Learning yes 8
Feature no 9
Brightfield + Extraction yes 10
Fluorescence Feature no 11
Learning yes 12

I. Bacillariophyta
1. Fistulifera pelliculosa;
AKA Navicula pelliculosa (CPCC 552)
II. Chlorophyta (green algae)
2. Ankistrodesmus falcatus (CPCC 366)
3. Scenedesmus quadricauda (CPCC 158)

4. Tetradesmus obliquus;
AKA Scenedesmus obliquus (CPCC 005)

III. Cyanophyta (blue-green algae or cyanobacteria)

5. Microcystis aeruginosa (CPCC 300)

6. Pseudanabaena rutilus-viridis (CPCC 697)

7. Stenomitos tremulus;

formerly Pseudanabaena tremula (CPCC 471)

8. Trichormus variabilis; AKA Anabaena variabilis;

formerly Anabaena flos-aquae (CPCC 067)

IV. Euglenozoa

9. Euglena gracilis (CPCC 095)

True label

True label

Regular Confusion matrix
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A.9 Model 9

data modality data . hierarchical model #
representation structure
Feature no 1
] Extraction yes 2
Brightfield
Feature no 3
Learning yes 4
Feature no 5
Extraction yes 6
Fluorescence
Feature no 7
Learning yes 8
Feature no 9
Brightfield + Extraction yes 10
Fluorescence Feature no 11
Learning yes 12

I. Bacillariophyta

1. Fistulifera pelliculosa;
AKA Navicula pelliculosa (CPCC 552)
II. Chlorophyta (green algae)

2. Ankistrodesmus falcatus (CPCC 366)
3. Scenedesmus quadricauda (CPCC 158)

4. Tetradesmus obliquus;
AKA Scenedesmus obliquus (CPCC 005)

III. Cyanophyta (blue-green algae or cyanobacteria)

5. Microcystis aeruginosa (CPCC 300)
6. Pseudanabaena rutilus-viridis (CPCC 697)

7. Stenomitos tremulus;
formerly Pseudanabaena tremula (CPCC 471)

8. Trichormus variabilis; AKA Anabaena variabilis;

formerly Anabaena flos-aquae (CPCC 067)
. Euglenozoa

9. Euglena gracilis (CPCC 095)

True label

True label

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095
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A.10 Model 10

data modality data . hierarchical model #
representation structure
Feature no 1
] Extraction yes 2
Brightfield
Feature no 3
Learning yes 4
Feature no 5
Extraction yes 6
Fluorescence
Feature no 7
Learning yes 8
Feature no 9
Brightfield + Extraction yes 10
Fluorescence Feature no 11
Learning yes 12

I. Bacillariophyta

1. Fistulifera pelliculosa;
AKA Navicula pelliculosa (CPCC 552)
II. Chlorophyta (green algae)

2. Ankistrodesmus falcatus (CPCC 366)
3. Scenedesmus quadricauda (CPCC 158)
4. Tetradesmus obliquus;

AKA Scenedesmus obliquus (CPCC 005)

III. Cyanophyta (blue-green algae or cyanobacteria)

5. Microcystis aeruginosa (CPCC 300)
6. Pseudanabaena rutilus-viridis (CPCC 697)

7. Stenomitos tremulus;
formerly Pseudanabaena tremula (CPCC 471)

8. Trichormus variabilis; AKA Anabaena variabilis;

formerly Anabaena flos-aquae (CPCC 067)
. Euglenozoa

9. Euglena gracilis (CPCC 095)

True label

True label

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095

CPCC 552
CPCC 366
CPCC 158
CPCC 005
CPCC 300
CPCC 697
CPCC 471
CPCC 067

CPCC 095
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A.11 Model 11

data modality data . hierarchical model #
representation |  structure
Feature no 1
Extraction yes 2
Brightfield
Feature no 3
Learning yes 4
Feature no 5
Extraction yes 6
Fluorescence
Feature no 7
Learning yes 8
Feature no 9
Brightfield + Extraction yes 10
Fluorescence Feature no 11
Learning yes 12
I. Bacillariophyta
1. Fistulifera pelliculosa;
AKA Navicula pelliculosa (CPCC 552)
II. Chlorophyta (green algae)
2. Ankistrodesmus falcatus (CPCC 366)
3. Scenedesmus quadricauda (CPCC 158)
4. Tetradesmus obliquus;
AKA Scenedesmus obliquus (CPCC 005)
III. Cyanophyta (blue-green algae or cyanobacteria)
5. Microcystis aeruginosa (CPCC 300)
6. Pseudanabaena rutilus-viridis (CPCC 697)
7. Stenomitos tremulus;
formerly Pseudanabaena tremula (CPCC 471)
8. Trichormus variabilis; AKA Anabaena variabilis;
formerly Anabaena flos-aquae (CPCC 067)
IV. Euglenozoa

9. Euglena gracilis (CPCC 095)

True label

True label

Regular Confusion matrix

CPCC 552 -H o

cpcc3es o © n o 1 0o o o o o

cpcciss o 1 0
cpccoos o © 0
cpcc3oo o 0 O
cpcce97 o © o

cpccarr - © o

o o o o o o o

o o o o o 1
o o o o 2 o
o o o 8 o o

cpccos7 4 © o o o 1 1 o |75 o
Pccoss 4 © o 1 o o o o o g
1 1 1 1 1 1 1 1
T S N S S N
< (:5" ¢ N °e° O'»° ce" c,""\ (.°b oo"
SR S L S S Y P
& & & & & & &

Predicted label
Normalized Confusion matrix

CPCC 552
CPCC 366 -
cpcc 158 - 0.01 0.00
cPcc 005 - 0-00 0.00
cpcc 300 - 0.00 0.00
cpcc 697 - 0.00 0.00
CPCC 471 - 0.00 0.00

cpcc 067 - 0-00 0.00

cPcc 095 - 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.01 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.02

0.00 0.00 0.00 0.00 0.00 0.01

0.00 0.00 0.00 0.00 0.02 0.00

0.00 0.00 0.05 0.00 0.00

0.00 0.00 0.00 0.01

0.00 0.00 0.01

0.01 0.00

0.01 0.00 0.00 0.00 0.00
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A.12 Model 12

data modality data . hierarchical model #
representation structure
Feature no 1
] Extraction yes 2
Brightfield
Feature no 3
Learning yes 4
Feature no 5
Extraction yes 6
Fluorescence
Feature no 7
Learning yes 8
Feature no 9
Brightfield + Extraction yes 10
Fluorescence Feature no 11
Learning yes 12

I. Bacillariophyta
1. Fistulifera pelliculosa;
AKA Navicula pelliculosa (CPCC 552)
II. Chlorophyta (green algae)
2. Ankistrodesmus falcatus (CPCC 366)
3. Scenedesmus quadricauda (CPCC 158)

4. Tetradesmus obliquus;
AKA Scenedesmus obliquus (CPCC 005)

III. Cyanophyta (blue-green algae or cyanobacteria)

5. Microcystis aeruginosa (CPCC 300)

6. Pseudanabaena rutilus-viridis (CPCC 697)

7. Stenomitos tremulus;

formerly Pseudanabaena tremula (CPCC 471)

8. Trichormus variabilis; AKA Anabaena variabilis;

formerly Anabaena flos-aquae (CPCC 067)

IV. Euglenozoa

9. Euglena gracilis (CPCC 095)

True label

True label

Regular Confusion matrix

CPCC 552 -H o

cpcc3es o © n 1 o o o o o0 o0

cpcciss o 1 0
cpccoos o © 0
cpcc3oo o 0 O
cpcce97 o © o

cpccarr - © o

o o o o o o o

o o o o o o
o o o o 1 o
o o 1 3 o o

Pccos7 4 © o o o 2 o o 75 o
cPccoss 4 © 0 1 o o o o o g
T T T T T T T T
v © o o 4y > Y o
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Predicted label
Normalized Confusion matrix

CPCC 552
CPCC 366 -
cpcc 158 - 0.01 0.00
cPcc 005 - 0-00 0.00
cpcc 300 - 0.00 0.00
cpcc 697 - 0.00 0.00
CPCC 471 - 0.00 0.00

cpcc 067 - 0-00 0.00

cPcc 095 - 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.00 0.00

0.01 0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.00 0.02

0.00 0.00 0.00 0.00 0.00 0.00

0.00 0.00 0.00 0.00 0.01 0.00

0.00 0.00 0.02 0.00 0.00

0.00 0.00 0.00 0.00

0.00 0.00 0.03

0.00 0.00

0.01 0.00 0.00 0.00 0.00
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