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ABSTRACT 

Jyri Lehto: Development of Image Processing Tools for Correlative Microscopy 
Bachelor’s Thesis 
Tampere University 
Electrical Engineering 
May 2023 
 

Correlative microscopy is a useful microscopy technique, where a particular region in a sample 
is imaged using multiple different microscopy systems. The effectiveness of correlative 
microscopy is thereby based on combining the advantages of different systems, since each 
microscopy technique has its strengths and weaknesses. For instance, light microscopy can be 
used to image large areas but with a compromised resolution, while electron microscopy 
techniques provide a better resolution but have a smaller field of view. Correlative light and 
electron microscopy is a common example of correlative microscopy, but the same principle can 
be applied to various forms of microscopy and analysis techniques. 

However, presenting the combined data from different systems is a major challenge in 
correlative microscopy since the images need to be aligned correctly for analysis. While tools for 
microscopy data alignment have been developed, a need for a custom software exists. The main 
benefit of a custom tool is the flexibility it offers since it enables adding and modifying features 
according to the needs of the users. 

In this thesis, image processing tools for a microscopy data alignment and visualization 
software are developed using MATLAB. The focus on this work is on the image processing side, 
while the complete software includes a graphical user interface. The algorithms required for the 
software can be grouped into geometric transformations, image enhancement and edge 
detection. The theoretical background of these transformations is also presented in the thesis. 
Furthermore, a tool for combining multiple images into one by a user defined expression is 
developed. This tool has its own interface, which is developed as a pop-up window. 

The resulting software is useful for microscopy image alignment and visualization. The manual 
alignment is convenient and can be done with a sub-pixel accuracy. Most of the image 
enhancement algorithms have been developed for visualization purposes, which helps in the 
analysis of the data. The developed image merging tool provides creative possibilities for 
processing the images and creating new information from existing data. The major issue on the 
image processing side of the software is the slowness of the edge detection algorithm. Otherwise, 
the software shows good results in its current state and is a potential platform for further 
development. 
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TIIVISTELMÄ 

Jyri Lehto: Kuvankäsittelytyökalujen kehittäminen korrelatiiviseen mikroskopiaan 
Kandidaatintutkielma 
Tampereen yliopisto 
Sähkötekniikka 
Toukokuu 2023 
 

Korrelatiivinen mikroskopia on hyödyllinen mikroskopiatekniikka, jossa näytteen tiettyä aluetta 
kuvataan useilla erilaisilla mikroskooppijärjestelmillä. Korrelatiivisen mikroskopian tehokkuus 
perustuu siten eri järjestelmien hyötyjen yhdistämiseen, sillä jokaiseen mikroskopiatekniikkaan 
liittyy vahvuuksia ja heikkouksia. Valomikroskopialla voidaan esimerkiksi kuvata laajoja alueita 
heikolla resoluutiolla, siinä missä elektronimikroskopialla saavutetaan parempi resoluutio 
näkökentän ollessa pienempi. Korrelatiivinen valo- ja elektronimikroskopia on yleinen esimerkki 
korrelatiivisesta mikroskopiasta, mutta samaa periaatetta voidaan käyttää useille mikroskopian 
muodoille sekä analyysitekniikoille. 

Yhdistetyn datan esittäminen on kuitenkin merkittävä haaste korrelatiivisessa mikroskopiassa, 
koska kuvien täytyy olla kohdistettu oikein analysoimista varten. Vaikka työkaluja 
mikroskopiadatan kohdistamiseen on kehitetty, räätälöidylle ohjelmistolle on tarvetta. Räätälöidyn 
ohjelmiston tärkein hyöty on sen tarjoama joustavuus, sillä se mahdollistaa ominaisuuksien 
lisäämisen ja muokkaamisen käyttäjien tarpeiden mukaan. 

Tässä tutkielmassa toteutetaan MATLAB:lla kuvankäsittelytyökaluja mikroskooppidatan 
kohdistamiseen ja visualisointiin tarkoitettuun ohjelmistoon. Työssä keskitytään 
kuvankäsittelyosuuteen, mutta valmis ohjelmisto sisältää myös graafisen käyttöliittymän. 
Ohjelmistoa varten tarvittavat algoritmit voidaan luokitella geometrisiin muunnoksiin, kuvien 
parantamiseen sekä reunantunnistukseen. Tutkielmassa esitetään myös näiden muunnosten 
teoriatausta. Lisäksi kehitetään työkalu, jolla voidaan yhdistää useita kuvia yhdeksi kuvaksi 
käyttäjän määrittämän lausekkeen mukaan. Tällä työkalulla on oma ponnahdusikkunana 
toteutettu käyttöliittymänsä. 

Toteutettu ohjelma on hyödyllinen mikroskooppikuvien kohdistamisessa ja visualisoinnissa. 
Manuaalinen kohdistaminen on kätevää, ja se pystytään tekemään pikselin osien tarkkuudella. 
Suurin osa kehitetyistä kuvan parantamiseen tarkoitetuista algoritmeista on kehitetty kuvien 
visualisointia varten, mikä helpottaa datan analysoimista. Kuvien yhdistämiseen tarkoitettu 
työkalu tarjoaa luovia mahdollisuuksia kuvien käsittelyyn sekä uuden informaation luomiseen 
olemassa olevasta datasta. Suurin ongelma ohjelmiston kuvankäsittelypuolella on 
reunantunnistusalgoritmin hitaus, jota lukuun ottamatta ohjelmistolla saadaan nykytilassaan hyviä 
tuloksia ja se toimii lupaavana alustana jatkokehitykselle. 

 
Avainsanat: Korrelatiivinen mikroskopia, Kuvankäsittely, Ohjelmistokehitys 
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1. INTRODUCTION 

Correlative microscopy is a powerful imaging technique that has become more common 

in recent years. The effectiveness of correlative microscopy comes down to the idea of 

combining the strengths of different microscopy methods. By definition, correlative 

microscopy is a technique where the same area is imaged by multiple different 

microscopy systems. [1] However, to acquire information from the sample, the 

heterogeneous data from different systems needs to be presented in a meaningful 

manner. This requires the images to be aligned. [2] For aligning microscopy data, such 

tools as CorRelator exist, but the existing tools can be designed to serve the purposes 

of some specific type of correlative microscopy [3]. Therefore, a need for a more 

universal tool remains. 

The main purpose of this work is to develop an image processing software for correlative 

microscopy and to present the theory of the related image processing algorithms. The 

developed software is meant to be versatile and to be able to handle data from various 

systems. A major advantage of a custom software is the ability to add and modify 

features in the software according to the needs of the users. A custom software also 

benefits from the fact that these implemented features can be very specific and may not 

be commercially available. The software is developed for the Tampere Microscopy 

Center in collaboration with another student. Except for a pop-up interface, the focus of 

this thesis is on the processing algorithms, as the graphical user interface is mostly 

developed by the other student. 

Because alignment of correlative microscopy data is the motivation for the work, basic 

microscopy techniques are presented in the following chapter. The theory of the image 

processing methods used in the project is described in Chapter 3. The development of 

the image processing tools is discussed in Chapter 4, and the developed software and 

some usage examples are presented in Chapter 5. The main user interface is also briefly 

discussed here to give an overview of the software. Finally, the thesis is summarized in 

Chapter 6. 
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2. MICROSCOPY BASICS 

2.1 Microscopy methods 

Light microscopy is a microscopy method where visible light is used to produce a 

magnified image either to an imaging device or directly to the user’s eye [4]. In light 

microscopy, the sample is first illuminated with a light source to increase the intensity of 

the signal. The light signal collected from the sample is then magnified using objective 

lenses. [5] Light microscopy is a versatile method which can be used to image various 

types of samples at different acquisition conditions. For example, size, temperature, or 

moisture of the sample are usually not restricting factors in the imaging. Live and moving 

objects can also be examined using a light microscope. Light microscopy also offers 

various contrast techniques which can be used to gather physical, chemical, and 

biological information. On the downside, light microscopy lacks in resolving power, i.e. 

the ability to distinguish fine details from each other in the specimen. Because the least 

spacing that can be imaged depends on the wavelength of the used radiation, this 

limitation is inevitable when using visible light as the illumination source. Albeit not 

perfect, the resolving power of light microscopy is often sufficient for many applications 

in biology and physics. [6] The resolution limit of a light microscope is typically about 

200–300 nm, the maximum magnification being 2000 x [9]. 

Utilizing electrons in the imaging process vastly increases the achievable resolution, 

which is necessary for fields such as materials science and life sciences [7]. Scanning 

electron microscopy (SEM) is a widely used form of electron microscopy. In SEM, the 

sample is scanned with an electron beam, and the different detectors record the amount 

of electrons and different types of radiation coming from each point. These emerging 

particles can then be collected and used to form the image. [10] SEM is a versatile 

method and is used on areas such as biology, geology, metallurgy, and semiconductor 

research. Compared to light microscopy, SEM provides far better resolution, typically up 

to 1–10 nm. However, the resolution is not high enough to examine samples on an atomic 

level. [7][8] A higher resolution can be achieved using transmission electron microscopy 

(TEM). With TEM, the typical resolution limit is 0.2–0.3 nm. [9] In TEM, transmitted 

electrons are used instead of the emitting particles [11]. For this reason, the sample must 

be very thin, since the electrons are not transmitted through thicker samples. Other 

drawbacks of TEM include the inability to image as large areas as with SEM and the fact 

that using TEM is more destructive to the sample compared to SEM. [10] 
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2.2 Analysis techniques 

In addition to the imaging methods discussed above, various analysis techniques exist 

to gather more specific information. These analysis techniques can be used for material 

characterization to obtain chemical and elemental information from the sample. [12] 

In electron microscopy, elemental information can be obtained using energy-dispersive 

X-ray spectroscopy (EDS). When a sample is interacting with the generated electron 

beam, X-rays are emitted. These X-ray photons can then be collected using a detector, 

which converts the rays into electrical signals. Since the energies of the X-rays depend 

on the atoms they are emitted from, each element in the sample corresponds to a specific 

amplitude of the signal. Because of this connection, the amount of a particular element 

in the sample can be obtained by counting the number of pulses with the corresponding 

amplitude. [13] 

Another method that is used to obtain elemental information from the sample is X-ray 

fluorescence spectroscopy (XRF). XRF is closely related to EDS. [13] Here, an X-ray 

beam is used to interact with the sample, causing electrons in the inner shells to escape. 

As outer electrons fill the holes, secondary X-ray photons are emitted, which is called X-

ray fluorescence. [14] XRF is mainly used to obtain elemental and compositional 

information from bulk materials [13]. 

Microscopic X-ray fluorescence (micro-XRF) is based on the same principles as XRF but 

provides a better resolution [15]. In micro-XRF, the optics that are used allow to focus 

the X-ray beam on an area of only several micrometers, while in traditional XRF, the spot 

size is typically hundreds of millimeters [14][15]. The small spot size along with other 

differences compared to traditional XRF makes it possible to gather elemental 

information as single points and maps. [14] 

Raman spectroscopy is a method to obtain various types of information from the sample 

using light microscopy. In Raman spectroscopy, monochromatic light is pointed to the 

sample. This interaction between light and the sample may cause vibrations in the 

material and corresponding energy changes in the photons. The change in the energy 

can be measured by collecting the scattering light and measuring its wavelengths. This 

provides information about the bonds between the vibrating atoms. Raman spectroscopy 

is useful in chemical fingerprinting and identification of unknown compounds in the 

sample, but it also has various other applications, like phase identification and measuring 

strain in solids. [13] 
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2.3 Correlative microscopy 

In correlative microscopy, multiple microscopy techniques are used to observe the same 

region of a sample, providing information that could not be gathered by using only one 

microscope [1]. Correlative Light and Electron Microscopy (CLEM) is a widely used 

example of correlative microscopy [2]. In CLEM, electron microscopy provides high 

resolution, but has other drawbacks, such as restricted field of view. The disadvantages 

of EM can be circumvented using light microscopy, which does not provide high 

resolution, but enables larger field of view and live imaging. [16] Combinations of analysis 

and imaging techniques, such as SEM/EDS correlative microscopy [31], can also be 

used. 

Aligning the corresponding areas in the images from different systems has various 

challenges. One challenge is distortion, which may occur because of several causes. 

For example, distortion may originate from differences between used imaging systems, 

or it can be due to possible processing steps, which may cause physical distortions. 

Additionally, each microscope produces artifacts, such as edge effects in SEM. Intensity 

patterns may also be hard to compare and the resolutions between the images often 

differ, making the alignment complicated. There are several approaches to tackle these 

challenges, such as using other similarity measures than direct intensity comparison, 

using landmarks or using a model-based approach. [2] 
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3. IMAGE PROCESSING ALGORITHMS 

3.1 Geometric transformations 

A geometric transformation is an operation that manipulates the geometry of an image 

without affecting its intensity values [17]. The resulting image may for example be a 

translated or rotated version of the original image. These two transformations are called 

rigid transformations, because they only move the object, leaving its size and shape 

unchanged. [18] Another important transformation category is affine transformations, 

which include scaling and shearing in addition to the two rigid transformations. 

Preserving parallelism is a characteristic feature in affine transformations. [19] Generally, 

a geometric transformation calculates the position of a pixel in a new coordinate system 

[17]. 

Geometric transformations consist of three parts, which are spatial transformations, 

resampling, and antialiasing [19]. Spatial transformation is a mapping function that 

indicates the connection between the location of each point in input and output images 

[19]. One way to do this mapping is by applying the spatial transformation to the input 

coordinates and copying the input pixels to the corresponding output coordinates. This 

method is called forward mapping. However, this is not straightforward, because the 

pixels are mapped from a rigid grid of integer coordinates to a deformed grid of 

coordinates made of real numbers. This causes problems on the discrete output grid, 

where some positions may be assigned multiple times, while some are left empty. Due 

to this, point-to-point mapping is not a reasonable way of mapping the coordinates. 

Methods to overcome the issues of forward mapping exist, but a more common way to 

map the coordinates is to map the output onto the input, known as inverse mapping. In 

inverse mapping, integer-valued output coordinates are mapped onto the input image. 

This is done by applying the inverse of the used spatial transformation to the output grid 

points. Because the mapped coordinates are still real values, interpolation is needed to 

obtain the pixel values for the coordinates. However, this method benefits from the fact 

that the interpolation can be done in the input image rather than in the output space. [19] 

Many two-dimensional spatial transformations can be presented using a 3x3 general 

transformation matrix. The transformed coordinates u and v can be obtained by 

multiplying the input coordinates x and y with the transformation matrix. Utilizing 

homogenous coordinates 𝑤 and 𝑤′, this transformation has the form 
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[𝑢 𝑣 𝑤′] = [𝑥 𝑦 𝑤] [

𝑎11 𝑎12 𝑎13

𝑎21 𝑎22 𝑎23

𝑎31 𝑎32 𝑎33

]. 
(1) 

The general transformation matrix can be divided into four sections based on the effect 

that the parameters have to the result. First, the 2x2 matrix 

[
𝑎11 𝑎12

𝑎21 𝑎22
] 

is responsible for rotation, shearing and local scaling of the image. Second, the 1x2 

matrix [𝑎31 𝑎32] determines horizontal and vertical translation. Third, 𝑎33 produces 

overall scaling. Finally, the 2x1 matrix [𝑎13 𝑎23]𝑇 is responsible for perspective 

changes. As an example of a spatial transformation, a clockwise rotation of theta degrees 

around the origin can be presented as 

 
[𝑢 𝑣 1] = [𝑥 𝑦 1] [

𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃 0
−𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 0

0 0 1
]. 

(2) 

Affine transformations can also be combined into a single transformation matrix by 

multiplying the separate matrices. A common feature for every affine transformation is 

the third column, which is always equal to [0 0 1]𝑇. [19] 

Transforming the actual image from the input coordinates to the coordinate grid achieved 

above is called image resampling. The resampling process consists of image 

reconstruction, also known as interpolation, and sampling. The interpolation stage aims 

to produce a continuous surface out of the discrete pixels in the input image. This is 

necessary because the output of the mapping function is not restricted to integer 

coordinates. An interpolated pixel 𝑓(𝑥) can be achieved with a convolution operation 

 
𝑓(𝑥) = ∑ 𝑥𝑘ℎ(𝑥 − 𝑥𝑘)

𝐾−1

𝑘=0

 
(3) 

where 𝑥𝑘 is a data sample, 𝐾 is the number of samples and ℎ is an interpolation function, 

a kernel. Multiple options for the interpolation kernel exist, and the quality of the output 

image highly depends on which one is used. The computationally most straightforward 

method is the nearest neighbor interpolation, where the output is simply the value of the 

spatially nearest pixel. [19] Nearest neighbor interpolation does not result in good quality, 

and thus is not often used in microscopy. Instead, linear interpolation can often provide 

the best trade-off between computational constraint and interpolation quality. [20] The 

linear interpolation kernel is defined as a piecewise function 
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ℎ(𝑥) = {

1 − |𝑥|
0

    
0 ≤ |𝑥| < 1

1 ≤ |𝑥|
 

(4) 

However, convolution is not how interpolation is usually done in practice since a 

corresponding interpolation polynomial can be used. In the case of linear interpolation, 

this polynomial is defined as 

 𝑓(𝑥) = 𝑓0 +
𝑥 − 𝑥0

𝑥1 − 𝑥0

(𝑓1 − 𝑓0) (5) 

where 𝑥0 and 𝑥1 are two consecutive points in the input data and 𝑓0 and 𝑓1 are pixel 

values in these points. The polynomials are often used in practice since it is simpler 

compared to convolution. However, kernels are still useful in terms of comparing different 

methods since they can be used to evaluate the interpolation accuracy. In addition to 

nearest neighbor and linear interpolation, more complex kernels exist and can be used 

to achieve better interpolation accuracy. The methods presented above are 1-D 

algorithms but can be rather easily generalized to image processing in 2-D space. As 

the image has been interpolated, it can be sampled with the resampling grid. This results 

in a uniformly spaced output image. [19] 

When sampling the data, the information between the sampling points is discarded. If 

the lost data in these discarded intervals is too complex to be presented with the used 

sampling rate, aliasing artifacts, such as jagged edges and moire patterns, may occur. 

The complexity of an image can be measured by spatial frequency. [19] Spatial 

frequency describes how many cycles of contrasting areas are present per some 

distance in the image [21]. In order to exactly reconstruct the image, sampling rate needs 

to be at least twice as high as the highest spatial frequency in the image. Antialiasing is 

the process which aims to diminish the aliasing distortions. One way of preventing 

aliasing is to limit the maximum spatial frequency by low-pass filtering the image before 

sampling. Even though this blurring of the input image means that the higher frequencies 

are lost, it is commonly used as it diminishes the aliasing artifacts. Another anti-aliasing 

method is to increase the sampling rate. However, the sampling rate can be determined 

by the resolution of an output device, which means that the rate can only by increased 

to a certain extent. Due to this and the fact that some images would need a very high 

sampling rate, it is not possible to prevent aliasing only by increasing the sampling rate. 

In practice, a combination of these two approaches is often used. [19] 

Geometric transformations have various uses in microscopy, including distortion 

correction, image registration, and stitching. Distortion may occur because of the optics 

in the microscope, or it can be due to physical reasons, such as slicing the sample. The 

aligning of images of the same sample is needed in image registration, which refers to 
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aligning multiple images of the same scene [22], and thereby is an important process in 

correlative microscopy. Image stitching can be used, for example, if the sample is too 

large to fit in a single image. [20] 

3.2 Edge detection 

Edge detection is a feature extraction operation which aims to extract the edges in an 

image, resulting in a line drawing-like image [23]. The edges in an image can be 

generated by different factors, for example variations in reflectance, lighting, or depth of 

scene surfaces. The resulting image edges can be classified into different categories, 

the three most common variations being discontinuities, local extrema, and junctions of 

multiple edges. Discontinuities, or steps, are the most usual type of edges, and can be 

caused e.g. by a shadow or an object hiding another. [24] In microscopy, edge detection 

is useful in identifying different regions from images. For example, in SEM imaging, edge 

detection algorithms can be used to detect voids, pores, cracks, and other features. [25] 

Edge detection algorithms usually consist of differentiation, smoothing and labeling. In 

the differentiation operation, derivatives needed to detect the edges are calculated. To 

regularize the differentiation, noise needs to be eliminated by smoothing the image. The 

order of these two operations depends on the type of the operators used, and the order 

may also be immaterial. The last operation is labeling, where the goal is to localize the 

edges and increase signal-to-noise ratio. [24] 

Smoothing reduces noise, but also results in loss of information, so a compromise 

between noise reduction and edge preserving needs to be made. The smoothing is done 

by convolving the image with a regularization filter, for example a cubic spline or a 

Gaussian kernel. The convolution area is controlled by a regularization parameter: scale. 

A larger scale results in more noise reduction, but also less details are preserved. [24] 

In the image differentiation section, the edges are localized by computing derivatives 

with a differentiation operator. Multiple options for a differentiation operator are available; 

however, gradient, Laplacian and second-order directional derivative are the most used. 

[24] An example of a gradient operator, a Sobel operator, is shown in Figure 1. The 

gradients can be computed by convolving the image in x- and y-direction with these two 

filters. [30] In general, the operators differ by their order, rotation invariance and linearity, 

and the decision depends on the characteristics of the image and the purpose where the 

detected edges will be used. The gradient is a first-order operator, and its modulus is 

non-linear and invariant to rotation. The direction of the gradient is perpendicular to the 

edge. The second-order directional derivative is also non-linear, but it is not rotationally 
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invariant. The Laplacian operator is linear and rotationally symmetric. Since linear 

operations are commutative with convolution, the order of smoothing and differentiating 

does not matter in the case of Laplacian operator, but when using for example the 

second-order directional derivative, smoothing must be done before differentiation. [24] 

 

Figure 1. Sobel operators for differentiation in x- and y-direction, adapted from [30]. 

 

Edge labeling is a process which aims to localize the edges and increase signal-to-noise 

ratio. In earlier edge detectors, the localization was done by thresholding the gradient 

modulus, resulting in non-threadlike edges. The results can be improved by using non-

maximum suppression, where a local maximum along the gradient direction is extracted. 

The signal-to-noise ratio can be improved by removing false edges, which can occur not 

only because of noise, but for other reasons, too. If edges are classified using a single 

threshold of some plausibility value like the gradient modulus, the fluctuations in the 

plausibility value can result in broken edges. To fix the issues caused by the binary nature 

of such classification, a hysteresis algorithm can be used. [24] In hysteresis thresholding, 

low and high thresholds are calculated, resulting in much better edge map compared to 

using a single threshold [26]. 

Canny edge detector aims to detect the edges without false detections, accurately in the 

right locations and without multiple responses to single edges. In Canny operator, the 

smoothing is done using a Gaussian filter, since Canny showed it to be optimal 

considering his criteria of detecting the edges in correct locations. The differentiation is 

commonly done using a Sobel filter, either separately or combined with the smoothing 

process. After differentiation, the edges are made thinner using non-maximum 

suppression. In non-maximum suppression, a point is classified as the peak of and edge 

if the edge magnitudes of both surrounding points along the gradient direction are less 

than the magnitude of the point. Since the neighborhood is discrete, interpolation is 

needed to compute the surrounding magnitudes. Finally, the edge points are connected 

using hysteresis thresholding. Here, the neighbors of a point exceeding an upper 

threshold are tested. If the value of a neighboring point is above a lower threshold, it is 

classified as an edge point and its neighbors are also searched. The edge points are 
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searched as such branches, which end when no neighbors exceeding the lower 

threshold are found. [23] The structure of the Canny algorithm is shown in Figure 2. 

 

Figure 2. Canny edge detection algorithm, adapted from  [29]. 

 

3.3 Image enhancement 

Image enhancement is a digital process which aims to increase image quality [27]. In 

microscopy, noise can be present in the images and the instruments may have different 

limitations. Various image enhancement techniques can be used to make certain 

features more prominent in the image and to ease image analysis. Even though 

enhancement can be helpful in image analysis, the amount of inherent information in an 

image cannot be increased. Image enhancement can be applied to both grayscale and 

color images. When enhancing color images, making use of different color spaces is 

helpful. [20] 

The colors of an image can be presented with different color spaces, each having their 

own properties and applications. RGB (red, green, blue) and HSI (hue, saturation, 

intensity) are commonly used formats. In RGB color space, the resulting color is specified 

using the amounts of red, green, and blue in the color. Whereas RGB space suits well 

for displaying color images, HSI color space is more useful for some image processing 

because the color and lightness information are separated. [28] Since images can be 

projected from RGB to HSI color space, an image can be first converted into HSI format 

for processing and then returned to its original color space. In HSI color space, the image 

can be treated as a grayscale image by modifying only its intensity channel. [20] Some 

of the various enhancement algorithms that can be applied to the intensity values are 

discussed below. 
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Contrast stretching is a way of enhancing the contrast of an image by scaling the intensity 

values to a specified range. This may be needed because of lighting conditions when 

acquiring the image, or due to limitations either in the capturing device or in the display. 

[27] A linear stretch of intensity values can be written as a mapping 

 
𝑔 =

𝐼 − 𝐼1

𝐼2 − 𝐼1

(𝐼𝑚𝑎𝑥 − 𝐼𝑚𝑖𝑛) + 𝐼𝑚𝑖𝑛. 
(6) 

Here, 𝐼1 and 𝐼2 are the minimum and maximum of the original image, 𝐼𝑚𝑖𝑛 and 𝐼𝑚𝑎𝑥 are 

the minimum and maximum of the desired intensity range, and 𝑔 is the stretched image 

where intensity 𝐼 in the original image is to be mapped. In addition to this linear mapping, 

numerous nonlinear intensity scaling operations also exist. [20] 

Histogram equalization aims to increase the contrast by modifying the histogram of 

intensity values into a more uniform histogram. The largest contrast is achieved by 

equally using each intensity level, however, due to the discrete nature of the intensity 

values, the result is usually not perfectly uniform. [27] In addition to contrast 

enhancement, histogram equalization makes comparing images easier. Histogram 

equalization transformation can be expressed as 

 

𝑠𝑖 = 𝑇(𝑟𝑖) = ∑
𝑛𝑖

𝑛

𝑖

𝑗=0

, 𝑖 = 0, 1, … , 𝐿 − 1 

(7) 

where 𝑟𝑖, the gray value with index 𝑖 is mapped into a new gray value 𝑠𝑖, 𝑛𝑖 is the number 

of pixels with a gray value of 𝑟𝑖, 𝑛 is the total number of pixels and 𝐿 is the number of 

gray levels in the image. Furthermore, 𝑇 is the cumulative distribution function of the 

normalized histogram. The histogram flattening effect of the operation is based on the 

fact that the number of possible gray values is finite. [20] 
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4. DEVELOPING THE SOFTWARE 

4.1 Processing algorithms 

The implemented geometric transformations include image translation, rotation, scaling, 

and stretching. A subpixel accuracy for image alignment was required, and therefore 

each of these transformations has been implemented by interpolating the image from a 

coordinate system to another. This makes it possible, for example, to shift an image by 

a step smaller than one pixel, which is beneficial when fine aligning data.  

To completely visualize a translated or rotated image, the missing pixels outside the 

spatial domain of the input image need to be added. For example, when rotating an 

image, the output image needs to be larger in order to not cut the corners of the rotated 

image. This results in empty areas in the output image. In this implementation, these 

areas are filled with additional black pixels. However, these additional pixels should not 

be shown to the user. To cope with this issue, each image has an associated map of 

Boolean values indicating which pixels should be visible in the displayed image. For an 

unmodified image, all the pixels should be visible, and therefore the map only consists 

of ones. When a transformation is applied, the map undergoes similar processing as 

described above. Because of this, the missing areas in the map are also filled with zeros, 

and therefore are not visible in the result. 

A custom edge detection algorithm was implemented for the software. The developed 

method is inspired by the Canny edge detector discussed earlier, but certain parts of the 

algorithm have been simplified. First, the image is smoothed using a Gaussian filter. A 

minimal 3-by-3 mask is used, because the data is expected to be rather noise-free. 

Second, maps containing the gradients and their magnitudes are calculated using a 

Sobel filter. Third, non-maximum suppression was used to make the detected edges 

thinner. This was needed because the edge information in the gradient magnitude map 

was not accurate enough to identify regions. The gradient direction map required for non-

maximum suppression was calculated and the directions were rounded to the closest 45 

degrees. Due to the rounding, the neighbors of a pixel in the gradient direction always 

exist, and no interpolation is needed. Finally, the image is thresholded to obtain a binary 

black-and-white image. Here, only a single threshold value is used to determine whether 

a pixel should be black or white. The actual intensity threshold for the pixels is a quantile 

which divides the values above and below a cumulative probability 𝑝. By default, this 

probability 𝑝 was set to be 0.9, which resulted in a good compromise between solidness 
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of the edges and false detections. Altogether, the developed method is close to the 

Canny detector. The main differences are the rounding of gradient directions and not 

using hysteresis thresholding.  

Various image enhancement algorithms are developed to help in the analysis of the 

images. To increase contrast, both histogram equalization and contrast stretching 

algorithms are implemented. Since the microscopy images are often color images, the 

images are first converted into HSV space, and the contrast enhancement algorithms 

are then applied to the value channel. In addition to contrast algorithms, a brightness 

adjustment function is implemented by processing the image in the HSV color space. 

Here, the change in brightness is obtained by simply multiplying the value channel by a 

given scalar. It is also made possible to change the color of an image by manipulating 

the hue channel of an image. To change the color, the user can choose from seven 

different colors. After the selection, the color of an image is changed by setting each 

value in the hue channel to the value corresponding to the selected color. 

4.2 Pop-up interface for image merging 

A pop-up user interface where images can be merged was developed for the software 

using MATLAB App Designer. The goal of the pop-up window was to make it possible to 

merge images based on an expression which the user can define and to visualize in real-

time the result of the merging in the interface. Furthermore, the pop-up interface gives 

the possibility to save the current result and to export it back into the workspace of the 

main app. When the merging UI is opened, to each image from the main workspace is 

assigned a unique label. The images and the labels are then put into a dictionary and 

shown as a list in the UI. The reason for using labels is to make it possible to write an 

expression in the edit field using the labels as variables. The expression string is then 

converted into a function handle using str2func-function. 

However, the raw images can’t be used for merging. The images might have different 

sizes, or they might be transformed so that they are not in the same position. The solution 

to this issue was to use only the intersection of each image. Using only the overlapping 

area is also a good solution because many operations, such as adding or subtracting 

matrices, require the image matrices to have the same size. 

Furthermore, the merging needs to be applied only to the intensity values. For this 

reason, the function is applied only to the intensity values of the HSV color space. 

However, as the merging does not apply to the color information, the hue and saturation 



14 
 

values need to be assigned explicitly. The hue value was arbitrarily chosen to be 0.5, 

and saturation was set to the maximum value of 1 for clear visualization. 
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5. RESULTS AND DISCUSSION 

5.1 Graphical user interface 

In the main interface, the project can be managed, and different operations can be 

applied to images in the workspace. The main GUI of the developed software can be 

seen in Figure 3. 

 

Figure 3. Overview of the main user interface. 

 

Images can be loaded and grouped under different tags. For example, images originating 

from a certain type of microscope could be placed under the same tag, as it is done in 

Figure 3. In addition to the transformations developed in this work, the GUI also contains 

a few additional features. These include cropping and zooming, which are useful in the 

aligning and visualization of the data. The image transformations discussed earlier can 

be applied from the two tabs in the bottom of the interface. 

5.2 Transformation experiments 

The geometric transformations work correctly and are convenient to use for the 

alignment. The transformations can be applied using the interface shown in Figure 4. 

Here, the user can select the step size for adjusting the values. As seen in the figure, the 

step size can be a float value, which enables a sub-pixel accuracy for each geometric 

transformation. 
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Figure 4. The user interface for geometric transformations. 

 

Results of the edge detection algorithm are good, but the computation takes a long time. 

An example of a detection can be seen in Figure 5, where edges of a SEM image were 

detected. Due to the non-maximum suppression, the resulting edges are thin, making it 

possible to accurately identify different regions. The edges can also be clearly 

distinguished because the function thresholds the result into a binary image. In this 

example, 𝑝 = 0.95 was used as the threshold parameter. 

  

Figure 5. Edge detection of a cropped SEM image. 

 

Contrast enhancement by stretching the intensity value range turned out to be useful for 

visualization. In Figure 6, an XRF image has been enhanced using the stretching 

algorithm. Utilizing the whole intensity range increases the contrast and enhances the 

details. However, increasing contrast with histogram equalization algorithm resulted in 

too much contrast in most cases, and is not useful as it is. Adaptive histogram 
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equalization using a default MATLAB function was seen to perform better, and the option 

to use that was added to the software. 

 

Figure 6. Effect of contrast stretching on XRF data. 

 

5.3 Alignment example 

The performance of the software was tested by aligning SEM, EDS, and Raman data in 

pursue of bringing out occurrences of calcium and anorthite from a ceramic sample. The 

overview of the sample has been imaged using SEM, while the elemental composition 

has been acquired using EDS and different compounds present in the sample are 

detected using Raman spectroscopy. The result of the alignment experiment can be 

seen in Figure 7. 
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Figure 7. Aligned and processed SEM (grayscale), EDS (cyan), and Raman (red) 
data. 

 

The appearance of the images was modified with the developed algorithms to better 

distinguish the data from each other. As can be seen in Figure 7, the aligned data is 

presented using different colors. Here, calcium is shown in cyan and anorthite is shown 

in red. The grayscale image in the background is the SEM data. To show only the 

strongest occurrences of certain element or compound, lower intensity values have been 

removed by changing the active pixel map that the software uses for rendering each 

image. 

All the developed geometric transformations were useful in this alignment example. To 

first align the EDS and SEM data, the EDS image needed to be downscaled and shifted 

to the right position. Here, subpixel accuracy in vertical shifting was used to fine tune the 

alignment. Before the alignment, the EDS image was cropped to remove excess 

information. After the SEM alignment, the Raman image was aligned by shifting and 

upscaling the image. The image is also slightly rotated for better alignment. 
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5.4 Merging example 

The merging tool was tested using EDS data from the same ceramic sample which was 

used in the previous example. Here, the potassium layer was simply subtracted from the 

calcium layer. The EDS data and the result of merging are shown in Figure 8. 

   

Figure 8. Calcium, potassium and a merged image. 

 

This simple example shows how the merging tool can be used to extract useful features 

from the images. In this experiment, the interface of the two elements has become visible 

in the result. In general, the merged data may already be scientifically interesting, but it 

can also be useful for alignment purposes. This is because of the fact that well-defined 

features such as the interface in this example can ease the alignment process. The 

alignment example shown in Figure 7 could benefit from this merged image, as the data 

used here is from the same sample. 

This example also shows that by merging existing data it is possible to create new 

information. The result of subtracted calcium and potassium data is actually the same 

anorthite occurrence as in the alignment example in the previous chapter. However, the 

anorthite map obtained by merging EDS data is over three times larger than the anorthite 

map from Raman analysis. Imaging an anorthite map of the same size using Raman 

technology would be a lot more time-consuming. 

The example shown here is simple, but more complex operations are possible. As the 

merging expression is converted into a MATLAB function, any installed MATLAB 
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functions can be used as long as images are accepted as an input for the functions. This 

enables the use of more creative ways for processing the data. 
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6. CONCLUSION 

In this thesis, useful algorithms for microscopy image alignment and visualization were 

examined and a software for manual microscopy image processing was developed. In 

the software development, the focus was on the image processing algorithms rather than 

on the GUI development. Tools for correlative microscopy alignment exist, but a custom 

software benefits from its flexibility, as the software can be modified as needed. 

Furthermore, the goal was to develop a general tool for various types of data, not 

necessarily limited to correlative microscopy. 

The developed software shows good results for presenting correlative microscopy data. 

The geometric transformations needed for image alignment are effective, and the 

subpixel accuracy in each transformation provides a convenient way for fine alignment. 

Most of the enhancement algorithms are also useful for visualizing the data, depending 

on the properties of the original image. For example, contrast stretching can bring out 

details in an image as seen in Figure 6 and color transformation is useful when showing 

different data at the same time as in Figure 7. Finally, the developed merging tool 

provides a creative way of processing images. The tool can be used to extract new 

information from original images with simple expressions, but it also provides the 

possibility to experiment with more complex operations. 

Some algorithms still need refinement to be useful for image visualization. The 

conventional histogram equalization was found out to not be a suitable enhancement 

method for most microscopy images, and a default MATLAB function performing 

adaptive histogram equalization was used instead. Another drawback in the developed 

processing methods is the slowness of edge detection. While the results are fine, the 

detection takes a lot of time especially when processing large images. Optimizing the 

edge detection algorithm is needed to decrease the execution time. 

The tool is already useful, but the software is also a promising platform for further 

development. In addition to fixing the issues discussed above, an option for automatic 

image alignment could be considered. Currently, the software is only meant for manual 

alignment, but an automatic approach could significantly speed up the workflow. 
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