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ABSTRACT

Recent advances in optical microscopy and fluorescent protein tech-
nology have made it possible to record movies of cells over time
while keeping them alive. Cell tracking is necessary to extract and
analyze cell dynamics from these movies. Tracking-by-detection
methods based on supervised deep learning are widely used for
cell tracking. However, it is necessary to individually adjust the
tracking algorithm for each cell movie that shows various charac-
teristics and, in addition, to prepare a sufficient amount of data for
training. To address these issues, we propose a method for training
cell tracking models based on reinforcement learning with a simu-
lator that imitates cell movies as an environment. The simulator
can generate diverse and voluminous cell movies containing cell
features from the correct trajectory of cell tracking. Through evalu-
ation of the Cell Tracking Challenge dataset, the proposed method
is confirmed to achieve a competitive performance that is better
than the conventional reinforcement-learning tracker.
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1 INTRODUCTION

Recent advancements in technology, including optical microscopy,
fluorescent proteins, and genetic engineering, have facilitated the
ability to observe living cells in real-time and capture them in
movies, a field known as bioimaging. For instance, physiological
processes such as immune cell-mediated wound healing[9][6]and
cancer cell metastasis can now be visually observed. These movies
provide valuable information on cellular dynamics, encompass-
ing cell migration, morphology, division, fusion, adhesion, and
cell death, which have significant implications for drug discovery
and pathological investigation. Consequently, the extraction and
analysis of cell dynamics have emerged as key technologies in
medical and biological research. However, it is worth noting that
bio-imaging techniques rapidly evolve towards high-throughput
methodologies, resulting in the generation of various movies. As a
result, there is a need to automate the extraction of cell dynamics
with sophisticated image processing algorithms.

Cell tracking is the process of locating specific cells in sequential
images. Typically, the input in cell tracking consists of image data,
while the output includes the trajectory. The trajectory represents
the precise path followed by a cell during its motion. Cell tracking
is essential to quantify cell dynamics, such as cell number, morphol-
ogy, division, and fusion. Because of the difficulty of performing
cell tracking manually, current researches focus on developing to
automate it using computers, but there are some challenges. In
particular, factors such as changes in cell shape and cell division
make it difficult to identify cells. In addition, the cell may appear
blurred or as bright spots, making it difficult to distinguish cells in
a densely populated cellular environment.

There are diverse approaches for computational cell tracking[4].
For instance, some techniques utilize probabilistic filtering meth-
ods such as particle filters and correlation filters to estimate the
probability distribution of cell positions in the subsequent frame
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Train cell-tracking agent with imitated movies
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Figure 1: Reinforcement learning model for cell tracking is trained with simulator and predict trajectories on the cell movies.
On the right side, the image (T=0) shows the initial location of the target. The image (T=20) shows the iterative action to track
the target cell. The sequential actions control the bounding box in each frame from initial to current target cell position.

for tracking purposes[5]. Recently, a method known as tracking-
by-detection, which entails detecting cells in each frame and estab-
lishing correspondences between cells that are likely to be identi-
cal, has demonstrated superior cell tracking performance. In the
past, cell detection relied on Support Vector Machine (SVM) with
handcrafted features[10], imposing limitations on tracking per-
formance. However, the utilization of deep learning approaches
such as Convolutional Neural Networks (CNN)[3] has significantly
improved tracking performance, as it not only automates feature
design but also enables detection using rich and learned feature
representations[13]. Furthermore, robust tracking can be achieved
across diverse data sets through transfer learning of detection mod-
els trained on large-scale data sets[11]. However, there is a hurdle
to this method as the effectiveness of object tracking depends on
the accuracy of the object detection results. In addition, it has an-
other disadvantage that the appropriate tracking algorithm has to
be designed for each target cell.

On the other hand, there are cell-tracking methods utilizing rein-
forcement learning. Reinforcement learning is an area of machine
learning to get intelligent agents in an environment. The environ-
ment is the world in which the agent lives and interacts. Agent
affects the environment to achieve the objective task. At its core,
any reinforcement learning task is defined by the state, action, and
reward. States represent the current environment. Actions are what
an agent does in the current state. Rewards are feedback about
actions from environment. Based on the current state, the agent
takes appropriate actions, which in turn modify the state of the
environment and result in the agent receiving a reward and a next
state. The objective of reinforcement learning is getting optimal
"policy" which calculates optimal action in a current state. The
policy is obtained to maximize the expected reward value through
agent-environment interaction.

To train a cell-tracking model with reinforcement learning, an
environment is needed in which the correct reward can be cal-
culated for the agent’s actions. To create such an environment,
conventional methods require paired data: a series of microscopic
images and the trajectory of each target cell. However, generating
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Figure 2: How to simlate cell movies

such data is an expensive task because it requires manual track-
ing. Preparing a sufficient number of image-trajectory pairs for
reinforcement learning is impractical.

To solve this problem, we used a simulator to generate paired
data. The simulator generates pseudo-microscopic images from
mathematical simulation results of cell migration. Obviously, the
generated dataset consists of paired data of images and cell tra-
jectories. Thus, it is possible to compute the reward needed for
reinforcement learning.

2 METHODS

In this study, we propose a method for training a reinforcement
learning model for cell tracking with a simulator. The agent acquires
model for cell tracking through reinforcement learning on the sim-
ulator and then, the model can be used to track target cells in an
unseen video (Figure 1). The simulator generates imitated movies
from mathematical simulation results of cell migration (Figure 2).
Using neural style transfer architecture, the pseudo-microscopic
imitated images translated from the mask images are equivalent to
the actual set of images to be tracked, and also contain a variety
of cellular features. The agent can learn cell tracking in the simu-
lator as an environment, allowing it to predict trajectories in real
images. The proposed approach offers a notable advantage in that
the simulator can train the cell-tracking model even in the limited
data availability scenario. Furthermore, the simulator automatically
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adjusts the tracking algorithms to accommodate diverse cell movies,
enhancing its Generalization performance.

In this section, we define cell tracking in the context of rein-
forcement learning, the environment and simulator, and the agent.

2.1 Setup of the Cell Tracking Problem

Reinforcement learning for cell tracking involves learning a policy
that selects the optimal action for tracking the target cell based
on the current state. The agent is designed to output actions that
determine the current location of the target cell. During training,
the agent learns to output the optimal action by taking as input
the state computed from the image and the reward computed from
the accurate trajectory (see Figure 1 on the left). By generating
the action of locating the current position of the cell throughout
the whole movie, the system finally generates the trajectory of the
target cell to be tracked (see Figure 1 on the right). The objective
of the learning process is to acquire a policy for generating the
correct trajectory. The approach used to obtain the policy is deep
reinforcement learning. We use deep reinforcement learning to
obtain the optimal policy for cell tracking. In this approach, the
policy is represented by a neural network and optimized by the
gradient descent method.

From this point on, we will describe the problem setup of rein-
forcement learning for cell tracking described above. we consider
a problem setting in which cells are tracked using boundig box
motion. In this setting, the state, action, and reward are represented
as

e State (s;) : an image with bounding box-area croped
e Action (a;) : indicate the moving direction of bounding box
e Reward (r;) : evaluate action

Let I;, denote the Lth frame of the cell movie. Let st denote
the bounding-box region extracted from the image. The policy
network determines the action ar corresponding to the bounding-
box control method based on the input state st. The state s;41 at
the next time step is determined by a state transition that moves
the bounding box based on the action. Furthermore, st and s741 are
compared, and the reward rr is calculated as a value to evaluate the
chosen action. This sequence of steps is called a "step," and a total
of N steps are processed in one frame. The agent takes action only
N times while the tracked object moves once, gradually adjusting
the position of the bounding box to capture the cell.

On this setting, each episode consists of 20 frames. an episode
represents a single instance of cellular motion in the training data.
Since N = 10 in this study, we consider 200 steps as one episode.

Our approach focuses on tracking a single cell in each episode
during training, although in a real cell video tracking test, tracking
is performed for every frame in which a cell is present in the image.
If multiple cells are present in the image, our single cell tracking
approach is repeated for each cell in order to achieve multi-cell
tracking.

2.1.1 State. The state s; corresponds to a rectangular region ex-
tracted from frame Iy, of the cellular video image. The coordinates
of the rectangular region are represented by a 4-dimensional vector
(¢, yr, w, h). A coordinate system with the origin at the upper left
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corner of the image is utilized, where x; and y; denote the coordi-
nates of the upper left corner of the bounding box at time step ¢,
while w and h represent hyperparameters indicating the width and
height of the bounding box.

2.1.2  Action. Action refers to the policy employed to manipulate
the bounding box. The action space defined as five options.

e move bounding box position up or down: a; = (+1,0)
e move bounding box position left or right : a; = (0, £1)
e stop bounding box : a; = (0, 0)

. the policy selects the optimal action to track the target cell.

2.1.3 State Transition. When action a; is chosen under state s; at
time step ¢, the subsequent state s;41 is determined based on the
movement of the bounding box. The equation is that

1)

where £ is a hyperparameter dictating the amount of movement of
the bounding box in pixels.

(xt+1, Yr+1) = (x1,yt) + Ear

2.1.4 Reward. The reward is determined by the Euclidean distance
d; between the correct and predicted coordinates, as described in
equation

1 (dr < 0)

0.5 (dt > § and dt < dt—l)
0 (d; >8and d; > dy—1)

@

ry =

The hyperparameter § signifies the tolerance for error between the
correct and predicted coordinates, in pixels. Specifically, the reward
is set to 1 when the bounding box is directly above the cell being
tracked, 0.5 when the distance is closer than the previous step, and
0 when the distance is farther.

2.2 Environment for Cell Tracking

As described in the previous chapter, during training, the environ-
ment uses images and trajectories as input and calculates rewards
for actions. The main idea of this study is to generate data in the
simulator during training in this way. To facilitate reinforcement
learning, we have developed a simulator that simulates the video im-
ages to be tracked and generates a substantial number of episodes.
For accurate cell tracking, it is necessary to reduce the domain
gap between real and simulated images. Hence, our objective is to
imitate real cell migration and morphology on the simulator. In this
section we describe the techniques integrated into the simulator to
achieve the objective.

2.2.1 Biased Persistent Random Walk. In this study, we employ Bi-
ased Persistent Random Walk (BPRW)[8] as a computational model
for simulating cell migration. BPRW is a sophisticated particle and
cell migration model that incorporates the concepts of bias and
persistence into the traditional Random Walk (RW) model[2]. RW
is a widely used model for describing cell migration, where the
movement of one particle is influenced by another particle, referred
to as "bias," and the movement of a particle is persistently biased
towards maintaining its previous direction of migration, referred to
as "persistence.” In comparison to RW, BPRW offers a more accurate
and refined representation of cell migration.
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Dataset (a) : first frame

Dataset (a) : last frame
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Dataset (b) : first frame Dataset (b) : last frame

Figure 3: Example of experimental dataset. The first and last frames of each dataset are depicted in this figure. Each cell

trajectory is drawn by colored line on the last frame.

2.2.2 simulator. We employ CycleGAN[17] to generate images
within the simulator that imitate migration and morphology pat-
terns with real images. First, we create a "mask image" with ellipses
and other cell-like shapes positioned randomly. Second, we train a
CycleGAN model capable of transforming the "mask image" into a
realistic image. Finally, we generate a "mask image" as a movie that
captures a specific cell migration trajectory, and transform it using
CycleGAN. Through this approach, the simulator is able to gener-
ate movies that imitate temporal cell migration and morphological
changes.

2.2.3 How to train the CycleGAN. To train CycleGAN to replicate
cell morphology, "mask images" are generated, as shown in Figure4
top row, for datasets (a) and (b), respectively. The images that are
not used in the tracking experiment are the training dataset of
CycleGAN. Dataset (a) contains 182 images and dataset (b) contains
228 images. They are augmented 6 times larger by rotating them
by 90, 180, and 270 degrees and by flipping them vertically and
horizontally. Cell migration is assumed to follow BPRW for both
datasets. An example image generated by the proposed procedure
is shown in Figure4 bottom row.

2.24 Image Processing for Reinforcement Learning. In order to
optimize the efficiency of reinforcement learning, two additional el-
ements are incorporated into the generated cellular moving images.
Firstly, a checkerboard pattern is introduced into the background
of each frame. As compared to a uniform background color, this al-
lows the agent to discern and establish the relationship between the
action and the rectilinear motion by comparing the checkerboard
pattern of the previous and current frames. Additionally, a cross is
drawn to denote the center of the bounding box. This facilitates the
agent’s comprehension that a reward is obtained when the cross
and the cell overlap.

2.3 Agent for Cell Tracking

2.3.1  Deep Reinforcement Learning and Policy Learning. The agent
endeavors to acquire an optimal policy for cell tracking from the
state-reward pairs. In this investigation, we employ Proximal Policy
Optimization (PPO)[15], a form of policy gradient method[14], as
the algorithm for policy acquisition through reinforcement learning.
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The policy gradient method is a type of deep reinforcement learning
that combines the principles of reinforcement learning and deep
learning, and optimizes the policy represented by a neural network
using the gradient descent method.

The policy gy is modeled by a policy network with parameter 0,
which we refer to as the policy network. Let

®)

denote a time series of state, action, and reward experience data
obtained when an agent has policy 7g. The discounted reward sum,
referred to as earnings, is defined as follows, where y is the discount
rate.

7 = (80,70, @0, $1, 71, 41, * * * » ST, I'T> AT)

©)
The objective of the policy gradient method is to optimize the
parameter 0 in order to obtain a policy that maximizes the returns.
Since the returns are stochastic, the objective function of the neural
network is

G(r)=ro+yri+yira---+ylrr.

J(6) = Errg [G(D)], ®)
where the measure 7y is a probability distribution that selects an
action based on the current state. Additionally, 7 follows a probabil-
ity distribution 7y and E represents the expectation operator. The
gradient is

VJe(0) VoErre[G(7)] (6)

T
Eren, Z G(7r)Vlog mg(az, st)| -
=0
To update the parameters of the neural network, we can utilize the
gradient V Jy (), which is

0=0+wV]0), @)

where o represents the learning rate.

There are two approaches for updating neural networks using the
policy gradient method: experience replay and frame stacking[12].
In experience replay, mini-batches are randomly sampled from the
empirical data pre-stored in a buffer during training. This miti-
gates data bias between different mini-batches, resulting in stable
learning. On the other hand, frame stacking involves overlapping
multiple consecutive frames and feeding them as a single state
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Table 1: Hyperparameters of agent in an experiment

Parameter Values
Total number of learning steps 100,000
Experience replay buffer size 4,096
Mini batch size 512

Number of epochs 8

Reward discount rate (y) 0.99

Learning rate(w) 0.00025
bounding box move(¢) 2 (pixel)
limit of reward prediction error(6) 6 (pixel)

input to the neural network. This approach is essential when stack-
ing multiple states, such as in video frames, in order to select the
optimal action.

2.3.2  Policy network architecture. The policy network comprises of
three convolutional layers and one fully connected layer. Softmax
functions are applied in the output layer, while ReLU (Rectified
Linear Unit) functions are utilized in the other layers. The param-
eters of each layer are initialized randomly. The input image is a
stack of three consecutive frames acquired from the video output of
the simulator. As each frame is an RGB image, the total number of
channels is 9. Image normalization is employed as a preprocessing
step. The output layer generates a probability distribution for the
action. The remaining hyperparameters necessary for training are
detailed in Tablel. The mini-batch size in the table indicates the
amount of data used for a single gradient update, and the number of
epochs signifies the frequency at which mini-batches are employed
for gradient updates.

3 RESULTS AND DISSCUSSION

3.1 Experimental setup

Experiments about cell tracking on two datasets are conducted to
confirm the efficacy of the proposed approach. The comparative
methods are itemized below.

e ADNet[16] : An object tracking method based on reinforce-
ment learning.

e Baseline : Proposed method traied by only real image.

o Ours (without CycleGAN) : Proposed method but CycleGAN
is not used in the simlator.

e Ours (with CycleGAN) : Proposed method that CycleGAN is
used in the simlator.

In ADNet, a pre-trained model for general object tracking is trans-
ferred to cell tracking, and the training is solely carried out on
real images. Conversely, the proposed method without CycleGAN
constructs a simulator by overlaying single cell images extracted
from the ground truth onto the ellipse on a "mask image".

To assess the effectiveness of the simulator, training is performed
on a dataset consisting of simulator-generated images mixed with
real images, with varying percentages of simulator-generated im-
ages, namely 25%, 50%, 75%, and 90%. This percentage denotes the
total number of simulator-generated videos relative to the total
number of videos utilized for training. For instance, if there are
10 real images and the simulator percentage is set at 50%, there
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Table 2: Overview of datasets

Dateset (a) (b)
Image size (pixel) 1,024%x1,024 696%520
Pixel size (um) 0.24 0.65

Number of videos 2 2

Interval between shots (minutes) 5 15
Number of frames 91 114
Number of cells with GT 58, 28 8,6

will be 10 simulator-generated images. By extracting the 20 frames
required for an episode from the video images present in each
dataset, approximately 360 episodes can be generated for dataset
(a), and 77 episodes for dataset (b). Based on this, the number of
simulator-generated images is determined proportionally.

3.1.1 Dataset. Tllustrative examples of images from the two datasets
utilized in our experiment are presented in Figure3. The dataset (a)
and (b) consist of time-lapse images of stem cells from GFP-GOTW 1
mice and stellate tumor cells cultured on polyacrylamide substrate,
respectively. Detailed information about the dataset is provided in
Table2. Both datasets are in grayscale and were resized to 512 x 512
pixels, preprocessed with gamma correction, and used as the green
channel of the RGB image for training and prediction purposes. Ev-
ery dataset possesses a correct trajectory. During training with real
images, we use this information. The experiment was conducted
through the process of cross-validation.

3.1.2  Evaluation Metrics. We adopt the One Pass Evaluation (OPE)
metric for assessing the performance of single-object tracking. OPE
measures the percentage of matched cells in a given tracking se-
quence, where a match is defined as the Euclidean distance between
the center coordinates of the true and predicted values in a frame
being less than a certain threshold value. In this study, the threshold
was set to 20 pixels for dataset (a) and 30 pixels for dataset (b).

3.1.3 Implementation. All simulators and agents involved in the
proposed method are implemented using the Python programming
language and the reinforcement learning framework OpenAI Gym
and stable baselines3 [1]. All experiments are conducted on a com-
puter equipped with an Intel Core i9-10900X CPU @ 3.70GHz, 64GB
RAM, and a Geforce RTX2080 GPU.

3.2 Results

Figure 5 shows the experimental results. In both datasets, ours
outperforms the ADNet and baseline OPEs when the percentage
of simulator images is 50% and 75%, respectively. In dataset (a),
ours (with CycleGAN) recorded the third highest OPE, about 83%.
dataset (b), ours(with CycleGAN) achieved the largest OPE among
the comparison methods, approximately 81%.

The fact that ours outperforms ADNet and baseline confirms the
effectiveness of the proposed method for cell tracking.

3.3 Discussion

Our proposed method with CycleGAN, has demonstrated superior
performance compared to ADNet and the baseline, substantiating
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Figure 4: CycleGAN-generated images. Dataset (a) is on the left and dataset (b) is on the right. The mask image in dataset (b) has
two overlapping circles indicate the cell membrane and nucleus.

its effectiveness in our experimental evaluation. Especially, the pro-
posed method was more successful for dataset (b). Cells in dataset
(a) have less cell migration and deformation. In addition, cells and
background are also easy to distinguish. This means that cell track-
ing in dataset (a) is relatively easy. Therefore, the effect of increasing
the variation of the training data via the simulator was considered
to be limited. On the contrary, the cells in dataset (b) exibit a more
complex structure, such as nuclei and membranes. Cells move more
drastically and form differently. The contrast between cells and
background is not sufficient. These results suggest that our method
is more effective in situations where tracking is difficult. The simu-
lator leads to better training in the situation because it can increase
variation of the data.

We also found that the proportion of simulated images in the
training data also affects the tracking accuracy. Higher accuracy
can be achieved by mixing real data and imitated data in a rea-
sonable proportion. Including imitated data increases the number
of episodes that can be used for training. This leads to a gradual
improvement in accuracy because a wider variety of patterns can
be learned. On the other hand, too much ratio of imitated data
results in decreased accuracy. The reason is that the imitated im-
ages generated by the simulator deviate from the real data more
or less. The accuracy was improved by using the data generated
with CycleGAN rather than the data generated without CycleGAN
(just copying and pasting texture of cells). These results indicatesd
that there is a certain significance in extending the information
on the appearance of cells, and there is a possibility of further
improvement in accuracy by using a more powerful simulator.

4 CONCLUSION

In this study, we have proposed a novel approach for training cell
tracking models using reinforcement learning via a simulator that
simulates cell movies. We have introduced a method using Cycle-
GAN, which transforms the "mask image" into a realistic image
to create the simulator. The simulator is capable of generating an
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infinite number of videos containing distinctive cell features and
accurate trajectories. This simulator acts as an environment to cal-
culate the reward for the action chosen by the agent. This approach
provides a robust framework for reinforcement learning, allowing
us to depart from the conventional supervised learning paradigm
that focuses on determining cell identity across successive frames.
Instead, our method approaches the problem from the perspective
of acquiring an intelligent agent that can select appropriate actions
for tracking a target. Remarkably, the agents acquired by our pro-
posed method demonstrate performance comparable to existing
methods developed for object tracking.

Future objectives are the integration of additional action types
and refinement of the simulator construction method. In the pro-
posed approach, tracking is executed through an agent that selects
diverse actions. The principal advantage of this technique is the
potential to adapt to varying circumstances by adding a repertoire
of actions. Cells have diverse dynamics beyond mere migration,
including division, fusion, cell death, and adhesion. To extract these
cynamics with supervised learning, significant modifications, such
as algorithmic design and network incorporation for dynamics
detection, are needed. However, our proposed approach, which
employs a simulator and reinforcement learning, has an ability to
detect cell dynamics without requiring fundamental alterations to
the method. The reason is that defining the states, actions, and re-
wards leads to obtaining the optimal policy to extract the multiple
and complex cell dynamics.

Furthermore, there is considerable room for enhancement in
the construction of the simulator. In the experiments detailed in
this manuscript, migration was characterized solely by a single
model denoted as BPRW. Although this model is efficacious for
microscopic observation of cultured cells, it falls short in compre-
hensively capturing cell dynamics in complex environments such
as in vivo. Consequently, we intend to estimate a cell migration
model through employment of a simulator, wherein the utilization
of SimGAN [7] holds potential. This approach not only broadens
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Figure 5: Expermental results

the applicability of the methodology, but also enhances tracking
performance as the simulator generates realistic images, thereby
minimizing the domain gap between the simulator and reality.
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