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Abstract

Manual trading comes with some pitfalls: poor trading discipline, stress, and dealing with
misinformation only to name a few. There has been a rise in automated trading to combat these
downsides and leverage machine learning. To contribute to this field, we created an RNN model to
forecast the price direction of Bitcoin. In the process, we experimented with RNN architectures,
dataset parameters and optimised model hyperparameters to create the most effective model whilst
gaining insights that may contribute to the field. Our dataset only included 1-minute Bitcoin price and
volume data, nothing more. Although hyperparameters such as number of neurons or hidden layers
varied in testing, all models followed the same base structure which featured repeated RNN, dropout,
and batch-normalisation layers. Through experimentation, we discovered forecast period was not
most optimal when lowest, likely due to noise in markets at low timeframes. Addition of technical
indicators in the dataset did not increase accuracy. GRU prevailed over LSTM and bidirectional variants
did not result in increases in accuracy despite findings in existing literature. After some
experimentation, we chose an optimal sequence length of 100, GRU architecture, and a 10-minute
forecast period. We then optimised model hyperparameters using Genetic Algorithm to obtain a final
model. Our final model achieved a directional accuracy of 54.8%. When only the top 20% of
predictions were used, this increased to 59.2%. When tested in a simulated trading environment, the
model gained 38.94% account balance in 565 trades and traded the correct direction 60.11% of the
time.
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Abbreviations

ANN: Artificial Neural Network

RNN: Recurrent Neural Network

CNN: Convolutional Neural Network

LSTM: Long Short Term Memory (this is an RNN architecture)
GRU: Gated Recurrent Unit (this is an RNN architecture)
MAE: Mean Absolute Error

GPU: Graphics Processing Unit

CPU: Central Processing Unit

RAM: Random Access Memory

VRAM: Video Random Access Memory

CFD: Contract For Difference (a type of contract brokers sell)



Chapter 1
Introduction

1.1 Background

Trading currencies and shares is known to be a complex activity, with few traders being able to provide
consistent profits. Many retail traders (often referred to as individual traders) trade primarily using
volume (amount traded in a given timeframe) and price history represented in a graphical chart
format. Traders who approach market analysis in this way are called technical analysts [1]. The
graphical format only abstracts the original numbers and prices in order to make it more digestible
and presentable, however, it could be argued that these traders trade purely based on numerical price
history. The majority of modern studies have found potential for profitability following this approach
to trading [2]; however, the process is still highly convoluted. There is a large learning process involved
in becoming a successful trader, however, a lot of the commonly distributed knowledge is largely
unhelpful and often erroneous. On top of this, human traders can suffer from a variety of disciplinary
issues (one may not stick to a predefined rule he previously made to protect his balance). This
approach has many pitfalls; thus, a new approach is in order.

More recently, large trading firms have begun to make use of automated trading systems. Here, a
computer will automate the analytical, and executional process of trading [3].

A rising automated trading approach (the approach detailed in this report) makes use of machine
learning. Price history data is an example of time series data; each price quote is associated with a
timestamp, and proceeds/precedes other price quotes. Recurrent Neural Networks (RNNs) are a class
of Artificial Neural Networks (ANNs) that make use of time-series data to solve temporal problems,
therefore price history data could be fed into an RNN with the aim of it learning to predict future price
direction to automate the trading decision process. We can predict future direction through either
creating a classification model which predicts whether the future price will be more (class 1) or less
(class 2) than the current price, or creating a regression model, which would aim to predict future
price. There are a number of RNN architectures currently available, each of which poses different
benefits and drawbacks. Two popular RNN architectures that perform better than a simple RNN
include GRU and LSTM [4] (both their unidirectional and bidirectional variants), both of which will be
explored in this document.

1.2 Aims and objectives

There are a number of things we aim to achieve or discover throughout this study. We must ensure
these aims are met by setting measurable objectives for each aim.

The primary aim of this study is to discover whether Recurrent Neural Networks can be used to
accurately predict the future price direction of financial markets using only price and volume history.
To explore this, we must create a Recurrent Neural Network models, and train it to predict future



prices direction via feeding it price history of a financial vehicle (we chose Bitcoin in this case). There
are two potential models types we could create, a regression model (which would predict future
price), and a classification model (which would predict future price direction). We will measure the
accuracy for each of these models (using metrics such as R Square, Mean Absolute Error, Categorical
Cross-Entropy and accuracy) on unseen test data, and place them in a simulated trading environment
to test and demonstrate their real-life performance.

A secondary aim of this study is to discover how changes to the RNN architecture and how
modifications to the dataset affect the predictive accuracy of the models. To explore this, we can train
our model using consistent hyperparameters, only varying the RNN architecture used (between LSTM,
GRU and their bidirectional variants), and measure changed in the accuracy metrics. Additionally,
using the same approach, we can modify various parameters of our dataset, such as the sequence
length and forecast period, and again measure the changes in the capabilities of the resultant models.

Our final secondary aim is to create a final model with near-optimal hyperparameters. This is often a
lengthy and tedious process of trial and error [5], therefore, this is best done through the use of an
optimisation algorithm such as Genetic Algorithm, thus to discover near-optimal hyperparameters,
we will use Genetic Algorithm to tweak and discover the most optimal hyperparameter combinations.

1.3 Solution approach

1.3.1 Tools, Libraries and Frameworks

Python provides a variety of libraries to aid data science and machine learning. For this reason, Python
has been used to accelerate the experimental process. TensorFlow is an open-source library
developed and maintained by Google which is used for Machine Learning. TensorFlow is widely and
thoroughly documented, thus it makes a sensible choice to create and test machine learning models
for this project. NumPy and Pandas are adopted python data-manipulation/general-purpose libraries.
These libraries are utilised in this project primarily for data pre-processing. Matplotlib has been used
for plotting and visual analysis.

1.3.2 Methodology Overview

Firstly, an open-source dataset was obtained from Kaggle [6]. This dataset included prices and volume
history from a range of cryptocurrencies pairs (1287 in total) present on a cryptocurrency exchange
called Binance. Only Bitcoin was used within this project, though it is possible to experiment with
different cryptocurrencies using the same models generated in this project.

The regression model would attempt to predict future price, while the classification model would
attempt to predict future price direction. The dataset was pre-processed by standardising the data
using z-scores (this makes more sense since our price data when converted to percent change fits a
Gaussian distribution [7]) creating sequences with a fixed length, and adding targets to each sequence
(future price) for the RNN to aim for.



The dataset was then split into a training set, a validation set, and a test set in a 60 20 20 split
respectively. The training data was used to train a series of RNNs. Each of the RNNs followed the same
base structure, while the number of hidden layers, neurons, hyperparameters, and the architecture
(LSTM or GRU) varied throughout tests. Testing was conducted on the dataset and model architecture
and intriguing results (and accuracy metrics) were noted. Later, a final model was created following
results from previous testing and by optimising hyperparameters using Genetic Algorithm. The final
model was tested on unseen test data and in a simulated trading environment.

1.4 Summary of contributions and achievements

Several interesting results were discovered in our experimentation which significantly contribute to
the field of price forecasting using RNNs.

The most significant achievement from this study was the creation of our final model. The final model
was created using near-optimal hyperparameters discovered through the use of Genetic Algorithm.
This model managed to generated impressive profits in our simulated trading environment, which
includes transaction fees and leverage. The final model traded in the correct direction 60.11% of the
time in our simulated trading environment while existing literature that attempts to forecast bitcoin
price direction struggles to get a classification accuracy of over 55% [8].

Additionally, we discovered that the optimal forecast period was not necessarily the lowest, and a
large sequence length did not significantly increase accuracy. These findings subverted expectations.
Our experimentation provided additional findings which are detailed in Chapter 5.

1.5 Organization of the report

This report is separated into several numbered chapters, each with its own subsections. Subsections
are also numbered using the format:

[Chapter Number].[Subsection 1 Number].[Subsection 4 Number]
For example, the current section of the report (1.5) refers to the fifth subsection of the first chapter.

There are six main chapters overall. The first chapter (the current chapter) introduces the project and
summarises the approach and results. The second chapter reviews existing literature and relates them
to our project and experimentation. The third chapter gives an in-depth explanation of the
methodology used to implement our models and conduct our study. The fourth chapter shows the
results of our experimentation and provides some discussion and analysis. The fifth chapter
summarises the findings and conclusions from the study and details some potential future work. The
sixth and final section is a reflection on the learning experience this project elicited.

Additional headings that aren’t referred to by chapter number include the abstract (at the beginning
of the document), the references, and the appendices.

There are a number of graphs and graphic used throughout the report to guide explanations. Each of
these is marked by figure numbers in the format:

[Chapter Number].[Figure Number]
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The figure number of each graphic is displayed underneath the graphic (alongside a caption). Similarly,
any tables displayed throughout this document are referred to by table number (with the same
format). This table number (and a caption) is displayed above each associated table. Lastly, any code
snippets (also known as listings) follow the same format. Captions including the listing number are
provided below each code snippet.
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Chapter 2
Literature Review

By analysing existing literature associated with this project, we can identify how we can create a
solution that further augments existing research. Additionally, we can identify common results and
findings which can be used for future comparison with our own findings.

2.1 Bitcoin Price Forecasting

There are a few existing studies in the literature that directly relate to our study; they attempt to
forecast the future price direction of Bitcoin using Recurrent Neural Networks. The success of
accurately broadcasting the future price direction of Bitcoin is varied. McNally et al [8] managed to
achieve a classification accuracy (up or down) of 52% using an LSTM model. This is not entirely
impressive, and while above 50%, the model would likely either break even, or consistently lose
money when used in a real-life environment due to trading fees and commissions. Madan et al [9]
managed to create a model which elicited 50-55% accuracy (for predicting price direction) when
forecasting 20 minutes into the future; an accuracy marginally superior to that achieved by McNally
et al. Madan et al additionally claims to have created a model which boasts 98.7% directional accuracy
when predicting daily price change, though these claims are to be taken lightly. Although Madan made
use of Blockchain data in addition to price data, such high accuracy is likely not possible using only this
information; markets are too complex. Greaves and Au [10] took a slightly different approach in
predicting the price direction of Bitcoin. While others used price and volume history as their primary
data source, Greaves and Au made use of bitcoin transaction history (from the blockchain) only. This
elicited 55% directional accuracy. While the use of Bitcoin blockchain data may seem beneficial for
predicting future price, we aim to make our findings more generalisable to other financial markets,
such as stocks or currencies, thus this will not be adopted in our project.

2.2 Data Pre-processing Approaches

There are differences across the literature for the way in which data was pre-processed before feeding
it to the neural networks during training. Bodyanskiy et al [11] (among others) approached training of
the RNN using only raw price data (open, high, low, close and volume). Raw price data can generally
be very noisy, though using raw price data will ensure no data is obscured or lost. Hsu et al [12]
hypothesized that predictive accuracy (and thus potential profits) is higher if a model incorporates
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technical indicators! (often smoothed and derived data) into its dataset. Of the related existing
literature Hsu reviewed, the majority made use of technical indicators in an attempt to improve
predictive accuracy. Despite this, Hsu et al concluded through their own experimentation that the use
of technical indicators did not significantly improve model accuracy. This contrasted the findings of
Demir et al [13], who found that the addition of technical indicators drastically increased accuracy
when forecasting electricity prices. Indicators may help in smoothing data (and filtering noise) which
may in theory increase the model’s ability to generalize, however, Boonprong et al proposed that the
optimization of hyperparameters may increase generalization capabilities under heavy noise [14]. For
example, having too many neurons and hidden layers, for example, could decrease generalization
capability, and potentially lead to overfitting since the ANN may learn complex relationships that don’t
model the data correctly. This is best represented in a diagram:

Training error: 0.4 Training error: 0.14 Training error: 0.07
Generalization error: 0.42 Generalization error: 0.17 Generalization error: 2000
. . 2101 o9 1ot
s % 1
4 \ B 2051 o\e 1 o 'e
i ¢ "
o2 20.04 \ 1 l\
- L)
< ‘\ Y . \\ 3 "u ’3
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Sl e 3 \ .V
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% : i ! 1 .o o 901 %o
X X X
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Figure 2.1 - Visual representation of underfitting, overfitting, and a good fit [15]

It is clear that there is fierce debate in the literature regarding the predictive ability of technical
indicators. Advocates stress the value in the use of technical indicators [16] [17], while opposition
refutes its predictive value [18] [19]. In this situation, it is most sensible for us to test model accuracy
when trained with and without technical indicators hereby drawing our own conclusions on this
controversial topic.

2.3 Machine Learning Approaches to Price Forecasting

A variety of deep learning methodologies have been employed in a number of areas. Autoregressive
Integrated Moving Average (ARIMA) models are popular in literature for forecasting future market
prices, however, McNally et al found the predictive accuracy or ARIMA models to be significantly
worse than more modern deep learning architectures such as LSTM when applied to Bitcoin price
forecasting (despite the drastically increased learning time) [8]. In their experimentation, the LSTM
model achieved a Root Mean Squared Error (RMSE) of 6.87%, while the ARIMA model achieved an
RMSE of 53.74% (lower is better). Because of its ability to deal with complex relationships and operate
on large sequential data, recurrent neural network architectures such as GRU and LSTM are
increasingly used to develop forecasting models [20].

GRU is a more recent recurrent neural network architecture that rivals the predictive accuracy of LSTM
architecture whilst simultaneously having a simplified neuron/memory-cell structure [21]. Yang et al

1 A technical indicator is a mathematical calculation derived from raw price data which aims to forecast future
market direction. Technical indicators are often used by retail traders when conducting manual market analysis.
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found simpler structure provided by GRU would also translate into a faster training process (around
29.29% faster on the same dataset) [22]. Zhou et al proposes a Recurrent Neural network architecture
called Minimal Gated Unit (MGU) which again boasts a simpler structure (than both GRU and LSTM),
and thus faster training times, whilst maintaining similar accuracy on large sequential data [23].
Despite this, popularity and thus documentation is lacking, making this a poor candidate for this
project.

From the aforementioned literature, we can surmise that the use of Recurrent Neural Network
architectures such as GRU and LSTM are among the most effective current machine learning
methodologies for time series forecasting, however, which architecture do we expect will result in
better predictive accuracy? While in the majority of problems, GRU and LSTM can produce similar
results, Gao et al [21] argues that the use of LSTM results in better accuracy when dealing with larger
sequential data. This is due to the larger number of gates per memory cell in LSTM [24].

The predictive accuracy of GRU and LSTM models often vary for the unidirectional and bidirectional
variants. Studies have concluded for a majority of applications bidirectional variants lead to higher
accuracy than their unidirectional counterparts [25]. This is likely because in longer sequences
unidirectional models have to make a trade-off between “remembering” past input information and
“knowledge combining” new information with input information already processed [26]. Additionally,
Schuster et al [26] claims that despite having double the neurons/memory-cells (one set connected in
the forward direction, and another independent set connected in the backward direction),
bidirectional RNNs learn at a similar rate to conventional unidirectional RNNs.

2.4 Critique of the Review

The existing literature provides some important pointers that we can use to guide this project, and
optimize the accuracy of our resultant machine learning model.

Since the literature behind the predictive utility of technical indicators is mixed, it is important for us
to conduct our own experimentation. While we could theoretically draw conclusions by comparing
accuracy metrics from opposing studies, comparisons are complicated via the use of different accuracy
metrics. As an example, Bodyanskiy et al [11] measured predictive accuracy using NMAE (normalised
MAE) and NMSE (normalised MSE) while Hsu et al [12] measured predictive accuracy using R* (among
other metrics).

One criticism we can draw from the existing literature is that the majority tend to lack comprehensive
and practical (real-world) testing. While studies such as those conducted by Bodyanskiy et al [11] and
Greaves et al [10] provided a series of metrics illustrating the predictive capabilities of the generated
models, it is not immediately clear by reading these metrics how this would translate into real-life
performance and profits (which | estimate is a major motivator behind a significant amount of these
projects). We intend to tackle this problem by providing the results of simulating trading on the unseen
test dataset.

Many of the studies mentioned here cease to detail the experimental process involved in obtaining
optimal hyperparameters for their model. It is unclear how chosen hyperparameters were obtained
in related literature. Optimising model hyperparameters using an optimisation algorithm such as
Genetic Algorithm may have resulted in more optimal hyperparameters and thus better results in the
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detailed studies. Following this line of reasoning, we will make use of Genetic Algorithm for
hyperparameter optimisation.

2.5 Summary

There were a number of important discoveries and findings in existing literature that influence our
project. Firstly, there are a number of approaches to forecasting Bitcoin prices specifically. Some
studies make use of Bitcoins blockchain transactions as a means of forecasting price [10], while others
simply make use of price alone [8]. Both methods obtain similar accuracies (around 52-55%). It seems
that forecasting longer-term prices (such as daily prices) may increase accuracy [9], but the validity of
these findings is in question.

There is hot debate in literature about the effectiveness of technical indicators in forecasting future
price movements. Hsu et al concluded they did not increase accuracy, while Demir et al [13] concluded
that the use of technical indicators lead to an increase in accuracy.

There were a number of different machine learning approaches to forecasting future prices, such as
the use of ARIMA and RNN models such as LSTM and GRU. RNN models tended to outperform ARIMA
[8], which was a popular machine learning approach in the literature for time-series forecasting.

Literature generally agrees that the use of bidirectional RNN variants may lead to an increase in
accuracy [25]. Moreover, LSTM may likely outperform GRU when larger sequence length are used [21].
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Chapter 3
Methodology

3.1 Problems (tasks) description

Ultimately, this experimental process aims to explore whether or not an automated trading process
using an RNN model and price/volume history can be used as a profitable replacement for manual
trading. In the process, we discuss whether our classification model or our regression model are more
likely to translate into profitable trading. Additionally, we investigate the differences in accuracy
between the LSTM and GRU architectures (and bidirectional variants) for this particular problem.
Moreover, we find out how the use of technical indicators, the dataset sequence length and the
forecast period affect resultant model statistics. Lastly, we find near-optimal hyperparameters for our
model through the use of Genetic Algorithm.

3.1.1 Overview of used Technologies and Tools
Language: Python3

Libraries / Technologies:

e TensorFlow

e Keras

o  NumPy

e Pandas

e Matplotlib
Hardware:

e RAM: 128GiB
e CPU: 2x Intel Xeon Silver 4108 CPU @ 1.80GHz — 8 core — 16 thread
e GPU: Tesla V100-PCIE 16GB

3.1.2 Justification of used Technologies and Tools
Though we have briefly looked at the technologies used, we will discuss them here in more detail.

When conducting experiments in machine learning, it is important to have the ability to make swift
changes to a range of aspects of the machine learning model such as the architecture, the optimisation
function and the hyperparameters. Manually developing each feature would drastically increase the
amount of time taken to conduct the experiment, therefore it is helpful to make use of existing
technologies. Python provides an array of technologies and libraries which have been made to simplify
and accelerate machine learning development such as TensorFlow and PyTorch. For this reason,
Python was the chosen language for this experiment.
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TensorFlow was chosen over PyTorch due to its popularity and extensive documentation. TensorFlow
now comes installed with a library called Keras, which further simplifies the development process in
aspects of model creation.

NumPy and Pandas are libraries that are commonly used alongside one another in Python. Both
libraries attempt to simplify the data manipulation process. Data manipulation is imperative in the
data pre-processing stage, thus explaining the adoption of these two libraries in this project. Pandas
specialises in two-dimensional array structures while NumPy specialises in more complex array
structures (also known as matrices or tensors). Additionally, NumPy is written in C (and dynamically
linked to Python) thus increasing execution speed when manipulating data (which is known to be a
computationally expensive task).

Matplotlib provides a simple interface for charting in Python, which will be useful in displaying the
results of our experimentation.

3.2 Main Implementation

3.2.1 Data Retrieval

As previously mentioned, the dataset was downloaded from Kaggle [6]. The dataset includes price and
volume history for Bitcoin. Due to the large size of the dataset, it was compressed in a parquet file.
Loading from a parquet file is made easy by pandas (pd.read parquet()). The dataset includes
price data from 17/08/2017 to 11/02/2021 and includes 1828151 overall data points with each data
point representing 1 minute of price action. Almost 2 million data points was considered too much to
feasibly train the data on. Additionally, the Adaptive Markets Hypothesis states older data points are
often less relevant in markets [27]; markets highly competitive and adaptive. They change and
develop. Because of this, only the most recent 100,000 data points were used.

3.2.2 Data Pre-Processing

It is important to first note that Recurrent Neural Networks require training data in the form of a
number of sequences with an accompanied target. Simply loading a raw time-series dataset, and using
this to train our RNN will not work. The data must undergo some pre-processing and transformation
in order for it to both be in an acceptable format and useful for our RNN.

When pre-processing continuous time-series data (such as price history) there are a number of
common steps taken in pre-processing data. All common pre-processing steps were encapsulated
within a “DataPreprocessor” class, simplifying the process of pre-processing further datasets. The
common data pre-processing steps are represented in the flow chart below:
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Figure 3.1 - Flow chart showing the data pre-processing procedure

First, our DataPreprocessor class loads the price and volume history into a DataFrame. A DataFrame
is a multi-type 2D array type provided by the Pandas data manipulation library. Input data
normalisation before training leads to significantly improved accuracy (and training speed) when
training an artificial neural network [28], thus before creating sequences from our loaded data, it must
be transformed and normalised.

Before normalisation, all prices must first be converted into percent change. In other words, each
absolute price value must be replaced with the amount it has increased or decreased (as a percentage)
since the previous price. Prices in markets rarely remain the same; current prices may drastically differ
from prior year’s prices, and training using completely different (old) prices values will not be useful
for future price values. Converting each price into percentage change will make old price values useful
for future prediction. After converting prices into percent change, we can proceed to adding the target
value.

The target value for the regression model and the classification model differs though they are based
on the same premise. Both require calculation of the future price value (again, in percent change). The
future price value is dependent on the forecast period. Should we want to forecast the next price
value, the future price value is simply the next price, however, should we want to forecast the price
after 10 steps (forecast period of 10), we must compile the percentage changes of the next 10 prices,
and use this as the target. We compile the percentages using the following formula:

(percentages are portrayed as decimals between 0 and 1 in our code)

combined_pct =1

for x in values[i + 1:i + self.forecast_period + 1]:
combined pct *= (1 + x)

combined pct -=1

Listing 3.1 - Code showing how percentages were compiles for sequence targets
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For our regression model, this forecasted percentage is the target, however, for the classification
model, this target is 1 if the forecasted percent change is positive, and 0 if negative. After adding the
target price for the ANN to aim for, we can normalise the data. Common normalisation techniques
include MinMax normalisation and Z-Score normalisation. MinMax normalisation involved scaling all
data linearly between 0 and 1 whilst Z-Score normalisation involves scaling the data such that the
mean of the data becomes 0 and the standard deviation becomes 1. Since the term “normalisation”
often refers to scaling between two limits, Z-Score normalisation is better known as “standardisation”.
The formula for converting a raw value into a standardised value is as follows (where u is the mean of
the data and o is the standard deviation of the data):

value — u

standardised value =
o

Standardisation is more suitable for data that assumes a Gaussian (normal) distribution [7], such as
our price change data (Figure 3.2), thus we will choose to standardise our data over normalising our
data (using Min-Max Normalisation).
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Figure 3.2 - Price % change/frequency diagram of Bitcoin showing Gaussian distribution

It is important that we avoid standardising the target, since a Z-Score prediction is not inherently
useful (to a trader), and it is much more cumbersome to convert a Z-Score to a price.

After standardising our data, we convert the data into an array of sequences of a defined length.
Each single data point in a sequence includes the “open”, “high”, “low”, “close” and “volume”
(standardised) values (and a sequence includes a number of these data points). The “target” value is
separated out of the sequence into a separate array (this array is also known as the sequence
labels). Each value in this array corresponds to the sequence at the same index.

These sequences (and labels) are further split into 3 separate sets: the training set, the validation
set, and the test set, in a 60/20/20 split. The training and validation set are further shuffled together
(randomising their order) in order to reduce order effects on training. Shuffling training and
validation sets has been made common practice due to the statistical gains it promotes in model
accuracy [29]. The test set was left unshuffled since data would typically appear in chronological
order in a lifelike scenario.
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3.2.3 Creating the Model

Since we are experimenting with various hyperparameters and architectures, it is important to make
the manipulation of these parameters simple, therefore a “Model” class was created (full code in
Appendix 2.3). The constructor takes a number of parameters, each of which modify the underlying
TensorFlow model in some manor, allowing us to easily manipulate various model parameters:

class Model():
def init (self, train_x, train_y,
validation_x , validation_ y, seq_info:str, *,
max_epochs = 100, batch_size = 1024, hidden_layers = 2,
neurons_per_layer = 64, architecture = Architecture.LSTM.value,
dropout = 0.1, is _bidirectional = False, initial learn_rate = 0.001,
early stop patience = 6, is_classification=False):

Listing 3.2 - Custom Model class constructor

Although hyperparameters can be modified, there is a base structure to our machine learning model
(Figure 3.3):

Repeat n times
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Inplut (Bi)LSTM/ Dropout Layer Normalisation I(Bl]LSTM I Dropout Layer Normalisation (Dense)
(Bi)GRU Layer Layer (Bi)GRU Layer n Layer n Layer
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Figure 3.3 - The Recurrent Neural Network model structure used (classification model)

While the number of layers, the number of neurons, and the RNN architecture may vary, our Recurrent
Neural Network will follow the above structure (regardless of the hyperparameters).

In the above diagram, the notation (Bi) means the RNN layer could potentially be bidirectional. A
bidirectional RNN architecture has two independent sets of neurons, one set (theoretically) facing one
direction, and one set facing another. One set of neurons pass the sequence in the traditional forward
order, while the other set passes the sequences in the backward direction. This aims to mitigate the
effects of the exploding and vanishing gradient problem present in basic RNNs.

You may notice that after every (Bi)LSTM/(Bi)GRU layer exists a dropout layer. Dropout is a simple
regularisation technique first proposed by Srivastava et al [30] to address the overfitting problem.
Regularisation techniques work by limiting the capacity of machine learning models to increase
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generalisation capabilities (and reduce overfitting). Dropout works by randomly ignoring (disabling) a
chosen percentage of neuron connections in the previous layer. This reduces the model’s ability to
learn complex relationships, thereby reducing the risk of overfitting.

After each dropout layer exists a batch normalisation layer. Despite its name, the batch normalisation
layers standardise neuron outputs between layers in our deep neural network. This has the effect of
preventing exploding and vanishing gradients (large error gradients that result in large updates to the
ANN making it hard to learn) and keeping activations away from their saturation regions [31]. Both of
these lead to a more stable training process and a more accurate model.

It is worth noting that Figure 3.3 displays the base RNN structure for our classification model. The
classification model includes 2 neurons in the output layer, meaning there are two output values. The
first output value pertains to the confidence that future price will decrease, while the second output
value refers to the confidence that future prices will increase. This layer makes use of a sigmoidal
activation function, bounding our output values between 0 and 1. Our regression model is completely
identical to the classification model with the exception that there is only a single neuron in the output
layer, meaning there is only a single output value. Additionally, the output value has no limits, since
the activation function is linear. In code, model structure this is represented like so:

self.model = Sequential ()
if self.is bidirectional:

self.model.add(Bidirectional (self.architecture (self.neurons per layer,
input shape=(self.train x.shape[l:]), return sequences=True)))
else:
self.model.add(self.architecture (self.neurons per layer,
input shape=(self.train x.shape[l:]), return sequences=True))

self.model.add (Dropout (self.dropout))
self.model.add (BatchNormalization())

for 1 in range(self.hidden layers):
return sequences = i != self.hidden layers - 1
if self.is bidirectional:

self.model.add(Bidirectional (self.architecture (self.neurons per layer,
return sequences=return sequences)))
else:
self.model.add(self.architecture (self.neurons per layer,
return_ sequences=return_sequences))
self.model.add (Dropout (self.dropout))
self.model.add (BatchNormalization())

if self.is classification:

self.model.add (Dense (2, activation="sigmoid"))
else:

self.model.add (Dense (1))

Listing 3.3 - Code showing implementation of model structure

Each call to the model.add () (TensorFlow) function adds the passed layer to the model.
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Upon creation of a model, we detect whether or not a graphics card exists on the system. If a graphics
card exists, we use the CuDNN variants of LSTM and GRU layers. This allows us to drastically accelerate
the learning process by taking advantage of the superior parallelism capabilities of graphics processing
units.

The classification model makes use of two metrics, accuracy (the percentage of correct classifications)
and (sparse) Categorical Cross-Entropy. Categorical Cross-Entropy measures the distance between
prediction vectors and the labels. The higher the distance, the worse the predictions. This means
Categorical Cross-Entropy also takes into account the extent to which the classifications were correct
(or how confident the RNN during a classification). While the accuracy metric is easier to comprehend
and interpret, Categorical Cross-Entropy is a more complete classification metric, therefore it is also
used as the loss function. The regression model on the other hand makes use of two common
regression metrics: Mean Absolute Error (MAE) and R Squared. Mean Absolute Error is self-
explanatory; it is the mean of the (absolute) errors (actual — predicted). This is used as the loss
function. R Square measures the proportion of the variance in the dependent variable (price) that is
explained by the input data in our model. An R Squared score below zero means our model was unable
to fit the data well while a score of 1 means the model fits perfectly.

Adam optimiser makes use of advanced momentum techniques and adaptive learning rates in
minimise model loss. It is widely known to be among the best performing optimisers (on average), and
thus it retains high status in machine learning practice [32]. Because of this, the Adam optimiser was
adopted into our RNN model.

During the training of our models, we made use of early stopping to reduce the chance of overfitting
[33]. An early stopping patience of 6 epochs was used to account for potential outliers in validation
loss.

Tensorboard

Though a GUI is not completely necessary for this experiment, we have adopted the use of
TensorBoard: a visualisation toolkit that links directly to TensorFlow. This allows us to monitor training
and validation loss (and additional metrics) through dynamic line charts during training.

3.3 Experimentation and Simulation

3.3.1 Technical Indicators

As previously mentioned, a technical indicator is a calculation made on raw price data. The calculated
values are often used by traders to help forecast future price direction and to help understand market
sentiment.

There are a vast number of technical indicators traders commonly used. A technical indicator library
(Python TA) was used to bypass having to manually create these calculations. The library included 123
of the most popular indicators. Running our tests with all 123 indicators would drastically limit the
range of hyperparameters we could feasibly use for our model, and dramatically increase training
times. Because of this, we decided to reduce the count of indicators. To capture most of the variability
in the indicator values, we reduced the indicators to the 15 indicators with the least collective
correlations.
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This was done by first calculating the correlations between all the indicators. Then, the lowest absolute
correlation value is found (closest to 0). These two indicators are added to the list of indicators.

We then find out which indicator has the lowest collective correlations with our current list of
indicators. This then added to the list of indicators. This process repeats until we have 15 indicators in
the list. This process can be seen in greater depth in the code shown in Appendix 2.4.

This correlation reduction method produced the following correlation matrix/heatmap:
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Figure 3.4 - Correlation Heatmap after Reducing Indicator Correlations
The majority of correlations now reside around zero, implying correlation reduction was successful.

3.3.2 Testing Architecture and Dataset Modification

Training an RNN model can take significant amounts of time (depending on the hyperparameters and
dataset), thus, creating numerous models in the name of experimentation would take significant
amounts of time; there is no way around this. Additionally, having to manually stop and start training
more new models would require a huge amount of engagement with the computer. Because of this,
we decided to automatically generate new models based on pre-set parameters in a loop.

To do this in TensorFlow, we must clear the old “Session” and create a new “Session” when creating
each new model, otherwise the previous model in not cleared from memory, and a memory error will
be thrown when hardware inevitably runs out of GPU memory.

Each of our tests had base parameters; parameters that would be used for every test. Base parameters
were captured in a dictionary:

base params = {
"architecture": Architecture.GRU.value,
"is bidirectional": False,
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"indicators": False,
"sequence length": 200,
"forecast period": 10,

Listing 3.4 - Base dataset parameters and architecture

In each test, a select few of these parameters may be modified. To go about this, parameters to be
modified would be captured in a dictionary:

tests = |
# Format:
# (num_repetitions, {"param to change": new_value})
(5, {"architecture": Architecture.LSTM.value, "is bidirectional": False}),
(5, {"architecture": Architecture.GRU.value, "is bidirectional": False}),
(5, {"architecture": Architecture.LSTM.value, "is bidirectional™: True}),
(5, {"architecture": Architecture.GRU.value, "is bidirectional™: True}),
(5, {"indicators": False}),
(5, {"indicators": True}),
(1, {"sequence_length": 50}),
(1, {"sequence_length": 100}),
(1, {"sequence_length": 150}),
(1, {"sequence_length": 200}),
(1, {"sequence_length": 250}),
(1, {"sequence_length": 300}),
(1, {"sequence_length": 350}),
(1, {"sequence_length": 400}),
(1, {"forecast_period": 1}),
(1, {"forecast_period": 5}),
(1, {"forecast_period": 10}),
(1, {"forecast_period": 20}),
(1, {"forecast_period": 30}),
(1, {"forecast_period": 50}),

Listing 3.5 - Code showing data structure used to automate experimentation on dataset and architecture

Then, during each loop (one loop represents one test) we would combine the base parameters and
the modifications:

for test num, test in enumerate(tests):
additional_params = test[1]
new_params = {**base params, **additional params} ## Combine parameters

Listing 3.6 - Code used to loop and replace base parameters with additional parameters used in testing

The combined parameters would then be used to create the new model. Results for each test were
stored in a CSV file for later analysis.

3.3.3 Hyperparameter Optimisation using Genetic Algorithm

Genetic Algorithm is an optimisation algorithm based on Darwin’s Evolutionary theory widely known
as “Survival of the Fittest” [34]. Parts of its implementation can vary based on preference, though the
general concept remains the same.

Firstly, a population of individuals are created. Each individual has a “chromosome”; a collection of
genes. Each gene in the chromosome has a value (in our case, it is numerical). Changing the value of
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a gene would modify a certain behaviour of the individual, therefore the chromosome values define
the individual’s behaviour.

After a population of individuals is created, their initial “fitnesses” must be evaluated. The way in
which fitnesses are calculated differ by application.

Next, parents are selected for recombination. There are a number of different selection methods,
though Rank-Based selection was used in our experimentation. In Rank-Based selection, each
individual is first given a rank based on its fitness rating, with the individual with the highest fitness
having a rank of 1. We then pick two weighted random individuals using 1 / rank as their weights.
These two individuals are now a parent pair. We continuously select in this manner until all individuals
have been selected as parents.

Next, there is a strong chance (defined by the crossover rate) parents recombine and crossover their
chromosomes to make two new individuals; their children. There are a number of crossover methods.
One of the simplest methods, Uniform Crossover, was used here. Uniform Crossover is able to
distribute parent features more evenly than other selection methods in an unbiased manner [35]. In
Uniform Crossover, we recombine by first selecting at random one of the parents. Child one then gets
the first gene value of the parent we picked, while child two gets the gene value of the other parent.
This process repeats for every gene.

These children then undergo some mutation; there is a chance (this is defined by the mutation rate)
for each gene value to be set to a random number (within pre-defined limits). This adds some variation
to the population.

These children make up the next population, also known as a generation. Next, the fitnesses of these
children must be calculated, and the process repeats. Over time, fittest individuals combine their best
features causing increases in fitness over generations, making the “behaviour” of individuals more
effective at solving the defined problem.

Some genetic algorithms, such as our implementation, make use of a concept called “elitism”. This is
where a number of the fittest individuals get a free pass to the next generation, despite not being
offspring. In our experimentation, we only picked two elite individuals, since too many can lead to
premature convergence [36]. The elite can still be selected as parents.

In our experiment, we used genetic algorithm to select optimal hyperparameters, therefore each gene
value of an individual referred to a hyperparameter value of a model. To ensure hyperparameter
values were sensible, and conformed to the capabilities of the system, there where upper and lower
limits to each hyperparameter:

limits = {
"hidden_layers": Limit(1, 4),
"neurons_per_layer": Limit(16, 128),
"dropout": Limit(e.0, ©.5),
"initial learn_rate": Limit(©.000001, 0.1),
"batch size": Limit(50, 2000),

Listing 3.7 - Hyperparameter limits for Genetic Algorithm

These limits were identical for both the regression and the classification models.
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Fitness was calculated by training a model with the hyperparameters specified in a chromosome and
evaluating its performance using its validation metrics. For the classification model, fitness was

—1 x Sparse Categorical Cross Entropy
and for the regression model fitness was the R Square score.

For the genetic algorithm hyperparameters, we selected a population size of 10, mutation rate of 0.2,
crossover rate of 0.9, and run it for 15 generations. Genetic algorithm is often more effective at lower
mutation rates, however, elitist genetic algorithms tend to have significantly higher optimal mutation
rates [37].

3.3.4 Trading Simulation
A trading simulation was created to test the effectiveness of the final models produced in real-life
scenarios. This was something that was not present in the existing literature.

The trading simulation would begin with a starting balance of £10,000. It would then test each
predicted value against each actual value in unseen test data. If the direction of the predicted value
conformed with the actual market direction, the percentage change in that forecast period would be
added to the account, otherwise it would be subtracted. To enhance realism, commission? structures
and leverage® were added to the simulation, thus, each “trade” would result in the subtraction of a
small amount of money despite the success of the trade.

The leverage provided in the simulation was 2x, while commissions were placed at 0.0122% of trade
value, which is around the area provided by some CFD brokers that allow trading of Bitcoin.

Lastly, if a trade were to hypothetically still be in progress, another trade cannot be made. As an
example, if the forecast period of the model was 10 minutes, a single trade can only be made
(maximum) over each 10-minute period.

Code implementing the trading simulation can be seen in Appendix 1.1 (regression model) and 1.2
(classification model).

3.4 Summary

In order to train a Recurrent Neural Network, we had to feed it a dataset. For our dataset, we used
Bitcoin price history for 1-minute intervals. This was obtained from Kaggle. We then pre-processed
the dataset by adding converting prices into percentage change, adding the target, standardizing the
data, converting the data into sequences, and finally splitting those sequences into a training, a
validation and a test set (using a 60/20/20 ratio).

This data was to be used to train and test a series of RNN models. Our models all followed a base
structure. Generally, the model consisted of a (potentially bidirectional) LSTM/GRU layer followed by

2 Commissions — Trading fees that the broker charges per trade. Some brokers just charge the spread — the
difference between buying and selling price

3 Leverage — Additional money brokers offer to clients to increase buying power, thus increasing size of both
wins and losses. A leverage of 10x would increase a traders buying power 10-fold, allowing them to trade 10
times their deposited account balance
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a Dropout layer, then followed by a Batch Normalisation layer. The number of hidden layers and
neurons per layer were variable. The output layer was the only layer that differed between our
classification and regression models. Classification models had 2 neurons in the output layer, while
regression models had only one neuron in the output layer.

The technical indicator library we used provided 123 of the most popular technical indicators,
however, we reduced this to just 15 by minimising the correlations between them; 123 was too much
to feasibly test.

Testing the effects of modifications to the dataset and architecture was made simpler by looping the
experiments. To do so error-free, TensorFlow sessions had to be cleared and recreated on each
iteration.

Lastly, Genetic Algorithm was used to optimise model hyperparameters. Our implementation made
use of Uniform Crossover, Rank-based Selection, and elitism. Hyperparameters included a mutation
rate of 0.2, a crossover rate of 0.9, 2 elite individuals per generation, 15 generations and a population
size of 10.
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Chapter 4
Results and Discussion

Since we experimented with both regression models and classification models, results for each are
isolated into their own sub-section.

As previously mentioned, results for the regression model were less significant than results for the
classification model; predictions were not as accurate. Results for the regression model will not be
explored in the same depth as there is less to learn from doing so. Full results are still provided in
Appendix Chapter 1 (these results pertain to the experimentation on the dataset and RNN
architecture).

4.1 Regression Model

4.1.1 Hyperparameter Optimisation using Genetic Algorithm

Previous experimentation on RNN architecture and dataset (sequence length and forecast period)
showed insignificant differences in resultant (validation) accuracy, however, training times drastically
differed, thus favourable training times had a stronger impact on architecture and dataset parameters
used for our final regression model (since hyperparameter optimisation generally consume a large
amount of time). Following this line of reasoning, we settled on a sequence length of 100, a forecast
period of 10, and a unidirectional GRU architecture.

The number of hidden layers, the number of neurons per layer, the batch size, the dropout, and the
initial learn rate were all continuously modified by Genetic Algorithm in the hopes of continuously
improving fitness (which is the R Square value) and finding near-optimal hyperparameters.

Best Model Fitnesses (R Square Values)
over Generations of Genetic Algorithm
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Figure 4.1 - Best Model Fitness over Generations of Genetic Algorithm for Regression Model

From Figure 4.1 we can see that fitness was fairly stable over generations, and it seems as if fitness is
generally improving. Despite this, improvements are fairly minimal, and this stability may be the
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result of the model’s inability to learn beyond a certain point. Additionally, the R Square value fails
to reach a point higher than 0, meaning the model fits the problem poorly. The reasoning for these
results is made clearer when we look at predicted vs actual prices (Figure 4.2).
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Figure 4.2 - A Snippet of Predicted vs Actual Prices for Regression Model

Figure 4.2 shows us that predicted prices tend towards 0, the mean price (in % change). In all
predictions, our model is not particularly biased in any sort of direction, making its utility fairly futile
in real-life scenarios. This suggests our RNN underfitted our data. Similar results were found in a
number of the studies that implemented regression models for predicting market prices, such as those
found by Khan et al [38]. Efforts were made to solve this problem, such as artificially increasing the
variability of the data, and increasing the number of neurons / hidden layers. Despite efforts, no
increase in predictive accuracy was seen.

4.1.2 Final Regression Model Results

Regardless of its unsatisfactory predictive abilities, we decided to continue with experimentation on
unseen test data with the expectation directional accuracy may still prove useful. When tested on
unseen test data, we saw an R Square score of 0.00026, and a Mean Absolute Error of 0.00334.
Directional accuracy was 50.3%, which is not far above random directional prediction.

When only looking at the top 20% of predictions (the most extreme values) accuracy and R Square
values increase to 51.6% and 0.00106 respectively, while MAE increased to 0.00358. An increase in
MAE is to be expected here since MAE is relative to the variance/deviation in data [39] (and we can
expect higher variance in data when looking at extremes).

The top 20% of predictions were placed in a simulated trading environment to test potential real-life

performance.
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Balance Over Simulated Trades
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Figure 4.3 - Balance over simulated trades for the final regression model

As expected, results lead to a drastic decrease in account balance (41.43% loss) over around 900
trades, despite a near 50% accuracy. Commission fees whittled away at the account balance
periodically. The regression model was unable to perform effectively under real-life conditions.

4.2 Classification Model

The classification model’s performance will be analysed more rigorously. The results provide greater
contributions to this area of study, therefore deeper analysis will prove valuable.

4.2.1 Base Parameters

Several following sections in this chapter detail results from experimentation with certain parameters
or modifications to the model or dataset. Each of these experiments (with the exception of
hyperparameter optimisation) have base model and dataset parameters; only one of these
parameters is changed during each experiment. The rest remain the same.

These parameters were based on recommendations found in existing literature, having poor base
parameters would not provide meaningful results.

The base parameters are as follows:

Table 4.1 - Base Model and Dataset Parameters for Experimentations of Classification Model

Parameter Value
Architecture GRU
Bidirectional No

Hidden Layers 2
Neurons per Layer 100
Batch Size 1024
Dropout 0.2
Initial Learn Rate 0.001
Sequence Length 200

Forecast Period 10
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Indicators No

Firstly, more layers in a neural network exponentially increases training times. Generally, one hidden
layer is enough to learn a problem to reasonable accuracy, though a second hidden layer is often more
optimal [40] [41].

As for the number of neurons per layer, Jeff Heaton states “the optimal size of the hidden layer is
usually between the size of the input and size of the output layers” [42]. Our classification model
requires two outputs and a vast number of inputs if we take into account the sequence length of 200
(and the potential use of technical indicators in our dataset). We will later be optimising the number
of neurons per hidden layer, thus we left this at 100.

Cheng et al discovered that a dropout of around 0.3 or less works well with the majority of models
[43]. Following these recommendations, a dropout rate of 0.2 was chosen.

Initial learn rate was kept at 0.001 which is the default learning rate for Adam optimiser provided by
TensorFlow. The initial learn rate (should it not be too high) should not significantly impact resultant
accuracy, since Adam optimiser features an adaptive learn rate.

The Batch size is 1024, which is the highest possible allowed by hardware (we are using a vi00 GPU
with 16GB of VRAM) when considering the most complex model to be trained in our experimentation.

No additional indicator data was used following Hsu et al’s findings [12].

4.2.2 RNN Architecture

Architecture of the classification model was modified and the predictive accuracy of the models was
monitored. Our first priority here would be to find models with the highest accuracy and lowest Sparse
Categorical (Cross) Entropy. If differences were insignificant, training times would decide the most
favourable architecture.

Results were averaged over 5 test runs to eliminate the effects of outliers. Metrics stored in the below
tables (Table 4.2 and Table 4.3) are final validation metrics after training.

Table 4.2 - Comparison of validation metrics for unidirectional LSTM and GRU architectures for classification model

LSTM GRU
Accuracy  Sparse Categorical Train Time Accuracy Sparse Categorical Train Time
Entropy (Minutes) Entropy (Minutes)
Test 1 0.539 0.6902 1.6 0.553 0.6865 2.0
Test 2 0.538 0.6903 14 0.547 0.6863 2.3
Test 3 0.538 0.6900 1.6 0.550 0.6856 2.3
Test 4 0.530 0.6915 14 0.545 0.6872 2.0
Test 5 0.507 0.6926 13 0.542 0.6878 2.0
Average 0.530 0.6909 14 0.547 0.6867 2.1

Table 4.3 - Comparison of validation metrics for bidirectional LSTM and GRU architectures for classification model

LSTM (Bidirectional) GRU (Bidirectional)
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Accuracy  Sparse Categorical Train Time Accuracy Sparse Categorical Train Time
Entropy (Minutes) Entropy (Minutes)
Test 1 0.518 0.6919 2.9 0.547 0.6866 3.7
Test 2 0.542 0.6899 2.6 0.549 0.6866 3.7
Test 3 0.529 0.6913 2.6 0.540 0.6887 3.7
Test 4 0.538 0.6913 3.5 0.543 0.6877 3.8
Test 5 0.525 0.6909 2.6 0.546 0.6886 4.4
Average 0.530 0.6911 2.8 0.545 0.6877 3.9

Results indicated that the use of bidirectional RNN variants did not provide any statistical benefit over
unidirectional RNNs for this use case. Additionally, unidirectional RNNs trained significantly faster,
since unidirectional RNNs only require a forward pass of the sequences, while bidirectional RNNs
require both a forward and backward pass of sequences [26]. This ruled out the use of bidirectional
architectures for our final model.

Additionally, both GRU architectures outperformed LSTM architectures. This contradicted initial
expectations since literature suggested LSTM may outperform GRU architectures when a larger
sequence length was used [21] (a sequence length of 200 was used in this case). For this use case, not
only is GRU more efficient (in terms of memory), it is also more accurate.

It is interesting to see consistently higher training times for GRU when compared to LSTM, despite
GRU’s simpler memory-cell structure. This is likely simply due to GRU overfitting at later epochs, thus
early-stopping halts training after a longer period.

4.2.3 Indicators versus no Indicators

We expected the addition of indicators to increase model accuracy just as Hsu et al hypothesised [12].
The idea behind this prediction was that the indicators could have smoothed the noisy price action,
thus leading to better generalisation capabilities. When looking at Table 4.4 we can see that this is not

the case.
Table 4.4 — Validation metrics for indicator experimentation using classification model
Indicators No Indicators
Accuracy  Sparse Categorical Train Time Accuracy Sparse Categorical Train Time
Entropy (Minutes) Entropy (Minutes)
Test 1 0.544 0.6872 2.0 0.547 0.6864 2.2
Test 2 0.550 0.6864 23 0.540 0.6876 2.2
Test 3 0.547 0.6866 2.1 0.549 0.6864 2.0
Test 4 0.549 0.6863 2.0 0.556 0.6852 2.0
Test5 0.554 0.6858 2.1 0.546 0.6875 2.1
Average 0.549 0.6865 2.1 0.547 0.6866 2.1

From these results we can conclude that the addition of indicators does not significantly increase the
predictive capabilities of the model — the addition of indicators only increased accuracy by 0.2% on
average. It is reasonable to interpret this minor increase in accuracy as the result of chance; running
the tests again we may find that no indicators have a higher overall accuracy.
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The addition of indicators adds an additional 15 values to each data point in the sequences; therefore,
this approach causes a drastic increase in the use of VRAM, therefore we will omit the use of indicators
for the final model.

Despite Hsu et al’s hypotheses, they similarly concluded that indicators did not significantly increase
accuracy, though this contradicted the findings of Demir et al [13], who discovered significant
increases in accuracy by using technical indicators to predict electricity price. There is potential that
this could be the result of our indicator selection method. Demir et al approached this by handpicking
indicators that highlighted oscillations or trends in prices (rather than attempting to maximise
variation in data, much like our approach).

4.2.4 Effect of Sequence Length

A higher sequence length may provide the model with more data to work with, therefore, should the
additional data also be important, we would expect an increase in accuracy. In contrast, a sequence
length that is too long may end up being counterproductive since LSTM or GRU memory-cells will have
some difficulty remembering information too far away from the most recent data point [44].

Results for variation of sequence length can be seen in the table below (Table 4.5):

Table 4.5 - Validation metrics for classification models with varying sequence lengths

Length Accuracy Sparse Categorical Entropy Train Time (Minutes)

50 0.545691 0.687607 0.640377

100 0.548006 0.686467 1.091628

150 0.547626 0.686195 1.553121

200 0.540233 0.688038 2.007162

250 0.540924 0.687546 2.269982

300 0.556876 0.684797 3.354287

350 0.543036 0.687603 3.662318
400 0.550387 0.686008 4.395992

The results suggest that longer sequence length don’t necessarily always lead to increases in accuracy.
There is an optimal sequence length dependant on architecture and the dataset. In this case, all the
tested sequence lengths result in similar model accuracies (when forecasting 10 minutes into the
future). We can assume the slight insignificant changes in accuracy were due to the slightly random
nature of training a model; starting neuron connection weights and connections that are cut off as a
result of dropout vary in the training of each model [45].

Of course, training times and VRAM usage for those with longer sequence lengths is significantly
higher. Because of this, a sequence length of 100 was chosen for the final model (100 was picked over
50 to ensure enough data points were available for possible unforeseen contingencies).

4.2.5 Effect of Forecast Period

Table 4.6 - Validation metrics for classification models with varying forecast periods

Forecast Period Accuracy Sparse Categorical Entropy Train Time (Minutes)

1 0.533769 0.690035 2.644503
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5 0.549016 0.686612 2.193867
10 0.542076 0.688374 2.009085
20 0.533822 0.690954 1.708920
30 0.529190 0.691260 1.563716
50 0.509222 0.693329 1.661368

4.2.6 Hyperparameter Optimisation using Genetic Algorithm

Based on prior results, a unidirectional GRU architecture, a sequence length of 100, and a forecast
period of 10, and no indicators were used for the final classification model. The base model
hyperparameters used during prior tests may not necessarily be optimal, therefore we optimised the
hyperparameters using Genetic Algorithm. The fitnesses of the models over generations can be seen
below (Figure 4.4).

Best Model Fitnesses (Negative Categorical Cross
Entropy Values) over Generations of Genetic Algorithm
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Figure 4.4 - Best classification model finesses over generations of Genetic Algorithm

A population size of 10, a crossover rate of 0.9, a mutation rate of 0.2 and elitism (with 2 elite) was
used. The Genetic Algorithm was run over 15 generations. The metric used for fitness was (negative)
Categorical Cross Entropy. Best model fitnesses over generations lacked stability, though is again likely
due to the random nature of training Artificial Neural Networks. The most accurate model was
discovered in generation 14. This model’s hyperparameters was subsequently used in the final model.
The hyperparameters corresponding to the most accurate model were (Table 4.7):

Table 4.7 - Final model hyperparameters

Hyperparameter Value
Hidden Layers 2
Neurons per Layer 60
Batch Size 1534
Dropout 0.471
Initial Learn Rate 0.00373

Dropout and initial learn rate are shown to 3 significant figures.
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The near-optimal hyperparameters discovered are similar to those used for our base hyperparameters
which were based on recommendations from literature. The only surprising result is the abnormally
high dropout rate present in final hyperparameters (0.471). Similar high dropout rates were present
throughout the majority of models with the highest fitnesses over generations; we can assume this is
no mistake. Cheng et al recommended dropout rates in the region of 0.2 or 0.3 [43], though this may
vary depending on the complexity of the problem. Due to high levels of noise and the sheer complexity
of financial markets, a higher dropout rate was likely more optimal. It prevented the model from
overfitting. This finding will prove useful when manually optimising models in future work.

4.2.7 Final Classification Model Results

As previously stated, final model hyperparameters can be seen in Table 4.7. These were used when
training the final model. While the model hyperparameters are identical to those discovered using
Genetic Algorithm, resultant validation metrics can still differ slightly due to different initial weights
and the random nature of dropout. Overall, the training process of the final model was fairly stable;
both the accuracy (Figure 4.5) and loss (Figure 4.6) did not diverge. In other words, there were little
signs of overtraining.
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Figure 4.5 - Validation and training accuracy over epochs for final classification model
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Figure 4.6 - Validation and training loss over epochs for final classification model
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Early stopping reverted the model weights to those present at epoch 2 where validation metrics were
at their best. At this point, validation accuracy was around 0.55 (55%) while categorical cross-entropy
was around 0.683.

We later tested the model on unseen test data. The data was unshuffled and from a future period of
time (in relation to training and validation data). The model achieved a classification accuracy of 54.8%
and a categorical cross-entropy of 0.689. While these accuracy metrics are fairly impressive (anything
consistently over 50% is impressive in financial markets) we can further increase accuracy by selecting
only the top 20% of predictions; the predictions the model is most certain are correct. As we stated
before, the classification model has two outputs. We can think of output one as the model’s
confidence that future price will decrease and output two as the model’s confidence that future price
will increase. When the difference between these two outputs is highest, the model is most certain
about that particular prediction/classification.

When tested on only the top 20% of predictions, the accuracy metrics drastically improved, increasing
the classification accuracy to 59.2% and decreasing the categorical cross-entropy to 0.682.

Next, the model and test data predictions were used in the created trading simulator. The model saw
a steady and stable increase in account balance of 38.94% over 565 trades (Figure 4.7).

Balance Over Simulated Trades
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Figure 4.7 - Account balance over simulated trades for final classification model

Additionally, 60.11% of these trades were winning trades. On average, each winning trade adds 0.37%
to the account, while each losing trade would take 0.36% from the account, thus, the expected profit
per trade is 0.079% (2sf):

(win probability * avg win) — (loss probability *x avg loss) = expected profit
(0.6011 * 0.37) — ((1 — 0.6011) * 0.36) = 0.078803 %

We would have expected accuracy to decrease over time since markets are dynamic, and are
constantly adapting. Profitable trading strategies cease to last forever [27], however the trading
strategy this model adopted survived the period of time it was simulated over.
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Looking at confusion matrices for the model’s predictions give us a little more insight into the
strategies and biases of the model:
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Figure 4.8 - Confusion matrix for final classification model's predictions on test data

Confusion matrix at
20th percentile

1400
_ Down 0.28 1200
3
©
g 1000
ow 0.45
800
<P§} R 600

Predicted label

Figure 4.9 - Confusion matrix for final classification model's predictions on test data (best 20% of predictions)

Figure 4.8 is a confusion matrix that comprises all predictions while Figure 4.9 is a confusion matrix
that includes only the top 20% of predictions. Both matrices display similar results, showing the model
having a bias towards predicting prices will decrease. This is intriguing since, over the period
represented in the dataset, the price of Bitcoin was generally increasing in a steady uptrend. Perhaps
downward movements are more predictable for this trading vehicle. Despite the lengthy uptrend, the
majority of predictions are correct.

4.3 Significance of Findings

Our resultant model managed to achieve an overall accuracy of 60.11% when used in a simulated
trading scenario, which translated into a positive overall expectancy (for profits). An accuracy of
60.11% rivals and often outperforms the predictive accuracy of findings in existing literature
(especially for forecasting bitcoin price). McNally et all achieved a final classification accuracy of 52%
[8] while Madan et al predicted future price direction of Bitcoin with 50-55% accuracy for 10-minute
intervals [9]. Additionally, as markets continue to adapt, the usage of Al in financial markets will
increase (following current trends) [46] hereby it is to be expected that drawing profits using machine
learning is increasing in difficulty. Older models such as those seen in existing literature may result in
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poor results when used in today’s trading environment. The fact that our model managed to result in
consistent profitability despite the increasing domination of Al in financial markets is impressive.

Our usage of a simulated trading environment is completely original. This is nowhere to be seen in the
existing literature. This is quite unfortunate since displaying the potential effectiveness of the model
in a real-life scenario is a simple yet effective method for communicating the models’ capabilities. It
additionally helps with finding potential loopholes in methodology and results. For example, it is likely
that a large number of models present in literature simple achieve high levels of accuracy since the
same prediction is continually predicted (for example when a trend is identified, the model may
predict an increase in price 10 times in a row). In a real-life scenario, you can only trade that single
trend once (you can only spend money once), therefore when traded, accuracy would be less than
claimed.

Whilst computationally expensive, hyperparameters and therefore overall model performance was
optimised using Genetic Algorithm. This is rarely performed in the literature for forecasting financial
markets, possible due to the sheer amount of computation time required. Despite the drawbacks,
hyperparameter optimisation is highly beneficial and can lead to surprising results, such as our
surprisingly high dropout rate in our most optimal models.

In agreeance with a number of existing studies, we found that a lower forecast period does not
necessarily lead to higher classification accuracy. As an example, Madan et al found dramatically high
accuracy when predicting daily price movements over 10-minute price movements. This is likely due
to the high amount of noise found in financial markets at lower timeframes.

4.4 Challenges

There were several challenges that this study faces. Identifying these challenges can help us overcome
these challenges in future work.

Firstly, as a precaution, it is entirely possible that some of the findings cannot be generalised to all
situations, only to the base parameters chosen. For example, higher sequence lengths did not elicit
significant changes in the predictive accuracy of the model. Despite this, higher sequence lengths may
have worked better with LSTM just as Gao et al [21] stated, though GRU was used in the base
parameters for our experimentation. Further generalisation of findings may require additional
experimentation.

Our results showed us that indicators did not lead to improvements in overall accuracy. The literature
is in fierce debate about the predictive ability of technical indicators in financial markets. While we
concluded here that indicators did not lead to increases in accuracy, there is potential that a different
indicator selection method could have led us to a different conclusion. For example, Demir et al [13]
approached this by handpicking indicators that highlighted oscillations or trends in prices and found
noteworthy improvements in accuracy as a result.

Throughout this study, predictions were made using 1-minute price data for Bitcoin. We achieved
respectable accuracy, though it is possible that accuracy could be further increased by using price data
from high timeframes (such as daily price data). This is precisely what Madan et al found [9]. There
are drawbacks and challenges to using this approach, however. Firstly, using lower timeframes allows



38

the use of larger datasets; there is more data when recorded every minute as opposed to every day.
Additionally, the Adaptive Markets Hypothesis [27] may mean that daily price data from far in the past
may have little relevance to today’s price movements. The benefit gained in predictive accuracy may
outweigh the drawbacks of this approach, however.

While we can see that our implementation of Genetic Algorithm led to an increase in final model
accuracy, there is potential that providing the algorithm with more hyperparameters and additional
model customisability could have led to a further improved model. For example, the algorithm may
have discovered a vastly different set of hyperparameters if each layer could have a different number
of neurons (rather than each layer having the same number of neurons). This does further complicate
implementation, however.

Lastly, the results found using our final regression model were overshadowed by the overwhelmingly
positive results found for the final classification model. The regression model tended towards
predicting mean prices, consequently leading to a lack of directional accuracy. A regression problem
has a much larger scope for error than a two-class classification problem, therefore a much more
complex architecture could be required to more accurately predict prices.

4.5 Summary

There were many surprising discoveries elicited from our experimentation. Firstly, and most
importantly, the use of a classification model reduced the scope for error, and thus led to an increase
in accuracy when predicting future market direction.

When using base hyperparameters picked using recommendations from literature, for this specific
problem, bidirectional RNN architectures did not perform significantly better than unidirectional
variants, thus it did not make sense to utilise them in the final model (due to less optimal training
times). Additionally, GRU architectures performed better than LSTM architectures, despite using a
reasonably large sequence length (for our base parameters) of 200.

The addition of technical indicators in our dataset did not increase the accuracy of the model. The
increased dataset dimensions when using technical indicators increased VRAM usage therefore
technical indicators were not used in the final model.

The lower forecast periods intriguingly did not result in the highest accuracies. We can infer that lower
forecast periods may be difficult to predict because the price of financial markets is generally quite
noisy on lower time scales.

Hyperparameter optimisation provided some unexpected results. While most hyperparameters were
close to our predicted optimal hyperparameters (recommended from literature), the dropout rate
was fairly large (0.471), while the literature recommended 0.2 to 0.3 [43]. This may have been due to
the high complexity of the problem.

Lastly, our final classification model (which used the near-optimal hyperparameters from Genetic
Algorithm) managed to achieve a classification accuracy of 59.2% (when using the top 20% of
predictions), increase the balance by 38.94% over 565 trades in our trading simulation (trading the
correct direction 60.11% of the time), and achieved an expected profit of 0.079% of the account
balance per trade. These results are astounding, especially given the prominence of automated
trading for Bitcoin in today’s climate.
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Chapter 5
Conclusions and Future Work

5.1 Conclusions

The main aim of the study was to discover whether Recurrent Neural Networks can be trained to
predict future price direction using price and volume data alone. This was explored by creating two
final RNN models that predicted future Bitcoin prices and prices directions, a regression model and a
classification model. The final classification model performed significantly better than the regression
model, likely due to the reduced scope for error. The classification model managed to achieve a
classification accuracy of 54.8%. This accuracy increased to 59.2% when only the top 20% of
predictions were selected. This accuracy rivals and is superior in most cases to existing literature.
McNally et all achieved a final classification accuracy of 52% on Bitcoin [8] while Madan et al predicted
future price direction of Bitcoin with 50-55% accuracy for 10-minute intervals [9].

When placed into a trading simulator, the classification model managed to increase the starting
balance by 38.94% over 565 simulated trades. 60.11% of trades were correct, and the expected profit
per trade was 0.079% of the current account balance. Our confusion matrix suggested that the model
was biased towards predicting future price would decrease, despite Bitcoins overall uptrend between
2017 and mid-2020 (the approximate time period of our dataset). Regardless, simulated balance
increased in a stable fashion.

A secondary aim involved discovering how changes to the dataset and model architecture affected
overall accuracy when predicting future price direction. This was tested by using a base set of dataset
and model parameters, and modifying these parameters individually while measuring validation
accuracy metrics after training. We discovered that GRU architecture performed better than LSTM
architecture despite the high sequence length of 200, contrary to the suppositions of Gao et al [21],
who stated LSTM may be more accurate at higher sequence lengths. We also discovered that
bidirectional variants did not significantly increase accuracy, despite the favour of bidirectional
variants literature. Additionally, we concluded the addition of technical indicators in the dataset and
drastically increasing the sequence length provided no noticeable benefits. Lastly, to our surprise, a
shorter forecast period did not necessarily result in higher accuracy, likely due to the larger amounts
of noise and unpredictability in markets at lower timeframes.

The final secondary aim includes the discovery of optimal hyperparameters. We approached this by
using Genetic Algorithm to progressively discover near-optimal hyperparameters for our regression
and classification model. The majority of resulting hyperparameters turned out to be near those
recommended in literature, though dropout was exceptionally high (0.471) likely due to the
complexity of the problem

5.2 Future Work
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Though our study provided engaging results and achieved significant accuracy, it can still further be
extended to improve accuracy and extend or verify findings.

Firstly, a large portion of manual traders attempt to recognise common and popular patterns in
market price data in order to predict future prices direction and market sentiment [47]. In future work,
we could incorporate pattern recognition algorithms such as Dynamic Time Warping [48]. Data related
to the patterns extracted using the pattern recognition algorithms could be added to the dataset.

Additionally, while price and volume history tells a story about the markets, and may drive a portion
of the future movement, markets are also heavily influenced by news and world events. Oncharoen
et al [49] found that the predictive accuracy of their machine learning models was improved by
combining both technical (price) aspects and fundamental (news) aspects. Implementing this
multidisciplinary approach into future work will likely result in superior model capabilities.

While this study focussed on the use of Recurrent Neural Network architectures to predict time series
data, additional (recent) approaches for predicting time series data exist and rival their predictive
capabilities. A number of studies merit the use of Convolutional Neural Networks (CNNs) for predicting
time-series data such as market price prediction. Selvin et al [50] discovered that a Convolutional
Neural Network architecture resulted in higher predictive accuracy than LSTM architecture for
predicting future stock price (regression). While CNNs may result in increases in accuracy, their
increased number of hyperparameters may increase the complexity and difficulty of finding optimal
hyperparameters, though the benefits may outweigh the challenges.

While our technical indicator selection method had merit (increasing variance of data by reducing
correlations between indicators) it is possible that the use of other methods could have led to different
results. Demir et al [13] approached selection by handpicking indicators that highlighted oscillations
or trends and found noteworthy improvements in accuracy as a result.

Lastly, our dataset includes short-term one-minute price and volume data, which limited us to mainly
predicting short term price movements. Studies have often found greater difficulty in predicting
shorter time fluctuations in price using machine learning approaches [9]. Collecting longer-term data
(such as hourly or daily data) and attempting to forecast days or weeks into the future could result in
higher model accuracy.
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Chapter 6
Reflection

Before the creation of this project, my machine learning knowledge was limited. My interest in the
field made me eager to learn more; this project was the perfect opportunity. At this present day, my
knowledge in the field has drastically improved. | not only understand how Recurrent Neural Networks
work, but | am also able to use that knowledge to practically implement models that can be used to
forecast time-series data. Moreover, through learning TensorFlow, the machine learning framework
provided by Google, | can extend this knowledge to a variety of other machine learning algorithms,
such as Convolutional Neural Networks or Random Forest.

Additionally, my ability to navigate literature has drastically improved. This project has also taught me
the value of checking existing literature before undergoing a large project. Existing discoveries from
state-of-the-art literature greatly influenced the direction of this project and helped me avoid arriving
at dead-ends.

The experimental aspect of this project also taught me to value self-discovery. In other words, not all
results from the literature are axiomatic, and results may not generalise to your own application,
therefore you may find different results.

Throughout this project, there were a vast number of difficulties faced. One was already detailed;
learning a new and seemingly complex machine learning framework. Another challenge was obtaining
impressive accuracy for the final model. Initially, a regression model was used, though this did not
generate the results desired. These results were later overshadowed by the results elicited by the
adoption of a classification model.

Another major pain point in this project was training times. Generally, in software development, the
development process is relatively quick; you can add code, recompile, and run the software to test
the effect of new code. In machine learning, you may have to wait for the model to finish training
before you notice that something isn’t quite right, or that an optimisation had no effect (or even a
negative effect). This was especially true when using Genetic Algorithm to optimise model
hyperparameters since Genetic Algorithm required numerous models to be trained (150 to be precise,
10 per population and 15 generations). On the first couple of runs, the implementation of Genetic
Algorithm was not quite right (and elitism was not implemented). This was not evident until the results
were generated, and the code was analysed. The algorithm later had to be rerun.

The project initiation document was titled “Time Series Modelling using Machine Learning”. While
technically nothing has changed, and this is exactly what my project has broadly detailed, the project
and project title became more focused as time progressed. Initially, | had planned to forecast future
market price on stock data, and the dataset was originally gathered manually. Despite this, difficulties
throughout the project lead to change from stock price data to cryptocurrency data. This was due to
the wide and free availability of cryptocurrency price data. Additionally, the model had difficulties in
training on the stock dataset gathered since the stock data had “gap ups” and “gap downs”. These are
essentially periods where there is no data or trading activity since the stock market trading is not open
24/7 (while cryptocurrency trading is).
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Some of the initial difficulties in this project stemmed from attempts to traverse such a complex field
alone, therefore, if | could do this project a second time, | would have first looked at the approaches
used in existing literature. Doing this first would have saved precious time (rather than creating a
model alone, finding unsatisfactory results, then looking to literature).

Overall, this project has taught me invaluable skills in an expanding field (machine learning) that is
currently in its infancy. These skills are becoming increasingly desirable among employers and
innovators. | will continue to learn and refine my machine learning knowledge in the future such that
| can innovate beyond the scope of this project.

Git Repository (Full Code)

Full code can be found in the git repository hosted on CSGitLab (the University of Reading’s privately
hosted GitLab). This includes the dataset used.

This can be found at:

https://csgitlab.reading.ac.uk/ann-price-prediction-final-year-project/bi-Istm-gru-bitcoin-forecasting



https://csgitlab.reading.ac.uk/ann-price-prediction-final-year-project/bi-lstm-gru-bitcoin-forecasting
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Appendix Chapter 1 — Regression Model Results
1.1 RNN Architecture
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LSTM GRU
R Square MAE Train Time R Square MAE Train Time
(Minutes) (Minutes)
Test 1 -0.0325 0.001040 6.0 -0.0335 0.001042 4.1
Test 2 -111.7242 0.009462 13 -0.0313 0.001041 5.8
Test 3 -0.0311 0.001040 53 -0.0305 0.001039 4.8
Test 4 -0.0325 0.001039 6.1 -0.0315 0.001041 6.2
Test 5 -0.0319 0.001040 53 -0.0308 0.001039 6.0
Average -0.0320 0.001040 5.7 -0.0315 0.001040 54
LSTM (Bidirectional) GRU (Bidirectional)
R Square MAE Train Time R Square MAE Train Time
(Minutes) (Minutes)
Test 1 -0.0340 0.001042 10.7 -0.0329 0.001043 13.0
Test 2 -0.0338 0.001043 13.7 -0.0315 0.001041 12.6
Test 3 -0.0365 0.001045 10.4 -0.0328 0.001041 10.7
Test 4 -0.0370 0.001046 11.7 -0.0331 0.001042 12.9
Test 5 -0.0331 0.001040 12.0 -0.0356 0.001044 9.8
Average -0.0349 0.001043 11.7 -0.0332 0.001042 11.8
1.2 Indicators versus no Indicators
Indicators No Indicators
R Square MAE Train Time R Square MAE Train Time
(Minutes) (Minutes)
Test1 -0.0351 0.001061 10.1 -0.0354 0.001049 10.7
Test 2 -0.0352 0.001062 13.0 -0.0338 0.001050 14.9
Test 3 -0.0347 0.001060 12.3 -0.0362 0.001051 9.8
Test 4 -0.0351 0.001062 13.0 -0.0377 0.001053 12.0
Test 5 -0.0351 0.001060 12.0 -0.0356 0.001051 11.7
Average  -0.0350 0.001061 12.1 -0.0357 0.001051 11.8
1.3 Effect of Sequence Length
R Square MAE Train Time (Minutes)
Length 50 -0.03413 0.001046 3.458199
Length 100 -0.03441 0.001059 6.780635
Length 150 -0.03575 0.001053 10.6208
Length 200 -0.03896 0.001047 12.71089
Length 250 -0.03417 0.001059 15.34224
Length 300 -0.03379 0.001046 16.98044
Length 350 -inf 0.001049 19.14106
Length 400 -0.03482 0.001045 23.0904




1.4 Effect of Forecast Period
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R Square MAE Train Time (Minutes)
Forward 1 -0.03692 0.001051 11.6846
Forward 5 -0.03401 0.002374 9.431959
Forward 10 -16.5155 0.013472 2.639607
Forward 20 -0.03187 0.004631 10.41841
Forward 30 -0.02834 0.005606 10.42984

Appendix Chapter 2 — Code Snippets
2.1 Trading Simulation Code (Regression Model)

def do_reg simulation(predictions: np.ndarray, test_y: np.ndarray,
forecast_period: int, percentile = 100.90):
balance = 10000.0
balances = [balance]
wins, losses = [], []
spread = 0.000122 # As fraction of price
leverage = 2.0
upper = np.percentile(predictions, 100.0 - percentile / 2)
lower = np.percentile(predictions, percentile / 2)
last_trade_index = -np.inf

print(f"\n\nStart Balance: {balance}")
for index, prediction in enumerate(predictions):
prediction = prediction[Q]
actual = test_y[index]
if prediction > upper or prediction < lower:
spread_cost = leverage * balance * spread

should_buy = prediction > @ # Buy if positive, sell if negative

can_trade = index > last trade_index + forecast period # Cant

trade if already in a trade
if not can_trade:
continue
if should_buy:
new_balance = balance * (1 + (leverage * actual)) -
spread_cost
else: # We are selling
new_balance = balance * (1 - (leverage * actual)) -
spread_cost
if new_balance > balance:
wins.append(abs(leverage * actual))
else:
losses.append(abs(leverage * actual))
last _trade_index = index
balance = new_balance
balances.append(balance)

print(f"Final Balance: {balance: .2f}")
print("Showing plot for final balance:")
print(f"{len(balances)} trades executed")
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print(f"{len(predictions)} total predictions")

print(f"Percentage wins: {len(wins) / (len(balances) - 1) * 100: .2f}%")

print(f"Average win % of acc: {np.average(wins): .4f}")

print(f"Average loss % of acc: {np.average(losses): .4f}")

print(f"Wins: {len(wins)} --- Losses: {len(losses)} ---
{len(wins)/(len(wins) + len(losses)) * 100: .2f}% wins"

print(f"% Predictions < @: {len(predictions[predictions < @]) /
len(predictions) * 100: .4f}%")

plt.plot(balances)

plt.xlabel("Trade Number")
plt.ylabel("Balance (£)")
plt.title("Balance Over Simulated Trades")
plt.draw()

2.2 Trading Simulation Code (Classification Model)

def do_simulation(predictions: np.ndarray, test_y: np.ndarray, percentages:
np.ndarray, forecast period = 0, percentile = 0.0):

balance = 10000.0

balances = [balance]

wins, losses = [], []

spread = 0.000122 # As fraction of price

leverage = 2.0

last_trade_index = -np.inf

difs = [abs(x - y) for x, y in predictions]
min_dif = np.percentile(difs, 100.0 - percentile)

print(f"\n\nStart Balance: {balance}")
for index, confidences in enumerate(predictions):
prediction = np.argmax(confidences)
confidence = abs(confidences[prediction])
actual = test_y[index]
percent = percentages[index]
dif = abs(confidences[@] - confidences[1])
can_trade = index > last trade_index + forecast period # Cant trade if
already in a trade
if dif >= min_dif and can_trade:
spread_cost = leverage * balance * spread
new_balance = @
if prediction == actual: ## Correct direction
new_balance = balance + (balance * abs(percent) * leverage) -
spread_cost
wins.append(abs(percent) * leverage)
else: ## Incorrect direction
new_balance = balance - (balance * abs(percent) * leverage) -
spread_cost
losses.append(abs(percent) * leverage)
last _trade_index = index
balance = new_balance
balances.append(balance)
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print(f"Final Balance: {balance: .2f}")

print("Showing plot for final balance:")

print(f"{len(balances)} trades executed")

print(f"{len(predictions)} total predictions")

print(f"Percentage wins: {len(wins) / (len(balances) - 1) * 100: .2f}%")

print(f"Average win % of acc: {np.average(wins) * 100: .2f}%")

print(f"Average loss % of acc: {np.average(losses) * 100: .2f}%")

print(f"Wins: {len(wins)} --- Losses: {len(losses)} ---
{len(wins)/(len(wins) + len(losses)) * 100: .2f}% wins"

plt.plot(balances)

plt.xlabel("Trade Number")
plt.ylabel("Balance (£)")
plt.title("Balance Over Simulated Trades")
plt.draw()

2.3 Full Model Class Code

from datetime import datetime

import time

import tensorflow as tf

from tensorflow.python.keras.models import Sequential

from tensorflow.python.keras.layers import Dense, Dropout, BatchNormalization,
LSTM, GRU, CuDNNLSTM, CuDNNGRU, Bidirectional

from tensorflow.python.keras.callbacks import TensorBoard, EarlyStopping

from tensorflow.python.client import device_lib

import numpy as np

import os

from app.parameters import Architecture
from .RSquaredMetric import RSquaredMetric, RSquaredMetricNeg

class Model():
def _init_ (self, train_x, train_y,
validation_x , validation_y, seq_info:str,

*
3

max_epochs = 100, batch_size = 1024, hidden_layers = 2,
neurons_per_layer = 64, architecture = Architecture.LSTM.value,
dropout = 0.1, is bidirectional = False, initial learn_rate = 0.001,
early stop_patience = 6, is_classification=False):

## Param member vars

self.max_epochs = max_epochs

self.batch_size = batch_size
self.hidden_layers = hidden_layers
self.neurons_per_layer = neurons_per_layer
self.architecture = architecture
self.dropout = dropout

self.is _bidirectional = is_bidirectional
self.initial learn_rate = initial_ learn_rate



self.seq_info = seq_info
self.is_classification = is_classification
self.early_stop_patience = early_stop_patience
self.train_time = ©

self.train_x = train_x
self.train_y = train_y
self.validation x = validation x
self.validation_y = validation_y

## Other member vars
self.model = Sequential()
self.training_history = None
self.score: dict = {}

self. create_model()

### PUBLIC FUNCTIONS

def get _model(self):
return self.model

def train(self):
start = time.time()
early stop = EarlyStopping(monitor='val loss',

patience=self.early stop patience, restore best weights=True)

tensorboard =
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TensorBoard(log_dir=f"{os.environ[ "WORKSPACE']}/logs/{self.seq_info} {self.ge

t model info str()}_ {datetime.now().timestamp()}")

# Train model

self.training history = self.model.fit(
self.train_x, self.train_y,
batch_size=self.batch_size,
epochs=self.max_epochs,

validation_data=(self.validation_x, self.validation_y),

callbacks=[tensorboard, early stop],
shuffle=True

)

# Score model

self.score = self.model.evaluate(self.validation_x, self.validation_y,

verbose=0)

self.score = {out: self.score[i] for i, out in
enumerate(self.model.metrics_names)}

print('Scores:', self.score)

end = time.time()

self.train_time = end - start

def save _model(self):
self. save_model config()
self. save_model weights()

def get _model info_str(self):
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return f"{'Bi' if self.is_bidirectional else
""}{self.architecture._name__}-HidLayers{self.hidden_layers}-
Neurons{self.neurons_per layer}-Bat{self.batch _size}-Drop{self.dropout}"

### PRIVATE FUNCTIONS

def create model(self):

Creates and compiles the model

self. use_gpu_if _available()

##### Create the model ####
self.model = Sequential()

if self.is bidirectional:

self.model.add(Bidirectional(self.architecture(self.neurons_per_layer,
input_shape=(self.train_x.shape[1l:]), return_sequences=True)))
else:
self.model.add(self.architecture(self.neurons_per_layer,
input_shape=(self.train_x.shape[1l:]), return_sequences=True))
self.model.add(Dropout(self.dropout))
self.model.add(BatchNormalization())

for i in range(self.hidden_layers):
return_sequences = i != self.hidden_layers - 1 # False on last
iter
if self.is_bidirectional:

self.model.add(Bidirectional(self.architecture(self.neurons_per_layer,
return_sequences=return_sequences)))
else:
self.model.add(self.architecture(self.neurons_per_layer,
return_sequences=return_sequences))
self.model.add(Dropout(self.dropout))
self.model.add(BatchNormalization())

if self.is_classification:

self.model.add(Dense(2, activation="sigmoid"))
else:

self.model.add(Dense(1))

adam = tf.keras.optimizers.Adam(learning rate=self.initial learn_rate)

if self.is_classification:
self.model.compile(
loss="sparse_ categorical crossentropy",
optimizer=adam,
metrics=["sparse_categorical crossentropy", "accuracy"]
)
else:
self.model.compile(
loss=RSquaredMetricNeg,
optimizer=adanm,
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metrics=["mae", RSquaredMetric]

def _use gpu_if available(self):
## Utilise GPU if GPU is available
local devices = device lib.list local devices()
gpus = [x.name for x in local_devices if x.device_type == "GPU']
if len(gpus) != 0:
if self.architecture == GRU:
self.architecture = CuDNNGRU
elif self.architecture == LSTM:
self.architecture = CuDNNLSTM

def _save _model weights(self):
file_path = ""
if self.is _classification:
file path =
f"{os.environ[ "WORKSPACE']}/models/final/{self.seq_info}__{self.get_model info
_str()}__{self.max_epochs}-
{self.score[ ' 'sparse_categorical_crossentropy']:.3f}.h5"
else:
file path =
f"{os.environ[ "WORKSPACE']}/models/final/{self.seq_info}__{self.get_model info
_str()}__{self.max_epochs}-{self.score[ 'RSquaredMetric']:.3f}.h5"
self.model.save_weights(file_path)
print(f"Saved model weights to: {file_path}")

def _save_model config(self):
json_config = self.model.to json()
file_ path =
f'{os.environ[ "WORKSPACE"]}/model config/{self.get_model _info_str()}.json’
with open(file_path, "w+") as file:
file.write(json_config)
print(f"Saved model config to: {file_path}")

2.4 Indicator Correlation Reduction

def reduce_correlation_matrix(correlations: pd.DataFrame, reduction_size:
int):
best_indicators: List[str] = []

correlations = correlations.abs()
correlations_original = correlations.copy()

cor = correlations.to _numpy()
row_sums = np.sum(cor, axis=1)
min_row = np.argmin(row_sums)
best_indicators.append(correlations.columns[min_row])

correlations.drop(correlations.index[min_row], axis="index", inplace=True)



correlations.drop(correlations.columns[min_row], axis="columns",
inplace=True)

while len(best_indicators) < reduction size:
row_sums = []
for index, row in correlations.iterrows():
row_sums.append(correlations_original.loc[index,
best indicators].sum())
min_row = np.argmin(row_sums)
ind = correlations.columns[min_row]
if ind not in best indicators:
best indicators.append(ind)
correlations.drop(correlations.index[min_row], axis="index",
inplace=True)
correlations.drop(correlations.columns[min_row], axis="columns",
inplace=True)

ret = correlations _original.loc[best indicators, best_indicators]
return ret
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