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Abstract

The goal of this thesis is to estimate parameters in a bidimensional Ornstein-Uhlenbeck process,
namely a diffusion model which can be found in Favetto and Samson (2010), which considers plasma
and interstitium concentrations. We first look at a general linear stochastic differential equation and
some properties. Then we simulate possible paths and observations based on the diffusion model,
and derive the underlying state space model. We consider state estimation, where we use the Kalman
filter and smoother algorithm. It turns out that the smoother outperforms the Kalman filter. Next,
we apply and derive the Liu and West filter for state estimation. We see that the performance
for the Liu and West filter is close to the Kalman filter. Furthermore, we look at the parameter
estimation. We again use and derive the Liu and West filter, but now for parameter estimation.
We first apply this filter to a linear AR(1) model, which gives good results. Then we start with
estimating one parameter in the diffusion model and finally we estimate all 7 parameters in the
model, using priors concentrated around the true value and 10000 particles. For one parameter, we
obtain good results. For all 7 parameters, results are satisfactory, with for fully observed data better
results than for partially observed data. We also look at the influence of the number of particles:
for 5000 particles estimation results are somewhat worse than for 10000 particles. Furthermore, we
change some priors such that they are no longer concentrated around the true value. From this, we
see that the Liu and West filter does not seem to perform as well for certain choices of priors. Next,
we look at state and parameter estimation in a non-linear AR(1) model using the Liu and West
filter, which gives rather good results. Finally, we apply the Liu and West filter once more, but now
with a real data set. In this case we are able to obtain parameter values that provide a reasonable
estimate for the sum of the concentrations, but for the interstitium concentration it leaves much
uncertainty.



Contents
1 Introduction

2 A general linear Stochastic Differential Equation
2.1 Existence of the solution . . . . . . . .. .. L L
2.2 Uniqueness of the solution . . . . . . . . .. . ...
2.3 Conditionally normal distribution of Xy . . . . .. ... ..o

3 Diffusion of contrast agent particles
3.1 Mean reversion property . . . . . .. ... Lo e e e
3.2 Simulating paths using Euler discretisation . . . . .. ... .. .. ... ... ....
3.3 Simulating observations . . . . . . . .. L L L e
3.4 From SDE to state space model . . . . . . . .. ...

4 State estimation using Kalman filtering and smoothing
4.1 Kalman filter . . . . . . . . L
4.1.1 Derivation of Kalman filter . . . . . . . . . ... ... ... ... ...,
4.1.2 Kalman filter algorithm . . . . .. ... .. ... ... ... .. ... .. ...
4.1.3 A note on the implementation . . . .. ... ... ... .. .. ...,
4.1.4 Results of Kalman filter . . . . . . . . ... ... o
4.2 Smoother algorithm . . . . . . . . ..o
4.2.1 Comparing Kalman filter and Smoother algorithm . . . . ... ... ... ..

5 State estimation using particle filtering
5.1 Two implementations . . . . . . . . . . .
5.2 Derivation of Liu and West filter for state estimation . . . . . . . . . ... ... ...
5.3 Effective sample size for weighted samples . . . . . . . . .. ..o
5.4 Applying Liu and West filter for state estimation . . . . . . . .. .. ... ... ...

6 Parameter estimation
6.1 Liu and West filter for parameter estimation. . . . . . . . .. ... ... ... ....
6.2 Derivation of Liu and West filter for parameter estimation . . . . . . . . .. ... ..
6.3 Application to AR(1) model . . . . . . . ... L
6.4 Application to the diffusion model . . . . . . .. ... ... L.
6.4.1 Estimating one parameter . . . . . . .. ..o Lo
6.4.2 Choice of priors .. . . . . . . . . . L
6.4.3 Estimating all parameters . . . . . . . . .. ..o
6.4.4 Change of prior distributions . . . . . . . . .. ... o oL

7 State and parameter estimation in a non-linear model
8 Application to real data

9 Conclusion

10 References

11 Appendix

>R eI =)]

© oo

10

13
13
14
15
16
16
17
18

20
20
21
22
23

24
24
25
27
30
30
31
31
33

35
37
39
40

41



1 Introduction

One of the many disadvantages of a tumor is that it can cause angiogenesis (see Jaszai and Schmidt
(2019)). Angiogenesis is the excessive growth of arteries due to certain factors that are produced
by the tumor. These arteries split from the main blood vessel and if they reach the tumor, it
can become much bigger and cause more damage. Certain treatments exist to prevent this from
happening, and to study the effectiveness of such treatments, we have to look at the in and out
flow of particles through the boundary of the artery. This can be modelled by a so-called Ornstein-
Uhlenbeck process (see Favetto and Samson (2010)). The parameters of this diffusion model can
tell us something about the in and out flow of particles and thus about the effectiveness of certain
treatments. The goal of this report is to estimate the model parameters using Bayesian techniques
in which we combine the knowledge of the diffusion model with observations. The observations are
obtained by injection of a contrast agent into the body and recording a sequence of medical images
from which we can measure the evolution of the contrast agent concentration. The main research
question will be: How can we use Bayesian estimation in a bidimensional Ornstein-Uhlenbeck pro-
cess?

We will first look at a general linear stochastic differential equation and its solution in section
(2). Next, we apply this to the diffusion model of Favetto and Samson (2010) and look at a sim-
ulated path in section (3). We also simulate the observations in this section and derive the state
space model. In section (4) we look at the Kalman filter and how it can be applied in our model.
We also introduce the Smoother algorithm and compare it to the Kalman filter. The Liu and West
filter for state estimation is described and derived in section (5). In this section we also look at
the effective sample size and we apply the Liu and West filter for state estimation to the diffusion
model. In section (6) we look at the Liu and West filter for parameter estimation. We derive this
filter and then apply it to an AR(1) model. Eventually we apply it to the diffusion model, starting
with the estimation of one parameter. Next, we estimate all parameters and shortly look at the
influence of the number of particles and the choice of prior distributions. In section (7) we test the
Liu and West filter in a non-linear AR(1) model for both state and parameter estimation. We look
at parameter estimation in the case of real data in section (8). In section (9) we draw conclusions
and give some suggestions for further research. References can be found in section (10), and the
majority of the MATLAB code can be found in the Appendix, section (11).



2 A general linear Stochastic Differential Equation
We look at a linear SDE of the following form:
dX; = (BX; +b(t))dt + odW;, Xo=1 (1)

with X; the state vector of our system at time ¢, n the initial state, b(¢) a given vector valued
function of ¢, B and o constant matrices and W; a multidimensional Wiener process at time t. The
unique solution of (1) is given by:

t t
X, =Pt <X0+ / e Pob(s)ds + / eBSadWS) (2)
0 0

Furthermore, we have that:

X, | Xo~N <er <X0+ /0 t e‘Bsb(s)ds> , Bt < /0 t e_BSUUT(e_Bs)TdS> (eBt)T> (3)

The proof that (2) is the unique solution of equation (1) can be found in Liptser and Shiryaev
(2001). They consider a more general SDE, where B and o can depend on time. We will follow the
same steps that they use in this section and we also show the conditional normality.

2.1 Existence of the solution

In order to verify that a solution of (1) exists, we show that expression (2) satisfies equation (1).
First, define Y; = Xo + [j e P*b(s)ds + [ e P*odW;. We use Ito’s formula (see e.g. Oksendal
(2000) ) to rewrite dX:

dX; = d(eP'V;) = BePYidt + ePldY; = BX,dt + ePlay;

t t
= BX,dt + eP'd( X + / e Bb(s)ds + / e Bsgdw,)
0 0

t t
= BX,dt + ePld (/ e_BSb(s)ds> + eBld </ e_BsadWs>
0 0

= BX,dt + B (e Blo(t)dt) + ePl(e PlodWy)

So we see that expression (2) is a solution of equation (1). Now we still need to prove that this is
the unique solution.

2.2 Uniqueness of the solution

Assume both X and~)~(t, driven by the same Wiener process Wy, satisfy (1). We look at the
difference Ay = X; — X;. This difference satisfies the following equation:

dA; = dX; — dX; = (BX; + b(t))dt + cdW; — (BX; + b(t))dt — cdW; = B(X; — X;)dt = BAdt

dA; = BAdt

This equation we can easily solve and its solution is:
Ay = eBtAo = eBt(Xo - )N(O) = eBt(n -n)=0

So we see that )?t = X; and thus we have a unique solution.



2.3 Conditionally normal distribution of X,
We also need to prove claim (3) that Xy, given Xy, is normally distributed. First, define

t
Cy ::/ e Bb(s)ds
0

¢
Zy ::/ e B adw,
0

Note that C; is deterministic and Z; is a random variable. Substituting these definitions in (2), we
get:
Xt = €Bt(X0 + Ct + Zt)

Now, given Xy, the distribution of X} is the same as the distribution of Z;, only scaled and shifted.
Using the definition of an Ito integral (see e.g. Oksendal (2000) ), we can write:

n

t
Zy = /0 e_BSO'dWS = Altiin_lm Z 6_Bti_10(Wt¢ — Wtif1)

1=

with At; =t; — t;—1, to = 0 and ¢,, = t. Brownian motion has normal increments (see for example
Klebaner (2005) ), so we have that W, — W;._, is normally distributed. So Z; is actually the
(limit of) the sum of normally distributed random variables, which means Z; itself is also normally
distributed. For the expectation of Z; we have:

E(Z;) =E < lim e Bli-ig(W;, — Wti_1)>
At;—0 1

n
= i “BticigE(W,, —W,. .)=0
Atllg();e g ( ti tzfl)

For the expectation of X; we now have:
E(X; | Xo) = E(eP'(Xo + Ci + Z4) | Xo) = €P/(Xo + Ct) + P'E(Z; | Xo)

= B Xy + Cy) + PIE(Z)) = ePU(Xo + C)

where we used that Cy and X (since X is given) are deterministic. Next, we look at the covariance
matrix of Z;. We have:

Cov(Zi) = B(Z:ZF) — B(Z)E(Z)" = B(Z:.2])

Using Ito’s isometry property (see Klebaner (2005)), we can write:

t t t
Cov(Z;) = E( / e BsadW( / e Piadw)T) = E( / e Bso(eB0)  ds)
0 0 0

¢ ¢
= / estU(esta)Tds = / estUUT(est)Tds
0 0
So for the covariance matrix of X; we find:
Cov(X; | Xo) = Cov(eP! (X0 + C; + Z4) | Xo) = eP'Cov(Z;)(ePH)T

where we again used that Cy and X are deterministic. So we can now conclude that:

t t
X | Xo~N <eBt <X0 +/ eBSb(s)dS> , ePt </ eBSUJT(eBS)Tds) (eBt)T>
0 0



3 Diffusion of contrast agent particles

Favetto & Samson (2010) consider the following model:

dP, = (a(t) = A+ B) P, + (k= N I)dt + ord W, (4)
dl; = ()\Pt — (H — )\)It)dt + O‘2dW27t (5)

This model describes the diffusion of contrast agent particles between 2 compartments: the blood
plasma, with concentration P, and the interstitial fluid or interstitium, with concentration I;. Fur-
thermore, we have a known function «/(t), which describes the injected contrast agent concentration
in the artery, and W7 and Ws; are two independent Wiener processes on R. The unknown param-
eters are a(t), 5, A\, k,01 and oo. In order for the parameters to make sense biologically speaking,
they have to be positive and A < k. An overview of the diffusion model can be seen in Figure 1.

Alpha(t)

Kappa

Lambda ‘
Interstitium I(t)

Plasma P(t) Beta

Figure 1: Simplified overview of the diffusion of contrast agent particles between the two compart-
ments with concentrations P(t) and I(t)

The diffusion model described by equations (4) and (5) is a particular case of the stochastic differ-
ential equation in (1), with:

. [Pt]7 o) [a(()t)]’ B {—AA—B ;:ﬂ o ["1 OJ, aw; - [dW“]

3.1 Mean reversion property

We look at the eigenvalues of the matrix B. The characteristic equation of B is:
P+ uB+r) +B(k—A) =0
with discriminant d = (8 4 k)? —48(k — A) = (B — k)? + 48X > 0. So the eigenvalues are:

—(B+r)—Vd —(B+rK)+Vd

= 2= —

2 2

Clearly, u1 < 0. For ug to be negative, we need —f3 — k + /(8 — £)? + 46X < 0. This is equivalent

to (v/(B — k)2 +4B))? < (B+k)?%. If we work this out, we get: 3% —2xk[+k2+4B8\ < B2 +2kB+ kK2
This implies that 48X < 48k. This only holds if A < x, which is indeed the case. So we have two
negative eigenvalues. Recall that we have the following SDE:

dX, = (BX, + b(t))dt + odW,

Since B has two distinct negative eigenvalues, we can write B = PDP~!, with D the matrix of
eigenvalues and P the matrix of eigenvectors. If we plug this in, we get:

dX; = (PDP™ X, + b(t))dt + cdW;



Multiply by P~
P7ldX, = (DP7'X; 4+ P71b(t))dt + P lodW;

Set Y; = P71 X, then we get:
dY; = (DY; + P~ 'b(t))dt + P~ todW;

Since B has negative eigenvalues we can write D = —A, where A has entries —p1 > 0 and —ps > 0
on the diagonal. So we have: B

dY; = (b(t) — AY;)dt + cdW,
with b(t) = P71b(t) and & = P~lo. We now have a mean-reverting model (see e.g. Wiersema
(2008) ). This means that if the vector AY; falls below b(t), then the term b(t) — AY; will have
positive entries, and dY; is more likely to be positive. Conversely, if AY; is above E(t), then the term
g(t) — AY; will have negative entries and dY; is more likely to be negative. So Y; will always revert

back to some mean value.

3.2 Simulating paths using Euler discretisation

To get an idea of the behaviour of the contrast agent concentration over time, we can use the
parameter values below from the simulation study by Favetto and Samson (2010), which they
obtain using a step size of h = 0.04 and n = 1000 grid points.

01 =0.91, 65 =0.99, 65 = 0.2, 6, = 0.03, 05 = 0.01, O = 20

However, those parameters are not the original ones, so we need to follow their parameter transfor-
mation to get back the original model parameters. The MATLAB code to do this can be found in
appendix A. We then find the following parameter values:

B =223, o1 =249, 0o = 0.77, £ =0.37, A= 0.11, o = 31.60

Note that Favetto and Samson take a constant, which is somewhat unnatural, but for simplicity we
will follow this assumption as well. Now that we know the parameters, we can simulate a possible
path for the contrast agent concentration. To do this, we will first discretise equations (4) and (5)
using the Euler forward discretisation. A short description of how to do this can be found in the
lecture notes by Haugh (2017). Since the parameters were obtained using A = 0.04 and n = 1000,
we will use those values as well. The discretization yields:

Pj=Pia=(a=A+P)Pja+ (k= NIi)h+or(Wi; — W) (6)
Ij = Ij1 = (APj1 = (5 = ML) h + 0a(Woj = Wa 1) (7)
Using the time-homogeneity property of Brownian motion (see e.g. Klebaner (2005) ), we have:
d
W, = Wimy = W(t;) = W(t; — h) £ W(h) - W(0)

Since Brownian motion has normal increments with mean 0 and variance equal to the step size, we
have that:
W;—W;_1=2Z; ~N(0,h)

We can now rewrite equations (6) and (7) as:

Pj=Pjoy +[a— A+ B)Pjo1 + (k= Nja]h + o1VhZy (8)
I =11+ [\Pj_1 — (k= NIj_1]h + 02VhZs (9)
where Z;; and Z,; are independent and standard normal distributed. The initial condition is

P(0) = 1(0) = 0, so we set Py = Iy = 0. We implement this iteration scheme in MATLAB, see
Appendix B, using the parameter values that we found before. Since the Zi;’s and the Z3;’s



are random, we get different realisations of the stochastic process. For reproducibility, we set the
seed of the default random number generator in MATLAB to 0. The plasma and interstitium
concentrations now follow from the iteration scheme and the total concentration S; is just the sum
of the two concentrations. Figure 2 shows a realization of the process obtained by the Euler forward
discretisation.

- One realization of contrast agent concentrations

15 b

Concentration

O 2 4 6 8 10 12 14 18 18 20
Time (s)

Figure 2: One realization of the contrast agent concentrations over time, displaying the plasma
concentration (red line), the interstitium concentration (yellow line) and the sum of the
concentrations (blue line).

We see that there is more variation in the plasma concentration P than in the interstitial concen-
tration Iy, which is what we expect: o1 was taken higher than o9. Also, it seems that the contrast
agent concentrations first increase, due to the injection of contrast agent. Then each of them fluc-
tuates around some constant value, which means that the concentration has reached some sort of
equilibrium. Random collisions of contrast agent particles make it so that random fluctuations
around equilibrium occur.

3.3 Simulating observations

For future sections we will need some observations. For now, we simulate the observations, but in
section 8 we will look at a real data set. We assume that the observations correspond to times in
our grid, so we get observations y1,...,yn, with n = 1000, which are realisations of the observed
time series Y;. We use the realization of Figure 2 as the basis and then manually add some noise to
the observations. So we have an observation model of the form:

yi =HX;+mn; (10)

i

. P, . . . . . P,
with g; = [fz the noisy observation at time ¢;, H = I the observation matrix, X; = [ IZ] the state
K3

of our system at time ¢; and 7; the noise in the observation, which we assume is N (0, R) distributed,
with R = oI. We will assume standard Gaussian noise, so we choose 0 = 1. The simulated data is
displayed in Figure 3.

10



Simulated data for contrast agent concentrations
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Figure 3: Simulated data for the contrast agent concentrations over time, displaying the plasma
concentration (red line), the interstitium concentration (yellow line) and the sum of the
concentrations (blue line).

In practice, the contrast agent concentration is measured at discrete times by taking a sequence of
medical images of a portion of the vascular system. The intensity in the medical image can give us
an indication about the total contrast agent concentration, but we cannot distinguish between the
two compartments, so only the sum of the contrast agent concentrations, S;, can be measured. In
this case of partially observed data, we need to change the measurement model to:

Ui=HXi+7 (11)

with 7; = P+ 1 = gi, H = [1 1], X; = [PZ} and 77; ~ N(O,]?E). Note that the data is now

I;
one-dimensional, so we have R = ¢2 = 1, assuming standard Gaussian noise.

3.4 From SDE to state space model

In order to be able to apply the Kalman filter (see section 4.1), we have to rewrite our SDE as a
state space model. First we will do this for the general case of equation (1). We already know the
solution at any time ¢, given by (2). So the solution at time ¢ + h is:

t+h t+h
Xypp = BN <Xo + / e B%b(s)ds + / e_BsadWs>
0 0

To get to the state space form, we have to relate X, to X;. We have:

t+h t+h
Xypp = BN <Xo + / e B%b(s)ds + / e_BsadW5>
0 0

t t t+h t+h
= eBlt+h) <X0+ / e Bob(s)ds + / e BadW, + / e B%b(s)ds + / e_BSJdWS>
0 0 t t

t t t+h t-+h
= ePhebt (Xo +/ e Bsb(s)ds +/ eBsadWs> + eBltth) </ e Bb(s)ds +/ eBsadWS>
0 0 t t

11



Substituting (2) we find:

t+h t+h
Xpyn = ePh X, + PN / e Pb(s)ds + P / e Psadw,
¢ ¢

=AX; +Ci+ &
with

t+h t+h
A= GBh, C, = 6B(t+h)/ eiBsb(S)dS, & = eB(t+h)/ estO_dWS
t t

We assume an equidistant grid, so we can set ;1 =t and t; =t + h. Then we have:
Xi=AiXia+Ci+& (12)

and . .
A = eB(ti_t"—l), C; = eBti/ e_Bsb(s)ds, & = eBti/ e B gdw,

ti—1 ti—1

Equation (12) is called the state equation or process model (Kim and Bang (2018)). In section 2.3
we have seen the following:

t t
/ e BiodW, ~ N (O,/ e_BSJUT(e_BS)TcLs’)
0 0

In a similar way as in section 2.3 we can now derive the distribution of &;. We find:
&~ N(0,Qi)

with Q; = Bt (ftil_l e*BSUJT(e*BS)Tds) (eP4)T. Now we go back to the diffusion model of Favetto

and Samson (2010):
e A= B8 k= o1 0O
o=lo] 5= [0 55 =[5

Note that the vector b(t) is actually independent of t. This allows us to explicitly compute the
integral C;:

t; t;
Oi — eBti/ e*Bdes — (/ eB(tiS)d8> b — _B*l([ _ eB(tl‘ftifl))b _ Bfl(eBh . I)b
ti—1

ti—1
We can also somewhat simplify @Q; by noting that for a diagonal matrix o we have oo’ = 2. Now,
for our diffusion model we find the following process model:
Xi=FX; 1+C+¢& (13)
where
F=eP =B ~Db, &~ N(0,Q))
and

Q; = Pt (/t e_Bso2(e_Bs)Tds> (BT

ti—1

Similar to the derivation in section 2.3, we can now also derive the transition distribution:

Xi | (Xic1 =2i-1) ~ N(Fri1 +C, Qi)

12
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Io
measurement model. We have already derived this for fully observed data in equation (10) and for
partially observed data in equation (11). Recall that it is of the following form:

with initial state Xy = { = 0. Now that we have the process model, we need to look at the

Yi=HX; +n;
with n; ~ N(0, R). Since the noise term is Gaussian, we have that:

The process model together with the measurement model form the underlying state space model of
the SDE in equations (4) and (5).

4 State estimation using Kalman filtering and smoothing

4.1 Kalman filter

The Kalman filter (1960), named after Rudolf Kalman, is nowadays used in many areas. It is used
to estimate state variables in a linear dynamical system to combine physical knowledge with data
input. We will shortly discuss how this algorithm works, based on descriptions by Kim & Bang
(2018) and Miller (2016). The model which is used in the Kalman filter considers observations
Y1, .- .,Yn and underlying hidden states xi,...,z, which form a Hidden Markov Model (i.e. the
future state only depends on the current state and not on the past). The observations and states
are assumed to satisfy the following factorisation:

n

PWrin T1n) = plx)p(yr | 21) [ [ o | vi1)p(yi | 2:)
=2

where we use Bayesian notation: p(y; | ;) = fy; x,(¥: | #i) is the probability density function f(.)
of the random variable Y; | X; evaluated in y; | z;. The factorisation states that the joint density
of the observations and states is the product of the initial density and conditional densities, more
precisely:

e p(z1) = ¢(x1; po, Po) is the initial density, where ¢(z; i1, 02) denotes the density of the N (u, o?)
distribution evaluated at x, with pg the initial state and Py the initial covariance matrix which
captures the uncertainty in the initial state.

o p(x;|xi—1) = ¢(a;; Fri—1,Q;) is the transition density, which describes how to get from state
1 — 1 to state ¢ using the physical model behind it. Here F' is the transition matrix, which is
derived from the physical model, and @; describes the noise/error that is not captured by the
physical model.

o p(yi | i) = ¢(yi; Hx;, R) is the measurement density, with H the measurement matrix that
relates the measurements to the states and R the noise/error in the measurements.

In order to be able to use the Kalman filter, the system must be linear and have normally distributed
noise terms. Clearly, equations (4) and (5) are linear. Furthermore, we have seen in section 3.4 that
the noise terms for the state space model are Gaussian. Since our initial state is exactly known,

Xp =0, we have that up =0 and Py = [O

0 0} . Next, we will derive the Kalman filter equations.

13



4.1.1 Derivation of Kalman filter
We assume that we have a measurement model of the form:
Yip1 = LXy1 + Zin

with Z;11 ~ N(0,%). We also assume that the transition distribution is Gaussian, which means
that X419 | (Xy = @) ~ N(ug,%¢), where py depends on z;. Now we look at the vector with
components X¢y1 and Yiqq:

X1 Xit1 1 0

I:Yt-l—l] [LXt-H + Zi11 L) et
If we condition on X, and use the independence of X; and Z;,1, then by the calculation rules for
multivariate normal distributions (see e.g. Bijma et al. (2017)), we obtain:

HEMESS(HM AN
- (o[

Because of independence, we can just add up the means and the covariances:

T T
v a2 2] (=)= () =)
X, ~ N s > + b)) =N )
[Ytﬂ | X LML=t L 1701 p2 |’ | Y21 Moo
One of the properties of multivariate normal distributions is that now X1 | (Yir1 = yer1, Xe = )
also has a multivariate normal distribution (see Majumdar and Majumdar (2017)), N (f¢+1, Xt+1),
with 11 = p14+21255 (Yer1—p2) and Sy g = B3 —S12%55 Ya1. We have to identify i1, g2, 11, Z12, Yo

and Ygg. Clearly, we have p; = py and po = L. For the components of ¥ we need to do some
calculations:

and

1 0
H 5, HT: 0 1 [ztn 232} [1 0 Ly Lﬂ
L L Ly Lipp| |35, 35,0 |0 1 Lip Lo
Loy Lo
2 P
_ %5 ¥ {1 0 L1 L21}
L3t + Lo¥h, Ly X, + Lio¥h,| [0 1 Lig Loo
Loy Xy + L%y Loy + L2a¥hy
N 5 A AT s

— 21 22
L11=%, + L1225, L11212+L122f’2 L11(L1128 + L1225)) + L12(L1128, + L12%5,)  Lo1 (L1124 + L12841) + Loo (L1135, + L123h,)
L2137, + LoaX5;  LoiXig + Loo¥5y  Li1(L2137y + LoaX5y) + Li2(L213]s + LoaX5y)  Lo1 (L2137 + L22X5) + Laz (L2137 + L2aX5,) ]

Since X is a covariance matrix, it is symmetric. So ¥4, = ¥!,. So we can simplify the above as:

Eil ziz anil + LIQE'}*Q Lo1=i, + L222i2
= t P12 t t ¥22 t 2 st L11212+L1%2é2 2 st t L21§i2+L22222 t t
L112}1 + L1237  L11%j5 + L1235, L1f1211 +2L11 L1255 + L1535, L21(L112%1 -‘; L12X375) + L22(L11%12 + L12355)
Lo1®i) + Loo®iy  Loa®iy + LoaShy  Lin(L213Y + Laa%hy) + Lia(La1 S, + LoaThy) L5548 4+ 2021 LS, + L3554,
and
0 0
T
0] & [0 0 0|29 ¥%][0o 010
0 =
I I 1 0] 2% X9 0 0 0 1
21 22
0 1
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So we can now identify 11, X192, 291 and oo:

Y1 =2
Yo = 5, LT
Yoy = LY

Yoo = L% LT + %o
Because of the conditional normality, we get:
X | (Vi1 = ye1, X = 2) ~ N1, Zep1)
with
_ T T -1
pir1 = pe + X L7 (LE L7 4 X0) ™ (yeg1 — L)
Sip1 =5 — S LT (LS LT +50) 7Ly,
Define K; = X LT (LY LT + ¥o)~!, which is the Kalman gain. Then we have:
pir1 = pt + K (o1 — L)
St = S — KLY, = (I — K,L)S,

These equations are precisely the Kalman filter equations.

4.1.2 Kalman filter algorithm

We will use the version of the Kalman filter algorithm as described by Kim & Bang (2018).
Algorithm 1: Kalman filter algorithm

Input: Observations yi, ..., yn, initial values pg, Py and F,C and @ from the state
equation and H and R from the observation equation

Output: Mean p and covariance matrix P of the filtering distribution

initialization: p = pg and P = Py ;

for i=1,...,ndo

Prediction step:

p; =Fui1+C

P. =FP,FT +Q;

Update step:

K,=P H'(R+HP H")™!;

pi = py + Ki(yi — Hy )

Pl =(I-KH)P ;

end

We write the superscript — for the predicted estimate, prior to observing the data, and the su-
perscript + for the updated estimate, after observing the data. Note that the update equations
are the same equations we found in the derivation in the previous section. The factor K; is called
the Kalman gain and tells us how much we need to change an estimate now that we have a new
measurement. The filtering distribution is N (,u;r, Pf) and its mean, ,u;r, is the filtered estimate for
the state variable at time ¢;.
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4.1.3 A note on the implementation

The MATLAB code for the Kalman filter algorithm can be found in appendix C. For efficient
computations we follow Favetto and Samson (2010). They consider the system for S; and I, so
the state is X; = [Sy, I;]7. Next, they multiply this state vector with the inverse of the matrix of
eigenvectors of the system, which they call P!, and set U; = P~'X;. They then derive the process
and observation model for U;. The advantage of this is that we now have that the matrix B in
the process model in equation (13) is diagonal. This makes computations easier and allows us to
compute the matrix ) exactly. However, we need to be careful here: after performing the Kalman
filter we have to transform the state back to its original form by multiplying with P, the matrix of
eigenvectors.

4.1.4 Results of Kalman filter

We will apply the Kalman filter, Algorithm 1, in the case of fully observed data and for partially
observed data. We use the mean of the filtering distribution as the estimate for the state variable.
From the covariance matrix P we use the diagonal entries, which represent the variance in the
estimate for S and for I, to calculate approximate confidence bounds. For the fully observed data
we use the measurement model from equation (10). The Kalman filter estimates up to time t = 4,
including confidence bounds, can be found in Figure 4.
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Concentration
&
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Simulated trajectory

- ® Data
Kalman filter
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Simulated trajectory
® Data
Kalman filter
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10 ' I . . . . . . 1 . . . . . . .
0 0.5 1 1.5 2 25 3 3.5 4 0 0.5 1 1.5 2 2.5 3 3.5 4
Time Time
(a) (b)

Figure 4: The sum of contrast agent concentrations (left) and the interstitium concentration (right)
with the Simulated trajectory (blue line), the Data (red points) and the Kalman filter
estimate (yellow line), including approximate confidence bounds

In both graphs we see that the Kalman filter estimate is closer to the simulated trajectory than
the data points are, especially for the interstitium concentration. We also see that the simulated
trajectory is mostly contained in the 95% confidence bounds. For partially observed data we use
the measurement model from equation (11). We then find the following two graphs, which can be
seen in Figure 5.
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Figure 5: The sum of contrast agent concentrations (left) and the interstitium concentration (right)
with in (a) the Simulated trajectory (blue line), the Partially Observed Data (red points)
and the Kalman filter estimate (yellow line) and in (b) the Simulated trajectory (blue
line) and Kalman filter estimate (red line), including approximate confidence bounds

One of the strengths of the Kalman filter is that we now have an available estimate of the interstitium
concentration, although no data was available for this. We see, however, that the Kalman filter
estimate is quite different from the simulated interstitium concentration. In order to get a better
estimate, we can use a different algorithm, namely the RTS smoother algorithm.

4.2 Smoother algorithm

The RTS smoother algorithm (see e.g. Miller (2016)) can be used to retrospectively improve the
estimate of the state variable at time ¢ given by the Kalman filter, where we make use of the
additional data at steps 7+ 1,...,n. We will use the algorithm as described in the lecture notes by

Sarkka (2011).

Algorithm 2: RTS smoother algorithm

Input: u; and P; for all i = 1,...,n, as computed by the Kalman filter algorithm
Output: Mean z° and covariance matrix P° of the smoothing distribution

initialization: p% = u, and P°
for i=n—1,...,1do

P =Fpi+C;

P, =FRF'+Q;
Gi=PRFTPj ;

i = i+ Gilpdyy = pig) 5

end

:Pn;

P? = P+ Gy(P5, — P1,)GT ;

The superscript S indicates that it is the smoothed version. In this smoother algorithm we improve
the Kalman filter estimate u; by adding the term Gi(ufﬂ — i, 1), which is some factor G;; multiplied
by a correction term ,uirl — ;- The MATLAB code for this algorithm can be found in Appendix
D. After performing the RTS smoother algorithm, we obtain the smoothing distribution N (7, P?),

where the mean ,uf is the smoothed estimate of the state variable.
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4.2.1 Comparing Kalman filter and Smoother algorithm

In order to compare the Kalman filter and the Smoother algorithm, we perform a Monte Carlo
study. We repeat the following steps N = 1000 times. First, we generate discrete time observations
from the model. Next, we apply the Kalman filter and smoother algorithm and compute the mean
of both the filtering and the smoothing distribution at all observation times. In the i-th repetition of

these steps we obtain a vector "% = [,ufl e ,ug’i], where Mfl is the mean of the filtering distribution
at time t;. Similarly for the smoothing distribution we obtain a vector u*¢ = [,ulsz e ,ugl] For

both estimates we calculate the RMSE:

) 1 & .
RMSEF = - (xj — u5’1)2
\ni
n
RMSES’i: EZ(.%,‘_MSVL)Q
n J J
j=1

with x; the real value of the state variable at time j from the simulation trajectory in Figure
2. The Monte Carlo study provides us with vectors RMSEY = [RMSE™! ... RMSE"N] and
RMSE® = [RMSE%!... RMSE%N]. The mean of each of those vectors can be found in Table 1
and 2 below.

fully observed data

Kalman filter

RTS smoother

S(®)

0.618

0.514

I(t)

0.350

0.268

Table 1: Root Mean Squared Error for fully observed data after MC simulation

partially observed

Kalman filter

RTS smoother

0.626

0.516

0.591

0.572

Table 2: Root Mean Squared Error for partially observed data after MC simulation

What we can see from this, is that for partially observed data the RMSE values are all higher than
for fully observed data. We also see that in all cases the RTS smoother performs better than the
Kalman filter, which is what we expect. It may also be interesting to see how many times the
RTS smoother outperforms the Kalman filter in our Monte Carlo simulation. We do this by simply
counting the number of times that the RMSE for the Kalman filter is higher than the RMSE for
the RTS smoother. This gives the following results:

fully observed
100 %
100 %

partially observed
100 %
97.2%

Table 3: Percentages for fully and partially observed data

Since the smoother algorithm considers more observations, we expect it to always outperform the
Kalman filter. This is the case for S(t) and also when we have fully observed data. For I(t) and
partially observed data, the RT'S Smoother outperforms the Kalman filter almost all of the time.
The reason that this is not 100% is because of the Monte Carlo error. Another way to compare the
Kalman filter and smoother algorithm is to look at a box plot. We make a box plot to show the
distribution of the Monte Carlo values for the estimate of the state variable at time t = 32 for both
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the Kalman and smoother algorithm. In each iteration of this Monte Carlo study, we generate a
new set of observations and calculate the filtered and smoothed estimate for the state variable at
time t = 32, which are the means of the filtering and smoothing distribution. The results can be

found in Figure 6 and 7 below.
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Figure 6: Monte Carlo values for the state variable at time ¢ = 32 for both algorithms and fully
observed data. The dotted blue line is the true value of the state variable at ¢ = 32 from

the simulated trajectory
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Figure 7: Monte Carlo values for the state variable at time ¢ = 32 for both algorithms and partially
observed data. The dotted blue line is the true value of the state variable at ¢ = 32 from

the simulated trajectory

From the figures above we can see that the Monte Carlo values for the smoother algorithm are
more concentrated around the median. So the smoothed estimates as computed by the smoother
algorithm have a lower variance than the filtered estimates from the Kalman filter. Also, the median
of the smoothed estimates is closer to the true simulated value of the state variable than the median
of the filtered estimates. All in all, from the tables 1 up to 3 and figures 7 and 8, we see that the
smoother algorithm outperforms the Kalman filter.
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5 State estimation using particle filtering

Another option for state estimation is by using a particle filter. In a particle filter (see e.g. Car-
valho et al. (2010)) we do not need normality of the noise terms, in contrast to the Kalman filter,

but instead we approximate the ﬁltering distribution by a discrete distribution, which consists of

a sample of N state variables {a:t fV 1, which we call particles, and corresponding weights (proba-

bilities) {wt Z 1- A classical example is the Bootstrap Filter, Wthh follows a propagate-resample

framework: first we propagate the state variable {:1: } Y, to {xt Y

then we resample based on weights wt( +)1 X p(Yit1 | +)1) The Liu and West filter (Liu and West

(2001)) is another example of a particle filter, which follows a resample-propagate framework. More
recent descriptions of the Liu and West filter algorithm can be found in Carvalho et al. (2010) and
Nemeth et al. (2015). We describe the Liu and West filter in the algorithm below.

~, via the state equation and

Algorithm 3: Liu and West filter for state estimation

Input: Observations yi,...,yn
Output: Unweighted sample {xn) } * , of particles which approximates the filtering
distribution at time ¢, 4
initialization: :cg) = xg and w(()z) = % foralli=1,...,N ;
for t=1,...,ndo
R 1 ~(O\N f YN ith ht (@) .
esample (37}, from {xt i with weights %, > o | um) ,
Propagate {fil Y, to {xt +1} by sampling from p(z4+1 | . xt ) ;

Resample {$t+1} from {IL"tH}fV:l with weights wiﬁl x w )
P(ytﬂ\utH)

end

where we use ‘ ‘
iy = Blae | 2)) | i)y = E(aen | 7)

The quantities ME +)1 and ug ) follow from the state equation. The steps of Algorithm 3 are derived

in section 5.2. Note that we use the following Bayesian notation: p(y:41 | ,ugl) = fyi1 1 Xe (W1 |

,ugl), which is the probability density function of Y1, given X441 = 2441, evaluated at yi41

given /‘1521- A common problem in particle filters is weight degeneracy, which means that as time
passes, less and less particles have a positive weight and the variance of the weights increases with
every iteration. The resampling steps in the Liu and West filter help solve this problem, since
after resampling we will end up with particles that have relatively high weights and abandon any

zero-weight particles.

5.1 Two implementations

There are two possible implementations of the Liu and West algorithm, which are equivalent. Both
implementations show up in the literature. One implementation is where we follow the algorithm
above. The other implementation follows a slightly different algorithm, which can be found in
Algorithm 4 below.
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Algorithm 4: Equivalent Liu and West filter algorithm for state estimation

Input: Observatlons yl, ey Un
Output: Sample {xn ,w%) fil of particles and corresponding weights which approximates
the filtering distribution at time ¢,
initialization: l’(()z) =z and w(()z) = % foralli=1,...,N ;
for t=1,...,ndo
Resample {:fiz)} from {iL‘t )} ¥, with weights thZl x wi )p(ytﬂ | N§21) ;
Propagate {@Ez Y, to {xt_H} ¥, by sampling from p(z¢y; | T xt ) ;
Calculate corresponding weights wﬁzl x M ;
(yt+1|ut+1)

end

In Algorithm 4 we obtain a weighted sample after the final step, so a sample of states with
correspondlng weights {Z, H,wt(ﬁzl}fil. However, in Algorithm 3 we obtain an unweighted sam-
ple {xt +1}Z-:1. We can see that those algorithms are equivalent as follows. Suppose we have
a weighted sample {fv\gf),wgf) i1, which was produced by Algorithm 4. We apply Algorithm
4 again to find an approximation for the posterior distribution of x7y1. We calculate weights

hgf) x wg)p(yqurl | :“gfzd) and resample based on those weights. This is, however, the same as

+1
first resampling based on the weights w(T), Wthh yields an unweighted sample {z7}Y ,, and then
resampling based on weights g, | & p(yr41 | ,uT Jrl), since the resampling steps are independent of

(4)
each other. This is exactly what happens in Algorithm 3: in the final step of the previous iteration

=1

we resampled based on weights wgf) and in the first step of the current iteration we resample based
on weights g(lerl < p(yr+1 | ugfzrl). In our implementation we will follow Algorithm 3. Since we have
to resample twice in this algorithm, it will be slower in computational time compared to Algorithm
4, but the advantage is that we will end up with an unweighted sample after each iteration, which
means that for calculating characteristics of interest based on this sample we do not have to take

into account the weights.

5.2 Derivation of Liu and West filter for state estimation

Assume we have state variables {x;} and observations {y;}, which form a hidden Markov model
(HMM). Then for the posterior density of the state variable at time ¢ + 1 we have (see also Liu and
West (2001)) :

P($t+1 | yl:t+1) = P($t+1 | yt+17?/1:t) o8 P(yt+1 | $t+1ay1:t)P($t+1 ’ yl:t)

= p(Yes1 | e41)D(@i41 | Y1:t) = D(Yrs1 | Ts1) /p(56t+1 | Y16, Te)p(e | Yr:e)day

= /p(yt+1 | Te1)p(@is1 | 2)p(e | Y1:)day

We assume that we have a sample {xii),wt(i)}i]il of state variables and corresponding weights such
that:

p(ae | Y1) = sz)5 Z)

(4)

with §(.) the distribution which places all of its mass at z;’. So the integral over all values of z;

(%)

turns into a sum over the particles z;’ and we can now rewrite our posterior density as:

p($t+1 \ y1:t+1) X /p(yt+1 | $t+1)p(«’13t+1 | «Tt)p(xt ’ ylzt)dmt
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= pye1 | Ter1)p(zesn | o ywp”

The transition density p(x¢t1 | xgz)) follows from the state equation. The only unknown is the
likelihood p(yi41 | T¢41), since x441 is unknown. Let /‘§21 = E(z441 | xiz)) be the estimate for :Egl
Then we get:

N
P [ yren) o O pyeer | wer)p(aes | oy )wf”
=1

— (Yt | Ht+1) (e11 | $£i))w£i)

N
Z (Yt+1 | xt+1)
i=1 P (yt+1 \ Mt+1

@)y, (@)

al P(Yet1 |9U(i) )
= (e | ) gy

i1 P(yes1 | Mgﬂ

with glgi)l o wgi)p(ytﬂ ] /J,ggl), which are the initial weights based on which we will resample for the

first time. We resample the xii)’s with probabilities proportional to 9&21 and propagate :U]Ei) to :L‘gzzl

via p(¢41 | x,gl)) Next, we use importance sampling (see Johansen and Evers, 2007), which works

as follows. We fix i € {1,...,N}. Let m; = p(241 | y1:641) X p(Yet1 | xgﬁl)p(xtﬂ | xgi))wgi) be the
target density and 7; = ¢(xi+1 | Y1441) X p(Yit1 | uﬁzl)p(wtﬂ | acgz))w,gz) the importance density.
Let h be an integrable function and X a random variable with density m;. We want to estimate

h(X), in our case h(X) = X. Then:

i (x

B (X)) = [ m(atade = [ () hw)ds = [ na)ule)hie)ds = By (0(X)RCX)
7

with w;(z) = ;”Ex; the importance weights. This means that the expectation of h(X) under the

density m; is equal to the expectation of w;(X)h(X) under the density 7;. So, if we resample the

:ngzl’s based on the importance weights, we get a sample which approximates the target density,

which is also the posterior density. The importance weights are then:

@ _ m  plxg | yrager) P | 551(521)10(%“ R P | %521)

Wipr = 7 = i NN i
M q(@ee | Yieen) P(Ye+1 | M§421)p(33t+1 | fL}(t ))wt() P(Ye+1 | NEJZD

5.3 Effective sample size for weighted samples

Johansen and Evers (2007) suggest using the effective sample size to quantify the quality of a
weighted sample. Let {Y;}}¥, be an unweighted sample from the target (= filtering) distribution
and {X;}¥, be a weighted sample, with normalized weights {W;})¥,, which approximates the target
distribution. If we want to estimate the mean of the target distribution, then the obvious estimators
for this are:

A}
/7 = Z NYZ
=1
N
ﬂX = Z Wi X;
i=1
The effective sample size is then defined as:
Var (jiy )
N, =N—F""7"-+
ESS Var(fix)
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The effective sample size can be interpreted as the number of unweighted samples from the target
distribution we need to obtain an estimator with the same variance as jix. Since we are unable
to draw samples from the unknown target distribution, we have to estimate Nggg. Johansen and
Evers (2007) use the following approximation:

2
N
(Zi:l WZ> 1
N - N
S W D W
The quality of the weights is good if Nggg is close to N and bad if Nggg is close to 1, which may

be a sign of weight degeneracy. Throughout this thesis we will often check the effective sample size
to see if the quality of the weights is good.

NEgss =~

5.4 Applying Liu and West filter for state estimation
In this section we apply the Liu and West filter for state estimation to the diffusion model from
equations (4) and (5). For this we use Algorithm 4, with initial weights

i 1 i
915421 X eXP(—Q(ZJtH - HM§421)2) ;

transition distribution A
NFZ +C Q) ,

importance weights

@)« exp(—%(ytﬂ - H§t+1)2)

t+1 (s ’
exp(— 4 (1 — Hip)y)?)

and N§21 =F acgz) +C, ﬁgl =F :f,gz) + C, which follow from the state equation. The estimate for
the state variable at time ¢ will be the unweighted mean of the particles, i.e. Ty = vaz 1 %zgl).
The MATLAB code for this algorithm can be found in Appendix E. We will look at box plots at
time t = 32, for both partially and fully observed data, and both S(¢) and I(¢), similar to section
4.2.1. We perform a Monte Carlo study. In each iteration ¢ € {1,..., M} we generate a new set of
observations from the diffusion model. On this set of observations we apply the Kalman filter and
smoother algorithm, and calculate the means of the filtering and smoothing distribution at time ¢,

which we call uf " and ,uf . Next, we apply the Liu and West filter on the set of observations and

calculate the unweighted mean of the particles at time ¢, which we call ,utL Wi The result is that we
F1 F,M 5,1 S,M LW,1 LW,M

have vectors pl” = [ ..o ) = [, and W = [ g ]. For those

vectors we make a box plot. Because of the large computational time of the Liu and West filter, we

take the number of simulations in the Monte Carlo study M = 100 and the number of particles in

the Liu and West filter N = 100.
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Figure 8: Monte Carlo values for the state variable at time ¢ = 32 for both algorithms and fully
observed data. The dotted blue line is the value of the state variable at ¢t = 32 from the
simulated trajectory
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Figure 9: Monte Carlo values for the state variable at time ¢t = 32 for both algorithms and partially
observed data. The dotted blue line is the value of the state variable at ¢ = 32 from the
simulated trajectory

Regarding the smoother algorithm, the results are as expected: the median of the smoother estimates
is in all cases closest to the true value of the state variable. For a linear Gaussian state space model,
we expect the Kalman filter to be preferable. Due to the Monte Carlo error (recall we only used
M = 100) the Liu and West filter seems to perform slightly better, but the values are more spread
out than for the Kalman filter. This indicates that the Liu and West filter seems to perform well
and is competitive with the Kalman filter. Furthermore, we find effective sample sizes of 96 for
partially observed case and 92 for the fully observed case, so there is no sign of weight degeneracy.

6 Parameter estimation

6.1 Liu and West filter for parameter estimation

So far, we have assumed that there are no unknown parameters in the model. In this section we
consider the case of unknown parameters. The Liu and West filter is able to simultaneously estimate
state variables and parameters. A description of this filter can be found in Carvalho et al. (2010)
and Nemeth et al. (2015). First, choose the so-called shrinkage coefficient a € (0,1). The algorithm
then works as follows.

Algorithm 5: Liu and West filter algorithm for parameter estimation

Input: Observations yi1,...,yn

) gy N

Output: Unweighted sample {xn v, of partlcles in which {a:n ¥, approximates

the filtering distribution at time ¢,, and {0( i, approximates the unknown parameter

initialization: iL'(()) = 1y, w(()) = % foralli=1,..., N, {HOZ)}ﬁ\il is a sample simulated from

a specified prior distribution ;
for t=1,...,ndo

Resample {fti ,Ni MY | from {mgi), 1, with weights 91521 X p(Yr41 | ,utﬂ,mg )) ;
Propagate {0( 1 to {ggﬁl}f\f by sampling from N(mgl), (1 —a®)V) ;
Propagate {:zt N to {@521} by sampling from p(z4+1 | . xt ,5&21) ;

4 O
(@) ~ N : : (2) p(yt+1|‘rt+1’9t+l) .

Resample {a:tH, t+1} from {le,HtH}Z-:l with weights w,/; oc ———F+=5~ ;

P(yt+1‘ﬂt+1’mt )

ezE)N

end
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where we use ‘ ‘ ‘
M§21 = E(zes1 | 2,61

mgi) = a9t@ + (1 — a)f;

The quantity ,ugl follows from the state equation. The derivation of Algorithm 5 can be found in
section 6.2. In each iteration we use N particles. We resample the particles at time ¢ using weights
based on observation y;4+1. Then we propagate 6; and z; to time ¢ + 1 and resample again, with
weights based on the quotient of the target density and the estimated density. Note that all weights
have to be normalized. How to choose the shrinkage coefficient a can be found in Liu and West
(2001). We will take a = 0.995. After the resampling in the final step, the Liu and West filter
provides us with an unweighted sample of state variables J;Ei) and parameter values Hgi) . The final
estimates at time t are then the unweighted averages:

le g_ilgm
g N ) t_ilet

6.2 Derivation of Liu and West filter for parameter estimation

Suppose we are given a sample of state variables and parameters at time ¢, {xgi),ﬁgi) ?;1, and

associated weights {wt fv 1> which represent an importance sample approximation to the posterior
p(xy, 0y | Dy), with Dy = {Dy—1,y:} and D;_; the observations up to and including time ¢t — 1. Then

for the posterior density of 411 and ;1 we have (see also Liu and West (2001)) :
P($t+1,9t+1 ’ Dt+1) = p(ﬂft+179t+1 \ yt+1,Dt) X p(yt+1 | $t+179t+17Dt)p($t+179t+1 \ Dt)

= p(Wit1 | o1, 001)P(Te1, 011 | Di) < p(Yis1 | Tig1, Or1)D(@ig1 | Oi1, D) (i1 | Dy)

where p(yi+1 | 41, 0i41) follows from the measurement model and p(z¢41 | 041, Dy) follows from
the state equation. We approximate the posterior p(6;11 | Dy) by:

N
pBrsr | Do) = D wi N By | mi? 12Vi)
i=1
which is a mixture of multivariate normal densities which have mean mgi) and variance matrix h2V,

and ‘ '
mgz) = aﬂ(z) + (1 —a)b;

Zwt 0:)(6") —8,)"
TN () o(3)
— w’l, 2

Liu and West (2001) state that this mixture of normal densities has variance (1 + h?)V; if we
use mgz) = 9(1), and is thus overdispersed. As a solution they take mgz) = a9t(z) + (1 — a)by,
with @ = v/1 — h? the shrinkage coefficient and h the smoothing parameter. Then the mixture

has the correct mean #; and variance V;. The derivation of this can be found in Liu and West
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(2001) and we derive it here as well. Assume that ©, ~ N(6;,V;), where 0, = + Zf\il 915)
Vi=+ Zi]\il(ﬁgi) — @t)(ﬁy) —0)T. We consider 6, V; to be fixed. Let a € (0,1). Take
Ot11 | (O = 6;) ~ N(ab; + (1 — a)fy, (1 — a®)V}) (14)

Then O41 has again a Normal distribution with, using the law of total expectation,

E(O©t41) = E(E(O141 | ©1)) = E(a©; + (1 — a)f;) = aby + (1 — a)0; = 0,
and, using the law of total variance,

Cov(©¢+1) = E(Cov(Oi11 | ©1)) + Cov(E(Opt1 | O1))

=E((1 - a®)V;) + Cov(a®; + (1 — a)b;) = (1 — a®)V; + a*Cov(0;) = V;

with h?2 = 1 — a? and a = V1 — h2. So we see that by taking mgi) = aﬁgi) + (1 — a)f; and variance

(1 — a®)V; we get the correct mean ; and variance V; for ©;y1. Now for the posterior p(6;y1 | D;)
we have:

p(Ory1 | Dy) = /p(9t+1 | 0, Dy)p(0r | Dy)dOy = /p(9t+1 | 01)p(0r | Dy)dO,

We estimate p(6; | D;) by Zf\il wt(i)é(Q(i)). Then:

P(Oy1 | Dy) = ZP b1 | 6

Using (14) we get that:
p(0ri1 | Dy) ~ Zwt Ors1 | a8 + (1 — )8y, (1 — a®)V))

with N(x | p,¥) the normal den81ty with mean p and covariance matrix X, evaluated in x. Next,
we will show how to relate the smoothing parameter h and shrinkage coefficient a as follows. We
can write: B
9t+1 = ab; + (1 — a)&t + hey
with e, ~ N(0,V;). We can rewrite this as:
9t+1 — gt = ab; + (1 — (I)gt — gt + hey = a(@t — gt) + hey

If we assume stationarity, then 6; = p. Define Z; = 0; — p, then:

Zt+1 = aZt + hEt
This is an AR(1) process. Under stationarity, we have Var(Z;) = ¢2. Then:

Var(Zs41) = a?Var(Z;) + h®Var(e;)

? = a*c + WV,

(1—a?®)c? = h?V,
The variance of §;, and therefore the variance of Z;, has to be equal to V;. So ¢ = V;. This means
that a = v/1 — h2. In the last step of the Liu and West filter we resample for a second time, using
importance sampling. This works the same as in the derivation of the Liu and West filter for state
estimation. However, now we have the following target density (see Nemeth et al. (2015) ) :

P(xe41,0,0 | Dig1) = p(@i41, 0,0 | yeg1, Di) o< p(yis | x§2179(i))p($t+1 ErRame

and importance density g:

¢(2141,0,7 | Des1) = p(e31,0,7 | Yer1, Do) o< p(yerr | 1)y, mip(@eer | 2,00 )l

So the importance weights are:
@ p@en,0,i | D) ply | 2y, 0@ | 2, 00wl

plyes | i), 00)
Wiy =

q(@e+1,0,1 | Dita) P(Yet1 | uﬁf@l,mf))p(ml | xﬁ“ﬁ“hwﬁ“ P(Ye+1 | uﬁf@l,mﬁi))
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6.3 Application to AR(1) model

Before we apply the Liu and West filter to our diffusion model, we will first apply it to the following
AR(1) model:

Tpp1 = 0z + &4

Yt+1 = Tp41 + Nt

with &, and n; independent standard Gaussian random variables. We apply Algorithm 5 to the
AR(1) model, with initial weights

i 1 i
gt(le X eXP(*g(ytH - M§421)2) )

transition distribution ' A
N2 1)

and importance weights

G exp(— %(ytﬂ - 3321)2)
exp(— %(yt-&-l - ﬁgﬁ?)

where ugll = 9(1) ( ),

unweighted averages

Then the estimates for the state variable and parameter at time ¢ + 1 are the

N

5 @ 7

Li+1 = th-i-l ; O = Zet—i—l
i=1

We simulate n = 1000 observations from the AR(1) model, using § = 0.8. In the Liu and West filter
we set: a = 0.995 as the shrinkage coefficient, N = 5000 as the number of particles and zg = 0 as
the initial state. Recall that an AR(1) model is stationary for § € (—1,1). Since § = 0.8 > 0, we use
the Uniform|0, 1] distribution as the prior for #. We simulate a sequence of length n from the AR(1)
model, setting rng(0) in MATLAB. Observations are then simulated according to the measurement
equation. The MATLAB code can be found in Appendix F. Confidence bounds are calculated as
the empirical quantiles of the particles (i.e. we sort the particles and look at the 0.025N-th and
0.975N-th values). For the weights we calculate at ¢ = n the effective sample size. Furthermore,
we will compare the estimate from the Liu and West filter with the maximum likelihood estimate
using the conditional maximum likelihood (see e.g. lecture notes by Zivot (2005)), which can be
computed in closed form.

Lemma 1. Given an AR(1) model, x44+1 = 0x¢ + &, with ¢4 ~ N(0,1) and observations y =
{y1,...,yn} = {z1,...,2z7}. Then the Conditional Mazimum Likelihood Estimate (CMLE) of 0 is
given by:

Zthz YtYt—1

ZtT:Q Y1

Proof. We can compute the likelihood function as:

HCMLE =

T
L(yl)”'ayTa y17 Hf Yt ’ Dt 17
t=2

with Dy—1 = {y1,...,y%—1} and f(.) the pdf of the observations. The log-likelihood is then:

T
Lly1,-yr;0) = (L, -, yr;0)) = (f(y1,60)) + > _I(f(y: | De-1,06))
t=2
The conditional maximum likelihood estimate is then defined as:
R T
OcMLE = argm(?xgln(f(yt | Dy—1,0))
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In the AR(1) model we have:
Yt ’ Dt—l NN(Hyt_l,l) 5 t:2,3,...,T

So the conditional density is:

1 1 2
D, ’9 — —g(yt—eyt—l)
f(yt ‘ t—1 ) \/ﬂe

So the conditional maximum likelihood estimate is:
T 1
> _ 1 L 2
OcyvLE = argm&x;—2ln27r 2(yt Oyi—1)
T T

1 1
= _Z — By, 1)? = 0 2022
arg max t§_2 5 (ye — Oyr—1) arg max ;_2 Yeye-1 = 507
We can work this out analytically by calculating the derivative and setting it equal to 0:

T

0=> (w1 — v 10cmLE)
=2
T T
OomLe Y Yi1 =Yy
=2 =2
So we find that:
T
§CMLE _ thz YtYt—1
= T
pIrat yt2—1

Next, we calculate 95% confidence bounds for the ML estimate. We know the asymptotic distribu-

tion of our ML estimate (see e.g. lecture notes by Blasques and Koopman (2019)):

6~ N(©,(1-6%/T)

So the approximate confidence lower and upper bound for the ML estimate are the «/2 and 1 — /2
quantiles of the N (0, (1 — 62)/T) distribution, where we take o = 0.95. In the figures below we
plot the estimate of the parameter 6 over time, for both the Liu and West filter and the Maximum

Likelihood, including their confidence bounds.
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Figure 10: Estimate for the parameter 6 over time by the Liu and West filter
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Estimate of & over time
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Figure 11: Estimate for the parameter 6 over time by Maximum Likelihood

Furthermore, we find that the effective sample size is 3953, which is relatively high compared to
N = 5000, so the weights are of good enough quality. As a second check we we plot the weights at
time n/2 and time n, which are shown in Figure 12.
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Figure 12: Weights at time n/2 and time n

We see that there are still many non-zero weights, so we do not have weight degeneracy. The
estimate for 8 at ¢ = 1000 by Maximum Likelihood and Liu and West, together with the confidence

bounds, can be found in the table below.

method 0 estimate | Lower bound | Upper bound
MLE 0.816 0.763 0.837
Liu and West 0.820 0.779 0.851

Table 4: Maximum likelihood and Liu and West estimate for the parameter 6, including correspond-

ing confidence bounds

From the table we see that the real value, # = 0.8, is contained in the 95% confidence interval for
both the ML estimate and the Liu and West estimate. The MLE is somewhat better than the Liu
and West estimate, since it is closer to the true value and the confidence interval is somewhat more
concentrated around the true value, but the performance of the Liu and West filter in case of an

AR(1) model is very satisfactory.
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6.4 Application to the diffusion model

In this section we apply Algorithm 5 to the diffusion model in equations (4) an (5), with initial
weights

(1) exp(_%(yt-&-l - H/ng)TR(mgi))_l(ytH — Hug? ))
Wiy X ,

det R(mgi))

transition distribution ‘ . ' ‘
NEG)E + 0. Q@) -

and importance weights

oS exp(—2 (Y41 — Hfifﬂ )TR(é\EQI)il(yt—H - Ha?ﬁf@ )
t+1 7 1 ~(1 )
exp(— (ger1 — Hul) NVTREOS)) " (yesr — HEL,))

where 1), = F(0)2!" + C(6) and 2\, = F(6)2() + C(6(").

6.4.1 Estimating one parameter

Before estimating all parameters, we will start by estimating only one parameter, namely: 6 = a.
The true value of this parameter is 31.60. As a prior for 6§ we use a normal distribution with mean
0o = 31.60 and standard deviation 10. This prior is taken just as an example, in section 6.4.2 we
will look closer at how to choose the prior distributions when we estimate all parameters. We apply
the Liu and West filter with N = 5000 particles and the estimate for « is the mean of the particle
values at time ¢ = 40. If we plot the estimated value for # over time and use partially observed
data, we get the following graph:

theta plot

Liu and West estimate
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Figure 13: Estimated value for parameter o over time, by Liu and West filter

The estimated value at t = 40 with confidence bounds can be seen in the table below.
Parameter | True value | Estimate | Lower bound | Upper bound
« 31.60 32.43 31.28 33.54

Table 5: Parameter estimate for § = o and confidence bounds

We see that for estimating one parameter, the Liu and West filter gives good results, since the true
value of the parameter is contained in the confidence interval and the estimate is close to the true
value. Also, we find that Nggg = 4057, which is relatively high, so the quality of the weights is
good.
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6.4.2 Choice of priors

For the priors we will take normal distributions around the real parameter values. We need to be
careful in choosing the standard deviation of this distribution. We will use the condition that all
parameters have to be positive and that A < k to come up with a choice of the standard deviation.
We know as a rule of thumb that for a normal distribution the chance that a random variable is
less than 20 away from the mean is approximately 95%. So, if we take o such that y— 20 = 0, then
almost all values generated from N(u, o) will be positive. This gives rise to the following standard
deviations for the prior distributions from Table 6. Note that choosing the priors with a mean equal
to the true value has as a consequence that the initial parameter estimate, which is the unweighted
average of the particles, will already be close to the true value. In section 6.4.4 we look at what
happens when this is not the case.

Parameter | Standard deviation of prior

3 111
A 0.05*
K 0.08*
Q 15.8
o 0.5

01 1.24
02 0.38

Table 6: Choice of standard deviation of prior distributions

*For the parameters A and x we have the additional condition A < k. Using the same rule of thumb
as before, we get that A 4+ 20\ < k — 20, (). The positivity constraint means that xk — 20, > 0 (i7)
and A— 20 > 0 (iii). One can easily verify that the choice o\ = 0.05 and o,, = 0.08 satisfies (i), (i)
and (ii4).

6.4.3 Estimating all parameters

In this section we apply the Liu and West filter algorithm, see Algorithm 5, in order to estimate all
7 parameters from the state space model. We use N = 10000 particles and the prior distribution
for the parameters from the table above. The MATLAB code for the estimation can be found in
Appendix GG. We will look at both partially observed and fully observed data. For a fixed time ¢,
we have N = 1000 particles for each parameter. The estimate for a parameter at time ¢ is then the
average of the particle values. The results of the estimation can be seen in the tables below.

Parameter | True value | Estimate | Lower bound | Upper bound
I5; 2.23 2.31 2.03 2.56
A 0.11 0.13 0.12 0.14
K 0.37 0.39 0.36 0.42
o 31.60 33.21 29.11 36.93
o 1 1.00 0.98 1.01
o1 2.49 2.61 2.35 2.87
lop) 0.77 0.88 0.76 0.99

Table 7: Parameter estimates at time ¢ = 40 for fully observed data, using N = 10000
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Parameter | True value | Estimate | Lower bound | Upper bound
15} 2.23 2.74 2.47 2.97
A 0.11 0.12 0.10 0.13
K 0.37 0.44 0.41 0.46
@ 31.60 40.87 36.66 45.15
o 1 1.00 0.97 1.02
o1 2.49 2.71 2.44 3.01
09 0.77 1.16 0.84 1.52

Table 8: Parameter estimates at time ¢ = 40 for partially observed data, using N = 10000

Furthermore, we find an effective sample size of 7423 for fully observed data, and 7544 for partially
observed data. We see that the results are rather good. In the case of fully observed data, the
parameter estimates are close to the true values and the true value is for all but one parameter
contained in the 95% confidence interval. For partially observed data, we see that 4 of the 7 true
parameter values are contained in the confidence interval for that parameter. So it is clear that
for fully observed data the results are better than for partially observed data, which is what we
expect. Note that these results depend on the data set which we simulated. For more accurate
results we have to perform a Monte Carlo study, where in each iteration we simulate a new data set.
However, due to the large computational time of the MATLAB code in Appendix G, we stick to one
simulated data set. This also means that any bad estimation results may be due to this particular
simulated data set. To gain some insight in how the parameter estimates evolve over time, we plot
the estimates for a and 3 over time, using fully observed data.
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Figure 14: Parameter estimates over time for the parameter (a) o and (b)

Due to the choice of priors, the initial estimate is already close to the true value. What we can see,
however, is that the variance in the parameter estimate decreases over time. Also, for both o and
B, the estimate for the parameter stays close around the true value after some time. To investigate
the influence of the number of particles N, we will also look at the case where N = 5000. Those
results can be seen in the tables below.
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Parameter | True value | Estimate | Lower bound | Upper bound
15} 2.23 2.35 2.17 2.53
A 0.11 0.08 0.06 0.10
K 0.37 0.34 0.31 0.38
« 31.60 32.83 30.01 35.39
o 1 1.05 1.03 1.07
o1 2.49 2.85 2.68 3.05
09 0.77 1.10 1.00 1.22

Table 9: Parameter estimates at time ¢t = 40 for fully observed data, using N = 5000

Parameter | True value | Estimate | Lower bound | Upper bound
8 2.23 3.11 2.72 3.46
A 0.11 0.10 0.07 0.13
K 0.37 0.37 0.32 0.42
« 31.60 45.18 38.51 51.00
o 1 0.98 0.95 1.02
o1 2.49 3.08 2.91 3.24
09 0.77 0.85 0.58 1.06

Table 10: Parameter estimates at time ¢ = 40 for partially observed data, using N = 5000

Here we find effective sample sizes of 3755 and 3724. For fully observed data we see that now in
only 3 out of the 7 cases the true value is contained in the confidence interval, so the results are
not as good as for N = 10000. For partially observed data, we see that still in 4 out of the 7 cases
we have that the true value lies inside the confidence interval. However, for the other parameters,
the estimate is farther away from the true value than for N = 10000. Furthermore, we see that
there is a smaller difference between the performance of the estimation in case of fully and partially
observed data. For partially observed data, for more parameters we have that the true value is
contained in the confidence interval, but when this is not the case, the estimate is often farther
away from the true value then for fully observed data. All in all, we have satisfactory estimation
results and we see that results are better for a higher value of the number of particles.

6.4.4 Change of prior distributions

In the previous section we have estimated the parameters of the diffusion model, where we used
priors concentrated around the true value of the parameter. This means that when we generate
N parameter values according to this prior, the average of those values will be close to the mean
of the prior distribution, which is the true value. So the initial estimate for the parameter is
already close to the true value. In this section we will look at a case where some priors are not
concentrated around the true value. We will change the priors for the parameters 5 and a. We
take the exponential distribution for this. We try 2 different scenarios: one where the mean of
the exponential distribution is below the true parameter value and one where it is above the true
parameter value. In the first case, we take for S the mean 1 and for o we take the exponential
distribution with mean 15. The other priors we keep the same as before. A graph of the estimates
for o and B over time can be found in the figures below.
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Figure 15: Parameter estimates over time for the parameter (a) o and (b) (3, using exponential
priors with a mean lower than the true value

We see that after a short period of time the estimate for the parameter is better than the initial
estimate. Also, we see that the estimates for o and 8 behave similarly over time. If we go back
to Figure 1, then we see that this is no surprise: the parameter « represents the inflow of contrast
agent concentration and § the outflow.

The second scenario we will now look at, is the case where the exponential priors have a mean
that is larger than the true parameter value. For a@ we take an exponential distribution with 60 as
the prior mean and for 8 we take 4. We then find the following two graphs.
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Figure 16: Parameter estimates over time for the parameter (a) a and (b) [, using exponential
priors with a mean higher than the true value

We see that in this case the estimates are not as good as before. For both a and § we have an
overestimate of the parameter value and the confidence interval does not include the true value.
However, the estimate is still better than the initial estimate. It is again important to note that
this is based only on one simulated data set. What we can see from this, is that the Liu and West
filter for parameter estimation performs better for certain priors than for other priors.
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7 State and parameter estimation in a non-linear model

In this section we will see if the Liu and West filter is able to estimate state variables and parameters
in a non-linear AR(1) model. We will look at the following model:

Tyr1 = Barctanz; + &4

Yt+1 = Te41 T U

with e, ~ N(0,1). We will start by taking # = 0.8 constant, and try to estimate the state variable
x¢. We use Algorithm 3 for this, with initial weights

i 1 i
9§+)1 x exp(—5(yt+1 - u§+)1)2) ,

transition distribution

N (6 arctan Egi), 1),
importance weights
0 (= — F))
2

W1 ~(i
exp(—5(Yr+1 — M§JZ1)2)

and M§21 = farctan zy, ﬁ§21 = farctan Egi), which follow from the state equation. We generate

a sequence of length n = 1000 from the non-linear AR(1) model, using zp = 0. We generate
observations from this sequence based on the observation equation. We use N = 5000 particles in
the Liu and West filter. The state estimate at time ¢ is calculated as the unweighted average of the
particles at that time. The result for the state estimation can be seen in the graph below.
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Figure 17: Simulated trajectory, observations and Liu and West estimate for the state variable

The RMSE is 0.76 and the effective sample size is 4098. We see that the Liu and West filter
performs well, and is often closer to the simulated trajectory than the data points are. Next, we
look at parameter estimation in the non-linear AR(1) model. We apply Algorithm 5, with initial
weights

i 1 i
gt(+)1 x eXP(—g(ytH - #ill)g) )
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transition distribution . '
N@(Ql arctan ‘%Ez)’ 1),

and importance weights

@ exp(= 3 — 5D
W1 & 1 ~(1) Y2y

exp(—3(Ye+1 — Hyf1)?)
where M§21 = Ggi) arctan :cgi) and ﬁ£21 = gf@ arctan 5,@. We now use N = 10000 particles. The
MATLAB code for the non-linear AR(1) model is very similar to the one with the linear AR(1)
model, which can be found in Appendix F'. In the table below we show the Liu and West estimate,
together with the confidence bounds.

Parameter ‘ True value ‘ Liu and West estimate ‘ Lower bound ‘ Upper bound
0 | 08 | 0.81 073 | 0.90

Table 11: Liu and West estimate and corresponding confidence bounds

We also plot the Liu and West estimate over time, in order to see how the estimate behaves over
time. This can be found in Figure 18.
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Figure 18: Liu and West estimate for the parameter 6 over time

From Table 11 we can see that the estimate is very close to the true value and the true value is
contained in the confidence interval. Also, from Figure 18 we can see that the estimate converges
nicely to the true value and that the variance decreases over time. Thus it seems that the Liu and
West filter also performs well in case of a simple non-linear model.
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8 Application to real data

In this section we will test the Liu and West filter for parameter estimation on a real data set. This
data is from Thomassin (2008) and contains n = 115 observations of the sum of the contrast agent
concentrations. The observations are shown in the figure below.
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Figure 19: Real data points in time

The MATLAB code for the estimation is exactly the same as we used in section 6.4.3, only with
a different data set and different priors. Since we do not know the true parameter values, we
have to make sure that the prior is wide enough. We choose the exponential distribution as prior
distribution. The choice of the mean of this prior distribution can be seen in the table below.

Parameter | Mean of prior distribution
I3 5
A 5
K )
« 300
o 9
o1 5
o9 5

Table 12: Choice of prior distributions

For most parameters we take a mean of 5 for the exponential distribution, which we think is high
enough considering previous parameter values were all well below 5. Since A has to be smaller than
k, we first draw 2 values from the Exp(5) distribution and then assign the largest value to x and the
smallest one to A. We repeat this until we have N values for both parameters. From Figure 19 it
is clear that the real data points are much higher than the simulated data we used previously. The
magnitude of those values is for a large part due to the parameter «, which is the injected contrast
agent concentration. For the simulated data we had o = 31.6, with S(¢) fluctuating around 20 for
the most part. In Figure 19 we see that now the data points fluctuate around 150, so « is probably
also a large value, which is why we take the Exp(300) as its prior. For the parameter estimation
we use N = 10000 particles in the Liu and West filter. Estimates are calculated as the mean of the
particle values. The result can be seen in the table below.
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Parameter | Estimate | Lower bound | Upper bound
I} 5.13 3.26 7.50
A 2.83 0.47 5.59
K 9.33 4.85 14.73
« 512 429 607
o 7.15 6.31 7.99
o1 5.65 -0.94 12.53
092 3.80 -2.15 9.83

Table 13: Parameter estimates at time ¢ = 115, using N = 10000

Also, we find an effective sample size of 8612. In the table we see that most parameters have rather
wide confidence intervals. However, in all cases the variance in the estimate is smaller than the
prior variance. To see if the estimated values are accurate, we look at the state variable estimate
for S(t), which is also provided by the Liu and West filter. We plot this trajectory together with
the data points, which can be seen in the figure below, together with the estimated trajectory for
the interstitium concentration I(t).
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Figure 20: Liu and West estimate for the state variable S (red) and I (blue) in time, dotted lines are
the confidence bounds, dots are the data points and solid lines are estimated trajectories.

From the figure we see that the estimated trajectory for S(t) is close to the data points. We have
estimated the standard deviation of the noise in the data, o, as 7.15, so the result from the graph
seems to be reasonable. For the interstitium concentration I(¢) we also get an estimated trajectory,
but, as can be seen by the confidence bounds, there is much uncertainty here, with the lower bound
even being negative for the most part. So it seems that for real data the Liu and West filter performs
rather good when it comes to estimating S(t), but for I(t) there is much uncertainty in the estimate.
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9 Conclusion

In this thesis we started with the state estimation in a bidimensional Ornstein-Uhlenbeck process.
We have used 3 algorithms for this: the Kalman filter, the smoother algorithm and the Liu and
West filter. We have seen that the smoother algorithm outperforms the other two. We expect the
Kalman filter to be preferable for a linear Gaussian system, but from the Monte Carlo experiments
we have seen that the Liu and West filter also performs well and is competitive with the Kalman
filter.

Furthermore, we have used the Liu and West filter for parameter estimation. In case of the linear
AR(1) model, results were very satisfactory and close to results of Maximum Likelihood. Next, we
applied the Liu and West filter to the bidimensional Ornstein-Uhlenbeck process. We have simu-
lated 1000 observations from this model. When we only estimated the parameter «, we obtained
good results where the true value was contained in the confidence interval. For the estimation of
all parameters, we used N = 10000 particles and we first looked at priors centered around the true
value. For fully observed data, we have seen that the estimation results were rather good: for all but
one parameter the true values was contained in the confidence interval. For partially observed data
the results were slightly worse: for 4 out of the 7 parameters the true value was contained in the
confidence interval. We have also seen that the choice of the number of particles, IV, is important,
since for N = 5000 the results became worse, especially for the fully observed data, because in that
case only for 3 out of the 7 parameters the true value was contained in the confidence interval.
Note that we only used one simulated data set, which may influence estimation results. We have
also seen that the choice of prior distribution is important: certain priors for o and S led to better
results than others.

Next, we have applied the Liu and West filter to a non-linear model. For both state and pa-
rameter estimation the performance was good, with a low RMSE and a confidence interval that
contained the true parameter value. Finally, we applied the Liu and West filter to real data, which
also seemed to give reasonable results: the estimated trajectory for S(t) seemed reasonable consid-
ering the data, but for I(¢) there was much uncertainty in the estimate.

Throughout this thesis we have assumed that the parameter «(t), which describes the injected
contrast agent concentration, is constant. This assumption is rather unnatural. For further re-
search it might be interesting to look at the case where « is not constant. We can for example take
a parametrization of a function with 2 unknown parameters. This function has to initially increase
(injection of the contrast agent), then become constant (reaching equilibrium) and then decrease
again (wash out of contrast agent). Another option is to use an Ornstein-Uhlenbeck process for «(t)
itself: doy = (X — poy)dt + odWy, with A, u, 0 > 0. Since this is a mean-reverting model, a(t) will
first increase due to the drift term, stay more or less constant for a while, and eventually decrease
again until it reaches some mean value.
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11 Appendix

Appendix A: Transformation of the parameters

function param = convparam (theta, h)
mu_l = log(theta(1))/h ;
mu-2 = log(theta(2))/h ;
theta3_hat = (theta(3)*2xmu.l*(mu-2-mu_1)"2)/(exp(2+*mu_lxh)—1) ;
thetad_hat = (theta(4)*2+mu2+(mu2-mu_l)”2)/(exp(2«*mu_2xh)—1) ;
thetab5_hat = (theta(5)*(mu-l4mu_2)*(mu-2-mu-1)"2)/(exp( (mu_-l+mu-2)*xh)—1) ;
fun = Qroot3d ;
= [0.5, 0.5, 0.5] ;
x = fsolve (fun, x0) ;
beta = x(1) ;
sigma_1 = sqrt(x(2)) ;
sigma_2 = sqrt(x(3)) ;

kappa = —mu.1 — mu_2 — beta ;
lambda = —mu_l*mu_2/beta + kappa ;

= (beta—kappa) 2+4xbetaxlambda ;

=[1 1] ;

[mul 0; 0 mu?2] ;

= [1 1 ;(beta—kappa—sqrt(d))/(2xbeta) (beta—kappatsqrt(d))/(2«beta) | ;
= (15 0] ;

—— (@) /P F

alpha = theta(6)/c ;

d
H
D
P
F
c

param (1) = beta ;
param (2) = sigma_l ;
param (3) = sigma_2 ;
param(4) = kappa ;
param (5) = lambda ;
param (6) = alpha ;
function F = root3d(x)

b =x(1) ;

s1sq = x(2) ;

F(1) = (mu-2+b)"2xsl_sq+mu-2"2xs2_sq—theta3d_hat ;
F(2) = (mu-14b)"2xsl_sq+mu-1"2xs2_sq—thetad_hat ;
F(3) = sl_sqxb"2+sl_sq*(mu_-l+mu_2)*b +(sl_sq+s2.sq)*mu_-l*mu.2 + thetab_hat ;

end
end

Appendix B: Discretization of the SDE

n = 1000 ; % number of grid points

h=0.04 ; % step size

P = zeros(1l,n) ;

I = zeros(1l,n) ;

rng(0) ; % use default random number generator with seed 0

Z = normrnd (0,1,[2,n—1]) ;

for k = 2:n
P(k) = P(k—1) + hx(alpha—(lambda+beta)*P(k—1)+(kappa—lambda)*I(k—1))...
+sigma_lxsqrt (h)*Z(1,k—1) ;
I(k) = I(k—1) + hx*(lambdaxP(k—1)—(kappa—lambda)*I(k—1))...
+sigma_2xsqrt (h)*Z(2,k—1) ;

end
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Appendix C: Kalman filter algorithm

%% loading the simulated data
data = load(’data.mat’) ;
S_sim = data.S_sim ;

I_sim = data.l_sim ;

%% loading physical trajectory
data2 = load(’phys.mat’) ;
I_phys data2.1 ;

S_phys data2.S ;

%% Setting up Kalman filter
FO = [alpha ; 0 ] ;
d = (beta—kappa)”2 + 4xbetaxlambda ;

PO = [1 1 ; (beta—kappa—sqrt(d))/(2xbeta)

mul = .5%(—beta—kappa—sqrt(d)) ;

(beta—kappatsqrt(d))/(2xbeta) | ;

(2+mul)*C(1,1),(exp(mulxh+mu2+h) —
/(mul+mu2)*C(2,1),(exp(2*mu2xh)—1

1)
)/

/
(

(
2

mul+mu2)*C(1,2);...

*xmu2)*xC(2,2)];

mu2 = .5%(—beta—kappatsqrt(d)) ;
D= [mul 0 ; 0 mu2] ;
S = [sigmal sigma2 ; 0 sigma2 | ;
C = (P0\S)x(P0\S)’ ;
R.i = [(exp(2xmulxh)—1)/
(exp (mulxh+mu2xh) —1)
F = expm(Dxh) ;
Q= R.i ;
B = D\( (expm(Dsh) — eye(2))x (PO\FO) ) ;
H=P0 ; % or H= [1,1] for partially observed data
R = sigma”2xeye(2) ; % or R = sigma”2 for partially observed data
mu0 = [0;0] ;

VO = [0 0; 0 0] ;

%% Kalman algorithm

z = zeros(2, n) ;
z(:,1) = mu0 ;
P = zeros (2, 2xn) ;

P(:, 1:2) = V0 ;
for j = 2:n
% prediction step
z(:,j) =F*xz(:,j—1) + B ;

P(:,2%j—1:2xj) = FxP(:,2%j—3:2%xj —2)«F’ + Q ;

% update step

y = [Ssim(j) 5 I-sim(j)] ;
res =y — Hxz (:,j) ;

S =R + H«P(:,2%j —1:2%j ) «H ;
K= (P(:,2%xj—1:2%j)«H’) / S ;
z(:,j) = z(:,]) + K«xres ;

P(:,2%xj—1:2%j) = (eye(2)—K«H)*P(:,2xj—1:2%j)

end

% transforming back
for j = 1:n

z(:,)) = POxz(:,j) ;
end

S_kal = z(1,:) ;
I_kal = ;

|
—
N
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Appendix D: RTS Smoother algorithm

z_smooth = zeros(2,n) ;
P_smooth = zeros(2,2xn) ;

% initialize

z_smooth (: ,end) = z(:,end) ;

P_smooth (:, end—1l:end) = P(:, end—1:end) ;
% 2z and P are from the Kalman filter

% iterate
for j = flip (1l:n—1)

z-min = Fxz(:,j) + C ;

P.min = F«P(:, 2%j—1:2%j)xF" 4+ Q ;

G= (P(:,2%xj—1:2%j)*F’)/P_min ;

z_smooth (:,j) = z(:,j) + Gx(z_smooth (:,j+1) — z_min) ;

P_smooth (:, 2xj—1:2xj) = P(:,2%j—1:2%xj) 4+ Gx(P_smooth (:, 2%j:2%j+1) — P_min)*G’ ;
end

% transforming back
for j = 1:n

z_smooth (:,j) = POxz_smooth (:,j) ;
end

S_smooth = z_smooth (1,:) ;
I_smooth = z_smooth(2,:) ;

Appendix E: Liu and West filter with constant parameters

N 100 ; % #sample points
w = zeros(n,N) ;
w(l,:) = repmat(1/N, [1,N]) ; % equal weights at time t=0
x = zeros(2xn,N) ;
for t=1:n—1
% resample
for i = 1:N
mu = Fsx (2%t —1:2%t, 1)4+B ;
y = [S.sim(j,t4+1) ;5 I_sim(j,t+1) ] ;
w(t+1,i) = exp(—.5*%(y—Hsmu)’/(R)*(y—Hsmu)) ;
end
w(t+1,:) = w(t+1,:)/sum(w(t+1,:)) ;
x(2%(t)—1:2%(t), :) = datasample(x(2x(t)—1:2%(t), :), N, 2, *Weights’, w(t+1,:)) ;

% propagate x
for i = 1:N
mu = Fax(2(t)—1:2x(t)
x(2x(t+1)—1:2%(t+1), i
end

, )+B
) = mvornd (mu, Q) ;

% resample again

for i = 1:N
y = [S.sim(j,t+1); I_sim(j,t+1) ] ;
mu = Fxx(2x(t)—1:2%(t), i)4+B ;

w(t+1,i) = exp (.5 (y—Hsmu)’/(R)*(y—Hsmu) —.5%(y—Hsx(2+(t+1)—-1:2%(t+1), i))’/(R)...

w(y—Hex (2% (t+1)—1:2%(t+1), 1)) ) ;
end
w(t+1,:) =w(t+1,:)/sum(w(t+1,:)) ;
x(2x(t)—1:2%(t), :) = datasample(x(2x(t)—1:2x(t), :), N, 2, *Weights’, w(t+1,:)) ;
end
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Appendix F: Liu and West filter applied to AR(1) model

theta_real = 0.8 ;
n=1000 ; %t =1,...,n

N = 5000 ; % #sample points

a = 0.995 ; % shrinkage coefficient
struct = load (’AR1’) ;

y = struct.x_data ;

% initialisation

x = zeros(n,N) ;

x(1,:) =0 ;

w = zeros(n,N) ;

w(l,:) =1/N;

theta = zeros(n,N) ;

theta (1,:) = unifrnd (0,1,[1,N]) ;

x_est = zeros(1l,n) ;
x_est (1) =0 ;
theta_est = zeros(1l,n) ;

theta_est (1) = mean(theta (1,:)) ;

for t = 1:n—-1
% calculate initial weights
g = zeros(1,N) ;
for i = 1:N
% a priori estimates
mu = theta(t,i)*x(t,1) ;
g(i) = exp(—.5x(y(t+1)—m)"2) ;
end
g = g/sum(g) ;

% resample for first time

resamp = datasample(cat (1, x(t,:), theta(t,:)) , N,2, 'Weights’, g) ;
x(t,:) = resamp (1,:) ;

theta(t,:) = resamp(2,:) ;

% propagate theta
theta_bar = sum(1/Nxtheta(t,:)) ;
V = sum(1/Nx(theta(t,:) —theta_bar)."2) ;
for i = 1:N
m = axtheta(t,i)+(1—a)*theta_bar ;
theta(t+1,i) = normrnd (m, sqrt( (1—a’2)*V)) ;
end

% propagate =x
for i = 1:N

x(t+1,i) = normrnd(theta(t+1,i)*x(t,i), 1) ;
end

% calculate weights
for i = 1:N
mu = theta(t+1,1)*x(t,1) ;
w(t+1,1) = exp(—.5%(y(t+1)—x(t+1,i))"2)/exp(—.5*(y(t+1) — mu)"2) ;
end
w(t+1,:) =w(t+1,:)/sum(w(t+1,:)) ;

% resample for second time

resamp = datasample(cat(l, x(t+1,:), theta(t+1,:)) , N,2, >Weights’, w(t+1,:)) ;
x(t+1,:) = resamp (1,:) ;

theta(t+1,:) = resamp (2,:) ;

% calculate characteristic of interest

x_est (t+1) = mean(x(t+1,:)) ;

theta_est (t+1) = mean(theta(t+1,:)) ;
end
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Appendix G: Liu and West filter for estimating all parameters

%% initialisation

thetaO0 = [ beta, sigmal, sigma2, kappa, lambda, alpha sigma] ;
part = 0 ; % 0 for fully observed, 1 for partially observed
N = 10000 ; % # number of sample points

w = zeros(n,N) ;

w(l,:) = repmat(1/N, [1,N]) ; % equal weights at time t=0

x = zeros(2xn,N) ;
theta = zeros(7%n,N) ;
a = 0.995 ;

% initial estimates for theta

theta (1,:) = normrnd(thetaO (1), 1.11, [1,N]) ; % beta
theta (2,:) = normrnd(theta0(2), 1.24, [1,N]) ; % sigmal
theta (3,:) = normrnd(theta0(3), 0.38, [1,N]) ; % sigma?2
theta (4,:) = normrnd(theta0(4), 0.08, [1,N]) ; % kappa
theta (5,:) = normrnd(theta0(5), 0.05, [1,N]) ; % lambda
theta (6 ,:) = normrnd(theta0(6), 15.8, [1,N]) ; % alpha
theta (7,:) = normrnd(thetaO(7), 0.5, [1,N]) ; % sigma

%% parameter estimation
for t=1:n—1
% resample
theta_bar = zeros(7,1) ;
for i = 1:N
theta_bar = theta_bar 4+ 1/Nxtheta (7t —6:Txt,i) ;
end

for i = 1:N
m = axtheta(7+t—6:7+t,i)+(l—a)xtheta_bar ;
output = CalcMatrix (m, part) ;
F = output (:, 1:2) ;
Q = output (:, 3:4) ;
B = output (:, 5) ;
if part = 0
= output (:, 6:7) ;
reshape (H, [2,2]) ;
=m(7) " 2xeye(2) ;
= [S.sim(t+1); I_sim(t+1) ] ;

< AT T
I

else

= [1,1] ;
m(7)°2 ;

= S_sim (t4+1) ;

< J I
I

end

mu = Fxx (2%t —1:2%t, i)+B ;

w(t+1,i) = 1/sqrt(det(R))*exp(—.5*(y—Hsmu)’ '/ (R)*(y—Hsmu) ) ;
end
w(t+1,:) =w(t+1,:)/sum(w(t+1,:)) ;
list = cat(1,x(2%t—1:2xt, :),theta(7xt—6:Txt,:)) ;
list = datasample(list , N, 2, "Weights’, w(t+1,:)) ;
x(2xt—1:2%t, :) = list (1:2,:) ;
theta (7t —6:7+t,:) = list (3:9,:) ;

% propagate theta
theta_bar = zeros(7,1) ;
for i = 1:N
theta_bar = theta_bar 4+ 1/Nxtheta (7t —6:7xt,i) ;
end

V = zeros(7,7) ;
for i = 1:N

V =V 4+ 1/Nx(theta(7«t—6:7+t, i)—theta_bar)x(theta(7xt—6:7T«t,i)—theta_bar)’ ;
end
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for i = 1:N

m = axtheta (7t —6:7xt,i)+(1—a)*theta_bar ;

theta (7+(t+1)—6:7+(t+1),i) = mvnrnd(m, (1—-a”2)%V )
end

)

% propagate x
for i = 1:N
output = CalcMatrix (theta (7x(t+1)—6:7«(t+1),i),part) ;
F = output(:, 1:2) ;
Q output (:, 3:4) ;
B = output (:, 5) ;
mu = Fxx (2%t —1:2«t, i)+B ;
x(2%(t+1)—1:2%(t+1), i) = mvornd(mu, Q ) ;
end

% resample again
theta_bar = zeros(7,1) ;
for i = 1:N
theta_bar = theta_bar 4+ 1/Nxtheta (7xt—6:T«t,i)
end

)

for i = 1:N
m = axtheta(7+t—6:7+t,i)+(1—a)xtheta_bar ;
output = CalcMatrix (m, part) ;
F = output (:, 1:2) ;
Q = output (:, 3:4) ;
B = output (:, 5) ;
if part = 0
= output (:, 6:7) ;
= reshape(H, [2,2]) ;
=m(7) " 2xeye(2) ;
= [S.sim(t+1); I_sim(t+1) ] ;

< IIT T

else

« o
Il
E=
-
— =

end
mu = Fxx(2+t—1:2«t, 1)+B ;
est_-dens = 1/(sqrt(det(R)))* exp(—.5%(y—Hsmu)’/(R)x*(y—Hsmu) ) ;

output = CalcMatrix (theta (7t —6:7«t,i),part)
vec = theta (7t —6:Txt,i) ;
if part = 0
H = output(:, 6:7) ;
H = reshape(H, [2,2]) ;
R = vec(7) " 2xeye(2) ;
else

’

H=1[1,1] ;
R = vec(7)"2 ;

end

target_dens = 1/( sqrt(det(R)) ) * ...
exp(— .5#(y—Hxx(2x(t+1)—1:2x(t+1), 1)) /Rx(y—Hxx(2x(t4+1)—1:2%(t+1), i))) ;
w(t+1,i) = target_dens/est_dens ;
end
w(t+1,:) = w(t+1,:)/sum(w(t+1,:)) ;
list = cat (1,x(2%(t+1)—1:2%x(t+1), :),theta(7+(t+1)—6:Tx(t+1),:))
list = datasample(list , N, 2, "Weights’, w(t+1,:))
x(2x(t+1)—1:2%x(t+1), :) = list (1:2,:) ;
theta (7x(t+1)—6:7+(t+1),:) = list (3:9,:)
end

)

I

)
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% transforming back
d = (beta—kappa)”2 + 4xbetaxlambda ;
PO = [1, 1 ; (beta—kappa—sqrt(d))/(2«beta), (beta—kappa+sqrt(d))/(2«beta) | ;

for

end

j = 1l:n
for i = 1:N

x(2%j—1:2%j, 1) = POxx(2%j—1:2%j,i) ;
end

theta_est = zeros(7,n) ;
I_est = zeros(1l,n) ;
S_est = zeros(1l,n) ;

for

end

i=1:n
theta_est (1:7,1i) = zeros(7,1) ;
for j = 1:N
theta_est (1:7,i) = theta_est (1:7,1) +1/Nxtheta(7+i—6:7*i,j) ;
end
state = x(2%1—1:2%i, :) ;
I_est (i) = sum(1/Nxstate (2,:)) ;
S_est (i) = sum(1/Nxstate (1,:)) ;

function output = CalcMatrix(theta ,part)

end

for i = 1l:length(theta)
if theta(i) < 0 % theta’s should be positive
theta(i) = 0.001 ;
end
end

if theta(4) < theta(5)
theta(4) = theta(5)4+0.001 ; % kappa should be larger than lambda
end

beta = theta (1) ;
sigmal = theta(2) ;
sigma2 = theta(3) ;
kappa = theta(4) ;
lambda = theta(5) ;
alpha = theta(6) ;

h = 0.04 ; % step size

FO = [alpha ; 0 ] ;

d = (beta—kappa)"2 + 4xbetaxlambda ;

PO = [1, 1 ; (beta—kappa—sqrt(d))/(2«xbeta), (beta—kappatsqrt(d))/(2«beta)
mul = .5%(—beta—kappa—sqrt(d)) ;

mu2 = .5%(—beta—kappatsqrt(d)) ;
D= [mul 0 ; 0 mu2] ;
S = [sigmal sigma2 ; 0 sigma2 | ;
C = (P0O\S)*(P0O\S)’ ;
R_i = [(exp(2+*mulxh)—1)/(2*mul)*C(1,1) (exp(mulxh+mu2«h)—1)/(mul+mu2)*C(1,2)
(exp (muls*h+mu2«h)—1)/(mul+mu2)*C(2,1) (exp(2xmu2«h)—1)/(2«+mu2)*xC(2,2)] ;
F = expm(Dxh) ;
Q= R.i ;
B = D\( (expm(Dxh) — eye(2))* (PO\FO0) ) ;
output = zeros(2,7) ;
output (:, 1:2) =F ;
output (:, 3:4) =Q ;
output (:, 5) =B ;
if part = 0
output (: ,6:7) = PO ;

end
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