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SUMMARY

The objective of this thesis was to develop a rodent tracker using the FlashTrack im-
plants, and allow for tracking data to be used for behavioural research. The task was split
into three main problems: detection, tracking and error detection.

The detection was solved with basic image processing. The first step was background
removal, using median filtering. Later, blob detection after some processing was done.
Detections were differentiated into cases where mice are together in contact events and
where they are alone. Bounding boxes were generated for the contours of lone mice,
while the distance transform was employed to detect the joint ones.

To track the moving targets, Kalman filtering was used on the bounding boxes of the
detector. This approach was based on the Simple Online Realtime Tracking framework,
adapting it to the particularities of mice. Other approaches were tried, but SORT was the
chosen one.

The infrared subcutaneous implants of FlashTrack allow for identity verification through
code detections. To process the codes of each track, a Gaussian Mixture Model is trained
to be the classifier of the detections. A track handling module was built to monitor the es-
timated tracks and code detections, and verify correct assignments. Detected erroneous
tracks were discarded.

Synthetic data was used to evaluate the tool. Artificial datasets were developed in
Blender. Common metrics for evaluation of multiple object trackers were gathered and
discussed, as well as a comparison with one of the state of the art animal trackers.

ix
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INTRODUCTION

“I’ve got ninety-nine problems.”

Jay-Z
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Researchers need measurable and accurate descriptions of animal behaviour both to
analyse the structure of the behaviour itself, as well as for revealing underlying neural
or genetic mechanisms. Computational tools are becoming more and more prevalent in
the gathering of such data.

The aim of the project is to study the social interactions between multiple rodents
within one environment. It consists in the development of a software solution that tracks
and stores the rodents’ position with the future prospect of gathering statistics based on
this.

This chapter highlights the motivation behind the project, gives an overview of the
objectives, and briefly describes the experimental setup and resources employed in the
development of the solution.

1.1. MOTIVATION

I N biology the concept of behaviour is usually linked with movement and goals. It is
the response of whole living organisms (both individuals and groups) to external or

internal stimuli [1].

Behavioural neuroscience studies the brain mechanisms underlying human or ani-
mal behaviour. It tackles problems such as the causes and treatments of autism, depres-
sion and other diseases, the evolutionary basis of behaviour or the difference between
animal behaviours depending on external signals.

A measurable description is required for the study of behaviour. Traditionally two
distinct methods have been employed: manual descriptions of the behaviour (video
tagged by human observers) and simple assays that capture an aspect of some complex
behaviour (such as priority of right of way to assert dominance in mice) [2]. Nowadays,
computational methods have broadened the reach of behavioural biology. Video track-
ing is used to automatically tag and analyse an otherwise insurmountable amount of
data.

The raw data of the trajectories, on its own, is not a useful representation of be-
haviour. Instead, behavioural tracking methods categorize the behaviour of each sub-
ject at each time point into different categories (grooming, chasing, fleeing, etc). This
segmentation is then statistically interpreted in order to reach meaningful conclusions,
measuring changes in frequency and manner of such behaviours.

1.1.1. ANIMAL VIDEO TRACKING

Video tracking is a data association problem in which pixels at each frame have to be
tagged as either belonging to the background or to one of the targets, generating a po-
sitional sequence that conveys the trajectory of the animal throughout the video se-
quence. Further characteristics of the tracked objects can be discerned on a pixel-level,
such as the different body parts, orientation or area. Both the trajectory- and pixel-based
features are used to classify the behaviour, which is then done automatically either with
a rule-based, supervised or unsupervised classifier.
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1.1.2. RODENT BEHAVIOURAL TESTING

Mice are the most commonly used mammalian research model. There are many advan-
tages to working with mice: size, costs, genetic diversity or sample size requirements.
The mouse and the human genome have a very similar gene content, so mice can show
many of the symptoms of human disease, making them good models for research [3].

Transgenic technology is very advanced in mice, it is possible to insert segments of
human alleles into mice, as to provoke particular genetic syndromes [4]. Phenotyping
tools make assessing the genome of particular mice simple. This has allowed the devel-
opment of many strains of laboratory mice that model a particular human behavioural
disorder, such as autism or Williams syndrome, allowing for novel lines of research that
are not constrained by human testing.

In long term experiments, mice must be identified throughout the research. This
means that each time the subjects are tested, they must retain their identity.

1.2. PROBLEM STATEMENT AND THESIS GOALS

T HE project being presented has been developed with the aim of creating an auto-
matic behavioural testing solution that measures social interaction between several

mice in an enclosure. Social interaction in mice encompasses all behaviours that include
more than one rodent, such as group making, mating, following or fleeing. The project
is constrained to analyse positional statistics regarding the time spent at different areas
in the enclosure.

1.2.1. LOCATION

The neuroscience department of Erasmus MC is responsible for the FlashTrack project,
where this Thesis fits into. Before developing the software solution in-house, Erasmus
MC worked with Noldus IT to create a tracker using their proprietary tool EthoVision
[5]. After a couple of months, Erasmus changed focus and decided to bring someone in
to create a solution that would be open source and built in python. This is where the
project begins.

1.2.2. SETUP

A tracker was developed to work with implants that facilitate the task of detection and
error correction. The mice employed for testing are fitted with an implant above their
skull or between the shoulder blades, below the skin, that carries two infrared (IR) LED
lights. The two lights give information regarding the position and direction of the head,
the latter by creating a vector from one light to the other. Of the two LEDs one is always
powered on, while the other blinks at 15 Hz with a unique 8 bit code that identifies the
mouse. The codes employed are permutationally unique, meaning that no matter when
you start the reading of the code, it is always distinguishable from the rest.

Mice cannot sense infrared frequencies, so the lights do not disturb them, and the
location of the implants allow for pose estimation of the head’s direction.

The experimental setup consists in a 30 by 30 cm enclosure where two mice fitted
with wireless implants move freely and are recorded by an infrared camera. A video feed
of a 30 by 30 cm enclosure is gathered by a 30 frames per second camera, with a quality of
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Figure 1.1: Diagram of the experimental setup (courtesy of FlashTrack)

1280x1024 pixels, positioned on top of the cage. Figure 1.1 shows the setup, while figure
1.2 shows a frame from one of the videos.

1.2.3. GOALS
The objective of the thesis can be summarized as follows:

"The development of an open-source sustainable tracking solution for free moving
mice with the FlashTrack implants, with the aim of correcting misdetections and miss-
labelings and some behavioural information is gathered."

This problem can be expanded into more concise and measurable goals:

• Study the detection methods available in the literature for behavioural research
and identify the methods which are suitable for detecting the high occlusion case
that are free moving mice in the enclosure.

• Implement a detection algorithm in order to optimally detect the mice and their
IR lights.

• Study the tracking algorithms available in the literature and identify the methods
which are suitable for detecting the high occlusion and quick moving mice case.

• Implement a mice-tracking system which can track the rodents and assign their
lights.

• Create a code detection algorithm that detects the code of a given a sequence of
detections of the same light.

• Create an error detection-correction scheme based on the code detections.

• Gather positional statistics of the rodents that are useful in behavioural research.
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Figure 1.2: Raw frame from the video feed.

• Develop the software solution using python and, where possible, use design pat-
terns that allow for easy improvement of the code.

• Create a labeled dataset to evaluate the detection accuracy of the mice images and
their ID.

1.3. THESIS ORGANIZATION

T HIS thesis starts with a literature review of the different methods used in rodent
tracking, and the approaches employed in the wider multiple object tracking prob-

lem. The choice for the project is presented with its two main components: detector and
tracker. Each warrants its own chapter.

The next two chapters present each component (detector and tracker) and the rea-
soning behind that choice of solution.

A novel method for error detection is presented in the fifth chapter, along with the
data structure that enables its use. A short discussion on possible error correcting ap-
proaches ends this chapter.

The last chapter presents the evaluation of the solution. The complexity of the task
and the workaround to some of its problems begins this section. The numerical results
are then presented and discussed, and the chapter ends with a comparison between
these results and those of a state of the art mice tracker.

Lastly, the conclusions of the Thesis give an overview of the work done and that
which is left undone: the future lines of research.

The methods and results of the multiple statistical analyses done to judge different
properties of the videos and of the tool are summarized in the appendix.

REFERENCES
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“All the reading she had done had given her
a view of life that they had never seen.”

Roald Dahl, Matilda
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Rodent tracking is the next step toward large scale behavioural research. It is part of
the wider multiple object tracking problem, where moving targets are identified across
a video sequence and their trajectories stored. The most common way of doing it is by
first detecting the targets at every frame and then linking the detections into trajectories.
Therefore, both a detector and a tracking strategy must be implemented. Once there are
defined tracks per mouse, behavioural inference is a matter of geometrical constraints.

This chapter is intended to be an introduction to the problem of multiple object
tracking, an overview of the image processing tools employed in the development of
such a tracker and a brief survey on the current tools employed in rodent behavioural
research.

First, a high level description of the problem of multiple object tracking is given.
Next, a per-component description of a tracking solution. A deeper explanation of the
detector of a multiple object tracker follows this breakdown, going into detail on some of
the image processing techniques employed. Finally a comparison of different research
papers that have tackled the issue of rodent tracking. As the conclusion of the chapter a
summary of the available options, their drawbacks and advantages, as well as the chosen
approach.

2.1. MULTIPLE OBJECT TRACKING

T RACKING the real world position and orientation of moving targets is a common
problem in the field of computer vision. It has many applications, such as pedes-

trian tracking (for surveillance and autonomous locomotion), surgical robotics or live-
stock management.

Visual multiple object tracking (MOT) aims at locating multiple targets in a visual
sequence, inferring their trajectories and maintaining their identities. MOT has intrinsic
issues that complicate this task: targets might disappear from the field of view or they
might occlude each other, especially in crowded environments [1]. Prediction of the
position of the objects is useful to handle such problems of misdetection.

The most common approach to MOT is tracking-by-detection, also known as detec-
tion based tracking (DBT) [2], where the problem is solved by following two steps: first
detection, in which a pre-trained object detector is applied to each frame of the video
to segment the objects from the background, and then a tracking step, where different
observations are linked to different targets.

Targets (also known as tracklets) are described in the system by the observation model,
which captures their appearance as well as their motion. This model is employed by the
detector, generating the observations. A tracking system links each observation to the
targets, possibly by generating a prediction of where to find them, thus reducing the
search space. There are two main classes of tracking systems: Bayesian and data associ-
ation methods, depending on the way they link the observations and the targets.
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2.2. COMPONENTS

T HERE are three major issues to be considered in MOT: the detection of objects frame
by frame, the measurement of similarity between objects across frames, and the re-

covery of identity based on these similarity measures. The first two problems depend on
the modeling of appearance, motion, interaction, exclusion and occlusion of the targets.
The last one, linking observations to maintain identity, is the inference problem, where
approaches can be clustered as Bayesian and data association methods.

2.2.1. OBSERVATION MODEL
Targets are described in the observation model. Not only is the appearance of the object
important, but also its motion and its interaction with other targets. This information
is then aggregated to create a distance formulation between observations across frames,
which allows the tracker to link them.

APPEARANCE MODEL

The appearance model describes the characteristics of an object by using some features.
Through a statistical measure, a computation of the similarity between two observations
is calculated.

The visual representation uses both local features and region features. Local features
describe the objects pixelwise frame by frame. An example is the Kanade–Lucas–Tomasi
Feature Tracker [3], that searches "good" local features for tracking [4]. Another exam-
ple of local features is the optical flow, the apparent movement of brightness patterns
on an image, if taking the pixel as the finest local range [1], employed both for motion
information retrieval [5] and for linking detection responses before data association. Re-
gion features are extracted from a wider range (i.e. a bounding box). They can be sorted
depending on the order of discrepancy used when computing the representation.

Zero order features, particularly the color histogram [6] [7] [8], are the most used in
MOT [1] and are very efficient [2]. First order or gradient based methods are also com-
monly used, like the histogram of oriented gradients [9] [10] or level-set formulations
[11] [12] [9]. Higher order features are less common, but nonetheless spatio-temporal
information [13] and the regional covariance matrix [6] have successful implementa-
tions.

The comparison of observations yields a value that is used to compare similarity and
later link different observations in tracklets. Common distance measures are employed
over one cue (distance, color, shape, depth, etc), as well as several cues aggregated to
complement each other by boosting, concatenating or summing. A simple, yet very ef-
fective, measure of similarity between bounding boxes is the intersection over union
(IOU), the ratio of the intersection of two bounding boxes and their union [14].

MOTION MODEL

The motion model estimates the position of the tracklet in future frames, reducing the
search space, helping correct noisy detections, and adding useful information for the
linking stage. In general, objects are assumed to move smoothly in the image [1] [2].

Linear motion models assume the tracklet’s motion can be estimated by linear regres-
sion, by assuming that the real motion is linear over short time periods [14] [10].
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Non-linear motion models can work in situations where targets move freely, detec-
tions occur sparsely or objects move very quickly [15] [11].

EXCLUSION MODEL

Real world objects cannot occupy the same physical space. The exclusion model han-
dles this type of collisions. Spatio-temporal constraints ensure that neither two close
detections are identified with different trajectory labels and that neither two different
detections in the same frame are assigned to the same target.

2.2.2. TRACKING METHODS
Formally, tracking can be viewed as a multi-variable estimation problem. Given a video,
si

t is defined as the state of the i -th object in the t-th frame. S t = {s1
t , s2

t , ..., sMt
t } is then

defined as the states of all the Mt objects in the t-th frame and S1:t = {S1,S2, ...,S t } as all
the states of all the objects form the first frame to the t-th frame.

Correspondingly and following the DTB paradigm, oi
t are the collected observations

at frame t of object i , with Ot = {o1
t ,o2

t , ...,oMt
t } the collected observations of all Mt ob-

jects at time t , and O1:t = {O1,O2, ...,Ot } all the observations of all the objects form the
first frame to the t-th frame.

The objective of MOT is to find the "best" sequential states of all the objects, by
performing the maximum a posteriori estimation of the conditional distribution of the
states given the observations:

Ŝ1:t = argmax
S1:t

P (S1:t |O1:t ) (2.1)

Different tracking methods can be distinguished by their approach to this problem,
as either probabilistic or deterministic-based.

BAYESIAN THEORY-BASED

Probabilistic inference approaches, also known as Bayesian approaches usually solve
equation 2.1 by using a two-step iterative procedure:

Predict: P (S t |O1:t−1) = ∫
P (S t |S t−1)P (S t−1|O1:t−1)dS t−1

Update: P (S t |O1:t ) ∝ P (Ot |S t )P (S t |O1:t−1)
Where P (S t |S t−1) is the dynamic model (the tracking strategy) and P (Ot |S t ) the ob-

servation model.
Kalman filters are part of the G-H family of filters, relying on two scalings to derive

predictions from measurements. They are an appropriate way to address MOT when the
number of objects is not too large. As the number of targets increases, identity switches
become frequent and errors are propagated and difficult to correct due to the recursive
nature of the method [16]. The single motion model is also limited in problems where
the object to be tracked undergoes abrupt changes (maneuvering objects) [17].

Kalman filters are very efficient and simple to implement, and can achieve very good
results in real time if coupled with good detectors[14]. They assume a linear system with
Gaussian-distributed object states, but can be generalized to approximate a non-linear
system through the Taylor expansion in the extended Kalman filter [18].
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Particle filters, also known as condensation or sequential Monte Carlo, systematically
deals with nonlinearity and non-Gaussianity. These methods do not work well with high
dimensional state representations [19] [20]. One of their advantages is that they do not
require any assumptions about the state-space model or the state distributions. Particle
filters have had success in environments with static backgrounds [21] as well as changing
backgrounds [22] [19].

DETERMINISTIC OPTIMIZATION

Deterministic based approaches maximize a delegate of P (S1:t |O1:t ) over the set of avail-
able observations {Ô

n
1:t }. This delegate can be an energy function E(S1:t |O1:t ) to be min-

imized or a likelihood function L(O1:t |S1:t ) to maximize:

Ŝ1:t = argmax
S1:t

P (S1:t |O1:t ) = argmax
S1:t

L(O1:t |S1:t ) = argmax
S1:t

∏
n

P (Ô
n
1:t |S1:t ) (2.2)

Most deterministic approaches boil down to graph problems. Bipartite graph match-
ing is solved through either greedy algorithms or the optimal Hungarian algorithm [14],
where two disjoint graphs (existing trajectories and new detections) are matched. These
approaches can also be used to connect tracklets offline after creating them online through
Bayesian methods [23].

2.2.3. CAUSALITY
Tracking systems, as estimation problems, can take either causal (online) or non-causal
(offline) approaches. The difference between them is whether observations from future
frames are taken into account when handling the current frame.

Online tracking relies solely on information from past frames up to the current frame.
Their main advantage is efficiency and speed, and they are the most used in practice be-
cause of it. They go through the frames in a step-wise manner, sequentially processing
them and gradually extending existing trajectories with current observations, producing
results after one iteration per frame.

Offline tracking links all observations into trajectories. In theory, they are able to
reach a global optimal solution, but suffer from high computational cost, algorithmic
complexity and a delay in results. Sometimes, not all frames can be handled by the sys-
tem, and subsequently the video is split into shorter batches.

Mixed methods are an interesting combination of online and offline tracking. Track-
ing can be done online while error correction and longer track matching is handled by
an offline algorithm [23].

2.3. DETECTOR

T HE detector method must be able to distinguish individual targets in a frame. This
problem is encompassed by the wider set of problems known as image segmenta-

tion. Segmentation subdivides the image into regions of interest, in this case individual
targets and background. In statistics, the problem is known as cluster analysis. In com-
puter vision, this is one of the oldest and most widely studied problems [24].
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The more measure of control over the image environment, the simpler the segmenta-
tion becomes, as it is the case with fixed cameras and fixed backgrounds [25]. Segmenta-
tion algorithms are mostly based on discontinuity and similarity of intensity values of an
image, and range in complexity from simple or adaptive thresholding to convolutional
neural networks.

Target segmentation usually begins by processing the image to remove the back-
ground, leaving only the objects to be tracked. Then, a shape detector is applied to find
the desired individual targets.

2.3.1. BACKGROUND REMOVAL

The task of background removal can be trivial, as in the case of static backgrounds, or
very complex, for example in driving footage. The result of a background retrieval al-
gorithm is a foreground mask where every background pixel is set to a value of zero, as
in Figure 2.1. Non binary masks are also possible with uncertainty encoded into the in-
tensity values of the pixels. Noise, moving objects in the background, shadows and slow
movement or even stopping of targets, are the main issues in background subtraction
[26].

In controlled environments with static backgrounds, subtracting a background im-
age will yield reasonable segmentation, through which every non-background element
will be present, including shadows.

Different background subtraction schemes are popular. The main ones are based
on estimating a Gaussian mixture model (GMM) for each pixel, and then calculating the
probability of the pixel belonging to the background or foreground in each frame [27]
[28] [29]. A mixture model assumes that a pixel has a combination of values coming
from different Gaussian clusters, which are estimated by using expectation maximiza-
tion (similar to k-means clustering) [24]. In the case of foreground to background sub-
traction, pixel clusters are estimated by using a window of frames, and then a pixel is
classified as background if it has a high probability of belonging to the largest clusters,
and vice versa. Pixel brightness and color are used to create the clusters.

The main differences between GMM algorithms are the update equations of the model
parameters, such as the number of clusters, and the learning rate at each pixel,which can
be a global or local parameter [30].

2.3.2. PRIMITIVE DETECTION

After background subtraction, the detector fits some descriptor to each individual target.
Descriptors can be as simple as coordinates or bounding boxes [14] or as complex as
multiple geometrical primitives (like ellipses) [31] or contours [11].

Bounding boxes are efficient, easy to implement and quite robust. They are very
common, and are fitted to some form of either blob or contour detection. More complex
shapes, such as ellipses are fitted by employing neural networks [32], or, if possible, by
employing algorithms such as the elliptical Hough transform [33].
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(a) Original image (b) Foreground mask

Figure 2.1: Background subtraction

(a) Countours and their centroid (b) Distance transform and its peaks

Figure 2.2: Centroid detection in a binary image
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CENTROID CALCULATION

Several techniques are employed to find the center of a detected object. In a situation
such as the one in Figure 2.1b, where the objects are clearly differentiated, finding the
contour of the shapes, and then the centroid is sufficient. Finding contours of binary
images is done by following and linking pixels that can be considered borders (white
pixels in the neighbourhood of black pixels) [34]. The centroid of the curve can then be
calculated by taking the moments [35], where if the image I (x, y) has only values at the
contour, the i j moment is defined as:

Mi j =
∑
x

∑
y

xi y j I (x, y), (2.3)

and the centroid as:

{x, y} =
{

M10

M00
,

M01

M00

}
. (2.4)

A different approach is to take the distance transform of the binary image and then
find its peaks. This method, if constrained to do so, finds the desired number of centroids
even when the blobs overlap and only one contour is found. The distance transform im-
age is a transformation where every pixel inside a shape is mapped as its distance to the
closest boundary pixel [36]. Figure 2.2 shows both methods applied to the foreground
mask in Figure 2.1b.

2.4. PREVIOUS WORK

A NIMAL tracking in lab environments for behavioural research is a well studied prob-
lem in computer vision, as the complexity of the task is beyond the capacity of hu-

man inspection [31]. A number of commercial and public solutions exist, with mice
being the most common animal to study.

The appearance model of mice in rodent trackers is created for both the best tracking
performance and to gather cues for behavioural inference. The direction of the head,
shape, and position of the mice are important in both behaviour and tracking, so mice
are commonly described by one [12] or several shape primitives [31] (commonly ellipses)
and a vector storing the direction of the head [32].

Detection in rodent trackers is highly dependent on the complexity of the appear-
ance model and the resources employed. A simple solution, which requires a limited
amount of computing power and no input from the user, is contour detection. This
is done after some preprocessing with the goal of background removal and difference
highlighting [32]. More cues aid in the segmentation process, such as depth information
[37], subcutaneous RFID tags [38] or some kind of fur marking [39]. The main drawback
of such approaches is their limitations regarding their ability to be generalized [12].

To overcome low generalization, convolutional neural networks (CNNs) have started
becoming more prevalent for the detection step [12] [40] [41] [42]. CNNs come with
their own set of problems. They require a high number of training samples that need to
be gathered and labeled by the user. Also, although they work well with a single subject,
when extending them to several the number of errors quickly grows [40]. All CNNs re-
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quire a training step before using, and this takes time as well as a lot of GPU processing
power. After training though, detection can be achieved real time.

Tracking approaches differ widely. Neural networks have been employed [12], physics
modeling [31], [37], Kalman filtering [40] among other solutions. Table 2.1 summarized
the differences in the current state of the art and most cited papers regarding mice track-
ing.

Interesting behavioural data for medical research includes time spent at different re-
gions of the enclosure (such as dark corners or social areas), contact events between
mice (body, nose to nose, nose to tail), grouping of mice (following each other or mat-
ing) and self grooming [31]. Simple vector operations and geometrical constraints char-
acterize all of these behaviours with small numbers of mice. As the numbers grow, the
behaviour of following each other becomes complex to gather, similar to the grouping
of pathlines in vector flow visualizations [43], where machine learning clustering tech-
niques are useful.

The main issues in multiple rodent tracking are occlusion and identity switches due
to proximity. Because of the nature of interaction between mice, no environmental con-
straints can be set to handle these problems, so robust trackers are needed. To handle
occlusion, detectors are either trained on the shape of two mice overlapping or have
complex occlusion handling routines included.

No current solution maintains the identity of the mice between trials, meaning that
individual mice have to be re-tagged manually after each trial to preserve their identity.

2.5. CONCLUSION
In this chapter, the multiple object tracking problem has been presented both in a formal
mathematical way (2.2.2) and through a high level overview of its different components
(2.2). Figure 2.3 schematizes this description, showing both the approaches and compo-
nents of MOT.

Multiple object tracking is a cross cutting field where aspects of image processing,
machine learning and graph theory are combined. Adding behavioural inference further
magnifies the complexity of the task, as descriptors do not just need to be efficient at
tracking but have to be useful for this application.

Currently, open problems include multiple camera scenarios, 3D object tracking,
scene understanding, and general purpose adaptive systems [1]. As MOT matures, so
will rodent behaviour trackers: multiple cameras and 3D tracking have already been in-
cluded in state of the art rodent tracking systems [37].

For the current solution, the observation model employs an object descriptor based
on a bounding box of the body of the mice, keeping with the requirements for behavioural
inference described in the previous section (2.4).

An online detector has been chosen. For the online tracking, Kalman filtering of a
bounding box enclosing the mouse has been selected, based on the work done in Simple
Online Real-time Tracking (SORT) [14]. This high dimensional descriptor of the target is
robust to the frequent occlusions.

The nature of the system allows for periodical error detections, and an offline heuris-
tically built error corrector is used to match previously known correct estimations with
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Paper Detector Behaviour Tracking Notes
An unsuper-
vised learning
approach for
tracking mice in
an enclosed area
[32].

Active contours. Positional and
angular data.

Maximum over-
lap between
shapes of succes-
sive frames.

Includes an
annotation soft-
ware for matlab.

Automated mea-
surement of
mouse social
behaviors using
depth sensing,
video tracking,
and machine
learning [37].

Image segmen-
tation based
on the depth
information.
Each segmented
animal at each
frame was fit
with an ellipse.

Random decision
forest (TreeBag-
ger).

The identities of
the animals were
determined by
their fur colors
(black vs. white).

Multiple cam-
eras: Top, depth,
side.

Computerized
video analysis
of social inter-
actions in mice
[31].

A set of geomet-
rical primitives
describes the
mouse, along
with some con-
straints and
physical forces
that are solved by
a physics engine.

Position, speed,
previous be-
haviour and
orientation.

Prediction by
computing the
instantaneous
displacement
vector of each
primitive and ap-
plying it to find
the new position.

They give the
viewing angle
of each mouse
(-120º - 120º)
and calculate the
time the other
mice are inside it.

Robust mouse
tracking in com-
plex environ-
ments using
neural networks
[12].

Neural network
to segment the
mouse from the
background, dif-
ferent network to
fit an ellipse to
the mice and get
the direction of
the ellipse.

The solution
only gathers
positional data.

Neural net pre-
dicts the ellipse
values in the cur-
rent frame.

Only one mouse
at a time. They
test all other
solutions and
conclude theirs
is the most gen-
eral purpose
one.

Deep Lab Cut
[41].

CNN for bottom
up estimation of
the pose

Only positional
and pose track-
ing

Kalman filtering
of each skeleton
node

A lot of empha-
sis on detection
but not much in-
formation about
tracking.

SLEAP [40]. CNN for bottom
up or top down
estimation of the
pose

Only positional
and pose track-
ing.

Optical flow or
Kalman filtering

On mice the best
results were with
the bottom up
detector and
Kalman filtering.

Table 2.1: Some of the current open-source mice tracking solutions.
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Figure 2.3: Summary of the components of a multiple object tracker (with right angles
and filled arrows) and the different approaches to them (with rounded corners and white
arrows). In bold, the approach taken in this work.
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The detector module in a tracker is in charge of differentiating between individual targets
and background. The complexity of the segmentation problem depends on the variabil-
ity of the image environment and targets and the models used to describe them.

In the case concerning this Thesis, the detections used in the tracker are bounding
boxes encompassing the back of the mice, with accompanying lights that are used in
error correction. The bounding boxes are computed in two ways, depending on whether
the mice are clearly distinguishable as separate blobs or not.

In the following chapter the appearance model choice and the reasoning behind it is
described. The process through which the model is detected is detailed by first explain-
ing the background removal step, and then the identification of each mouse.

3.1. APPEARANCE MODEL

M ANY different appearance models have been proposed for rodents in behavioural
tracking. They range from very complex, for example a connected graph skele-

tonizing the anatomy of the mouse [1] [2], to more simple geometric primitives, such as
ellipses [3] [4].

Two factors influence the decision of how to build the appearance model: the cues
needed for further analysis of the tracks, which is task specific, and the complexity of the
underlying segmentation algorithm.

Current state of the art systems have very resource hungry detectors that require
huge amounts of training data and gather lots of pose information about the targets.
They work through CNNs that either first detect the individual mouse parts and then
cluster them into different mice or first detect the individual mice and then segment
each one into its parts (bottom-up or top down approaches).

Other trackers use more subtle methods based on shape matching, through active
contours or ellipse fitting. In these cases, the trackers require either no training data or a
smaller set of tagged samples, but the solutions lose in generalization [5].

The most important behavioural events that should be tracked when working with
rodents are: self grooming, contact events (i.e. mouse A goes to mouse B and they touch
nose to nose, mating), positional tracking (i.e. how much time has mouse A spent in
the feeding area) and dynamic events (i.e. chasing) [4]. These events do not need a full
description of the rodent’s anatomy to be computed, as most require only positional
data, angular data about the orientation of the mouse or shape characteristics (i.g. in
the case of grooming) [6].

With the limited scope of the Thesis, the tracker only gathers positional behaviour
statistics. That being the case, to keep with the goal of creating a sustainable and scalable
solution, it must still be able to expand and encompass the necessary cues for the other
commonly tracked behavioural events. A vector storing the direction of the mouse’s
head, the position of the head and of the center of the mouse, and a measure of the
area of the mouse when it is alone are sufficient to compute all the mentioned events:

• Dynamic and contact events need the position and velocity of each mouse, gath-
ered with the coordinates of the mouse’s head and body.

• Grooming can be assessed through the area occupied by a lone mouse.



3.2. DETECTIONS

3

25

Beyond study-worthy features of the mice, to take full advantage of the error correc-
tion capabilities provided by the implants, the code should also be detected.

So, the descriptor chosen is one in which the mice are described by: the current bit
being transmitted by the LEDs, the area of their body, and the position of their center.

3.2. DETECTIONS

T O create the appearance model descriptor, several features of the mice are detected:
a contour of the light, a contour of the body and a bounding box centered in the

center of mass of the mouse. Though these are the detected items for a complete de-
scription of the mouse, an incomplete detection will still allow for tracking of the mice, as
the tracking method only uses the bounding box. Incomplete detections are a frequent
event, as explained later. Relying on full descriptions of the mice for tracking makes the
sparsity of detections a problem when estimating the position of mice. The longer the
mouse has not been detected, the bigger the uncertainty about its position will be.

To arrive at the descriptors from the detection, a few computations need to be done:

• Light position: Using the contour of the light, the position can be calculated as
the centroid, calculated by using the first moments of the curve, as explained in
equations 2.3 and 2.4.

• Bit encoded: To detect the current bit being encoded by the implant, the area oc-
cupied by the light is used. To calculate this area, again image moments are used,
where M00 corresponds to the total amount of pixels inside the contour. The de-
tected area is then processed by a classifier that decides whether it corresponds to
a 1 or 0.

• Area of the mouse: Simply using M00 of the contour of the mouse gives the value of
the area. Not only is this area useful for research purposes, but it can also identify
misdetections or joint detections.

• Centroid of the mouse: First, the number of correctly sized contours is assessed.
If it corresponds to the number of mice, then only one mouse is contained inside
each contour, and the same process as with the light position is employed: the
moments of the contour are used to find its center.

If the number of detected contours is smaller, the larger contours are candidates
for encompassing multiple mice. Using the distance transform, as explained briefly
in 2.3.2, and more in detail in 3.4.2, the centroids of the incorrectly detected mice
are found. The rest of the centers are calculated as usual, as each of the remaining
contours has only one mouse inside.

• Bounding box: The bounding box around the centroid is also detected depending
on whether the mouse’s contour was clearly differentiated from the rest or not. In
the first case, a bounding box enveloping the contour is generated. In the second
case, when several centroids are detected in one contour, a square bounding box of
fixed area is generated around the centroids. This simple approach is robust inside
the tracker, and as the bounding box is not used for research purposes, accuracy
of the feature itself is not important, while the accuracy of the tracker is.
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STATISTICAL ANALYSIS OF LIGHT AVAILABILITY

The first idea when approaching the detection step of the solution was to employ only
the lights, with a descriptor that would include head direction, encoded bit and position
and that would not give the area of the mouse. This would result in a minimal loss of
research data as the area is only used when identifying self grooming events.

The advantage of this approach is the simplicity of detection. The lights are very
easy to identify, as they are captured as white by the camera in an otherwise gray and
black image. Simple thresholding and morphological operations suffice to detect the
lights. With such a simple detector, if the tracker worked correctly, more effort could be
allocated to the behavioural analysis of the data.

So, a proof of concept Kalman filter tracker employing the simplified detections was
built. Without the need of rigorous mathematical evaluation, the system was deemed
inoperable. The time between detections was too long and therefore the estimations
became completely wrong, as the linear movement model of the Kalman filter could not
predict with certainty what the mouse would do in such large time periods. An example
of the model failing can be seen in figure 3.1.

The failure was attributed to the time between detections, caused by frequent occlu-
sions. The light was not detectable whenever the head of the mouse tilted, for example
when digging or looking up or down. The position of the light atop the skull, as well as
the anisotropic nature of the implant’s radiation were identified as the main problems
with the setup.

If digging were the main cause of the occlusion, by removing the bedding the en-
closure, which removes the incentive to dig, would solve the problems, even though it
would create a more artificial habitat for the mice.

A new position for the implants could be between the shoulder blades. To evaluate
this, a mouse was fitted with the implants in this position and recorded. This video, along
with two different videos of mice with and without bedding with the implants on their
skull were statistically analyzed, with the results in the Appendix 8.1. The main takeaway
from the analysis was that the light on its own is too unreliable to be the only cue of
the tracker, as well as to be the only descriptor of the targets. Thus, a more complex
approach was employed.

3.3. BACKGROUND REMOVAL

D ETECTION is a data classification problem in which the targets are differentiated
from the background and between each other. Therefore, the first step is fore-

ground detection, where the background is subtracted from the image. The result of
background subtraction is a foreground mask, a binary image that has intensity value
zero in the background and maximum intensity in the foreground.
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Figure 3.1: Example of the Kalman filter failing while the mice have their lights occluded
if the observations are based uniquely on the lights. Notice the light’s estimated positions
(the pink and red rectangles) and how far they are from the head of the mice.

3.3.1. BACKGROUND ESTIMATION

The setup provides a fixed camera angle with a static background. Differences in cam-
era angle or camera position between recordings made taking a picture of the enclosure
without mice as the background not feasible. It would not be adequate for background
removal, as these small differences would be presented as part of the foreground, or
would distort the mask. So, the background must be decided through an estimation
process dependent on the video.

The approach employed was a median background subtraction model [7]. First an
estimate of the background (B(x, y, t )) is found using median temporal filtering. This
is then subtracted from each frame (I (x, y, t )). Lastly, a threshold (γ) to the absolute
difference is applied to get the foreground mask:

| I (x, y, t )−B(x, y, t ) | ≥ γ, (3.1)

where the background is found through spatial median filtering of a random sub-
sampled subset of the video. The subsampling reduces buffer space and has been argued
to provide an adequate background model [8]. Each background pixel is estimated as the
median pixel of 100 random frames of the video sequence at frames ti :

B(x, y, t ) = median
i

{I (x, y, ti )} (3.2)

Background estimation through median filtering is fast and simple, and works well
in setups where the background occurs much more frequently than the foreground and
is well behaved (reasonably constant). This is the case in the setup, though in very long
videos changes in lighting conditions occur. The solution to this is to reestimate the
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(a) I (x, y, t ) (b) B(x, y, t ) (c) | I (x, y, t )−B(x, y, t ) |

Figure 3.2: Frame, calculated background and foreground

(a) Frame from the video (b) Darkened fur.

Figure 3.3: Example of the darkening of the fur through the subtraction of the foreground

background after 10000 frames, approximately 6 minutes. This keeps the subsampling
factor in the order of magnitude required [8].

Figure 3.2 shows the mask gotten from a frame. Before applying the threshold, spatial
mean filtering is used to remove noisy pixels due to bedding changes.

3.3.2. DIFFERENCE ADDITION

In figure 3.2c it can be seen that the foreground mask incorporates undesired elements
such as spurious differences in the background or shadows. The element to be distin-
guished is the fur of each mouse, which is clearly darker than the rest of the image. With
a simple thresholding of the frame it is not sufficient for differentiation of the mice and
background, as other parts of the image can have the same darkness as the fur.

By taking the foreground mask, applying it to the image and then subtracting this
"foreground" to the original frame, we will have a meaningful impact on the darkest
foreground elements, notably the fur. It will effectively reduce its brightness, making
it darker and easier to identify. In figure 3.3 the results of subtracting the foreground can
be seen.

Instead of hardcoding a value to threshold this image and find the mice’s fur, the user
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is prompted to select a mouse’s fur at the beginning of each video sequence. Then, the
mean value of this selection is taken as an approximate value for the fur’s brightness. To
account for the darkening process, the threshold is selected as 30% of the value that the
user chose.

Algorithm 1: Calculation of the foreground mask

Result: Foreground mask
Data: User selection of fur and video
FurColor = mean(user selected bounding box);
if BackgroundNotInitialized then

1.Choose 100 random ti form within the next 10000 frames.
2. Calculate background pixels as:
B(x, y, t ) = median

i
{I (x, y, ti )}

3.BackgroundNotInitialized=True
end
1. Calculate the foreground as F (x, y, t ) =| I (x, y, t )−B(x, y, t ) |
2. Add the foreground mask to the image to darken fur:
Id (x, y, t ) = 1.2 · I (x, y, t )−0.2 ·F (x, y, t )
3. Threshold with the chosen color:
M ask = (Id (x, y, t ) > FurCol or ·0.3)
4. if NframesAfterLastBackground>10000 then

BackgroundNotInitialized = True
end

3.3.3. MORPHOLOGICAL OPERATIONS
To remove small artifacts from the mask, as well as to unify each mouse’s blob, morpho-
logical operations are used.

In image processing, mathematical morphology is a non linear processing technique
in which pixels of a binary image are evaluated with a simple kernel and conclusions are
drawn on how this kernel fits or misses the shapes of the image. The two building blocks
of morphology are erosion and dilation.

In erosion, the image A is eroded by kernel B as in equation 3.3, where Bz is the
translation of kernel B by vector z and E is the Euclidean space in which image A is
defined. For every pixel, B is superimposed to the image A. If B is completely contained
by non-zero values of A, the pixel is retained, otherwise it is deleted.

AªB = {z ∈ E |Bz ⊆ A} (3.3)

Dilation is defined by equation 3.4, where image A is again transformed by kernel
B , and Ab denotes the translation of A by b. For every non-zero pixel of A, kernel B is
superimposed, and every pixel of the kernel is included in A⊕B .

A⊕B = ⋃
b∈B

Ab (3.4)

By applying the same kernel B to first erode and then dilate an image A, we perform
the operation of opening. Opening removes objects smaller than B with the erosion
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(a) Mask before processing (b) Mask after processing

Figure 3.4: Morphological operations applied to a mask

while restoring the size and shape of the remaining objects (approximately) with the di-
lation operation. For the case at hand, closing followed by an additional dilation restores
removes not only artifacts but holes in the detected blobs, as seen in figure 3.4

3.4. FINDING EACH MOUSE

W ITH the foreground mask it is now the moment to distinguish between individual
mice and create the detections required by the tracker. The data association prob-

lem now becomes that of finding the centroid of each mouse and a useful bounding box
to feed to the tracker.

3.4.1. CONTOUR FINDING
The structural outline of a shape in an image is identified in the process of contouring.
It is helpful to identify the shapes of objects inside the image.

When a mouse is clearly differentiable from the rest (as in figure 3.4b) finding the
contours of its shape is enough to achieve the characterization required. To find the
contours of the binary image, the built-in function of OpenCV was used. The approach
is based on the algorithm proposed by Satoshi Suzuki and Keiichi Abe [9], where pixels
are identified not just as border pixels but they are ordered in a hierarchy based on the
nesting of the borders (whether they are outer or inner borders). With the contour of
a mouse, the bounding box calculation is trivial, and the cetroid of the mouse can be
found using image moments (see 3.2).

3.4.2. DISTANCE TRANSFORM
When two or more mice overlap in the image (see Figure 3.6), using contours is not suf-
ficient for identifying individual mice. The area of the contour does indicate with high
certainty the amount of mice enclosed. By analyzing the shape of the contour and its
area, it is possible to differentiate each of the mice.

In this case, the approach is reversed. The centroids of the mice are calculated first,
and afterward a bounding box is generated using the average width of a mouse (Ap-
pendix 8.2 for statistics on the areas). The goal of the bounding box is not behavioural
inference, but correct tracking. The difference between bounding boxes using the first
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(a) Foreground mask (b) Contours of the mask (c) Bounding boxes

Figure 3.5: Bounding box creation using contour detection

(a) Foreground mask (b) Contours of the mask

(c) Distance transform (d) Peaks and bounding boxes

Figure 3.6: Bounding box creation using contour detection
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and second approach are designed intentionally to reduce identity switches when mice
are overlapping, as explained in Section 4.2.1.

The distance function D on a binary image f associates each pixel x of the definition
domain D f of f with its distance to the nearest zero-valued pixel:

[D( f )](x) = min{d(x, y) | f (y) = 0} (3.5)

The distance transform will depend on the distance function employed and its do-
main. The typical choice is the euclidean distance, which is the one used in the imple-
mentation of OpenCV.

PEAK FINDING

The peaks generated by the distance transform correspond to the centers of overlapping
objects in the image [10], in our case the centroids of the mice.

A peak of the distance transform image is a local maximum of the image. The python
library scikit-image [11] uses a non linear maximum filter and then morphological dila-
tion to merge the closest peaks. Due to the varying nature of the shape of mice together,
more than one peak per centroid is usually detected, so processing of the peak coordi-
nates must find the distinct centers.

RANSAC

The result of peak finding is a set of coordinates P corresponding to the peaks of the
distance transform:

P = {(x, y) | f (x, y) ≡ localmax
f

} (3.6)

Several peaks are usually detected per centroid of a mouse. To separate each center, the
peaks are evaluated to find the subset of P with size N , corresponding to the number
of mice, where each of the coordinates are as distant to the rest as possible. For the
coordinates to be usable for tracking, though, they do not need to be the exact N points
that satisfy the statement. It is only important that each point is in one distinct mouse.
So, an approximate solution to the problem is sufficient.

To guarantee that each of the N points is in a distinct mouse, the function to be evalu-
ated is the minimum distance between two of the N points of the subset. By maximizing
the minimum distance, the two closest points of the subset will be in the centroids of
the two closest mice of the blob. Then, all points in the subset are separated by at least
the distance between the two closest mice, and thus are at different mice. Equation 3.7,
where d(xi , x j ) is the distance between two points (chosen as the euclidean distance),
summarizes this approach:

C ⊆ P, C = {x1, ..., xN | max{min{d(xi , x j ) | ∀xi 6= x j ; xi , x j ∈C }}} (3.7)

Instead of solving 3.7 analytically, an iterative method is used: RANSAC. With this
method, the peaks are sampled iteratively, each sample is evaluated and after a certain
amount of tries, the best sample set is chosen.

In RANSAC, the parameters of a distribution are estimated by random sampling of
the observed data. First, a model is fitted to a random subset of the data. Then, a cost
function is evaluated for this model. This is repeated until the cost function reaches a
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certain threshold or a number of tries are attempted. If the latter is the case, the model
with the lowest cost function is the selected model. Otherwise the first model to reach
the threshold value is the selected model.

Applying RANSAC to the problem at hand, N coordinates are taken from the set of all
peak coordinates. The distance between all of them is calculated, and the smallest one
taken as the cost function. The subset selected will be the one with the largest minimum
distance between all points after 50 tries.

BOUNDING BOX CREATION

With the centroids differentiated, a bounding box must be created around each one to
feed to the tracker. This bounding box is generated as a square centered in the mouse’s
centroid with side length the average diameter of a mouse’s body. This bounding box
will be robust to the switch from the larger detected when using the full contour of the
mouse, as explained in 4.2.1. In Appendix 8.2 the reasoning behind the area used when
creating the bounding box is presented.

3.5. LIGHT DETECTION

T HE brightness of the lights is such that nothing else in the video feed reaches that
colour. Therefore, simple binary thresholding of the image is sufficient for the dif-

ferentiation of the lights.

The close position of the LEDs inside the implants, together with the fact that the
LEDs radiate quite diffusely make the differentiation of the two impossible. The light is
detected as a single blob whether the bit coding light is on or off. Therefore, the area of
the detection is what is used for code detection. This process is detailed in Chapter 5.

3.6. CONCLUSION

B EFORE creating an algorithm for the detection, it was interesting to analyze the videos
to be able to generate a useful and accurate appearance model. This appearance

model ended up as a bounding box centered in the center of mass of the mouse and
the contour of the light. To arrive at the descriptor from a frame, two separate image
segmentation problems were solved: mice and LED segmentation.

To differentiate the mice, the background of the video is calculated using median fil-
tering. The result from subtracting this estimation to each frame is added to the original
frame. This step darkens the fur of the animals, and with some adaptive thresholding
the background is removed and a binary image generated. To separate the mice, first
the contours of the thresholded image are found, and then their bounding boxes. If two
mice are detected within the same contour, the contour is analyzed using the distance
transform. The peaks of the function are found, and they are deemed the centers of each
mouse. A fixed size bounding box is generated for these cases.

Light detection is as simple as thresholding and contour finding, as the brightness
from the infrared implants is beyond anything else in the image.

With the detector completed, next is the selection of a movement model and tracking
strategy using these cues to complete the tracker.
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“He sees you when you’re sleeping
And he knows when you’re awake”

Santa Claus Is Coming To Town
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After detecting the objects in a frame, they must be linked to the different targets from
previous frames. This data association problem is solved through estimating the position
of the targets and matching estimations to detections. So, both a movement model and
a data association metric have to be chosen when designing a tracking algorithm.

In the case of the project, a Kalman filter was used to estimate the position of the mice
in each frame, by using the previous position. To assign the detections, the estimations
are compared to the detections using the intersection over union metric. The matching
is solved by formulating the problem as an optimization problem of a bipartite graph.

This chapter first formalizes and gives an overview of the Kalman algorithm as ap-
plied to tracking, and then explains the motivation for the choice of the tracking method.
Next, a summary of the previous work that this tracker is based on is given, as well as the
implementation details and changes made to accommodate the problem.

4.1. SELECTING THE TRACKING METHOD

T HERE are many approaches to the estimation of the position of the objects in a frame,
as explained in Section 2.2.2. The selection of an appropriate estimation method for

the tracker is linked to the descriptors generated from detections. Both components
have to be chosen together as to maximize the performance of the solution.

In the literature of mice tracking solutions, several different approaches have been
successfully employed (see Table 2.1). They mostly depend on the complexity of the de-
scriptors and the availability of training data. Very detailed models of the targets allow
for the use of complex physical movement estimations [1]. With large amounts of train-
ing data, neural networks can be employed to predict the positions and variations of the
targets [2]. In between, allowing for a wide range of descriptors and requiring no train-
ing data, Kalman filtering is a very widespread approach in rodent tracking, as well as
the general MOT problem.

4.1.1. KALMAN FILTER
The estimation method chosen was Kalman filtering. This method has low resource re-
quirements, both in training data (not necessary) and computationally. It is easy to im-
plement and allows for more complex descriptors than particle filters [3].

The simple implementation of Kalman filters allowed for different appearance mod-
els to be tested before committing to one. Additionally, knowing that other working
mice trackers employ Kalman filters with a linear movement model, if the detections
employed in the solution are appropriate, the estimations of the filter will hold.

The Kalman filter is an estimation algorithm that uses a sequence of noisy and in-
accurate measurements (i.e. the detections) to produce estimates of variables (i.e. the
position of the mice) using a joint probability distribution over the variables for each
timeframe. It is recursive in nature, and estimates the internal state of a linear dynamic
system using only the current measurement and the previous one. It first predicts the
state (a priori estimate) using the previous estimation and some internal variables and
then corrects this based on the current measurement (a posteriori estimate).
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The assumption of a linear process and measurement model allows all computations
to be done through matrix vector multiplication. The noise in the process and measure-
ment are assumed to be additive Gaussian.

The prediction equations that govern the filter are:

x̂−
k = F x̂+

k−1 (4.1)

P−
k = F P+

k−1F T +Q, (4.2)

while the update step is:
ỹ k = ẑk −H x̂−

k (4.3)

Kk = P−
k H T (R +HP−

k H T )−1 (4.4)

x̂+
k = x̂−

k +Kk ỹ k (4.5)

P+
k = (I −Kk H)P−

k . (4.6)

In this notation, the hat operator, ˆ , denotes an estimate of a variable. So x̂ is an
estimation of x . The superscripts - and + are used for prior (predicted) and posterior
(updated) estimates, respectively.

Equation 4.1 predicts the current state (x̂) evolving the previous updated estimate
with the dynamics model (matrix F ). The error covariance of this estimate is encoded in
the matrix P , and predicted in Equation 4.2.

The update stage begins by calculating the measurement residual ỹ k (4.3), the differ-
ence between the true measurement zk and the estimated measurement H x̂−

k . H is the
measurement matrix that encodes the relationship between the state to be predicted and
what is actually measured. This residual is then multiplied by the Kalman gain (calcu-
lated as in Equation 4.4) to provide the correction to the predicted estimate, in Equation
4.5. Lastly, the error covariance is updated for the next step, Equation 4.6.

To initialize the filter an initial guess of the state estimate and error covariance ma-
trix are needed. Commonly, initial ignorance is employed, meaning a large P+

0 is used
for quick convergence. The process noise (Q) and measurement noise (R) have to be
estimated as well. These two are typically obtained from studies or measurements of the
system.

In the case of Kalman filtering applied to video tracking, the measurement vector
(ẑ) is the position of the target: a vector described by the horizontal and vertical pixel
locations at the center of the targets (u and v).

ẑ ≡ [u, v]T (4.7)

For tracking, real motion can be viewed as linear over short time short time periods
[4]. Thus, the dynamics model of the matrix F is typically chosen to be linear constant
velocity model, where targets are modeled by the state:

x̂ ≡ [u, v, u̇, v̇]T (4.8)

The measurement (Equation 4.7) is projected onto a state vector through the mea-
surement matrix (H). No velocity can be calculated solely from the position, so it is left
as zero:
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H =


1 0
0 1
0 0
0 0

 (4.9)

To evolve the state, the velocity is maintained constant while the locations are moved
by their velocity multiplied by the time between frames (∆t ), making dynamics model
matrix:

F =


1 0 ∆t 0
0 1 0 ∆t

0 0 1 0
0 0 0 1

 (4.10)

ASSIGNMENT PROBLEM

Before the update step of the Kalman filter, each of the detections must be assigned to
its corresponding track by looking at the distance to the estimated positions. This is a
combinatorial optimization problem, as each detection cannot be individually assigned
to a track. If not taking into account the previous assignments, collisions where several
detections are mapped to the same track can occur. Therefore, all detections must be
assigned at the same time. This is done by minimizing the sum of all distances between
detections and their assigned track, which is analogous to the assignment problem:

Given two sets of equal size A and T , together with the weight function C : A×T −→R,
find a bijection f : A −→ T such that the cost function

∑
a∈A C (a, f (a)) is minimized.

In the case at hand, A and T are the detections and the estimated position of each
track, respectively. The cost function is the distance measure used to compare and eval-
uate similarity between the two.

A polynomial time algorithm to solve the assignment problem is the Hungarian al-
gorithm [5], commonly used for the MOT problem [6] [7] [8], and readily implemented
in most machine learning libraries.

4.1.2. KALMAN FILTER ON LIGHTS

As explained in Section 3.2, light detections are too infrequent to make reliable estima-
tions of the path they take between detections. Figure 4.1 again shows the model failing.
In Appendix 8.1, statistics detailing the frequency of occlusions of the lights are detailed.

Before gathering the statistics of light detections, a trial solution applying the simple
Kalman filter with a linear movement model on the centers of the lights was built. The
simplicity of the design allowed for a heuristic evaluation of such a solution to be a real-
istic possibility that required less time than data analysis of the recordings. Plus, it was
a good first dive into the structure and logic of a MOT, building the experience required
for the project.

The state vector was given by the position of the centers of each light, and the dis-
tance measure between estimations and detections used in the assignment problem was
the euclidean distance between two points.
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Figure 4.1: Example of the Kalman filter failing while the mice have their lights occluded.

The failure of the model was due to the dynamics model. A linear constant veloc-
ity can only hold in short time periods, and so with the frequent and long intervals of
occlusion of the lights, the assumption fails.

The main takeaway from the first attempt was that an appearance model based on
the lights would never be enough for a functioning MOT. So, more preprocessing was
needed in the detector in order to identify mice with other cues apart from the LEDs.

4.1.3. KALMAN FILTER ON CENTERS OF MASS
The position of the centers of mass of the mice were identified as possible candidates for
the state vectors of the Kalman filters. Following the steps detailed in sections 3.3 and
3.4, a rough detection of the center of mass of each mouse was possible in every frame.
Thus, the frequency of detections of this variable would not be a problem.

The Kalman filter designed in section 4.1.2 was repurposed to work with these de-
scriptors, with not very positive results. The centers of mass change position very sharply
when the detector switches from contour centroids to distance transform peaks, that is,
in contact events. This is the most sensitive moment in tracking. Identity switches are
more likely to occur in such events, as it is when the detections are the closest. Outside
of contact events, the tracker seemed fine, but the frequency of contact events is very
high even when working with only two mice, as assessed statistically in Appendix 8.2, so
it did not seem like the best option.

Another problem encountered was that mice can be very quick and unpredictably,
and even at 30fps a linear movement model can fail. This is a common problem faced
when encountering maneuvering objects in tracking [9].

A solution for the last problem is to break the tracks when the distance between de-
tection and estimation is bigger than a certain threshold, and to create new tracks for
unassigned detections. The LEDs of the system allow for the identification of the mice
when decoding the sequence of blinks detected. If the tracks last for longer than the fre-
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Figure 4.2: Visualization of the Jaccard Index between two bounding boxes.

quency of code detections, broken tracks can be reassigned with certainty to the correct
subject, even when several tracks are discontinued simultaneously.

4.1.4. SIMPLE ONLINE REALTIME TRACKING
Following the experiences described in the previous subsections, it is clear that the eu-
clidean distance between two coordinates is not the best distance measure for dealing
with occlusions. Hence, some handling of misdetections when the movement model
falls short is required. Bewley et al. proposed an elegant and pragmatic object tracker
using both the Kalman filter and the Hungarian algorithm as building blocks. This was
put into practice in Simple Online and Realtime Tracking [6] (from now on SORT).

The tracker was designed as a multipurpose tool, but with pedestrian tracking in
mind. It only handles the estimation and assignment problem within MOT, and leaves
the detector to be selected by the implementer. Detections become key here, as chang-
ing the detector can improve tracking by 18.9%.

The simplicity of the design comes not only from the estimation and assignment
algorithms, but also from the descriptors. All features beyond the detections are ignored
in the tracker, and the objects are described simply by a bounding box. The bounding
box is evolved by the Kalman filter and the distance between estimations and detections
are computed as the intersection-over-union, also known as the Jaccard index (Equation
4.11). This measures the ratio of similarity between sets as the size (defined as cardinality
i.e. number of pixels) of the intersection divided by the size of the union of the sets 4.2.

d(A,B) = IoU(A,B) = |A∩B |
|A∪B | (4.11)

The choice of this distance metric implicitly handles short term occlusions by pass-
ing targets (in contact events). It does so as when a target is occluded by a moving target
only the occluder is detected, since the IoU favors detections with similar scale.

SORT also tackles the problem of track handling. Having been designed as a multi
purpose tool, the issue of deletion and creation of targets comes up when targets leave
or come into the frame. In the setup this is not a possibility, but the limited capabilities
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of the movement model can be handled similarly. In SORT, tracks are terminated when
they are not detected for Tlost frames. New trackers are created when a detection with
an overlap less than IOUmi n exists for a probationary period of T f ound frames.

4.2. ADAPTING SORT TO MICE TRACKING

T O begin with, SORT was implemented to work solely on the bounding boxes of the
contours. The results looked promising but the amount of times the contours were

not differentiated meant that contact events were not tracked at all. Discontinuation of
the detections in contact events terminated the tracks. So the bounding box creation
step was added to the detector using the distance transform peaks. A small change in
the state vector and dynamics model was made to incorporate the particularities of mice
body shape. Also, the tracker parameters IOUmi n , Tl ost and Tmi n were to be determined.

4.2.1. DETECTOR CHANGES

As previously stated, using the bounding boxes of the detected contours terminated the
tracks when contact events occured. To solve this, a bounding box needed to be created
during the contact event that would maintain the track identity using the IoU metric.
The solution was to create a small bounding box centered in the centroid of the mouse.
By making the bounding box sufficiently small, it does not overlap with the estimated
bounding box of other mice, while it is fully contained inside the correct mouse’s predic-
tion. Therefore, the IoU of this bounding box is only nonzero with the mouse it corre-
sponds to.

The bounding boxes also allow for tracking through contact events, as the centroids
calculated using the distance transform are good detections of the mice position through-
out the event. The centroids do have small variations in position that do not account for
movement of the mouse but for the changes of the overall shape of the blob formed by
all the mice in the contact event. These variations change the position of the bounding
boxes by small amounts, and are handled correctly by the distance metric.

4.2.2. TRACKER CHANGES AND PARAMETERS

The state vector of the targets was defined as:

x̂ ≡ [u, v, s,r, u̇, v̇ , ṡ, ṙ ] (4.12)

Where (u, v) correspond to the center coordinates of the mouse’s enclosing bounding
box, s to its size and r to the aspect ratio. The aspect ratio is not constant as in the
original paper as when mice stand up or curl into a ball they change substantially their
shape. With the high framerate a constant velocity for the aspect ratio is appropriate.

No orientation was added to the bounding boxes as the changes in orientation when
using this parameter are too abrupt. The causes for variation of orientation of the bound-
ing boxes of the contours are not only changes in the orientation of the mouse, but
changes in its posture. The contour of mouse standing up resembles a circle, and the
orientation of the bounding box in this position changes frame to frame as many similar
bounding boxes can fit the shape.
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To be able to reidentify targets, the creation and deletion of tracks must happen less
frequently than the detection of the blinking sequence of each mouse. To evaluate the
performance of different parameters on the tracks period, several videos were fed to the
tracker and the number of tracks and their length were noted. Being the constant veloc-
ity model a poor predictor of the true dynamics of targets, Tlost could not be too long,
but it must also allow some leeway otherwise the codes would not be detectable. The
parameters employed where IOUmi n = 0.1, Tl ost = 45 and Tmi n = 10.

4.3. CONCLUSION

A FTER having selected an appearance model and created a detector, the tracking strat-
egy was developed. Kalman filtering was deemed the best choice as it is simple in

its implementation, robust to errors and has low resource requirements. Several ways
of approaching the tracking were tested, by using different movement models and de-
scriptors. In the end, an adaptation of SORT was used, where not just the centers of the
targets are evolved by the estimator, but full bounding boxes. This allows better distance
metrics regarding occlusion.

Still, the movement model choice was not complex enough as to handle all of the
types of motion patterns of mice. To overcome this, the tracks were discontinued and
restarted. For this solution to work, tracks must be reidentified quicker than they are
generated, by using some sort of code detection scheme. The development of this is
what follows.
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“I wanna turn those blue lights into strobe lights
Not blue flashing lights, maybe fairy lights”

Jorja Smith, Blue Lights
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The proposed system has one main advantage: the possibility of error detection and
correction automatically. This is thanks to the individual identification of each mouse
by a code that is transmitted by the IR lights in the implants. To be able to identify each
mouse, a system that detects and keeps track of the blinking of each implant is needed.

The system presented detects the lights by thresholding the raw camera frames, and
assigns each light to the closest mouse by solving the assignment problem. Each tar-
get has a classifier that determines whether a detection corresponds to a one or a zero,
by analyzing the area of the light detected. This classifier is based on a Gaussian Mix-
ture Model so as to not hardcode the value correspondence between detected area and
code, allowing for variation between mice. The light detections are then analyzed and
compared to the available codes, and fed to a system that handles the mislabeling and
errors.

The following chapter first explains how lights are detected and assigned to targets.
Then, the classification paradigm used to discern bit values is detailed. Lastly, the pro-
cessing of the detection sequence to arrive at the bit code encoded is presented.

5.1. LIGHT DETECTION AND ASSIGNMENT

T HE setup does not have any direct source of light aimed at the camera except for the
implants. This makes the IR light from the implants the brightest element detected

by the camera with a very big margin. The IR lights reach the saturation capacity of the
detector of the camera 1 when aimed directly at the sensor, and are therefore encoded
with a maximum pixel value.

Because of this clear differentiation between the bright light pixels and the rest of the
frame, simple thresholding of the image is sufficient to separate the lights from the back-
ground. The available videos of live mice with implants were analyzed to gather data to
be able to choose an appropriate threshold. The brightness values of the lights varied
between mice and within the mice due to the orientation changes of the implants. So,
instead of hardcoding a value, each frame is thresholded by using its maximum bright-
ness and values close to it, with a minimum possible value in case no lights are clearly
visible in the image. This minimum was selected as the minimum value encountered
while analyzing the videos for light brightness values.

Figure 5.1 shows the light placement on a mouse’s head and the result from the cam-
era. As it is evident, the resolution of the camera is not high enough to differentiate the
two lights in all orientations, so it is best to analyze the light detection as a single blob. To
guarantee that the lights are located in a single blob in detection, an opening morpho-
logical operation is performed to the thresholded image. The results can be appreciated
in figure 5.2.

As explained in 3.2, the lights are better placed in between the shoulder blades. The
same logic applies to detecting the lights when placed there, but orientation changes are
less prevalent.

1The camera is a Basler acA2000-165umNIR USB 3.0 camera with the CMOSIS CMV2000 CMOS sensor, with a
typical saturation capacity of 11.8 ke− [1].
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(a) Head placement of the lights (b) Light detection with the
head implant

Figure 5.1: Original head placement of the lights and the detection

(a) Raw frame (b) Thresholded frame

Figure 5.2: Example of the light detection adaptive thresholding.

5.1.1. LIGHT ASSIGNMENT
The problem of assigning the lights to the different mice can be formulated as the assign-
ment problem previously discussed when assigning detections to estimations (4.1.1).
Each mouse and each light is a vertex on a fully connected graph. The lights edges have
weights corresponding to the euclidean distance between the lights centroid and the
calculated centroid of each mouse. The issue is to find the matching of mice to lights
that minimizes the sum of distances between the two sets. As with the other assignment
problems, the Hungarian algorithm is employed to solve the problem.
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5.2. CODE DETECTION

A FTER assigning the light detections to the different mice, the goal is to be able to
distinguish what code is being transmitted by each mouse. These are unique 8 bit

codes that are broadcast at 15Hz. By storing previous code detections and comparing
the detected code to the previous codes, it is possible to identify and correct mistakes in
the tracking.

5.2.1. CODES
The codes employed are permutationally unique, meaning that not only are each of the
8 bit codes different from each other, but their permutations as well. So, another way to
look at it, is that each of the mice are represented by not just one 8 bit code, but also for
its 7 unique permutations, as any of the 8 possible codes are different to the rest.

This gives rise to a very interesting property of the system: any 8 bit detection is
sufficient to identify a mouse, there is no need for synchronization of the detections.

To be able to assign the permutations together, a lookup table is employed, where
the permutations generated by the same code all share the same key.

5.2.2. BLINK CLASSIFIER
Two LEDs are present in each implant (as seen in figure 5.1). One of the two lights always
stays on, while the other blinks according to the unique sequence at 15 Hz. So if the
implant is visible there will always be a light detection, but the area will be larger when a
1 is being transmitted.

Up until this point, each target is stored in the system by a sequence of frame data
consisting of the contour of the fur, the bounding box around it, its centroid and the
contour of the light. To be able to distinguish the value of each bit, each target must also
have a classifier that assigns the light contours to values of one or zero.

Even though the LED lights in the implants are the same between mice, when ana-
lyzing the videos it was evident that there was variation between mice in the area that is
detected for each bit. This can be attributed to the differences in the skin on top of the
implant, the depth of the implant and the darkness of the fur. So, no fixed value can be
set to distinguish between a 1 or 0 detection, it must be individual for each mouse.

Because of this, a classifier must be trained in order to identify the boundary between
a zero and a one for each mouse. The chosen classifying paradigm is based on a Gaussian
mixture model (GMM).

GAUSSIAN MIXTURE MODEL

A mixture model is a probabilistic model that describes the subpopulations of a distri-
bution with a probability density distribution. It clusters data into classes described by
probability distributions. A GMM models each probability distribution as a linear com-
bination of Gaussian distributions, which are estimated with available data.

When creating the model, the objective of GMM is to maximize the likelihood (p(X ))
of the available data X with regards to the parameters of the K Gaussians (mean and
covariance matrix). By assuming a mixture of K Gaussians to have generated the data,
we can write the likelihood as the marginalized probability, summed over all K clusters
for all data points:
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p(X ) =
N∏

i=1
p(xi ) =

N∏
i=1

K∑
k=1

p(xi |ck )p(ck ) (5.1)

To maximize this likelihood, the expectation-maximization algorithm is employed,
an iterative method to find local maximum estimates of probability distributions.

After creating a model, it can be used as a classifier. Each new data-point is labeled
as belonging to the subpopulation with the highest posterior probability. This is known
as soft classification, as it not only assigns a class to a new data-point, but returns the
probability of it belonging to each class.

GMM was chosen over the similar k-means clustering algorithm for its soft classifica-
tion property, as in the future development of the project the probabilities of each blink
detection could be employed to make the code identification more robust.

In the project, each track has its own GMM classifier, which is trained after 2 con-
tinuous code detections (32 continuous frames where a light was assigned to the track).
With the model, the 32 detections are labeled and the codes are processed to assign the
identity of the mouse. After training, new light detections are evaluated with the model
to distinguish whether they correspond to ones or zeros.

CODE PROCESSING

Every 16 continuous detections of light contours, a code can be computed (as the frame
rate is twice the blinking frequency and the codes are 8 bits).

Because the blinking is twice the frame rate, two light detections encode one bit,
and with 16 frames the code has to be analyzed by pairs. There is no guarantee that the
sequence being processed started at the same time as a bit started to be emitted so it is
possible for the pairs to be shifted. A short processing step is needed taking all of this
into account and combining the pairs of bits into the transmitted sequence. The code
used and a brief explanation can be found in the appendix (8.4).

Whenever a sequence is detected, the track notifies an error correcting module that
handles all targets and stores target-track assumptions. In this module errors are de-
tected and verified tracks are stored into memory.

5.3. DATA STRUCTURE

T HE handling of code detections and correcting of the stored trajectories is made up
of three building blocks: the classifier, a track object and a track handler.
The classifier is an implementation of the GMM classifier algorithm using the model

of sklearn [2]. The classifier takes a sequence of detected areas to fit the model to and
then predicts the probability of a class according to the estimated distribution.

Track objects are instances of tracks (each mouse) that have their own classifier and
the historical data of the light.

The track handler is the module in charge of verifying the codes and trackers, and
handling miss-matches between expected code to be detected and detected code. It has
a memory buffer where all tracks are stored with their expected code. Each time a code
is detected in one of the tracks, the handler is notified. If there is a miss-detection the
incorrect tracking data is discarded (here is where error correction is to be implemented).
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(a) Correctable error with two mice (b) Uncorrectable error with two mice

(c) Partly correctable error with three mice (d) Fully correctable error with three mice

Figure 5.3: Examples of possible code miss-matches. The x axis is a time axis, while the
y axis shows the displacement of the mouse (simplified to one dimension). Different
codes are shown by the different colors, contact events are shown with a circle, and the
mouse with the LED icon represents a code detection of the corresponding light.

When a track is verified with the code detection, its correct historical data is transferred
to the main memory, which at the end of the execution is stored in a separate file for
future processing.

TRACK HANDLER

The track handler is the event handler in charge of reacting to code detections. It has two
memories, a buffer with the tracks between code detections and a main memory where
correctly identified tracks are stored. When a new track is identified through a code de-
tection, this pairing is added to the buffer. When the track updates its code, if it coincides
with the previously detected code, the data between the detections is transferred to the
main memory. If there is a miss-match, or if a new track is detected with a code that is
in the buffer, all buffered data is considered wrong and discarded. When miss-matches
between expected code of a track and detected code occur is where error correction is
to be implemented. In the prototypical implementation of the solution, it was deemed
not necessary, as the complexity of error correction is significant. The tool would be
evaluated while discarding the non confirmed tracks and the frequency of these would
determine the necessity of error correction.

Nevertheless, to reach the conclusion that error correction was too complex to pur-
sue, some high level analysis of errors was performed.
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ERRORS AND CONTACT EVENTS

The first step toward creating an error correction scheme is to identify the types of er-
rors that exist and which errors can be handled by the proposed system. Errors can be
separated into lost tracks, misdetections and identity switches.

Lost tracks occur when a track is not detected through several frames. The system,
explained in 4.2.2, breaks tracks and creates new ones whenever a track is not detected
or its distance to its estimated position is too large through several frames. So, the tracker
already takes care of these errors.

Misdetections take place whenever a new track is detected where there is no track.
If these erroneous tracks do not merge into a true track, they will never have a code
detection, and therefore they will not be verified and moved into the track handler.

An identity switch happens when tracked objects come into contact and their track-
ers are changed. Contact events are very common in rodents, so it is these type of errors
that are the most interesting.

Identity switches can be corrected trivially by the system if they are simple enough
(Figure 5.3a). This means that the switch must occur in a contact event between two
mice, and none of the mice involved are involved in another contact event before the
miss-match is notified to the track handler.

When introducing more mice, errors of identity switches start to increase in com-
plexity exponentially. To think of the complexity of the task, the set of all trackers in the
buffer can be seen as a directed graph, where contact events and code detections are
nodes, and the edges always point in the opposite direction of the passing of time. A
track can be stored into memory if only one path can be found between the last con-
firmed identity and the new code detection. This way, the more mice, and unavoidably
the more numerous the contact events, the more complex the graph and the more diffi-
cult the analysis. Figure 5.3 shows examples with up to three mice.

5.4. CONCLUSION

T HE tracking system does not incorporate into its movement model all of the com-
plexities of mice motion. This means that it fails in limit cases, where the mice move

very abruptly. To overcome this, tracks are discontinued and restarted. New tracks are
reassigned to their targets by employing the novel infrared implants. The implants blink
certain unique patterns that identify the mice. They are distinguished frame by frame
and assigned to their closest mouse.

To detect the patterns being emitted, each mouse is fitted with a Gaussian mixture
model classifier that distinguishes blinks as either ones or zeros. After a sequence, some
preprocessing is done to arrive at the encoded bit pattern. A buffer stores the tracks
between code detections, and whenever a track is verified (its code corresponds to the
expected mouse), it is stored into the main memory of the program.

This concludes the prototype of the tracker, and next is testing to numerically assess
the functionality of the solution.
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Inspired by old astronomy
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The last step to attain the complete set of goals stated in 1.2.3 is to create a labeled dataset
and evaluate the detection accuracy and precision of the tracker. This chapter explains
the process.

The first section of the chapter discusses the resources that were available to work
with through the project. Videos and the capacity to record new ones were limited during
the process. A workaround found for this problem was to create artificial datasets that
mimic real conditions, and then evaluate the project with them. The computer graph-
ics software Blender was used in the creation of these videos and their corresponding
datasets.

Next, the metrics employed are presented, as well as the reasoning for their choice.
The metrics are selected for their capacity to judge the trackers precision in determining
the location of the objects and to trace the correct trajectories through time.

The numerical results are shown, with regards to the number of mice in each video.
A discussion of the results follows. In the discussion, each metric is analyzed in detail.

Lastly, the current work is compared to a state of the art tracking system, showing
comparable metrics and differences in the approaches.

6.1. RESOURCES

T HE usefulness of the evaluation of a system depends on the quality, quantity and
variability of the data employed. In multiple object tracking, the datasets employed

must be a significant representation of all of the different subject configurations and
background conditions. This means it is necessary to evaluate the tracker with a varying
number of targets, light conditions and backgrounds.

There were many limitations in this regard for the present work. The FlashTrack im-
plants were fitted to mice and videos were recorded before the tracker was started. Be-
cause of this, some basic conditions were not kept constant throughout the videos: there
was no fixed camera angle or position and no fixed enclosure conditions, the cages had
toys and bedding in some videos that changed the behaviour of the mice and created
more occlusions (by encouraging digging).

Another factor that influenced the outcome was the position of the implants. In Ap-

Figure 6.1: Example of camera angle variation within the same video.
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(a) Two mice with bedding and a toy. (b) One mouse with little bedding.

(c) One mouse with the shoulder implant. (d) Two mice without a toy.

Figure 6.2: Examples of varied conditions between recordings.

pendix 8.1, the results of gathering statistics regarding the LED light position are pre-
sented. Because of the difficulty of generating new data, it was not possible to explore
the conclusions of the study: that implants between the shoulder blades are easier to
detect.

The process of generating new data is not trivial. Surgery is needed to fit the implant
to the mouse. This makes changing the amount of mice or the position of the implant
challenging.

All in all, 7 recordings of either one or two mice with very different lighting, cam-
era angle and enclosure conditions were available. The total sum of recording time was
just under 5 hours, but the quality of the recordings varied widely, even within the same
video. The recordings were not tagged, meaning that if they were to be used for numeri-
cal evaluation, a previous video analysis and tagging step was needed.

These setbacks motivated the search for a different resource to recordings that al-
lows for easier evaluation and fast video generation. The solution found was to generate
artificial data.



6

56 6. EVALUATION

(a) Example of following behaviour. (b) Occlusion in a synthetic video.

Figure 6.3: Two of the artificial videos.

SYNTHETIC DATA

Data not obtained by measurement is deemed synthetic or artificial. The use of synthetic
data is widespread in machine learning [1], advances in generative adversarial networks
are based on producing new data to train the model. Synthetic data is faster to produce,
is generated tagged and can lead to good generalization to real data (transfer learning)
as has been shown in some object detectors [2].

In the case at hand, the generation of artificial recordings is useful as it remedied
most of the issues stated beforehand. It removes the need for surgery when changing
the number of mice or position of implants. The data is ready for evaluation without the
time consuming step of tagging. Furthermore, specific situations that can be difficult to
find in recordings can be tested i.e. chasing, some kinds of occlusion or other limit cases.

To generate videos that emulated the desired conditions of the system, the computer
graphics software Blender [3] was used.

The videos were generated by using the background of one of the recordings (as
calculated using median filtering, explained in 3.3). A geometrical representation of a
mouse was built on an axis that could be constrained to follow a path. Then, paths were
created and linked, and the mouse object was made to follow them with different veloc-
ities. To emulate the behaviour of mice, events such as following, occlusion caused by
contact and swift trajectory changes were added into the paths.

In addition to the geometrical representation of the mouse, another primitive was
added to the axis object to create the implant lights. Blender allows for scripting in
python, and this was used to make the LEDs blink with the codes through the video.

When rendering, each video was made to generate a json file with a python dictionary
storing the normalized position of the axis of the mice frame by frame, to be used as the
ground truth.

6.2. METRICS

S EVERAL evaluation methods have been proposed in order to assess the performance
of multiple object trackers. Many kinds of errors can occur: identity swapping by
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switching objects, identity swapping by switching tracks, noisy detections, long intervals
without tracking, spurious misdetections, etc.

Some metrics in the literature try to encompass all errors and offer very detailed in-
sight into the tracker while losing easy interpretation [4]. In order not to clutter the eval-
uation process and offer a concise and understandable conclusion of the performance,
the metrics chosen combine the different errors and behave according to human intu-
ition. The multiple object tracking precision (MOTP) and multiple object tracking accu-
racy (MOTA) metrics proposed by K. Bernardin et al. [5] were chosen.

The case at hand makes correspondences between created tracks and objects trivial,
as all targets appear in every frame and all tracks are identified with the code.

The Multiple Object Tracking Precision (MOTP) is defined as the total position er-
ror, rhat is, the distance (pixelwise) between a track and object in every matched frame,
averaged by the total number of matches made (Equation 6.1):

P =
∑

i ,t di ,t∑
t ct

. (6.1)

The Multiple Object Tracking Accuracy is defined as:

A = 1−
∑

t (mt + ft +kt )∑
t g t

, (6.2)

where mt , ft and kt are different types of errors: misses, false positives and mis-
matches respectively, which are averaged by the total number of objects across frames
(g t ).

Additionally, the average missed frames per target (MF) was chosen as a good indica-
tor of the capabilities of the light assignment method and motion model. This indicator
simply averages the amount of frames where the ID of a track does not have a stored po-
sition. As all mice are always in frame, whenever one is not in the tracker it means that
either there was no detection of that mouse (detection error) or, more frequently, that
the track corresponding to the mouse in that frame was not verified. The last case can be
because there was an identity switch, because the light was occluded while transmitting
a sequence or because the track was never validated as it lasted shorter than a blinking
detection.

6.3. RESULTS

T HE evaluation was performed with synthetic data. The videos generated had a length
of two minutes. All of the limit cases were present: occlusion, chasing, mating,

climbing up the walls and standing. Videos had one to six mice in the 30x30cm enclo-
sure. The metrics for each case are shown in Table 6.1.

When too many mice are present in the small enclosure (more than 4) all indicators
point to a sharp decrease in the performance of the tracker. With more mice, more in-
teraction and thus more occlusion. If the enclosure is too small for the amount of mice,
the occlusion can be frequent enough for the tracker not to be able to detect codes as
quickly as the motion model fails and new tracks are created. This means that the mice
tracks will not be verified and thus will be discarded with the current error processing.

A more detailed discussion of each indicator follows.



6

58 6. EVALUATION

6.3.1. ACCURACY

As explained in 6.2, the accuracy of the tracker is measured using the MOTA metric. This
approximates the intuitive understanding of accuracy with that of the stat. MOTA aggre-
gates several types of errors: misses, false positives and mismatches. Its range is from 1,
perfectly accurate, to 0, completely wrong. Figure 6.4 shows the evolution of the metric
with regards to the number of mice.

With only one mouse, there is virtually no occlusion. Therefore the mouse is always
detected and the only chance it has of its track not being stored into memory is if it breaks
the movement model twice in quick succession, generating a short new track that is too
brief to be verified.

When increasing the number of mice, the accuracy stays above 0.85. This is as long as
the mice have enough space to move without occluding each other too frequently, which
happens when there are five and six mice. If the threshold is surpassed, MOTA decreases
sharply, reaching as low as 0.22 with six mice.

The exaggerated failure of the system with six mice is due to the size of the enclo-
sure. Even with artificially small mice, such a number means that contact events are
ever-present in the video (as seen in figure 6.5). Contact events are critical as it is where
most mismatches occur. Most errors are due to misses, as if a track is not verified the
current system discards it. This is evident when looking at the MF metric, as mice are
not detected in more than 70% of the frames.

6.3.2. PRECISION

The precision of the tracker is only measured when a match between track and object is
made. It measures the capabilities of the detector and movement model estimation as
the distance between the stored position and the ground truth. A plot of this measure
against the number of mice in a video can be seen in figure 6.7.

Up to five mice, the metric stays roughly constant (with a 10% margin) around 20
pixels. This discrepancy is approximately 8mm, with a variance between videos of only
0.6mm. The reason for this constant error is due to a discrepancy between how the cen-
troid of the mouse is calculated and how the ground truth is stored. The ground truth
has the position of the axis of each mouse collection of blender, which is slightly shifted
with regards to the center of mass of the fur, which is the calculation of the tracker (see
figure 6.6).

The mice created in blender have a length of 4cm, so the precision is around 20% of
the length of a mouse, meaning that the centroids are on average inside the mouse. The
precision can be deemed acceptable because of this.

With six mice, the precision falls drastically, to more than 250 pixels. As misses ac-

One Mice Two Mice Three Mice Four Mice Five Mice Six Mice
MOTA 0.9965 0.9229 0.8907 0.8662 0.6217 0.2261
MOTP 20.98 22.66 18.88 19.59 20.95 269.3
MF 0.34% 7.71% 10.91% 13.35% 37.82% 73.06%

Table 6.1: Benchmarks of the tool with different amounts of mice.
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Figure 6.4: MOTA of the tracker for different amounts of mice.

Figure 6.5: Six artificially small mice in the enclosure.

Figure 6.6: Shifted collection axis in Blender with regards to the center of the mouse’s fur.
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Figure 6.7: MOTP of the tracker for different amount of mice.

count to around 73% of the frames and the MOTA is 23%, there is a 3% error discrepancy
that can be attributed to false positives that are verified through code detection. This
has a very small chance of occurring, but as contact events become more frequent, so do
these errors.

6.3.3. MISSED FRAMES
The amount of missed frames per mouse is negligible when only one mouse is present,
as occlusion is almost non-existent and the track is always being verified.

When increasing the number of mice, and with it the amount of contact events, MF
starts to increase as well. Contact events are the most sensitive of all limit cases, as mis-
matches can occur, as well as erroneous light assignments. With five and six mice, the
frequency of contact events is such that mice spend more than 35 and 70 % of the time
without a stored track. This is not acceptable, and so a more precise solution for mis-
labeled tracks should be found. Results for 6 mice should not be taken into account, as
clearly the enclosure is too small to maintain such a population.

6.4. COMPARISON WITH SLEAP

T HE solution is compared here to Social LEAP Estimates Animal Poses (SLEAP), a state
of the art tracking framework for multiple animals using deep learning. A brief sum-

mary of SLEAP can be found in 2.4. As a multi-purpose tool, in its evaluation it was tested
against several types of animals. One of them were mice, videos of two mice recorded in
a cage with bedding at 40fps, 1280x1080p for 5 minutes.

6.4.1. TECHNIQUES
SLEAP is a general purpose animal tracking tool. It uses complex body-part descriptors
for each animal. To create the descriptor, the researcher using SLEAP must first define
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Figure 6.8: MF of the tracker for different amounts of mice.

the model and then tag a series of frames (1474 in their example case with mice). This
is then fed into a deep learning algorithm to create the detector. For this last step, a
powerful computer is needed in order to train the model.

In contrast, the work being presented uses a set environment and subject type, and
thus can pinpoint the detector without the need for training data or powerful computers.

The descriptor is simpler, with the downside that pose information is not gathered,
unlike SLEAP.

This work also maintains identity through tests, as the implants will continue to use
the same codes throughout all experiments. In SLEAP, no such feature is present.

With regards to tracking, the framework proposes two movement models: linear
Kalman filtering and particle filters. Both models are applied to each body part, and
the chosen one depends on the type of animal. For mice they use Kalman. This solution
is very similar in both SLEAP and this work. The main difference is in the complexity of
the descriptors, as in this case Kalman filtering is applied only to bounding boxes instead
of multiple descriptors.

6.4.2. METRICS

In SLEAP, precision is measured differently. This is because as their approach has more
complex descriptors, they cannot be simplified into only one distance metric for MOTP.
So, SLEAP uses a different metric (Object Keypoint Similarity). OKS has a domain of 0 to
1, where 1 is perfect precision. For the dataset with mice, they achieve only 0.535 mean
average precision. This shows that overly complicated descriptors are not optimal with
animals with blob like features. With the simple bounding box descriptor, precision was
high in the work.

Before measuring the accuracy, the researchers proofread the tracking results, cor-
recting the identity switches between the two mice. On average identity switches occur
1.26 times per minute. After proofreading, they achieve a 99.98% MOTA, 6% higher than
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in the current work, which is not proofread.
The amount of switches, as well as the need for manual supervision is not present in

the current solution, albeit at a 6% loss of accuracy.

6.5. CONCLUSION
To assess the validity of the tracker, synthetic data was generated. Using this synthetic
data, statistics were gathered of the performance with videos with different amounts of
mice. The tracker is accurate and precise with a limited number of mice. It ends up
holding its ground against an established solution such as SLEAP with two mice in the
enclosure.

Problems begin when more mice are introduced into the enclosure. No error correc-
tion scheme was created and erroneous tracks are simply discarded. As contact events
between mice increase, so do the amount of discarded frames, reaching amounts that
make the tracker unusable with more than 5 mice. Clearly, a more nuanced error man-
agement approach is needed.

The external validity of the study is not high, as synthetic data is simpler than real
data, with no shadows or pose changes. It is therefore clear that the statistics will de-
crease with a further necessary evaluation with real data, which is the next step in the
development of the system.
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Every real story is a never ending story.

Michael Ende, The Neverending Story
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This last chapter gives a brief overview of the work done, a section on the contributions
of the thesis and a discussion with future lines of research to continue working on.

7.1. THESIS OVERVIEW

T HE objective of this thesis was to develop a multiple object tracker for mice with
infrared implants that could detect errors and process them. The final goal of the

project is to infer behavioural data from the tracker. This was taken into account in the
design process of the solution.

Part of the project was dedicated to gathering data about positioning of the implants
and enclosure conditions. This was only explored theoretically, as no videos were recorded
following the conclusions of the study.

Various approaches were investigated for detecting the mice. The main issue was
what descriptor should be chosen to attain a balance between tracking capabilities and
behavioural cues. Finally, a simple bounding box based descriptor was chosen, discard-
ing more expensive ellipse fitting methods.

Regarding tracking, Kalman filtering was deemed optimal for the task as it is simple
to implement and has a good track record with animal tracking. Some adjustments were
made to take into account the particularities of fixed camera rodent tracking.

To detect errors, the infrared implants came into play. Each mouse has a unique code
with which it blinks for track validation. The codes were chosen to be permutationally
unique in favour of other coding schemes as it made detections quicker with simple tools
at the framerate required. The problem of error correction was studied but considered
out of the scope of the thesis, so tracks were only validated or discarded. To evaluate the
work, synthetic data was generated. Common multiple object tracker metrics were cal-
culated using the ground truth, and the result was compared with other animal trackers.

7.2. DISCUSSION AND FUTURE WORK
This project concludes with an error detecting mice tracker with promising results in
some particular conditions evaluated with synthetic data.

The generalization of the results of the project to real data is to be assessed. The
external validity of the research is therefore questionable, and it is necessary to use the
statistical analysis of the enclosure and light positioning to record real data with the cor-
rect conditions to evaluate the tool with.

With the positional data of the mice, it is possible to obtain behavioural indicators
such as time spent in different areas of the enclosure, amount of contact events or dom-
inance. In the work presented, none of these indicators are gathered, and it will be an
important line of research to do so.

When the tracker was employed to analyze the behaviour of too many targets, the
performance lowered considerably. The main reason for that was that if a track is not
validated by the light codes, it is simply discarded. Graph theory based error correction
schemes using the detected codes are possible, and an elegant albeit complex solution
to the subpar performance.

Employing a GMM classifier to distinguish the codes generated by the implants asso-
ciates a probability to each of the detections. This probability was built in to the tracker
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for the possibility of expanding the correction of the tracks by using some probabilistic
method. In the current iteration of the solution, all code detections are treated as equally
correct, but by using each blink certainty, the codes can have an associated likelihood
score. This certainty measure can be used for a more refined error correction, where a
very low probability mismatch between detected and expected code would need several
repeated occurrences to be flagged as a mismatch.
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To avoid clutter in the main body of work, the statistical analysis of the videos of real
mice are grouped here in the Appendix. For the same reason, the preprocessing code
explained in 5.2.2 is presented here.

8.1. LIGHT POSITIONAL DATA
Three videos were analyzed in order to assess the value of the lights in both detection
and error correction. The limited number of videos and varying conditions mean that
the data is not fully generalizable, but the analysis still proved useful to the research, as it
demonstrated that the lights on their own are not sufficient for detection, and the lights
on the scalp have to much cadence and infrequent detections that even identification is
an issue.

To analyze the three videos, a script run frame by frame checking whether the lights
were detectable by thresholding. In the case of the video with two mice, the lights were
assigned by the euclidean distance between the current and last detections. This data
was gathered in a comma separated value file (csv) and then processed using pandas [1].
To interpret the data from the tables, the following is the legend:

• Continuous frames with both mice: The number of consecutive frames in which
the lights of both mice were detected before one or both stop being detected.

• Continuous frames with no mice: The number of consecutive frames in which no
light was detected.

• Continuous frames with mouse A: Number of consecutive frames in which mouse
A’s light is detected.

• Continuous frames without mouse A: The number of consecutive frames in which
mouse A’s light was not detected.

• Continuous frames with mouse A: Number of consecutive frames in which mouse
A’s light is detected.

67
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Table 8.1: Data from an 80 minute video of two mice with the implant on their scalp and
bedding

2 mice Average Stdev Mode # mode % of mode # >Code % >Code # breaks Max
Cont. frames
∀mi

5.8819 7.3876 1 1331 25.3041 94

Cont. frames
Ømi

7.5453 15.601 1 812 24.7108 321

Cont. frame
m0

16.632 31.078 1 644 14.7604 460 10.543 4363 611

Cont. frames
m1

15.373 32.859 3 1063 21.2218 371 7.4066 5009 842

Cont. frames
Øm0

16.2371 44.137 1 916 20.9899 1062

Cont. frames
Øm1

13.2672 34.760 1 1054 21.0379 1114

Frames between
code m0

42.8527 85.1182 15 2117 63.2317 1508

Frames between
code m1

40.3412 78.250 15 2315 65.1195 1447

• Frames between code in mouse A: Number of consecutive frames between detec-
tions of length 15 or more.

• % > Code: Percentage of continuous detections that have a length longer than the
code’s length.

• % of mode: Frequency of the mode in the distribution

TWO MICE WITH IMPLANTS ON THE SCALP ( TABLE 8.1)
On average a mouse light is detected every 15 frames, though it has a huge variance, and
it can stay undetected for 1000 frames (30 seconds).

The detections on average last 15 frames, exactly one code detection, but this also
has a huge variance. Only 8% of detections last long enough to identify the code, mean-
ing that 92% of detections are not valuable for detection purposes, and that detections
usually occur in long continuous intervals.

The time between possible detections is on average 42 frames (more than 1s). This
value also has a huge variance, as it is common for several detections to happen contin-
uously (as illustrated by the mode of the time between detections being 15 frames). In
this particular video, a mouse went for over 1500 frames with its light not being visible
(almost one minute).

A wild mouse has a top speed of 3.6 m/s, so even if the mouse moves at 10% this
speed, on the average time between detections (0.5s) it can move 18 cm, almost half of
the enclosure. This is between detections, not between code detections. Between code
detections, with more than 1s on average, the mouse is likely to move 40 cm, almost the
length of the enclosure. The most common occurrences are very short detections (of 1
to 3 frames) followed by also short intervals of non detections (1 frame).

Each mouse, in total, has its light detected in a little over 50% of the frames. Because
of the infrequency of the detections, again, 92% of this time is not usable to find the code.
This means that the lights are only useful 4% of the time for detection purposes.
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Table 8.2: Data gathered from a 20 minute video of one mouse with the implant in the
scalp and no bedding

1 mouse
scalp implant

Average Stdev Mode # mode % of mode # >Code % >Code # breaks Max

Continous frames
with m

42.9941 84.7805 1 93 13.6764 301 44.26470588 680 825

Continous frames
without m

18.5212 73.3755 1 142 20.85168869 1481

Frames between
code

23.9728 94.4966 15 881 77.4846 2872

Table 8.3: Data gathered from a 30 minute video of one mouse with the implant between
the shoulders.

1 mouse with
shoulder implant

Average Stdev Mode # mode % of mode # >Code % >Code # breaks Max

Continous frames
with m

38.2469 83.3969 1 178 15.6414 455 39.9824 1138 820

Continous frames
without m

9.07550 18.8759 1 297 26.0755 327

Frames between code 21.5306 20.6073 15 868 76.2071 480

ONE MOUSE WITH THE IMPLANT ON ITS SCALP ( TABLE 8.2)
The mouse is detected in just short of 70% of the frames. Of this, 44% are long enough for
identification. The average time between detections is 23 frames, though it has a huge
variance as the mouse can stay undetected for long intervals (up to 47 seconds). 77% of
detections came right after a previous detection. The number of very short detections is
low, 14%.

It is very important to note that in this setting, the mouse did not have bedding in the
enclosure, limiting the amount of times it lowered its head.

ONE MOUSE WITH THE IMPLANT ON ITS SCALP ( TABLE 8.3)
The mouse is detected in 80% of the frames. Of these detections, 40% are long enough for
identification to happen. The average time between code detections is only 21 frames,
76% of detections coming right after another detection (those after 15 frames). The num-
ber of spurious detections is low, 15%.

The most important improvements with regards of the scalp case are:

• A 14% increase in frames detected (70 −→ 80) even though the enclosure in this
case did have bedding, meaning that even though the mouse tilted its head often,
it stayed detectable.

• An 83% reduction in the maximum amount of time the mouse stays undetected
(2872 −→ 480).

• A 50% reduction in the average time the mouse spends undetected.

• A 78% decrease in the variance of both the time between detections and between
code detections.
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8.2. AREA OF A MOUSE
To calculate the area of a mouse, the image moments of the contour of a well differenti-
ated mouse was used. All 6 videos with live mice were employed to arrive at an average
of around 10000 pixels.

As a mouse is not round, but oval, with an average aspect ratio of 11:3, a bounding
box centered on the mouse of 25 pixels was created to give certainty that it stays within
the fur of the mouse.

8.3. CONTACT EVENT FREQUENCY
The average time mice spent together was calculated by counting the number of distin-
guishable blobs detected after the thresholding in the detector. As all videos analyzed
had only 2 mice, if only one blob was detected, it would mean that a contact event was
happening. This occurred on average 26% of the frames, with a deviation of between
videos of 0.15. Three videos of 1.3 hours, 22 minutes and 30 seconds were used.

8.4. CODE FOR PROCESSING THE PAIRED BITS
The following code analyzes a sequence of bits detected at twice the blinking rate. Bits
are therefore encoded in pairs. Because the sequence can start mid bit detection, this
must be taken into account by checking whether the first and last bit are the same in
case of an uneven number of equal detections in the beginning of the code. The code is
as follows:

def process_code ( code2process ) :
i f len ( code2process ) % 2 ! = 0 :

return
code = [ ]
s h i f t e d _ b i t = False
step = 1
for bit_ind in range ( int ( len ( code2process ) / 2 ) ) :

bit_ind = 2* bit_ind
b i t _ p a i r _ f i r s t = code2process [ bit_ind ]
bit_pair_second = code2process [ bit_ind + step ]
i f b i t _ p a i r _ f i r s t == bit_pair_second :

code . append( b i t _ p a i r _ f i r s t )
else :

i f s h i f t e d _ b i t :
return

i f b i t _ p a i r _ f i r s t ! = code2process [ −1]:
return

i f bit_ind > 0 :
for b i t in code :

i f b i t _ p a i r _ f i r s t ! = b i t :
return

s h i f t e d _ b i t = True
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code . append( b i t _ p a i r _ f i r s t )
step = −1

return code

REFERENCES
[1] Wes McKinney. Data structures for statistical computing in python. pages 51 – 56,

2010.
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