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Abstract

Neural networks have shown great results in a variety of practical applications. However, most networks
are applied as a black box, where no information about how the network solves the problem is known. This
inhibits neural networks from being useful as a tool for scientific discoveries. The main purpose of this
thesis is to study the potential of neural network driven scientific discoveries. We do that by examining
different learning architectures capable of opening the black box to varying degrees. A recurrent learning
architecture proposed by Zhai et al. [1] is able to develop the discrete Schrodinger equation as its update law
from simulated data of a quantum particle. We recreate this learning architecture and extend it by introducing
a global encoder, which enables the network model to the predict probability distributions for the ground state
solutions to the discrete Schrodinger equations by storing the ground state energy as a global variable. While
information about the solution method of the extended learning architecture can be fully extracted, we find
that the model is unable to learn complicated systems where a non-linear update law is needed. Last, we
show that a recurrent network model with a fully connected neural network as update law can learn to predict
transmission probabilities of a particle scattering from potential barriers. We observe that the network needs
to store 3 variables to solve the system, but ultimately, fail to identify what physical features the essential
variables correspond to.



Acknowledgements

Writing a thesis during this strange year has in many ways been difficult and allowed for a lot of self-
reflection. It has made it clear to me that I was only able to come this far with the help of the great people
surrounding me. First, I would like to thank my two supervisors Karsten Flensberg and Mark Rudner for being
open to a project outside your field of expertise and always guiding me in the right overall direction. Thank you
to the people in the CMT group for providing a friendly and competent working environment. Finally, I would
like to thank my friends and family for supporting me throughout the year. Especially my parents, thank you for
always having my back, you are the best.



Contents

2.3 Feedforward Fully-Connected Neural Network|{ . . . .. ... ... ... ... .........
2.4 Universal Approximation Theorem|. . . . . . . . . ... .. .. ... ... ... ........
[2.5  Tramming of Neural networks| . . . . . .. .. .. o o
[2.5.1  Gradient Descent and Back Propagation| . . . ... ... .. ... ... .. ......
252 Optimizers| . . . . . . . . . . e e e
[2.5.3  Overfitting and Underfitting] . . . . . . . . . .. .. ... . .. .
[2.5.4  Sample Size|l. . . . . . . . e e
[2.6  Hyperparameters| . . . . . . . . . . . L e e e

3 Schrodinger Machine]

3.1 Physical System|. . . . . . . . . . e e
[3.1.1 ~Datageneration|. . . . . . . . . . . . . . . e
3.2 Fully-connected network| . . . . . . . ... ...

|4 Schrodinger Equation with Infinite Potential Boundaries|

4.1 Physical System|. . . . . . . .. e
MIT DataSimulation] . . . .. .. ... ..

[4.4.1 Independence of Global Encoder and RNN-solvery . . . . .. ... ... .. .. ....
[4.4.2  Higher Energy Levels| . . . . ... ... .. ... .. .. . .. ...

13
13
14
15
16
27
27
28
32

36
36
38
39
39
42
42
45
51
52
52

56
56
58
59
62
67

69



A App 4

|IA.2  Code for Data Generation of Simplified Schrodinger System| . . . . . . ... .. ... ... ..
|IA.3  Basis and Similarity Transformations|. . . . . . . . . .. ... ... L oo
|A.4  Derivation of Schrodinger Equation 1n Terms of Probability|. . . . . .. ... ... ... .. ..

B Appendix

IB.1 Code for Generating Discrete Ground State Solutions| . . . . . . . .. .. ... ... ......

|C.1  Data Generation Parameters Scattering System| . . . . . . . ... ... ... ... ... ..

73
73
74
75
76

78
78



List of Figures

I Graph of asingleneuron.| . . . . . . . . ... L 3

13 [llustration of a feedforward fully-connected network with an n neuron input layer, 2 hidden |
| layers and an m neuron output layer. The activation function and number of nodes 1n the hidden |
| layers are not specified.| . . . . . . . L. 5

4 Sketch of gradient descent process for C'(x, ) colormap. In this case, the model has two tune- |
| able parameters resulting in a two dimensional parameter space. The black X mark the initial |
| values of the parameters, which result in a successful optimization to the global minimum. The |

| white dashed line gets trapped 1n a local minimum.| . . . . ... ... ... ... ... 7
[>  Tlustration of the wavefunction as a function of position z; = ta. ¥ (x) € [x;; x;41] is denoted |
| vi(x) forclarity] . . . .. 14

|6 Loss for 50000 training iterations with different depth of the fully-connected neural network. |
| Training set: 10000 samples. Validation set 5000 samples. (left) Underfitted model that 1s not |
| able to "learn” the proper mapping. (middle) and (right) Shows reduced loss for both validation |

| and training data, The networks can predict the probability density reasonably well.| . . . . . . . 17
[7 Prediction accuracy of fully-connected networks with different depth. Input potential V; shown |
| mlower graph|. . . . . . . L L 17
[8 Global RNN structure of a sequence-to-sequence mapping. A hidden state h; 1s fed back into |
| the cell 1n each step of the sequence. In the cell (purple box), the hidden state 1s updated, based |
| on the mput z;, and the output y; isproduced.| . . . . . . .. ... oL oL 18
9 Composition of the RNN cells. The merging of two arrows signals a concatenation of vectors.| . 19
{10 Validation loss vs iterations for RNN networks with different update laws.| . . . . . . . ... .. 21
|11 The structure of each recurrent cell with the Taylor expanded update law. Matrix multiplication |
| 1isdenoted by .| . . . . L L L e e 22

|12 Examples of different output density sequences with their respective potentials compared to the |

| simulated density profiles. The yellow region indicates the training samples window. All results |

| are from test samples, which have not been trainedon.| . . . ... ... ... ... ... .. .. 23
(13 Trained Taylor-RNN (n; = 1,d = 3), plot of hidden states h; = (hi1,hi2,hi3)" vs. w;
for constant potential. All states have a period 1}, = 7 confirming that ¢); and 1ts first order

derivative cannot be stored 1n h;.| . . . . . . e 26

|14 Plot demonstrating that hidden state of an arbitrary sample matches with p;,n; and &; of the data.| 27

1 Recurren n rmodell . . . . .. 29

|16 Loss vs. training steps for the RAE architecture for different sizes of h;. Loss is significantly reduced for |

[ ford > 2). . . . 30
[I7  hidden states of the RAE and the output p’ of the Taylor-RNN for constant V; = —1. The values |

| agrees with the values of the analytical expression of v and its derivative.| . . . . . ... .. .. 31
|18  Comparison plot of hidden state values and simulated pst; and 0,.¢); values for an arbitrary test |

| sample.| . .. oL 31
|19 Architecture of the entire recurrent learning machine.| . . . . . . . ... ... ... ... 32

20 The two plots show that finding a Taylor-RNN representation with 2 variables 1s possible. With |
| standard mitialization of the cell parameters, the training fails (left). with speciiic assisted 1ni- |
| tialization the training converges (right).| . . . . . . . . . ... ... L. L L L. 33

21 Loss during training for RNN models with the Taylor expanded recurrent cell and projection |
| output gate for different hidden layer dimensions. The models cannot find a good potential-to- |
| density mapping even for d = 8 and expanded to fourth-orderin V.|. . . . . .. ... ... ... 34




n2

Sketch of discrete groundstate wavefunction. Keep 1n mind that this 1s not an entirely accurate

plot of the wave function and 1is just meant to give intuition about the data generation. In reality

the wavefunction is not smooth between that gridpoints (the wavefunction 1s merely the 1); dots).

| Az 1s shown as the spacing between the discrete x; position variables.| . . . . . . . ... .. .. 38
[23 Validation and training loss for FCNN model, trained on ground state system, with 1 hidden |
| layer and varying number of hidden nodes hg;p, . - . - .« . . . o oL Lo 40
|24 Plot of FCNN (ground state system trained) model prediction for 2 different test sample poten- |
| tials. Only a minor improvement 1n prediction 1s observed for the the 750 width model compared |
[ tothemodelwith250nodes] . . . . .. ... .. .. .. .. 41
25 Loss for the combined FCNN model (ground state system trained). The validation loss 1s quickly |
| reduced for both energy and density.| . . . . . . . . ... oL oL 41
26 Comparison of target density and output from the combined FCNN model (ground state system |
| trained) for 2 potential sequences. Left) Periodic potential used to show that the model can ac- |
| curately predict /£ and p; when subjected to potentials different from the test and target samples. |
| Right) Arbitrary test set potential.] . . . . . . . . . ... 41
|27 d=10 Taylor-RNN (ground state system trained) target and prediction comparison for 2 potential |
| sequences. Left) shifted cosine potential. Right) Potential sequence from the test set.| . . . . . . 42
28 Extended recurrent neural network modelll . . . . . . . .. ... Lo oo oL 44
[29  Two training runs of the extended RNN design with d. = 1,d = 6,n; = 1.Only difference 1s |
| the random 1nitialization. One training run fails, the other succeeds.| . . . . . ... ... .. .. 45
30 Prediction from Extended RNN Taylormodel| . . . . .. .. .. ... ... ... ... ... 46
131  Extended recurrent autoencoder model.l . . . . . . ... . Lo 48
|32 L Mi" o vs. epochs for the extended RAE modell .......................... 49
[33 " Plot of both RAE global variable Z and the z vs the allowed ground state energies £. F and 2 are com- |
| pletely correlated unlike £ and z, which are only weakly correlated. Shows that redundant information |
| is present in the d=6 extended RNN model.| . . . . . . .. ... ... .. ... .. ......... 49
34 Compressed hidden states for constant potential| . . . . . . . .. ... ... ... ... .. 50
35  Extended RNN prediction for different L data.|. . . . . . . ... ... ... ... ........ 52
36 Ext RNN predictions for periodic BC test potentials| . . . . . . .. ... ... .. .. .. .... 52
37 Extended learning architecture| . . . . . . . . .. ... e 53
38 Scattering from a potential consisting of 4 rectangular barriers.| . . . . . . ... ... L. 57
|39  Tllustration of the feedforward WKBnet. Energy and barrier height V; is fed to each of the FCNNs. The |
| output 3’ is the sum of individual FCNNs activation.| . . . . . . . . . . . . . . ... .. ....... 59
40 Training history for WKBnet on two different datasets.| . . . . . . ... ... ... ... .... 60
M1 Prediction from WKBnetmodell . . . . ... ... ... . ... ... 61
|42 Two plots showcasing the information stored in output from the FCNN-cells of WKBnet| . . . . . . . . 61
43 'Tranfer-RNN: RNN implemented to predict the probability for a particle passing through a series |
| of rectangular potential barriers.| . . . . . ... ... o o L 62
44 The FCNN-based cell of the Transfer-RNN. At each step in the sequence the FCNN-cell is given an input |
| vector consisting of F, V; and g;_1, which it maps to the updated hidden state g;| . . . . . . . . . . .. 62
|45  Training history for Transfer-RNN models with different dimension, d, of the hidden state g;.| . . 64
|46 Transfer-RNN : 3 different examples of the Transter-RNN predictions of transmission probabil- |
| ity compared to the target value|. . . . . . . . ... ... . L 65
|47 The values stored in the hidden states of the d = 3 Transfer-RNN plotted as a function of V;. This is done |
| to check, if the Transfer-RNN record some variation of V; in its hidden state.| . . . . . . . . . . . . .. 66
8  The individual elements of the hidden state g; = (g;.1, gi.2, 9i3)" for the d = 3 Transfer-RNN are plotted |
| at each sequence step ¢ for a single potential sequence (Nyy = 35). Each hidden node is plotted for 3 |
| different energies indicated by the color and symbol. The last plot shows the potential sequence with the |
| respective particle energies plotted as horizontal lines.| . . . . . . . . .. ... ... .. ....... 66




List of Tables

I Parameters/Constants used 1n the data generation.| . . . . . . ... ... ... ... ....... 14
12 Parameters/Constants used 1n the data generation of the Schrodinger equation with infinite wall |
| boundary conditions.| . . . . ... L oL oL e 39
13 Parameters for the transmission coefficient data generation with 11 barriersi.e. Ny, = 11.|. . . . 58
|4 Constants used in when generating the WKB approximation dataset,| . . . . . . .. ... .. .. 58
5 Parameters for the Transmission coefficient training data generation with 5 rectangular potential |
| barriers 1.e Ny, = 5. . . . . . e e e e 80
|6 Parameters for the Transmission coefficient training data generation with 31 rectangular poten- |
| tial barriers 1.e Ny = 31| . . . . . L e 80
|7 Parameters for the transmission coefficient training data generation with 35 rectangular potential |
| barriers1.e Ny =35 . . . . . e 80
18 Parameters for the transmission coefficient validation data generation with 15 rectangular poten- |
| tial barriers 1.e Ny = 15 . . . . . L e 81
9 Parameters for the transmission coefficient validation data generation with 21 rectangular poten- |
| tial barriers 1.e Ny, = 21 . . . . . . . e 81
{10 Parameters for the transmission coefficient validation data generation with 25 rectangular poten- |
| tial barriers 1.e Ny = 25| . . . . . L e 81

|11  Parameters for the transmission coefficient validation data generation with 41 rectangular poten- |
| tial barriers 1.e Ny = 41| . . . . . . L 81




1 Introduction

1.1 Motivation

The 20th century has commonly been characterized as the “Age of Industrialization”, whereas the 21st century
is being denominated “Age of Information”. This is with good reason, data is everywhere in our modern society.
Enabled by the technical advancement in computer electronics and the exponential growth of affordable com-
putational power and storage capacity available, states, institutions, enterprises and individuals have gathered
incomprehensible amounts of data.

The ability of humans to collect and store an enormous amount of data has brought into focus the distinct
difference between information and just data. We collect huge amounts of data, which has little to no meaning
without a conscious and targeted effort to condense and put them into context.

The amount of work needed to manage and process a large amount of data has given a boost to the research
fields known as machine learning (ML) and artificial intelligence (AI). The reason being that these concepts
seem to offer a viable approach to the challenge of handling big data.

Especially artificial neural networks has seen a considerable increase in popularity and successful applications.
In principle, neural networks try to emulate the key properties of the human brain. The brains decision making,
learning and information storage capability is largely based on exchange of electrical signals between brain cells
(so-called neurons) with different electric potential connected in a highly complicated network.

Neural networks, roughly based on this concept, form the basis of many important scientific and commercial
applications. For example, convolutional neural networks [2] used for image recognition or recurrent neural
networks used in natural language processing and machine translations [3]. However, just like science is only
just beginning to reveal small fragments of how the brain actually works, the same can be said about most
artificial neural networks. Most practical use of neural networks involves applying the networks as a black box,
where no information about their solution method can be inferred.

In the recent years, the idea has been presented that the powerful, but complicated, structure of information
captured in a trained “black-box” network, could be extracted on a form which would be conceivable for humans.
This would potentially enable the neural networks to work as “agents” discovering and revealing underlying
structures in data and observations, which science has not yet realized or been able to put into mathematical
form.

The main focus of this thesis will be exploring the concept of extracting relevant information from the black box
of neural network models. Specifically, the intention is to employ neural networks on simulated data of 3 rela-
tively simple quantum systems and to extract essential information about the underlying physical system from
the networks. Furthermore we want to demonstrate, what it is that makes extracting (unsupervisedﬂinformation
from neural networks so challenging. Machine learning and Al are still very much empirical disciplines.

1.2 Application of Neural Networks in Physics

While the focus of this thesis is centered around extracting physical concepts from the black box of neural
networks, practical applications in the field of condensed matter physics are, naturally also of great interest. We
will here outline some of the recent results.

Neural networks have primarily shown promise in two areas of condensed matter physics, both involving many-
body settings. The dimension of the Hilbert space of a many-body quantum system scales exponentially with
the number of particles. As a result, computation time and memory requirements of numerical solutions often
become an issue for larger systems. The poor scalability makes it favourable to attempt using neural networks
where techniques addressing similar issues have already been developed. Successful application of neural net-
work was seen in characterization of different phases of matter.

'The term unsupervised can sometimes be used in an ambiguous way, which we will get back to later in the thesis.



Carrasquilla and Melko apply neural networks to the square lattice ising model in [4]. A fully connected neu-
ral network, which based on the spin configuration is tasked with classifying whether the system is in the
low-temperature ferromagnetic phase or the high-temperature paramagnetic phase. By training the model on
configurations of different temperature they manage to provide accurate estimates on the critical temperature
for the phase transition. Similarly, Nieuwenburg et al. [5] trains a fully-connected network neural model to
distinguish between the topologically trivial and non-trivial phases of the Kitaev chain. Central for their work is
that they first utilize a principal component analysis to group the different phases, which they then use to label
the data. This makes the optimization of the network "unsupervised".

The second area, where neural networks have seen use, is in the estimation of many-body ground state wave-
functions. Here, neural models are trained to efficiently reconstruct complicated many-body ground states based
on simple measurements of the system. Ref. [6-8], all utilizes a restricted Boltzmann machine (RBM) to do
this. A RBM is a generative stochastic neural network model designed to learn a probability distribution over its
set of inputs, which will not be considered in this thesis.

Common for all of these applications is that little attention has been paid to how the network actually solves the
system.

1.3 Software and Hardware

The choice of programming platform is important, concerning Al research. Because the numerical algorithms
are computationally demanding, the use of highly efficient datastructures and methods is essential.

Fortunately, several high quality, highly optimized libraries are freely available. We have chosen to build on
the Python based PyTorch library provided by Facebook’s Al Research lab under open source BSD license. As
programming language, we use Python 3.7.

Some of the neural network models build in this thesis takes many training iterations to converge. Without
enough processing power and a powerful graphics processing unit (GPU), it would be impossible to extensively
test the models for different hyperparameters, which makes out an essential part of extracting relevant infor-
mation. A powerful Windows 10 OS based Lenovo work station with a high-end NVIDIA GeForce RTX 2070
graphic card with 8.0 GB, has been graciously provided by the condensed matter theory group of the Niels Bohr
Institute, in order to conduct this research.

1.4 Thesis Outline

The thesis consist of 3 sections, where neural network architectures are constructed to handle different quantum
systems. Different neural network concepts are progressively introduced to study the prospects of network
driven scientific discoveries.

* An introduction to the fundamental concepts of neural networks and machine learning is provided in
section 2L

* Different neural structures are utilized to solve the 1D Schrodinger equation in[3] A recurrent network
architecture proposed by Zhai et al. [1] is constructed to not only find an accurate potential-to-density
mapping but also extract relevant information about the underlying physics.

* In section [d] another component is introduced to the learning architecture from the previous section which
allows the machine to discover the ground state solutions to the time-independent Schrodinger equation
with infinite potential boundary conditions.

* Section[5] a new recurrent network with a non-linear update law is designed to predict transmission co-
efficients of a particle scattering from a sequence of potential barriers. Here, we observe the challenges
associated with extracting meaningful from non-linear update equations.



2 Neural Networks Overview

Before delving into the more advanced concepts of machine learning when designing networks geared towards
scientific discoveries, we will first provide a brief overview of (artificial) neural network basics. Generally,
neural networks can be employed to perform two distinctly different tasks, regression or classification. Classifi-
cation is when the network is asked to estimate a mapping from input variables to categorical output variables.
In regression, neural networks perform a mapping from input variables to continuous output variables. We will
here only be concerned with regression tasks. Ref. [9] provides a detailed and intuitive description of neu-
ral networks and deep learning while [10] takes a more mathematical approach in their introduction of neural
learning.

2.1 Neuron

Common (artificial) neural networks are made up of elements called neurons. A neuron, named after its bio-
logical equivalent, is the most elementary part of a neural network. A neuron maps (possibly) several inputs
{x1,..,x,} to an output y freuron: R — R, described by the equation

neuron:y =o <Z w;T; + b) (1)

(2

where o is called the activation function and w; € R and b € R are adjustable parameters. These are the core
elements also present in higher complexity networks. The neuron is depicted in fig[T] The green nodes contain
the input which is assigned weights and transmitted to the blue node. The b parameter is independent of the
input values and referred to as the bias term. At the blue node, the weighted inputs are summarized, and the sum
passes through an activation function o to determine the output y. Inspired by biological neurons, the output is
sometimes called the activation of the neuron. Graphically, each arrow represents the weight that determines the
importance of the node it is drawn from.

2.2 Activation Function

The activation function, o, is an essential part of a neural network, which adds a nonlinear component to the
network. A wide range of activation functions with different mathematical properties, suitable for different
purposes can be used. Some of the more common and popular are introduced below.

Sigmoid: The sigmoid function

1
1+e®

Osig =

G Activation Output
3 -y

Figure 1: Graph of a single neuron.




OELU

Figure 2: Elu activation with o = 1

The sigmoid transforms input = € | — 0o; oo[ into output values between 0 and 1. For x > 2 sigmoid values
saturate at 1 and for z < —2 the oy;e () goes to 0 which makes the function well suited for logistic tasks and
classification. The sigmoid, however, has some significant disadvantages. First, the gradient of the sigmoid
function becomes zero for very high or very low values of x leading to almost no correction of the parameters.
This often results in very slow or no further learning of the network. The problem is called vanishing gradients.
Second, the sigmoid function is computationally expensive compared to other activation functions.

Tahn: The hyperbolic tangent activation function is defined straight forward as
Otanh = tanh(z)

It is very similar to sigmoid but here the output is bound between -1 and 1, instead. Hence, this function is
zero centered and handles negative output better. But it also suffers from vanishing gradients and from being
computationally expensive.

ReLU: The rectified linear unit (ReLLU) activation function defined as

0 =<0
OReLU = r >0

has replaced sigmoid as the most popular activation function. There are two reasons for this. First, ReLU is very
computationally efficient. Second, ReLLu being a non-saturating activation function, it does not suffer from the
vanishing gradients for large input values. However, ReLU activation does come with another issue called "the
dead neuron problem". When inputs approach zero or are negative the gradient of the ReLLU function becomes
zero. This implies that With unfortunate initialization, where the majority of neurons have negative output, these
neurons will have no incentive to adjust their weights and hence, the network will have limited ability to "learn".

ELU:The networks in this thesis will primarily use the exponential linear unit (ELU) activation. Introduced in
Ref. [11], the activation is defined as

{a(em -1) =<0
OELU =
T x>0

, with the parameter o > 0. Default value is o = 1, which will also be used throughout this thesis. The ELU
activation function is shown in fig. [2] The ELU fixes many of the problems present for ReLU activation. It is
continuous and differentiable at all points and unlike ReLLU, it does not suffer from dying neurons since the
gradient of an ELU is non-zero for all negative values. It is slightly more expensive computationally than ReLLU
due to the nonlinearity for x < 0, but still faster than sigmoid and tanh activation. Like ReLLU, ELU does not
suffer from vanishing gradients. Many of the pros and cons of the different activation functions will be clarified
when the training process of the neural networks is outlined.

4
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Figure 3: Illustration of a feedforward fully-connected network with an n neuron input layer, 2 hidden layers and
an m neuron output layer. The activation function and number of nodes in the hidden layers are not specified.

2.3 Feedforward Fully-Connected Neural Network

The most common form of neural networks are layers of neurons put together. The neurons in a layer ¢ receive
the output from the (i — 1)" layer and send their output to neurons in the (i + 1) layer. These networks are
called feedforward networks because information only flows forward. If neurons in a layer receive inputs from
all neurons in the previous layer, the network is referred to as a fully-connected neural network (FCNN). Even
though feedforward networks need not be fully-connected we shall be using these terms interchangeably when
referring to feedforward fully-connected networks. Just like for a single neuron, we can think of fully-connected
networks as a function ' : R™ — R™ that maps the input (21, .., z,) to the output (y1, .., ym ), see fig. 3| We
are now considering a structure of numerous neuron ordered in different layers. Therefore, F' can be split into a
chain of simpler functions f (@), where f(?) correspond to activation/output of the neurons in the ‘" layer.

F(z) = fE (D0 (@).0).),

with f being the first layer and fr, being the last. The input of the model x4, .., x,, corresponds to the output of
the individual neurons in the first layer. Hence, the first layer is called the input layer and consist of n neurons.
The activation outputs from the input layer form the input to the second layer and so on. The input is sequentially
propagated forward through layers until the last layer is reached. The output of the m neurons in the last layer
Y1, .., Ym 1s the output of F' and f (L) is, hence, called the output layer. In a neural network we only know the
input and the output from the final layer. The activation f() of the layers in between is not shown which is why
they are called hidden or latent layers. The obscure contribution from the hidden layers, where the learning is in
fact recorded, is why neural networks are often thought of as a black box. The length of the chain of functions
L is associated with the depth of the model. The name “deep learning” comes from this terminology. We define
the model depth as the number of hidden layers in the network, thus, not counting the input and output layer.
Likewise, the number of neurons in the hidden layers is referred to as the width of the network.

Interpreting layers as many neurons/units that act in parallel, each representing a vector-to-scalar map, becomes
inefficient as networks grow in size. Instead, we can think of layers as vector-to-vector functions where each
element of a vector correspond to a neuron. This way the weighted sum of outputs from a previous layer can be



turned into matrix multiplication and f(®) can be expressed with linear algebra:

([ ol A
f;) . wéz)l wéz)2 | 2;1“ f2(i:—1) bgz') o
T3 I PR B 0w B U

O =0 (W =D 4 p0) (3)

fi-1 € R%-1 is a d;_;-dimensional vector containing the output from layer (i — 1), f () ¢ R% js a d;-
dimensional vector with the activation elements from the ‘" layer. W e Rdixdi-1 g a d; x d;_; matrix
that carries the tuneable weight coefficients and the vector b() € R% has the bias terms. The symbol * is used
for matrix multiplication. Note that there are different weights and biases for each layer, which is indicated by
a superscript of the weight matrix and bias vector labels. Last, the activation o is applied element-wise to the
W@ & fic1+ b(® vector. Commonly, hidden layers have the same number of neurons/nodes, thus d = d;—1 = d;
is the size of the hidden states, specifying the width of the network.

We see that propagating from one layer to the next is given by a affine transformation (linear transformation +
bias translation) and a nonlinear activation. Using this framework arbitrarily large networks can be written in the
same concise format. We consider the network from fig. [3|to provide an example of a fully-connected network
with 2 hidden layers and ELU activation:

FCNN:
F(z) = fO P (nD(I(x))))
Input layer I:
= (21,..,2,)7 4)
First hidden layer 1(1):
Y = opLu(WW s 2 4 M) (5)
Second hidden layer /(?):
h? = opLu(W® x hy + b3) (6)
Output layer f(©ut):
y/ _ f(out) _ W(out) * ho + b(out) (7

where 3/ is the output vector and network estimate of F(x)=y. The weight matrices, W e Rxn (2 ¢ Rixd
and W (W ¢ R™*d_ Similarly, b)) e R, b(2) € R and b(Y) € R™. Notice that non-linearity is only found
in the hidden layers of the network. An activation function can be added to the input or output layer. However,
in this thesis, we find it, as will be explained below, sufficient only to add non-linearity to the hidden layers of
FCNNs.

2.4 Universal Approximation Theorem

One important property of FCNNss is that they are universal approximators. This implies that any continuous
and bounded function can be approximated arbitrarily well (depending on network size and training) by a single
hidden layer network. In Ref. [12] it was shown that a single-layer feedforward network with ReLLU activation
and width n + 4 was sufficient to approximate any continuous function of n-dimensional input variables, that is:

Theorem 1 For any Lebesgue-integrable function f : R™ — R and any € > 0, there exists a fully-connected
ReLU network A with width d,, > n + 4, such that the function F 4 represented by this network satisfies

/ (@)~ Fa)]da < e

6
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Figure 4: Sketch of gradient descent process for C'(x, 6) colormap. In this case, the model has two tuneable pa-
rameters resulting in a two dimensional parameter space. The black x mark the initial values of the parameters,
which result in a successful optimization to the global minimum. The white dashed line gets trapped in a local
minimum.

This universality has also been shown for other activation functions, e.g sigmoid [13] and it has been demon-
strated that a FCNN with any non-polynomial activation function can be universal. The reason we leave out the
activation in the output layer is that FCNNs have shown to be universal even without it.

2.5 Training of Neural networks

Neural networks should be thought of as function approximation machines, trying to best estimate a given
function F'(x). The network estimate Fy(z) is parametrized by 6, which denotes all the tuneable weights/biases
of the model 0 = {w(m), b(m)}. The tuneable parameters must be adjusted for the model to best estimate
F(x). This procedure is known as training the network. We do this by utilizing a set of known input-outputs
{(z, F(z))}. The optimal values for the parameters are chosen gradually by comparing the current output Fy(x)
to the exact target. A cost function C'(x, 6) is chosen, in order to evaluate how close the prediction is to the target.
The most common cost (or loss) function is the mean squared error (MSE)

1

Ndata

C(x,0)) = Y (Fla)i — Fy({a}i)? ®

i€data

also called loss function £;sr. The goal of the training is to choose parameter values such that the cost is
minimized. The target data is commonly denoted y = F'(x) and the predicted values y' = Fy(z).

2.5.1 Gradient Descent and Back Propagation

Finding the minimum of the cost function in the multidimensional parameter space can rarely be done analyt-
ically. Instead an iterative optimization process named gradient descent is utilized. The weights and biases of
a network are usually initialized randomlyﬂ The gradient w.r.t. 6, VoC(z, 0), is computed. Subsequently, 6 is
updated in the negative gradient direction

0t+1 = Gt - TV@C(Z’, 9) (9)

2Sometimes a certain initialization can make the training much easier and for some models a specific initialization is necessary for
the model to converge.



where 7 is the learning rate, a hyperparameter that dictates how much 6 is updated relative to the gradient.
The subscripts of 6 denote the number of training iterations i.e. the number of times the parameters have been
updated. The procedure is called gradient descent as we gradually, using the gradient as a guide, move toward
the minimal cost. In fig. ] a toy example shows the principle of gradient descent for a two-parameter model.
Vanilla gradient descent, also known as batch gradient descent, computes the gradient of the cost function for the
entire training data set. Batch gradient descent can be very slow since the gradients of the entire training set must
be re-calculated in each iteration. In practice, the all training samples set is often replaced by a smaller sub-set of
training samples called a mini-batch for each iteration. Then, the algorithm is called stochastic gradient descent
(SGD). Stochastic, because it is assumed that the gradient of the mini-batch cost function is close to the gradient
of the entire training set.

The gradients of the cost function w.r.t § is determined with an algorithm called backpropagation. As the name
suggests, the gradient is calculated starting from the cost function (output) and working backwards through the
layers of the network utilizing the chain rule. Backpropagation can be made fast and efficient through matrix
optimization, as is shown in [9].

All neural network libraries have efficient backpropagation algorithms implementecﬂ Therefore, we will not
have to worry about computing gradients 'by hand’ when training a network. However, developing general
equations for backpropagation and applying them to an example can greatly increase ones understanding of how
neural networks are working. Moreover, calculating the gradients for a network can help outline potential issues
in the training process.

We first use the chain rule to determine the gradient with respect to a single weight coefficient wj(ll,)€ We define

20 = WO « (=D 4 b as the purely linear transformation in a layer before activation is applied, and
a') = o (2() as the activation output from the layer. The cost function C(z,, #) of an FCNN with L hidden
layers is then

Clz,y,0) = Cly, fOD @) (oD (a' (f(x)))..)..) 10)

As aresult, the gradient of the cost function for a specific weight is given by

dout dr, dL-1 dit1 aC 8yl 8a(L) aZ(L) 8Z](Ji+1) 8a§i) aZJ(i)
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here expressed in a non-vectorized form, where a,,” is the activation of the neuron m in the L™ hidden layer
etc. The calculation quickly becomes quite an index heavy task, even with just a modest number of layers and
neurons. But in fact, we only need 4 equations to find the gradient with respect to the parameters of an FCNN
of any given depth and width.

First, the partial derivative w.r.t. the output layer 5= 80

in vector notation becomes

oc oCc oC

V /C (8 8y ..’%

)T (12)

for quadratic cost V,,C' = 2(y' — y).

(i) 9o (2D i)y - o o . . . .
Second, g“g’;) = d‘;('z(;’; ) = 4 (z,(ﬁ)) is the derivative of the activation function. Since this is an element-wise
2 2

activation, it is trivially generalized to AN

o =0 (D). Additionally, from considering a single neuron, it

(@) ;
follows that 86(?1 v = wg,)m. Then moving back a layer with the chain rule is given by:
arm
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3including Pytorch, used in the thesis



, which in matrix form corresponds to

. . T
vz(i)c = U,(Z(Z)) © ((W(H_l)) * vz(i+1) C> )
. T . . . 1. . it+1 .
where ® denote the elementwise multiplication and * matrix multiplication. % = (W(Z“)) is a matrix
. . (i) .
whose components are the partial derivatives afz" 7= w,(f )m, where the numerator index refer to the column

QAm

placement and denominator index the row.

( )
Third, we note that —— 5 = a,(; V. The partial derivative only returns a non-zero value if the weight is present
w

7,k:
in the node z(*). This can also be written on matrix form as an outer product.

oc_ 92" oc 921
8251) aw{j} o 8z£z) Bw( ) .
oC 9z :
— = =V, O i = :
owe) ow ) (#) (%)
PYel 8zdi PYe, 6zdi
8z§;) Bw[(;) Ldy 8,2{(;) aw((;)d -
oc_(i-1) oc (i=1)
a . ~a
PHORS 92 iy .
= A - (a(ifl) ® VZ@)C') (14)
oc_,(i=1) oc_ (i=1)
p) ((;Z) 1 9 C(lll) d;_1
az(’)
Fourth, when finding the gradient w.r.t. the bias we have 0 —&7 = 1 which can also be on a vectorized form as
J
oC 921
m - VZ(—L)CW - Vz(i)C' (15)
Using Eq.(T2)-(15) we see that Eq.(TT)) becomes
) LG+
diil)c :ag'_l) ( ))G (26 p(L) ) * [-~-U(Z(L71))®((W(L>)T* (cr(z(L>)® ((W(O“t))T*Vy/C>))]] (16)
Js

and for the entire weight matrix of a layer we have the gradient matrix.

783/%) = (a("'*” ® (a(,z("')) ® [(W<i+1))T . [ cozEF"Dy e ((W<L>)T . (U(Z<L)) ® ((W("’”))T * vy,c)))“))T an
The order of the operations is important, starting with the cost function we work our way backwards through the

network
The gradient w.r.t. a bias vector only differ in the final step.

% oz o {(W‘“‘*”)T x [ G YO ((W(“)T x (a(z(“) ® ((W“’““)T » vy,c)))” (18)

Eq.(12)-(15) provide us with an efficient method to calculate the gradient of the cost function for an FCNN.
When dealing with other network types, some steps in the backpropagation procedure will have to be modified.
but in principle it works the same.

When networks become deeper, we keep multiplying weight coefficients. This gives rise to certain training
issues called exploding and vanishing gradients. If the majority of the weights are greater than 1 the gradient

*As a convention the gradients are propagated backwards as column vectors. However, if we had used row vectors applied from the
other side we would not have to transpose the matrices. But we have kept convention of with the convention set up in [9]. It demonstrates
how finding the gradients is the reverse process of feedforward output generation.



quickly blow up and, similarly, for weights smaller than 1 the gradient will be 0. This is especially challenging
for Recurrent Neural Networks (RNN) where the same weights are used repeatedlyﬂ The derivative of the
activation function also contributes to the gradient, explaining why asymptotic activation functions, like sigmoid,
are problematic as the derivative of the activation goes to 0 for zﬁ,ﬁ) < —2or zf(,i) 2 2 leading to the gradients
becoming 0.

2.5.2 Optimizers

When dealing with non-convex cost ( or loss) surfaces, standard SGD gradient descent optimization will often
fail to discover the optimal parameter values, e.g. get trapped in local minim;ﬂ This is illustrated in fig.
where the white path represent initial values for the parameters that ultimately get trapped in a local minimum.
In order to combat difficult loss surfaces other optimizers, utilizing a slightly more advanced optimization rou-
tine, has been developed. The Adaptive Moment Estimation, or Adam optimizer, [14] will be the primary
optimizer implemented in models for this thesis. Adam combines the advantages of two other optimizers, Ada-
Grad [15] and RMSprop [16]. Similar to RMSprop and AdaGrad, Adam utilizes an exponentially decaying
average of previous squared gradients v, but in addition it takes the exponentially decaying average of the
previous gradients m; into account as well. The averages m; and v; are given by:

my = Bimy—1 + (1 — B1)ge (19)
vt = Bovr_1 + (1 — B2)g? (20)

B1,02 are hyperparameters, that set the exponential decay rates and g; denotes the gradient. The averages
correspond to estimates of the first and seconcﬂ moment of the gradients. Adam differs from RMSprop in that it
has a bias correction:

me
My = —— 1)
t 1_ 6{
Ut

1-p4

which is of significant importance for the early training iterations. The Adam update rule for a parameter 6 is:

(22)

Or1 = 0 — g (23)

-
Vi + €
where 7 is the initial stepsize/learning rate and € is a term that prevents division by zero. This update rule makes
Adam computationally efficient and assures fast convergence.

It should be mentioned that higher-order optimization algorithms, such as second-order hessian free optimiza-
tion [17], exist. However, the higher-order optimization methods have yet to gain popularity. The potential
information gained from the second-order derivatives does not compensate for the increased computation time,
especially for high dimensional parameter spaces. It has also yet to be demonstrated, if higher-order optimizers
can converge in situations, where first-order optimizers fail.

2.5.3 Opverfitting and Underfitting

Finding the minimal cost is the assignment given to the learning algorithm. If we want the network to prioritize
specific solutions, modifications can be made to the cost function. One type of modifications are known as
regularization where terms are added, that forces (or regularizes) small coefficient estimates towards zero. This
technique is an analog to Occam’s razor that encourages the simplest possible solution to the model. Practically,
regularization is mainly used as a tool to prevent overfitting. Overfitting is when the network picks up on the

SRNNs will be introduced in a later section.
® Actually, local minima are not the biggest issue since it is unlikely for the gradient w.r.t. to all parameters to be zero
7(uncentered/biased variance)
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statistical variation of the data as if it was part of the underlying function we are trying to model. As a result, an
overfitted model contains more variability than can be justified by the data. On the other hand, underfitting can
occur if a network has not been provided enough degrees of freedom (depth,width,non-linearity) to adequately
capture the underlying system. In both cases, the resulting network models can give accurate predictions when
applied to input data, that they were trained on, but potentially fail to generalize the predictions for input data
not specifically used in the training.

2.5.4 Sample Size

The amount of data needed to successfully train a neural network depends on various factors. Generally, the
more data the better, since with a sufficiently large dataset overfitting can be avoided. Machine learning is a
process of induction, i.e. the model can only learn from the data it is subjected to. Hence, if input data is not
diverse or populated enough, there is a high probability that the true underlying features will not be captured by
the network. Instead, the network will be able only to accurately predict the narrow/small dataset it has been
trained on.

However, the training set can also be too larg In these situations the training time can be unnecessarily
long. One needs to find the right balance, where the data amount is large enough to statistically represent the
underlying structures and features without inflicting unnecessary long training times.

Eventually, a pragmatic heuristic approach works the best. Pick a reasonable sample size, based on the size
and complexity of the model. Divide the sample set into training and validation sets by random selection and
train the network. Then analyse the network models ability to predict the validation set by looking for signs of
overfitting, underfitting and poor accuracy. Possible solutions to issues of that kind, is to increase variance/size
of the training data set or to adjust hyperparamerers (see next section). If the model appears healthy, a smaller
training data set size can be attempted to reduce the training time if needed.

2.6 Hyperparameters

It should be apparent by now that a multitude of different parameters can affect the training and performance
when modelling neural networks. The parameters that are not optimized by the learning algorithm, but rather
selected by the network designer, is called hyperparameters. We here list the relevant hyperparameters, for
this thesis, in the respective part of the model construction they belong to along with the default values used
throughout the thesis.

* Training:
— Epoch : Number of training iterations/steps, no default number assigned, as the requirement is highly

dependent on the model.

— Batch size: Random number of samples drawn from the training set used for one training iteration,
default batch size is 50.

— Weight initialization: The model parameters are by default given initial values between 0 and 1
drawn from a uniform distribution.(i.e. random values)

* Adam Optimizer:

— [1: Control the exponential decay rates for the exponential gradient average, default value 81 = 0.9.

— [9: Control the exponential decay rates for the exponential squared gradient average, default value
B2 = 0.999.

— ¢ Term in parameter update rule that prevent division by 0, default value e = 1072,

— 7: Initial learning rate, default value 7 = 10~*

8Especially with simulated data where there is only practical limits to the number of samples one can produce
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e ELU Activation:
— o: Lower bound in ELU activation function is —q, default o = 1.
¢ Model size:

— Width: Number of neurons in the hidden layers, no default value.

— Depth: Number of hidden layers in the networkﬂ, no default value.

“When modelling more advanced architectures such as recurrent networks, depth refer to the stacking of recurrent cells.
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3 Schrodinger Machine

In this section, we study a simplified version of the single particle Schrodinger equation (SE) first investigated
by Zhai et al. in [1]. In their paper, they construct a learning architecture, called the Schrodinger Machine,
which can accurately find the probability density p; given the potential V' as input. Additionally, the network
architecture is able to filter out redundant information such that the Schrodinger equation and wavefunction ;
emerge. We reproduce their results for validation purposes, but also further investigate the discovered solution
and the capabilities of the learning architecture.

3.1 Physical System

The data, we expose the neural network architecture to, is generated by solving the dimensionless time-independent
Schrédinger equation in 1D where the energy is absorbed into the potential giving the equation.

V(z)y(z) = 9 (x) (24)
x being the particles position, V' (z) is the potential, 1)(z) is the wavefunction and 0, is shorthand for the spatial
derivative w.r.t. z. In this version % = 1. Analytical solutions can be obtained by looking at intervals of

constant potential. V'(z) is discretized into a sequence of numbers {V (z;) = V;} such that V(z) =V, z €
[;; z;+1[- The constant a is introduced as the width of each potential pillar such that x; = ia. The physics is
covered by literature e.g. [18]. We are in this case considering freely moving particles i.e. the energy of the
particle being higher than the potential for all z. Since V' (x) is taken relative to the energy F, this is effectively
setting £ = 0 and V; < 0. We define k; = \/—V; such that general solutions to eq. take the form

¥(x) = Ajsin(k;x) + B; cos(kix), = € [z xi41] (25)
with the spacial derivative
O:0(x) = kjA; cos(kix) — ki B sin(kjz), x € [z 2] (26)

The entire solution () is therefore a piecewise function made up of eq. as building block for each piece
of constant potential. The concept is illustrated in fig. [5S| Note that because V; < 0, A; and B; will always be

real resulting in ; € Rm

The constants A; and B; can be determined by matching ¢(z) and 0,1 (x) at the x; 1 boundary, imposing that
¥ (x) and 051 (z) are continuous for all x (not considering infinite potentials). Solving for A;;1 and B;; results
in the following relation

Ai+1ki+1 = kil (Az COS(kixi+1) COS(k?iJrl:EiJrl) — Bl Sin(kﬁiSL‘iJrl) COS(]{JZ'+1$Z'+1))

+kz‘+1 <AZ Sin(kil’i_;,_l) sin(ki+1xi+1) + Bi COS(]CZ‘.CCH_l) sin(ki+1xi+1)> (27)

Bi—i—l ki+1 = ki <Bl sin(kixiﬂ) sin(ki+1xi+1) — Az COS(kiJJi+1) sin(ki+1xi+1)>
+ki+1 <Bz COS(kixi_H) cos(kiﬂxi“) + AZ' sin(kixiﬂ) COS(/{Z'+1.’BZ'+1>> (28)

The two recurrence relations allows us to find all {A4;, B;} as long as the first A and B are provided. The

'0This is a different argument from the fact that stationary eigenstates of the time-independent SE can be chosen as real without loss
of generality. That is because the the time-independent SE is a real second order differential equation.
See Appendix A for the derivation
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Figure 5: Illustration of the wavefunction as a function of position z; = ia. (x) € [z;; x;41[ is denoted 1, (x)
for clarity.

choice of Ay and By is arbitrary, but we will in this thesis use the fixed initial condition Ay = By = 1. These
extended-state solutions are naturally not normalizeable. Thus, the probability density profile p(x) that arises is
not a real probability, since it is not normalized. Even though the states are not normalized, they are useful as a
proof-of-concept study to show the power of the neural network architectures. We shall still refer to |1 (z)|? as
a probability density profile p() and, at a discrete point, as the (probability) density |4 (x;)|* = p;.

3.1.1 Data generation

The discrete data fed to the learning architectures is generated the following way: The sequence {V;} is randomly
generated between the lower bound , Vi, and 0. Starting from fixed initial conditions Ay and By we use eq.
and 1i to construct () as in eq.. Finally, the probability density at z; is 1/12-2 = p;. The data generation
process can be summed up in the following steps []3

* Fixed Vj and the rest of the sequence is V; = Vpin X 7; — R, where Vi, is the lower bound on the
potential, r; is a number between 0 and 1 drawn from a uniform distribution for each V;. Likewise, R
is a random number uniformly distributed in [0, 1], but R is the same for each V-sequence to simulate
different energies.

* Smoothing of potential sequences by applying the relation V;.; = %(Vl + Viy1), on each sequence a
random number of times, between 0 and ¢ (¢ € N). Note this step is not strictly necessary, but useful to
generate a diverse dataset.

* Starting from fixed initial condition Ay and By, use from eq. and to get ¢(x;) and probability
density ¥? = p;.

Values of the constants needed in the data generation are shown in table[I] Training and testing have also been
done with different values, but the ones listed are the values used for the results in the thesis, unless explicitly
stated otherwise.

Constants Ny, a Ay By Vam Vo ¢
400 0.1 1 1 -2 -1 20

Table 1: Parameters/Constants used in the data generation.

Following the approach from section [2.5.4] we create 15000 different V; and p; sequences with N, = 400
elements in each sequence, 10000 used for training and 5000 used as validation. The validation data is excluded
from the training process and can therefore be used to identify issues like over- and underfitting in the training
of neural models.

12¢ode can be found in appendix A
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3.2 Fully-connected network

The simplest form of a neural network, as described in chapter 2] is the feedforward fully-connected neural
network. It is educational to first apply a FCNN model. It shows the predictive power of even simple neural
network structures, but also highlights how they are ill-suited for the discovery of new scientific concepts.

The network has to perform a potential-to-density mapping f : RV — RNZ, transforming a sequence of
Ny, = 400, discrete potential values into the corresponding p; which means the input vector and output vector
will both have the dimension Ny. The network consists of an input layer, a number of hidden layers and an
output layer. In the following, we shall consider FCNN models with 1, 2 and 3 hidden layers. The structure of a
FCNN model with 2 hidden layers is shown in fig. [3| but with the input being the potential sequence V' = {V;}
and output the density sequence {p;}. All models have a width of Npjg = 500 nodes in the hidden layers. The
models are evaluated with the MSE loss function, £/5g, where

. 1
Lhse=§— 2. (n—pD)’ (29)

i€sequence+batch size

with p; being the simulated data and p) being the output of the network models. The models are trained with the
Adam optimizer with a learning rate, 7 = 1 - 1074,

The loss of the training and validation data over the training period is shown in fig. [o] The figure shows the
3 different FCNN models trained for 50000 iterations all with a entire batch of samples. The combination of
the training and validation loss must be considered to evaluate the performance of each model. The validation
loss gives an unbiased estimate of the prediction accuracy of the different models. Thus by comparing training
and validation loss we can deduce, if the models have learned the underlying physical features of the data or
just minimized the loss by overfitting or underfitting to the given training set. The evaluation is complicated in
that symptoms of over- and underfitted models can be quite similar, when examining the training history of a
network.

The training history of the model with 1 hidden layer show signs of either over- or underfitting. Here, the
loss of the training set continually decrease during the training period whereas the loss from the validation
starts to increase again after a certain number of iterations. We train the models on a simulated dataset, where no
statistical uncertainty is added to p;. It is, therefore, not possible for the models pick up on statistical fluctuations,
which means that the 1-layer model must be underfitted.

Underfitting is primarily caused by two issues. First option is that the network is not large enough to develop
an adequate solution to the Schrédinger equation and thus can only try to limit the loss of the training set with
an imperfect solution. Second option is that underfitting can occur when the value set of the training data does
not span the entire value set of the underlying system. In that case, a simpler model than actually needed can
possibly reduce the training loss. But said model will fail when exposed to input data outside the scope of the
training set.

To uncover these issues, we compare the 1-layer model to the two multilayer models. The models with 2 and 3
layers show a much smaller discrepancy between training and validation loss. The difference is smallest for the
3-layer model. This implies that the 1-layer network with 500 neurons did not have enough expressive power to
perform the mapping. Hence, the current training dataset does not have to be expanded since underfitting does
not seem to occur for the models with 2 and 3 hidden layers.

The performance of the models can be visualized by comparing the predicted values to the generated validation
tagets. The predictions of the three models for one test sample is shown in fig. One sample is obviously
not enough to gauge the capability of the models. As shown, looking at £} 4, for test sample sets, is one way
to evaluate the performance of the models. However, this metric does not tell us anything about the relative
accuracy of the model. Hence, additionally, we will want to look at the average relative error (A) over the entire
validation set with

Ll
A) = i (30)
< > NyataNin P Pi
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Naata and Nj, being the number of samples and sequence length, respectively. It should be noted, that this
assessment method will have an issue with systems where target values are close to zero. Such values can result
in divergent relative errors, which does not reflect an accurate evaluation of the performance of the network. We
mitigate this effect by not evaluating target data within the first quartile of values, i.e. disregarding targets in the
neighbourhood of zero. This approach obviously involves a risk of bias, but we argue that since the loss does
not have any inherent preference towards specific p; values we still get a valid estimate of the relative error this
way without having the divergence problem. This is true because the network is trained to minimize absolute,
not relative error.

The most effective way to evaluate the quality of the models is to compare test loss and relative error (A) for
the different models. Here we find:

(A), =41% , (A)y=11% , (A), =8%

(A),, is the relative uncertainty of the n-hidden layer network. We see that the accuracy of 2-layer and 3-layer
model is significantly better than the 1-layer.

We also have to consider the the number of trainable parameters in the models. The number of parameters for a
FCNN model with depth n is given by

Np(n) = (Nin + 1)Nhid + (n — 1)(Nhid + 1)Nhid + (Nhid + 1)N0ut (31)

Where N, is the number of trainable parameters, n is the number of hidden layers and Vi, Nhig, Nou are the
dimensions of the input, hidden and output layer, respectively. The number of parameters for each of the 3
models is hence:

Np(1) =400900 , N,(2) =651400 , Np(3) =901900

All practical FCNN models have a significant number of parameters and increasing the size of a models naturally
leads to longer training times. Fortunately this issue can, with current computer technology, readily be dealt with
by simply providing enough parallel hardware processing power in the form of computer clusters or custom
made processing units available at reasonable cost.

Particularly for FCNNs, utilizing GPU (i.e. graphic card) based systems to train the network is a competetive
option. Performing training on GPU’s is really efficient for FCNNs because the procedure consist of many large
matrix operations for which these floating point optimized processors excel. When the neural network architec-
ture becomes more intricate the benefit of using GPU’s compared to general CPU’s is, however, significantly
reduced.

The key problem, however, with an FCNN as a tool for discovering and extracting relevant parameters from
a physical system is that the network is applied as a black box where relevant and redundant information gets
mixed up in the different layers. Looking at the FCNNs above we can basically extract zero information about
the physical system from the individual values of the hidden nodes. FCNNs applied this way can only be used
in a supervised fashion and cannot aid in unsupervised discoveries. There exist several alternative network
architectures to address this problem, some of which we will explore in the following sections.

Conclusion

FCNN Models with 2 and 3 hidden layers perform reasonably well and have a quite low relative error. The
biggest obstacle is the high number of parameters in the model. This feature makes it impossible to extract any
meaningful information from the hidden layers.

3.3 Recurrent Neural Network

We have until now only applied fully connected networks, where each neuron is connected to all the neurons
is the previous and next layer. The thousands of trainable weights mean that the individual weight holds no
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Figure 6: Loss for 50000 training iterations with different depth of the fully-connected neural network. Training
set: 10000 samples. Validation set 5000 samples. (left) Underfitted model that is not able to ’learn’ the proper
mapping. (middle) and (right) Shows reduced loss for both validation and training data, The networks can
predict the probability density reasonably well.
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Figure 7: Prediction accuracy of fully-connected networks with different depth. Input potential V; shown in
lower graph

meaningful or directly interpretable information about the system the model was trained on. One way to address
this issue is to apply a network architecture where far fewer parameters are needed. This is the case for the
recurrent neural network (RNN). Recurrent networks differ from fully-connected in how the input data is
handled by the model.

Standard feed-forward neural networks have a fixed amount of input data which is computed all at once provid-
ing a fixed output size as well. RNNs instead has a sequence of inputs, where input is handled in steps one at a
time. The unique feature of RNNss is that they, in most cases, consist of a single RNN cell. The RNN cell takes
an input from the sequence and a hidden state from previous RNN cell. The same cell is used for all inputs,
which potentially can help us understand how the architecture adapts to the problem at hand.

A series of calculations is done in the cell at each step (¢) before producing an output. After the calculations, part
of the output, called the hidden state h;, is passed on to the next cell. The process is repeated until the sequence
of inputs is completed. The structure of an RNN is illustrated in fig. [§] The non-linear transformation performed
on the previous hidden state to obtain the new and updated hidden state is the update law of the network. The
hidden state h; is a d-dimensional vector, h; € R?. Thus, d is the number of hidden variables passed on in each
iteration. The RNN structure also introduces a new hyperparameter in the form of the initial hidden state. In
this entire section (3), the initial hidden state hy € R? is initialized as an all-ones vector. The reason why this is
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Figure 8: Global RNN structure of a sequence-to-sequence mapping. A hidden state h; is fed back into the cell
in each step of the sequence. In the cell (purple box), the hidden state is updated, based on the input x;, and the
output y; is produced.

working will be addressed later in section[3.3]

There is a great deal of freedom in the choice of RNN cell. The standard cell used by many neural network
libraries is shown in fig. 9a

In this cell, the previous hidden state h;_; and input x; |'°| are concatenated and then subjected to the update
law (linear transformation + activation) to find the updated hidden state h;. The updated hidden state is then
duplicated and one copy passed on to the next step in the sequence. The other copy passes through an output
gate producing the i** output y, of the model. The update law and output gate for a standard cell is given by the
following equations:

Standard update law:
hi = tanh(W ") « [hi_y, 23] + b)) (32)

FCNN-based output gate:

yh = WO« BLUW M) « p; + b)) 4 plow) (33)

The first equation is the update law, where [h; 1, z;] € R/ is the concatenated hidden/input vector. W is a
(I + d) x d weight matrix and b is the bias vector. I is the dimension of the input at each step.

The second equation (33) defines the output gate function. The choice of output gate is flexible and depends
on the problem, above a 1 layer FCNN is listed. Note that the cell utilizes similar operations as the regular
feed-forward networks except they only work on one input in a sequence at a time.

Since the hidden state can store information about previous inputs, it functions as a memory. Being able to
utilize information from previous inputs make RNN’s very effective in handling problems like Natural Language
Processing and machine translation, see [3] for a review of these topics.

Aside from the benefit of having fewer parameters, there is also a physically sound reason for applying an RNN
model to the Schrodinger equation set of physical systems. Doing some basic examination of the data one
discovers that only local input seem to be relevant for the mapping between potential and probability density.
Therefore, the use of RNN models is justified since having all inputs connected is not needed. In a later section,
we will study a case with infinite-well boundary conditions where this does not apply.

This realization motivates us to make some slight adjustment to the recurrent cell. For the quantum system, we
chose the output gate to be a scalar product of a 1 x d projection vector W () and h;_,. Thus, the output pl is
a linear projection of the previous hidden state h;_;. We want relevant information stored in the hidden states.
Hence, by having the output as a weighted sum of the hidden nodes, the density/output p; must be contained
within the h;_; and properly updated each step. This is graphically illustrated in fig. At first it might seem

¥Here the x;-vector is general notation for input and not referring to the spacial coordinate of the physical system
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(a) Standard RNN cell as implemented in most NN libraries. The concatenated [h;_1, ;] vector is transformed into the
updated hidden state by the RNN update equation. The output gate takes the updated hidden state h; as input to produce
the output.

Output

Hidden updated

Hidden

Input a
+

(b) Alternative RNN cell. The projection gate generates the output from the previous hidden state. Subsequently the
concatenated [h;_1, V;] vector is turned into the updated hidden state h; by the RNN update law.

Figure 9: Composition of the RNN cells. The merging of two arrows signals a concatenation of vectors.
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illogical to project the output before the hidden state is updated. However, this simply forces the network to
store p; in the hidden state before the update law is applied rather than after. That way information is always
propagated forward. Based on the current state p;, V; etc. the update rules estimate how p; is affected by
this. The projection matrix also potentially simplifies the training process since fewer parameters are involved.
Granted, if the update law equation is not capable of mapping p;_1 to p;, the projection gate will be of little help.
As a first attempt we construct a RNN with the cell.

Update law:
h; = tanh(W(h) « [hi—1, Vi] + b(h)) (34)

Output gate/ Projection:
pi=W® s h;_y (35)

The input V; € R and the output p; € R are scalars. An advantage of the RNN architecture is the scalability of
the model. The choice of sequence length is arbitrary as the single cell of parameters is reused for each input.
If the trained model properly captures the V;-to-p; mapping it can be used accurately for any sequence length
regardless of what length it was trained on.

To evalute the RNN network approach, we perform 50,000 training iterations on the ¢ = 0 to ¢ = 100 window
of the training dataset, again with a batch size of 50 and Loss function £} gp- Again we also use the Adam
optimizer, now with initial learning rate 7 = 2 - 10~%. The standard-RNN is trained with different dimensions
of hi.

The validation loss as a function of epochs can be seen in fig. [[0a] The validation and training samples have
similar MSE loss during training, so plotting the training loss provides no useful information. We find that
the for d > 3 the loss of the models is greatly reduced. This indicates that the RNN model needs to pass on
3 variables to properly predict the density profile given the potential sequence. We find that the number of
iterations, required before the cost/loss function converges, depends on the dimension d. Larger models need
fewer iterations to converge. This is reasonable since a larger model means greater freedom in the choice of
parameter combinations that can lead to a successful mapping.

The training process is also reliant on other factors like initialization of training parameters and training batch
size. It takes 15000 training iterations on average before a reduction in the loss is observed. (See fig.
However, a loss around 0.2 is still significant compared to the loss of models constructed later in the section.
This tells us that the Standard-RNN has not captured the system as of 50000 iterations.

RNN models are notoriously difficult to train due to exploding/vanishing gradients. Long Short Term Mem-
ory (LSTM) or Gated Recurrent Unit (GRU) RNN’s introduced in [19] and [20] have additional parameters
employed to tackle this problem. We are, however, looking for the simplest successful mapping to be able to
extract meaningful information about the system itself. Hence, applying LSTM/GRU cells is not viewed as a
viable option and will not be discussed further.

While the goal is not to find the most efficient training procedure, it is still required that the model can actually
find the minimum of the Loss. Increasing the size of the model is an option, but will require an auxiliary archi-
tecture that assist in the extraction of physical features. The network is easier trained with d of the hidden unit
being large, but that implies we are not teaching the simplest model imaginable, which increases the probability
of the hidden state containing redundant information.

In order to find the simplest network that still yields an acceptable accuracy an alternative update law, motivated
by [1], is employed.

Taylor update equation:

ny
hi=> WOV shi 4 (36)
n=0
Output gate/ Projection:
ph =W s hi_y 37)
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Figure 10: Validation loss vs iterations for RNN networks with different update laws.

The new update law for h; is a linear transformation of h;_; with the d x d matrix W (V;) = Y. W™yn,
W () is a coefficient matrix for the n™ expansion in V. Even though, the transformation is linear in ;, it is not
linear in V; since it is a sum of trainable weights multiplied with increasing powers of the input V;. ny is the
chosen order of expansion. We refer to this as the T'aylor update law. The output p, is obtained from the latent
state h; by a linear projection identical to the one used for the the standard RNN cell. The global structure of the
RNN is identical to fig. [8] but the cell has changed. The Taylor-cell is shown in fig. [T} The W box represents
the creation of the W (V;) matrix and * is the symbol for matrix multiplication. The Projection box represents
the linear projection output gate.

The Taylor-RNN model is constructed with a 2. order expansion in V; i.e. ny = 2. The training of the new
modelis done on the same sequence window as the standard cell (¢ = 0 to 7 = 100) and the training history is
shown in fig. [I0b] for different sizes of the hidden state. The initialization of the training weights is particularly
important for this recurrent cell. When the weights are initialized between 0 and 1 from a uniform distribution
the loss often diverges on the first training step, making optimization impossible. The following initialization
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avoids this issue:

w0
n)

I+ %9 x randn(d,d) , (for n=0)
W =0

99 x randn(d,d) , (forn > 0)

Similarly to the standard RNN-cell (fig. [I0a)), loss is reduced for d > 3, further indicating that at least 3 features
are needed for the model to perform a proper mapping. Comparing the loss vs iterations of the two different
cell structures (fig. and fig. [IOD), the training steps needed for the RNN with the Taylor expanded cell is
considerably lower than for the standard cell while reaching a superior performance. Thus, the Taylor expanded
setup is clearly preferred. Additionally, the information of the V;-expanded cell is easier to analyse since the
W (") matrices directly show the V;-dependency for updating the hidden states of the network.

Testing for different values of ny we find that for ny > 1 the lowest sufficient values of d is unchanged.
This indicates that the recurrent update equations have a linear dependency on V;. This illustrates how finding
the lowest ny and d values without increasing the loss can provide essential information about the underlying
physical system.

In fig. [I2] the predicted density profiles and the simulated data for different test data samples is shown for a
Taylor-model with d = 5, ny = 2. Despite having dramatically different potential sequences, the Taylor-model
is capable of predicting the density profiles with high accuracy over the entire ¢ = 0 to 7+ = 400 sequence.
This is despite the model only being exposed/trained on a minor window (: = 0 to ¢ = 100 of the training
data. This showcase the raw predictive extrapolation power of the Taylor-RNN model. The relative error over
the entire validation set is <A>Tay10r = 0.2% showing that the RNN significantly outperforms the much larger
fully-connected models, where the 3-layer model had (A); = 11%.

Zhai et. al. [1] claims the relative error of their predictions to be less that 10%. Thus, the Taylor-RNN reproduces
their result with significantly less error. However, it is difficult to compare the two results since we do not know
exactly how they calculate the relative error.

The number of parameters for the RNN model with d = 5 and ny = 2 is (ny + 1) - d> + d = 80. A very
stark contrast to the huge and opaque fully-connected networks. The predictive power of the Taylor-RNN tells
us that the machine must have obtained some knowledge about the underlying physics. The question is whether
unnecessary information is still present.

To learn more we consider a Taylor-RNN for the lowest possible d = 3. The recurrent update law h; =
>t W V™ s h;_; can be regarded as the networks formulation of the physical rules of the system. However,
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Figure 12: Examples of different output density sequences with their respective potentials compared to the
simulated density profiles. The yellow region indicates the training samples window. All results are from test
samples, which have not been trained on.
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due to the output gate being a linear projection, we cannot be certain that this actually is the minimal number of
variables needed to locally predict p;. In this case, it turns out essential information about the governing physical
equation would in fact be lost. Utilizing the information, we have about the simulated data, i.e. the Schrodinger
equation (SE), we can compare it to the discoveries made by the RNN. The SE can be split into two 1. order
equations, with

Ot (x) = Ot () (38)
O2(0nt()) = V (2)ip(x) (39

Which can be written on matrix form.

O (%@c)) - <V?x) é) <a¢$8;)> (40)

By considering the spatial coordinate, x, as discrete points, z;, with spacing a, we obtain the discrete version of
Eq.(39). the difference equations:
Yit1 — i
Athy = == = Op; 4D

a lim, 0

Bl Z 8% _ vy, “2)

These equations result in a set of recurrence equations on a form, which can be implemented in the RNN

architecture:
Yier \ _ (1 a p;
<A¢i+1> - <av;- 1> (Am) @)

Recurrence equations are only comparable to SE for sufficiently small a, then At; ~ 9,1;. The consequences
of this restriction will be discussed in section [3.5] The set of equations show that only 2 complex features,
namely the quantum wavefunction ; and the first-order derivative 0,.1; need to be stored for the Taylor-RNN
model to perform the mapping of the system. However, one has to keep in mind that the current setup of the
RNN is such that a linear combination of p; must be kept in h;. As a consequence, the update equations of the
network might be done in terms of p; instead. This makes a monumental difference since ¢)(x) € C (we are still
not using 1) € R for the considered system) has two real degrees of freedom. Whereas, p(x) = |¢)(z)]? € R has
only one real degree of freedom.

we have

VM (@)07p(x) = V(z)p(x) and (V" (2)079(2))" = v (2)00" (x) = V(z)p()

and hence, by the product rule

O2p(x) = " ()05 (x) + (2)Dot* (x) + 20,9* (1) Dptp(z) = 2V (z)p(z) + 20,0 (2)Dptp(z)  (44)

It is impossible to lower the degrees of freedom of the system from two to one without losing information in the
process. Hence, an additional variable is needed to express SE in terms of p;.

The wavefunction is real for the current system. This means that two real numbers (v; and ,0,1;) should
be sufficient to solve the SE. As a result, we would expect that a d = 2 Taylor-RNN model could solve the
system. Hence, d = 3 is not the most concise formulation of the system. But according to Eq. even if
Y(x) = (x)* the equation cannot be expressed purely in terms of p(x) explaining why the Taylor-RNN alone
cannot have accurate predictions with only d = 2.

Two explanations exist as for why the mapping is possible with d = 3. First, the model is solving the regular SE
and storing p; in the last hidden node. Second, it is possible to express the p formulation of the SE using 3 real

variables (and using 1) = ™).
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The validity of the explanations can be examined by comparing the values of the hidden layer h; for d = 3 and
ny = 1 to the simulated data for the specific case of all V; = constant. Then, with A9 = By = 1, it follows
from Eq.(27) and that {A;} = {B;} = 1. This means that ¢)(z), p(x) and 9,1 (z) take the analytical
expressions:

(x) = cos(x) + sin(x) (45)
Oz (x) =cos(z) — sin(z), for V = const (46)
p(x) =¢* = 1+ 2sin(z) cos(z) = 1 + sin(2x) (47)

Y(x) and 0,1 (x) both have a period of T}, = 27 and their phase is shifted by ¢ = 7/2ie. ¥(x + 7/2) =
0:¢(x). p(z) has half the period of . If v; and 0,1; were present in h;, we should see similar patterns. It
is, however, challenging to directly verify this, since the RNN model’s formulation of the update law is not
restricted to a specific choice of basis.

There exist a set of equivalent recurrent equations all connected by linear basis transformations (General linear
group, GL). In order to compare h; values to the simulated results, we have to manually find a basis transforma-
tion that bring SE and h; to their usual form. (Note the freedom in choosing a basis is rather important, since it
makes the choice of initial hidden state hg irrelevant).

The principle behind the basis and similarity transformation can be found in appendix [A.3] In fig. [I3]the vector
h; with a specific linear transformation is plotted for constant potential. One can observe that the 3 hidden nodes
(with or without basis transformation) all have the same period, 7. Hence, 1; and 0,1; cannot be stored in h;. If
the hidden nodes contained linear combinations of p;, 1; and 9,1; then h; should only be periodic with a period
of 27. A superposition of periodic functions is only periodic if their periods have a common multiple. The least
common multiple is the period of the superposition, which for a combination of p;,2; and 0,.%; would result in
a period of 2m. Therefore, this particular Taylor-RNN model cannot have discovered the quantum wavefunction

.

As proposed in Ref. [1], it is possible to formulate the SE in terms of p; and two other real profiles 7; =
Re(¢}0,;) and & = |0,4;|? (assuming ¢); € R). Which gives the following set of first-order differential
equations:

p(z) 0 2 0] [p2)
O | m(z) | = | V() 0 1] |n() (48)
§(x) 0 2V(z) 0] [&(@)

The derivation of this follows from Eq.(44) and the derivatives of n; and ;. The derivation can be found in
appendix A4. In the case of {V;} = const. n(z) and £(z) are given by:

n(z) =(cos(x) + sin(x))(cos(x) — sin(x)) = cos(2z) (49)
£(z) =(cos(z) — sin(z))* = 1 — sin(2z), for V' = const (50)

All with the periods T}, = T;, = T¢ = m, which correspond to the content of the h; in fig. In fact, we see
that the values of the three nodes agree with the analytical expressions.

In fig. h; for one V; sequence is compared to the simulated values of p;, ; and &; showing that the network
has indeed stored h; = (p;, n;, &) in the hidden state.

Additionally, we can show that for a specific training run of the Taylor-RNN model a similarity transformation
of W) with M—1W M, M e GL(3,R) exists, such that the W (™) can be brought on the following form:

[ 1.002 0.196 0.013] [12a0]

M7'WOr =] 0.004 0998 0.101| ~ [0 1 a (51)
| —0.012 —0.008 1.003| [0 0 1|
[ 0.012 0.000 —0.0027 [0 0 0]

MWW a = | 0.103 0.014 0.002 | ~|a 00 (52)
| —0.0120.195 0.014 | [ 02a0 |
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I

Figure 13: Trained Taylor-RNN (n; = 1,d = 3), plot of hidden states h; = (h; 1, h; 2, hiy3)T vs. x; for constant
potential. All states have a period T}, , = 7 confirming that ¢; and its first order derivative cannot be stored in
h;.

A.u.(p;, ¥; etc.)

Which correspond to the difference equation

hi+171 1 2(1 O hi71
hipig| = aVigr 1 a| | hig (53)
hit12 0 2aViq 1 hi3

This is consistent with the discrete version of Eq., if hy = (hi, hi2, hi73)T is interpreted as h; = (p;, i, &)7.
Note that the the manual similarity transformation has nothing to do with the network training/learning. It is
merely done so we can compare the results produced by the network to theory.

From this example, it is clear that the network can formulate rules of physics, such as Eq.(48)), from the observed
data. Due to the choice of projection output cell, the recurrent cell works directly with the variable of observation
data to develop these laws. The downside of this is that higher-level concepts, like quantum wave functions, are
not found this way. This will be further addressed in section [3.5] when the overall network architecture is
discussed.

While meaningful information can certainly be extracted from the small nf,d Taylor-RNN model, we are only
able to find a description of the physical law in terms of output density. The network could not the discover the
underlying 1)-description of the Schrodinger equation. To "teach” the machine about the quantum wavefunction
a separate neural network architecture, called an Autoencoder (AE), will be employed. This new network
is designed to extract and compress information from the RNN-model, which is solving the system. With this
method, the RNN model does not have to focus on finding the lowest values of d and ns. Instead, a network with
larger hidden state size and V;-expansion may be chosen, which is easier to train. The redundant information
naturally present here, will be filtered by the AE. We consider this to be of even greater importance for a more
complicated system, where identifying the simplest adequate solving model is close to impossible.

Conclusion

General RNN networks has been introduced, yielding a superior predictive power (<A)Tay10r = 0.2%) compared
to regular FCNNs ((A); = 11%) while at the same time using far less parameters. A Taylor expansion update
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Figure 14: Plot demonstrating that hidden state of an arbitrary sample matches with p;,n; and &; of the data.

law leads to easier training as well as providing key information about the system. However, an extended
network architecture is needed to obtain deeper knowledge about the system.

3.4 Recurrent Autoencoder

The fact that RNN models are being capable of accurately predicting the density profiles, means that some
information of the physics governing the system must be stored in the hidden states of the RNN. This essential
information is, however, mixed with irrelevant information. To extract the "knowledge" from the h;, we utilize
a different neural network architecture, which is designed to learn from the neural activity of the RNN model. It
works on the RNN hidden states to reduce the dimension of the hidden state and hence make the information of
the network more relevant and compact. This network architecture makes use of so called autoencoders (AE),
which are today commonly used tools for information compression or dimensional reduction, first introduced

in [21].

3.4.1 Autoencoder introduction

Ref. [10] provides a good overview of autoencoders as a suplement to [21]. There exists various kinds of
autoencoders, but they can be thought of as a special case of feedforward networks. Generally, AE’s consists
of two parts; an encoder function h = E(x) and a decoder function » = D(h) ,which attempts to reconstruct
x. Nothing is challenging or particularly useful about having a feedforward network successfully learning to
have r = D(E(z)) = z everywhere. Hence, autoencoders have to be compromised in certain ways to make
reconstructing x challenging. We will be using undercomplete autoencoders, where the representation/state h
is limited to always having a smaller dimension than z , written as z € R, h € RL with M > L. Learning to
reconstruct x with an undercomplete AE drives the encoder to store only the most important features in h. The
encoder and decoder functions are both realized by a feed-forward network.
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3.4.2 Architecture setup

In order to obtain both the essential variables in h; and the most efficient update rules of these compressed
variables, the autoencoder function set is combined with a recurrent neural network structure and is then called
a recurrent autoencoder (RAE). The RAE takes the hidden state, h;,, from the RNN-predictor as input at an
arbitrarily chosen step g and encodes it to the compressed hidden state ﬁ,;o, where Bio € RZ. From there the
RAE tries to reconstruct h; for the following steps ¢ = ig + 1,9 + 2... by updating BZ in a recurrent cell and
then decoding the latent variables h;. The architecture of the RAE is shown in fig. The update equations of
the RAE structure is shown below.

Encoder: R
hiy = F (hi,) (54)
Gio —w ) 4 hiy + p(h1) (55)
ai, =ELU(g;,) (56)
;L’io :W(O) * CLiO + b(o) (57)
Recurrent cell:
hi=W (Vi) s hicg =Y WOV shi oy, (i =do+ Lig+2,-) (58)
n=0
Decoder: ~
h;:D(hi), (i = do,d0 + Lo + 2, ) (59)
Gi :W(hl) * iLZ + pht) (60)
a; =ELU(g;) (61)
e =W % g; + b (62)

io 18 an arbitrarily chosen number in the sequence and h' is the output of the RAE.

Utilizing an undercomplete AE means that d must always be smaller than d. h;, is compressed with E (h ),
hlo is updated at each step ¢, by the transformation W (Vi) * hi_1 , which is the expansion update law also used
by the predictor. This step is visualized in fig. Finally, h; is reconstructed with the decoder h; = (ﬁl)
The RAE is evaluated by its ability to reconstruct the hidden states of the RNN-predictor. The training process
consists as usual of minimizing the mean square error:

N
1
hi _
Lhise = > (= hy? (63)

total iE€sequence+batch size

This type of training is usually labelled as "unsupervised", since we are not training the model on a simulated/-
experimental (input/output) dataset but instead trying to reconstruct the hidden state profile, which is essentially
an unknown set of d-dimensional vectors provided by a trained RNN model. Whether this training qualifies
as unsupervised really depends on definition. The parameters of the model are still optimized based on the
machine’s ability to reconstruct h;. In that regard all neural learning is supervised.

The RAE model is trained on hidden states from a trained RNN-predictor with ny = 2, d = 6. In fig. |16] . the
training history is shown for different sizes, d, of h; but always with d > d. The reconstruction loss of the RAE
increases dramatically when d < 2. This indicates that two variables is enough to store the essential features of
the system.

Additionally, we claim that the two variables are actually the wavefunction ); and the derivative d,t;. This
claim can be verified using similar analysis methods as we did for the RNN-predictor models. First, we use the
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(a) The RAE encodes/compresses the hidden state /;, to a lower dimension d. The compressed hidden states
h; (i =19+ 1,i9 + 2,..) is repeatedly updated in the RAE cell. After each update the decoderD attempts to
reconstruct the h; corresponding to the step in the sequence.
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(b) The RAE cell: Each step in the sequence, the compressed hidden state hi_y is updated with a linear trans-
formation. The matrix W (V;), updating the hidden state is a sum of weight matrices multiplied by increasing
powers of V.
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Figure 15

RNN-predictor and RAE to find the density profile p; and compressed hidden states h; for a constant potential
V; = —1. For V constant, the expressions for ¢(z), ;¢ (z) and p(x) are given by Eq. (47). The values can
be compared to h; variables. The p; and h; profiles for d = 2 are illustrated in fig. n One can observe that
the encoded hidden states have twice the period of the probability density. The hidden states have the period
T;Li’1 = Tﬁw = 2w = Ty = 2T, and have their phases are shifted by ¢ = 7/2. This matches the analytical

expressions of ¢; and J,1; signifying that values of the latent variables h; = (libz-,l, Bi,g)T correspond to the
state (1);, Op10;).

As previously mentioned in the analysis of the RNN models, the RAE also has freedom in the choice of basis
used. Thus, the values of h; plotted have all been subjected to a common linear basis transformation M such
that they are expressed in the standard basis.

The content of h; can also be verified for arbitrary potential sequences. h; (+ basis transformation) is plotted in
fig. with simulated ¢; and Avy; = w for a random potential sequence from the test set. We see complete
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Figure 16: Loss vs. training steps for the RAE architecture for different sizes of h;. Loss is significantly reduced for for
d>2.

correspondence between the content of the encoded hidden state and the simulated data further supporting that
the RAE has stored v; and J,.1); as the two features.

Finally, we examine the recurrent cell of the RAE used to update h;. The RAE is already able to reproduce
the hidden states of the RNN model given only the potential sequence and h;,. The weight coefficients wm
must be the networks formulation of the governing physical laws of the system. Because the update of the
compressed hidden states is a linear transformation, all possible bases used to formulate the update law will be
related by similarity transformations. We can manually find the change of basis matrix M that expresses the
update equations in the standard basis. The weight coefficients yields:

Sy _ (10019 01012 1.0 a
W ( ~0.0010 0.9982 0 1.0 (64)
iy (0-0029 ~0.0007Y _ (00

MEWEM (0.0965 ~0.0061 a0 (65)

The values of the rounded weights from Eq.(64) and Eq.(63) give us the following update equation:
ny=1

i+1,1 1 a hia
W h = ~ 66
< hit1 2> Z Vit * <aVi+1 1> (hi,2> (©0)

The linear system of recurrent equation is consistent with the recurrent form of the discrete SE from Eq.(#3))
when setting h; 1 = ; and h;2 = 0,1;. Hence, we can infer that based on the data given the network
architecture has identified the key features h; = (1;, 910;)" and extracted the underlying physical law. For
consistency, we find that the results can be recovered for different values of a, but only when @ << 1. This
matches with the results of Zhai et al. [1].

Conclusion

The RAE architecture employed to reduce the size of the network is in theory not needed since the RNN-model
can be constructed in a way such that the same information is stored there. However, it is in practice a powerful
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Figure 17: hidden states of the RAE and the output p!
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Figure 18: Comparison plot of hidden state values and simulated psi; and 0,1; values for an arbitrary test

sample.
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Figure 19: The architecture of the neural learning machine designed in [1] used to extract information about the laws
governing a single quantum particle in 1D. The architecture consist of two major components. The RNN-solver (lower)
is tasked with solving the potential-to-density mapping with minimal loss. The RAE (upper) is implemented to refine the
information contained in the RNN-solver such that essential information of the system can be extracted.

tool, which can help discover underlying relations between different observables. We finish this section with a
discussion on the strengths and limitations of the architecture.

3.5 Discussion

The neural architectures implemented in this section illustrates that machine learning is not strictly limited to
regression and classification tasks. They can also be used to determine the most efficient representation of the
underlying system, but is still a long way from unsupervised Al scientific discoveries with no human interaction.
It should be mentioned, that when the output gate is changed from the projection gate to an FCNN, it is possible
to traina d = 2, ny = 1 Taylor-RNN. Indicating that the hidden states of the cell is able to store a combination
of 1; and its first-order derivative, since the non-linear output gate can now successfully map foy : h; — p;.
In theory, this renders the RAE unnecessary, as the most parsimonious representation of the physical law can
be found without implementation of the RAE. However, training of the d = 2 Taylor + FCNN output gate is
very difficult. (See fig. (left)) Even after 10° training steps the model has not yet fully converged . This is
most probably due to vanishing gradient optimization issues. When the output gate becomes more complex, the
gradients w.r.t. the parameters go to zero.

When different optimizations tools are used the d = 2 representation can be assisted/helped to find the minimal
loss. For example by initializing the weight coefficients T/ (9, /(1) in the update equation with weight-values
from the successfully trained (d = 2) RAE. The assisted training history is shown in fig. [20] (right). Hence,
gradually lowering the size of the model should allow us to extract the relevant information from just an RNN.
However, we do find that the machine has an easier time learning the minimal representation with the imple-
mentation of the RAE.

Separating the architecture into one setup that performs the prediction and one that extracts the relevant informa-
tion, has the upside that the information extraction process do not affect the performance of the network model.
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Figure 20: The two plots show that finding a Taylor-RNN representation with 2 variables is possible. With
standard initialization of the cell parameters, the training fails (left). with specific assisted initialization the
training converges (right).

We hypothesize that this could be related to the easier optimization process. The exact explanation for this is,
however, not completely clear.

Regardsless, the approach of separating prediction and knowledge distillation provides for a more robust learn-
ing algorithm. This could be very valuable in other systems, where the most efficient representation of a task
machine cannot be reached through training. Applying the network learning architectures to the simplified
Schrodinger equation has taught us, that even though a parsimonious representation of a physical system exists,
it is by no means easy to find. The difficulty increases as the neural models gets more complex. This competi-
tion between complexity and trainability remains one of the main issues gating neural networks from being of
practical use in scientific discoveries aided by neural learning.

The developed network architecture based on a Taylor-RNN, shown in fig. , is effective for the simplified
Schrédinger equation problem, but only partially addresses more general issues. As we shall see further in the
discussion, the use of Taylor expansion for the update law, becomes inefficient, if the complexity of the physical
problem requires higher-order terms to be applied in the expression.

Other details about the architecture have to be discussed.

First, the initial hidden state provided to the RNN model. In the implementation of the model an all-ones vector
is chosen as the first hidden state. With this, the RNN is able to predict the density, p;, with very little relative
error. However, when considering the physical variables stored in the hidden states, this should not be possible.
The RNN is able to store a superposition of p; (1) and its derivatives in the hidden states. Their values will
naturally differ for different sequences of V;. As a consequence, it is not sufficient to provide hg as the same
constant for all samples.

The RNN-model works, in this case, because it is initialized with the same Ag, By and Vj for all samples in the
dataset. This means that the first couple of values are almost the same in every sample, which makes a constant
initial state sufficient. If Ay, By and Vj were changed between samples, we would have to provide a different
ho depending on that. We will study an example of that in the next section.

Conveniently, this can be exploited to dictate which basis h; and the update equation is formulated in. (However,
only for the RNN!) If we set hg = (po, 10, &o) (i-e. d = 3), the update equations of the Taylor-RNN is found on
the form from Eq.(53)) without the need for a basis change.

Second, the behaviour of the machine when subjected to different values of the potential cutoff a. Interestingly,

we observe that the machine learns the discrete version of the SE (for a = 0.1). However, the physical system
described in section[3.1]is an exact solution to the SE. The exact solution is generated from matching boundaries
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Figure 21: Loss during training for RNN models with the Taylor expanded recurrent cell and projection output
gate for different hidden layer dimensions. The models cannot find a good potential-to-density mapping even
for d = 8 and expanded to fourth-order in V.

at the cutoff a for each V;. This means, that the machine actually finds a way to solve the problem, vastly
different from the method used to generate the data. It turns out that the numerical solution (discrete SE) and
the analytical solution, become equivalent for small a. The fact that the network finds a solution method that is
different from the simulated data showcases the potential for machine learning aided scientific discoveries.

A dataset with a = 2 is generated to investigate what happens when the model is subjected to data where the
discrete Schrodinger equation is no longer a good approximation. We find that the Taylor-RNN with projection
output gate cannot be trained properly on this dataset. The training historﬂ in fig. [21|shows how RNN models
with hidden state dimension d = 1, .., 8 cannot reduce the MSE loss to an acceptable level, even when expanded
to the fourth-order in V;. We imagine this is because the essential variables change from 1; and 0,%); to A;, B;
(and V;). Apparently a ny, d = 8 Taylor-RNN cannot approximate the recurrent equations from Eq. and
@3).

In order to approximate non-linear recurrent equations a “universal’ update law must be implementedﬂ An
FCNN-based update law can potentially be used to determine the minimal number of variables necessary to
accurately predict p;. Consequently, we lose information about how the neural network solves the system. It is
also more difficult to extract information from the hidden states, since the essential features stored here can be
formulated in a completely arbitrary way. We study this challenge further in section 5]

The failure of Taylor-RNN to approximate non-linear update laws puts a ceiling on the potential applications
for the learning architecture. A Taylor expansion can theoretically approximate any function arbitrarily well,
however, practically there is a limit to the order that can be considered in the Taylor update law. The training of
the model becomes increasingly difficult when higher order terms are included. The initialization of the weight
parameters become very sensitive and can easily lead to divergent loss values. Additionally, the coefficient
matrices which show the input dependency becomes harder to interpret when high-order terms are included. As
a result, the transparency of the Taylor expanded cell is compromised. Based on this, the input expanded cell

“Training vs. epoch plot
I5E.g. an FCNN with appropriate width and depth.
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might only be usable for a limited set of systems.

Third, the neural network models could, without changing anything, be trained on a ({V;}, {t;}) dataset. The
reason we have chosen to train on p; instead of ; is twofold. First, p; corresponds to (if normalized) the
probability of observing the quantum particle at a certain point in space. On the other hand v); is not an ob-
servable quantity. Thus, thematically it makes sense using the p;, since the (V;,p;) dataset just as well could be
experimentally gathered data, we wanted to analyse. Second, if 1); was used all information about the system
could be discovered by the task-solving machine alone. The RAE model would be unnecessary and we would
consequently not demonstrate the true potential of the learning architecture.

As a conclusion on the studies in this section, we might have to re-evaluate the concept of an unassisted discovery
of fundamental physical behaviour, including which kind of information we can hope to extract. On the one
hand, the learning architecture has most certainly captured the underlying rules i.e. the discrete Schrodinger
equation. On the other hand, the machine was in some ways "set up" for success. The only reason why, we
could verify that the update laws of the network corresponded to the discrete Schrodinger equation, was because
we selected the otherwise non-linear activation function to be linear in V;. One has to imagine this was not
intended when first applied in [1], but having any, non-proportional to V;, weights in the RAE model, would
make it impossible for the Schrodinger equation to emerge from the recurrent cell of the network.
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4 Schrodinger Equation with Infinite Potential Boundaries

In the previous section, we saw the effectiveness of the RNN architecture when applied to a purely local system,
where the probability density p; could be determined from the potential V; in that position. In this section, we
will try to employ the architecture on a particular solution to the discrete Schrodinger equation (DSE) where
infinite potential boundary conditions are enforced.

As a result, the wavefunction () is non-local and the entire potential (sequence) needs to be known in order
to find the probability distribution and allowed energy of the quantum particle. The underlying law of physics
(DSE) is, however, still local. We will test whether the RNN model developed can be expanded to accommodate
for infinite wall boundary conditions, or if it will simply fail when applied to a non-local system.

4.1 Physical System

We start by introducing the physical system studied in this section. The concepts of the system are covered
in standard quantum mechanics literature such as [18] and [22]. Once again, we consider the regular time-
independent 1-D Schrodinger equation expressed in the continuous real space basis

—%@%w(x) +V(2)v(z) = EY(z) (67)

Except for certain simple given potentials V' (x), analytical solutions to this equation cannot be achieved. We
will solve it numerically by transforming the differential equation into a matrix equation. The equation will then
be an eigenvalue problem that can be solved through matrix diagonalization and afterwards the eigenstates 1),
can be found through the characteristic matrix equation. In order to do this, Eq. must first be cast on matrix
form. This can be done, if a discrete basis is used instead of the continuous real-space position basis spanned by
To realize this, we begin by recalling some quantum mechanics formalism.

The Schrodinger equation in general operator form is:

H|¥) = E|¥)
where the quantum state |¥) can be expressed in the real space basis by using the complete set
[esla) wl =1 19) [ o vio) o)

with ¢(x) = (z|¥). For a complete discrete set of orthonormal basis states |¢) (e.g. a complete discrete
real-space basis), any state |¥) can then be expanded as

=S Cul0 €= fa¥), with 1= 2[C,f
q
, which means the Schrédinger equation can be cast in any basis.

H|U)=E|U) = ZCH\q > Cqla)
q

DD Colliglk) =Y CoEla),  Hig= (k| Hg)
k q q
Using the orthogonality of the complete, set an equation for the coefficient of each state |g) is recovered (apply-

ing (g| from the right).
Z Colig = EZ Cq
q q
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For all q, the equations make up a matrix equation.

Hu H12 Cl Cl

Hoy Hoo Co| =g | C2 (68)

Thus far everything is still exact. The solution becomes numerical, since we do not write the matrix in a
complete discrete real-space basis. Instead, the continuous position x is turned into a grid of N discrete points
each separated by Ax = L/(N + 1). Here L is the length between the boundaries. The finite basis results in an
N x N Hamiltonian, which can easily be diagonalized. Fig. 22]illustrates the concept of the numerical solution.
The exact wavefunction is shown in the blue graph. The crosses show the discrete points with a corresponding
wave function value. As Az — 0 the numerical estimate of the wavefunction 1); becomes better and goes toward
the exact solution. However, when the number of points /V increases, obviously element count in the N x N
matrix rise by power of 2 and diagonalizing the matrix becomes computationally demanding.

The expression of the Hamiltonian is affected when position z — {z;} becomes discrete. We have already
partially seen this in our analysis of the RNN models in section [3.3] The potential will simply be discretized
into V(z) = V(x1),..,V(;),..,V(xn) i.e. adiagonal matrix. The derivative becomes a difference quotient
like in Eq. In the same way, the second-order differential operator can be approximated using a 3-point
difference with A2 given by:

Vi1 = 29+ i

2
Thus, the kinetic term T' = —%Qz becomes the tri-diagonal N x N matrix
2 -1 i
. -1 2-1
2mAx? (70)
L - 1 2 -

We find the Schrodinger difference equation at each lattice point by combining the kinetic and potential term.

to 205 — Vi1 — Vi) + Vi = By, 1o

ﬁ2

= 2mAx?

Hence, for all NV lattice points the equations make up the eigenvalue matrix equation Ev) = [H|1):

T2+ V —t 0 0 1. .
d}l 0 (:El) 0 'le
)9 —to 2tg + V (x2) —to 0 2
jo w _ 0 —to 0 w a1
N 0 0 !
: 0 0 . . —to :
Lol | 0 0 —ty 2o+ V (zn) ] L ]

All that remains is to modify the matrix [H| such that the boundary conditions are accounted for. The infinite
wall boundary conditions Vy = V1 = oo means that ¥9 = ¢ny4+1 = 0. This explains why the spacing is
Az = L/(N+1), since it is actually the spacing between N +2 points. 1 and ¥ are, however, not included
in the H-matrix. As a result, the v; and vy will take the form

to 201 — o] + iV = EY1,  to[2¢n —Yn_1] + YNV = EYy

19The forward point difference
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Figure 22: Sketch of discrete groundstate wavefunction. Keep in mind that this is not an entirely accurate plot of
the wave function and is just meant to give intuition about the data generation. In reality the wavefunction is not
smooth between that gridpoints (the wavefunction is merely the ¢; dots). Ax is shown as the spacing between
the discrete x; position variables.

Incidentally, the matrix from Eq.(71) is naturally constructed such that these conditions are implemented. Other
boundary conditions like periodic boundary conditions can also be done with some slight modifications to [H].
For convenience, the constant 25—73 is absorbed into energy and potential, effectively setting % = land ty =

1/Az2. Simplifying the Schrodinger equation (SE) Eq. to

~0z0(z) = (B = V(2))Y(2)

This means that the amplitude of the potential is related to the mass of the quantum particle. This way, choosing
the strength of the potential will be the only way to balance the relative energy cost of the kinetic and potential
energy terms of the Hamiltonian.

4.1.1 Data Simulation

The discrete data is generated in the following way. N discrete potentials potential values {V;} are generated.
Inspired by the previous system, a specific value of the potential is always repeated N, cpeqr times. Such that
N/Nyepear € N pillars of potential is generated. The height of each pillar is chosen randomly chosen between 0
and some upper bound Viax. Note for Nyepeqr = 1 it will just be 500 randomly generated potential V; € [0; Vipax]
at position x; = Ax-i. Following this, the H-matrix is constructed. The eigenvalues E,, and eigenvectors {1); },
are the found by diagonalizing the matrix and solving the characteristic equation. n is the excitation level of the
solution. We will leave out the n-label for the rest of the section as we will mainly be dealing with the lowest
energy n = 1 solutions. If excited states are used it will be clearly stated. Finally, the eigenstates are normalized
such that: Zi]lv 1/)? Az = 1. The probability density at z; is the found as p; = 11}?. Since the bound states are
normalized, p; correspond to the probability of finding the particle at the position x;.

In summary, the procedure of data generation is done in the following steps:

* Draw N/Nycpeat discrete potential values V; from a uniform distribution between 0 and Viyax. The values
are repeated for Ny ¢peqt points creating potential blocks each with length N.¢peq: Az which makes up the
entire potential sequence {V;}.

* The H-matrix is constructed as shown in Eq.(71)

* Eigenvalues F(,) and eigenstates 1; () are determined with a Lin Alg toolbox from NumPy library (see
appendix B), that diagonalizes H-matrix. Density then found as 17 = p;

» Normalize the density/eigenstates such that Zi]lv piAx = 1 which is done by scaling ¥; /v Ax.

* Select the eigenstates and corresponding energy for specified excitation levels. N eigenvalues/allowed
energies are found for each H. The estimate of the exact solution gets increasingly worse for higher
excitation.
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Constants N = Nyepeat L Vinaz Az
500 50 1 80  0.00199..

Table 2: Parameters/Constants used in the data generation of the Schrédinger equation with infinite wall bound-
ary conditions.

Values of constants used in the data generation are shown in table 2] Testing has been done with different
parameter values, but the ones listed are the values for data providing the core results of the section.

Note the choice of repeating V; for Nyepeqr = 50 points and V4, = 80. This is because the {1;} produced
should have a healthy variance. It means that the model trained on this data set will need to develop the proper
relations to do the mapping and not find incomplete solutions. If the model is successful in discovering this
mapping it should be able to perform the mapping for an arbitrary choice of Nyepear < IV, even potentials
constructed using a different method. The ratio N/L must be kept the same, since changing that would change
Ax, which is part of the fundamental law (DSE) of the system. In consequence, the model would have to be
retrained to adapt to such a change. Data for different energy levels can be constructed, but initially we will only
consider the ground state.

We create 20000 different V; and p; sequences with N = 500 points in each sequence, 13000 used for training
and 7000 used for validation. Like for the previous system, the validation data is withheld from the training
process, and is subsequently used to analyse and evaluate the model. With the physical system setup and data
generated, we proceed by subjecting different neural models to the data.

4.1.2 Batch Normalization

The V; inputs have values in the range V; € [0, 80]. A wide range of input value is known to create unstable loss
surface and hence, impedes the learning convergence. This is due to a phenomenon called internal covariate shift
[23]. Which describes the fact, that changing the values of parameters in one layer affects the input distribution
into the next one. We can combat this for the FCNNs by using the method known as batch normalization. In our
case the input is scaled with the mean value of the entire training input data,

1
Ntotal

YooVi, Vi Vijuy

1€ Training

ny =

, whereas the output target p; not scaled. From a mathematical perspective, this appears highly questionable,
since it corresponds to multiplying only one side of an equation (the mapping) with a constant i.e. creating an
entirely new equation. However, in most cases, when applying neural networks, the goal is to find *a’ possible
mapping, not a specific one. We can, therefore, utilize batch normalization for FCNNs, where the purpose is
to find accurate predictions for the probability density. The actual V' — {p;} is concealed in the hidden layers
anyway. This does not apply to our recurrent learning algorithm, where we look for the physical equations
describing the system. In that case, we have to deal with a difficult training process.

4.2 Fully Connected Model

We apply FCNN models to find the probability distribution {p;} when provided with the potential sequence
{Vi}. for this system is was sufficient to consider 1 hidden layer FCNNs. The models are constructed like
the FCNNs in the previous section. We have trained models with different width i.e. number of hidden nodes
(d = 250, 500, 750) to see, if d influences their predictive power. We continue using £, ¢ as our optimization
criterion and batch size is set to 100. Adam serves as the optimizer with initial learning rate 7 = 1-10~%. In fig.
[23] we see, that significantly less training is needed for the models to converge compared to the previous system
with unbound states. £/, sp < 10~* can be reached for test data after ~ 30000 epochs. This already indicates,
that the bounded the system is more suited for an FCNN. The mean relative error (A) from Eq. is calculated
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Figure 23: Validation and training loss for FCNN model, trained on ground state system, with 1 hidden layer
and varying number of hidden nodes h4;,.

for the three different models.
<A>250 =1.2% , <A>500 =1.0% |, (A>750 =1.0%

The three models have almost the same performance. Even the 'narrow’ network with less hidden nodes than
the input layer shows similar performance to the 500 and 750 width models. In fig. [24] the prediction of the
250 and 750 width model is plotted with the target density p; for 2 randomly chosen potential sequences from
the test set. Similar to the relative error, the plots show that both models can perform the potential-to-density
mapping well and with only minor improvement when using the wider model.

Unlike in the previous sectio the GS solution, for each potential sequence, has a particular allowed energy.
Therefore, we can also train an FCNN to a F' : RV — R {V;}-to-E mapping. Such an FCNN model is fairly
painless to set up and train and will therefore, not be shown in the thesis.

Instead, we look to set up an FCNN, which can combine density and energy predictions. The mapping then
becomes F : RY — RN*1. This network is also straight forward to implement as the network take a similar
form to fig. 3l where v = (p1, .., pi» .., pn, E)T and the loss function is chosen to be:

_ prE Pi
Lyvse = Lyse +LYse

The training for this model is shown in fig. [25|and prediction of probability distribution {p;} and E is shown
for 2 test potentials in fig. We see, that both E and p; can be predicted with ~ 1% relative error and
L’ﬁ gp < 1075, Loep < 10~*, respectively. This performance is similar to having FCNNs of comparable size
do the mapping p; and E individually. Thus, a similar size model can predict predict both energy and density
simultaneously, without sacrificing loss, indicating that a connection between the energy and density mapping
exists.

In conclusion, the combined FC model can predict both energy and density to an acceptable level. , it is, however,
done entirely by supervised learning. We acquire no underlying information about the system.

Accurate predictions like this could serve as alternatives to numerical methods or at least as a qualified first
estimate to ground-state solutions of quantum problems. But, we are here more interested in whether the allowed
ground state energy can emerge unsupervised from a learning architecture.

There we chose particular solutions, where the energy was absorbed into the potential, setting energy to zero.
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Density predictions for d=10 Taylor-RNN with FCNN output gate
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Figure 27: d=10 Taylor-RNN (ground state system trained) target and prediction comparison for 2 potential
sequences. Left) shifted cosine potential. Right) Potential sequence from the test set.

4.3 Recurrent Neural Network Approach

Like for the previous system, we first try the somewhat naive approach to reduce the number of model parameters
by utilizing an RNN model to perform a sequence-to-sequence mapping. We try both a conventional cell and
a Taylor expanded cell with both an FCNN output gate and projection output gate, trained for 100000 epochs
and default Adams optimizer setttings and batch size. It turns out, however, that none of them can reach a
performance close to regular FCNNs. This is done using the same batch normalization as for FCNNs, which is
technically not the correct approach due to reasons explained above, but this turns out to be of no consequence,
since even the RNN models fail here.

In fig. 27| predictions are compared from a (d = 10, ny = 2) Taylor + Projection cell to the target values. The
same test potentials as in the combined model are used. We observe poor prediction compared to combined
FCNN. The model has validation loss £7; ¢ = 0.10 and (A) ~ 27%. Naturally, as the size of the hidden state
is increased, the RNN models manage to find some inadequate estimate of the mapping, but is never close to the
performance of the fully connected ones.

4.3.1 Extended Recurrent Architecture

The RNN models fail to accurately estimate p; regardless of cell structure. FCNNSs, in contrast, can predict the
p; with little loss. This tells us that p; cannot be found from local input only. Information about the global
structure (entire input sequence) is needed. To provide that, we propose an additional neural component to the
learning architecture, called the Global Encoder (GE). The GE takes the entire potential sequence V' as input.
The depth and width of the global encoder are adjustable, but 1 hidden layer and 400 nodes are found to be
sufficient for this system. The Global Encoder is responsible for two tasks. Deciding the initial hidden state hg
of the RNN and encoding the global variables z of the system.

Global Encoder:
[z, ho] = W& s (BLUW M 5 v 4 p(WD)) 4 p(2) (72)

Where z € R% is a d, dimensional vector and hy € R?. Obviously d, < N must apply, but to extract the most
meaningful information d, should even be kept as small as possible without compromising the loss. The global
variables are fed as an additional input to the recurrent network. Hence, the introduction of the GE means we
have to modify the recurrent cell of the learning architecture.

We propose a new update equation inspired by the multivariable Taylor expansion (MTE). The update equation
defined by a finite multivariable power series is given by

42



RNN update equation:

hi=W(Vi,2)xhisy, W(Viz)= > Y - }:IW”%W»WWWWV Lzt (13)

ny= 0m1 0

W (nv.mi,ma.) ¢ R4xd ig the weight matrix for expansion to the nﬁl—order in V; and (mj)th order in the global
variable z; etc. We can write the update equation in a more compact way by applying multi-index notation,
n = (ny,mi,...,mq,) and ¢ = (Vi, 21, .., z4,). Such that W v misma.) — /(") is the n'-order coefficient
matrix. The two useful properties of multi-index notation;

In| =ny +my+ - +mg.

and

m
TV ey

result in a compact formulation of the n?h—multivariable Taylor expansion matrix

W(Vi,z)= Y Wb (74)

0<|n|<ny
The output gate remains the same in the extended RNN cell. p/ is generated from a linear projection of h;_; as

Projection:
P =W® s h; (75)

The setup of a GE+RNN model is illustrated in fig. [28a]and the recurrent cell shown in fig. 28b]

With this, we are ready to train the extended model on the dataset. We construct a model withd = 5, ny = 1
and d, = 1. However, the training process is more complicated this time. We cannot use batch normalization if
we want to discover the underlying rules of the system. Hence, we have to train the model with unscaled data.
The large V; values lead to a divergence of the loss on the first iteration leaving us unable to continue training. We
can deal with this by initializing the weights with values << 1, but the training procedure is very unstable. The
training process can be described as traveling along a very narrow mountain path with a canyon on both sides{lﬂ
The slightest misstep (wrong adjustment of the parameters) results in the loss exploding and the optimizer giving
up.

Fortunately, we have other tools at our disposal to make the training possible. One alternative, is the method of
optimization by annealing, originally introduced in Ref. [24]. This can be adapted to neural learning where the
learning rate starting from 7 = 2 - 1079 is gradually reduced during training iterations. In addition to this we
also set a criteria to stop the training early if the loss is reduced to £§)\j[ sp < 10~3. Even with these measures the
training is very unreliable and the optimizer is likely to *misstep’ causing a spike in loss which potentially leads
to a "killing" of the weights such that any prediction is returned as 0 (The MSE for this is only ~ 1). Therefore,
if the loss stays exactly the same for 100+ iterations, the model is re-initialized and training starts over.

When a model finally reaches L4} sp < 10~3 we transition into a different training phase: the alternating
training phase (fine-tuning). Here the RNN cell and the GE parameters are trained separately i.e. the RNN
parameters are kept constant when the GE parameters are adjusted and vice versa. With these measures, we
manage to successfully train the d = 6, ny = 1, d, = 1 model to reach £§)\j[ sp < 1074,

The training history is displayed in fig. One curve (red) shows a failed training run, but the training run
illustrated by the blue curve successfully manages to find a potential-to-density mapping. Furthermore, we
observe that the loss converges for d, = 1. This tells us that only one global variable is needed to describe the
model (We already discovered with the regular RNN that d, = 0 does not work). Likewise we conclude, that
the local mapping is linear in V; and z, since the model can accurately predict the density distribution using a
first-order MTE (ny = 1).

!8The canyons here representing failed training and not minimal cost areas.
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(a) The combined model of the global encoder and RNN-solver. The global encoder takes in the entire potential
to determine essential variables for the system that is the used additional input in the recurrent cell.
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(b) The extended RNN-solver cell: The update equation is also an expanded in the global variable(s). The
output is a linear projection of the previous hidden state h;_;. The updated hidden state h; is a matrix product
of MTE matrix W (V;, z) and h;_1.

Figure 28

The relative error of the d, = 1,d = 6,ny = 1 model found to be (A) = 1.1% and predictions for 4 different
potential sequences are shown in fig. [30|. The accuracy of the model is comparable to the FCNNs and much
better than the simple RNN model. The model could have been trained further for greater accuracy, but we find
this level adequate to show that the underlying physics of the system has been captured.

In fig. and fig. [30d|the model is exposed to potentials created differently from the training and validation set.
We compare this to fig. [26] where the FCNN model is subjected to the same potential. Although they roughly
predict p; equally well, we notice a distinct difference. The predictions made by the FCNN become noisy for
potentials different from the training data. Whereas the output sequence for the extended RNN model is smooth
regardless of the potential input given. Thus indicating that the RNN model has captured the underlying physical
mapping in a more robust way than the fully connected network.

Additionally, the network model can discover the DSE from a set of potentials with the same overall construction
method (but still from a diverse dataset). This is demonstrating the potency of RNN, which (due to the limited
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Figure 29: Two training runs of the extended RNN design with d, = 1,d = 6,ny = 1.0nly difference is the
random initialization. One training run fails, the other succeeds.

number of parameters in the recurrent cell) is forced to learn the underlying mapping. A consequence of the GE
taking the entire potential profile as input is that the extended architecture no longer has spatial scalability.
Like in section [3.3] we could now proceed with training the model for different sizes of the hidden state to
search for the most parsimonious representation where the loss is not compromised. However, the training of
this model is sensitive due to the scale difference between output and input. Thus, training a new model from
scratch for gradually fewer parameters is not a preferred method. Instead, we will attempt to use the RAE to
find the minimal sufficient representation. To do that, the RAE will have to be extended like the RNN-solver
was. Granted similar training issue will be present in this case for the RAE. The significant difference is that the
RAE is here tasked with reproducing the hidden states h; instead of producing the density p;. We experience,
that the machine has an easier time learning the minimal representation this way.

The entire extended learning algorithm is illustrated in fig. [37} Applying this, we will examine the information
encoded in the global variable z.

Conclusion

We have implemented a Global Encoder to extract necessary information about a non-local system. The
GE+RNN model can predict the probability density p; with £5} sp < 10~*. Additionally, we have developed
an optimization method that allows us to train complex models on a difficult dataset.

4.4 Extended Recurrent Auto Encoder

In this section we look to combine GE and RNN with the RAE introduced in last section. The assignment of the
RAE is unchanged: To encode a hidden state h;, € R¢ from the RNN-solver at a certain step i (not limited to
ho) and evolve the compressed hidden state iLiO € R< in a smaller recurrent cell. After each update a decoder
attempts to reconstruct the hidden cell h; from the updated h; fori = ig + 1,ip + 2, .. etc. To properly update
the compressed hidden states, the global variable z from GE must be fed to the RAE recurrent cell. But it is
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Figure 30: Extended RNN model: Predictions of different probability distributions for observing the quantum particle
based on the potential profiles (in green). The prediction is compared to the numerically simulated target distributions. The
first two plots are from test potentials that have not been trained on but constructed with the same method. The last two
potential profiles are created differently from the data generation process to demonstrate the versatility of the model.
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not enough to just provide z. If the RNN-solver is not the minimal and sufﬁcien@ representation, irrelevant
information could be stored in the hidden variables. As a result the information in z might also need to be
changed to fit the RAE model. Therefore, 2 is also passed trough an encoder (transformation). The z-encoder
Z is modelled by a 1-layer FCNN with

z-transformation: B ) )
£=2(2) = WO BLU (W) s 24yt 4 42 (76)

Where z € R% and Z € R%. In this case Z is not strictly an encoder, since we allow d, = d;. For example we
have d, = 1 in the extended RNN-solver above, which means d; = 1. In that case 7 transforms the scalar z to
another scalar Z more useful for the compressed RAE model.

We extend the recurrent cell of the RAE similarly to RNN-solver cell, utilizing an MTE update equation with
the variables ¢ = (V, 21, .., Z4.)

hi=W(Vi,2)xhiy , W(Vi,2)= > wmen (77)
0<|n|<ny

n is again multi-index notation for n = (ny,m1,..,mq.) and ny is the order of the MT expansion. The update
equation is formulated for general applications where the appropriate n¢, and d; are not yet known. However,
we have already found ny = 1, d; = 1 sufficient for the current system. The new RAE cell is shown in fig.
Hidden state encoder and decoder are constructed in the same way as in section [3.4]

Encoder: )
hig = E (hig) = WO « ELUW () x by 4 b)) 4 p(0) (78)
Recurrent cell: . . i
hi:W(VQ,E)*hi,l, (i:i0+1’i0+27...) (79)
Decoder: i

Z, E and D are constructed with 200 nodes in the hidden layer. We train the RAE based on its ability to
reconstruct the different hidden states h; with the loss function E% SE-

The flow of information for the ext. RAE model is illustrated in fig[3Ta]

The ext. RAE is trained for different dimensions of the compressed state d to find the smallest possible rep-
resentation. First the entire ext. RAE model goes through a coarse training. Adam is used as optimizer with
7 = 2-1075. This training is (for unclear reasons) not very volatile for the RAE. The training can therefore be
done without so called annealing, i.e. manually lowering 7 (granted Adam already adjust the step size through—
out training). When the loss of the model is reduced to some acceptable level, in this case, chi MsE < 10~2. The
model is further fine-tuned by alternating between adjusting only the Z,E and D parameters and the recurrent
cell parameters for a set number of epochs.

In fig.|3 nthe coarse training phase for different d-values of the ext. RAE is shown. Like in the previous section,

we find that for d > 2 the loss can be reduced to a similar degree but not for values lower than A. Therefore,

we observe that the learning architecture correctly identifies the minimum number of variables needed, despite
being provided with a more difficult non-local dataset. However, we have to be careful when concluding on the
result of the training process of a complex model and/or difficult data. The likelihood, that a more parsimonious
(but sufficient) representation exists, but simply fails to to converge in training, is much higher in this scenario.

By analysing the encoded variables of the model, we can determine if the model has discovered the underlying
ground state wavefunction and the allowed energy. We first consider the global variable z. In fig. 33l The
output of Z for the d model is plotted as a function of the ground state energies from the simulated test data.

Minimal and sufficient means the smallest representation where the prediction loss is not sacrificed.
2Note that a model with d < 2 cannot be trained even when implementing the training method from the ext. RNN model.
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(b) The RAE cell with a MTE update rule. Both local potential V; and encoded global variable(s) z are now
given as input each step in the sequence. The updated hidden state h; is a matrix product of MTE matrix
W(‘/Z, Z) and hi—1~

Figure 31

The variable Z appears to be very strongly correlated with the energy. Calculating the first-order correlation
coefficient [25] between E and Z, we find

) 005, ~ 1

O30F

, where X is the mean value of the respective variables for the validation data. oz,0g is the standard deviation
of Z and F, respectively. We conclude that the architecture, in this case completely unsupervised, chooses to
store the energy of the quantum particle (possibly scaled due to free basis choice) as a global variable in order
to predict p;.
Additionally, we consider the activation of the global encoder z,(see fig. @), here for the trained d = 6,d, = 1
and ny = 1 model. The same first-order correlation is calculated for z and F,

(2E) = 0.704...

The correlation between the encoded information and the energy is far less apparent, which shows how reducing
the model to a minimal representation forces the machine to get rid of all useless information.
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Figure 33: Plot of both RAE global variable Z and the z vs the allowed ground state energies E. F and Z are completely
correlated unlike & and z, which are only weakly correlated. Shows that redundant information is present in the d=6
extended RNN model.
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Figure 34: The 2 hidden variables h; for the ext. RAE are plotted with the ext. RNN prediction p; for constant potential
V = 40.

The variables stored in the latent vectors h; is compared to the wavefunction ¢; and the forward difference
quotient

Ay = %JZ; i

Like in the previous section, we have to deal with the ambiguity of the hidden state basis. Fortunately, due to
the linear configuration of the update law, all possible bases are related by a linear transformation. We can find a
change of basis matrix M that can brings h; on the standard basis, which allows us to compare it to the simulated

data. The mean relative error between v; and hl,i—l’ denoted (A) iy 1 is calculated for the test samples.

The same is done for At); and ﬁg}i_l
(A)

irhy i 2.8% <A>A'¢i"’}~l2,i—l ~ 4.2%

The *" wavefunction is compared to the (i — 1)*" hidden state due to the cell setup. The relative error, being less
that 5 percent, is solid evidence that the RAE has stored the wavefunction and its difference quotient (derivative)
in izi = (Vit1, A?/)Z-H)T in order to reconstruct h;.

In fig. , the compressed latent state h; (+ basis change) and p; for constant potential (V' = 40) is plotted. For
this simple case we know that 1)(x) = v/2sin(nz) and 9,¢)(z) = mv/2 cos(mz). We observe, that the values
stored in h; agrees with the expected values.

Knowing that ¢); and A1); are stored in the latent variables and that the Z activation is proportional to the energy,
strongly indicates that the update equation has formulated some version of the DSE. We confirm this by looking
at the weight coefficient matrices in W (V;, z).

-7
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Hence, the update equation becomes: @

h; = (W(O’O) + WOy, 4 W(O’l)i) * hi—y = (Am(;— V) A1x> * hi1 (84)
We see that a discrete version of the Schrédinger equation emerges from the minimal sufficient representation
of the recurrent learning architecture. One important thing to note on the nummerical implementation. The
precision of the weights and variables needs to be higher for the neural model to learn the important features of
the infinite boundary condition GS dataset. In the previous section, PyTorch 32-bit floating point precision was
enough, but now 64-bit double precision is needed. This results in much longer training times.

Conclusion

The RAE architecture can from the latent variables of the extended RNN model discover the discrete Schrodinger
equations and as well as identify the energy as the essential (global) variable needed to do the the local update
of the hidden states.

The complexity of the many factors involved in assembling and tuning this "physics machine", makes this a
noteworthy result.

4.4.1 Independence of Global Encoder and RNN-solver

The learning architecture is no longer scalable. However, that is only partially true, since in the current setup
only the GE needs to be fed the entire potential sequence. It should therefore be possible to retrain the GE with
a new system length L, but leave the RNN-solver unchanged. The GE needs to provide the global variable(s)
such that the basis of the RNN-solver (chosen at the prior training) can still solve the system. This can be done
by freezing the parameters of the RNN-solver such that only the GE parameters are tuned. We can then train
the GE on a different system length. To do that we create 10000 samples with L. = 0.5. Only training the GE
greatly simplifies the training and a good performing model can be obtained with default settings.

The retrained GE + RNN model is evaluated with a 3000 sample validation set. We find mean relative prediction
error to be 2.4%, demonstrating that the model predicts the probability density with similar relative error less
than 5%. The grid spacing Az must be kept constant under the different sequence lengths, otherwise the RNN-
solver must be retrained as well. Therefore, increasing the system length simply means adding more points to
the grid.

In fig. [33] predictions for the retrained model is showcased. An important point is, that the quality of the first
system length training heavily impacts the prediction accuracy of the retrained GE model. If the RNN cell pa-
rameters have not been completely trained, the loss of the retrained model will be amplified.

The independence of the GE and RNN can be exploited even further. Using the same procedure, it should be
possible to retrain the GE for different boundary conditions (periodic, Dirichlet etc.) as well. We generate data
with periodic boundary conditions to test this. Numerical solutions to the SE with periodic boundary conditions
can be found by imposing 1)y = 1)x 41, which results in a slight modifications to the Hamiltonian. [H| becomes
a(N+1)x (N+1)- matri with the two new non-zero elements Hy y = Hy o = —tp. Subsequently, 10000
samples are generated using the method described in section[d]1.

We then proceed with training the GE on pairs of ({V;},{p;}) generated from periodic boundary conditions
where RNN cell parameter values are frozen after training on infinite potential boundary data. This is done for
thed =5,d, = 1and ny = 1 cell.

In fig. [36]density predictions for 2 potential sequences not used in the training is shown. The relative error on a
3000 sample validation set is found to be (A) = 3.3%, showing that the recurrent cell can be reused and
still provide accurate density predictions.

periodic

2 For illustrative purposes the similarity transformation is not shown.
22We could also have it be a N x N-matrix but that would result in Az = N/L. In order to keep the grid spacing constant we add
the 0%" grid point to the matrix. The single grid point makes little difference in practise.
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Extended RNN Predictions on L=0.5 potential profiles (Only GE retrained)
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Figure 35: Comparison of target density and output from the RNN extended with GE retrained for a different length. Left)
Potential sequence different from the generated dataset. Right) Arbitrary test set potential.

Extended RNN predictions for periodic boundary conditions (Only GE retrained)
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Figure 36: Comparison of target density and output from the RNN extended with GE retrained on generated data with
periodic boundary conditions. Generally, slightly worse predictions than the original dataset since the smallest inaccuracy
in the parameter values for the recurrent cell will lead to amplified prediction errors.

Thus, while the entire model is not scalable, we have demonstrated that it can be separated into a local and
non-local component, which can be trained separately. We envision, this will greatly increase the usefulness of
the architecture.

4.4.2 Higher Energy Levels

In this section, we have only considered ground state solutions. But we imagine generalizing to higher excitation
levels to be rather straight forward. Different energy levels cannot be trained at the same time, since ground states
and excited states are solutions to distinct allowed energies for the same potential. If the neural model is simply
trained on a dataset with states of mixed energy levels, it will fail majestically. The model needs information
specifying, which energy level is given.

This could potentially be done by feeding the global encoder an additional number A, to help specify the energy
level. A € 0,1,2.. corresponding to the excitation level. This would result in the input of the GE being an
(N+1) vector. Alternatively, if that is not sufficient, the model could be expanded with multiple GEs, one for
each excitation. A would then decide, which GE the potential is fed to.

4.5 Discussion

In this section, we expand the recurrent learning architecture with the addition of a global encoder. The new
component allows the combined neural model to handle systems where information about the entire input se-
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Figure 37: Extended version of the learning machine. The architecture consist of three major components. The global
encoder (left) tasked with learning variables, which require the entire input sequence. The RNN-solver (lower) is tasked
with solving the potential-to-density mapping with minimal loss. The global variable(s) z (green line) is provided as
additional input at each step. The RAE (upper) is implemented to compress the information contained in the RNN to
extract the important features of the system. Z (blue line) is given as additional input each time the compressed hidden
state is updated. The z-transformer allows the prediction task and knowledge distillation to remain independent tasks.

quence is needed. The complete learning architecture is shown in fig. [37} The 3 major components (GE, RNN
and RAE) each perform a different task. The RNN-solver learns to perform the potential-to-density mapping,
the RAE is tasked with distilling information from the hidden states h; and the GE is an auxiliary component,
that stores essential information from the entire input sequence.

We emphasize, that even with the addition of the GE, the prediction and information extraction are still com-
pletely separate tasks. The training of the RAE does not influence the RNN prediction of p; in any way. The
z-transformer Z plays a key role in keeping the two tasks separate. If we removed Z, there would likely be a
competition between the RNN and RAE about, which values would be stored in z. Implementing Z avoids this
potential conflict. It allows for GE to be trained only based on obtaining the most accurate predictions, because
Z can be optimized to extract the relevant information from z.

To prepare for the prospective use of the network architecture on other systems, many aspects have to be kept
in mind. Model optimization/training is central to consider, when attempting to retain all information about
the models solution method. RNN models are inherently difficult to train; when paired with an unbalanced
dataset the difficulty increases even further. Since smoothing of the loss surface through techniques like batch
normalization is not an option, realizing successful models is no easy task. Thus, we consider it no small
accomplishment to have actually optimized a model, that extract and conserve all essential information about
the physical system.

However, the single particle Schrodinger equation is a simple quantum system. The extraction process will only
be more uncomfortale as the complexity of the system increases. It is entirely possible that models for such
systems cannot be trained. We imagine that, at least, new optimization methods will have to be developed for
this to be possible.

Additionally, the effectiveness of the multi-variable Taylor expanded update law must be discussed. The MTE
update equation differs from the previous Taylor expansion rule. The cell no longer only has a polynomial
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dependency on the input. The update equation now has a non-trivial non-linear dependency on the the entire
input sequence through z.

However, the primary limitation of the Taylor update equation remains. For the update equation to approximate
complicated functions, the order of expansion will have to be high. Meanwhile, the advantage of the Taylor-
expansion, its analytical tractability, is lost when the higher-order expansion terms are included. In that case,
an FCNN might as well be used as the update rule of the cell, since the local input-dependency is impossible to
gauge regardless. The MTE update rule is only effective when the update function can be modelled effectively
by first- or second-order input expansions.

To improve the predictions, we can instead think of the neural model as a numerical solution identifier [26].
Rather than using a high-order MTE update law, we can decrease the local truncation error by taking more points
into consideration when estimating the slope/tangent line in each step in the sequence. The local truncation
error of numerical integration refers to the deviation from the exact solution, caused by a single step. The
local truncation error of a first-order numerical method is proportional to the square of the step-size (Ax in this
system). A second-order method has a local truncation error proportional to the third power of the step-size and
so on. The solution, stored in the minimal representation of the ext. RAE, is a first-order numerical solution
(Euler integration). We speculate, that increasing the size of the hidden state would be equivalent to allowing
the neural model to discover higher-order numerical solution methods. This is, however, difficult to verify, since
increasing d also means a higher probability of redundant information being stored in the hidden states.

It would require a high-order numerical solution to accurately predict the output sequence. This is impossible
to test for this particular system. since the simulated dataset is, in fact, a first-order numerical solution of the SE
equation in the first place.

On the other hand, it could be interesting to test for the dataset of the previous section. Gradually increasing a
should at some point necessitate an increase in the hidden state dimension for the predictions of the model to
remain accurate. An attempt of this was illustrated in fig. [21|for an ¢ = 2 dataset. Increasing d did not seem to
matter in that case, but that could be because d > 8 was needed for the a = 2 step-size. Another possibility is
that the RNN-models was not completely optimized during the training process. It could be interesting to test
this for less extreme values of a.

The numerically simulated data, used in this section, is another interesting point of discussion. So far, we have
yet to consider whether the DSE solutions are even good approximations to the solutions of Eq.(67). The quality
of the numerical solutions is completely irrelevant to the neural model. The neural architecture learns a variation
of the DSE to solve the system, independently of how good the DSE approximates the continuous real-space
SE. We see that from having discovered, that construction of difference (recurrent) equations is how the neural
architecture attempts to solve systems.

However, being aware of how the neural model tries to solve problems is of immense importance pertaining
to real-world application of the architecture. Consider an experimental setup that perfectly mirrors the system
of this sectior@ Observing the particle (collapsing the wavefunction repeatedly) allows us to gather different
probability distributions of the particle position. Assuming that the data gathering process is completely accu-
rate, the distributions we obtain, are exact normalized solutions to the SE. The neural model, however, does
not realize this difference. The solution method of the model will be the same as for the numerically simulated
dataset. Whether the model can capture the governing equations of the system, depends on how well a numerical
solution can model the observed output sequence The quality of a numerical solution can be made arbitrarily
good by decreasing the spacing between points enough (The Local truncation error is always proportional to
some power of the grid-spacing. The power of depends on the order of the numerical solution method, but even
for first-order methods the error oc Az? and hence goes to 0 for Az — 0). Therefore, We can in principle
always provide the model with a dataset where the distance between datapoints is small enough that even first-
order numerical solutions are accurate approximations. However, at some point, the grid-spacing will have to be

2E.g. some subatomic particle trapped in a cavity, where we can regulate the potential.
%The training procedure will, of course, vary in difficulty depending on the dataset. But in this part of the discussion, we assume that
any valid numerical solution can be trained.
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so small that the computers nummerical precision on model parameters and variables becomes a limiting factor.
Increasing the latent state of the recurrent model would allow one to reduce the need for small step-sizes by cap-
turing higher-order numerical solutions. However, it is desirable to keep the hidden state as small as possible.
Finding the minimal sufficient model is how we extract meaningful information about the underlying system. If
the dimension of the hidden state, that needs to be increased, passed a certain point (for both RNN and RAE),
we lose the ability to extract information from the hidden state. In that scenario, a universal update rule mod-
elled by an FCNN is to be preferred. However, an FCNN update rule comes with other problems, which will be
addressed in the next section.

In regards to making scientific discoveries using this type of architecture, it is highly idealistic to assume that
the provided data is perfectly tailored to the learning architecture. The unknown data could look like the a = 2
data from the previous section, where the learning architecture is simply not effective. Thus, it is not realistic
to expect that any existing single variable 1-D mapping can be learned by the model. However, the number of
feasible applications seems to be greater than first assumed in section [3.5]

An obvious problem, that architecture should be able to solve, is the time-evolution of the stationary eigenstates
found in this section. The architecture should be able to learn the first-order differential equation without too
many complications.

Regrettably, the learning architecture is limited to single variable and 1-D systems. We did not manage to
conceptualize a viable multivariable/higher-dimensional version of the learning architecture. This would be an
excellent quest to explore in future works. A multivariable/higher-dimensional recurrent architecture would
open up for a large number of applications in the condensed matter field.

In order to retain the solution method, we have had to sacrifice a part of what makes neural networks effective.
Some parts of the black box must remain closed for neural networks to remain useful for more complicated
physical systems ( Many-body-problems, higher-dimensional systems etc.). This is leading us to the conclusion
that an alternative approach to the concept of scientific discoveries through AI might have to be pursued.
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5 Extended State Scattering

In this section, we consider a freely moving particle scattering from a potential barrier. The transmission proba-
bility 7" can be determined based on the potential V' and particle energy E. The dataset ({E,V'},T) is ill-suited
for the learning architecture with a linear (in the hidden state) update law. As a result, a different recurrent model
is designed. A key focus in this section is to outline the limitation of information extraction from RNNs with
non-linear update laws.

5.1 Physical System

A transfer-matrix approach is used to determine the transmission probability 7' (commonly called the trans-
mission coefficient) for a particle passing through a series of rectangular potential barriers. Depending on the
barrier width any 1D-dimensional potential can be approximated by rectangular barriers to arbitrary accuracy
making this approach suitable for any 1D quantum system. We mirror the approach from Ref. [27] in setting
up the formalism. The starting point, again, is Eq.. For constant V' (x) a general solution to ¢(z) is a linear
combination of the left and right moving free particle wavefunction:

Y(z) = Ae?® £ Be T, (85)

where k = C+E — V (dimensionless SE) and C' is a constant to used to alter the general strength of the
rectangular barriers. Using a matrixproduct formalism, the wavefunction can be expressed as the following dot

product

w(x) — (eikx e—ikm) <g) — (eikx e—ikx) 0, (86)

where ¢ = (A, B )T is a coefficient vector.

Next we consider a translation of the position basis by some length A such that 2/ = x — \. Particularly, \ is
always chosen such that both coordinates lies within the same rectangular barrier (i.e constant potential). The
same wavefunction can be expressed using both coordinates i.e. ¢)(x) = ¢'(z’), hence

P(@) =@’ +A) =
1(o0 ika! —ika' \ ./ ik(z'+2) ,—ik(z/+N) ika! —ika! Ak
P (@) = (" e )¢ = (e e Jo=(e*" e ) Be—ikA | -

with ¢’ = (A, B’ )T. From this we see A’ = Ae?** and B’ = Be~"**. The change of the coefficient under a
translation can be represented by a diagonal propagation matrix,

eiki)\ 0
pi = ( 0 e‘iki)‘> ) (87)

where k; = Cv/ E — V; and Vj is the height of the ith barrier. Next, we have to deal with the discontinuous jump
from one rectangular barrier to another. Use of the propagation matrix with A as the barriers width, means the
discontinuities between two barriers are always placed at « = 0. Lets consider the discontinuity between the i"
and the (i + 1) barrier. Here V (z) = V; for z < 0 and V() = V;41 for x > 0. Hence, ¢(z) is given by:

1/11(56) = Aieikim + Bi€_ikix r < 0

Yip1 = Aip1 e 4 Biemf g5 0

A relation between the coefficients is derived by requiring the wavefunction and its derivative to be continuous
at the potential (non-infinite) discontinuity (x = 0). These conditions yield:
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Figure 38: Scattering from a potential consisting of 4 rectangular barriers.

Ai+ Bi = Ait1 + Bi,
Ai + B = kip1/ki (Aig1 + Big1) .
Subsequently, the equations can be solved to find recurrent relations for the coefficients. Using the coefficient
vectors ; = ((Aj, B; )T, the relations can be expressed as

_ 1 (Tt ki/ke 1 =ki/ka\ (A
with b; ;11 being the discontinuity matrix connecting the two barriers.
The p and b-matrices allows us to build a transfer matrices for any number of potential barriers. For a set of Ny

barriers. Given a coefficient vector at the left of the barriers, @ief;, the coefficient vector at the right, (g, can
be expressed as a combination of p and b matrices:

Pright = [DNy *** % Pik1 * biip1Di - - % 1 * bo,1] Qlefe
= tPreft

Where ¢ is the transfer matrix. The formalism can be used to effectively determine the probability of a particle
traveling through a sequence of rectangular barriers V (x) = {V;}.
Consider a particle incident on a potential from the right, as illustrated fig. 38 Upon hitting the barrier a reflected
and a transmitted wave is created. In the coefficient vector, @rign; , the amplitude of the incident and reflected
wave is made up by A and B, respectively. The transmitted wave on the left side of the potential only has a left
moving wave, written as @i, = (0, F)T . Using t @yign is given by

S _( t11 ti2 0\ [ tioF
Pright = t@left - <t21 tgg) <F> - <t22F > . (90)

The probability of transmission is the ratio between the transmitted and incident wave, defined as the transmis-
sion coefficient [18]:

(89)

|| 2
T=+—=]|1/t 91
‘ A‘Q ’ / 2,2‘ On
Notice that the amplitude of the incident wave cancels such that transmission coefficients can readily be gener-
ated based on the energy level of the particle and potential of the system.

We note that the method of connecting the wavefunctions at the discontinuities is similar to the procedure
from section3] The matrix-product of p and b matrices actually yield the conditions used to find Eq.(27) and
Eq.(28) (with a possible phase difference). However, the transfer matrix approach proves to be more efficient
computationally.
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5.1.1 Data Generation

Simulating the transmission coefficient data is different from the generation process in the two other systems.
In section [4] the bound ground states of the DSE have specific quantized energies based on the potential. Here,
we select an extended state, based on its energy, as the incident wave on the potential sequence. Next, the
potential barriers are constructed. We choose the same width for all barriers. The length of potential is given by
L = Ny, where Ny is the number of rectangular potential barriers and ) is the barrier width. z; = i\ is the
position where the i*" barrier ends. The height/amplitude of the barriers are randomly decided between some
values Vinin and Vipax.

Three different types of data can be generated. First, ’classical’ transmission where the energy of the particle is
always greater than the potential. Second, (nonclassical) quantum tunneling where the energy of the particle is
always less than the height of the barriers. Third, mixed transmission where the V; height can take values both
higher and lower than the particle energy. For each potential, 7" is calculated for Ng linearly spaced energies,
I, starting from the value Epi, to Enax. The process of the data generation can be summarized in the following
steps.

* Draw Ny discrete potential values V; from a uniform distribution with V; € [Vinin, Vinax)-

* Create linearly spaced energy-vector with Ng elements, start value F;, and final value Ey,,x. Depending
on the type of data (classical, tunneling or mixed) the values of Vinin, Vinaxs Emin and Emax change.

* k; = Cv/E —V; are determined for each barrier and all energies. C' is a constant to alter the general
strength of the barriers.

* Discontinuity matrices b; ;11 and propagation matrices p; are constructed
* The transfer matrices ¢ are calculated from matrix multiplication of b; ;11 and p;.

« Finally, T = |1/t22|* is calculated.

The training dataset consists of 600 mixed sequences, 200 classical and tunneling sequences. This is repeated for
4 different number of barriers Ny (same ), which results in the total sample size N = 4000 Ng. Constants used
to generate transmission coefficients for a 11-barrier potential (N1, = 11) is shown in table. [3| The constants
used for the other Ny values are listed in appendix [C]l.

Additionally, a validation dataset of N;.s; = 1000 N samples with different barrier length Ny values is gener-
ated their respective constants can also be found in appendix [C]L.

Transmission ‘ Ny ‘ A ‘ Vinax ‘ Vinin ‘ Fax ‘ FEnin ‘ Ng ‘ C
Mixed

[ 11005 25 | 0o | 20 | 2 [50]2
Classical

| 11 [005]9999] 0 [ 20 | 10 [ 50 ]2
Tunneling

| 11 [0.05] 30 [10001] 10 | 5 [30]2

Table 3: Parameters for the transmission coefficient data generation with 11 barriers i.e. Ny = 11.

WKB A Vmin Vmin Emax Emin NE C
005 11 14 10 2 9 2

Table 4: Constants used in when generating the WKB approximation dataset.
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Figure 39: Tllustration of the feedforward WKBnet. Energy and barrier height V; is fed to each of the FCNNs. The output
y’ is the sum of individual FCNNSs activation.

We, also, construct a smaller dataset with about 10000 samples of varying barrier length (Ny = [5,6,8,7,9,10,11,12,13])
where V' > E (see, other parameters listed in table[)). The potentials are constructed such that the WKB
(Wentzel-Kramers—Brillouin) method should provide reasonable approximations of the tunneling probabilities.

Here, smoothing of the randomly chosen V; values is needed.

5.2 WKB Approximation

A fully-connected network could, as for the energy in the last section, be implemented to find the transmission
probability. However, we take a different approach to explore another even simpler neural network model. We
want to examine, if a network can emulate the WKB method of calculating tunneling coefficients. In non-
classical regions (£ < V'), where the WKB approximation is valid, transmission coefficients are given by the
equation:

L
T=e?, where ~= / k()| dz (92)
0

A derivation of this is shown in appendix [CR. From Eq.(92)) it follows that

L
InT = _2/ ()] da, 93)
0
where for sufficiently small barrier width, A, the integral can be replaced by a sum.

InT = -2 |k(z)|A, (94)
Ny

giving us a discrete method to determine In 7"

Inspired by the WKB method, we design a feed-forward (not fully-connected) model, called WKBnet. The
model is constructed as Ny parallel single-layer FCNN-cells. Each cell takes the particle energy, E, and a
barrier amplitude V; as input. Based on the input, each cell produces a scalar a; as output. The output of the
entire model is the sum of all cell outputs. The general structure of WKBnet is illustrated in fig. [39] WKBnet
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Figure 40: Training history for WKBnet on two different datasets. Both datasets consist of barrier-potentials but one
generated such that WKB is likely a valid method to predict tunneling transmission coefficients. The second is the mixed
transmission dataset, where WKB should be a poor approximation. An interesting phenomenon is the random spikes in
loss throughout the training. The spikes could potentially be explained by the repeated use of the same FCNN-cell, which
could make the loss unusually sensitive to certain changes in the parameters.

can be expressed algebraically with the following equations:

WKBnet:
FCNN-cell:
a; = W@ < ELU (WU [V, B + 1) ) (@ (95)
Output:
Ny
V=Y a (96)

We train WKBnet to minimize, In 7" and WKBnet’s estimate of In 7" is denoted 3/ € R. The training parameters
are all contained in the FCNN-cell, the weight matrices W) ¢ Rinx2 y(a) ¢ R1Xdu and bias vectors
bH1) e Riu @) € R. dp is the dimension of the hidden layer in the FCNN-cell. dy is the only hyperparam-
eter, concerning model construction, which highlights the simplicity of the model.
Note that the same FCNN-cell (i.e. same adjustable parameters) are utilized for each [E, V;]-input. The ad-
vantage of applying the same FCNN-cell is that WKBnet becomes a scalable model that, once trained, should
be able to predict InT" for potential sequences with a different number of rectangular barriers. However, this
necessitates that all barriers have the same width, ).
We expect that WKBnet should yield accurate predictions when trained on a dataset ({ £, V' },InT"), where the
WKB approximation is valid. We will, therefore, train the model on two different datasets. The WKB-tailored
dataset and the mixed dataset where the approximation should fail. WKBnet is trained with the MSE loss
function:

LYsp= Y ( =InT)’ 97)

i€batch
We construct a WKBnet model with di = 200. The model is trained on both datasets with the Adam optimizer,
7 =1-10"% and a batch size of 50 samples. The training history for the 2 datasets is illustrated in fig. The
loss is significantly lower when trained on the WKB-valid data. We also compute the mean relative error (A)
between the target and prediction data,
(A) =164% , (A)wgg = 0.5%.

mixed
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(a) WKBnet predictions for different energies and 11-
barrier potential.
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Figure 41: WKBnet : Predictions of the natural log of the transmission probability. a) Plot showcases the In T prediction
vs energy for a test potential (Ny = 11) constructed like the WKB dataset. b) Plot shows the test potential used to make
the prediction in a).

The model fails to accurately predict the mixed dataset indicating that 7" cannot be calculated using WKB. On
the other hand, WKBnet predicts In 7" with less than 1% relative error for the WKB-valid data. Here, WKBnet
has estimated a function F' : R?"v — R, that can map energy and potential to the log of the transmission
probability. In fig. model predictions are shown in a In7-E graph for an arbitrary test potential with 8
rectangular barriers.

Next, we examine the output of the each FCNN-cell, a;. Based on our theoretical knowledge about WKB we
would expect the FCNN-cell to estimate the following function: a;(V;, E) = —2|k;|\ = —2CA\\/V; — E. Thus,
if the network is utilizing WKB to solve the system, a; should be proportional to the square root of potential
and energy difference. In fig. [#2a] a; is plotted as a function of the V; for three different energies, £ = 2 (blue),
E = 3 (green) and I = 4 (red). We notice that a; is clearly shifted based on the energy input. Here we see that
the curves all nicely follow the graph of a square root. The output dependency further illustrated in fig. f2b]
where a; is plotted against |k;|. We see a linear dependency on |k;| for the different energy inputs.
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(a) Plot of FCNN-cell output a; vs. V; input for three dif-

ferent energy inputs.

Figure 42: Two plots showcasing the information stored in output from the FCNN-cells of WKBnet

(b) Plot of FCNN-cell output a; vs. |k;| = 2v/V; — FE

input for three different energy inputs.
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Figure 43: Tranfer-RNN: RNN implemented to predict the probability for a particle passing through a series of
rectangular potential barriers.
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Figure 44: The FCNN-based cell of the Transfer-RNN. At each step in the sequence the FCNN-cell is given an input
vector consisting of E, V; and g;_1, which it maps to the updated hidden state g;.

Creating a suitable dataset turns out to be the main challenge of successfully training WKBnet. Combinations
of V and F, where WKB is valid, limits the diversity of the training dataset. If the majority of InT" values
end up with with an E dependency similar to fig. fTa] the model becomes susceptible to learning a trivial
and uninteresting mapping where a good prediction accuracy can be still be reached. We avoid this issue by
exposing the model to potentials with a different number of barriers. It increases the variety of In 7", while a
smaller interval of V; values can be used.

Conclusion

WKBhnet learns to utilize WKB to accurately predict tunneling probabilities, when trained on a suitable dataset.
However, the possible applications of models similar to WKBnet are limited. In reality, we design a specific
insufficient model and when the model is trained on the (right) incomplete dataset, information corresponding
to the WKB method is stored in the cell output. Obtaining these result requires a great deal of knowledge about
both the underlying physical system and meticulous creation of the training data. Hence, it is unlikely that
similar sparse models can learn anything useful when exposed to an unknown dataset.

5.3 Transfer-RNN

We now consider the system with no restrictions on the barrier height or particle energy. The provided data
is different compared to the previous sections ] and 3] Each sample now consists of a sequence of inputs but
only single scalar output. As a result, the network has to perform a sequence-to-scalar mapping to predict 7'. A
sequence-to-sequence learning architecture can, therefore, no longer be used. We design a new recurrent model,

62



called Transfer-RNN, tailored to the new system. The Transfer-RNN cell only consist of an update law which,
at each step, uses V; and E as input to modify the d-dimensional hidden vector g;_; from the previous step.
After being updated at the last barrier (step Ny), the hidden state gy, is passed to an output gate that estimates
the transmission probability, 7. The Transfer-RNN structure is depicted in fig. The update law and output
gate are both modelled by FCNNs with 1 hidden layer, given by the equations:

Transfer-RNN:
FCNN-based update law:
g = WU «xELU (W<HU> Vi, B, gi1] + b<HU>) + b (98)
Output gate:
T = W« BLU (W) s gy, b)) 45T, (99)

The FCNN-based update law is given the concatenated vector [V;, E, g;_1] € R%*?2 as input, which it then maps
to the updated hidden state g; € R. The process is illustrated in fig. The FCNN-based output gate only
takes the final hidden state as input, but is otherwise unchanged from the sequence-to-sequence implementation.
The initial hidden state g is chosen as an all-ones vector. But we find that arbitrary initial values yields similar
results. The model is evaluated based on its ability to predict 7" using the MSE loss:

Lisp= >, (I'-T) (100)
iE€batch

We build a Transfer-RNN model with 100 hidden nodes in the FCNN update law and 200 hidden nodes in
the FCNN output gate. The model is trained for different values of d. To learn the most about the underlying
system, we search for lowest hidden state dimension where the loss is not sacrificed. Using the Adam optimizer
with default learning rate and batch size 50, the different d models are trained for 50000 epochs on the mixed
(classical and non-classical) dataset. The training history is shown in fig. 5] We find that the loss is greatly
reduced for d > 3, indicating that storing 3 variables in the hidden state enables the model to accurately estimate
the transmission probability. This result is rather surprising since we expected the model to emulate the transfer-
matrix approach. In the transfer-matrix approach, the transmitted coefficient (F') is gradually transformed into
the reflected and incident wave coefficients (A and B), by the propagation p and discontinuity b matrices. If
the update law approximates the b and d matrices, we would expect the hidden states to store the in-between
coefficients A; and B;. Additionally, the hidden state would have to record the amplitude of the barrier V; since
it is necessary to construct the discontinuity matrix.
gi-1 = (Ai—1,Bi_1, Vi_l)T indeed correspond to a 3-dimensional hidden state, however, we consider both
regions of £ < V and E > V. This means that the intermediate coefficients can take complex values, A; €
C, B; € C. The network is limited to real numbers and would, therefore, require 5 real degrees of freedom to
capture the transfer-matrix approach without sacrificing prediction accuracy. However, this can be explained by
considering the underlying equation i.e. the time-independent Schrédinger equation (SE). The time-independent
SE is entirely real, which means that all stationary state solutions without loss of generality can be chosen as
real. Thus, we imagine that when the model is only provided 3 degrees of freedom, it identifies the real solution.

Before studying the hidden variables further, the quality of the d = 3 model is examined. We ask the model to
predict T" for test potentials from the 3 different types of transmission (classical, tunneling and mixed) all for
different values of Ny than it was trained on. Fig. [46] depicts T-E plots comparing the prediction and target
values for 3 drastically different potential sequences. The first two samples show accurate model predictions on
the mixed region data and in fig. 46e| predictions for a ’Classical’ data sample is plotted. Here, we see that the
model even considers interference effects. The validation data predictions yield a mean relative error of:

(A) = 2.95%

Transfer

Keeping predictions within 5% of the target data (compared to WKBnet with a mean relative error of 164%) ,
demonstrates the model’s versatile prediction power, which generalizes to samples substantially different from
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the training data. The first quartile of transmission probabilities (here, corresponding to 7" < 0.1) are not
considered in mean relative error calculation. However, as seen in the model does not show any signs
of poor performance for target values close to 0. The model performance strongly implies that the model has
captured the governing principles of the system.

The great performance of the d = 3 Transfer-RNN indicates that 3 key features stored in the hidden state vector
gi = (9i.1, 92 gl‘73)T is sufficient to capture transfer-matrix system. We analyse the individual hidden state
variables, in an attempt to learn more. First, we look for a possible correlation between g; and V;. We do this
by plotting the individual g; components as a function of the potential input for the entire validation set. The
plots of the 3 different components are shown in fig. The first-order correlation function between V; and the
components

(Vi,gin) = —0.04 , (Vi,gi2) =—047 , (Vi 9i3) = —0.42

tells us that V; and g; 1 are (to first-order) uncorrelated, whereas g; 2 and g; » are partially correlated. Thus, the
model does seem to store information about V; in the second and third hidden nodes. However, based on the
plot we are unable to interpret an explicit V; dependency. The reason for this will be addressed in the discussion.
In fig. the hidden state components g; 1, g; 2 and g; 3 are plotted as a function of the sequence step 7 for a
single potential with 35 barriers and 3 different particle energies. The different energies £ = 2, ¥ = 10 and
E = 17 correspond to tunneling, ’classical’ and mixed scattering, respectively. We observe that the evolution
of the hidden states, throughout the sequence, are different for the 3 types of transmission. Notably, g; 1 shows
exponential decay for the ¥ = 2, oscillating behaviour for ' = 17 and a mix between the two for £ = 10. This
corresponds to the evolution of the incident wave amplitude, A, as it passes through the barrier. If A (and B) is
transformed into the transmitted amplitude, F’, that means the network solves the system in the opposite order
of how we generated the data.

This sounds plausible since the two approaches are (in theory) equivalent. It simply corresponds to applying the
inverse transfer matrix ¢t ! on both sides in Eq. yielding:

-1
0} _ 1 _ [t ta2 B
(F) =t Pleft = <t21 t22> <A> . (101)

This approach would require g; 2 and g; 3 to jointly store a combination of transformed reflected amplitude B;
and the potential V;. Based on the values in fig. 48] we cannot determine, if that is the case. The network has

the freedom to store any non-linear combination of V; and B; in the nodes, which leaves us unable to extract the
information.
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Figure 45: Training history for Transfer-RNN models with different dimension, d, of the hidden state g;.
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The inverse of the transfer matrix is calculated from the the reverse order of the barrier sequence. Therefore, the
evolution g; 1 is fascinating because the machine is provided with the same order of the potential sequence as
used to generate the data. From a scattering theory, one can show that the transmission probability is the same
regardless if the particle is incident from the right or the left. Thus, it is possible that machine determined the
transmission probability *assuming’ the particle was incident from the left.

Finally, the transmission probability is determined solely from the transfer-matrix, which means that we do not
have the intermediate amplitudes and the left and right moving wave. As a result, the interpretation of the hidden
variable become qualitative rather than quantitative.

Conclusion

We have constructed a recurrent network called Transfer-RNN that can predict transmission probabilities of
a particle incident on a potential with less than 3% relative error. Furthermore, the network identifies that 3
essential variables need to be stored in the hidden state, to solve the system. However, we are unable to fully
extract the relevant physical features of the system.

5.4 Discussion

The Transfer-RNN can predict the transmission probabilities with great accuracy by approximating the discon-
tinuity and propagation matrices (or something equivalent) in the update law. The sequential transformation is
highly non-linear in the input, and hence only possible due to the implementation of the FCNN-based update
law. However, the versatility of the FCNN is exactly what renders us unable to extract the meaningful features
of the system. The issue is the free choice of basis used to express g;. The Taylor update law subjects the
hidden states to a linear transformation, which means all possible bases was related by a linear transformation.
However, the FCNN can essentially approximate any (smooth) mapping. This means that the key features of the
system can be expressed in an almost arbitrary manner, making the extraction process exceptionally hard.

Current state of the art research on this topic tries to develop methods that force the network to express latent
variables in a simple manner. One method that has shown promising results is the use of constrained varia-
tional auto encoders (8-VAE) introduced by Google DeepMind researchers in [28]. Variatonal auto encoders
are generative versions of the auto encoders introduced in section Instead of compressing the input to a
single estimate of encoded variables, they encode conditional distributions of the variables. As a result, when
the encoder has been trained, encoded variables can be drawn from the learned distribution without needing to
provide the encoder with new input. While convenient, VAEs still suffer from the fact that the encoded vari-
ables/distributions can be expressed in an arbitrary manner. 5-VAEs, on the other hand, have an additional term
in their cost function. The added term encourages the hidden variable distributions to be statistically indepen-
dent and punishes large hidden values. R. Iten et al. have in [29] developed a neural network architecture called
sci-net. Which by utilizing a 3-VAE, successfully manages to extract the relevant features from simple physical
systems.

The approach is not directly applicable to the Transfer-RNN, where no auto-encoder is utilized. But encouraging
the network to express hidden states in a simple manner through regularization is a promising concept. We
attempted to implement this for the Transfer-RNN by adding a term that punished large hidden state values.
Within the time frame of this thesis, we did not manage to train a model with accurate predictions based on this
approach. Recurrent models are, due to vanishing/exploding gradients, difficult to train. Adding a regularization
term increases the difficulty even further. However, neural learning is largely based on trial and error. Therefore,
it is possible that a balance between regularization and prediction error exits, which can train a model to accurate
predictions. Additionally, in future works, it could be interesting to construct a learning architecture inspired by
the one from section [3|and {f] where the prediction task and regularization is separated.
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The complete solution method cannot be extracted from a FCNN-based update law but we might be able to
extract the important physical features, which in itself could be considered important discoveries.
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6 Conclusion and Outlook

In this thesis, we have explored the prospects of using neural networks to discover physical concepts from data
where the governing laws of the underlying system might be unknown. We did this, by considering simulated
data of three simple quantum mechanical systems.

As a starting point, we considered analytical extended state solutions to the Schrédinger equation for training a
neural network. This was first investigated by Zhai et al. in [1]. They developed a recurrent learning architecture,
called the Schrodinger Machine, which consisted of two components. The first component was a recurrent
neural network, capable of performing a potential-to-density mapping. The second component was a recurrent
autoencoder, which stored the wavefunction and its derivative in the hidden states. The function, updating the
hidden states, turned out to be the machine’s formulation of the discrete Schrodinger equation. We have managed
to reproduce the results of Zhai et al. and additionally discovered that this architecture is only able to solve the
system when the constant slabs of potential are sufficiently narrow relative to their height. Under that condition,
a numerical solution is equivalent to the analytical solution from the dataset.

We then proceeded to construct an extended version of the learning architecture that incorporated a global
encoder, designed to identify essential non-local variables, which the recurrent architecture could not discover.
This allowed the learning architecture to predict the probability distribution of ground state solutions to the
discrete Schrodinger equation with infinite potential boundary conditions. Here the global encoder was able to
pinpoint the ground state energy as the essential global variable needed to perform the potential-to-sequence
mapping. By providing the recurrent autoencoder with the global variable, it recognized the wavefunction and
its difference quotient as the necessary hidden variables, while developing the discrete Schrédinger equation as
the update law.

The recurrent learning architecture developed has one key quality. The method it utilizes to make predictions
is fully transparent. We have shown, however, that conserving this property means that the architecture is
unsuitable for systems where complicated non-linear update laws are required. Based on this, we will have to
reconsider our understanding of what scientific discoveries entail, in regards to the recurrent neural network
approach. The recurrent learning architecture managed to capture the discrete Schrodinger equation. However,
the machine was in some ways set up for success. The only reason we could verify that the update law of the
network corresponded to the discrete Schrodinger equation was due to the update law having a linear dependency
on the potential.

Many neural networks have an inherent bias in the types of solutions they can produce, based on the way
they are designed, which logically limits their ability to discover concepts foreign to the human imagination.
Learning Machines do not possess any preconceived understanding of the world and if applied properly they
can potentially help formulate physics in terms not thought of before. We have to invent ways to utilize that
quality and not confine discoveries to the human way of thinking. Thus, insisting on keeping track of the
complete solution method used by the network is not necessarily the right approach.

In section [} the effects of using a non-linear update equation were showcased by the Transfer-RNN, which
was designed with a FCNN-based update law. The model learned to predict the transmission probabilities of
a particle scattering of a potential, when provided the potential sequence and particle energy as input. We
discovered that 3 variables needed to be stored in the hidden states of the Transfer-RNN to make accurate
predictions. However, we were unable to extract precisely what physical features these variables corresponded
to. A regularization term was introduced to the cost function to encourage a more interpretable formulation of
the hidden variables. We did not manage to successfully train a Transfer-RNN in this way, however.
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In future works, it would be interesting to construct a learning architecture, where the regularization of the hid-
den variables is separated from the prediction task of the model. We envision this would allow the regularization
component to discover an interpretable formulation of the hidden states without compromising the prediction
loss. While the principle is similar to the Schrodinger Machine, this would not be an autoencoder. Both compo-
nents should be optimized with the minimal size of the hidden state needed for an accurate prediction.
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Appendix

A Appendix

A.1 Derivation of Relations for Constants A and B

We will here derive the recurrence relations for A and B in chapter.
Matching the wave function (x) at the x;41 = a(i + 1) boundary, we get:

1/}(Xi+1) = Al sin(k‘ile) + Bl COS(]{JZ'XZ;H) = Ai+1 sin(ki+1xi+1) + Bi+1 Cos(ki+1xi+1)

and matching the derivatives at x;,1 gives:

(102)

aﬂ}(X)‘xzxi+1 = kZAl COS(]CZ‘XZ'+1) - k‘lBl Sin(kiXi+1) = ki+1Ai+1 COS(ki+1Xi+1) - k‘i+1Bi+1 Sin(ki+1xi+1)

(103)
Isolating B, in (102)
1 . .
Bi+1 = —[Az sm(k‘ixi) + BZ COS(kiXiJrl) - Al'+1 sm(k:Hlel)] (104)
COS(ki+1Xi+1)
Similarly, we isolate 4,4 in (103))
1 . .
Ai+1ki+1 = —[kz(Az COS(kiXZ‘_H) — Bz‘ Sln(k‘,‘Xi_H)) + Bi+1ki+1 Sln(ki_;,_lXi_;,_l)] (105)
COS(kZ‘+1Xi+1)
Now inserting eq.(I04) into eq.(T05))
1 . i1 sin(kit1Xiv1)
Aiprkiyy = ———— | ki(A; cos(kixi1) — Bisin(kix; ax s
i+1R+1 COS(kH_lXH.l)[ 1( 1005( zXH-l) ZSID( lXH-l)) + COS(kJi+1XZ‘+1)
[Al Sin(kixfi+1) + Bl Cos(kixi+1) — Ai+1 Sin(ki+1Xi+1)]:| (106)
Moving A;y1k;4+1 terms to the LHS
)
S11 (ki—l-lxi-l—l) 1 .
Aiv1k; 1 = ki(A; kixiv1) — B; kix;
cHiti < * cos?(kit1%i41) cos(Ki1Xit1) i(As cos(kixir) isin(hixi+1))
il Sln( Z+1XZ+1) [Az Sin(kiXiJrl) + Bz COS(kiXi+1)}:| (107)
COS(k:/L'JrlXiJrl)
Finally we can utilize the trigonometric identity cos?(x) + sin(x) = 1 such that
1+ sin2(k:i+1x7;+1) _ COS2(ki+1Xi+1) + Sin2<ki+1xi+1) _ 1
COS2<I§¢+1X¢+1) COS2(k‘i+1Xi+1) COSQ(/{Z‘_;_lXH_l)
Hence we becomes
Ai1ki 1 .
= k(A kixii1) — B: kix:
o (kipixirn)  cos(irixent) i (Aj cos(kixiy1) i sin(kixii1))
1 Sin(kip1Xii1) [A; sin(kix;11) + B; cos(kixit1)] (108)

COS(k}i_;,_lXZ'_,_l)
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Ai+1 ki+1 = ]Cl (Al COS(kZiXH_l) COS(II{JZ'+1X7;+1) — Bz sin(k:ixi_,_l) COS(ki+1Xi+1)>

+ki+1 (Az sin(kiXHl) sin(ki+1xi+1) + Bz‘ COS(kiXi_H) sin(ki+1xi+1)> (109)

The derivation is almost identical for B;;1k;41, done by isolating B;41k;41 in eq. (103) now instead.

1

-~ []{IZ(Bz Sin(k'l’xl'+1) — Al COS(k‘iXi+1)) + Ai+1 k‘i+1 COS(k‘i+1Xi+1)] (1 10)
Sln(ki+1xi+1)

Bii1kip1 =

Inserting eq.(I09) we arrive at

k‘l(BZ Sin(k‘iXi+1) — Ai COS(kiXiJrl) + COSQ(k‘i+1Xi+1)(AZ‘ COS(kiXiJrl) — Bi Sin(/ﬁi}(prl)))

Bk =
i+1vi41 Sin(kiJrlXiJrl)
ki1 cos(kir1x; . ) .
H_% ( A H_l) <A1 Sln(k‘iXi+1) Sln(ki+1xi+1) + Bl COS(kiXiJrl) sm(k‘Hlel))
Sln(ki+1xi+1)
(111)
)
kl(Bl Sin(kinH_ﬂ — Az COS(kiXi_;,_l))(l — COS2(]€Z‘+1X¢+1))
Bitikiy1 = .
51n(ki+1xi+1)
+k2‘+1 <Az Sin(kiXH_l) COS(ki_:,_lXZ‘_;,_l) + Bi COS(kiXH_l) COS(ki+1XZ'+1)) (1 12)
Using the same identity sin?(x) = 1 + cos?(x) we end up with the final expression.
Bi+1 kil'+1 = kl <Bz Sin(kiXi+1) sin(k‘Hlel) — Az COS(kiXiJrl) Sin(ki+lXi+l)>
+k‘i+1 (Bz COS(kiXi_H) COS(I{ZZ‘+1Xi+1) + Az Sin(k}iXi_H) COS(]CZ‘+1XZ‘+1)> (1 13)

A.2 Code for Data Generation of Simplified Schrodinger System

import numpy as np, import pandas as pd, import matplotlib.pyplot as plt

## Initial conditions
r=np.random

< W o

_0 =
_0 = 1
_0 =

= 0.1 ## potential interval

_in = 400
N_data = 15000

© ® N U R W N =

S
zZ o

12 def mk_V_data(V_0,N_in,N_data=None) :
13 if N_data==None:
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26
27
28
29
30
31
32
33
34
35
36
37

38
39
40
41

42
43

44
45
46
47
48
49

N_data = 500
V = np.zeros ((N_data,N_in))
for i in range (N_data) :
R = r.rand(1l)
V[i,:] = -2xr.rand(N_in) - R # R shifts the energy scale
V[:,0] = V_0

return V

def smoothing_V(q,V):
for p in range(len(Vv[:,0])):

for j in range(r.randint (q)): #use r.randint (q) for random NoT
— smoothing for each sample
for i in range(len(Vv[0,:])-1):
Vip,i+1l] = 0.5x(V[p,1]1+VIp,i+1])

return V

# making potential
V = mk_V_data(V_0,N_in,N_data)

g=20 # smoothing the potential g times
V = smoothing_V (q,V) #smoothing potential

#### finding all A's and B's

A,B = np.zeros((N_data,N_in)),np.zeros((N_data,N_in)) ## zero array for all

— needed coefficients

A[:,0],B[:,0] = A_0,B_0 # fixed first coeff

for i in range(N_in-1): ## for loop to find each A and B one at a time
Al:,i+1] = A[:,1] * (k[:,1+1] » np.sin(k il * (i+1l) * a)

%
)y + k[:,1i
i

— *np.sin(k[:,1+1] %= (i+l) *x a ] * np.cos(k[:,1] = (i+1)
— np.cos(k[:,i+1] = (i+1l) = a)) + B[:,i] * (k[:,i+1] = np.cos(k[:
- (i+l) * a) * np.sin(k[:,i+1] * (i+1l) % a) — k[:,1] » np.sin(k[:
— (i+1) = a) * np.cos(k[:,i+1] = (i+1l) =* a))

Bl:,1i+1] = B[:,i] * (k[:,1] * np.sin(k[:,1i] % (i+1l) =% a) =

— np.sin(k/[: ,1+1] * (i+1l) * a ) + k[.,1+1] * np.cos(k[:,1i] = (i+1)
— * np.cos(k[:,i+1] = (i+1) * a)) + A[:,i] = (k[.,1+1] * np.sin(k[:
— % (i+1) %= a) * np.cos(k[:,i+1] = (i+1l) * a) — k[:,i] % np.cos(k][:
— % (i+1) %= a) * np.sin(k[:,i+1] = (i+1) =* a))

Al:,1i+1] = A[:,i+1]1/k[:,1+1]

Bl:,1+1] = B[:,i+1]1/k[:,1i+1]

psi = Axnp.sin (k*xaa) +B+np.cos (k*xaa) ## finding psi
rho = psixx2 ## square of psi is the density

A.3 Basis and Similarity Transformations

Variables stored in the hidden state of the recurrent network models can be represented by a class of bases, i.e.
any linear (also arbitrarily scaled) combination of the variables are valid. We need to transform the states to the
standard basis to evaluate the models. In order to do that certain principles of linear algebra can be utilized. Let
A € R? be the basis of the current basis, and B € R? be the basis of we wish to change coordinates to The

change of basis matrix is then given by:

M=B'A
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Thus when given a vector in the A basis x5 the matrix operation
XB = M XA

transform the vector to the new basis. The linear transformation of the update laws will also naturally be affected
by this basis transformation. In linear algebra, matrices can represent the same linear map under two different
bases. Two matrices W and W are called similar if there exists an invertible matrix M such that

W =M'WM

with M being the change of basis matrix. A transformation W — M ~1W M is called a similarity transformation
[22]. We can utilize this to bring the hidden state and update law on a form where we can make the connection to
the standard form of the Schrodinger equation. However, we do not know the basis A that the trained networks
has used to represent the values. This issue is handled by manually constructing the change of basis matrix
M that bring the a weight matrices W () on the wanted form. Afterwards hidden states h; are examined if all
vectors and matrices can be brought to the wanted form (standard basis) with the same M.

A.4 Derivation of Schrodinger Equation in Terms of Probability

We want to derive the three 1. order differential equations leading to Eq.(48)). The first differential equation is
found trivially by

Ozp(x) = P ()" ptp(x) + (Y (2)"0xt) ()" = 2Re(¢(2)" Or¢)(x))

Hence
Oup(x) = 2n(z) (114)

The second equation can be derived using Eq. where we recognize &(z) = 9,10(2)0,(x)* = |01()|?
and use the derivative
0zp(x) = 20un(x) = 2V (2)p(x) + 2/0ut)(x)|* =

Oun(x) =V (x)p(x) + () (115)

For the final equation we look at
0p€(w) = O (2)0(x)" + O34 (x)* O (x)
We have to show that this is equivalent to 2V (z)n(X) to do this we see from Eq.(115) that V(x) can be expressed

* dun(z) — £(2)

Vi@ = p(z)

where
Dun() = S0 (@)D ()" + () Dub(x)) = Dub(@)eth () + (H(@)2(w)" + h(x) ()

Hence 2V (z)n(z) becomes

o Oun() — 6(»"3)77(36) _ 3(®(@)07(x)* + () 0 (2)) ($(2)0atp ()" + (@) Oatp(x))
p(x) ()P (a)*
3 (19(2) P0ut) () 039 ()" + ¢ () P0atp () * o) () + () Dot (2)* 031 (2)* + (4 (2)*)*Outp () OFe) ()

(@) ()
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Unfortunately, there is no way to reduce this to 9,£(x) as long as ¢)(z) € C. However, when we use ¢ (z) =
1 (x)* we see that the expression becomes

W(2)?0:1(2) 054 ()

S

= 20,9 ()07 (x)

which is equal to
0:€() = O7p(x) O (2)" + O (2) 0 (w) = 20,9(2) e (x),  fore(z) € R
This way giving us the final first order differential equation
0z§(x) = 2V (x)n(x),  fory(z) €R (116)

But one has to keep in mind that this form of the Schrédinger equation is only valid for systems where v can be
considered real with no loss of generality.
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B Appendix

B.1 Code for Generating Discrete Ground State Solutions
Numerical solution to infinite wall boundary conditions

1 import numpy as np

2 import pandas as pd

3 from numpy import linalg as LA

4 from numpy import fill diagonal as fill
import matplotlib.pyplot as plt

import scipy.constants as c

Il
o

10 X_start
11 X_end =
12 N_steps = 500

13 N_data = 15000

14 n_rep = 50

15 x_d = x_end / ( N_steps + 1 ) ### +1 because first and last point from

— boundary conditions
16 amplitude = 20

[

19 r=np.random
20 def mk_V_data(N_in,Amp,N_data=None) :

21 if N_data==None:

2 N_data = 500

23 V = np.zeros ((N_data,N_in))
24 for i in range (N_data) :

25

26 V[i,:] = Ampxr.rand(N_in)
27

28 return V

30 def smoothing V(q,V):

31 for p in range(len(V[:,0])):

2 for j in range(r.randint (q)): ### to mix up smoothing factor use
— r.randint (q)

33 for i in range(len(Vv[0,:])-1):

34 Vip,i+1l] = 0.5%x(V[p,1]1+VIp,i+1])

35 return V

371 ### making the potentials

33 #V = mk_V_data (V_0,N_steps,amplitude, N_data)

39 V =np.random.rand( N_data, int (N_steps/n_rep) ) .repeat (n_rep,axis=1)
— *amplitude

40

41

0

43 #smoothing potential

4 g=20 # smoothing the potential g times

45 V = smoothing_V(q,V)

46

47
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48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

72
73
74
75
76
71
78
79
80
81
82

83
84
85
86
87
88
89

90
91
92
93

94
95

## Set up H-matrix

def H_mat (N,delta_x,V_arr) :
filler = np.ones (N-1) =« (1/delta_x*+*2)
T = np.eye(N,N)*2+ (1l/delta_x*2)
fill(T[1l:,:],-filler)
£il1(T[:,1:]1,-filler)
V = np.zeros ((N,N))
fill (V,V_arr)

return T + V

H = np.zeros ((N_data,N_steps,N_steps))
for 1 in range (N_data) :
H[l,:,:] = H_mat (N_steps,x_d,VI[1l,:])

### diagonalizing H and finding eigenvectors
E,psi = LA.eig(H)

index_E_s= E.argsort () ### sorting the index of based on energy value for
— picking out the different quantized states

E_s= np.sort (E) ## sorting energies

Gs_E = E_s[:,0] ## ground state
El_E Gs_E = E_s[:,1] #exited state

gs_psi = np.zeros((N_data,N_steps)) ## allocating space for the groundstates
for i in range (N_data) :
gs_psif[i,:] = psil[i,:,index E_s[i,0]] #### picking out the lowest energy

— State in each generated potential.

Els_psi = np.zeros ((N_data,N_steps)) ## allocating space

for i in range (N_data) :
Els_psi[i,:] = psili,:,index_E_s[i,1]] #### picking out the 1. excited
— State in each generated potential.

pPsiGS = np.sqrt((gs_psil:,:]1*(1/np.sqrt(x_d)))**2) ### normalizing
— groundstates

psiEl = np.sqrt((Els_psi[:,:]*(1/np.sqrt(x_d)))**2) ### normalizing first
— excited state
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C Appendix

C.1 Data Generation Parameters Scattering System

Training dataset

Transmission ‘ Ny ‘ A ‘ Vinax ‘ Vinin ‘ FEax ‘ FEin ‘ Ng
Mixed

| 5 ]005] 30 | 0o [ 20 ] 2 |50
Classical

| 5 ]005][9999] 0 [ 20 | 10 | 50
Tunneling

| 5 ]005] 35 [10001] 10 | 5 |30

Table 5: Parameters for the Transmission coefficient training data generation with 5 rectangular potential barriers

i.e NV = 5.

Transmission ‘ Ny ‘ A ‘ Vinax ‘ Viin ‘ Fax ‘ FEin ‘ Ng
Mixed

|31 ]005] 15 ] 0 [ 20 ] 2 |50
Classical

|31 [005]9999] 0 [ 20 | 10 | 50
Tunneling

| 31 [005] 13 [10001] 10 | 5 |30

Table 6: Parameters for the Transmission coefficient training data generation with 31 rectangular potential

barriers i.e Ny = 31.

Transmission ‘ Ny ‘ A ‘ Vinax ‘ Vinin ‘ Fnax ‘ FEin ‘ Ng
Mixed

|35]005] 15 | 0 [ 20 ]| 2 |50
Classical

35 ]005[9999] 0 | 20 | 10 | 50
Tunneling

| 35 ]005] 13 [10001] 10 | 5 |30

Table 7: Parameters for the transmission coefficient training data generation with 35 rectangular potential barri-

ersi.e Ny = 35.
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Validation dataset

Transmission ‘ Ny ‘ A ‘ Vinax ‘ Vinin ‘ Fax ‘ FEin ‘ Ng
Mixed

| 15]005] 20 | 0 [ 20 | 2 |50
Classical

| 15 ]0.05[9999] 0 | 20 | 10 | 50
Tunneling

| 15 ]005] 25 [10001] 10 | 5 |30

Table 8: Parameters for the transmission coefficient validation data generation with 15 rectangular potential

barriers i.e Ny = 15.

Transmission ‘ Ny ‘ A ‘ Vinax ‘ Vinin ‘ Frax ‘ FEin ‘ Ng
Mixed

[ 21 J005] 15 | 0 [ 20 | 2 |50
Classical

| 21 [005]9999] 0 [ 20 | 10 | 50
Tunneling

| 21 [005] 20 [10001] 10 | 5 |30

Table 9: Parameters for the transmission coefficient validation data generation with 21 rectangular potential

barriers i.e Ny = 21.

Transmission ‘ Ny ‘ A ‘ Vinax ‘ Vinin ‘ FErax ‘ Erin ‘ Ng
Mixed

|25 ]005] 15 | 0 [ 20| 2 |50
Classical

|25 [005]9999] 0 [ 20 | 10 | 50
Tunneling

| 25 [005] 15 [10.001] 10 | 5 | 30

Table 10: Parameters for the transmission coefficient validation data generation with 25 rectangular potential

barriers i.e Ny = 25.

Transmission ‘ Ny ‘ A ‘ Vinax ‘ Vinin ‘ Fnax ‘ FEin ‘ Ng
Mixed

|41 ]005] 15 ] 0 [ 20 ] 2 |50
Classical

| 41 [0.05[9999] 0 | 20 | 10 | 50
Tunneling

| 41 [005] 12 [10001] 10 | 5 |30

Table 11: Parameters for the transmission coefficient validation data generation with 41 rectangular potential

barriers i.e Ny = 41.
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C.2 Derivation of WKB
Given Eq.(67) on the form ,
k
O (z) = — (e,

where k = /2m(E — V (x)) We follow [18] for the derivation, motivated by free-particle (constant V) solution
we write a solution the SE in terms of its amplitude A(z) € R and phase ¢(z) € R :

Y(z) = Az) @)
Inserting this into the SE we and calculating the first and second order derivatives, we find:
k2
ﬁ .

This equation can be split into two equations; one for the real part and one for the imaginary part.
Real part:

O?A(x) 4 200, A(2)0p () + iA(x)02p(x) — A(x) (Op0(2))* = —A(x)

2
() ~ Aln) (0.0(0))? = ~A(a)

Imaginary part:
20, A(2)0, () + iA(2)02p(x) = 0 = 0,(A(x)?0p0(x)) = 0

The imaginary equation can solved analytically with:

C
Alz) = ——,
)= Voo

where C is a real (for now) constant. The real equation has no analytical solution. To solve it, we assume that
A(x) changes slowly i.e. the second order derivative 92 A(z) is sufficiently small that it can be ignored. Thus,
the real equation becomes:

hence,

is a solution. Combining the two and absorbing constants into C' (hence C' € C) we find a WKB solution for

U(x):

() ~ O i k) do (117)

We intend to make us of WKB in nonclassical regions where £ < V' (z). As a result, k(z) becomes imaginary
and ¢ () yields:

O k@) de 118
Y(x) ~ ’k@)’e (118)

The solution can be used to with determine scattering/transmission from potential barriers. Consider an incident
and reflected wave to the left of a potential barrier placed at z = 0.

Y(z) = Ae"™ £ Be ™ 1 <0,
where k = vV2mFE /h. The the transmitted wave to the right of the barrier (ending at z = L) is given by

Y(z) = Fe®, x> L.
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The relative amplitude between the incident and transmitted wave is given by the exponential decay in the
nonclassical region. Thus,

] _ =2 k(@) do

|A]

From this, we find that the transmission coefficient, 1", becomes:

P _ oy here —1/L|k( ) d (119)
—|A’2—e . W 7—h0 x)| dz

In this thesis we set A = 1 and m = 1.

T
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