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Abstract

The article is devoted to the nonparametric estimation of the quadratic covariation of non-synchronously
observed It6 processes in an additive microstructure noise model. In a high-frequency setting, we aim at
establishing an asymptotic distribution theory for a generalized multiscale estimator including a feasible
central limit theorem with optimal convergence rate on convenient regularity assumptions. The inevitably
remaining impact of asynchronous deterministic sampling schemes and noise corruption on the asymptotic
distribution is precisely elucidated. A case study for various important examples, several generalizations
of the model and an algorithm for the implementation warrant the utility of the estimation method in
applications.
© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

The nonparametric estimation of the univariate quadratic variation of a latent semimartingale
from n observations in a high-frequency setting with additive observation noise has been studied

. . . . 1 .
intensively in recent years. It is known from [13] that n4 constitutes a lower bound for the rate
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of convergence. An important motivation which has stimulated an alliance of economists and
statisticians to establish estimation techniques for this kind of latent semimartingale models is
their utility in estimating daily integrated (co-)volatilities from high-frequency intraday returns
that serve as a basis for risk management as well as portfolio optimization and hedging strategies.
The last years have seen an enormous increase of the amount of trading activities for many
liquid securities. Paradoxically, the availability of high-frequency data necessitated a new angle
on financial modelling. In fact, for every semimartingale the discrete realized (co-)volatilities
converge in probability to the integrated measures. However, realized volatilities of typical high-
frequency financial time series data explode for very high frequencies. This effect is ascribed
to market microstructure frictions. Sources of the market microstructure noise are manifold.
One important role plays the occurrence of bid—ask spreads. Aside from that transaction costs,
strategic trading, limited market depths and discreteness of prices spread out the structure of the
long-run dynamics that can be characterized by semimartingales.

This strand of literature followed [30] that has attracted a lot of attention to this estimation
problem. The so-called two-scales realized volatility by [30] is based on subsampling and a bias-

correction and a stable central limit theorem with 78 -rate has been proved. A refinement of the
subsample approach using multiple scales in [29] and related alternative techniques in [4,19,28]
have led to rate-optimal estimators and feasible stable central limit theorems. For the more
specific nonparametric model with Gaussian noise, asymptotic equivalence in the Le Cam sense
to a Gaussian shift experiment is shown in [25] and an asymptotically efficient estimator whose
asymptotic variance equals the parametric efficiency bound, i. e. the inverse Fisher information
from [13], is constructed.

In the article on hand we are concerned with a multivariate stetting and apart from taking
additive microstructure noise into account, we focus on a way to deal with non-synchronous
observation schemes. This is also a central theme in financial applications. When realized
covolatilities are calculated for fixed time distances and a previous-tick interpolation is applied,
the phenomenon of the so-called Epps effect described in [10] appears that the realized
covolatility tends to zero at the highest frequencies.

A methodology to deal with non-synchronous observations in a bivariate [td processes model
has been proposed by [15]. The so-called Hayashi—Yoshida estimator has superseded simpler
previous-tick interpolation methods setting the standard for the estimation of the quadratic
covariation from asynchronous observations in the absence of microstructure noise effects.

Our estimation approach, first proposed in [8], for the most general case in the presence
of noise and non-synchronicity arises as a combination of the multiscale estimator to handle
noise contamination on the one hand and a synchronization algorithm in accordance with the
Hayashi—Yoshida estimator to cope with non-synchronicity on the other hand. A first attempt in
the same direction, combining one-scale subsampling and the Hayashi—Yoshida estimator, has
been given in [22].

In [8] it has been shown in the spirit of [13] that the optimal convergence rate ni carries over
to the general multidimensional setup. The mathematical analysis of our generalized multiscale
estimator in [8] shows that it is rate-optimal.

Alternative approaches to similar statistical models has been suggested by [5,9,1]. In [5] a
kernel-based method with a previous-tick interpolation to so-called refresh times is proposed
and a stable central limit theorem with sub-optimal ns-rate is established for a multivari-
ate non-synchronous design. This estimator, furthermore, ensures that the estimated covari-
ance matrix is positive semi-definite. [9,1] come up with combinations of pre-averaging [19]
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and the Hayashi—Yoshida estimator and of the univariate quasi-maximum-likelihood method
by [28], the polarization identity and a generalized synchronization scheme which is differ-
ent from the Hayashi—Yoshida ansatz that we use, respectively, both also attaining the optimal
rate.

In this article we aim at providing an asymptotic distribution theory for the generalized
multiscale estimator. In distinction from alternative methods, the influence of non-synchronicity
effects on the expectation is null and on the variance limited up to an interaction of interpolation
steps and microstructure noise. The main result is a feasible stable central limit theorem for its
estimation error with optimal rate and a closed-form asymptotic variance that does not hinge on
interpolation errors in the signal term. The stable weak convergence of the estimation error to a
centred mixed Gaussian limit and the consistent estimation of the random unknown asymptotic
variance are the essential steps towards statistical inference and confidence sets. The theory is
grounded on stable limit theorems for semimartingales from [18].

In Section 2 we present the model and our main findings. Section 3 comes up with a concise
overview on the construction of the estimator and in Section 4 we develop the asymptotic
theory. In Section 5 we propose a consistent estimator for the asymptotic variance and Section 6
comprises various extensions and a concluding discussion in which we draw a comparison
between the various proposed methods. The proofs are postponed to the Appendix.

2. Model and key result

The considered statistical model of noisy latently observed Itd processes at deterministic
observation times is precisely described by Assumptions 1-3 in this section.

Assumption 1 (Efficient Processes). On a filtered probability space ({2, F, (F;),P), the
efficient processes X = (X;);er+ and Y = (¥;),cr+ are Itd processes defined by the following
stochastic differential equations:
dX; = uXdt+oXdBY,
S ¢ Y jpY
dY; = u; dt +o; dB; ,
with two (F;)-adapted standard Brownian motions BX and BY and p, dt = d [BX ,BY ] ;- The

drift processes uX and u! are (F;)-adapted locally bounded stochastic processes and the spot
volatilities a,x and crty and p; are assumed to be (F;)-adapted with continuous paths. We assume

strictly positive volatilities and the Novikov condition E [exp ((1 /2) fOT (n Jo- )z2 dt)] < 00
for X and Y.

Assumption 2 (Observations). The deterministic observation schemes 7%" = {0 < té”) <

tl(") < o< t,(Ln) < T}of Xand 7V = {0 < ro(m) < rl(m) < .o < t,;,m) < T} of Y are
assumed to be regular in the following sense: There exists a constant 0 < o < 1/9 such that
8
82{ = sup ((ti(n) — tif)1> , t(g"), T — té’”) =0 (n_§_°‘) , (1a)
ie{l,...,n}
Y (m) (m) (m) . -
8, = ~ sup ((ij — ro1> , tom , T — t,f;")> =0 (m 9 “). (1b)
je{l,...,m}

We consider asymptotics where the number of observations of X and Y are assumed to be of
the same asymptotic order n = O(m) and m = O(n) and express that shortly by n ~ m. The
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efficient processes X and ¥ which satisfy Assumption 1 are discretely observed at the times 7 %"
and 7V with additive observation noise:

[i(n) ti(n)
Xw= / pX dt +f o dB)X + el)fn), 0<i<n, (2a)
i 0 0 i
r<.m> r(.m)
~ J J
Y‘L’(.m) = / MfY dt + / UIY dBtY + ef(m)a 0 = J =m. (Zb)
J 0 0 J

Although we consider sequences of deterministic observation times, the case of random
sampling that is independent of the observed processes is included when regarding the
conditional law. We allow that the maxima of observation time instants tend to zero slower than
n~! and m~!, respectively, but not to slow and the exact orders in (1a) and (1b) are chosen for
technical reasons from estimates for remainder terms in the proofs.

It turns out that it is accurate to prove the key result of the article on the following i.i.d.
assumption on the microstructure noise since a closed-form expression for the asymptotic
variance is not available for a combination of general asynchronous observation schemes and
serially dependent observation errors. Since an extension to non-i.i.d. noise is crucial for the
utility in financial applications, we comment on the robustness of our estimator to that case in
Section 6.

Assumption 3 (Microstructure Noise). The discrete microstructure noise processes

€ € > 0<i<n0<j<m
i J

are centred i.i.d., independent of each other and independent of the efficient processes X and Y.
‘We assume that the observation errors have finite fourth moments and denote the variances

2 X 2 Y
nX == Val’ <€[(n)) 5 nY == Var <ET(m)) .
1 1

The number of synchronized observations N ~ n ~ m which appears in the rate of our
feasible stable central limit theorem is introduced in Section 3.

Main Result (Feasible Stable Central Limit Theorem). The generalized multiscale estima-
tor (12) with certain accurately chosen weights, given in (A.1), and with My = cpnuiri - VN
converges on the Assumptions 1-3 and further mild regularity conditions on the asymptotics of
the sampling schemes, stated below in Assumptions 4 and 5, F-stably in law with optimal rate
Ni ~nT ~mi to a mixed Gaussian limiting distribution:

multi

N (VI = X Y17 ) % N0, AVAR i)

with an almost surely finite random asymptotic variance given in (17). With the consistent esti-
mator for the asymptotic variance (22a), the feasible central limit theorem

———multi
(T -
N# ~~ N(0, 1), 3)

AVARmulti
holds true.
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This Main Result is established by proving first a stable central limit theorem, given as Theorem 2
in Section 4, and then finding an estimator for the asymptotic variance in Section 5, for which
consistency as stated in Proposition 5.1 is proved.

The notion of stable weak convergence going back to [26] is essential for our asymptotic

theory. Stable weak convergence, denoted X, Lox , is the joint weak convergence of (X, Z)
to (X, Z) for every measurable bounded random variable Z. The limiting random variables in
stable limit theorems are defined on extensions of the original underlying probability spaces. The
reason for us to involve this concept of a stronger mode of weak convergence is that mixed normal
limiting distributions are derived where asymptotic variances are themselves strictly positive
random variables. Provided we have a consistent estimator Vn2 for such a random asymptotic

variance V2, the stable central limit theorem Xn L vz with Z distributed according to a
standard Gaussian law, yields the joint weak convergence (X, Vnz) ~ (VZ, V2) and also
X,/ V, ~» Z and hence allows to perform statistical inference providing tests or confidence
intervals.

In the proofs of our limit theorems we will ‘remove’ the drifts in the sense that after a
transformation to an equivalent martingale measure stable central limit theorems for It6 processes
without drift are proved and, as illustrated in [21], stability of the weak convergence ensures that
the asymptotic law holds true under the original measure. In this sense stable convergence is
commutative with measure change.

From now on, we often omit the superscripts of observation times for a shorter notation.

3. Brief review on the foundation
3.1. Subsampling and the multiscale estimator

In the model imposed by Assumption 1, Assumption 2 with synchronous observations, n = m
and t/(.") = t}"), 1 < j < n, and Assumption 3, the realized (co-)volatilities do not provide
consistent estimators for the quadratic (co-)variations any more. The variance due to noise
conditional on the paths of the efficient processes

n
Vary y (Z (X’J' - ij—l) (ij - ijl)) = dnnyny,

j=1

increases linearly with n. The error due to noise perturbation can be reduced by the following
estimator, which has been proposed for the univariate estimation of integrated volatility as the
“second best approach” in [30] and which is called one-scale subsampling estimator in [8] and
throughout this article:

—— sub 1< ~ ~ ~ ~
(X, Y]y = 7 § : (ij - ij—i) (Ytj - Ylj*i)' 4)
Jj=i

It can be motivated from two perspectives that are both sketched in Fig. 1. On the left-hand side
we have visualized that one can calculate simultaneously lower frequent realized covolatilities
using subsamples, e.g. to the lag three in Fig. 1, and (post-)average them. This motivation given
in [30] is in line with the former common practice of a sparse-sampled low-frequency realized
(co-)volatility estimator and proposes to use an average instead of one single lower frequent
realized measure.
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Fig. 1. Sketch of the subsampling approach.

The same estimator arises as the usual realized covolatility calculated from the time series on
that a linear filter is run before, what means that non-noisy observations at a time ¢; are estimated
with a (pre-)average of noisy observations at times #;, ..., ¢;4; for some i. This is sketched on
the right-hand side of Fig. 1 for i = 3. Passing over to increments leads to telescoping sums and
we end up finally with the one-scale subsampling estimator.

Since on the Assumption 3 there is no bias due to noise for the bivariate estimator, it
already corresponds to the “first best approach” from [30] whereas in the univariate case a bias-
correction completes the two scales realized volatility (TSRV). Balancing the trade-off between

2

the signal term and the error due to noise by choosing i = cs,pn3, with a constant cgyp, the
L _1 .
overall mean square error is minimized and of order n~ 3. Hence, the one-scale subsampling

estimator (4) does not attain the optimal rate n% determined in [8]. For this reason, we focus on
a multiscale extension of the subsampling approach on which the methods developed in [8] are
based on. The multiscale realized covolatility (MSRC), analogously to the univariate multiscale
realized volatility (MSRV) introduced in [29], is a linear combination of one-scale subsampling
estimators with M,, different subsampling frequenciesi = 1, ..., M,:

o, Z i, Z (Xl] ~ X, ) (?,j - ﬁjﬂ.). )

i=1

The weights are chosen such that the estimator is asymptotically unbiased and the error due to
noise minimized. They are given later in (A.1) and can be chosen equally for the bivariate and
the univariate case. Those are the standard discrete weights of [29] and we abstain from giving a
more general class of possible weight functions.

The mean square error of the multiscale realized covolatility (5) can be split in uncorrelated
addends that stem from discretization, microstructure noise and cross terms and end-effects. They
are of orders M,,/n,n/ M;’, and M, L respectively. Hence, a choice M, = cpuii+/7 leads to a

rate-optimal n 7 _consistent estimator.

The following stable central limit theorems for the multiscale realized covolatility (5) and the
one-scale estimator (4) are implied by Theorem 2 and Corollary 4.1:
Proposition 3.1. On Assumptions 1-3 in the synchronous setup and if (n/T) ), (ti(") l(f)l)z
converges to a continuously differentiable limiting function Gy, and the difference quotients
converge uniformly to G;yn on [0, T, the multiscale realized covolatility (5) and the subsampling
estimator (4) converge stably in law to mixed normal limiting random variables:
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| —— multi st
nd (XY = X, Y1r) % N (0. AVAR i gn) (6)
———_sub
ne (X VI =X, Y17) 2 N(0, AVAR s, 5) (6b)

with
26 (T v
AVARm"‘[” syn. — Cmu1t124nX77Y +Cm’41” T vyn(t)(pt 1)(0t ep ) dt
O
-1 12 2 2 g X\2
FCnutii 5 ’7X77Y+’7X (‘7 ) dt +ny A (0)dt ), (6¢)

_ 2
AVAR up,sn = oy + coun3 T fo O] + D00 ) dt. (6d)

3.2. Synchronization and the Hayashi—Yoshida estimator

We use the short notation AX;, from now on for increments X;, — X, ,,i = 1,...,n and
analogously for Y. The Hayashi—Yoshida estimator

———_(HY) n o m
[X Y]T ZZAXt,-AYrj]]-[min(t,-,rj)>max(t,-,1,rj,1)]’ (7)
i=1 j=1

where the product terms include all increments of the processes with overlapping observation
time instants, has been proved in [15] to be consistent in a model of asynchronously observed
Itd processes with deterministic correlation, drift and volatility functions in the absence of
observation noise and on further regularity conditions to be asymptotically normally distributed
in [16].

For a combination of the strategy of the Hayashi—Yoshida estimator with techniques to handle
noise contamination, we use an iterative algorithm introduced in [22] as ‘pseudo-aggregation’.
Incorporating telescoping sums there are the following rewritings of the estimator (7):

—— (HY) 1
X, Yl =) AX, (Y, =Y, ) (8a)

> o(x Y, — Y3,) (8b)

N
i=1

i( Xox ~ X ) (Y =¥, ).

i=1

with the notion of next-tick interpolated times #; 4 = minp<;<y (rj |t; > ti) and previous-tick
interpolated ones #; = maxXg<;<m (rj ltj < t,-) in (8a). This rewriting can be as well done in
the symmetric way.

The illustration in (8b) relies on an aggregation of the observations according to Algorithm 1.
This algorithm, which is a concise version of the construction in [8] based on the method by [22],
stops after (N + 1) < min(n, m) + 1 steps when all observation times are grouped.

In (8c) only the denotation expressions g;, ¥;, i, A; are substituted emphasizing that those
sampling times obtained by Algorithm 1 can be interpreted as previous- and next-tick
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Define  t1(s) :=min{t; € TX"|f; > s}, t¥(s) := min{r; € TV"|7; > s}
t=(s) ;= max {t; € TX"|t; < s}, 17 (s) 1= max {7; € TY’”Irj < s}
first step:

e Forip <179 --» go=1t"(10),lo = to, Yo = 10, ko = 70.

e Foriy > 19 --» go =to,lo =10, y0 =t (1), Ao = T0.
ith step (given g;—1 and y;_1):

e Ifgi 1 =v_1
—and 17(gi—1) < tH(yim1) - g =TT Wim)) l =gy =TT (im), A =
Yi—1-

—and 1T (gi—1) > tT (i) --» & =17 (i), li = gi—1, Vi = T (gi—1)), i =
Vi1
o Ifgi 1 <yi-i
—and ¥ < t1(gi—1) --» & = tT(gi-1).li = gi—1,vi = tHET(gi—)). A =
T (Vi-1)-

—andy;—1 > 17 (gi—1) - g =tT(im1), L =gi—1, Vi = Vi—1, ki =T (Vim1).
o If gi_1 > y;_1: symmetrically as for g;_1 < y;_1.

Algorithm 1: Iterative synchronization algorithm.

interpolations again with respect to a synchronous sampling scheme 7} = min(gg, yx), 1 <
k < N, which we call the closest synchronous approximation. Thus, increments in (8b) and (8c)
are taken from previous-tick interpolations at left-end points of instants [T;_1, Tx], 2 <k < N
to next-tick interpolated sampling times at right-end points. Since Ty = max(lxy1, Ak+1), 1 <
k < (N — 1) holds true, we may split the estimation error of (8b) in two uncorrelated parts
DY + A with

N

T;
Dy =% <(le. —Xr_,) (Y, = Y1) — /T prof o) dt) + 0,(1) )

i=1 —1

being the discretization error of a synchronous-type realized covolatility, but including in general
non-observable idealized values at the times of the closest synchronous approximation. A’Tv
is an additional error due to the lack of synchronicity, in particular next- and previous-tick
interpolations. The times 7} equal the so-called refresh times of [5], but our synchronization
differs from the one in [5] by replacing pure previous-tick interpolation by the above given
machinery of previous- and next-tick interpolations.

The asymptotic theory for the estimator (8b) as N — oo, concisely repeated here, is sepa-
rately proved and presented in a more elaborate way in [7].

For a comprehensive introduction on the synchronization method including several examples,
we refer to [8,22]. Here, we take up the illustrative example from [8] to highlight important
aspects of the synchronization procedure. Fig. 2 visualizes the aggregation carried out by
Algorithm 1 and the times 7;, i = 0, ..., 8 for this toy example. It emphasizes the important
fact that consecutive right-end points of increments can be the same time points.
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Fig. 2. Example for non-synchronous sampling design with the observation times constructed by the synchronization
algorithm and occurring in the estimators and the synchronous approximation.

Definition 1 (Quadratic (Co-)variations of Time). For any N € N let Tl.(N), i =0,...,N be
the times of the closest synchronous approximation and gl.(N), yi(N), ll.(N), )LEN) the corresponding
observation times that appear in the estimator (8b) defined above by Algorithm 1. 7/N is the

mean of the time instants ATi(N) = Ti(N) — Tl(ivl) i =1,..., N.Define the following sequences
of functions
N 2
GV == 3 (ATZ.(N)) , (10a)
T <
N
N (N) (N)y (. (N) (N) (N) (N) (N) (N)
FY@) = 7 30 @ =2 =1+ (19 =) (4 - 1)
T st
(N) (N) (N) (N) (N) (N)
+AT L, (Ti _li+1)+ATi+l (Ti _)‘i+1>’ (10b)
N
N _ (N) (N) (N) (N)
H™ (1) = T Z (Ti _li+1) (gi - T )
U
+ (1 =) (™ - 1), (10¢)

for ¢ € [0, T], that we call sequences of quadratic (co-)variations of times.

A stable central limit theorem for the estimation error is deduced in [7] on the assumption that
the sequences defined by (10a)—(10c) converge pointwise to continuous differentiable limiting
functions G, F, H and the sequences of difference quotients uniformly. The asymptotic quadratic
variation of time G of the Ti(N)s influences the asymptotics of DJTV . The covariation of times
FV measures an interaction of interpolation errors between the two processes and H” the
impact of the in general non-zero correlations of the products involving previous- and next-tick
interpolati )
polations at the same 7;"’s for each process separately.

i(") = r;") =i/n,i =

0,...,n, FN and HY are identically zero since interpolations are redundant. The function GV
is a step function that will tend to the identity on [0, T] as N — oo.

Consider a situation of completely non-synchronous sampling schemes that originates from
the complete synchronous equidistant one by shifting one time-scale half a time instant

In the synchronous equidistant setup where N = n = m and ¢
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(2N)~!'. We will call this situation intermeshed sampling. For this example, the synchronous
approximation is still equidistant with instants 1/N and, hence, G is the identity function. F and
H are linear limiting functions with slope 1 and 1/4, respectively.

In [7] we show for an important special case, independent homogeneous Poisson sampling,
that the convergence assumptions on (10a)—(10c) are fulfilled when replacing deterministic
convergence by convergence in probability. Furthermore, the stochastic limits G'(r), F'(r), H'(r)
are calculated explicitly.

The main result for the estimator (8b) is Theorem 1. It serves as preparation to prove the stable
limit theorem for the generalized multiscale estimator in Theorem 2 and gives insight into the
asymptotic distribution of (8b). For the proof we refer to [7]. A similar stable limit theorem for
the original Hayashi—Yoshida estimator is provided in [17].

Theorem 1. The estimation error of (8b) converges on the Assumptions 1 and 2 and convergence
assumptions on (10a)—(10c) stably in law to a centred, mixed Gaussian distribution:

N

VN <Z (Xg: — X3;) (Yy — Y3,) — [X, Y]T) SN(0, vpy 4 vay) (11)

i=1

with the asymptotic variance

T
VD, +vay = T/ G'(1) (atxoly) <p3 + 1) dt
0
T
+ T/ (F (t) ( Xa,Y) +2H (1) (pla o] ) ) dt
0
where the two addends come from the asymptotic variances of D¥ and A’}/ , respectively.

3.3. Hybrid approach to non-synchronous and noisy observations

In [8] we have proposed the following combined estimation method for the quadratic
covariation or integrated covolatility from noisy asynchronous observations. After applying
Algorithm 1 to the observation times, the generalized multiscale estimator is defined by

[X Y —— multi Z

It is a weighted sum of My one-scale subsampling estimators of the type

_—— sub >
(X,Yl;, =— Z X &M = I(N) ngN) Y ) (13)
J

J—iy+1 j i+l

opt

M ~
O My Z <X W) — 1(N) 1) (YV;N) YX(N) ) (12)

Jj—i+l1

with subsampling frequencies i = 1, ..., My and optimal weights given later in (A.1). Owing
to the aggregation of non-synchronous observation times before applying subsampling and the
multiscale approach, the resulting estimator has a conformable appearance as in the synchronous
case (5). Recall that in the synchronous setting g; = y; = Tjand lj_;j11 = Aj_jy1 = T
holds.

Choosing My = cpuiri - VN andiy = coup - N %, both estimators above provide consistent

1 1
and asymptotically unbiased estimators with convergence rate N4 and N &, respectively.
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4. Asymptotics of the generalized multiscale estimator

The main finding of the asymptotic theory in this section for our estimator will be that
asynchronicity will not be that relevant in the presence of noise. The reduction of the asymptotic
discretization variance compared to the estimator (8b) is possible since we have to concede a loss
in the convergence rate by smoothing due to noise corruption. The influence of interpolations is
asymptotically vanishing for the combined method in contrast to the estimator (8b) with faster
convergence rate /N, since interpolation steps take place on the time-scale of high-frequency
observations, but lower-frequency sparse-sampled increments of the synchronous approximation
are involved to reduce the error due to noise. In particular the decomposition

X v —=Xw =X w—-Xm+X;m—X wm+X v —Xmwm
( 8 ! ( 8 T T hio - T

J—iy+l j—in+1

=0,(N~1/2) =0,((i/N)1/2) =0, (N~1/2)

of the increments of X and analogously for Y, give an heuristic that the interpolation errors
driving the error due to non-synchronicity asymptotically not affect the variance of the signal
term. The stochastic orders are given for time instants of average order N !

However, a comprehensive analysis of the asymptotic distribution of the estimation error
necessitates an elaborate screening of the conjunction of Algorithm 1 and the joint sampling
design (TX'", TY""). In particular, for a rigorous clarification of the asymptotic error due to
noise and the cross term, both influenced by the i.i.d. observation errors at times g;, /;, yi, i, we

have to figure out the times g; = g;+1 and the right-end points g,.(N) =1 l.(ivl) , g,.(N) =1 l.(ivg that are

as well preceding left-end points and analogously for the sampling times of Y.

All observation times y;, A; are characterized through one of the following four mutually
exclusive cases. Denote y; _ the last observation time of Y before y 7 and y; 4 the first one after
vj. We illustrate the allocation of the observation times for 7Y™ and visj=1,...,N =2

Dyj<gi =VjF#Vi+1, Vi =rj+1, Vi #F Lj+2,
@yj>8j,viZ8j+ =Vi= Vit Vi F A+, v = Aj+2,
@yj > 8 Vi <&j+: Vit > 8&ji+ =ViFVi+l,Vj F Ajr1, Vi = Aj12,
Dyj > gV <&+ Vit S&jk DV F Vit Vi F hjr1. Vi # hja, Vj+ = hj2.
Only sampling times distributed to case @ lead to repeated y; = y;+1. In cases @, @ and @ a
subsequent left-end point Ay, k =i 4+ 1 or k = i 4 2, of observation time instants incorporated
in the subsampling estimators is designated by y;. All other Ay, k = 2,..., N, appear in an
allocation of sampling times of the type @, where A ;7 = y; + # y; VI. Recall that A; # Ay for
all i # k holds true.
If @ holds for y; with fixed j € {1, ..., N—=2}andif k := argmingef;, . n—1)(Vk > 8k» Yk =
8k.+) exists, then @ holds necessarily forone g;,/ e {j +1,...,k—1}or g = y.
In Table 1 we list the relations for the sampling design of our previous example.

Assumption 4 (Asymptotic Quadratic Variation of Time). Assume that for the sequence of
sampling schemes and the times Tl.(N) of the closest synchronous approximation and for the
sequence of quadratic variations of time G (r) defined in Definition 1, the following holds true:

(i) GN(t) = G(t) as N — oo, where G(¢) is a continuously differentiable function on
[0, T1].
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Table 1

Allocation of sampling times to cases @—@ for the example.

i 1 2 3 4 5 6 7 8
Case X (&) () ® 6} (&) ) @ @
Case Y @ @ ) ) @ ® @ )
Relations X 81=8 =1 g2 =1 83=1Is 84 =1g 85 =1 86 =1 g1=1g -
Relations ¥ Y1=* Y2=2X3 Y3=A4  Va=As Ys=k  Ye=hry - -

(ii) For any null sequence (hy), hy = O (N_l)
GY(t+hy)— GV (1)
- G (14)

hy

uniformly on [0, T] as N — oo.
(iii) The derivative G’(¢) is bounded away from zero.

) L, (N)

Definition 2 (Degree of Regularity of Asynchronicity). For N € N and times g( Y N L=
0, ..., N constructed from aggregated sampling schemes 7 %, 7Y that fulfil Assumption 2,
define the following sequences of functions:

¥ = Z ]l{g;N) M (15a)
(N)
g

Iy (t)— > ]1{VI(N) o (15b)
(N)

which describe the degree of regularity of asynchronicity between observation times 7 %" and
TYm,

In the completely asynchronous case, we can directly conclude that |/ )I(V -1 II,V (t)] < T/N for
all ¢ € [0, T'] and one sequence suffices to reflect the regularity of the non-synchronous sampling
schemes.

Assumption 5 (Asymptotic Degree of Regularity of Asynchronicity). Assume that for the
sequences of sampling schemes and for the sequences of functions 7%, I)Z,V defined in
Definition 2, the following holds true:

) I)Igj(t) — Ix (1), I)],V (t) - Iy(t) as N — oo, where Ix(t), Iy (t) are continuously differ-
entiable functions on [0, T].
(i1) For any null sequence (hy), hy = O (N_l)

Yt +hy) — 1Y ()

= 1), (16a)
hy
N _ N
1 (t~|—h2/) Iy (1) N (16b)
N

uniformly on [0, T] as N — oo.

For both examples which have been considered in the last section, synchronous and

intermeshed sampling, the sequences of functions [ )/(V , I{,V are identically zero. In general, the
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functions defined in Definition 2 are non-negative and bounded above by 1. In Section 6 we
explicitly deduce the asymptotic degree of regularity of asynchronicity for mutually independent
homogeneous Poisson sampling schemes. The term (asymptotic) degree of regularity of
asynchronicity has been chosen since Assumption 5 holds for all non-degenerate sequences
where observation times conforming to one of the cases @-® from above tend to be distributed
according to some regular pattern and it gives information on the interaction of allocations of
observation times.

It is interesting and might seem surprising at first glance that the asymptotics of the esti-
mator (12) hinges on this asymptotic feature whereas, as indicated before, the interpolations
to the closest synchronous approximation are asymptotically immaterial. This circumstance is
caused by the fact that for the construction of an estimator with Algorithm 1, as for the origi-
nal Hayashi—Yoshida estimator (8b), observed values of the processes at next-tick interpolated
observation times can appear twice. If there is observation noise, the number of observations al-
located conforming to case @ has an impact on the variance. We continue with one central result
of this article:

Theorem 2 (Central Limit Theorem for the Generalized Multiscale Estimator). On the As-
sumptions 1-5, the generalized multiscale estimator (12) with noise-optimal weights al MN =

(1212/MN) — (6i/ N) (1 + O)), that are explicitly given in (A.1), and My = CmuttiNN
converges F-stably in law with optimal rate N 1 10 a mixed Gaussian limiting distribution:

ulti

N (XY = X, Y1) % N (O, AVAR i)

with the asymptotic variance

- 12n%n}
AVAR i = ¢34+ 12 (Ix(T) + Iy (T))) nkn% +

Conulti 3

:AVARnoise

26 r
+emui 32T /0 G/ (D)X (1 + p2) dt

=AVARy;,

12 T T
el 5 (nifo (14T Iy (1)) (o) dr + ni/o (14T I (1) (o) )? dt) .37

:AVARL'F 058§

The weak convergence is proved to be stable with respect to the o-algebra F associated with
the efficient processes. As a side result, we also obtain a stable central limit theorem for a simpler
one-scale subsampling estimator:

Corollary 4.1 (Central Limit Theorem for the One-scale Subsampling Estimator). On the
Assumptions 1-4, the one-scale subsampling estimator with subsampling frequency iy =

2 . 1 . , Lo L .
Csub - N3 converges F-stably in law with rate N6 to a mixed Gaussian limiting distribution:

1 [——=sub st
NG ([X, Yir —[X, Y]T) SLN (0, AVAR, ) , (18)
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with the asymptotic variance

_ 2 T
AVAR, = c2 dnxnd Hesup 2T / G (1) (0 Xa)2(1 4 p?)dr. (19)
—— 3 0
:AVARnoixe,xub
:AVARdix,sub

For the proof of Theorem 2, we split the total estimation error of the generalized multiscale
estimator in three asymptotically uncorrelated addends due to noise, cross terms and the signal
term. For the one-scale subsampling estimator we follow the same ansatz. The orders of the
errors have been derived in [8] and we focus on the asymptotic distribution here.

The error due to microstructure noise of the one-scale subsampling estimator has expectation
zero and the variance yields

2 2
2 Y Y -2.2.2 )
Z E |:( € 1N+1) (EV/' - ek_/—[N+1> ] = 4'NlN nxny +0O (NlN )’

J=iN

since observation errors of X and ¥ are independent of each other by Assumption 3 and Iy # I,
fork # r, Ak # A fork # r and if g = gk+1 = ¥k < Vk+1,0 < k < (N — 1). Hence, the
error due to noise is a sum of uncorrelated centred random variables with equal variances and the
standard central limit theorem applies.

For the generalized multiscale estimator, we further decompose the error due to noise in

3 ]

a main part of order N %M; and two terms due to end-effects of orders M 2 where all
three terms are asymptotically uncorrelated. In Propositions A.1 and A.2 we prove central limit
theorems for these terms. Asymptotic normality holds both, conditionally and unconditionally
on the paths of the efficient processes.

The error due to noise of the one-scale estimator does not depend on any further influence of
the sampling schemes except the number of constructed sets N and G'. Cross terms are asymp-
totically negligible analogously to the univariate case in [30]. For the generalized multiscale

1
estimator instead the cross terms are of order M;i and will have effect upon the asymptotic dis-
tribution. In Proposition A.11 a limit theorem is stated where the weak convergence also holds
conditionally and unconditionally on the paths of the efficient processes. The asymptotic variance
AVAR,, s includes the influence of the asymptotic degree of regularity of asynchronicity.
The error due to discretization of the one-scale subsampling estimator yields:

1
n Z (ng - le—i+l) (ij - Y)Lj—iﬂ) —[X, Ylr
1 N
=< Z 1) (Yo = Y1) = X, Y]z

1 N
7 Z XT/ (YTj - YT.i—i) + (ng - XTj) (YTj—i - ijfm)

+ (X1, = Xiy) (Y = Yry) + (X = Xuy ) (Ve = Yoy )

+ (YVj - YTj) (XTf - XTf—i) + (YTj =Y, z+1) (XTf - XTf—i)]
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J J
3 AXTk)< > AYTk> —[X. Y]y
j—i+1

k=j—i+1

| Nl j
+1T |:(ng - XT_/) ( Z AYTk) + (ng - XTj) (YTj—i - Y)‘j—i+1)

k=j—i+1

J
+ (XT_J'—i - lefm) (YV./ - YTJ‘) + (XT./‘ - le+1) ( Z AYTk)

k=j—i+1

w0 (3 s n (3 aw) [ron(v)

k=j—i+1 k=j—i+1

N J
=2 X axpam+ X axparg |-y

j=i \k=j-i+l l,re(jiﬂl )
1 M=l J J
+- (Xe, — X1,) Z AYr |+ (Yy, — Y1) Z AXt,
j=i k=j—i+1 k=j—i+1

+AXT./‘+1 ( XJ: (YTk - YM+1)> +AYT_/+| < XJ: (XTk _Xlk+1)):|

k=j—i+1 it
+0, (i7'N72) + 0, (N7,

We have written the overall discretization error of the one-scale estimator as the sum of a
discretization error of the closest synchronous approximation

N ing | inj I
Z (AXTj Z (1 — ;) AYr,_, + AYr, Z (1 — ;) AXTI,_,)

j=1 =1 =1
+0, (iNn7") + 0, (N77) (20)

and the asymptotically negligible error in the signal part due to the lack of synchronicity. A stable
central limit theorem using the theory of [18] for the leading term of order i > N~3 that will drive
the asymptotic distribution is postponed to Proposition A.4. The error due to asynchronicity is
treated in Proposition A.10.

1 1
The discretization error of the generalized multiscale estimator is of order My N~2 and that

1 1
of the one-scale estimator of order iy, N~2. There is a trade-off between the error due to noise
and the discretization error for both estimators. For the generalized multiscale estimator these are

1 -3 3 . .. -1
of orders N2 M, * and My N2, respectively. Remaining other terms are of orders M, *. Thus,

. I L S -1
choosing My = cpmuiri - N2, the total estimation error is minimized and of order M N2 =N"3%
which constitutes the optimal rate of convergence in Theorem 2.
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The weak convergence of the discretization error is proved to be stable, so it converges
jointly in law with every bounded F-measurable random variable defined on the same probability
space. Since the asymptotic normality of the cross term and the error due to noise holds both,
conditionally and unconditionally given the efficient processes, and the discretization error is
independent of €X and €”, we can apply a central limit theorem for mixing triangular arrays as
in [27] to the sum that is adapted with respect to Aj = o (¢, & < Tjp1. €)1 < Tjy1. Fr;)
where F is the o-algebra associated with the efficient processes. The asymptotic variance is the
sum of the asymptotic variances of the uncorrelated addends. With the Cramér—Wold device joint
normality and asymptotic independence of the different errors can be concluded.

This is likewise for the one-scale estimator and Corollary 4.1. Choosing the subsampling

. 2 . . . .
frequency iy = csup - N3 balances the variance of the error due to noise which is of order Ni >
and the discretization variance of order iN .

5. Asymptotic variance estimation

The asymptotic variances (17) and (19) of the generalized multiscale estimator (12) and the
one-scale subsampling estimator (13), appearing in the stable central limit theorems in Theorem 2
and Corollary 4.1, are random and depend on unknown quantities. In this section, we aim at
estimating these asymptotic variances consistently to establish our Main Result from Section 2.

It is a known result that a consistent estimator of the noise variance is given by (23)
below (cf. [30]). Furthermore, the estimators for r;%( and n% are asymptotically uncorrelated
on Assumption 3, since the uncorrelated noise terms dominate the correlated Brownian parts.
The constant Ix (T) + Iy (T') in the noise part of (17) can be estimated with the empirical version
1 )12] (TY+1 {,V (T) that converges as N — oo on Assumption 5. Eventually, consistent estimators
for the discretization variances and the variance due to cross terms for the multiscale estimator
are required.

We propose histogram-type estimators using bins according to timescales associated with the
quadratic variation of synchronized sampling times and associated with the degree of regularity
of asynchronicity, respectively. For this purpose, given a chosen number of bins Ky, with
Ky — oo and KIQIN — oo as N — oo, we determine the assigned non-equispaced bin-
widths AGY = GY =GV |, AU = ()Y =Y and AU = (Y —(n)Y_ |, j €
{1,..., Ky}, where

GY =inf{re[0. 711G ()= (N/T) »_ (ATNM) = (j/kn) -GN (T

Tk(N )ft
j €{1,..., Ky}, and analogously for the functions IQ’ and III/v if IQ(T) > 0 and I)],V(T) > 0.
Set G(')V = x)(l)v = (Iy)(l)v := 0 and recall that those functions are monotone increasing on

[0, T]. On each bin we calculate multiscale estimators in the same spirit as (12) and its univariate
version from [29] for the increase of the quadratic (co-) variations that are denoted A [X];w,
J

A/[?]Gy, Am]cj.‘” A/[Y](Iy)jy and A/[?](IX)7 in the following. The underlain idea is to

approximate the continuous random processes (oo p;)?, (¢X)? and (o} )?, or rather their time-
transformed versions, by locally constant functions. This construction leads to time-adjusted
histogram estimators
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— 2
Ky AlX, Y]Giv GN(T)

I = ; AT e for /OT G'(1)(oXa) p)?dt, (21a)

I = 3 mcy A/[?Gy G for / ! G'(t)(o a2 dt, (21b)
=1 (aGY) Kn 0

I3 =§; A/A[i(;;y Ii (NT) for /O ! Iy (1) (o)? dt, (21c)

Iy = jKX:N; A/A[?;)’;y I’I‘IV{ (NT) for /0 ' L (t) (o)) dt. (214d)

Proposition 5.1. The asymptotic variances (17) and (19) of the generalized multiscale estima-
tor (12) and the one-scale subsampling estimator (13) with My = cmul,iN% andiy = cwa%,
can be estimated consistently by

—— _ 12 _ —~—
AVAR,i = <cm3m. 4+ 12 (FO+1'M)) + ?cm;m) it

26 A o 12 /5 A - A
+ ot 53T (11 i 12) T (ny(l +Th) + 00+ T14)) .(22a)

multi ?

— L, 2 /.0 .
AVAR i = ey + o5 (1 + ). (22b)

sub

where I 1—f4 are the estimators (21a)—(21d) and

n

=o' Y axh  =em ) A (23)
i=1 j=1

Remark 1. Convergence rates of the estimators (22a) and (22b) for the asymptotic variances
depend on the smoothness of oX, oY and p. For current stochastic volatility models as the Heston

model, they are N %—consistent when choosing Ky = cxk N 5 for a constant cxy and My ~ N 3
for the binwise multiscale estimators.

In the absence of noise, a consistent estimator for the asymptotic variance 2T fOT G (t)(atx )
dt of the realized volatility has been proposed in [6] as (2r/3) >/ (AX t,-)4~ In the bivariate
synchronous setting (n/2) Z::ll (AX ,l.)2 ((A Y, ,,.)2 + (AY; +1)2) is a convenient estimator.
Consistency can be proved with Itd’s formula and partial integration and comprehended by the
analogy to a bivariate Gaussian distribution (X, Y) ~ N(0, X') with a covariance matrix X with
entries 03, 07, poxoy. Then, EX* = 30 and E [X°Y?] = 2p?03 0} + ooy hold true.

In the noisy case smoothed versions of the estimators (using multiscale or alternative methods)
are adequate (cf. [9]). However, in the non-synchronous non-noisy setting, there is no direct
extension available and for that reason we have made the effort to construct the consistent
histogram-based estimators (21a)—(21d) above.
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6. Discussion and application
6.1. A case study

We have learned by now that in a synchronous setting the special version of the central limit
Theorem 2 from Proposition 3.1 holds true. Since asymptotics of the estimator (12) not hinge on
interpolations in the signal term, the same central limit theorem applies in the case of intermeshed
sampling introduced in Section 3. Now we focus on observation schemes that arise as realizations
of two homogeneous Poisson processes that are mutually independent and independent of the
processes X and Y. Although this model can be criticized for its flaw that sampling schemes of
two correlated processes follow two independent processes and time homogeneity, what might
seem to be unrealistic in financial applications, independent and homogeneous Poisson sampling
constitutes the most commonly used model in this research area (cf. [29,15] among others) and
is suitable to show that the general form of (17) is tractable.

Let 7" () and m"™ () be sequences of two independent homogeneous Poisson processes
with parameters Tn/6; and Tn/6, (n € N), such that the waiting times between jumps of 7

and m™ are exponentially distributed with expectations [ [Ati(") ] = 0;/n and E [Arj(.”)] =
02/n,i € N, j € N. In this case

) tn tn 1 1
AT, ~F@t)=1—exp|— | —exp|—— | +exp|—tn|—-+—]), keN,
91 92 61 92

010t

e L 222
x () (61 + 62)?

616>t zt .
IAIOES (: if 0 =z9), 24
Y ( ) (91 + 92)2 (Z + 1)2 1 2 ( )

hold true and we derive the following Poisson sampling version of Theorem 2:

Corollary 6.1. On the Assumptions 1 and 3, the generalized multiscale estimator (12) with
noise-optimal weights (A.1), and My = cpuiri /N, converges conditionally on the independent

1
Poisson sampling scheme with 0 < 01 < o0 and 0 < 6, < oo stably in law with rate N# to a
mixed normal limit:

i

Ni ([x,/?]’]’f”” — X, ¥17) % N (0, AVARL )

multi

with the asymptotic variance

2016 ) o L2ngny
(24 + 12 —(91 i 92)2> nxny + Cmulti —5

26 (T 26262
+c ;i — 21— 12 o Xo )21 + p?) dt

12 T 6162 r 0,6,
-1 2 X\2 2 Y\2
+Cmulti? (nY/O <1 + 0, + 92> (Gt ) dt + UX/O <1 + o, +92) (O'l ) dl) .

(25)

AVARpoiss _ C_3

multi multi
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. . 1 . .
The asymptotic variance of the N 6 -consistent one-scale estimator becomes

AVAR??SS — Cob 2 dnkn’

sub

+ 2 f T2 1 2676 (X )21 + p?) dt (26)
C — — o, O, .
3 g 02602 + 02+ 6261 +6)2) &

The order for the supremum of time instants in Assumption 2 holds in probability and the
proof in Appendix stays valid. A Poisson sampling version of Theorem 1 is given in [7], where
the stochastic limit of GV is deduced using the distribution of a maximum of two exponentials
stated above.

6.2. A bridge between the noisy and the non-noisy setup

So far we considered noise variances not dependent on N, but from an applied point of
view there is interest in the case where the noise level may vary with N ~ n ~ m. The
primary motivation to accommodate dependence of the noise on the sample size in the model
originates from the economic background. Empirical studies of (ultra) high-frequency financial
data show evidence that the variance decreases with N as reported in [20,3], among others. The
next Corollary is obtained by a direct extension of the proof of Theorem 2 in Appendix, when
replacing the moments of the noise processes.

Corollary 6.2. Consider the model imposed by Assumptions 1-3, but with noise variances
ng((N) =¢xN7%, n%(N) =¢yN™* 0 < a < 1and constants 0 < {x < 00, 0 < ¢y < o0.

The generalized multiscale estimator (12) with My = cputi N -5 and optimal weights
(A.1) converges stably in law to a mixed Gaussian limit:

lia —— multi
N (X VT = X, Y7 ) % N (0, AVAR,,,.) 27)
with the asymptotic variance
Ix(T) + Iy(T) -1 128xgy
AVAR;knuln - Cmullt (24 +12 f) {x8y + Clellli 5

26 5 )
+ Cmulti 52 35 A G (t)(U, o, ) (14 p;)dt

s (cy / (14 L) (0 di + ¢x / (1 + L)) dr)

.. . . . 1 a
A similar extension for the ozne-scale estimator where we obtain the rate N3 for a
subsample frequency iy = cgupN 309 holds analogously.

6.3. Comparison to other approaches

The approach which is nearest in methodology to the generalized multiscale method (12)
proposed in this article, is the one by [9] since it arises as a combination of the Hayashi—Yoshida
estimator with the pre-average approach. In a synchronous setting it is known that an adequate
choice of weight functions for a pre-average approach can lead to a slightly smaller asymptotic
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variance than (6¢) of the standard multiscale estimator. The asymptotic distribution of the pre-
average Hayashi—Yoshida type estimator is not determined in [9], but we can compare some
intrinsic features in the construction at this point. Although both are hybrid approaches grounded
on similar ingredients, there are fundamental differences between the two approaches. In fact, the
approach by [9] is closer related to the direct Hayashi—Yoshida version of a multiscale estimator

opt
M,
Z l LN ZZ(X ) — X (n))(Y m — Y (m) )
=i keZ j+kt j+(k 1)-i
x 1 , 28
{max(r(") /(?(k B l)<m1n(t(”) /(rﬁ)kl)} (28)

than to our estimator (12). The estimator (28) arises as natural Hayashi—Yoshida multiscale
estimator when, on the basis of (non-synchronized) observations of X and Y, sparse-sample
Hayashi—Yoshida estimators are averaged to one-scale subsample estimators and those extended
to a linear combination using different time lags. We state without proof that this estimator
is as well consistent, asymptotically unbiased and will attain the optimal rate of convergence.
Only in situations where permanently many observations of one process are located between
adjacent ones of the other process the approach by [9] could lead to a smaller total variance,
since all observations of X and Y are used to ‘denoise’ the processes first and then the usual
Hayashi—Yoshida estimator is built from the smoothed observations. As clearly visible in (8c) and
(12), we only consider next and previous-tick interpolated values with respect to the synchronous
approximation for smoothing. Nevertheless, we benefit from the data aggregation method and
applying subsampling to the synchronized scheme, since the variance of the signal part of our
estimator (12) is smaller than the one of these alternative methods. The crucial difference is that
for (28) and the approach by [9], next- and previous-tick interpolations take place on longer
sparse-sampling time intervals (in average of order i /N in (28)), whereas the interpolation errors
of the generalized multiscale estimator (12) take place on the highest-frequency-scale and hence
on intervals in average of order 1/N. We conclude that in typical situations where sampling of
two processes is of similar frequency and regularly arranged (e.g. intermeshed) the generalized
multiscale estimator achieves a smaller variance.

If an estimation approach uses previous-tick interpolations, as the one proposed in [5], these
methods suffer from a bias induced by non-synchronicity. This also becomes apparent in the
discussion and simulation study in [8] when the performance of those two estimators is compared
for varying noise levels. This applies also to the estimator by [1] which, moreover, shows an
increased variance if volatilities oy and oy locally differ by its structure based on the polarization
identity. The generalized multiscale estimator, as stated in Corollary 6.2, and the one by [9],
are not biased due to asynchronicity and pass over to the Hayashi—Yoshida estimator (8b),

N-consistent estimator in the complete absence of noise. For that reason, our estimation
method achieves an improved convergence rate in the model with decreasing noise variances.
Incorporating a pure previous-tick interpolation strategy as in [5], one cannot gain an improved
convergence rate in that setting due to the bias by non-synchronicity effects.

6.4. Application
6.4.1. Discussion of modelling assumptions

For an application to financial time series data the conditions imposed by Assumptions 1-3
seem to be restrictive and the model might not describe stylized facts of all data in an adequate
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way. In particular relaxing the i.i.d. assumption on the noise may be important. On the other hand,
the underlying model in the sections before is convenient to establish an asymptotic distribution
theory and ascertains a closed-form expression for the asymptotic variance. Yet, a modification
for serially dependent observation errors, as carried out in [2] for the one-dimensional case, is
possible for our generalized multiscale estimator (12) as well. The analysis for the synchronous
case under stationary strong mixing noise processes can be adopted from [2], but for the
general non-synchronous noisy setting a closed-form expression of the asymptotic variance and
a corresponding limit theorem is not available. In a similar way the estimation approach is also
robust to mutually dependent noise processes. More general efficient processes including jumps
can be covered in the model when we combine the method to a two-stage approach as presented
by [11] for the one-dimensional estimation approach. Considering semimartingales

t t 7 ' ' 7'
x,=/ Mdef oXdBX +3 LY, y,=f ,gd”/ oYY +3 1,
0 0 =1 0 0 I=1

with locally bounded drifts, continuous volatilities and counting processes J,X , J,Y counting the
jumps of X and Y with jump sizes LZX,I =1,..., JtX and LlY,l =1,..., J,Y, respectively,
the generalized multiscale estimator converges in probability to the total quadratic covariation
Iy proXol + Yooy AX,AY,, where the second addend is the sum of the simultaneous
co-jumps and AXy; = Xy — X, _, AYy = Yy — Y, _, and X _, Y _ denote the left limits.
When one is interested in disentangling the continuous part from the jumps, one convincing
possibility following [11] is to use wavelet methods that estimate the jumps in the sample paths
and afterwards use our estimation approach for the validated observations.

In conclusion the generalized multiscale estimator (12) is capable for usage in various
applications. In [8], we have approved that the estimator performs well and has satisfying finite
sample size features in simulations including serially dependent noise and typical stochastic
volatility models.

6.4.2. Choice of tuning parameters

An implementation of the estimation approach requires first a rule to choose tuning
parameters. We provide an accurate algorithm to implement the estimators and to obtain
estimates for their asymptotic variances.

2
One plausible selection of the constants ¢;,,1:i = v N /My and ¢, = N3 /iy can be derived
as solutions of the minimization problems of the asymptotic variances. This leads to formula (29)

in Algorithm 2.

The tactic of Algorithm 2 is the following: Evaluate a pilot estimate éfnplfm for cpuni as

solution of formula (29) inserting a sparse-sampled estimator for the signal term. Then set up
the estimation of the asymptotic variances involving the estimators (21a)—(21d). Take M 1?1 =

. . . 1
cfnulti»,/N Ky fixed for the multiscale estimators on all bins and set M]li, = cb \V Ncg N5

multi

=l . Lo . o .
where cx = KnyN75 . This selection is optimal for common volatility models. We obtain
1
cfnumcl(2 5= E;Sfu)m and from the orders of the different errors of the histogram estimators
3 5 L . . .
czmm. = c}(. Hence, cf’mmi = (cr(’fu)m)I and cx = (cff;lti)i is derived. Using estimators (21a)—

(21d), we calculate estimates for the addends of the asymptotic variance and ¢1;; according to
formula (29) again and My = [6”,,41”\/ N —‘ is used for the final estimator. It turns out that this
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14
multi

e Choose a priori L and calculate pilot estimator AVAR with
LN/L)

—p N . g 2 /. . 2\~ . 2
AVARdiszi Z ((ngL - Xl(k—])L+1> +(Xg1<L+2 - Xl(k—l)L+3> )(YVkL - Y)»(k—l)LJrl)
k=1

— ~ ~ 2 —~
and [X]; = Zj:kL,kzl <X,_/. — Xz_,_L> and [Y][T7 analogously and Ix () = IQ’(T) and

Iy(t) = I{,V(T). Calculate n% and n% according to (23).
e Use pilot estimates to estimate optimal constant(s)

(Sl

— — 2 —p —
» —AVAR, ., . + \/ (AVARf,wn) + 12AVAR), AVAR,
multi —

> (29)

n

6AVAR

and &) = J2AVAR), ., /AVARY, .-

e Calculate /114, given in (21a)~(21d), with

5
Ky =+/é? N3 binsand My(j) = (6(”) )“ N3V,

multi multi

e Estimate asymptotic variance with I 1—i4 and 7]%(, n%, and determine Cyuy;; and Cgyp With
the above given formulae.
e Calculate the generalized multiscale estimator (12) with optimal weights (A.1) (and the

. . N . ~ 2
one-scale subsample estimator) with My = Cpuiriv/ N (and iy = Csup N 3)

Algorithm 2: Algorithm for the estimation procedure.

strategy it quite robust to the a priori chosen sparse-sample frequency that can be chosen under
the impression of usual diagnostic tools as signature plots and acfs.

6.4.3. Simulation and data analysis check

As completion to the detailed simulation study in the supplementary material to [8] we
investigate the performance of Algorithm 2 and the histogram-estimators (21a)—(21d) here. For
this purpose we simulate from a simple Brownian motion model with zero drifts and constant
volatilities X = o = 1 and p = 1/2 with equal noise variances 1. Sampling schemes
are generated by independent time-homogeneous Poisson sampling with 30.000 expected
observations for both processes on [0, 1]. Results of the estimates from 1.000 Monte Carlo
iterations are listed in Table 2.

We also give the comparison to the estimators by [1,9] in Table 2. For the Quasi Maximum
Likelihood Estimator (QMLE) which is actually the MLE in this parametric setup, we use re-
fresh time sampling as one natural example of the general synchronization scheme given in [1].
The estimator performs well and has a slightly smaller empirical variance than our general-
ized multiscale estimator, but the synchronization procedure leads to a mild downward bias. We
stress that the simulated model is in favour of the QMLE approach since it is parametric with
equal variances such that polarization will not cause a loss in efficiency. For the pre-average
Hayashi—Yoshida estimator (PHY) by [9] we use an heuristically optimized tuning parameter
since the method is not robust to large tuning parameters (as stated for the synchronous case
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Table 2

Estimators (21a)—(21d), estimators for the asymptotic variances of the multiscale (17) and the one-scale estimator (19),
calculated asymptotic variances and estimates for the quadratic covariation. The estimates are given & empirical standard
deviations.

Noise var. n2  0.0001 (0.001 /m) 0.001 (0.01 /m) 0.01

Iy 0.392 +0.038 0390 £0.047  0394+£0073  0413£0.144 0423 £0.128
A 1,557 + 0.067 155240085  1.538 4 0.141 1529 £ 0276 1.462 +0.230
A 0.250 % 0.007 024940010 024940016 024740031 0234 % 0,085
iy 0.250 % 0.007 024940009  02494+0016 024740030  0.233 % 0.083
AVAR,, .11 0.090 % 0.003 0.143 40005 024640015 043440050  0.778 % 0.082
AVAR,,,1;; 0.0663 0.1185 02159 0.3774 0.6737
AVAR,; 0.0086 +0.0002  0.017£0001  0037£0002  0.080£0009  0.157 +0.017
AVAR,; 0.0077 0.0166 0.0357 0.0768 0.1656

o, v 0.501 4 0.024 0499 +0.029 0498 +£0.038 04990049 0501 & 0.065
PHY 0.497 % 0.082 0497 £0.143  0.5054+0245 0508 +0447  0.514 +0.618
OMLE 0.470 % 0.019 049240026 049640034 049540044  0.499 & 0.059

in [9]), since this leads to increasing interpolation steps boosting the variance. The estimator is
clearly outperformed in the simulation by the concurrent methods, especially when the noise level
is high. We remark that the simulation is based on Poisson sampling schemes with equal intensi-
ties and thus, the estimator by [9] does not profit from a more efficient denoising as would be the
case for different intensities. In addition, our approach is tested in an application to EUREX fu-
ture trading tick-by-tick data taken from a database provided by the Research Data Center (RDC)
of the CRC 649 ‘Economic Risk’ in Berlin. We aim at estimating daily integrated covolatilities of
the Euro-Bund Future (FGBL), that is based on a notional long-duration debt instrument issued
by the Federal Republic of Germany, the Euro-Bobl Future (FGBM), a likewise medium-duration
contract, and futures on the EURO STOXX 50 (FESX) and the German DAX (FDAX).

For this purpose, we apply the procedure with Algorithms 1 and 2 to filtered time series with
next maturity and include ticks between 8 am and 5.30 pm CET. Sample sizes of the daily datasets
vary between 13.000 and 40.000 ticks. Table 3 gives the results for two days with associated
estimated optimal multiscale frequencies. The estimates for the quadratic covariations are given
=+ estimated standard deviation from the estimated asymptotic variances and the pertaining
N for each pair. Although there are characteristics of the dataset not in accordance with the
model assumptions, above all price discreteness and the fact that many returns are zero, the
estimation approach passes this intuition check. Since the ESX and the DAX share 13 companies
constituting c. 28.5% weighting in the ESX and c. 72.4% in the DAX there is a big systematic
positive correlation between both and we presume that there is as well a high correlation between
the two debt instruments which is both revealed by the estimates. On 09/11/2001, there has been
a tremendous impact so that FGBL/FGBM have increased and the FESX/FDAX decreased. For
that day we have significantly negative integrated covolatilities between debt instruments and
stock indices which is not the case for the ordinary trading day in comparison. As answer to the
great amount of zero returns the only adjustment of the method that we undertake is to estimate
noise variances in (23) by dividing the realized volatility by twice the number of non-zero returns
instead of all returns.

To sum up, the estimation approach based on Algorithm 1, a multiscale extension of
subsampling and Algorithm 2 provides a convincing method to obtain integrated covolatility
estimates for very general high-frequency data.
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Table 3

Estimates for integrated covolatilities, standard deviations (-106) and used multiscale frequencies for 10/01/2008 (top)

and 09/11/2001 (bottom).

——— multi

[(X. Y]y ' (MSFR) FGBL FGBM FESX FDAX
FGBL 5.46 + .87 (7) 3.32 4 .74 (7) 98 £.99 (9) 52+ .74 (6)
FGBM 2.42 + 47 (6) 78+ .69 (7) 64+ 51 (4)
FESX 68.26 + 7.1 (10) 29.39 + 2.4 (7)
FDAX 61.43 £ 3.5 (5)
. 71" (MSER) FGBL FGBM FESX FDAX

FGBL 2789 £ 4.1 (15) 12.94 £ 1.7 (12) —5255 £ 18 (8) 3413 £ 11(7)
FGBM 18.10 £ 2.5 (8) —26.44 £ 14 (6) —25.01 £ 28 (3)
FESX 3070 £ 172 (6) 757 + 15 (4)
FDAX 1870 + 94 (4)
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Appendix A. Proof of Theorem 2
A.l. Error due to noise and choosing the weights

The error due to microstructure noise of the generalized multiscale estimator is given by

My oy My oy N
i, My Y _ Y _ i, My
Z Z( €ej €5 1+1) (Eyj 6>~_/—i+1) - Z i Z( + Ellel )
i=1 i= j=1
N i—1 N
X Y
o Z (6 Aj—itl + 6)’/ l/ t+l) ZG Z El/ 6)‘1
j= j=N—i+1
Additionally to the standardization condition
My
D aimy =1, (C1)

that is necessary for asymptotic unbiasedness and consistency, we now impose the auxiliary
condition

o qi, My
Yy =0, (C2)

i-1 !
on the weights which assures that the leading term of the noise error equals zero. Hence, there
remain three uncorrelated addends in the error induced by microstructure noise.
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Proposition A.1. Let Assumptions 2 and 5 on the observation times and Assumption 3 on the
observation errors hold true. The asymptotic variance of the term

a; MN Y X
_Z Z(egje}w i+1 Vi l/ i+1

is minimized by the weights

1242 6i 6i 12i2  6i
My (M3 —My) (M3 —1) (M3 — My) M3 M3

(A1)

as My, N — oo and My/N — O with N = O (Mf\,). The following asymptotic normality
result holds true:

l opt
iM Y X
(Z . Z( g] )‘/ il J/Jelj r+1>> ~> N (0, AVARnoise) s (A.2)

with the asymptotic variance

AVAR pise = (24 + 12(Ix (T) + Iy (T)))ng 7y (A.3)

with the functions Ix and Iy defined in Assumption 5. The weak convergence also holds true
conditionally given the paths of the efficient processes.

Proof. The term is centred and we illustrate it in the way

N MNA]

Za’ P Z Z 2 e
Aj—it1 E}’/ J—i+l

XY
x <€g, i Lig=gyin) + Ligygso) T €560 L=y + 11{y,»¢y,,~+1}))~

For fixed i the addends of the inner sum are uncorrelated because /; # [; and A; # A; for all
i # j.Consecutive right-end points g;, y; can be the same observation times instead, so that the
inner sums are 2-dependent random variables. Thus, the variance is given by

N a y MyAj
1, MN XY Yy X
Var Z i Z ( gle j—i+1 VJGIJ 1+1)
1

N (My—DA@=D
+2
j=1 i=1

i My Qi+1,My 2 1—
—z(z 0 ’7y( g,¢gj+1,yj#yj+1})~

The weights that minimize the first addend of the above variance and also the total variance
asymptotically have been determined in [8]. Those weights are in line with the standard weights
from [29] in the univariate setting and correspond to a cubic kernel for the kernel estimator by [5].
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Inserting the noise-optimal weights (A.1), we can apply a central limit theorem for strong
mixing triangular arrays from [27] to

Dpt MyANj

tMN X Y Y
Z Z (6816)“1 i+1 te l/ —i+1 Vj)

The sequence of variances with the chosen weights according to (A.1)

X Y Y
( gj Aj—itl t+e lj i+1 }’j)
1

o MN/\ j

M3 lMN
Z 2

M13V N MyA(+1) (a‘)Pf

i\My
N -

2
2.2
) nxny (3 — ]l{gj#gjﬂ, Vﬁfyjﬂ}) +0()
j=0 i=1

— 367IX7)Y —12(1 — (Ix(T) + Iy(T)))rany

converges to AVARpise On the Assumption 5.

Since the inner sums are 2-dependent and hence in particular ¢-mixing, the Lyapunov
condition that holds obviously suffices to apply the central limit theorem of [27]. This completes
the proof of the proposition. [

Next, we consider the remaining addends of the error induced by microstructure frictions and
insert the weights (A.1):

Proposition A.2. On the Assumptions 2, 3 and 5, the following weak convergence to a centred
normal distribution holds true:

MN opt
M 12
G (R (S e 3 ag))on(oBag) ws
i=1 Jj=N—i+1
This convergence also holds conditionally on the paths of the efficient processes.
Proof.
My 0117;1 My—1 My Olw;[
Q; X Y Y !
> (S 3 ) 5 (e et ) X e
i=1 j=N—i+1 i=1 i=j+1

Both addends are uncorrelated and treated analogously. We restrict ourselves to the proof for
the first term. /M ZMN Le IM"} 4l alo';,'l /i is the endpoint of a discrete centred

martingale with respect to the ﬁltrat10n Aj =0 (e,k ltr < gj, Xy |0 <k < n) \Y4 U(efk It < yj,
Y10 <k< m) Namely, since g; = gj—1 = ¥; > yj—1 and analogously y; = y;—1 = g; >

8j-1:
My aapt
IMN
E|VMyeye, ‘Az I

i=l+1

My (j]-{gl =8I- 1}E[ ] € 1+]]'{}’l =Y 1}E[ :I ;)//171

+ Ligzg 1. yn-nE [Gg] E [ )/1]) =0.
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A central limit theorem for martingale triangular arrays from [14] is applied, in particular the non-
stable version of Corollary 3.1 (cf. the following remark in [14] and references cited therein). The
conditional Lindeberg condition can be verified by the stronger conditional Lyapunov condition.
The proof of it is obtained by a similar calculation as the following one and we omit it. The
conditional variance equals

My—1 My 0P Myl [ My P 2
S (el 3y ) oy S (3 e
im i=j+1 ! =t \i=j+1 !

2
2.2 X 2
X (nan]l{gjsﬁgj—l,Vj#Vj—l} + <Egj) Il{gj=z<;_/—1}77y

2 6
Y 2\~ 2.2
+ (61’1) ]l{VFV./—l}nX) = 57y

2
We have used the formula Z?Q’l_l (Zf‘i’;+1 (aZ’Zf[N/i)) = (6/5)My' +OMy"). O

A.2. Discretization errors of the estimators

Proposition A.3. On the Assumptions 1, 2 and 4, the discretization error of the one-scale
subsampling estimator with subsampling frequency iy converges stably in law to a centred mixed
normal limit as iy — 0o, N — 00,iny/N% — O for every a > 2/3:

N (X
in (Z (Xg; = X1,1) (Y = Vo) — [X, Y]T) %5 N (0, AVAR i up) .
=i

with asymptotic variance

2 T
AVAR iy = 21 /0 G' (10 o) 21 + D) dr. (A5)

Proposition A.4. On the Assumptions 1, 2 and 4, the discretization error of the generalized
multiscale estimator with the noise-optimal weights given in (A.1) converges with rate /N /My
stably in law to a centred mixed Gaussian limit as My — oo, N — 0o, My /N%* — 0 for every
o >2/3:

N [(Mn o N
i,
\ My (Z o Yo (Xey = Xiy) (Y = Vi) — X, Y]T>
i=1 j=i

st N (O, AVARdis,multi) ’

with asymptotic variance

26 r
AVAR s mutii = 357 fo G' (1) (0o (1 + p?)dr. (A.6)

A.2.1. Time-change in the asymptotic quadratic variation of time

Proposition A.5. In the proof of a central limit theorem for the discretization error of our
generalized multiscale estimator (12) on the Assumptions 2 and 5, we can additionally
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assume that

N 2
3 (ATk(N) — %) —0 (N_l) . (A7)

k=1

Remark 2. From Assumptions 1 and 2, we can deduce directly that the sum above is at most
of order N~!. The stronger assertion, that the closest synchronous approximation defined by the
times Tk(N) ,k =0,..., N introduced in paragraph 3.2 is close to equidistant sampling in the
sense that the sum above is of smaller asymptotic order than N !, is derived by the concept of a
time-change in the asymptotic quadratic variation of time from Assumption 4. For the proof of
(A.7) we refer to Lemma 1 from [29] where this concept has been presented for the univariate
multiscale approach and it directly carries over to the synchronous multivariate case.

On the Assumption 4, a transformation g can be defined that maps the refresh times
Tk(N) to values g(Tk(N)), so that (A.7) holds true for the transformed synchronous observation
scheme. Thanks to the fact that the corresponding time-changed processes Lg(;) and M fulfil
Assumption | again and the transformed observation scheme Assumption 2, we are able to prove
a central limit theorem for the time-changed version of the discretization error.

Since the resulting asymptotic variance will be invariant under the transformation g, the
central limit theorem will analogously hold true for the original sampling scheme and hence
we assume (A.7).

A.2.2. The discretization error of the closest synchronous approximation

Note that it suffices to prove the foregoing limit theorems for the zero-drift case. Since our
limit theorems are stable, asymptotic mixed normality is assured to hold for the general setting
on Assumption 1. Denote L; = fot oXdWX and M, = fé oYdWY the continuous martingales
that represent the efficient processes under the equivalent martingale measure after a Girsanov
transformation. The Novikov condition has been imposed in Assumption 1 to allow for this
transformation.

The asymptotic mixed normality result is implied as marginal distribution at t+ = T of a
limiting time-changed Brownian motion which is proven to be the stable weak limit of the
process corresponding to the discretization error (20) with the theory of [18].

We begin with the discretization error of the closest synchronous approximation of a one-scale
subsampling estimator.

Proposition A.6. On the same assumptions as in Proposition A.3, the continuous martingale

. N t X X ink i
D, = lN_T Z <ALTk +/; oy dW; ) Z <1 - l_> AMr,_,

Ty <t k =1
t ink l
+ > <AMTk +/ asYdWSY> (Z (1 - 7> AL7,,
Te<t Tk =1 !
fort € [0, T], where A - 1, = -7, — - 1,_, is the backward difference operator, converges stably

inlawas N — 00,iy — 00,in/N — 0 to a limiting time-changed Brownian motion

t
. 2
N % /0 oo, dWE  with vy, = gG/(s)(USXasy)z(l + p2),

where 207 is independent of F.
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Proof of Proposition A.6. The subscript of the subsampling frequency is omitted in the
following proof and C denotes a generic constant and 8y = sup;¢(;, vy (Ti — Ti-1).

We apply a simplified martingale version of the stable central limit theorem 2—1 from [18].
For other applications and expositions of the theory from [18] we refer to [23,12,7]. The above
limit theorem is implied by the following three conditions:

t
@], & / vo, ds. (A82)
0
@, L], 5 o, D, M], > o, (A.8b)
[@,LL] 2o, [@,ML] 20, (A.8¢)
t t

for all ¢+ € [0, T] and for all M+ € ML and L+ € £ that denote the set of (F),-adapted
bounded martingales orthogonal to M and L in the sense that [M, M*] = 0 and [L, L*] =0,
respectively.

Calculating the quadratic variation of DV yields

N ink ! 2
[QN]; == Sl AlLly (Z (1 - i) AMTk,)

T <t =1

ink I 2
+A[M]yg, (Z (1 — i) ALTM)

=1

ink / ink /
+2) AL, My, (Z <1 - i) ALTM) (Z (1 - i) AMTkI)j| +0,(1)

Ti<t =1 =1

ink 2
[Z VAP Z ( - f) (AM7_ )"+ AMy,

T <t T <t

ink / 2 ink / 2
x Y <1 —~ i) (ALy )2 +23 AL Ml > (1 —~ i) (ALTk,)2:| +0,(1)

I=1 T <t =1

ink / 2 Ti—1
[Z/ (o5 )st< <1—,) / (qf)zds)
lT Te<t ¥ Tk—1 =1 ! Ti—i-1
ink / 2 Tt
+ Z/ (o, )zds ( (l — > / (osx)zds)
Te<t ¢ T =1 ! Ti—1-1

Tk ink / 2 Ty
+2 Z / psoXalds Z (1 — ) / psoXalds | |+ 0, (1)
I Ti—1-1

=1
ink ! 2
Lemma A.7 zT 22(1 +pT" 1)(GT/‘ IOTk ') (ATk) Z( i> +OP(1)

T <t =1
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2GN (T — GN(Ti-n) y
=Tk2<:§ . (o3, +1) (oot 1> ATy + Op(1)

2 t
N 5/0 (14 20X )G (s) ds.

In the first step cross terms of the inner sums have been neglected since they are centred and by
Itd isometry it can be shown that their second moments are bounded from above by C i3613\,. We
frequently use estimates 85\,_1 for sums of the type Z,N (AT)!, 1 > 1, by Holder’s inequality with
the supremum norm to obtain upper bounds.

Subsequently, squared increments of L and M and the increments of the product L - M in
these inner sums are substituted by the increments of the quadratic (co-)variation processes. The
induced error terms are centred by Itd isometry and involving the Cauchy—Schwarz inequality it
follows that C$y is an upper bound for their second moments.

The crucial non-standard approximation is that on each block (Tyx_1, ..., Tr—ivo) the
increments of the form ka e f()dt with continuous functions f for/ = 1,...,k A i are
approximated by ATy f (Tx—1). This blockwise approximation is treated in Lemma A.7 and
makes use of the concept of a time-changed quadratic variation of times and particularly (A.7).
Finally, 1/i ) ,_,(1 — (1/1))?> = 1/3 + O(1) and the convergence in probability is ensured by
Assumption 4 and the convergence of the Riemann sums to the integral.

Lemma A.7. On the same assumptions as in Proposition A.3, it holds true that the term

N Tk ink i 2 Ti—t
— f (0 )ds (> (1 — T) / (o))2ds
iT Te<t \Y k-1 =1 l Th—i-1
ink 2
_(o'TXk IGTk 1ATk) Z( ) )

and the analogous blockwise approximations of A[L]r, and A[M ]y, by constant left-end points
converge to zero in probability.

Proof. The approximation uses the concept of a time-change in the asymptotic quadratic
variation of refresh times introduced in [29] which is expounded in Proposition A.5. By virtue of
that concept we may suppose that the sampling design of the closest synchronous approximation
satisfies (A.7).

The asymptotic orders of the three terms are deduced analogously and we restrict us to the
proof of the above given first term. An application of the mean value theorem yields

ink i 2 nTi
D) / @ >2ds( (1—7> / (a!)zds>
Tk<f Ti—1 1=1 ! Ti—1-1

ink 1 2
= — Z(U )ZATk <Z (1 — ;) (UCYI:I)ZAT]([)

Tk<l =1

with & € [Ti-1, Til, ¢ € [Ty—1, Tyl. Since the volatility processes X, oY are uniformly

continuous on [0, 7] by Assumption 1
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ink 2
l . .
Z(l—f) (@ P = oh_ ATy isy swp @11 = (@) = Ous.i80).
=1 ! = jt—s|<idn
ink i 2

PRGN AN /S (1 - f) ATiy
T <t =1 !

<ioy swp |07 = @] = Ous.idn)

[t—s|<dn

hold almost surely (denoted a.s.).
With the Cauchy—Schwarz inequality and (A.7), we obtain

N X v ink i 2 T

— AT, 1—- AT — —

T T,Zgz(%’la%) k 2 - =Ty
N Y 2 N—I T

< — sup (Ut o ) (ATJ - —) ATj+i
iT sef0.1) =1 j=1 N

N N 5 N T 2 %
= —C (Z (Tgivvn — Tj) ; (AT,- — N) ) = Ous.(1).

Jj=1 j=1
Furthermore,
N PR T | ink 2
- > (of_0f,_)ATi |AT, -5 > -
Ty <t =1
1
N N N 7\ 2\ 2
e(Sonrf -7
j=1 j=1

holds, where the right-hand side converges to zero almost surely due to (A.7) and the
Cauchy—Schwarz inequality. The preceding estimates imply the statement of the lemma. [

We proceed proving (A.8b) that the quadratic covariations [@N , L] , and [@N , M ] , converge
to zero in probability for all ¢ € [0, T'].

[@N, L]t — \/ZET 3 (A (Ll (g (1 - 5) AMTk_[>

T <t

ink l
+A[L, M1y, (Z <1 - ;) ALTH>>

=1
has an expectation equal to zero for all # € [0, T'] and the second moment is bounded above
by iN 812\,. The order follows from the evaluation of the second moment that is carried out
analogously as for the calculation of [’DN ] , before. For this reason [’DN , L] converges to zero
in probability on [0, T']. It can be directly deduced that [Z)N, M]t =0Op() forallt € [0,T] as
well. If L is a bounded (F;)-martingale with [L, LJ-] = 0, the quadratic covariation

[QN,LL]I =\/§T§A[H’M]n (% (1 _ é) ALTk,>

=1
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converges to zero in probability on [0, T'] what can be concluded following the same principles
and also that [V, Ml]t = 0,(1)VM* € ML, t € [0, T]. An application of Jacod’s Theorem
from [18] completes the proof of Proposition A.6. [

Proposition A.8. On the same assumptions as in Proposition A.4, the continuous martingale

mV = i Z [Z (ALTk +/T; USXdWSX) (g: <1 — é) AMr,_ ,)

Ti<t

+ Tkzq (AMTk / ofdw! ) (g <1 - é) ALTk_,>j|

fort € [0, T] converges stably in law as N — oo, My — oo, My /N® — O for every a > 2/3
to a limiting time-changed Brownian motion

! . 26
VL/ foon, dI with van, = 3576 ') Xa )2 (1 4 p?),
0

where 90+ is independent of F.

Proof of Proposition A.8. The discretization error of the generalized multiscale estimator
calculated with the closest synchronous approximation under the equivalent martingale measure
where the drift terms equal zero

opt

MN at MN
Z Ly, — Ly, ;) (Mr, — Mz, ) —[X, Y]z

2

My N
Z 101171/’]1\] ( Z (LTj - LT,-_,-) (MT_/ - MT./—i) - [X, Y]T>

j =1
equals the weighted sum of My — oo discretization errors of the type considered in Proposi-
tion A.3 because Zl ! otlo ’;2 1. Note, that all approximation errors in the preceding proof
of Proposition A.6 converge to zero in probability as long as N — o0,i/N* — 0 for every
a > 2/3.
We begin with the proof of a multivariate stable central limit theorem for a finite-dimensional
vector:

Lemma A.9. Consider the sequence of K -dimensional vectors DV = <©i1l‘/, e, @ill\§> where

. ik . .
the entries D'V, k =1, ..., K < o0 are the continuous martingales

* ¢ i;‘\,/\r I
N = Z(ALT,JF/TUSXdWSX) dolt-—)amy,

T, <t =1

‘ i;‘\,/\r !

+ > (AMT, +/ aSYdWSY> > (1 - —> ALz,
T, <t T, =1 ’N

with a sequence of integers i;‘\,, k=1,...,K. On the Assumptions 1, 2 and 4 and if for every
k € {1,..., K} there exists a constant gy with ifV/MN — g, the following stable convergence
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holds true as N — oo, My — oo, My /N® — O for every o > 2/3:

N t
DN & waw,, (A.9)
t
My 0

with a K -dimensional Brownian motion W independent of F and a predictable process wg with
T . min(gp, qn) 2 XY 2
x = — min(gy,, 3———— ) ( ) G A.10
(wS ws)mn 3 (qm ‘Zn) ( maX(q’n, qn) ( + IOS ) O—S Us (S) ( )

with the convention that for q,, = g, = O the ratio is one.
For ID)ITV we obtain the following multivariate stable central limit theorem

N st . I . min(CIm’ CIn)
[ — DN N (O, 2y th Xy, = — , 3——), A.l11
My T~ ( n ) wi mn 6 mln(Qm Qn) ( max(qm, qn) ( )
and with n* = 2T [} (1 4 p?) (o0 ))2G' (1)d1.

.k .k
Proof. Define for k € {1, ..., K} the continuous martingales E)JT;N = JN/M N@i"’ . By virtue
of Proposition A.3, we already have that

K 2 !
[W‘N]t LR gqu/ (14 p2)(0Xa!)2G (5) ds.
0

The limit of the quadratic covariations [fm"%, M ] is derived using the same approximations as
for the quadratic variation in the preceding proof:
min(”, i r)
m k N NN l l 2
MV, DJT’N] = — A[L]r <1 — —) 1—— | (AM7,_
R P (b M (O (S I

Cem ok
mm(zﬁ,lN,r)

+ > AM]y, > (1 - é) (1 _ Lk> (AL, )

T.<t =1

min(i%,i%;.r)

! !
+ > 2A[L, My, > (1 - w) (1 - 7) ALz, ,AM71,_, | | +0,(D)

T, <t =1 In

GN(T,) — GN(T,_
ZNZZ (r) (rl) ;02

( + DX of AT
= ATr Tr—1 Tr—17Tr— r
min(i%,i%.r) / /
X > <1—7> 1—— |+ 0,
= In Ly
P to, X YDt I min(gm, gk)
— 2T/ (o5 + D(o; 0, )°G(s) | = min(gm, qk) (3 — ——= ds,
0 6 max (g, gk)

since Z;":l(l —({/m)yyd —-u/my)) = (1/2)ym — (m2/6M) —1/8+1/(12M) form, M € Z.
The multidimensional version of Jacod’s stable central limit theorem 2—1 from [18] enables
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us to prove the result of stable weak convergence of the vector provided we can verify the
conditions

[]D)N,L] 2o, []D)N,M] 20, Vrelo.T]
t t

where L denotes the vector with entries L/ = L,j = 1,...,K and M with M/ = M, j =
1,..., K, respectively, and
D", LL][ Lo, [p, ML]I 20, vielo,Tl,

where I and M+ are bounded (F;)-adapted martingales orthogonal to I and M, respectively.
That is because the reference continuous martingales for all entries of the vector DV are L and
M. The componentwise proof of the conditions above is yet analogous as for the univariate case
in the preceding proof. We conclude that the asymptotic distribution of the vector is described by
a limiting time-changed Brownian motion on [0, 7], and the marginal distribution at time 7 by a
mixed Gaussian limit, where the normal distribution is defined as well as for all componentwise
marginals on an orthogonal extension of the original underlying probability space. [

From the preceding multivariate limit theorem the Cramér—Wold device allows to conclude
the weak convergence of all one-dimensional linear combinations of the transformed discretiza-
tion errors of a finite collection of one-scale subsampling estimators. For an asymptotically
N (0, X')-distributed random vector the sum of all components is asymptotically normally dis-
tributed with variance Zi, j(Zij) by the Cramér—Wold device and the normality of any linear
sum of components of a multivariate normal distribution (see e.g. pp. 516-517 in [24]).

The asymptotic variance in Proposition A.4 is deduced from the multivariate limit and

My k
Z(Ekl)—ZZZ6MN< )O‘Z”&N 7’;;,N+0(1>——+0(1)

with the weights (A.1) inserted.

For the completion of the proof of Proposition A.8 and hence A.4, it remains to extend the
result for asymptotically infinitely many addends. This part of the proof can be adopted from [29]
where a stable central limit theorem for a multiscale estimator for the integrated volatility in the
univariate setting is proved. [J

A.2.3. The discretization error due to the lack of synchronicity

Proposition A.10. On the Assumptions 1 and 2, it holds true that

=i k=j—i+1 k=j—i+1

J J
+ ALT;H < Z (MTk - M)Lk+|)> + AMT/H ( Z (LTk - le+l)):|
k=j—i+1 k=j—i+1
=0, (ViN),

for the error associated with interpolation errors A]TV for a one-scale subsampling estimator.
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Proof. .AITV is the endpoint of a Fj v = F_. -measurable discrete martingale with conditional
j+1

expectation zero, since the addends incorporate products of Brownian increments over disjoint
time intervals. The conditional variance yields

() £ )

k=j—i+1 k=j—i+1

Ly E[(Lg,—LTf)z]< > AMT">2

k=j—i+1

j 2
+]E[(Myj—MTj)2]( ) ALTk)

k=j—i+1

. 2
J
+E [(ALTj+1)2] ( Z (MTk - MAHI))
bl
_ j 2
+E (AMTM)Z] ( Y (L —sz+1))
i L

_ o i
+E . (O-lx)zdtj| < Z (MTk — M)Lk+l)
L1 k=j

- i
+E / (Uty)zdt:| ( Z (LTk - le+l)) (
L /T k=j—i+1 k

8j
-HE/ proXo) dt

[ v
+E / p,otxatydt]
T

=0, (7N,

The variance of the term is of order (i N)~!' which can be proved by taking the expectation of
the above given conditional variance and an upper bound of the second moment. The asymptotic
orders of the addends follow from taking the expectations using Itd isometry and analysing the
differences of the addends minus their expectations, that converge to zero at a faster rate. That
part is similar to the proofs above and we forgo a more detailed computation here. [
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Denote AI}/ ' the error due to non-synchronicity and interpolations for a fixed subsampling
frequency i = 1, ..., My in the following. The error due to asynchronicity of the generalized
multiscale estimator (12) equals the weighted sum Z iml afﬁfIN AITV ' It has expectation zero and

the variance is of order

opt N\ _ opt _opt N,i N,k
Var (Zal My AT ) = Zal My k. 11, COV (.A , Ap )

ik
M
_ ol opt 2E AN,z opt opt AN,iAk,N
- Z % My T +Z°‘z My % vy B | A7 AT
i=1 i#k
=O(Mz*N-") =0(My'N)

_o(f‘fva>.

Thus, the error due to interpolations is of smaller asymptotic order than the discretization error
of the closest synchronous approximation and asymptotically negligible.

A.3. Asymptotics of the cross term

For a one-scale subsampling estimator cross terms are asymptotically negligible and hence
the stable central limit theorem in Corollary 4.1 is implied by Proposition A.3. For the proof of
Theorem 2 for the multiscale approach, we cope with the asymptotics of the cross terms in this
subsection.

Proposition A.11. On the Assumptions 1-3 and 5, the cross terms of the generalized multiscale
estimator (12) with noise-optimal weights (A.1) weakly converge to a mixed normal limit as

My — 00, N — 00, My — O where §y = sup;qy,  ny ATi
opl
M
VM Z T Z (e, = X100, =€, )+ (= Va0l —€f )
~> N (0, AVAR 1 o55) » (A.12)

with asymptotic variance

12 T T
AVARcr055 = — <n§/ (14T Iy ) (o) dr + nﬁ/ (1+T I)’((t))(aty)zdt) .
0 0
(A.13)
The convergence holds conditionally given the paths of the efficient processes.

Proof. This proof affiliates to the discussion in Section 4, where degrees of regularity of non-
synchronous sampling schemes have been defined in Definition 2 that are assumed to converge
to continuously differentiable functions.

On the Assumption 3 of independent observation noise of X and Y, the two different cross
terms are uncorrelated and we prove a central limit theorem for the first one:
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My opt

M Z Tty z% X, (e, =€l L)

WN( ny/ (14T Iy (1)(o; )2dt>

The parallel result for the other term can be proved analogously.

For the purpose of a shorter notation we have left out superscripts of the observation times,
and write o, i = 1, ..., My for the weights although we are interested in the specific weights
(A.1). Denote y;+ = min(tx € 7|t € G/ ™), gj 4 = min (i € TX|ty € H/*!) and C a
generic constant as before. From

2
My N
o Y Y _ Y
(V My § 1: 7 2 : (Xg; = X1))(€); — €3 b)) T X1y = X))y, = 5Aji+1)>
1= J=t

N N—(iVk)
o Ol
<My > ;k 23 ( 3 E(Xg - Xr)*+ Y E(Xg, — x,m)z)
i N

j=ivk =0
(04707
< MyCény Y {k" —0 (M,;l) :

for the errors due to interpolations and

, 2
(VMN Z (&7 ( Z e)fk(XTk - X7, — ZG){/A'(XT’{H - XTk)>>
k=1

i=1 k=N—i+1
oo N ink
=My > ( > E(Xg, —X75,_)"+ ) E(Xz,, - XT,)Z)
kel myy K r=N—GAK)+1 P
= 0O (Mydn)

for boundary terms, we conclude that
My . N
[ i Y Y
My Z T Z(ng o Xl/'fiJrl)(er o Ekj—iﬂ)
i=1 j=i

My N—i
ai Y Y
=My 2; - (Z e, (X1, = X1, ) — €l (X1, — X1 )) +0,(1)
1= =1

N(J)Ol My (j)
=V My Z Z ll (XTj - XTj,,') _6)}\/]-+1 Z (XTJ-H - XTj) +Op(1)
i=1 i=1
My () My () M*(])
e DICAD IR IED DEAD DS FED DEAD DIy
JEV i=1 J€N i=1 j€Vs i=1

M}f,(j) My ()

+ D Z - ZEV,+ > %gi‘,‘l; +Op(D).

J€Vs i=l1 JEYs i=1
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Here, we aggregate the observation times y;, Aj, j = 2, ..., N — 2 in disjoint sets conforming
to the four cases discussed in Section 4. Denote thereto

Vi =1{jel2,....No}ly; #vj-1, vj < &j},
Vo={jel2,....No}lyj > gj, vj = &j.+}>
V3={j€el2,....No}lyj > &, Vj < &j+> Vi+ > &j+}
YVa=A{jel2,....N2}lyj > g&j. Vj < &j+> Vi+ = &j+h

and M}, (j) = min(j, N —j, My). The increments of X that are multiplied with each observation
error differ according to the set Vi, 1 < k < 4 to which y; belongs. We use the notation

Ei{j = (X7, — X1;) — (X730, — X77),
07 = X1, = X1, )+ X1y — X1,_00) — X100y — X175
é-l:?] = (XTj - XT]',,') - (XTj+i+1 - XT_,'+|)9

G = (X, — X1,_), &0 = (X100 — X100)-

The resulting aggregated leading term above of the cross term is the endpoint of a discrete
martingale with respect to the filtration F; y = a(eg{m < VYj+1, X, Y). Since if j € Va
= ¥j+ < Vj+1, the martingale property with respect to the filtration F; y is assured by
Assumption 3.

An application of the non-stable version of the central limit theorem for martingale triangular
arrays from [14] will proof the asymptotic normality of the cross term conditionally on the
paths of the efficient processes. The conditional Lindeberg condition can be verified (using
Chebyshev’s inequality or directly verifying the conditional Lyapunov condition) in the same
way as before and we omit it here. The sum of conditional variances yields

iy o \?
Y i '
s e (v S ) o
1€{1,2,3,4a} \ jeV, i=1
My o\’
Y i 4b ‘
JE€Vs i=1
My 2 MEG) 2
1
=My | D0 | X A t | X ] [0
JENUY3 Wy \ i=1 jeVs \ i=l

: 2
s 30X ()

JEVIOY3UY; ike(l M3 ()

+ Z Z % (fizx\k,j)z + O, (1)

jevr \ikell M5 ()
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5 0770797 2 2
= Mnny Z Z ik <(XTj = XTy_ia)” T X1 — X)) )
JEMVY3UYy i kell,... .M} (j)}

+ Z Z :’k (4(XTj = X1 )" T X109 — XT37) ) + 0,
JeVrike(l s M5 ()

N=2
5 (077095 2
= Mnny Z Z 7(2 + Ljey,)) (X7, — XT;amp)” + Op(D)
J=2ike{l,.. .M} ()}

ike(l,., M5 ()

N
+ D Tjjeyn (X7, — XT_,_(,.M))Z)> +0,(1)

Jj=ink
p 12 , g / X\2
— ?UY X1y + TI,(@) (o) dt).
0
Since for the shifted increments
_1
X140 — X1300) = X135 = X1,) + O) (N 2)

holds, where the order is for time instants of average length N ~1 the variances of the sums over
all j € Vi and j € Y3 are asymptotically equal. The variance of both uncorrelated sums over
maxima y; and minima y; ; distributed according to the fourth case is also asymptotically equal
to the variances of those two addends. Only the asymptotic variance of the sum over all j € )% is
bigger. For this reason the total asymptotic variance hinges on the asymptotic degree of regularity
of the non-synchronous sampling scheme (7%, 7Y) defined in Definition 2.

In the calculation of the asymptotic variance we have used that

. v J=nk) JHGvE)
Gi ik = (gi/\k,j) + &ink,j ( Z AXt + Z AXTz) ;

I=j—(@vk)+1 I=j+(@nk)+1

where the second remainder addend has an expectation equal to zero, and analogous formulae
for 2, forall 1 <i < My, 1 <k <My, kVi<j<N=—(Vk.

Furthermore, an application of the mean value theorem, Itd isometry and approximations in
the same spirit as in the calculation of the asymptotic variance in the proof of the central limit
theorem for the discretization errors of the estimators, lead to the Riemann sum in the calculation
of the asymptotic variance above. The cross terms in ({i{ j)2, [ = 1,2 are asymptotically
negligible. Since in )4 repeating maxima y; = y;41 are considered only once, it holds true
that | V1| + |J3] + [Val + 2|Y2| = N — 3 £ 1 (the last addend can appear due to boundary term
effects). In the last step we have used that

opt opt
o. o
My 2 LMy TEMY A ) = 6/5 4+ O(1)
ik
ike{l,...My)
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when inserting the weights (A.1). From the analysis for the asymptotic discretization error of a
one-scale subsampling estimator, we know that

===sub,ink (i nk)
(X7 —Mk];fxr Tyin) = [X]T+0p< N )

holds true. Similarly, it can be deduced that on Assumption 5:

1 N i
- (ax7)* <Z ]]'{(k+l—l)€y2}> +0p (\/i/N>
=1

k=1

n Z Lijeyny (X1, — X1,_)°

j =i

T
:/ TI{,(t)(atX)zdt—f—Op(\/i/N). O
0

Appendix B. Proof of Proposition 5.1
Let Rﬁ.v, R;’, R’/.”, S;V’X and S;V’Y denote the number of times T(N) 0<k <N, t.(") and
™ in the bins [GY, GY ). [UY, ) ), )Y, (10N ), 0 < j < Ky — 1. Define the

j
generalized multiscale estimator in the fashion of (12)

- My () Ul;w o
%i My “LMN() % %
A [Xa Y]G’/,VJr] = Z Z( 8r Xlr z+1> (Y}’r - Y)\r—iJrl)
’ i=1

for the increase of the quadratic covariation A[X,Y ]GNl and the univariate multiscale
Jj+

estimators
My (j) P! 0 Rj
X rvi _ l Mn _LMa) ( )
A[X]G;V_H = E] E X — Xt, i)

M (j) P!

1 2
T & M, (J)
Al¥lgy, = ) § (—Y) :
i=1

and m N ,A/[?] ~ analogously, where all binwise multiscale frequencies are of
¥, o,

order /N Ky with possibly differing constants. Essential when considering the multiscale
estimators on bins is that on Assumption 4 the distances between sampling times are of order
N~' ~ n~! ~ m~1, whereas the numbers of observations R'j, S}., 1 < j < Ky in the specific

bin are at most of order N Klgl. Following the analysis for the four uncorrelated parts of the
estimation error in Appendix A, orders of the discretization variances yield

opt opt N )
% My () %k, Mn() RN_2 ~ MN(])R—] ~ My(j)
| J 2 2 ’
ikell, My ()} ik N N KnN
NX .Y
M,(j)/nKy), M 7 and M, (J) 7> respectively. Cross terms are of

order R;V J(NMpy () ~ (Mp( ])K )~ Land analogous orders for the univariate estimators. The
errors due to noise instead depend only on the number of observations in the considered interval.
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N g3 (i 3 —1
Therefore, the addends are of orders R i /My (j) ~ N/ (K NMy( ])) and M,;" (j) and analogous

for the univariate estimators.

1
Choosing all multiscale frequencies M.(j) ~ N% Kjf, for every j, so that MN(')N% — 00,
the error due to end-effects in the noise part and the discretization error dominate asymptotically

_1
the two other addends and are of order N -3 Ky * . This holds as long as Ky N -3 — 0, such that
My(j)(N/Ky)~!' — 0as N — oo.
The estimators (21a)—(21d) are consistent as Ky — oo with Ky N -3 — 0as N — o0, since

mcymcy GN(T)

= (AGJN)2 Ky

Gy X\2 Gy Y\2 BRSNS 2
Ky fG].V ) (Gt ) dth;V,l (Ut ) dt+op N 4KVN GN(T)

AGj.V Ky

Ky 2

= () () G 0 ()
/ J J

St 2 GN(T) Lo
X_ Y Lo

O, (KiN~2

(o%o )(;J.Nf1 Ky T ”< N )

and similar conclusions for the other three estimators. We have used that AG;V ~ N7l and

=1

~.

apply the mean value theorem. GV is some value G?’f 1 = G_jv < G?’ . Finally, elementary

inequalities (GX)ZGT(OY)Z(’;? _(UXUY)ZGJ,NA < (oX)ZG—y (GY)zGT_N_(aY)ZGjNA + (UY)ZG;yil
N
(UX)ZGTV— (Ux)zcy_]‘zﬁl (PGXUY)ZGT,V— (PUXGY)i;y_, Ry S SUP < wp, 1 P10

O’[Y — ,OXUSX O’SY |GN(T) = O, (1) are involved in the approximations of the type above. Consid-

ering (21¢) and (21d), note that bin-widths chosen accordingly to / {/V are asymptotically of order

K;,l in any interval of [0, 7] on that the corresponding part of the integral [ I, ) (X )2 dt is
strictly positive.

Denote Rﬁ‘v, k = 1,...,4, the orders of the approximation errors of the four above given
integrals and their Riemann sums evaluated on the partition given Ky bins. The variance of the

estimators 77%( and n%, for the noise variances are known to be E [(65)4] N~ 'andE [(ef} )4] N1

and hence O (N ’1) on Assumption 3 from [30]. From
hk=1+0, (R’;VJFKI%,N—i), k=1,....4,

we derive that
mmum = AVAR,..i1i + Op (m]flx le\, + K]%,N_%> ,

and the same result for the one-scale estimator. [
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