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Abstract 

Measuring the behavior of organisms from a video is a powerful technique in many scientific fields, but 

is in general very expensive and time consuming to perform and lacks standardization. Some examples 

of behavioral treats are activity, sociality, aggressiveness and tendency to explore. Previous methods of 

measuring some of these behavioral treats from a video required a person to watch through the videos, 

equipped with a timer, paper and pencil. This method is not good, since it is hard to standardize due to 

the human element. Also, it is ineffective since a person has to watch the video. In order to solve the 

two problems, a previous project group at Umeå University developed a prototype measuring chamber, 

TAO, to detect behavioral changes, over short and long time scales of aquatic organisms exposed to 

external stimuli using a computer to do automatic video analysis. It was found that the external stimuli 

was hard to standardize and the long term tracking was not sufficiently robust.  

In this work the methodology of long-term tracking has been further developed to solve the lack of 

standardization problem, while taking the time aspect and robustness of the method into account. The 

project resulted in two different experimental setups, both using a blob tracking algorithm approach to 

find the position of the organisms when iterating through a video. The first setup was designed to track 

four isolated aquatic organisms in 2D simultaneously for 20 hours. A mirror was added to make the 

setup capable of viewing the organisms from two angles, allowing tracking in 3D. This second setup 

was designed to track multiple aquatic organisms in one arena while maintaining the identifications of 

each organism. The first setup resulted in a system capable of detecting individual differences and 

differences between groups of individuals. It could be standardized and produced consistent results. The 

second setup was successful in tracking isolated organisms in three dimensions as well as tracking 

multiple organisms in three dimensions. However the second setup was not successful in guaranteeing 

the retaining of the identifications during a long-term tracking scenario. These results suggest that the 

first setup is a viable starting point in the standardization of behavioral measurements. The second setup 

would however need some additional work in order to successfully do multiple-organism tracking with 

id-preservation. 

  



 

 

Sammanfattning 

Att mäta organismers beteende från en video är en kraftfull teknik inom många vetenskapliga områden, 

men är i allmänhet mycket dyrt och tidskrävande att utföra och saknar standardisering. Några exempel 

på mätbara beteenden hos ett djur är aktivitet, socialitet, aggressivitet och tendenser till att utforska. 

Tidigare metoder för att mäta dessa beteenden från en video krävde att en person tittade igenom videor 

med en organism, utrustad med ett tidtagarur, papper och penna. Den här metoden är inte bra, då den är 

svår att standardisera på grund av den mänskliga faktorn. Dessutom är det ineffektivt då en person måste 

titta igenom videon. För att lösa dessa två problem, utvecklade en tidigare projektgrupp vid Umeå 

universitet en prototyp av en mätkammare, TAO. Detta för att upptäcka beteendeförändringar, över korta 

och långa tidsskalor, hos vattenlevande organismer då de utsätts för ett yttre stimuli. Man fann att det 

var svårt att standardisera stimuli och att långtids-spårningen inte var tillräckligt robust. 

I detta arbete har metodiken för långtids-spårning utvecklats ytterligare. Projektet resulterade i två olika 

experimentuppställningar, där båda använde sig av klumpspårningsalgoritm. Den första uppställningen 

utformades för att spåra fyra isolerade vattenlevande organismer i 2D samtidigt under 20 timmar. En 

spegel lades till för att kunna visa organismerna från två vinklar, vilket möjliggjorde spårning i 3D. 

Denna andra uppställning var utformad för att kunna spåra flera organismer i samma arena utan att 

förväxla identifikationerna mellan organismerna. För den första uppställningen blev resultatet ett system 

som kan upptäcka individuella skillnader och skillnader mellan grupper av individer. Den skulle kunna 

standardiseras och producerar konsekventa resultat. För den andra uppställningen blev resultatet ett 

system som kan spåra ensamma organismer i 3D, den kan också spåra flera organismer samtidigt i flera 

dimensioner. Däremot lyckades inte den andra uppställningen med att garantera att organismerna inte 

oavsiktligt förväxlas under en långtidsspårning. Detta antyder att den första uppställningen är en möjlig 

utgångspunkt i standardiseringen av beteendemätningar. Den andra uppställningen skulle däremot 

behöva en del extra arbete för att lyckas med spårning av flera organismer med garanterat id-bevarande. 
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1. Background 
Being able to measure the behavior of animals in a video is a very useful analytical tool in many sciences 

including ecology, ecotoxicology and medicine. Measuring the behavior of individuals or a group can 

for example provide novel information not accessible by other methods. By comparing the behavior of 

an organism (insect, fish, etc.) before and after the exposure of a substance (medicine or chemical), can 

indicate if the substance affected the organism (Réale, Reader, Sol, McDougall, & Dingemanse, 2007). 

Comparing behaviors of several groups of animals allows the detection of effects of genetic 

modifications or individual deviations. When investigating the influence of daily care products and 

drugs on the wildlife animals, the typical measure of toxicity is done by pouring poison into a container 

with animals and- tracking the mortality rate of the populations, i.e., - at what toxic concentration the 

animals started dying. The behavioral changes in animals appear at far lower concentrations, which is 

why studying the behavioral changes is a more justified measure of toxicity (Klaminder, Jonsson, Fick, 

Sundelin, & Brodin, 2014). Measuring and analyzing the behavioral changes of animals is, however, 

expensive, time demanding and lack a standardized approach. The need for a time efficient standardized 

system of behavioral measurements is eminent in this area and needs to be developed.  

The power of modern computers, cameras and memory allows cheaper and more powerful methods of 

recording and analyzing videos of the organisms. To analyze videos at first glance the simplest method 

would be to simply look through the video, equipped with a timer and a pencil, writing down the 

behaviors seen. This is however very time consuming and thus expensive. The major problem is 

however that the inexactness of the person makes standardization (easily reconstructed by someone else) 

between different experiments impossible. Using a computer to analyze videos of the organisms is a 

faster and cheaper method, but could provide false-positive data if the algorithms used for tracking is 

not robust. Therefore, care must be taken when developing the algorithms used for tracking. 

A first prototype measurement system – Tracker of Aquatic Organisms (TAO) was designed to assess 

and analyze videos of aquatic organisms in movement. The system was developed as a student project 

in the course Design-build-test at Umeå University. TAO allowed for short-term and high-framerate 

behavior studies of aquatic organisms fleeing from applied stimuli. The purpose of that project was to 

find a time-efficient and cheap method to automatize and standardize the measurements of behavioral 

treats in aquatic organisms.  

In this master thesis, TAO was used as a starting point and modified to develop two new prototypes 

designed to perform robust long-term tracking. The first was designed to be simple and reliable, 

measuring the movements of an isolated organism in 2D only, since this is enough for several types of 

studies. It could be used as a reference when standardizing measurements of long-term behavioral 

analysis. A well working setup should be able to track four isolated organisms simultaneously with high 

accuracy for up to 20 hours and with as low computational time as possible. The second setup was 

designed to track organisms in 3D, requiring a different experimental approach. The system should first 

of all be capable of tracking isolated organisms in 3D.  Secondly the 3D setup should also be capable of 

tracking multiple organisms simultaneously, tracking each individual without switching identities 

between individuals. This should be done with high accuracy and robustly enough to allow for long-

term tracking situations.  
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2. Method and algorithms 
In this section algorithms and tools needed to understand the concept of tracking objects in a video 

sequence will be discussed. For this particular tracking we tested a background subtraction algorithm 

together with a feature extraction method. The background subtraction algorithm calculates how the 

video frames would look like without the tracking object, and calculates the difference between this 

background frame and the running video frame. A feature extraction method is used to find information 

about the tracking object in a frame. These features are preferably found in close proximity to or on the 

tracking object, enabling the tracking between different frames of a video.  

2.1. Background subtraction approach 
To detect an object in an image there are some requirements for the image quality. The object obviously 

has to have a different light intensity (grayness) than the background. This means that it is harder to 

detect a white object on a white background than a dark object on a white background and vice versa. 

At Figure 1 (a) a typical frame with four organisms, taken from the TAO-system is shown. At a first 

glance a method of detecting the organism would be to select pixels above a certain threshold value. 

This method was used by TAO and would require an extremely good background without artifacts. In 

Figure 1 (b) the resulting frame, using this method, is shown. Even though the organisms are clearly 

darker than the background, problems with artifacts will occur. 

 

Figure 1. A typical frame with four fish is shown in (a), and two artifacts are highlighted with green 

circles. Choosing pixels above a threshold value generates the (b) figure, showing some artifacts as well 

as the tracking objects. 

  

(a) (b) 
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There are many advantages with using a background subtraction algorithm to track objects, but it also 

has some drawbacks. Background subtraction is a very good method when the light source intensity is 

constant, the camera is not moving and the tracking objects are continuously moving. A typical 

running frame is shown in Figure 2 (a). Background subtraction is used by finding a background 

image, and then subtracting this background from the running frame. A typical background image is 

shown in Figure 2 (b). Calculating the difference between the background image and the running 

frames yields a difference frame, showing the objects as seen in Figure 2 (c). One drawback with 

background subtraction is that false features on the tracking object could be found in the difference 

frame of Figure 2 (c). This happens when the non-white background artifacts (as seen in Figure 1) 

interact with the tracking object. It is important to consider this when implementing the feature 

extraction technique, background subtraction does not remove artifacts from the video; it ignores 

them. However, background subtraction is still a powerful algorithm when tracking objects in a video 

as long as this is considered. 

 

Figure 2. A typical running frame is shown in (a). In (b) a typical background image is shown. The 

difference between a typical running frame and the background frame is shown in (c). 

  

(a) (b) (c) 
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2.1.1. Finding the background image 

Finding the background image can be done by using a running average method, i.e., simply averaging 

over the recent frames. A typical algorithm for background subtraction is seen in Algorithm 1. 

 
Algorithm 1. Used to find an initial background image, and update it while iterating through a video. 

The reason to why we cannot simply use the initial background image for the entire video is that 

during long-term tracking situations is trouble with feces or other small objects, maybe some small 

light variations or camera tilting. The constant updating of the background frame is a great way to 

increase the stability and robustness of the program. One problem with the updating method arises 

when an object is not moving for a long period of time. The non-moving object will slowly become a 

part of the background, gradually becoming invisible. This is not a problem for isolated objects as one 

can assume constant position when they are not visible. However for multi-tracking it is impossible to 

retain the id-preservation when all objects are not visible. I will later refer to this problem as the “sleep 

problem”.  

2.2. Feature extraction methods 
A feature extraction method is used to find information about objects in an image. This could be done 

by looking for specific patterns in the pixels of the image. In this section some specific extraction 

methods will be discussed. Since long-term tracking is supposed to work for many hours, the run time 

of the algorithm is important to take into account when deciding which one to use. A method with low 

image quality requirements is also good, partly due to the video memory usage and partly due to the fact 

that a lower amount of pixels will further reduce the run time. In this thesis work four methods were 

briefly investigated before deciding to use a blob tracking algorithm to find the tracking object in an 

image. In this section the three extraction techniques will be briefly described, then the blob tracking 

method will be further investigated.  

2.2.1. Template matching tracking 

Template matching tracking is a method that uses a template image, and looks for this template within 

the frame. One problem with this method is that aquatic organisms tend to bend and spin a lot, meaning 

their shape and features will become inconsistent. This inconsistence makes the idea behind template 

matching ill-matched to the problem at hand. One solution would be to use a library of templates, but 

this would increase the computational time and would thus not be good for the causes of this project. 

2.2.2. Fingerprint matching tracking 

An approach used by (Pérez-Escudero, Vicente-Page, Hinz, Arganda, & de Polavieja, 2014) uses an 

identifying fingerprint to track organisms. This method can retain the identifications of all organisms 

Get an initial background image by averaging over the first 1000 frames. 
𝐵𝐹 = the initial background image. 
𝐷𝐹 = the difference frame, initialized to a zero matrix with the sizes  
   of a frame. 
𝛼 = an updating constant, 0 ≤ 𝛼 ≤ 1. 
While 𝐹 = next frame in the video { 
 For 𝑝 = each pixel in the frame { 
  𝐵𝐹(𝑝)  =  𝛼 ⋅ 𝐹(𝑝) + (1 − 𝛼) ⋅ 𝐵𝐹(𝑝). 
  𝐷𝐹(𝑝) =  𝐹(𝑝) − 𝐵𝐹(𝑝). 
 } 
} 
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during a multiple-organism tracking (henceforth multi-tracking) 2D situation. Using this method in a 

multi-tracking situation is powerful, but it has some drawbacks. It requires around 150 pixels per 

organism to work properly, and processes videos very slowly in comparison to other methods. 

2.2.3. Feature tracking 

Feature tracking is a wide and very useful field within the science of image analysis. Feature tracking 

algorithms recognizes sets of features in an image, and tracks the displacements, rotations and 

expansions of these sets of features. Examples of common feature extraction algorithms are SIFT and 

SURF algorithms (Panchal, Panchal, & Shah, 2013). These algorithms are often used with Kalman 

filtering (Kalman, 1960) to predict and track the features between sets of frames. If a feature tracking 

algorithm is to be successful it has to be able to find several features per tracking object, requiring many 

pixels per object. 

2.2.4. Blob tracking 

Blob tracking is the simplest type of feature extraction method with respect to time complexity, blob 

size, as well as implementation. This technique only finds the mean position of the tracking objects in 

the image, and can thus only use the mean position of the object to track the movements during the 

video. The idea is to divide the pixels in an image into two groups by using a threshold value, preferably 

using the background frame. The pixels above the threshold value, henceforth blob pixels, should be 

used to determine the position of the object. As can be seen in Figure 3, the algorithm works well with 

the background subtraction algorithm. The white pixels in Figure 3 (b) forms islands (blobs) of 

connected pixels and needs to be grouped together before calculating the position of that blob.  

The positional data retrieved from a blob tracking algorithm will be a bit noisy. This is caused by some 

of the organism’s pixels being close to the threshold value, resulting in a varying amount of blob pixels 

frame by frame. The noise is random, but the amplitude of it is depending on the total amount of pixels 

of the blob. 

 

Figure 3. In (a) an image from a background subtraction algorithm is seen. In (b) the blob pixels are seen 

as white pixels. The mean position of the objects are marked. 

A connected-component labeling algorithm is used to group the blob pixels that are connected to each 

other together, forming blobs. A one-pass connected-component labeling algorithm is seen in Algorithm 

2 

(a) (b) 
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Algorithm 2. A one-pass connected-component labeling algorithm. This implementation uses the four closest neighbors 

to find blob clusters. 

 

 

  

𝑇 = pixel threshold value.  
𝑁𝑄 = the neighbor queue, initialized as an empty queue. 
𝐼 = image intensity data. 
𝑖𝑑 = 1.  
𝑥 = new empty list. 
𝑦 = new empty list. 
For 𝑝𝑥 = 1:frame width { 
 For 𝑝𝑦 = 1:frame height { 
  If 𝐼(𝑝𝑥, 𝑝𝑦) > 𝑇 { 
   𝐿𝑋 = new empty list.  
   𝐿𝑌 = new empty list.  
   Add 𝑝𝑥 to 𝑁𝑄. 
   Add 𝑝𝑦 to 𝑁𝑄. 
   While 𝑁𝑄 is not empty { 
    𝑛𝑥 = first element in 𝑁𝑄.  
    Remove the first element from 𝑁𝑄. 
    𝑛𝑦 = first element in 𝑁𝑄.  
    Remove the first element from 𝑁𝑄. 
    𝑛2𝑥 = [𝑛𝑥 − 1, 𝑛𝑥, 𝑛𝑥, 𝑛𝑥 + 1]. 
    𝑛2𝑦 = [𝑛𝑦, 𝑛𝑦 − 1, 𝑛𝑦 + 1, 𝑛𝑦]. 
    For 𝑛2 = 1:4 { 
     If 𝐼(𝑛2𝑥(𝑛2), 𝑛2𝑦(𝑛2))  > 𝑇 { 
      Add 𝑛2𝑥(𝑛2) to 𝑁𝑄. 
      Add 𝑛2𝑦(𝑛2) to 𝑁𝑄. 
     } 
    } 
    Add 𝑛𝑥 to 𝐿𝑋. 
    Add 𝑛𝑦 to 𝐿𝑌. 
    Let 𝐼(𝑛𝑥, 𝑛𝑦) = 0 to make sure it is not iterated over again. 
   } 
   𝑥(𝑖𝑑) = mean(𝐿𝑋). 
   𝑦(𝑖𝑑) = mean(𝐿𝑌). 
   𝑖𝑑 = 𝑖𝑑 + 1. 
 } 
} 
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In the connected-component labeling algorithm seen in Algorithm 2 the four closest neighbors are used 

when iterating through the blob pixels, but eight or even more neighbors could also be used with similar 

results. To know how fast the algorithm is, one can study the time complexity of it. The time complexity 

of the one-pass connected-component algorithm is linearly proportional to the number of pixels in the 

image, meaning the computational time per frame in a video will increase linearly with the number 

pixels in the frame. This implementation uses a first in first out queue when iterating through the blob, 

this means it will iterate in a width-first fashion, as can be seen in Figure 4. The implementation could 

however use any type of queue while keeping the speed and the precision. The position of the blob is 

calculated by averaging the position of each pixel in the blob in the two dimensions separately. Some 

frames will contain noise, small shadows or small reflections, generating small false blobs. These false 

blobs could be filtered away by using a threshold value on the size of the blobs before saving them. For 

our purposes it is however better to store too much data than too little in this step of the algorithm, as 

the run-time of the feature extraction step will be so large. 

 

Figure 4. A simple example of how a width-first one-pass algorithm steps through the pixels of a frame. 

The position of the blob is calculated by averaging the x- and y-coordinates of every pixel.  
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2.3. Linking algorithm 
The data obtained by a blob feature extraction algorithm only contains information about positions of 

blobs in each frame. To analyze the movements of one individual tracking object, we need to isolate 

what information belongs to which object. A linking algorithm is used to link the observed object seen 

in frame 𝑖 together with the same displaced object, as seen in frame 𝑖 + 1, while iterating through the 

blob feature extraction data frame by frame. The problem is illustrated in Figure 5. Linking between two 

consecutive frames is done by creating a cost matrix, where one cell in the matrix contains the likelihood 

of object 𝑗 (as seen in frame 𝑖) having moved to the position of a blob 𝑘 (as seen in frame 𝑖 + 1). In this 

cell the cost is calculated by using the pixel distance between the two. The algorithm to generate the 

cost matrix for one frame follows: 

 

Algorithm 3. Algorithm to generate the cost matrix for a 2D case. 

  

𝐽 = the number of organisms in the arena. 
𝐾 = the number of observed blobs in frame 𝑖. 
𝑇 = threshold value for the minimal amount of pixels allowed for a blob. 
𝑥𝑂𝑟𝑔 = the x-positions of every organism in frame 𝑖. 
𝑦𝑂𝑟𝑔 = the y-positions of every organism in frame 𝑖. 
𝑥𝐵𝑙𝑜𝑏 = the x-positions of every observed blob in frame 𝑖 + 1. 
𝑦𝐵𝑙𝑜𝑏 = the y-positions of every observed blob in frame 𝑖 + 1. 
𝑠𝐵𝑙𝑜𝑏 = the sizes (number of pixels) of every observed blob in frame 𝑖 + 1. 
𝐶𝑀 = the cost matrix (a matrix of size 𝐽 × 𝐾 initially filled with zeros). 
For 𝑗 =  1 ∶  𝐽 { 
 For 𝑘 =  1 ∶  𝐾 { 
  If 𝑠𝐵𝑙𝑜𝑏(𝑘)  >  𝑇; 

   𝐶𝑀(𝑗, 𝑘)  = √((𝑥𝑂𝑟𝑔(𝑗) − 𝑥𝐵𝑙𝑜𝑏(𝑘))
2
 +  (𝑦𝑂𝑟𝑔(𝑗) − 𝑦𝐵𝑙𝑜𝑏(𝑘))

2
). 

 } 
} 
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Figure 5. Illustration of the problem, solved by the linking step of the algorithm. The ‘Blob’ marker refers to the 

observed blob as seen in frame 𝒊 + 𝟏. The ‘Organism’ markers refer to the organisms as seen in frame 𝒊. The cost matrix 

basically contains the lengths of the links seen in the figure. 

Calculating the cost matrix is the first step in the linking process. To use the cost matrix, we need a way 

of determining what the best combination of cells in the cost matrix is. Note that a certain row or column 

should only be used once. Using a greedy pathing algorithm to step through the matrix to find the best 

path is often good enough and will sometimes fail if two objects are close to each other. This is done by 

simply picking the best match for every organism. The greedy pathing is seen in Algorithm 4. 

 

Algorithm 4. Greedy pathing algorithm. 

  

𝐶𝑀 = the cost matrix. 
𝐽 = the number of organisms in the arena. 
𝐵𝑃 = the best path (a vector of length 𝐽 initially filled with zeros). 
For 𝑗 = 1: 𝐽 { 
 𝐵𝑃(𝑗)  = the position of the lowest value in 𝐶𝑀(𝑗, ∶). 
} 
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The greedy pathing is great when the tracking objects are not close to each other and it resolves most 

links with a time complexity of 𝐽2 × 𝐾, 𝐽 being the number of organisms in the arena and 𝐾 is the 

number of observed blobs in a frame. The greedy pathing is not good enough in some situations when 

the organisms are close to each other, which could be resolved by a shortest path pathing algorithm. If 

the greedy pathing fails (i.e. the best path vector contains the same value several times), a recursive 

function with a worst-case time complexity of 𝐽! will be used. This method is more complicated; it goes 

through all possible paths in the cost matrix, and finds the best path by comparing the total costs. The 

recursive function algorithm is seen in Algorithm 5. 

 

Algorithm 5. The recursive function algorithm that finds the best path in the cost matrix. 

  

Function 𝑟𝑒𝑐𝑢𝑟𝑠𝑒𝑃𝑎𝑡ℎ𝑖𝑛𝑔(𝐽, 𝐾, 𝐶𝑃, 𝐶𝐶, 𝑘, 𝐶𝑀, 𝐵𝑃, 𝐵𝐶) 
𝐽 = the number of organisms in the arena. 
𝐾 = the number of observed blobs in the frame. 
𝐶𝑃 = the current path (a vector of length 𝐽 initialized to zeros). 
𝐶𝐶 = the current cost (a value initialized to zero). 
𝑘 = the current column (an integer initialized to 1). 
𝐶𝑀 = the cost matrix. 
𝐵𝑃 = the best path (a global vector of length 𝐽 initialized to zeros). 
𝐵𝐶 = the best cost (a global value initialized to a very large value). 
For 𝑗 =  1 ∶  𝐽 { 
 If 𝐶𝑃 contains 𝑗 { 
  Continue. 
 } 
 𝑡𝑒𝑚𝑝𝑐𝑜𝑠𝑡 =  𝐶𝐶 +  𝐶𝑀(𝑗, 𝑘). 
 If 𝑡𝑒𝑚𝑝𝑐𝑜𝑠𝑡 > 𝐵𝐶 { 
  Continue. 
 } 
 𝐶𝑃(𝑘)  =  𝑗. 
 If 𝑘 <  𝐾 { 
  𝑟𝑒𝑐𝑢𝑟𝑠𝑒𝑃𝑎𝑡ℎ𝑖𝑛𝑔(𝐽, 𝐾, 𝐶𝑃, 𝑡𝑒𝑚𝑝𝑐𝑜𝑠𝑡, 𝑘 + 1, 𝐶𝑀, 𝐵𝑃, 𝐵𝐶) 
 } 
 Else { 
  𝐵𝑃 = 𝐶𝑃. 
  𝐵𝐶 = 𝑡𝑒𝑚𝑝𝑐𝑜𝑠𝑡. 
 } 
} 
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3. Experimental setup 
In the project two similar long-term experimental setups were built to measure different behavioral 

treats. Both of the setups were based on the Tracker of Aquatic Organisms (TAO), developed in a student 

project. The first setup was the 2D isolated tracking setup, further described in section 3.2, capable of 

tracking four isolated organisms at the same time. This setup was used by (Swärd, 2015), shortly 

described as using the 2D isolated tracking setup to track and analyze the behavior of around 120 fish. 

The second setup is the 3D multi-tracking setup, further described in section 3.3, and was developed to 

perform multi-tracking with guaranteed id-preservation using a mirror approach. The two setups are 

similar, but allows for different types of studies. 

3.1. Tracker of Aquatic Organisms (TAO) 
TAO allowed for the measuring of short-term behavior of organisms fleeing from an induced danger 

source. A schematic of the setup is shown in Figure 6. The student project ended up with a wooden 

white-painted mesocosm box (Figure 6c), equipped with a high-speed camera (Figure 6b) able to track 

medium-sized aquatic organisms between 1 cm and 8 cm. It recorded the arena (Figure 6d) from above 

allowing only for 2D tracking. To make the cleaning easier, the arena is completely made out of glass. 

A high-speed camera requires dc-light for constant light intensity, which is why TAO uses dc-diodes of 

white light for illumination. It is thus important not to let light from other sources into the arena 

environment. To eliminate shadows from the organisms in the arena floor, the diodes are directed toward 

the arena from the sides of it as seen in Figure 6. The setup allows for consistent constant light intensity, 

and a good background for tracking. A webcam was also tested to track an organism for a long period 

of time, with moderate success.  

  
Figure 6. The measurement system as set up by the previous project. The parts seen in the picture are: 

(a) a computer with matlab and a high-speed camera software, (b) high-speed camera, (c) mesocosm box, 

(d) tracking arena made of glass, (e) lighting system (dc-diodes). When tracking a white enclosure wall 

is put in front of the setup to block incoming light. 
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3.2. 2D isolated tracking setup 
The 2D isolated tracking setup is a part of the result of the thesis work and was designed to increase the 

number of organisms allowed per tracking session in comparison to TAO, but still only allowing the 

tracking of isolated organisms. In the work by (Swärd, 2015), this setup was used to track four fish 

simultaneously. It is equipped with four tracking arenas as seen in Figure 7. The four arenas are made 

out of glass, meaning reflections are present during tracking. A webcam (Logitech HD Pro Webcam 

C910) with a webcam software is used to obtain and compress videos. A light source of white diodes 

with constant light intensity is directed towards the white box inner walls to illuminate the organisms 

while reducing shadows. The webcam is fixed directly above the arenas. This setup allows for the 

tracking of four isolated organisms at the same time.  

The quality of the videos produced by the setup is good enough to perform blob tracking. The setup 

generates frames as seen in Figure 8. The webcam and software allows recording at 600 × 800 pixels 

at 23fps (frames per second). The blob sizes vary from 15 to 100 pixels depending on the size of the 

organism. The shadows are barely visible. The setup is good enough for a blob tracking algorithm but 

does not have enough pixels per organism to perform other feature extraction techniques. 

 

Figure 7. The measurement system as set up in the first step of this project. The arena is split into four 

separated smaller arenas and the camera is switched for a webcam. The parts are: (a) computer with 

webcam software, (b) webcam (Logitech HD Pro Webcam C910), (c) white mesocosm box, (d) four 

tracking arenas, (e) lighting system (dc diodes). When tracking a white enclosure wall is put in front of 

the setup to block incoming light. The right picture is taken from the work by (Swärd, 2015). 

 

Figure 8. A typical running frame generated by the 2D tracking setup. The four organisms are isolated. 



13 

 

 

3.2.1. Method description 

MATLAB was used to analyze the video produced by the hardware. The software developed for the 

setup roughly consists of three steps: 

1. Find the blobs.  

2. Link the blobs together.  

3. Convert the positional data to behavior scalar values.  

The first step uses a background subtraction algorithm (as described in section 2.1) followed by a blob 

finding feature extraction method (as described in section 2.2.4). For each frame the background image 

is slightly updated with an updating constant of 𝛼 = 1/1000. To deal with the sleep problem the 

background frame is updated on all pixels except the pixels close to the organisms. This is a good method 

to increase the robustness of the updating scheme. The position and size (i.e. number of pixels) are stored 

for each blob in preparation to the linking algorithm. This first step is the time-consuming part of the 

algorithm, due to the time complexity being dependent on the number of pixels per frame. The second 

step uses the linking algorithm, as described in section 2.3. It uses the greedy pathing when possible, 

and switches to the recursive pathing when the greedy pathing fails.   

In the second step the blob data from step 1 is used to determine the movement of the organisms. The 

blob file is iterated through, linking every fish of frame 𝑖 to the closest blob in frame 𝑖 + 1. The fish 

movements are stored for analysis. For this case, using isolated organisms, the linking step would be 

very simple, as only one blob should exist in the arena. However, due to the reflections in the walls, a 

shortest-path linking algorithm is implemented even in the case of isolated organisms. This is a neat 

solution to ignore the reflections in a video, as the reflection blob will be farther away from the recorded 

organism position than the true organism blob, generating a higher cost in the cost matrix. 

When calculating the total distance covered, the noise from the blob feature extraction algorithm (as 

described in section 2.2.4) will imply a false distance covered. To deal with the noise we use an 

averaging filter directly on the positional 2D data separately. The width of the filter is set to 3 seconds. 

This will greatly reduce the effect of the noise, but also implies a smoothed velocity data curve. The 

calculation of the velocity is done by using the difference in position between two frames, using equation 

(1); 

 
𝑣𝑖 =

√(�̃�𝑖 − �̃�𝑖+1)
2 + (�̃�𝑖 − �̃�𝑖+1)

2

Δ𝑡
, 

 

(1) 

 

where 𝑣𝑖 is the velocity at frame 𝑖, the position is described by �̃�𝑖 and �̃�𝑖 (centimeters from the 

corresponding arena edge) of the organism at frame 𝑖, Δ𝑡 is the time between the frames 𝑖 and 𝑖 + 1. 

Similarly, this velocity is used to calculate the acceleration, as seen in equation (2); 

 𝑎𝑖 =
𝑣𝑖 − 𝑣𝑖+1

Δ𝑡
, (2) 

   

where 𝑎𝑖 is the acceleration at frame 𝑖. 

After the linking and filtering is done the program uses the large amounts of positional data to obtain 

scalar values that could be used to analyze the behavior of the organism. From the positional data a 

velocity plot is calculated by taking the difference in position between each set of two consecutive 

frames. When the velocity plot is available the calculation of scalars like maximal velocity, average 
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velocity, total distance moved or the average velocity when the organism is moving are very straight 

forward. These behavioral values are in some sense related to activity or impulsiveness. The software 

also divides the arena into two zones of the same area, one “middle” zone and one “edge” zone. The 

time spent in these different zones are used as indicators of risk taking or exploration. All output 

values are calculated for each hour to allow for analysis over time. The analytical possibilities once the 

positional data is known are immense, and this step of an algorithm should be tailored to the purpose 

of the particular behavioral study. 

3.3. 3D multi-tracking setup 
The 3D multi-tracking is a slightly modified version of the 2D isolated tracking setup, but this setup is 

designed to allow for the acquiring of 3D data as well as for multi-tracking. The largest problem with 

multi-tracking is occlusions, occurring when two or more fish swim close to or over each other. This 

causes blobs to melt together, causing eventual loss of identity. The problem is illustrated in Figure 9. 

In the 2D setup we used a blob tracking algorithm system to track isolated organisms, a simple task 

since occlusions never can occur. The 3D setup is designed to solve the occlusion problem by using a 

mirror. 

 
Figure 9. The problem with occlusions and loss of id is demonstrated. In frame 𝒊 the blobs are separated 

and have an id. In frame 𝒊 + 𝟏 the blobs swim to close to each other, causing an occlusion. After some 

frames of occlusions it is impossible to guarantee id of the fish when only using blob tracking. 

One common method to deal with the occlusion is to predict the movements of the organisms during the 

event. The prediction algorithms are good if the objects are moving predictably during the whole event, 

which could be true for some organisms. It is however not possible to guarantee the retaining of 

identifications after the event if you cannot distinguish the individuals in any other way than following 

them frame-by-frame. For long-term tracking situations it is thus not a good idea to completely rely on 

prediction if we want to guarantee id-preservation. 
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3.3.1. Arena design 

Glass is a good material when designing the tracking arena, but it can also cause problems with 

reflections. Using glass is cheap, relatively easy to work with and no chemicals are released into the 

water, which is a requirement when working with the effects of drugs. However, as demonstrated in 

Figure 10, reflections can occur. Mirror-like reflections in the glass-water or water-air surfaces appear 

when the surface is dark, meaning the reflections in the floor are eliminated if the floor is bright. 

Reflections also appear when the angle of inclination is large. This generates reflections, as seen by the 

camera, in the sides of the arena. There are ways of dealing with some reflections, such as using anti-

reflective coated glass or aligning the camera with the surface generating the reflection. The anti-

reflective coating used in this project was used on three of the walls as well as on the floor. Aligning the 

camera with the reflective fourth glass wall solved the reflections (as seen by the camera) in that surface. 

Tilting the mirror allowed for camera alignment in line with the water surface to prevent reflections 

there. 

 

Figure 10. The camera will record two fish when only one fish is present due to reflections. 

Positioning the light source properly is a good way to remove eventual shadows. To record good videos 

of the object being tracked some light source is needed. With a careless positioning of the light source, 

shadows from the object might appear. By moving the light source to the side of or below the arena the 

problem will be eliminated. One good method would be to have light sources from below as well as all 

the sides, if the camera is recording from above. This would eliminate all possible shadows that would 

interfere with the tracking. 
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One method to remove occlusions is to record from different angles. This is also proposed by (Delcourt, 

Denoël, Ylieff, & Poncin, 2013) as a method of tracking in three dimensions. This can be achieved by 

using multiple cameras or mirrors, as illustrated in Figure 11. If an occlusion occurs in one window, one 

could use the others to retain the identification after the event, since the occlusion cannot take place at 

the same time in the second window. 

 

 

Figure 11. Three potential camera-mirror setups. In the figure; (a) means camera, (b) means mirror, (c) 

means anti-reflective coated glass surface, (d) means normal glass surface. As floor to the arenas we use 

anti-reflective coated glass. 

The choice of arena setup as well as lighting was set up to allow for tracking in 3D without any shadows 

or reflections. The easiest setup seen in Figure 11 was used, one camera with one mirror. Four anti-

reflective coated glass surfaces as walls and floor was used to remove reflections and aligned the glass 

wall surface and the water surface with the camera. After some experimentation with the lighting of the 

arena it was decided that the diodes should be positioned behind the glass wall opposite of the mirror, 

to give a clear view of the fish in both the mirror and from above. The experimental setup can be seen 

in Figure 12. The setup allows for clear vision of the fish from two angles. 

   

Figure 12. The experimental setup for the 3D multi-tracking setup to the left. The camera view to the 

right. Note that the glass wall and the water surface are aligned with the camera view. 
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3.3.2. Method description 

Generally the algorithm for the 3D multi-tracking setup is similar to one of the 2D setup. The main 

difference is one added step. The general algorithm for the 3D setup is: 

1. Find blobs. This step is identical to the first step in the 2D setup. 

2. Connect blobs from the left window with blobs from the right window and save the resulting 

3D position.  

3. Link the blobs together. This step is nearly identical to the second step in the 2D setup with the 

only difference of the added third dimension when calculating the cost matrix. 

4. Analyze the movements. 

Steps 1, 3 and 4 are almost identical to steps 1, 2 and 3 from the 2D setup respectively. We will look 

more closely into the connecting part. From a frame containing an organism in the 3D setup two blobs 

will be found; one in the from-above view and one in the mirror view. The problem to solve is that only 

the position of blobs in the video are found by step 1, we still do not know which blob in the mirror view 

should be connected with what blob in the from-above view.  

To gain further understanding of this connection problem, we begin with defining a new relative 

coordinate system, it is shown in Figure 13. These axes will adopt values in the interval 0 ≤

𝑋, 𝑌, 𝑍1, 𝑍2 ≤ 1. Since the 𝑍-coordinate is recorded twice for an organism, the 𝑍1-value of a blob in 

the from-above view could be compared to the 𝑍2-value of a blob in the mirror view. Once the relative 

position of two blobs are known, it is easy to determine whether it is reasonable that the two blobs 

belong to the same organism. The new problem to solve is how to retrieve these relative axes. 

 

Figure 13. To the left: The mirror-camera setup is seen, with the coordinate system used. To the right: 

The background frame for the 3D setup. The two windows can be seen, the right one is seen through a 

mirror. Note that the z-coordinate will be recorded in both the mirror and from above. 
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Obtaining the relative axes of a blob could be done by comparing its pixel position with the pixel position 

of the walls in the frame. A first-glance method of rescaling would be to look at Figure 14, and use the 

pixel position at the lines shown. For example; a blob 𝑃1 (as seen in Figure 14) has an 𝑥 and a 𝑦 pixel 

coordinate. Rescaling the 𝑥-coordinate (henceforth 𝑃1𝑥) is done by using the pixel position of the line 

𝑋 = 0 and the line 𝑋 = 1. And the rescaling of the 𝑦-coordinate (henceforth 𝑃1𝑦) similarly uses the 

pixel position of the line 𝑍1 = 0 and the line 𝑍1 = 1. Continuing with the blob 𝑃2: the rescaling of 𝑃2𝑥 

uses the lines 𝑌 = 0 and 𝑌 = 1, and finally the rescaling of 𝑃2𝑦 uses the lines 𝑍2 = 0 and 𝑍2 = 1. After 

this rescaling, all that is needed to get a 3D position is to compare every 𝑍1 to every 𝑍2. If a blob pair 

has similar 𝑍-values, the two blobs should be connected.  

 

Figure 14. The first-glance method of rescaling would be to use the two highlighted rectangles to go from 

pixel-coordinates to the relative scale. The pixel scale is also shown in the top left corner. 

Using this first-glance method is however not exact enough. The threshold value when comparing 𝑍1 

to 𝑍2 has to be set to a very large value if all true blob pairs (pairs that should be matched) are to be 

found, and the 3D data will be inexact. This inexactness stems from the perspective of the camera. An 

illustration of the problem is seen in Figure 15. To rescale a from-above blob 𝑃1 properly, its 𝑌-position 

must be taken into account. If the organism is positioned at the surface, the 𝐴-rectangle should be used. 

An organism that is positioned at the floor of the arena should use the smaller 𝐵-rectangle. Using a 

similar thought process for the rescaling of 𝑃2 means that an organism positioned close to the mirror 

wall (𝐷) should use the 𝐷-rectangle when rescaling, and when the organism is far from the mirror wall 

(𝐶) the rescaling should use the 𝐶-rectangle. 

   

Figure 15. When the organism is at the floor of the arena, the from-above window will need a different 

rescaling than when the organism is at the water surface. Similarly, when the organism is close to the 

mirror, the mirror window will need a different rescaling than when the organism is far from the mirror. 
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The final solution to the connection problem ended up using the rectangles of Figure 15, taking the 

camera perspective into account, some points of interest are highlighted in Figure 16. Terminologically, 

the pixel position of the highlighted points of interest are, like previously, split into 𝑥 and 𝑦. For example, 

𝐴1 has the pixel coordinates 𝐴1𝑥 , 𝐴1𝑦. If 𝑋 = 1 the rectangle spanned by 𝐶1 and 𝐶2 is used to calculate 

𝑌 and 𝑍2. Similarly, if  𝑋 = 0 the window spanned by 𝐷1 and 𝐷2 would be used to calculate 𝑌 and 𝑍2.  

 

Figure 16. Some highlighted points of interest used to transform the pixel scale seen in the figure to a relative scale. 

Every marked point has two pixel coordinates, 𝒙 and 𝒚.  

Using a linear transition between the two rectangles in the mirror window gives the equation for 𝑌 and 

𝑍2 as: 

 
𝑌 = (

𝑥2 − 𝐶2𝑥

𝐶1𝑥 − 𝐶2𝑥
 ) 𝑋 + (

𝑥2 − 𝐷2𝑥

𝐷1𝑥 − 𝐷2𝑥
 ) (1 − 𝑋), 

 

𝑍2 = (
𝑦2 − 𝐶2𝑦

𝐶1𝑦 − 𝐶2𝑦
)𝑋 + (

𝑦2 − 𝐷2𝑦

𝐷1𝑦 − 𝐷2𝑦
) (1 − 𝑋). 

 

 

(3) 

 

 

Using a similar reasoning gives us the equation for 𝑋 and 𝑍1 as: 

   

 
𝑋 = 1 − (

𝑥1 − 𝐴2𝑥

𝐴1𝑥 − 𝐴2𝑥
 ) 𝑌 − (

𝑥1 − 𝐵2𝑥

𝐵1𝑥 − 𝐵2𝑥
 ) (1 − 𝑌), 

 

𝑍1 = (
𝑦1 − 𝐴2𝑦

𝐴1𝑦 − 𝐴2𝑦
)𝑌 + (

𝑦1 − 𝐵2𝑦

𝐵1𝑦 − 𝐵2𝑦
) (1 − 𝑌). 

 

 

(4) 

 

 

Using equation (3) and equation (4) to form a matrix system to be solved with the MATLAB backslash 

operator yields equation (5). 
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[
 
 
 
 
 
 
 
 
 

1 0
0 1

(
𝑥1 − 𝐴2𝑥

𝐴2𝑥 − 𝐴2𝑥
 ) − (

𝑥1 − 𝐵2𝑥

𝐵1𝑥 − 𝐵2𝑥
 ) 0

(
𝑦1 − 𝐵2𝑦

𝐵1𝑦 − 𝐵2𝑦
) − (

𝑦1 − 𝐴2𝑦

𝐴1𝑦 − 𝐴2𝑦
) 0

(
𝑥2 − 𝐷2𝑥

𝐷1𝑥 − 𝐷2𝑥
 ) − (

𝑥2 − 𝐶2𝑥

𝐶1𝑥 − 𝐶2𝑥
 ) 0

(
𝑦2 − 𝐷2𝑦

𝐷1𝑦 − 𝐷2𝑦
) − (

𝑦2 − 𝐶2𝑦

𝐶1𝑦 − 𝐶2𝑦
) 0

1 0
0 1

]
 
 
 
 
 
 
 
 
 

[

𝑋
𝑍1
𝑌
𝑍2

] =

[
 
 
 
 
 
 
 
 
 1 − (

𝑥1 − 𝐵2𝑥

𝐵2𝑥 − 𝐵2𝑥
 )

(
𝑦1 − 𝐵2𝑦

𝐵1𝑦 − 𝐵2𝑦
)

(
𝑥2 − 𝐷2𝑥

𝐷1𝑥 − 𝐷2𝑥
 )

(
𝑦2 − 𝐷2𝑦

𝐷1𝑦 − 𝐷2𝑦
)

]
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

(5) 

 

 Equation (5) allows us to obtain the relative scaled position of two blobs. This new scale can be used 

to connect the blobs from different windows to each other. 

To determine which of the blobs in the from-above window should be connected to what blob in the 

mirror window we loop through the blobs using the algorithm of time complexity 𝐾2 as seen in 

Algorithm 6. 

 

 
Algorithm 6. The connecting algorithm. 

In Figure 17 the recorded connections of connected blob pairs in one frame are plotted with blue lines. 

Worth noting is that some connections between blobs that do not belong to the same organism will be 

made, resulting in an observed organism at a location where no organism is located. It is not possible 

to, from one single frame, determine which observed organisms are false when only using the blob 

feature extraction technique. For our purposes all possible combinations (blue lines) are saved and later 

resolved by linking with the positions of previously observed organisms in earlier frames.  

Get the pixel x-, y-coordinates of 𝐴1, 𝐴2, 𝐵1, 𝐵2, 𝐶1, 𝐶2, 𝐷1,𝐷2 as seen in 
Figure 16. 
𝑇 = threshold value for blob-pair connectivity. 
𝐾 = the number of observed blobs in the frame. 
𝑥 = a vector with the pixel x-coordinates of every blob in the frame. 
𝑦 = a vector with the pixel y-coordinates of every blob in the frame. 
For 𝑙𝑒𝑓𝑡 =  1 ∶  𝐾 { 
 If 𝑥(𝑙𝑒𝑓𝑡)  <  𝐴2𝑥 {  
  For 𝑟𝑖𝑔ℎ𝑡 =  1 ∶  𝐾 { 
   If 𝑥(𝑟𝑖𝑔ℎ𝑡)  >  𝐷2𝑥 { 
    Solve equation (5) to get 𝑋, 𝑌, 𝑍1, 𝑍2 for this blob pair. 
    If 𝑎𝑏𝑠(𝑍1 –  𝑍2) < 𝑇 { 
     Save 𝑋, 𝑌, 𝑍1, 𝑍2. 
    } 
   } 
  } 
 }  
} 
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Figure 17. The blue lines are connections found by the algorithm for this frame of four stickleback fish. 

Note that there are six successful connections between blob pairs, even though only four fish are present. 

It is thus not possible with only blob feature tracking to determine which are true and which are false 

from one frame. 

Step 3 in the general algorithm of the 3D setup will be similar to the step 2, the linking, from the 2D 

setup. Calculating the cost is now done by using the distance between the organism in frame 𝑖 and each 

blob in frame 𝑖 + 1, using 𝑋, 𝑌,𝑚𝑒𝑎𝑛(𝑍1, 𝑍2) to calculate the distance. This linking part of the setup 

will for the 3D setup also serve an additional purpose. In Figure 17 the connection algorithm found some 

true and some false connections. By linking (section 2.3) with the position of the organisms in previous 

frames, the false connections can be ruled out. This is since the linking algorithm will use the closest 

organism from the frame before anyway. An extra organism will not matter since its position will not 

match the positions of previously observed organisms. 
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4. Results 
The result from this Master thesis was the development of two experimental setups as well as the 

algorithms for tracking in 2D and 3D respectively, but also the data produced by the setups. In this 

section, data assessed during the validation study, some tests, and some results made by another Master 

thesis (Swärd, 2015) who used the 2D setup for behavioral studies of guppies are presented. Results for 

the 3D multi-tracking setup are also presented mainly as means to show for which conditions it is 

working. Regardless whether the setups can detect for example chemical substances changing the 

behavior of an organism or not, a good result from this project would be a system that could measure 

individual long-term differences in behavior. 

4.1. Validation of tracking algorithms 
Research in combination with testing of algorithms resulted in three reasons to why the blob tracking 

algorithm is the best choice for our purposes. First, the blob finding algorithm is faster than the other 

types of feature extraction algorithms. The blob finding algorithm could process frames at around 40fps, 

which is a lot faster than the fingerprint matching algorithm (Qian, Cheng, & Chen, 2014) and the SIFT 

algorithm (Panchal et al., 2013). The blob finding algorithm found the center of mass for each organism 

with better precision than the fast SURF algorithm as can be seen in Figure 18. With higher resolution, 

the feature finding algorithms would be able to find several features per organism, making it a lot more 

useful. This MATLAB implementation of the SURF algorithm is therefore ill-fitted for this type of 

problem. The third advantage with the blob finding algorithm is that it could be performed on any 

organism regardless of shape and size, implying that it was possible to scale down on image quality to 

reduce the computational time even further.  

 

Figure 18. The accuracy of the SURF algorithm is compared to the precision of the Blob find algorithm. 

The size of the green rings in the SURF window refers to the circular fit found in the frame. The size of 

the green circle in the Blob window refers to the size of the blobs. 
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4.2. 2D isolated tracking setup 
In another Master thesis (Swärd, 2015), the testing of the 2D isolated setup was covered. However, that 

study only used the data as provided by the software of the 2D setup. In this thesis work the validity of 

the data was tested. Firstly all of the three steps in the general algorithm were tested individually.  

To test the blob finding step of the algorithm, the positions of the blobs were plotted in the same frame 

as the fish. If the plotted positions were on the correct places and nowhere else, the blob finding was 

deemed to be working properly. An example of a test frame of the blob finding algorithm can be seen 

in Figure 18 (marked Blob). Plots similar to this were observed for some minutes at the beginning of 

each video, to make sure the blob finding algorithm was working as intended. Another test checked that 

the number of organisms per arena remained above or equal to one for every frame, making sure no 

organism was completely lost during the entire video.  

Testing the linking step of the 2D setup was made by plotting the movements of each individual. In 

Figure 19 the movements of four tracked isolated guppy fish are plotted. The figure shows some failed 

links, highlighted by the green ring, as the algorithm sometimes preferred the reflection of the organism 

in the glass wall.  The number of failed links was however one small fraction of the total number of 

links, meaning the error from this was deemed negligible.  

Figure 19 shows the data from a tracking session, demonstrating how risk-taking four guppy fish were. 

Each arena was divided into a middle section and an edge section. When the fish were located in the 

middle section of their respective arena they positioned themselves in a risky spot (Swärd, 2015). In 

Figure 20 the corresponding velocity plots of the same organisms from Figure 19 can be seen. 

Similarities between the individuals can be observed in the plot, for example they all demonstrated 

tendencies of high activity early on in the tracking session. However, the individuals clearly 

demonstrated different types of activity levels over the entire tracking session. The green lines in Figure 

20 show the average speed when the fish were moving with a speed above a threshold value (0.4 cm/s). 

This was done since it made sense to only track the average velocity when the organism was actually 

moving (Swärd, 2015).  

 

Figure 19. The movements of the guppy fish tracked during one 20h period. The boxes in the figure refer 

to the risk zone; when an organism was positioned in its middle zone it was deemed to be demonstrating 

a risky behavior. The video was recorded 2015-03-17. The green ring highlights some of the occurrences 

of false linking due to the reflection in the glass. Some additional unmarked occurrences can also be 

observed in the figure. 
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Figure 20. The velocities [cm/s], obtained using equation (1), of the guppy fish are plotted versus the time 

[hours]. The plot clearly demonstrates individual differences. The green line is the average speed while 

moving faster than a threshold value. The video was recorded 2015-03-17. 

After the individual testing of the two first steps (find and link) of the general algorithm, the velocity 

plots were studied together with segments of the videos, to check if the velocity plots were reasonable. 

For example if the graph displayed signs of no movement at certain time intervals, it was easy to check 

if the organism was lying still at those points in time.  

In Figure 21 five minutes of positional tracking of one guppy fish in the 2D setup are plotted. From the 

positional data, the velocity and acceleration were calculated. The calculation of the velocity was done 

by using the difference in position between two frames, using equation (1). This velocity was used to 

calculate the acceleration using equation (2). Since the positional data was noisy, the velocity and 

acceleration plots were as well. Using an averaging filter on the positional data before the calculation of 

the velocity yielded a plot that, from inspection of the plots, was more telling. In a similar fashion, the 

acceleration was also calculated by using a filtered velocity. The filter width of the averaging filter was 

3 seconds. But optimal filtering techniques to be used in the future remains rather untested. 
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Figure 21. The positional data is plotted for one organism. The velocity was calculated by using equation (1). The 

“filtered” velocity was calculated by using an averaging filter on the positional data. The “not filtered” acceleration is 

calculated by using equation (2), but with a filtered velocity. The filtered acceleration was calculated by using an 

averaging filter on the filtered velocity data. An averaging filter with a filter-width of 3 seconds was used. The “not 

filtered” data have been slightly cut off, to more clearly show the “filtered” data graphs.  
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The result from the 2D isolated tracking setup was a measurement system capable of detecting long-

term individual differences for isolated organisms. For each video, the software produced scalar data for 

further analysis. The scalar data retrieved was average speed, average speed while moving above 

0.4cm/s, percentage of time spent moving above 0.4cm/s, percentage of time spent in the risk zone 

and total distance covered (sum of positional displacements). These values were extracted for every hour 

during the tracking session. Another Master thesis (Swärd, 2015) used these values to study behavioral 

change in fish affected by the drug oxazepam as well as differences between male and female fish. In 

Figure 22 and Figure 23 (from Swärd 2015) the scalar values obtained from the setup were used to 

demonstrate significant differences between two groups of guppy fish, in this case female versus male 

guppies. Worth noting is that all scalar values produced by the 2D setup did not yield results, while the 

ones presented did. 

 

Figure 22. Interpreted data from another thesis (Swärd, 2015). The plots show (a) average speed while 

moving above 𝟎. 𝟒𝐜𝐦/𝐬, (b) total distance covered, (c) percentage of time spent moving above 𝟎. 𝟒𝐜𝐦/𝐬.  

The figure shows significant differences between male and female guppy fish.  

 

Figure 23. Interpreted data from another thesis (Swärd, 2015). The plots show (a) speed while moving, 

(b) distance covered. “Oxa” refers to a group of fish swimming in water with oxazepam present while 

control refers to the healthy control group. The figure shows significant differences between male and 

female guppy fish.  
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4.3. 3D multi-tracking setup 
The 3D setup was tested in a similar fashion to the 2D setup. Firstly, the three non-analyzing steps (find, 

connect and link) of the algorithm were tested individually.  

The blob finding step in the 3D setup was identical to the blob finding step in the 2D setup, allowing for 

an identical test. However, testing the number of observed organisms per frame was not as effective in 

this case since occlusions occurred frequently.  

To make sure that the connect step was working, the type of frame seen in Figure 17 was plotted for 

many consecutive frames. If the blue lines seemed reasonable, the connect step was deemed to be 

working properly. Adjusting the threshold value for this step properly was very important, a value of 

𝑇 = 0.13 was used. A low threshold value found too many matches, while a high threshold value found 

too few. 

The linking step was tested by plotting the positions of the fish in different colors and markers. Making 

sure the identity was preserved through parts of the video was done by manually following the plotted 

markers while iterating the frames. For the 3D multi-tracking setup the 𝑍1-position was plotted versus 

the 𝑋-position in one window while plotting the 𝑍2-position versus the 𝑌-position in a second window 

while showing the frame with the organisms at the same time in a third window. An example of how 

the testing procedure for checking the id-preservation looks is shown in Figure 24.  

 

Figure 24. A typical testing window for the linking part of the 3D software. The identity was preserved 

if the organism had the same color throughout the video. 
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The result from the 3D multi-tracking setup was a measurement system that successfully could track 

one organism in three dimensions. In Figure 25 the movement of one isolated stickleback fish is shown. 

This fish seemed to prefer staying close to one of the walls. This wall was directed towards the mirror, 

and thus the one made of glass, generates reflections as seen by the organism. Worth noting is that the 

light source was positioned on the opposite of the preferred wall, perhaps resulting in a light intensity 

gradient. The measurement system was working well when tracking one organism, enabling further 

analytical possibilities.  

 

Figure 25. The 3D movements of one fish for 30 minutes. The wall at 𝑿 = 𝟎 seems to be preferred by the 

organism. 

The 3D multi-tracking setup could also track multiple organisms while resolving most of the occlusions. 

One 30 minute video with four fish was analyzed, the positional movements are seen in Figure 26. In 

this case the fish also appeared to prefer the wall at 𝑋 = 0. The system was successful in resolving many 

occlusions. One tricky triple-occlusion is shown in Figure 27. The setup was successful in the tracking 

of several organisms for at least 30 minutes. However there were occlusion cases that could not be 

solved by the setup. 
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Figure 26. The 3D movements of four fish for 30 minutes. The wall at 𝑿 = 𝟎 seems to be preferred. 

 

Figure 27. One triple-occlusion is solved by using the 3D setup. The organisms are identified by 

comparing with previous and latter frames. 
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There were cases when the 3D multi-tracking setup was not able to guarantee id-preservation, meaning 

the setup would need further alteration before working as intended. One such case is demonstrated in 

Figure 28. In step 1 the organisms’ id is reassured since 𝑍1 is not close to 𝑍2. In step 2 an occlusion 

occurs in the 𝑍1, 𝑋 − window, this means the id is lost in this window. The occlusion event will hinder 

occlusions in the right window from happening until it is resolved, shown in step 3. The problem occurs 

when the same two organisms cause an occlusion in the 𝑍2, 𝑌 − window without first differentiating 

themselves from each other by moving along the 𝑍 − axis. This happened several times in the 30 minute 

video. The setup was designed to guarantee id-preservation, which is not possible. 

 

Figure 28. The figure demonstrates four steps to cause failed id-preservation for the 3D setup. A blob is 

colored if it can be used to retain the id of the organisms.  
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5. Discussion 

5.1. 2D isolated tracking setup 
The design of the 2D isolated tracking setup with the software used proved successful during long-term 

measurements. The setup is robust, tested and can with good precision measure simple quantities such 

as total distance covered, the speed of the organism or how much time was spent without movement. 

One drawback with the 2D setup is that it does not allow for any type of social measurements, since the 

isolated organism cannot interact with other organisms. This is however not only a bad thing. A social 

situation is very hard to analyze as the behavior of one organism is dependent on the other organism’s 

behavior. Isolating the organism means that the measured behavior will only depend on that organism. 

The setup has already proved that it can detect differences between male and female guppies, as seen in 

Figure 22 and Figure 23. The setup is a good starting point and could be used as a reference for 

behavioral analysis. 

Some slight modifications to the 2D isolated tracking setup would make it even better. It is important to 

consider reflections, not only as seen by the camera, but also as seen by the organism. In Figure 25 and 

Figure 26 the movement of organisms show that they tend to prefer the glass wall before the anti-

reflective coated glass walls. This could be due to the small light intensity gradient (the light source is 

positioned at the opposite wall) or due to the glass wall generating a reflection of the entire arena. Using 

a reflecting surface might have a behavioral effect on the organism, since the organism might react to 

the reflection of itself. The setup uses ordinary glass walls. In Figure 29 the outer walls (marked “O”) 

does not generate reflections as seen by the organism due to the position of the light sources. However, 

they generate reflections as seen by the camera, causing problems for the algorithm. The inner walls 

(marked “I”) does not reflect light onto the camera, but can on the other hand cause reflections as seen 

by the organisms. Switching the walls would make the 2D isolated tracking setup more robust. It would 

of course be interesting to study how a mirror wall would affect the behavior of the organism, but as a 

starting point I would recommend to use anti-reflective coated walls. 

 

Figure 29. The light source and arena positioning for the 2D isolated tracking setup, as seen from the 

camera. The walls marked “O” are the outer walls of the setup, the walls marked “I” are the inner walls 

of the setup. 
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Proper use of filtering techniques will have a large effect on the result. The noise origins from the 

fluctuating number of pixels for the organism per frame. This affects the positional data, meaning the 

error will propagate onto the total distance (sum of all displacements between frames), velocity and 

acceleration data. By using a wide averaging filter (with a width of some seconds) directly onto the 

positional data, the total distance travelled is less affected by the noise. This is since the velocity more 

or less will be calculated by using the total positional displacement during the filter width, rather than 

using the displacement between two frames directly. This effectively reduces the noise, while on the 

other hand risks not discovering some behavioral treats, such as quick movements back and forth, as 

such behavior would be completely flattened out by the filter. Researching the use of different filtering 

techniques is a future work, and the techniques used for a specific experiment should be designed with 

respect to the investigated behavioral treats of that study.  

5.2. 3D multi-tracking setup 
The data produced by the 3D multi-tracking setup for isolated organisms can prove useful. The setup is 

capable of detecting the movements of one organism in the three dimensions, meaning the fish 

movement no longer will be restricted to shallow water and can thus be used to measure the behavior in 

a different environment than shallow water. We can still obtain each behavioral quality similarly to the 

2D isolated tracking setup, while including a third dimension. The 3D setup requires a lot more water 

and time for preparing each experiment. This means that each measurement will be harder to set up for 

the 3D setup, while gaining a different type of data than that of the 2D isolated tracking setup. 

The 3D setup’s multi-tracking possibilities, while hindered by the fact that the setup cannot preserve the 

id of the organisms, are still useful. The setup is not always able to differentiate the organisms in the 

arena. With id-preserved 3D movements of each organism in a group, we would be able to detect how 

each organism reacts to movements of each other organism. This would allow us to detect social treats 

at an individual level. By not being able to perform such experiments, a lot of analytical possibilities are 

lost. This setup can however still track the movements at a group level. For example if the organisms in 

one group are swimming closely to each other than other groups, this could be detected by the setup. 

The setup can also measure the total distance covered by the group, the tendency to stay close to the 

walls and speed of the group. Multi-tracking is a powerful tool, even if we only can measure averages.  

Filtering the positional data in this way meant the velocity between a set of two frames corresponded to 

the total displacement over the time interval of the filter width, rather than the displacement between the 

two frames. This reduced the effect of the positional noise. However, it is important to note that filtering 

techniques always removes information from the data. From Figure 21 it is clear that the blob tracking 

algorithm yields data with a precision good enough to enable the studying of the acceleration and 

velocity of the organism would be possible. 
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5.3. Improving the 3D multi-tracking setup 
To improve the setup, one could extract additional information from the video to solve some occlusion 

events that cannot be solved by the methods currently used. One method of solving some extra occlusion 

events would be to predict the movements of the organisms. As previously stated, this method cannot 

ever guarantee id-preservation, but it would still be an improvement to this method that does the linking 

by only using the position at the previous frame. Additional extraction of features could also be a viable 

addition to solving some occlusions. One approach could be to use the Z-length of the organisms as an 

additional tool to increase the possibilities when connecting blobs between the two windows. In Figure 

30 the northernmost as well as the southernmost pixels of the blobs are highlighted, together with the 

blob position. Taking these three highlighted objects into account would probably yield better results. 

 

Figure 30. The northernmost pixel of the blobs are highlighted by blue dots, the southernmost pixel 

of the blobs are highlighted by blue dots. The blob positions are highlighted by green crosses. 

A setup that uses two mirrors instead of one would be able to solve the situation illustrated in Figure 28.  

The problem with the 3D setup is that when an occlusion event occurs, the id-retaining is not resolved 

until the organisms have differentiated themselves in the 𝑍-axis. If an occlusion event occurs in the 𝑋 −

𝑍 window, followed by an occlusion event in the 𝑌 − 𝑍 window without a 𝑍-differentiation it is not 

possible to distinguish the organisms afterwards. Consider the setup seen in Figure 11 (b), with this 

setup we record three windows instead of two. When an occlusion occurs in any of the 𝑋 − 𝑍 or 𝑌 − 𝑍 

windows, we could still use the 𝑋 − 𝑌 window to distinguish the organisms. The only scenario where 

this third setup fails is if two organisms actually touch.  
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The dual mirror setup would be more difficult to design properly in order to prevent reflections and 

shades of the organisms in the video. For this setup we would need an arena with three anti-reflective 

coated glass surfaces (on the bottom and two walls alongside each other). Figure 31 demonstrates a way 

of positioning the mirrors and camera to prevent any of the reflective surfaces to generate reflections 

visible in the video. Compare with Figure 13. Of course reflections will still be visible to the organisms 

similarly to the case of the current 3D setup. The lighting would require some experimentation in order 

for the organisms to always be visible. This future work would be an interesting option for robust long-

term multi-tracking. 

 

Figure 31. The third setup as seen by the camera, compare with Figure 3. The camera is positioned above 

the arena and the two mirrors (P and Q). The figure demonstrates what surfaces needs alignment, and 

what surfaces needs to be anti-reflectively coated. The surfaces B and D are made out of glass, meaning 

they generate reflections if the camera is not aligned correctly. Surfaces A, C and E are anti-reflectively 

coated, and should have light sources directed from behind the surfaces to prevent shadows. Surfaces G 

and O correspond to the water surface which needs to be aligned in order to get rid of reflections. 

Surfaces J and L are reflected ordinary glass surfaces and thus needs to be aligned accordingly. Surfaces 

F, H, I, K, M and N are reflections of anti-reflective coated glass surfaces.  

 

5.4. Choosing organism 
A perfect tracking system would be able to track any type of organism. The 2D isolated tracking setup 

does not have any particular requirements on the organism. This is very good as it implies that it could 

be used in many ways. The 3D setup could also track any type of isolated organism. However, for multi-

tracking, the organisms should not often touch, clump close together or leave large parts (such as molt 

or feces) behind.  
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5.5. Standardizing the behavioral analysis of aquatic organisms 
The first step towards the standardization of measuring behavior in organisms should be a simple 

experimental setup. The 2D isolated setup is as simple as possible; one isolated organism moving around 

for hours in a white square arena. It could be a good starting point when standardizing the long-term 

measurements of aquatic organisms. Using a blob tracking algorithm is definitely a good starting point 

as it is a fast algorithm that with good precision measures the position of the organism. To standardize 

the setup we need to decide how large the organism should be in relation to the arena. We also need to 

determine a limit for the minimum amount of pixels allowed, as the measurement random error for the 

position of one blob is determined by the amount of pixels in it. Filtering techniques to deal with the 

random error in the measurements should also be standardized. The arena material is also important to 

standardize, as some materials cause reflections and some do not. By determining the organism-to-arena 

relation, the minimum blob size, the filtering and the arena material the 2D isolated tracking setup would 

be a viable starting point for the standardization of measuring behavior in aquatic organisms. 

6. Conclusions 
In this work two different experimental setups were used to solve the problem considering the lack of 

standardization in long-term behavioral studies. The first setup allowed for the tracking of isolated 

organisms in 2D, it is easy to standardize and easy to set up. Additionally, the 2D setup is consistent, 

tested and generates measurable behavioral results (Swärd, 2015). With some small modifications of the 

arena, the 2D setup would be a viable starting point for behavioral analysis. The second setup allowed 

for the tracking of multiple organisms in 3D. A common approach to solving occlusions during multiple 

organism tracking is combinations of movement prediction algorithms and advanced feature extraction 

techniques on a 2D setup. With every prediction, the risk of swapping id increases. Although the 3D 

setup was not successful in completely solving the id-preservation problem, it did resolve most of the 

occlusions without using a prediction approach, while using the most basic feature extraction method. 

In the case of future work, the implementation of some prediction or additional feature extraction 

methods ought to be experimented with, perhaps making the 3D setup a viable tool for behavioral studies 

in the future. 
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