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Introduction




Models based on stochastic processes

Models based on stochastic processes occur in many application areas
* longitudinal
» time series modelling
» financial applications
» medical monitoring
* spatial
» climate & weather
» spatial epidemiology
» point incidence

Today: only time to focus on 1-d problems !
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Models based on stochastic processes

General notation:
* Y is an observed quantity
* X is an auxiliary quantity
* § € R? is a parameter
* Stochastic processes will be denoted X(t), Y(t), Z(t) etc.
* Discrete time observations will be denoted X;, Y;, Z; etc.
* t will be a time index

* | will be a data index
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Models based on stochastic processes

Simple stochastic model: based on the SDE
dX(t) = b(X(t), t)dt + o(X(t),t)dW(t)

where W(t) is a standard Brownian motion
@ W(0) =0
(I1) W(t) is stochastically continuous

(I11) W(t) has independent Gaussian increments: for s > t,
W(s) — W(t) ~ Normal(0, (s — t))

with
W(S1) — W(t1), W(Sz) — W(tz)

independent for non-overlapping intervals (t1,s1), (t2,S2).
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Models based on stochastic processes

* b(X(t),t)dt is the drift
* o(X(t),t)dW(t) is the diffusion term
Captures many forms of stochastic behaviour.

Integral form:
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Models based on stochastic processes

dX(t) = 0dt + odW(t)
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Models based on stochastic processes

dXx(t) = 6X(t)dt + oX(t)dW(t)

w 4 GBM

X(0)
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Models based on stochastic processes

dX(t) = —uX(t)dt + cdW(t)

™ — Ornstein-Uhlenbeck (OU)
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Models based on stochastic processes

Inference:

(I) Directly observed case: We may observe data
th,th, cee s Xt

n

and wish to infer the parameters of the process

(II) Indirectly observed case: We may observe data

Vs Yoy -+ -5 Yty

and wish to infer the parameters of the process and the underlying
process itself.
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Models based on stochastic processes

Two cases: observation times

ti,ta, o tny ..

are
* equally-spaced (e.g. 0, 1, 2,...)
* unequally-spaced (e.g. 0, 1.2, 6.2, 6.5, 11.4, ...)
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Models based on stochastic processes
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Models based on stochastic processes

Most tractable methods depend on discretization strategies: for example
Xivsi — X = pu(Xp)ot + (X)W,
where W; ~ Normal(0, (6t)?), so that
Xiy 5t/ Xt ~ Normal(X; + p(X;)6t, (o(X;)6t)?)
This is the strategy we shall mostly adopt.

Note: for diffusions and some other models, exact methods do exist.
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Models based on stochastic processes

Critical in this discretization is the availability of the transition density

pXt|Xs(Xt|Xs) t>s

as this allows e.g. simulation and likelihood evaluation.

The main statistical challenge in general is the lack of an explicit form
for this density. This arises when the driving process W(t) is replaced by
a more general process.
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Models based on stochastic processes

Example: Model driven by a Lévy process

A model used in financial applications is the OU process driven by Lévy
process {Z(t)}.
dX(t) = —XX(t)dt + dZ(\t)

or equivalently

X(t) = e Mx(0) + e~ /t e*dZ (\s)
0

A > 0 induces a time change.

For example, {Z(t)} may be a pure jumps process.

1.1. Stochastic process models & applications 16



Models based on stochastic processes

z(v)
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Models based on stochastic processes

With time change

1 Z(r)
X(t), A =0.2
o X(t),A=05
X © o
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Models based on stochastic processes

Example: Model driven by a Lévy process

We may attempt to address this via the stochastic integral

for appropriately generated (R;, Z;).

In this model we can simulate from the transition density, but evaluation
is more complex.

1.1. Stochastic process models & applications 19



1.2. Markov chain models

Assume {X(t)} takes values on a countable set {1,2,...,K, ...} where
the dynamics are specified via the conditional probabilities

PriX; = x¢|Xs = x]

with observations being made in

* discrete time: t = 1,2,...

* continuous time: t = t1, ty, .. ..
This model may be used for

¢ the observed data

* as a latent or hidden process

* transition times between states may be observed or unobserved.

1.2. Markov chain models 20



1.2. Markov chain models

The model is characterized by
* initialization quantities X(0)
* dynamics parameters

» transition matrix, P
» generator matrix, Q

which are the focus of inferential interest.

1.2. Markov chain models 21



1.3. Bayesian Inference

We assume the availability of observed data

Y1,¥2,-++3¥n

presumed generated from a stochastic data generating model parame-
terized by finite dimensional parameter 6.

We begin by assuming the corresponding random variables
Y,Y,,...,Y,

are conditionally independent given 6.

1.3. Bayesian Inference 22



1.3. Bayesian Inference

IID Case: We represent the data generating model for the observables as

Bt 01, oo 3) = / T17050) 7o (d0)
i=1

where
le,...,Yn (yl, .. ayn)

is the joint pdf for Yy, ..., Y,. The term

[1F:0)
i=1

represents the likelihood function, L(6).
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1.3. Bayesian Inference

The posterior distribution is

n

[ £a0)m (6)

m(0) = —5
/Hﬁn(t)ﬂo (t) dt

where
Tn (9)

is an updated version of prior distribution

71'0(9)

in light of observing y1, . .., yn.

1.3. Bayesian Inference 24



1.3. Bayesian Inference

In Bayesian inference, the posterior forms the basis of inference
* estimation
* uncertainty representation
* prediction

which can all be achieved in a fully probabilistic and coherent fashion.
Our task: compute 7,(6).

Note

The formulation extends beyond the conditionally independent case e.g.
* dependent data
* hierarchical models

but the principles that lead to the computation of the posterior distribu-
tion are the same.

1.3. Bayesian Inference 25



1.4. Augmenting the parameter space

In some models, the likelihood is difficult to compute directly, but com-
putation can be simplified by introducing auxiliary variables. Suppose

f(y;0) :/f(y,x;e) dx

say, where f(y, x; ) is more tractable than f(y; #). We can treat x as a
further unknown quantity, and compute the joint posterior.

The quantity X could be
* an additional parameter (e.g. Student-t likelihood)

* missing data (e.g. mixture model)

1.4. Augmenting the parameter space 26



1.4. Augmenting the parameter space

Let X be the vector of auxiliary variables. We then compute the joint
posterior

m(0,X)

which has the target posterior
()

as its marginal distribution if we integrate out over X.

1.4. Augmenting the parameter space 27



Dependence via conditional independence

Latent process : e a ..
Observations : a e e @

* Yy, Yq1,...,Y, conditionally independent given Xo, X1, ..., Xn;
* marginally Yy, Y1, ...,Y, are dependent.

* 0 characterizes the properties of the {X(t)} process and the obser-
vation process.

This is the form of a state space and hidden Markov models.

1.4. Augmenting the parameter space 28



Dependence via conditional independence

Example: Health trajectories

In health surveillance, we may observe health system utilizations
* primary care visits
* prescription drug usage
* emergency care visits

and attempt to infer the underlying health status of the individual.

We may model the health status as a hidden continuous time Markov
chain (CTMC), with conditionally independent utilization observations.

1.4. Augmenting the parameter space 29



Dependence via conditional independence

COPD cohort: one trajectory
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Dependence via conditional independence

T1=0mT3 T4 Ts T6

™ T8 s=10
Yi ©hY; Y4 Y5 Ys Y; Yg
Y, o
1 2 3 2 1
X

{X(t)} is the latent health states, and follows a CTMC.

Notice that the state changes in {X(t)} do not occur at the same times

as the observations are made.

1.4. Augmenting the parameter space
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Dependence via conditional independence

COPD cohort: cluster structur
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Luo et. al. (2023)



Part 2

Monte Carlo methods
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Monte Carlo: basic principles

For probability density f(x), we first consider approximating

E/fg(x)] = / g(0f (x) dx < o0

by
1 N
In(9) = ;Q(Xi)
where x1, ...,Xxy ~ f are a sample generated from f.

This is the basic Monte Carlo calculation.

2.2. Basic Principles 34



Monte Carlo: basic principles

Typically we have that
In(g) = E[g(X)] = ()
say, and a central limit theorem applies

VN(x(g) — 1(9)) N Normal(0,V(g))

where

2.2. Basic Principles 35



Monte Carlo Estimation: Questions

Q. Does this ever go wrong ?
A. It can, but with care for standard statistical problems, we can ensure
validity.

Q. Is it the best we can do ?
A. Maybe sampling from another distribution rather than f can improve
things ?

Q. Is sampling from f easy?
A. No, in interesting problems, usually not.

2.2. Basic Principles 36



Importance sampling

If fo is a pdf with support including the support of f, then

[atore o= [awreB = [ 2D 6,

fo(x) fo(x)
and so X)F)
JX)f(xX ]
EflgX)|=E [ .
flo(X)] = Ey, o)
Hence if X1, ..., Xy ~ fo(.) an estimator of the expectation is
1)(g) = 1 ZN: 9(Xi)f (X;)
N —~  fo(Xi)
/Iyo) is termed the importance sampling estimator, and fj is termed the

importance sampling density.

2.3. Importance sampling
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Importance sampling

The optimal choice of f; can be shown to be

fo(x) o< [g()f (x).
i.e. need fy to have high density where the integrand is large

Note: If
f(x)
fo(x)
is unbounded on the support of f, the variance off}fo)(g) is not finite.

Therefore, for f with unbounded support, we must ensure that this ratio
stays bounded particularly in the tails.

2.3. Importance sampling 38



Importance Sampling in Higher Dimensions

All of the previous results carry across to the case where the target inte-
gral is an integral in dimension higher than one.

* g(x) is a scalar function of vector argument x,
* f(x) and fo(x) are multivariate densities.

In higher dimensions, in general, many more random samples are needed
to obtain sufficient accuracy than in the univariate case.

2.3. Importance sampling 39



Sampling Importance Resampling (SIR)

1. Generate variates xq, . .., xy from fj.

2. Compute normalized weights wy, . .., wy given by

f(xi) /fo(xi)

wy = U0 =1 ... N.

§ (05)/ o)

3. Resample y; from {xy, ..., xy} with masses {wy,..., wy}.

2.4. Sampling Importance Resampling 40



Part 3

Markov chain Monte Carlo

41



Markov chain Monte Carlo

Generating from f(x) is not straightforward when
* x is high-dimensional (but not Gaussian),
* f(x) is of non-standard form.

These difficulties occur often (but not exclusively) in Bayesian inference.

We seek a way of simulating from f(x) in this situation.

3.1. MCMC Motivation 42



Markov chain Monte Carlo

Markov chain Monte Carlo (MCMC) operates by

* constructing a Markov chain that has the posterior distribution as
its stationary/equilibrium distribution

* running the chain forward and collecting the sampled states.

Most typically MCMC simulates a discrete time Markov chain, sampling

oM ) HWN)

g ooy

over some finite number of iterations, N.

* If the posterior distribution is discrete then we may use a conven-
tional Markov chain construction via a transition matrix P.

* More typically, 7r,(#) will have continuous components so a slightly
more general construction is warranted.

3.1. MCMC Motivation 43



Continuous State Space Markov Chains

In the continuous state case, we must specify a transition kernel
P(x,B) = /P(x, z) dz
B

P(x, B) determines the probability of making the transition from current
value x into the set B C X in any given step.

* Transitions are implemented using a transition density
P(x,z2) =P(x — 2)

which specifies a conditional probability density in 2, given the cur-
rent value x, for x,z € X.

3.2. Continuous state spaces 44



Continuous State Space Markov Chains

* The stationary distribution 7 for the continuous case must satisfy

m(x) = /P(z, x)m(2) dz
* A reversible chain must satisfy detailed balance
7(x)P(x,2) = 7(2)P(2,x)

for all x and z. Given P, we can in theory solve for 7.

In the context of sampling from a target probability distributions, we wish
to specify m, and then find a P such that its equilibrium distribution is 7.

3.2. Continuous state spaces 45



The Metropolis-Hastings Algorithm

Define proposal density q such that
q(z,x) = q(z = x)

facilitates sufficient movement across the whole of the parameter space.

Then, for z # x, define
P(x,2) = q(x,2) a(x,2)

o (x,2) = min{L 7 (2) qu:z;}

defines an acceptance probability for the move from x to z.

where

N
—~

=
S~—
Q

3.3. The Metropolis-Hastings algorithm 46



The Metropolis-Hastings Algorithm

Thus, to generate the Markov chain, if X, = x, we
1. Generate 2 from conditional density q (x, -) given x;
2. Compute « (x, 2);
3. Generate u from Uniform (0, 1)

* ifu < a(x,2), accept the move to z and set X, 41 = 2
* ifu > a/(x, z), reject the move to z and set X, 11 = x

4. Return to 1. to generate X1,

and so on.

This is the Metropolis-Hastings (MH) algorithm.

3.3. The Metropolis-Hastings algorithm 47



The Metropolis-Hastings Algorithm

* Metropolis Algorithm: Choose q (x,z) = q (z,x)
» e.g. Z|X, = x ~ Normal(x, 0;), then

a(xz) = min{l, :Ei;}

and the move to z is accepted with certainty if m(z) > m(x).

* Independence MH: Choose q (x,z) = q(2)
» i.e. independent of the current value of the chain. Then

. s
a(x,z) = min {1, —
s
We also may mix several different proposal densities.

3.3. The Metropolis-Hastings algorithm 48



Metropolis-Hastings: algorithm design

In practice seek to choose the proposal mechanism so that
* an irreducibility condition is met
¢ the chain explores the parameter space rapidly (fast mixing)
* the autocorrelation of sampled values is as small as possible
* we monitor the effectiveness of the MCMC implementation:

» trace plots, scatter plots
» convergence diagnostics
» effective sample size

N

1423 p(k)

Negr =

where p(k) is the true lag-k acf for the Markov chain.

3.4. Designing MH algorithms 49



3.5. The Gibbs sampler

Suppose that 7 is a probability density in K dimensions, and let the vari-
ables be denoted (Xi, ..., Xk). Define the conditional density mx(.|.) for

Xi X1, oo, Xk—1, Xkt1, - Xx = XX (g
by

T (X1, eeey XK)

OC T (X1y ooy X
w(xl,...,xk_l,ka,...xK) ( ’ 9 K)

e (%elx(-1) =

where the denominator is the marginal distribution of X(_).

3.5. The Gibbs sampler 50



3.5. The Gibbs sampler

The Gibbs sampler is implemented as follows:

1. Set starting values for the K variables (xq g, ..., Xk,0) -
2. Sample the conditional distributions with updating:
(a) sample x; 1 from 7y (X1|X2,0,X3,0, -, Xk,0)

(b) sample x, 1 from 7y (X2]X1,1,X3,0, -5 Xk,0)
(c) sample x3; from 73 (x3]x1,1,X2.1, .., XK,0)

(K) sample XK, 1 from TK (XK|X171,X271, ceey XK1, 1)
This completes one step of the Gibbs sampler.

3. Return to 2 (a), and repeat to obtain, at step m, the sampled variates

(Xl,m’ X2,m7 ceey XK,m)

The Gibbs sampler is a special case of the MH algorithm.

3.5. The Gibbs sampler 51



3.5. The Gibbs sampler

The updates can be achieved using direct sampling from the conditional
distribution or individual MH steps, with acceptance probabilities

ax (x,z) = min {1’ Tk (Z|X(*k)) qk (2,X) }

T (X[X(k)) @k (x,2)
fork =1,...,K. In 2., the steps can also be completed in random order

Note: can implement the Gibbs sampler on blocks of variables.

3.5. The Gibbs sampler 52



Designing the MCMC algorithm

(a) performance is hindered when parameters are highly correlated in
the posterior;

(b) choosing the starting values appropriately is important;

(c) if we use augmented models (e.g. auxiliary parameters or data),
then this increase in the number of parameters can increase the
computation time and memory requirements.

3.5. The Gibbs sampler 53



MCMC for latent parameter models

The usual strategies for models parameterized using a latent structure is
the Gibbs sampler applied to the conditionals

* mn(0|x;y): inference from the complete data model;
* 7n(x|0;y): inference for the latent states.
For example, 7, (x|f;y) may be sampled by filtering approaches

n—1

Tn(x|0;y) = mn(x1]6;y) H"rn(xt—l—1|xlzta 0;y).

t=1

If it can be implemented, this forward sampling is optimal.

3.6. MCMC for latent parameter model 54



MCMC for latent parameter models

It is also possible to use Gibbs sampling on the conditionals
Tn(Xe|x(—t), 05 ¥)
which simplifies under a Markov assumption to
Tn (Xt|Xt—1 JXet1,05y).

However, it may be that the components of x are highly correlated locally.

3.6. MCMC for latent parameter model 55



MCMC for latent parameter models

This can be a problem for stochastic process models: for example,

Wn(Xt\Xt—la Xit1,0; Y) X p(Xt‘Xt—h 0; Y)P(Xt+1 ’Xtu 0; Y)Wo(e)

and it will likely be that the transition density components
* p(xe|xe—1,0:y)
* p(Xer1lxe, 05y)

induce high dependence.

3.6. MCMC for latent parameter model 56
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Gaussian models




Gaussian models

The simplest, but most common, case arises when the transition density
is a Normal distribution, say

p(xc|xs; 0) = Normal(pu(s, xs, 0), 0% (s, Xs, 0))

which generally means that the corresponding likelihood is available.
However

* non-linear dependence on 6

* number of observations

¢ latent structure

all make inference more complicated.



4.1. Linear State Space Models

The principle of a state space model is that an observed series is gen-
erated as the marginal process derived from a multivariate time series
model, structured so that the model is specified via two equations

¢ the state equation
* the observation equation

We assume initially that the observations are equally spaced in time.

4.1. Linear State Space Models 59



4.1. Linear State Space Models

The general (Markov) state equation takes the form
Xir1 = g(Xi; 60) + W,
and the general observation equation takes the form
Y; = £(X¢;0) + V;.

The process {Y;} is observed, the process {X;} is latent or unobserved,
and one focus of inferential interest.

Letyi:t = {y1,..., ¥t}

4.1. Linear State Space Models 60



Inference in General State Space Models

Inference goals for state space models are

* filtering: estimate state at time t from observations up to time t

P(Xe|y1:t)
* prediction: estimate state at time t from observations up to time
t—1
P(Xt|Y1;(t—1))

* smoothing: estimate state at time t from past and possibly some
future observations

p(xt’y&n)

Initially, we assume 6 is known.

4.1. Linear State Space Models 61



Inference in General State Space Models

Key distributions:
* Filtering

p(Yt‘Xt)p(xt’Yl:(t—l)) P(Yt’Xt)P(Xt’Yh(t—l))
p(xt’YLt) =

p(Yt’Yt(t—l)) /p(yt’X)p(X’YL(tl))dX

* Prediction

P(Xt!)’l;(t—n) = /p(xt|xt—1)p(xt—1‘Y1:(t—1)) dx;—q

These calculations are carried out recursively; both require integration.

4.1. Linear State Space Models 62



Linear Gaussian State Space Models

A linear Gaussian state space model is given by the equations

Yt - tht + Vt
Xir1 = GX; + W,

° Yyis (K x 1)

« Xpis (L x 1)

* Fis (K x L) is non-stochastic

* Gis (L x L) is non-stochastic

* {V;} and {W,} are (uncorrelated) Gaussian series

* Xj has unconditional mean and variance a;|o and Py o.

4.1. Linear State Space Models 63



4.2. Kalman Filter

The Kalman filter recursively computes the quantities
© ay = E[Xelyi],
© agr = EXep1lyral,
* Py, = Var[X|y1.,

¢ Py = Var[Xep 1|y

These quantities characterize the filtering and prediction distributions.

4.2. Kalman Filter 64



4.2. Kalman Filter

These quantities are obtained by running fort = 1, ..., n the recursions

=y — Fay
M; = FtPt|t—1F;|— + 3
) = Ay + Pt|t—1F;|—Mt_1rf
Pt|t = Pt|t—1 - Pt\t—lF;th_lFtPﬂt—l
a1 = Gray,
Py =GPy, G +

4.2. Kalman Filter 65



Parameter Estimation

The likelihood for datay = (yi, .. .,yn) can be constructed as

P(Y1,--¥n) =P (Wly_1)) P (y2ly1) P Hp (¥elyi-1)

We have that

P(Ve|y1:(:—1)) = Normal(Fray;_1, My).

and the log-likelihood function is given by

—fZIOg det My) — Zrt M_ I;

4.2. Kalman Filter 66



We may compute
App = [E[Xth’l:n]
along with its MSE, Py, recursively, forallt =1,...,n —1.
In particular, to obtain a;, and Py,, we start with a,, and Py, and we
run backwards fort =n—1,...,0
*k
ay, = ay +P; (at+1|n - at+1\t)
Pt|n - Pt\t + sz (Pt—H\n - Pt+1|t) sz

Tp—1
Pz( - Pt‘th Pt+1|t‘

4.2. Kalman Filter 67



Consider the model specified by the linear system
Y, =X+ V,;
X1 = p+ o(Xe — p) + Wi
and the densities
Py|x (Ve|xe) = Normal(xt, ov)
px(xe|xi—1) = Normal(pt + ¢(xi—1 — p), oiy)

with px, (x) = Normal(p1, 03,/ (1 — ¢?)).

4.3. Gaussian Model Example 68



This is an AR(1) plus noise model. Here all of the full conditionals are

available for sampling, and we can sweep through the sampling effi-
ciently. In R, packages

* dlm
* bssm
* rstan

can be used.

4.3. Gaussian Model Example 69



(i) Gibbs sampler: sample
W(Xt‘xt—laxt—i-layl:n)
(ii) Backward sweep: sample

t=n 7"'(Xn‘yl:n)

t=n—1 m(xp—1/Xn,y)

t=2 7T(X2|X3:n7Y)
t=1 7T(X1|X2:mY)
using the univariate Gaussian smoothing distributions.

4.3. Gaussian Model Example 70



(iii) Can use d1mLL to compute the £,(#), and then run MH for the
posterior 7, (0)

In this case version (iii) is the most efficient
* computation of the filtered likelihood very fast
* integrates out Xy, . .., X,, so the issue of dependence does not arise

* only a four dimensional posterior

4.3. Gaussian Model Example 71



Example: n =
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Example: n = 1000

library (coda)
effectiveSize (samples)

#i# varl var? var3 vard
## 847.0544 319.2297 127.5165 126.7795

4.3. Gaussian Model Example 74



In this model, one can use the
* non-centered parameterization via X;

* centered parameterization via
* JR—
X, =Xy —p

which will have different performance in a Gibbs sampler depending on
the relative magnitudes of oy and oy.

4.3. Gaussian Model Example 75



4.4. Non-linear or Non-Gaussian models

If the state space model is not linear and Gaussian, then these calcula-
tions cannot be completed analytically; specifically

P(Xt|Y1:t) P(Xt+1’Y1:t) p(Yt+1|Y1:t)

will not be available in closed form.

* A pseudo-likelihood can still be constructed in the same way using
the minimum mean square linear estimators of the state vector.

* Linear approximation to the non-linearity may be possible
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4.4. Non-linear or Non-Gaussian models

For the Bayesian MCMC-based inference the conditional posterior

7Tn(Xt|Xt—1, Xit1,0; Y) o8 P(Xt\xt—h 0; Y)P(Xt+1 |Xt7 0; Y)Wo(e)

may be approximated well by an easy to sample distribution.

This facilitates Metropolis-within-Gibbs samplers.
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4.5. Particle Filtering

The particle filter uses importance sampling, to construct the approxima-
tions. Given a non-linear and non-Gaussian state space model, the goal
is to compute the filtering and prediction densities

P(Xt ’ylzt) P(Xt+1 |y1:t)

at each time t via a Sequential Monte Carlo approximation.

We aim to maintain a sample of particles

(Xt,lu s 7Xt,N)

for each t that can be used to approximate these distributions.
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4.5. Particle Filtering

At each time point t, we perform the
Sequential Importance Sampling

(SIS) procedure:

* Draw random samples from a chosen importance density that can
be sampled directly.

* Compute a normalized weight for each particle

* Approximate the target density at time t by the weighted sum of the
particles.

Given sufficiently large numbers of particles, this IS characterization con-
verges to the target density.
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4.5. Particle Filtering

The general strategy is to build up a series of particle approximations to

7T1(X1) = P(X1 |y1)
m2(x1:2) = p(x1:2[y1:2)

3 (X1:3) = P(X1:3|JJ1:3)

Wn(xlzn) = p(X1:n|y1:n)

using features of the state and observation equation.
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4.5. Particle Filtering

In the filtering problem, we approximate p(x;|yi.t) by
* particles (x;1, ..., X:,n), sampled from density fp.
* normalized weights (w}, ..., w;y)

via the discrete distribution {(wy;, x¢i),i =1...,N}.
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4.5. Particle Filtering

Two key questions are
* What importance density fy can or should be chosen?

* How do we compute the weights efficiently (in a recursive fashion)
such that for a given weight wt*7i, we just need a new observation y;
to get an approximation to p(x|yi.t).

A simple but effective choice for f; sampling density at time ¢ is the tran-
sition density: fo(X¢|Xe—1,V1:t) = p(x¢|x¢—1) as then

W:,i X W;fl,i P()’t|xzi)-
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Calculation details

Recall the state space model: fort =1,...,n
Y, = f(X;0) +V;
Xt+1 = g(Xt, 9) + Wt

where only the series y, . . ., yn, is observed. Sequences {V;} and {W,}
are independent zero mean random variables.

Iy = 1,---,9) X1t = (X1, ..., X¢). we must carry out
* Filtering: Compute p(X¢|y1.t)
* Prediction: Compute p(Xe+1|y1:t)
* Smoothing: Compute p(x¢|y1:n)

We consider simulation-based versions of these calculations.
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Calculation details

For example, in the filtering step, suppose we have a sample
Zt,la cee 7Zt,N

from p(x;| yt(t,l)) obtained at the previous prediction step. Then we can
obtain a particle approximation to p(x¢|y1.¢) as

1 N

pxely1) = — Z p(Ve2t,i) 9z, (xt)

N “
i=1
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Calculation details

The predictive distribution p(y|y.(;—1)) can be approximated by

N
1
(Yt’yl t— 1) = E p(¥t|z.1)
1:1

which is useful in approximating the likelihood by

~

Ly(6) =py1) Hﬁ()&’)ﬁ:(tq); 0)

t=2
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Calculation details

We can produce a sample from the particle approximation
/ﬁ(xth}l:t)
by performing a weighted resampling from
(2t15- -5 2eN)
with weights proportional to p(yt|2 ;). Denote this resampled vector
Vils .-y VEN

which represent a sample from p(x|y;.t).
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Calculation details

For the prediction step, the particle approximation to

P(Xt+1 |JI1:t)

is obtained using a similar Monte Carlo strategy

N
~ 1
P(xet1|yr:e) = N Z p(Xt+1|Vt,i)
i=1
We propagate the samples v 1, ..., v; y forward by sampling the transi-
tion densities for each particle
p(Xt41ve,i)
This yields the sample z;41,1, . . ., 2;+1,5 and the recursion continues.
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Calculation details

We use the SIS density

n

pn(X1:0) = p1(x1) Hﬁt(xt‘xlz(t—l))

t=2
with weights given by wy (x1) = m1(x1)/p1(x1) and

%t(xt|xl:(t71))

We(X1:t) = We—1(X1:(e-1)) =
t(x1:t) -1 (e 1))pt(><t|><1:(t—1))

71't(xl:t)

Tp—1 (Xlz(t—l))ﬁt(xt|xl:(t—1))

= Wtfl(xlz(tfl))

gt(xlzt)
gi—1 (X1:(t—1))5t(xt|><1:(t—1))

or Wt(xl:t) = Wt—l(’ﬂ:(t—l))

= Wt—l(Xl:(t—1))Oét(X1:t)

if the normalizing constants Z; fort = 1, ..., n are unknown.
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Calculation details

The Monte Carlo computation is carried out by sampling
X1,15--+5X1,N
from pj, then at step t > 2 sampling fori =1,...,N
X1s- - Xen  from pe(LXgse—1),1)
The importance sampling weights are w; (xl’i and, fort > 2,

Wt(Xl:t,i) = Wtfl(Xlz(t—l),i)at(xl:t,i)
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Calculation details

We then have
N
Fn(%) =D Wa1dy,, (%)
i=1
where
W — Wn(xlzn,i) /Z\ _ 1iw (Xl' )
ni an n N — n n,i

in the usual way.
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Calculation details

We have X; ~ px, and
pY|X(yt’Xt) px (XXt 1)
for the transition densities. The posterior of interest is

p(xlcna ylzn) _ gn (Xlsnu _Vl:n)
p()’l:n) Zn()’l:n)

7"'n(Xlzn) = p(Xlzn’yl:n) =

say. We have

n
gn(X1:n, Y1:n) = px; (X1 {HPX Xe|Xe—1 }{HPYX(yt|Xt)}
t=1
Zn()’l:n) :/gn(xlznajhzn) dx1:n

where Z,, may not be available.
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Calculation details

For SMC, the optimal choice of IS density p;(x;|x;.(;—1)) is
%t(xtfxt(t—l))
which in the simple state space model is given by

7 (X |x ) = Te(Xe|ya.e, x ) = leX(yt|Xt)PX<Xt|Xt—1)
tXelX1:(t—1)) = Te\Xe|V1:t) X1:(t—1) p(yt|xt,1)

Py|x (Welxe) px (xexe—1)

/ prix (e POpx (x|xe_1) dx

as, conditional on X1:(t—1), Xt 1S independent of Vi:(t—1)-
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Calculation details

In most cases the optimal choice is not feasible: we need successive sam-
ples from the IS densities

5t(><t|X1:(t—1)) = %f(xt|y1:tyxlz(t—l)) = %t(xt|ytvx(t—1))'
We might choose instead
5t(xt|x1:(t—1)) = px(X¢|xe—1)

which typically is straightforward to sample from, and yields the recur-
sive weight calculation

wi(x1:t) = Wt—l(Xlz(tfl))pY|X(yt|Xt)
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Particle Degeneracy

However, these weights start to degenerate as t increases:

* the weights that define the Monte Carlo estimate 7,(x) are very
small for most i, with only a few large weights.

* the empirical variance of the collection of unnormalized weights
{wi(x¢;)} fori =1,...,N increases

* this is mitigated but not resolved by a better choice of p; (x;|x;.(;—1))

* the main reason for particle degeneracy is that particles with low
weight at step t — 1 tend to have low weight at step t.
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Particle Degeneracy: Resampling

At step t, the Monte Carlo estimate of 7; is

7?t(X) = Z Wt(xlzt,i)dxl;t,i(x)

This discrete distribution on

X1:t,1y - -+ » X1it,N

is resampled N times according to the weights

Wie(X1:61), - -+, We(X1:en)-
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Particle Degeneracy: Resampling

After resampling, the new resampled values replace the

X1:t,15 -+ X1:t,N

collection, and each resampled point carries with it its normalized resam-
pling weight W;(x1.¢;).

Each original value xi.;; may appear in the resampled collection more
than once.
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Particle Degeneracy: Resampling

Letn;q,...,n;y denote the numbers of times that each of the N particles
are resampled during multinomial sampling. Let

N

%t(X) = Z ;5)(1:1:,1' (X)

i=1

Resampling does not disrupt the particle approximation in expectation
(that is, it does not introduce bias), but it does introduce “noise".
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Particle Degeneracy: Resampling

Therefore we perform resampling as infrequently as possible, only when
the observed variance of the weights exceeds some threshold.

A statistic to track this is the effective sample size (ESS) where

N —1
ESS = <Z {Wt,i}2>
i=1
We have 1 < ESS < N:

ESS=1 if W;; =1 forsomei

1
ESS=N if W;; = N for each i
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Example: AR(1) plus noise

Yt — Xt + Vt
Xir1 = X+ W,

where —1 < ¢ < 1, with V; ~ Normal(0, 03) and W; ~ Normal(0, o).

p(Velxe) = Normal(xt,a‘z,)

p(xer1)x) = Normal(gx,od)
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In this case, we have that

~ 1 1
Pt (X |Ve, X(t—l)) X exp {— (e — Xt)z} exp {_M(Xt - ¢Xt—1)2}

2
204, W

which simplifies to

2

2
Oy Oy

i/ 0% 4 X1/ oy i+i -
/o2 +1/a

ﬁt(XthX(ti”) = Normal (

Therefore, we can sample forward directly from p;(x¢|yr, X(;—1)), and the
IS weights are always equal to 1/N. This calculation follows by the exact
same arguments that tustify the Kalman Filter recursions.

4.7. Particle degeneracy 100



State reconstruction using optimal IS
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Now we use the alternative proposal
fi0glx1:-1)) = Px(lx—1) = Normal(éx;—1, o)

which yields the recursive (unnormalized) weight calculation

wj(x15) = wj—1(x1;(—1)) exp {— L - xj)z} .

2
204

In this case, there is numerical underflow in this weight calculation, so
for each j the weights are scaled.
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Effective sample size (ESS)
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Effective sample size (with resampling)
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State reconstruction using resampling
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Non-linear example

Consider the non-linear model
Py|x (Vt|x:) = Normal(0, exp{2x;})
px (Xe|xe—1) = Normal(p + ¢(x4—1 — 1), 0%)

with px, (x) = Normal(u1, 0 /(1 — ¢?)).

This model is a non-linear state space model because of the distribution
of y; on x;.
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Non-linear example

Here, fort > 2,

e—2xt

2T

1/2
pyix (Velxe) = ( > exp{—e~ >y} /2}

and the recursive weight calculation is based on

w(x1:) = H W = HpY|X(ys‘Xs)

—1 5S(XS|X1:(571) =1

that is, the likelihood up to observation t.
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Non-linear example

N = 100 particles and weights att = 1

wi(x)
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Non-linear example

N = 100 particles and weights at t = 2

wi(x)

4.7. Particle degeneracy 110



Non-linear example

N = 100 particles and weights at t = 3

wi(x)
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Non-linear example

N = 100 particles and weights att = 4

wi(x)
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Non-linear example

N = 100 particles and weights att = 5
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Non-linear example

N = 100 particles and weights at t = 20

wi(x)
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Non-linear example

N = 100 resampled particles and weights att = 1

wix)
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Non-linear example

N = 100 resampled particles and weights at t = 2

wi(x)
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Non-linear example

N = 100 resampled particles and weights at t = 3

wi(x)
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Non-linear example

N = 100 resampled particles and weights att = 4

wi(x)
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Non-linear example

N = 100 resampled particles and weights att = 5

wi(x)
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Non-linear example

Effective sample size (ESS) with resampling when ESS < 10

g
8
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Non-linear example
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Non-linear example

State
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Non-linear example

Effective sample size
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Non-linear example

Here the mode of

yf 1 2
P(X|Ve Xe—1) = exp {—x Tl T ggr X T M) }

can be computed numerically, and the variance of the normal approxima-
tion can be computed by inspecting the curvature at the mode, given by

0? log p(x|ye, X¢—1) i 2 —2x 2711
— 2 ] = [2yfe > +1/5%]
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Non-linear example

Normal approximation to p(x¢|ys, X;—1) for x;—3 = 0,y = 2:

Density
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Non-linear example

Improved proposal

State
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Non-linear example

Effective sample size (with resampling)
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Non-linear example

Improved proposal with resampling
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More general diffusion models

For more general diffusion models and inference tasks, more complex
methods are needed.

The two main challenges are
(a) the need for continuous reconstruction

(b) unequally spaced observations
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More general diffusion models
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More general diffusion models

Note: The strategy of using increasingly fine time-discretization is not
recommended

* increases the dimension of the augmentation space
* increases the dependence between the discretization points

* MCMC based solutions that use the augmented space suffer critical
slowing
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More general diffusion models

For discretely-observed diffusions, it is often not necessary to prospec-
tively sample the diffusion path, that is, sample {X(t),0 < t < T} in its
entirety.

* only need to sample X(t) at the observation times

* can sample the connecting paths conditionally on the finite number
of observation times as required (this step is not trivial).

For some diffusion-based models, this retrospective sampling can be per-
formed efficiently.
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More general diffusion models

A number of strategies have been developed:

* most use some form of augmentation, and Monte Carlo approxima-
tion of the transition density

p(xixs)

¢ analytical/numerical approximations have been proposed

* neural network emulations also exist
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Part b

Particle Markov chain Monte Carlo
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The Bayesian Computation: recap

We make inference about 1) = (6, ¢) via the posterior distribution

f(y; 0, ¢)mo(0, ¢)
f(y;t,2)mo(t, z) dt dz

(0, ¢ly) = /

where
* @ is the parameter of interest
* ¢ is a nuisance parameter.

that is, our principal focus is the marginal density

/f(Y; 6,2)mo(0,2) dz
m(0ly) =
/f(Y§ t,z)mo(t, 2) dt dz
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Simple Example

Example: Log odds ratio

Suppose

* Likelihood: Y;|w; ~ Binomial(my,w ), Yo|wy ~ Binomial(my, w;)
independent.

* Prior: wy,w; ~ Beta(a, /3) independent.

Parameter of interest is

- g (21022

wl/(l —wl)

Posterior samples of w; and w; can be transformed into a sample of 6.
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Two MCMC solutions

1. Construct the Markov chain on the joint posterior for (6, ¢), and
store the sampled values for 6. Acceptance probability is

m(6', ¢'ly) a((0', &), (6, ¢))}
n(0,¢ly) a((0,9),(0",¢"))

2. Construct the Markov chain on the marginal for 6. Acceptance prob-

ability is
: n(0'ly) a(¢'.0)
a0, 0 :mln{l,w( d )
6.) ma(6ly) a(6,0')

The difficulty in implementing 2. is that perhaps the marginal posterior
is not available analytically, so that the Hastings ratio and acceptance
probability cannot be computed.

a((6,8), (¢, ¢')) = min {1
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Two MCMC solutions

¢ q(1,") is some appropriately chosen proposal density

* we only need m,(f, ¢|y) or m,(f|y) up to proportionality; the nor-
malizing constant cancels in the Hastings ratio.

/f(y; 0,2)m(0,2) dz
/ f(y; t,z)mo(t, 2) dt dz

Ta(0ly) = x / £(v: 0, 2)mo(6, 2) dz

If (0, ¢) are a priori independent

moly) o { [ 105:0,2)70(2) b2} 7a(6) = £4(6:9)ma(0)

say.
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Monte Carlo Integration and Importance Sampling

Can approximate £,(6;y) by Monte Carlo

N
Ln(0;y) = %Zf(y;&sb(i))

i=1
where {¢()} are i.i.d from 7o (¢), or Importance Sampling

SN (y; 0, 0D ()
ﬁn(07Y) - N ; f0(¢(l))

where {1} are i.i.d. from fy(¢), where f;, is an IS density.

For all 6, L,(6;y) is an unbiased estimator of Ly (6;y).

5.1. Particle MCMC 139



Simple Example

Example: Log odds ratio

so that

¢(1 — p)e’

a(0: $ly1,y2) ox Be(¢)Bex((9€)/ (1 = 6 + 0" ) 7= 5y

on R x [0, 1], where
* Be is the Beta(y; + o, my — y; + [3) pdf
* Be, is the Beta(y; + «, my — y, + [3) pdf
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Naive idea

Why not just use Ln (0;y) in place of £,(0;y) in the marginal Metropolis-
Hastings ? Acceptance probability is

- La(0';y)mo(0') a(6',6)
oA8,9) = {1’ L0 (0;y)mo(6) q(9,0’)}

With N large, this should give a reasonable approximation to the correct
answer (ie the chain will converge to more or less the correct target).

)

n(@; y) is retained from the current computation (at 6),

&)

(0';y) is computed afresh (at 6).
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Naive idea ... has remarkable property

It transpires that the stationary distribution of the chain implied by the
naive construction (using £,) is the target marginal distribution.

e for any N, the chain produces samples from the marginal for the
parameter of interest.

¢ this does not solve all implementation issues, such as

» choosing N
» choosing q
» choosing amongst the many variants of this approach.
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Simple Example

Example: Log odds ratio

m(0, ¢ly1,¥2) o Bei(¢)Bex((¢e?) /(1 — ¢ + ¢e’))
L 01— g)e
(1— ¢+ ¢ef)?

on R x [0, 1].
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Simple Example

Example: Log odds ratio

« Initialization at 8(%); compute Z(H(O); y) by MC/IS.
e foriterationi =1,2,...
» propose QLN q(6®, ).
» compute L£(6';y).
» perform MH step: accept move to §(+1) = ¢’ with probability
(80, ¢"). Otherwise set U+ = (),
If move is accepted, retain E(G' ;y¥), otherwise retain E(Q(t); y).

5.1. Particle MCMC 144



Simple Example

Example: Log odds ratio

With g taken to be the Gaussian Metropolis kernel with parameter o, the
following effective sample sizes are obtained for the marginal algorithm
after 5000 iterations (measure is percent).

g

N 0.1 0.2 0.3 04 05 1.0 1.5 2.0 3.0 4.0 5.0
50 0.46 1.41 2.24 2.85 5.58 13.57 17.35 17.56 13.39 12.23 7.92
100 0.58 1.80 2.88 5.23 7.77 15.68 20.45 16.32 14.67 10.94 11.26
200 0.49 1.58 3.18 4.86 6.96 17.15 21.78 20.10 16.47 15.77 11.18
500 0.53 1.96 3.22 4.15 6.37 16.96 20.66 19.37 13.48 18.04 10.53
1000 |0.31 1.84 3.49 5.31 8.55 14.87 16.96 22.13 18.01 12.18 12.47
2000 |0.64 1.46 3.16 5.23 8.19 16.86 20.40 20.93 17.37 15.21 12.53
5000 |0.44 1.60 2.77 4.60 7.28 17.10 20.85 21.78 16.53 11.83 11.53
10000 [0.58 1.37 3.32 5.36 8.56 18.48 23.17 24.98 16.08 14.42 11.85
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Particle MH

This method has been deployed successfully for the state space models
and other models based on stochastic processes as the filtering-based
SMC estimator

5 (0:y) Z{HP Vel (e-1)3 )}

i=1 \t=1

is an unbiased estimator of £,(6;y). Here, the ¢ parameters are the
particle collections representing the latent states.

The R package pmhtutorial contains one accessible implementation
for the SV model.
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Particle MH

Note: this method
* is based on a remarkable theoretical result
* is extremely computationally intensive if n is large

* might only be used as a last resort
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Part 6

Hidden Markov Models
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6.1. Hidden Markov Models

If the unobserved state X; is discrete, then state space models are often
called hidden Markov models (HMMs).

In this case, the state equation is replaced by a Markov chain model: if
{X;} can take values on {1,2,...,S} say, then for t > 1
P(Xt|X1:(t—1)) = p(xelxe—1)

where
PI’[Xt = I|Xt_1 = k] = Pkl

The S x S transition matrix P, along with the (marginal) distribution of X;
(Pr[X; = k|,k = 1,...,S) characterize the nature of the state evolution.
Note that P is a stochastic matrix whose rows sum to 1.
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6.1. Hidden Markov Models

All of the previous types of calculation
* filtering p(x¢|y1:t)
* prediction P(thﬁ:(tfl))
* smoothing p(x¢|y1.n)
* parameter estimation

are required. The main difference is that the filtering, prediction and
smoothing distributions are discrete, and therefore more straightforward
to compute.

The observation variable y; can be either discrete or continuous.
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6.1. Hidden Markov Models

Example: S = 2

Suppose fort =1,2,...,n

Yt = ,U/(Xt) + €t

and {X;} follows a Markov chain with transition matrix

0.3 0.7
P= [ 0.4 0.6 }

and the distribution of X; is the stationary (or equilibrium) distribution,
7t, of the chain defined as the solution of

T =mP
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6.1. Hidden Markov Models

Example: S = 2

We compute 7r (a 1 x 2 vector) by

[4/11 7/11 ]

[1,1]" 7 = lim P'=

s 4/11 7/11
somw = (4/11,7/11).
Suppose
() = { S
2 X =2

and {¢;} ~ Normal(0, 1), IID.
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6.1. Hidden Markov Models

Example: S = 2
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6.1. Hidden Markov Models

Example: S =2,y =5, 4, = —1
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6.1. Hidden Markov Models

Example: S = 2
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6.1. Hidden Markov Models

Example: S =2,y = 1, i, = —1
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6.1. Hidden Markov Models

Filtering: By Bayes theorem and the HMM structure
P(Yt|Xt)P(Xt|J/1:(t—1))

;P(M’X)P(X‘Yt(t*l))

P(Xthh:t) =

This is a discrete distribution on {1, ..., S} that we can compute exactly.

Prediction: By the theorem of total probability

S
p(Xe+1[y1:t) Z p(Xe+1P)p(X[y1:t)
x=1

* p(Xe41]x) is determined the xth row of P, for each x = 1,2,...,S

* p(x|y1.t) is the previous filtering distribution.
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6.1. Hidden Markov Models

Smoothing: Computing backwardst =n,n—1,...,1,
s
p(xelyin) = D p(xelxes1, V1:n)P(e41[y1n)
Xt+1=1

P(X¢+1|y1:n) is the previous smoothing distribution. For the first term

D(Xt’ylzt)P(XtH |Xt, M:t)
P(Xt+1 |y1:t)

P(Xt|Xt+1,y1:n) = P(Xt|Xt+1,JJ1:t) =

_ D(Xt|Y1:t)P(Xt+1 |Xt)
P(Xt+1 |Y1:t)

which can be computed from the filtering and prediction distributions.
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Bayesian Inference

In the discrete state case, all of the relevant distributions for inference
° p(Xt|y1:n; 9)
¢ p(yt|y1:(t71); 0)

are available numerically, so sampling the posterior for the latent states

7['n(Xlzn’yl:na 0)
exactly is straightforward. Sampling
7Tn(‘9|xlznayl:n)

typically requires Metropolis-Hastings.
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Bayesian Inference

In this case also, we have access to the marginal posterior

Tn (0|y1:n) X £n (0)71-0 (0)

as
n

Ln(0) = p(y1;0) [ plyr:e—1); 0)

t=2

so we can run the Metropolis-Hastings algorithm on the marginal model.
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Continuous Time Markov Models

In continuous time the calculation is more complex.

T1=0773 T4 75 T6 T T8 T=10
Yi Y¥3 Y4 Y5 Ys Y7 Y3

Y o
1 23 2 1

X

The process {X(t)} follows a continuous time Markov chain (CTMC).
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Continuous Time Markov Models

{X(t)} comprises an uncountable collection of random variables that
take values on X, subject to the Markov assumption.

For all s,t > 0, and for all j and k
P[X(t +s) = k|X(s) =j, Hs| = P[X(t +s) = k[X(s) = ]]

where H; is (informally) the history of the chain up to time s. Typically
the chain is presumed to be time homogeneous, so that

PIX(t +s) = k|X(s) = j] = PX(t) = k|x(0) = j] = P (t)-

say, for all s, t,j, k.
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Continuous Time Markov Models

We consider the sequence of transition times
O=t)r<bhi < - <t <

which is a countable collection of non-negative, increasing random vari-
ables, along with the countable collection of random variables

X(0),X(t1), X(t), - ., X(tn), - . -

where we might write X;, = X(t,) = X,.
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Continuous Time Markov Models

The rate (per unit time) of transitions out of each state is

L Palt)
qjk_th—n>10 t

J# k.
The net (or aggregate) rate of transitions out of state j can be written
A=
k#j
and the instantaneous probability of transition by defining

qjk

B Z gji
i#]

Py

which does not depend on t, and satisfies

0<Pr<1 > Pyp=1
=
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Continuous Time Markov Models

We may observe {X(t)} at
(i) the exact transition times between states
(ii) arbitrary time points

For (i), the likelihood is straightforward. For observation window [0, T

K
TTTT @™ exp {—qiuR; (1)}

=1 k#j

where Nj(T) is the number of transitions from state j to state k, and

is the total time that the process has spent in state j in [0, T].
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Continuous Time Markov Models

For (ii), the likelihood is computed using P(t), but is less straightforward

* R package msm performs maximum likelihood estimation in both
models

* ctmcd implements a Bayesian MCMC-based analysis.

* we also have the complication of hidden versions of this model,
where {X(s)} is not observed.

T1=077T3 T4 T5 T6 7 T8 T=10

Y; Y3 Y, Y5 Ys Yy Ys
Yo o
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Continuous Time Markov Models

For inference, we can deploy the augmentation approach; to sample the
conditional posterior m,(X|6)

* the states X1,X», ..., X, at the observation times

* the continuous path segments
X(m) = X(1),X(1) = X(713), .. . X(Th—1) = X(10),X(10) = T
* To sample the path segment
X(75) = X(7541)

conditional on the sampled endpoint states Xj, X;1 requires a re-
jection sampling step.

This allows a complete reconstruction of the state path for all individuals
over the observation window.
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Continuous Time Markov Models

Example: Health trajectories

In a large cohort, (81000 COPD patients) we observe
* health system utilization: number of prescriptions prescribed by
» primary care visits
» hospitalizations
» Specialists
» emergency care visits

* other predictors (eg age at enrollment)

and attempt to infer the underlying health status of the individual.

For COPD, a 4-state model is supported by clinical information.
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Continuous Time Markov Models

Inferred state path for one COPD patient:

[
o

# of Drugs Dispensed
N
o

04 oo

State
N
|

Patient 1 (Age 66)

6.3. HMMs in continuous time

10 Type of visits

Luo et al. (2020)



Continuous Time Markov Models

We can extend this basic model to
* consider an unknown number of states

* consider cluster structure in the cohort, e.g. M clusters with gener-
ator matrices

Q17Q27"’7QM'

* informative observation times.

Luo et al. 2020, 2021, 2023.
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Part 7

Stochastic Epidemic Models
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Stochastic models of infectious disease epidemics

Goal: To estimate how many people have been infected over time and the
epidemic characteristics of the infectious disease.

Posterior estimated incidence vs. observed cases

B [o2]
o o

Incidence count

N
o

o

estimated incidence observed cases
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COVID surveillance

Public health surveillance
* monitoring of developing disease incidence.

* involves synthesizing different data sources to inform public health
management and decision making.
e For COVID 19:
» case counts
» death counts
» hospitalizations
» test positivity
» seroprevalence: detection of antibodies in samples from study
participants and blood donors
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COVID Immunity Task Force (Murphy et al. 2023)
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Mathematical modelling

SIR Model: Susceptible-Infected-Recovered

f\
SO _ _aisie)

dt
T srws) 10
(ﬂ;(tt) =(t)

L [Feoeyras
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Mathematical modelling

Challenges:
* risk stratification by age, region etc.
* parameters 3, 7 can be time-varying
» [ related to reproduction number
* need to integrate other data sources
* we do not observe all cases: unobserved infections
* many time-varying policies

* time-varying immunity

We developed a latent process statistical model to integrate data sources
and to reflect time-varying aspects.
Wu et. al. (2024).
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Stochastic rate model

We retain the SIR model, but allow the infection rate parameter to follow
a stochastic model, approximating a mean-reverting process.

X1 = p+ ¢(Xe — p) + Wi

where X; = log f3;.

Here a conventional MCMC strategy implemented in rstan suffices.
The Bayesian model allows integration of all data sources.
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Quebec and Ontario
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Quebec and Ontario

Inferred daily infections.

a Daily new infections, ON b Daily new infections, QC

1504

00

007 |

Daily new infections per 10,000 people
Daily new infections per 10,000 people
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Quebec and Ontario

Inferred SIR incorporating serosurvey data (green dots).

> SIR epidemic dynamics, ON a SIR epidemic dynamics, QC

>

Proportion
Proportion

b

7.1. Stochastic Epidemic Models 180



Quebec and Ontario

Reproduction number, r(t).
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Extending the model

Suppose we retain aspects of, but extend, the SIR model:

* Yy = reported cases at t
* X; = true incidence counts at t;

» new infections occurring in (tx—1, tk]
* ¢ = case detection rate

e Fork=1,...,K,

Yx | Xk, ¢ ~ Binomial (Xk, ®) .
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Extending the model

Deterministic models cannot account for the inherent variability in infec-
tion and recovery processes.

* adequate for large populations and large outbreaks

* unsuitable for smaller populations

We need stochastic epidemic models (SEMs) for outbreaks in small to
moderate-sized populations or when the prevalence is low.

The corresponding stochastic process model is a Markov jump process
(MJP).
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Stochastic SIR model

* Let W(t) = (S(t),I(t)) denote the count of individuals in the sus-
ceptible and infectious state at time t, t > 0. Let 8 denote the
per-contact infection rate and -~y the recovery rate.

* Times between transitions are Exponentially distributed with rates

ﬁl(t)a (d,b) = (_17+1)
A(s(0),10),(5()+a,1(0)+b) (Ws 1) = 7, (a,b) = (0,—1)
0, otherwise.

* The infection rate SI(t) at t depends on I(t).

* Fitting the SEM to epidemic trajectories observed at discrete times
requires integrating all possible latent continuous-time transition
paths - the observed data likelihood is non-tractable.
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Inference

* Discrete-time approximation
* Particle MCMC methods (PMMH)
* Individual-level data augmentation (DA)

» Augment individual epidemic trajectories (i.e., infection and
recovery times) to the latent space to have a tractable complete
data likelihood.

Wu et al. (2025)
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DA for SIR MJP

* Instead of the aggregate W(t), we examine the joint process Z(t) =
(Zy1(t), ..., Zp(t)) of individual sub-processes.

* The subject-level sub-process Z;(t) is fully characterized by an indi-
vidual’s infection and recovery times ’7'jI and 7'J-R.

* Given current state Z(t), transition rates for each sub-process are

BI(t), Zj:S,ZJ{:I
)\ijzj((z, t) — ")/7 Z] :I7ZJ/ =R
0, otherwise.
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What can we learn form Z(t)?

* If we sort all event times 7 along the time line,

I(t)

3_
z_rm
1_

then within each inter-event interval,

» the infection rate SI(t) is constant;

» the likelihood for the individual experiencing the event is the
pdf of the Exponential distribution;

» the likelihood for individuals not experiencing the event is the
survival probability - memoryless property.
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A tractable complete data likelihood

LetT™ = {7’1, - ,TL} denote the (ordered) transition event times of all
individuals during the observation period [0, T].

The complete data likelihood is

Ln(Z,0)=f(Y|Z,p)p(Z]|B,7)

K
()
k
k=1
< [T (B1m) 1 tnery + 7L nerny)
1

exp{—(m — 71-1) (BI(11-1)S(7i-1) + VI(71-1)) }

x exp{—(T — 1) (BI(1)S(7) +~I(7L)) }-
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DA-MCMC

The posterior is
70 (0,2 |Y) o Lo (Z,60)7 ().

and we can alternate sampling from 7 (¢ | Y,Z) and 7 (Z | Y, 6) using a
Gibbs sampler strategy.

The main challenge is to efficiently sample from 7 (Z | Y, #), that is, to
efficiently propose and update the latent individual event times.
* Per-subject sampling: very slow and poor MCMC mixing.
* Block sampling:
» Jointly propose and accept/reject latent event times in blocks.

RecallX = (X, ..., Xx) is the true incidence counts at each observation
time.
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Block sampling - use of the auxillary variable X

* Conditioning on X, we can naturally split all individuals into K + 1
infection sets Zy, k = 0, ..., K, and the set Sk, in which individuals
remain susceptible.

* The k-th block consists of the infection and recovery times of indi-
viduals in infection set Zj.

* But X is random, so the size of each block can change.

* We propose to further augment X to the latent variable space, so
that the augmented complete likelihood is

ﬁn(zvx|0):f(Y‘Xa(p)6X(Z)p(Z|/877)'

and we alternate sampling from 7 (¢ | Z,Y) and 7 (Z,X | Y, 0).
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Sampling from 7 (Z,X | Y, 6)

In each Metropolis-Hastings step, we can sequentially simulate
* Xj given (Z(_y),X(—x),¥)

Z, given (X, X(_x), Z(_y)), to construct a proposal for (Zy, X).

* Exact simulation of event times according to the inhomogeneous
CTMC is possible but not efficient.

* Discrete-time approximation to the MJP to have transition rates con-
stant over each inter-observation interval.

» know transition density of X
» eventtimesZ = {(7,7%) : j=1,...,x} have (truncated)
Exponential distributions with identical rates

7.2. Stochastic version of SIR model
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SEIR Model: Susceptible-Exposed-Infected-Recovered

Extending the SIR to SEIR (including an Exposed state)

B _ sy

B _ sr0s(e) - av()
d;(tt) = aE(t) —I(t)
dl:]it) = ()
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Computational performance - compared to PMMH

SEIR, N = 500 SEIR, N = 1000
DA-MCMC PMMH DA-MCMC PMMH
Scenario 1: g = 1.3, ¢ = 0.2
CPU time (minutes) 10.1 (4.5,19.5)  89.1(62.9,114.8)  20.1 (9.5, 29.3) 124.7 (69.6, 287.4)
ESS(log rp) / CPU time 48.6 (10.4, 134.0) 32.1(21.9,49.5) 20.9(5.0,55.3) 27.2(10.3,43.2)
Scenario 2: g = 1.3, ¢ = 0.7
CPU time (minutes) 13.7 (6.3, 32.3) 118.8(60.7,435.4) 21.0(14.5,27.2) 137.7(100.2, 212.4)
ESS(log ro) / CPU time 88.1(19.1, 252.1) 24.7(5.0,40.4)  33.0(9.8,95.2) 15.6 (7.9, 23.5)
Scenario 3: 1y = 2.0, ¢ = 0.2
CPU time (minutes) 16.9 (8.5, 26.2) 119.5(93.3,132.4) 31.0(22.0,37.6) 139.8(114.0, 156.4)
ESS(log rp) / CPU time 17.2 (6.0, 43.5) 19.0 (10.5, 27.6) 5.7 (3.1, 10.3) 18.9 (13.3, 24.6)
Scenario 4: rp = 2.0, ¢ = 0.7
CPU time (minutes) 17.9 (10.9, 22.4) 183.0 (87.0, 255.1)  34.0 (22.1, 51.1)  141.9 (122.1, 157.3)
ESS(log ro) / CPU time 26.4 (10.1, 57.2) 11.5 (5.6, 22.1) 7.9 (3.4,15.7) 13.5(7.7, 18.4)
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Application to the 2009 HIN1 outbreak

Daily identified possible and confirmed H1N1 cases.

Case count
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SEIR model fit to HIN1 outbreak - Results

Estimated case detection rate: 0.10 (90% CrI: 0.08 - 0.15).

Posterior estimated incidence vs. observed cases

» o]
o o

Incidence count

N
o

o

estimated incidence observed cases
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SEIR model fit to HIN1 outbreak - Results

Estimated reproduction number: 1.55 (90% CrI: 1.29 - 1.85).

Posterior estimated SEIR trajectories
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Volatility models
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8.1. Volatility Modelling

Stochastic process {S(t),t > 0} is used to represent the evolution of an
asset value through time.

* share price

* index value (FTSE, Dow-Jones, S&P 500 ...)
* exchange rate

* interest rate

The stochastic process model forms the basis of various financial decision
making processes.

8.1. Volatility Modelling 198



Framework: The Black-Scholes Model

Typically use a process driven by Brownian motion W(t), with drift, sat-
isfying the SDE
ds(t) = pS(t)dt + oS(t)dw(t)

We can think of a discrete approximation
Styst — St = uStot + oSiW;
where W; ~ N(0, 1), or

Siist|St ~ Normal(S;(1 + ), S2o?)

o, the volatility, is presumed constant.
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Framework: The Black-Scholes Model

* IfY(t) = log S(t), then
dy(t) = {p — o*/2}dt + odW(t).

* Typically, the log asset value is observed discretely at intervals of
length A, say, yielding data yo, ..., Y,

¢ Then
Y, — Yi_1 ~ Normal((pn — 0% /2) 1\, 0? N)

with these increments independent; these are the log returns.
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Deficiencies of constant volatility

The problem is ...this model does not capture observed behaviour.
... every assumption underlying the Black-Scholes model is re-
Jjected by the type of data that are routinely used in practice.

Barndorff-Nielsen & Shephard (2001)

Using y? as a proxy for the volatility for interval (A(t — 1), At), we
observe that

¢ volatility is not constant
¢ volatility exhibits autocorrelation

* marginal distribution of yy, . . .,y is leptokurtic (heavy-tailed).
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S&P 500 Index (log scale): Five minute
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S&P 500 Index (log scale): Daily

0.05 0.10
I I

S&P log returns
0.00
L

-0.05

-0.10

T T
0 1000 2000 3000 4000 5000

Index

8.1. Volatility Modelling 203



S&P 500 Index: ACF for Squared log-returns

Five Minute Daily
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S&P 500 Index: Skewness
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Stochastic Volatility

Allow volatility to vary stochastically over time
ds(t) = pS(t)dt + o(t)S(t)dw(t)

i.e. let {o?(t), > 0} follow some stochastic process, or SDE.
* Random volatility increases kurtosis of log returns

¢ Correlation in {o%(t)} induces correlation in square of log returns

We will model X(t) = log o(t) as a latent stochastic process; we begin
in discrete time.
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8.2. Basic SV model

The simplest stochastic volatility (SV) model takes the form

Yt = eXp (Xt/Z) Vt
X; = px + ¢(Xe—1 — px) + Wy

where
* Y, is the log return at time t
* Vi ~ Normal(0,1), and W; ~ Normal (0, o%,) are IID series.

* {X;} interpreted as the random and uneven flow of new information
into the market, and ¢ is the persistence in the volatility.
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8.2. Basic SV model

If we square Y; and take logarithms, then
log Y7 = X; + log V}.

If V; has a standard normal distribution, then log V,‘L2 has a log-chi-square
distribution with mean 1) (1) — log2 ~ —1.2704 and variance 7 /2 =
4.9348, where 1) (+) is the digamma function

4= Lot = 12
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8.2. Basic SV model

Thus, if V; = log V? + 1.2704, then {V;} is IID with mean zero and
variance 72 /2, we may rewrite the model as

log Y7 = —1.2704 + X, + V.

Hence {log Y2} is a linear process which is the sum of
* the AR(1) process {X;}
* a white noise process V;".

and log Yt2 behaves (approximately) as an ARMA(1, 1) process.

For this process, the Kalman filter and SMC methods work well.
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8.3. Bayesian Inference for the SV Model

The incomplete data likelihood is
ﬁn(e) = /p(ylzna X1:n; O)dxlzn

_ / P(im | Xtm: 0)p(x1:m: 0t

Again, the integral requires the use of numerical procedures and this
makes the estimation @ quite involved.
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8.4. Bayesian Inference

IfO = (qﬁ, o, O'%V)T, then the model is specified by

* the distribution of the observations conditional on the log volatili-
ties, p (y:n[X1:n),

* the distribution of the log-volatilities conditional on the hyperpa-
rameters, p (X1.,|0)

* the prior distribution of the parameters, m((8).

The joint posterior distribution is

Tn (Xlzn, 0|y1:n) X p (y1:n|X1:n) p (X1:n|0) 770(0)-
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8.4. Bayesian Inference

Here we can adopt standard MCMC: initialize the values

i, 00
and then for iteration s = 2, 3, . .., sample

« 0 from 7n(0)X1:n, y1:n), assuming Xy, = ngn_l)

(

o X from 7, (X1.1|6, y1.), assuming 6 = ()

)} over many iterations.

and store the samples {B(S) , ngn

R package stochvol provides an efficient MCMC implementation; in
the following example n = 1255, MCMC runs for 100000 iterations in
about 1 min.

8.4. Bayesian Inference 212



8.4. Bayesian Inference

S & P 500 index
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8.4. Bayesian Inference

S & P 500 log returns (per cent)
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8.4. Bayesian Inference

Histogram of log returns
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8.4. Bayesian Inference
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8.4. Bayesian Inference
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. Bayesian Inference
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8.4. Bayesian Inference

Estimated volatilities in percent (5% / 50% / 95% posterior quantiles)
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Extensions

¢ Student-t outcome model
¢ Multivariate versions
* Continuous time (diffusion) model for {log o (t)}

» Heston model
» allows for leverage
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Part 9

Lévy Process models

221



Stochastic Volatility: The BNS model

Barndorff-Nielsen & Shephard (BNS) suggest to make SV process follow
the Ornstein-Uhlenbeck (OU) equation

do*(t) = —Ao?(t) dt + dZ(\t)

The process o(t) is a stationary process, with autocorrelation function
given for s,t > 0 by

Corr [0%(s), 0% (s + t)] = exp{—At}.

{Z(t),t > 0} is a Lévy process with a scalar time-change induced by \.
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Lévy Processes

Lévy Process, {Z(t),t > 0}:
i) Z(0) =0.
(ii) Stochastic continuity; forall t,h, e > 0,

imP||Zisy — Z| > €| = 0.
P [| t+h il > ]
(iii) Independent increments: random quantities
Zt07zt1 - Zt07zt3 - Zt27 s 7Ztn - Ztn,1

are independent.

(iv) Stationary increments; for t,h > 0, the distribution of Z,y — Z;
does not depend on t.
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Lévy Processes

The Brownian motion driving the Black-Scholes SDE observation equa-
tion is a Lévy Process; the BNS formulation allows for more general driv-
ing processes in the volatility equation.

For modelling real data, we must choose the form of the driving process
Z(t). We wish to capture the observed behaviour of the log-returns
* autocorrelation (volatility clustering)

* leptokurtosis (heavy-tailed log returns distribution)
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Lévy Processes and Infinite Divisibility

A distribution, F with density f(x), characteristic function ¢x and char-
acteristic exponent U(s),

U(s) = —log E[exp{isX}] = — log ¢x(s)

is infinitely divisible if, for each n € Z+

¢x(s) = {#n(s)}"

where ¢, is the characteristic function of some other distribution.
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Lévy Processes and Infinite Divisibility

Furthermore, F is infinitely divisible if and only if there exists
*acR,
* a positive semi-definite quadratic form B on R
* ameasure U(dx) on R/ {0} with density u(x).

such that Vs € R

U(s) = ias + B(s)/2 + / [1- el + Lsx1{|x|<1}] u (x) dx
R

and -
/ min{1,x*}u (x) dx < oo.
—0o0

This is the Lévy-Khintchine formula, which provides a 1-1 correspon-
dence between infinitely divisible distributions and Lévy processes
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Lévy Processes and Infinite Divisibility

* U(dx) is the Lévy measure of f
* u(x) is the Lévy density of f
* B(s) is the Gaussian coefficient.

* f(x) is the marginal law of Z.

If B(s) = 0, then {Z(t)} is termed a pure-jumps process.
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A pure jumps process

Example: The Gamma Process

Suppose, for x > 0, B(s) = 0 and

{Z(t)} is a Gamma process.

* The marginal law is a Gamma(v, «v) distribution; the total increment
in a finite interval is a Gamma(v, o) random variable.
* In any finite interval, the process has an infinite number of jumps;

we can simulate sample paths by ordering the jumps in descending
order.
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The Gamma Process

v=5a=1

10

- Xl
Xz ~Gamma(v,o)
X3

2()
6
L
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BNS OU-SV model

If
do®(t) = —Ao?(t)dt 4+ dZ(\t)

then we can either
* specify the marginal law of o%(t) and deduce the nature of Z(t), or

* specify Z(t) and deduce the marginal law of o2 (t)

The properties of Z(t) are transmitted to o2 (t); in particular, the marginal
law of Z induces the marginal law of o2 (t).

We interpret the dZ(t) term as the (random) change in Z at instant ¢. If
Z(t) is a pure-jumps process, we need positive jumps only.
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BNS OU-SV model

In the BNS OU-SV model:
* Zis termed the Background Driving Lévy process (BDLP)
* Z is a pure jumps process, and is non-decreasing

* Z has an associated marginal law (given by the Lévy-Khintchine the-
orem) that does not depend on A.

¢ Parameter A\ and the time-change control the nature and rate of
jumps of o2 (t).

We should pick Z to induce appropriate marginal law for o (t).

No theoretical reason to prefer one model over another - should make
assessment statistically.
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Lévy Measures for o2(t) and Z(t)

¢ u(x) the Lévy density for the (ID) law of o2 (t)
* w(x) the Lévy density for the marginal law of Z(1).
* Under the BNS OU-SV specification

e Tail Mass function (TMF)

(o]
W) = [ wldy=xu(o)
X
* Inverse Tail mass function (ITMF)

W™ (x) =inf{y>0: W (y) <x}
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The Gamma Marginal Law

If 0%(t) has a Gamma(v, o) marginal law, then for x > 0,

u(x) = xlvem™
w(x) = ave
Whx) = ve ™
W™ (x) = max{0,—log(x/v)/a}

that is, u(x) is the Lévy density of a Gamma process; {o(t)} is not itself
a Gamma process.
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OU Equation: Solution and Simulation

Solution to OU equation can be written via a stochastic integral wrt Z
t
o2 () = e Mo (0) + e N / 54z (\s)
0

The Ferguson & Klass infinite series representation of Z(t) facilitates
* simulating Z(t)

« performing inference about o2 (t)

We use the Inverse-Lévy Method: other simulation methods exist.
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OU Equation: Solution and Simulation

We have

A 0o
/ £ Zh AR) W™ (A;/A)

where

* A} < A) < ...areasequence of event times in a standard Poisson
process

* R; are independent Uniforms
* W~ is the ITMF defined earlier.

Auxiliaries (aj,17),j = 1,2, ..., facilitate implementation.
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Examples: Realizations of {o%(t)}

Z(t)
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Examples: Realizations of {o%(t)}
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Examples: Realizations of {o%(t)}

9.3. The BNS Model

Without time change

z(t)
a*(),A=0.2
o’(t),A=0.5

o
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Examples: Realizations of {o%(t)}

10

] Z(t)
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Examples: Realizations of {o%(t)}

= Z(t)
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Examples: Realizations of {o%(t)}

9.3. The BNS Model

10

With time change

z(t)
a*(),A=0.2
a*(t),A=0.5
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BNS OU-SV: Bayesian Inference

For the likelihood, similarly to the constant volatility case
Y, ~ Normal((pn — 02 /2) 1\, 02 )

with Y1, ..., Y, independent, where

At A(t—1)
ok :/ do?(s) —/ do?(s)
0 0

is the discretely observed volatility.
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BNS OU-SV: Bayesian Inference

In the BNS OU-SV models, we have the following parameters to make
inference about

* ), autocorrelation decay parameter.
* 0, the parameters of the marginal law of o%(t).

¢ the list of latent variables that form the (Ferguson & Klass) repre-
sentation of the BDLP, that is

(01,02,...) (rl,rz,...).

¢ 02(0), initial value of volatility process.

* More sophisticated model components can be added.
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BNS OU-SV: MCMC

Useful speedups :
* Joint updates for auxiliaries and parameters
* Targeted Proposals : target updates of auxiliaries (aj, rj) in areas of
poor fit to data under current state. Interval t

» has return y;

» has collection of auxiliaries 8¢) = (a®), r(*))

» has a discretely observed volatility 02 = af(e(t)) given any
set of parameter values

» we target update of () where residual (Ve — u¢) /oy is largest,
that is, select t with probability proportional to

exp{(ve — m)* /ot }

and correct in Metropolis-Hastings ratio.
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BNS OU-SV: Marginal Laws

Most interest has focussed on the Generalized Inverse Gaussian (GIG)
family of distributions as suitable as marginal laws for o (t).

MCMC inference has been implemented for a Gamma marginal law; the
ITMF takes a particularly simple form, and the infinite series in the series

representation of Z reduces to a finite one.

This simplifies the computation significantly, although the MCMC is still
not trivial.
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Deficiencies of Gamma BNS OU-SV model

The problem is ...this model may not capture observed behaviour.
* no particular theoretical support for a Gamma marginal
* autocorrelation decay is not always exponential

¢ volatility process is perhaps non-stationary

Need extension to full GIG marginal model: for parameters v € R and
v,a > 0, the GIG(7y, v, o) pdf takes the form

Fl) = L {_; (A + ax) }

- 2K (var)

for x > 0, where K,, is a modified Bessel function of the third kind.
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GIG Special cases

GIG special cases:

Form of GIG (v, v, ) distribution | Distribution
GIG (v,0,V20a) Ga (v, )
GIG (1,v, ) PH (v, «)
GIG (—v, V2a,0) 1Ga (v, )
GIG (—1,v,a) IG (v, )

Ga is Gamma, PH is positive hyperbolic, IGa is Inverse Gamma, IG is
Inverse Gaussian
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GIG Fit to S & P 500 Data

GIG fit to S&P500 data
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Other posterior analysis available

Posterior samples in the (v, /) plane for two data sets.
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Extension: More General Correlation Structure

The exponential decay in the autocorrelation provided by the BNS OU-SV
model is limited.

* May use superposition: set
K
o’(t) =Y wkor(t)
k=1

where o7 (t) is BNS OU with parameter ).
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Extension: More General Correlation Structure

* Can also construct volatility processes with richer autocorrelation
e.g. adopt the moving average model

t
o’ (t) = / h(t — s)dZ (s)
—o0

where h(t —s) > 0if t > s. We have autocorrelation function

/Ooh(\t]—i—s)h(s)ds

0

/:O h? (s)ds

p (t) = Corr [02 (to), o (to + t)] =
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Extension: More General Correlation Structure

» Power Decay model

1
h(x):m B>1/2

For large lags t, yields an ACF that decays like tB. 1f1 /2 <
8 < 1, then model exhibits long memory.

» Fractional OU Lévy Model

AT e
h = V2 —xF X >
(x) =V AF(/{)X e x>0

which has finite variance and short memory if x > 1/2.
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S & P 500 Data 2002-2006

Empirical ACF
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S & P 500 Data 2002-2006

Pointwise 95 % credible interval for ACF: Power Decay Model
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S & P 500 Data 2002-2006

Pointwise 95 % credible interval for ACF: fOUL Model
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S & P 500 Data 2002-2006

Posterior samples for A and 3: Power Decay Model
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Changing the Observation Equation

Motivation: To use a more general observation model to better capture
observed market behaviour.
* Some evidence that there is jump-like behaviour in both observation
and volatility.
* can be achieved by using a Lévy process with jump components
rather than a Brownian motion to drive the observation equation.

* Variance-Gamma model (time-changed Brownian motion)

9.8. Extensions



Lévy-driven models: conclusions

The BNS-SV models extend in different directions

* Going beyond the Gamma marginal is useful

* Going beyond exponential decay in correlation is vital

* Jump components to driving processes probably needed

¢ SMC also methods offer attractive realtime analysis
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Workshop summary

1. Bayesian inference implemented via augmentation

2. Ordinary MCMC feasible for most Gaussian models using standard
approaches

 forward/backward filtering calculations useful for likelihood
calculation

3. SMC and PMCMC developments also useful

4. For Markov latent models inference is feasible
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