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Abstract

We consider time series described by Markov chains that alternate
periodically between different transition distributions, with conditional
constraints involving unknown parameters. We obtain variance bounds
and characterize efficient estimators for these parameters. Efficient esti-
mators can be obtained as solutions of randomly weighted martingale
estimating equations. Our model includes alternating heteroskedas-
tic nonlinear autoregressive models whose innovations are martingale
increments, in other words, alternating quasi-likelihood models. We
consider in particular submodels of these in which the transition dis-
tributions do not alternate except for the conditional means and vari-
ances, and show that this information leads to better estimators for
the parameters.
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1 Introduction

Consider a time series that evolves in a periodically changing environment,
with observations on a smaller time scale. This can be modeled by a peri-
odic change in the transition distribution. Miiller, Schick and Wefelmeyer
(2007, 2009) consider homoskedastic and heteroskedastic alternating linear
and nonlinear autoregression models with independent innovations. The as-
sumption of independent innovations is not always realistic, and typically not
made in the econometric literature. This is why we now consider, instead,
alternating Markov chains with conditional constraints, including alternat-
ing quasi-likelihood models and alternating (homoskedastic) nonlinear and
linear regression models with innovations depending on the past.
Specifically, let X;, ¢ € Z, be a Markov chain of order p on an arbi-
trary state space. Assume that the chain alternates periodically between m
possibly different transition distributions with possibly different conditional
constraints. Here p is allowed to be larger than the length m of the period.
At time jm+k with j € Z and k =1, ..., m, the transition distribution from

Xjmik—1 =X = (21,...,2p) to Xjmir = y is Qi(x,dy), with conditional
constraints
Qr(%, ary) = E(ars(Xjmsh—1, Xjmik) | Xjmir—1 = Xx) =0, (1.1)
where X; = (Xij—pt1,...,X;) and agy(x,y) is a known g-dimensional vector
of functions involving an unknown d-dimensional parameter 9. We assume
that we have initial observations X_,11,..., Xo and then observe n periods
X1, Xom.
In Section 2 we characterize efficient estimators of general differentiable
vector-valued functionals of (Q1,...,Qk). In Section 3 we describe an ef-

ficient estimator for 9 as the solution of a randomly weighted martingale
estimating equation. The weights involve estimators of conditional moments
of the time series. There is a large literature on such estimators, and we will
be brief here.

A special case of model (1.1) are alternating heteroskedastic nonlinear
autoregressive models whose innovations are martingale increments, which
we may also call alternating quasi-likelihood models. Here the state space is
the real line, and we have parametric models for the conditional means and
variances,

E(Xjmr|Xjmar—1) = 7ho(Xjmk—1),
E((Xjmtk — o0 (Kjmth—1)) 1 Xjmih—1) = Spg(Kjmth—1)-

Then (1.1) holds with

ary(x,y) = ( ( Y~ iy (x) > . (1.4)

Y = Tho (X)) = sjy(x)
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This alternating quasi-likelihood model can also be written as the alternating
nonlinear and heteroskedastic autoregressive model

Xjmrk = k0 (Xjmak—1) + $k9(Xjmak—1)€jmak, JE€Z, k=1,...,m,

with innovations €, that are martingale increments with conditional dis-
tribution of €jy,44 given Xjp,45—1 = x of the form Tj(x,dy) and fulfilling
the conditional constraints [ Tj(x,dy)y = 0 and [ Tk(x,dy)y* = 1. Then
the transition distribution from X, 111 = x to X}, 1 is given by

1
Sk (x)

dy — Tkﬁ(x))

Qlx, dy) = Sko (%)

T (x, (1.5)

Description (1.1) of the model is convenient if we make no structural as-
sumptions on 7). However, if we have constraints on 7} for kK = 1,...,m,
the description (1.5) is more appropriate because the T} appear explicitly
as “parameters” of the model. For non-alternating quasi-likelihood models,
Miiller, Schick and Wefelmeyer (2011) consider constraints on the transi-

tion distribution 7' = T} = --- = Tj. Specifically they assume that the
conditional distribution T'(x, dy) is symmetric about z,, or that it does not
depend on the last ¢ arguments z,_q41,...,%,. A degenerate case is ¢ = p,

in which case T'(x,dy) = T(dy), so the innovations are independent. For
efficient estimation of 9 in the latter model see Drost, Klaassen and Werker
(1997). Koul and Schick (1997) treat the case with a constant scale function.

In Section 4 we use description (1.5) of the model to give another char-
acterization of efficient estimators for ¥ that covers constraints on the T}.
For our alternating quasi-likelihood model, we are in particular interested
in the constraint that the conditional distribution of the innovations does
not alternate, T, = T. We show that this contains information about 4.
An efficient estimator can now be constructed by the one-step (or Newton—
Raphson) improvement of a consistent initial estimator, for example a least
squares estimator. This method is useful for general semiparametric models.

2 Characterizing efficiency in the general model

Consider first the nonparametric alternating Markov chain model with pe-
riod m and transition distributions Q(x,dy) of order p for k = 1,...,m
about which we do not make any structural assumptions. It can be viewed
as a non-alternating m-dimensional Markov chain

Y, = (X(—1)m+1s--- 7ij)T, Jj € L.

This is a homogeneous Markov chain of order ¢ = [p/m]. Its transition
distribution from Y;_,...,Y; -1 to Y; = (21,...,7,,)" depends only on
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the values of the last p components of the vector (Y]—r o ,Y]-T_l)T, which
form the vector

X1 = (X(—tymepsts - - X(—tym) |-

Setting xx—1 = (Tp—p, ..., Tx—1), it is given by

Q(x0,dx1, ..., dzm) = Q1@+ @ Qum(x0,dx1, . .., dry) = [ [ Qulxk-1,dz).
k=1

We observe X, Y1,...,Y,. Assume that Yj, J € Z, is strictly stationary
and positive Harris recurrent Write Qx(x,v) = [ Qk (x,dy)v(x,y) for the
conditional expectation of a random Varlable v(Xk 1,X k) given Xk,l = X.
When the argument x is omitted, we use the abbreviation Qxv = Qx(-,v).
Let Gi_1 denote the joint law of X;_1. Then Gi_1 ® @ is the stationary
law of (Xk:—lu Xk)

The nonparametric model is locally asymptotically normal in the follow-
ing sense. Fix d and Q = Q1 ® -+ ® Qn,. For k =1,...,m introduce

= {vk € LQ(kal & Qk) P Qg = 0}

For v, € Hj, choose Hellinger differentiable perturbations Qpn., of Qk

dQ o (%,5)  NV2 1 ’
// Siorbes W) 1= Puey) Groa(dx)Qu(x, dy) — 0.

Since Qny, must be a conditional distribution, we must have Qv = 0. It
follows that the local parameter space of the nonparametric model is H =
Hy x---x H,,. Write P,, and P,, for the joint law of (Xo, Y1,...,Y,) under
Q and Qny = Q1nv, @+ - @ Qmnw,, , respectively. As in Penev (1991), Hopfuner
et al. (1990) and Hopfner (1993) we obtain local asymptotic normality for
v=(v1,...,0p) € H,

m

n
B 1
=n /2 E E Ok (Xjmak—1, Xjm+k) — 5”””2 +op, (1),

j=1k=1

n~1/2 Zka(ij+k—1,ij+k) = [[v[[N under P,
j=1 k=1

de;

1
8P,

where N is a standard normal random variable and

m
[ = Gro1 ® Quu}.

k=1
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Here we have used that v1(Xg, X1), ..., 0m(Xm-1,X;n) are martingale in-
crements and therefore orthogonal. The norm ||v|| induces on H an inner
product

m
(v,0") = Z Gr—1 ® Qr(vkvy).
k=1
This inner product determines how difficult it is, asymptotically, to distin-
guish between ) and @, on the basis of observations Xg, Y1,..., Y.
Consider now the submodel with conditional constraints (1.1). They can
be written

Qk(xy akﬂ) = /Qk(xv dy)akﬁ(xu y) = 07 k= 17 cee, M.

They must also hold for the perturbed transition distribution @, = Q1ny, ®
-+ @ Qmnw,,, possibly with perturbed parameter, say ¥, = ¥ + n~/2y +
o(nfl/ 2) for some u € R%. Under appropriate differentiability conditions on
ary With respect to 19, we obtain the pointwise expansion

0 = Qi @k, = Quars + 1~ (Qr(argvr) + (Quiks)u) + o(n=Y/2),

where ary is the ¢ X d matrix of partial derivatives of apy with respect to 9.
Hence the perturbation v, must be in the affine space

Viw = {vx € Hy, : Qi(aryvr) + (Qrags)u = 0}.

Set V,, = Viy X -+ X Vi The local parameter space of the constrained
alternating Markov chain model is the union V' of the sets V,,, u € RP. In
model (1.1), we can now characterize efficient estimators of finite-dimensional
functionals of () as follows, using results originally due to Hajek and Le Cam,
for which we refer to Theorem 2 in Section 3.3 of the monograph by Bickel
et al. (1998). Note that this theorem holds for general locally asymptotically
normal models even though it is stated only for the i.i.d. case.

A d-dimensional functional ¢(Q) is called differentiable at Q with gra-
dient g if g = (g1,...,9m) € HY = (Hy x --- x H;,)® and

12 (0(Qnv) — 0(Q) = (g,v) = > Gr1 @ Qil(grvr), v=(v1,...,vm) € V.
k=1

We always regard an element in H¢ = (Hy x -+ x Hy,)? as a d x m matrix.
The canonical gradient g* is the componentwise projection of g onto V¢. An
estimator ¢ is called regular for ¢ at @ with limit L if L is a d-dimensional
random vector such that

n1/2(¢ - @(an)) = L under Pm)a veV.
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The convolution theorem says that if ¢ is regular for ¢ at @ with limit L,
then
L=(g*¢*")Y2N + M in distribution,

where N is a d-dimensional standard normal random vector and M a random
vector independent of V. This justifies calling a regular estimator efficient
for ¢ if its limit is

L= (g*,g*T)I/QN in distribution.

Its asymptotic covariance matrix is (¢*,¢*"). An estimator ¢ is called
asymptotically linear for ¢ at Q with influence function fif f = (f1,..., fm)
belongs to H¢ and

n m
n'2(@—o(@) =n"2 N fi(XKjmik-1, Xjmak) + 0op, (1).
j=1k=1
Such an estimator is asymptotically normal with covariance matrix
m
> Gro1 @ Qr(fafy )
k=1

By Theorem 2 of Bickel et al. (1998) mentioned above, we have the following
two characterizations.

1. An asymptotically linear estimator is regular for ¢ at Q if and only if
its influence function is a gradient for ¢ at Q.

2. An estimator is reqular and efficient for ¢ at Q if and only if it is
asymptotically linear with influence function equal to the canonical gra-
dient of ¢ at Q.

Now we apply these results to the parameter ¢, considered as a functional
of the transition distribution by setting ¢(Q) = ¥ if Qrary = 0 for k =
1,...,m. We have

22 (0(Quo) — 2(Q)) = 0?9y — 9) + 0(1) = u, v E Vi,

The canonical gradient of 1 is therefore characterized as the vector g* =
(91,----90) € Ve for which

(g%0) =Y Gro1 @ Qulgior) =u, vEV,
k=1
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We now prove that ¢* = J7'A with A = (A,...,\p) and J = oy Jks

where

M (Xk—1, k) = —Qr(Xp, ) Qr (Xky Aopg)  aro (Xi—1, 1),
T = Gro1 ® Qe(MeAL) = Gro1 (Quify Qr(aroagy) ™ Qring).

For the proof note first that Q, (akﬁ)\;—) = —Qrary. This means that the i-th
row of A is in V;,, where e; denotes the i-th d-dimensional unit vector. We

obtain Qk(aw)\;—)J_l = —QpapyJ . Hence the i-th row of ¢* = J '\ is in
Vu,;, where u; denotes the i-th column of J~!. Hence g* is in V. Finally,
for v € V,, we have

(g%,v) =D Gr1® Qulgivr) = T ) Gr1 © Qr(Mivy)
=1 k=1

= =T QuifyQrlarsary)  Qularsvr) = T Jyu = u.
k=1 k=1

Hence ¢g* = J~ 1\ is the canonical gradient of 4.
It follows that an efficient estimator ¥ of 9 has the asymptotic expansion

n' 20 = 0) =23 gi (Kjmah—1, Xjmk) + 0p, (1)
=1 k=1

n
=7 'Y N N (Kjmk—1, Xjmak) + 0p, (1)
j=1k=1
and asymptotic covariance matrix

(69" ) =T G @ Qe )Tt =T
k=1

3 Estimators in the general model

For ¢ = d, a simple estimator of ¥ is the least squares estimator ) LS, which
we define as a solution of the d-dimensional martingale estimating equation

Z Z aky(Xjmak—1, Xjm4k) = 0.

j=1k=1
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For arbitrary q, we define weighted least squares estimators Jw Ls as solutions
of the martingale estimating equations of the form

n m
Z Z Wiy (Xjmsk—1) o (Xjmsk—1, Xjmsr) = 0,
=1 k=1

where Wy is a g X d matrix of weight functions. Under appropriate differen-
tiability assumptions on ajy with respect to ¥, the asymptotic distribution

of U Lg is obtained from a Taylor expansion

1 n m

0=2 Z > W (Xjmk—1) @k (Xjmk—1, Xjm)
7j=1k=1
1 n m

+ 2:1 ; Wi (Kima k1) ko (Kjma k1, Xjmar) Owrs — 9)
Jj= =

+op, (n_1/2).

If the matrix My =Y "" Gk,l(W,Ingaw) is invertible, we can rewrite the
stochastic expansion as

n1/2(1§WLS — 19)

=My 2N W (K k- 1)@k (Xjmsk—1, Xjmk) + 0, (1).
j=1 k=1

Hence Jyy g is asymptotically linear with influence function f = (fi,..., fm)
given by

- T - LT
Si(Xp—1,28) = — < > Gk71<WkﬂQkakﬁ)) Wieo (Xk—1) ako (Xp—1, Tk)-
k=1
The asymptotic covariance matrix is
m
Mt Z Gr-1(WysQr(arpagy) Wis) Mz .
k=1

By the Cauchy—Schwarz inequality, the optimal weights are

Ty-1.
Wi = Wiy = Qr(ageagy) ™ Qrlny-

For these weights, the asymptotic covariance matrix becomes J~! with J
defined in Section 2. The weights W}, depend on the unknown transition
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distributions @J;. In order to make the corresponding estimating equation
meaningful, the weights must be replaced by estimators, say Wl:ﬁ If the
state space is R, such estimators are obtained by replacing the conditional
expectations Qg (x, a;ﬂga;ﬁ) and Qg(x, ary) appearing in W}, (x) by modified
versions of Nadaraya—Watson estimators

A Ty o Ky (x = Xk 1) @k (%, X)) @y (X, Xim-k)
Qk(x7 akﬁakﬁ) - n )
Yoy Kp(x — Ximgk—1)

Or(x, ipg) = Yo Kp(x — Ximak—1) s (X, Ximtk)
’ > it Kp(x = Ximnyk-1) ’

where Ky(x) = K(z1/b,...,z,/b) with p-dimensional kernel K and band-

width b = b, — 0. Such modifications may be necessitated by technical

considerations. Nadaraya-Watson estimators typically perform poorly at

points x at which the density of X;_; is close to zero. Thus one may be

forced to to exclude such points. This can be achieved by replacing the

conditional expectations Qk(x, h) by the density weighted versions

Qr(x,h)1 [Z Ky(x — Ximgr—1) > nnb”]
=1

with n = n, slowly tending to zero.

An optimally weighted least squares estimator U* is then obtained as a
solution of

n m
DD Wi (Kjmk—1)akd (Kjmk—1, Xjmx) = 0. (3.1)
G=1 k=1

Under appropriate conditions, the stochastic expansion of J* is not changed
when the weights Wy, are replaced by the estimators W} ,. It follows that

the influence function of J* equals the canonical gradient g* = J~!\ of 9.
Hence 9™ is efficient.

Remark. In particular, for ¢ = d, the least squares estimator @LS, with
weights Wy, given by the d x d unit matrix, is also asymptotically linear. Its
influence function is f5 = (f5,..., &%) with

m
-1
LS i
fi” (X1, ) = *(Z Gp-1® Qkakﬁ) kg (Xk—1, Tk),
k=1
and its asymptotic covariance matrix is

(Z Gr-1® Qk%ﬁ) B D Gro1 ® Qrlarsagy) ( Y G ® dew) o
k=1 k=1 k=1
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It is straightforward to check that f° — ¢* and ¢* are uncorrelated,
m
("0 =D Gra @ Qu(fg) =T = (g% 9"T).
k=1

Hence the difference between the asymptotic covariance matrices of J Ls and
¥, is nonnegative and equals

(fLS . g*’ (fLS . g*)T) — (fLS _ g*,fLST).

It follows that the optimally weighted least squares estimator 0% is strictly
better than ¥ unless f15 = g*.

4 Characterizing efficiency in quasi-likelihood
models

Now we consider the alternating nonlinear and heteroskedastic autoregres-
sive model

3

Ximik = ko Kjmar—1) + 09 Xjmak—1)Ejmak, JE€EL, k=1,..., )
We assume that the distribution Tj(x,dy) of €jmir given Xjpmir—1 X
fulfills T(x,e) = 0 and Ty(x,e?) = 1, where e(y) = y is the identity on
R. In Section 2 we have shown local asymptotic normality for alternating
Markov chain models with conditional constraints (1.1). For the special case
of an alternating quasi-likelihood model (4.1) we now give a different proof,
using the parametrization by ¥ and Ty. As noted, this will allow us to treat
constraints on the Ty, in particular the special constraint 7y = --- =T, =T.

Fix ¢ and T = (T1,...,T,). Assume that Y; = (X(j_1)my1s--- ,ij)T,
J € Z, is strictly stationary and positive Harris recurrent. Following Miiller
et al. (2011), we make the following assumptions on rgy, sgy and T.

IS

Assumption 1 For k = 1,...,m there are Gy_1-square-integrable func-
tions 1, = Ty and S = Spy such that, for each constant C', the quantities

2
sup - (Tk,79+A(ij+k—1) — 7o (Xjmrk-1) — ATf*k(ij+k_1)>
lalcn-1/2 =

and
n

2
sup Z <5k,19+A(ij+k—1) — 8k (Xjmayr—1) — ATék(ij+k—1))
lal<Cn-1/2 5=

are of order op, (1), and the function siy is bounded away from zero locally
uniformly in 9.
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Assumption 2 For k = 1,...,m and each x, the conditional distribution
Tk (x, dy) has a positive and absolutely continuous density t(x,y), and E[c}]
and E[03,(Xg—1,cx)(1 4+ €2)] are finite, where {1 (x,y) = —t}.(x,v)/tr(x,),
with derivative taken with respect to y.

Since the T} have densities, the G_1 also have densities, say gr_1. In-
troduce perturbations ¥, = ¢ + n~Y2u with v € R% and thno, (X, y) =

tre(x,9) (1 +n~"" 2 (x,y)) with v, a bounded measurable function on R+,
The constraints Tj(x,1) = 1, Tj(x,€) = 0, Ti(x,e?) = 1 must also hold for
Ty, = Trne,- We obtain

Tk(X7 Uk‘) = 07 Tk‘(X7 Uke) = Oa Tk(X7 Uk’€2) = 0.

Let Vj, denote the set of these vg. Write v = (v1,...,vp), V=V x---xV,
and Trpy = (Tinwys - - - s Tnw,, ). Suppose we observe X, Y1,...,Y,. Write
P, and P,y for the joint law of the observations under (¢, T) and (94, Thv ),
respectively. Write gonyy for the density of Xy under (95, Try). Then we
have local asymptotic normality as follows. The proof is similar to the proof
in Drost, Klaassen and Werker (1997), who treat the non-alternating case
and independent observations. For k = 1,...,m set {ya(x,y) = lp1(x,y)y—1
and A\, = (Ekl,ﬁkg)—r, and define the d x 2 matrix

1

Mk(X> = M;ﬂg(x) = Skqg(x)

(i (x), $k(x)).

Theorem 1 Let (u,v) € R? x V. Suppose Assumptions 1 and 2 hold and
the stationary density go depends smoothly on the parameters in the sense

that [ |gonuv(x) — go(x)|dx — 0. Then

d - 1
log e Pouv 1/2zzslmk mb—1s Ejmk) — 2H(u,v)H?+OPn(1)a
=1 k=1
(4.2)
n m
23S sju Kt Ejmik) = (W, V)N under P, (4.3)
=1 k=1

where N is a standard normal random wvariable and
Skuvy (Xk—1,€k) = UTMk(Xk: DA (Xp—1,€x) + vp(Xp—1, €1),

I(u, v)|? = ZE Siuvy, (Xk—1, €x)].

k=1
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Here we have used that siy., (Xo0,€1), - - Smuv,, (Xm—1,&m) are uncor-
related. The norm ||(u, v)|| determines how difficult it is, asymptotically, to
distinguish between (9, t) and (U, tny) on the basis of the observations. It
induces an inner product

((ul7 V/)a (uv V)) = Z l?[sku’v;c (Xk—l , Ek)skuvk. (Xk—h 5k)]
k=1

Consider now a model for T. It is given by a family of vectors 7 of
conditional distributions T = (77, ..., T},). Assume that the fixed T belongs
to 7. Let W be the set of all v € V such that T, lies in 7. Assume that
W is a linear space, the local parameter space of T at T. Let V}, denote the
closure of Vi in Lo(Gg—1 ® T)), and set V. = V; x --- x V};,. Let W denote
the closure of W in V.

Definition 1 A real-valued functional ¢ of (¥,t) is called differentiable at
(0, t) with gradient Y 1" Skugv,; (Xk—1,€x) if (up, vy) € R? x V and

nl/Q(SO(ﬂnu’tn’U) - SO(Q%t)) - ((utp’ Vtﬂ)v (U, V))? (U, V) € Rd X W
If v, =w, isin W, then Su,w, is called the canonical gradient of .

Definition 2 An estimator ¢ of ¢ is called regular at (¥, t) with limit L if
L is a random variable such that

n'2(@ — (O, tuy)) = L under Poyy, (u,v) € R? x W.

As in Section 2 we obtain from the convolution theorem that for such an
estimator, L = ||(uy, Wy)||N 4+ M in distribution, with A independent of V.

Definition 3 An estimator ¢ of ¢ is called asymptotically linear at (9,t)
with influence function Y ", Skugvgi (Xp—1,¢€x) if (up,vy,) € R% x V and

n m
nl/Q(‘ﬁ —p(V,t)) = Z Z Skupvgp (Xjm+k—1,Ejm+k) + 0op, (1).
j=1 k=1

As in Section 2, we have the following characterization: An estimator is reg-
ular and efficient if and only if it is asymptotically linear with influence func-
tion equal to the canonical gradient. We apply the theory to several models
7 and to estimating ¢, i.e., to the d-dimensional functional ¢(9,t) = 4.
Then differentiability of multivariate functionals ¢ and asymptotic linearity
of multivariate estimators ¢ are understood componentwise. Regularity and
the convolution theorem have obvious multivariate versions. The character-
ization of efficient estimators is also meant componentwise.

First we consider the nonparametric model. This is a special case of the
model which was treated in Sections 2 and 3 by a different approach.
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4.1 Nonparametric model

Suppose we have no structural information on 71, ...,T,. Then W = V. In
order to calculate the canonical gradient of 1}, we use the orthogonal decom-
position of Sk, described in Miiller, Schick and Wefelmeyer (2011). From
Ti(x,1) = 1 and Assumption 2 we obtain T}, (x, {x1e) = 1, Th(x, {x1e?) = 0,
Ty (x, {p1e3) = 3. Setting ¢(y) = (y,y> — 1) 7, we have

1 0
Te(x,9pA)) = ( 0 2 >
‘We obtain

Skuvy Xi—1,68) = ! Myp(Xp—1) AL (Xp—1)¥(er) (4.4)
Hu" My (X )N (Xi—1,ex) + 0p(Xp—_1, 1),

where the components of A} (x,y) = \y(x,y) — A (x)¢(y) are in Vj, and

x,et) — - x, 3
Ap(x) = Te(x, 900 ") T T(x, A ) = cr(x) < Ti(T;;(x,)e?’)1 ZTké ) )

with 1/cp(x) = det Ty (x, ¢ ") = Tr(x,e*) — 1 — Tr(x,e3)2. The canonical
gradient of ¢ is then

m

At Z M (Xp-1) AL (Xi-1)¥(ex),
k=1

where A = ZZLZI Ay with A, = E[Ck(X)Mk(X)Bk(X)M,:(X)] and

o Te(x,et) =1 —2Tp(x,¢?)
Bi(x) = ( —kZTk(x, e3) k4 ) :

An efficient estimator J of ¥ is obtained as a solution of the estimating
equations

" N Ximsk — "o (Xjmik—1)
ZZMkﬂ(ij—&—k—l)Ag(ij—l-k—l)d}( ’ J; X : ;r ):0_
=1 k=1 k9\ <> jm+k—1

Here Aj(x) is an estimator of Aj(x) obtained by replacing the conditional
third and fourth moments Ty (x, e'), i = 3,4, by potentially density weighted
versions of Nadaraya—Watson estimators

Tk(X ei) _ Z;L:I Kb(x - ij+k—1)5§'m+k
’ Z?:l Kb(X - ij-i—k—l)
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with Kp(x) = K(21/b,...,2,/b) for a p-dimensional kernel K and a band-
width b, based on residuals €y, 4x = (Xjm+t =715 (Xjmtr—1)) /55 (Xjm+k—1)-
The estimator 9 can be any n'/2_consistent estimator of 9, for example the
least squares estimator, which solves the estimating equation

Zn: i Mkﬁ(ijJrch)i/J(ijJr,f — TM(ijJrk_l)) =0.

o Sk (Xjm+k—1)

The asymptotic covariance matrix of Jis AL
The efficient estimator 1 is asymptotically equivalent to the efficient

estimator J* solving equation (3.1) of Section 3 when ayy is given by (1.4).
For this apy we have

ak(x,y) = — ( Pi(x) > :

2i(x) (y — Tro (X)) + 285 (%) 575 (%)

Hence the optimal weights W,:fﬁ are estimators of W7y = Qp, (akﬁﬁgﬂ)_ledkﬂ
which now involve the two matrices of conditional expectations

T 524(x) Qr(x, (e — o (x))?)
Qr(x, akﬁakﬁ) = ( Qu(x, (ekﬁ T‘Igﬁ(X)>3) Qr(x, (e — Tkﬁ(X))4) - S%f}(x) > ’

Qr(x, ar) = — ( Fr(x) ) :

255,(x) 575 (x)

The centered conditional moments Q(x, (e — rry(x))?), i = 3,4, can again
be estimated by potentially density weighted versions of Nadaraya—Watson
estimators.

4.2 Equal conditional innovation distributions

Suppose the conditional distributions of the innovations e given X;_; are
known to be equal, Ty = --- =T, =T. Then T = (7,...,T). A perturba-

tion of the density ¢ of T is of the form t,,(x,y) = t(x, y)(1 +n""2v(x,y)),
where v belongs to the set V of bounded measurable functions on RP*! such
that T'(x,v) = 0, T(x,ve) = 0, T(x,ve?) = 0. The local parameter space W
of 7 now consists of the vectors w = (v,...,v) with v € V. Set ¢1(x,y) =
—t'(x,y)/t(x,y), l2(x,y) = £1(x,y)y—1 and A = (£1,¢3) . Local asymptotic
normality (4.2), (4.3) now holds with vy = v and v =w = (v,...,v), and
with Ay = A. The decomposition (4.4) reduces to

Shuvg (Xn1,6x) = u' Mp(Xp_1)AT (Xp_1)¢(cx) (4.5)
T My (Xg 1) M (Xgo—1, ) + (X1, ),
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where the two components of \.(x,y) = A(x,y) — AT (x)db(y) are in V, and
4y _ _ 3
A(x) = TCx, 00 T) (%, 0AT) = e(x) ( it G >

with 1/¢(x) = detT(x, ¢ ") = T(x,e*) — 1 — T(x,e3)%. However, the d-
dimensional functions My (x)\.(x,y) still depend on k. This yields that
(M (x ))\ (X, )y ooy M (%) A (%, )) is not in W?. The row-wise projection
onto W is (M, ( )/\*(x, Y), - .,M*(X))\*(X, y)) with

We arrive at the orthogonal decomposition
Skuop (Xi—1,6) = u' s5(Xp—1,e) +u’ Mo (Xp—1) M (Xg—1, €8) +0(Xpe—1, €k)
with -
sp(%,y) = Mp(x) A" (x)0(y) + (Mp(x) — M (x)) A (%, y)
= Mk(x))‘(X) y) - M*(X))‘*(Xa y)

Hence the canonical gradient of o is A1 Y 7% st (Xgo1,6,) with A, =

rey Af and A} = Els}(Xp-1, 5k)s,§T(X;€_1, ex)], which computes to

Ak + E[(Myp(Xpp—1) — Mu(Xpom1)) T (Xpm1) (M (Xi—1) — Mo (Xp—1)) .

Here we have used T'(x, A\,) ") = 0, and we have set

Jo(x) = T(x, AN,
=T(x, ") = AT(x)T(x,AT) = T(x, A ") A(x)
+ AT (X)T(x, 1" )A(x)

x,et) -1 —2T(x,e’
= T(x,A\") — c(x) < T_(zf(x), e3)1 b >

The canonical gradient of ¥ now involves the score functions ¢;(x,y) =
—t'(x,y)/t(x,y) and l3(x,y) = ¢1(x,y)y — 1 for (conditional) location and
scale of T(x,dy). This makes it difficult to estimate ¥ by an estimating
equation. We can follow Miiller et al. (2007) and construct an efficient

estimator as one-step improvement of a consistent initial estimator ¥,

m

T SRR R U -
0 :?9+A*lgzzsk(xjm+k7175jm+k)ﬂ

j=1 k=1
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The right-hand side requires estimators for /1 and /3 and for the conditional
moments T'(x,¢e'), i = 3,4. An estimator for ¢, is ¢ /t, where  is a kernel
estimator based on (X;,&;), i = 1,...,nm, with residuals &j1r = (Xjmir —
o5 (Xjmak—1))/515(Xjmar—-1), 3 = 1,...,n, k = 1,...,m. The conditional
moments can be estimated by plugging ¢ into T'(x,e") = [t(x,y)y'dy, or
by potentially density weighted Nadaraya—Watson estimators based on the
residuals.

When we know that 177 = --- = T,,, then the asymptotic covariance
matrix of an efficient estimator of ¥ is A;'. This is strictly smaller than
the smallest asymptotic covariance matrix A~! of estimators that do not use
this information, unless A} = Ay, for k = 1,...,m, or equivalently, unless

E[(Mp(Xp—1) = Mo(Xpo1)) (M (Xp1) =My (Xp—1)) | =0, k=1,...,m.

"
This may happen in degenerate cases only.

One is that J, = 0. This is the case if T'(x, -) is standard normal, which
means that the innovations €; are independent and standard normal. Then
(1(x,y) = y, so A = ¢ and hence T'(x,9 ") = T(x,9A"), which implies
that A is the 2 x 2 identity matrix. Then A\, = 0 and therefore .J, = 0.

Another degenerate case is that My — M, = 0 for k = 1,...,m, ie.
My = -+ = My, SO Tky/Sky and Spy/sky do not depend on k. This
happens of course when the time series is not alternating. It can also happen
for alternating time series, for example when the conditional variances siﬂ of
the innovations do not depend on 1, so $iy = 0; and the conditional means
do not alternate, riyg = -+ = rpy.

Acknowledgments

Ursula U. Miiller was supported by NSEF Grant DMS 0907014. Anton Schick
was supported by NSF Grant DMS 0906551.

References

[1] Bickel, P. J., Klaassen, C. A. J., Ritov, Y. and Wellner, J. A. (1998).
Efficient and Adaptive Estimation for Semiparametric Models. Springer,
New York.

[2] Drost, F. C., Klaassen, C. A. J. and Werker, B. J. M. (1997). Adaptive
estimation in time-series models. Annals of Statistics, 25, 786-817.

[3] Hopfner, R. (1993). On statistics of Markov step processes: representa-
tion of log-likelihood ratio processes in filtered local models. Probability
Theory and Related Fields, 94, 375-398.



Efficient estimators for alternating quasi-likelihood models 17

[4] Hopfuner, R., Jacod, J. and Ladelli, L. (1990). Local asymptotic nor-
mality and mixed normality for Markov statistical models. Probability
Theory and Related Fields, 86, 105-129.

[5] Koul, H. L. and Schick, A. (1997). Efficient estimation in nonlinear
autoregressive time-series models. Bernoulli, 3, 247-277.

[6] Miiller, U. U., Schick, A. and Wefelmeyer, W. (2007). Inference for al-
ternating time series. In: Recent Advances in Stochastic Modeling and
Data Analysis (C. H. Skiadas, ed.), 589-596, World Scientific, Singa-
pore.

[7] Miiller, U. U., Schick, A. and Wefelmeyer, W. (2009). Estimators for
alternating nonlinear autoregression. Journal of Multivariate Analysis,
100, 266-277.

[8] Miiller, U. U., Schick, A. and Wefelmeyer, W. (2011). Variance bounds
for estimators in autoregressive models with constraints. Statistics, 42,

477-493.

[9] Penev, S. (1991) Efficient estimation of the stationary distribution for
exponentially ergodic Markov chains. Journal of Statistical Planning
and Inference, 27, 105-123.

Ursula U. Miiller
Department of Statistics, Texas A&M University,
College Station, TX 77843-3143, USA

E-mail: uschi@stat.tamu.edu

Anton Schick

Department of Mathematical Sciences, Binghamton University,
Binghamton, NY 13902-6000, USA

E-mail: anton@math.binghamton.edu

Wolfgang Wefelmeyer
Mathematical Institute, University of Cologne, 50931 Cologne, Germany
E-mail: wefelm@math.uni-koeln.de



