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Abstract Artificial Intelligence (AI) technologies evolve rapidly and 

successfully solve tasks such as object detection and natural 

language processing. AI gives software users the ability of a 

novel, natural interaction with applications. For example, users 

can talk to a software system to explain their needs and get 

direct response, rather than use a mouse or a keyboard to ex-

tract and analyze information. Companies that develop modern 

software systems conduct research on how AI can be used and 

integrated into their software stack. This work describes how a 

prototype of an intelligent microscope (IM) was created. The 

IM is a software artifact. It is an AI-web system that can un-

derstand predefined user voice-commands, control an electron 

microscope, detect objects on microscope images, and high-

light specific objects requested by a user. The main motivation 

for the project was to explore and show possible ways of User-

IM interaction. The IM use cases and software design are 

described in this report. The IM is capable of detecting and 

highlighting specific types of objects, such as cells and 

mitochondria. Also, it is able to interpret information about 

detected objects and show which of the objects are big, small, 

or relatively close to each other. These use cases provide 

examples of how the IM can be used. Even though these use 

cases are unique they do not limit the IM to mitochondrion and 

cell detection only, because one of the main implemented IM 

requirements is extendibility with other use cases in the future. 

The results of the project show how microscope control can be 

simplified using conversational interface, how image analysis 

can be improved using object segmentation, and how infor-

mation about microscope image context can be interpreted 

using intelligent microscope knowledge database. 
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Abstract 
 

Artificial Intelligence (AI) technologies evolve rapidly and successfully solve tasks 

such as object detection and natural language processing. AI gives software users the 

ability of a novel, natural interaction with applications. For example, users can talk to 

a software system to explain their needs and get direct response, rather than use a 

mouse or a keyboard to extract and analyze information. Companies that develop 

modern software systems conduct research on how AI can be used and integrated 

into their software stack. This work describes how a prototype of an intelligent mi-

croscope (IM) was created. The IM is a software artifact. It is an AI-web system that 

can understand predefined user voice-commands, control an electron microscope, 

detect objects on microscope images, and highlight specific objects requested by a 

user. The main motivation for the project was to explore and show possible ways of 

User-IM interaction. The IM use cases and software design are described in this 

report. The IM is capable of detecting and highlighting specific types of objects, such 

as cells and mitochondria. Also, it is able to interpret information about detected 

objects and show which of the objects are big, small, or relatively close to each other. 

These use cases provide examples of how the IM can be used. Even though these use 

cases are unique they do not limit the IM to mitochondrion and cell detection only, 

because one of the main implemented IM requirements is extendibility with other use 

cases in the future. The results of the project show how microscope control can be 

simplified using conversational interface, how image analysis can be improved using 

object segmentation, and how information about microscope image context can be 

interpreted using intelligent microscope knowledge database. 
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Foreword 
 

How will the world of technology look like in 10 years? That is a question that is 

very difficult to answer. What we do know, is how the tech world looks today and 

how it looked 10 years ago. Our microscopy business has always been very conserva-

tive, resulting in software that is lagging 10 years behind in terms of user interaction 

and look-and-feel. So if we extrapolate that thought, then in 10 years’ time, our in-

struments will use todays most advanced technology, like Artificial Intelligence, 

voice control, cloud based GPU computations and knowledge databases. To under-

stand which technologies make sense and which do not, we endeavored on a project 

to create a prototype using whatever technology we believe we should use to make a 

‘’modern’’ and ‘’intelligent’’ microscope.  

This was the task Dmytro was faced with : create, from scratch, a prototype user in-

terface and business logic that showcases the use of modern technologies in the mi-

croscopy context, and create a system that moves us up in the knowledge pyramid 

from data to information to knowledge (Figure 3). No mockups allowed! 

This is a research project. That means : little budget. That also means: working alone 

and obtain all the information you need for your project by yourself. Especially if one 

is new in the problem domain, this poses a great challenge. Dmytro has worked his 

way through and around the problems this gives in a commendable way. He has in-

terviewed stakeholders, made project plans, and made the software design and im-

plementation virtually without help. He has always been in the driving seat in the 

project, and I mostly needed to provide context, not content, to the work being done. 

Being the sole driver was not always easy for him, and I can only state my admira-

tion for the fact he never really complained, but just made it work. It can be lonely at 

the top… 

In the end, we now have a fully functional prototype which we can show to (upper) 

management to highlight the (im-)possibilities of AI and natural language interfaces. 

We have a first instantiation of a knowledge database, giving meaning to semantic 

constructs as ‘’small’’ and ’’big with respect to’’.  It also serves as a booster for simi-

lar projects, and we have already secured budget for its follow-up, Intelligent Micro-

scope II. Who knows, in 10 years’ time we look back on our work today, smile and 

realize how wrong we were, but at least we gave it our best shot and with today’s 

view, it looks pretty amazing! 

 

PROJECT MANAGER / PROJECT MENTOR 

Dr. Remco Schoenmakers, 

Sr manager R&D/ Principal software scientist. 

September 24, 2018 

 



 

 
 
 
 
 



ix 
 
 
 

 

Preface 
 

This document forms the technical report of the Intelligent Microscope project. This 

project addresses the challenges of including and using AI technologies in a 

microscope software system. 

 

As AI algorithms became a big trend, it is important to stay on the cutting edge of 

technology and use all available beneficial novelties. Of course, AI should be used 

only for tasks that are not suitable for classical software algorithms. It is surprising 

that some companies want to include AI in their products to perform tasks for which 

AI is not required, just to claim that their software systems are fancy and have AI 

capabilities. 

 

The main intention of the project is to explore and present capabilities of real AI 

methods, applied for object detection and natural language processing tasks, com-

bined with a real microscope software system. This project must show possible future 

of user-microscope interaction. Even though AI performance is not perfect, the pro-

ject intention is to integrated real AI algorithms into a real microscope software sys-

tem without so-called Pseudo AI. This term comes from The Wall Street Journal. 

Pseudo AI can be a meat-space neural network (i.e., humans) or hardcoded software 

algorithm instead of a touted AI solution [20]. 

 

The project was carried by Dmytro Kondrashov from the Stan Ackermans Institute, 

Software Technology Professional Doctorate in Engineering (ST PDEng) program of 

the Eindhoven University of Technology. It is the author’s ten-month PDEng final 

project. The project was carried out within Thermo Fisher Scientific, which is the 

industrial partner for this study in Eindhoven. 

 

This document is intended mostly for readers with a technical background who are 

curious about the intelligent microscope use cases, design, and implementation. 

 

Dmytro Kondrashov, 

September 2018 
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Executive Summary 
 

Currently we live in the era where software systems are extremely dynamic and re-

quire changes during their life cycle. Software development follows different trends 

to deliver better functionality to the end user. One of these trends in 2018 is artificial 

intelligence (AI). It brings software systems to a new level and allows software capa-

bilities that we have heard before only in science fiction stories. For example, inter-

action with software starts to be more natural, people talk to virtual assistants in their 

phones. Also, machines, such as self-driving cars, can detect obstacles on their way. 

Therefore, the trend of including AI technologies into software systems is growing 

rapidly. 

 

This is a technical report for the intelligent microscope project that was executed 

within Thermo Fisher Scientific. The problem of the right way of creating and inter-

acting with an “intelligent” software system is addressed in this project. The Ad-

vanced Technologies department of the company conducts research on improving AI 

algorithms for object detection on microscope images. Convolutional neural net-

works (CNNs) allow detection of specific objects, such as cells and mitochondria. 

How can we include this functionality in microscope software? How can we filter 

and show only specific objects, for instance, cells that contain viruses or mitochon-

dria with a non-regular shape? The report answers these questions. 

 

In this project, an intelligent microscope (IM) software system was designed and 

built. The main IM features implemented during the project are: 

• Conversational interface 

• Microscope control 

• Object detection 

• Object information interpretation  

 

The IM has a conversational interface that was created with Amazon Lex service 

[23]. The interface allows to control a microscope using predifined voice commands. 

The IM is capable of detecting and highlighting specific types of objects, such as 

cells and mitochondria, using CNNs, but it can be extended with other use cases. 

Therefore, the main IM requirement was extendibility. The IM is capable of 

retrieving detected object information, such as object shape and size. Retrieved 

information can be interpreted using a knowledge database, so that specific objects 

can be found and filtered. The IM is capable of finding and filtering big and small 

objects, objects positioned close to each other, and big mitochondria with respect to 

cell size, mitochondria that occupy more that 20% of a cell area. 

 

The results of the project show how microscope control can be simplified using con-

versational interface, how image analysis can be improved using object segmenta-

tion, and how information about microscope image context can be interpreted using 

intelligent microscope knowledge database.  
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1.Introduction 
 

Nowadays, artificial intelligence (AI) plays an important role in our lives and in dif-

ferent industries. Electron microscopy is not an exception. AI algorithms, such as 

Deep neural networks (DNN) can solve object detection, object segmentation, and 

natural language processing tasks. AI usage triggers ideas on how we can proceed 

with machine intelligence and brings a new vision on interaction with “intelligent” 

software systems in the future. I am going to explore this interaction in the context of 

electron microscopy in this project. 

I introduce the context of the problem that we are trying to solve in Section 1.1. The 

project scope and goals are defined in Section 1.2. The structure of the report is de-

scribed in Section 1.3. 

1.1    Context 
This project was executed within Thermo Fisher Scientific in the fields of electron 

microscopy, AI and web technologies. It is a part of the company’s research in the AI 

area. Thermo Fisher Scientific, Inc., is one of the leading companies for improving 

research capabilities in different scientific fields. In the domain of electron microsco-

py solutions, Thermo Fisher Scientific (formerly FEI) is a premier provider of 

electron, ion-beam microscopes, and tools for nanoscale applications.  

Electron Microscopes (EMs, Fig. 1) are used across many scientific fields and indus-

tries: material science, life science, semiconductors, oil and gas, and industrial manu-

facturing. 

 

 

 

 

Figure 1 – FEI Electron Microscopes, Quattro ESEM [28], on the left, and 

Titan/Krios TEM [29], on the right 

 

The way users interact with microscopes and microscope features have been evolving 

since the physicist Ernst Ruska and the electrical engineer Max Knoll constructed the 

first electron microscope prototype in 1933; the apparatus was capable of four-

hundred-power magnification and became the first demonstration of the principles of 

electron microscope [1]. Despite the modern technical achievements in electron mi-

croscopy, there are still many steps in the human-microscope interaction that can be 

automated, e.g., manual image analysis and information interpretation. 

Thermo Fisher Scientific has the Advanced Technologies (AT) department that is 

doing research in the innovative technology areas and the future of microscopy. An 
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important question for AT is how will interaction with microscopes look in the fu-

ture? Besides hardware improvements, such as higher resolution, faster image acqui-

sition, and better image quality, microscopes can be extended with innovative soft-

ware capabilities. It is expected that microscope users want to interact with “smart” 

microscopes that are capable to answer their questions and fulfil their needs. The 

future of user-microscope interaction is the main topic of this project. 

One of the currently available AI technologies that can be used in microscopes to 

improve interaction with users is deep learning. Deep learning methods grow rapidly 

and nowadays are used for tasks such as object detection and natural language pro-

cessing. Convolutional Neural Networks (CNN) have been successfully used in im-

age recognition and object detection since Alex Krizhevsky won the ImageNet chal-

lenge with the AlexNet network architecture, described in his paper “ImageNet Clas-

sification with Deep Convolutional Networks” [2]. After specific training, a CNN 

can show performance acceptable for tasks such as object detection and object seg-

mentation. For instance, in the electron microscopy domain, FusionNet – a deep fully 

residual CNN for image segmentation in connectomics – can achieve accuracy up to 

97% [3]. 

As the main purpose of microscopes is to provide image magnification, an image is 

the central element of the microscope user interface (Fig. 2). One of the common 

microscope use cases is an image analysis, object detection, and anomaly search on 

the image. Therefore, to identify objects faster, an object detection/segmentation fea-

ture can be included to microscope software. Automatic object detection could be 

very helpful in the image analysis task. 

 

 
Figure 2 – The electron microscope software user interface 

 

When object detection is performed it is possible to retrieve object information using 

computer vision algorithms. For example, information, such as object shape, size, 

and position, can be retrieved and provided for users. A further microscope develop-

ment step is information interpretation that can be done by applying rules and condi-

tions on detected object information. In the result, specific objects, interesting for 

users, are filtered and retrieved. For instance, if object size is known, it is possible to 

retrieve big objects, the size of which is bigger than the average size. 

Another AI feature that can be included to a microscope software system is voice 

control using natural language processing. Voice control simplifies user-microscope 

interaction because it is possible just to ask a microscope to perform a required ac-

tion, no need to learn how to operate the microscope. Also, voice control helps users 

to keep their hands free from a mouse and a keyboard (especially when work is con-
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ducted in industrial environment while wearing safety gloves). Users can perform 

other operations while interacting with a microscope. 

Described microscope improvements allow movement up the knowledge pyramid for 

microscope software. The knowledge pyramid by US Army Knowledge Managers 

[4] is presented in Figure 3.  

 

 
Figure 3 – The knowledge pyramid [4] 

 

Each section of the pyramid is described in the electron microscopy context: 

• Data is an image acquired by a microscope. Data must be processed to re-

trieve information about objects that are on the image. 

• Information is extracted from data by applying AI and Computer Vision al-

gorithms. 

• Knowledge is provided by information cognition using causal rules and 

knowledge database. 

 

As a result, the microscope with AI and information cognition capabilities, or so-

called intelligent microscope (IM), provides to users not only raw data but also in-

formation and knowledge about detected objects. 

1.2    Project Goals and Scope 
The main company motivation for the project is to explore possible ways of user-IM 

interaction. This project is interesting for Thermo Fisher Scientific as it can show the 

difference in user-microscope interaction between a modern microscope that does not 

have much “intelligence” and the IM that provides knowledge about microscope im-

age context. This difference highlights benefits that AI technologies bring to micro-

scope software. 

User interaction with the IM can be shown in different ways, such as creating 

mockups, storyboards, slides, or movies. However, to be able to try and demonstrate 

the IM capabilities live, I decided to build a software system (a prototype) of the IM 

and present the prototype demo. Also, creation of the prototype has another serious 

advantage compared to abovementioned methods: its software design can be used as 

a starting point for the future AI integration into microscope software. 

After understanding the company’s project motivation, the main project goal can be 

defined as – build the prototype of the IM. Both terms “the prototype” and “the IM” 

are used interchangeably further in the report. The prototype is a software system that 

requires proper software architecture, design, and documentation to be implemented. 
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The prototype should include AI capabilities, for example, object segmentation, con-

versational interface, and show its “intelligence” by providing knowledge about mi-

croscope image context. To be able to perform object segmentation on microscope 

images the prototype should interface an electron microscope to perform image ac-

quisition or upload microscope images from a storage drive. Therefore, in the context 

of this project the IM does not include design and creation of microscope hardware. 

A sketch of the IM is shown in Figure 4. The IM software system, installed on a per-

sonal computer (PC) or on the remote server, acquires images using an electron mi-

croscope or uploads images from a storage drive, detects specific objects on the im-

ages with help of AI, and provides information and knowledge about detected objects 

using set of causal rules and knowledge database. 

The scope of the project includes: 

• Prototype object segmentation use case identification 

• Deep learning framework and CNN model selection for object detection 

• Prototype architecture and design  

• Prototype technology stack selection 

• Prototype development, testing, and deployment 

 

The prototype demo must show: 

• Human interaction with the IM 

• A microscope control with conversational interface 

• A specific object segmentation use case  

• Information and knowledge about the detected objects 

 

Types of objects that the IM is capable to segment, information, and knowledge that 

can be retrieved from these objects are defined in Section 2.3 – “Use case analysis”. 

The prototype requirements are described in Chapter 3 – “System requirements”. 

Preferably, the demo should be performed live on images acquired by a microscope 

otherwise, it is possible to use uploaded images. 

 

 
Figure 4 – The IM software system sketch 

1.3    Outline 
The following report chapters describe all steps performed to achieve the project 

goal. Chapter 2 describes the problem analysis that includes domain description, ma-
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chine learning analysis, and prototype use case selection. Also, it introduces the pro-

ject stakeholders with their interests. Chapter 3 shows the project requirements. 

Chapter 4 presents prototype architecture and design. Chapter 5 explains prototype 

implementation and deployment. The prototype verification and demo setup and sce-

nario are described in Chapter 6. The results of the project and conclusions are shown 

in Chapter 7. 

The reflection on the result, the project management process, and risk analysis are 

presented in Chapter 8. 

After the introduction, readers interested in the project are advised to proceed with 

the presented chapters in order. Readers who are interested only in the technical out-

come can skip Chapter 2 that provides domain description as well as Chapter 8 that 

describes project management. 
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2. Problem Analysis 
 

Problem analysis was conducted to understand better the domain where the project is 

performed. First two sections of the chapter provide an overview of several electron 

microscopy industrial domains, such as material science, life science, and semicon-

ductors, together with the field of computer science – Machine Learning (ML). The 

motivation for this study was to gain better knowledge of industries where electron 

microscopes are used and ML. Use case analysis (Section 2.3) was conducted to find 

a suitable intelligent microscope (IM) use case – a type of objects that can be detect-

ed by the IM and information/knowledge that the IM can provide about these objects. 

Data for this chapter was gathered during the meetings with marketing specialists, 

domain experts, and the Advanced Technologies (AT) group members. Stakeholder 

analysis (Section 2.4) was conducted to understand how to approach people involved 

in the project. The final section of the chapter shows the project design aspects. 

2.1    Overview of electron microscopy domains 
The overview gives answers on general questions, such as what are EMs and where 

are they used? Readers familiar with the above topics can skip this section. 

There are three basic types of microscopes: optical, charged particle (electron and 

ion), and scanning probe. 

Optical microscopes are the most familiar to everyone from the high school science 

lab or the doctor's office. They use visible light and transparent lenses to see objects 

as small as about one micrometer (1 μm = 10-6 m), such as a red blood cell (7 μm) or 

a human hair (100 μm).  

In contrast, electron and ion microscopes use a beam of charged particles, instead of 

light and electromagnetic or electrostatic lenses, to focus on the particles. They can 

see features as small as 1/10 of a nanometer (1 nm = 10-9 m), including individual 

atoms. 

At the same time, scanning probe microscopes use no lenses, but rather a very sharp 

probe that interacts with the sample surface. It maps various forces and interactions 

that occur between the probe and the sample to create an image. Scanning probe mi-

croscopes allow researchers to image, characterize, and manipulate material struc-

tures at exceedingly small scales including features of atomic proportions [6]. 

EMs open new opportunities for scientists because higher magnification provides a 

view on parts of the natural elements that are impossible to explore by only using 

optical microscopes. EMs produced by FEI were used by Nobel Prize laureates’ in 

their research. For instance, FEI Titan, Transmission Electron Microscope (TEM), 

was used by the professor Daniel Shechtman, Nobel Prize laureate in chemistry 

(2011), for his discovery of quasicrystals. Winners of recent (2017) Nobel Prize in 

chemistry, Jacques Dubochet, Joachim Frank and Richard Henderson, whose break-

through developments in cryo-electron microscopy have helped to broaden the use of 

this technology within the structural biology community, also worked with systems 

manufactured by Thermo Fisher Scientific [5]. 

As we see, EMs and high magnification images, which they provide, were used by 

scientists to discover new structures (such as quasicrystals), to find something never 

seen before, or to look for anomalies among known data. The IM with AI ability to 

detect objects can help users to conduct this kind of task much faster, comparing with 

the currently available microscopes. The IM ability to detect known objects will help 

a researcher to focus on other image parts that are not known for the IM. On the other 

hand, if the IM is further developed and can detect anomalies, it can highlight the 

image parts where extra user attention is required. 

EM solutions provided by Thermo Fisher Scientific are used across many scientific 

fields and industries. In this project, I will analyze three of them: material science, 

semiconductors, and life science, to understand where the IM can be already used. 
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2.1.1.  Material science 

The main tasks of the material science are design and discovery of new materials, as 

well as improvement of the existing ones. EMs help to observe and control the struc-

ture of a material on the atomic level. Therefore, EMs enable delivering of new mate-

rials. Creation of new materials plays an essential role in clean energy, transportation, 

human health, and industrial productivity [7]. Metals, minerals and mining, ceramics 

and glasses, polymers, nanomaterials, and biomaterials are examples of material sci-

ence industries and research areas where EMs are used. Figure 5 shows a diamond 

cuboctahedron picture that has been taken using a scanning electron microscope 

(SEM) [12]. 

 

 
Figure 5 – A diamond cuboctahedron showing seven crystallographic planes, 

imaged with SEM [12] 

2.1.2.  Life science 

The life sciences comprise subjects that involve the study of organisms: viruses, bac-

teria, plants, and animals including human beings. Basic life processes start in a cell. 

To understand how a cell functions and responds to a disease or genetic mutations, 

life scientists engage in cellular and structural biology research. Cellular biology ex-

plores individual cells and ways in which they are organized into tissues and organs. 

Structural biologists delve deep into sub-cellular components, organelles, and mac-

romolecular structures [8]. 

EMs are used in research laboratories to explore the molecular mechanisms of dis-

ease, to visualize the 3D architecture of tissues and cells, to determine the confor-

mation of flexible protein structures and complexes, and to observe individual viruses 

and macromolecular complexes both in their natural biological context and experi-

mental conditions [9]. 

2.1.3.  Semiconductors 

Semiconductor devices are electronic components that exploit the electronic proper-

ties of semiconductor materials, principally silicon, germanium, and gallium arse-

nide. Semiconductor devices are manufactured both as single discrete devices and as 

integrated circuits. The circuits consist of a number (from a few to billions) of devic-

es manufactured and interconnected on a single semiconductor substrate. 
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TEM based techniques offer superior spatial resolution and highly sensitive ele-

mental analysis capabilities that can be exploited for metrology and materials charac-

terization of sub-nanometer sized device features in advanced semiconductor tech-

nologies. These techniques are used for evaluating interfacial details, dimensions of 

device structures, and defects or flaws that arise during the fabrication process. Thus, 

EMs are commonly used for physical characterization, compositional analysis, fail-

ure analysis, and metrology of semiconductor devices [10]. 

2.2    Machine learning analysis 
As one of the AI capabilities selected for the IM is object detection on microscope 

images, a brief study of ML was conducted to understand how the object detection 

task can be solved. 

ML is a field of computer science that gives computer systems the ability to "learn" 

with data (i.e., progressively improve performance on a specific task) without being 

explicitly programmed [11]. Usually ML is involved in computing tasks where de-

sign and implementation of a certain computer science algorithm are difficult or in-

feasible, but a human can provide a set of solutions for the task. For instance, these 

tasks are speech recognition, learning to rank, and computer vision. 

The goal of the project is to build the IM prototype that should perform object detec-

tion on microscope images. The current state of the art approach to solve this task is 

convolutional neural networks. Neural networks (NNs) are computational models 

that are loosely inspired by their biological counterparts. A NN is based on a collec-

tion of connected units or nodes called artificial neurons (a simplified version of bio-

logical neurons in an animal brain). Each connection between artificial neurons rep-

resents a simplified version of a synapse and can transmit a signal from one to anoth-

er. The artificial neuron that receives the signal can process it and then signal to other 

artificial neurons connected to it [13].  

In common NN implementations, the signal at a connection between artificial neu-

rons is a real number, and the output of each artificial neuron is calculated by a non-

linear function of the sum of its inputs. Artificial neurons and connections typically 

have weights that adjust as learning proceeds. The idea is that the weights of neurons 

define their synaptic strengths and control the strength of the influence of one neuron 

on another.  

Figure 6 demonstrates a three-layer neural network with three inputs, two hidden 

layers of four neurons each and one output layer [14]. 

 

 

Figure 6 – Three-layer neural network [14] 
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As we see on the Figure 6, NNs are modeled as collections of neurons that are con-

nected in an acyclic graph. In other words, the outputs of some neurons can become 

inputs to other neurons. Instead of an amorphous blobs of connected neurons, NN 

models are often organized into distinct layers of neurons. For regular neural net-

works, the most common layer type is the fully-connected layer in which neurons 

between two adjacent layers are fully pairwise connected, but neurons within a single 

layer share no connections. 

A class of NNs that has been successfully applied to analyzing visual imagery is a 

Convolutional Neural Network (CNN). CNNs perform better on the image recogni-

tion and objects detection tasks because they order the NN architecture in a more 

sensible way, suitable for the input that consists of an image. Unlike a regular NN, 

the layers of a CNN have neurons arranged in three dimensions: width, height, depth. 

The width and height represent image dimensions and the depth represents the image 

color channels. A simple CNN is a sequence of layers, and every layer of a CNN 

transforms one volume of activations to another through a differentiable function. 

There are three main types of layers to build CNN architectures: Convolutional 

(CONV), Pooling (POOL), and Fully-Connected (FC). A simple CNN structure for 

an image with resolution 32x32 can be INPUT – CONV – Rectifier function (RELU) 

– POOL – FC layers. Each layer is explained below:  

• INPUT [32x32x3] layer holds the raw pixel values of the image, in this case, 

an image of width = 32, height = 32, with three color channels Red, Green, 

Blue (RGB). 

• CONV layer computes the output of neurons that are connected to local re-

gions in the input, each computing a dot product between their weights and 

a small region they are connected to in the input volume. This may result in 

volume such as [32x32x12] if we decide to use 12 filters. 

• RELU layer applies an elementwise activation function, such as the max(0, 

x) thresholding at zero. This keeps the size of the volume unchanged 

([32x32x12]). 

• POOL layer performs a downsampling operation along the spatial dimen-

sions (width, height), resulting in volume such as [16x16x12]. 

• FC layer computes the class scores, resulting in a volume of size [1x1x10], 

where each of the 10 numbers corresponds to a class score, in case we have 

10 possible types of image. As with ordinary Neural Networks and as the 

name implies, each neuron in this layer is connected to all the numbers in 

the previous volume. 

 

In this way, CNNs transform the original image layer by layer from the original pixel 

values to the final class scores. Figure 7 presents an example of CNN architecture. 

The network classifies an image in five categories: car, track, airplane, ship, and 

horse. The initial layer stores the raw image pixels (left), each layer of activations 

along the processing path is shown as a column, and the last layer stores the class 

scores (right) [15]. 
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Figure 7 –  The example of CNN architecture [15] 

 

Before a CNN starts to recognize correct objects on images it needs to be trained. 

Training is a process of giving right weight values to neurons in all layers. You can 

imagine and compare a new CNN with a newborn baby that does not know the 

world. While the baby grows parents explain to the baby, how different objects look 

like. In a similar way a CNN requires a labeled training dataset to understand which 

kind of objects can be detected on images.  

The training process is called backpropagation. The backpropagation starts with ran-

domized neuron weight values. The whole process consists of four steps: the forward 

pass, the loss function, the backward pass, and weight update. During the forwards 

pass an input image is passed thought the network. As the initial weight values are 

random, the network output is random as well. Then the computation of a loss func-

tion takes place. The loss function can be defined in a different way, but the most 

common one is a mean squared error: ½ times (actual – predicted value)2. At first, the 

loss will be extremely high, so the goal of the training process is to get to the point 

where the CNN output is the same as the training label. In order to do it the loss func-

tion should be minimized. For that the backward pass is performed through the net-

work. It determines which weights contributed most to the loss and finds ways to 

tune them so that the loss decreases. Then, the last step is performed – neuron 

weights are updated.  

The process of all four steps – forward pass, loss function, backward pass, and pa-

rameter update is one training iteration. The training process is repeated for a fixed 

number of iterations for each set of training images. Number of labeled images de-

termine how well the weights of the layers are adjusted. Therefore, it is important to 

have enough labeled training data to create a neural network that predicts correct 

results. 

After conducted ML analysis it becomes clear that to give the IM ability to detect and 

segment objects a CNN network should be created or taken from available sources. 

The first option is more complicated and time consuming as it requires enough la-

beled data, CNN training, and testing. The next section describes use case analysis 

that was conducted to find which object can be detected by the IM. 

2.3    Use case analysis 
The main purpose of use case analysis was to find scenarios of how the IM can be 

used. As one of the AI features that the prototype should have is object segmentation 

(see Section 1.2), the use case analysis goal was to find the object type that can be 

segmented. I decided to show detection of one or two object types, instead of multi-

ple objects, for the demo, as the project timeframe was limited to ten months. How-
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ever, extendibility became the most important prototype requirement, so that the pro-

totype is not limited to detection of only one object type. 

I conducted meetings with domain and marketing experts to find possible IM use 

cases. The idea of the IM that can detect objects on images and interpret information 

about detected objects was explained to the experts. The main challenge was to trig-

ger their imagination and find a use case, which is feasible and realistic to finish in 

the project timeframe. 

The result of ML analysis showed that to the best available approach to perform ob-

ject detection is using a CNN model. Therefore, the second challenge of use case 

analysis was to find a labeled image dataset, required for CNN model training, or an 

available CNN model that can be used for object detection. 

Questions that were included in the meeting agenda are: 

• What kind of microscope images do users explore in different microscopy 

domains? 

• What kind of object users identify on microscope images? 

• What information about these objects is interesting and useful for users? 

• Which microscope interaction steps that are currently performed manually 

could be automated? Is there an opportunity to perform these steps by using 

the intelligent microscope and deep learning techniques? 

• Which images are labelled and available for CNN training? 

 

I discussed the IM use case with experts from three different domains – material sci-

ence, life science, semiconductors. 

2.3.1.  Material science 

EMs are used to inspect material structure and quality, when analysis of new or exist-

ing materials is performed. One of the potential task for the IM could be detection of 

material cracks. 3D printing is very popular nowadays, therefore being able to detect 

material cracks automatically can improve quality of this type of manufacturing. 

Also, a CNN can be applied to delineate materials presented on the microscope im-

ages. For instance, in metallurgy, a potential IM task could be recognition of different 

phases (states) of steel. 

Several image datasets available in Thermo Fisher can be potentially used for CNN 

training. These datasets are:  

• Images with metal cracks on the grain boundaries 

• Images with different metal phases (Fig. 8) 

• Images with different grains of material 

 

 

Figure 8 – Left: Raw image of Sn alloy phases; Right: Metal phase labels 
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The datasets were unlabeled at the period of problem analysis (March 2018). As la-

beling process requires significant effort, time and domain specific knowledge, it was 

not possible to use any of the datasets for CNN training and the prototype use case. 

The Software Advanced Technologies (SWAT) department from Brno, Check Re-

public proposed one more IM use case – material defect detection. The IM could 

inspect quality of newly produced materials, quantify and measure size of the detect-

ed defects. The FastRCNN model was used by SWAT to perform experiments with 

defect detection on available microscope images. The model was implemented in a 

deep learning framework Caffe and trained. Therefore, the model was available to 

use with the IM. Defect detection use case was considered as a potential one for the 

IM implementation. 

2.3.2.  Life science 

In the life science domain, EMs are often used for cell structure analysis. Adding 

object segmentation feature to a microscope could help to identify cell organelles and 

viruses. Then, if position of viruses and cells is known it is possible to highlight cells 

that have viruses. However, a labelled dataset with segmented viruses was absent and 

it was not possible to proceed with the virus detection use case. 

One labelled dataset that was found in the life science domain is segmented serial 

section TEM of neural tissue of the Drosophila first instar larva ventral nerve cord 

[16]. It provides labels of cell membranes, mitochondria, and synapses. Figure 9 

shows the raw image and the image with cell membranes and mitochondria labels 

next to it. The dataset was used in the AT department to train and check performance 

of several CNN models (U-net and FusionNet). These models were trained for cell 

membranes and mitochondria segmentation. Using these models, the IM can detect 

mitochondria and cells. For biologists, it could be interesting to quantify and to 

measure detected cells and mitochondria with the IM, as it is not possible to automate 

this task with the current generation of electron microscopes. Therefore, cell mem-

brane and mitochondria detection were considered as the second potential IM use 

cases. 

 

 
 

 

Figure 9 – Left: Raw image with mitochondria and cells; Right: Cell membrane (blue 

squares) and mitochondrion (red squares) labels 

2.3.3.  Semiconductors 

EMs are commonly used to perform metrology in the semiconductor domain. Micro-

scope users shared their experience of working with electron microscopes. Users 

want to focus on reliable and repeatable semiconductor metrology and semiconductor 
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fabrication, instead of focusing on microscope configuration. They would like to 

spend less time on configuring recipes, tweaking EM parameters, and worry less 

about microscope issues. 

Some experiments on how to guide semiconductor metrology with help of AI were 

conducted by Thermo Fisher Scientific. One of them was to train a segmentation 

CNN (U-net) to detect and segment silicon/germanium (Si/Ge) diamonds. 

Other IM use cases suggested by semiconductor domain experts are: 

• Detection whether metrology is possible in a microscope image with a fur-

ther selection of the right measurement template for the image 

• Detection of lamella (a small plate that holds the sample in a microscope) 

quality 

• Detection of manufacturing defects with notification of whether they hap-

pened before and how they were fixed 

• Detection and tuning of microscope parameters if the image quality is not 

suitable for metrology 

 

As in other microscopy domains, in semiconductor domain, the main challenge to 

support AI integration into microscope software is obtaining and labeling more im-

age data. Therefore, none of the suggested IM uses cases were chosen for the proto-

type. 

2.3.4.  Summary 

After use case analysis, the two possible prototype use cases were identified. The 

first use case, from the material science domain, is defect detection with the 

FasterRCNN model. The second one, from the life science domain, is mitochondria 

and cell membrane detection with the two separate FusionNet models, one to seg-

ment cells and another for mitochondria. For both use cases, CNN models were 

trained, implemented, and available to use. 

The second use case was chosen for the IM prototype implementation and demo for 

several reasons: 

• The labeled image datasets for the mitochondria and cell detection are pub-

licly available, data for defect detection is private and cannot be used in 

public demos 

• Knowledge about FusionNet model implementation (used for cell and mito-

chondrion detection) is present in the AT department 

• Defect detection FasterRCNN model implementation is already deprecated 

[30] and the labeled image dataset, used for model training, is absent 

• The mitochondrion and cell detection are both very interesting tasks to solve 

and show, as it was not possible to complete them in fully automated way 

without deep learning methods. 

 

Use case analysis showed that many interesting use case ideas were rejected due to 

absence of labeled datasets to train CNN models. This fact highlighted that one of the 

prototype requirements should be use case extendibility, as it allows to add new use 

cases to the prototype. 

2.4    Stakeholder analysis 
Stakeholders analysis was conducted to get better understanding of how people in-

volved in the project can influence it and how to approach them. 

Stakeholders of the project belong to two organizations: Thermo Fisher Scientific 

(TFS) and Technical University of Eindhoven (TU/e). The main project stakeholders, 

their interests and power were identified during use cases analysis meetings (Table 

1). 

A Stakeholder prioritization map (Fig. 10) was composed to create a communication 

plan with the stakeholders. The map shows that project stakeholders have high inter-

est in the project. Therefore, it was easy to get their attention and consult with them, 

when it was required. 
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Table 1 – Project stakeholders 

Thermo Fisher Scientific 

Name Role 
Interest  

(0-10) 

Power 

(0-10) 
Interested in 

Remco 

Schoenmakers 

Company 

Supervisor 
9 9 

Successful IM live demo, future 

budgeting of AI research 

Pavel Potocek 
AT team 

member 
7 5 

Cooperation, technical 

knowledge sharing, AI technol-

ogy promotion, demo platform 

for his experiments with neural 

networks 

EM Domain 

specialist 

TFS em-

ployees 
3 3 

Solutions for the existing EM 

domain problems (see Section 

2.3) 

Ondrej 

Machek 

TFS soft-

ware dev 

(Brno) 

6 4 

Integration of the prototype with 

the SWAT team (Brno, Check 

Republic) intelligent microscope 

project 

Technical University of Eindhoven 

Name Role 
Interest  

(0-10) 

Power 

(0-10) 
Interested in 

Mykola 

Pechenizkiy Supervisor 7 8 

Collaboration with the company, 

problems solved in the project, 

report quality 

Dmytro  

Kondrashov PDEng 

trainee 
10 8 

Knowledge and Experience in 

software design, architecture, 

development, AI. Successful 

graduation 

Yanja  

Daysuren 
PDEng ST 

manager 
7 4 

Quality of the project results, the 

status of PDEng ST program, 

relations with TFS 

 

 
Figure 10 – Stakeholder prioritization map 

 

Meeting frequency was determined based on the stakeholder interests. Weekly meet-

ings were held with the company supervisor to deliver regular progress update and 

steer the project in a right direction. Project steering group meetings with both the 
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company and the university supervisor were held monthly. Meetings with Pavel 

Potocek were organized on an ad hoc basis to answer specific project questions. 

Ondrej Machek was involved in a project (also called Intelligent Microscope) that 

was held at the Software Advanced Technologies department (SWAT) in Brno, 

Check Republic. The main idea of that project is to improve the current interaction 

with microscopes using automated action flows and chat-bot interface. Several meet-

ings were held with Ondrej to explain the ideas behind my project and discuss possi-

ble integration ways of the IM with the SWAT chat-bot project. Meetings with EM 

domain specialists were organized during use case analysis (see Section 2.3). 

2.5    Design Aspects 
The goal of the project is to design and implement the IM. It must show how existing 

microscope capabilities can be improved by adding AI to microscope software and 

how a microscope can become “intelligent”. Different design aspects can be consid-

ered while designing the IM. The most important of them were identified. These as-

pects are realizability, excitement, and reusability. They were selected from the list of 

proposed design aspects for PDEng assignments and from the ideas provided by the 

project stakeholders. The design of the IM should be optimized and created thinking 

of these aspects as the main priority. Design aspects are described in this section and 

revisited in the end of the report (Section 8.4.1). 

 

Realizability 

This aspect shows that IM design and implementation is possible using currently 

available AI methods.  

 

Indicators: 

• The IM demo that shows that created software provides not only data and 

information, but also knowledge to users 

• The source code repository and documentation on how the IM was devel-

oped are provided to the customer 

 

Excitement 

This aspect shows how microscope software and user-microscope interaction can be 

improved with AI technologies. Also, it triggers ideas for IM use cases that can be 

implemented in the future.  

 

Indicators: 

• Feedback from audience, with new ideas how the IM can be used 

• “Wow effect” during the demo. The effect should be created with new mi-

croscope capabilities not available before, such as object detection, object 

information interpretation, and conversational interface. 

 

Reusability 

The prototype must be designed considering the future growth of implementation, for 

instance the IM is able to detect new types of objects, new information and 

knowledge can be retrieved from these objects and provided to the users. This aspect 

highlights importance of extending the IM with new use cases.  

 

Indicators: 

• The prototype that implements several use cases  

• A manual on how to extend the prototype 
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3.System Requirements 
 

This chapter describes the prototype requirement gathering, depicts a requirement 

model, and shows a use case diagram derived from the requirement model. 

3.1    Introduction 
Requirement gathering is an important part of the project as it leads to the actual de-

sign and implementation of the prototype. Correctly collected requirements bring 

right project results. An important outcome of the project is to get vision on how AI 

can fit in the modern electron microscope software. Therefore, one of the project 

goals is to build the intelligent microscope (IM) and present the IM demo. The demo 

must show user interaction with an “intelligent” software system, empowered by AI. 

Two selected AI features that should be included in the prototype are object segmen-

tation and conversational interface. In result, the IM should be able to understand 

user commands via a conversational interface, detect objects on microscope images, 

and show “intelligence” by providing knowledge about the detected objects. 

The prototype requirements were split in two parts: abstract high-level requirements 

and concrete low-level requirements. High-level functional requirements were de-

rived from the project goals. Detailed low-level functional requirements were refined 

from the high-level requirements during meetings with the company supervisor, do-

main experts, and the AT team members. Techniques used during the project re-

quirements gathering phase are: 

• Brainstorming 

• Interviews 

• Prototyping 

3.2    Requirement diagram 
The requirement diagram is presented in Figure 11. It shows the IM must-have re-

quirements in green (must be implemented for the demo) and nice-to-have require-

ments in yellow (future work, not required for the demo). The diagram helps to trace 

relation between different requirements and clarifies where they were derived from. 

Also, it helps to group project requirements into abstract high-level (Tables 2 and 3) 

and concrete low-level requirements (Table 4). 

 

Table 2 – High-level must-have functional requirements 

# Requirement 

1 Show the IM live demo 

2 Control the system with voice commands via conversational interface 

3 

Show a specific “intelligent” use case – detect specific object type on microscope 

images, provide information, and knowledge about detected objects. Information 

is retrieved with help of AI and knowledge is provided by interpreting infor-

mation 

 

Table 3 – High-level must-have non-functional requirements 

# Requirement 

1 Intelligent microscope prototype shall be realizable. 

2 Intelligent microscope demo shall be exciting and create “wow effect”. 

3 

Intelligent microscope prototype shall be reusable and extendible with other use 

cases. Show several use cases (detect different objects, use different CNN mod-

els) 

4 
Intelligent microscope prototype shall include different AI features to explore as 

many opportunities of AI usage as possible 
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5 
Labeled image dataset or a trained CNN model must be available to detect spe-

cific object type 

6 The IM prototype must be finished in ten months 

 

The requirement diagram helped to map system non-functional requirements to the 

project design aspects: Realizability, Excitement, Reusability. The IM demo must 

show that the IM can be implemented with currently available AI technologies. 

Voice control and detected object information interpretation should make the demo 

“wow effect” stronger. Ability to change use cases makes the prototype reusable. 

Besides relation between requirements, the requirement diagram shows the main 

(central) functional requirement of the system. This requirement is: Detect specific 

objects on images and interpret information about the detected objects. Concrete low-

level requirements (Table 4) are derived from it. 

 

Table 4 – Low-level must-have functional requirements 

# Requirement 

1 Detect mitochondria and cells 

2 Highlight (overlay) shapes of detected objects on images 

3 
Measure and quantify detected objects. Count number of detected object, meas-

ure size of their area 

4 Interpret information about detected objects 

5 Detect relation between detected objects 

 

Mitochondrion and cell segmentation was selected as the prototype use case for the 

demo. These objects were chosen after use case analysis, as convolutional neural 

networks for their detection are available and can be used for the prototype.  

Shapes of the detected mitochondria and cell must be highlighted on the prototype 

UI, so users can observe segmentation results and find objects faster. 

Information that the IM must retrieve from detected mitochondria and cells are object 

position, size of object area, and number of detected objects. This information must 

be interpreted to prove “intelligence” of the IM. 

With information that is retrieved from mitochondria and cells possible information 

interpretation scenarios are:  

• finding big mitochondria or cells, the size of which is bigger that the aver-

age size (using size of object area) 

• finding mitochondria that are close to each other (using object position) 

• finding big mitochondria with respect to cell size, mitochondria that occupy 

more than 20% of cell area (using object position and object area) 

 

As we see from the information interpretation examples above, meta-information 

about detected objects, such as the average object size, object shape, and object posi-

tion, must be collected. Later this information is used to provide knowledge about 

objects, such which of the objects are big or which of the objects have regular shape. 

For this reason, object information must be collected to form a knowledge database 

that allows knowledge retrieval for new objects. As it was not possible to get statis-

tics about mitochondria and cells within project timeframe, the knowledge database 

was mocked with empirical data for the demo. 

As one of the prototype AI feature is object detection and all further steps, such as 

information retrieval and interpretation, are performed based on the result of it, one 

of the challenges is to get correct detection results. In case a CNN is not accurate and 

detect wrong objects, wrong information and knowledge will be retrieved. This fact 

highlighted the requirement: Mark wrong detection results and retrain a CNN. How-

ever, this requirement was not included in the must-have requirement list due to lim-

ited project time. 

Another idea of how to retrieve knowledge about detected objects is by using a web 

search query (Google, DuckDuckGo). For instance, if a detected mitochondrion is 

bigger that a normal size (stored in the knowledge database), a Google search request 

can be performed to retrieve resources with information about big mitochondria. This 
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requirement is in the nice-to-have requirement list, as it requires extra research, such 

as which internet resources should be analyzed and how to retrieve relevant infor-

mation from these resources. 

During use case analysis different ideas about possible prototype use cases were 

gathered. The requirement diagram shows potential use cases from three EM do-

mains: material science, life science, and semiconductors, in yellow. The main chal-

lenge for their implementation is to label image data and train CNNs for object detec-

tion. As I had only ten months to execute the project, prototype implementation is 

limited to mitochondrion and cell detection only, prototype extendibility is taken into 

account during design and other use cases considered to be future work. 

3.3    Scenario diagram 
Scenario diagram (Fig. 12) depicts main usage scenarios of the IM. To better under-

stand IM scenarios, consider the following user story.  

 

A microscope user turns a microscope on. The user wants to explore and an-

alyze a specimen that might contain cells with viruses. To find all these ob-

jects the user needs to acquire multiple microscope images. The user must 

explore the specimen and analyze each image, identify cells and check 

whether they contain viruses or not. Finally, if viruses are identified the user 

can analyze them to make a conclusion about viruses’ nature and how to 

treat them.  

 

Now, we can consider how the IM can help with this use case? The user goals are 

defined as: 

• Control the IM to explore the specimen – get images, move the stage, zoom 

in or out 

• Detect and analyze objects on images – find cells and viruses 

• Interpret information (get knowledge) about the detected objects – find 

which cell contain viruses, which type of virus do they contain 

 

The IM scenarios that can help to achieve user goals: 

• Control the IM via a conversational interface – ask the IM to acquire imag-

es, move the stage, zoom in or out. 

• Detect objects on the images – use CNN to detect and highlight different ob-

ject types on images 

• Run information interpretation scenarios to find specific objects – cells that 

contain viruses 

 

Voice control simplifies interaction with a microscope, users that are not familiar 

with a microscope interface can control it with simple voice commands, such as “Get 

an image, please”. As in the described user story, the specimen needs to be explored, 

commands to acquire an image and move the stage are not fully automated. There-

fore, the IM performs these commands separately, scenario with fully automate con-

trol can be performed by grouping separate commands in the sequence. For instance, 

acquire an image, move the stage, detect object, find viruses, acquire a new image, 

move the stage, etc. 

As the prototype use cases are cell and mitochondrion detection (data to create a 

CNN to detect viruses was not available), possible object information interpretation 

(knowledge retrieval) scenarios are: 

• Get big/small cells or mitochondria 

• Get biggest/smallest cells or mitochondria 

• Get big/small mitochondria with respect to cells 

• Get cells/mitochondria close to each other 

 

In result, the IM automates most of the steps in the specific object search task. The 

scenario diagram, also, 
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 presents possible information interpretation scenarios for the defect detection use 

case that was not selected for prototype implementation. Extra scenarios are present-

ed to trigger readers ideas on how else the IM can be used. 



 

 
 
 
 
 

 
Figure 11 – The IM requirement diagram 
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Figure 12 – The IM scenarios 
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4.System Architecture & Design 
 

This chapter presents the intelligent microscope (IM) 4+1 architectural model and 

project planning decisions that were made to create the model and IM design. The 

design aspects (Section 2.5) and the requirement diagram (Section 3.2) were used as 

foundation to build IM software architecture and design. 

4.1    Introduction 
While creating a software system it is important to create a plan of how to build it 

and satisfy all requirements. To be able to communicate with others how the IM is 

build, be able to see the system on different levels of abstraction, it is necessary to 

make architecture and design of the IM before implementing it. To steer the proto-

type architecture and design direction, a set of project planning decisions (Table 5) 

was made. The IM was designed following the main software architecture rules of 

thumb, which are: 

• Think of what to do before thinking of how to do it. Therefore, planning de-

cisions and IM design were made before the implementation process was 

started. 

• Think of abstract design before thinking of concrete design. As a result, the 

prototype was designed using a top-down approach starting from the ab-

stract component diagram that leads to the concrete classes and subcompo-

nents of the prototype. 

• Think of nonfunctional requirements early in the design process. Software 

design patterns were applied to fulfill nonfunctional requirements of the IM. 

• Think of software reusability and extendibility during the design process. 

The system was designed in layers that can be extended and substituted easi-

ly as well as deployed separately [17]. 

 

Table 5 – Architecture and design planning decisions and reasons for them 

 

Decision Reason 

Create the IM 4+1 archi-

tectural view model 

It helps to look at IM design from different view-

points, such as Development, Logical, Physical, 

Process, and Scenarios view. 

Create abstract prototype 

design 

It helps to see abstract components that can be used 

to create the IM. The component diagram represents 

the development view of the 4+1 model. 

Discover and decide 

which technologies should 

be used for the prototype 

It gives better understanding of the available tech-

nologies and helps to create concrete design and 

implementation of the IM. 

Create concrete prototype 

design 

It creates a starting point for the prototype imple-

mentation. 

Start implementation 

sprint planning 

It shows concrete steps of how to build the proto-

type 

4.2    The 4+1 architectural view model 
The 4+1 model (Fig. 13) was created by Philippe Kruchten [18] for "describing the 

architecture of software-intensive systems, based on the use of multiple, concurrent 

views".  

• The logical view, which is the object model of the design (when an object-

oriented design method is used) 
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• The process view, which captures the concurrency and synchronization as-

pects of the design 

• The physical view, which describes the mapping(s) of the software onto the 

hardware and reflects its distributed aspect 

• The development view, which describes the static organization of the soft-

ware in its development environment [18] 

The description of an architecture — the decisions made — can be organized around 

these four views and then illustrated by a few selected use cases or scenarios which 

become a fifth view.  

 

 
Figure 13 – The “4+1” view model [18] 

 

After finding the IM use case and defining IM software requirements, the IM archi-

tectural 4+1 model was created. The architectural model shows how the prototype 

will be implemented, but it cannot be compiled to the source code directly. The archi-

tectural model was created using Unified Modeling Language (UML) as it is the 

most famous modeling language in the field of software engineering. 

4.2.1.  Component diagram 

The component diagram represents the development view of the 4+1 model and helps 

to organize the IM software parts. 

The multi-tier architecture was chosen to build the IM. This type of architecture pro-

vides a model by which the IM implementation is flexible because functionality is 

segregated in multiple reusable and replaceable layers. 

The most widely spread type of multitier architecture is a three-tier architecture that 

is typically composed of presentation, business (domain) logic, and data storage tiers 

(Table 6). 

 

Table 6 – Three-tier architecture 

 

Tier Description 

Presentation (UI) User interface. The main function of this tier is provid-

ing a user interface and present the results of business 

logic functionality 

Business Logic (BL) This tier coordinates the application, makes logical deci-

sions, and moves data between two surrounding tiers 
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Data Storage Database tier. Here information is stored and retrieved 

by the business logic tier 

 

However, the IM business logic tier has multiple functionality, so it was additionally 

split into three separate layers to segregate functions, such as: 

• Exposing the application programming interface (API) to the UI tier (creat-

ing an application façade) 

• Making application logical decisions, which command (microscope control, 

object detection, object information interpretation) to execute and how to 

execute it 

• Detecting objects with convolutional neural networks (executing AI logic) 

 

In result, the IM architecture consists of five tiers (Table 7). 

 

Table 7 – The IM five-tier architecture 

 

Tier Description 

Presentation (UI) This tier creates a user interface and presents the results 

of performed by business logic operations 

Backend This tier exposes API to the presentation tier 

Business Logic (BL) This tier makes application logical decisions, executes 

commands, such as microscope control, object detection, 

and object information interpretation 

AI Logic AI logic tier creates an interface to access CNNs for 

object detection and segments objects on images 

Data Storage The tier that creates the IM database. IM data is stored 

and retrieved from the database by the backend tier 

 

Component diagram of the IM (Fig. 14) was designed to obtain overview of the IM 

components. The IM tiers are described below. 

 

Presentation (UI) tier 

Based on available technology research, a web-based (HTML + JavaScript) user in-

terface (UI) was chosen for the IM presentation tier. This decision gives flexibility in 

the development, as the prototype UI is not dependent on the current microscope UI 

software stack (Windows Forms). Also, chosen technology provides an opportunity 

to use a wide variety of available web-components to build the UI. 

 

Backend tier 

The interface between the UI tier and the prototype business logic tier is defined as 

HTTP-based RESTful API. The backend tier exposes this interface. It allows to 

consume the IM functionality from different UI clients, such as a web or a mobile 

application, by using a uniformed and predefined set of stateless operations. This tier 

also stores and retrieves data from the prototype database. The web framework Djan-

go was chosen to build the backend of the IM. The main reason, is that Django is 

Python based, which is the most popular programming language for AI applications 

nowadays. A wide variety of AI frameworks are implemented in Python. Therefore, 

Python is the main language for IM implementation.  

Another component of the backend tier is the IM Lex bot, which was created in 

Amazon Web Services (AWS) cloud usign Lex service. This bot creates a 

conversational interface of the IM. 

 

Business Logic tier 

The core functions of the IM – microscope control, object detection and object in-

formation interpretation are implemented in the business logic tier. The IM business 

logic tier performs user commands. It communicates with the backend tier via an 

abstract strategy interface. The StrategyManager class implements Strategy De-
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sign Pattern [31]. It encapsulates implementation of different IM functions, such as 

microscope control, object detection and object information interpretation, and let the 

business logic tier decide at runtime which function to call. As the backend tier, the 

BL tier is built in Python language.  

 

AI Logic tier 

The AI logic tier is created to distribute responsibilities of the business logic tier. 

This tier creates an interface adapter to the deep learning framework, where CNNs, 

used for object detection, are implemented. It performs inference with CNNs and 

keeps CNN interfaces in a separate tier. New CNNs can be added to the AI logic tier 

without changing implementation of the other tiers. Therefore, AI logic tier fulfills 

the system reusability requirement. TensorFlow was chosen as the main AI frame-

work for the prototype because it was used in the AT department internally for the 

experiments with neural networks and object detection. 

 

 
Figure 14 – The IM component diagram 

4.2.2.  Class diagram 

Concrete design of the prototype was created after the component diagram and avail-

able technology research were finished. The class diagram (Figure 15) depicts classes 

and data models used to build the IM. The logical view of the 4+1 model is repre-

sented by the class diagram. The IM design is described from top to the bottom tier. 

 

Presentation and backend tiers 

The presentation and the backend tiers follow the model-view-template (MVT) archi-

tectural pattern. The MVT pattern divides an application into three interconnected 

parts. This is done to separate internal representations of information from the ways 
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information is presented to and accepted by the user. Decoupling of three major 

components (model-view-template) allows efficient code reuse and parallel devel-

opment [19]. 

The presentation tier consists of HTML templates, which create the UI. Models rep-

resent data stored by the IM. Views manipulate models and execute backend tier log-

ic. Both models and views are implemented in the backend tier. For each model, the 

backend tier creates a database table where model instances are stored. The main 

responsibilities of the backend tier are providing API for the presentation tier and 

processing API requests and responses. 

 

Business logic tier 

The business logic tier was designed to decouple the IM core logic, such as micro-

scope control, object detection and object information interpretation, from the 

backend tier. It communicates with the backend tier via the StrategyManager in-

terface that is responsible for executing IM commands. As all IM commands are per-

formed via the StrategyManager they are called strategies further in the report. 

The prototype provides three strategy types: 

• Object information retrieval (object detection) 

• Object knowledge retrieval (object information interpretation) 

• Microscope control (microscope commands execution) 

 

Information retrieval strategies detect objects on microscope images using CNNs 

defined in the AI logic tier. Knowledge retrieval strategies filter detected objects and 

show specific objects, requested by a user. Microscope control strategies connect to a 

microscope and execute microscope commands, such as acquire an image, move the 

stage, image zoom. 

 

AI Logic tier 

The AI logic tier creates interfaces to access the CNNs for object detection. It simpli-

fies access to a specific deep learning framework where CNNs are implemented. For 

the IM demo, two FusionNet CNNs for cell and mitochondrion detection were im-

plemented using TensorFlow deep learning framework. The IM prototype has two 

interfaces to access these CNNs and execute object detection. One interface restores 

the CNN model in a local GPU, another interface requests the detection result from a 

remote server. The remote servers are created on EC2 instance in AWS cloud. 

 

Data tier 

Six data models (Fig. 15) were designed to store the prototype data. The data models 

of the system are represented by: 
• ImageAlbum 
• Image 
• DetectedObjectCollection 
• DetectedObject 
• Mitochondria 

• Cell 

 



 

 
 
 
 
 

 

 
Figure 15 – The IM class diagram 
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The ImageAlbum model that has one-to-many relation to the Image models. In re-

sult, images are grouped in an album. When object detection is performed on image 

instances, for each object detection strategy a DetectedObjectCollection is 

created. Therefore, the Image model has one-to-many relation to DetectedOb-
jectCollection model, as multiple object types can be detected on an image. De-
tectedObject, is a generalization for the specific objects, such as Cell or Mito-
chondrion, that can be detected by the IM AI logic tier.  

Designed data structure helps to keep related data instances linked to each other, for 

instance, all detected object collections related to one image can be retrieved from the 

database via an image instance primary key. 

A database table that stores model instances is created for each model. To simplify 

the prototype deployment an SQLite database (included in Django by default) was 

used as the prototype database. The backend tier is responsible for database man-

agement (creating, retrieving and deleting data model instances). 

4.2.3.  Activity diagram 

To describe the workflow and dynamic aspects of the prototype, the activity diagram 

(Fig. 16) was designed. It depicts the process view of the 4+1 model. Main activities 

performed by the system are: 

• Rendering the IM homepage  

• Uploading an image 

• Controlling a microscope 

• Detecting objects 

• Interpreting object information and Filtering specific objects 

• Presenting detected object results for the user 

The first activity performed by the system, when a user accesses it, is homepage ren-

dering. If there is no uploaded image in the system, a user can choose two options: 

upload it from a local storage or acquire an image from a microscope. Also, the user 

can perform other microscope control commands, such as move the stage (to explore 

a specimen) or zoom in/out. When the image is acquired or uploaded, the user can 

select one of the available object detection strategies, such as find cells or mitochon-

dria. When objects are detected on the image, the user can execute information inter-

pretation strategies to find specific objects, such as find big or small mitochondria. 

After both strategies the IM renders and presents the result with highlighted objects 

for the user.  
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Figure 16 – The IM activity diagram 

4.2.4.  Deployment diagram 

A physical view of the 4+1 model is shown on the deployment diagram (Fig. 17). 

The system was designed in such way that each tier can be deployed separately. 

However, to simplify the prototype deployment for the demo, the backend, the busi-

ness logic and data tiers are deployed on the same device. The UI tier, the IM Lex 

bot, and the AI logic tiers are deployed on separate devices. For the prototype demo, 

the system is distributed and deployed on five different devices: 

• UI client (the presentation tier) 

• IM Lex bot 

• Web server (the backend, the business logic, and data tiers) 

• Microscope PC 

• AWS EC2 AI serving servers (the AI logic tier) 

 

UI client 

The UI of the IM can be accessed from a web browser on a device such as a PC or a 

tablet. Therefore, the UI client is a device with a modern browser, such as Google 

Chrome or Mozilla Firefox. 
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To use all IM features, such as voice interface and image viewer, the browser must 

support: 

• MediaDevices.getUserMedia() method that allows microphone access 

[26]  

• OpenSeadragon, web-based image viewer [27] 

 

Lex bot cloud 

The IM Lex bot, which enables voice control of the system, is deployed in the AWS 

cloud. Setup of the IM Lex bot can be found in Chapter 5, Implementation. 

 

Web server 

The web server hosts the web backend, the business logic, and data tiers. It is a 

Windows-based computer due to dependencies on the libraty (AutoScript) that 

creates Python 3 interface to access an electron microscope and supports only 

Windows OS.  

 

Microscope PC 

It is a computer with Windows OS that has xT microscope server and Au-
toScript server (that creates microscope Python interface) running on it. This PC is 

connected to a physical electron microscope that is used for the demo. 

 

AWS EC2 (AI serving) servers 

The AI logic tier is deployed in the AWS cloud on the Elastic Compute Cloud (EC2) 

instances. Each neural network requires an EC2 instance with a GPU and Linux OS 

to install TensorFlow serving (a tool used to serve neural networks). TensorFlow 

serving is built inside a Docker container to incapsulate all the dependencies and au-

tomate build process with a docker file. A detailed manual on how to create the Ten-

sorFlow serving container can be found in the prototype GitLab repository [24]. 

 



 

 
 
 
 
 

 
Figure 17 – The IM deployment diagram 
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5.System implementation 
 

The chapter gives the initial understanding of how the intelligent microscope (IM) 

was implemented. The IM tiers implementation is described in the sections below, 

abstracted from all small details but enough to understand how the prototype was 

built. To be able to see all the implementation details, the project source code reposi-

tory should be visited [21]. 

5.1    Introduction 
Scrum methodology was chosen as a project management framework for the proto-

type implementation, as it allows flexible incremental development of the prototype 

features. Scrum was a great framework to follow for this project, as the number of 

ideas that can be included in the prototype was very high. Therefore, incremental 

development helped to clarify which prototype features can be included in the proto-

type implementation, finished in ten months, and which of the features can stay in a 

backlog as future work. 

The first implementation step was to set up a scrum board and a source code reposi-

tory. As local company GitLab server is used in Thermo Fisher for source code man-

aging, the project repository [21] was created there. A GitLab issue board was used 

as the project scrum board. The board backlog was filled with the prototype feature 

ideas while they were arising during the project. These features were prioritized dur-

ing weekly meetings with the company supervisor and developed afterward. Follow-

ing sections present implementation details of each prototype tier. 

5.2    Presentation and backend tiers 
The IM presentation tier is implemented to provide the UI. The prototype UI consists 

of HTML templates and JavaScript files. Therefore, it can be accessed via a web 

browser. To be able to request and present data the UI communicates with the 

backend tier. It implements the façade design pattern and exposes RESTful API for 

the presentation tier. API endpoints provide access to the IM data models, such as 

microscope images and detected objects (Section 4.2.2). With such an implementa-

tion model, the IM logic is separated from the UI, which make the IM extendible 

with different UI clients, for instance, mobile or desktop application. 

The prototype backend tier is implemented using Django and Django REST frame-

work. A Django project consists of internal applications that separate the project 

functionality. Typical application structure corresponds to the Model-View-Template 

architectural pattern. Therefore, Django applications include models.py, views.py 
(viewsets.py) files, templates folder. The first two files include data models 

and Django application logic and templates folder stores HTML templates used for 

the application UI. Details about Django framework can be found in the official docs 

[22]. 

To separate the IM backend tier functionality the IntMic Django project (the 

backend tier project) consist of four Django applications: 
• Imageloader 
• Imageloader_rest 
• Microscopecontroller_rest 
• Objectgetter_rest 

 

The Imageloader application is responsible for uploading user images. As it was 

the initial application created for the project it also renders the IM homepage. The IM 

UI is presented in Figure 18. 

The Imageloader_rest application exposes RESTful API endpoints to manipulate 

Image and ImageAlbum models (Section 4.2.2, Figure 16). Endpoints that manipu-

late Image and ImageAlbum models are: 
• /image-api/images/ 
• /image-api/image-albums/ 
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Instances of the model can be created using HTTP POST or retrieved using HTTP 

GET call to the endpoint. 

The Microscopecontroller_rest application exposes RESTful API endpoint to 

execute microscope commands: 
• /microscope-api/execute/ 

 

The commands can be executed using an HTTP POST call with a body that includes 

a microscope command name and the command keyword arguments. For example, 

the HTTP POST call bodies to zoom in and get an image are: 
{command: ‘zoom’, command_kwargs: ‘in’} 
{command: ‘get_image’, command_kwargs: ‘’} 

 

The endpoint does not handle an HTTP GET call because all microscope commands 

change a microscope state (stages is moved, image is acquired), therefore the com-

mands must be executed via an HTTP POST call. 

The Objectgetter_rest application exposes a RESTful API endpoint to execute 

object detection and object information interpretation strategies (commands). The 

endpoint address is: 
• /detected-object-api/detected-object-collection/ 

 

Object detection strategies can be executed using an HTTP POST call to the end-

point. The HTTP POST call is used here as the strategy creates new detected object 

model instances and changes the IM state. The call body must include a strategy 

name (an object type that should be detected). For example, the HTTP POST call 

body to find cells is: 
{strategy: ‘get_cells’} 

 

Object information interpretation strategies can be executed using an HTTP GET call 

to the endpoint. The HTTP GET call is used for the strategy as it only retrieves exist-

ing detected object model instances and does not change the IM state. A strategy 

name is specified in the HTTP URI query string. For instance, request to get big cells 

is: 
/detected-object-api/detected-object-collection/ 
?execute=get_big_objects 
&collection=get_cells_collection 

 

Source code and detailed logic how endpoints process requests can be found in a 

views.py (viewsets.py) file of a corresponding IntMic application. 
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Figure 18 – The IM UI 

 

UI Forms to trigger different API endpoints can be seen on the left panel (Figure 18). 

The image viewer with highlighted mitochondria shapes is in the center. The chatbot 

bot trigger button is situated below the viewer. The button sends requests to the chat-

bot, which enables the IM conversation interface. Implementation of the chatbot is 

described in the following section. 

5.3    Amazon Lex bot 
The AWS Lex service [23] allows building conversational interfaces for applications 

using voice and text. To be able to control the prototype with voice commands the 

IntMic Lex bot was created in the AWS cloud. The bot consists of the intents – dif-

ferent actions that the bot can perform. An audio fragment or a text message that con-

tains an intent trigger phrase should be provided to the bot. After receiving the intent 

trigger, the bot starts a preconfigured intent dialog. During the dialog, the bot asks 

questions to fulfill intent slots. Slots are specific intent values that should be provided 

by a user. The user replies to the dialog questions and provides intent slots values in 

these answers. A dialog example that triggers the IntMic bot intent to acquire a mi-

croscope image is presented in Figure 19. 

User-microscope dialog is presented below: 

User: “Hello microscope” (the utterance to trigger Greeting intent) 

IntMic bot: “Hello! I’m intelligent microscope…” 

User: “Please, acquire an image” (the utterance that triggers Control-
Microscope  intent and fulfills the command slot, in this example the com-
mand slot value is ‘get image’) 

IntMic bot: “Ok, I’ll get an image” (Bot response that indicates that intent 

is fulfilled) 
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When the intent is fulfilled the IntMic bot sends a dialog result with all slot values 

to the IM presentation tier. The dialog result message is presented below: 

 

{ 

  "dialogState": "Fulfilled", 

  "intentName": "ControlMicroscope", 

  "message": "Ok, I’ll get an image", 

  "messageFormat": "PlainText", 

  "slots": { 

    "command": "get image" 

  } 

} 

 
Figure 19 – The IM Lex bot image aquisition intent dialog 
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The IM presentation tier processes bot result messages and triggers corresponding IM 

backend API endpoints (Section 5.2). In the example presented above, the IM sends 

the HTTP POST call to the /microscope-api/execute/ endpoint with the body 

{command: ‘get_image’, command_kwargs: ‘’} and a microscope starts 

image acquisition. 

The whole chain of interaction with the prototype via conversation interface consists 

of steps:  

• Record a voice command 

• Trigger a bot intent 

• Follow the intent dialog and fulfill intent slots  

• Get a fulfilled response (JSON) 

• Trigger the prototype backend API based on the response values 

• Present the result on the UI 

 

The intents available in the IntMic bot and their required slots are: 
• Greeting 

The intent is used to greet with the user. 
• IntMicHelp 

The intent is used to present a help message with commands that the bot is 

able to perform. 
• ControlMicroscope 

The intent is used to execute microscope commands, such as get image, that 

do not require extra arguments. 

Slots: 

o Command (values: get image) 
• MicroscopeMoveStage 

The intent is used to move a microscope stage. 

Slots: 

o Direction (values: up, down, left, or right) 
• MicroscopeZoom 

The intent is used to zoom microscope image. 

Slots: 

o ZoomDirection (values: in, out) 
• RunStrategy 

The intent is used to execute object detection and object information inter-

pretation strategies. 

Slots: 

o Strategy (values: cells, mitochondria) 

o Filter (values: all, big, small, biggest, smallest, 
closest, big mitochondria with respect to cell, 
small mitochondria with respect to cells, mito-
chondria and cell)  

Strategy and Filter slots should be extended with new values when 

the IM is extended with new object detection or object information in-

terpretation strategies. 

5.4    Business logic tier 
The business logic (BL) tier of the prototype implements the core logic of the IM, 

such as object detection, object information interpretation, and microscope control. 

To access the business logic functionality from the backend tier and avoid import of 

different BL functions, an abstract strategy interface was defined. It implements 

Strategy Design Pattern [31] and encapsulates the intelligent microscope logic in the 

StrategyManager (SM) class. This class implements an execute_strategy 

method, which is called from the backend tier. The backend tier provides a strategy 

name and strategy keyword arguments for the SM, so the SM knows which strategy to 
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execute. This implementation allows to call different BL functions from the backend 

tier without direct function import. SM imports a required module (a Python script 

where a strategy was implemented) by a provided strategy name. Modules are de-

fined in three strategy_manager.py dictionaries: 

• MODULE_BY_STRATEGY, stores modules for object detection strategies 

• MODULE_BY_FILTER, stores modules of information interpretation strate-

gies 

• MODULE_BY_MICROSCOPE_COMMAND, stores modules of microscope com-

mand strategies 

 

Strategies available for the prototype demo are object detection, object information 

interpretation (called “object filter” in implementation), and microscope control strat-

egies. The dictionary names show a strategy type that should be provided to import a 

module where the strategy was implemented. For instance, a provided microscope 

command imports module with the command implementation from MOD-
ULE_BY_MICROSCOPE_COMMAND dictionary. 

When the prototype needs to be extended with new strategies, they should be includ-

ed in the dictionaries with corresponding python modules. 

 

Object detection strategy 

This strategy is called after the HTTP POST call to the objectgetter REST API 

endpoint of the backend tier. Object detection strategy accepts an image as the input 

argument and returns to the backend tier an instance of DetectedObjectCollec-
tion model that has detected mitochondria or cells. The backend tier processes the 

response and creates DetectedObject instances. The list of implemented object 

detection strategies: 

• get_mitochondria, detects mitochondria 

• get_cells, detects cells 

• get_cells_mask, detects cell mask 

• get_mitochondria_mask, detects mitochondrion mask  

 

Last two strategies were created for test purpose, to check segmentation mask pro-

vided by CNN. 

 

Object information interpretation strategy 

This strategy is called after the HTTP GET call to the objectgetter REST API 

endpoint. Object information interpretation strategy accepts detected object collec-

tions as the input argument. Detected object collections include all objects that were 

detected on an image. Detected objects are processed by the strategy to retrieve spe-

cific objects that are interesting for a user. 

To be able to retrieve knowledge about detected objects, a knowledge database (DB) 

is required. The knowledge DB stores general knowledge about detected objects. For 

instance, it stores average object size, shape, and position. Object information is 

compared with information from the knowledge DB. After comparison specific ob-

jects are filtered and retrieved. As within the project time frame it was not possible to 

aggregate enough data and create a real knowledge database, the knowledge DB was 

mocked.  

After information interpretation is performed, the strategy returns to the backend tier 

SQL query. The backend tier executes the query to filter and retrieve specific object 

instances from the prototype database. Implemented object information interpretation 

strategies are: 

• get_small_objects, filters objects smaller than the average size 

• get_smallest_objects, filters three of the smallest objects 

• get_big_objects, filters objects bigger than the average size 

• get_biggest_objects, filters three of the biggest objects 
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• get_closest_objects, filters objects that are close to each other (the dis-

tance measured between object centers closer than the distance defined in 

the knowledge database) 

• get_relat_big_mitos_in_cells 

• get_relat_small_mitos_in_cells 

 
Microscope control strategy 

This strategy is called after the HTTP POST call to the microscopecontroller 

REST API endpoint of the backend tier. Microscope control strategy accepts unique 

for a microscope command keyword argument. For instance, to move the stage the 

argument is a movement direction, for zoom – the argument is a zoom direction. The 

strategy returns a microscope image to the backend tier that is shown to the user after 

a control action is performed. Implemented microscope control strategies are: 

• get_image; no arguments required, gets an image from a microscope. 

• move_stage; input argument – movement direction (up, down, left, 
right), moves the stage in the specified direction. 

• zoom; input argument – zoom direction (in or out), zooms an image, 

zoom value is two micrometers. 

5.5    Artificial intelligence tier 
The artificial intelligence (AI) tier was created to wrap deep learning models used for 

object detection and create an easy to use object detection interface that can be ac-

cessed from the business logic tier. 

Two CNN models were used in the prototype for object detection: 

• FusionNet for mitochondria detection 

• FusionNet for cell detection 

 

The main deep learning framework used to implement both models is TensorFlow 

(TF). To be able to execute object detection, each model is served on a separate serv-

er. To increase the detection performance, it is recommended to use a server with a 

GPU instance. 

Two interchangeable interfaces were created to access the models: 

• Local detection interface 

• Remote detection interface 

 

The first interface allows to host models and perform detection locally. It is imple-

mented using TF GPU framework. When this interface is used, TF restores a model 

in GPU memory of a server and segments objects on the same server where the intel-

ligent microscope business logic is deployed. 

The second interface makes a request to a remote server to perform object detection. 

It is implemented using TF Serving, an official tool recommended to serve TF mod-

els. TF Serving is a preferred way to perform object detection as it allows the IM to 

use a remote object detection server (do not perform it locally). TF Serving creates a 

pipeline, in which after training new models and coping them to a serving directory, 

TF Serving automatically starts to serve them. As a result, training and serving are 

executed separately and old models can be used while creating a new one. The TF 

Serving framework makes it easy to deploy new model versions (Fig. 20). The 

framework provides out-of-the-box integration with TF models but, also, can be ex-

tended to serve other types of models and data [25]. 
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Figure 20 – TensorFlow Serving pipeline [25] 

 

Remote object detection with TF Serving was hosted on AWS EC2 instances. Details 

how to create TF model suitable for serving and setup TF Serving can be found in 

GitLab readme of the AI logic tier [24]. Both interfaces are implemented in fu-
sion_net.py Python module of the AI logic tier. 
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6.Verification & Validation 
 

In this chapter, I would like to verify and to validate the functionality of the proto-

type. To do verification and validation of the intelligent microscope (IM), the IM 

requirements and the project goal are revisited. The demo setup and scenario section 

describes the way the prototype was presented. 

6.1    Introduction 
To be able to verify and validate IM functionality, in the following section, I answer 

two questions: 

• Does the system fulfill all must-have requirements? 

• Is the system intelligent? (Can it be called Intelligent Microscope?) 

To answer the first one, I revisit the requirement diagram (Section 3.2) and compare 

it with the implemented IM features. To answer the second one, I revisit the 

knowledge pyramid (Section 1.1) and check whether it is possible to get knowledge 

about objects on microscope images with the IM or not. 

6.2    Verification and Validation 
To verify the IM functionality, I want to answer the question, does the software that 

was built fulfill all requirements? Therefore, I want to compare the IM must-have 

requirements (Section 3.2) with the IM features. The main functional requirement of 

the system, from which all the low-level requirements are derived, is – detect specific 

objects on images and interpret information about the detected objects. 

The FusionNet neural networks implemented in the prototype AI logic tier, create 

segmented object masks for specific objects. In the selected IM use case, these ob-

jects are mitochondria and cells. The business logic (BL) tier processes segmented 

object mask, provided by the AI logic tier. The BL tier retrieves information about 

the objects, such as contour shape, area, and position. This information is processed 

by the backend tier to create data model instances of the objects. Finally, object con-

tour overlays and number of detected objects are shown on the UI by the presentation 

tier.  

Figure 21, 22, and 23 show a raw microscope image and segmented by the IM mito-

chondria and cells on it 

 

 
Figure 21 – Raw image with mitochondria and cells acquired by a microscope 
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Figure 22 – Segmented by the IM mictochondria 

 

 
Figure 23 – Segmented by the IM cells 

 

Besides object information retrieval, the system provides knowledge about detected 

objects by executing one of the object filter strategies. The BL tier analyzes object 

information, compares it with the knowledge database, and retrieves big, small, or 

closest objects. Also, it has a specific scenario for mitochondria and cell objects that 

analyses mitochondria inside cells and filters big or small mitochondria with respect 

to a cell size. Therefore, the requirement to interpret information about the detect 

objects is also satisfied. Figures 24 and 25 show results of “filter big mitochondria 

and cells” and “filter relatively big mitochondria with respect to a cell size” infor-

mation interpretation strategies. 
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Figure 24 – Filtered by the IM big mitochondria and cells 

 

 
Figure 25 – Filtered by the IM relatively big mitochondria in cells 

 

To summarize, the intelligent microscope detects mitochondria and cells on micro-

scope images and interprets specific information about these objects. Table 8 shows 

the list of implemented must-have requirements. 

 

Table 8 –Implemented prototype low-level must functional requirements 

# Requirement 

1 Detect mitochondria and cells 

2 Highlight (overlay) shapes of detected objects on images 

3 
Measure and quantify detected objects. Count number of detected object, meas-

ure their area 
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4 Interpret information about detected objects 

5 Detect relation between detected objects 

 

The second question I want to address, to validate the IM, whether the created system 

“intelligent” or not. To give an answer, I refer to the knowledge pyramid (Section 

1.1). According to the pyramid, knowledge can be retrieved from information cogni-

tion and information can be retrieved from data processing. The intelligent micro-

scope follows the same path. It gets raw microscope images (data), processes them to 

retrieve information (mitochondrion or cell contours, size, position). Afterward, the 

IM cognits information with help of the knowledge database and gets specific objects 

knowledge, for instance it knows which mitochondria are big with respect to cell 

size. Figure 26 depicts the way IM provides knowledge for users. 

 

 

Figure 26 – The IM knowledge pyramid 

 

Implemented for the prototype demo object filter strategies show that the intelligent 

microscope knows which cells and mitochondria are bigger/smaller than the average 

size, which objects are close to each other, and which mitochondria are big with re-

spect to cell size. Therefore, for these specific use cases, the microscope software that 

was created can be called the intelligent microscope. 

6.3    Demo setup and scenario 
To be able to demonstrate the IM capabilities live and present the result of the project 

to wider audience, we decided to conduct the IM demo. The demo must show inter-

action with the IM and demonstrate all the IM capabilities. It is important to present 

during the demo all benefits that AI can bring for microscope users. The main goals 

of the demo are  

• show to the audience that AI technologies are beneficial and can improve 

microscope software (convince the audience that AI research is important 

for the future of electron microscope software) 

• trigger ideas of how else the intelligent microscope can be used (find new 

IM use cases) 

Implemented IM features that can be presented during the demo are: 

• Conversational interface (communication with the chat bot) 

• Interaction with a real microscope via conversational interface 

• Object detection (mitochondrion and cell detection with FusionNet) 

• Object information interpretation (filter and retrieval of specific objects us-

ing the knowledge database) 
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To be able to show all listed features the prototype was set up according to the de-

ployment diagram (Figure 18). Deployment was performed on two PC servers and 

AWS cloud: 

• Microscope PC 

• Intelligent microscope PC (the system backend and business logic tiers) 

• AWS cloud that hosts CNN models for object detection and the IntMic chat 

bot 

The microscope PC has installed: 

• xT server 

• AutoScript server (a microscope Python interface) 

The intelligent microscope PC has installed: 

• Python 3.6 

• Tensorflow GPU (to run object detection locally) 

• Tensorflow CPU + Tensorflow Serving (to access remote CNN models) 

• AutoScript client (to access a microscope) 

• Project Python dependencies from requiremtns.txt 

Detailed manual with steps how to deploy the intelligent microscope tiers can be 

found in the project repository readme file [21]. 

The elastic cloud compute (EC2) instances to serve CNNs for object detection were 

created in the AWS cloud. Docker containers with Tensorflow Serving were set up 

for each EC2 instance. In total, there were two EC2 instance, one for mitochondrion 

and another one for cell detection. Detailed description how to server CNNs can be 

found in the AI logic tier readme in the project repository [24]. 

The IntMic chat bot was built to serve the IM conversational interface. The bot has 

the intents described in Section 5.3. Configured intents allow to call different IM 

functions, such as microscope control, object detection. To be able to trigger the bot 

intents and start the conversational interface dialog, Thermo Fisher AWS secret key 

is required. Therefore, to perform the demo with conversational interface access to 

the key should be requested. 

The demo scenario was created to demonstrate different IM features. The scenario 

that was performed during the demo consists of the following steps: 

• Greeting the intelligent microscope and asking about its abilities 

• Acquiring a microscope image 

• Exploring area around the image using move stage command 

• Zooming in or out 

• Detecting all cells 

• Filtering only big cells 

• Detecting and filtering big mitochondria 

• Filtering big mitochondria with respect to cells 
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7.Conclusions 
 

This chapter provides the project conclusions. Results section summarizes the main 

project goals and achieved results. Future recommendations are included in the last 

section. 

7.1    Results & main lessons learnt 
The intelligent microscope project was conducted to explore opportunities of includ-

ing artificial intelligence (AI) into microscope software. AI algorithms provide solu-

tions for tasks that were not achievable for machines before, tasks, such as object 

detection and natural language processing. Therefore, to stay on the cutting edge of 

technology, achieve better user experience, and become market leaders, different 

companies that produce software systems are including AI into their products. Of 

course, the task of adding AI algorithms brings a lot of software development chal-

lenges, such as right architecture and design, technology selection, and implementa-

tion. I tackled all these challenges while conducting the project. The main project 

deliverable was the intelligent microscope (IM) prototype – a software system that is 

capable to detect objects on microscope images and provide knowledge about detect-

ed objects. The motivation of the project was to show novel microscope software 

features that can be achieved by integrating available AI algorithms into microscope 

software. 

Two selected AI features that can be integrated into microscope software are:  

• Object detection  

• Conversational interface 

 

Object detection was achieved with convolutional neural networks, the best available 

approach to perform this task nowadays. FusionNet CNNs were used in prototype 

implementation I did use case analysis to find type of objects that can be detected by 

the IM. Two selected object types for the demo are: 

• Mitochondria 

• Cells 

 

One of the main prototype requirement is extendibility, as not all type of objects can 

be detected by the IM now. The design of the IM takes future growth into account. 

Convolutional neural networks (CNN) to detect new object types can be added to the 

prototype AI tier without changing implementation of the other tiers. 

The second AI feature of the IM is a conversational interface. The prototype can 

communicate with a user via a regular dialog. The conversational interface was cre-

ated using AWS cloud and Lex Bot engine that performs natural language processing 

and recognizes human speech that is converted into IM commands. The interface is 

able to understand predefined user commands. If a command was not recognized the 

Lex Bot can ask to clarify it. During the IM testing, sometimes the bot was trying to 

“detect sales” instead of “detect cells”. Nevertheless, the Lex Bot engine has a big 

potential, can be easily extended and grow into a normal conversation, like with a 

real person. 

Besides including AI functionality, to be able to make the prototype “intelligent” AI 

results were interpreted. It showed the further way of improving microscope software 

that has integrated AI abilities. This feature is called object information interpreta-

tion. It enables movement up the knowledge pyramid for the prototype and makes the 

prototype “intelligent”. The knowledge database with the data about mitochondria 

and cells, such as average object size, average distance between objects, was created. 

When mitochondria and cells are detected, and a user wants to filter, for instance 

only big cells, the IM can compare detected object information with the object infor-

mation from the knowledge database and filter only big cells. List of available object 

filters: 
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• Big or small objects 

• Biggest or smallest objects 

• Objects close to each other 

• Big or small mitochondria with respect to cells 

 

The final IM feature is microscope control. The prototype interfaces an electron mi-

croscope, for now, it is able to acquire an image, move a microscope stage and per-

form image zoom.  

In result, the IM acquires images from a microscope, it knows where mitochondria 

and cells are on acquired images, it retrieves information about these objects, and can 

filter objects depending on their size and relative position. Therefore, it provides spe-

cial knowledge about mitochondria and cells for users. 

Overall, this project draws two important conclusions: despite the requirement for AI 

performance improvement, as object detection can provide wrong results, inclusion 

of AI in microscope software is an obvious way to improve user-microscope interac-

tion. Conversational interface simplifies microscope control, it is possible to perform 

certain commands without deep understanding how to operate a microscope. Object 

detection allows fast object analysis, as detected objects are highlighted for a user. 

Object information interpretation give a microscope ability to understand semantic 

terms, for instance, “big objects” or “big mitochondria with respect to the cell size” 

and show these objects to a user. Therefore, it is possible to communicate with the 

IM in a natural way. 

The project answered the questions, how AI can be integrated in microscope software 

and how an electron microscope can move up the knowledge pyramid by providing 

understanding of image context to microscope users. IM software design and imple-

mentation are described in Chapters 4 and 5. 

7.2    Recommendations and Future Work 
The IM prototype that was built during this project mainly serves as idea’s trigger to 

answer the question what are other IM use cases that should be created for micro-

scope users. Within ten months available for the project, I fulfilled all must-have pro-

ject requirements. All nice-to-have requirements are presented in the requirement 

diagram in yellow in Section 3.2. 

As IM includes two AI features, object detection and conversational interface, rec-

ommendations on AI side are: 

• Object detection improvements. FusionNet CNNs created for cell and mito-

chondrion segmentation can provide false positive results (detected mito-

chondrion object is not a mitochondrion in reality). Therefore, training da-

taset that was used to create the networks should be checked for correct la-

bels and the networks should be retrained to provide more accurate detection 

results. 

• For the future CNN implementations, training dataset labels should be veri-

fied and corrected by domain experts, before network training. 

• Conversational interface created for the prototype should be verified by mi-

croscope users that interact with a microscope in daily routine. It will help to 

create a natural interaction flow and increase productivity while working 

with a microscope. For now, the conversational interface provides only an 

example of how the microscope can be controlled using voice commands. 

• Performance and speed of interaction with the IM should be improved to al-

low fully natural flow of conversation. For, now requests to detect objects 

can take about 10-20 seconds till results are shown for users. 

Recommendations on how to continue with IM improvements are: 

• Use cases presented during the demo (mitochondrion and cell information 

interpretation) demonstrate possible scenarios how the IM can be used. 

Therefore, it is important to conduct more brainstorming sessions with do-

main experts and microscope users to identify other IM use cases. The pro-
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totype demo showed during this session should help to trigger more concrete 

IM use case ideas. 

• To be able to provide knowledge about detected objects and filter specific 

object using information interpretation strategies, information about objects, 

such as their size, shape, must be collected and stored. Accumulated infor-

mation must form a new knowledge database instead of the one that was 

mocked with empirical data for the demo. 

• Nice-to-have requirement (Section 3.2): Retrieve knowledge about detected 

objects by a search engine query (Google, DuckDuckGo) should be consid-

ered in the future prototype development. Implementation of this require-

ment allows to retrieve information and knowledge about detected object 

available in the world wide web and do not limit the IM to the knowledge 

database usage only. 

Regarding the prototype implementation, all not implemented ideas are listed in the 

scrum board backlog and can be checked in the project GitLab repository [21]. 
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8.Project Management 
 

In this chapter, the way of managing the projects is presented. Besides the main pro-

ject goal – build the intelligent microscope (IM) – another important challenge was 

project management. Project management is a key to the right organization of your 

workflow and delivering the right results at the right time. Therefore, for the final 

PDEng assignment, the right way of managing the project is very important, as it 

leads to balanced, stress less, and productive ten months of work with a desired grad-

uation in the end. 

8.1    Way of working 
The intelligent microscope project was initiated as an individual research study, but it 

turned out to be a development project. As the main project delivery was the working 

prototype (IM), more time was spent on trying different technologies, developing, 

and testing the prototype. Another aspect of the project that it is an individual work 

stayed unchanged, therefore IM development was conducted by the PDEng trainee. 

To be able to achieve the project goal in ten months, it was important to organize a 

right workflow. Project management consisted of creating the project plan, choosing 

the way of working, and monitoring progress together with the project steering group 

(PSG). The PSG consisted of the company supervisor – Remco Schoenmakers, the 

university supervisor – Mykola Pechenizkiy, and the PDEng trainee – Dmytro Kon-

drashov. Monthly PSG meetings were organized to present progress updates for both 

supervisors, exchange feedback, and review project planning. 

The project was executed in ten months from January 2018 to October 2018. Overall, 

the ten months were split in three phases: 

• Initiation and Planning (Jan – Feb) 

• Execution (Mar – Jul) 

• Verification and Closing (Aug – Oct) 

The first phase was used to obtain domain knowledge, conduct problem analysis, and 

prepare for project execution. The second was the longest one (five months). It was 

dedicated for the project execution and building the prototype. The last phase was 

conducted to finalize the project results, finish with documentation and presentation 

for the defense. In parallel with all three phases, I was writing the report and docu-

menting the source code (creating README.md manuals) to document the progress, 

while all performed actions are fresh in mind. After the three main project phases 

were identified, I created the project plan, which is described in the next section. 

8.2    Project Planning 
The main challenge of the project planning was to estimate the right time required for 

project activities. It was a challenge because the microscopy domain and technolo-

gies used to build the IM were new to me. 

Very often the waterfall model (long-term project plan with sequential activities) 

cannot meet all desired deadline, as it is hard to estimate time required for different 

activities, especially when you work in a new domain and with new technologies. 

Therefore, the agile methodology, which is a flexible and an iterative approach of 

developing software, is very popular for software development. However, in this 

project I tried to apply mix of waterfall and agile, to take the best parts from both 

methodologies. From the beginning of the project, I have created a project Gantt 

chart (Fig. 24) with the different project milestones (deadlines), such as  

• IM use case approval (start of February) 

• Initial prototype demo (end of February) 

• End of the prototype implementation (end of July) 

Other report chapter deadlines can be seen in Figure 27 



 

 
 
 
 

 

 
Figure 27 – The project Gantt chart 
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At the same time the Gantt chart was without concrete actions for IM development, 

testing and deployment. For the latter three activities, the scrum board was created 

and used. Therefore, it was possible to monitor how much does it take to develop 

different IM features and incrementally add new once while controlling the progress 

conducting sprint retrospectives with the company supervisor. 

In the end, mixed “agile-waterfall” approach helped to estimate how much time is 

left till the next deadline using the Gantt chart and plan concrete development tasks 

using the scrum board. 

8.3    Risk Analysis 
While the project was ongoing different risks and project task challenges were identi-

fied. A project risk table (Table 9) was created in the beginning of the project. It was 

updated with detected risks and proposed mitigation actions monthly. Risks were 

presented incrementally to the supervisors during PSG meetings. 

 

Table 9 – Project risks 

# Risk description 

P
ro

b
a-

b
il

it
y

  

S
ev

er
i-

ty
 

Mitigation action 

1 

Absence of labeled data to 

train a CNN model for object 

detection 

30% High 
Check other resources, find 

different prototype use case 

2 

The CNN model for mito-

chondria detection shows false 

positive detection results 

(wrong objects are detected) 

90% Low 

Retrain CNN model, accept 

performance as detection 

improvements is out of the 

project scope 

3 
Not all requirements can be 

implemented 
90% Middle 

Prioritize and implement the 

most important requirements. 

Clarify the reason why other 

requirements cannot be im-

plemented and keep them in 

the nice-to-have requirement 

list (future work) 

4 

Lack of experts that can con-

sult, review, and verify proto-

type implementation 

80% Middle 

Simplify prototype imple-

mentation, include advice on 

implementation changes for 

production environment 

5 

Accurate time estimation for 

development tasks is not pos-

sible 

95% Middle 

Include learning curve in 

estimated time (especially 

when new technologies are 

involved) 

6 

Distributed deployment of the 

prototype is hard to manage by 

one person 

90% Low 

Simplify deployment, use 

less distributed deployment 

(keep several prototype tiers 

on the same PC) 

7 

Prototype scenarios (prototype 

demo) is not interesting for 

domain experts  

50% Middle 

Consult with experts what 

can be improved, try to trig-

ger experts’ ideas for the 

future prototype scenarios, 

with the demo 

8.4    Project Retrospective 
When the project is coming to the end it is important to look back and reflect on it. 

Overall, the biggest personal challenge was that the project was an individual as-

signment. I think that for software development projects it is very important to share 

ideas, achievements, and technical issues daily with other people involved in the de-
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velopment process. This feedback increases quality of the deliverables and allows 

knowledge sharing. However, as the intelligent microscope project was an individual 

work, I missed this type of collaboration. 

Another challenge was to balance different stakeholder needs and my personal pro-

ject goals, which are to build a piece of software with design and implementation that 

I can be proud of and grow professionally to become a better software designer.  

Based on my personal evaluation and feedback that I received from my supervisors, I 

can conclude that I am proud of the deliverables. Software design is clear and soft-

ware quality is good. However, quality of the report can be improved. Answers on 

questions “why different project activities were performed?” could be described as 

detailed as answers on questions: “how these activities were performed?”. 

8.4.1.  Design aspects revisited 

Before I started to build the IM, three design aspects of it were identified. These as-

pects are: 

• Realizability 

The prototype that was build and the IM demo shows that it is possible to 

build the IM with currently available AI technologies. The IM can detect 

specific objects, using implemented CNNs. 

 

• Excitement 

It is difficult to judge was the excitement aspect of the prototype fulfilled or 

not? The functionality that the IM has, such as object segmentation and ob-

ject filter, is novel and shows the possible future of microscope software. 

Therefore, everybody who watched the demo is able to judge for themselves 

how “cool” is the prototype and is it exciting or not. My main attention, 

while designing the IM, was to show that the IM is a new type of software 

system that is interesting to try for microscope user. Also, the IM demo trig-

gers ideas for the future IM use cases. 

 

• Reusability 

The system was designed in tiers, they separate software functionality and 

make it easier to extend the IM. Implementation of mitochondrion and cell 

detection provide an example of how to extend the IM with minimal chang-

es in the business logic and the AI logic tiers. Strategy Design Pattern [31], 

applied to the business logic tier, creates an interface that is exposed to the 

backend tier. This interface allows to call business logic functions without 

importing them directly to the backend tier. Therefore, when new infor-

mation interpretation functions are implemented in the business logic tier, 

backend tier implementation does not change. 



 

55 
 
 
 

 

 

Glossary 
 
AI Artificial Intelligence 

 

AT Advanced Technologies 

 

AWS Amazon Web Services 

 

CNN Convolutional Neural Network 

 

DNN Deep Neural Networks 

 

EM Electron Microscope 

 

IM Intelligent Microscope or Prototype 

 

ML Machine Learning 

 

NN Neural Network 

 

PC Personal Computer 

 

TEM 

 

TF 

Transmission Electron Microscope 

 

TensorFlow 

 

TFS Thermo Fisher Scientific 

 

SEM Scanning Electron Microscope 

 

UI User Interface 
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