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Abstract

In this paper, a method is introduced for approximating the likelihood for the unknown
parameters of a state space model. The approximation converges to the true likelihood as
the simulation size goes to infinity. In addition, the approximating likelihood is continuous
as a function of the unknown parameters under rather general conditions. The approach
advocated is fast, robust and avoids many of the pitfalls associated with current techniques
based upon importance sampling. We assess the performance of the method by considering
a linear state space model, comparing the results with the Kalman filter, which delivers
the true likelihood. We also apply the method to a non-Gaussian state space model, the
Stochastic Volatility model, finding that the approach is efficient and effective. Applications
to continuous time finance models are also considered. A result is established which allows
the likelihood to be estimated quickly and efficiently using the output from the general
auxilary particle filter.
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1 INTRODUCTION

In this paper we address the problem of likelihood evaluation for state space models via particle
filters. We model a time series {y;,t = 1,...,n} using a state space framework with the {y:|o}
being independent and with the state {a;} assumed to be Markovian. Particle filters use simu-
lation to estimate f(oy|F), t = 1,...,n, where F; = {y1,...,y:} is contemporaneously available
information. In this paper we assume a known ‘measurement’ density f(y:|ay) and the ability
to simulate from the ‘transition’ density f(ai41]ow). We shall further assume that this state
space model is indexed, possibly in both the transition and state equations, by a vector of fixed
parameters, 6.

The task we are concerned is the estimation of the likelihood, its log being given by

logL(0) = log f(yi,..., ynl6)
= > log f(yil6; Fi-1),

t=1
via the prediction decomposition. In order to estimate the log-likelihood we exploit the rela-

tionship
f(ytl0; Fi1) :/f(yt|at;9)f(at|ft_1;H)dat. (1-1)

Since we have a filtering device, the particle filter, which delivers samples from f(o;—1|Fi—1;6),
and we can sample from the transition density f(az|a;—1;6) then it is clear that we can estimate
(1-1).

The task in this paper is two fold. Firstly, we consider how we can estimate (1-1) efficiently,
statistically and computationally, by using the output from general particle filters. Secondly,
we address the problem of providing an estimator for the likelihood which is continuous as a
function of the parameters, §. The second issue is important because it means that the task of
performing maximum likelihood inference is greatly facilitated.

The structure of this paper is as follows. In Section 2, we describe particle filters in general
and detail the auxiliary particle filter in particular. Section 2-1 introduces a new and effective
way of estimating the prediction density (1-1) by using the output which arises from the auxiliary
particle filter. We go on, in Section 3, to consider resampling methods which allow likelihood
estimation which is continuous as a function of the parameters 6. Section 4 describes how the
basic SIR filter of Gordon et al. (1993) may be altered to allow continuous likelihood estimation.
Within this section a simple Gaussian state space model is considered and the performance of
the proposed simulated method for obtaining the likelihood is compared to the true likelihood,

given by the Kalman filter. A number of models are considered within Section 4, including the



stochastic volatility model, Section 4-3. We also consider why the method works well for large
time series models, giving an informal justification in Section 4-4.

In Section 5, we move on to consider “fully-adapted” models, which yield more efficient
estimation than the standard SIR based procedure. Various models are considered in this
section and the GARCH plus error model is examined in depth. Section 6 examines methods
of more efficient estimation for quite general models. The details of the methodology is worked
out for the stochastic volatility (SV) model.

Section 7 considers an adjustment to the smooth particle filter which allows us to consider
continuous time volatility models, see Section 7-1, and locally adapted auxiliary particle filter

methods, Section 7-2. Finally, in Section 8 we conclude.
2 PARTICLE FILTERING

Simulation based filters are based on the principle of recursively approximating the filtering
density f(ou|F;) by a large sample o, ...,a} with weights 7}, ..., 7. If this approximation is
regarded as perfect then this leads to the empirical filtering density at time ¢ + 1,

M

flarp Fien) o flyealaugn) Y wf flaga]of). (21)
k=1

Then the task is to approximate the left hand side by a sample o} 11 ...,a%l with weights
i} e W%l. These samples and weights go through to form the empirical filtering density for
the next time step and so the process continues, providing filtered samples through time. In
the particle filtering literature various methods for producing samples from (2-1) are proposed.
Important references include Gordon et al. (1993), Kitagawa (1996), Berzuini et al. (1997),
Liu & Chen (1998), Isard & Blake (1996) and Hurzeler & Kunsch (1998). A good review
is provided in Doucet et al. (2000b) and in the collection of articles in Doucet et al. (2000a).
Recent important work by Andrieu & Doucet (2002) has focused on the analysis of conditionally
Gaussian state space models. Filtering by numerical integration procedures have also been
developed, an important reference from statistics being Kitagawa (1987) who applied the filter
to many non-Gaussian models, including a stochastic volatility model for earthquake data. The
particle filtering literature has centred on the on-line filtering of the states and little work
has been carried out on parameter estimation via this methodology. An exception is Liu &
West (2000) who consider the problem of jointly updating the posterior of the states and fixed
parameters in a sequential manner. Before dealing with the issue of parameter estimation we
shall focus of the details of particle filtering, regarding the parameters as fixed.

The {ﬂf} and {Wfﬂ} are typically taken as being equal. From this point on, for notational



convenience, we shall assume that all the 7rf = 1/M. In this paper we shall follow the approach
of Pitt & Shephard (1999), henceforth PS, using the rather general approach of auxiliary particle
filtering.

PS showed that the sampling issues raised in particle filtering are best addressed by intro-
ducing an auxiliary variable. Such methods are generically called auxiliary particle filters. To
avoid any ambiguity, let us denote the transition density as fo(cyyi1|oy) and the measurement
density as f1(yi+1|ai+1). The innovation in PS is to write down the joint density with marginal
given by (2-1). Let us start by assuming we have a sample of size M from the filtering density at

time t, af ~ f(ou|F;), k=1,..., M. We then wish to sample from the following target density

flask | Fepr) oo filyertlac) folasnlar),  k=1,.,M (2:2)
~ gk, aip1) = g1 (e lowsn, k) ga(ong|of)
= J(y1k)g(arlk, yr1) = C.g(k, ari1).
We have denoted unnormalised densities with a bar. So we now have a joint density g(k, ai11),

which approximates the target and that we can sample from, where

gk,
9(Ye+1|k) = /?(k704t+1)d04t+1, g(arrilk, yir1) = M,
9(Ye+1lk)

and C = "M, G(ys41]i). So for our joint density g(k, a4 1), we have

iy — _ 9Werlk) 7
9(k) Sk Gyl

Note that we design our approximations via g(k, ay+1), see Table 1, so that g(k) can be calculated

g(air1lk) = gloirlk, yir1). (23)

directly and g(cy41|k, y¢+1) is easy to simulate from. We refer to g(y.r1|k) as the first stage
weights and g(k) as the first stage of probabilities from our SIR scheme. In practise for particular
proposals these expressions quickly become simple, as shown in Table 12. For example, for
ASIRg, G(yi41lk) = 1 s0 g(k) = 1/M and g(ai1]k) = fa(ausi|af). For ASIRy, G(yisalk) =
fi(ye1|af, 1) and g(aus1]k) = fa(aus1|af). The sampling from g(k, oy41) in all cases is simple.
To get a sample of size R, we sample k? ~ g(k) then agﬂ ~ g(agy1lk), for j=1,..., R.

Having sampled from our joint proposal density (2-3) R times we then allocate weights to
the resulting samples (a{H, kj> ,j=1,..,R,

wj

Wy :w(ag—f—l?kj)a T =

where
J1(We1]ows) fa(ougr o)
91 (Y41 | g1, k) g2 (g |af)

wlan k) = (2:4)

2flT1 (Y41 |at+1)\gk represents the exponential of a first order Taylor expansion of fi(y+1|ae+1) around ag, ;.
t+1

Similarly f{‘r 2 (yt+1|at+1)|gk represents the second order Taylor expansion.
t+1



gk, apqr) =

Method | Restrictions _
G (Ye1]aut1, k) X go(ous|af)

g(k, 1) = g(k) x g(ari1]k)

ASIRO None 1x fg(at+1|af) ﬁ X fg(at+1|af)

~ f ak
ASIR; | None Fi(Geeal@li) % folaralaf) it et < (aclaf)
i=1 1(yt+1|at+1)

ASIRy | fo Gaussian. | fi* (3/t+1|041t+1)|a§+1 X fa(ogia]af) | see PS

ASIR3 | fo Gaussian. f{2(yt+1|at+1)‘af+l x falagsi|af) | see PS

Table 1: Some different proposals arising from the ASIR procedure. The third column shows
the unnormalised approximating form to the unnormalised target. The final column shows the
normalised approximating joint density as g(k) x g(a+1|k). This is a little bit more involved to
write down for the last two columns, see Pitt & Shephard (1999). Typically &@f ; is the mean,
the mode, a draw, or some other likely value associated with the density of cyy1|af.

We then sample from this discrete distribution, using the normalised weights, 7;, yielding ap-
proximate samples from f(oy41|Fi+1). We refer to the w; as our second stage weights, and the
m; as our second stage probabilities. Again these quantities become very simple for particular
proposals. For the ASIRy method, which reduces to the method of Gordon et al. (1993), we
have simply w; = fi (yt+1|ag +1)- The hope, and frequently the realisation (see PS), is that as we
take better approximations than ASIR( the second stage weights become less variable leading
to more efficient filtering estimation.

Before resampling from the discrete distribution on the R particles, it is more efficient,
at each time step, to estimate moments under the filtering density f(ayy1|Fi+1) by using the
importance sampler approach. We estimate p = E[h(a41)|F¢+1] using the usual importance

sample estimator
R
B= Zﬂjh(aiﬂ)‘
j=1

So far we have advocated the sample-importance-resample (SIR) algorithm of Rubin (1988).
Different algorithms, for example MCMC, based upon the auxiliary proposals may also be used,

see Pitt & Shephard (2000).

2-1  Efficient likelihood estimation

In Section 3, we shall explore methods for estimating likelihoods which are continuous in the
parameters. However, prior to this, it is necessary to explore efficient methods for calculating

the likelihood. Whilst efficient estimation methods will yield gains in later Sections, the issue



is important in its own right. For instance, we may be interested in estimating the likelihood
at single points in the parameter space. We may wish to compare models by evaluating their
likelihoods. In addition, we may require to compute the Bayes factor associated with a model.
For a time series application see, for instance, Kim et al. (1998). In this case, for model M we

require,
f(ylo; M) f(6|M)
f@ly: M)

For non-Gaussian state space models this problem is non-trivial. The estimation of the denom-

flylM) =

inator at a single parameter value 6 is dealt with in Kim et al. (1998) via Markov chain Monte
Carlo schemes. However, it is also important that the likelihood in the numerator f(y|6; M)
be estimated well at the point 6. Efficient estimation also features in the adaptable models
considered by PS and their smooth analogues considered in later sections of this paper.

At each time step we wish to estimate the prediction density f(y;4+1|F:), given by (1-1). Of
course since we only have the samples from the filtering density at time ¢, we actually wish to

estimate the empirical analogue,

M
Fyea|F) = /fl(yt+1!ozt+1) {Z f2(at+1\@f)%} da 1. (2-5)
k=1

This integral cannot, in general, be evaluated directly and so needs to be estimated. There are
two aspects to consider at this point. Firstly, we wish to make our method as computationally
efficient as possible. Therefore, we would ideally wish to simply use the sample values given
in the output from our chosen auxiliary particle filter in the estimation of (2-5). Secondly, we
would like to exploit any knowledge, which enabled statistical efficiency in our particle filter, in
this estimation. The following theorem addresses both of these concerns.

THEOREM 1:

M
. 1 B .
f(W41]F, 0) = [M Zg(yt+1|l)] E [w(at1; k)]

i=1
where w(ay41;k) is given by (2-4) and the expectation is with respect to g(k,ay+1) given by
(2:3).
PRrROOF: See Appendix, Section 10-2.

This above result is useful practically because it means we can take the sample mean of
the first stage weights and the sample mean of the second stage weights. So the likelihood

~

f(ye41]F, 0) is unbiassedly estimated as

1y 1 &
[M;mytﬂi)l Ejz::le . (2:6)



For the ASIRy method of Gordon et al. (1993) this reduces to the standard Monte Carlo

estimator
1 & 1 & -
I Y owi= R > fyirled ).
=1 j=1

When we are able to perform complete adaption, see PS and Section 5, that is we can write

FAyestlowir) folowsalal) = fyilad) ol ads ye),

then we simply set our joint proposal as G(k, 1) = f(yes1|af) f(ars1|af; yer1). In this case
(2:6) becomes 7 SM f(ys41]7) so that we are calculating (2-5) directly.

In general, when the w; have small variance (our criterion for an efficient particle filter) our
estimator will be efficient statistically. In our sampling method we have to evaluate both of
the elements of the above product to perform filtering so that the quantities in (2-6) can be
regarded as a free bi-product of our auxiliary sampling scheme. The proof also extends quite
straightforwardly to fixed lag filtering. Fixed lag filtering is used for robustness and is described
in Pitt & Shephard (2000). The efficient estimation method above is exploited in the smooth
likelihood designs used later in the paper, see Section 5. We also employ bias correction to
estimate the log-likelihood, see Section 10-2.

Before outlining the smooth particle filter approach adopted presently, it is worth noting
that there have been numerous alternative attempts to provide algorithms which approximate
the filtering densities. Important recent work includes Kitagawa (1987), West (1992), Gerlach
et al. (1999) and those papers reviewed in West & Harrison (1997, Ch. 13 and 15). Likelihood
maximisation for latent variable time series has also been considered from an importance sam-
pling perspective, see for instance Danielsson & Richard (1993), Durbin & Koopman (1997) and
Shephard & Pitt (1997). The importance sampling approach can be problematic as the variance
of the importance weights rises rapidly as the dimension (the length of the time series) increases.

The advantage of the approach suggested in this paper is that it provides a reasonably general
method based on particle filtering. The problem of dimensionality which arises in importance
sampling appears not to be a problem for this method. In the following section, a simple approach
is introduced which allows continuous likelihood estimation. Section 4 describes a simple filter
which produces continuous likelihood estimation. The example which is examined in Section
4.1 is the AR(1) model which is observed with Gaussian additive noise. This provides a good
comparison as we know have the true filter and likelihood solution via the Kalman filter. The
model also provides a fair test of the method, as no knowledge of the conjugate relationships are
exploited in using the simulation filter. Therefore the performance of the method on this model

is informative about the performance on models for which there is no exact likelihood solution.



The model also has a very similar structure to the stochastic volatility model, examined in
Section 4-3. In Section 4-2, we consider examples of other models which may be analysed using
this framework. In particular, continuous time stochastic differential equations (SDEs) which
are observed with noise are considered. This type of model illustrates the advantages of the
particle filter approach to likelihood estimation, as importance sampling methods are extremely
difficult to apply to such models, and MCMC methods can be very inefficient. In Section 4-3 we
consider the basic stochastic volatility model in detail. In Section 4-4, a heuristic justification

is proposed for the good performance of the simulated filter approach for long time series.
3 SMOOTH LIKELIHOOD ESTIMATION

At present, despite being efficient, our estimator of the likelihood is not continuous as a function
of the parameters, §. This can be quite easily seen for the ASIRy method for example. Suppose
the samples of, k = 1,..., M, from the filtering density f(ay|F;0) are changed by a very small
quantity. Then the proposal samples a{ 11, J = 1,..., R will also change by a very small amount.
However, the discrete probabilities, proportional to f(y;+1 |ozg +1), attached to these particles will
have changed as well. Since the resampling stage essentially works by generating a uniform
and inverting this discrete cumulative distribution function, it is immediately clear that, even
with the same uniform variables, the resampled particles will not be close. This illustrates an
inherent problem with the bootstrap method for smoothness; it is not smooth. From a practical
viewpoint, maximising the resulting rough surface will be extremely problematic, expensive and
probably not routinely possible. In order to get around this difficulty a very simple alternative
to the discrete resampling is now proposed. This, on its own, is a sufficient innovation to allow
continuous likelihood estimation by using the ASIRy method. However, it can be combined with
other adaptions in order to be used in conjunction with the ASIR; method and for complete

adaption problems.

3-1 Smooth bootstrapping

We record lAt+1 as our estimate of log f(y+1|F:), using the method of Section 2-1 combined with

our bias correction, see Section 10-2. After running through time, we calculate

~ T o~
10) => 1.
t=1

As we change the parameters 6, we must use the same random numbers and rerun the

~

particle filter again calculating [(6) at the new value. In order for the likelihood to be smooth

as a function of #, we require that the samples of a; from the filter be smooth as a function of 6.



We must consider a smooth analogue of the usual bootstrap procedure which is computationally
efficient to sample from in a smooth manner.

Let us think of the bootstrap operating on an R x 1 vector x with sorted univariate elements,
x; and picture the corresponding cumulative distribution function (cdf), see Figure 1. Then
instead of the discrete (steps) cdf that we usually use, it is proposed here that we replace it
by a smooth cdf. The reason for this is that this will enable smooth sorted samples to be
generated. Of course, we are not free to use any smooth cdf we require. A natural choice
would be to use the smooth bootstrap approach adopted by, for instance, Efron & Tibshirani
(1993) which uses a kernel density approach, see Silverman (1986). However, whilst appealing,
this would not enable smooth sorted samples without an expensive O(R?) algorithm. This is
prohibitive, so for univariate data we propose to use a piecewise linear approach. Just as the
discrete cdf approaches the true cdf, so our smooth cdf will approach the true cdf as R — oo.
Our construction is simple, although different approaches based upon the partitioning idea here,
could be employed. Suppose for each z; we have probability m;. Then we define a region i, .S; as
follows: S; = [2%, 2'*1], i = 1,..., R— 1. These regions form a partition of the sample space for z.
We have different densities g(|i) within each region 4, S;. We shall assign Pr(i) = 3 (m; + mit1),
i=2,..,R—2and Pr(1) = 1(2m +m2), Pr(R—1) = 3(mr_1+2np). Clearly, these probabilities

sum to 1. Within each region we shall define the conditional densities as follows,

g(zli) = @ — 1) T €S, 1=2,..,R-2

and
1 _ .1
2m1+me? r=2
glal1) = o
1+
2mitms (22—z1)’ T €5
TR
TR_14+27TR’ xr = iL'R
g(z|R—1) =
TR—1+7TR 1 = SR—I-

TR-1+27R (xB—aB-1)

Figure 1 shows a discrete cdf with the continuous interpolation for R = 8. Note that the
continuous cdf passes through the mid-point of each step in the discrete cdf. As R becomes
larger, the two cdfs become indistinguishable. The validity of the resampling method for SIR is
preserved. Denoting our continuous cdf by F and the discrete SIR cdf by ﬁ, it can be seen that
as R — oo,

F(z) = F(z) — F(2),

where F'(z) is the true cdf. The justification for the convergence of ﬁ(z) to F'(z) is given rather

succinctly by Smith & Gelfand (1992).



The partitioning of the state space means that sampling from this continuous density is very
efficient. We simply select the region ¢ with Pr(7) and sample from g(x|i). The form of g(x|7)
has been chosen to be linear. In effect we are simply inverting the smooth cdf given a uniform
random variable, which remains fixed as we change the parameters. This ensures continuity and
allows very fast sampling but there is no reason why a quadratic or cubic interpolation could not
be used within each region, provided of course we maintain the monotonic non-decreasing shape.
Indeed differentiability could be achieved by using a higher order interpolation. The algorithm
for sampling from this distribution is given in the Appendix and is no more computationally

demanding than standard multinomial sampling.
4 LIKELIHOOD ESTIMATION USING ASIRj

Equipped with the new method of resampling, we may now proceed to generating continuous
likelihood estimates via the ASIRq particle filter of Gordon et al. (1993). For clarity, we shall
outline the specific form of this scheme. It is, of course, simply a special case of the scheme
of Section 2. However, before describing the scheme, it is necessary to spell out a couple of
additional computational details which surround it. Firstly, we fix the random seeds for a
particular complete run (through time) of the filter. So for different parameters 6 we will be
running the filter to estimate log f(y|6) using the same random numbers for each run. Secondly,
we will be sorting the filtered samples prior to the next SIR step. Finally, when generating
from both the proposals and the resampling density, we will be using stratified sampling. This
stratification scheme is briefly described in Pitt & Shephard (2000) and uses the suggestion
of Carpenter et al. (1999). Liu & Chen (1998) and Kitagawa (1996) also discuss methods of
stratification. The stratification scheme used here works on the uniform variables which are
used to invert our empirical cdf and is detailed in the Appendix. Stratification enables more
efficient estimation and can reduce the problem of sample impoverishment. Pitt & Shephard
(2000) demonstrate that using this approach at both the sample and resample stages produces
efficient estimation for the filtered means.

The computational details out of the way, we can now outline the specific form of the ASIR
scheme. In the usual way, see Section 2, let us assume that at time ¢ we have the sorted (in
ascending order) samples of ~ f(ay|F;), k = 1,..., M. Of course this filtering density is indexed
by 6 but for brevity we shall drop this from our notation. Using our stratified sampling method
we sample R of these and pass through the transition density. We then sort in ascending order

to obtain oz{H, j =1,...,R. These will be distributed according to f(at1|F;). We attach to

10



each of these samples the probability 7; defined through

s
Zszl Wi
We now apply the smooth bootstrap approach of Section 3-1. We use a set of M sorted stratified

Wy = f(yt+1|04i+1)v Ty =

uniforms and invert the continuous cdf corresponding to the density of Section 3-1. Hence we now
have a sorted sample of size M, a! 11, 4=1,..., M. In the usual way, these arise approximately
from f(ayy1|Fi41) and we can proceed to the next time step. We record ly41 = log f(yt/:l | F2, 0)
as our estimate of log f(y+1|Ft), using the method of Section 2-1 combined with our bias

correction, see Section 10-2. After running through time, we calculate

~ T ~
10) => 1.
t=1

Provided that the transition density and the measurement density are continuous in o441 and
0, then this is sufficient to ensure that A(G) is continuous in 6. It should be noted that we need
to sort once for each time update. This is the only computational addition to the algorithm
of Gordon et al. (1993). Indeed it is O(Rlog R). However, this is found to be a relatively
innocuous problem as part of these algorithms, largely because the sorting algorithm exploits
the fact that the variables are close to being sorted prior to being sorted. Timings indicate that

with the numbers concerned the sorting takes less than 1% of the CPU time. It is only when R

becomes extremely large that this consideration will play a part.

4-1  Ezample 1: AR(1) + noise model

To assess the performance of the ASIRy method we shall consider the AR(1) plus noise model.
This is a linear state space form model, see Harvey (1993), the likelihood for which can be
evaluated via the Kalman filter. The model is,

Yt = o+ Et, &t~ N(O7U§)
arr1 = p+¢lag—p)+n,  ne~ N(0,07).

(41)

To mimic the stochastic volatility (SV) model, see Section 6:1.1 we have o2 = 2, 0727 = 0.02,
¢ = 0.975 and p = 0.5. The choice of 0,27, ¢ and p are chosen as typical values for the SV
model, ¢ representing the persistence in variance, whilst o2 is chosen from the curvature for
the measurement density in the SV model (the second derivative of log f(y;|a;) with respect to
ay). Thus the AR(1) plus noise model above provides a fair test of our method. “Fair” because
we are not exploiting any particular features of the conjugate Gaussian updating relations that
exist. This assessment is therefore extremely informative about the performance of the smooth

ASIRg procedure for non-Gaussian models. Before examining the behaviour of our estimator,

we shall first take a preliminary glance at the output from the ASIRy filter compared with the

11



true output. We simulate one reasonably large time series, T' = 5000, and examine the results
for differing M and R. In Figure 2, we take small values of M and R as 300 and 400 respectively.
We plot the true filter mean, based on the true values of the parameters, from the Kalman filter
my = Elay|Fi] together with its estimate m; from the smooth ASIRg procedure. Similarly we
look at the log-likelihood component I;, from the Kalman filter and the corresponding estimate
lAt from the ASIRy method, see previous section. The error lAt — [; is also displayed. Finally a
slice through the log-likelihood for p is taken, keeping the remaining parameters fixed at their
true values. The profile log-likelihood against p, from both the Kalman filter and the estimator
of the log-likelihood are displayed. Figure 3 shows the same results as Figure 2, except that M
and R are now taken as 3500 and 5000 respectively.

Several things are clear from these plots. The estimated filter mean 7, remains very close
to my, even with the large time series. Also, the estimates of lAt appear to be unbiassed for [, as
indicated by the zero mean of the error lAt — ;. The variation in this error, although apparently
changing over time, does not increase but appears stable. This variation also goes down in the
manner we would expect by increasing both M and R, as is apparent by comparing the error
1, —1; in the two figures. As far as the profile log-likelihoods are concerned, the estimator appears
to do rather well, even for small M and R, being very close in both figures to the true Kalman
filter log-likelihood. We also found this to be true when looking at the profiles of the other two
parameters, 0727 and ¢.

We now examine an extremely long time series, of length T = 20000. The resulting profile
likelihood and log-likelihood for the three parameters are displayed in Figure 4. Clearly, the
estimation is remarkably good for each of the parameters considering the length of the time
series.

The fact that the method performs well even for small sample values over such a long series
is encouraging indicating the scheme is robust. The errors is the log-likelihood components I; are
stable over time and the variance, although changing, appears stationary. This contrasts with
importance sampling for which the variation in the likelihood estimator can increase dramatically
with the time series length. A heuristic justification for why this is the case is given in Section

4-4.
4-1.1 Estimator performance

We now examine the behaviour of our estimator by simulating two time series of length 150 and
550 from the above model. We then estimate via maximum likelihood using the Kalman filter to
obtain the correct maximum likelihood estimate. The estimation is with respect to 8 = (o, i1, @)

keeping o2 fixed at the true value of 2. We then run the smooth ASIRq filter 50 times, with

12



different random number seeds for each run, maximising® the resulting estimated log-likelihoods
for each run with respect to . Recorded in Table 2 are the results for 7" = 150, using varying
values of M and R. The average of the 50 simulated maximum likelihood estimates, the 50
variance estimates and the mean squared error are displayed for each set of M, R. The variance
estimates are obtained by taking the negative of the inverse of the matrix of second derivatives
for @ at the mode. It can be seen that the biases in all cases are not significantly? different
from 0. The mean squared errors in Table 2 are small relative to the variation in the data, and
become smaller as M, R increase. In addition the variance-covariance matrix is well estimated
even for small M, R. These results are very encouraging.

The results for the case T' = 550, Table 3, gives an insight into how the method might behave
for the SV model for which the data is reasonably long. The results are displayed in an identical
fashion to Table 2. If an importance sampler were used to estimate the likelihood, we might
expect a rapid decline in the performance as T becomes larger. This is not the case here. The
biases are again not significant given our simulation number of 50, suggesting the estimator is,
at least approximately, unbiassed for the true ML estimator. The mean squared errors become
smaller as M, R increase. Indeed the magnitude of the mean squared errors suggests that the
method is workable for practical ML estimation of non-linear, non-Gaussian models in state

space form.

4-2  More general models

There are many models which may be placed in a similar form. The exponential measurement

models considered in West & Harrison (1997, Ch. 13 and 15), for instance, where we have

a1 = 1+ dlag — ) + e,

and a link function relating the evolving state to the measurement. For instance, for count data

we may have

yr ~ Po(exp(B'x; + ay)).

The smooth ASIRy method above may be used to estimate this model, a Poisson model with a
time varying intercept, straightfowardly.
Also we may apply the smooth filter to problems involving a stochastic differential equation

(SDE) observed with noise. For instance we may have the following model,

y(mi) ~ fly(n) [ 2(n))

3We use the BFGS ()routine within 0x, a matrix language. See http://hicks.nuff.ox.ac.uk/Users/Doornik/.
4We have to test bias ~ N (0, M;)E) .
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de(t) = p(x(t))dt + o(x(t))dW(t),

where observations are made a times 71, 7o, ..., 7. In this case we can simulate smoothly from
f(z(7ig1) | (7)) by exploiting the Euler approximation. Letting 6 = (1,41 — 73)/M, zo = z(7;)

we simulate through
ziv1 = 2t + p(ze)d + 5%0'(215)%5, t=0,..,.M—1, (4-2)

where u; is a standard Gaussian random variable. Then we set z(7j+1) = zp, which will be
distributed according to f(x(7+1) | z(r)) as M — oo, as the Euler approximation becomes
exact. Now that we have a simple method for simulating from f(z(7i+1) | z(7;)) the ASIRg
method can be applied straightforwardly.

This is an important application as analysis of such models is difficult using MCMC or
importance sampling methods. Another, purely time series, application is to stochastic volatility

(SV) models. We shall examine this model in greater detail below.

4.3 Ezample 2: SV model

We can examine the method by considering the stochastic volatility (SV) model,

yr = erexp(ay/2), g1 = p+ dlay — p) + 1, (4-3)

where g; and 7; are independent Gaussian processes with variances of 1 and o? respectively.
This is a non-linear time series model of evolving scale. Here p has the interpretation long run
mean of the log volatility, ¢ the persistence in the volatility shocks and O’% is the volatility of
the volatility. This model has attracted much recent attention in the econometrics literature as
a way of generalizing the Black-Scholes option pricing formula to allow volatility clustering in
asset returns; see, for instance, Hull & White (1987), Harvey et al. (1994) and Jacquier et al.
(1994). MCMC methods have been used on this model by, for instance, Jacquier et al. (1994),
Shephard & Pitt (1997) and Kim et al. (1998). In addition, Shephard & Pitt (1997) and Durbin
& Koopman (1997) consider importance sampling to obtain the likelihood.

In this case we have,

1

1
log f(y+1lait1) = l(aus1) = ¢ — §yt2+1 exp(—aiy1) — QO+

We have apply the ASIRy method by first simulating a single series of length 550 with 6§ =
(o, 1, 9) = (1/0.02,0.5,0.975), typical values for daily returns. We then carry out a Monte

Carlo experiment, taking the number of Monte Carlo replications as 50, in a similar fashion
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to the previous section. We use the variance of the scores, the outer-product estimator, for
estimating the variance covariance matrix. The results are reported, again for varying values
of M and R in Table 4. The corresponding histograms of the Monte Carlo output are given in
Figures 5 to 7. It is informative to consider the ratio of the mean squared error to the variance of
each parameter with respect to the data. For the case M = 300, R = 400 this is (0.035, 0.0172,
0.0307) for each of the parameters § = (oy;, 1, ). This reduces to (0.0060, 0.0027, 0.0064) when
M = 1000, R = 1300. When M = 3000, R = 4000, the ratio is just (0.00167, 0.00111, 0.00143).
The histograms of Figures 5 to 7 show that there are no extreme results from the Monte Carlo
experiment. Indeed the histograms do not appear to be far from normality. This is encouraging
as it means that our simulated maximum likelihood procedure is robust.

The stochastic volatility model can be extended in a number of directions without any
particular difficulty. A simple extension would be to include a risk premium term for stock

returns so that
ye ~ N(py + Bexp(ay); exp(ay)).

This may also be expressed as

Yt = py + Bexp(ay) + exp(ay/2)e;.
A further extension is to allow shocks to returns and volatility to move together so that

Et 0 1 POy

~ N ) 2 s

Nt 0 poy oy
where p is the correlation between the two shocks. Additionally, heavy tailed conditional distri-
butions, for €;, can be used without posing any difficulty for the methods advocated here.

The stochastic volatility model above follows from an Euler discretisation of the Ornstein-

Uhlenbeck (OU) process. Alternative models for the evolution of volatility in continuous time

have been proposed and their treatment is considered in Section 7-1.
4-4  Estimator for large time series

We shall now give a heuristic justification for the good performance of the particle filter for large
time series, see the results of Section 7. Essentially, the accuracy for large time series in the
estimation of the likelihood is due to the fact that the errors in the score have a mean which
is zero and arise as the addition of the score error associated with each data point. The region
in which the likelihood is appreciable contracts as N, the sample size, becomes larger and this
counteracts the summation of score errors which also takes place over the sample size.

Consider the true log-likelihood which is given by,

N
In(0) =D 1i(0),
t=1
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where N is the time series length and where [;(0) = log f(v:|0) and y; ~ f(y:|6), 0 being the

true parameter. Now let us suppose that we obtain our estimated likelihood as,

N
IN) =Y Li(0), 1Li(6) =1i(0) +ei(8),
t=1
where the random error term ¢;(6) is a smooth differentiable function of § and E[e;(0)] = ¢, a
constant. We get

N
INO) = In(0)+ ) ei(0) = In(0) +(0),

t=1
Tn(®) = Iy(6)+s(6)

The score error s(f) = de/00, is given by
s(0) = si(0),
t=1
which has mean 0 (since we may differentiate the expectation for €;(#)) and variance No2. Note
that the variance goes up only linearly with N. This is exactly what we require as we are

interested in the distance,

d=1n0+A) —In(0+ A) = {In(0) — Ix(0)}.

Intuitively this gives us the error in the shape. Since we are concerned with distances which are
local for likelihood estimation, we may consider distances A = §/+v/ N, as on asymptotic grounds
this is the scale of interest. Taking § — 0, we obtain,

_ax(On(O) ~U(8) _ 3 x5(0)

I N VN

Hence
E[d) =0, Var[d = o>

This indicates that the local error, d, is independent of the sample size N. This means that
the local error in our likelihood remains the same. The likelihood estimation method should
therefore work as well for large samples (for which we are concerned with small distances) as it
will for small samples.

We now look at a Monte Carlo simulation to see how the variance and mean of the score
changes as N increases. We examine the AR(1) plus noise model of (4-1) comparing the true
derivative (with respect to o,) with the results of 50 runs of the smooth particle filter with
differing M and R. The results are given in Table 5. The variance in the derivative is small in
all cases compared to the magnitude of the true derivative. We notice that as the time series
varies in length the variance does appear to go up linearly with IN. Also the variance goes down

as M increases in the manner which we would expect.
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5 FULL ADAPTION

In the case of full adaption, as described in PS, we can draw directly from f(oyy1|oy, yey1) and
also evaluate f(yi+1|a¢). This situation actually arises in a number of important special cases of
the general model considered. Suppose, as before that we have sorted samples o, ..., a from
f(at|F). We associate with each of these samples the weight w; = f(yi+1]ad), i = 1,..., M. We
then resample M times, using the smooth bootstrap, yielding M sorted samples ag ,j=1,..., M.
Clearly, these samples are approximately drawn from f(ay|Fi41). We now simply pass each of
these samples through the density f(ay+1|at, yi+1) to produce a sample O‘£+1 ~ flogs1|Fisr), J =
1,..., M. Since we have smoothness in our samples as a function of our parameters, the estimated
likelihood will be continuous in the parameters. The fully adapted algorithm is optimal, one
step ahead, since we are directly sampling from (2-1).

In fact the empirical prediction density, (2-5) is exactly obtained as

M
~ 1
FyeralFe,0) = — > filyeralap),

M k=1
where af ~ f(a;|F;). As in the remainder of this paper, the computational additions considered

in Section 4, such as stratified sampling, are again used. This method should be extremely

efficient for fully adapted models such as the ARCH plus noise model described presently.

51 FEzxample 1: ARCH with error

An example of full adaption is for the ARCH model observed with Gaussian error. The au-
toregressive conditional heteroskedasticity (ARCH) models, see Engle (1995), are used to model
the slowly changing variance commonly observed, for example, in equity and exchange rate re-
turns. Consider the simplest Gaussian ARCH model, the ARCH(1), observed with independent

Gaussian error, see Shephard (1996). So we have
yilor ~ N(ar,0%),  apalas ~ N(0, Bo + 1)

It has received a great deal of attention in the econometric literature as it has some attractive
multivariate generalizations: see the work by Diebold & Nerlove (1989), Harvey et al. (1992)
and King et al. (1994). This model is exactly adaptable. It is clear to see that,

Yer1|ar ~ N(0, Bo + 51%2 + 02), 1|0y, Y1 ~ Na, b2),
where

b2 — (72(60 +6104§) _ b2yt+1
“hrma e TV
t
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As far as we know no likelihood methods currently exist in the literature for the analysis of
this type of model (and its various generalizations) although a number of very good approxima-

tions have been suggested.

5.2  FExample 2: Threshold models

Let us consider the following binary threshold model,

. 1, a; >0
T 0, <o
a1 = p+dlar —p)+ne, ne~ N(O, U%)~

We have marginally,

2
where 02 = 1;‘252. This can be fully adapted. If y;41 =1,
+ plag —
Pr(yii]ay) = @ (W) Flaialyers, or) = TNso(p+ d(ar — p); 07).
n
If ye41 =0,
+ ooy —
Pr(yiifoq) =1 — ‘I’<w>7 flasslyerr, ar) = TN<o(p 4 ¢l — p); o).
n

Again, this model is exactly adaptable allowing efficient estimation of the likelihood.

5.3  Example 3: GARCH with error

As a realistic example to consider, we examine the GARCH with error model. This is a more

general model than the one previously outlined. We can write this model in the following form,

yt‘at ~ N(Oét, 02)7 (51)
alof ~ N(0,07)

0152+1 = ﬂo-i—ﬂla?-i-ﬁgag.

We can equivalently write the above model as

yilop ~ N(0,0% +a7), (5-2)

b2y

Oét“’tzvyt ~ N <—2t§52> )
o
ot = o+ Bai + Baot,
2 .2

where b = 22, This is may be thought of as the “adaptable” form of the model since o?
o°+o0; t

is a deterministic function of a7_; and o7 ;. Of course, in either specification it is immediate
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that as 02 — 0 we obtain the GARCH(1,1) model. In fact, the second equivalent form of the
model involves a univariate Markov chain in o which is observed with noise. It is immediately
apparent from the form of (5-2) that o2 represents a lower bound on the overall variance of
yr. Suppose that at time ¢, we have M samples from f(0?|Y;). We sample from f(oy|ys, 02),
given above, R times, where we choose the o7 randomly from our sample from f(o?|Y;). In this
way since we obtain R samples af_(:%, i=1,..., M from f(at2+1|Yt). Regarding these as being
sorted in ascending order we now apply the smooth bootstrap method where we have weights
wi = f(yt+1|atz_f_?), i=1,..,M.

We illustrate this method by estimating the four parameters. We simulate a time series of
length 500 and perform 100 different ML estimation procedures using the above method. The
four parameters (5o, 51, 32,0)" are set to (0.01,0.2,0.75,0.1)" in the single simulation. The pro-
cedure is then run 100 times with M = 500, R = 600. The results are shown in Table 6. Clearly,
unlike the Gaussian state space form model, we cannot analytically assess the performance of
our estimator by comparison with the true ML estimator. However, for all 100 runs (started
with different random number seeds), we encountered no problem with convergence to the mode.
The variance of the simulated maximum likelihood are many hundreds of times smaller than
the variance obtained by inverting the matrix of second derivatives at the mode. In addition,
the true values of the parameters lie well within their 95% confidence limits. This suggests our
approach is a fast, simple and reliable procedure for a problem for which a likelihood solution
is non-trivial. The smooth likelihood procedure, of course, allows testing to be carried out. For
instance, likelihood ratio tests can be routinely undertaken.

We shall illustrate this by examining an actual time series of length 500, consisting of the
continuously compounded daily returns on the Pound versus the US dollar from the second of
January 1981 to the twelfth of December 1982. The maximum likelihood results for both the
GARCH and GARCH plus error models are reported in Table 7. The GARCH model is nested
within the GARCH + error model, arising from the restriction that ¢ = 0. Therefore using the
likelihood ratio test we can reject the null hypothesis that o = 0 at the 1% level of significance.
We therefore favour our richer GARCH(1,1) plus error model for this dataset.

6 PARTIAL ADAPTION

The number of models for which full adaption is possible is fairly limited. Partial adaption may
be carried out for more general models. In the following sections we shall consider local partial
adaption methods which exploit knowledge of the mixture component osz. Whilst these methods

represent the natural smooth analogue of the auxiliary methods of PS, their design is a little
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more involved. Global partial adaptions, which do not exploit knowledge of af, are more easily

dealt with and shall be considered here. From Section 2, we have

flawsn, of |Fipr) o fiyesloe) folausalaf), k=1,..M (6-1)

~ ?1(%+1\at+1)f2(at+l‘af)a

where we have constructed g, (y¢+1|au+1), the global approximation to fi(yi+1|au+1), to be con-

jugate to fo(asy1|af). Therefore our joint proposal becomes

gy, Oéf) o G(Ye41 |Oéf)9(06t+1 |047]f€7 Yti1)-

We have a mass function g(af) = G(yi1|od)/ M, G(yer1|ad). We can apply our smooth boot-
strap yielding ordered samples, az, j =1,...,R. This is very efficient as the o are sorted prior
to the smooth bootstrap. We then propagate each of these through g(ay41|as, yi+1), and sort,
to give a sorted sample of oz{ 41, J = 1,...; R. The smooth bootstrap is applied, with weights
w(ozgﬂ), where

_ iy |ousa)

wlaw) = G1 (Yes1]aprr) 62)

Note that in (6-1) we could have, if necessary, approximated fa(csy1]|af) by ga(api1|af) without
changing the fundamental nature of the resulting algorithm. Following the results of Section 3,

~

the likelihood f(y|Fi—1,6) is unbiassedly estimated as

[ifmy mﬂ] 1y, (6:3)
M o Rj:l iR

We shall illustrate the application of this algorithm for Gaussian transition densities in the

underlying Markov chain.

6-1 Gaussian transitions

The reasonably general situation in which we have a Gaussian transition density shall now be
considered. A comprehensive discussion of dynamic models of this kind may be found in West
& Harrison (1997).

Let us suppose that ay1|a ~ N {p (i), 02 (ar)} and that fi(yes1|owr1) = exp{l(cii1; yes1) -

Then we form G, (y¢+1|a+1) above as

. N 1., . .
log g1 (yet1|ows1) = U(Qug1i ye1) (o1 — Qegr) + §l'l(at+1; Yi1) (1 — Qry)?

the last two terms in a second order expansion of [(cy41;¥¢+1) in ay41 around @t+15. We would

SIf I” > 0 we may replace this term by a negative constant or discard the second order term altogether.
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generally choose G;11 to be i1 = S pu(a¥), the forecast mean for ayy1. We then obtain

_ * 1 *2 1 2
G(yeslof) = e &P (55_2 - 5%((1;1)) ,

glastlap, yer1) = N(app|pt50*?),

where %2 = (% - l”)il, w = o*? (% +1 1" x @t+1).

This expansion technique is valuable as it leads to more efficient filtering and more efficient
likelihood estimation. The efficiency of our procedure may be illustrated by examining the
second stage weights w(ayy1). An efficient algorithm will have normalised weights which are as
even as possible, see for instance Liu & Chen (1998). For the standard ASIRg, we have that

w(ag+1) = f1(ye+1]|ae+1). We now have that

logw(ars1) = a1 ye41) = V(@1 Y1) (1 — Gry1) — %l"(@tﬂs yer1) (1 — @)’
As a function of ay41, this should not be very variable. The variability will be extremely small
if I(ay41;y1+1) is close to a quadratic in 1. For instance, suppose we have a conditionally
Poisson model where the state follows a Gaussian autoregression and, conditionally, we have
yr ~Po(#). As the counts, y;, become larger then I(ay41;y:4+1) approaches a quadratic function
in az41. Our weights will therefore be fairly even and this partial adaption approach will
perform much more effectively than a standard SIR method. This result also holds for many
conditionally exponential family observation models, such as the binomial (as n — o0). A first

order expansion may also be used leading to similar conjugate relationships.
6:1.1 Example: SV(1) model

We can examine the partial adaption method for Gaussian transitions by again considering the

stochastic volatility (SV) model,

yr = erexp(ay/2), a1 = p+ dlay — p) + e, (6-4)

where &; and 7; are independent Gaussian processes with variances of 1 and o2 respectively. In

this case, we have

1 1

logr) = _§yt2+1 exp(—ag1) — QO+l

We may apply the general Gaussian transition partial adaption approach, yielding second stage

weights w(ay41), where

1

logw(ai1) = c— §y?+1{exp(—04t+1) + (41 — Qpg1) exp(—aQit1)

1 =N N
—§(Oét+1 — Gy11)” exp(—@41)}
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These second stage weights will be much less variable than for the standard, unadapted, particle
filter. The procedure is simple to apply and results in superior performance in estimation whilst
still ensuring smoothness in the estimated likelihood. It is no more computationally demanding

than the standard smooth SIR filter.

7 ADJUSTMENTS FOR LOCAL ADAPTION AND INTEGRATED PROCESSES

So far we have dealt with the case where the second stage w1 is only a function of the corre-
sponding state so that wi41 = w1 (@e41). When w41 is a smooth function of ayy1, the methods
of the previous section, which employ smooth resampling, are sufficient to ensure smoothness in
the resulting likelihood. However, in a number of models, which we shall consider presently, the
weights w11 are a function not only of ay41 but also of some additional information associated
with the sample I;41, so that wip1 = wipi(ogrr, Ir+1). Regarding our samples a%ﬂ, ...,Ozﬁ_l
as sorted in ascending order we have the associated (generally unordered) samples I} TR Iﬁl
and the weights w}, , ...,wf ;. Even if two points o} ; and aiﬂ are arbitrarily close, the corre-
sponding weights w{, ; and wiﬂ will not be as they also depend upon I, ; and Itiill, which in
general will be quite different. Let us assume that wj,,; >> wzﬂ As the parameters 6 change
slightly to become 6 = 6 + £ the order of the two points may change, in which case we have
&by = aitl + givi1(e) < @t = al,q + gi(e). However, for the new associated weights we have
&iﬁ >> o 11- The resulting smooth cdf we constructed will have changed significantly, despite
the arbitrarily small change in the parameters and the states. This results in a likelihood that
is not estimated smoothly.

The problem is not necessarily particularly dramatic in applications as the change to our
smooth cdf is only a very local one, particularly when R is large. Also the variability of the
weights wyy1 may be small which again minimises this difficulty. However, for numerical max-
imisation schemes this may cause difficulties and it is necessary to ensure smoothness. We only
have to ensure that very small changes in the order of the states leads to small changes in the
weights w;11. To do this we use a kernel approach to smooth our weights, and therefore the

probabilities 7*, prior to sampling via

e SR wio* (v — I’i)/h)’ o wi;7 j=1,...R,

7 R 6" ((wj —@1)/h) 7

where ¢* is the density for a standard Gaussian random variable, and z; = o}, for notational

*
i=1W;

convenience. In practise, for computational efficiency, we truncate this at values where |z;—z;| >

3h allowing very fast computation. We make h very small as this is sufficient to ensure continuity
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and makes the computations very close to linear in R. We make h a function of RS, so that
h = cPf%, where ¢ is a very small number. When R is very large, h will be very small but
the smoothing will still take place over approximately the same number of points. The efficient
algorithm is given in the Appendix. In the following applications, we found a negligible overhead

from using this presmoothing technique on the weights.

7-1 Continuous time models

We shall now consider estimation of partially observed stochastic differential equations (SDEs).
We focus on the specific example of a stochastic volatility model. Let us allow the log of a price,

y(t), to evolve as
dy(t) = {p+ Go>(t)}dt + o(t)IWA (1)
(7-1)
do?(t) = a(o?(t))dt + b(o?(t))dWa(t).

A discussion of these models is provided in Campbell et al. (1997, Chapter 9). The models may
be used to proce options in the presence of stochastic volatility, see for instance Heston (1993).
The G parameter represents a risk premium term. We would expect this to be positive as higher
volatility should lead to higher expected returns. Reviews of special cases of this model are
given in Taylor (1994), Ghysels et al. (1996) and Shephard (1996). Note that we may also have
a linear term in y(¢) in the drift and that we can have non-linear functions of o(¢) in both the
drift and volatility terms without affecting our analysis. Let us suppose that we observe the log
price at times 71 < T2 < T3 < ... < T, < Tpt+1. We therefore have n returns rs = y(7s+1) — y(7s),

for s =1,...,n. Note that we now have,
2%, 2%
TS ~ N(/’LAS + /805 705 )7
regardless of the process for o2(t), where
2 T o
Ay =Tep1 —Ts, 05 = / o“(v) dv.
Ts

We refer to o2(t) as the instantaneous volatility and o2* as the integrated volatility, for reasons
which are clear. The important aspect to notice from the point of view of our particle filter is
that we no longer have simple dependence on the corresponding state. Rather it is the integral
of the path of the state between two points which is crucial.

We shall now use a very fine Euler approximation to the process. We shall place M, —1 latent
points between our instantaneous volatilities 02 (75) and 02(7541). We shall define our points as

2 2 - ‘ ‘ 2 _ 2 2 _ 2
051, 05 .1 Where for notational convenience we will set o = 0%(75) and o7\, = 0%(7s41).

SAs R becomes larger, the original smooth cdf is less affected by changes in the parameters.
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These latent points are evenly spaced in time by § = Ag/M;. We now have the Euler evolution,
2 _ 2
050 = 0s—1,M,>

02 i1 = 02 +a(02,)8 +b(02, )Wouy, m=0,..,M;—1. (7-2)

where u,, ~ NID(0, 1). We have a Markov chain in O'E’m, and having approximated our volatility

evolution, we may write

where we now have,
M;—1
62 =46 Z T2 - (7-4)

Note that as § — 0, we have that 52* — o2*. Note that (7-3) can also be derived from the

aggregation of the Euler discretisation of the measurement equation of (7-1),
Ysm+1 = Ysm + {,u + ﬁag,m}(s + O—S,m\/gnmy m = 07 ) M, — 17

where ys 0 = y(75) and ys pr, = y(7s41) and 1, ~ NID(0, 1).

We note that the particle filter approach is straightforward. Our state at time 7, is 02(7)
and we can simulate from the transition f(o?(7s11) | 02(7s)) by using (7-2). Suppose at time
75 we have our sample o2!(7y),...,0>M(1,) from f(o?(7s) | r1,...,7s—1). Then we propagate
from our Euler transition density R times, as usual in a stratified manner, to get our new
2, 1( R(

Tox1), -, 02T (1541) from f(0?(Tss1) | 71, ..., 7s—1) and record the associated estimated

states o
integrated volatilities 52%1,...,52*%. We then attach to the sorted sample the weights and

probabilities,

Wi
Yitiwi
where f(rs | 52%) is given by (7-3). We use the smoothing device on these weights and then

wj = f(rs] 02*’]) Ty = ji=1,... R,

sample using our smooth bootstrap method. It is worth noting that the aggregation result
allowing us to directly calculate f(rs| 52*) is particularly helpful in this application, making the
particle filter relatively simple to implement.

The above analysis assumed that the terms dW;(t) and dWs(t) were independent. We note

that it is straightforward to consider correlated disturbances. If we have

(o) {(0): (5w
() =5 (6)(0 1)
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so that 7, [um ~ N(pu, ;1 — p?). Our Euler measurement equation again aggregates to become

m)

Ms—1
YssM = Ys0t ,UAS + 635* + \/5 Z OsmTm
m=0
Ms—1
= Ys0+ /U’AS + 533* + \/g Z Us,m(Pum +4/1 - ngm)-
m=0
So we obtain,
s = Ys,M — Ys,0
Ms—1 Ms—1
-8 {ysao + B+ G5+ pVE Y amtim; 61— p?) Y Ui,m} ’
m=0 m=0

noting of course that the shock to the volatility term,

m o a(o—g,m)é)

b(03,,)Vé

2 2
(Us,m+1 — 0O
Um =

So given our volatility path 0370, 0371, vy ai M, the measurement density is easily calculated. The
correlation is important as it captures the leverage hypothesis which suggests that innovations
to volatility are negatively correlated to shocks in returns.

The reweighting only has to be carried out when actual returns are observed, not at the
frequency of our discretisation. Simulating forward from an Euler approximation is clearly fast
and straightforward. It is also easy to keep the same random number stream as we are simply

using Gaussian variates.

7-1.1 Example 2: Nelson process

As an illustration, we shall consider the following model,

Q) = oW
(7-5)
do?(t) = k(0 —o?)dt + Eo2dWs(t),
where dW (), dWa(t) are considered independent.

This is essentially the model of Hull & White (1987), which they use to price options by
assuming volatility is uncorrelated with aggregate consumption. It is briefly discussed in Camp-
bell et al. (1997, Chapter 9). The volatility equation is the limit of a standard GARCH(1,1)
as the frequency of observation tends to infinity, see Nelson (1990). The stationary distribution
for the volatility is inverse gamma, IGa(v, 3) where v = 1 4 2k/§ and [ = 2k6/&, as shown by
Nelson (1990).

Regarding the returns as being observed at unit frequency, we carry out the simulation of

the time series with § = 0.01. We fix the parameters for the simulation, of length n = 4000,
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at ¥ = (k,0,8)" = (0.02,0.5,0.0178)". These values reflect the marginal distribution of the
volatility (mean is 0.5, variance 0.2) and the persistence for a unit of one day in the returns.
In our likelihood analysis we fix § = 0.05 and take M = 1000, R = 1300. In order to examine
the performance of our sampler we examine the profile of the estimated likelihood on a grid
of points in the parameter space. We carry out three different runs (using different random
number seeds for each) of the smooth particle filter on each parameter in ¥ and plot a profile
of the estimated likelihood function, keeping the remaining two parameters fixed at their true
values. Due to the fairly large sample, we would hope to be in the vicinity of the true values.
The results are displayed in Figure 8 which plots the likelihood function and its log. There is
very little variability in the three estimates of the likelihood which are entirely smooth, even
when viewed more locally. In addition, the estimated likelihoods are centred around the true
values quite tightly indicating that the method is working well.

The advantage of this type of approach is that any SDE in 02 can be considered. Heston

2 2

(1993) considers a Feller process in o, in which the volatility term in ¢ is replaced by b(c?) =
V&o. Other authors assume that log(o?) follows an Ornstein-Uhlenbeck process so that b(c?) =
V& Jumps, see for instance Eraker et al. (2003), may also be included in the return and

volatility processes without many additional complications.

7-2 The ASIR method

At the beginning of this paper, Section 2, general auxiliary particle filter methods of PS were
outlined which exploit the local adaption. That is, information about the mixture component,
ozf, is used to form the proposal within the sampling importance resampling procedure. We

have,

flagir k| Frer) o filye|ase) folaea|af),  k=1,..,M (7-6)

1

G(k, ari1) = Gy (e |oesr, k) g2 (awi]af)

= G(y1lk)g(oug1lk, yir1) = C.g(k, ).

We can proceed in the usual way by sampling from the joint proposal density below

k) — G(yer1]k) 7
(k) S0 Gy i)

ensuring that the af which are sampled are chosen in ascending order. This is a linear operation

g(arr1lk) = glagrilk, yer1),

as the ozf are sorted prior to sampling. We sort the samples a{ 1 k7 by oz{ 41 wherej =1,.., R,and
associate with each of the samples the weights

Wi

-
Die1 Wi

Wy :w(ag—kbkj)a T =
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where
J1Wis|asr) oo |of)
91 (Y41 | g1, k) g2 (g | )

These weights will not necessarily be smooth as a function of a;4+1 so we presmooth using

w(agr1, k) =

the kernel smoothing method described previously associated smoothed weights w7, and the
corresponding normalised probabilities 77, with each sample ozz +1- We now apply the smooth
bootstrap procedure which yields the sorted sample o y1where j = 1,.., M. In most applications

the weights w;, by construction, will be close to constant across the samples j.
8 CONCLUSIONS

In this paper we have attempted to tackle two related issues. Firstly, we have provided an
effective and simple method for efficiently estimating the prediction density f(y+1|Y;) from the
standard output of the auxiliary particle filter. Secondly, we have shown how the prediction
density and therefore the likelihood can be estimated so that the estimator is continuous as
a function of the parameters. The ASIRg technique is fast and allows any models considered
in this paper to be estimated. The computational implementation is reasonably simple. In
particular, we only need to be able to simulate from the transition density, a considerable
advantage when focusing on, for instance, models expressed in continuous time. Applications
to models in continuous time are highlighted in Section 4-2, in which an stochastic differential
equation is observed with error, and in Section 7-1 where we observe an integrated process with
error. The methods are shown to be robust and accurate even for large time series.

The advantages over importance sampling are evident. Firstly, the consideration of a pro-
posal density over the whole state space is not necessary. This is fortunate as many of the
importance sampling schemes, see for instance Durbin & Koopman (1997), rely on a Gaussian
proposal. Whilst Gaussian proposals may be quite effective when applied to cases in which
f(a]Y) is close to Gaussian, they are going to be ineffective when applied to models which
depart dramatically from being linear Gaussian. Secondly, importance samplers lead to much
more variable estimation as more data are included. This can create serious problems in time
series of a reasonable length. Particle filters to some extent circumvent this problem with the
variance of estimators being linear in the observation size.

An advantage of using particle filters to estimate non-Gaussian state space models is that,
as a by-product of the estimation scheme we also obtain the filtered path of the states and can

perform diagnostics straightforwardly, see Pitt & Shephard (1999).
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10 APPENDIX

10-1  Multinomial sampling

The following algorithm is discussed in Carpenter et al. (1997). Suppose we have z1, ..., x g with
probability of 71,...,m/g. Then the task will be to draw a sample of size M from this discrete
distribution in O(M) computations. We carry this out by sampling an ordered version of these
variables, so that we obtain y; < ys < ... < yy—1 < yu as our sample, assuming that our
x values are sorted by ascending order’. Drawing order variables will be carried out by first

drawing order uniforms (see, for example, Ripley (1987, p. 96)). Let uy,...,upr ~UID(0, 1), then

1/M 1/k
Uy = “1\4 v Uk) = u(k+1)uk/ , k=M-1,M-3,...,2,1,

where u(y < ugg) < ... < upr—1) < up- This is most easily carried out in logarithms. Then

we obtain the ordered y using the following trivial algorithm,

Algorithm 1:
set s=0,j=1;
for (i=1 to R)
{
S=s+1;;
while (u(;;) <s AND j< M)
{
Yj = Tis

j=i+1;

}

We generally use stratification, as discussed in Pitt & Shephard (2000). For the application
in this paper we generate the M sorted uniforms as u(;) = (j — 1)/M + u/M, where the single

random variate is u ~UID(0, 1). Algorithm 1 is then implemented.

"When we have sorted univariate « values, we may interpret this algorithm as simply inverting our cumulative
distribution function. The algorithm is still valid if the x values are not sorted.
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10-1.1 Smooth resampling

Suppose we have our x in ascending order, 1 < 29 < ... < xp_1 < xR, again with associated
probabilities 71, ..., Tp. As seen in Section 3-1 we define a region 4, S; as follows: S; = [z, /1],
i =1,..., R — 1. These regions form a partition of the sample space for x. We have different
conditional densities g(z|i), given in Section 3-1 conditional upon each region ¢, S;. We shall
assign Pr(i) = %, = 3(m; + miy1), i = 2,..., R— 2 and Pr(1) = @ = 1(2m + m), Pr(R—1) =
TR = %(WR,l + 27R). Here we have two algorithms which together efficiently implement
the smooth sampling, see Section 3-1 and Figure 1. This samples, smoothly, M times from
the empirical cdf. This produces an ordered sample y1 < 7o < ... < yy—1 < yp. Again, as
above, we generate the M sorted uniforms as u(;) = (j —1)/M +u/M where j =1,..., M. The
first algorithm, algorithm 2, samples the index (corresponding to the region) storing these as

r1,72,..., 7 and storing ui, u3, ..., u},.

Algorithm 2:
set s=0,j=1;
for (i=1 to R-1)
{

S=s+7;;

while (u;y <s AND j< M)

{

Ty =1;
wi=C(ugy - (s = m))/m;

J=i+1;

Having obtained the region we are in rj, j = 1,..., M, we then sample conditional upon that
region from g(z|r;), given in Section 3-1, using the corresponding uniform ;. We have region
7y, Sp; = [, 2" I ry = 2,..., R— 2 then we set y; = (2" —2"7) x u} + 2" since g(x|r;) is
simply a uniform distribution. Similarly we can directly simply invert the cdf, given in Section

3-1, for g(z|r; = 1) or for g(xz|r; = R —1).

10-1.2 Presmoothing algorithm

Suppose we have our ordered sample (x1, ..., zg)" with associated weights (w1, ...,wr)’. Then we

wish to calculate the smooth weights,
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PSR e (k) S W

for j = 1,..., R where 7 represent the corresponding probabilities. We have initially set h =

ot = Zﬁ Lwig” ((35] —xi)/h) * w;f

cR_%, this ensures the efficiency of our method together with the trucation choice below:
set min = 0;
forj=1to R
{
set suml = 0, sum2 = 0;
set max = R;
for ¢ =min to max
{
suml = suml + w;¢((z; — x;)/h);
sum2 = sum2 + ¢((z; — x;)/h);
if (Jz; — x| < —3h) set min = j;
if (Jz; — x| > 3h) set max = j;
¥
set wi =suml/sum2;
¥
Typically we choose ¢ = 0.61/var(x), so that for example when var(z) = 1, R = 100, we
have h = 0.06.

10-2 Proof of Theorem 1

Let I = f(yi41|F), then from (2-5) we have

M 1
I = /fl(yt+1\0<t+1){I;fz(amlaf)ﬁ}dam

M
1
= Z/f1(yt+1|Oét+1)f2(at+1|af)ﬁdat+1

fi yt+1\04t+1 folatalaf) 1
= k doy.

Using the expressions for C' and for w(ay+1, k) from Section 2, we obtain
o 1
I = Z /W(Oét+1, k)MC.g(k,atH)datH

M
= { Z (Y+14) }{Z/w(at+17k)9(k7at+1)dat+1}

k=1
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| M
= {M ;?(ytﬂm}E[w(atﬂ,k)L

where the expectation is with respect to g(k, a41) as required.

Bias Correction Note that at present the log-likelihood will not be unbiassed. To correct
this to first order we use the usual Taylor expansion method. Abstracting from likelihoods we
have the large sample result that our estimated likelihood, X is unbiassed for the true likelihood,
p with we obtain E[X] = u, Var[X] = U—}; We therefore have

1 o2

Ellog X] ~ log pu — SR

an approximation which is very good for large R. Therefore we may bias correct by substituting

i as X, setting

A 1 &2
log pp =log X + — 0_2.
2RX
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cdf

Figure 1: Plot of the distribution function associated with the bootstrap (step function solid line)
and the linear interpolation approach (dotted line). Here the number of points to be resampled
15 8.
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Figure 2: TOP: left is sample filter mean and true KF mean for AR(1) plus noise example,
right is the true log-likelihood component together with estimated component. BOTTOM: left is
the error in the estimate of the log-likelihood component, right is the Kalman filter log-likelihood
slice for p (solid line), together with its estimate both plotted against p (dashed line). T = 5000,
M = 300, R = 400. True parameters in simulation ¢ = 0.975, o, = v0.02, p = 0.5, 0. = V2.

Smooth particle filter with stratification used.
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Figure 3: TOP: left is sample filter mean and true KF mean for AR(1) plus noise example,
right is the true log-likelihood component together with estimated component. BOTTOM: left is
the error in the estimate of the log-likelihood component, right is the Kalman filter log-likelihood
slice for p (solid line), together with its estimate both plotted against p (dashed line). T = 5000,
M = 3500, R = 5000. True parameters in simulation ¢ = 0.975, o, = v/0.02, p = 0.5, 0. = V2.
Smooth particle filter with stratification used.
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Kalman Filter

ML (oy, p1, ¢)' Var (oy, 1, ¢)' x 103

0.07543 3.814 —0.089 —-0.722
0.58276 40.31 0.140
0.96626 2.050

SIR Particle

Filter; M = 300, R = 400, S

IM = 50.

MLg Var x 103 MSE(MLg) x 10
0.07574 3.155 —0.067 —0.688 0.182
0.58170 35.02  0.112 2.217
0.96610 1.846 0.103

SIR Particle Filter; M = 1000, R = 1300, SIM = 50.

MLg Var x 103 MSE(MLg) x 104
0.07502 3.524 —0.083 —0.708 0.0628
0.58360 35.75  0.135 0.5295
0.96623 1.950 0.0450

SIR Particle Filter; M = 3000, R = 4000, STM = 50.

MLg Var x 103 MSE(MLg) x 10*
0.07520 3.693 —0.076 —0.715 0.0190
0.58177 37.00  0.124 0.1495
0.96629 1.988 0.0123

Table 2: Performance of standard smooth SIR particle filter for T = 150. The model is AR(1)
+ noise with true parameters ¢ = 0.975, 0,, = v/0.02, . = 0.5. Additionally the measurement
noise is fized at 0. = /2. The off diagonal elements of the variance matriz are are reported as
correlations not covariances covariances.
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Kalman Filter

ML (oy, p, ¢)' Var (o, 1, ¢)' x 104
0.08080 7.670 0.019 —-0.698
0.45900 429.1 —-0.036
0.98398 1.223

SIR Particle

Filter; M = 300, R = 400, S

IM = 50.

MLg Var x 10 MSE(MLg) x 10
0.08077 7.702 —0.003 —0.697 0.1347
0.45380 450.8  —0.035 4.666
0.98395 1.241 0.02287

SIR Particle Filter; M = 1000, R = 1300, SIM = 50.

MLg Var x 10* MSE(MLg) x 10%
0.08075 7.754 0.006 —0.699 0.0307
0.45965 437.3  —0.020 1.02
0.98398 1.224 0.00439

SIR Particle Filter; M = 3000, R = 4000, SIM = 50.

MLg Var x 10* MSE(MLg) x 10*
0.08061 7.459 0.014 —0.689 0.0101
0.45812 437.0 —0.036 0.3253
0.98405 1.1882 0.00150

Table 3: Performance of standard smooth SIR particle filter for T = 550. The model is AR(1)
+ noise with true parameters ¢ = 0.975, o, = v/0.02, u = 0.5. Additionally the measurement
noise is fized at 0. = /2. The off diagonal elements of the variance matriz are are reported as
correlations not covariances covariances.
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model plus noise for (from top to bottom) oy, ¢,p. Length of series T=20000. True parameters
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to bottom, for the SV model for T = 550. True parameters o, = v0.02, p = 0.5, ¢ = 0.975.

M=300, R=400.
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Figure 8: The log-likeliood (left) and likelihood (right) profiles for the Nelson volatility model. The
parameters are (k,0,&) from top to bottom. n = 4000, true parameters ¥ = (0.02,0.5,0.0178).

M=1000, R=1300.

SIR Particle Filter; M = 300, R = 400, SIM = 50.

MLg Var x 10 Var(MLg) x 10*
0.11042 | 10.945 0.004 —0.678 0.3831
0.35993 865.20 —0.135 14.910
0.98417 1.2707 0.0390

SIR Particle Filter; M = 1000, R = 1300, SIM = 50.

MLg Var x 10* Var(MLg) x 10*
0.10944 | 10.816 0.0066 —0.673 0.06516
0.35377 882.06 —0.148 2.4167
0.98442 1.2410 0.007897

SIR Particle Filter; M = 3000, R = 4000, SIM = 50.

MLg Var x 10* Var(MLg) x 10
0.10941 | 10.843 0.0084 —0.674 0.0182
0.35497 879.65 —0.147 0.978
0.98441 1.239 0.0018

Table 4: Performance of standard smooth SIR particle filter for T'= 550. The model is SV with

true parameters ¢ = 0.975, oy,
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= +/0.02, u = 0.5. The off diagonal elements of the variance
matrix are are reported as correlations not covariances.



M = 1000, R=1300

(mean, var)

M = 3000, R=4000

(mean, var)

(—0.0276, 0.8721)

(0.02201, 0.1766)

(0.0200, 1.5193)

(0.011169, 0.34916)

(—0.00945, 2.4145)

(0.017049, 0.71764 )

M = 300, R=400
T True deriv (mean, var)
250 21.419 (—0.4210, 5.0619)
500 -46.428 (—0.8541, 8.9987)
1000 200.289 (—1.1570, 21.478)
10,000 -285.93 (5.4056, 201.51)

(0.085527, 27.430)

(—0.10459, 8.799)

Table 5: Monte Carlo assesement of the error in score estimation for the AR(1) + noise model
with 0. = V2, ¢ = 0.975,0, = v0.02, p= 0.5. The score is with respect to o,. Number of
Monte Carlo replications = 50.

GARCH plus noise model: M = 500, R = 600, SIM = 100, n = 500.

M—Ls(ﬂo, ﬂl, ﬂg, O'), W X 104 VaT‘(MLs) X 104
0.01080 0.23094 —0.3984 0.0365 —0.6078 0.000718
0.22563 49.540 —0.8860 0.7468 0.158110
0.71723 39.018  —0.6539 0.082196
0.14436 70.991 0.36961

Table 6: Monte Carlo results for GARCH + error model.

GARCH model.

Log-lik = —548.60.

Par ML Var x 1074

0o 0.00602 0.25517 0.16912 —0.65797
01 0.02703 1.1312 —1.3720
I5)) 0.96220 2.6044

GARCH+error mo

del. M = 3000, 4000. Log-lik = —545.26.

Bo 0.000644 0.00437 —0.0149 0.00096 —0.0765
B 0.12874 7725 —7.672  2.398
B2 0.86911 7.692  —2.183
o 0.55315 7.225

Table 7: Estimation of both GARCH and GARCH + error models from 1/2/1981 to 12/29/1982.

T=500.
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