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G R W N e

Abstract: Information and communication technology have enabled the collection of high-frequency
financial asset time series data. However, the high spatial and temporal resolution nature of these
data makes it challenging to compare financial asset characteristics patterns and identify the risk.
To address this challenge, a method for realized volatility calculation based on the functional data
analysis (FDA) method is proposed. A time—price functional curve is constructed by the functional
data analysis method to calculate the realized volatility as the curvature integral of the time—price
functional curve. This method could effectively eliminate the interference of market microstructure
noise, which could not only allow capital asset price to be decomposed into a continuous term and
a noise term by asymptotic convergence, but also could decouple the noise from the discrete-time
series. Additionally, it could obtain the value of volatility at any given time, which is no concern
about correlations between repeated, mixed frequencies and unequal intervals sampling problems
and relaxes the structural constraints and distribution setting of data acquisition. To demonstrate
our methods, we analyze a per-second level financial asset dataset. Additionally, sensitivity analysis
on the selection of the no equally spaced sample is conducted, and we further add noise to ensure
the robustness of our methods and discuss their implications in practice, especially being conducive
to more micro analysis of the volatility of the financial market and understanding the rapidly
changing changes.

Keywords: functional data analysis; high frequency data; Bernstein basis function; curvature

MSC: 91G70

1. Introduction

In recent years, with the rapid and convenient acquisition of high-frequency data
of asset returns, scholars and investors have given an increasing amount of attention
to volatility modeling [1,2]. ARCH class model, SV class model, and realized volatility
class model are used to calculate volatility [3-5]. However, these three class models
characterize volatility indirectly through rate of return and cannot depict dynamic changes
at the intraday level. In particular, modeling intraday volatility usually uses continuous
time stochastic process methods [6-8], which assume that volatility is generated by a
potentially unknown diffusion process. However, these methods are unable to describe
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and characterize the long memory and periodicity intraday fluctuations. A commonality
in these methods depends on the discrete-time points at which the measurements are
taken, which are often called point-based realized volatility calculation models [9]. When
the data sampling frequency is high enough and the sampled data do not cause micro-
market interference, these methods of calculating realized volatility are in theory consistent
estimators of true volatility.

With the development of data acquisition technology, the frequency of financial data
acquisition is getting higher and higher. As the data sampling frequency increases, the
interference of market microstructure noise on data becomes more and more obvious,
such as bid-ask spread, infrequent trading, and so on [10-12]. If each sample is noisy,
point-based realized volatility calculation models are challenged. For example, the sum of
returns squares extremely depend on two consecutive price sampling points from t — 1 to t,
where t denotes a time variable. The sampling points themselves are biased and different
sampling points may lead to different calculations [13]. Second, high-frequency data have
a long memory, which indicates that past shocks persist into the future and have a big
impact on the expected future [14-16]. In this framework, systemic changes in trading
should be considered.From a temporal evolution perspective, if the price is considered
and analyzed as discrete time series, the underlying stochastic process that generates these
observations cannot be ascertained in terms of statistical analysis. That is to say, the asset
price shifting from a time ¢-1 to ¢ is not independent from current characteristics but should
be considered systemic changes. Therefore, faced with these challenges, it is necessary to
analyze the high-frequency data’s volatility modeling.

A method about the curve-based realized volatility calculation model is proposed.
Discrete time series can be a sampling set of curves, which can be observed over time [17,18].
On the one side, a functional data analysis method could often be used to extract additional
information from discrete time series, such as their derivatives to measure the velocity
and acceleration of the price curve [19]. On the other side, applying the functional data
analysis method could help identify the repeated patterns of price changes in financial
markets [20,21]. High-frequency data contain a rich source of information, which provides
opportunities to analyze the dynamic changes of short time intervals. However, these
studies do not consider decoupling noise from discrete time series. The price is assumed to
follow the Brownian semimartingale process, and the integral volatility can be estimated by
the realized volatility [22]. Therefore, firstly, this study constructs a time—price functional
curve on the basis of discrete observations by the functional data analysis method through
the Bernstein basis function. Secondly, referring to the theory of differential geometry, this
study takes the curvature integral of the time—price functional curve as the realized volatility
of high-frequency data in a certain period of time, which is called functional volatility (FV).
In addition, the period of time could be set arbitrarily, so we can calculate the realized
volatility at any time scale. Even when the time scale is small enough, instantaneous
realized volatility could be estimated.

Different from point-based realized volatility calculation methods, the curve-based
realized volatility calculation method has three advantages. First, the curve-based realized
volatility calculation method could obtain the information about the sampling time point
from t-1 and ¢, where ¢ denotes a time variable. The point-based realized volatility calcula-
tion method ignores the capital asset price’s underlying dynamic shifts from one time point
to the next. For example, if two adjacent time points have equal price, the return will be zero.
However, the shift from one time point to the next time point comprises much information
about price changes. Second, the curve-based realized volatility calculation method could
effectively eliminate the interference of market microstructure noise on data. The functional
data analysis method allows capital asset price to be decomposed into a continuous term
and a noise term by asymptotic convergence, which could decouple the noise from the
discrete-time series. Third, the curve-based realized volatility calculation method treats
the whole curve as a single entity and there is also no concern about correlations between
repeated, mixed frequencies and unequal intervals sampling problems [23]. Point-based
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realized volatility calculation methods are limited by the correlation of repeated samples,
the sampling process for irregular data. The functional data analysis method relaxes the
structural constraints and distribution setting of data acquisition, which represents a change
in framework towards the handling of discrete time series.

The remainder of this study is as follows: Section 2 is the Methods. The Simulation
experiments are described in Section 3. Conclusions and future work are described in
Section 4.

2. Methods
2.1. Determination of Basis Function

Functional data analysis (FDA) takes the functional data as the research object, re-
garding the observed data as a whole [24]. Consider a one-dimensional functional data
X1(t), Xa(t), ..., Xu(t), which is an implementation of a stochastic process X; on a closed
interval .%. From the dimension of time ¢, functional data are a kind of infinite-dimensional
data [25]. In reality, it is difficult to obtain the curve with complete observation and without
measurement error. Therefore, we first assume that

Wij = X;i(Tyj) + Uy, Ty e F,1<i<n1<j<M; @

where Uj; is the independent and identically distributed observation error and is indepen-

dent of X;, satisfies E(Uj;) = 0,E (Ulzj) = ¢2. The actual observation data are (Tij, Wij),
i=1,2,...,mj=12,...,M,.

Due to the infinite dimension of functional data, it is significant to reduce the di-
mension. The common method is to expand the functional data using a set of bases. In
more detail, suppose that ¢1 (), ¢2(t), ... is a set of orthogonal bases defined on a closed
interval .#:

=Y Cpr(t) 2)
k=1
where §; = f 7 t)dt is the pro]ectlon of X; on ¢ (). In practice, we need to truncate

the number of expansmns, thatis, X(t) ~ YK, &¢x(t). In this way, the infinite-dimensional
functional data X; are approximated to the sum of the expansions of finite terms. The
information contained in infinite-dimensional function data can be expressed by a finite-
dimensional vector (&1,82,...,¢ K)T to achieve the purpose of dimension reduction.

Let the time series databe Y;,i = 0,1, - - ,n, and the fitting model can be constructed
as follows:

Z:B](P] +e(t), 0<t<1, m<n 3)

where (pj(t),j = 0,1,--- ,m are a set of basis functions; Bi,j =01,---,m denote the
coefficient vector to be determined; ¢ j(t), j=0,1,- - ,mrepresent the noise.

The time series Y; given here is the result of parameterization of the original time
series data Y; (i =0,1,---,n). The determined parameters are divided into A; : tg < t; <

- < ty. In this way, we are faced with the problem of which basis function should be
chosen. First of all, it should be noted that polynomial functions can meet the requirements
of mining useful information from complex data, and it is easy to calculate the function
value and the derivative value of each order to realize visualization.

All the m-degree polynomials constitute the m-degree polynomial space, and any
group of M + 1 linearly independent polynomials in a polynomial space of degree M
can be regarded as a group of bases [26]. To better reflect the regularity of complex
data, the number of data transformation peaks and valleys is described by m. Through
computer input and interactive modification of the fitting curve, we can achieve the goal
of description.

The same curve can be represented by different polynomial basis functions, with
different properties. Power polynomials t/,j = 1,- - -, m reflect the simplest polynomial
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basis [27]. The curve fitted by the power base has the advantages of simple form and

easy calculation. However, the geometric mean of the coefficient vector in the power-

based polynomial curve equation is not obvious. In addition, when the order is large,

the coefficient matrix is ill-conditioned due to the system of linear equations that must be
(t=t;)

solved [28]. Lagrange basis function L;(t) = ;;’éizo (CEDE j=0,1,---,mis normative
j—H

and has obvious regularity [29]. However, its derivation is complicated, and all data
points need to be recalculated every time data are added. That is not suitable for the
requirements of data mining. Fourier basis e/“’! can reveal the internal relationship between
time and spectrum. However, when using Fourier transform, we need to use all the time-
domain information of the signal, which lacks the time-domain positioning function [30].
Considering the characteristics of human—-computer interaction and data mining, we select
the Bernstein basis function in this paper. As a basis function, Bernstein polynomials
are classical Bézier curves and become the foundation to develop complex curves and
surfaces. It has many excellent properties, such as normalization, symmetry, recurrence,
segmentation and control hull [31]. Therefore, we select the Bernstein basis function in this
paper. The model fitted by Bernstein basis function is

Y(t) = Y BiBin(t) te(t), 0<t<1 @
j=0

Here, §;,j=0,1,---,m denotes the coefficient vector, which is called the control point
of fitting curve. Basis function

is known as the Bernstein basis function.

Besides the good properties of normalization, symmetry, recurrence and segmentation,
the Bernstein function also has a convex—hull property [32]. The convex hull of a point set
is defined as the set of all convex combinations formed by the elements of the point set.
The convex hull property of the fitting curve with the Bernstein basis function means that
the curve always lies in the convex hull of its control vertex (see Figure 1).

A

5
i

Figure 1. Convex hull diagram with four control points Py, Py, P,, Ps.

2.2. Bernstein Basis Function Modeling

Consider a time series as Y(t), 0 < t < 1. Let mth-degree Bernstein polynomials be as
basis functions [31]

Biw(t) = Chi(1— "7, 0<t<1, j=01,--,m ©)

Construct the actual model

Y(t) = 3 BBym(t) + et %
j=0
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Fitting the time series data points, the sample regression equation is
- m
Y(£) =) BiBim(t), 0<t<1 ®)

Here, the parameter estimation of §; is denoted by B j- Therefore, the model based on
Bernstein basis function is

f) = iBij,mu) +e(t) )
L

where Ej/ j=0,1,---,mis the estimator of the control vertex. B]-,m(t) denotes the Bern-

stein basis function. e(t) expresses the error term, which is e(t) = Y(t) — Y(t). We can
further use the properties of the constructed curve to analyze the development law of the
studied phenomenon.

Itis noteworthy that Y (t) is the value of fitting data point Y () on the curve (Equation (8)).
The actual value obtained after the interference adjustment parameter is Y (¢) in Equation (9).
Moreover, stochastic variable &(t) represents an error, including data measurement error
and random error. Suppose (t) ~ N (0,02), and cov[e(t;), &(t)] = O for t; # t,.

In this paper, the least-square method is utilized to estimate the control points
Bi,j = 0,1, ,m. The time-series data Y;,i = 0,1, - - - , n are first parameterized. Let 7; be
the indexes corresponding to ¥;,i =0,1,--- ,n, 7; > 0.

By normalizing the parameterization results of the above, the normalized parameteri-
zation results are generated:

Ti

— | — 10
tl max(fi)ll Or 1/ rn ( )

In the measurement of high-frequency asset volatility, n is the number of samples per
day. Then, the fitted asset price curve can be determined by the least square approach. Let
the fitted curve be

m
i) = Z;Bij,m(ti)/ i=01---,n (11)
j=0
The sample model is
m
t) = 3 BiBjm(t) + e(t) (12)
j=0

Calculate the control point to minimize the following formula:
n ~ 2
E=Y (v(t) - V() (13)
i=0
That is,
PN R n m._ 2
E(Bo B/ Bn) = L[ Y( = LBt (14)
i=0 j=0
According to the least square method, the control vertex can be obtained
Po Y (to)
-1
Pr _ (o7@) @T| (15)

B Y (1)
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where
Bom(to) Bim(to) -+ Bumm(to)
Bou(t1) Bim(t1) -+ Bumm(t1)
o= " AR (16)
Bom(tn) Bim(tn) -+ Bmm(tn)

®T is the transpose of ®.

In this way, m 4 1 control points Bg, El,~ -, Bm in Equation (8) are estimated. The
model requires that the fitting curve must coincide with the beginning and end of the
original curve. Therefore, we modify the head and tail control points: By — Y(tp),
Bm — Y(tu) to ensure that the piecewise fitting curve can be successfully spliced to
form an overall fitting curve, which can represent the whole data samples.

Then, we can obtain the fitting curve

Y(t) = fﬁ Biu(t) 0<t<1 (17)
=

As for our model, the only parameter to be determined is m, which is finally optimal
by the minimum generalized cross-validation criterion (GCV):

o (Y ()~ S0 BiBin(t)’
(1~ M(m)/NV?

GCV(m) = (18)

where M(m) denotes the number of effective parameters in the model, and N is the number
of actual observation samples.

2.3. Volatility Measurement

Intuitively, after constructing the function curve of coarse high-frequency data. It is
more natural to quantify the volatility through the characteristics of the function than to
measure the realized volatility. As a result, we can naturally measure asset volatility by
measuring the curve fluctuation degree of the asset curve.

The curvature of the function can be used to determine the degree of volatility of the
measurement curve. A curve’s curvature is the rotation rate of the tangent direction angle
of a point on this curve to the arc length. It is defined by the differential and represents
the curve’s bending at a certain point. The greater the curvature, the greater the degree of
curve bending, that is, the greater the degree of fluctuation [33].

Let the constructed asset fluctuation curve equation be y = f(t), which contains the
second derivative. The curvature of a function curve at point M is defined as

PO A
(1+y7?)

(19)

PN
2

According to Equation (11), we can calculate the first and second derivatives of the
asset change curve as follows:

. oY(t ~[tm—j
]
n o 0FY(t)
V' =3¢

(21)
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where 0 <t < 1. Based on differential geometry theory, the total curvature of a curve is
equal to the integral of curvature:

ey
FV, — / _dt (22)
t]' (1 + y/2) 2

The formula above can characterize the volatility of high-frequency asset fluctuations
and then be utilized as a volatility measure, which can be called functional volatility (FV).
It is noted that the time interval here can be any period.

3. Experimental Analysis

To verify the effectiveness of our model, we use real data for empirical analysis and
test the unequal spaced sample and noise on a high-frequency asset dataset. Due to a
large amount of data, it is impossible to fit well with a low degree polynomial. Therefore,
according to the references [34,35], we use 200 data sample points for fitting each time.

The data was obtained from a Thompson Ruter Tick History database (TRTH), which
have asset changes per second. In particular, the original data are equidistant. We randomly
select 1000 days and use the above model to calculate the daily functional volatility as the
gold standard. Figures 2 and 3 illustrate the asset price from 2012 to 2016 years used in this
paper and daily volatility measured using complete dataset.

2200 A
2000 -
1800 -
1600 -
1400 -
1200 A
— Asset Price
T I O R RS
S &S S
S N @ @Y P
R N R M RN M R AR

Figure 2. Asset prices from 2012 to 2016.

The relative error is chosen as the evaluation criterion in this paper, which can be
expressed as

—FVi|

1 N |FV;
Error = N l:Zl |17 (23)

FV;
where FV;,i =0,1,- - -, N denotes the the daily volatility obtained by the original dataset,
and the FV; indicates the corresponding volatility under simulated conditions.

In detail, we design the following two simulation settings.

*  We randomly remove a certain proportion of data from the original daily data, that
is, produce non-equidistant high-frequency data. The corresponding proportion is
controlled by DropRate.

*  We randomly add noise r * sigma to the original data, where r is randomly chosen
from 0 to 1. Parameter sigma determines the degree of the added noise.
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Figure 3. Daily volatility measured using the complete dataset.

We presented the maximum (sub), average (avg), and standard (std) error of relative
error across 500 replications in Tables 1 and 2. Results perform the efficiency of our method
to address non-equidistant and noisy situations, in which the averaged and related error is
less than 10%. In terms of the maximum related errors, the errors are more than 10% when
DropRate is equal to 0.3 or the sigma exceeds 0.4.

Table 1. Related error results under different drop rates on real data.

DropRate sub avg std

0.1 0.003993 0.000017 0.000192
0.2 0.035771 0.000225 0.001836
0.3 0.115362 0.000767 0.006560

Table 2. Relate error results under different sigma on real data.

Sigma sub avg std

0.1 0.032560 0.016152 0.009657
0.2 0.065114 0.031076 0.019011
0.3 0.097928 0.049194 0.029173
0.4 0.130392 0.064272 0.038869

It is worth noting that we randomly remove the original data in Simulation 1 to
produce non-equidistant asset data. At the same time, it also means that we estimate the
model with missing data. This also verifies that our model can overcome the case with
missing values.

Usually, stock prices are modeled by lognormal distributions [36]. Therefore, we gen-
erate 500 days of high-frequency asset price data through lognormal distribution to further
verify the effectiveness of our model. Following the above settings, we consider the devia-
tion of the model in the case of random loss of samples and adding noise. Tables 3 and 4
demonstrate the relate error results under different drop rate and sigma. Results show that
our method has good robustness.
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Table 3. Related error results under different drop rates on simulation data.

DropRate sub avg std

0.1 0.001301 0.000209 0.000108
0.2 0.012924 0.000368 0.000861
0.3 0.239079 0.001688 0.012562

Table 4. Related error results under different sigma on simulation data.

Sigma sub avg std

0.1 0.000072 0.00004 0.000571
0.2 0.000145 0.000114 0.002248
0.3 0.097928 0.000116 0.001764

4. Conclusions and Future Work

In recent decades, financial data collection technologies have evolved to allow more
intensive sampling of temporal, spatial, and other continuous measurements. At the same
time, the available financial data are increasingly complex, such as data being recorded
continuously at an interval and data being recorded intermittently at several discrete points
in time. Faced with the real situation, this paper proposed the FDA approach to measure
the volatility indicators.

The FDA approach represents a change in philosophy on financial time series data
processing. Classical multivariate statistical techniques could only obtain information from
sampling time points, and they do not take advantage of additional information that could
be implied by sampling information between points in time.

The FDA approach indicates that the financial time series data reflect the influence of
certain smooth functions that are assumed to underlie the observations. Some additional
information could be extracted from the smoothness of underlying functions [37]. For
example, topology information, such as derivatives and curvature, could be obtained by
curve calculation [38,39]. Therefore, we develop a set of volatility calculation models based
on the concept of curvature integration.

Measurement volatility based on the FDA approach could provide a new analytical
idea about the financial market for scholars, investors, and policy managers. On the
one side, the FDA approach could measure the volatility at any period, especially the
instantaneous volatility. This helps us to delve into micro time and explore financial
markets. In particular, for policy managers, markets can be monitored in real time. On
other hand, the FDA approach represents the financial time series data as a whole curve.
Volatility measurement is an example. Time series data are a common form of the finance
market. Therefore, in the research on the finance market, it is a good consideration to
use the FDA approach or nest the FDA approach in existing methods, such as dimension
reduction, clustering, and classification. Possibly, some new, valuable, interesting analyses
and findings will emerge.

For future research, this work can be extended to discuss the following three aspects.
First, Bernstein polynomials are classical Bézier curves that have become the foundation
to develop complex curves and surfaces. Therefore, more complex Bézier polynomials as
the basis function of volatility measure deserve to be studied. Second, how to produce
the curvature graph for realized volatility curve is also an interesting topic, which can
refer to these articles [40]. Finally, as for the measurement method of functional volatility,
future research can consider obtaining a better fitting curve through the kernel method and
verifying its mathematical properties.
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