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Abstract In this paper, a modification of the conventional approximations to the quasi-maximum likeli-
hood method is introduced for the parameter estimation of diffusion processes from discrete observations.
This is based on a convergent approximation to the first two conditional moments of the diffusion process
through discrete-time schemes. It is shown that, for finite samples, the resulting approximate estimators
converge to the quasi-maximum likelihood one when the error between the discrete-time approximation
and the diffusion process decreases. For an increasing number of observations, the approximate estima-
tors are asymptotically normal distributed and their bias decreases when the mentioned error does it. A
simulation study is provided to illustrate the performance of the new estimators. The results show that,
with respect to the conventional approximate estimators, the new ones significantly enhance the param-
eter estimation of the test equations. The proposed estimators are intended for the recurrent practical
situation where a nonlinear stochastic system should be identified from a reduced number of complete
observations distant in time.

Keywords system identification - quasi-maximum likelihood estimator - diffusion process - stochastic
differential equation - numerical integrator - local linear approximation

1 Introduction

The statistical inference for diffusion processes described by Stochastic Differential Equations (SDEs) is
currently a subject of intensive researches. A basic difficulty of this statistical problem is that, except for
a few simple examples, the joint distribution of the discrete-time observations of the process has unknown
closed-form. To overcome this, a number of estimators based on analytical and simulated approximations
have been developed during more than three decades. Such methods are the focus of a growing literature.
See, for instance, the review papers by Bibby and Sorensen (1996), Prakasa-Rao (1999), Nielsen et al.
(2000) and Jimenez et al. (2006).

In particular, the present paper deals with the class of quasi-maximum likelihood (QML) estimators for
the parameter estimation of SDEs given a time series of complete observations. These are the estimators
obtained by maximizing a normal log-likelihood function when the assumption of normality is not satisfied
and all the components of the diffusion process are discretely observed. The simplest approximations to
this class of estimators are derived, for SDEs with additive noise, from the likelihood of the discrete-time
process defined by a numerical integrator. Typically, they are derived from the Euler-Maruyama scheme
(Prakasa Rao 1983, Yoshida 1992, Florens-Zmirou 1989) or from the Local Linearization (LL) one (Ozaki
1985, 1992; Shoji & Ozaki 1997, 1998). It have been demonstrated that, when the distance between two
consecutive observations remains fixed, these approximate QML estimators are asymptotically biased
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when the number of observations increases (Florens-Zmirou 1989). However, a number of comparative
studies among different estimation methods have shown that, in practical situations in which the distance
between observations is small enough, the approximate QML estimators based on LL integrators display
the better performance due to their simplicity, computational efficiency and negligible bias (see, e.g.,
Shoji & Ozaki 1997, Durham & Gallant 2002, Singer 2002, Hurn et al. 2007). Therefore, any modification
to these approximate QML methods that yields a bias reduction will be useful. In this direction, two
methods have early been proposed. For the estimators based on the Euler-Maruyama integrator, Clement
(1995) introduced a correction to the bias by means of simulations. Whereas, on the basis of Taylor ex-
pansions of the first two conditional moments of the discrete-time process, Kessler (1997) archives similar
results. Depending of the specific SDE to be estimated, the first method could be computationally time
demanding, while the second one could be affected by numerical instabilities resulting from a high order
Taylor expansion. More recently, Huang (2011) proposed new estimators based on high-order numerical
integrators, which improve the accuracy of the approximation for the first two conditional moments and
can be straightforward applied to SDEs with multiplicative noise.

A common feature of the approximate QML methods mentioned above is that, once the observa-
tions are given, the error between the approximate and the exact moments of the diffusion is fixed and
completely determined by the distance between observations. Clearly, this fixes the bias of the QML
estimation for finite samples and obstructs its asymptotic correction when the number of observations
increases.

In this paper, an alternative modification of the conventional approximations to the QML estimator
for diffusion processes is introduced, which is oriented to reduce and control the estimation bias. This is
based on a recursive computation of the first two conditional moments of discrete-time approximations
converging to the diffusion process between two consecutive observations. It is shown that, for finite
samples, the resulting approximate estimators converge to the exact QML estimator when the error
between the discrete-time approximation and the diffusion process decreases. For an increasing number of
observations, the approximate estimators are asymptotically normal distributed and their bias decreases
when the above mentioned error does it. As a particular instance, the approximate QML estimators
designed with the well-known Local Linear approximations for SDEs are presented. Their convergence,
practical algorithms and performance in simulations are also considered in detail. The simulations show
that, with respect to the conventional QML estimators, the new approximate estimators significantly
enhance the parameter estimation of the test equations given a reduced number of discrete observations
distant in time, which is a typical situation in many practical inference problems.

The paper is organized as follows. In section 2, basic notations and definitions are presented. In section
3, the new approximate estimators are defined and some of their properties are studied. As example, the
order-3 QML estimator based on the Local Linearization schemes is presented in Section 4, as well as
algorithms for its practical implementation. In the last section, the performance of the new estimators is
illustrated with various examples.

2 Notation and preliminary

Let (2, F, P) be the underlying complete probability space and {F;, ¢ > to} be an increasing right
continuous family of complete sub o-algebras of F. Consider a d-dimensional diffusion process x defined
by the following stochastic differential equation

dx(t) = £(t,x(t); 0)dt + Z gi(t, x(t); 0)dw' () (1)

for t > ty € R, where f and g; are differentiable functions, w = (wl, ..,w™) is an m-dimensional F;-
adapted standard Wiener process, 8 € Dy is a vector of parameters, and Dy C RP is a compact set.
Linear growth, uniform Lipschitz and smoothness conditions on the functions f and g; that ensure the
existence and uniqueness of a strong solution of (1) with bounded moments are assumed for all 8 € Dy.

Denote by z the diffusion process defined by (1) with 8 = 8y € Dy, and suppose that M observations
of the process z on an increasing sequence of time instants {t}y = {tx : tx < tg41, K =0,1,... M — 1}
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are given. More precisely, denote by zj the observation of the process z at t; for all ¢, € {t} and by
Z = {zg,..,zp—1} the sequence of these observations.

The inference problem to be consider here is the estimation of the parameter 8y of the SDE (1) given
the time series Z. In particular, let us consider the quasi-maximum likelihood estimator defined by

Oy = arg{minUy (6, Z)} (2)

where

g

Un(6,2) = (M — 1) n@m) + 3 In(det(Sy)) + (2 — i) (S) ™ (24 — i),
=1

-

and p;, = E(x(tg)|zx—1) and Xy = E(x(t)XT(t)|2r—1) — s i), denote the conditional mean and variance
of the diffusion process x at t; given zp_1, for all tx_1,t; € {t}a and 8 € Dy. Because the first two
conditional moments of x are correctly specified, the score of the normal log-likelihood satisfies the
martingale difference property, and so the QML estimator (2) is consistent and has an asymptotically
normal distribution. See Bollerslev & Wooldridge (1992) and Wooldridge (1994) for ergodic and no ergodic
processes, respectively.

In general, since the conditional mean and variance of equation (1) have not explicit formulas, ap-
proximations to them are needed. If fr;, and f]k are approximations to p; and Xy, then the estimator

1§M = arg{mgnﬁM(H,Z)},
with
Un(0,2) = (M —1)In(27) + Z In(det(x)) + (zx — 1) (Zk) (21 — Fiy,)
k=1

provides an approximation to the quasi-maximum likelihood estimator 0 M-

Approximate estimators of this type have early been considered in a number of papers (Prakasa Rao
1983; Florens-Zmirou 1989; Yoshida 1992; Ozaki 1985, 1992; Shoji & Ozaki 1997, 1998) and recently
in Huang (2011). In all of them, the approximate mean fi;, = E(yg|zx_1) and variance ; = E((y —
2y) (Y — 1) T|zk—1) are derived from a discrete-time scheme yy, = z;—1 + ¢(tp—1,Zk—1,tk — tx—1) that
approximate to x(t;) in just one step of size t — tx_; from the observation z;_;. Indistinctly, these
estimators are called pseudo-likelihood estimators, or minimum contrast estimators or prediction error
estimators depending of the inferential considerations that want to be emphasized. It has been proved
(Florens-Zmirou, 1989) that, for the time partition {t}r = {txy =kd : k=0,1,--- ,M — 1} with § > 0
fixed, these estimators are biased as Md — oo. Contrary, they are asymptotically unbiased on the time
partition {t}a; = {tx = kdps : k=0,1,--- , M — 1} in the case that Mdy; — oo, but with M5, — 0 (or
more accurately with M 6?\/[ — 0 as in Yoshida, 1992). However, last restriction on M and dj; imposes
too strong relation among the number of observations and the time distance between them, which is very
inconvenient from a practical viewpoint. Further note that, once the data Z are given (and so the time
partition {t},s is specified), the error between y; and x(tj) is completely settled by ¢, — tx—1 and can
not be reduced. In this way, the difference between the approximate quasi-maximum likelihood estimator
Js and the exact one @, can not be reduced neither.

Denote by Ch (R4, R) the space of [ time continuously differentiable functions g : R? — R for which g
and all its partial derivatives up to order [ have polynomial growth.

3 Order-3 quasi-maximum likelihood estimator
Let (T)ps0 = {7n t Tny1 — T < b, n = 0,1,..., N} be a time discretization of [to,tas—1] such that
(1), O {t}m, and y,, be the approximate value of x(7,,) obtained from a discretization of the equation (1)

for all 7,, € (7),,. Let us consider the continuous time approximation y = {y(t), t € [to,tp—1] : y(Tn) = ¥n
for all 7, € (7),} of x with initial conditions

E (y(t0)|}}0> -y (x(t0)|]-"to> and E (y(to)yT(t0)|}'t0> -y (x(to)xT(t0)|]-'t0> :
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satisfying the bound condition
E(ly@P|7,) <L (3)

for all ¢ € [tx, tr+1]; and the weak convergence criteria

E (9|7 ) =  (9(y)|Fo, )| < Lih? (4)

sup
te <t<tk+1

for all tx,txy1 € {t}ar and 8 € Dy, where g € Cf;(ﬁﬂ)(Rd,R), L and Ly, are positive constants, 8 € N,
and ¢ = 1,2.... The process y defined in this way is typically called order-§ approximation to x in weak
sense (Kloeden & Platen, 1999). In addition, the second conditional moment of y is assumed to be positive
definite and continuous for all 8 € Dy.

When an order-3 approximation to the solution of equation (1) is chosen, the following approximate
quasi-maximum likelihood estimator can be naturally defined.

Definition 1 Given a time series Z of M observations of the SDE (1) with 8 = 6y on {t}s, the order-g
quasi-maximum likelihood estimator for the parameters of (1) is defined by

O21(h) = arg{minUn,1 (6, 2)}, (5)

where
M—-1
Unn(0,2) = (M —1)In(27) + > In(det(Sp k) + (26 — 1) T (Snw) ™' (26 — 1)
k=1

g = E(y(ti)|ze-1), Znpe = E(y(te)yT(tk)|1Zx-1) — By ik} ¥ is an order-B approximation to the
solution of (1) in weak sense such that E(y(tx)|zx) = 2z and E(y(tx)yT (tk)|zi) = zz], for all t;, € {t}u,
and h is the maximum stepsize of the tlme discretization (7), D {t}ar associated to y.

In principle, according to the above definition, any kind of approximation y converging to x in a weak
sense can be used to construct an approximate order-8 quasi-maximum likelihood estimator, e.g., those
considered in Kloeden & Platen (1999). In this way, the Euler-Maruyama, the Local Linearization and any
high order numerical scheme for SDEs might be used as well, but the approximations y, ; and Xy,  will be
now derived from the conditional moments of the numerical scheme after various iterations with stepsizes
lower than tj, — t;—1. Note that, when (7), = {t}a, the so defined order-j quasi-maximum likelihood
estimator reduces to the corresponding approximate quasi-maximum likelihood estimator mentioned in
Section 2. That is, to one of those considered in Prakasa Rao (1983), Yoshida (1992), Florens-Zmirou
(1989), Ozaki (1985,1992), Shoji & Ozaki (1997,1998), or Huang (2011).

Note that the goodness of the approximation y to x is measured (in weak sense) by the left hand
side of (4). Thus, the inequality (4) gives a bound for the errors of the approximation y to x, for all
t € [tx, tr+1] and all pair of consecutive observations ty,tx4+1 € {t}ar. Moreover, this inequality states the
convergence (in weak sense and with rate 3) of the approximation y to x as the maximum stepsize h of
the time discretization (1) D {t}as goes to zero. Clearly this includes, as particular case, the convergence
of the first two conditional moments of y to those of x. Since the approximate estimator in Definition 1
is designed in terms of the first two conditional moments of the approximation y, the weak convergence
of y to x should imply the convergence of the approximate QML estimator to the exact one and the
similarity of their asymptotic properties, as h goes to zero. Next results deal with these matters.

3.1 Convergence

For a finite sample Z of M observation of (1), the following convergence results are useful.
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Theorem 1 Let Z be a time series of M observations of the SDE (1) with @ = g on the time partition

{t}rr. Let O and aM(h) be, respectively, the quasi-maximum likelihood and an order-8 quasi-maximum
likelihood estimator for the parameters of (1) given Z. Then

as h — 0. Moreover,
E([811(h) ~ Bar]) = 0

as h — 0, where the expectation is with respect to the measure on the underlying probability space gener-
ating the realizations of the SDE (1) with 6 = 0.

Proof Defining AXy, j, = Xy, — Xp, i, it follows that

det(Eh,k) = det(Ek — AEh’k)
= det(Zy) det(I — =, AZy, 1) (6)

and
E}:’}c = (Ek — AEh’k)_l
=3+ 2AS, (I - 2 TAS, ) IS (7)
By using these two identities and the identity

(z1 — Nh,k)T(Eh,k)_l(Zk — i) = (zk — )T (Snk) " 2k — )
(2 — )T (Znk) " (g, — 1 10)

e = 1,0) T () (2 — )
(= Bg) T () " (g — ) (8)
it is obtained that
UM,}L(97 Z) = UM(H, Z) + RM,h(0)7 (9)
where Ups and Uy, p, are defined in (2) and (5), respectively, and
M—1
Rarn(0) = D In(det(I — S A%, 1) + (21 — py,) "My i (2, — )
k=1

2k — )T (Zne) ™ (g — Bag) + (e = H )T (Bnr) ™ (20 — 1)
+(py, — “h,k)T(Eh,k)il(“’k — Mpk)
with My, = 'A%, (I - B, 1A%, )71
For the functions g(x(¢)) = x*(¢) and g(x(t)) = x(£)x7 (£) belonging to the function space C2 " TV (R4, R),
for all 4, j = 1..d, condition (4) directly implies that
|E(x(ty)|zx—1) — E(y(tx)|zi-1)| < VdLp_1h° (10)

and
|E(x(tr)xT (tr)|2k-1) — B(y (te)y T (th)|24—1)| < dLg_1h". (11)
From this and the finite bound for the conditional mean of x and y, it is obtained that

|y = ppp] =0 and |Xr —Xp k| — 0

as h — 0 for all @ € Dy and k = 1,..,M — 1. This and the finite bound for the first two conditional
moments of x and y imply that Rs,(60) — 0 as well with k. From this and (9),

~

0y (h) — §M’ =

arg{n}gin{UM(O, Z)+ Run(0)}} — arg{meinUM(O, Z)H —0 (12)
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as h — 0, which implies the first assertion of the theorem.
On the other hand, since the value of the constant Ly_1 in (10) and (11) does not depend of a specific
realization of the SDE (1), from these inequalities follows that

E(|E(x(t))|z1—1) — E(y(te)|ze-1)]) < VdLg_1h”

and
E(|E(x(tx)XT (t)|2e-1) — E(y (tr)y" (tx)|26-1)]) < dLi_1h”,

where the new expectation here is with respect to the measure on the underlying probability space gener-
ating the realizations of the SDE (1) with 8 = 6. From this and (12) follows that E(‘gM(h) —0y|) =0
as h — 0, which concludes the proof.

__ The the first assertion of this theorem states that, for each given data Z, the order-3 QML estimator
0, (h) converges to the exact one 6, as h goes to zero. Because h controls the weak convergence criteria
(4) is then clear that the order-8 QML estimator (5) converges to the exact one (2) when the error
(in weak sense) of the order-8 approximation y to x decreases. On the other hand, the second assertion

implies that the average of the errors 0 m(h) — O corresponding to different realizations of (1) decreases
when h does.

Next theorem deals with error between the averages of the estimators Ou (h) and O computed for
different realizations of the SDE.

Theorem 2 Let Z be a time series of M observations of the SDE (1) with @ = 8y on the time partition

{t}ar. Let 0, and aM(h) be, respectively, the quasi-mazimum likelihood and an order-3 quasi-mazimum
likelihood estimator for the parameters of (1) given Z. Then,

E(@1(h)) — E@x)| — 0

as h — 0, where the expectation is with respect to the measure on the underlying probability space gener-
ating the realizations of the SDE (1) with 8 = 6.

Proof Trivially,

BB (1) ~ E@ar)| = |E@s(h) - O30)|

< E(‘aM(h) —0u)),

where the expectation here is taken with respect to the measure on the underlying probability space
generating the realizations of the SDE (1) with @ = 6. From this and the second assertion of Theorem
1, the proof is completed.

Here, it is worth to remak that the conventional approximate QML estimators mentioned in Section
2 do not have the desired convergence properties stated in the theorems above for the order- QML
estimator. Further note that, either in Definition 1 nor in Theorems 1 and 2 some restriction on the
time partition {t}5s for the data has been assumed. Thus, there are not specific constraints about the
time distance between two consecutive observations, which allows the application of the order-g QML
estimator in a variety of practical problems with a reduced number of not close observations in time, with
sequential random measurements, or with multiple missing data. Neither there are restrictions on the
time discretization (7), D {t}as on which the order-3 QML estimator is defined. Thus, (7), can be set
by the user by taking into account some specifications or previous knowledge on the inference problem
under consideration, or automatically designed by an adaptive strategy as it will be shown in the section
concerning the numerical simulations.
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3.2 Asymptotic properties

In this section, asymptotic properties of the approximate quasi-maximum likelihood estimator 0 M (h) will
be studied by using a general result obtained in Ljung and Caines (1979) for prediction error estimators.
According to that, the relation between the estimator 8,;(h) and the global minimum 67}, of the function

War(0) = E(Up (0, Z)) with 8 € Dy (13)

should be considered, where Uy, is defined in (2) and the expectation is taken with respect to the measure
on the underlying probability space generating the realizations of the SDE (1). Here, it is worth to remark
that 8}, is not an estimator of @ since the function Wjs does not depend of a given data Z. In fact, 8%,
indexes the best predictor, in the sense that the average prediction error loss function Wy, is minimized
at this parameter (Ljung & Caines, 1979).

In what follows, regularity conditions for the unique identifiability of the SDE (1) are assumed, which
are typically satisfied by stationary and ergodic diffusion processes (see, e.g., Bollerslev & Wooldridge
(1992) or Ljung & Caines (1979)).

Lemma 1 If 3y is positive definite for all k =1,..,M — 1, then the function Wy (0) defined in (13) has
an unique minimum and
arg{enelgl(;WM(O)} = 0,. (14)

Proof Since Xy, is positive definite for all k = 1,.., M — 1, Lemma A.2 in Bollerslev & Wooldridge (1992)
ensures that 8 is the unique minimum of the function

1:(0) = BE(In(det(Sr)) + (2 — o) T ()~ (21 — ) |2a-1)

on Dy for all k. Consequently and under the assumed unique identifiability of the SDE (1), 8 is then the

unique minimum of
M—1
Wi (8) = (M —1)In(2m) + > E(Ix(9))
k=1

on Dy.

Here, it is worth to remark that the result of this Lemma is restricted to the QML estimator (2)
for SDEs. However, for other types of stochastic processes, a similar result can be found in the proof
of Theorem 2.1 of Bollerslev & Wooldridge (1992) concerning the asymptotic properties of the QML
estimator under more general framework.

Denote by Uy, the derivative of Uy, with respect to 8, and by Wy, the second derivative of Wy
with respect to 6.

Theorem 3 Let Z be a time series of M observations of the SDE (1) with @ = 0y on the time partition

{t}ar. Let 8p;(h) be an order-B quasi-mazimum likelihood estimator for the parameters of (1) given Z.
Then

011 (h) — 8y — A8 (h) (15)

w.p.1 as M — oo, where A@pr(h) — 0 as h — 0. Moreover, if for some My € N there exists € > 0 such
that

Wy (0) > el and My ,(0) = ME(Uhy (0, 2)(Upy (6, 2))7) > €l (16)
for all M > My and 0 € Dy, then

VMP, 12 (011(h) — 6) ~ N (A0 (h), ) (17)

as M — oo, where Parp = (W (0o + A0rr(R))) " Has 1 (00 + A0, (h) (W (80 + A0x1 ()"t + AP,
with AP]\/[,;L — 0 as h — 0.
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Proof Let Wi ,(0) = E(Up (0, 2)) and ap(h) = arg{gnipn Wan(0)}, where Upyp, is defined in (5).
€Dy
For a h fixed, Theorem 1 in Ljung & Caines (1979) implies that

o~

On(h) —an(h) =0 (18)

w.p.1 as M — oo; and

~

VAP (e () @i (h) — anr(R) ~ N (0,T) (19)
as M — oo, where
P n(0) = (Wi, (0) ™" Hayn(8) (Wi, (6)~"

with Has () = ME(U}, (0, Z)(Upy (0, 2))7).
By using the identities (6)-(8), the function

M—-1
Warn(0) = (M —1)In(27) + > E(In(det(Sn i) + (26 — oy 1) (Snn) ' (26 — py 1.))
k=1
can be written as
Warn(0) = War(0) + E(Ran(0)), (20)

where W)y is defined in (13) and

M-1
Rarn(0) = Y E(n(det(T — B A, )| Fi ) + E((2 — 1) "™k (2), — 1) [ Fi )
k=1
+E((zk — py,) T (Znk) (g, — By )| Ftyy) + E((py, — Nh,k)T(Eh,k)_l(Zk — )| Fy_y)
+E((py, — Hh,k)T(Eh,k)_l(Nk — oy ) Fey)

with My, = 'A%, (I - 2, 'A%, ) 718 and AZ) = 2 — B
Denote by Wy, and R}, the second derivative of Wiy ; and Ry, with respect to 6.
Taking into account that

(Wi ()™ = (Wi (0) + E(Ry ,,(6))) ™"
= (Wi1(0)) ™" + Karn(0)

with
Kurn(0) = —(W3(0) " E(R; () (X + (Wi (8)) " E(R},,(8))) " (Wi (6) 7,
it is obtained that
Pun(0) = (Wi(8) " Harn(0) (Wi (8)) L + APy 4 (6), (21)

where

AP 11(0) = Karn(0)Har 4(0) (W (0) ™ + (W (0)) ™ Har o (0)Kasn(6) + Karu (0)Har 4 (0)Kar s (6).

For the functions g(x(t)) = x*(¢) and g(x(t)) = x(£)x7 (£) belonging to the function space C2" TV (R, R),
for all 4, j = 1..d, condition (4) directly implies that

|E(x(t1)|z1-1) — E(y(te)|ze-1)| < VdLi_1h”

and
|E(x(tr)xT (tx)|26-1) — E(y (te)y™ (tx)|2e—1)| < dLp—1h".

From this and the finite bound for the conditional mean of x and y, it is obtained that

| — x| = 0 and | ¥ —Zpi] — 0
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ash — 0 for all @ € Dy and k£ = 1,.., M — 1. This and the finite bound for the first two conditional
moments of x and y imply that |Ras,(6,Z)] — 0 and ‘R’A’/[_’h(G, Z)‘ — 0 as well with h. From this and
(20), it is obtained that

WM,h(O) — W]V[(O) and W;\;[’h(a) — Wl/\fl(o) as h — 0. (22)
In addition, left (22) and Lemma 1 imply that

A8y (h) = ap(h) — 0 = arg{ min Wy 5,(0)} — arg{ min Wy (0)} -0 as h —0, (23)
6€Dy 6€Dy

whereas from right (22) follows that
APMJL(O) —0 as h — 0. (24)

Finally, (23)-(24) together (18), (19) and (21) imply that (15) and (17) hold, which completes the
proof.

Theorem 3 states that, for an increasing number of observations, the order-3 QML estimator 0 m(h)
is asymptotically normal distributed and its bias decreases when h goes to zeros. This is a predictable
result due to the known asymptotic properties of the exact QML estimator 6 stated in Bollerslev and
Wooldridge (1992) and the convergence of the approximate estimator 8ys(h) to 6; given by Theorem 1
when h — 0. Further note that, when h = 0, the Theorem 3 reduces to Theorem 1 in Ljung & Caines
(1979) for the exact QML estimator 6. This is other expected result since the order-8 QML estimator
aM(h) reduces to the exact one 8y, when h = 0. Further note that, neither in Theorem 3 there are
restrictions on the time partition {¢}5; for the data or on the time discretization (7), D {t}ar on which
the approximate estimator is defined. Therefore, the comments about them at the end of the previous
subsection are valid here as well.

4 Order-8 QML estimator based on Local Linear approximations

Since, in principle, any type of approximation converging to the solution of (1) in a weak sense can
be used to construct an order-5 QML estimator, some additional criterions could be considered for the
selection of one of them. For instance, high order of convergence, efficient algorithm for the computation
of the moments, and so on. In this paper, we elected the order-S Local Linear approximations (see,
e.g., Jimenez & Biscay, 2002, and Jimenez & Ozaki, 2003) for the following reasons: 1) their first two
conditional moments have simple explicit formulas that can be computed by means of efficient algorithm
(including high dimensional equations) as in Jimenez & Ozaki (2002,2003) and Jimenez (2012a); 2) their
first two conditional moments are exact for linear equations in all the possible variants (with additive
and/or multiplicative noise, autonomous or not), see Jimenez & Ozaki (2002); 3) they have an adequate
order f = 1,2 of weak convergence (Carbonell et al., 2006 and Jimenez, 2012b); and 4) the better
performance of the conventional QML estimators based on Local Linearization schemes due to their
simplicity, computational efficiency and negligible bias (see, e.g., Shoji & Ozaki 1997, Durham & Gallant
2002, Singer 2002, Hurn et al. 2007).

It is known that the first two conditional moments of the Local Linear approximations satisfy a set
ordinary differential equations. Explicit formulas for the solution of these equations can be found in
various papers as it was mentioned before. In what follows, the simplified expressions derived in Jimenez
(2012a) are presented.

Denote by y-, /1, = E(y(Tn)|zx) and P,y = E(y(7,)yT(7n)|Zx) the first two conditional moment
of the order-f Local Linear approximation y at 7,, given the observation zy, for all 7,, € {(7), N [tx, tkt1]}
and k =0,..,M — 2. Clearly, y4, ., /¢, and Vi, /5, = Py /e, — ytk+1/tkygk+1/tk provide approximations
to the exact conditional mean g, and variance Xy 1, respectively, for all ¢, tx11 € {t}ar. Moreover,
Yiu/t, = 2k and Py, = zpz] for all ), € {t}y. Let ny = max{n =0,1,...:7, <t and 7, € (7),} for
all t € [to,thl].
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According to Jimenez (2012b), the approximate moments Ytr1/t, and Py g, are obtained by

evaluating the recursive formulas
M(7n,)(t—Tn
Y/t = Yoo, /ti + Loe (Try ) (=T t)urnt,tk

and
vee(Pyp, ) = LyeMTn)(1=7n)y

Tng stk

at t = ty41, where the vector u, 4, and the matrices M(7), Ly, Ly are defined as

A(T) B (1) Ba(7) Bs(7) Ba(T) Bi(7) vec(Py 1)
0 C(T) Id+2 0 0 0 0
o 0o c+ 0o o0 o B r
MD) =1 6 o o o0 2 o |@ Wn= 0
0 0 0 0 0 1 0
0 0 0 0 0 0 1
and
L; = [Le2 0425 (2047 | » Ly = [0ux(d2+d+2) Ld Oaxs |
in terms of the matrices and vectors
Alr) = A(n)@A() + Y Bi(r)eBI(7),
i=1

A(7) ai(1) A(T)yr/e,, +ao(7)
Cir)=1| 0 o0 1 € R(@H2)x(d+2)
0 0 0

rT = [01x a1y 1]

(25)

(26)

c R(d2+2d+7)

Bi(r) = veC(g 1(7)) + B4 (7)Y 71, Ba(T) = vee(By (7)) + Bs (7)Y /1, Ba(7) = vee(B5(7)), Ba(7r) = Ba(7)L

(1)L with
(T)by (7

Z
Z (7)b] 1 (1) + b1 (T)b] o (7)
2

m

Ba(r) =ao(r) Bag(r) + Y _ bio(T) ® Bi(r) + Bi(T) @ by o(7)

=1
m

Bs(r) =ai(r) @ ai(r) + Y _bi1(7) @ By(1) + Bi(1) @ bi 1 (7),

i=1
L= [Id 042 }, and the d-dimensional identity matrix I;. Here,

of(T,¥7/4,.)
Oy

8gi (T7 y'r/tk,)

A(r) = o

and B,(1) =

are matrices, and the vectors ag(7y, ), a1(7y,), bio(7s,) and b; 1(7,,) satisfy the expressions

aﬁ(t; Tnt) = aO(Tnt) +ap (Tnt)(t - Tnt) and bzﬁ(t7 Tﬂt) = bi70(7—nt) + bi71(7—nt)(t - Tnt)
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for all ¢ € [ty,tr41] and 7, € (7),,, where

of(7,yr/t,,) of(,yr/t,,)
f(7—7y7—/tk)_$y7—/tk +%(t_7_) forﬁ:]_

B(t. ) — d 5
a T s O (T Y e,
al (t;T) - % 'lzl[G(T7yT/tk)GT(T’YT/tk)]]J B(yj)éy/ltk) (t - T) for =2
‘]7 =
and
, gi(r.y(1)) — %Wyf/tk + 28TYru) (4 7 for B =1
by (t;7) = d 2 v
Z bHtiT) + 5 3 (GT /) GT(r ey, )P R (= ) for 5= 2
iz

are functions associated to the order-f Ito-Taylor expansions for the drift and diffusion coefficients of (1)
in the neighborhood of (7',y7/tk)7 respectively, and G = [g,,...,8m] is an d X m matrix function. The
symbols vec, @ and ® denote the vectorization operator, the Kronecker sum and product, respectively.

Under general conditions, Lemma 7 and Theorem 9 in Jimenez (2012b) state that the order-g Local
Linear approximation y satisfies the bound condition (3) and the weak convergence criteria (4). Hence,
Theorem 1 implies that the order-8 QML estimator

01 (h) = arg{minUn1(6, 2)}, (27)

with
M—2

UM,h(G? Z) = (M - 1) 111(271') + Z ln(det(vtk-u/tk)) + (Zk+1 - ytk+1/tk)T(Vtk+1/tk)_1(Zk+1 - ytk+1/tk)’
k=0

converges to the exact one (2) as h goes to zero for all given Z. For the same reason, the order-g QML
estimator (27) has the asymptotic properties stated in Theorem 3, and the average of their values for
different realizations of the SDE satisfies the convergence property of Theorem 2.

For one-dimensional SDEs with additive noise, the order-5 QML estimator (27) reduces to the con-
ventional estimators of Ozaki (1985, 1992) and Shoji & Ozaki (1997, 1998) when (1), = {t}am. It is
worth to emphasize that, for each data zy, the formulas (25)-(26) are recursively evaluated at all the time
instants 7,, € {(7),, N (tx,tk+1]} for the first estimator, whereas they are evaluated only at t;41 = {{t} m
N (tx,tx+1]} for the conventional ones.

From computational viewpoint, each evaluation of the formulas (25)-(26) at 7, requires the compu-
tation of just one exponential matrix whose matrix depends of the drift and diffusion coefficients of (1)
at (Tn—1,¥r,_,/t,)- This exponential matrix can the efficiently computed through the well known Padé
method (Moler & Van Loan, 2003) or, alternatively, by means of the Krylov subspace method (Moler &
Van Loan, 2003) in the case of high dimensional SDEs. Even more, low order Padé and Krylov methods
as suggested in Jimenez & de la Cruz (2012) can be used as well for reducing the computation cost, but
preserving the order-3 of the approximate moments. Alternatively, simplified formulas for the moments
can be used when the equation to be estimate is autonomous or has additive noise (see Jimenez, 2012a).
All this makes simple and efficient the evaluation of the approximate predictors y;, ¢, and Vy,_ 4, -

In practical situations, it is convenient to write a code that automatically determines the time dis-
cretization (7), for achieving a prescribed absolute (atoly, atolp) and relative (rtoly, rtolp) error tolerance
in the computation of y, ., /1, and Py, /1, . With this purpose the adaptive strategy proposed in Jimenez
(2012Db) is useful.

5 Simulation study

In this section, the performance of the new approximate estimators is illustrated, by means of simulations,
with four test SDEs. To do so, four types of QML estimators are computed and compared: 1) the exact
one (2), when it is possible; 2) the conventional one based on the LL scheme. That is, the estimator
defined by (27) with (1), = {t}a and § = 1; 3) the order-1 QML estimator (27) with various uniform
time discretizations (T)ZJ«; and 4) the adaptive order-1 QML estimator (27) with the adaptive selection
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of time discretizations (T)_’T proposed in Jimenez (2012b). For each example, histograms and confidence
limits for the estimators are computed from various sets of discrete observations taken with different time
distances (sampling periods) on time intervals with distinct lengths.

5.1 Test equations
Example 1. Equation with multiplicative noise
dx = atzdt + ov/txdw, (28)

where & = —0.1 and o = 0.1 are parameters to be estimated, and x(tp) = 1 is the initial value of z at
to = 0.5. For this equation, the conditional mean and variance of x at t;41 given the observation zj of
at t are

thi1—th)/2 2 2/2)(th 1 —th 2
Bpyr = zke® =2 and - By = zfelote D) _ 2

respectively, for all tg11 >t > to.
Example 2. Equation with two additive noise

dx = atzdt + ath“t2/2dw1 + pVtdws (29)

where « = —0.25, 0 = 5, and p = 0.1 are parameters to be estimated, and x(tp) = 10 is the initial value
of x at tg = 0.01. For this equation, the conditional mean and variance of x at tx41 given the observation
z, of x at ¢y, are

T Zkea(t2+17ti)/2

and

”

2c

b

2 2
ag
2k+1 = %ea(ti+1—ti) + E(ti+1 _ ti)eatiJrl _

respectively, for all tx11 >t > to.
Example 3. Van der Pool oscillator with random input (Gitterman, 2005)

dxy = xodt (30)
dzo = (7(1;% — Dzo —x1 + @)dt + odw (31)

where a = 0.5 and 0% = (0.75)? are, respectively, the intensity and the variance of the random input that
should be estimated. In addition, ¢y = 0, and x7(tp) = [1 1].
Example 4. Van der Pool oscillator with random frequency (Gitterman, 2005)

dIl = SCth (32)
dry = (— (22 — 1)ag — axy)dt + oxdw (33)

where o = 1 and 02 = 1 are, respectively, the frequency mean value and variance that should be estimated.
In addition, tp = 0, and xT(to) = [1 1].

In these examples, autonomous or non autonomous, linear or nonlinear, one or two dimensional equa-
tions with additive or multiplicative noise are considered for the estimation of two or three parameters.
Note that, since the first two conditional moments of the Examples 1 and 2 have explicit expressions, the
exact QML estimator (2) can be computed.

These four equations have previously been used in Jimenez (2012b) to illustrate the convergence of the
approximate moments (25)-(26) by means of simulations. Tables with the errors between the approximate
moments and the exact ones as a function of A were given for the Examples 1 and 2. Tables with the
estimated rate of convergence were provided for the fours examples.
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5.2 Simulations with one-dimensional equations

For the first two examples, 100 realizations of the solution were computed by means of the Euler (Kloe-
den & Platen, 1999) or the Local Linearization scheme (Jimenez et al., 1999) for the equation with
multiplicative or additive noise, respectively. For each example, the realizations where computed over the
thin time partition {to +107%n : n = 0,..,30 x 10*} to guarantee a precise simulation of the stochastic
solutions on the time interval [tg,%o + 30]. Twelve subsamples of each realization at the time instants
{ttmor = {tr = to + kT/M : k = 0,..,M — 1} were taken as observation Z of x for making infer-
ence with various values of M and T. In particular, the values 7' = 10,20,30 and M = T/§ with
6 =1,0.1,0.01,0.001 were used. In this way, twelve sets of 100 time series Zg,T ={z :k=0,..,M—1,
M =T/s}, with i = 1,..,100, of M observations z}, each one were finally available for each example with
the twelve values of (4, T") mentioned above. This will allow us to explore and compare the performance of
each estimator from observations taken with different sampling periods § on time intervals with distinct
lengths T'.

Figure 1 shows the histograms and the confidence limits for both, the exact (&gT) and the conven-
tional (@5,7) QML estimators of & computed from the twelve sets of 100 time series Z§7T available for the

example 1. Figure 2 shows the same but, for the exact (EgT) and the conventional (5 r) QML estimators
of 0. As it was expected, for the samples Z;,T with largest sampling periods, the parameter estimation
is distorted by the well-known lowpass filter effect of signals sampling (see, e.g., Oppenheim & Schafer,
2010). This is the reason of the under estimation of the variance 85E’T from the samples Zg)T, with 6 =1

and T = 10,20, 30, when the parameter « in the drift coefficient of (28) is better estimated by a{f_T.
Contrarily, from these samples, the conventional QML estimators as 7 can not provided a good approxi-
mation to a, and so the whole unexplained component of the drift term of (28) included in the samples is
interpreted as noise by the conventional QML estimators. For this reason, 5 1 over estimates the value
of the parameter o. Further, note that when the sampling period ¢ decreases and the length T of the
observation time increases, the difference between the exact (a{;jT, 3§T) and the conventional (&1, 0s,1)
QML estimators decreases, as well as the bias of both estimators. This is also other expected result. Here,
the bias is estimated by the difference between the parameter value and the estimator average, whereas
the difference between estimators refers to the histogram shape and confidence limits.

5=1 h=24 h=14/2 h=14/8 h=4/32
T =10 57+3.7x1073 1.3+09x 1073 22+1.6x 1074 5.4+4.0x 1075
a T=20 3.7+£1.6x1073 6.6+3.8x10°4 82+7.6x107° 23+21x107°
T =30 58+1.6 x 1073 81+3.4x107% 54+4.6x 107° 1.7+14%x10°°
T =10 2.8+2.0x 1072 8.6+52x1073 1.74+0.9 x 1073 4.0+2.1x107*
o T=20 1.4+1.3x 1072 45+29x1073 9.4+51x 1074 22+1.1x107%
T =230 84+8.7x%x 1073 2.6+2.1x1073 6.2+3.6x 1074 1.5+84x10~°

Table I. Confidence limits for the error between the exact and the approximate QML estimators of the equation (28).
h = ¢, for the conventional; and h = 5/2, 5/8, 5/327 for the order-1 on (T)Z T

6=1 Q o

h T =10 T =20 T =30 T =10 T =20 T =30

1) —0.0030 —0.0035 —0.0058 —0.0286 —0.0150 —0.0071

0/2 —0.0006 —0.0005 —0.0008 —0.0086 —0.0045 —0.0027

0/8 0 0.0001 0 —0.0017 —0.0009 —0.0006

0/32 0 0 0 —0.0004 —0.0002 —0.0002

. 0 0 —0.0003 —0.0002 —0.0002 —0.0013
Table II: Difference between the averages of the exact and the approximate QML estimators for the equation (28).
= 0, for the conventional; h = 5/2,5/8,5/32, for the order-1 on (T)ZT; and h = -, for the adaptive order-1 on

h
(T).,T~

For the data of (28) with largest sampling period d = 1, the order-1 QML estimators (ay, 5 1,5 5.7)
and (. 5,7,0.,7) on uniform (1), = {mp =to+nh:n=0,..,T/h} D {t}r/s r and adaptive (1) D
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{t}r/s,r time discretizations, respectively, were computed with h = §/2,6/8,6/32 and tolerances rtoly, =
rtolp = 5 x 1075 and atoly = 5 x 1072, atolp = 5 x 107'2. For each data Z§7T, with ¢ = 1,..,100, the
errors

gi(a, h,0,T) = Qs — ap, 57| and gi(o,h,0,T) = |51 — OnsT

between the exact (agf T 8?7 r) and the approximate (aj, s 7,0}, 5 7) QML estimators were computed. Av-
erage and standard deviation of these 100 errors were calculated for each set of values h,d,T specified
above, which are summarized in Table I. Note as, for fixed T, the average of the errors decreases as h
does it. This clearly illustrates the convergence of the order-1 QML estimators to the exact one stated in
Theorem 1 when h goes to zero. In addition, Figure 3 shows the histograms and the confidence limits for
the order-1 QML estimators (ay, 5 7,0}, 5. 7) and (@. 57,0. 5 1) for each set of values h,d, T. By comparing
the results of this figure with the corresponding in the previous ones, the decreasing difference between the
order-1 QML estimators (Qy, 57,0}, 5.7) and the exact one (afiT, EQT) is observed as h decreases, which
is consistent with the convergence results of Table I. Similarly, for "= 10, 20, the difference between the
order-1 QML estimators (@, 5 1,0 s 7) and the adaptive QML estimators (. 5,1,0.5,7) decreases when
h does it, due to the negligible difference between the adaptive QML estimators (a. 51,0.5,7) with the
exact ones (afT,agT). This illustrates the usefulness of the adaptive strategy for improving the QML
parameter estimation for finite samples with large sampling periods. These findings are more precisely
summarized in Table II, which shows the difference between the averages of the exact and the approxi-
mate QML estimators. Observe the lightly higher difference between the averages of the exact and the
adaptive estimators for both parameters when 7' = 30. The reason is that, for t; > 21, the variance X,
of the diffusion (28) becomes almost indistinguishable of zero. This is so small that the roundoff errors
becomes significant in such a way that the adaptive strategy under estimates the integration errors and
so over estimates the length of the step sizes. This can be seem in Figure 4, which shows the average of
accepted and fail steps of the adaptive QML estimators at each tx € {t}p/s . Note that, for t, > 21,
the number of accepted steps is lower that 8. Therefore, the adaptive estimator can not be so good as
those on uniform time discretization with h = 1/8,1/32 in Table II. Contrary, for ¢;, < 21, the number of
accepted steps is larger that 32, and the adaptive estimator performs better than all the others. Further,
note that the results of Table II illustrate the convergence findings of Theorem 2.

6=0.1 « o p
h T=10 T=20 T=30 T=10 T=20 T=30 T=10 T=20 T=30
0 0.00048  0.00045 0.00043 —0.0405 —0.0397 —0.0396 —0.00015 4.4 x107° 39x107°
0/2 0.00014  0.00013 0.00011 —0.0110 —0.0100 —0.0100 —0.00009 0.9 x 10™° 1.4 x107°
0/4 0.00003  0.00004 0.00003 —0.0025 —0.0023 —0.0022 —0.00002 0.8 x10™° 1.0x 107
0/8 0 0.00001 0 —0.0004 —0.0004 —0.0004 0 05x107° 0.6x107°
. —0.00008 0.00004 —0.00006 0.0049 0.0010 0.0092 0.00011 0 0.4x107°

Table III: Difference between the averages of the exact and the approximate QML estimators for the equation (29).
h = 6, for the conventional; h = (5/27 (5/47 (5/87 for the order-1 on (T)Z T3 and h = -, for the adaptive order-1 on (T) T

§=0.1 h=20 h=46/2 h=26/4 h=46/8
T=10 6.6 +4.9 x 1077 1.6+1.2x107* 39+29x10°° 9.9+84x 1076
a T=20 6.8+4.7x 1074 14+09x107*% 3.4+21x107° 9.3+58x 1070
T =30 6.7+ 4.6 x 1077 1.44+0.9 x 1074 33+£21x107° 82+59x 1076
T=10 5.9+ 4.4 x 1072 1.3+0.8x 1072 26+1.8x 1073 51+5.1x 1074
o T =20 6.0+4.2x 1072 1.2+08 x 1072 244+1.6x1073 49+40x1071
T =30 59+4.1x 1072 1.1+0.7 x 102 24+1.6x 1073 44+38x107¢
T=10 1.1+1.3x1073 29+4.0x 1071 6.2+8.3x107° 1.5+1.9x10~°
p T =20 1.6+ 1.5x107% 51+4.6x 1075 1.5+0.8 x 107° 6.2+24x10°6
T =230 9.0+74x%x107° 3.1+22x%x107° 1.1+04x107° 58+ 1.9x 1076

Table IV: Confidence limits for the error between the exact and the approximate QML estimators of the equation (29).
h = 4, for the conventional; and h = 6/2, 6/4, 6/8, for the order-1 on (T)Z T

Figure 5 shows the histograms and the confidence limits for both, the exact (@5E,T) and the conventional
(as,7) QML estimators of o computed from the twelve sets of 100 time series Z§7T available for the example
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2. Figure 6 shows the same but, for the exact (EE’T) and the conventional (757) QML estimators of o,
whereas Figure 7 does it for the estimators ﬁf,T and ps 1 of p. Note that, for this example, the diffusion
parameters o and p can not be estimated from the samples Z};’T with the largest sampling period § = 1.
From the other data with sampling period § < 1, the tree parameters can be estimated and, the bias of
the exact and the conventional QML estimators is not so large as in the previous example. Nevertheless,
in this extreme situation of low information in the data, the order-1 QML estimators is able to improve
the accuracy of the parameter estimation when h decreases. This is shown in Figure 8 for the samples
ZgT with 6 = 0.1 and T = 10,20, 30, and summarized in Table III. The order-1 QML estimators
(Qh s, 0h617Phsr) and (@.57,5.57,p.57) are again computed on uniform (7), O {t}r/sr and
adaptive (7 ) T2 {t}T/5 T time dlbcreuzatlonb respectively, with 7' = 10,20,30, h = 6/2,6/4,6/8 and
tolerances rtoly = rtolp = 107¢ and atoly, = 1079, atolp = 107'2. The average of accepted and fail steps
of the adaptive QML estimators at each ty € {t}T /5,7 are shown in Figure 4. Note that, the average of
the accepted steps of the adaptive algorithm is not bigger than 8 for each t, € {t}7/5 . Therefore, as
it is shown in Table III, the average of the adaptive estimator is not so good than that of some other
estimators on uniform time discretizations (7); , with h > §/8. For this example, Table IV gives the
confidence limits for the error between the exact and the order-1 QML estimators for different values of
h. Note that, Table III and IV illustrate the convergence results of Theorems 2 and 1, respectively.

5.3 Simulations with two-dimensional equations

For the examples 3 and 4, 100 realizations of the equation were similarly computed by means of the Local
Linearization and the Euler scheme, respectively. For each example, the realizations where computed over
the thin time partition {tc +107%n : n = 0, ..,30 x 10*} for guarantee a precise simulation of the stochas-
tic solutions on the time interval [to, %o + 30]. Two subsamples of each realization at the time instants
{ttmr={tk =to+kT/M : k=0,..,M — 1} were taken as observation Z of x for making inference with
T = 30 and two values of M. In particular, M = 30,300 were used, which correspond to the sampling
periods 6 = 1,0.1. In this way, two sets of 100 time series Z§7T ={z! :k=0,.,M —1,M =T/§}, with
i =1,..,100, of M observations z} each one were available for each example with the two values of (§,7)
mentioned above.

T =230 Q@ o
h 0=1 0=0.1 =1 6=0.1
1) —0.2500 —0.1428 —0.7328 —0.0052
0/16 —0.0965 —0.0044 —0.0893 0.0012
5/64 —0.0333 0.0029 —0.0757 0.0013
. —0.0096 0.0068 —0.0739 0.0013
Table V: Bias of the approximate QML estimators for the equation (30)-(31). h = ¢, for the conventional; h =
5/16, 5/647 for the order-1 on (T)Z,T; and h = -, for the adaptive order-1 on (T)-,T'
T =30 o o
h 6=1 6=0.1 6=1 6=0.1
1) —0.8000 —0.2507 —0.8000 —0.3748
5/8 —0.4234 —0.0481 —0.2451 0.0005
5/32 —0.2210 —-0.0219 —0.1910 0.0015
. —0.1611  —0.0046 —0.1898 0.0001

Table VI: Bias of the approximate QML estimators for the equation (32)-(33). h = 4, for the conventional; h =
5/8, 5/32, for the order-1 on (T)Z T3 and h = -, for the adaptive order-1 on (T) T

For both examples, the order-1 QML estimators (&, 5 7,7, 5.7) and (&. 5,7, .,5,7) on uniform (), . D
{t}r/s,r and adaptive (7). T2 {t}r)s,r time discretizations, respectively, were computed from the two
sets of 100 data Z§ , with T = 30 and § = 1,0.1. The values of h were set as h = §,6/16,0/64 for
the example 3, and as h = §,0/8,9/32 for the example 4. The tolerances for the adaptive estimators
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were set as in the first example. Figures 9 and 11 show the histograms and the confidence limits for
the estimators (aj, 57,0} 57) and (@.57,0.57) corresponding to each example. For the two examples,
the difference between the order-1 QML estimator (aj, 57,0} 57) and the adaptive one (@.s57,5.5 1)
decreases when h does it. This is, according Theorem 1, an expected result by assuming that the difference
between the adaptive and the exact QLM estimators is negligible for (7) , thin enough. In addition,
Table V and VI show the bias of the approximate QML estimators for these examples. Observe as the
adaptive (@.s7,0.57) and the order-1 QML estimator (@j, 57,0}, s.7) with h < ¢ provide much less
biased estimation of the parameters (o, ¢) than the conventional QML estimator (a§ 5 1,05 57), which
is in fact unable to identify the parameters of the examples. Clearly, this illustrates the usefulness of
the order-1 QML estimator and its adaptive implementation. However, as it is shown in Table V for
9 = 0.1, no always the adaptive estimator (&. 51,0. 1) is less unbiased than the order-1 QML estimator
(@}, 5.7, 0h.5.1) for some h < 6. This can happen for one of following reasons: 1) the bias of the exact QML
estimator when the adaptive estimator is close enough to it, or 2) an insufficient number of accepted steps
of the adaptive estimator for a given tolerance. In our case, since (a}, 5 1,0, 5.7) converges to (Q. 57,0 5,1)
as h decreases (Figure 9 with 6 = 0.1) and the average of acceptéd steps of the adaptive estimators is
acceptable (Figure 10 with § = 0.1), the first explanation is more suitable. Figures 10 and 12 show the
average of accepted and fail steps of the adaptive QML estimators at each ¢, € {t}r/5r for each example.
Note how the average of accepted steps corresponding to the estimators from samples with § = 0.1 is ten
time lower than that of the estimators from samples with § = 1, which is an expected result as well.

6 Conclusions

A modification of the conventional approximations to the quasi-maximum likelihood (QML) method was
introduced for the parameter estimation of diffusion processes given a time series of complete observations.
This is based on a recursive approximation to the first two conditional moments of the diffusion process
through discrete-time schemes. For finite samples, the convergence of the modified QML estimators to the
exact one was proved when the error between the discrete-time approximation and the diffusion process
decreases. It was also demonstrated that, for an increasing number of observations, they are asymptoti-
cally normal distributed and their bias decreases when the above mentioned error does it. As particular
instance, the order-8 QML estimators based on Local Linearization schemes were proposed. For them,
practical algorithms were also provided and their performance in simulation illustrated with various ex-
amples. Simulations shown that: 1) with thin time discretizations between observations, the order-1 QML
estimator provides satisfactory approximations to the exact QML estimator; 2) the convergence of the
order-1 QML estimator to the exact one when the maximum stepsize of the time discretization between
observations decreases; 3) with respect to the conventional QML estimator, the order-1 QML estimator
gives much better approximation to the exact QML estimator, and has less bias and higher efficiency; 4)
with an adequate tolerance, the adaptive order-1 QML estimator gives an automatic, suitable and com-
putational efficient approximation to the exact QML estimator; and 5) the effectiveness of the order-1
QML estimator for the identification of SDEs from a reduced number of complete observations distant in
time. Further note that new estimators can also be easily applied to a variety of practical problems with
sequential random measurements or with multiple missing data.

Acknowledgements The numerical simulations of this paper were concluded on July 2012 within the framework of the
Associateship Scheme of the Abdus Salam International Centre for Theoretical Physics (ICTP), Trieste, Italy. The author
thanks to the ICTP for the partial support to this work.



Estimation of diffusion processes 17

References

Bibby B.M. and Sorensen M. (1996) Estimation for discrete observed diffusion processes: A review,
Theory Stoch. Processes, 2, 49-56.

Bollerslev T. and Wooldridge J.M. (1992) Quasi-maximun likelihood estimation and inference
in dynamic models with time-varying covariances. Econom. Rev., 11, 143-172.

Carbonell F., Jimenez J.C. and Biscay R.J. (2006) Weak local linear discretizations for stochastic
differential equations: convergence and numerical schemes, J. Comput. Appl. Math., 197, 578-596.

Clement E. (1995) Bias correction for the estimation of discretized diffusion processes from an
approximate likelihood function, Theory Prob. Appl., 42, 283-288.

Durham G.B. and Gallant A.R. (2002) Numerical techniques for maximum likelihood estimation
of continuous-time diffusion processes, J. Business Econom. Statist., 20, 297-316.

Florens-Zmirou D.(1989) Approximate discrete-time schemes for statistics of diffusion processes,
Statistics, 20, 547-557.

Gitterman M., The noisy oscillator, World Scientific, 2005.

Huang X. (2011) Quasi-maximun likelihood estimation of discretely observed diffusions. Econom. J.,
14, 241-256.

Hurn A.S., Jeisman I.J. and Lindsay, K.A. (2007) Seeing the wood for the trees: a critical evalua-
tion of methods to estimate the parameters of stochastic differential equations. J. Financial Econometrics,
5, 390-455.

Jimenez J.C. (2012a) Simplified formulas for the mean and variance of linear stochastic differential
equations. To appear in J. Comput. Appl. Math. http://arxiv.org/pdf/1207.5067.pdf.

Jimenez J.C. (2012b) Approximate linear minimum variance filters for continuous-discrete state
space models: convergence and practical algorithms. To appear in Int. J. Control.
http://arxiv.org/pdf/1207.6023v2.pdf.

Jimenez J.C. and Biscay R. (2002) Approximation of continuous time stochastic processes by the
Local Linearization method revisited. Stochast. Anal. & Appl., 20, 105-121.

Jimenez J.C., Biscay R. and Ozaki T. (2006) Inference methods for discretely observed continuous-
time stochastic volatility models: A commented overview, Asia-Pacific Financial Markets, 12, 109-141.

Jimenez J.C. and de la Cruz H. (2012) Convergence rate of strong Local Linearization schemes
for stochastic differential equations with additive noise, BIT, 52, 357-382.

Jimenez J.C. and Ozaki T. (2002) Linear estimation of continuous-discrete linear state space
models with multiplicative noise, Systems & Control Letters, 47, 91-101.

Jimenez J.C. and Ozaki T. (2003) Local Linearization filters for nonlinear continuous-discrete
state space models with multiplicative noise. Int. J. Control, 76, 1159-1170.

Jimenez J.C., Shoji I. and Ozaki T. (1999) Simulation of stochastic differential equations through
the Local Linearization method. A comparative study, J. Statist. Physics, 94, 587-602.

Kessler M. (1997). Estimation of an ergodic diffusion from discrete observations, Scand. J. Statist.,
24, 211-229.

Kloeden P.E. and Platen E. (1999) Numerical Solution of Stochastic Differential Equations,
Springer-Verlag, Berlin, Third Edition.

Ljung L. and Caines P.E. (1979) Asymptotic normality of prediction error estimators for approx-
imate system models, Stochastics, 3, 29-46.

Moler C. and Van Loan C. (2003) Nineteen dubious ways to compute the exponential of a matrix,
SIAM Review, 45, 3-49.

Nielsen J.N., Madsen H. and Young, P. C. (2000) Parameter estimation in stochastic differential
equations: an overview. Annual Review of Control, 24, 83-94.

Oppenheim A.V. and Schafer R.W. (2010) Discrete-Time Signal Processing, Prentice Hall, Third
Edition.

Ozaki T. (1985) Statistical identification of storage model with application to stochastic hydrology,
Water Resourse Bulletin, 21, 663-675.

Ozaki T. (1992) A bridge between nonlinear time series models and nonlinear stochastic dynamical
systems: a local linearization approach, Statistica Sinica, 2, 113-135.



18 J.C. Jimenez

Prakasa-Rao B.L.S. (1983) Asymptotic theory for nonlinear least squares estimator for diffusion
processes, Mathematische Operationsforschang Statistik Serie Statistik, 14, 195-209.

Prakasa-Rao B.L.S. (1999) Statistical inference for diffusion type processes. Oxford University
Press.

Shoji I. and Ozaki T. (1997) Comparative study of estimation methods for continuous time stochas-
tic processes, J. Time Ser. Anal., 18, 485-506.

Shoji I. and Ozaki T. (1998) A statistical method of estimation and simulation for systems of
stochastic differential equations, Biometrika, 85, 240-243.

Singer H. (2002) Parameter estimation of nonlinear stochastic differential equations: Simulated max-
imum likelihood versus extended Kalman filter and Ito-Taylor expansion, J. Comput. Graphical Statist.,
11, 972-995.

Wooldridge J.M. (1994) Estimation and inference for dependent processes. In Engle R.F. and
McFadden D. (Eds.) Handbook of Econometrics, 4, 2639-2738.

Yoshida N. (1992) Estimation for diffusion processes from discrete observation. J. Multivariate Anal.,
41, 220-242.



Estimation of diffusion processes 19

T=10 T=20 T=30
80 o 80 o 80 o
o 5,7 5,7 5,7
I 40 40 40
w
0 __L_._ 0 _._-*_._ 0 -“
-0.14 -0.1 -0.06 -0.14 -0.1 -0.06 -0.14 -0.1 -0.06
-0.10301 + 0.015904 -0.10046 + 0.0078174 —-0.10082 + 0.005079
80 80 80
E E E
F! O .1 U5 1 o5 1
< 40 40 40
Le]
0 _.__L_._ 0 _._-.‘._._ 0 -‘-—
-0.14 -0.1 -0.06 -0.14 -0.1 -0.06 -0.14 -0.1 -0.06
-0.10179 £ 0.0128 -0.09973 + 0.0072158 —-0.099986 + 0.0046138
80 & 80 o 80 o
g 3T 3T 5,7
S 40 40 40
° _._-L__._ _.__-‘__._
0 0 0 -‘-
-0.14 -0.1 -0.06 -0.14 -0.1 -0.06 -0.14 -0.1 -0.06
-0.10123 + 0.012481 -0.099664 + 0.0068487 -0.10005 + 0.0046252
80 80 80
E E E
é' O5.1 O5.1 U957
o 40 40 40
il
© __L__
0 0 0 AL
-0.14 -0.1 -0.06 -0.14 -0.1 -0.06 -0.14 -0.1 -0.06
-0.10132 + 0.01241 -0.099906 + 0.0065003 -0.09989 + 0.0037789
T=10 T=20 T=30
80 80 80
O5 7 O5 7 O5 1
—
I 40 40 40
w
0 __‘—_ 0 _.__‘_._ 0 —‘
-0.14 -0.1 -0.06 -0.14 -0.1 -0.06 -0.14 -0.1 -0.06
—-0.099967 + 0.016538 -0.096992 + 0.0075944 -0.095015 + 0.0043605
80 80 80
- U1 U1 U1
< 40 40 40
w
0 _.__L__._ 0 _.__‘._._ 0 -‘—
-0.14 -0.1 -0.06 -0.14 -0.1 -0.06 -0.14 -0.1 -0.06
-0.10187 £ 0.012817 -0.099797 + 0.0072229 -0.10003 + 0.0046152
80 80 80
= U1 U1 U571
ﬁ 40 40 40
° _._-L__._ _.__-‘__._
0 0 0 -‘-
-0.14 -0.1 -0.06 -0.14 -0.1 -0.06 -0.14 -0.1 -0.06
-0.10124 + 0.012484 -0.099678 + 0.0068493 -0.10004 + 0.0046282
80 80 80
é‘ 057 O5 7 O5 1
o 40 40 40
1
° _—L—_
0 0 0 A
-0.14 -0.1 -0.06 -0.14 -0.1 -0.06 -0.14 -0.1 -0.06
-0.10177 £ 0.0122 -0.099769 + 0.0065791 -0.099841 + 0.0036119
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from the Example 1 data with sampling period § and time interval of length 7'
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Fig. 2 Histograms and confidence limits for the exact (EET) and the conventional (5 17) QML estimators of o computed

from the Example 1 data with sampling period ¢ and time interval of length T'.



Estimation of diffusion processes

21

h=5/8 h=56/2

6/32

h=

h=5/8 h=6/2

5/32

h

Fig. 3 Histograms and confidence limits for the oder-1 QML estimators of o and o computed on uniform (7))  and
adaptive (7). ; time discretizations from the Example 1 data with sampling period § = 1 and time interval of length T'.

T=10

80

40

-0.14 -0.1 —-0.06
-0.10243 + 0.015887

80

40

-0.14 -0.1 -0.06
-0.10303 + 0.015931

80

40

0__*—_

-0.14 -0.1 -0.06
-0.10302 + 0.015913

80

YT

40

}

-014  -01  -0.06
-0.10301 + 0.015905
T=10
30 .
Oh.s;
15
0
0.05 0.1 0.15
0.097679 + 0.023439
30 "
Oh.s,
15
0
0.05 0.1 0.15
0.090763 + 0.021299
30 "
Oh,s;
15
0
0.05 0.1 0.15
0.089458 + 0.020965
30
OusT
15
0
0.05 0.1 0.15

0.08925 + 0.020866

T=20

80

u
A5

N

0
-0.14 -0.1 -0.06
-0.099931 + 0.0077738

40

80

u
05T

40

0 L o
-0.14 -0.1 -0.06
-0.10051 + 0.0078304

80 J
O 5T
40

0 _._-*_._
-0.14 -0.1 -0.06
—0.10048 + 0.0078217

80

Ut

_-.*—

0
-0.14 -0.1 -0.06
—-0.10048 + 0.0078309

40

T=30

80

u
O 57

40

il

0
-0.14 -0.1 —0.06
—0.10003 + 0.0049608

80 J
U5
40
o Al
-0.14 -0.1 -0.06
—0.10085 + 0.0050753
80 5
G5
40
o ik
-0.14 -0.1 -0.06
—0.10084 + 0.0050791
80
G5
40

0
-0.14 -0.1 —-0.06
—0.10049 + 0.0054003

T=20 T=30
30 30
O_u
h&.T
15 15
0 0
0.05 0.1 0.15 0.05 0.1 0.15
0.098051 + 0.016277 0.096908 + 0.013085
30 " 30 "
Ohs.T Oh.T
15 15
0 0
0.05 0.1 0.15 0.05 0.1 0.15
0.094457 + 0.015599 0.094862 + 0.012693
30 " 30 "
Ohs.T Ohs.T
15 15
0 0
0.05 0.1 0.15 0.05 0.1 0.15
0.093743 + 0.015495 0.094388 + 0.012628
30 30
Ot Ot
15 15
0 0
0.05 0.1 0.15 0.05 0.1 0.15

0.093751 + 0.015373

0.095526 + 0.011381



J.C. Jimenez

60=1
T
ol %;;_~“‘\‘ Example 1
- **%**;‘*~-_
| M__-____,_*ﬁ_*,*ﬁ*_%}ycag%’\
=)
I Il N
a I \
2 \
o I \
S 20} ' ¥ }
1 v
I v
I R
*
I NN
oLy ‘ ! | R S VOO
0 5 10 15 20 25 %
k
T
R
i N Example 1
~ \
1F ’ : i
| * \
* ok
* % * *
/
3 | * % * k0 o \\
E I % N \
/ \
05f / P ~ \ * 1
\ 7N
| ANy - - T~ T \
/ / \ \
/ / \ \
0 b7 L ‘ ‘ L P
0 5 10 15 20 25 30
k
5=0.1
50

‘A — ANy AN AN
£ m\‘r\\\l'\\"'”v\J/\\\r M E)(amp|ez\
v

Y

VSVYRR R
PR N DL Y
NI VANE PR

LNASY

/
ANV

accepted

1 1 1
100 150 200 250 300
k
6
|\ ’|ﬁl Example 2
| I
I/
8 " ‘l‘ljll\ll !
= 3L 1 I°\r ' .
T (. v INVIING, i A s * .
8 | I *, “1\ RIS Oy \”: \’\/’\“»\1\'/"\“‘“ RN RTAT Jw‘\v\d‘l\\'uf\“J\/\m\\
\ NN
I ”‘\ , ,-—»\/\/L\f \\,4/-—4\/‘”14/\\/’44/\\/4»\1\\,;,/fA\_vJ\P\n//J\\AJ\\,/’,,\,‘
o} A | |
0 50 100 150 200 250 300
k

Fig. 4 Average (*) and 90% confidence limits (-) of accepted and failed steps of the adaptive QML estimator at each
tr € {t}n in the Examples 1 and 2.



Estimation of diffusion processes

23

6=0.01 6=0.1

0.001

o=

6=0.01 6=0.1

0.001

o=

T=10
30
E
05,1
15
0
-0.35 -0.25 -0.15
—-0.26051 + 0.034144
30
E
057
15
0
-0.35 -0.25 -0.15
-0.25065 + 0.010583
30
E
O5.1
15
-0.35 -0.25 -0.15
—-0.2493 £ 0.003665
30
E
O5.1
15
-0.35 -0.25 -0.15
—0.24983 + 0.0012477
T=10
30
O5 7
15
0
-0.35 -0.25 -0.15
—-0.25537 + 0.053481
30
O5.1
15
0
-0.35 -0.25 -0.15
-0.25113 + 0.010561
30
O5.1
15
-0.35 -0.25 -0.15
—0.24931 + 0.0036642
30
057
15
-0.35 -0.25 -0.15

—0.24981 + 0.0012485

T=20
30
E
05,1
15
0
-0.35 -0.25 -0.15
-0.25882 + 0.035619
30
E
O5 7
15
0
-0.35 -0.25 -0.15
-0.25068 + 0.010624
30
E
O5.1
15
-0.35 -0.25 -0.15
—-0.24936 + 0.0036233
30
E
O5.1
15
-0.35 -0.25 -0.15

-0.24982 + 0.0012243

T=20

0—0.35 -0.25 -0.15
-0.26166 + 0.051387
30
O5.1
15
0
-0.35 -0.25 -0.15
-0.25113 + 0.010628
30
O5.1
15
-0.35 -0.25 -0.15
—-0.24936 + 0.0036265
30
O5 7
15
-0.35 -0.25 -0.15

-0.2498 + 0.0012267

T=30
30
E
95,7
15
0
-0.35 -0.25 -0.15
-0.25937 + 0.036713
30
E
O5 7
15
0
-0.35 -0.25 -0.15
-0.25069 + 0.010475
30
E
U571
15
-0.35 -0.25 -0.15
—0.24935 + 0.0035956
30
E
U957
15
-0.35 -0.25 -0.15
—-0.24982 + 0.0012194
T=30
30
O5 1
0
-0.35 -0.25 -0.15
-0.26437 + 0.050118
30
U571
15
0
-0.35 -0.25 -0.15
-0.25112 + 0.010524
30
U571
15
-0.35 -0.25 -0.15
—-0.24935 + 0.0035953
30
O5 1
15
-0.35 -0.25 -0.15

-0.24983 + 0.0012245

Fig. 5 Histograms and confidence limits for the exact (agT) and the conventional (as ) QML estimators of o computed

from the Example 2 data with sampling period § and time interval of length 7'
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Fig. 6 Histograms and confidence limits for the exact (36E,T) and the conventional (65 7) QML estimators of o computed

from the Example 2 data with sampling period § and time interval of length 7.
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Fig. 7 Histograms and confidence limits for the exact ('ﬁ(;ET) and the conventional (ps r) QML estimators of p computed

from the Example 2 data with sampling period § and time interval of length T'.
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Fig. 8a Histograms and confidence limits for the oder-1 QML estimators of o and o computed on uniform (7)) - and
adaptive (7). p time discretizations from the Example 2 data with sampling period § = 0.1 and time interval of length T'.
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Fig. 8b Histograms and confidence limits for the oder-1 QML estimators of p computed on uniform (1) , and adaptive

(7). p time discretizations from the Example 2 data with sampling period § = 0.1 and time interval of length T
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Fig. 9 Histograms and confidence limits for the oder-1 QML estimators of o and o computed on uniform (7)) , and

adaptive (7). p time discretizations from the Example 3 data with sampling period ¢ and time interval of length T' = 30.
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Fig. 11 Histograms and confidence limits for the oder-1 QML estimators of & and o computed on uniform ()} , and

adaptive (7). p time discretizations from the Example 4 data with sampling period ¢ and time interval of length T' = 30.
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