AUTOREGRESSIVE NEURAL NETWORKS FOR
S I M U L AT I O N S I N C L A S S I C A L S TAT I S T I C A L
PHYSICS

aaron gemmel
promotor: prof. dr. jan ryckebusch
supervisors: dr. jannes nys, corneel casert and tom vieijra
A dissertation submitted to Ghent University in partial fulfilment of the requirements for the degree of
Master of Science in Physics and Astronomy
academic year: 2020 − 2021

ghent university:
Theoretical Nuclear and Statistical Physics
Department of Physics and Astronomy
reviewers:
Prof. Dr. Ir. Toon Verstraelen
Prof. Dr. Jan Ryckebusch
Dr. Jannes Nys
Corneel Casert
Tom Vieijra
location:
Ghent, Belgium
time frame:
September 2020 – June 2021

ABSTRACT

Many problems in physics remain challenging to solve because of the
large number of dimensions and/or degrees of freedom. The state
space of physical systems typically scales exponentially with the system size. For example, the Ising model with N spins has 2N possible
configurations.
Traditional Monte Carlo techniques have been the major reliable
choice to solve high-dimensional problems in statistical physics. However, these can suffer from long auto-correlation times between consecutive samples. In addition, local algorithms can get trapped in
metastable states and prevent full exploration of the state space. This
can be especially problematic for systems with many metastable states,
for example, spin glasses.
Recently, Machine Learning has been successful in solving some
of these complex physical problems. In fact, generative Neural Networks can be used to efficiently generate uncorrelated configurations
for physical systems. In Machine Learning the complexity in solving
the problem is shifted to the model’s training process. In this study,
an autoregressive ansatz is used to learn the Boltzmann distribution
of one of the most widely studied physical systems: the Ising model.
We use a Recurrent Neural Network architecture to model the spin
chains s = (s1 , . . . , sN ) as input sequences and parameterise each
conditional probability qθ (si | s<i ) separately. The conditionals are
combined into a normalised probability q(s; θ) to approximate the
Boltzmann distribution p(s). If the network is successful at capturing
the distribution, it can efficiently generate configurations of the system which in turn can be used to estimate physical quantities. As a
result, Machine Learning is a powerful alternate and/or complementary method to traditional Monte Carlo simulations.
In chapter 1 and chapter 2 we introduce classical statistical physics
and Machine Learning, in which the reasons (the why) and the methods (the how) of applying Machine Learning to the physical system,
are discussed. We then train the network on data, generated with a
Markov Chain Monte Carlo algorithm, and show that it can sample
the correct configurations and describe the physics of the system by
comparing it to Monte Carlo estimations (chapter 3). Third, the Recurrent Neural Network is trained on data generated by the network and
for which the data gathering step is completely omitted (chapter 4).
We show that this alternative training approach is equally capable of
describing the distribution of the physical system and show the effect
of symmetrising the variational ansatz and sampling procedure. The
advantages and disadvantages of training with and without a data
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set are compared to each other and discussed. Finally, the variational
method is applied to one-dimensional spin systems with random and
long-range interactions (chapter 5). We investigate if and how the network architecture has to be modified to describe the correlations in
the system. In this chapter, we show the advantages of adapting the
architecture to the physical system under study.
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S A M E N VAT T I N G

Veel uitdagende problemen in de fysica zijn moeilijk op te lossen door
het grote aantal dimensies en/of vrijheidsgraden. De toestandsruimte
van fysische systemen schaalt typisch exponentieel met de grootte
van het systeem. Bijvoorbeeld, het welgekende Ising model met N
spins heeft 2N mogelijke configuraties.
Traditionele Monte Carlo technieken zijn al tientallen jaren een betrouwbare keuze om moeilijke problemen in de statistische fysica op
te lossen. Tijdens simulaties kunnen lange auto-correlatietijden tussen
opeenvolgende configuraties problemen veroorzaken. Ook kunnen lokale update algoritmes vast komen te zitten in metastabiele toestanden, waardoor niet de volledige toestandsruimte wordt verkend. Dit
kan vooral een probleem vormen bij systemen met meerdere metastabiele toestanden zoals “spin glasses”.
Machinaal leren is in staat om complexe fysische problemen op
te lossen. We kunnen generatieve neurale netwerken gebruiken om
efficiënt ongecorreleerde configuraties van fysische systemen te simuleren. Hierbij wordt de complexiteit van het probleem verschoven
naar een moeilijk optimalisatieproces. In deze studie wordt een autoregressief model gebruikt om de Boltzmann distributie van het Ising
model te leren. Een terugkerend neural netwerk wordt gebruikt om
spinconfiguraties s = (s1 , . . . , sN ) te modelleren als input zodat elke
conditionele waarschijnlijkheid qθ (si | s<i ) apart wordt geparametriseerd. De conditionele waarschijnlijkheden worden gecombineerd
tot een genormaliseerde waarschijnlijkheid q(s; θ) die de Boltzmann
distributie p(s) benadert. Als het netwerk een goede beschrijving van
de distributie geeft, kunnen er efficiënt nieuwe configuraties worden
gesimuleerd. Deze worden dan gebruikt om fysische grootheden te
schatten. Machinaal leren is dus een alternatieve en/of complementaire methode op traditionele Monte Carlo simulaties.
In hoofdstuk 1 en hoofdstuk 2 worden klassieke statistische fysica
en machinaal leren geïntroduceerd, waarin we bespreken waarom
en hoe machinaal leren toegepast wordt op fysische systemen. Dan
wordt een neuraal netwerk getraind op een verzameling Boltzmann
configuraties, gegenereerd met Markov Chain Monte Carlo, en tonen we aan dat het netwerk in staat is om de fysica van het systeem te beschrijven door te vergelijken met Monte Carlo simulaties
(hoofdstuk 3). Vervolgens wordt het netwerk getraind op configuraties gegenereerd door het netwerk zelf (hoofdstuk 4). Hiervoor zijn
er dus geen a priori Boltzmann configuraties nodig. We tonen aan
dat deze alternatieve trainingsmethode ook in staat is om de distributie van het systeem te beschrijven. We onderzoeken hoe de sym-
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metrieën van het systeem in de variationele ansatz worden geïmplementeerd en welke impact dat heeft op de resultaten. De voor -en
nadelen van trainen met of zonder a priori data worden vergeleken
en besproken. Tenslotte wordt de variationele methode toegepast op
één-dimensionale spinsystemen met willekeurige en langedrachtinteracties (hoofdstuk 5). We onderzoeken hoe de architectuur moet
worden aangepast om correlaties in het systeem te beschrijven. We
tonen de voordelen van een architectuur die rekening houdt met de
fysica van het systeem.
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INTRODUCTION

1

S TAT I S T I C A L P H Y S I C S

1.1

statistical mechanics

Many complex problems in physics are characterised by a large number of degrees of freedom. Typically, these systems have many different state configurations. This makes it difficult to study and treat
each state of the system individually.
For example, a microscopic description of a gas in a container requires the positions and velocities of each gas particle. Since a macroscopic gas contains a lot of particles, think of the order 1023 , a microscopic study would be very expensive and is in practice impossible.
However, often we are not interested in the behaviour of each particle
of the gas, but rather in the behaviour of the system as a whole.
Statistical mechanics and thermodynamics describe such systems
by looking at statistical averages of macroscopic quantities and probability distributions of the state configurations. In particular, a large
fraction of the systems naturally approaches a certain equilibrium in
which averages of macroscopic quantities become time-independent.
For now, the focus is on equilibrium statistical mechanics.
If a system is in equilibrium with a heat bath, then it is described
by a canonical ensemble. Suppose the system is once again a gas but
placed in contact with a heat bath at temperature T . Each microscopic
configuration of positions and velocities of the particles represents a
possible state of the system x. This canonical ensemble is characterised by the Boltzmann distribution, which is the probability that the
system is in the state x:

p(x) =

1
exp (−βE(x)) ,
Z(β)

(1)

where β = 1/kT is the inverse temperature of the system and E(x)
the total energy of the system in state x. The normalising constant is
P
called the partition function Z(β) = x exp (−βE(x)), which is a sum
or integral over all possible configurations of the system.
To study the general behaviour of the system, including fluctuations, correlations and responses of physical variables, some important quantities have to be calculated or estimated:
• The free energy of the system

F=−

1
ln Z.
β

(2)
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This requires the partition function Z which contains a sum or
integral over all possible configurations of the system. From the
free energy and the partition function, a lot of other important
quantities can be derived.

When discussing
macroscopic
quantities, for
example, the
magnetisation M in
a magnetic system,
this always refers to
the
time-independent
average
magnetisation hMi
from (3).

• Averages of macroscopic quantities O, for example, the magnetisation in spin systems. In practice this is done by estimating
ensemble averages
hOi =

1 X
O(x) exp (−βE(x)) .
Z(β) x

(3)

which is again a sum over all possible configurations of the system. Although the partition function shows up in (3), it is sometimes possible to calculate the averages directly without explicit
knowledge of the partition function.
To study the most interesting properties of a many-body system,
one has to perform a sum or integral over a large number of states.
For example, a system with N spins where each spin can take on two
discrete values has 2N possible states. Hence for large systems, the
sum is very difficult to deal with. In particular, it is often interesting to
study the behaviour in the thermodynamic limit; then the sum even
contains an infinite number of states. In any case, it is difficult to find
an exact analytical solution for most systems and one has to resort to
other methods [37]. Here we focus on using computational techniques
to solve these highly complex and high-dimensional problems.
There are essentially two popular computational methods to study
many-body systems:
• Monte Carlo (MC): this technique introduces artificial dynamics
using a certain degree of randomness to simulate the system
so that configurations are sampled according to the Boltzmann
distribution. Since this method introduces artificial dynamics, it
is unsuited to study dynamical quantities such as the velocity
auto-correlation function (VAF) [47].
• Molecular Dynamics (MD): this technique solves the classical equations of motion directly and simulates the system in the function
of time. This makes it possible to study the dynamical evolution
of the system. Once the system has reached equilibrium, configurations sampled according to the Boltzmann distribution can
be taken from the simulation [47].
Especially the Monte Carlo technique is easy to implement and
can obtain very good results for a lot of applications in statistical
mechanics. We are often only interested in the global static behaviour
of the system and not necessarily in the dynamical evolution. This is
especially the case for lattice models such as the famous Ising model.

1.2 the ising model

1.2

the ising model

One of the most important and simple models in statistical physics is
the Ising model. Its simplicity and emergent features, such as phase
transitions, make it an ideal candidate to study new methods and
techniques.
The Ising model is a magnetic system of neighbouring spins {si }i>1 :
each spin either has spin-up (s↑ = +1) or spin-down (s↓ = −1). The
spins interact with each other through a coupling constant J and with
a magnetic field H. The Ising model is interesting because no equation
describes the dynamical evolution of the system. Instead, the global
behaviour of the system is given by the total energy or Hamiltonian
[20]

E = −J

X

si s j − H

X

hi,ji

si .

(4)

i

If J > 0, the system is ferromagnetic and neighbouring spins try to
align. For J < 0, neighbouring spins try to push each other into an
opposite spin and is the system antiferromagnetic.
The first term represents the interaction between nearest neighbouring spins. The second term tries to align the spins to an external magnetic field H. While most interesting properties are also present in the
absence of a magnetic field (H = 0), from a computational perspective the magnetic field is easily implemented. From now on, suppose
that the system is ferromagnetic (J > 0) and can have any value for
the magnetic field H.
Solving the system comes down to finding the partition function
Z. Given the partition function, it is possible to calculate the relevant physical quantities using equations from statistical mechanics.
Exact solutions have been found for the one -and two-dimensional
case. Here, the focus is on the one-dimensional Ising model, which
does not exhibit a phase transition for any finite temperature T . Using
the transfer matrix method, the solution of the one-dimensional Ising
model with N spins can be found as [20]
N
Z N = λN
+ + λ−


1/2
with λ± = eβJ cosh(βH) ± e−2βJ + e2βJ sinh2 (βH)
.
The free energy per spin f = F/N can be calculated using (2),
which in turn can be used to find the other relevant physical quantities, summarised in Table 1. These are the total energy of the sys2 ∂F
tem E = ∂βF
∂β , the entropy S = β ∂β and the connected correlation
function G(i, j) = si sj − hsi i sj , which represents the correlations
between spin si and sj . For a translationally invariant system such as
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physical quantity
Free energy F
Energy E
Entropy S

expression
1
ln Z
−β
P
P
−J i si si+1 − H i si

Magnetisation M

βE + ln Z
P
i si

Correlations G(r)

hs0 sr i − m2

Table 1: An overview of the physical properties that are considered for studying the
one-dimensional Ising chain, each with the expression used to calculate it
in the canonical ensemble. Since the parameters β, J and H only appear as
βJ and βH in the Boltzmann distribution (1) with energy (6), we consider
the quantities βE and βF instead.

the one-dimensional Ising, the correlation function only depends on
the distance between the spins r := |i − j|. In practice, the correlations
are estimated by averaging over all spin pairs a distance r apart.
Since the system is magnetic, with up and down spins, it is also
∂F
interesting to look at the total magnetisation of the system M = − ∂H
.
In the thermodynamic limit N → ∞, the solution can be found as [20]

m=

M
sinh(βH)
=
1/2 .
N
sinh2 (βH) + e−4βJ

(5)

The important emergent behaviour of magnetic systems such as
the Ising model are phase transitions: the system can be in different
phases or states depending on the parameters, in this case, the temperature β, coupling constant J and magnetic field H. A phase transition in such a magnetic system occurs between an “ordered” or ferromagnetic state, where spontaneous magnetisation is possible (M 6= 0
when H = 0) and a “disordered” or paramagnetic state, where no
spontaneous magnetisation occurs (M = 0 whenever H = 0). From
the solution (5), it can be seen that m = 0 whenever H = 0 for any
finite temperature T > 0. Only for T → 0 or β → ∞, is spontaneous
magnetisation possible. As mentioned before, the one-dimensional
Ising model does not exhibit a phase transition for finite temperatures and is not well suited to study the behaviour of systems near
phase transitions.
Further, it is important to note that for finite systems the solution
depends on the chosen boundary conditions. This is very relevant
for computational simulations where the system is finite due to computational constraints. The two most common boundary conditions
are:
• Open boundary conditions: the first s1 and last spin sN are not
connected to each other. The one-dimensional chain is open on

1.3 spin glass model

Figure 1: An example of a one-dimensional Ising chain with N = 5 spins using
open boundary conditions (left) and periodic boundary conditions (right).

both sides and the first and last spin only have one interacting
neighbour each. The energy (4) can be rewritten as

E = −J

N−1
X

si si+1 − H

i=1

N
X

si .

(6)

i=1

• Periodic boundary conditions: the first s1 and last spin sN are connected to each other: sN+1 := s1 . The one-dimensional chain essentially forms a ring where each spin interacts with two neighbouring spins. The energy (4) looks like

E = −J

N
X

si si+1 − H

i=1

N
X

si .

(7)

i=1

Note that the number of terms in the first sums are different, N − 1
and N respectively and that the solution is different in both cases
for finite system sizes. Especially for small system sizes, the finitesize effect can cause a substantial deviation of the analytical solution
for N → ∞ depending on the boundary conditions. The choice of
boundary conditions should not matter in the thermodynamic limit
where the solution for both types converge to (5). A visualisation of
the different boundary conditions can be seen in Figure 1.
1.3

spin glass model

Spin glasses are spin systems characterised by magnetic interactions,
randomness and frustration [35]. Contrary to the Ising model, spin
glasses contain some kind of randomness, either in the occupation of
the sites or the bonds. We consider a one-dimensional lattice with a
classical Hamiltonian
E=−

X
i<j

Jij si sj .

(8)
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Every site is occupied but the bonds are randomly distributed according to a Gaussian distribution [53]

C
Jij ∼ N 0, 2σ
rij

!
with



(x − µ)2
exp −
.
N(µ, σ ) := √
2σ2
2πσ2
2

1

The mean µ is zero and the variance σ2 decays as a power-law of
the distance between the spins rij = |i − j|. The parameter σ controls
the range of the interactions. Interactions can be ferromagnetic (Jij >
0) or antiferromagnetic (Jij < 0), which causes tensions between
alignment and anti-alignment tendencies for the spins. This so-called
frustration creates disordered metastable states below a critical temperature Tc . This is called the spin glass phase: cooperative behaviour
between the spins freeze the system at finite temperatures and cause
frustration in the ground states [35]. For T > Tc , the system exhibits
typical magnetic behaviour such as paramagnetism.
The Hamiltonian in (8) has a rich phase diagram, which is determined by the range of the interactions σ. While for σ > 1 there is no
phase transition, for 21 < σ < 1 the system exhibits a phase transition
at Tc > 0. More specific, 12 < σ < 23 corresponds to mean field theory
and 23 < σ < 1 with an infrared divergence. When σ = 1, the system
has a Kosterlitz-Thouless or Tc = 0 transition [27].
One-dimensional spin glasses with long-range interactions can be
used as a proxy for short-range spin glasses, where the interactions
are only between the nearest neighbours. In particular, varying the
σ in long-range models corresponds to varying the dimension d in
short-range spin glasses [57]. For 21 < σ < 23 , there is an exact relation
between the two [3]

d=

2
.
2σ − 1

(9)

This implies that for d > du = 6 short-range spin glasses are described by mean-field theory. The dimension du is called the upper
critical dimension. In practice, it is difficult to study systems in high
dimensions since the number of spins scales as Nd , with N the linear
system size. For example, a range of N-values is necessary to perform finite-size scaling around the phase transition to determine the
critical temperature Tc . The advantage of the one-dimensional longrange model is that it can be studied for a large range of system sizes
and every value of σ [3].
Consider a short-range model in the mean field regime (d > du )
and spin glass phase (T < Tc ). From Replica Symmetry Breaking (RSB)
theory, the averaged square of the disconnected spin-spin correlations
C(i, j) = si sj is found to decay as a power-law with the distance
[40]

1.4 monte carlo

C4 (i, j) :=

h

si sj

2

i

∝

1
s
rα
ij

with

αs = d − 4

(short-range).

The average h. . .i is taken over different spin configurations and the
average [. . .] over different bond realisations Jij [53]. If αs is an exponent for a d-dimensional short-range model, then the corresponding
exponent in a long-range model is [3]

αl =

αs
= 3 − 4σ
d

(long-range),

(10)

where we have used the relation (9). We can use (10) to study the
correlations in a long-range one-dimensional spin glass.
1.4

monte carlo

Monte Carlo is quite an overloaded term, since basically every method
involving some kind of randomness, is branded as a Monte Carlo
method. Here, the most important one is the Markov Chain Monte
Carlo method, but first the traditional Monte Carlo integration is briefly
discussed.
Monte Carlo integration is a method to estimate integrals: this
works especially well for high-dimensional integrals that are often
encountered in statistical physics [37, 47]. The basic idea is to write
an integral J as an expectation value over a function
Z
J=

Z
f(x)dx =

Ω

Ω

f(x)
p(x)dx :=
p(x)

Z
Ω

h(x)p(x)dx = hh(x)ix∼p , (11)

where the function p has to represent a probability distribution
over the sample space Ω. It follows that the integral or expectation
value of the function h(x) can simply be estimated by the sample
mean
K
X
bJK = 1
h(xk ),
K
k=1

where {xk }k>1 is a sequence of independent random variables distributed according to the distribution p, denoted as xk ∼ p. By the
strong law of large numbers, the sample mean converges to the integral
D for
E K → ∞ with probability one; the estimation is also unbiased:
bJK = J. It is almost always important to have an idea of how good
the estimate is. Since the random variables xk are independent, it is
easily shown that the variance of the estimate scales as

9
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  Var (h(x))
,
Var bJK =
K
which can be estimated by
K
 
2
1 X
d
b
b
Var JK = 2
h(xk ) − JK .
K

(12)

k=1

For independent
random variables, the standard deviation thus
√
scales as 1/ K. In order to reduce the error, it is possible to choose
p(x) so that Var(h(x)) decreases. This variance reducing technique is
called importance sampling: essentially it comes down to choosing the
distribution p as similar as possible to the function f.
Comparing the expression for averages in a canonical ensemble
from (3) with the MC average in (11), it is easily seen that it is possible
to estimate averages using importance sampling with the already
properly normalised Boltzmann distribution from (1). Thus the averages are estimated by sampling K independent configurations xk ∼
exp(−βE(xk )) according to the Boltzmann distribution and calculating
K
1 X
b
OK =
O(xk ).
K

(13)

k=1

So in practice, only two things are needed to obtain good estimates
of macroscopic quantities in complex physical systems: (1) independent configurations to exploit statistical analysis with independent random variables and (2) a lot of configurations to increase the accuracy
of the estimation and to decrease the error.
This is exactly what computational techniques such as Molecular
Dynamics and Markov Chain Monte Carlo were developed for: to
efficiently sample a lot of configurations distributed according to the
Boltzmann distribution. As mentioned before, we only focus on the
latter.
1.5
In the context of
statistical physics,
xk represents a state
of the system, for
example a certain
configuration of
spins in a magnetic
system.

markov chain monte carlo

A Markov chain is a sequence of dependent random variables {xk }k>1
that describes a path in a state space where the probability of a state
xk only depends on the previous state xk−1 . A Markov chain is completely characterised by the transition probability from one state to
another T (x → x 0 ) and the initial probability distribution π(x). It can
be proven that an ergodic Markov chain (irreducible and aperiodic) converges to a stationary or invariant distribution p(x).

1.5 markov chain monte carlo

Markov Chain Monte Carlo (MCMC) essentially engineers the transition probability so that it converges to a pre-defined probability distribution p(x) [37, 47]. One possible and popular solution is to choose
the transition probability so that it satisfies the detailed balance equation
T (x → x 0 )p(x) = T (x 0 → x)p(x 0 ).
Choosing the invariant distribution p(x) as the Boltzmann distribution suffices to sample configurations x from a canonical physical
system. This requires an initialisation of the Markov chain and an
equilibration or burn-in period until the process has approximately
reached its stationary distribution. Only then one can start gathering
samples from the Boltzmann distribution.
One of the most widely used practical implementations of the principle of detailed balance is the Metropolis-Hastings algorithm. It proposes the following steps to simulate a Markov chain with invariant
distribution p(x) [47]:
1. Initialisation: choose an initial state x0 .
2. Trial step: given a current state x, propose a new state x 0 with
trial step probability ωxx 0 .
3. Acceptance step: compare the two states and accept with probability Axx 0 = min (1, p(x 0 )/p(x)).
4. Iteration: go back to step 2.
After an initial number of steps, the configurations generated in the
loop are distributed according to the Boltzmann distribution. These
can then be used to estimate macroscopic quantities using (13).
The major advantage of MCMC is that it is well suited to tackle highdimensional problems as frequently encountered in statistical physics.
Its guaranteed convergence to the required quantities makes MCMC
a robust algorithm that can be utilised for many different systems
[42]. Further, for most systems an MCMC implementation is relatively
easy as demonstrated by the Ising model (see Appendix A.1). Third,
there is no need to estimate the partition function separately as only
ratios of probabilities are considered in the algorithm, which filters
out the normalising constant. This saves a lot of compute time which
otherwise is necessary to calculate or estimate the partition function.
Instead, averages can be estimated directly.
However, MCMC also faces some significant challenges, mostly related to the auto-correlations between subsequent samples of the system, which are introduced when simulating the Markov chain. If a
sample is taken at every step, then subsequent samples are highly
correlated. This is not necessarily a problem for the estimate (13) itself, but it is for the variance of the estimate. Similarly as before, one
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can calculate this variance, but now for correlated random variables
as
  Var (O(x)) K−1
X 2(K − k)
bK =
Var O
Cov (O(xk ), O(x0 )) . (14)
+
K
K2
k=1

Here the correlation
time means the
number of steps to
obtain
approximately
independent
configurations.

When using correlated instead of independent samples, the error
of the estimate increases because of the second term. Moreover, if
the correlations increase, the sum has larger contributions and the
variance increases even more.
Luckily the solution is quite simple: find the correlation time, for example by explicitly calculating it, and only take independent samples
to estimate system averages or use another trick such as the batch
means method. Unfortunately, this means that the simulation has to
run for much longer and is computationally much more expensive.
In some cases, the correlation time can even diverge. A well-known
example is the divergence of the correlation time near the critical
point of the infinite two-dimensional Ising model; this phenomenon
is called critical slowing down. Around the critical point, the correlation time τ is governed by a dynamical exponent z, τ ∼ Lz , with L the
size of the system. Even for finite systems, the standard Metropolis
algorithm suffers from long correlation times because it has quite a
large dynamical exponent. When the system is highly correlated, the
updates of the Metropolis algorithm are often rejected. One option
is to develop alternative MCMC algorithms to decrease z, such as the
cluster-flipping Wolff algorithm for the Ising model [54]. In fact, for
many spin systems and some off-lattice systems there exist cluster algorithms, which circumvent many of the problems encountered with
local updating schemes [18, 31]. Unfortunately, these are not always
able to completely remove the critical slowing down and not for all
systems a cluster version has been found yet. It is also possible to
study the system through finite-size scaling by exploiting the scaling
of finite-size effects with increasing system size. This general technique finds critical exponents that characterise the behaviour of physical quantities, but only works in a narrow region around the critical
point [7, 37].
Second, many MCMC algorithms explore the state space by performing local updates which can cause slow convergence [42]. The Markov
chain can get stuck in a local minimum of the free energy of the
system, preventing it from reaching the true global minimum. For
example, this can happen when initiating a two-dimensional Ising
system at a temperature smaller than the critical temperature T < Tc ,
using a completely random spin configuration (T → ∞). The lattice
can form large regions of up and down spins and it is difficult for
one to dominate over the other: this metastable state is an example of
a local minimum and is generally something that should be avoided

1.5 markov chain monte carlo

[37, 47]. This is especially challenging for complex systems with many
metastable states such as spin glasses [8]. The problem of slow convergence can, for example, be mitigated by designing algorithms that
take into account the global structure of the state space. However,
these new techniques introduce new complications [42]. An oftenused technique for spin glasses is parallel tempering. Multiple copies
of the system are run at different temperatures and replica samples
are used to update the Markov chain [32]. However, proper equilibration of the system is a challenging issue [23].
Finally, observables that directly depend on the partition function,
such as the free energy and entropy from Table 1, are not easily accessible because the MCMC method does not provide the partition
function explicitly [38].
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MACHINE LEARNING

2.1

machine learning

In the real world, many problems and tasks are too difficult to solve
by explicitly programming an algorithm. For example, it is very hard
to engineer algorithms to recognise faces because a face in itself is
very complicated and has a lot of details. Likewise, designing a music
recommending system is difficult. Despite knowing the input, namely
the music you have listened to in the past, and the output, music that
you would like to listen to, it is not immediately clear how to go
from the input to the output. These type of problems are present in
all aspects and corners of society [2]. In fact, high-dimensional and
non-trivial problems are frequently encountered in physics.
In the past decades, Machine Learning (ML) has been the most popular method to tackle these problems. Essentially, Machine Learning is
learning computers to perform complex tasks or solve complex problems without explicitly programming an algorithm, but instead by
learning from data or past experiences [2]. More specific, an ML approach starts by choosing a mathematical model to solve the problem;
this model is then optimised by a learning algorithm that minimises
a cost or loss function.
As an example, consider a classification model that should differentiate cat pictures from dog pictures. To train this model, it is necessary
to gather pictures of cats and dogs: these form input vectors for the
model {xi }i>1 . The corresponding true output labels {yi }i>1 tell us if
each picture xi is either a cat (yi = 0) or a dog (yi = 1). The mathematical model g(x; θ) that classifies the pictures usually depends on
some parameters θ. The model then guesses the label of a picture xi :
bi := g(xi ; θ).
this is the hypothesis y
Finding the best model consists of finding the best parameters θ
that minimise a well-chosen loss function L(θ), which often compares
bi with the true labels yi and is of the form
the predicted labels y
L(b
yi , yi ). For a binary classification problem this is typically the crossentropy loss. Usually the loss function is an expectation value over the
underlying distribution of the the problem p(x, y):

L(θ) = hL(g(x; θ), yix∼p .

(15)

The main goal of ML models is generalisation: the fact that the model
generalises to and performs well on unseen data; or in other words,
that it can classify pictures of cats and dogs that it has not seen yet. To
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Figure 2: Empirical Risk Minimization as a Machine Learning framework, based
on [19]. Some finite data set {xi , yi }i>1 is taken from the real world
and is used to train a model g(x; θ). This model is then optimised by
bi
minimising a well-chosen loss function L(θ) between the hypothesis y
and the truth yi .

obtain the best generalisation of the model, the loss in (15) should be
used: this quantity is called the risk. Unfortunately, since the distribution p(x, y) of the problem is generally unknown, the risk cannot be
used directly. The best next thing is to use the underlying distribution
e(xi , yi ):
of the finite training set of samples p
L(θ) = hL (g(xi ; θ), yi )ixi ∼ep .

(16)

The loss function is then minimised as an expectation value over
the distribution of the training set: (16) is the empirical risk. The abovedescribed framework is known as Empirical Risk Minimization (ERM)
and is often used in traditional ML [19]. In Figure 2 the general flow
of the framework is shown.
If the expectation across models of the generalisation error is far
from the ground truth, the model is said to have a high model bias. This
suggests that you either have bad data, which means that the data
does not contain the necessary information to solve the problem, or
that the model is not sufficiently complex to describe the information
in the data. In the latter case, we say that the model is underfitting
to the data. If the generalisation error of a model is very sensitive
to the variability in the data set, the model is said to have a high
model variance. This suggests that the model is zooming in on the
details unique to that specific data set: the model is overfitting to the
data. This can be prevented by training the model on more data or
performing regularisation, which are specialised ML methods designed
to reduce overfitting. In ML it is typically difficult to train a model
which performs well on unseen data (low bias) and is not sensitive to
the training data (low variance). The best model is often a trade-off
between a low bias–high variance or high bias–low variance model:
this is called the bias-variance trade-off. In practice, it is very common

2.1 machine learning

to start from a complex model with many parameters and properly
regularise it to reduce overfitting and improve generalisation [19].
Machine Learning can be used to sample configurations from the
Boltzmann distribution of physical systems. This can be done by
learning the Boltzmann distribution itself. If the total probability distribution p(x) is known, it is straightforward to sample configurations
x from this distribution by sequentially generating samples x with
probability p(x). The ML problem then becomes a density estimation
problem: given a data set of configurations of the system x, estimate
the density of the samples p(x). If the data set is a good representation of all possible configurations of the system, the learnt estimated
distribution is a good approximation of the distribution of the system. Note that it is already hinted that ML is heavily data-driven: that
means that the quality of the data set is very important to obtain good
final results.
There are many different types of ML models, but here only the
relevant ones are discussed:
• Supervised model: the data is observed and labelled by corresponding targets. In this case, it is possible to model a direct
relationship between input x and output y. For example, an image classification problem where both the images and the class
– cat or dog – are given, is supervised.
• Unsupervised model: the data is observed but unlabelled, so it is
only possible to model the underlying structure of the data.
The definition of unsupervised ML leans very closely to density estimation: when there is no desirable output available, the only thing
left is to learn something about the underlying structure or density of the data. For density estimation, the exact labels p(x) are not
known, since this is exactly what you are trying to learn. Learning the
Boltzmann distribution is thus generally unsupervised and requires
techniques developed in unsupervised ML.
As an example, consider a data set {xi }i>1 of spin configurations
belonging to a one-dimensional Ising system with N spins, where
each data point xi = (si1 , . . . , siN ) represents a spin configuration.
The underlying distribution of the data set must be the Boltzmann
distribution: configurations with high Boltzmann probability should
appear more often than configurations with low probability. In fact,
each sample x should occur with a probability very close to the real
Boltzmann probability p(x). The idea is to train a model g(xi ; θ) by
minimising a loss function, so that the output of the model is a good
estimate for the Boltzmann probability: g(xi ; θ) ≈ p(xi ).
Not only the distinction between supervised and unsupervised is
important here, but also between discriminative and generative models:
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• Discriminative model: it is possible to learn the posterior distribution p(y | x) directly, either implicitly or explicitly. For example, a discriminative classification model directly models the
probability of the class (cat or dog) given an input image, e.g.
p(dog | image of a cat).
• Generative model: model the joint probability of the input and labels p(x, y) and use probability theory to obtain the probability
of labels given the data. For example, a generative classification
model models the joint probability of the class (cat or dog) and
the input image, e.g. p(dog, image of a dog). One can then use
Bayes theorem to get the posterior probability as in the discriminative case:

p(y | x) =

p(x, y)
.
p(x)

The most important advantage of generative models is that they
allow us to generate new data (x, y); in this case, it is possible
to create new images of cats and dogs.
Since the goal is to generate new samples from the Boltzmann distribution, generative models are the better choice since they allow us
to effectively generate new samples x with probability p(x).
In summary, we use unsupervised generative modelling to estimate
the density of the Boltzmann distribution using ML techniques. The
learnt distribution can then be used to sample configurations from the
physical system, as an alternative to previously mentioned methods
such as Markov Chain Monte Carlo. The next step is to choose an
appropriate ML model.
2.2

generative models

There are many options in generative modelling to learn the distribution of physical systems p(x), each with its own strengths and
weaknesses. Examples are Boltzmann Machines [10, 13, 34, 48], Normalising Flows [1] and Generative Adversarial Networks [30]; [51] gives a
brief overview. A summary of commonly used generative models can
be found in Table 2. Here we focus on Autoregressive Models [21, 55]
because of their simplicity and the ability to provide a tractable likelihood q(x; θ), which allows direct sampling of new configurations.
Autoregressive models also work for both discrete [45] and continuous [52] sample spaces.
Consider a system which consists of N variables xi so that a single
configuration of the system can be expressed as x = (x1 , . . . , xN ). Us-
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generative model

tractable

discrete

likelihood

sample space

Boltzmann Machines

7

3

Autoregressive Models

3

3

Normalising Flow

3

7

Variational Auto-encoders

7

3

Tensor Networks

3

3

7

3

Generative
works

Adversarial

Net-

Table 2: A summary of some frequently used probabilistic generative models in
physics, based on [19, 51]. The table also shows if the model has explicit
access to a tractable likelihood of the generated samples, and if the model
can be used for discrete sample spaces such as the Ising model.

ing the definition of conditional probabilities, the probability of a configuration of the system can be written as

p(x) =

Y

p(xi | x<i ) =

i

Y

p(xi | xi−1 , . . . , x1 ).

(17)

i

This is called the autoregressive property. Instead of one model learning the entire joint distribution p(x), each conditional p(xi | x<i ) is
separately parameterised by an ML model. For physical systems in
general, such a representation grows exponentially with system size.
For example, if each variable xi is binary and can take on two values,
a full description of the joint distribution typically requires around
2N parameters [19]. However, systems in the real world often display
some kind of structure on the variables xi , which makes it possible
to parameterise the joint distribution with less than an exponentially
growing number of parameters [21].
In combination with ML principles such as sharing and reusing
the same parameters across the model, it is possible to learn each
of the conditionals without requiring an exponentially growing number of parameters. Although the number of parameters is limited, a
description of each conditional separately is still able to capture highorder dependencies between the random variables xi . Once each conditional probability is learnt, they can be chained together to generate
new samples of the system x [49].
2.3

deep learning

Traditional Machine Learning is focused on feature engineering: using
algorithmic approaches to cleverly extract the information from the
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Figure 3: A graphical representation of a perceptron: a weighted sum Σ of an input
vector x is passed through a non-linear activation function σ.

The term perceptron
is quite overloaded;
we consider the more
general definition
where the activation
function can be
pretty much any
non-linear function.

data which is needed to solve the problem. While this approach has
been adequate to solve some difficult tasks, such as image recognition,
at some point the human cleverness reaches its limit: there are many
tasks in which the raw data is not easily transformed into useful information which a model can use to solve the problem. These type
of problems is exactly where the field of Deep Learning (DL) performs
well.
Deep Learning is based on a specific type of ML model that recently has been very successful in solving highly complex problems,
namely a Neural Network (NN). Instead of putting the complexity of
the problem in the data and features, it moves the complexity to the
model. That means that the model itself learns to extract the relevant information from the data and no feature engineering is required.
This behaviour is called feature learning since NNs can learn to extract
the necessary features from the raw data [26].
The building blocks of NNs are perceptrons: a weighted sum that
is sent through a non-linearity. To clarify, consider an input vector
x = (x1 , . . . , xN ); a perceptron model calculates a weighted sum Σ of
the input vectors

Σ(x) =

N
X

wi xi + b,

i=1

with the weights wi and bias b as parameters of the model. The
output of this weighted sum is sent through a non-linear activation
function σ, which is often a hyperbolic tangent or sigmoid. The total
output of the perceptron is

g(x; w, b) = σ (Σ(x)) = σ

N
X
i=1

!
wi xi + b .

(18)
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INPUT LAYER

HIDDEN LAYER

OUTPUT LAYER

c

Figure 4: A graphical representation of a Feedforward Neural Network with an
input layer, one hidden layer containing two hidden nodes and an output
layer. The parameters of the network are the weight matrix Wij , weight
vector z and corresponding biases b and c.

Figure 3 depicts a graphical representation of a perceptron. An
NN is built by combining multiple perceptrons. For example, if you
take multiple weighted sums of the input vector x and pass each one
through an activation function, then the outputs can be used as the input of a third perceptron. This construction is an NN with one hidden
layer containing three hidden nodes and can be seen in Figure 4.
If one keeps adding nodes to the hidden layer, it is possible to approximate any function or boundary: this is known as the universal approximation. However, the computational expense for training builds
up quite rapidly with only one hidden layer containing many nodes.
In practice, it is possible to get very good results by introducing more
hidden layers, each with a limited number of hidden nodes, while
still being computationally feasible. By introducing more layers, the
network can reach higher complexity with fewer nodes in total [19].
The previous examples of Neural Networks do not contain any
loops: the information flows in only one direction, starting from the
input through the hidden layers to the output, without cycling back
to previously visited nodes. This network type is called a Feedforward
Neural Network (FFNN). There also exist network architectures that do
allow cycles and loops in the information flow; these are introduced
further down. An example of an FFNN with two hidden layers, containing two and three hidden nodes respectively, can be seen in Figure 5.
The activation function must be non-linear, otherwise, the model is
just chaining multiple linear operations together, which is also linear.
The power of NNs lies in the high complexity of the models that can
only be introduced by non-linear functions.
Neural Networks as a composition of weighted sums and nonlinearities may seem arbitrary at first, but apparently, it introduces
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INPUT LAYER

HIDDEN LAYER

HIDDEN LAYER

OUTPUT LAYER

Figure 5: A graphical representation of a Feedforward Neural Network with an
input layer, two hidden layers containing two and three hidden nodes
respectively, and an output layer.

the right kind of complexity needed to solve really difficult problems.
This is one of the major advantages of DL [26].
Another advantage of DL is the general mechanism that can be
used to optimise most NNs, namely gradient descent. Remember that
ML solves a problem by finding the model parameters θ that minimise
a loss. The best model is the one with the smallest loss, which ideally
corresponds to a global minimum of the loss function L(θ). For a convex loss function, any local minimum corresponds to a global minimum, and the optimisation is relatively easy. A typical example of a
convex loss is the Mean Squared Error (MSE)
1X
bi ) ,
(yi − y
n
n

MSE(θ) =

i=1

For example, think
back to the output of
a perceptron (18).

which is a sum over the squared differences between the true labels
bi of the data points xi . Unfortunately,
yi and the predicted labels y
some loss functions can be non-convex: the loss landscape can have
multiple local minima, saddle points or flat regions. In this case, it
is much more difficult to find a global minimum of the loss and in
practice, one often settles for a decent local minimum. In particular,
loss functions for deep NNs are often non-convex and thus harder to
optimise [19].
Gradient descent is a local minimisation procedure, where the parameters are optimised by taking small steps in the direction of a smaller loss value. This is done by updating the parameters in the negative
direction of the gradient of the loss. To clarify, consider the weights
Wij as parameters of an NN. In many cases the error E is a function of
the output of the network g(x; Wij ), which in turn is a function of the
weights of the model: E(g(x; Wij )). Since we know that the output of
the network is just a composition of weighted sums and non-linear
activation functions, the derivatives of the error to the parameters are
differentiable:

2.4 structured data

∂E
∂E ∂g
=
,
∂Wij
∂g ∂Wij
where the second derivative can be calculated using the chain rule
on weighted sums and activations. Of course, this only works if the
activation functions are differentiable. The first derivative often contains a sum over all data points: this is the traditional gradient descent. Recently, it has been shown that it is often better to introduce
stochasticity into the update rule by only calculating the gradient
using a random fraction of the total data set: this is called mini-batch
stochastic gradient descent, or often just Stochastic Gradient Descent (SGD).
The stochasticity helps the algorithm to avoid getting stuck in local
minima [26].
Once the gradient ∇W E is calculated, the weights are updated using a simple rule

Wij → Wij − η

∂E
,
∂Wij

(19)

where the learning rate η decides how large the steps are. Not only
is gradient descent a general mechanism that can be applied to many
different loss functions, but there also exists a very efficient method
to calculate the gradients: back-propagation. Back-propagation libraries can be combined with ever-increasing compute power (GPUs) to
efficiently train deep NNs with many layers containing many nodes,
which was before impossible due to the sheer scope of the calculations [19, 26].
2.4

structured data

For an FFNN, where all nodes between two layers are connected, the
number of weights – and thus parameters of the model – quickly
increases. For example, for a network with only one hidden layer
containing h nodes, input vector x = (x1 , . . . , xN ) and output vector
y = (y1 , . . . , yM ), the number of parameters is

Pθ = ((N × h) + h) + ((h × M) + M).
Optimising many parameters is often difficult because the model
tends to overfit to the data and the training can become computationally expensive. However, in the real world data tends to contain
some kind of structure and this structure can be exploited to limit the
number of parameters and reduce the chances of overfitting. For example, images are structured two-dimensional arrays of pixels where
neighbouring pixels are highly correlated. Similar, a signal or a time
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sequence is a one-dimensional array of inputs where inputs close to
each other are highly correlated [26].
Deep Learning models limit the number of parameters by sharing
or applying the same parameters over different parts of the network.
This is actually an important concept in DL which makes training networks for complex problems feasible. There are two major NN types
that use this principle:
• Convolutional Neural Network (CNN): real-world data is often composed of a hierarchy; multiple lower level features form higherlevel features. For example in images, edges and shapes combine to form a finger, multiple fingers form a hand and a hand
is a part of the body. Convolutional Neural Networks exploit
this grid-based structure by combining convolutional layers and
pooling layers. Convolutional filters can detect local motifs in
the image. Since these motifs can typically appear anywhere
in the image, it is possible to use a convolutional filter with
the same weights applied to different parts of the image. This
weight sharing drastically reduces the number of parameters of
a network. Pooling layers coarse-grain the information of motifs into a more dense representation, which is independent of
small shifts. For example, two hands can differ slightly due to
different rotations or finger placement. The pooling layer tries
to transform all hands into the same compact representation.
The convolutional and pooling layers are stacked and typically
followed by fully connected layers. Training a CNN can be done
through the same back-propagation technique [26].
• Recurrent Neural Network (RNN): this is a network that is based
on FFNNs but includes weight sharing and feedback loops. Recurrent Neural Networks are designed to handle sequential data,
such as time sequences. The network has a memory unit bookkeeping important information and uses it as input for the next
layers. They can model dynamic behaviour in the data and
make predictions on what might happen next. An example of
an architecture can be seen in Figure 6. Recurrent Neural Networks are trained using back-propagation through time, a similar
algorithm as the standard back-propagation. Table 3 gives an
overview of some important advantages and disadvantages of
RNNs as DL models [19].

2.5

machine learning in physics

Machine Learning and statistical physics are both trying to solve complex problems. This often concerns high-dimensional data, for which
the sheer dimensionality and size make the problem very challen-

2.5 machine learning in physics

advantages

disadvantages

Possible to process any input
length

Training is sequential and can
be slow

Parameters can be shared over
the input

Difficult to remember long-term
dependencies

Able to take into account past in- Not able to take into account fuformation (memory)
ture information
Table 3: An overview of some important advantages and disadvantages of RNNs as
DL models, based on [14, 19]

ging [9, 11]. This is known as the curse of dimensionality [19]. In particular, the state space of physical systems often scales exponentially
with system size [11]. Machine Learning has developed techniques to
characterise and handle high-dimensional data but is typically more
focused on performance rather than interpretation. In physics, they
are generally more interested in interpreting the underlying mechanisms that drive processes. In this way, the ML and physics community
might help each other which could result in improvements for both
fields [9].
For example, CNNs are well suited to extract high-level features
from low-level data. This is very similar to detecting and extracting topological phases and phase transitions from configurations of
physical systems [5, 11, 52]. Second, ML models have been used for
building representations of challenging quantum many-body ground
states, both using CNNs [28] and RNNs [13, 21, 28]. Third, similar to
standard MC simulations, NNs can be used to simulate configurations
of physical systems. Both CNNs [30, 45, 55, 56] and RNNs [21, 43, 46]
have been successfully utilised as architectures to sample configurations and estimate physical quantities. In this study, autoregressive
models are combined with RNNs as generative models to learn the
Boltzmann distribution of physical systems and generate new configurations. These configurations can then be used to reliably estimate
physical quantities.

25

Part II
RESEARCH

3

L E A R N I N G W I T H D ATA

3.1

one-dimensional ising

The goal is to learn the Boltzmann distribution from (1) using generative ML models to efficiently sample new configurations and study
the behaviour and emergent features of physical systems.
Let us start by choosing a relatively simple physical system, namely
the one-dimensional Ising system described in chapter 1. Consider
a chain of N spins with open boundary conditions. As mentioned
before, ML is primarily data-driven. To learn the Boltzmann distribution, it is necessary to start from existing configurations of the system.
The most straightforward method is to generate these configurations
using the MCMC technique, discussed in section 1.5. The idea is to
generate a data set consisting of n samples, each a spin configuration
s = (s1 , . . . , sN ), and to estimate the underlying density – which is
the Boltzmann distribution – of the data set.
For the one-dimensional Ising model, we consider the physical
properties from Table 1. Since MCMC does not provide the partition
function explicitly, the free energy and the entropy can not be estimated directly. The other quantities can simply be estimated by ensemble averages as in (3); for these, you do not need the partition
function. The details about the MCMC algorithm and data generation,
in general, can be found in Appendix A.1.
3.2

recurrent neural network

Instead of learning the entire Boltzmann distribution at once, the
autoregressive property (17) is used to learn each conditional probability separately:

p(s) =

N
Y
i=1

p(si | s<i ) =

N
Y

p(si | si−1 , . . . , s1 ).

i=1

Since the one-dimensional Ising system is structured as a chain, the
configurations can be interpreted as a sequence input for an RNN. The
outputs of the RNN are the predictions for the conditional probabilitb(si | s<i ), with θ the parameters of the model.
ies: qθ (si | s<i ) := p
An RNN can learn the conditionals p(si | s<i ) sequentially using the
spins si as input and keeping track of the history through a hidden
vector h. In particular, the network can be designed to predict the
next spin si , based on the information of all previous spins in the
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RNN

RNN

RNN

Figure 6: A graphical representation of the RNN architecture, based on [21]. The
network is initialised by the artificial spin s0 and hidden vector h0 . They
are sent through an RNN cell (green box), fully connected layer Σ and
softmax activation σ to provide the output probabilities yi .


chain hi := h {sj }j<i . This prediction can easily be encoded into a
conditional probability distribution yi := qθ (si | s<i ). Once the spins
si = −1 are one-hot encoded into si = (1, 0) and s = +1 into si =
(0, 1), each conditional can be calculated as a dot-product between
the inputs and the outputs of the network

qθ (si | si−1 , . . . , si ) = si · yi = si ·

qθ (si = (1, 0) | s<i ))
qθ (si = (0, 1) | s<i ))

!
.

The conditionals are chained together using the autoregressive property to obtain the probability of the full configuration

q(s; θ) =

N
Y
i=1

qθ (si | si−1 , . . . , s1 ) =

N
Y

si · yi .

(20)

i=1

Figure 6 shows a graphical representation of the network architecture; further details about the network can be found in Appendix B.1.
Ultimately, the goal is to use the trained network as a generative
model to sample new configurations from the Boltzmann distribution.
Sampling is done in a similar sequential fashion as training: once the
network is initialised by s0 and h0 , the conditional probability distribution y1 = qθ (s1 ) is used to generate a spin s1 . This spin is then
used as input for the next RNN cell, which outputs y2 = qθ (s2 | s1 ),
and is used to sample the second spin in the chain s2 . This procedure
is repeated until all spins are sampled and are combined to form one
generated configuration s = (s1 , . . . , sN ). The sampling procedure is
visualised in Figure 7.

3.2 recurrent neural network

RNN

RNN

RNN

Figure 7: A graphical representation of the RNN sampling procedure, based on [21].
The output probabilities are used to sequentially generate samples si and
as input for the next RNN cells.

For large networks, the chain rule sums multiplications containing many factors, which can be smaller or larger than one. This can
lead to instabilities during the training process, known as vanishing
or exploding gradients, which are prevalent in RNNs because the cell
operation is repeated multiple times [19]. For physical systems, longrange correlations between the spins can also introduce vanishing or
out-of-control gradients. Therefore, the simple RNN cell is replaced by
a more complex version, which tries to avoid these complications: a
Gated Recurrent Unit (GRU) cell [15, 21]. A simple but effective method
to avoid exploding gradients is gradient clipping: if the gradients of
the parameters during training are too large, they are cut at a clipping value. This prevents the network from making very large update
steps, which results in unstable learning [19].
The complexity of the network can be easily increased by stacking
multiple RNN layers on top of each other. The output of the first RNN
cell is then used as input for the next layer. Increasing the hidden
dimension – this is the size of the hidden vector – also increases the
expressiveness of the model.
A major advantage of training this autoregressive RNN is that the
network is not only able to generate new configurations, it also gives
the corresponding normalised probability of those configurations. This
follows from the fact that the output probabilities yi are normalised
by the softmax function. As a product of normalised conditional probabilities, the total probability from (20) is also normalised. This is
definitely not the case for all generative models: very often it is only
possible to generate samples without corresponding probabilities and
most often the probabilities are not properly normalised (see Table 2)
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[51]. The fact that the samples are generated with normalised probabilities, is beneficial from a physics perspective. More specific, the
probabilities can be used to compute the relevant physical quantities
[38].
Note that the input sequence of the network is initialised by an artificial spin s0 and has a final input sN−1 . The input chain is open
on both sides and resembles an Ising chain with open boundary conditions. Since there is no straightforward method to close the input
sequence of an RNN, it is non-trivial to incorporate periodic boundary
conditions for the system. Therefore the system under consideration
is an Ising chain with open boundaries.
Finally, it is important to understand on a theoretical basis why
this architecture might work well for the one-dimensional Ising. The
physical properties of the system are entirely based on the classical
Hamiltonian (6), where the coupling J is constant throughout the system. Therefore, the physics of the one-dimensional Ising are local.
For example, there is no real difference between the −Jsi si+1 and
−Jsi+1 si+2 term and ultimately, each term in the Hamiltonian produces the same physical behaviour (not including boundary effects).
Because of the local physics, the network has to learn the same information on each lattice site.
Compare this with the chosen architecture of the network: there is
only a single RNN cell and fully connected layer (see Figure 6), which
are repeatedly applied to each lattice site. While this gives a strong
regularising effect by sharing parameters, generally there is no reason
to not use a different RNN cell for each lattice site. However, since
each RNN cell has to learn the same local physics, we have chosen
the cells to be identical and share the same parameters. In terms of
the transfer matrix method, there is only one transfer matrix that
propagates through the system which the network needs to learn.
On top of that, RNN architectures are well suited to study onedimensional lattice systems with open boundary conditions. While
each lattice site is described by a single RNN cell and fully connected layer, the interactions between sites can be associated with the
passing of a hidden vector. For higher-dimensional lattice systems,
the RNN can still be used but the transformation of the lattice sites
into a one-dimensional sequence is not trivial. For example, a twodimensional Ising system can be snaked into an input sequence for
an RNN [21].In that case, the interactions between sites are not always
associated with the direct passing of a hidden vector, which causes
local correlations in the two-dimensional lattice to be mapped onto
non-local correlations in the one-dimensional input sequence [21].
In summary, while this particular network architecture might work
well for the one-dimensional Ising, it is probably not suited to study
most other physical systems. The performance of the network can be

3.3 training the network

increased by implementing the physics of the system into the architecture [22]. We come back to this in chapter 5.
3.3

training the network

Consider a data set of spin configurations D = {si }i>1 , generated by
the MCMC algorithm. Once the RNN architecture is built, the model
can be optimised by choosing a loss function. A popular metric for
distribution estimation is the Kullback-Leibler (KL) divergence DKL , which
measures the similarity between two distributions [51, 55]. Here, it
represents the similarity between the Boltzmann distribution of the
system p(s) and the distribution of the network q(s; θ) from (20):

DKL (p k q) =

X


p(s) ln

s

p(s)
q(s; θ)




=


ln

p(s)
q(s; θ)


. (21)
s∼p

It holds that DKL > 0 due to the Jensen inequality, where the equality only holds if the two distributions are the same. To optimise the
ML model, we want to find the best parameters θ that minimise the KLdivergence. It can be shown that this is equivalent to maximising the
likelihood `(θ) of the data [51]. This optimisation technique is called
Maximum Likelihood Estimation (MLE), since it maximises the likelihood
of occurrence of the samples in the data set:
`(θ) = p(D; θ) =

Y

p(s; θ).

s∈D

Note that the factorisation is only possible when the data samples
are independent, which means that MLE, in this expression, uses the
i.i.d. assumption: the configurations are independently and identically
distributed from the Boltzmann distribution. In practice, it is more
common to minimise the Negative Log-Likelihood (NLL)
L(θ) = − ln (`(θ)) = −

X

ln (p(s; θ)) .

(22)

s∈D

Since the RNN model immediately outputs the probabilities of the
samples via (20), the loss function is just (22) but using the outputs
of the network q(s; θ). For Stochastic Gradient Descent, the loss is
typically not calculated for the whole data set, but only for a minibatch of samples. The training loss from (22) becomes
nb
1 X
L(θ) = −
ln (q(si ; θ)) ,
nb

(23)

i=1

where the NLL is divided by the batch size nb . Since the parameters
of the network are updated using nb training examples, the batch size
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Figure 8: A flowchart of the training process: a batch of spin configurations xi is
forwarded through the network, which provides the predicted probabilities
bi and are used to calculate the NLL loss L(θ). Finally, a back-propagation
y
through the network provides the gradients of the loss and are used by
the Adam optimiser to update the parameters θ → θ 0 . This procedure is
repeated until the training has iterated a fixed number of times through
the data. We choose the best model based on the parameters that lead to
the minimal validation loss.

impacts the memory requirements during training. Although SGD is
a powerful technique, recently it is often replaced by more sophisticated alternatives. We use the Adam optimiser, which combines an
adaptive learning rate with momentum techniques. It is a more complex version of the normal SGD optimisation, designed to improve
efficiency and convergence of the training process [25].
The network can be trained by minimising the NLL loss function
(22) and using the Adam optimiser for updating the parameters. Iterating multiple times over the data – one training iteration over the full
data set is called an epoch – the network tries to find an optimal set of
parameters θ so that the output q(s; θ) approximates the Boltzmann
distribution p(s). The training flow is visualised in Figure 8 and the
hyperparameters of the network can be found in Table 4. Note that
not all parameters are optimised, but some are fixed, based on previous research [21, 55].
Let us consider the effect of the different parameters on the training of the network. First, networks with different model complexity
are trained, which is governed by the number of stacked RNN layers
and the hidden dimension. A model with a larger number of parameters can typically describe more complex data but is also more
sensitive to overfitting. Figure 9 illustrates the impact of the number
of parameters on the training of the network for two different system
sizes.
For a small system size (N = 10), the network starts to overfit to the
data, decreasing the training loss and increasing the validation loss,
past a certain number of epochs. For a larger system size (N = 50),
the network displays much less overfitting; only for a very powerful
network with many parameters overfitting occurs. The model is regularised because the parameters of the RNN cell and the fully connected

3.3 training the network

hyperparameters

ranges

Loss function

NLL

Optimiser

Adam

Number of epochs

100

Batch size nb

10 − 1000

Learning rate η

0.001 − 0.1

Hidden dimension hd

1 − 75

Number of layers nl

1−3

Gradient clipping value cg

2

Table 4: The hyperparameters θ of the network that are optimised to find the best
solution q(s; θ). The fixed choices and typical tuning range for the hyperparameters during training are also shown.

layer are shared over the inputs. This reduces overfitting to the data.
However, longer spin chains are less affected by overfitting which
means that increasing the system size must introduce some other
regularisation effect. This is probably caused by the locality of the
one-dimensional Ising system. As mentioned before, the network has
to learn the same behaviour at each lattice site. Because longer spin
chains have more examples of two neighbouring spins −Jsi si+1 , the
model is less likely to overfit. In this interpretation, more examples
of local physics can be seen as having more data available. If an ML
model is trained on more data, it is less likely to overfit [19]. Because
we consider typical system sizes of N & 100 and networks with a
limited number of parameters (P . 1000), overfitting is not a main
concern. Therefore, we do not apply regularisation methods such as
dropout [19].
For the same data sets, networks with varying batch sizes are trained.
The result of the training loss (23) can be found in Figure 10. A small
batch size requires less memory and introduces more stochasticity
in the loss function while also performing many update steps per
epoch. A batch size that is too small often results in poor estimates of
the gradients of the loss, which can lead to unstable learning and requires a small learning rate. Training with a very large batch size also
seems unstable in comparison to smaller batch sizes. This is caused
by the averaging of the loss over one epoch. For nb = 1000, there are
only two batches in one epoch while for nb = 500, there are already
five batches in one epoch. For smaller systems, N = 10, the network
can overfit depending on the batch size. For a larger system, N = 50,
overfitting is much less present and all training curves coincide.
Figure 11 displays the training loss for varying learning rate η.
There are no noticeable differences between the training curves for
different system sizes. For many DL problems, the learning rate is an
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Figure 9: The training and validation loss curves during training of networks with
an increasing number of parameters Pθ . The networks are trained on a
data set with n = 5000 samples: 2500 train, 1500 validate and 1000
test samples. The data sets consist of Boltzmann configurations of the
one-dimensional Ising with N = 10 (top) or N = 50 (bottom) spins.
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Figure 10: The training loss curves during training of networks with varying batch
sizes nb . The networks are trained on a data set with n = 5000 samples:
2500 train, 1500 validate and 1000 test samples. The data sets consist
of Boltzmann configurations of the one-dimensional Ising with N = 10
(left) or N = 50 (right) spins.
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Figure 11: The training loss curves during training of networks with varying learning rates η. The networks are trained on a data set with n = 5000
samples: 2500 train, 1500 validate and 1000 test samples. The data sets
consist of Boltzmann configurations of the one-dimensional Ising with
N = 10 (left) or N = 50 (right) spins.

important hyperparameter because of its intricate relationship with
the other hyperparameters [26]. However, in this case all networks
(except for η = 10−4 ) reach approximately the same minimum loss:
4.73 − 4.79 for N = 10 and 22.8 − 22.9 for N = 50. More training does
not reduce the training loss substantially. The only major difference
is the speed of reaching this minimum value: training with a smaller learning rate is slower because the update steps are smaller. For
η = 10−4 training is very slow and the network has to be trained for
much longer to reach the same minimum. This suggests that gradient descent finds approximately the same solution for all values of
the learning rate in which case the learning rate only determines the
rate of reaching the minimum. Accordingly, the learning rate is not a
critical hyperparameter upon training the one-dimensional Ising.
In practice, there are many optimisation methods to find the hyperparameters that lead to a minimal loss. We perform a brute force
grid search because the number of trainable hyperparameters is very
limited. Different values for the hyperparameters are defined on a
grid and the network is trained for each combination. The network
that has the lowest validation loss during training, is chosen as the
optimal model for the Boltzmann distribution. If one of the best hyperparameters is at the edge of its range, the grid search is repeated
with a more expanded range.
3.4

generating samples

Once the network is trained, it can be used to generate new independent configurations s with corresponding normalised probabilities q(s; θ) of the one-dimensional Ising model.
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Figure 12: Scaling of the time complexity, which is the average computational time
per sampled configuration s, with system size N. The MCMC method
(left) is an average over n = 104 generated samples on an Intel(R)
Xeon(R) CPU @ 2.00GHz. The RNN sampling (right) is an average of
ten batches of n = 104 configurations generated at once on a Tesla P4
GPU.

Often we are interested in the physics for large system sizes; in
particular the thermodynamic limit N → ∞. The MCMC algorithm,
described in Appendix A.1, scales linearly with system size O(N),
since each generated sample per Monte Carlo step per spin (MCS)
requires an iteration over the different lattice sites. In the same way,
the sampling procedure of the RNN requires an iteration over the sites
(see Figure 7) and also scales as O(N).
However, there is an important difference between the two sampling
processes. Markov chains are inherently sequential since the configuration xi is needed to generate the configuration xi+1 . Therefore
it is difficult to speed up the sampling process. Subsequent samples
can also be highly correlated, meaning that not all generated samples
are equally qualitative. Hence, there are many more iteration steps
needed to collect the same number of qualitative samples than for
sampling without correlations. The RNN sampling is also sequential
but can be easily parallelised by generating batches of independent
configurations. In particular, a GPU can speed up the simulations. For
the implementations considered here, the RNN generates configurations much more efficiently than MCMC algorithms.
In Figure 12, the sampling time complexity of the MCMC and RNN is
compared to each other for scaling system size. For MCMC we define
this as the average CPU time per generated sample, where a configuration is sampled for each MCS. For the RNN we define this as the
average GPU time per generated sample when sending a batch of configurations through the network. When the system size is increased
by an order of magnitude, the sampling time is also approximately
increased by an order of magnitude. The leading order of the scaling
is linear and corresponds with the theoretical O(N). Unfortunately, it
is difficult to quantitatively compare sampling since the two methods

3.5 physical results

are not using the same hardware. By optimising the RNN sampling
process and using multiple GPUs, it is possible to sample configurations even more efficiently. The MCMC sampling can also be accelerated but typically requires more insight and effort [42].
Contrary to MCMC where the simulations directly generate samples,
the RNN has to be properly trained first. Neural Networks are trained
as an optimisation procedure which is typically computationally quite
expensive. Therefore the majority of the effort goes into training the
network; once it is properly trained, sampling is relatively easy and
efficient.
3.5

physical results

With the configurations, generated by the network, the physical quantities from Table 1 can be estimated. Since the RNN samples have normalised probabilities, it is possible to compute the free energy and
the entropy of the system.
A naive approach is to take the samples and immediately estimate
the observables using (13) and their error using (12). However, there is
an important distinction to be made here. The samples are not drawn
from the Boltzmann distribution p(s), but from a distribution which
is hopefully very similar q(s; θ). Directly using the generated samples
results in estimating hO(s)is∼q instead of hO(s)is∼p . Generally, the NN
cannot exactly match the Boltzmann distribution and this discrepancy
introduces a bias into the estimates. For the same reason, there is no
clear method to obtain reliable error estimates for the estimates of the
physical quantities [38].
Luckily, [38] introduces two techniques to obtain asymptotically
unbiased estimates by utilising either importance sampling or MCMC
sampling. Here, the asymptotically unbiased estimations and their
errors are implemented using Neural Importance Sampling (NIS), which
estimates the physical observable hOis∼p as

bn =
O

n
X

wi O(si )

with

si ∼ q(s; θ),

(24)

i=1

where wi are the normalised importance weights, obtained by nore i:
malising the importance weights w
ei
w
wi = Pn

ei
i=1 w

with

ei =
w

exp (−βE(si ))
.
q(si ; θ)

(25)

Neural Importance Sampling also provides reliable estimates for
the estimates of physical observables; the full details about NIS can be
found in Appendix A.2.
In Figure 13 (left) the connected correlation function is depicted for
a one-dimensional Ising system at low temperature. The NIS estimates
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Figure 13: The connected correlation function G(r) = hsi si+r i − hsi i hsi+r i and
its standard deviation (barely or not visible), estimated with n = 104
(left) and n = 106 (right) samples from the RNN using NIS. The G(r) are
compared with the MCMC ones using n = 104 samples (left) and exact
ones for N → ∞ (right). The one-dimensional Ising has N = 100 spins,
βJ = 2 and βH = 0. The optimised network has Pθ = 31 number of
parameters.

are compared to the MCMC ones using the same number of samples.
The network can describe the correlations in the system to an accuracy comparable to the MCMC data, which was used to train the model.
Although the NIS and MCMC estimates are consistent with each other,
the variance of the NIS estimates is noticeable higher at large distances
r. Potential causes are: (1) the correlations hsi si+r i are estimated by
averaging over all spin pairs at a distance r and there are many more
spin pairs at shorter than at larger distances or (2) some artefact of
the recurrent behaviour of the network architecture. Figure 13 (right)
shows a comparison of the NIS correlations with the analytical solution (N → ∞), but estimated with more samples. The estimations
almost perfectly coincide with the analytical solution, even at large
distances between spins. This suggests that the decreased accuracy
and variance at large distances are caused by the limited number of
averaged samples and not by the network.
Table 5 lists the estimated physical quantities for the system. Notice that the original data does not provide an estimation for the free
energy and the entropy but the RNN does. For both the magnetisation
and energy, the NIS estimate of the network coincides with the MC
estimate from the data. For a system at high temperature (and small
β), the free energy βF = βE − S is dominated by the entropy term.
The spins are randomly aligned and the system is disordered. On the
other hand, at low temperatures, the free energy is dominated by the
energy term. When βJ = 2, the free energy is primarily dominated by
the energy of the system and has a small entropy contribution.
The results from Figure 13 and Table 5 confirm that the RNN architecture can sample configurations from the Boltzmann distribution of
the one-dimensional Ising system when it is trained on MCMC data.

3.5 physical results

physical quantity

mcmc

nis

0.0065 ± 0.0063

0.0024 ± 0.0064

−190.8308 ± 0.0534

−190.9636 ± 0.0528

Free energy βF

7

−200.4886 ± 0.0004

Entropy S

7

9.5250 ± 0.0529

Magnetisation m
Energy βE

Table 5: The relevant physical quantities of the system and their
ations, estimated with n = 104 generated samples of the
The one-dimensional Ising has N = 100 spins, βJ = 2
The MCMC estimates with standard deviations, obtained
n = 104 samples, are also shown.

standard deviRNN with NIS.
and βH = 0.
by simulating

Figure 14 shows a visualisation of the generated configurations of
the network. The different configurations are sorted according to the
network probability q(s; θ) and their corresponding energy and free
energy are computed. When the model is trained well, the network
distribution approximates the Boltzmann one
1
exp (−βE(s))
Z
⇔ ln q(s; θ) ≈ − ln Z − βE(s).
q(s; θ) ≈ p(s) =

If the configurations s are sorted according to the probabilities
q(s; θ), they are also sorted according to the energies βE(s) since Z is
a constant. For a system at low temperature, one expects the ground
states s = (↑↑ . . . ↑) and s = (↓↓ . . . ↓) to dominate the energy spectrum of the generated configurations. This is exactly the case: the
up and down chain are the configurations with highest probability
q(s; θ) ≈ 10−1 . Since the temperature is finite (β < ∞), the network
has to generate the first excited states. The first excited state of the
one-dimensional Ising has one boundary in the spin chain, where a
spin neighbours an opposite spin: (↑↑↑↓↓↓) or (↓↓↓↑↑↑). In Figure 14
(top) we see that the next states with the highest probability are precisely these first excited state with a domain wall of length one. The
differences between the occupation probabilities of the first excited
state (top figure) are much smaller than the difference between the
probabilities of the first excited state and the second excited state
(bottom figure), where the spin chains have two boundaries. Therefore, the network can separate the different energy states of the onedimensional Ising which is the most important result.
First, notice that the network probability of these states is slightly
different depending on where the boundary occurs (top figure). It
looks like the network learns the first excited state according to a
sequence: this is probably reminiscent of the sequential behaviour of
the RNN architecture since it repeatedly applies the same RNN cell
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Figure 14: A visualisation of the generated configurations s for a one-dimensional
Ising with N = 100, βJ = 2 and βH = 0. The figures represent the
different spin chains that were generated by the RNN, sorted according
to the network probability q(s; θ). The spins are visualised (left) as black
(s = +1) and white (s = −1). The energies βE(s) and the free energies
βF(s) are also depicted. The top figures represent the 200 configurations
with the highest network probability, while the bottom figures represent
all 5161 different configurations of the n = 104 that were generated.
The system has 2100 different possible configurations.

on the information flow. For example, the network first learns the
configuration with the boundary between s1 and s2 ; then between s2
and s3 and continues until the boundary between sN−1 and sN . From
experimental simulations, it turns out that this sequential behaviour
is typical for systems at low temperatures. In that case, a clear blackwhite pattern is visible in the visualisation of the configurations.
Second, since a hundred configurations with the highest probability are the flipped spin versions of the next hundred ones, it shows
that the network does not fully learn the Z2 symmetry of the system. Therefore the distribution should make no distinction between
a configuration s and −s. We come back to this in chapter 4, where
a simple symmetrisation scheme is introduced during training to fix
this problem.
Finally, the bottom figure proves that the network can learn the
discrete energy levels of the one-dimensional Ising chain: each step
in the energy profile corresponds to an energy level. The step with
the highest probability corresponds to the ground state and the steps
with lower probabilities to the higher energy states.
To illustrate the power and usefulness of NIS, we test how much
MCMC training data is needed to achieve reasonable results. We train
different networks on random subsets of the data. The results for the
estimated physical quantities can be seen in Figure 15.
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Figure 15: A comparison between the naive MC and NIS estimates of physical observables using n = 104 generated spin configurations from networks
trained on a data set with nT samples. The magnetisation and the energy
are compared to MCMC estimates with n = 104 samples. The entropy
and free energy are compared to the analytical solution.

43

44

learning with data

The naive approach, without NIS, has difficulties obtaining reliable
estimations, sometimes over -or underestimating the MCMC estimate.
On the contrary, NIS provides reliable results for small training sets
consistent with MCMC. For larger training sets, the naive estimations
typically improve and approach the MCMC estimates. It is definitely
worth implementing NIS to estimate the physical quantities, especially
for smaller training sets.
For the entropy, only estimations of the network are available. Therefore we compare with the analytical solution. The NIS estimates are
consistent with the exact solution while the MC estimates display
large variations. The network is not fully captured and introduces
a bias into the estimations, especially for small data sets.
The energy and entropy estimations can be combined to a free enb − S.
b Notice the small scale on the vertical
ergy estimation via βb
F = βE
axis of the free energy graph. Apparently, both MC and NIS estimations are capable to predict the free energy in a relatively small range
of values. This coincides with the zero variance principle, which is discussed in Appendix C.1 and chapter 4. The small variance for the
free energy estimations probably also leads to the very similar behaviour of the estimated energy and entropy, which are estimated so
b−S
b is in a very small range around the true value. The
that βb
F = βE
apparent symmetry between the MC and NIS estimations for the free
energy is not immediately clear. One can see, however, that the predictions and errors converge to the analytical solution for larger training
sets. This suggests that to get higher accuracy in the estimations, it is
beneficial to train with a larger data set.
3.6

conclusion

By training the RNN architecture on a pre-generated MCMC data set
and minimising the NLL, the model is successful at capturing the
physics of the one-dimensional Ising system. The correlations and
physical quantities are consistent with MCMC estimations.
The optimised networks need only very few parameters to learn the
distribution and capture the physics: a hidden dimension hd ≈ 1 − 5
and nl ≈ 1 − 2 layers are sufficient. This corresponds to a total of
Pθ ≈ 19 − 149 trainable parameters. When comparing this to Figure 9,
where overfitting only occurs for a very large number of parameters,
there is no need for regularisation during the network training.
Numerical experiments show that most hyperparameters of the network do not have a substantial impact on the results: both during
training and the final physical results. The network needs sufficient
complexity to describe the system. Once it has reached this complexity, adding more parameters only introduces minor differences in the
performance of the network. This indicates that most tuned networks
find a set of parameters θ that produce accurate results.

3.6 conclusion

The RNN architecture is a one-dimensional construction and respects the locality of the Ising Hamiltonian, which makes it an ideal
candidate for describing the one-dimensional Ising system. Therefore,
despite achieving good results for this particular system, it cannot be
expected that this RNN architecture can describe more complicated
systems.
If the configurations of the system are readily available, for example from a physical experiment [4, 41], then this method is a simple
and easy way to train NNs: use the data as input and minimise the
NLL. Once the network is trained, configurations can be independently and efficiently sampled from the network. On the other hand,
if the data is not readily available as is the case here, then it can get
expensive to construct qualitative data to train the network. Here, the
samples were generated using the MCMC method but the ultimate
goal is to avoid the disadvantages which Markov chains introduce.
However, it is possible to train the network on data produced by itself and avoid the complications with gathering training data [55].
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To avoid the complications connected with the data process, [55] proposes a variational ML method where the network is trained on configurations generated by the network itself. In that case, there is no
need to put any effort into collecting qualitative data. The complexity
of solving the problem then comes down to optimising and training
the network, which can remain very challenging.
Consider the one-dimensional Ising model with open boundary
conditions from chapter 1. Contrary to chapter 3, the network is
trained using an alternative training method that does not require
pre-generated configurations of the system. We are using the same
RNN architecture from section 3.2.
4.1

training the network

The optimal parameters θ that minimise the dissimilarity between the
network distribution q(s; θ) and the Boltzmann distribution p(s), can
be found starting from the reversed Kullback-Leibler divergence

DKL (q k p) =

X
s


q(s; θ) ln

q(s; θ)
p(s)


= βFq − βF,

(26)

P
where the normalisation of the variational distribution s q(s; θ) =
1 is used. The reversed KL divergence can be written in terms of
P
βFq := s q(s; θ) (βE(s) − ln q(s; θ)), which is the variational free energy according to the variational distribution q(s; θ), and βF = − ln Z,
which is the free energy of the system. Due to the Jensen inequality,
βFq is an upper bound for the free energy βF.
There is an important distinction between the reversed (26) and the
standard (21) KL divergence. The standard version corresponds to distribution estimation: given configurations drawn from the Boltzmann
distribution s, find the parameters θ so that q(s; θ) approximates p(s).
For the reversed version, there is no need for configurations sampled
according to the Boltzmann distribution. Minimising (26) is equivalent to minimising the variational free energy, which is an expectation
value over samples from the variational distribution

βFq = hβE(s) − ln q(s; θ)is∼q ,

(27)

with E(s) the energy of the one-dimensional Ising chain. The variational free energy is often used as an estimate of the free energy: if
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Update parameters (Adam)

Iteration

Figure 16: A flowchart of the training process: a batch of spin configurations xi is
generated by the network and then forwarded through the network to
bi . The xi are used to calculate the free energy
predict the probabilities y
loss L(θ). Finally, a back-propagation through the network provides the
gradients of the loss and are used by the Adam optimiser to update the
parameters θ → θ 0 . This procedure is repeated until the training has
iterated a fixed number of times. We choose the best model based on the
parameters that lead to the minimal validation loss.

the two distributions are exactly the same p = q, then βFq = βF. In
practice, the expectation from (27) is approximated by an MC estimate.
The actual loss used during training is

L(θ) =

nb
1 X
(βE(si ) − ln q(si ; θ)) ,
nb

(28)

i=1

with nb the number of generated configurations in one iteration.
For the practical implementation of the training approach, we refer
to Appendix C.1. The network is trained by generating configurations of the system, minimising an estimation of the variational free
energy and using the Adam optimiser for updating the parameters.
The training flow is visualised in Figure 16.
First, we notice that the training is very similar to chapter 3: instead
of selecting a batch of samples to train the model, a batch of samples
is generated. Instead of calculating the average loss after one iteration
through the entire data set, the average loss is calculated after a fixed
number of training steps NT .
Second, in chapter 3 it was shown from numerical simulations that
the hyperparameters have a small impact on the training so that most
networks produce approximately the same results. In [55] it is mentioned that this behaviour also occurs for a variational training approach. Hence, the grid search from section 3.3 is omitted, thereby
reducing the total training time. After all, the training of the network
is computationally more expensive since the configurations are generated during training. The hyperparameters are fixed based on grid
searches from chapter 3.
Third, since new configurations are generated for each iteration,
the model is very unlikely to overfit to the data. Validating the net-

4.1 training the network
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Figure 17: The estimated free energy loss (28) with standard deviation (not visible) during training of a network with Pθ = 147 parameters. The
one-dimensional Ising has N = 500 spins, βJ = 3 and βH = 0. The
temperature is annealed from β∗0 J = 0 to βJ = 3 in NA = 100 steps.
At every temperature, the network is trained for NT = 10 parameter updates with batch size nb = 103 . After annealing, the network is further
trained for ten steps with NT = 10. The free energy loss is compared to
the analytical solution (barely visible under the loss).

work after every epoch results in very similar training and validation
losses. This is definitely not always the case, as can be seen in Figure 9. Therefore, much time can be saved by omitting the validation
of the model during training.
Finally, it is possible that the network is not able to capture all
modes (pure states) of the distribution p(s) of the system [55]. The
pure states of the one-dimensional Ising are the up and down chain.
For low temperatures, we use temperature annealing to prevent mode
collapse by starting from a high temperature β∗0 and carefully anneal
to the system temperature β. We choose a linear scheme where each
annealing step is equal in size. At each annealed temperature, the
parameters of the network approximately describe the equilibrium
system at β∗ . These parameters are then reused for the next equilibrium at β∗ + ∆β∗ . The parameters are updated from one equilibrium to the next to prevent mode collapse [22]. After annealing, the
network is further trained at the system temperature. For the onedimensional Ising, mode collapse is only a concern at very low temperatures (Tc = 0). The two-dimensional Ising, for example, already
has two modes at finite temperatures (Tc > 0). Other systems such as
spin glasses can have many pure states [53]. More details about mode
collapse and temperature annealing can be found in Appendix C.1.
Combining all these aspects of the training approach, we train networks for learning the Boltzmann distribution of the one-dimensional
Ising system. An example can be seen in Figure 17. The estimated
variance of the variational free energy remains small during anneal-
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Figure 18: Scaling of the time complexity, the average computational time per training iteration, with system size N (left) and number of parameters Pθ
(right). The number of parameters is increased by increasing the hidden
dimension (hd = 1, . . . , 200). The networks are trained on a Tesla K80
GPU.

ing. Hence if the annealing prevents mode collapse, the network finds
the correct distribution including both the up and down chain.
One training step contains two separate iterations over the system
size N: one for calculating the energy in the loss (28) and one during a forward pass through the network (see Figure 6). Therefore the
average training time scales as O(N), similar to the sampling time.
Figure 18 (right) shows the time complexity of the training process,
here defined as the average computational time per training iteration,
for scaling system size. If the system size is increased by an order
of magnitude, then the average training time also approximately increases by an order of magnitude. The empirical data thus agrees
with the theoretical linear scaling of O(N).
Figure 18 (left) depicts the scaling of the computational complexity
with the number of parameters of the network Pθ . We vary the hidden
dimension because the number of layers is typically small when training RNNs [19]. Deep Learning libraries are designed and optimised to
work with millions of parameters [39]. If the network is trained on
a GPU, there is no significant computational cost by training with a
larger hidden dimension.
4.2

physical results

Once the network is properly trained, the RNN can be used to generate configurations of the system, which in turn are used to estimate
physical quantities of the system under study.
In Table 6 the physical quantities are estimated and compared to
the MCMC estimations from Table 5. The results for the energy and the
magnetisation are consistent with the MCMC estimations. This proves
that the alternative training approach can learn the correct distribution with the extra advantage that no efforts are needed for data col-

4.2 physical results

physical quantity

mcmc

nis

0.0065 ± 0.0064

0.0004 ± 0.0063

−190.8308 ± 0.0534

−190.8193 ± 0.0534

Free energy βF

7

−200.4900 ± 0.0001

Entropy S

7

9.6707 ± 0.0534

Magnetisation m
Energy βE

Connected correlation function G(r)

Table 6: The relevant physical quantities of the one-dimensional Ising and their
standard deviations, estimated with n = 104 samples from the RNN with
NIS. The system has N = 100 spins, βJ = 2 and βH = 0. The MCMC estimates with standard deviations, obtained by simulating n = 104 samples,
are also shown.
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Figure 19: The connected correlation function G(r) and its standard deviation
(barely visible), estimated with n = 104 samples from the RNN using
NIS. The one-dimensional Ising has N = 104 spins, βJ = 4 and βH = 0.
The exact correlations (N → ∞) are also depicted. During training, the
temperature is annealed for NA = 10 steps, each with NT = 10 parameter updates. After annealing, the system is further trained for ten
steps each with NT = 10.

lection or generation. The estimated free energy has a small variance
in comparison to the other estimations. This coincides with the zero
variance principle (see Appendix C.1): if there is no mode collapse,
a small variance of the free energy suggests that q(s; θ) ≈ p(s). The
energy of the generated configurations is distributed according to a
distribution with a larger variance since the network should generate
configurations with lower energies (ground state) and higher energies
(excited states). For the entropy it holds that S = βE − βF = β + ln Z,
where the partition function Z is a constant normalisation. If the free
energy has a low variance, the entropy S has a similar distribution as
the energy βE. In particular, they have a similar variance.
Figure 19 shows the connected correlation function G(r) for a system at low temperature. The larger variance at large distances r is
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Figure 20: A visualisation of the generated configurations s for a one-dimensional
Ising with N = 104 , βJ = 4 and βH = 0. The figures represent the
different spin chains that were generated by the RNN, sorted according
to the network probability q(s; θ). The spins are visualised (left) as black
(s = +1) and white (s = −1). The energies βE(s) and the free energies
βF(s) are also depicted. The figures represent 9620 different configurations of the n = 104 that were generated. The system has 2N possible
configurations.

caused by the limited number of spin pairs (see section 3.5). The generative model can describe the correct correlations in the system. It
is possible to train networks for larger system sizes on a single GPU
at a relatively small computational cost. Optimising the training algorithm or using multiple GPUs allows the network to learn distributions for very large systems, which is quite difficult using traditional
MCMC algorithms. Once the network is properly trained, configurations can be efficiently and independently sampled in the same way
as section 3.4. Therefore the computational cost is dominated by training the network.
Figure 20 shows a visualisation of the generated configurations of
the network, similar to Figure 14. The network can generate the correct spin configurations: the ground states have the highest probability and dominate the spectrum at low temperature, while the states
with high excitation energy have a low Boltzmann probability.
We can exploit the relation between the locality of the system and
the RNN cell (see section 3.2). The cell should describe the physics
of a single site of the system and because of the locality of the onedimensional Ising, this information should be the same for every site
in the chain. In particular, the physical quantities only depend on the
system parameters βJ and βH and scale extrinsically with the system
size N. Therefore, the architecture allows an RNN cell to be trained
for a system size N1 and be used to generate configurations for N2 .
The result can be seen in Figure 21. The generated configurations can
describe the correlations for N2 . However, remember that this only
works because of the local physics of the Ising model and the full
parameter sharing of the RNN. Therefore this cannot be considered as
a general technique.

Connected correlation function G(r)

4.3 imposing symmetry
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Figure 21: The connected correlation function G(r) and its standard deviation
(barely visible), obtained with n = 104 generated samples of the RNN using NIS. The network is trained for a one-dimensional Ising system with
N1 = 10 spins, βJ = 4 and βH = 0, but the configurations are generated for N2 = 104 spins. The analytical solution in the thermodynamic
limit (N → ∞) is also depicted.

Figure 22: A visualisation of the symmetries of an open one-dimensional Ising
chain with N = 5 spins. The figure shows an example spin chain s
(top left) and its symmetry invariant configurations: flipped −s (top
right), reflected sR (bottom left) and flipped and reflected −sR (bottom
right).

4.3

imposing symmetry

When introducing a variational ansatz for the Boltzmann distribution,
the symmetries of the system can be incorporated into the variational
distribution q(s; θ). This imposes the variational distribution to exhibit the same symmetries as the Boltzmann one [29].
Consider the Hamiltonian of the one-dimensional Ising with vanishing field H = 0 and open boundary conditions

E = −J

N−1
X
i=1

si si+1 ,
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which has the following two symmetries that are visualised in Figure 22 [37]:
• Z2 symmetry: the Hamiltonian is invariant under flipping of all
the spins si → −si with i = 1, . . . , N. The system makes no
distinction between a configuration s and −s so that E(s) =
E(−s) and, in particular, p(s) = p(−s). This symmetry can be
built into the variational distribution by setting the probability
[29, 55]

qsym (s; θ) =

1
(q(s; θ) + q(−s; θ)) ,
2

(29)

where qsym is the symmetrised variational distribution.
• Reflection symmetry: the Hamiltonian is also invariant under reflection of the spins between the boundaries si → sN−i+1 with
i = 1, . . . , N. Similarly, the system should make no distinction
between a configuration s and its reflection sR so that p(s) =
p(sR ). The symmetrised variational distribution is then

qsym (s; θ) =

1
(q(s; θ) + q(sR ; θ)) .
2

(30)

The two symmetries (29) and (30) can be combined into a symmetrised variational distribution by averaging the probabilities over the
symmetry operations

qsym (s; θ) =

1
(q(s; θ) + q(−s; θ) + q(sR ; θ) + q(−sR ; θ)) .
4

(31)

Since the four probabilities are properly normalised, qsym (s; θ) is
also normalised. Not only does the qsym respect the symmetries of
the system, there are also fewer configuration-probability couples that
have to be learnt by the network. Despite the computational overhead
by calculating three probabilities instead of one, the training of the
network should be easier and, eventually, training can be computationally less expensive than for q(s; θ).
In addition, one can prove that the true loss of the symmetrised
model is equal to or lower than the non-symmetrised version [29]
(see Appendix C.2 for a derivation):

βFq > βFqsym .
This suggests that the network can find a lower variational free
energy βFqsym during training. It follows, per the assumption of the

4.3 imposing symmetry

configuration s

ln qsym (s; θ)

ln q(s; θ)

1

(↑↑↑↑↑↑↑↑↑↑)

−1.8380

−1.8364

2

(↓↓↓↓↓↓↓↓↓↓)

−1.8380

−1.8393

3

(↓↓↓↓↓↓↓↓↓↑)

−3.8124

−3.8369

4

(↓↑↑↑↑↑↑↑↑↑)

−3.8124

−3.8286

5

(↑↓↓↓↓↓↓↓↓↓)

−3.8124

−3.7985

6

(↑↑↑↑↑↑↑↑↑↓)

−3.8124

−3.8379

7

(↑↑↑↑↑↑↑↑↓↓)

−3.8361

−3.8323

8

(↓↓↑↑↑↑↑↑↑↑)

−3.8361

−3.8300

9

(↑↑↓↓↓↓↓↓↓↓)

−3.8361

−3.8536

10

(↓↓↓↓↓↓↓↓↑↑)

−3.8361

−3.8353

Table 7: Ten generated configurations s from the RNN with the highest probability
qsym (s; θ), for a one-dimensional Ising with N = 10, βJ = 1 and βH = 0.
The qsym are compared to the probabilities q, obtained without imposing
symmetry.
KL divergence, that the learnt network distribution is closer to the
Boltzmann distribution. As a result, a symmetrised variational distribution could, via (31), make learning easier since the symmetry
reduces the complexity of the problem.
By training the model with the symmetrised probabilities in the
loss (28), the network is learning the distribution qsym instead of q.
Therefore, the symmetrised probabilities are the only ones that matter, meaning that the sampling should also be done according to qsym .
The sampling procedure is symmetrised as follows: a batch of configurations is generated by the RNN. Then each configuration s is flipped
with 1/2 probability s → s 0 (Z2 symmetry) after which it is reversed
with 1/2 probability s 0 → s 00 (reflection symmetry). As a result, when
s is generated, one of the four symmetrised configurations (s, −s, sR
or −sR ) is sampled with 1/4 probability.
Table 7 shows the effect of symmetrising the variational ansatz. The
symmetrised variational ansatz gives an equal probability to configurations that are invariant under the two symmetry operations: s, −s,
sR and −sR . There is still a small difference in probability between
non-symmetry configurations (but within the same energy level). For
example, the configurations 3 − 6 have a slightly higher probability
than the configurations 7 − 10. However, the differences in probability between the different energy levels are much larger. For example,
compare the configurations 1 − 2 with 3 − 8. Without imposing symmetry, the network gives a different probability to configurations that
are invariant under the symmetry operations.
By imposing symmetries there are fewer probabilities to be learnt
by the network. However, in practice, there is no noticeable difference
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between network training with and without imposing symmetry. For
the one-dimensional Ising model, in particular, there is no significant
benefit by imposing symmetry.
4.4

conclusion

The variational training minimises the variational free energy βFq
of configurations generated by the network. In combination with the
RNN architecture, it captures the correct physics of the one-dimensional
Ising. For this system, in particular, symmetrising the variational ansatz and sampling does not add a significant benefit to the training
or estimations.
The variational approach is very similar to the data approach in
many aspects concerning the training and physical results. For example, a total number of Pθ ≈ 19 − 149 trainable parameters is sufficient to learn the correct distribution. Because new configurations
are generated at each parameter update, it is even more unlikely for
the model to overfit to the configurations when compared to the data
method. This suggests that overfitting and regularisation are certainly
not of concern.
In the data approach, one needs an existing set of configurations
that describe the Boltzmann distribution so that the network can estimate the density. The underlying distribution of the data must be
similar to the Boltzmann one since one cannot expect the network to
estimate the Boltzmann density if it is not encoded in the data. Neural
Importance Sampling can help to fix the discrepancies between the
learnt distribution and the Boltzmann one but fails if they are not
similar enough. In any case, the data set needs to be carefully constructed with configurations from the Boltzmann distribution. The
gathering of qualitative data is an extra step in the analysis of physical systems, which is completely omitted in the variational approach.
The latter requires only a Hamiltonian of the system.
In the variational approach, the configurations are generated by
the network during training, which is more expensive than iterating
through existing data. Nonetheless, many aspects of ML and DL can
be used to optimise and speed up the training of networks, including parallelisation and GPUs. In addition, autoregressive RNNs allow
trained models to be iteratively reused for larger system sizes. The
parameters of the RNN of a smaller system are used as initial parameters for a larger system, for which the model is retrained. This
method can efficiently scale to very large system sizes [43].
In chapter 3 and chapter 4 we have only considered an architecture
with a single RNN cell and fully connected layer, which is sufficient for
the one-dimensional Ising. This is not necessarily the case for other
dimensions or systems. More challenging systems likely require more
intricate architectures [21]. In chapter 5 we consider lattice systems

4.4 conclusion

with more difficult interactions between the spins and use different
RNN architectures.
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5

SPIN GLASSES

Consider the spin glass system described in section 1.3 with HamiltoP
nian E = − i<j Jij si sj . Similar to chapter 4, we want to minimise
the variational free energy βFq in combination with an RNN architecture to learn the Boltzmann distribution. However, there are three
additional complications compared to the one-dimensional Ising with
P
Hamiltonian E = −J i si si+1 .
1. Site-dependent interactions: the interactions between the spins Jij
differ per site. While local interactions in spin glasses are very
important, the transfer matrix is not the same for every site.
A model has to learn different physics at every site, which increases the difficulty of learning.
2. Long-range interactions: a spin not only interacts with its nearest
neighbours but also with spins at a longer distance. These interactions introduce long-distance dependencies between spins
which are more difficult to learn for an RNN with full parameter
sharing. This is similar to remembering long-term dependencies
between inputs for an RNN (see Table 3). Capturing long-term
dependencies with an RNN is a challenging problem in ML [14,
19].
3. Random interactions: the interactions are random and can be ferromagnetic (Jij > 0) or antiferromagnetic (Jij < 0). The system
exhibits more challenging physics such as frustration and the
existence of many metastable states [35].
The physics of the one-dimensional Ising, with its local ferromagnetic interactions, can be captured by applying the same RNN cell
and fully connected layer Σ to each input si (chapter 3 and chapter 4).
A one-dimensional spin glass is much more complicated, which suggests that a single RNN cell and fully connected layer are not sufficient
to capture the physics. We investigate whether the RNN is suited to
learn the distribution of the spin glass. If this turns out not to be the
case, we consider different architectures so that the RNN can capture
the Boltzmann distribution.
5.1

random ising chain

We first investigate the impact of site-dependent interactions by considering an open Ising chain with N spins and classical Hamiltonian
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Figure 23: The spin-spin correlation function C(i, i + r) = hsi si+r i with i = 1
for a random Ising chain with N = 100 and β = 10. Left: three networks are trained using a single RNN cell and fully connected layer (see
Figure 6) with increasing number of parameters Pθ . Right: a network is
trained using a single RNN cell but a different fully connected layer for
every site (see Figure 24) with Pθ = 1335 parameters. The C(1, 1 + r)
are estimated with n = 105 samples and compared to the analytical
solution for finite systems with open boundary conditions [20].

E=−

N−1
X

Ji,i+1 si si+1 .

i=1

The interactions are randomly distributed according to a uniform
distribution between zero and one:

Ji,i+1 ∼ U ([0, 1[)

with

U ([a, b[) :=





1
b−a

0

a6x<b

.

x < a or x > b

The interactions are ferromagnetic and restricted to neighbouring
spins, similar to the Ising model, but the Ji,i+1 are site-dependent.
The ground states are the spin up and down chain. The system is
characterised by a range of transfer matrices that are site-dependent.
Hence, it is more difficult for a network to learn the distribution. This
can be seen in Figure 23 (left), where an RNN is trained with a small
number of parameters. The network does not fully describe the correlations in the system, while it can capture the physics of the standard
Ising chain (see Figure 19). The expressiveness of the NN can be increased by increasing the number of parameters Pθ . Until Pθ = 8202,
a more expressive network better captures the correlations at small
inter-spin distances. One expects, that if Pθ is large enough, the network can capture the correlations at any distance. This is not the case,
however, as can be seen for Pθ = 31402. The training of the network
is harder since the minimal free energy loss seems to get stuck at
βFq,min = −523.69 ± 0.35. The larger standard deviation suggests that

5.1 random ising chain

RNN

RNN

RNN

Figure 24: A graphical representation of the RNN architecture, based on [21]. The
network is initialised by the artificial spin s0 and hidden vector h0 . They
are sent through an RNN cell (green box), fully connected layer Σi and
softmax activation σ to provide the output probabilities yi . Contrary to
Figure 6, the architecture has a different fully connected layer for each
input si .

the network distribution does not approximate the Boltzmann one
well. Getting stuck at a high-cost minimum has many potential causes
such as local minima or vanishing gradients [19].
However, there exists a more elegant solution by considering an
RNN architecture with a single cell and fully connected layers Σi for
each site in the chain (see Figure 24). The position of each spin si
is thus implicitly encoded in the parameters of the Σi . An intuitive
interpretation is that the local interactions Ji,i+1 are represented by
the passing of a hidden vector hi through the chain and the Σi encode the different values of Ji,i+1 . The combination of the two encodes the conditional probabilities qθ (si | s<i ). When the parameters
are shared, the values of the Ji,i+1 are encoded in the parameters
of the single cell and Σ, which are shared over the spins. This explains why more parameters are needed to capture the physics. The
estimated spin-spin correlations are shown in Figure 23 (right). With
only a limited number of parameters (hd = 5), the network can correctly estimate the correlations. Training is easier since the network
quickly finds a lower free energy loss with a smaller standard deviation: βFq,min = −526.69 ± 0.04. By assuming different fully connected layers, it is possible to keep the hidden dimension small. In practice, one can train networks for a large system size with few training
steps. Similarly, one can build architectures with different RNN cells
that do not share parameters or an RNN where the cells and the fully
connected layers do not share parameters. Here, it suffices to forego
parameter sharing on the fully connected layers and keep sharing the
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weights for the cells. We conclude that it can be very beneficial to
adapt the network architecture to the physical system under study.
5.2

long-range ising chain

Next, we want to investigate long-range interactions for an open onedimensional chain with N spins. Consider another classical Hamiltonian, where the range of the interactions is controlled by the parameter σ:

E=−

N
X
i<j

Jij si sj

with

Jij =

J
r2σ
ij

.

The interactions are ferromagnetic (J > 0) and decay as a powerlaw of the distance between the spins rij = |i − j|. For σ → ∞, the system corresponds with the nearest neighbour Ising and for σ = 0 with
the infinite-range Ising [6]. Notice that this is the same Hamiltonian
as the spin glass one from section 1.3, but here the interactions are
solely ferromagnetic and not random. Lattice models with power-law
interactions have been extensively studied: while for σ > 1 there is
no phase transition at finite temperatures (Tc = 0), for 12 < σ < 1 the
system exhibits long-range order at finite temperatures (Tc > 0) [16].
The phase transition for 12 < σ < 43 is characterised by mean-field exponents [44]. The critical exponents for 34 < σ < 1 are non-trivial and
σ-dependent [36, 50]. When σ = 1, the system has a one-dimensional
Kosterlitz-Thouless transition [58].
Consider the mean-field region ( 21 < σ < 34 ) with long-range order. In Figure 25 (left) different networks are trained with a single
cell and Σ but an increasing number of parameters Pθ . The system
exhibits long-range order at finite temperature. However, increasing
the number of parameters has no significant effect on the estimated
correlations. When compared to the MCMC estimate, none of the networks can correctly describe the correlations at large distances. This
could be attributed to: (1) the RNN is not able to correctly capture the
different interactions Jij , similar to section 5.1 or (2) the RNN has difficulties capturing long-range dependencies in the system. The latter
is a well-known challenge for RNNs in ML [14, 19].
When using a network with a single cell and multiple Σi , the correlations are consistent with MCMC, even at large inter-spin distances.
This suggests that, at least for N = 100 and power-law interactions,
long-range dependencies are not the most important challenge. This
could be different for fully connected systems or systems with very
long-range interactions.
We also mention that the energy is calculated with all N(N − 1)/2
interactions. Hence for large system sizes N, calculating the energy
can run into memory problems and/or very long simulation times.
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Figure 25: The spin-spin correlation function C(i, i + r) = hsi si+r i with i = 1
for a long-range Ising chain with N = 100, σ = 5/8 and βJ = 1. Left:
results of four networks with a single RNN cell and fully connected layer
(see Figure 6) for increasing number of parameters Pθ . The C(1, 1 + r)
are estimated with n = 105 samples and compared to an MCMC estimate,
obtained by a single spin flip algorithm (Appendix A.1). The standard
deviations are not shown for the sake of clarity. Right: a network is
trained using a single RNN cell but a different fully connected layer for
every site (see Figure 24) with Pθ = 1335 parameters. The C(1, 1 + r)
are depicted with standard deviations.

5.3

spin glass

Having studied the impact of site-dependent and long-range interactions, consider the one-dimensional spin glass from section 1.3. The
interactions
Jij are

 random variables according to a Gaussian distribution N 0, C/r2σ
ij . This Hamiltonian has site-dependent, long-range
and random interactions. The bonds (i, j) are generated as follows [27,
53]: choose an average coordination number zb . Then generate Nzb /2
(i, j)-couples with probability p((i, j)) = C/r2σ
ij without replacement,
so that every combination (i, j) appears once at the most. On average,
every site interacts with zb other sites. The constant C is calculated as

−1
X 1
 ,
C=
2σ
r
i<j ij
P
so that i<j p((i, j)) = 1 is normalised to one. Once the bonds are
generated, the interactions are drawn from a Gaussian distribution
with mean zero and variance one: Jij ∼ N (0, 1).
Contrary to section 5.2, the total number of interactions is limited
to Nzb /2; these interactions are called dilute interactions [27]. The energy calculation scales linearly with the system size N so that it is
possible to train networks for larger systems without running into
memory issues and/or very long run times. This is actually quite
important since finite-size effects are very large in these models [27].
Here we only look at smaller system sizes. Disordered systems can
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Figure 26: Results for a one-dimensional spin glass with N = 20, σ = 5/8,
β = 1.35 and zb = 6. Left: the minimum free energy loss βFq,min
with standard deviation for networks trained with increasing number of parameters Pθ . The networks have an RNN cell with parameter
sharing (blue) or without (orange) and both do not share weights for
the fully connected
layers.i Right: the averaged squared correlations
h
C4 (i, i + r) = hsi si+r i2 with i = 1. The [. . .] is averaged over ten

different Jij realisations, while the h. . .i is averaged over n = 106 spin
configurations from the RNN.

have multiple pure states in the spin glass phase [53]. If we want the
network to capture all of them, we expect temperature annealing to
be essential during training.
For disordered systems such as spin glasses, it is common practice
to not share weights in an RNN [19]. In [22] there is no weight sharing
for both the RNN cell and the fully connected layer Σ. In Figure 26
(left), we compare the minimum loss of an RNN with no weight sharing to the RNN from Figure 24. Both networks find approximately the
same minimum training loss when enough parameters are used. This
suggests that there is no significant difference between the two.
The nature of short-range spin glasses is not yet fully understood
and not many analytical solutions are available. One often uses parallel tempering MC simulations, which are more difficult to implement
than the MCMC algorithms considered in this study [32]. Hence, it is
more difficult to test whether the network captures the correct physics. We focus on the minimum training loss and the correlations for a
short spin chain in the mean-field regime ( 12 < σ < 23 ). We train networks with an increasing number of parameters Pθ and compare the
minimum training loss, for which the results can be seen in Figure 26.
The minimum loss is higher and has a larger standard deviation for
a small Pθ than for a larger Pθ . For Pθ & 102 , the minimum loss does
not decrease significantly when increasing Pθ . This suggests that the
networks find a good minimum of the free energy but this is not necessarily the correct one. We visualise the generated configurations
of the RNNs with the least (a high minimum loss) and the largest
number of parameters (a low minimum loss) in Figure 27. If the net-
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Figure 27: A visualisation of the generated configurations s for a one-dimensional
spin glass with N = 20, σ = 5/8, β = 1.35 and zb = 6. The figures represent the different spin chains that were generated by the RNN,
sorted according to the network probability q(s; θ). The spins are visualised (left) as black (s = +1) and white (s = −1). The energies βE(s)
and the free energies βF(s) are also depicted. The figures represent the
60 configurations with the highest network probability. The system has
220 different possible configurations. Top: the network is trained with
Pθ = 375 and has βFq,min = −44.68 ± 0.25. Bottom: the network has
Pθ = 164040 and βFq,min = −44.75 ± 0.01.

work distribution approximates the Boltzmann one, then the q(s; θ)
and βE(s) curves are similar (see chapter 3) and the free energy has a
small variance (zero variance principle). The network with low minimum loss has similar q(s; θ) and βE(s) curves and a smaller variance
in the free energy. For the network with a higher minimum loss, the
q(s; θ) and βE(s) curves differ more noticeably and the variance of
the free energy is larger. These results suggest that the network can
capture the distribution of the spin glass system.
The next step is to study the physical properties of the system. We
focus on the squared disconnected correlations C4 (i, j), for which an
exact solution is available (10). The correlations are averaged over
ten different Jij realisations and shown in Figure 26 (right). Unfortunately, there is not much we can deduce from the figure due to the
large variances. In practice, the correlations are averaged over many
Jij realisations. For example, in [53] the correlations are averaged over
1000 different Jij realisations. However, in the context of this study,
this requires too much simulation time and is computationally too
expensive for us. If there is access to more computational resources,
it is possible to run simulations for longer spin chains and more Jij
realisations. As a result, one can perform a more in-depth study of
the physical properties of the spin glasses, such as the correlations.
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5.4

conclusion

We have studied one-dimensional spin chains, with site-dependent
and long-range interactions, by utilising multiple RNN architectures.
An architecture with full parameter sharing does not suffice for
the random Ising chain with site-dependent interactions. Under the
conditions that the parameters of the fully connected layers are no
longer shared, the network can capture site-dependent interactions
and the physics of the system.
For power-law interactions, long-range dependencies between spins
are not a major concern for the RNN after switching off weight sharing. It still captures the correlations to an accuracy comparable to
MCMC estimates without any further adjustments for the long-range
dependencies.
The first results for one-dimensional spin glasses are promising.
The network finds a low minimum training loss with a small variance,
which suggests that the network can learn the Boltzmann distribution.
However, a more in-depth study of the physical properties of the
system is required to establish RNNs as a valid simulation technique
for spin glasses with power-law interactions.

6

CONCLUSION AND OUTLOOK

6.1

conclusion

In this dissertation, we have examined autoregressive Machine Learning (ML) models as an alternative to Monte Carlo (MC) simulations
in statistical physics. The models are trained in such a way that the
autoregressive ansatz q(x; θ) approximates the Boltzmann distribution p(x).
In chapter 3, we have trained a network on a set of Boltzmann
configurations of the one-dimensional Ising, obtained with Markov
Chain Monte Carlo (MCMC). This training approach corresponds to
density estimation. A Recurrent Neural Network (RNN), with only a
single cell and fully connected layer, successfully captures the physics
of the one-dimensional Ising model. The physical and training results
do not differ significantly for many combinations of the hyperparameters. Because the physics is the same for every site, the network
needs few parameters (P . 150) to achieve results consistent with
MCMC. The RNN provides normalised probabilities of the configurations, which can be combined with Neural Importance Sampling (NIS)
to obtain unbiased estimations with reliable errors. Especially for
smaller data sets, NIS provides better estimates of the physical quantities. While for MCMC the majority of the effort goes into finding efficient sampling algorithms, the RNN efficiently samples independent
configurations so that the training of the model is the most expensive
part of the simulation.
In chapter 4, we train a network on configurations generated by
the network itself. The training is, therefore, more expensive than in
chapter 3 but no a priori configurations of the Boltzmann distribution
are needed. The RNN architecture can correctly capture the physics of
the one-dimensional Ising. In fact, the results are very similar to the
ones of chapter 3 with the advantage that the simulation methodology only requires a Hamiltonian. For low temperatures (T ≈ 0), we
perform temperature annealing to prevent mode collapse on the up
and down chain. Since the training time scales linearly with the system size and only a relatively small number of parameter updates
are needed (. 200), we train spin chains up to N = 104 on a single
Graphics Processing Unit (GPU). In section 4.3, we incorporate the
symmetries of the system into the variational ansatz and sampling
procedure. For the one-dimensional Ising, imposing symmetry does
not add any significant benefit to the training or results.
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In chapter 5, we apply the variational method to more complex
one-dimensional spin systems with site-dependent and long-range
interactions. Since the physics is no longer the same for every site,
an RNN with full parameter sharing cannot capture the Boltzmann
distribution. Upon using different fully connected layers for every
site in the chain, the network can describe the correlations between
spins with site-dependent (section 5.1) and power-law (section 5.2)
interactions. In particular, with a small number of parameters (Pθ .
1500 for N = 100), the network can find a low minimum loss in
relatively few training steps. This is not the case when the network
has full parameter sharing. Therefore, it is beneficial to adapt the
network architecture to the system under study. The architecture also
seems sufficient for one-dimensional spin glasses (section 5.3) but a
more in-depth study is recommended.
We conclude that an autoregressive Neural Network (NN) offers a
valid alternative to traditional MC simulations for the systems considered here. Whereas the MCMC configurations are weighted by the
Boltzmann distribution, an RNN provides normalised probabilities
which provide access to quantities that depend on the partition function. Markov Chain Monte Carlo configurations are directly sampled
from the Boltzmann distribution – or at least very close to it – and
variance estimates are easily obtained by multiple independent runs
or by the batch means method. An NN does not always fully capture the distribution, which introduces biases in the estimations. In
that case, NIS provides asymptotically unbiased estimates and reliable variances. For many physical systems, there exists a relatively
simple MCMC algorithm, for example, the single spin-flip ones for the
Ising models. Certain systems, such as spin glasses, do not lend themselves easily to simulations with MCMC techniques. In those cases, ML
can offer an alternative simulation methodology. In ML simulations,
the majority of the effort goes into designing a suitable architecture
and training the model after which configurations can be efficiently
sampled without correlations. The complexity of the problem is shifted to solving a high-dimensional and intrinsically hard optimisation process. Therefore, it is beneficial to study the intimate relation
between systems and model architectures. If the network is adapted
to the system under study, the optimisation is easier and the model
requires less training.
6.2

outlook

Recurrent Neural Networks for simulations in classical statistical physics have only recently been proposed [21]. There is much unknown
territory to be explored. In particular, a more thorough study of the
relation between the network architecture and the system is the logical next step. In [22] one proposes special constructions to increase

6.2 outlook

the expressiveness of the model, named Tensorised RNNs. They also
use recent developments in ML, so-called Dilated RNNs [14], to capture
long-term dependencies in the system. This could help to simulate
systems with very long-range interactions. An understanding of the
network-system relation could help to find a more general mechanism for simulating classical many-body systems with ML.
We first discuss some broad possible extensions and ideas. We have
focused on one-dimensional spin systems without phase transitions
(chapter 3 and chapter 4) or away from the transition at T < Tc
(chapter 5). One could extend autoregressive RNNs on a broad range
of systems and system parameters, for example:
• Can the model capture phase transitions (T ≈ Tc ) and produce
the correct critical exponents?
• How can the one-dimensional input sequence of RNNs be used
for higher-dimensional lattice systems? In two dimensions, one
can snake through the lattice [21].
• The RNN can be extended to finite-dimensional discrete sample
spaces [21]. Can RNNs be combined with infinite-dimensional
or continuous state spaces? In that case, the one-hot encoding
of the input is no longer straightforward.
• The RNN is per construction open on both sides of the input sequence. Is there a way to implement periodic boundary conditions? Spin glasses, for example, are often studied for periodic
or antiperiodic boundary conditions and show different behaviour for open boundary conditions [24].
For this study, in particular, we suggest the following possible improvements and/or extensions:
• The variational approach provides a general scheme to optimise
the ML models [55]. A more quantitative convergence measure
for the free energy loss is a potential improvement, especially
when no analytical solution is available. When does the free energy loss reach the free energy of the system during training?
In that way, one knows how well the model approximates the
Boltzmann distribution even before using the configurations for
estimations. One possibility is to focus on the standard deviation of the free energy loss. A small deviation suggests a welltrained network close to the Boltzmann distribution [55].
• For the one-dimensional Ising model, we have found that the hyperparameters do not significantly impact the results, but this
is not necessarily always the case. Aside from the network architecture, a more in-depth study of the effect of the hyperparameters on the training of the model will help to understand
why something works or does not.
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• In practice, one often performs a finite-size scaling analysis to
determine the critical temperature of the system under study.
In chapter 5, due to computational and time restrictions, we
have chosen the parameters of the simulations based on other research [53]. However, different boundary conditions and finitesize effects could suggest a different critical temperature.
• If there is access to more computational resources, the analysis
of the spin glass (section 5.3) can be extended to simulations
for longer spin chains and more bond configurations. A more
in-depth analysis of the correlations can confirm if the RNN is a
viable simulation methodology for the system.
Finally, we have mainly focused on autoregressive RNNs because
they are simple and provide normalised probabilities of the configurations. There are many other generative models which can be used
for simulations in statistical physics (see Table 2). Similarly, there exist other network architectures, such as a Convolutional Neural Network (CNN), which can also be used for simulations. We do not have
to limit ourselves to one specific type of model or network. Instead,
one can explore a large number of possibilities in ML and see if there
are other more viable options.

Part III
APPENDICES

A

S TAT I S T I C A L P H Y S I C S

a.1

ising mcmc

This section contains the details of the MCMC implementation for the
data generation mentioned in chapter 3. We describe the MCMC algorithm and the details about the data generation.
Consider a one-dimensional Ising chain with N spins and open
boundary conditions (7). For this system, a simple but effective single
spin-flip MCMC algorithm is chosen [20]:
1. Initialisation: choose an initial configuration. The two most common are a completely ordered state (T → 0) with all spins up
or down, or a completely random state (T → ∞).
2. Trial step: make a trial step by flipping one randomly chosen
spin of the system sj → −sj , obtaining a new configuration

x 0 = (s1 , s2 , . . . , −sj , . . . , sN ).
3. Acceptance step: accept the new configuration with a probability
that satisfies detailed balance



p(x 0 )
α = min 1,
= min 1, exp −β∆E(x → x 0 ) ,
p(x)
with ∆E(x → x 0 ) the change in the total energy of the system, going from configuration x to x 0 . Since the system is onedimensional, the change in energy for a single spin flip is

∆E(sj → −sj ) = 2Jsj (sj−1 + sj+1 ) + 2Hsj .
In order to respect open boundary conditions, one of the two
interaction terms is omitted if j = 1 or j = N. In practice, one
generates a random number r ∈ [0, 1]. The new configuration x 0
is accepted for r 6 α, while for r > α, the new configuration is
rejected.
4. Iteration: go back to step 2.
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Figure 28: The running magnetisation for an Ising chain with βJ = 2 (left)
and βJ = 0.5 (right). Both simulations have vanishing magnetic field
(βH = 0) and start from an ordered configuration.
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Figure 29: The magnetisation per spin m for the one-dimensional Ising system
with N = 10 (left) and N = 100 (right). Results of 100 independent
MC simulations, each with n = 100 samples, are compared with the
analytical solution for N → ∞. The standard deviations are not visible.

In practice, not every configuration is used to estimate quantities because subsequent configurations are highly correlated. A frequently used time unit is the Monte Carlo step per spin (MCS), which
is equivalent to N spin-flip trials. For the MCMC simulations considered here, time measurements are done in MCS units. A configuration is generated at each MCS which corresponds to N iterations
of the MCMC algorithm.
Since MCMC converges to the Boltzmann distribution after an initial
number of steps, it is necessary to look at the burn-in period. In Figure 28 the running magnetisation can be found when starting from an
ordered configuration s0 = (↑↑ . . . ↑). In general, the one-dimensional
Ising system does not need many steps to reach stationary behaviour,
especially for high temperatures. Note that in the absence of a magnetic field (βH = 0), the average magnetisation vanishes (m = 0), but
the running magnetisation fluctuates around zero.
To check if the MCMC sampling works, the estimated magnetisation
is compared to the analytical solution in the thermodynamic limit.
This can be seen in Figure 29: the results for different combinations
of βJ and βH follow the analytical solution (5). For larger system
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Figure 30: Comparison of the estimated connected correlation function G(r), using
n = 104 consecutive samples, with the analytical solution (N → ∞).
The one-dimensional Ising has N = 100 spins and βH = 0.

sizes, the solution is closer to the analytical solution N → ∞. The
analytical solution of the connected correlation function for βH =
0 is compared to the MCMC estimate in Figure 30. The correlations
are averaged over all spin pairs that are a distance r apart. For a
system with open boundary conditions, there are many more spin
pairs over a small than over a large distance. The correlations are
small for a one-dimensional Ising system with weak coupling (βJ =
0.5). For a stronger coupling (βJ = 1.5), spins are correlated over
longer distances.
It is expected that the performance of the learnt distribution heavily
depends on the quality of the data set. In particular, many ML techniques use the i.i.d. assumption: all data points are independently
and identically distributed from the real-world distribution. In that
case, all spin configurations carry equal weight in the data set. Especially the independence assumption is important for MCMC since
this technique inherently provides correlated samples. The cheapest
method to get a rough estimate of the correlation time τ is the batch
means or data blocking method. If the samples are divided into batches,
then the batch means are approximately independent when the batch
size mb is sufficiently large. This is a different batch size than the one
used for ML. If we use (12), the error is underestimated because the
MCMC samples are correlated. Instead, we should use an estimate of
(14). For a large enough batch size, the batch means are approximately
independent and the estimate in (12) is appropriate. Figure 31 shows
the typical flattening of the error estimate for large batch sizes. The
MCMC correlation time is approximated by the position of the elbow.
Before the elbow, the batch means are correlated and the variance is
underestimated. Correlations between consecutive samples are smaller for a weaker coupling (βJ = 0.5) than for a stronger coupling
(βJ = 1.5). In practice, we add a configuration to the data set every τ
MC steps.
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Figure 31: The batch means method to estimate the correlation time between consecutive samples for MCMC runs. The one-dimensional Ising systems have
a weak coupling βJ = 0.5 (left) and stronger coupling βJ = 1.5 (right)
and βH = 0 (both). Samples are approximately uncorrelated when the
error estimates start to converge.

a.2

neural importance sampling

Neural Importance Sampling, introduced by [38], estimates observables O from a physical system with distribution p as

bn =
O

n
X

wi O(si )

with

si ∼ q(s; θ),

i=1

where q is a model distribution which approximates p. The estimation contains n samples from the distribution q, which in this case,
is the network distribution. The wi are the normalised importance
e i:
weights, obtained by normalising the importance weights w
ei
w
wi = Pn

ei
i=1 w

with

ei =
w

exp (−βE(si ))
.
q(si ; θ)

Since the normalising factor of the Boltzmann distribution is unknown, this technique is called self-normalised importance sampling. Notice the absence of the factor 1/n in front of the sum and the presence
of the weights wi , which is not the case for the standard MC estimates.
Contrary to MCMC sampling, the samples can be independently and
identically sampled from the RNN. For the observables which do not
depend on the partition function Z, one can obtain reliable errors as


b n (s) = Var (O(s)) ,
Var O
neff
where the variance can be estimated using (24) and neff is the
effective sample size. It gives an idea of how many samples, drawn
from the distribution q(s; θ), have the same quality as the samples
from p(s). In literature the effective sample size is often estimated as

A.2 neural importance sampling

P
b eff = 1/ i w2i [17]. This expression can be used for the energy of
n
the system, magnetisation per spin and the correlation function from
Table 1, since they do not explicitly depend on the partition function.
However, for the free energy and the entropy, which both do depend
on Z as O(s, Z) = g(s) + h(Z), a more complicated version for the
errors has to be used [38]:


b n (s, Z) = 1 ψT φφT
Var O
n
!
e − hgip Z
gw
with
φ=
e −Z
w

q

ψ
and

ψ=

1/Z

!

− hgip /Z + h 0 (Z)

,

which can be rewritten as


2 


1 
1
b
e − hgip Z
Var On (s, Z) =
gw
n Z2
q

2
e − Z)2 q
(w
+ − hgip /Z + h 0 (Z)
E 
D
2
0
e − Z)
e − hgip Z)(w
+
.
− hgip /Z + h (Z) (gw
q
Z
Here the Boltzmann expectation values h. . .ip are estimated using
(24), the network expectations h. . .iq using (13) and the partition function Z as
X
bn = 1
e i.
Z
w
n
n

i=1

e i often results in numerDirect use of the unnormalised weights w
ical instability and overflows. For this reason, the estimation is rewritb For
ten in terms of the normalised importance weights wi and ln Z.
example, the first term in the equation above is estimated by
1
Z2


n
2 
2
1 1 X
bn
e − hgip Z
ei − g
bn Z
gw
≈
g(si )w
b2 n
Z
q
n
i=1

2
n
ei
1 1 X b2
w
bn
≈
Zn g(si )
−g
b2 n
en
Z
Z
n
i=1
1X
bn )2 ,
(ng(si )wi − g
n
n

≈

i=1

where we have used the estimation of the partition function and the
definition of the normalised weights (25) in the last line. The estimations for the other terms can be calculated in a similar way, which
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leads to the following expression for the estimated variance of the
b n (s, Z):
estimations O
1X
bn )2 +
(ng(si )wi − g
n
n



d O
b n (s, Z) = 1
Var
n
1
A
n
2

n
X
i=1

i=1

!
n
1X
bn ) (nwi − 1) ,
(nwi − 1) + 2A
(ng(si )wi − g
n
2

i=1

where A = −b
gn ± 1 for the entropy (+) and the free energy (−).
For quantities that do not depend on the partition function (h = 0),
the factor becomes A = −b
gn .

B

L E A R N I N G W I T H D ATA

b.1

network architecture

This section contains a more in-depth description of the network architecture used in chapter 3 and chapter 4; and a derivation of the
probability output (20).
An important thing to consider first is the input of the network.
Neural Networks are very powerful and able to learn things that are
not meant to be learnt. For example, if the values of the spins (s = +1
or s = −1) are directly used as input, the network might learn something about the ordering of the spin values. Since this is generally
not desirable, it is a common practice in ML to treat each input value
equally. For discrete value spaces such as the Ising model, this is done
by one-hot encoding the inputs of the network: here the value s = −1
is encoded to the vector s = (1, 0) and s = +1 to s = (0, 1).
To learn the first probability p(s1 ), the network has to be initialised
by an artificial one-hot encoded spin s0 and a hidden vector h0 , both
chosen as zero vectors [21]. The inputs s0 and h0 are sent through
an RNN cell, which operates on the inputs. The simplest RNN cell is
a weighted sum sent through a non-linear activation function: this is
just the perceptron from (18). The output is treated as a new hidden
vector
h1 = σ (W [h0 ; s0 ] + b) .
The hidden vector h1 is both used to predict the probability p(s1 )
and to store the information of the chain, which is then used as input together with s2 to predict p(s2 | s1 ). The hidden vectors can be
interpreted as probabilities by first sending them through a fully connected layer Σ to get the desired dimensions for the output. Then it
is passed through a softmax activation function σ. This normalises and
squishes the output values in the range [0, 1], which can then be interpreted as a probability distribution y1 . The output vectors have the
same dimension as the input vectors: a probability for a spin down
and a probability for a spin up. The conditional probability is then
calculated as a dot-product between inputs and outputs:

qθ (s1 ) = s1 · y1 = s1 ·

qθ (s1 = (1, 0))
qθ (s1 = (0, 1))

!
.

This process is repeated until the hidden vector hN−1 and spin
sN−1 are used to predict p(sN | sN−1 , . . . , s1 ).

79

learning with data

7

Network Training

1e1

Training loss
Validation loss

6

Loss (NLL)

80

5

4

3
0

20

40

60

Training time [epochs]

80

100

Figure 32: Training and validation loss (NLL) for a network trained on n = 2
spin chains (N = 100). The network has nl = 1 hidden layer and a
hidden dimension of hd = 25 with a total of Pθ = 2227 parameters.
The network is learning since the training loss decreases: this is a good
initial sign of a working algorithm.

q(s; θ) =

N
Y

qθ (si | si−1 , . . . , s1 ) =

i=1

b.2

N
Y

si · yi .

i=1

training the network

In this section, the training approach from chapter 3 is elaborately
discussed: this includes testing the network for expected performance
and other details.
Before performing a full-scale analysis on the Ising model, it is always a good idea to check if the network works. One simple method
is to train the network on a very small data set. If the architecture
and the training steps are correctly implemented, any network can
minimise the loss of very few samples, given that the model is powerful enough [19]. The numerical implementation of the program is
inspired by [12] in combination with PyTorch [39] as DL library. The
network is then trained using a small data set of n = 4 samples, two
for training and two for validating, for a system with βJ = 1, βH = 0
and N = 100. Figure 32 shows that the loss decreases after multiple
epochs of training. This is an initial sign that the network works and
learns something. One can also notice that the validation loss starts to
increase after several epochs while the training loss keeps decreasing.
This implies that the network is starting to overfit to the data set of
two samples.
The NLL loss does not directly provide quantitative information
about how well the network is learning the Boltzmann distribution.
Therefore the Boltzmann weights exp(−βE(si )) are used as a measure

B.2 training the network
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Figure 33: Training and validation NLL loss (left) and MSE metric (right) for a
network trained on n = 104 generated spin chains (N = 100). The
network has nl = 1, hd = 2 with a total of Pθ = 31 parameters. Both
the NLL and the MSE are minimised during training, which implies that
they both measure the similarity between the learnt distribution and the
Boltzmann one. However, the minimum NLL depends on the system and
the amount of data, while the MSE approaches zero.

for learning the correct distribution. While the original data only has
access to the unnormalised Boltzmann weights, the network provides
normalised probabilities q(si ; θ). We consider the MSE of the logarithms of the ratios as a performance metric, which is a simple solution that prevents extremely large numbers. For an even number of
batch samples nb , it is calculated as
nb



2

2 −1 
exp(−βE(s2i ))
2 X
q(s2i ; θ)
MSE(θ) =
.
− ln
ln
nb
q(s2i+1 ; θ)
exp(−βE(s2i+1 ))
i=0

In Figure 33 the NLL loss and the performance metric are compared
to each other. While the minimum NLL is around ≈ 10, a value from
which it is difficult to derive if the network has learnt the distribution, the minimum MSE metric is . 10−2 . If the network can reproduce the Boltzmann distribution completely, the performance metric
is zero: a small MSE implies that the network distribution is close to
the Boltzmann distribution.
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c.1

training the network

This section elaborately describes the training approach from chapter 4:
this includes the practical numerical implementation and the details
of the training approach.
When the network is trained without an explicitly available data
set, configurations are generated by the network and the variational
free energy is minimised as a loss function:

βFq = hβE(s) − ln q(s; θ)is∼q ,
with E(s) the energy of the one-dimensional Ising chain. In practice,
the expectation value is approximated by an MC estimate

L(θ) =

nb
1 X
(βE(si ) − ln q(si ; θ)) .
nb
i=1

Since the training loss (28) is an estimation of the true loss (27),
one has to be careful when back-propagating the loss function. Backpropagation should use the gradients of the true loss, which can be
calculated as an expectation value according to the variational distribution

∇θ βFq = h∇θ ln q(s; θ) (βE(s) + ln q(s; θ))is∼q .

(32)

This derivation makes use of the fact that

h∇θ ln q(s; θ)is∼q =

X
s

q(s; θ)∇θ ln q(s; θ) = ∇θ

X

q(s; θ) = 0,

s

since the network distribution is normalised per construction and
the sum over the configurations can be pulled through the gradients.
The gradients in (32) can also be approximated by a standard MC
estimate
nb
1 X
\
∇θ βFq =
∇θ ln q(si ; θ) (βE(si ) + ln q(si ; θ)) .
nb

(33)

i=1
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Notice that the gradients of the estimated loss from (28) are not the
same as (33). This is the reason one has to be careful when implementing the loss.
In practice, (28) is measured during training while (33) is used to
back-propagate through the network and update the parameters. For
PyTorch in particular, this is implemented by setting the argument
(requires_grad=True) for the ln q(si ; θ) tensor before the brackets
and setting (requires_grad=False) for the two terms between the
brackets in (33). As a result, a call to loss.backwards() only backpropagates through the first ln q(si ; θ) whose derivative has to be
taken. An alternative but equivalent option is to rewrite the expression into a total derivative and perform back-propagation on the expression inside the total derivative.
Since the training loss βFq is an estimate for the exact free energy
of the system, it is quite simple to check if the network training performs as expected by comparing the running training loss with the
exact value for N → ∞, which is known for the one-dimensional Ising
system. Due to finite-size effects, the analytical solution is not the
same as the estimated loss but it already gives an idea of how close
the distribution is. When no exact solution for the free energy is available, it is still possible to get an idea of how closely the network distribution q(s; θ) approximates the Boltzmann distribution p(s). The
idea behind this is based on the variational free energy in (27) as an
estimation over the distribution βE(s) + ln q(s; θ). If the network distribution exactly describes the Boltzmann distribution q(s; θ) = p(s),
then the estimated free energy has zero variance since

βE(s) + ln q(s; θ) = βE(s) + ln p(s) = − ln(Z),
where the partition function Z is just a normalisation constant. The
second equality comes from the definition of the Boltzmann distribution (1). Conversely, if the estimator has zero variance, then the
distribution is constant: this is called the zero variance principle. Unfortunately, this constant does not necessarily need to be the partition function Z. However, if we can prevent mode collapse, then the
constant is equal to − ln(Z) and the variational distribution is the
Boltzmann distribution. Consequently, a small variance implies that
the variational distribution is really close to the Boltzmann distribution q(s; θ) ≈ p(s) [55].
In Figure 34 (left) a network is trained for a system at high temperature (βJ = 0.3), to avoid mode collapse, using this training approach.
As can be seen, learning is unstable since the estimated loss heavily
fluctuates. Instead, the network jumps around in the parameter space
looking for a minimum variational free energy. The relatively large
standard deviation suggests that the variational distribution is not
close to the Boltzmann distribution. This behaviour is caused by the

C.1 training the network
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Figure 34: The network training for a system with N = 100, βJ = 0.3 and βH = 0.
The network has Pθ = 147 parameters and is trained without a variance
reducing term (left) and with a variance reducing term (right). Each
training step corresponds to one parameter update of the network or
equivalently, one iteration from Figure 16. Learning is much more stable
when the variance reducing is included in the loss function.

difference in magnitudes of the two terms between brackets in (28),
namely βE(s) and ln q(s; θ) [55].
This problem can be solved by introducing a variance reducing
term in the gradients, which has no impact on the true loss function (27) [33]. The variance reducing term fixes the difference in magnitude between the two terms in the gradients. The estimates for the
gradients then become [55]
nb
1 X
\
∇θ βFq =
∇θ ln q(si ; θ)
nb
i=1



nb
X

1
βE(si ) + ln q(si ; θ) −
βE(sj ) + ln q(sj ; θ)  .
nb
j=1

Figure 34 (right) shows the same network training as before but including this variance reduction. Learning is much more stable: the
estimated loss fluctuates much less around the minimum. The estimated variance of the variational distribution is also much smaller, which suggests that the final distribution is much closer to the
Boltzmann distribution than without variance reduction.
As mentioned before, the principle of zero variance and the training approach only works if the network does not collapse on certain
modes during training. For example, in Figure 35 a network is trained
at low temperature (βJ = 3). The magnetisation spectrum should be
dominated by two different modes: a spin up and a spin down chain.
However, when looking at the generated configurations of the network, only one mode is present (here the spin up chain). Despite a
small variance of the variational distribution, the network is unable
to describe the correct physics due to mode collapse. It is possible
to solve this problem by carefully annealing the temperature from a
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high temperature β∗0 to the temperature of the system β [22, 55]. At
β∗0 = 0, the free energy loss is dominated by the entropy term and
the system is in a random state. By gradually lowering the temperature, gradient descent explores the different modes that minimise the
free energy loss. Intuitively, temperature annealing is a physical way
of balancing exploitation and exploration in the parameter space. If
training starts at β → ∞, the network only finds one mode (spin up
chain) and no longer searches for other ones. There is only exploitation and no exploration. Two different annealing schemes are tested:
• Linear scheme [22]: β∗ (t) = β∗ (t = 0) + t∆tβ = t∆tβ, where
β∗ (t = 0) = β∗0 = 0 is the initial annealing temperature and ∆t
a measure for the speed of annealing. After t = 1/∆t annealing
steps, the training has reached the system temperature. Annealing should be slow enough to prevent mode collapse but fast
enough so that training does not become computationally too
expensive.
• Power scheme [55]: β∗ (t) = β(1 − βtA ) with 0 < βA < 1 a measure
for the speed of convergence to the system temperature β. If
βA . 1, the system needs many annealing steps to converge
to the system temperature. The system only reaches the system
temperature β at t → ∞.
These two annealing schemes are compared to each other, for which
the results can be seen in Figure 35. Contrary to a naive network
without annealing, both schemes can prevent mode collapse of the
network distribution and estimate the correct correlations in the chain
at low temperatures.
Numerical simulations show that both schemes break down if too
few or no annealing steps are taken. For example, consider an Ising
chain with N = 100, βJ = 2 and βH = 0. Then the power scheme
breaks down and has mode collapse for βA . 0.8 when training with
NT = 10 parameter updates per temperature. On the other hand, the
linear scheme breaks down at 1/∆t = NA ≈ 10 annealing steps when
training with NT = 10 parameter updates per temperature. These
breakdown regimes depend on the system and training parameters.
In particular, when the network is better trained at each temperature (larger NT ), there are fewer annealing steps necessary to prevent
mode collapse (smaller NA ).
Since the primary goal of temperature annealing is preventing mode
collapse, it does not really matter which of the two schemes is used:
both work as long as enough annealing steps NA are taken for the
number of training steps per temperature NT .
The computational least expensive and simplest option is in this
case the linear scheme since there is no need to perform enough annealing steps to converge to the temperature of the system. Instead,
the number of annealing steps immediately anneals the temperature
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Figure 35: A comparison between networks (P = 147) trained with no temperature annealing (top row), annealing with a linear scheme (middle row)
and with a power scheme (bottom row). The network training without
annealing (top left) is trained for NT = 100 parameter updates. The
networks with annealing are trained at NA = 100 different temperatures from β∗0 J = 0 → βJ = 3, each for NT = 100 parameter updates
and with batch size nb = 1000. Every step in the figures is the average
training loss of NT = 100 parameter updates. Contrary to the network
without annealing, both annealing schemes prevent mode collapse. The
magnetisation histograms (middle) and correlations (right) are calculated using n = 104 samples from the RNN. The one-dimensional Ising
has N = 500, βJ = 3 and βH = 0.
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in NA steps to the desired temperature, which for this system, in particular, can be very small NA . 10. However, when few training steps
are performed at each annealed temperature, it is beneficial to train
the network further at the final temperature of the system. Generally,
the training of the networks goes as follows: anneal the temperature
linearly for NA steps, at each step the network is trained for a relatively small number of parameter updates NT , and then train the
network extra at the final β for NF steps. An example can be seen in
Figure 17.
c.2

imposing symmetry

Suppose q(s; θ) is the variational ansatz for the Boltzmann distribution p(s), which is symmetrised according to the Z2 symmetry of the
system so that [29, 55]

qsym (s; θ) =

1
(q(s; θ) + q(−s; θ)) .
2

The dissimilarity between the variational and Boltzmann distribution is given by (26), which is minimised by an NN to find the best
possible parameters θ. In that case, we know that
DKL (qsym k p)


X
qsym (s; θ)
=
qsym (s; θ) ln
p(s)
s

 X

!
qsym (s; θ)
qsym (s; θ)
1 X
q(s; θ) ln
+
q(−s; θ) ln
=
2
p(s)
p(s)
s
s

 X

!
qsym (s; θ)
qsym (−s; θ)
1 X
=
q(s; θ) ln
+
q(−s; θ) ln
2
p(s)
p(−s)
s
s


X
qsym (s; θ)
=
q(s; θ) ln
,
p(s)
s
where we have used the symmetry of qsym and p under spin flips.
In the last step, the two sums are identical since they are both an
enumeration over all possible configuration. The same can be proven
if there are additional symmetries such as the reflection symmetry.
This equality can be used to prove that

C.2 imposing symmetry

DKL (q k p) − DKL (qsym k p)


 X

X
qsym (s; θ)
q(s; θ)
qsym (s; θ) ln
q(s; θ) ln
−
=
p(s)
p(s)
s
s
X

q(s; θ) ln q(s; θ) − ln p(s) − ln qsym (s; θ) + ln p(s)
=
s

=

X
s


q(s; θ) ln

q(s; θ)
qsym (s; θ)



= DKL (q k qsym ) > 0,
where the definition of the KL divergence is used and the inequality
holds because of the Jensen inequality. Using once again (26) to write
DKL (q k p) − DKL (qsym k p) = βFq − βFqsym , above inequality turns
into βFq > βFqsym .
This suggests that the variational free energy of the symmetrised
model is a lower upper bound for the true free energy βF of the
system. Since the variational free energy has to be minimised to approximate the Boltzmann distribution, exploiting the symmetry could
result in a better description of the system [29].
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Fig. 9; Fig. 10; Fig. 11
Fig. 12
Fig. 13; Fig. 14; Tab. 5
Fig. 15

simulation parameters

N

βJ

βH

method

n

Neq

Nmc

τ

init

10

0.8

0

exact

5000

7

7

7

7

40

random
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0
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10 − 1000

0.5

0
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1000

104

1

random

1000

4 · 106

400

random

100

4 · 105

40

random

100
100

2
0.8

0
0

MCMC
MCMC

10000
10000

Table 8: A summary of the system and simulation parameters that were used to simulate the data sets presented in chapter 3. The exact method refers to simulations
where the configurations are drawn with the exact Boltzmann probabilities, obtained by enumerating over all possible configurations of the one-dimensional
Ising. Init refers to the initial configuration for the Markov chain. The symbol n stands for the number of samples in the data set. The other symbols can be
found in the Table of Symbols.
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Table 9: A summary of the system parameters and the network and training hyperparameters that were used to obtain the results presented in chapter 3. The symbol
n stands for the number of samples in the data set. The other symbols can be found in the Table of Symbols.
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Table 10: A summary of the system parameters and the network and training hyperparameters that were used to obtain the results presented in chapter 4. The other
symbols can be found in the Table of Symbols.
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Table 11: A summary of the system parameters and the network and training hyperparameters that were used to obtain the results presented in chapter 5. The
columns share cell and share Σ indicate if the RNN shares the parameters for the cell and/or fully connected layer Σ. The other symbols can be found in
the Table of Symbols.
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