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Abstract

Polymer melts generally demonstrate complicated dynamic and stress relaxation be-
haviours, which are usually difficult to be described by theoretical models and typi-
cally involve many parameters. The thesis specifically centers on developing novel
models to study entangled polymer melts with the help of Monte Carlo methods. We
commence by providing a brief description of the problems and prior knowledge for
polymer and Bayesian statistics in Chapter 1.

In Chapter 2, we develop a multi-bead coarse-grained model based on single-
particle dynamics at the level of the individual molecule. Next, we show how to
embed Kalman filter into Markov chain Monte Carlo (MCMC) paradigm to draw
inferences on the model parameters. Then the estimates of parameters can be used to
reproduce the dynamics of the center of mass of single chains in molecular dynamics
(MD) simulations. We explore the performance of coarse-grained models for linear
chains with different hidden beads and find that the multi-bead model is preferable
to have Rouse-like structure rather than asymmetric star structure.

The next part of the thesis investigates two different models dealing with non-
linear systems. The first model is the extension of the multi-bead model for dealing
with nonlinear interactions and the second model is described by the generalized Lan-
gevin equation with memory kernel. The MCMC method fails for the first model

due to the fact that the particle MCMC using for parameter estimation ends up with
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noisy likelihood and is unable to explore the parameter space sufficiently. Laplace
transform and numerical approximation are applied to get the estimates of unknown
parameters for the second model. Comparing the linear multi-bead model and the
model with memory kernel, we find that the former is more promising to describe the
dynamics of entanglement polymers.

In Chapter 4, we introduce Monte Carlo methods in combination with the slip-
spring model, which was originally developed for describing dynamics of entangled
polymers, for detecting entanglements in the polymer melts obtained from MD si-
mulations. The total number, the effective lengths and the locations of the anchor
points of the slip-springs will be well decided by Bayesian statistical methods. The
Bayesian alternative can also compute the posterior distribution of different models
and provide uncertainty analysis on the estimation of model parameters.

Finally, in Chapter 5, we provide concluding remarks and discuss the limitations

of our methodologies, and point out possible future research directions.
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Chapter 1

Introduction

1.1 Overview

Polymers are large molecules composed of many elementary units called monomers.
The monomers are connected by covalent bonds. The number of covalent bonds that
constitute the polymer is referred to as the degree of polymerization, denoted as N.
N is typically quite large, ranging from 10? to 10° and some polymers of length up to
1019 can be found in the natural world. There are many types of polymers according to
their branching architectures, such as linear, star, ring, comb, dendrimers and Cayley
trees. Examples of polymer chains of different architectures are shown in Fig. 1.1.
In general, common chemical materials with the same molecular weight but con-
stituted of different units usually show dramatically different behaviours. However,
polymer materials with different monomer types but with the same global topology
often exhibit similar behaviours. Some of the polymer chemical characteristics, inclu-
ding the molecular structures, the degree of polymerization and chemical composition
are fixed after the polymerization or after being synthesized. It is interesting to note
that their conformation determined by the relative positions of their monomers con-
tinuously change under thermal fluctuativity. The conformation of a linear chain
comprised of N bonds can be described by a set of N + 1 position vectors {R;}.

Alternatively, its conformation can be represented by a set of bond vectors {r;}¥,,
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~— AL

Linear Star Comb-like

Ring H-typed Dendritic polymer

Figure 1.1: Different type of polymer architectures

where

ri:Ri—RZ‘_l, 22172,,N (].].)

The end-to-end vector of the chain is defined as
N
Re :RN—RO :ZI'Z‘. (12)
i=1

The mean square of the end-to-end vector is given by

=, (ri 1)), (1.3)

where (R?) is often considered as a measure of the size of a linear chain. This quantity
is not well defined for polymers with other architectures, since sometimes there are
either too many ends, e.g., star and comb polymers, or no ends at all, e.g., ring

polymers. An alternative way to characterize the size of a polymer with any topology
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is to evaluate the radius of gyration,
N
vy (Ri- R.)’, (1.4)

z:O

where R, is the center of mass of the polymer defined as

1 N
= ” 1.
Rom = 577 2R (15)

A polymer chain can take a large number of conformations due to thermal fluctuations
and intra- and inter-chain interactions. It is more practical to study the statistic
properties of polymer chains.

Let us start with one of the simplest models: the freely jointed model. Consider
a linear chain composed of N +1 beads {R;}¥, the length of each bond r; is b (b > 0)

and the coordinates of the bonds are independent of each other, which implies

v, i=j
r;) =0, r-r;) = . .
(6) =0, (1)) {07 L

Therefore, the mean square distance of end-to-end vector of a freely jointed chain,

(R?), can be written as

(R?) Z )+ Z r; - Ij)

i=1 i#]

= Nb°. (1.6)

Now we focus on more complex models. Assume the orientation of each bond is
independent while the length of each bond is allowed to fluctuate with (r;) = 0 and
(r?) = b* where b is known as the Kuhn length. If N is large enough, it can be proved
that the distribution of (R?) with N bonds is Gaussian,

3 \%? 3R2
P(Re’N):(szb?) eXp{_sz2}’ (17)
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which gives

(R,) = 0 and (R?) = Nb*.

Further details about the chain statistic properties can be found in Doi and Edwards
[1] and Rubinstein and Colby [2]. Note that in a real polymer, the consecutive bonds
cannot be completely independently orientated due to the chain connectivity and
steric hindrance. On the other hand, if we take a coarse-graining approach by treating
a set of consecutive monomers, say n monomers, as a new segment, the new bond
vectors which connect the center of mass of consecutive coarse-graining segments

would exhibit random behaviour when n is large enough.

1.2 The Gaussian Chain

Doi and Edwards [1] showed that, in the study of statistical properties of chain end-to-
end vector R, the local configuration of sufficiently long chains only depends on the
effective bond length b. Therefore, to analyse the statistical properties of a polymer
chain, we start with Gaussian chains.

Consider a linear chain with N bonds, {r;}¥,, where the length of r; is distributed

according to Gaussian distribution:

B(r) — (27?@)3/2 exp (-‘Z’Zi) . (1.8)

In such case, we have

The joint probability density of a chain with configuration {r;}% is

liry) = 1:11 {273132}3/2 P (‘2@ (1.10)
N <2jb2>3N/2 exp (‘é - ;b?i_1)2> : (1.11)
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Such a chain with joint probability density described as ®({r;}) is called the Gaussian
chain. Though the Gaussian chain does not provide us with details of the local
structure of the chain, it tells us the global properties of a chain. Compared to freely
jointed model mentioned before, the mathematical calculation involving a Gaussian
chain is much easier to achieve.

The Gaussian chain represents a chain with consecutive beads connected by har-

monic springs. The potential energy of the whole chain is given by

3kpT X
252 Y (R, —Ri )%, (1.12)

i=1

U({Ri} =

where kg is the Boltzmann constant and 7' is temperature.
Let us consider the distribution of the vector Ry — R,, between monomer 0 and

monomer n. The distribution of R,, — Ry can be written as

P(R, — Ry) = /de.../an,leXp [—?’gbe (i (R, — Ri1)2)>] . (113)

i=1

The integration in Eq. (1.13) can be performed in a stepwise manner,

3kpT
P(R; — Ry) :/deeXp [—252 ((Ry = Ro)* + (Ry — RI)Q))]
d
2mb? \ 2 1 3kpT )
- (gm) 7P [‘4172 (Ro =Ro)'|.

where d is the dimension of the position vector Ry. Similarly, to complete the inductive

step, we obtain

/an_leXp {—23[)2 (nil (R,_1 —Ro)* + (R, — Rn—1)2)>}

d
orb? \2 1 3kpT 1 )
= <3kBT> (#)d/Qexp [— 2b2 . E (Rn — Ro) ] .
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Hence, R,, — Ry given by induction as

3kpT (&
=1
d(n—1)
27h? 2 1 3kpT )
:<3kBT> nd2 P [—Wmn—m)] (1.14)

dn
2mb? \ 2 [ 3kpT \ " 3kpT )
=|(—= — -—— (R, —R .
<3kBT> <27mbz> exp 2nb? ( 0)
The expression in Eq. (1.14) tells us that, in a Gaussian chain, the distribution of a

vector between any two monomers is also Gaussian.

1.3 Brownian Motion

Brownian motion was first observed by a botanist named Robert Brown in 1827 when
he was looking at the motion of pollen grains in water. It describes the random motion
of particles suspended in a fluid where the molecules of the fluid hit the particles from
different directions with different velocities. Brownian motion is governed by Newton’s

second law

F = ma, (1.15)

where a = % is the acceleration of the particle and m is the mass of the particle.
Considering the dynamics of polymer chains, the random force F acting on a mono-
mer comes from frequent collisions with surrounding monomers. Due to the chaotic
character of the collisions, it is natural to assume that F is Gaussian with zero mean

and is delta-correlated in time,
(F) = 0 and (F(t),F(t)) = 0%6(t, 1), (1.16)

where o2 is the variance of the random force.
Assume we focus on one of the monomers of a polymer chain moving through

the liquid with constant velocity v, the surrounding liquid will resist its motion with
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a friction force, which is given by

f=¢v, (1.17)

where ¢ is friction coefficient. If the solvent is treated as a continuum medium, the
motion of the monomers along the chain is governed by the Langevin equation of

motion [1],

2 . “ e e .
md Rz _ _U(RO> 7RN) . ngz

dt? OR;

where U(Ry, -+ ,Ry) is the total potential of the chain. The random force f;(t) is
assumed to be delta-correlated in time and independent for different monomers as
given in Eq. (1.16). The Fluctuation-dissipation theorem [3] establishes the following

relationship between the random force f;(¢) and the friction coefficient &,
In the overdamped case, the inertia of beads is usually negligible, leading to a reduced

form of Eq. (1.18)

dR,; U(Ro, - ,Ry) ‘
=— f; =0,---,N. 1.2
Sdt R, +£(t), i=0,---, (1.20)

1.4 The Rouse Models

Extensive studies have been carried out on the properties of linear polymer chains.
The most successful model for studying the dynamics of short chains is the Rouse
model [4]. A Rouse chain is composed of a set of massless beads connected by harmonic
springs. Fig. 1.2 is the sketch of a Rouse chain. The intra-chain potential U({R;}Y,)
shown in Eq. (1.20) is given by

N

U({Ri}L) = ;kZ(Ri ~Ri1)?, (1.21)

i=1
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Figure 1.2: Rouse chain model

3kpT
b2

where k = , as shown in Eq. (1.12), is the spring constant which guarantees the

mean square of bond length to be b%.
In such case, the equations of motion for individual monomers along the Rouse

chain can be rewritten as:

dR, 3kpT

gﬁo = _%(Rl - RO) + fO(t)7

dR; kgT .

e - _3T§(Ri_1 +Rip1 — 2R +fi(t), 1<i<N-—1, (1.22)
dR 3kpT

¢ dtN —_ b’; (Ry_1 — Ry) + fn ().

Using following matrix notations

R = (Ro,Ry, -+ ,RpN)7,
f(t) = (fo(t), f1(t), -~ En(1)".

Eq. (1.22) can be rewritten as

— = AR +f 1.2

where the connectivity matrix of the Rouse chain is a diagonal block matrix
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Applying orthogonal transformation ¥ on R, we have X = R, Eq. (1.22) turns

out to be diagonal with new variable { X}

p=0’
0X
gpa—tp = —k,X, + £,(t), (1.24)
(i +1/2)
oy e (2,

where X, is known as normal mode, and the random term f,(¢) is characterized by

the Fluctuation-dissipation theorem shown in Eq. (1.19),

(£, (D)E,(t) = 2k TE8,6(t — ). (1.26)

It is interesting to note that the first component with p = 0 is the center of mass
of the chain, which indicates that the motion of center of mass of a Rouse chain is

Brownian motion characterized by the following formula,

ko =10, & :(N+1)§

1
X, = N+1ZR R

For mode numbers p larger that 0, we have

& = 2(N + 1)¢,
_ 24kpT(N +1) . ™
k, = 2 sin? (2(N n 1)>

which provides the following relaxation time 7, of normal mode X,

L& & e
T, = P 12kBTsm 2N+ 1) (1.27)

Hence, the longest relaxation time, known as the Rouse time 75, is given by

&2 5 T
= T 1.2
N DY I T Ty (1.28)
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If the length of the chain N is large enough, sin =2 (ﬁ) can be approximated with

4(1\131)2, then we obtain

2 2
TR~ w. (1.29)
Rouse time is an important concept in the study of polymer dynamics. It characterizes
the time scale for a polymer to diffuse a distance of its own size. On the time scales
that shorter than the Rouse time, the polymer will show viscoelastic features; while

on the time scales that larger than the Rouse time, the motion of the chain can be

viewed as a single-particle diffusion process [2].

1.5 The Coarse-Grained Model

The dynamics of a polymer chain in melt or solutions cover a wide range of time and
length scales, typically from picoseconds to days and from nanometers to millime-
ters, or even longer. It usually requires different techniques to study the dynamics
at different length and time scales. If we are interested only in the mesoscopic to
macroscopic behaviours of the molecular system, detailed chemical structures and
fast fluctuations at very short time scales can be neglected, and only their average
values are essential. It is possible to develop coarse-grained models that involve only

the mesoscopic variables by averaging over the unessential atomic details. Molecular

Atomistic Fine-grained Coarse—grained ) Single-particle dynamics
molecular dynamics molecular dynamics ~ stochastic dynamics

{0 %/
WY

>

Degree of coarse-graining

Figure 1.3: Sketches of different levels of coarse-graining for a polymer chain

10
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dynamics (MD) simulation is a powerful tool in studying the dynamics of polymers
which can be simulated based on different levels of coarse-graining. Fig. 1.3 shows
the schematic representation of different levels of coarse-graining for a polymer chain.
The most detailed model takes into account atomistic interactions such that specified
chemical properties are well represented. Grouping up several atoms into one bead,
we obtain the fine-grained coarse-graining model. A higher level of coarse-graining
can be achieved by lumping more atoms into a larger bead. Representing a whole
polymer chain with a single particle, one gets the most coarse-graining model. MD
simulations at the atomic level are very slow and usually take incredibly long time to
reach equilibrium states. Due to the computational power limitation, it is necessary
to develop coarse-graining models to study polymer dynamics at large time and length
scales.

In this thesis, we are interested in the most coarse-graining model where the
whole polymer chain is represented by a single particle — the chain center of mass.
We will study single-particle dynamics using trajectories extracted from fine-grained

MD simulations.

1.6 Entanglements in Polymer Melts

The Rouse model is a cornerstone of polymer dynamics which can analytically express
almost all the observables of interest. However, it is not suitable for describing the
dynamics of long polymers. It is well established that the dynamics of polymers are
heavily dependent on the length and structure of the chains [1] [5]. The melts and
concentrated solutions of long polymer chains exhibit extremely slow dynamics due
to topological constraints caused by the uncrossibility of the chains, called entang-
lements. Entanglements will restrict the lateral motion of the chains and lead more
complicated rheological properties. The dynamics and rheology of long polymers are

of great interest, especially for practical applications, such as improving the proces-

11
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sivity of polymer melts, the strength of adhesives and cracking resistance of fibres.
Fig. 1.4 shows a snapshot of the primitive paths of a long polymer chain and its

neighbouring chains.

Figure 1.4: A long polymer chain (black) and its neighbouring chains

Extensive efforts have been devoted to defining the microscopic pictures of en-
tanglements. Several numerical tools have been reported for detecting entanglements
at microscopic scales, including primitive path analysis (PPA) method developed by
Everaers et al. [6] [7] [8] [9], the tube axis method by Likhtman [10], isoconfiguration
ensemble [11] and the contact map method by Likhtman [12] [13]. Our aim is to
introduce novel approaches based on Bayesian statistics and Monte Carlo methods to
detect the existence of entanglements and infer the number of entanglements along

the chain backbone. We will discuss these methods with further details in Chapter 4.

12
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1.7 Bayesian Statistics and Monte Carlo Methods

Bayesian statistics, named after Thomas Bayes, refers a class of methods widely used
in the field of probability and statistics. Bayesian statistics is based on the belief that
the uncertainty of unknowns should be quantified by probabilities. One of the most
important opinions of Bayesian statistics is that “probability is orderly opinion, and
that inference from data is nothing other than the revision of such opinion in the light
of relevant new information” [14]. This message delivers a key idea that Bayesian
statistics involves updating our knowledge based on the new up-to-date information.

Different from the maximum likelihood estimate (MLE) methods, which gives a
single point estimate with confidence interval estimate, Bayesian statistics provides
the full posterior probability of the unknown parameter, which means that Bayesian

statistics is able to use probability to quantify the uncertainty of the parameters.

1.7.1 Bayesian Statistics

Bayesian framework is based on a simple rule of probability, which is known as Bay-

esian formula:
P(B|A) x P(A)
P(B) ’

where A and B are events of interest with probability P(A) and P(B) > 0. The

P(A|B) = (1.30)

conditional probability P(A|B) indicates the probability of observing event A when
B is known, and vice versa.

Bayes’ theorem interprets the above formula as follows: event A represents a
hypothesis and event B is the observed evidence; the Bayesian rule establishes the
relationship between the prior probability of the hypothesis P(A) and the posterior
probability of the hypothesis P(A|B) after evidence B is given. Probabilities P(B|A)

and P(B) are called likelihood and evidence, respectively. Using such interpretation,

13
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the Bayes’ theorem can be interpreted as

Likelihood

Evidonce ~ Prior probability. (1.31)

Posterior probability =

Let us now make it more specific. Assume we observed a set of data Y = {y;}£
where L is the number of observation and y; is drawn from a probability distribution

p(+|@) with unknown parameter vector 8. The probability of observing y; is given by
y; ~p(y;|0), i=1,--- L. (1.32)

Parameter @ is unknown but we have the hypothesis that 0 is distributed from pro-
bability p(-|a) where « is called hyper-parameter. In such case, Eq. (1.31) can be

written as
p(Y1]0, )
p(Yla)

where the evidence term p(Y|a) is known as the marginal likelihood, which is the

p(0|Y, a) = Xp(@’a), (1'33)

probability of observing data Y marginalized over all possible 0,
p(Yla) = [ p(¥10.0)p(0]a)db. (1.34)
We will discuss the marginal likelihood in more details later in Chapter 4.

1.7.2 Prior

Prior information is important in Bayesian statistics. It indicates the uncertainty
about the quantity of interest before we perform any analysis of the observation.
Prior knowledge is usually obtained from previous knowledge, such as from historical
data and experiments. A strong prior, which is also called informative prior, provides
specific information about the quantity. In such cases, it makes the posterior mainly
dominated by the prior and be less affected by the data. The stronger the prior is,

the more data would be needed for decreasing the impact of the prior.
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However, sometimes, we expect a non-informative prior that has less influence
on the analysis. To set up a weak prior belief, we usually adopt a prior that is rather
flat over the parameter space, e.g., uniform distribution. The good news is that the
influence of the prior will decrease as the number of observations increases. Note that
this is the case even when we use a very informative prior. The large data set will
gradually correct the belief and eventually give us the correct posterior even if the

prior available is significantly wrong!

1.7.3 Monte Carlo Integrations

Bayesian inference involves calculating integrals which are usually analytically intrac-
table. An efficient way to solve this problem is to perform numerical approxima-
tion. Monte Carlo (MC) methods are a class of methods generating repeated random
sampling to obtain the numerical approximation of the intractable integration. It
was invented by Stanislaw Ulam in the late 1940s. Combined with Metropolis al-
gorithm [15], which is the original version of Markov Chain Monte Carlo (MCMC)
methods, it is developed slowly until Hastings [16] extended it to a more general case
in 1970. However, the methods can be applied to various areas only in theory because
of the lack of powerful computation machines. The situation began to changes in 1984
when Geman proposed a particle MCMC (known as the Gibbs Sampler) for image
processing. It was not until 1990 that the paper of Gelfand and Smith [17] raised
the awareness of MC methods to the statistical community. After that, MC methods
gained broad applicability and became one of the most important tools for computer
simulations.

MC methods are used to approximate integrals that are not analytically solva-
ble. To illustrate this, let 7(-) denote a probability measure which is defined on a

measurable space (E, €). There is an integrable function f(-) of interest and our goal
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is to estimate the integral with respect to 7(-):

E[f(X)] = [ f@)n(dn) (1.5)

Performing MC methods to approximate this integral, we draw independent samples

{x;}, from probability distribution 7 (-), which yields
A 1
Ex[f(X)] = 22 >_ f(@:). (1.36)

According to Strong Law of Large Numbers, we know that the estimator E, [f(X)] —
E;[f(X)] almost surely as K — o0, as long as the expectation is finite.

When performing MC computational methods to approximate intractable inte-
grals, an essential criterion for evaluating the effectiveness of a method is the variance
of the estimator.

Suppose we have samples {z;}, draw from density 7 of interest, if the variance
of f(X) with respect to 7 is finite, say o7, the Central Limit Theorem tells us that
the estimator E,[f(X)] is asymptotically normal,

lim VE(E,[f(X)] — E:[f(X)]) = N(0,0%). (1.37)

K—o0

Hence, the variance of the estimator is given by cr]% /K.

1.7.4 Markov Chain Monte Carlo Methods

Eq. (1.36) illustrates how to simulate independent and identically distributed (i.i.d.)
random variables from 7 () to approximate integral 7(f). However, when performing
Bayesian inference, the posterior probability is not always analytical and sometimes
cannot be sampled from directly. An efficient method that helps us get rid of this pro-
blem is to set up a Markov chain that has the posterior as its stationary distribution.
In this section, we will give a brief introduction to MCMC methods. A comprehensive

description of the methods, techniques together with further references, can be found
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in Robert and Casella [18].

A Markov chain is a sequence of variables {z;}%, with Markov property:
p(%’l’l:ifl) = p(%’l’i—l)a =2, K, (1-38)

where x; € E denotes the state at time 7. The joint distribution of a Markov Chain
is fully determined by the transition kernel p(z;|x;_1). Density 7 is considered to be

the invariant distribution of transition p(x;|z;_1) if it satisfies:

(a) = /E (e )p(wil i) das 1, (1.39)

which can be written as m = mp.
For a Markov chain with invariant distribution 7(-), an important property is re-
versible. A Markov chain is reversible if there exists relationship between a probability

distribution 7(+) and transition kernel p(x;_1|x;)
m(x)p(xi_1|x;) = m(xi_1)p(zi|xiy), for any x;,x; 4 € E. (1.40)

The property of reversibility is also known as detailed balance. Eq. (1.41) shows that
probability distribution 7(-) is a Markov chain’s invariant distribution if the chain is

reversible with respect to 7(+).

/Eﬂ(xi—l)p($i|$i—1)d$i—1 Z/Eﬂ(xi)p(xi—1|$i)d$i—1
— 1(z) /E (@1 |ws)das s (1.41)

= m(z;).

We can see from Eq. (1.39) and (1.41) that the key to constructing a Markov chain
with target m(-) is to find a proper transition kernel p(z;|x;_1). Metropolis-Hastings

(M-H) algorithm is a sufficient way to achieve it.
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1.7.5 Metropolis-Hastings Sampler

In order to obtain sequence {z;}X, with invariant distribution 7(-), we apply the

MCMC Metropolis-Hastings sampling in the following procedure.

Algorithm 1 MCMC Metropolis-Hastings Sampler
1: Set initial guess of the parameters x;

2: For i =2 to K do

3: Draw z* from a proposal density q(w*\xl)

4:  Calculate probability 7(z*)

5

Evaluate the acceptance probability of the move 7(:162-, [L‘*) with

v (i, 27) = min{l r(a) (il >}

() (J<5U* ’Jh)

6:  Generate u ~ U

T If u < 7(@-@*), Then
8: Set x;41 =2~

9: Else

10: Set Tit1 = X4
11: End If
12: End For

13: Return {z;},i=1,...,. K

The efficiency of the algorithm depends on the proposal we choose. A poorly
designed proposal would lead to low acceptance rate and end with a poor mixing of

Markov chain. More details can be found in section 2.4.

1.7.6 Importance Sampling

An alternative way to sample from posterior is Importance Sampling (IS) which is
capable of simulating from the target distribution by making use of proposal distri-
bution. This method is useful especially when it is hard to sample from the tar-

get. Instead of drawing samples from the prior, IS draws points from an importance
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function ¢(-). Thus Eq. (1.33) can be rewritten as

p(Y6, @)p(0]a)
p(Yla)q(0)

p(6]Y ) = 4(6). (1.42)

Drawing i.i.d. samples {Hi}fvz”l from the proposal ¢(-), the weight w; of each sample

is given by
PV 10O(O0)
q(0;)

N,, (1.43)

Y

where N, is sample size.
The weighted points obtained from IS sampler provide an approximation to the

posterior distribution
Np
p(B]Y, @) ~ > w;dy,. (1.44)
i=1

Importance Sampling is of wide applicability on the inference of normalized constant
which refers to the marginal likelihood p(Y|a). After plugging in proposal density
q(+) , the marginal likelihood p(Y|«) in Eq. (1.34) is given by

p(Vlo) = [ p(Y|9;?g§9(e|a)q(9)d0_ (1.45)

Therefore, the average of the weight is an unbiased estimate of the marginal likelihood

PY o) = ]\171) imy'e"q’('gj(oi'o‘) — ;fp 5w (1.46)

i=1 i=1

For the goal of approximating posterior distribution, IS is very useful for dealing with
low-dimensional problems. However, it is not preferable over MCMC for complicated
problems. It is important to note that MCMC does not directly give an estimate of
the marginal likelihood. However, IS can provide an unbiased estimate of the marginal
likelihood. The choice of the proposal is essential to implement IS since the variance of
the estimator is governed by the distance of the proposal and the posterior distribution
[19]. Therefore, in practice, it is challenging to find an appropriate proposal, especially

for high dimensional problems. It can be seen from Eq. (1.45) that an ideal choice of
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importance proposal would be the target,
q(0) = p(0]Y,a) x p(Y|6, a)p(6]c). (1.47)

In such case, the weight is constant which equals N%) However, the target distributions
are usually too complicated to be sampled from directly. Alternatively, we can choose
proper proposals that are close to the target distribution. The effective sample size

(ESS) is a useful criterion for judging the distance between the proposal and the target

N,
ESS = ——F2 (1.48)
1 + var(w;)
where w; is the normalized weight given by
W= ——, i=1,- N, (1.49)
> ity W

Neal [20] introduced an adaptive tempering technique, known as Annealed Impor-
tance Sampling (AIS), to approximate the intractable target distribution (). AIS
makes lower variance estimators than IS by introducing intermediate distributions
that bridge between the proposal and the target. The intermediate distribution 7;(-)

is defined as following:
T (0]Y) = p(0) 'p(0Y)", 0<t<1.

A set of distributions {m;(0|Y")} act as the intermediate distributions to build a smooth
path between the prior and the posterior distribution. To facilitate such annealing
scheme, we then introduce Markov transition kernel to jump from one intermediate
distribution to the next. AIS gives a lower variance estimate than IS of both the

posterior and the marginal likelihood. We will look at this in section 4.6.
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1.7.7 Pseudo Marginal

Andrieu and Roberts [21] formalised a method known as Grouped Independence
Metropolis-Hastings (GIMH), which was originally introduced by Mark Beaumont
[22]. The basic idea of GIMH is described as following:

Suppose we have a set of observed data Y, which is generated by a model associ-
ated with parameters vector 8 and latent variable vector X. The target distribution
of interest is 7 (0|Y"), which is the posterior distribution of @ for given data Y. A
standard approach to obtaining the approximation of intractable target 7 (8]Y") is to
set up an MCMC simulation (see Alg. 1) on the joint parameter space (6, X). Howe-
ver, such an algorithm usually turns out to be inefficient. Since the latent variable X
is usually defined on high dimensional space which results in low acceptance rate. A
straightforward way to address this problem is to apply an approach that can update
the variables sequentially. However, such approach can be quite slow if 8 and X are
highly dependent in the posterior.

The pseudo-marginal is a useful trick that helps us get rid of this. The basic idea

is to approximate the ‘ideal’ algorithm that targets the posterior
m(0]Y) cp(6)p(Y]6)

with an unbiased approximation. Andrieu and Roberts [21] have established that if an
unbiased approximation is used to approximate the posterior 7 (6|Y") when evaluating
the acceptance probability, one will end up with the right target distribution. A
sufficient way to obtain such an unbiased approximation of the target density is to
make use of IS strategy. By introducing integer N, > 1 and importance proposal

qs(+), the target density can be approximated by

#(0]Y) = ]\17 > w with X; ~ go(-). (1.50)

P =1

Since the hidden variable X is usually high dimensional, sampling from IS might
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not be the most efficient way to update X. However, it does help us overcome the
challenge of exploring the joint space where X and 6 are highly dependent.

Andrieu and Vihola [23] state that the pseudo-marginal MCMC mixes well only
in the case that we have a low variance estimator of the posterior. A lower variance
estimator would improve the mixing of the chain. It is important to note that if X is
high dimensional, it would be difficult to obtain such a low estimator by plugging IS.

If X is a time series, we can use a particle filter (PF) to get around this.

1.8 Thesis Outline

The remainder of the thesis is structured as follows. In Chapter 2, we apply the
Monte Carlo methods to study super coarse-grained models for unentangled polymer
dynamics. Trajectories of the centre of mass of polymer chains extracted from mo-
lecular dynamics simulations are used as observations of the coarse-grained models.
MCMC method is implemented to perform parameter estimates and uncertainty as-
sessments. We will show that MCMC algorithm works well for our coarse-grained
models. By introducing the adaptive scheme, the MCMC samples have lower corre-
lation time compared with the standard MCMC paradigm. We investigate a set of
models with different complexity to reproduce the dynamics of the center of mass of
single chains in MD simulations and find that 3-bead model is adequate to represent
the time-dependent diffusion coefficient at medium and large time scales.

In Chapter 3, we introduce particle MCMC (PMCMC) to study nonlinear and
non-Gaussian system. We illustrate how the observation error and the number of
particles impact the efficiency of particle MCMC. A super coarse-grained model cha-
racterized by Generalized Langevin Equation is introduced to study the chain center
of mass diffusion.

We use the slip-spring model combined with Bayesian statistics to study polymer

entanglements in Chapter 4. Basic concepts of slip-spring model are adapted to
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describe the effects of entanglements, in which a set of slip-springs are introduced to
the target polymer for detecting the entanglements along its backbone. To estimate
the number of entanglements, Bayesian statistical methods, including RIMCMC, AIS
RJMCMC and SMC are implemented for model comparison and parameter estimates.
Our approach can detect the number of entanglements, their locations and strengths
of the entanglement effects for both concatenated polymer rings and central segment
of linear polymers.

Finally, in Chapter 5, we provide concluding remarks and discuss the limitations

of our methodologies, and point out possible future research directions.
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Chapter 2

Application of Markov Chain
Monte Carlo Methods on Studying
Coarse-Grained Models

In this chapter, we aim to develop a novel coarse-grained model to simulate entangled
polymer melts. We are going to look at single-particle dynamics on the level of
individual molecules. Unlike other coarse-grained approaches which consider both
inter- and intra-chain interactions, single-particle tracking focuses on only the chain
center of mass diffusion. In this way, we can significantly reduce the number of free
parameters in the coarse-grained model.

We first derive a simple stochastic model to describe the dynamics of the centers
of mass of the polymer chains. Next, we apply MCMC methods to draw inferences
on the unknown model parameters for given center of mass trajectories extracted
from MD simulations. Kalman filter is introduced to evaluate the likelihood function.
To explore the parameter space, Metropolis-Hastings sampler is used to propose new
samples for constructing MCMC paradigm. Adaptive techniques is introduced to tune

the Metropolis-Hastings sampler to improve the efficiency of the MCMC sampler.
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2.1 Introduction

Polymer melts and solutions show complicated dynamic behaviour in response to
deformation. The equations describing this phenomenon are usually nonlinear and
include many parameters, which renders them solvable only in either a numerical or
analytical manner by using drastic approximations. This is our first look at Bayesian
statistics and Monte Carlo methods in polymer applications. We start with a relatively
simple model that focuses on the dynamics of the center of mass of liner polymers.
Two of the most important dynamic properties used to characterize the properties
of a dynamic system are mean squared displacement (MSD) and velocity autocorre-
lation function (VAF). The mean squared displacement of the chain center of mass is

defined as
93(t) = (IRem(t) — Rem(0)[), (2.1)

where (-) denotes averaging over all the atoms and the center of mass at time ¢ is
given by Eq. (1.5). The displacement of center of mass R.,,(t) — R, (0) in time can

be described as an integral of its velocity v(t):
t
R (t) — Rum (0) = / v(u)du. (2.2)
0
The square of this displacement is

(R (1) = Ren(0))* = | t / () ) dud (2.3)

Defining an auxiliary variable v’ = u+s, we obtain the following formula by integrating

over u and taking the ensemble average,

g3(t) =2 /Ot(t — s)a(s)ds, (2.4)

where a(s) is the velocity autocorrelation function defined as a(s) = (v(0)v(s)). Re-
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arranging Eq. (2.4) yields,

g3(t) =2t /Ot a(s)ds — 2 /Ot sa(s)ds. (2.5)

The MSD of the center of mass describing the chain diffusivity consists of two parts.
The first term on the right includes the time ¢ explicitly. The velocity autocorrelation
function a(t) decays to zero when t is large which leads to the convergence of the
integral [; a(s)ds ast — oco. Since the second term also integrates to a fixed value for

large ¢, we have

t t

1
D = lim - [ a(s)ds, C = lim [ sa(s)ds, (2.6)

t—oo 3 Jo t—oo Jo

where D is the diffusion coefficient. The limiting behaviour of diffusion at large time

scales thereby can be written as
93(t) = 6Dt. (2.7)

The chain center of mass diffusion coefficient is given by

Y 93(1)

It is important to note that the time dependence of the VAF a(t) cannot be
ignored for small . We can see from Eq. (2.5) that the MSD must depend on VAF at
short time scales. At large time scales, the motion of the molecules becomes simple
Brownian motion where the velocity autocorrelation functions have decayed to zero,

i.e., the molecules have ‘forgotten’ the speed and direction they began with at ¢t = 0.

2.2 Single-Particle Dynamics

Let us consider the simplest model that describes the motion of a single-particle

using Ornstein—Uhlenbeck process [24]. An Ornstein-Uhlenbeck process, x;, satisfies
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the following stochastic differential equation:
dr, = a(z® — x,) dt + o dW,

where a > 0, 2°, and ¢ > 0 are parameters and W, denotes the Wiener process with

mean and variance given by

(W) = Wy, Var(W,) = t.

The drift term depends on the current state of the process and the parameter z° in

the drift term is known as the long-term mean which represents the equilibrium level
of the process. If the current state of the process is less than the long-term mean °,
the drift will be positive; if the current value of the process is greater than xq, the

drift will be negative. Suppose R, indicates the position of a single particle at time

t, the equation of motion of the particle is given as
dR; = —aR,dt + VbdW,, (2.9)

where the long-term mean is considered as R® = 0 and drift term is proportional
to the state R, itself, b determines the dynamic noise strength, and W, is Wiener
process.

We aim at evaluating the posterior distribution of the model parameter 8 = {a, b}
for given observed data. The position of the diffusing particle can be modelled by

discretizing Eq. (2.9) using Euler approximation with time step Ay,

Rn - Rnfl = _aRnflAt + bAtT]n;

where m,, is a set of independent random variables drawn from the standard nor-
mal distribution, n,, ~ N(0, E), E denotes identity matrix. Rearranging the above
equation, we have

Rn = (]_ — aAt>Rn_1 + bAt'r]n, (210)
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from which R,, can be considered as a first-order autoregressive (AR) process, where
the current state only depends on the previous state and an extra noise term. One
has to be careful in the choice of A; which is essential for the stability of the Euler
approximation and the second order stationarity of the process. In order to prevent
the amplification of the errors in the iteration process, it requires |1 —a/\;| < 1 which
implies A; < %

The transition density of the process with given {a, b} can be written as

p(Rn|Rn—la a, b) =

R (L ebRal) oy

1
vV 27TbAt b <_ QbAt

Therefore, the distribution of R,, with given R,,_; is Gaussian
R, ~ N ((1 —aAt)R,_1,bA;).

Assume we have a time series of particle positions Y = {y,}Z_,, we will evaluate
the likelihood function in order to use Bayes’ formula shown in Eq. (1.33) to obtain
posterior distribution of the model parameters a and b. The likelihood function is
computed from the joint probability density of p(y;..|a,b). Note that the time series

is Markov, the likelihood function will be expressed as follows,

p(Y’CL, b) = p(y2:L|y17 a, b)p(y1|a7 b)

L
=p(y1la,b) I] p(ynlyn-1,a,b)

n=2

L SN 2
= p(y1]a, b)(27bA,) ~E 2exp <_ >y (Un Q.ﬁyn_l) ) |
n=2 t

where §,|y,_1 is the expectation of ¥, conditioning on y,_1,a and b,

gn‘ynfl =F [yn|yn717 a, b]

Recall that we have demonstrated how to evaluate posterior density in Eq. (1.33).
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The posterior density 7(a,b|Y) is given by
m(a,blY) ~ p(Y|a,b)P(a,b). (2.12)

where P(a,b) denotes the joint prior of (a,b). In some cases, one can choose conjugate
priors to make the posterior tractable, see section 4.4. If the posterior 7(a,b|Y) is
tractable, one can sample (a,b) from the target directly. Otherwise, to construct
MCMC based on M-H Sampler (Alg. 1) is a useful method to obtain sample from the
intractable target.

This simple model considers the motion of a polymer as a single-particle dif-
fusion and ignores the memory effects and interactions with surrounding polymers.
To capture more details of the dynamics of the polymers, we are going to look at a
more complicated model by assuming that a set of hidden variables are constantly

interacting with the target observable.

2.3 Single-Particle Dynamics with Hidden Varia-
bles

We represent a polymer chain with a single particle where the coordinate of the particle
is the chain center of mass. The effects of the surrounding media and neighbouring
chains could be described using a set of invisible particles. Suppose we have N + 1
particles with coordinates {R;}, the first particle with coordinate Ry is observable
representing the target chain center of mass. The rest of the particles are latent
variables and connected with Ry by harmonic springs. We assume that the probability
of future state of the system depends only on the current state and not on the sequence
of states that preceded it. Such models are known as Hidden Markov Models (HMMs)
in which the sequence of states that ‘generate’ the observable are hidden from the
observer.

HMMs are widely used in speech recognition systems, computational molecular
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Zoomin
b Bead-spring model with
(b) centre-of-mass diffusion
Molecular dynamics
CoM
— Hidden

s < variables

/

&;: Friction coefficient
k;: Spring constant

Trajectory of
center of mass

Figure 2.1: (a) Molecular dynamics simulation-box snapshot; (b) a snapshot of linear
polymer chain (green) and its neighbouring chains in one of the configurations; (c)
Coarse-grained model; (d) Trajectory of the chain center of mass

biology and other areas of artificial intelligence and pattern recognition. The equation
of motion of the (N + 1)-particle system is given by
&AdR; = ki(Ry — R;)dt + /2&,dW;,
SodRy = g: ki(R; — Ry)dt + \/%dwo, (213
i=1
where k; is the spring constant, &; is the friction coefficient and W; is Wiener process.

Rearranging the above equations in vector form yields

dR = —ARdt + BdW, (2.14)

where

Zf\; ki/§o —ki/& - o —kn/& \/%
—k1/& k1/& NeT O
A= : 0 , B= -
0 0

—kn/én kn/én | V2/En




Section 2.3 Page 31

Let us start from the simplest model with R = (R, R;)?, where the connectivity

A:( 1/ —kzl/go).
—ki/& k1 /&

We can apply eigen decomposition to matrix A as what we have done in section 1.4.

matrix is of the form

The diagonal matrix A consists of eigenvalues of A,
A=Q'AQ, (2.15)

where the " column of Q is the eigenvector corresponding to the i eigenvalue Ay;.

Matrices A, Q and Q™! are given by

__& &o &
0 0 1 &o+&1 ) &o+&1 &o+&1
A= Q= Q7 =
k1(&o+&1) &o _
0 §o&1 1 &o+&1 1 1

Applying the linear operator Q! to R, we obtain X = Q'R where X are the normal

coordinates of the model,

_ SoRo + §1 Ry
o+&

Substitute R = QX and A = QAQ ™! into Eq. (2.14) yields

X1 :RI_RO-

0

dXo = \/2/CodW,, (2.16)

1 /
dX, = ==X dt + \/2/1dW,, (2.17)
1

where (o = &+ &1, G = 255, 7 = - and W,

can see from Eq. (2.16) that the first mode corresponds to the center-of-mass motion

1 = 1,2, is Wiener process. We

which is governed by Wiener process with diffusion coefficient Dy = 1/(y. Eq. (2.17)
indicates that X is characterized by bond vector which can be expressed as Ornstein-

Uhlenbeck process with relaxation time 7; and diffusion coefficient D; = 1/{;. It is
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straightforward to write down the solutions of these two stochastic processes

Xo(t) = Xo(0) + /2Dy [ AW, = Xo(0) + 2D Wy 1) (2.18)
X1 (t) = X1(0)exp(—t/71) —I—\/ﬁ/ exp( _t,) dW,. (2.19)

The mean-square displacements of the modes are given by

(Xo(t) — Xo(0))) = 2Dt (2.20)

(X1(t) — X1(0))*) = 2Dimy (1 - €_t/ﬁ) : (2.21)

Note that X and R are related by a linear operator Q™ ', Ry(t) and R;(t) thereby

can be expressed in terms of X,(t) and X;(¢),

&o
So+ &1

Xi(t), Ri(t) = Xo(t)+

TG+ 6 Xa(t)

The MSD of Ry is given by

(Raft) = Ra0)P) =200t 2017 () (1= 7). 2

&1
So+&
For the cases of N > 1, applying diagonal decomposition A = QAQ™', substitu-

ting R=QX into Eq. (2.14) and rearranging the equation, we obtain the diagonal

stochastic differential equation

dX = —AXdt + DdW, (2.23)

where D=diag(v/2dy, v2dy, ..., V/dn), di = 3¢ B'(i,j)?, B' = Q 'B. Note that
the first eigenvalue is Ay = 0, and the corresponding eigenvector is (1,1,1,...,1)%,

which yields

((Xo(t) — Xo(0))?) = (2.24)

— .
Yo &
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For the mode numbers i, we obtain solution of MSD of mode X () with relaxation

time T; — 1/Au
((Xi(t) = Xi(0))?) = 2di; (1 —e7"/7) Ji=1,.., N. (2.25)
Recall that R=QX, coordinate R can be written in terms of X,
N
RZ' - Z Qinj'
§=0
Therefore, the MSD of R; is given by

((Ri(t) — Ri(0))?)

N
=" Q% (X500 = X5(0)%) + 3 QuyQu ((X;(1) — X(0)) (X (t) — Xx(0))
J=0 J#k
S g: 2Q%.d;T; (1 - e*t/%‘) : (2.26)
;V:o fj = 1970

The second summation Y, ., Qi Qi ((X;(t) — X;(0)) (X(t) — X (0)) vanishes since

the normal modes X; and X, (j # k) are independent of each other, which yields,

(X(1) = (X5(0))(Xk(t) = (Xi(1)))) =0, j# k. (2.27)

Once the model parameters are available, Eq. (2.26) can be used to compute the

time-dependent diffusion coefficient D(¢) in Eq. (2.8).

Let us consider using Bayesian inference to draw inference on model parameters
({ki}fil, {fl}fio) Applying Euler approximation to Eq. (2.14) and rearranging it,
we have

R,=MR, 1+m,, n=1,..,N, (2.28)
where M = E — A/, is the transition matrix, E denotes the identity matrix and
1, is a Gaussian vector with zero mean and covariance matrix § = BBTA,.

Note that we observe only one of the particle coordinates. Without loss of gene-

rality, we assume that there exists observation error. The observation at the n* time
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step is given by
Yn = CRy, + Cn, (2.29)

where C = (1 0 --- 0 ) is the observation operator and the observation error is

thought of being Gaussian ¢, ~ N(0,Sy) and time-independent

<<n<m> = 07 for n 7£ m.

Kalman filter is useful to recursively estimate the state of the system and the uncer-
tainty of the estimate [25] [26]. The forecast of state R/, uncertainty P/ and forecast

of the observation y/ are as follows,

R/ = MR’

n—1

P/ =MP* M"+8S,

yﬁ = CRﬁ;,

where R} _, is the updated estimate of state and P ; is the updated uncertainty
of the estimate at n — 1. Using the difference between the observation y, and the

forecast of measurement y/, we have
R}, = R} + K.(y. — ),

P =P/ - K,CP/

where y,, — 3/ indicates the discrepancy between the predicted measurement and the
actual measurement. Matrix K, is referred to as gain. The choice of K, would be
the one that minimizes the posterior error covariance which gives us the most reliable
estimation. To derive such an optimal K,,, a widely used approach is to calculate the
expectation of the covariance estimate and take derivative of the trace with respect

to K,,. The optimal gain ensures that the matrix derivative equals zero, which yields
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K, =P/CT(CP/C" + 5))!
P/C”

oz (2.30)
~CcPlcT 1S,

Further details about the Kalman gain can be found in [26] [27].
Assume the prior distribution of Ry is Gaussian N (u, X), the estimates of the

state and its uncertainty are given by

yl ~N(Cp,CECT),

Rl =p, Pl=%.
Note that the time series is Markov with given first observable y;. Therefore the like-
lihood function for parameter set @ with given observations {y,}~_, can be computed

using the following formula
P(y2:L|07y1) = H P(yn‘yn*b e) (231)
n=2
The conditional probability P(y,|y,_1,0) is given by
1

1
P(Yn|yn-1,0) = ——=exp [—(yn
V27| Qul 2

where the innovation covariance Q,, is given by Q,, = CP/CT + Sy. Substituting Eq.
(2.32) into Eq. (2.31) and taking the logarithm of both sides yields

—~ CMR]_))"Q; " (y. —CMR]_,)|, (239

log P(y1.2|0) = log p(y1) ZlogP YnlyYn—1,0)
n=2
L
> [log(2) +10g |Qu| + (o — CMR_)T Q. (yn —~ CMR]_,))].

n=2

logp yl

M\H

(2.33)

Given parameter set @, Alg. 2 demonstrates how to implement Kalman filter to
evaluate the likelihood. We will show how to plug Kalman filter into MCMC in the

following section.
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Algorithm 2 Kalman Filter
1: Initialize RJ, P/ and ¢/
2: forn=1:L do
3: Calculate innovation covariance: @, = CPT{ CT+58y), e,=y,—CM Rfl
Evaluate Kalman gain: K, = P/CTQ,!
Update state: R® =R/ + K,e,
Update estimate covariance: P? = P/ — K, CP/

Evaluate likelihood: log P(yy,|yn_1,60) = —;(log(%r) + log |Q,| + ef@nlen)

8: Predict state estimate: Rfl 1 =MR}
9: Predict estimate covariance: P,{ a=MP‘M"+S
10: end for
11: Return log-likelihood of the parameters:
log (y1:£160) = log p(y1) + Y55 108 P(yn|yn-1,0)

2.4 Application of Markov Chain Monte Carlo Met-
hods

In the previous section, we have discussed diffusion process where the particle dy-
namics can be viewed as an autoregressive stochastic process governing path of the
particles. We also demonstrated how to apply time series analysis methods directly on
the coordinate of particles to calculate the likelihood function. In this section, we will
apply Markov Chain Monte Carlo (MCMC) methods to estimate model parameters
and the uncertainty of the estimates.

MCMC provides a powerful tool for exploring the posteriors which are intractable
and difficult to sample from directly. By plugging M-H sampler (see section 1.7.5)
in MCMC algorithm, we can draw a sequence of samples distributed from the target
distribution. M-H sampler is a simple and broadly applicable method that allows the
acceptance rate of a move depend only on the ratio of the target probability. This
acceptance criterion ensures that the chain is always homogeneous and reversible,
irrespective of the chosen proposal density ¢(-). Fig. 2.2 shows a path exploring the
two-dimensional parameter space. The blue squares represent the accepted moves

while the red marks are the moves that are rejected.
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Figure 2.2: Sampling from a two-dimensional distribution using the Metropolis-
Hastings algorithm.

The efficiency of the sampler depends on the choice of proposal. The proposal
density ¢(-) is usually selected from a class of symmetric distributions which satisfy
q(0]10*) = ¢(6*|0). By doing this, the acceptance probability v(6,6*) in Alg. 1

depends only on the ratio of the posterior density

7(0,6%) = min {1, W(Yw*)ﬂ(e*)} . (2.34)

m(Y]0)m(0)

Obviously, the efficiency of the sampler is determined by the acceptance rate
and the M-H sampler will fail if the acceptance rate is low. Since algorithms with
low acceptance rate will always reject the proposal moves and end up with highly
dependent samples, a straightforward way of getting rid of this issue is to make
sufficiently small moves at each step. However, ‘too high’ acceptance rate will lead to
poor mixing as well. As a results, the MCMC will be unlikely to move away from a
particular state which leads the chain getting stuck in local maxima.

There is no general construction rule for choosing a suitable proposal distribu-

tion ¢(-). An important criterion that evaluates the efficiency of the sampler is the
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autocorrelation function (ACF),

E[(6; — 0)(0... — 0)]

ACF(r) = var(0) ’

(2.35)

where E(6) and var(@) denote the mean and variance of samples {6;}. For a discrete

sequence of samples {0, }X_,, the discrete ACF can be written as
N 110,06
. n=j+1%n
n=j+1%Yn

where 0; is given by
: 1 &
0,=0;— 174 ; ;.

ACF is a common diagnostic tool for determining the independence of sequential
samples. Successive samples in the Markov chain are not independent. Higher au-
tocorrelation function at large lags (e.g., lag=10 or 20) means that less information
about the target distribution is provided by each iteration. Therefore, larger sample
size is needed for fully exploring the whole parameter space. ACF is useful for deter-
mining the number of samples to represent proper posterior density and to guarantee
convergence of sampling process.

A practical method for generating suitable samples is to tune the proposal dis-
tribution adaptively. By doing this, one can obtain appropriate samples with the
minimum autocorrelation criterion. Roberts and Rosenthal [28] discussed optimal
scaling for various M-H algorithms. A ‘good’ proposal distribution should make the
acceptance rate as close as possible to the optimal value which minimises the auto-
correlation criterion. Roberts and Rosenthal also stated that the optimal acceptance
rate for a one-dimensional proposal is 0.44 for standard Gaussian target densities and
presented various theoretical results for the high-dimensional problems [28].

We will sequentially update the individual components of parameters which redu-

ces a multi-dimensional issue to a one-dimensional problem. Note that this dimension
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reduction method works only when the posterior dependence between the different
components is weak. We monitor the acceptance rate of each component and adapt
the scale of proposal distribution ¢(-) such that the approximate acceptance rate is
close to the optimal value. In our case, we sample 8* from Gaussian distribution
N (p, 0?) which centres at current state i = ;. The scale of the proposal distribution

2

o2 is tuned every 20 MCMC iterations. The variance o? can be tuned according to

the acceptance rate r;_; and previous proposal scale o7 ;,

1.50'2-2_1, Tio1 > 55%,
0? =2 0.750% |, ri_1 < 35%,

2

O 1, Otherwise.

where the acceptance rate r;_; is evaluated over the past 20 MCMC iterations. Here
we are talking about monitoring the acceptance rate and adapting the scale of the

proposals for individual components.

1 —5— step size 0.4 ] 14 —+&— step size 0.005 ||
—46—05 \ —46—0.01
—%—06 \ —#&— 0.015
0.8\ —>—07 B 0.8} —>—0.02

ACF for a
ACF for b

(a) (b)
Figure 2.3: The ACF of MCMC samples using different proposal scales

To demonstrate the efficiency of adaptive MCMC scheme, we first look at a toy
model. A stochastic process governed by Eq. (2.9) is investigated. The sequence
of observations {z,}1%% are generated from a latent model with drift coefficient a =

10, and noise term b = 2. The time increment is A; = 0.03. Fig. 2.3 shows the
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autocorrelation drops off slower when the widths of proposal distribution are either
too narrow or too wide compared with the ‘optimal’ scales. In a high-dimensional

example [28] , such issues could be more significant.

15
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Figure 2.4: Acceptance rate and corresponding variances of proposal distributions for
a toy model

Fig. 2.4 shows the traces of the acceptance rate and the corresponding scales of
proposals for parameters a and b, respectively. We calculate the acceptance rate r
and update the scales of proposal density for each parameter every 20 steps. As we
can see from Fig. 2.4(a), in the adaptive MCMC M-H sampling, high acceptance rate
r induces an increase in the variance of proposal distribution, referred to as step size
here. Large step size leads to a drastic decline in the acceptance rate. Low acceptance
rate leads to a reduction in the step size which in turn boosts the acceptance rate.
The proposal scale is adaptively tuned in such manner until it reaches the ‘optimal’
level. After 300 MCMC iterations, the acceptance rates for both @ and b converge to
approximately 0.41. To save computational efforts and ensure the reversibility of the
MCMC sampler, the adaptive scheme will be terminated after the MCMC reaches
equilibrium. With the help of adaptive scheme, we can get rid of local maximum and
explore parameter space efficiently with a reasonable acceptance rate.

ACFs of the adaptive scheme and standard scheme with optimal scales are shown
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Figure 2.5: The ACFs of MCMC samples using adaptive scheme and standard M-H
sampler with ‘optimal’ scales of proposal distribution.

in Fig. 2.5. It shows that the adaptive method is as efficient as standard scheme

facilitated by the use of ‘optimal’ scale of the proposal distribution. We can also

see that both the adaptive algorithms reach the optimal proposal scales, where o2 is

around 0.5 and o7 is close to 0.01 as shown in Fig. 2.3 and Fig. 2.4. This adaptive

strategy is easy to implement without knowing the optimal scales. Bedsides, it allows

for quicker burn-in than standard algorithms and explores parameter space more

efficiently and effectively.
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Figure 2.6: Estimation and its 95% confidence interval versus number of observations
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Next, we will investigate the impact of the number of observations on Bayesian
inference. In Fig. 2.6, the horizontal line represents the ‘true’ parameter values of
the latent system while the error bars represent 95% confidence intervals which are
symmetric to the estimates that are represented by crosses. Parameter estimates
improve as the number of the observations increases, which is a general feature of

statistic estimate.

forecast quantities
95% confidence interval|

*  observations

Observation

0 50 100 150 200 250 300
Iteration steps

Figure 2.7: Forecast of the state with 95% confidence interval compared with obser-
vations

Apart from mean and variance of the posterior density, an alternative way to
represent the accuracy and efficiency of the estimates is the difference between forecast
proposed by Kalman filter and the actual observations. Fig. 2.7 plots the observations

and predictive quantities with 95% confidence intervals.

2.5 The Most Coarse-Grained Model

We have presented the feature of MCMC algorithm in the previous section with a toy
model. In this section, we are going to apply MCMC methods on studying coarse-
grained models. The model we use to generate chain trajectories is exactly the same

as the model introduced by Kremer and Grest [29]. We initialize the system with
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particle density p = 0.85, each chain is of length N = 16. The system is simulated
in a cubic box of 200 linear chains with periodic boundary conditions. The beads
along the chain are connected by FENE springs. Excluded volume effects between

monomers are governed by purely repulsive Lennard-Jones potential,

2 2
—’bkln<1—<f) ) r< 7o
Urene(r) = 2 7o (2.37)
0, r>rg
12 6
L ((0) _ (a) +1>, T s
Ups(r) = r r/o 40 (2.38)
0, = >2Us
Y o 7
where 79 = 1.50 is maximum extension of the FENE spring and k& = 30¢/0? is

the spring constant. All the quantities including the Lennard-Jones (LJ) energy e,
Lennard-Jones radius ¢ and the mass of beads m are equal to unity. The Lennard-
Jones time is 7,5 = oy/m/e. We use Langevin thermostat with ¢ = 0.5 to guarantee
constant temperature which maintains kg1 = e.

The time step dt = 0.0127,; is used for simulations and the system is run long
enough to ensure the proper equilibration. 1000 configurations with time intervals
0; = 1.277; are taken from molecular dynamics simulations. The observable is the
center of mass of a single chain. We aim to capture essential features of the diffusion
coefficient of the chain center of mass at both medium and large time scales (¢ > d;).
To investigate the impact of the choice of the discrete time step A; shown in Eqg.
(2.28) on the estimates of the model parameters, three iteration schemes are facilitated
using different iteration time steps A; = 0.0257,0.057,; and 0.17;, respectively.
The observed time intervals o; > A, implies that we evaluate likelihood every n
iteration steps, where n = §;/A;. The simplest model consists of 2 beads described
in Eq. (2.13), known as dumbbell model, is used to facilitate MCMC. We take the
MCMC estimates as the input parameters and run simulations using equation of

motion described in Eq. (2.13). The time-dependent diffusion coefficients D(t) of the
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first bead (observable) for each iteration schemes are plotted in Fig. 2.8.
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Figure 2.8: Diffusion coefficient D(t) of dumbbell model (2-bead model) with frequent
intervals 0; = 1.27;,; using iteration schemes A; = 0.02,0.05 and 0.17;;. The brown
trace (A; = 0.0127;) is the target D(¢) from MD simulations

Fig. 2.8 shows the diffusion coefficient D(t) of the observable characterized by
2-bead model using iteration schemes with different time steps. The brown trace is
the D(t) obtained from MD simulations using with (A; = 0.01277;). We can see that
all the models are trying to ‘fit” D(t) between time interval 1.277; ~ 1277 ;. Note that
in the multi-bead model, the diffusion coefficient converges to a nonzero constant as

t — 0, which can be derived from Eq. (2.26),

2
D(t) x sV et Z 2Q2,d;7;, for t — 0. (2.39)
0 J =

Besides, the minimum observed time interval is A; = 1.27,; which implies that we
cannot get any information about dynamic behaviours of the target chain at very short
time scales ¢t < A;. It is worth mentioning that the total observed time duration is
T = 12007, ; which may not be sufficient to capture the features of polymer dynamics
at large time scales. When developing coarse-grained models, we usually wish to
guarantee the consistency at large time scales first and then capture as more features

as possible for medium and short time scales.
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Figure 2.9: Diffusion coefficient D(t) of dumbbell model (2-bead model) with frequent
intervals 0, = 127, ; using iteration schemes A, = 0.02,0.05 and 0.177;. The brown
squares (A; = 0.01277,) is the target D(t) from MD simulations

To capture the dynamic behaviours at large time scales, we increase the observed
time interval from 1.277; to 1277; and the same number of configurations L = 1000 is
used for modelling. Fig. 2.9 reveals that the model shows good agreement with MD
simulations for D(t) at t > 1277;. This implies that if we want to fit the whole diffu-
sion coefficient function using 2-bead model, observations with smaller time intervals
and larger data size are essential. However, we find that the MCMC estimates using
10,000,000 configurations with observation interval §; = 1.277; are not satisfactory,
which implies that 2-bead model is not adequate to describe the diffusion of the chain
center of mass. We consider to increase the number of hidden particles and simulate
a system with longer chains N = 64 as shown in Fig. 2.10.

It can be seen from Fig. 2.10 that the 2-bead model does not capture the diffusive
behaviours at large time scales. The 3-bead model and 4-bead model predict the
final plateau of D(t) well with relatively small errors. Excellent agreement is shown
between 4-bead model and MD simulations in the diffusion behaviours at time scales
1077 ~ 10007;;. It is obvious that the more hidden beads we have, the better
prediction of the diffusion coefficient D(t) we will obtain. The problem is what is

the sufficient number of beads to describe the dynamics of the center of mass of
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Figure 2.10: Analytical solutions of time-dependent diffusion coefficient D(t) for 2-
bead (blue), 3-bead (red) model and 4-bead (green) model. Frequent interval §; =
1271,5; The parameters used to plot D(t) are the MCMC estimates for each model

single chains. One needs to evaluate the increased model complexity and the benefits
of increasing number of hidden variables. In Chapter 4, we will discuss a set of

approaches for Bayesian model comparison which may be helpful to solve this problem.
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Figure 2.11: Estimate of Ej (2-bead model and 3-bead model)

After looking at the agreement of the multi-bead model and MD simulations in
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Figure 2.12: Estimates of friction coefficients of hidden beads 2-bead model and 3-

bead model

the diffusion behaviours at different time scales, we also investigate the estimates of

the models parameters provided by MCMC methods. Fig. 2.11 shows the trace of Ej

which is the friction coefficient of the first bead (observable) in MCMC iterations. We

can see that there is excellent agreement in the estimate of Ey. It is also interesting to

Figure 2.13:
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look at the estimates of the parameters for hidden variables. Fig. 2.12 and Fig. 2.13
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compare the estimates of friction coefficients and spring constants for the hidden beads
in 2-bead model and 3-bead model. In Fig. 2.12, the red line is the trace of friction
coefficients of hidden beads in 2-bead. The blue and green lines show trace of friction
coefficients of the second and third beads for 3-bead model, together with the black
line which is the sum of the friction coefficients of these two beads. The fluctuations of
blue line and green line imply that there is no distinct difference between the hidden
beads in 3-bead model, i.e., the MCMC methods prefer a Rouse-like coarse-grained

model to govern the dynamics of chain center of mass.
2.6 Summary

To conclude, this chapter is motivated by the need to develop novel coarse-grained
model to simulate entangled polymer melts. We propose a multi-bead coarse-grained
model to study the dynamics of chain center of mass diffusion. Unlike other coarse-
grained approaches which usually take inter- and intra-chain interactions into account,
our multi-bead coarse-grained model focuses on the chain center of mass diffusion,
which will significantly reduce the number of free parameters in the coarse-grained
model.

The multi-bead model is characterized by a sequence of linear stochastic equations
with Gaussian noise, in which the parameters of interest are friction coefficients and
spring constants. To obtain the estimates of the unknown parameters, we embed
Kalman Filter into MCMC paradigm which is sufficient to draw inferences on the
unknown parameters for linear system with Gaussian noise. Adaptive MCMC scheme
is introduced to improve the efficiency of MCMC algorithm.

This chapter explores the performance of coarse-grained models with different
hidden beads. We show that for a chain with chain length N = 64, a 3-bead model
is sufficient to describe the chain center of mass diffusion. We also find that,in multi-
bead model, it is preferable to have Rouse-like structure rather than asymmetric star

structure.
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Chapter 3

Single-Particle Dynamics with

Memory Kernel

We have seen from the previous chapter that a linear model may not always simul-
taneously capture the dynamic features of the polymers at different time scales. As
the chain length increases, more complicated behaviours will arise due to the chain
uncrossibility. It is worth to investigate coarse-grained models with nonlinear inte-
ractions. In this chapter, we will focus on more general models, including multi-bead
models involving non-linear dynamics and single-particle dynamics with memory ker-
nel. At first, we consider a nonlinear system where standard Kalman filter does not
work any more. We then introduce particle filter and the efficiency of this approach is
discussed. After that, a more general model — single-particle dynamics with memory
kernel is introduced. In the latter case, apart from the mean square displacement, we

will also investigate the velocity autocorrelation function of the chain center of mass.
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3.1 Introduction

Consider a multi-bead coarse-grained model where the interactions between beads are

nonlinear, the equation of motion can be written as
dX = —f(X, B)dt, (3.1)

where f(-) is a nonlinear function. This nonlinear system can be described as follows:

Suppose we have time series data y;.;, which involved with a set of hidden states
x1.r. It is natural to assume that the state evolution is Markov, which means the
prediction of the future state x; depends only on the current x;_;. The model evolution
equation is

Ty = f(xt—17/8t—1)7 t= ]-7 e 7L7 (32>

where [;_; is a random variable that describes the model error. The conditional
probability of the prediction is given by transition density q(z;|z;_1). Observation is
described as

Y = h(l’t,’f]t), t= 1, 27 ceey L, (33)

where h(-) is the measurement operator, 7, is the observation error. If the mea-
surement error is Gaussian with 7, ~ A(0,0?), the conditional probability of the

observation given model state z; can be written as

1 (ye — h(z0))?
= —_. 3.4
R .1
Our goal is to infer the ‘filtering distribution’ p (z;|y;.¢) of x; given all the previous
observation ¥4, t = 1,2,..., L. If the model is linear and all the distribution are
Gaussian, one can reach the analytical form of the target distribution by using Kalman
filter and conjugate prior. However, when the model is nonlinear, or the probability

density is not Gaussian, we need to work out new methods to address this problem.
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3.2 Particle Filter

Particle filters [30] [31] are a set of Monte Carlo methods originally used to solve
filtering problems arising in signal processing and Bayesian statistical inference. The
distribution of interest is the marginal of the latent variables x; given all observati-
ons yp.; up to time t. Particle filters allow us to sequentially update the posterior
distribution at time ¢ without modifying the previously inference made on states
r14-1. The fundamental idea is to facilitate importance sampling on path space.
At time ¢, importance sampling yields weighted points from distribution p (z¢|y1.).
For the p!* particle, sample xgi)l is drawn from proposal distribution which yields

x§?1|x,§p )~ q(xi1|yr.441, x¢). The particle would get unnormalised weight evaluated

by the weight of 2"’

a0 Jle)p”) T, pf ) i o)
t+1
Q(iﬂgp) 1) ITi—s Q(ﬂfz@l Y1t ﬂfgp))

(p)p@gljr)l|$§p))f(yt+1|$§i)1)

o ® I
(@i Y, o))

where N, is the number of particles used for importance sampling. The normalised

weights are given by

(p) @ﬁ)l
wt+1 — _ 5 (35)
Z;fvvzpl wg)l

which provides a weighted particle approximation {wt(p ), .CEl(gp ) };,V:”l to the marginal dis-
tribution p (x;|y1.¢) at time t. The sampling procedure is described in Alg. 3. Particle
Filters are applied to solve strongly nonlinear data-assimilation problems. They have
a few strong assets, e.g., their ability to deal with nonlinear dynamics, the simplicity
of their implementation and the advantage that their behaviours do not depend on a

specification of the model state covariance matrix.
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Algorithm 3 Particle Filter

1: procedure INITIALIZATION
2 forp=1:N, do
3 Sample z{) ~ q(z1|y1)

®)y (P
4: Weight of z{) : &{") = —f(y”zl(z;))p(zlp ).

a(xy" y1)
5 end for "
P
6 Normalised weights wﬁp ) = =l
szl Wy
7: end procedure
8: procedure ITERATION
9: fort=1:L—-1 do
10: forp=1:N, do
11: Sample xﬁﬁ?ﬂxﬁp) ~ q($t+1|y1:t+1(,)mt)( ) .
x p x P €T P
12: Weighted point :wﬁﬁ)l = wip) o Z;('p)t|y)f(yi+;<lp>t)ﬂ)
d for e
13: en
: : (») 'y

14: Normalised weights w;}; = <~y ~pr

Ep:l W1

15: end for
16: end procedure

3.3 Reducing the Variance in the Weights

Note that one of the main drawbacks of importance sampling is that when a particle
moves away from the observations, the relative weight will become smaller if no cor-
rection made on the particle to pull it back to the observations. This always happens
as the filter runs and the dimension of the space grows. In practical applications, one
particle would always end up getting all of the weights in the end where the statistical
information of the ensemble is not meaningful. This phenomenon is called filter de-
generacy. Resampling strategy is useful to deal with the issue of particle degeneracy.
In resampling scheme, the particle ensemble is resampled. Particles with very low
weights are abandoned, while multiple copies of particles with high weights are kept
for the posterior probability distribution in the sequential implementation in order to
restore the total number of particles N,. After resampling, all the new particles are

of the same weight w; = Nip. There are several widely used resampling algorithms.
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e Probabilistic resampling directly samples randomly from the density given by
the weights P(N,, {w;}). The basic idea is to draw N, independent uniforms
{Ui}1<i<n, on the interval (0,1]; The new ith sample associated with U; is set

to be a copy of particle j if U; € (W;_1, W;] where W is the cumulative sum of
{wi}.

e Residual sampling assumes that there are n; copies taken of particle i (n; =
[Nyw;]), where [-] denotes the integer part. The rest of the particles needed to

obtain ensemble size N, are then drawn randomly from distribution P(N, —

>n;, ]]\\[]pf”i"’ }) which is the same as Probabilistic resampling described above.
P i

e Stratified resampling is based on a method of sampling from population used
in statistical surveys. The basic idea is to equally divide interval (0, 1] into n
disjoint sets. The sequence of {U;} are drawn independently in each of these
sub-intervals with U; ~ U (%, Nip] Then the method to draw new samples from

{U;} is the same as the one used in probabilistic resampling

e Systematic resampling takes stratified resampling one step further by determi-
nistically linking all the variables drawn in the sub-intervals. This is achieved

by setting
i—1
U = +
N, Y

where u is a single random variable drawn from the uniform distribution U (0, 1/N,].

Due to the random character of the sampling, so-called sampling noise is introdu-
ced. Douc et al. [32] proved that the conditional variance of probabilistic resampling
is always larger than that of the rest of sampling schemes mentioned above. In practi-
cal applications, residual, stratified, and systematic resampling are generally found to
provide comparable results. Systematic resampling is often preferred since it is simple

to implement. In this chapter, we are going to use systematic resampling scheme.
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3.4 The Proposal Distribution

To decrease the variance in the weights, apart from resampling to generate more copies
of the particles with large weights, we can also try to increase the weight by improving
the likelihood of each point. An efficient proposal density allows one to sample from
the density that is conditioned on the new observations so that the predicted state is
much closer to the observations than the prior density. It is important to note that
the idea does not work in high-dimensional spaces with large numbers of independent
observations since the conditional proposal density would be too difficult to sample
from. This strategy is a one-time-step scheme, assuming observations available at each
time step. If the observations are not available for each step t, an approach called
Implicit Particle Filter [33] can be used. Implicit Particle Filter extends standard
particle filter to multiple time steps between observations.

There are several approaches to construct efficient proposal densities. Ensemble
Kalman filter (EnKF) [34] [35] is powerful to deal with problems involving nonli-
near dynamics and Gaussian noises. Marginal Particle Filter (MPF) [36] performed
filtering directly on the marginal distribution instead of on the joint space.

Note that using a clever proposal density is to generate particles that are close to
the observations. The choice of proposal density does not introduce any bias on the
approximation of target distribution. By doing this, we end up with particles that

have much smaller variances in weights.

3.5 Particle Markov Chain Monte Carlo Methods

In the previous section we assumed that parameters of model evolution in Eq. (3.2)
and observation operator in Eq. (3.3) are known. The joint distribution of data y.r,
and hidden state x.;, given parameter 8 can be written as

L—1
p (1.0, y1.210) = p(y1|2y, 0)p(241|0) 1] p(@ipy|2i, 0)p(Yita| i1, 0), (3.6)
=1
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Suppose we have a prior distribution p (8) on parameter 6, and we would like to find
the posterior distribution 7 (8|y;.1,) for given data y;.;,. The posterior distribution can

be written as

7 (0]y1.L) o< p(0) p (y1:.10), (3.7)

where p (y1.|0) is known as marginal likelihood with integrating out the hidden states

X1:L,

p(ylzL\O) = / P(ylzL’$1:L>9)P($1:L’9)d3€1:L,

T1:L

where p (21.1|0) p (y1.|71.1, @) is given by

L
p(21:010) p (y1:L|w1:,0) = p (21]0) [ [ p (we|z1-1, 6 H (y¢| x4, 0)

t=2 t=1

~

If the transition kernel z;_; — x; is linear and all the distributions involved are
Gaussian distribution, the marginal likelihood p (y;.1|0) is tractable. In such case,
the marginal likelihood can be derived using the Kalman filter. When the system is

nonlinear, adopting the idea of standard MCMC, we can try sampling from

™ (97331:L|y1:L) xXp (ylsL‘xlsLa 9)10 (5171:L|9)p (9) .

In the i*" sweep of the sampler, parameter %) and latent states :L‘&Z)L are updated

using the following framework,

00 ~ n (0|x§{zl), yu) )

w7 (200 yir ).

The algorithm might be inefficient when @ and x.;, are strongly dependent in the
posterior. Besides, hidden states xy.;, are usually high dimensional and difficult to get

efficient samples.

Particle MCMC (PMCMC) helps us get rid of this problem. Marginal particle
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MCMC uses a particle filter to provide an unbiased estimate p (y1.160;) of p (y1.1.|6:)
which is based on the idea of pseudo-marginal approach (see section 1.7.7). By doing
this, posterior dependence of @ and z1.;, no longer is a barrier, and PMCMC provides
samples from the posterior on xy.7 as a by-product.
Firstly, we are going to use the Ornstein—Uhlenbeck process shown in Eq. (2.9) to
demonstrate how to implement particle MCMC.

The data we use are synthetic data obtained from model with parameter (a,b) :

(10,0.5).

415

0.35

2 4 6 8 10 12 14
a

Figure 3.1: Likelihood plot over the parameter space

The number of observations L = 50000 and time step dt = 0.001. The total time
of the simulation is 7" = Ldt = 50. Fig. 3.1 shows the likelihood density on parameter
space. We can see that the likelihood function is sensitive to the accuracy of the noise
term b. Therefore, if there is measurement error, it is worth investigating the impact
of the scale of measurement error on evaluation of the likelihood. We artificially add
different scales of errors on the observations and use particle filters to estimate the
likelihood. The ‘theoretical’ solution would be the likelihood evaluated by Kalman
filter without observation error. Fig. 3.2 shows the likelihood of estimate (a,b) =

(10,0.5) computed using different number of particles on different scales of observation
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Figure 3.2: Likelihood probabilities versus the inverse of the number of particles 1/N,,
for various observation error measurements: Black line is the likelihood evaluated by
Kalman filter without observation error. The scales of the errors are characterized by
the observation error variances.

errors. We can see that we need more particles to represent the proper density as the
measurement of error decreases. Since most of particles suffer degeneracy issue if
tolerance of the observation error is small.

Fig. 3.3 shows the likelihood function with respect to parameter a when b is
known. The number of particles N, varies from 600 to 5000. It can be seen that
the likelihood would not increase significantly by increasing N, for N, > 2000. Note
that PMCMC algorithm can be very computationally expensive since we need to run
particle filter for each 8. The question then becomes whether it is better, for a
fixed computational effort, to use more particles (larger N,) per update, or use fewer
particles and try more 8. Doucet et al. [37] suggests that the optimal number of
particles must ensure the log-likelihood estimate has a variance of about 1.

Fig. 3.4 and Fig. 3.5 show the trace of MCMC iterations using KF and particle

filter, respectively. The number of observations L = 5000 and time step dt = 0.001.
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Figure 3.3: Approximation of likelihood of parameter a using different number of
particles

We can see that in Fig. 3.4 the acceptance rate is high which means that the MCMC
mixes well. However, PMCMC in Fig. 3.5 ends up with noisy likelihood which leads
to low acceptance rate.

15 T \ T \

Figure 3.4: Standard MCMC iteration using KF; red points are accepted moves

3.6 Single-Particle Dynamics with Memory Kernel

As the level of coarse-graining increases, the potentials between supramolecular par-

ticles become weaker than the underlying interatomic interaction potentials. In the
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Figure 3.5: Particle MCMC iteration; red points are accepted moves

context of polymer dynamics, the uncrossability of chains gets lost at some degree
of coarse-graining. Algorithms to prevent chain crossings have been suggested in the
literature [38]. Lots of coarse-grained models just ignore the memory effects, by doing
this, the models do have a good agreement with experiments, but they may lose the
characteristics of slow dynamics. Therefore, these models perhaps are not suitable for
studying long-time rheology. In a real polymeric system, the friction and random for-
ces usually have the memory of time and uncorrelated and fully random dynamics are
not adequate. Therefore, it is natural to set up a coarse-grained model with memory
kernel.

Zwanzig [39] suggests that the motion of microscopic Brownian particles in vis-

coelastic materials is governed by the generalized Langevin equation (GLE),

md‘flit) =— /Ot dtp(t — tV (t)dt' + F(t), (3.8)

where m is the mass of the particle, V (t) is the velocity of the particle. F(t) is a zero-

centered Gaussian noise which is correlated with the memory kernel () through the
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fluctuation-dissipation relation
(F(t)F(s)) = kpTo(t — s),t > s, (3.9)

where T is the absolute temperature, and kp is the Boltzmann constant. We divide

both sides by the mass of particle m and redefine the memory kernel to obtain

WO ["eu—tywwrar + /L), (3.10)

where (F(t)F(s)) =&(t —s) and £(t — s) = %, t>s.
In simple systems, the time correlation function for memory kernel could be
described by the sum of exponentials with constant characteristic times. Let us start

from the simplest memory kernel function with a single exponential decay.

E(t) = ce 7, c= 67ZG, (3.11)

where a is the particle radius, shear modulus G' and viscosity 1 determine the re-
laxation time 7 = n/G. In this case, the noise term F(t) can be written as an

Ornstein—Uhlenbeck process,

PO _ e+ % s (312)

where f(t) is white noise with zero mean and following covariance,

(f(t)f(s)) = o(t —s) (3.13)

Note that the Langevin equation for viscous diffusion is obtained in the limit 7 — 0;

that is F'(t) becomes (with £ = 6man)

F(t) = \/gf(t), (3.14)
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To simplify Eq. (3.10), we introduce a new variable Z(t) defined by

t P
Z(t) = / SVt (3.15)
0
which yields
az@t) 1
) _Czw+ve 1
= L2+ V() (316)

Then we have a sequence of differential equations

— =V,

d‘;ft) — —cZ(t) + ﬁF(t)v (3.17)
dfh(f) —V(t) - %Z( ),

C”:lit) _ —%F(t) + %f(t),

where Y () is the observable, V/(¢) is the velocity, Z(t) represents an integral with
respect to V' (t), F'(t), as mentioned before, is Gaussian color noise. Rewritten the
above equations in vector form X (t) = (Y'(¢), V(t), Z(t), F'(t)), we have a linear system

of stochastic differential equations

dX(t
d]f) — AX(t) + BW(t), (3.18)
where
01 0 0 000 O
kT
AZOO—C,/%’B_OOOO
01 -+ 0 000 0
00 0 -1 000 %

If the trajectory of chain center of mass is available, the above model can be viewed as
a four-layer hidden Markov process with observable Y (¢) and latent states V' (t), Z(t)
and F'(t). To make inference on the unknowns in the above model, a standard PM-
CMC method can be used to explore parameter space {¢,7}. One can also consider

Approximate Bayesian Computation (ABC) methods [40] to draw samples from the
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posterior distribution with given observable Y or summary statistics of Y. ABC is
useful in cases where likelihood function P(Y|c,7) cannot be evaluated analytically

or it is computationally expensive.

3.6.1 Laplace Transform of Velocity Autocorrelation Function

Multiplying both sides of Eq. (3.10) with V' (0) and performing an appropriate en-
semble average (-), one obtains the memory equation for the velocity autocorrelation

function (VAF),
da(t) ! / el
- —/0 (t —t)a(t — t')dt, (3.19)

where a(t) = (V(0)V (t)) appears, which is related to the diffusion constant by the
integral relation

D- ; [ attyar (3.20)

Note that 1m(V?(0)) = LkpT, we have a(0) = (V*(0)) = kgT/m. Again, suppose

2
the memory kernel is a single exponential shown in Eq. (3.11), the Laplace transform

of the memory kernel £(¢) can be written as

)= [ estetydt = —5
€)= [ e e = 5
After a Laplace transform, Eq. (3.19) reads,
i(2) = aolz + ()] " = ——, (3.21)
z+ z+1/7

where a(z) is the Laplace transform of a(t). The inverse Laplace transform of a(z) is

given by

= (3.22)

Now we have the analytical solution of the VAF of chain center of mass with respect

: tyI—der?\  sinh (WIZE)
a(t) = age” 27 | cosh 5 +
T

to {¢,7}. Let us consider another important quantity — diffusion coefficient D. Recall
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that the Laplace transform of the time-domain integration is

L {/Ota(s)ds] = @.

Substitute the above formula into Eq. (3.20), for large ¢, the Final value theorem (see
Appendix) gives

1~ Qo l{BT
D = — 2= = — = ; 2
3a(z)| 7 3¢t 3mer (3.23)
o0 da(Z) k‘BT 9
C= /0 sa(s)ds = — e lo=0 = m0272(1 — 7). (3.24)

Substitute the analytical solution of a(t) into the following formula in Eq. (3.22), we
have the mean square displacement function of the chain center of mass

(V) - YO)P) =2 [ (0 s)als)ds
0
_ 2kpT (t_ 1 —c7'2> 2T e 3

A A
2 _ a 2 yainh( 2
(Act” — A)cosh (27_t) + (3¢r? — 1)sinh( 2Tt) ,

(3.25)

mer cT m  c2T2A

where A = /1 —4cr2. We can see that Eq. (3.25) is consistent with the results
given in Eq. (3.23) and (3.30) for large t

(Y () = Y (0))2) 10 = Jim 2 /0 "t — $)a(s)ds = 6Dt — 2C. (3.26)

Suppose the memory kernel £(¢) is the sum of several exponential modes,

M t
En(t) =D ce 7. (3.27)
i=1
Laplace transform of £(t) is
= ey (t)dt = -
futo) = [ eutni= 3
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Substitute Eq. (3.27) into Eq. (3.19), after a Laplace transform, we have

(=) = aolz + Eu(2)) ™ = sr

(3.28)

Cq

i=1 Z—l—l/ﬂ;

It is challenging to analytically tackle a(t) for multi-mode memory kernel as we have
done in Eq. (3.22). Solving VAF a(t) and MSD function {(Y'(t) —Y(0))?) for M-mode
memory kernel involves roots of a polynomial of degree M + 1. However, the Laplace
transform ay;(z) shown in Eq. (3.28) makes it possible to investigate the properties
of multi-mode memory kernel models. Moreover, the diffusion coefficient for large ¢

can also be derived from a;(z),

1. kgT
D = =iy (2)]smg = ——or—, (3.29)
3 IMY i CiT
daM(Z) kBT M
2
C=-— im0 = —=r S5 (L= D_ar). (3.30)
< mizy G i=1
0 Absolute value of velocity autocorrelation function (WAF)
10 T
m 10° .
=
= w0t .
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Figure 3.6: Absolute value of VAF and its Laplace transform
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3.7 Experiments

We run molecular dynamics simulations using Kremer-Grest system introduced earlier
in section 2.5, where the particle density is p = 0.85 and chain length N = 64.
We simulate the system consisting of 200 linear chains in a cubic box with periodic
boundary conditions. The Fig. 3.6 shows the absolute value of VAF and its Laplace
transform in double logarithmic scales. Due to a lack of analytical solution of VAF
for the multi-mode model, we cannot extract information about parameters directly.
However, with the help of Laplace transform, one can apply numerical approximation
to a(z) to get a rough estimation of parameters ag,¢; and 7;, ¢ = 1..., M. This will

help us to set reasonable initial values of parameters in MCMC. Fig. 3.7 and Fig.

Laplace transform of VAF

107 ¢ .
F O WAF data |1

L(s)

Figure 3.7: Models with different number of memory modes to fit the Laplace trans-

form of VAF

3.8 show the goodness fit of Laplace transform of VAF a(z) and diffusion coefficient
D(t) for models with different memory modes. We can see that single-mode memory
kernel model has poor performance. Models with multi- mode memory kernel are

capable of capturing long-term diffusive behaviours. Increasing number of modes
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does not improve the goodness of fitting D(¢) at short time scales. It is shown in
Fig. 3.8 that, though the curve has the same slope at short time scales, multi-mode
models still cannot fit D(¢) well. This is due to the poor estimate of the initial
value of the velocity auto-correlation, ag. To improve the approximation of D(t) at
short time scales, an alternative would be running MD simulation with smaller time
step to increase data points at very short time scales which will require much longer

simulation time to get equilibrium.

y3E

—— Dit)-MD ]
T-mode |1
2-mode |1
3-mode

Figure 3.8: Time-dependent diffusion coefficient D(¢) of models with different number
of memory modes

In order to capture the diffusive behaviours at short time scales, we perform le-
ast square fitting on VAF at short time scales (¢ < 10) to get numerically optimal
parameters for the single mode memory kernel model. Fig. 3.9 shows the analytical
solutions of the time-dependent diffusion coefficient D(t) characterized by different
models. The parameters used to evaluate D(t) in multi-bead models are MCMC esti-
mates for each model. Parameters of single-mode memory kernel model are obtained

by numerical approximation of VAF. Fig. 3.8 and Fig. 3.9 show that multi-bead
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model and multi-mode memory kernel model can captures feature of the long-term
dynamics when we have enough beads (or modes). Models with memory kernel have
advantages on capturing diffusive features at relatively short time scales. However,
the memory kernel £(t) is characterized by the sum of several exponential modes,
we probably can not get further information on the latent system in MD simulati-
ons. While the multi-bead models are the structured-based coarse-grained models,
it is possible to extract the physical descriptions about the hidden variables, e.g.,

entanglement effects.

) x1073
—MD
— 2-bead model
o — 3-bead mode
257 4-bead model
single-mode memory kernal model
ot
5 1.5
\\\\\
.
1 ~—
0.5
D i i i
102 107 10? 10*

Figure 3.9: Time-dependent diffusion coefficient D(t) characterized by different mo-
dels; Analytical solutions obtained from 2-bead (blue), 3-bead (red) and 4-bead
(green) model and single mode memory kernel model (cyan) with observation interval
At == 12

3.8 Summary

In this chapter, we have investigated two different models dealing with nonlinear dy-
namics in order to develop coarse-grained models to study entangled polymer melts.

The first model is the extension of multi-bead model developed in Chapter 2 with

67



Section 3.8 Page 68

nonlinear interactions. The latter model is described by the generalized Langevin
equation with memory kernel. We first show how to implement particle MCMC to
draw inference on unknown parameters for the extension of multi-bead model. We
introduce resampling schemes to reduce the variance in the particle weights which
will help us to avoid filter degeneracy. A set of resampling strategies and their advan-
tages together with limitations are discussed. A more generic model associated with
observation error is proposed and the impact of the variance of the observation noise
has been investigated.

In order to evaluate the efficiency of the particle MCMC, we apply both standard
MCMC and particle MCMC on the linear toy model with Gaussian model error. We
find that particle MCMC ends up with noisy likelihood which is introduced by the
resampling scheme and the fact that the number of particles is not large enough. It
is worth to note that, in some cases, huge computational complexity will arise as the
number of particles increases.

Some recent work on “Coupling of Particle Filters” [41] and “The Correlated
Pseudo-Marginal Method” [42] have been devoted to getting around this issue by
making the errors in nearby estimates be correlated. However, it turns out that these
algorithms lack generality and schemes obtained from one model are not suitable to
apply to other models directly.

In the second model, we construct a four-layer hidden Markov process. A stan-
dard particle MCMC method can be used to explore parameter space. However, we
have demonstrated that it is challenging to implement particle MCMC to explore the
parameter space due to the noisy likelihood. An alternative method can be Approxi-
mate Bayesian Computation (ABC) method [40]. ABC is very useful in cases where
the likelihood is not tractable or it is computationally expensive to evaluate.

If the velocity autocorrelation function is available, one can apply Laplace trans-
form and perform numerical approximation or ABC to get the estimates of unknown

parameters. We compare the linear multi-bead model and the model with memory
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kernel and find that for given MD simulations, the former is in good agreement with
the MD simulation on the center of mass diffusion at large time scale. While the latter
model shows excellent agreement with the MD simulation at very short time scales. It
is worth to note the data for modelling is extracted from simulations of Kremer-Grest
model where the dynamics at very short time scales is of less importance compared
to that at large time scales. Therefore, the multi-bead models which are capable of

capturing long-term dynamics are more promising than the latter model.
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Chapter 4

Application of Monte Carlo
Methods for Studying Polymer

Entanglements

In this chapter, we introduce a new method for detecting entanglements in polymer
melts obtained from molecular dynamics simulations based on the slip-spring model
and the Bayesian inference. A set of slip-springs will be introduced to each target
polymer for modelling the entanglements along its backbone. The total number,
the effective lengths and the locations of the anchor points of the slip-springs will
be decided by different Bayesian statistical methods. The Bayesian alternative is
capable of computing the posterior distribution of different models and also provide

uncertainty analysis on the estimation of model parameters.

4.1 Introduction

The dynamics of long polymer chains in melt or concentrated solutions is gover-
ned by intermolecular interactions [1] [43]. The uncrossibility between the chains
significantly slows down their dynamics and leads to more complicated rheological
properties than in dilute solutions. There is long-term discussion on the phenomenon

of entanglements in polymer physics. The fundamental questions to answer include
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what is the microscopic picture of entanglements and what is the best framework to
quantitatively describe entanglement effects. The work we have done may contribute
to answering these questions.

Tube model is considered as the most successful theoretical model so far for stu-
dying the dynamics of entanglements [1] [44] [45]. It introduces the mean-filed concept
of the tube which represents the topological constraints imposed by the surrounding
chains on a target chain as a tube. The motion of the chain is thus considered as being
confined in the tube-like region. By doing so, the tube model successfully represents
a multi-chain problem with a single-chain model. The tube model assumes that at
small time scales, where ¢ is smaller than the Rouse time of an entanglement strand
Te, the dynamics of the chain shows Rouse-like behaviour. For ¢ > 7., the motion of
the chain follows one-dimensional Rouse motion along the tube. A fully quantitative
analysis of this 1D motion can be found in [46].

In addition, the effects of constraint release (CR) and contour length fluctuations
(CLF) are taken into account. Since the tube is made from the neighbouring chains
which are fluctuating and moving around, the tube should also be allowed to move
around. CLF is the fluctuation of the primitive path length or contour length of the
tube, and CR describes the effect of the finite lifetime of the topological constraints,
arising from the motion of the surrounding chains. The most detailed treatment of
CR Rouse motion is the self-consistent theory developed by Rubinstein and Colby
where the mobilities of the Rouse tube segments are assigned randomly following a
probability distribution determined from the tube survival relaxation spectrum [47].
Likhtman and McLeish incorporated this approach into their tube theory together
with the improved treatment of CLF and the consideration of the longitudinal stress
relaxation along the tube [46].

Tube models are successful in providing qualitative and sometimes semi-quantitative
predictions on many dynamic properties of entangled polymers [1] [48]. However, its

quantitative prediction power is still limited mainly due to the incomplete description
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of constraint release effects, which requires the microscopic picture of entanglements.
There are several numerical methods for detecting entanglements. Everaers et al. de-
veloped the primitive path analysis (PPA) method [6], in which the contour lengths of
the tubes are found by turning off the thermal motion of the monomers, eliminating
excluded volume interactions between monomers on the same chain and keeping the
ends of the chains fixed while maintaining interchain uncrossability. All the chains
end up with shrinking to the shortest paths with many kinks.

Likhtman introduced a microscopic definition of polymer entanglements [12]. The
basic idea is to create a contact map between the mean paths of each pair of chains
(7,7). If the contact persists for a long enough period of time, e.g., 37, the two
chains are considered to be entangled. Note that under this definition, the number of
entanglements may show some quantitative, but not qualitative, change depending on
the cut-off distance used for constructing in the contact map and the smallest lifetime
of the persistent contact [13]. The results of the entanglement analysis are typically
introduced into the existing theoretical models and then tested against experimental

data.

4.2 The Slip-Spring Model

The slip-spring model, developed by Likhtman [49], is a computationally efficient
method for studying dynamic properties of entangled polymers to much large time
and length scales than the MD simulations based on fine- or coarse-grained bead-
spring models.

The slip-spring model is a single-chain model for describing the dynamics of
entangled polymers. The chain of interest is represented by a Rouse chain of N + 1
beads. The effects of the entanglements is described by a set of virtual springs of N,
monomers. On average, there is a slip-link every N, monomers. One end of each of

these springs is fixed in space, and the other end is connected to the Rouse chain by

72



Section 4.2 Page 73

a slip-link. The chain can only slide through these slip-links which ensures that the
long time dynamics is dominated by reptation. This model contains all mechanisms
included in the tube model. Apart from the parameters describing the Rouse model,
there are extra three adjustable parameters related to entanglements: N., N, and
&, which is the friction of the slip-links when sliding along the chain. The values of
N, and N, can be tuned to fit the slip-springs model to MD data. The value of &; is
usually fixed at 0.1, [49], where &, is the bead friction of the Rouse chain.

The stochastic equations of motion for both the beads and the slip-links can be
derived from the Hamiltonian of the system. Disentanglement of the chain from a
slip-link and reentanglement with a slip-link are accomplished by the destruction and
the creation of slip-links at the chain ends. Constraint release is included by approx-
imating the entanglements as binary events. The total number of entanglements is a
constant during the simulations. This is reasonable for a large number of chains at
equilibrium; in practice, the large number translates to running the simulations with
at least 10 chains that affect each other’s dynamics only through CR. Some of the
mechanisms, like reptation, CR, and the sliding movement of the slip-links, can be
individually deactivated to isolate their contribution to the relaxation of the chains.
This is essential in the current work for separating out the CR effects on the segmental
dynamics. The slip-springs equations of motion are solved numerically to the desired
accuracy and with no uncontrolled approximations by means of Brownian dynamics

simulations. Further details of the model can be found in [49] [50].

Figure 4.1: The slip-spring model
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In this work, we study melt systems of concatenated polymer rings. The reason
we are interested in ring polymers rather than linear chains is that in the linear chains
systems, the entanglements continuously destroyed and created, while in concatenated
ring polymers, the number of entanglements is fixed, making it easier for testing of
the analysis method.

For a free ring polymer with N beads, the probability distribution function of

the bead positions {R;}2," is solely determined by the harmonic potential energy,

1

PR = e [—2‘2 (Z (Ris — R+ (R — R@?)] RRY

where the partition function of the free ring is given by
Zo = / dR, / dR,.. / dRy_10xp [_23192 <Nf (Riss — Ri)+ Ry — RO)Q)] .
v (4.2)

In a melt of ring polymers with the degree of polymerization much larger than
the entanglement length N, (N > N,), each ring is entangled with surrounding rings
due to uncrossibility. In the framework of the slip-springs model, the topological
constraint on a given polymer ring can be represented by a set of slip-springs. Each
slip-spring is modelled as a Rouse chain of N, bonds with one end of the chain fixed
in space called anchor points while the other end can slide along the polymer chain.
In this work, we adopt a discrete version of the slip-springs model, meaning that the
slipping-ends or slip-links are sitting on the individual monomers of the polymer chain
and can only change their positions from one monomer to another.

The potential energy of a slip-spring with one end sitting on a monomer at
position 7; and the other end at the anchor points a; can be written as

 3kpT

i = W(Tz - ai)27 (4-3)

where Nj is the degree of polymerization of the spring.
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4.2.1 Partition Function

Suppose that there are M slip-springs restricting the motion of a ring polymer. The
4t slip-spring has its anchor point at aj, length of the virtual slip-spring is N;.
Considering the location that the end of the slip-spring, namely the slip-link, sits on,
it is important to note that Likhtman introduced a continuous variable z = 0...N — 1
along the chain which allows each slip-link to be anywhere on the chain [49]. In that
work, Likhtman calculated the distribution of the anchoring points and developed
stochastic equation of motion for the chain and the slip-links position along the chain.
We adapt a discrete version of the model described in [49] by assuming that the
slipping-end can only sit on particular monomer with coordinate Ry, , where s; is the
monomer number. The slipping-end or slip-link can only move from one monomer
to another in a discrete way s;, such that s; is an integer in between 0 and N — 1.
For a given set of anchor point positions @ = {a;}}7, and length of slip-spring N, =

{N,,}}L,, the probability distribution function of the dynamic variables (R, s) is

1 N—-2 M _ )2
P(R,s|la) = meXP ng ; i+l T + (Rn-1— Ro) +jz1 N, ;
(4.4)
where s = {s;}/ =, R= {R . For simplicity, we denote the partition function

for given a as

= z:: 2:20... izoZm(a,s). (4.5)

52

where Z,5(a,s) is the partition function for given a, N, and s, which can be written

as

Zns(a, ) :/dRo/de../dRN_lx

3 (=2 2 2 M (Rs~—aj)2
exp | g Z:O(RiH—RZ-) + (Ry_1 — Ry) +ZT . (4.6)

Jj=1
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In the case that both the anchor point positions a, length of slip-spring N, and
the monomers that the slip-links sit on s, are fixed, e.g., in the Warner-Edwards

model, the probability distribution function of R can be written as

1
P{R‘a,s} :mx
N-2 M —a.)?
exp [_2362 (io (Rit1 — Ri)?) + (Ry_1 — Rp)? +j21 (RS}VSJJ) )] - (4.7)

To compute Z,s(a,s), one can separate the integrals in Eq. (4.6) over the mo-
nomer coordinates R, into two groups. One group contains the coordinates of the
monomers that are connected to slip-links, namely Rs;,7 = 1,2,..., M. The other
group contains bead positions without slip-links.

Assuming that no bead has more than one slip-link, the M monomers with slip-
links divided the ring polymer into M segments. The segment between monomer
numbers s; and s;+1 has n; = s;41 — s; bonds or n; + 1 monomers (assuming that
81 < o < 821 < 8 < ... < spr). For convenience, we renumber these monomers as
t=20,1,2,...,n;. The integration over the coordinates of the monomers without slip-
springs can be done in the same way as for an ideal n; bonds with two end monomers

fixed at Ry and R,,,;. Recall the probability distribution function given in Eq. (1.14),

we have
3 n;—1
/de../anjfleXP [—%2 (Z (Rit1 — Ri)2))]
i=0

dn ;

—J d/2
2h?\ 2 3 3 2
— 2 ——_(R,, — . (4.
( 3 ) (27Tnjb2> eXP [ 2n;b? (R i RO) ] (4.8)

where d is the space dimension. The expression in Eq. (4.8) is the probability distri-

bution function of the end-to-end distance of an ideal chain of n; bonds with two end-

76



Section 4.2 Page 77

dn ;
J
2mh? ) 2

monomers positioned at Ry and R,,; multiplying by a normalization factor ( 5

Therefore the integration over the positions of the monomers not connected to
slip-links can be replaced by the multiplication of the probability distribution functi-
ons of the end-to-end distances of M chain segments. The partition function Z,,(a, s)

in Eq. (4.6) then takes the form of

M
Zns(a,s) = (H n;

3 M-1 1 ) 1 M 1 )
exp o2 TTJ (stJrl - RSJ‘) + 7M (Rs,, — RS1)2 + Z N (st - aj)

3\ Md/2
(27?1)2) /dRSl../dRsMexp

M
= | IIn
j=1

i=1

M M
- (Z AijRg, - Ry, + Zbi ‘Rs, +¢
,J

(4.9)

where we have dropped the normalization factor (@)% which is constant for a given

Rouse ring. In the second step, we have defined

3 3 . 2 M a?
= — s = — —QA; CcC =
5 b i >N
2 N., N,
1 1 1 1 1
a TS “ar 0 0 i
1 1 1 1 1
T TR T 0 0
1 1 1 1
0 ey 7s T s TN, 0 0
A=
1 1 1 1
0 0 N2 + N1 Nspr_q N -1
_ 1 1 1 1 1
nar 0 nap—1 nap—1 + A + Nspyp

(4.10)
Especially in the case of M = 2, matrix A can be simplified as follows:
- 1 1 1 1 1 ) )
Tn T m T TN
1 M 1 M sar
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In the simplest model with M = 1, without the normalization factor (%)%, the

partition function Z,;(a, s) can be written as

I\Y2 7 3 \¥? 3 (Rs, —a1)?
Zuasia = (5) (ga) [ BRuew |-z

/2 /2
- (Jif) (2 362> (2mb Ny /372 2
T

]\[s1 d/2
(%)

The physical meaning of the elements in matrix A can be understood from the

effective elasticity of the chain segments or slip-springs connected to the monomers
s where the slip-links sit on. For example, the diagonal term A;; indicates that
monomer s; is connected with two segments of lengths n; and n,; along the polymer
and a slip-spring of length N .. The elastic contributions from the three components
can be represented by a virtual chain whose effective elasticity equals to the sum of
that of the three elastic springs in parallel. The off-diagonal terms are simply the
elasticity of the chain segments connecting monomers s; and s;;;. The elements Aj;;
and Ay come from the connectivity of the ring polymers.

The integral in Eq. (4.9) can be conveniently computed by separating the vari-
ables in each direction and using the n-dimensional Gaussian integral for the scalar

form of the integrals

B ij=1

o0 1 M o0 1 om\M
/ exp (—2 Z Aijxixj) dMx = / exp (—Qa:TAa:> dMx = (th)A ,
[e'e] —00 (§]

or, more precisely, the n-dimensional Gaussian integral with linear term

/exp (—2 Z Aijxixy + Z biafi> dMx = <d2‘-c)A exp (szA_lb> ,
i=1

ij=1

because A is a symmetric positive-definite matrix. Noting that A;; and b; in these
Gaussian integrals differ from those used in Eq. (4.9) by a factor of 25 and —f,

respectively, we obtain the partition function
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—d/2 3 Md/2 ap (T Md/2 1 M »
" <27Tb2> (det 4) (B) exp ZB Z (biAg;) - bj — Be

ij=1

—d/2
3 M a . a; M a2
—d/2 § 2 — § %

ij=1 S =1

M
Zns(a,s, M) = (H

j=1

:

2 b2 % . Md/2 .
where the constant factor of (”T) has been cancelled with (%) . Note that in

Eq. (4.13), it is not necessary to calculate the inverse of matrix A, the term A™'a

=

1

can be determined by solving the system of equations Au = a, from which we obtain

Ala = u.

4.3 Bayesian Inference on the Slip-Spring Model

Fixed Dimensional Problem

For given number of slip-springs M, parameters which need to be estimated are the

M

positions of the anchor points a = {a;}}Z,, length of each slip-spring Ny = {N;, }'Z,.

M
=1

Here the indices of the ring monomers s = {s;}2,, where the spring-links sit on, can
be thought as being a set of hidden variables. In such fixed dimensional problem, the
set of unknown parameters reduces from {a, Ng, M} to {a, Ns}. Using trajectories
form MD simulations, standard MCMC algorithm can be employed to investigate the
posterior distribution P(a, Ns|R).

In Bayesian statistics, the posterior probability P(a, Ng|R) of the slip-spring
parameters {a, N} given chain coordinates R is related to the likelihood P(R|a, N)
and the prior P(a, Ny) as
Rla, N;)P(a, N;)

P(R) '

Pla, N.JR) = 1\ (4.14)

Recall in Eq. (1.31), the posterior probability can be written in the form of
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Posterior probability o Likelihood x Prior probability.

The prior distribution of anchor point a is assumed to be Gaussian centered at the
chain centre of mass. Prior of slip-spring length is Gamma distribution.

In standard MCMC simulation with given M, the acceptance probability of move
only depends on the ratio of the posterior distribution before and after the move.
P(R) do not enter explicitly in the acceptance criterion. If we propose a move within
the model, an MCMC step involves proposing a new anchor point a;, tuning length
of slip-spring and adjusting slip-link position §; for the j* slip-spring, then we will

accept it with the probability

. (. P(@,NJR) (. P(Rla,N, P(a,N,)
min (1, W) = min (1, P(Rla, N.) : P(a,Ns)> . (4.15)

According to Eq. (4.7), the ratio of the likelihoods can be written as

P(Rla,s)  Zs(a,s) R~ —a;)? (R,, — a;)*
P(R|a,s) Z,(a, )eXp [ Z ( - N, )] : (4.16)

SJ
There are three mainly types of trial moves in the standard MCMC propagation
algorithm:

e Changing the anchor point position as; of a randomly selected slip-spring

e Changing Rouse chain length N, of a randomly selected slip-spring

e Changing the monomer index s; of the slipping-end of a randomly selected slip-

spring

Note that the a; € R*, N,, € R, s; represents monomer index which the slip-
spring sits on, s; = 0,...,N — 1. Therefore acceptance of each MCMC attempt is
determined by Eq. (4.15) and Eq. (4.16). In the case where the number of slip-
springs is known, one can implement standard MCMC algorithm (see section 2.4) to

explore the fixed-dimensional parameter space. In this work, we are going to focus
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on drawing Bayesian inference on different model spaces. For the trans-dimensional
move involving increasing/decreasing the number of slip-springs, the corresponding
acceptance rate involves evaluating the ratio of posterior on different parameter space.

We are going to discuss it later in section 4.5.

4.4 Model Comparison

Our goal is to perform Bayesian inference on the posterior probability of a sequence of
slip-link models consisting of different number of slip-springs. In Bayesian community,
when people have gathered a set data and would like to investigate the mechanism
of generating the data or something of interest behind the data, they usually have
a series of possible models available, and then make inference on which model is
the most suitable one and what is the best parameters to represent the system; We
treat all the unknowns, including the model indicator and its parameters, as random
variables and aim to make inference over the uncertainty of models and parameters
based on posterior distributions, which is a joint conditional distribution of all the
unknowns and a given set of observed data.

Assume a countable set of models M are available, Bayesian model comparison
problem is to make inference on model indicator m in M and corresponding parameter
vector 0, € ©,,, where the dimension n,, of parameter space is determined by the
model indicator m. It is worth noting that n,, may vary from one model to another,
and there is no need to restrict ourselves in nested models where ®,, C @/ . For
the goal of making inference about the uncertainty of models, the model indicator
m would be of no difference to other parameters. With given observed data Y on
hands, we are going to make inference about posterior distribution p(m,,,|Y") over
joint unknowns (m, 6,,).

Bayesian inference for the model comparison is based on the framework of a Bay-

esian hierarchical model. Suppose that we are given a prior p(m) of model indicator
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m. For a particular model m, the prior of parameter vector 8,, together with likeli-
hood p(Y|m, 8,,) for data Y are available. In some cases, priors p(m) and p(0,,) may
not be written separately but written in the form of joint prior p(m, 6,,) instead. It is
obvious that this requires only an additional specification of p(m, 6,,,) = p(m) x p(8,,),
and does not cost extra effort to deal with it.

Once we have the marginal likelihood p(Y'|m) of the data with given model,
it is straightforward to obtain the posterior distribution 7(m|Y") up to an unknown

normalizing constant by performing Bayesian inference

Y
T(m|Y) = Afj(m)p( Im) (4.17)
m=1P(m)p(y|m)
where the marginal likelihood p(Y'|m) is an integral over 6,
p(YIm) = [ p(0n|m)p(Y(8,,m)d0,. (4.18)

The posterior distribution across models shows the suitability of a model m for mo-

delling the data, and posterior odds in favour of model m over m’ are given by

where the pairwise comparison of marginal likelihood of two models is called Bayes
factor, which is written as
_ p(Y[m)

K(m,m') = D) (4.19)

In many cases, a uniform prior distribution over models is adopted. Therefore, the
relative strength of model m and m’ for modelling given data y can be fully represented
by Bayes factor K(m,m’). The larger K(m,m’) is, the stronger the evidence is in
favour of model m over m’. Jefferys [51] provides a scale for interpretation of K (m, m’).

In most of the statistical models, the marginal likelihood is intractable, since

this may involve high dimensional integration and the function to be integrated is
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usually complicated. Note that it is not necessary to process integration to compute
the marginal likelihood p(Y'|m) if the prior is a conjugate prior for the likelihood
function. From Bayes’ theorem, the posterior density of parameter 8,, is given by
the product of likelihood p(Y'|@,,, m) and prior p(@,,|m), normalized by the marginal

likelihood p(Y'|m)
P(Y[0m, m)p(6n|m)

(4.20)

A conjugate prior means for a given likelihood function, the posterior distribution
belongs to the same distribution family as the prior probability distribution does.
To make it more specific, we take the normal distribution and the inverse gamma
distribution for example. Suppose that for a given set of observation Y = {y;}2 |, the
likelihood is given by

P(Y1:0|Om, m) = <\/271r—0m> exp (—W) : (4.21)

where p is known and 6,, is the unknown variance with a prior distribution of 6,, ~

ZG(a, 3), which gives

p(O,|m) — Fﬁ(;e,;a—l exp (-i) , (4.92)

where I'(+) denotes the gamma function. Therefore, the posterior density of 8,, is

0,.,,m)p(6,,/m
p<0m|y1:L’m) — p<y1 L‘ )p( ’ )
p(y1.Llm)
L L 2 «
_ 1 1 exp _Zizl(yi — ) s 01 exp _ﬂ
p(y1..lm) \ V270, 20,, () ™ 0,,
+ 5 2y — p)?
=7 0—a—1—L/2 _B 9 2ui=1\Y1i
x 0 exp 0. ,
L sa
where Z = p(yylL\m) (ﬁ) % is the normalising constant. We can see that the

density kernel of the posterior is the density kernel of inverse gamma distribution,

which is exact the distribution family of prior p(8,,|m). The normalized constant Z
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is determined by the condition that the integral of a probability density must be one.

Therefore, we obtain

00 1L o 2
A % / OTfnaflfL/Q exp <_B + 2 Zzgl(yl :u) ) d0m -1
0 m

It can be is easily derived that Z = Fﬁ(/—a,

')

, where o/ = a+L/2 and 8/ = B+1 3 (yi—

u)?. Hence the marginal likelihood can be written as

1L\ B
p(yr.Llm) = (m) () Z
:< ) >L 3o [(a+ L/2)
Var) (@) (31 15k (- p)?)

aTiE (4.23)

In many cases, it is usually challenging to find a suitable conjugate prior for the
likelihood function because the integration of marginal likelihood can be hard to
evaluate in terms of the convergence. In practice, there are several efficient methods

to approximate intractable marginal likelihood of a statistical model.

4.4.1 Numerical Methods to Approximate Marginal Likeli-
hood

Laplace Approximation

Laplace Approximation is a widely-used method to approximate marginal likelihood
[52]. The basic idea is to apply Gaussian approximation on the parameter posterior
around the Maximum-a-Posteriori (MAP) estimate O,,. for simplicity, let d denotes

the dimension of parameter vector 8,,, we obtain

p(O,]Y.m) ~ (27) 4 Albexp (—;(om —6,)T A8, — ém)> |
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where A is the d x d Hessian of the log posterior p(8,,|Y, m) evaluated at 0., written

as
2

A=
T dByidb;

np(0m|Y,m)lg, .,
Then the marginal likelihood can be written as

p(Om, Y|m)

Evaluating Inp(Y|m) at 6, we obtain the Laplace approximation
A A d 1
Inp(Y|m) ~ Inp(0,,|m) + Inp(Y'|0,,, m) + §ln27r — 51n]A|. (4.24)

This approximation holds adequately when the posterior density is high-peak at the
MAP estimate 6,,. Finding 6., can be done by using standard optimization algorithms
such as gradient search. It also requires computing the second derivative matrix and

inverting it to obtain A, which is usually hard to calculate.

Bayesian Information Criterion

Another well-known tool for statistical model selection is Bayesian Information Cri-
terion (BIC) [53]. The BIC tries to minimize the impact of the prior, hence the MAP
estimate ém is replaced with a value 0~m which maximizes the likelihood. This can
be obtained from Laplace approximation when the prior does not dominate. In other
words, the approximation is reasonable if the size of data L is much larger then the
number of parameters. In this case, Matrix A grows as LA, for some fixed Asy when

n increases, so we have
In|A| — InjnAg| = Inn?| Ag| = dinn + In| Ag|.

Retaining only the terms that grow with n, Eq. (4.24) can be reduced to

In p(Y|m) ~ 1n p(Y|6,,,m) — glnn.

85



Section 4.4 Page 86

When dealing with model selection, we pick the model with the highest BIC score.
Note that there is no prior in this estimate, this approximately only valid for large n.
Since large data size will decrease the dependence of posterior on the prior. when the
size of data is large enough, all the posterior parameters would be well represented.
Another limitation of BIC is that it cannot deal with a complex model in high dimen-
sion space. There are also several approaches available, such as Variational Bayes [54],
Expectation Propagation [55].

Note that the methods mentioned above somehow require approximations, they
are sensible only when the approximations are appropriate. Since the models we are
dealing with are complex, we would not consider them further. Instead, we are going

to look at Monte Carlo methods.

4.4.2 Monte Carlo Methods to Approximate Marginal Like-
lihood

Monte Carlo methods are widely used approaches to approximate probability distri-
bution that is hard to evaluate or sample from. There are mainly three classes of
Monte Carlo methods to perform the Bayesian model comparison. The first method
which is also the simplest one is to estimate the marginal likelihood for each model
separately, especially when there is no link between the parameters of different mo-
dels. It is only valid when the number of models is relatively small since it requires
to design a separate Monte Carlo algorithm for each model. If there exists a strong
connection between two models, performing direct estimation on the Bayes factor is a
good choice. However, when we have a large number of models to investigate, doing
the pairwise comparison is not practical. We can also set the index of the model as
an extra parameter, in this way, Monte Carlo methods can be used to simultaneously
explore the model and parameter space. We will look at each of these three methods
in the following sections.

When there exists no link or only weak link between two models, a straightfor-
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ward way to perform model selection is to estimate the marginal likelihood of each
model separately. For example, when performing model comparison between geome-
tric and Poison to model discrete data. In such cases, the parameter space 8,, is of
different dimension, and the estimate of one model is of no help with estimating the
other model. Hence, a natural choice would be to evaluate the marginal likelihood
separately. This only works for a small number of models.

There are various methods available to implement marginal likelihood approxi-
mation, such as Chib’s method, Harmonic mean estimator, Importance Sampling and

Annealed Importance Sampling.

Chib’s Method
The basic idea of Chib’s method is to rearrange the Bayes’ formula

P 81, m)p(Brlm)

Evaluating Inp(Y|m) at a high posterior estimate 6,,
Inp(Y|m) = np(Y'|6,, m) + Inp(,,[m) — np(,,,|Y, m),

where p(0,,|Y, m) is an estimate of the posterior density p(6,,|Y,m) at 6,,,.

The most challenging part of the algorithm is the estimate of H(8,,|Y, m). Chib’s
make it easily achieved by approximating the posterior p(é|Y, m) with the MC average
of samples from Gibbs sampler. With broad applicability of Gibbs sampling, Chib’s
method can be easily applied to high dimensional space. However, it is also caused
concern about the limit of storage, which requires generating samples from a full
conditional density and store the samples latter averaging.

When it comes to the case of a mixture, hidden Markov models and other models
involving component identifying, the difficulty and complexity of the algorithm would

rise due to the time needed for Gibbs sampler to visit all the possible components.
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Harmonic Mean Estimator

When the posterior is not analytically tractable, the most common way is using
MCMC methods to perform inference on posterior. However, MCMC does not lead
us directly to the marginal likelihood. Newton and Raftery proposed Harmonic mean
estimator [56] by applying importance sampling to obtain harmonic mean estimator.

The basic idea is to obtain an estimator of marginal likelihood based on samples drawn

from the posterior distribution, which approximates the estimate of Y‘ ) with
! / ! (6,,]Y,m)d0 (4.25)
NN T 0 PUn|Y,M)00y,. .
p(Ym)  Jon p(Y|6,,,m)

Suppose samples 1) 02 . 0) are drawn from posterior p(8,,|Y, m), the estimate

of

p(Yil\m) is given by the average of inverse likelihood at each sample 8% i = 1,2, ... K,

1

p(YTm) ™ ; Y|0m m) (4.26)

Recall that the expectation of reciprocal likelihood can be written as

1 1 1 p(Y10,,, m)p(0,,|m)
El—— = [ —— (8,|Y,m)d6,, a6,
<p<Y|em,m>> OV 0= [ e )
1 1

= ), POl = s

Therefore the Law of Large Numbers guarantees the convergence of the approximation
in Eq. (4.26) if one uses a sufficiently large number of samples from the posterior
distribution.

However, it is easy to notice that this approximation does not work well in
practice. As is known to all that in Bayesian statistics, the posterior distribution
of a model is normally quite narrower than the prior and not significantly sensitive
to the prior, since the prior is usually set to be broad enough to ensure it covers the
region with high likelihood. The posterior would not be sensitive to the prior. Hence

when we take w(0|Y) as proposal while p(0) as the target, the estimate would have
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large variance.

Importance Sampling is a efficient method to approximate the marginal likeli-
hood. We have discussed it in section 1.7.6. Comparing with IS, MCMC has broader
applicability, since we can tackle high dimensional models with a single component
update. However, difficulties would arise to design a proposal that mixes the Markov
chain well. In IS, it is hard to design a suitable proposal in high dimensions. Here is
some generalization of IS available, such as SMC, we are going to discuss it in later

section 4.7.

4.4.3 Methods for Bayesian Model Comparison

In some cases, there is a distinct link between the parameters of one model and
that of another model. The estimate of one model would help with drawing inference
on the other. For example, we would like to infer the number of components m of a
Gaussian mixture model given a set of observations. When the inference on a model
with m = 5 is available, which includes the estimators of the parameters’ mean and
variance for these 5 components. When it comes to drawing inference about m = 6,
instead of inferring from a rather flat prior, one can make use of posterior of m = 5.

In these cases, rather than estimating each model separately, it might be more
efficient to use what has been learned about one model to help with estimating a
neighbouring model. Thus we consider such algorithms, which perform pairwise model
comparison and estimate the ratio of marginal likelihoods - the Bayes’ factor - directly.

We have discussed mainly three classes of methods for Bayesian model compari-

son:
e Apply Monte Carlo methods to explore the joint parameter and model space;
e Investigate each model separately;

e Estimate on one model based on the inference on another model.
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According to the number of models of interest and the relation between models, one
can choose the most suitable approach. In this thesis, we are going to look at the first

two methods.

4.5 Reversible Jump MCMC

The most widely used Monte Carlo method to explore the joint model and parame-
ter space is reversible jump MCMC (RJMCMC), which is capable of exploring the
joint space if deterministic relations between the parameters of different models are
available. In this way, the model index m can be considered as an auxiliary variable
and RJIMCMC algorithm can be viewed as an extension of the standard Monte Carlo
algorithm on more general state spaces.

We notice that in slip-spring model, the entanglements are represented by a
number of slip-spring. The models we are looking at are defined on similar parameters
space {a, Ny, M} with the different dimension n,,. If we have knowledge of posterior
distribution of model with m slip-springs, the inference is useful for investigating the
posterior distribution over m — 1 and m + 1. It would be ideal if we are able to set
an invariant relation between neighbouring models. When we attempt to jump from
model m to m + 1, a straightforward way is to add a new slip-spring and meanwhile
keep the existing slip-springs unchanged. In this thesis, we will briefly describe how
to implement RIMCMC, further details can be found in [57] [58].

Ideally, if the marginal likelihood p(Y|m) in Eq. (4.18) is tractable, the accep-
tance ratio of jump on model space from m to m’ can be written as

ny _ pm)p(Y m')g(m|m’)

) = (Y Im)a(mm) (4.27)

In reality, p(Y'|m) usually turns out to be intractable. Therefore, we need to find
alternatives to propose jump between models. Reversible jump MCMC (RJIMCMC)

method is an efficient method that explores the joint posterior of model and parame-
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ters. Developed by Green in 1995 [57], RIMCMC performs across-model simulation,
by which the algorithm is able to make a move from one model to another. With the
help of RIMCMC, we are able to construct a Markov chain with an invariant proba-
bility distribution that we are interested in. The proportion of times that different
models are visited gives an estimate of posterior of each model.

Suppose we are going to explore the joint parameter and model space (6, M), and
the invariant distribution of interest is the posterior p(@,,, m|Y"). Now the challenge
is to how to set up an MCMC algorithm that is capable to explore the joint space.
We are going to implement RJMCMC with M-H framework (see section 1.7.5) to
construct Markov chain that targets the posterior p(8,,, m|Y). In standard MCMC,
the M-H algorithm involves moves between two states x and ', including (x — ') and
inverse move (¢’ — x). Here the models are usually defined on different parameters
spaces which are usually of different dimension. The trick to deal with this issue is
to set up links between parameter spaces. In this way, we are able to view all the
distributions in the same parameter space after using a transformation of parameters
without introducing any bias.

It is important to note that we cannot set up unique mapping if the parameter
spaces are of different dimension. To get rid of this restriction, when the move is made
from a lower dimensional space to a higher dimensional space, a set of new variables
are introduced. Here we are going to design a pair of jump that allows the MCMC
move from one model to another. Consider a move from model m to model m’, which
means we propose a move from joint state (6,,,m) — (6,,,,m') and backward move
(0, m') — (0,,,m). For the forward move, we introduce extra random numbers u
which is drawn from distribution ¢,,. The proposed parameters 8,,, can be expressed

by an invertible function h,, with respect to (6,,,u)

(Gm/, um’) = hm(emy um>7
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where random numbers wu,, is distributed from ¢,,, which is needed for the reverse
move from m’ to m, using function A, which is the reverse function of h,,. The

acceptance rate of a particular move (0,,,m) — (6,,,,m’) is

P(Brr, 1Y) bt (s (| 1) mﬁm,} (4.28)

¥ =min < 1,
{ P(Om, m|Y) P () (| m)
where g(m’|m) the probability to propose a move from model m to m/, and J is the

Jacobian of the transformation h,,:

Oh,
= 42
et =7 (4.20)

O Um) |

The standard RIMCMC update is described in Alg. 4

Algorithm 4 Reversible jump MCMC update

1. Propose trans-dimension move:

Given state (m,0,,), sample m’ ~ q(-|m) and wu,, ~ ¢, (+);
2. Specify the new parameters:

Oy s ) = Py (O, U
3. Evaluate ratio of target density:

/ /
N = min {17 p(em’a m |Y)¢m’(um’)Q(m|m ) Jm—>m’}

P(Or, m[Y ) by (wm ) q(m'|m)
4. Accept the transition with probability min{1,~}.

This algorithm allows us to explore the joint model and parameter space at the
same time. By designing reversible jump over different model space, we obtain a series
of samples from a joint distribution of parameters from different models. It can be
seen from Eq. (4.27) that the acceptance rate involves the Bayes factor between two
models. While in Eq. (4.28), we find that it evaluates the acceptance rate for a single
move, which means that we are using a single point importance sampling estimator to
approximate the Bayes factor, which may result with poor acceptance rate. Next, we

are going to use a Gaussian mixture example to demonstrate how RJMCMC works.
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4.5.1 Mixture Model

In this section, we will introduce a mixture model to show how to implement reversible
jump MCMC. By allowing the number of mixtures k to vary, we can apply reversible
jump MCMUC to explore the posterior distribution of both m and the corresponding
mixture parameters. The basic framework of a mixture model for independence ob-

servation y; can be written as
Jj=1

where f(|6;) is the probability density function for a class of given distribution family
that characterized by parameter 6;.

The goal is to make inference on the number of components m and the correspon-
ding parameter 6; together with the component weight w;. Note that the component
weights are normalized with 377, w; = 1. Assume the mixture is Gaussian with
0; = {u;,07} where the probability density function f(z|6;) can be written with

respect mean j; and variance o7

f@luy, of) = . exp(—W) (4.31)

2
271'0']2- 20 3

The priors on the parameters are thought to be independent. The number of mixture
components m is usually taken from informative priors. In this thesis, we set uniform
distribution as the prior of m. The weight w; is taken from symmetric Dirichlet,
w; ~ D(0,0,---,d). Mean p; and variance o 2 of the mixture are drawn from normal

and gamma density, respectively,

Mg NN(£7/€2>7 0-;2 ~ F<0575)
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4.5.2 Birth/Death Move

Consider model state changing from (m,8,,) to (m + 1,6, ), a new component

characterized by {w’, i’, 0"} is introduced to keep bijection between models,

w' ~be(l,m),  p; ~N(E R, o077 ~T(a,f).

The acceptance rate can be written as

_ p(m+ g(mm + D)p(0;, . |m + Dp(Y|0;,,,m+1) 1 (m+1)!
p(m)g(m + 1m)p(0,,|m)p(Y |0y, m)p(w’, ', 0"?) m+1  m!

']m%m+17
(4.32)

where we have
O = ({wihy, (e, {o?}) |
050 = ({wl bt Ly Aoyt
When generating a new component, existing weight are re-normalized with constant
(1 —w')
w! = (1 —w)w; fori=1,---m.

The corresponding mean and variance keep unchanged, that means (1}, 07?) = (4, 0?)

for 1 <7 <m+ 1. The factor of is associated with randomly deleting one of the

_1
m+1

components when transiting from m + 1 to m. The Jacobian of the transformation is
Tmsmir = (1 —w)™ 1, (4.33)

Then Eq. (4.32) can be rewritten as

_ plm+ Diyp(V 182+ 1) P({u})
p(m)bmp(Y [0, m)ber (W)  P({w})

(1—w)™ 1 (4.34)

where d,,11 is the transit probability from m + 1 to m and b,, the probability to
attempt move from m to m+ 1. The prior of model indicator M prior can be Poisson

or uniform distribution. The acceptance probability for model transiting from m to
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m+1is
Ym—sm+1 = min{1,~v}.

For the corresponding inverse move from m + 1 to m, the acceptance probability is

min{1,77'}.
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Figure 4.2: The probability density function of five modes Gaussian Mixture Model
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Figure 4.3: RIMCMC with birth/death move explores model space

500

We perform RIMCMC on Gaussian mixture model with data {y; }32 given by mo-

del m = 5 with w = {0.1,0.1,0.3,0.3,0.2}, u = {10, 13,20, 22,30}, 02 = {1,1,1,1,1}.
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The probability density function of the mixture model is shown in Fig. 4.2. The
prior of m is assumed to be uniform distribution U[1, 10]. Firstly, we randomly draw
mg from U[1,10], and initialize component parameters {w;}72%, {4} and {07}
which are randomly drawn from the priors. Fig. 4.3 shows that the RIMCMC does
make some successful move between models at first. After only about 1000 iterations,

the MCMC gets stuck at m = 5.

Table 4.1: True underlying parameters

parameters
7 1 2 3 4 )
w; [ 0.110.1]03)0.3]0.2
py | 10 13 | 20 | 22 | 30
o2 | 1 1 1 1 1

7 »m
6 o
5 A E -3 *+ -SEEE
x 4 * FE N
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2 kel
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Index

Figure 4.4: RIMCMC with birth/death move explores model space

When taking a look at the weights of each component with mixture m = 5, we find
that one of the weights is much smaller than the others (see Table.4.2 where j = 3).
We plot the number of significant components whose weights are larger than 1/30 as

shown in Fig. 4.4. It is obvious that between MCMC iterations ¢ = 2000 to 20000,
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Table 4.2: Estimate of a single MCMC iteration

Estimate
7 1 2 3 4 5
wj | 0.2025 | 0.1998 | 0.0024 | 0.2088 | 0.3865
py | 11.3049 | 30.0506 | 21.8627 | 19.7869 | 21.6937
032- 1.5533 | 1.0185 | 24.2553 | 0.7955 | 1.1888

Table 4.3: True underlying parameters
True parameters
J 1 2
w; |05 0.5
032. 1 1

one of the components has extremely small weight w; = 0.0024 and relatively large
variance 032- = 24.2553. The moves of randomly deleting one of the components are
always rejected. It is also unlikely to accept the trans-dimensional move by randomly
drawing a new component from the prior. We run another toy model with parameters
shown in Table 4.3. Again, it gets stuck at m = 4 as shown in Fig. 4.6. We extract

the parameter on m = 4, and the estimate is given in Table 4.4.

Table 4.4: One of RIMCMC outputs

Estimate
J 1 2 3 4
w; | 0.246 | 0.255 | 0.240 | 0.259
w; | 10.022 | 19.747 | 20.276 | 10.027
0]2 0.814 | 1.056 | 0.861 | 1.154

We can see that there are obvious overlaps between modes. It separates a single
component in Table 4.3 into two with similar mean and variance. We believe that

there is no difference between these two presentations. This four-mode model can be
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Figure 4.5: The probability density function of two modes Gaussian Mixture Model
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Figure 4.6: RJIMCMC explores model space

fully represented by a two-mode model. In fact, we wish to use fewer free parameters

to present the models, which is essential to model determination. One can either

avoid this situation by setting a tolerance of minimum distance between the mean

of new components or manually combining two components when we find there is

nothing particularly distinguishable between these two components in certain critical

standard before looking at the posterior distribution of the model.
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In our case, RIMCMC with birth/death move is not efficient which takes too
long to get sensible answers. The inefficiency of algorithms is due to the fact that we
are using single particle IS to approximate the Bayes factor in the acceptance ratio
in Eq. (4.27). Therefore, we need other efficient methods to approximate the Bayes
factor properly. We will look at this by applying annealed IS methods instead of
IS in section 4.6. In the next section, I am going to use a transformation to bring
the proposal closer to the target. We will see that it is useful for improving the IS

estimate of the Bayes factor.

4.5.3 Combine/Split Move

Instead of adding or deleting a component to propose jump between the model space,
an alternative is to introduce combine/split move which can maintain the moment
invariant property for the model. It would be more likely to accept the move by
combining two modes into rather than randomly delete one of the modes directly. We
would like to find a bijective transformation between different models while the first
and second moments of the mixture models keep unchanged. The first moment of the

Gaussian mixture model can be written as
E(X) :/xZwipi(x)dx:Zwi,ui, forallm=1,..., M, (4.35)
i=1 i=1

where the weights are normalized with > ", w; = 1. Merge one of the components j;
with another j, to get a new component j*, while other components keep unchanged.
In such case, the number of components decreases from m + 1 to m. The second-

moment invariant property can be expressed as follows:

m

B(X?) = /$2Zwipi($)dw = Zwi(u? +02), forallm=1,.., M.
i=1

i=1
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The model transition between state m and m + 1. According to moments invariant,

we obtain
m m—+1
Zwm,iﬂm,i = Z Wint1,im+1,i5 (4.36)
i=1 =1
m m+1
Z wmn’(ﬂim,i + ‘71271,1‘) = Z me,z’(N?nH,i + 072n+1,i)7 (4.37)
i=1 i=1

where Wy, 4, fm,i, o? . are weight, mean and variance of the i component in model

m. In the split move, we assume that other components will keep weighs, means,
and variances unchanged, which means that most expressions will be cancelled in
Eq. (4.36) and (4.37). For simplicity, we assume that component j is split into two

components, 7; and j,. We obtain

Wi = Wy, + Wi,

Wil = Wiy fbj, + Wiy s (4'38>
The are three degrees of freedom in achieving this move, so we need to generate a

three-dimensional random vector u to specify the new parameters. Here, we use beta

distributions

uy ~ be(2,2), ug~be(2,2), wusg~be(l,1).

Random variables drawn from the beta distribution must satisfy that 0 < wuy, us, ug <

1. Deduce from Eq. (4.38) and introduce dimension-matching parameters u, we have

wj, = wiuy, wj, = wi(l —uy),

[y = Jj — U0\ Wiy [ Wiy, gy = fij + U0\ /Wy, [w,,

or =uz(1l —Ug)O'?-w]‘/wjp o?

i 2 =1 —us)(1 —ud)ow;/wj,.

We run RJIMCMC with combine/split move. Data is given by the underlying
model in Table 4.1. The number of observations is L = 500. We extract 2500
iterations after RIMCMC has reached equilibrium. The trace plot of RIMCMC
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and total time spent on each model are shown in Fig. 4.7. There is a significant
improvement in the efficiency of trans-dimensional moves due to the benefits from the
moment-matching trick in the split/combine move in the mixture case. Note that the
object is to implement MCMC that is capable of jumping between model spaces in
slip-spring models. Unfortunately, there is no obvious way to do anything analogous
in the slip-spring case. It is challenging to find a bijective transformation to combine
two slip-springs into one. We need to find alternatives to implement RJMCMC that
allow us to perform trans-dimensional jump efficiently in slip-spring model when using

birth/death move.
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Figure 4.7: RIMCMC with combine/split move explores model space

4.6 Annealed Importance Sampling RIMCMC

We have seen from the previous section that the efficiency of RIMCMC mainly de-
pends on the variance of the Bayes factor estimator in the acceptance ratio. Therefore,
we hope to improve the efficiency of RIMCMC by using a more accurate estimator.
Karagiannis and Andrieu [59] proposed to do this using annealed importance sam-

pling (AIS) instead of IS. AIS RJMCMC is a new method aiming to implement the
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reversible jump MCMC efficiently. We know that the inefficiency of RIMCMC is due
to the high variance of the IS estimator of the acceptance probability, which leads
to low acceptance rates for dimension changing moves. The idea of AIS is that since
the variance of IS estimators depends on the distance between the proposal ¢(-|0)
and the target 7, it is possible to improve the IS estimator by placing some bridging
distributions to reduce the distance between the proposal and the target.

For the transition from model m to model m/, we are going to introduce a set of
annealing densities that construct a smoother path from the proposal to the target.
The annealing densities is a sequence of intermediate distributions {p;(-;m — m/)},
which bridge densities 7(0,,|m) ¢ (un,) and w(6),|m) ¢ (). Here index t is referred

as time, t = 0,...,T. The annealing densities {p;(- ;m — m/)} is characterized by

Po = 7T(em|7n)(bm(um)Jm—Hn’7

PT = W(gm”m/)¢m/<um/)a

where J,, ., is the Jacobian of transformation ¢,, /. In this thesis, we are going to
use geometric annealing distributions to construct intermediate densities {ps(- ;m —
m/)}, for 0 < t < T. Introducing {v}2 € [0,1],with v, = 0,77 = 1, we define

annealing densities {p;(- ;m — m’)} as follows:
Pt = [W(0m|m)¢m(um)*]m—>m’]17% X 70Ot [ ) s (11 )]

In such case, the annealed weight can be written as

_ (ve+1—7t)
HOT=1) THl w(m/, 0,(7'2) Gt (U ) : _ (4.39)
e i=o \ m(m, 97(7% G

More general methods to construct annealing densities can be found in [59] [60].
The bridge can be constructed easily if we could sample independently from each

of the bridging distributions. By estimating the ratio between each of the successive
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bridging distributions and combining them, we obtain the acceptance ratio of explo-
ring different joint space. However, we usually cannot sample independently from
each of the bridging distributions. The alternative is to use an MCMC move instead,
with the initial point being the point generated from the previous intermediate dis-
tribution. Neal [20] states that the entire procedure yields an unbiased estimate of
the overall ratio.

Now we will plug in the AIS estimate into RJIMCMC. The initial point of the first
distribution will be given by the current state of the RIMCMC {0,,,, Upyr—ypr, m}. Af-
ter plugging in the AIS estimator, the acceptance probability of move from (m, 6,,)
to (m’, 9,(5_1)) is given by

. q(m|m/) (0:T—1)
Ym—m/ — MIN {1, Wrm_)m/ . (440)

The pseudo-code of the AIS RIMCMC algorithm is presented as follows:
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Algorithm 5 AIS RJIMCMC transdimensional algorithm

1. Propose trans-dimension move:
Given state (m, 0,,), sample m’ ~ q(:|m) and w,, ~ ¢ (-);
2. Specify the new parameters:
(O s ) = h (O, U
3. Annealing procedure:
fori=1:7T—-1do
Sample (07(72, u,(;?,) from target density p; :

pr =[Ol 1) b () Tins ] ¢ [10(Orr |10 ) (103 )

endfor

4. Annealing importance weight:
(0:7-1)

Compute the annealing importance weight r, ",

5. Accept the transition with probability min{1, o, }

q(m|m’) (0T-1) }

Tm—m! = min {17 q(m/|m) m—m/

By introducing a number of intermediate states between two models, we can get
rid of the problem of stuck in certain model space and visit the space with lower
posterior probability.

Andrieu and Vihola [23] indicate that the properties of pseudo-marginal algo-
rithms improves when the variance of the estimator within the algorithm improves,
and remark that a similar result is likely also to hold for AIS-RJMCMC compared to
RJMCMC. Note that when we do more AIS steps, we may have to do fewer MCMC
iterations. The results in Karagiannis and Andrieu [59] indicate that it is worthwhile
to use a few bridging distributions, then the benefit drops off. It is an open question
as to how to optimally choose the number of intermediate distributions, but we note
that there is work on an analogous question in pseudo-marginal, in choosing the num-
ber of importance points. By doing AIS RJIMCMC, we are limited to a single AIS

importance point. If we use more points to approximate the ratio, we will lose the
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correctness of the algorithm and end up with a noisy algorithm [61].

4.6.1 Application of AIS-RJIMCMC on Mixture Model

We run AIS RIMCMC with different annealing scheme 7' = 1,2, 5,10,50. To inves-
tigate the independence of the sampler using different annealing scheme, we present

the integrated autocorrelation time (IAT) of each scheme in Table 4.5.

Table 4.5: TAT for different annealing time T

[AT
t 1 2 5) 10 20 100
IAT | 61.75 | 46.26 | 25.29 | 16.77 | 12.45 | 12.83
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Figure 4.8: AIS RJMCMC with birth/death move explores mixture model space.
Annealing time T = 50

IAT is a criterion indicating the decrease in rate of convergence introduced by
dependent sampling. We can see that the efficiency of the algorithm does improve sig-
nificantly as the anneal time increases. However, the benefit will drop off and it is not
worthy increasing the anneal time comparing the benefit and the extra computatio-

nal effort it requires. Fig. 4.8 shows 6000 iterations after AIS RJIMCMC has reached
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equilibrium. The sampler is implemented with 7" = 50 using combine/split move.
Data is give by underlying model Table 4.1. Number of observations is N = 500.

AIS scheme significantly improve the efficiency of RIMCMC sampler. Next, we
are going to apply AIS RIMCMC on the slip-spring models.

4.6.2 Application of AIS-RJMCMC on the Slip-Spring Mo-
del

We run a molecular dynamic simulation of 150 concatenated polymer rings, each
polymer consists of 512 monomers. The system is initialized with particle density
p = 0.85 in a cubic box with periodic boundary conditions. The beads along the
chain are connected by FENE springs. Excluded volume effect between monomers is
governed by purely repulsive Lennard-Jones potential. The time step of the simulation
is dt = 0.0127,;. To obtain a system which consists of concatenated polymer rings, we
first switch off the inter-chain excluded volume interactions which allows the chains to
cross with each other. After the system is run long enough to reach proper equilibrium,
we switch on the inter-chain excluded volume interactions. In this way, we manually
set up the initial configuration of system which makes each ring polymer concatenate
with 10 ring polymers on average. We extract the configurations of mean path of
the polymers every 10 MD steps. The number of configurations used for analysis is
L = 500. The parameters of interest are the number of slip-springs M, the location
of anchor points a and the length of slip-spring N;. The monomer indices s that
slip link sit on are hidden variables. The length of each slip-springs IV, is allow to be
varied.

Parameters a, IN, are assumed to be independent of each other. Anchor points
a is supposed to be drawn from Gaussian distribution

pla;) = %eXp <—(a]_“>2> :

2mo 202
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The length of slip-spring Ny is drawn from Gamma distribution. The prior of model
index m is chosen from a uniform distribution between 1 and a pre-specific number
M. In this work, we set the priors of parameters as M = 20, a; ~ N(0,5) and

Ny, ~ G(2,3). The probability p(m’|m) of proposing a move from model m to m’ is

given by
1/3, Im' —m| <1,1<m< M
gm'lm) =< 1/2, |m'—m|<1l,m=1lorm=M
0, otherwise.
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Figure 4.9: AIS RIMCMC with birth/death move explores slip-spring model space.
Annealing time 7" = 50

We implement AIS RJIMCMC on the slip-spring model with annealing scheme
T = 50. Fig. 4.9 shows AIS RJMCMC iterations after 1000 steps. The total run-
ning steps is 10°. We can see that it takes particularly long time for the sampler
jumping from one model space to the other. The poor mixing property of the al-
gorithm mainly comes from the complexity of the hidden states s. When proposing
a trans-dimensional move from model m to m + 1, it requires to infer the positi-
ons of slip links for individual configurations for the newly added slip-spring. By

doing this, we introduce two parameters a,,+; and N ., and a set of hidden varia-

+1

107



Section 4.7 Page 108

bles {s!,,1},4 =1,---, L, which causes huge gap in likelihood and makes it hard to
explore the joint model and parameter space. We have seen in Fig. 4.9 that the sam-
pler gets stuck at m = 7. It indicates we can not construct a smooth path bridging
target densities 7(6,,|m) and 7(0,,/|m’) within 50 annealing steps for our slip-spring
model. Therefore, trans-dimensional moves are likely to be rejected and models with
low posterior density are rarely visited. One may obtain a better mixing sampler
by using more intermediate step in the annealing scheme. In our case, this can be
computationally expensive. We have seen in mixture case that using combine/split
move will improve the efficiency of the algorithm. However, it requires a reversible
pairwise move that is difficult to find an invariant quantity from a physical point of

view for the slip-spring model.

4.7 Sequential Monte Carlo Sampler

We have seen from the previous section that large state space problem is involved in
AIS RIJIMCMC, so we will look at Sequential Monte Carlo (SMC) samplers instead.
Since we consider only a small number of models, the number of slip-springs M is
usually smaller than 20.

SMC sampling is a class of methods that combine importance sampling and
resampling strategies. It is based on compute simulation to compute posterior distri-
bution. Unlike MCMC methods, SMC methods do not require complex configuration
and is easy to implement in parallel.

The idea of importance sampling is to represent the probability density with a
set of particles {x; fvz”l. Base on this idea, all the statistical measurements that we are
interested can be easily calculated. It is a straightforward implementation of Bayes’
theorem. Firstly, the prior distribution can be expressed with respect to the particles

as follows:

Z

L
'1Np

)

p(z) = Sz — ;).
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According to Bayes Theorem,

_ plylz)p(x)
Pl) = Foll)pla)de

which gives
NP
p(zly) =Y wid(w — ),
i=1
where the weights are given by

S (1 R

N, )
ppel p(ylz:)

where p(y|z;) is the likelihood of observation y given parameter x;. the weight of a

particle means the relevant importance (contribution) of a particle compared to all the

other particles. For example, if one would like to calculate the average of a function

f(+) which can be approximated by

Let 7 be a target distribution of interest on measurable space E, and {m;}_, be a
sequence of target distributions on E with 7 = 7. Del Moral et al. [62] demonstrate
that it is not practical doing sequential importance sampling in the cases where the
proposal for target 7,1 is a transition kernel applied to points distributed from 7.
This is mainly due to the need for calculating an integral involved in evaluating the
density of the proposal. The solution in [62] is to make the problem similar to the
one that particle filtering tackles where the sequence of distributions has increasing
dimension. We are going to have a brief description of how it works:

In SMC samplers, a sequence of artificial targets are introduced,

7AT"t(flfl:t) = 7Tt($t) H Ls—1($5—1|37s)7

s=2

on the space E", through the introduction of backward kernels L;(-), t = 2,..,T. The
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basic idea is to apply a particle filtering methodology to this sequence of artificial
targets. If, at time ¢, the forward kernel Ky(.|z;_;) is used to update the point z;_,

and -, is the unnormalised form of target m;, then the incremental weight is given by

o %(fft)Lt—l(fl?t—1|$t)
wy = .
’Yt—l(xt—l)Kt(fEt|$t—1)
In the case where K; is a m-invariant MCMC kernel, with a suitable choice of L;_1,
K, can be canceled with L;_, the incremental weight becomes

’(T] _ ’yt(xt_l)

¢ = @) (4.41)

For further details, see references in [62].

For simplicity, we will stick to using MCMC kernels, and using the incremental
weight in equation (4.41). Note that in order to get around particle degeneracy, we
also need to resample if necessary. When using MCMC kernels, we may perform
this directly after normalising the weights. Note that AIS is exactly this algorithm,
but without resampling scheme since it is implemented using only one particle. This

algorithm yields an empirical approximation of 7,
NP
fo = w Sy, (4.42)
p=1

where 0y is a Dirac mass at 8, and an estimate of its normalising constant is given by

A t Ny o) Tt (ggp))

e ey e

The normalising constant in our case is the marginal likelihood p(y|m), so we may
use this method to estimate the marginal likelihood.

Now, we are going to talk about how to choose the sequence of distributions.
For a particular model m, our target is to approximate the posterior w(6|y, m) which

is intractable. Instead of drawing samples to approximate 7(@|y,m) directly, we
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construct a sequence of distributions {m;(8)}_, with my(8) = 7(8|m) and w(0) =

7m(0ly, m) to build a smooth path between the prior and the target distribution.
m(0) o< 7(0)m)p(y|0, m)*"), (4.44)

where the number of intermediate distributions 7" and the annealing scheme a(t) €
[0,1] may vary from model to model. Firstly, we draw samples {01”}5:?1 from prior
w(@lm).

Then the weight of each point can be written as

(4.45)

where we assume that all the points are allocated with the same weight at ¢ = 0 with

wh = N%, Then we normalize the weight wy,
~(p)
(p) !
S @

If the variance of the weights are large, we have discussed this issue in section

3.3 that resampling is an effective approach to reduce the weight variance.

Algorithm 6 SMC sampler
for t=2:T do

Renew weight w; = w;_1

i (0r—1)
m—1(0t—1)

Normalize weight

(p) Wy
W™ = N, =
Ep:p 1 Igp)

Resample if necessary
forp=1:N, do

Run MCMC to obtain 6} ~ K, (-|07_,)
endfor

endfor

Next, we will look at how to adaptively tune a(t). The choice of adaptive scheme

111



Section 4.7 Page 112

is quite flexible. The aim of performing adaptive scheme is to make sure that the
the distance of neighbouring targets is neither too far, which will lead the MCMC
move to be rejected. It cannot be too close which would decrease the efficiency of
the algorithm. Del Moral et al. [63] introduced a strategy to monitor the efficiency of

each iteration with conditional effective sample size (CESS).

N 2
Np (Ep:pl wt(p) Wt(ﬂ)

CESS = N ERrERvRE
2 pt (wtp wtf—l)

(4.47)

where wt(ﬁ)l is the incremental weight evaluating the ratio in Eq. (4.43). CESS can

monitor the discrepancy between m;_; and 7;. One can decrease the distance between
;1 and 7 to ensure that CESS= k, 0 < k < 1. The choice of x relies on the complex
of the models. In this work, we adapt x = 0.9.

We can also use adaptive strategies in MCMC kernels to improve the efficiency
of SMC sampler. It allows us introduce apply adaptation in MCMC kernels when
exploring the space based on the past history of the sampler. A straightforward way
to adapt the proposal variance used in M-H step according to sample variance of
the current particles. In this work, we adapt the proposal scale using twice of the
sample variances suggested by Beaumont et al. [64]. Note that we investigate models
with different number on slip-springs. The ensemble sample variances evaluating
from all the particles would be in much larger than that of an individual slip-spring.
However, we do not keep unique order of the slip-springs for all the particles. Note
that the for each particle the order of the slip-spring may change. When evaluating
the sample variance of anchor point a;, we need to know the order number of a; on
each particle. Clustering a set of objects in such a way that objects in the same group
are more similar to each other than to those in other groups. k-means clustering
is one of the well-known clustering methods that can exactly distribute each point
into one of k clusters defined by centroids. We assume that there is no overlap

between entanglements. Therefore, it is easy to apply k-means clustering based on
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the spatial location of anchor points a; to group components into clusters. Then we

can adaptively take cluster variances as proposal variance.

4.8 Application of SMC and Slip-Spring Model on

Detecting Entanglements

Figure 4.10: Contour length of a ring polymer (thick black line) as found by the
primitive path analysis. The primitive paths of some surrounding chains are also
included for reference.

The trajectories of concatenated ring polymers obtained from the MD simulations
described in section 4.6.2 are employed for entanglement analysis using the combined
SMC and slip-spring model method. Firstly, we want to learn about the concatenated
typology of the target ring polymer. We run a new set of MD simulations as described
in section 4.6.2 which takes one of the configurations obtained from the standard MD

simulation as the initial configuration. Then we turn off the thermal fluctuations of the
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monomers, eliminate excluded volume interactions between monomers on the same
chain while maintaining interchain uncrossability. All the chains end up with shrinking
to the shortest paths with many kinks as shown in Fig. 4.10. The tube-like cloud
constructed by the instantaneous configurations of the target polymer as collected
from 500 MD frames which are evenly separated by the time interval ¢ = 10,0007,
is shown in Fig. 4.11, together with the primitive path of this chain same as that
shown in Fig. 4.10. It is natural to assume that clusters with high monomer densities
in the cloud, as reflected by the deeper colours, may correspond to the locations of
the entanglements. It can be seen that the kinks of the given primitive paths do
not necessarily correspond to the high-density clusters, meaning that the shrinking
process has artificially destroyed the equilibrium configurations of the polymers. The
number of kink or so-called entanglements may not be consistent with the definition
of persistent contacts. Therefore primitive path analysis is probably not adequate to
provide a complete picture about the locations of entanglements.

To identify the locations of the entangles on a target chain, we introduce M slip-
springs, each with one end initially located on a randomly selected monomer of the
chain, the other end anchored at a random position in space and the initial end-to-end
distance of v/IN,b.

We implement the SMC sampler with N, = 1000 to this model system for the
number of slip-springs M = 1,2,---,14. The prior distributions are the same as
specified in section 4.6.2. The logarithm marginal evidence estimated using different
m is given in Fig. 4.12. We can see that the marginal evidence increases significantly as
the number of slip-springs M increasing from 1 to 3. It indicates that each of the newly
added components does improve the performance of the slip-spring based model. As
we keep on adding slip-springs to the model system, the marginal evidence witnesses
slight fluctuations between M = 3 and M = 5. After that, the marginal evidence rises
again and reach a peak value at M = 7. After exhibiting some fluctuations between

7 ~ 12, the marginal likelihood begins to decrease from M = 13 and onwards. The
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Figure 4.11: Tube-like cloud constructed by the instantaneous configurations of the
target polymer as collected from 500 MD frames, together with the primitive path of
this chain (thick black line) same as that shown in Fig. 4.10.

SMC sampler suggests that there are probably 7 ~ 12 entanglements that restrict
the lateral motion of the test ring polymer. Although it might appear that M =7
is sufficient, one should keep in mind that the marginal likelihood takes into account
both the likelihood and the model complexity. Note that the model complexity rises as
the number of slip-springs increases. Therefore the fluctuation shown between 7 and
12 reveals that the likelihood is still increasing a bit up to this point. The marginal
likelihood drops off after M = 12 indicates that the benefit to the likelihood is not
sufficient compared to the increased model complexity.

Fig. 4.13 shows a snapshot of the analysed model system with 11 slip-springs,

115



Section 4.8 Page 116

evidence x 10°
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Figure 4.12: Marginal evidence versus the number of slip-springs

together with the configuration cloud and primitive path of the target chain. The
instantaneous positions of the anchor points of the slip-springs as obtained from the
SMC sampler shown as scattered red points for providing direct evidence on the
mean positions and variances of the estimate. The mean positions of the slip-links
are characterize by cyan spheres. The values printed along with the slip-springs are
their mean end-to-end distances \/@ of the slip-springs.

We can see from Fig. 4.13 that all the clusters with high density on the dense
cloud have been detected by the SMC sampler. The primitive path analysis suggests
that there are at least 12 kinks on the contour length. Our algorithm indicates that
we can use 12 or fewer slip-springs to represent the entanglements. It is possible that
there are more than 12 polymer rings concatenated with the target ring. However,
some of them do not have persistent interaction with the target ring presumably due
to the existence of other ring segments in between them, which are therefore not
reflected by high-density clusters in the configuration cloud.

The average end-to-end distance of each slip-spring and the standard deviation

of the estimate are given in Table 4.6.
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Figure 4.13: Snapshot of the slip-spring positions as estimated by the SMC sampler,
together with the configuration cloud and the contour length (thick black line) of the
target ring polymer. The scattered red points represent instantaneous positions of
the anchor points during the SMC sampling, and the large cyan spheres represent the
mean position of the slip-links. The short red lines link the mean positions of the
anchor point and slip-links of each slip-spring, and the numbers added next to them
are the mean end-to-end distance of the springs.

To visualize how accurate the estimate is, we plot the projections of the dense
cloud and slip-springs on the XY-plane in Fig. 4.14. It is natural that some of
the high-density clouds are characterized by more than one slip-spring. Since the

high-density clusters arise from persistent contact between the target chain and neig-
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Table 4.6: Parameter estimate and relevant uncertainty (M

11)

10

11

0.2159

0.2231

0.2620

0.2494

0.2645

0.3095

0.2163

0.1709

0.1969

0.2890

0.2376

J
std(a;)
std (N, )

0.0307

0.1200

0.5179

0.0309

0.0627

0.0358

0.0191

0.0273

0.0429

0.0477

0.0615

VNs,)

4.5872

4.2576

4.9420

4.659

4.7207

5.5966

4.0235

4.2583

4.3701

5.0170

4.5298

hbouring chains, it is very likely that there are several neighbouring chains entangled

with the target chain in the high-density area.

It is interesting to note that concatenated ring polymers is a tricky situation

where the number of entanglement are fixed. Consequently, CR and CLF, which

are essential in the study of entanglements, are not taken into consideration in such

case. Therefore, it is important to consider applying SMC algorithms to describe the

entanglement dynamics in more general cases. In the following section, we will look

at the application of SMC algorithms on linear polymers.

Figure 4.14:

the XY-plane
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4.9 Application of SMC on Linear Polymers

We run molecular dynamics simulations of polymer melts using the Kremer-Grest
bead-spring model introduced in section 2.5, where the number of chain N, = 250
and the particle number density p is 0.85. To guarantee there are sufficiently large
number of entanglements on each chain for analysis, we increase the chain length N
to 1023.

In the melts consisting of of linear polymers, the number of entanglements on
each chain can fluctuate over time due to the combined reptation, CLF and CR
effects. Firstly, we will investigate the CLF effects in a given time window. We aim
to analyse MD trajectories consisting of 300 configurations where the time interval
between two neighbouring configurations is 7y, = 120077;. In Fig. 4.15 we plot the
configuration cloud of a single target chain based on all 300 configurations and its
mean path obtained at the simulation times corresponding to the first and the last
configurations by averaging the instantaneous configurations of the chain over a time
duration 7y,. . It is observed in Fig. 4.15 that left hand side of the target chain has
retracted from the original tube and entered a new tube mainly due to CLF effects.

It is important to note that we assume that when applying the slip-spring model
and SMC methods to study entanglements, the total number of slip-springs in the
system is fixed. To tackle this problem, we consider only the central part of the
chain conformation and the fluctuations of the chain ends are ignored. Wang and
Larson [65] demonstrated how to evaluate the maximum number of monomers escape
from the initial tube due to CLF [46]. The fraction of monomers released by CLF for

given time duration ¢ is given by
() = 1.5(t/7.)Y* /M, (4.48)

where 7, is the entanglement time and M is the number of entanglements of the

chain. Wang, Likhtman and Larson found 7. ~ 29507 ; for the flexible chains from
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Figure 4.15:  Snapshot of mean paths together with the configuration cloud of a
target linear polymer. The red line is a snapshot of mean path of the chain and the
blue line is the snapshot of its mean path after time 3600007 ;.

the mean square displacements of chain middle monomers [66]. To estimate the
number of entanglements M, we apply PPA method [6] [67] by fixing the ends of the
chains and switching off the intra-chain excluded volume interactions, which gives us
the average number of kinks per chain M ~ 25. The corresponding entanglement
strand length was estimated to be in the range of 60 to 85, giving the average number
of entanglements per chain M ~ 12 ~ 17. Therefore, on each side of the chain, the

number of monomers affected by CLF is given by

N®(t)/2 ~ 150 ~ 213 (4.49)

which implies that within time interval 3600007, ;, for a linear chain with chain length
N = 1023, there are approximately 300 ~ 425 monomers escaped from the initial tube

due to the effect of CLF. Thus in such a time window, the central part of the chain
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with 600 ~ 724 monomers feels very weak CLF effects. To improve the accuracy of the
estimate of the number and location of the slip-springs, in the following section, we
will focus on the 512 monomers in the central part of the chain to avoid the influence

of CLF effects.

4.9.1 Partition Function

For a free Rouse chain with N 4+ 1 beads, the probability distribution function of

the bead positions {R;}¥ is solely determined by the harmonic potential energy,

PURY) = o |-z (T (Rea =) | (1.50)

=0

where
3 N-1
Zo = /dRO/de/dRNexp [-2b2 (Z (Ri+1 — Rz>2>]
i=0
is the partition function of the free linear chain.

For a given set of anchor point positions a = {a; }]]‘il and length of slip-spring

N, = {N, }}L,, the probability distribution function of the dynamic variables (R, s)

is

P{R,s|a} = Z(la)exp {—2:22 ( :_0 (Riy1 — Ry + > ms}v;aj) )] . (4.51)

i j=1

We note that the distribution of a vector between any two monomers is given in Eq.
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(4.8). thus the partition function Z,,(a, s) takes the form of

—d/2

3\ (M+1)Md/2
(21;2) /dRo/dRsl ---/dRsM /dRNx
Y

M
Zns(a,s) = (H n;
=0

M

n ), Ny,
J=1 J M X K

3 (N2 s 1 s 1 ) 1 )
exp |~ 53 > ;(RSHI—RS].) + (Ro, —Ro)’+ — Ry — R, )+ — (R, —a;)

M —d4/2 3\ (M+1)Md/2
= I~ (W) /dRo/dRsl ~~-/dRsM/dRN><
§=0

M+1 M+1
exp =8| D AyRe -Rg+ Y bR +cf], (4.52)

i=0,5=0 i=0

where A is given by

e —n% 0 0 0
e e Tt RS —n
0 m I i 0
a_| 0 0 -
0
0 0 nzvifz + 711\/}71 + Ns]\1/171 7711;71 0
0 o _nl\/}—l anfl + %M + NjM —%M
0 0 0 - =

In the second step, we have defined

3 2 Moa?
5:27[)2’ bi:_Nia’ia C:z:lNija Z:L""M?
Si j= Sj

60:0, bMZO

It is important to note that our entanglement analysis is only carried out for the
central part of a chain with 512 monomers. The two ends of this part of the chain
are not free but connected with the rest of the original chain segments instead. Their

motion are thus subject to topological constraints analogous to those connected to

122




Section 4.9 Page 123

slip-springs. Therefore we have rewritten their positions in Eq. 4.52 as
R,, =Ry, Ry, =Rn.

We note that no extra virtual spring energy needs to be added in the partition function
calculation, because these two monomers can still be occupied by the slip-links added
during the SMC sampling. It is interesting to note that the partition function of
linear polymers shown in Eq. (4.52) has a very similar form to that in Eq. (4.9)
for concatenated ring polymers. Thus the partition function Z,¢(a,s) can be easily

obtained by Eq. (4.13).

4.5

evidence x 10°
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Number of slip-springs

Figure 4.16: Marginal evidence versus the number of slip-springs

Next we will apply SMC sampler given by Alg. 6 to linear polymers. The
implementation of the SMC sampler is described in section 4.7. We use the same
number of particles N, = 1000 and CESS x = 0.9 for each method. Fig. 4.16 shows
the logarithm of the marginal likelihood for models characterized by different number

of slip-springs. Similar to the concatenated ring case, the log-marginal likelihood
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estimate shows fluctuations due to sample noise introduced by the SMC sampler.
However, it is obvious that the log-marginal likelihood exhibits a clear peak between
m =6 and m = 13.

Fig. 4.17 shows a snapshot of the slip-spring positions as estimated by the SMC
sampler with m = 12, together with the configuration cloud and the contour length
(black line) of the central part of target polymer. The contour length is obtained in
the following manner. We take one of the configurations obtained from the standard
MD simulation as the initial configuration. The ends of the chains are fixed in space.
Then we turn off the thermal fluctuations of the monomers, eliminate excluded vo-
lume interactions between monomers on the same chain while maintaining interchain
uncrossability. In the end, the target chain ends up with many kinks and shrinks to
the shortest paths as shown in Fig. 4.17.

The scattered red points represent instantaneous positions of the anchor points
during the SMC sampling, and the large cyan spheres represent the mean position of
the slip-links. We can see that the SMC sampler with 12 slip-springs is capable of
capturing nearly all the significant high-density clusters in the configuration cloud.
Fig. 4.18 provides the projection on XY-plane of snapshot.

We note that the number of m = 12 slip-springs on a chain segment of 512
monomers seems to agree with the total number of M = 25 kinks as found in PPA
for the whole chain of 1024 monomers. On the other hand, Fig. 4.16 shows that
the marginal evidence reaches the plateau regime at about m = 6 ~ 8, which is
consistent with the number of entanglements estimated by using N, = 60 ~ 85. It
has been shown by Everaers et al. [6] that the number of entanglements per chain
is not directly determined by the number of kinks, but instead by the random walk
feature of the primitive path constructed by the straight lines linking the kinks. The
effective number of entanglement is thus much smaller than the number of kinks
found in PPA. The results in Figures 4.16 - 4.18 imply that different from the PPA

method which destroys the local structure of the chains, the SMC methods allow us
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to find both the number and unperturbed positions of the topological constraints, but
also the minimum number of entanglements required to describe the primitive path.
The latter could be referred to the number of entanglements generally used in tube

theories.

Figure 4.17: Snapshot of the slip-spring positions as estimated by the SMC sampler
with m = 12, together with the configuration cloud and the contour length (black
line) of the central part of target linear polymer. The scattered red points represent
instantaneous positions of the anchor points during the SMC sampling, and the large
cyan spheres represent the mean position of the slip-links. The short red lines link
the mean positions of the anchor point and slip-links of each slip-spring.

4.10 Summary

This chapter is motivated by the need of developing novel approaches to detect the
entanglements along the polymer’s backbone. We aim to draw inference on the num-
ber, the effective lengths and the locations of the anchor points of the slip-springs for

given chain trajectories. A sequence of Bayesian statistical methods, e.g, RIMCMC,
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Figure 4.18: Projections of the chain monomer density profile and slip-springs on
the XY-plane

AIS RJIMCMC and SMC, are applied to implement model comparison over a set of
potential model. One of the significant advantages of the Bayesian paradigm is that
it allows us to compute the posterior distribution of different models and provides
uncertainty analysis on the estimation of model parameters at the same time.

First, we commence from describing the slip-spring model in a discrete manner
where the slip-links are only allowed to sit on the coordinates of the monomers.
The exact solution of the partition function is derived by making use of Gaussian
integral. Different methods for model comparison are reviewed and their advantages
and limitations are discussed. A Gaussian mixture model is introduced to demonstrate
how to implement RJMCMC to explore the joint parameter and model space. We find
that the RIMCMC can easily get stuck at particular model space because of a lack of
proper transdimension-move. AIS RJMCM explores the joint parameter and model
space more efficiently by introducing intermediate distribution between the proposal

and the target. However, when applying AIS RJMCM on slip-spring model, we find
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it is challenging to jump from one model to another since it is hard to find a bijective
transformation to combine two slip-springs into one slip-spring.

An attractive alternative for model comparison is SMC which allows us to investi-
gate each model independently and provides an approximation of marginal likelihood
for model comparison. One of the possible limitations of SMC for studying entang-
lement effects is the assumption that the potential model and its parameters are
fixed. However, owing to the reptation, CR and CLF effects, the tube made from the
neighbouring chains is fluctuating and moving around. To avoid the impacts of CR
and CLF, we first look concatenated ring polymers. The SMC based slip-spring mo-
del successfully captures all the significant entanglements shown in the configuration
cloud and provides the log-marginal likelihood for model comparison. We then study
melt systems consisting of entangled linear chains. To minimize the impacts of CLF,
we focus on the central part of the the liner chain and the monomers at each end of
the chain are discarded. In this way, all the significant entanglements along the target
segment of the linear chain are represented by slip-springs. In the future, we intend

to apply SMC and slip-spring model to capture more properties of the entanglements.
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Chapter 5

Conclusions

This chapter summarizes the main contributions in this thesis and analyses the li-
mitations of the models we have developed. Also discussed in this chapter are the

possible solutions for those limitations and potential future research directions.

5.1 Contributions

In this thesis, the overall research goal is to develop novel models for studying the
dynamics of entangled polymers. We have proposed three stochastic models to study
the diffusion process of the chain center of mass. We have also applied slip-spring
model based on Bayesian statistics and Monte Carlo methods to detect the existence
of entanglements and infer the number and location of the potential entanglements.
The first substantial contribution in this thesis is applying slip-spring model ba-
sed on SMC sampler in studying entanglements. Extensive efforts have been devoted
to defining the microscopic pictures of entanglements and trying to detect entangle-
ments at microscopic scales. The slip-spring model can be considered as one of the
most promising models for describing entanglement dynamics. With the help of Bay-
esian statistical methods, the slip-spring model is capable of detecting the number of
entanglements. Besides, the location of the entanglements and the fluctuations of the

tube that constrains the motion of the target chain are well described by the locations
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of the anchor points and the lengths of the slip-springs, respectively.

We also demonstrate how to implement RIMCMC and AIS RJMCMC for explo-
ring joint model and parameter space. It is important to note that the entanglement
analysis based on slip-spring model in this work is the first practical application of AIS
RIJMCMC. We report that AIS RIMCMC may not be suitable for the models that
lack appropriate bijective transformations between parameters in different models.

The second substantial contribution in this thesis is developing the linear multi-
bead coarse-grained models which have potential to describe the dynamics of entang-
lement polymers. We have applied these models to reproduce the dynamics of the
center of mass of single chains in MD simulations. The multi-bead coarse-grained
models have much less free parameters compared with existed coarse-grained models,
which allows us to run sufficiently long enough simulations for a reasonably long period
of time. It is interesting to find that, for modelling linear polymers, the multi-bead
models prefer Rouse-like topology rather than asymmetric star structure. We also
demonstrate how to implement MCMC to draw inference on the models and their
parameters and discuss strategies on how to improve the efficiency of the MCMC
sampler.

The third substantial contribution in this thesis is to investigate coarse-grained
models with nonlinear interactions. We find that the single-particle model with me-
mory kernel is capable of capturing the dynamic properties of polymer chains studied
in MD simulation at very short time scales while it fails to recover the diffusion pro-
cess of the chain center of mass at large time scales. We show that particle MCMC
is a promising Monte Carlo method for finding model parameters as long as we have

powerful computational tools for massively parallel computing.
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5.2 Limitations

Although the models we developed in this thesis have proved to be effective in
analysing dynamics of unentangled and entangled polymers, there are a number of
limitations with these models.

First, due to the fact that entanglements are caused by the uncrossibility of the
neighbouring chains and all the chains are fluctuating and moving around over time,
which implies that the number of entanglements in the system is not fixed. We assume
that the number of slip-springs in a given model is fixed, which fails to capture the
effects of CR and CLF. For analysing entanglements on a linear polymer, we have to
discard a set of monomers at each end of the chain to ensure that the CLF has weak
impact on analysis results.

Another limitation is the noise on the log-marginal likelihood estimator over
slip-spring models. One can either increase the number of particles or increase the
CESS value, which will increase the computational complexity in return. Due to
limited computational power and limited time for simulation, it is challenging to find
a solution to minimize the impact of noise on the estimate.

Turning attention to the multi-bead model, we can only perform parameter es-
timation on linear system using standard MCMC methods. It is challenging to draw
inference on nonlinear system where particle MCMC fails to explore the parameter

space. A more effective method is needed for obtaining smooth likelihood.

5.3 Future Work

In this section we point out the possible solutions to the limitations we have discussed
and also provide some potential future research directions.

The entanglement analysis should be performed over a large ensemble of tar-
get chains in order to examine the accuracy of combined the slip-spring model and

Bayesian statistics. It is also important to provide quantitative information on the
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entanglement strength using the probability distribution of the slip-spring lengths. It
would be more interesting and also more challenging to test if our slip-spring model
works for detecting entanglements for whole polymers with free-ends. In the slip-
spring model, the anchor points are assumed to be fixed in space, which might not be
sufficient for describing the effects of the CR and CLF. It is very worthwhile devoting
effort to extending the current application to study the dynamics of the entanglements
which are related to reptation, CLF and CR effects. This can be done by dividing a
large number of trajectories into subsets and finding the locations of the slip-springs
in each sub-time period. By looking at the number and location of the anchor points,
we can track the dynamics of the entanglements along the contour lengths of the
polymers.

On the other hand, we could turn our attention to the multi-chain system. We
could allow the two ends of a slip-spring to slide on two different polymers which are
potentially entangled, which may provide useful information for the development of
multi-chain slip-spring model [68] [69] [70] [71]. It important to note that this choice
will rely on the assumption that entanglements are binary events [13]. The method
we have discussed in Chapter 4 is more general which does not depend on the binary

assumption.
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List of Symbols

g 2 FF T
3

S

TR

TLJ

Polymer length, the number of bonds per chain
Average bond length

Spring constant, k = 3kpT/(20?)
Position vector of monomer
Bond vector

End-to-end vector

Radius of gyration

Center of mass

Wiener process

Dimension

Friction coefficient

Diffusion coefficient

Particle density

Potential

Relaxation time

Rouse time

Lennard-Jones time
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Number of observations
Unknown parameter set
Number of particle
Weight

Target distribution

Length of Markov chain, sample size drawn from the target distribution

Observed data set

Partition function

Spring constant, k = 3kgT/(20?)
Number of Chains

Number of entanglements

entanglement time

Chain length of each slip-spring, the number of bonds in each slip-spring

number of slip-springs

Anchor point of s; fixed end of j* slip-spring

Monomer index connected to j* slip-spring an integer in between 0 and N — 1

Segment length between s; and s;44
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Abbreviations

ABC Approximate Bayesian Computation

AIS Anneal importance sampling
BF Bayesian Factor
BIC Bayesian Information Criterion

CESS  Conditional effective sample size
CR Constraint release

CLF Contour length fluctuations

EnKF Ensemble Kalman filter

ESS Effective sample size

FENE Finitely extensible nonlinear elastic
GIMH Grouped Independence Metropolis-Hastings
HMM Hidden Markov Model

IAT Integrated autocorrelation time

IS Importance sampling

KF Kalman filter

LJ Lennard-Jones
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MAP

MC

MCMC

MD

M-H

MLE

MPF

MSD

PF

PMCMC

PPA

RIJMCMC

SMC

VAF

Maximum-a-Posteriori

Monte Carlo

Markov chain Monte Carlo
Molecular Dynamics
Metropolis-Hastings

Maximum likelihood estimate
Marginal Particle Filter

Mean squared displacement
Particle filter

Particle Markov chain Monte Carlo
Primitive path analysis

Reversible jump Markov chain Monte Carlo
Sequential Monte Carlo

Velocity autocorrelation function
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Appendix

Laplace transform

The Laplace transform is a frequency-domain approach for continuous time signals.
The Laplace transform of a function f(t), defined for all real numbers ¢t > 0, is the

function F'(s), which is a unilateral transform defined by

F(s) = /0 T Ft)e dt

where s is a complex number frequency parameter s = o + 1w , with real numbers o
and w.

Initial value theorem:

£(0°) = Jim sF(s). (1
Final value theorem:
F(00) = lim sF (s), 2)

The final value theorem is useful because it gives the long-term behaviour without
having to perform partial fraction decompositions or other difficult algebra.
Linearity: The Laplace transform of a sum is the sum of Laplace transforms of

each term.

L{F(W) +9(0)} = L{f (1)} + L{g(t)}

The Laplace transform of a multiple of a function is that multiple times the Laplace

transformation of that function.

L{af(t)}y = aL{f(t)}
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The Laplace transform is linear, i.e., homogeneity and superposition hold.

Differentiation in s-Domain

LIt (0)] = = 5 F6), ®)

This can be proven by differentiating the Laplace transform:

d o0 d o0
TF(s) = /_ et = /_ (OfWedt
Repeat this process we get
d?’L
LI F®)] = (-1 F(s)

Integration in time domain

c Uot f(T)dT] _ ) (4)

This can be proven by realizing that

r(t)wut) = [~ a(ryult — )dr = /t o(7)dr

—00 —0o0

where u(t) is the Heaviside step function. Therefore by convolution property we
have

Cla(t) * u(t)] = X(s)i

Using final value theorem, integral [j f(7)d7 is give by

| #yar = ) (5)

To calculate Laplace transform of integration ¢f(t) in time domain,applying
Eq.(3) and Eq.(4) gives us

£ [ rsryar] ==L F(s
| TH(T)dT| = =2 F(s),
Using final value theorem, integral [;°7f(7)dr is give by
0 dF (s
/ Tf(T)dr = —ﬁlszo (6)
0 ds

144



	Declaration of Authorship
	Abstract
	Acknowledgments
	Table of Contents
	List of Figures
	Introduction
	Overview
	The Gaussian Chain
	Brownian Motion
	The Rouse Models
	The Coarse-Grained Model
	Entanglements in Polymer Melts
	Bayesian Statistics and Monte Carlo Methods
	Bayesian Statistics
	Prior
	Monte Carlo Integrations
	Markov Chain Monte Carlo Methods
	Metropolis-Hastings Sampler
	Importance Sampling
	Pseudo Marginal

	Thesis Outline

	Application of Markov Chain Monte Carlo Methods on Studying Coarse-Grained Models
	Introduction
	Single-Particle Dynamics
	Single-Particle Dynamics with Hidden Variables
	Application of Markov Chain Monte Carlo Methods
	The Most Coarse-Grained Model
	Summary

	Single-Particle Dynamics with Memory Kernel
	Introduction
	Particle Filter
	Reducing the Variance in the Weights
	The Proposal Distribution
	Particle Markov Chain Monte Carlo Methods
	Single-Particle Dynamics with Memory Kernel
	Laplace Transform of Velocity Autocorrelation Function

	Experiments
	Summary

	Application of Monte Carlo Methods for Studying Polymer Entanglements
	Introduction
	The Slip-Spring Model
	Partition Function

	Bayesian Inference on the Slip-Spring Model
	Model Comparison 
	Numerical Methods to Approximate Marginal Likelihood
	Monte Carlo Methods to Approximate Marginal Likelihood
	Methods for Bayesian Model Comparison

	Reversible Jump MCMC
	Mixture Model
	Birth/Death Move
	Combine/Split Move

	Annealed Importance Sampling RJMCMC
	Application of AIS-RJMCMC on Mixture Model
	Application of AIS-RJMCMC on the Slip-Spring Model

	Sequential Monte Carlo Sampler
	Application of SMC and Slip-Spring Model on Detecting Entanglements
	Application of SMC on Linear Polymers
	Partition Function

	Summary

	Conclusions
	Contributions
	Limitations
	Future Work

	List of Symbols
	Abbreviations
	References
	Appendix
	Laplace transform


