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ARTICLE INFO ABSTRACT
MSC: A new goodness-of-fit test for the composite null hypothesis that data originate from a geometric
62G10 Brownian motion is studied in the functional data setting. This is equivalent to testing if the data

are from a scaled Brownian motion with linear drift. Critical values for the test are obtained,

ensuring that the specified significance level is achieved in finite samples. The asymptotic

behavior of the test statistic under the null distribution and alternatives is studied, and it is also

Functional data demonstrated that the test is consistent. Furthermore, the proposed approach offers advantages in

Geometric Brownian motion terms of fast and simple implementation. A comprehensive simulation study shows that the power

Goodness-of-fit test of the new test compares favorably to that of existing methods. A key application is the assessment
of financial time series for the suitability of the Black-Scholes model. Examples relating to various
stock and interest rate time series are presented in order to illustrate the proposed test.
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1. Introduction

The geometric Brownian motion is a stochastic process used in the Black-Scholes model (Black and Scholes, 1973; Merton, 1973).
Under this model, the stock price is given by

2
S(1) = Syexp (a—%>t+aB(t) , te[0,1],

with initial value S € (0, o), drift a € R, volatility ¢ € (0, c0) and with B(#) a standard Brownian motion. In applications, the initial

value S, is typically fixed, while the drift a and volatility ¢ are unknown parameters. Set y =a — %2, Sy =1 and take the logarithm,
the stochastic process

X(@)=ut+0oB@), t€][0,1],

is obtained. This process is a standard Brownian motion B(), t € [0, 1], scaled by the volatility ¢ € (0, 0) and with linear drift with
slope i € R. The exponential (or logarithm) function is bijective (on the positive half-line). As a result, an observation of the stochastic
process X (1), t € [0, 1], contains all information about an observation of the stochastic process S(¢), t € [0, 1], and vice versa. For this
reason, it is referred to the stochastic process X (), t € [0, 1], as a scaled Brownian motion with linear drift. Methods for testing
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the assumptions that underlie the Black-Scholes model are of practical importance in finance. One possible approach to test these
assumptions in the functional data setting is via goodness-of-fit testing.

Advances in the area of functional data are described in Cuesta-Albertos et al. (2006) and Cuesta-Albertos et al. (2007), where
random projections are applied to the data to obtain real-valued observations and finally Kolmogorov-Smirnov type tests are used.
Cuevas and Fraiman (2009) extends this procedure to the more general spaces. A similar approach is considered in Cuesta-Albertos
and Febrero-Bande (2010) but in the context of an ANOVA test for functional data. Bugni et al. (2009) proposed a bootstrap based
goodness-of-fit test for functional data, where the null hypothesis may consist of a parametric family and Bugni and Horowitz (2018)
treats an extension to the multi-sample case. Ditzhaus and Gaigall (2018) and Ditzhaus and Gaigall (2022) use a general Hilbert space
approach including in particular the functional data case. They apply Cramér-von-Mises type statistics to projected observations,
where an integration with respect to a suitable probability measure on the space of projections is used to obtain the test statistics.
Gonzdlez-Manteiga (2022) provides a review on goodness-of-fit tests, together with testing in regression models based on distance
correlation for functional data. An overview of goodness-of-fit tests for functional data is presented in Gonzéalez-Manteiga et al. (2021).

Henze and Jiménez Gamero (2020) generalized the BHEP-test, with a focus on Gaussian random variables, to the separable
Hilbert space case. The classical BHEP test, see Baringhaus and Henze (1988), extends the idea of Epps and Pulley (1983) to the
multivariate case and serves as a powerful goodness-of-fit test for multivariate normality. Note that Epps and Pulley (1983) suggest
testing normality in the univariate case on the basis of an integral distance between the empirical characteristic function of the
data and the characteristic function of the standard normal distribution. The generalization of the classical BHEP test by Henze and
Jiménez Gamero (2020) is done by replacing the usual normality in finite dimension with the more general concept of Gaussianity in
the infinite dimensional case. The characteristic function is replaced by the characteristic functional. This approach is justified since
the characteristic functional uniquely determines the distribution even in the general Hilbert space setting, see Laha and Rohatgi
(1979). Coupek et al. (2023) provides an extension in the form of a test for subfamilies of Gaussian distributions. Due to empirical
standardization, the distribution of the classical BHEP test statistic in the finite dimensional case is independent of the underlying
unknown parameters, i.e., of the mean vector and the covariance matrix, if the null hypothesis of normality holds. For this reason,
critical values for the classical BHEP test are readily available. In contrast, in the infinite dimensional case, this is no longer the case.
In particular, a counterpart of the standard normal distribution does not exist in general. As a consequence, the tests proposed in
Henze and Jiménez Gamero (2020) and Coupek et al. (2023) require computationally expensive resampling techniques to obtain
critical values.

Keeping the recent generalization of the BHEP test in mind, a new goodness-of-fit test for geometric Brownian motion (or equiv-
alently for the scaled Brownian motion with linear drift) is proposed in a functional data framework. The test statistic is based on
an integral distance between the empirical characteristic functional of the data and the characteristic functional of the standard
Brownian motion, which is the counterpart of the standard normal distribution in this case. A BHEP type test is considered for two
reasons. First, BHEP type tests have been shown to be powerful, compare Baringhaus and Henze (1988), Henze and Jiménez Gamero
(2020) and Coupek et al. (2023). Second, this allows to find a representation of the test statistic useful both for theoretical analysis as
well as implementation. The advantages of the approach are summarized as follows: In the particular situation under consideration,
an empirical standardization of the data can be used to obtain a test statistic with the useful property that the related distribution
is independent of the underlying unknown parameters. That is, if the null hypothesis of a scaled Brownian motion with linear drift
holds, then this distribution is independent of the slope of the linear drift and the volatility. For this reason, critical values can read-
ily be computed. This ensures a reduction in the required computational effort, allows quick application of the test in practice and
facilitates comprehensive simulation studies. Moreover, it will be demonstrated that the test statistic is simple to implement and that
different choices of the integrator in the test statistic enable flexibility when applying the test. Although empirical standardization
results in data that are no longer independent, it can be proved that the test has the desired theoretical properties. That is, the test
attains the specified nominal significance level in finite sample settings and is consistent as the sample size approaches infinity. In
addition, the test exhibits exceptional power, even when small and moderate sample sizes are used.

The remainder of this paper is structured as follows. Section 2 presents the proposed testing procedure. The testing problem is
introduced in section 2.1, a maximum likelihood estimation approach for the unknown slope and volatility parameter is proposed
in section 2.2 and the test statistic as well as the test is suggested in section 2.3. An alternative representation of the test statistic,
useful for theoretical analyses and for implementation purposes, is available. The distribution of the test statistic is independent of the
unknown underlying parameters. Furthermore, critical values are readily available and the resulting test maintains the significance
level in finite samples.

Section 3 investigates the theoretical properties of the test statistic and the test. In section 3.1, the limit null distribution of the
test statistic is established and discussed. Here a fairly general structure of the parameter estimators is assumed. A technical tool of
central importance for obtaining the statement is a generalization of the central limit theorem to random variables taking values in
a separable Hilbert space. Applying a strong law of large numbers in Hilbert spaces, an almost sure limit result of the test statistic
is proved in section 3.2. In this setting, slightly stronger assumptions on the parameter estimators and regularity of the integrator in
the test statistic are required. This result holds under the null hypothesis as well as under alternatives and is used to show the test’s
consistency.

The implementation of the test from a practical perspective is discussed in section 4. A feasible method to obtain estimates of
the parameters is provided in section 4.1. In section 4.2, simple formulas for the calculation of the scalar products occurring in
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the characteristic functionals of the test statistic are derived. These formulas make it possible to circumvent the use of numerical
integration routines and ultimately reduce the required computational effort. A Monte-Carlo approach for the calculation of the
integral distance in the test statistic is suggested, see section 4.3.

In Section 5 the results of simulation studies as well as real data examples are presented. The performance of the test, with a special
focus on the power under alternatives, is investigated. Gaussian and non-Gaussian alternatives are considered in settings obtained
from literature (section 5.1) and in new settings (section 5.2). The empirical findings indicate that the test has power, including
in small and moderate samples. In most of the situations under consideration, the test compares favorably to other procedures or
provides comparable results. The application of the test is demonstrated on the basis of stock market and interest rate time series data
in section 5.3. For the stock prices under consideration, the calculated p-values are in line with the model assumption of a geometric
Brownian motion. In contrast, when turning the attention to the observed interest rate data, the calculated p-values indicate that the
geometric Brownian motion is not a suitable model.

2. The testing procedure

In this section, the testing problem is introduced, estimators for the unknown slope and volatility parameters are proposed and
justified, the test statistic and the test are suggested and different choices of the integrator in the test statistic are discussed.

2.1. The testing problem

Let L2 be the Hilbert space of equivalence classes of (B([0, 1]), B)-measurable functions f : [0, 1] — R with /01 f(x)?dx < . Here,
9B or B([0, 1]) denotes the Borel o-field on R or [0, 1]. The Hilbert space L? is separable and can be equipped with the scalar product

(f.g)= /01 f(x)g(x)dx and with the norm || f|| = \/(f, f) for f,g € L?. The norm induces a distance and the concept of open sets
applies. L? can be equipped with the Borel o-field B(L?) that is generated by all open sets. Let (2,2, P) be a probability space and
let X : Q — L? be a (A, B(L?))-measurable random variable with distribution F; write X ~ F. It is supposed that E(]|X||?) < co.
Then the random variable X has a mean function v € L? given by

v(t)=E(X(1), t€[0,1],

and a covariance operator C given by

1
Cf(s)=/f(t)c(s,t)dt, feL? selo,1],
0

where c(s,t) = cov(X(s), X (1)), s,t € [0, 1], is the covariance function. The distribution of the Hilbert space valued random variable
X is uniquely determined by its characteristic functional

dx(f)=E(expli(X.[))), f €L,

see Proposition 7.6.3 in Laha and Rohatgi (1979). The random variable X is called Gaussian, if its characteristic functional is of the
form

x(N)= () =exp <t (fV) =3 (CL.1) ) el

If the stochastic process is a scaled Brownian motion with linear drift, where ;1 € R is the slope and ¢ € (0, ) is the volatility, write
X ~ BM(yu, 0); in this case, the mean function v = v, is given by

v, (t) = pt, t€[0,1],

the covariance function ¢ = ¢, has the expression

¢, (s,t) =omin(s, 1), s,t €[0,1],

and the covariance operator C = C, satisfies

1
C[,f(s)z/f(t)c(,(s,t)dt, fel? selo,1l.
0

Consider the null hypothesis that a scaled Brownian motion with linear drift applies and the general alternative that this is not the
case. That is, the testing problem is

Hy:FEF, H : F&F,
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where F = {BM(u,0); u € R,6 € (0,0)} denotes the family of distributions of scaled Brownian motions with linear drift. Given that
n € N is the sample size, the testing problem is treated on the basis of the data X,,...,X,,, which are copies of X. In particular,
X,X1,..., X, are independent and identically distributed random variables on (Q, 2, P).

2.2. Parameter estimation

The testing approach requires the estimation of the unknown parameters y € R and o € (0, ) under the null hypothesis of a
scaled Brownian motion with linear drift. For this purpose, let /i, and 6, be estimators, that are real-valued random variables on
(Q,2, P). Although the usage of other estimators is possible and covered by the theoretical results stated later, a special focus is on
a maximum likelihood estimation approach. The estimation of the slope y is motivated by Subsection 2.1 in Mishura et al. (2017)
and the idea can also be adopted for estimating the volatility o. Theoretically, the volatility can be directly obtained from a single
observation of a scaled Brownian motion with linear drift, precisely from the so-called quadratic variation. For details on quadratic
variation, see Revuz and Yor (2010). A method is needed that provides stable values for the estimator of ¢ simultaneously under
alternatives on the one hand and that is applicable in practice on the other hand. The following estimation approach takes both
considerations into account.

The derivation of the estimators requests some N € N and a partition 0 =17, < --- <ty =1 of [0, 1]. Note that the final estimators
do not depend on the choice of N or the partition. However, the following derivation gives a hint as to how to obtain estimates
in practice, where the complete functions are typically not available in the observed data; details are given later. Evaluating the
data along the partition results in the increments AX;  =X;t)—-X;(t;),i=1,....,N, j=1,....n, which are in all nN real-valued
random variables. If the null hypothesis of a scaled Brownian motion with linear drift applies, these random variables are independent
with distribution AX; ; ~ N((t; —1;_)p, (1; — z,-_l)o-2), i=1,...,N, j=1,...,n. For that reason, the maximum likelihood estimator of

1, on the basis ofAX,j, i=1,...,N,j=1,...,n,is

MnN:_ZZAX
j=li=

Using X;(0) =0 and the telescopic sum Z‘Z 1AX; ;=X;(1), j=1,...,n, for scaled Brownian motions with linear drift, it is
1 n
fion = iy = ;;X,u), e}

independent of N. The strong law of large numbers implies the almost sure convergence ﬁnﬂ E(X(1)) as n — oo under the null
hypothesis as well as under alternatives. Furthermore, E(X (1)) = u if the null hypothesis of a scaled Brownian motion with linear
drift applies. This motivates the use of /i, as an estimator of y.

Similarly, the maximum likelihood estimator of ¢ on the basis of AX; g i= 1,...,N, j=1,...,n, in the situation above, is given
by

n

N
1 2
6 = —_ E o= (t. —t, 1} . 2
Gn,N nN “ 4 ti _ tl 1 1,/ ( i 1—1)”n) ( )

Supposing that the stochastic process X (¢), t € [0, 1], admits the quadratic variation at least at r = 1 and that the partition satisfies
P

limy_,, max;_;  n(t; —1t;_;)=0, it holds the convergence in probability ZZI(AX,-J)Z—> [X;1(1) as N — oo, where the real-valued

random variable [X;](1) denotes the quadratic variation of X; at # = 1. Considering in particular the equidistant partition, i.e.,

Ay=t,—t,_; = %, i=1,..., N, the expression

6-n,N = % 21 ( Z(AXx/)z 2 ﬂnX (1)+ —M >
j=

i=1

shows that

A P A
o-n,N 0, =

%;umn%Nem

It follows from the strong law of large numbers that &nﬂ VE(X](1)) as n - oo under the null hypothesis as well as under
alternatives if E([X](1)) < co. That is, if the expectation of the quadratic variation at t = 1 is finite, and from the fact that the standard
Brownian motion has the quadratic variation equal to 1 at 7 = 1 it follows that [X](1) = 62 and so 6, = o if the null hypothesis of a
scaled Brownian motion with linear drift applies. This motivates the use of 6, as an estimator of o.
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2.3. Test statistic and test

The test statistic uses estimators /i, and 6, of 4 € R and ¢ € (0, o) if the null hypothesis of a scaled Brownian motion with
linear drift applies, e.g., the estimators obtained by the maximum likelihood approach in section 2.2. Given that &, > 0 is satisfied,
empirically standardized data Y}, ...,Y, are obtained by

Xi(t)— fi,t
Y()=—"——".1€[0,1], j=1,....n.
D_n
Note that these random variables each have the same distribution but they are no longer independent. If the estimators obtained by
the maximum likelihood approach in section 2.2 are used, their (joint) distribution does not depend on the true underlying parameters
p and o if the null hypothesis H|, holds. The related empirical characteristic functional is

n
1 .
b ==Y exp(i(f.Y;)), f L.
n =
The characteristic functional of a standard Brownian motion is
1
$o,c, (f) =exp ( ) (le,f>>, fel’

Note that the map (@, f) — |¢,(f)(®@) — ¢o,c1 (N3, (@, f) e Qx L2, is (A ® B(L2),B)-measurable and moreover bounded by 4. A
BHEP type test statistic similar as in Henze and Jiménez Gamero (2020) is given by

T, =n/ (/) = do.c, (NHIPQEAS),
12

where Q is a probability measure defined on the measurable space (L2, %B(L?)). In applications, different choices of Q are possible;
details are given later. From Fubini’s theorem, T, is a real-valued random variable.

Large values of the test statistic indicate that the null hypothesis is to be rejected in favor of the alternative H,;. Given that @ € (0,1)
is the significance level, a quantile of order 1 — a of the distribution of T, under the null hypothesis H|, is denoted by c The test
that rejects the null hypothesis H, if and only if T, > ¢, |_, maintains the significance level, i.e., it is

nl-a*

PT,>c, ) <a

if the null hypothesis H,, is valid. If the estimators obtained by the maximum likelihood approach in section 2.2 are used, the
distribution of 7,, does not depend on the true underlying parameters u and o if the null hypothesis H, holds. This is due to the fact
that 7, depends only on the empirically standardized data Y), ..., Y,. In this case, the quantiles c, ;_, are readily available as critical
values for the test in applications.

Now, consider the case where Q is symmetric in the sense that it is invariant under the map f ~ —f, f € L. Subsequently,
suitable choices of Q are presented such that this property is satisfied. Then, analogously to Henze and Jiménez Gamero (2020), an
alternative expression of the test statistic is obtained by

T,= / VA0S, @
L2
where
V()= % > <cos<f,y.>+sm(f,y,> _exp(_%wlf,f)))’ rer? @
nj=i

This formula is useful for theoretical analysis and for implementation purposes.
2.4. The choice of the integrator in the test statistic

Two suitable specifications of Q are presented. The first specification is that Q is the Wiener measure associated with the standard
Brownian motion analogously to Henze and Jiménez Gamero (2020). Another possible choice of Q is associated with random linear
combinations of the Legendre polynomials P;, j €N, on [0, 1] similar to the approach developed in Ditzhaus and Gaigall (2022) and
Ditzhaus and Gaigall (2018). Both of these measures have been shown to provide powerful tests in the respective literature. Note
that the Legendre polynomials can be used to build an orthogonal basis on the separable Hilbert space L. For this purpose, choose
a discrete distribution ¢ on (N,(N)) with a finite fourth moment, another discrete distribution 7 on (N,3(N)) and a distribution &
on (R, ) with a finite fourth moment that is symmetric in the sense that ¢ is invariant under the map x —» —x, x € R. Here, ‘B(N)
denotes the power set of N. For example, choose with { or # a Poisson distribution Poi(4) + 1 for some expectation 4 € (0, c0) and
shifted by one and with & the normal distribution N (0, 72) for some variance 72 € (0, o). The procedure to generate a realization f
of Q is given as follows:
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1. Generate a realization k € N of the distribution ¢.
2. Independently of step 1., generate iy, ...,i; €N by sampling without replacement according to the distribution #.
3. Independently of steps 1. and 2., generate ay,...,q; € R as independent realizations of the distribution &.
k
4. Setf:Zj:IajP,-j.

3. Theoretical properties

Below, the limit distribution of the test statistic under the null hypothesis is established and discussed, an almost sure limit result
of the test statistic is proved and the test’s consistency is deduced.

3.1. The limit null distribution

Considering general estimators /i, and 6, of y € R and ¢ € (0, ) in the case that the null hypothesis of a scaled Brownian
motion with linear drift applies. The following assumption is required to obtain a distributional limit of the test statistic under the
null hypothesis. It is easy to see that this assumption is satisfied for the estimators obtained by the maximum likelihood approach in
section 2.2.

Assumption 1. If the null hypothesis H|, that a scaled Brownian motion with linear drift with slope 4 € R and volatility parameter
o € (0, ) applies there exists a (B(L?), B2)-measurable map / : L2 — R2 such that

n
PO T 1
\/; ((Hmo'n) - (ﬂ’o')) = 7 Z (X)) +0p(l)asn— oo,
n =1
and E(]I(X)]?) < o as well as E(/(X)) =0 is satisfied. Here, | - | is the usual norm in R2. Write / = (lM,l,,)T and denote by X, =
E(I(X)I(X)T) the covariance matrix of /(X).

Moreover, some regularity on the probability measure Q is needed, analogously to the situation considered in Henze and Jiménez
Gamero (2020). For the two specifications of Q presented in section 2.4, the stated properties are satisfied. In the case where Q is
the Wiener measure, this is clear. In the case that Q is associated with the random linear combinations of the Legendre polynomials,
this follows from Wald’s formula and Jensen’s inequality.

Assumption 2. The probability measure Q satisfies /LZ [1£11*Odf) < oo and is symmetric in the sense that it is invariant under the
map f - —f, f L2

Similar as in Henze and Jiménez Gamero (2020), the limit null distribution is derived from a general version of the central limit
theorem in separable Hilbert spaces, see Theorem 7.5.1 in Laha and Rohatgi (1979).

Denote by Lé the Hilbert space of equivalence classes of (B(L2), B)-measurable functions S : L2 — R with sz S()?O(f) < .
The scalar product is denoted by (S,T), = /LZ S(HOT(HQ(S) and the norm by [|S||g = 1/(S,S) for S,T € L2Q. Because L2

is separable L2, is also separable. This is an easy consequence of Proposition 3.4.5 in Cohn (2013). In what follows, write o-% =

S Jo minGx, 1) £ () £ ()dy dx, o2, = Ji J min(x, )/ (n)gGa)dy dx, f,g € L2 and idg : R — R for the identity map for f,g € L2.
Moreover, remember that under Assumption 2 there is an alternative expression of the test statistic T, given in eq. (3) and V,, defined
in eq. (4). As a preparation, the following result is stated.

Proposition 1. Suppose that Assumption 1 and Assumption 2 hold. In addition, assume the null hypothesis H,, that a scaled Brownian
motion with linear drift applies with slope u € R and volatility parameter ¢ € (0, c0). Defining the (B(L?) ® B(L?), B)-measurable map
¥:L2xL? >R by

. . 2_ 2
Y(f,x)=cos <f, %> +sin<f, @> —exp(—%ajz,)+exp <—%> ((@, %)l(x)>,

f.xel? itis ECP(f,X))=0 for all f €L? as well as E(||¥(-, X)| |2‘Q) = fi2 EC¥(f, X)})Q(df) < co. Moreover, setting

¥(/.X)). feL?,
j=1

1
Vool = —=
T Vg

it follows that

1V, = Viollo =0p(1) as n = oo.
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Proof. Set

} Xj(t)—ﬂt
Y= 10,1} j=1,.om,
c

and note that Yj*, j=1,...,nare now independent, each with the same distribution, namely with that of Y*(¢) = @ ,t€[0,1], that

is a standard Brownian motion. Note that Assumption 1 and Assumption 2 ensure that E(cos(f,Y*)) =exp(— 67/), E(sin{f,Y*))=0,
E(I(X))=0and so E(¥(f,X))=0 for all f €L? as well as [, E(¥(f,X)*)Q(df) < co.

Now, elementary calculations show that the empirically standardized random variables can be rewritten as

— )t
Y(t)_Y(t)+< Y(t)+w>,te[o,l],j=1,...,n. )
Gﬂ 6"
Applying for each j =1,...,n and each f € L? a Taylor expansion of the functions cos and sin about (f, Yj*), there are (random)

numbers &, ;(f) and &, ;(f) between (f,Y;) and (f, Yj.*) such that

cos (f.Y;) =cos<f,Yj* + <6n&: GYj* + (a1, _Aﬂ)ldR >>

Oy

:COS<LY;> B <f’ a,,&—ayj* L B —&midR>Sin<f’Y;>

n n

A i — wid
+<f’ O'na- O'Yj*+ (”n 6-/4)1 R>2%COS(§1J(f))

n

and

n 6’!

zsm<f,yj*> N <f’ ‘A’"&_"Yj* L+ —(}u)idR >Cos<f’yj*>

n n

8,—0 ., (i, —widg \ 1 .
—<f, Y+ R>258m(§2,,(f)),

n n

sin (£.Y;) =Sin<f,Yj* . (an&— an* 4 U= ide >>

noticing that the maps (, /) = cos(; ;(/))() and (@, f) = sin(&, ;(/)(@), (@, ) € QX L?, are (A B(L?), B)-measurable for each
j=1,...,n. By substituting the terms into eq. (4), it is

V"(f):\/L;g (cos(f,Yj*>+sin<f,Yj*>—exp(—%a}))
S G R G ®

Vlj]

B i (s (1)) (1) 2

+ R, (f), fEL?,

with the remainder term

n A _ A _ .d
Ry, (/)= 2 (cos(éy;(f)) —sin(&, () <f’ an8 %y 4 Uin &/4)1 R>2, rer?

J
n - n

Applying triangle inequality, the boundedness of the functions sin and cos as well as the Cauchy-Schwarz inequality, the remainder
term is

(s, - o) 1o
IRl =5 [0y il
| -

! 1

, i
/Ilfll 0W@f)| lidgll~ ZMY Il + ‘[—

2 An— An
| 2V, ol /IIfII 0Wf)| lidgl?.

52
On

P P
Using Assumption 1 it follows that 6,— ¢ and ji,— p from the law of large numbers combined with Slutsky’s theorem and the
central limit theorem combined with Slutsky’s theorem gives the convergences in distribution of \/;(&,, — o) as well as of \/E( A, — 1)

7



D. Gaigall and P. Wiibbolding Computational Statistics and Data Analysis 210 (2025) 108196

as n — oo. Moreover, the law of large numbers implies the convergence of %z;l:l ||Yj*|| and %2;;1 ||Yj*||2 in probability to real
1
numbers as n — oo0. In addition, Assumption 2 ensures that ( /L2 I£I*Q(df))2 < co. Combining these findings with Slutsky’s theorem

P
to obtain ||R, ,||p— 0 as n — co. Turning the attention to the term in eq. (6) and using Assumption 1, it is

66:6 \};1 <fY >(cos<f,yj*>_sin<f,yj*>> —%o' exp(_ﬁ) 1 Zl X))+ Ry (f), fel?

with the remainder term
qun(f)=&—1n%§<f,yj*> (cos <f,Yj*> - sin<f,Yj*>) Va6, —o)+ & ~o? exp(—i)— 21 X)), fel

P
From Assumption 1 it is 6, — c— 0 as a consequence of the law of large numbers combined with Slutsky’s theorem as well as

P
\/;1(6',1 —0)— ﬁ Z;':l Io(X;)—0asn—oco.In addition, from a general version of the law of large numbers in Hilbert spaces, see

o2 P
Theorem 7.2.1 in Laha and Rohatgi (1979), it follows that sz(% 2?:1 (f Y )ecos(f,Y}") —sin(f, Y ) + ai exp(—%))zQ(df)—> 0 as
2
n — oo, noticing that E((f,Y*)(cos{f,Y*) —sin(f,Y*))) = —0'% exp(—%f), f €L2. Combining these results with Slutsky’s theorem,

P
a basic calculation shows that ||R, ,||p—> 0 as n — co. Treating the term in eq. (7) analogously it is obtained that

Oy

n 2 n
fu=H 1 , N\ Ay L o1 2
_ W;(f,ldR)<cos<f,Yj>—sm<f,Yj>>_UC1f(1)exp( z)ﬁgzﬂ(xinRin(f)JGL,
with the remainder term

2 n
%E(f 1dR><cos<f Y*>_sm<f Y’ >) \/;(ﬁ"_”)_éclf(l)e’(p(_%)ﬁ ;Iﬂ(xi)’ fel?

IS
From Assumption 1 it follows that i1, — u— 0 as a consequence of the law of large numbers combined with Slutsky’s theorem as well

Q>|,_.

R3,n(f) =

as \/Z(ﬁn —u)— ﬁ 2] (X )—> 0 as n — oo. Furthermore, again with the law of large numbers in Hilbert spaces, see Theorem 7.2.1

in Laha and Rohatgi (1979), it follows that /Lz(% Z;;I (f.idg)(cos(f, Yj*) - sin(f,Yj*)) - le(l)exp(—%f))zQ(df)—> 0 as n — oo,
2
noticing that E({f,idg)(cos(f,Y*) —sin{f,Y*))) = le(l)exp(—%f), f € L% Combining these finding with Slutsky’s theorem, a

P
basic calculation serves ||R;,||[p—> 0 as n — co. In fact, it is V,, =V, o = Ry , + R, + R;, and the findings for the remainder terms
result in

P
1V =Viollo = IR1u+ Ry + Ry ullo S IRy ullo + [ Roullo + 1IR3 41l g— 0 as n— eo

P
and so ||V, =V, ollo— 0. This completes the proof. []
Now, a result about the asymptotic null distribution of the test is stated.

Theorem 1. Suppose that Assumption 1 and Assumption 2 hold. In addition, assume the null hypothesis H, that a scaled Brownian motion
with linear drift applies with slope u € R and volatility parameter o € (0, ). Then the convergence in distribution

D
T,— VIl =Tg asn—co

holds, where V is a L2Q -valued and centered Gaussian random variable with covariance operator given by the covariance function

2 2\ T
Cify © Cig(l) ©
E(V(f)V(g)):exp<—%(a§+a§)) exp(a?yg)+<#,%>2,<ﬁ,—g> -1

o o

+\/§E(<clf(1) o )I(X)(exp(—%U%)Sin(<g’X%.idR>+%)))
2 .
+\/§E<<C1g(l),a—g>l(x)(CXp<—162>sin<<f,XL'ldR>+E))),f,geLz,
o o 28 c 4

8

Q
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and T, is a real-valued random variable.

Proof. As direct consequence of Proposition 1, a general version of the central limit theorem in separable Hilbert spaces, see Theorem
7.5.1 in Laha and Rohatgi (1979), applies and it follows that

D
o— Y asn— oo,

v

n

where the convergence in distribution takes place in the Hilbert space L2, compare Laha and Rohatgi (1979), and V is a L2 -valued
stochastic process, in particular a centered Gaussian random variable. The related covariance operator or the related covariance
function EV(f)V(2)) = ECP(f, X)¥(g, X)), f,g €L?, is obtained by standard calculation. Moreover

D
Vaollo— IVIlg as n — oo

follows immediately. Now, the reverse triangle inequality implies
Vallo = Vaollo| £ 11V, = Vaollo-

P P
From Proposition 1 it follows that ||V, =V, ¢l|o—> 0 as n = oo and so ||V, || — ||V, 0llo— 0. An application of Slutsky’s theorem
implies that

D
Vallg = Vaollo + (IVallo = IV, 0ll@)— [IVIlg as n — co.

D
Hence T, = ||V,,| |é———> [V |é =T, as n — 0. Because Vis a LzQ—valued stochastic process, T, is a real-valued random variable. []

The following remark deals with the special case where the estimators are obtained by the maximum likelihood approach in
section 2.2.

Remark 1. Consider the estimators obtained by the maximum likelihood approach in section 2.2. It is easy to see that Assumption 1
is satisfied. Suppose that Assumption 2 holds and that the null hypothesis H,, that a scaled Brownian motion with linear drift applies
with slope u € R and volatility parameter ¢ € (0, ). Then, Theorem 1 implies the convergence in distribution

D
T,— ||V||2Q=Tm as n— oo,

where V is a LZQ-valued and centered Gaussian random variable; the expression

E(V(f)V(g)) =exp (—%(a} +02)) exp(o? )+ 30302~ 1), f.g €L,

of the related covariance function is obtained.
The following remark considers an alternative expression of the limit null distribution of the test statistic.

Remark 2. Under additional regularity conditions on the Gaussian random variable V in Theorem 1, a Karhunen-Loéve expansion
can be used to obtain that V has the same distribution as )2, \/A_,.ff(pi, where \//l_,~<p,-, i €N, is an orthonormal basis of LZQ consisting
of eigenfunctions ¢;, i € N, of the related covariance operator with corresponding non-negative eigenvalues 4;, i €N, and &;, i €N,
are independent and standard normal distributed random variables. In this case, the limit null distribution of the test statistic is that
of 72, 4 ,:Sf-

3.2. Consistency

In order to prove consistency, a slightly stronger assumption on the parameter estimators /i, and 6, of 4 € R and ¢ € (0, o) is
needed, stated simultaneously under the null hypothesis and under alternatives. Note that, by the law of large numbers combined with

P
Slutsky’s theorem, Assumption 1 implies the convergence in probability (4, 6,)— (4, 0) as n — oo if the null hypothesis applies with
slope p € R and volatility ¢ € (0, o). This assumption is satisfied by the estimators obtained by the maximum likelihood approach
in section 2.2 as it is discussed there.

Assumption 3. There exist 4 €R, ¢ € (0, ) such that

a.s.
(A,,6,)— (u,0) as n — oo,

where p is the underlying slope and ¢ is the underlying volatility if the null hypothesis of a scaled Brownian motion with linear drift
applies.
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First, a statement about an almost sure limit of the test statistic is given. The result is valid under the null hypothesis as well as
under alternatives. Similar as in Henze and Jiménez Gamero (2020), the fact that the Hilbert space L2 is separable is used.

Theorem 2. Suppose that Assumption 3 holds with related ;1 € R and ¢ € (0, ). Denote by ¢y« (f), f € L2, the characteristic functional
of Y*, defined by Y*(t) = W, t € [0, 1]. Then the following almost sure convergence holds:

%Tn = / |6,(f) = dbo,c, (N)IPOES)— / |y-(1) = bo.c, (NIPQWES) =10 as n — .
L2 L2

Proof. At first, the almost surely convergence of ¢, (f) to ¢y«(f) as n — oo is shown, where the related null set does not depend on
the choice of f € L2. In this regard, note that eq. (5) is valid under the null hypothesis as well as under alternatives and remember on
the definition of the independent and identically distributed random variables Yj*, j=1,...,n, there. Applying for each j=1,...,n

and each f € L? a Taylor expansion of the functions cos and sin about (f ,Yj*), there are (random) numbers &, ;(f) and &, ;(f)
between (f,Y;) and (f, Yj*) such that

cos (f.Y;) =cos<f,Yj* + <5n&: 67’,* + U _A”)ld““ >>

o-i’l
) 6,—0
=cos<f,Y.*>—<f, — Y+
J & J

n n

S
@, &” ) R>sin(§1,j(f))

and

Sin<f,Y.> =Sin<f7Yj*+ (0’,,6—:0'Yj*+ (A, _A”)ldR>>

Oy

6,~o 2, — Wid
=sin<f,Yj*>+<f, i Yj*+(ﬂn 6/4) R

n n

> cos(&y;(f)),

noticing that the maps (w, f) + sin(&; FUMN(@) and (w, f) — cos(&,, i), (w, ) € QxL2, are (A ® B(L2), B)-measurable for each
Jj=1,...,n. Substituting this in cos ((f,Y;)) +isin((f,Yj)) for each j =1,...,n and each f € L? gives

$u) = %Z‘Texp(z’ (¥, )= %Z‘Texp (1(v7. 7)) + R, £ 12, ®)

with the remainder term

+ (M - ’l?n)ldR ,

f>,feL2.

n n

1 “ . . 6_6-ﬂ *
R,(f)= - Z(zcos(fj,z(f))—Sln(-fj,l(f)))< 5 Y;
j=1

Using the triangle inequality, the boundedness of the functions sin and cos as well as the Cauchy-Schwarz inequality, it holds for the
remainder term that

c—6, W= iy,

n

1
= Y* 2
DALA TR

Jj=1 n
By Assumption 3 there exists a set Q' € 2 with P(Q') = 1 such that (4,(), 6',2,(w))—> (u,0) as n — oo for all w € Q. By the strong law
of large numbers there exists another set Q" € 2 such that P(Q”) =1 and % Z;;] ||Yj* [|(@) = E(||Y*||) as n = oo for all w € Q. For
this reason, it follows for all w € Q' N Q" and all f € L? that

lidgll, f €L

IR, sZIIfII‘

Oy

R,(f)w)—>0asn— co. 9)

By the strong law of large numbers it follows that for each f € L2 there exists a set Q r €A with P(Q;) =1, such that forall w € Q,

n
.1 Ay -
Jim 2 Bexp (1] 1)) @ = -
i=
Since L? is separable there is a countable dense subset D C L. Using the fact that the countable intersection of sets of probability 1
is again a set of probability 1 a set Q""" = rep €y is obtained such that P(Q'"") =1 with the property that the latter limit holds for
all € Q" and all f € D. Setting Q; :=Q'NnQ" NQ" itisforallw € Q, and all f € D
Tim ¢,(/)@) = by (). (10)

Now, fix some @ € Q, and some f € L2. In addition, let g € D be arbitrary. The triangle inequality gives

10
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|#,(/) @) = py+()] < |9, (/) @) = ¢, (8)@)] + 1$,(8) (@) — dy« (&) + [Py« (f) — Py=(8)I.
Treat all three terms on the right hand side of the latter inequality. Firstly, from eq. (10) it is
1im [6,(&)@) = dy-(8)] =0,

Secondly, applying the inequality | exp(ix) — exp(iy)| < |x — y|, x,y € R, the triangle inequality and the Cauchy-Schwarz inequality
to obtain

|py=() = Py @I < I1f = gllEAIY*[D).

Thirdly, using eq. (8), eq. (9) and in addition the same inequalities as before, it follows that

|&,(/) @) = ¢, (g) )| < f - gll% ,Zn:’ Y @) + R, (NI + Ry (&) = |If = gl IE(]Y*]|) as n — co.
In all, it is _
1iﬂgp [, () @) = by« (NI <201f = glEAIY (D).
Because g € D is arbitrary and D is dense in L2, letting || f — g|| — 0 implies lim,_, ¢,,(f)(@) = ¢y (f) and finally

Jim [, (1) = ., (NI = 1dy= (@) = do e, (NI

for all w € Q, and all f € L?. Because the latter term is bounded by four, the result follows from the dominated convergence
theorem. []

If the null hypothesis H,, is true, the almost sure limit 7, as n — co in Theorem 2 vanishes. To ensure the reverse of this implication
and finally the consistency of the test under alternatives H;, an additional condition on the probability measure Q is required. For
the two specifications of Q presented in section 2.4, the stated properties are obviously satisfied. Let B(f,¢) = {g € L%;||f —g|| <€},
e €(0,00), f €L2, be the e-ball centered at f and note that B(f,¢) € B(L2) because it is an open subset of L2.

Assumption 4. The measure Q does not vanish on open balls of L?, i.e., it holds that

O(B(f,€)) >0 for all f €L? and all € € (0, o).
Finally, the following result on the test’s consistency is stated.

Theorem 3. Suppose that Assumption 1, Assumption 2, Assumption 3 and Assumption 4 are valid. Then the test that rejects the null hypothesis
ifand only if T, > ¢, |_, is consistent, i.e., under alternatives H it follows that

lim P(T,, > ¢, 1_q) = 1.
n—oo

a.s.
Proof. From Assumption 3, Theorem 2 implies that lT,,—> 7g as n— 0. Due to the condition that the alternative H; is valid, Y*
is not a standard Brownian motion. For this reason and the fact that the distribution of the Hilbert space valued random variable is
uniquely determined by its characteristic functional, see Proposition 7.6.3 in Laha and Rohatgi (1979), it is |y« (f) — ¢0,C1 (f)l>0

for some fj € LZ. Because the map f — |y (f) — 4’0,C, fl, f € L2, is continuous there exists e > 0 and 6 > 0 such that oy (f) —
¢0,C1 (fo)l > 6 for all f € B(fy,e). Due to Assumption 4 it follows that

0= / by (f) = do.c, (f)?QWAf) > BQ(B(fy, €)) > 0.
12
Therefore it is Tni o0 as n — oo. It is easy to see that this implies
lim P(T,>M)=1 an

for all fixed thresholds M € R. Now, it is shown that the sequence of critical values c,;_,, n €N, is bounded. Because this is the
sequence of quantiles of order 1 — & of the distribution of the test statistic 7,, if the null hypothesis H, holds, consider the case
that the null hypothesis H, is true for a moment. Due to the validity of Assumption 1 and Assumption 2, Theorem 1 implies that

D
T,— T, as n — oo if the null hypothesis H, is true, where T is a real-valued random variable. Without loss of generality suppose

a.s.
that T,— T, as n — oo. This implies, in particular, that

11
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lim P(|T, —T,,|>M)=0, (12)
n—oo

for all fixed thresholds M € R. Assume that the sequence of critical values ¢, ;_,, n € N, is unbounded. Then there exists a subsequence
Cp1_q» W €N, with lim,, . ¢,r1_, = co. For this reason, for all given thresholds M € R, itis ¢, ;_, > M for n’ € N sufficiently large.
Because ¢,y |_, is still a quantile of order 1 — a, itis P(Ty > ¢, _,) > « and so

liminf P(Ty > ¢y 1_o) = 13)
n'>o0 ’

on the one hand. On the other hand, given an arbitrary threshold M € R, elementary deliberations yield that for n’ € N sufficiently
large

P(Ty > ¢y 1_g) < P(Ty =Tyl = M)+ P(To, > M).

Using this and eq. (12) results in limsup,/_, , P(T,y > ¢,y 1_,) < P(T, > M). Because M is arbitrary, letting M — co implies P(T,, >
M) — 0 and so

Jim P(Ty > ¢1_,) =0,

which contradicts eq. (13) and so the sequence of critical values c, ;_,, n €N, is bounded. Therefore, there exists a threshold M € R
satisfying c <M forall neN. With P(T,, > ¢ ) > P(T,, > M) the statement follows from eq. (11). [

nl—a nl—a

4. Implementation

In this section, the implementation of the test is discussed from a practical point of view. A feasible method to obtain estimates of
the parameters is provided, simple formulas for the calculation of the scalar products that occur in the characteristic functionals of
the test statistic are derived and a Monte-Carlo approach for the calculation of the integral distance in the test statistic is suggested.

4.1. Implementation of the parameter estimators

Going back to the maximum likelihood estimation approach in section 2.2, the derivation of the estimators given there provides
a parameter estimation procedure that is applicable in practice, where typically only a finite number of points are available as
observations and a subsequent interpolation gives the functional data. Suppose N € N and a partition 0 =7, < --- <ty =1 of [0,1],
where realizations of the related functional values X @), i=1,...,N,j=1,...,nare observed. Then the increments AX; F=X) -
X j(t,._l), i=1,...,N, j=1,...,n, are obtained. The maximum likelihood estimation approach motivates the use of the random
variable in eq. (1), that is

n
o N 1
Ay =Ry = — X X;(0),
J=1

as an estimator of y € R and the random variable in eq. (2), that is

n N
o 1 1 R 2
GuN =7 uN Z 2 P (AX ;= =tiDhyN) s

j=1i=1"1

as an approximation of the estimator 6, of o € (0, ), where 6, is introduced in section 2.2.
4.2. Implementation of the scalar products

Evaluations of certain scalar products that occur in the characteristic functionals are required to obtain the value of the test statistic.
This results in the calculation of the (double) integrals of type (C, f, f) = /01 /01 min(s, ) f(¢) f(s)dtds and (f,Y) = /01 FOY (1)de,
where f € L2 is a realization of Q and Y is a standard Brownian motion. The data X 1---.X, are used in the implementation. As
it is explained later, a sufficiently large number M € N of independent realizations f,..., f), of QO is needed for the calculation
of the test statistic, and the number of evaluations for both scalar products is n X M. This comes with noticeable computational
costs if standard numerical integration routines are used for the implementation. Alternatively, simple formulas for the calculation
of these scalar products are provided that can be used in applications to reduce the computational effort. Only a finite number of
points are available as observations in practice. For this reason, suppose N € N and a partition 0 =, < -+ <ty =1 of [0, 1], where
realizations of the related functional values X @), i=1,...,N,j=1,....,nare observed. The same applies to realizations f of Q; in
practice, corresponding functional values can be obtained by f j(tl-), i=1,...,N,j=1,..., M. Subsequent interpolation results in the
approximative empirically standardized data of the form

N
Yn®= 2l O+ 6), 10,1, j=1,....n,
i=1

12
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_ ¥) _ X=Xt D)+~ tio DA N ) _ Yitipu=Y;aon- .
and Y n(D) =Y;(1), where m ;= T b, = ET=n i=1,...,N
j=1,...,n, are given intercepts of the linear interpolation. Note that the (joint) distribution of these slopes and intercepts does not
depend on the true underlying parameters u and o if the null hypothesis H|, is valid. I, denotes the indicator function of the set

A € 8. Similarly, subsequent interpolation provides the approximative realizations of Q of the form

,i=1,...,n, are given slopes and

N
(@)) (6D) :
fin®= 2;1[,,,71,,[)(;)(%5 t+b), tel0 ), j=1,....M,
i=
and fin@)=f;), where m%) = w i=1,...,n, are given slopes and bgc) w i=
’ > i—li-1 > i~li-1

are given intercepts of the linear 1nterpolat10n. Tedious calculations give the formulas

N =1 D) b(f) )
) _ u 3_3 2 2 M0 o (f)
STy =(CifnFin)= ZZ @ =t )+ = L@ -1 ) G = )by =)
=1 i=1
) m) b(f)
"ij 2 2 f) 3 2
DI s CRLA R ACET] | B Gl >+—(t 2o
i'=1i=i"+1
- 4 (1,5/ _t‘-sl_l)_ %( il - 1)
i"=1
N ff,)’lz b(/f) ff/)t’/ (bE,{;)z L
+-/21 — — @ -5
iz
(m(f) b(f) f) (b(f))zt
iy g2 2
+Z e -+ GG )+ —— |G 1)
i'=1
N (f) 3 (Ny2p2
b t’ ti’ 1 (b ) i’—1 A
- - 3 +— (ty—ta ), j=1,.... M,
=1
and
N (f) (Y) (f)b(Y) m) )
(fY) _ "ei%ki o o () (¥)
ijN (ftN’ 1N> Z (’ _t Dt > (Ik_tk—l)+bklbkj(zk_tk D]

i=1,....M, j=1,....n
4.3. Implementation of the integral distance and the test

Remember that under Assumption 2 the alternative expression in eq. (3) of the test statistic T, and the definition of ¥, in eq. (4)
are valid. This motivates the approximation of the integral by a mean and to use a Monte-Carlo approach on the basis of the M
approximative realizations f; y, i =1,...,n, of O and the n approximative empirically standardized data Y; y, j =1,...,n, given in

section 4.2 to obtain an approximation of the test statistic in applications. Given the scalar products SI,(Q, i=1,...,n, and S(f Y)
i=1,...,n, j=1,...,n, obtained in section 4.2, it is proposed to use the Monte-Carlo approximation

M
1 2
Tn.N,M = M Z I/i,n,N

VlnN:—Z(cosS(fY)+smS(fY) exp( ;S%@))
l’lj 1 :

for the test statistic T,. A Monte-Carlo approximation for the critical value is proposed as well. For this purpose, repeat the procedure
to obtain the approximation of the test statistic .S € N times, where S is sufficiently large and the repetition number s =1,...,.S
based on X (0)(t ),i=1,..., N, where X (0)(1), te0,1], j=1,...,n,s=1,...,S, are artificial data under the null hypothesis H, e.g.,

independent standard Brownian motions. This results in approximations of the test statistic T WN.Ms? 5= 1,...,S, generated under

the null hypothesis H,. Denoting by T® WNM1s S S T(Oz)v M.S:S the related order statistic, the critical value is obtained as the

13
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Table 1
Description of alternatives according to Henze and Jiménez Gamero (2020).

Alternative Alternative distribution Non-normal distributed Normal distributed

Al ao,ﬁl,-u,ﬁs,rl,--.»}’s

A2 Half-normal A, Prs s B3a V113 Ba,Bs:Y4:7s

A3 @, B1:71 BoseesBss¥asnsts
AT’ ao,ﬁ1,-~<,ﬁ5»71»--~»}’5

A2 Laplace LN A RN Bas Bs: 74 7s

A¥ @, B157 BoseeesBss¥asnsts
Al” g, iy s Vi 7s

A2” Mixture LN A RN Bas Bs: 14 7s

A3” a9, By, 11 By s Pss Vs 75

.. . 0
empirical quantile CoAN.M.Sl-a = TYEJL’MJS(I_M .5

H, is rejected if and only if T, y s > ¢, v ar.5.1-q- Note that the critical value ¢, y »s 51—, does not depend on the data.

of order 1 — a, where [-] denotes the ceiling function. Finally, the null hypothesis

5. Simulation studies and real data examples

Finally, the performance of the test is investigated by simulation studies. Small and moderate samples are considered, with a
special focus on the power under alternatives. The application of the test is demonstrated by considering stock market and interest
rate time series data.

5.1. Simulation study I

For the empirical power comparison, tests based on the characteristic functional are considered for comparison; they have demon-
strated a good power performance. For the implementation of the test, the maximum likelihood estimation approach is used. The
two choices for Q presented above are considered, where the test using the Wiener measure is denoted by BM(W) and the test using
the random linear combinations of Legendre polynomials is denoted by BM(L). For BM(L), the distribution ¢ is chosen as Poi(5) + 1,
the distribution v is chosen as Poi(1) + 1 and the distribution ¢ is chosen as N(0, 1). Critical values are obtained on the basis of a
Monte-Carlo simulation using 100,000 replications. The sample sizes, n = 10, 20, 50, 100,200 and the significance levels « = 0.05,0.1
are considered. The Monte-Carlo approach to obtain the integral distance in the test statistic is based on 100 replications.

In the first simulation study, alternatives from simulations studies conducted in Henze and Jiménez Gamero (2020) and Coupek et
al. (2023) are treated. In this regard, note that Henze and Jiménez Gamero (2020) considers the general testing problem of Gaussianity,
that is in fact a different testing problem. In contrast, the test of Coupek et al. (2023) is developed for the testing of subclasses of
Gaussian processes and can be also used for testing whether a scaled Brownian motion with linear drift applies. Although the test of
Coupek et al. (2023) can be used with estimates of both, the slope and the volatility parameter, the simulation study in that paper
considers only situations where either the slope or the volatility parameter is known (see Table 1 therein). It is important to note that
both papers, Henze and Jiménez Gamero (2020) and Coupek et al. (2023), include simulation studies for different testing problems.
In particular, the simulation results obtained are not directly comparable. However, the empirical results given in Henze and Jiménez
Gamero (2020) and Coupek et al. (2023) will be considered as benchmark that gives insights into the performance of the new test.
The tests in Henze and Jiménez Gamero (2020) and Coupek et al. (2023) are denoted by fBHEP and CDHH, respectively.

At first, consider different non-Gaussian alternatives in Henze and Jiménez Gamero (2020) given by linear combinations of sine
and cosine functions in the form of

5
Z(t)=ag+ V2 Y (B; cosQajr) +y;sin@xjn) . 1 €[0.1],
j=1
where ag, f;,..., 5,71, ..., 75, are independent random variables, with distributions according to Table 1. The alternatives A1-A3 use
a standard half-normal distribution, the alternatives A1’-A3’ use a standard Laplace distribution and the alternatives A1”-A3” use an
equal mixture of a standard normal and a standard half-normal distribution for the non-normal distribution of the random factors.

For details, see Henze and Jiménez Gamero (2020). That work considers only sample sizes n = 50, 100; here »n = 10,20 are con-
sidered in addition. Based on 10,000 replications, empirical rejection rates (in %) of the new test BM(W) or BM(L) are reported
in Table 2. For the corresponding results of fBHEP, see Henze and Jiménez Gamero (2020). Both BM(W) and BM(L) clearly start
detecting all alternatives already for a sample size of n = 10 and have a rejection rate of nearly or exactly 100% for a sample size of
n =20 and higher. It is seen that the test BM(L) reports equal or higher powers than BM(W) in all cases considered. Furthermore,
it is observed that BM(W) and BM(L) have higher rejection rates than is the case for fBHEP in all cases, meaning that the new test
performs favorably.

Now, consider Gaussian alternatives from simulation studies in Coupek et al. (2023), that are the location and scale alternatives
wloc(s) and Wsl(y) with parameters 6 = 0.5 and y = —0.5,0.5. For details, see Coupek et al. (2023). Based on 10,000 replications,
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Table 2

Empirical rejection rates (in %) of the new test for non-Gaussian alter-
natives considered in Henze and Jiménez Gamero (2020) for different
significance levels a and sample sizes n. BM(W) or BM(L) denotes the
specification using the Wiener measure or random linear combinations
of Legendre polynomials.

BM(W) BM(L)
Alternative n a=0.05 a=0.1 a=0.05 a=0.1
10 100 100 100 100
Al 20 100 100 100 100
50 100 100 100 100
100 100 100 100 100
10 99.97 100 100 100
A2 20 100 100 100 100
50 100 100 100 100
100 100 100 100 100
10 84.81 97.16 100 100
A3 20 99.92 100 100 100
50 100 100 100 100
100 100 100 100 100
10 60.26 87.57 89.10 97.96
Al 20 99.24 99.94 99.97 100
50 100 100 100 100
100 100 100 100 100
10 56.87 83.97 82.53 95.53
A2 20 98.31 99.78 99.83 99.95
50 100 100 100 100
100 100 100 100 100
10 52.48 79.91 78.78 93.23
A3 20 97.59 99.73 99.49 99.93
50 100 100 100 100
100 100 100 100 100
10 96.97 99.34 99.8 99.99
Al” 20 100 100 100 100
50 100 100 100 100
100 100 100 100 100
10 88.62 97.51 99.09 99.94
A2” 20 99.94 100 100 100
50 100 100 100 100
100 100 100 100 100
10 68.88 91.6 97.12 99.72
A3” 20 99.52 99.96 100 100
50 100 100 100 100
100 100 100 100 100

empirical rejection rates (in %) of the new test BM(W) or BM(L) are presented in Table 3. For the corresponding results of CDHH,
see Coupek et al. (2023). It is seen that BM(W) performs well against location and scale alternatives with parameter y = 0.5, where
for y = —0.5 and smaller sample sizes rejection rates are clearly lower. This observation is very similar to the results of CDHH.
Furthermore, BM(L) achieves very high rejection rates in all situations under consideration, also with respect to the comparison with
CDHH, where no overall excellent performance can be achieved.

5.2. Simulation study I

In an additional simulation study, new settings for the comparison of the new test with that in Henze and Jiménez Gamero (2020)
and Coupek et al. (2023) are treated. In detail, consider alternatives of type A(t) = W (t)+ Z, t € [0, 1], referred to as random start,
alternatives of type A(f) = Z - B(¢), t € [0, 1], referred to as random factor, and alternatives of type A(t) = B(t)+ Z -t, t € [0, 1],
referred to as random drift, where B(z), ¢ € [0, 1], is a standard Brownian motion and Z ~ t; is a t-distributed random variable
with one degree of freedom independent of B. In particular, these are non-Gaussian alternatives. The simulations are conducted on
the basis of contamination alternatives of type X = (1 — I)B + I A, where the random variable I follows the binomial distributions
I ~ Bin(1,a) for a given probability a € [0, 1] and the random variables I and (B, A) are independent. The value of a reflects the
grade of contamination of the null hypothesis B by the alternative A; consider a = 0,0.2,0.4,0.6,0.8, 1. Moreover, the sample sizes
n=10,20,50 and the significance levels « = 0.05,0.1 are investigated.
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Table 3

Empirical rejection rates (in %) of the new test for Gaussian alternatives considered in
Coupek et al. (2023) for different significance levels a and sample sizes n. BM(W) or
BM(L) denotes the specification using the Wiener measure or random linear combina-
tions of Legendre polynomials.

BM(W) BM(L)
Wloc(®) Wseln Wloc(®) Wl
a n 6=0.5 y=0.5 y=-0.5 6=0.5 y=0.5 y=-0.5
10 84.71 100 8.62 80.58 100 100
20 99.25 100 15.18 98.56 100 100
0.05 50 100 100 53.37 100 100 100
100 100 100 99.04 100 100 100
200 100 100 100 100 100 100
10 91.08 100 17.12 87.78 100 100
20 99.64 100 28.61 99.4 100 100
0.1 50 100 100 79.93 100 100 100
100 100 100 99.96 100 100 100
200 100 100 100 100 100 100

Table 4

Empirical rejection rates (in %) in the setting random start for different significance levels «, sample sizes n
and grades of contamination a. BM(W) or BM(L) denotes the specification of the new test using the Wiener
measure or random linear combinations of Legendre polynomials, fBHEP is the test in Henze and Jiménez
Gamero (2020) and CDHH is the test in Coupek et al. (2023).

BM(W) BM(L) fBHEP CDHH
n a a=0.05 a=0.1 a=0.05 a=0.1 a=0.05 a=0.1 a=0.05 a=0.1

0 5.4 9.8 4.9 9.2 3.4 7.9 10.8 16.9
0.2 41 47.2 39.8 46.7 30.1 36.7 21 28.6
10 0.4 70.7 74.9 69.6 77.1 51.1 57.5 32.3 43.1
0.6  86.5 88.7 88.4 91.8 53.9 60.9 33.8 46.8
0.8 93.5 94.8 95.8 97.7 56.5 64.3 41 51
1 98.8 99 99.1 99.6 53.2 60.6 44.8 56.5
0 4.7 9.4 3.9 8.5 2.6 8 7.7 14.1
0.2 59.8 65.5 54.8 63.1 57.8 61.6 22.8 33
20 0.4 87.6 89.8 85.3 88.6 75.7 80.3 39.2 50.6
0.6  97.5 98.2 97.5 98.1 81.7 85.6 50.7 62.2
0.8 99.7 99.8 99.6 99.9 82 87 60.8 72.9
1 100 100 100 100 83.5 87.2 66.7 81
0 4.2 8.8 5.5 10.1 4.4 9.8 5.4 10.6
0.2 83.7 87 76.8 82.4 86 89.5 42 53.8
50 0.4 993 99.5 99.1 99.8 96.9 98.2 64.9 76.5
0.6 100 100 100 100 98.5 98.9 82.3 92.6
0.8 100 100 100 100 99.1 99.3 92.4 96.9
1 100 100 100 100 99.4 99.6 97.4 99.4

Consider the specifications BM(W) and BM(L) of the test documented in section 5.1 as well as the tests fBHEP in Henze and
Jiménez Gamero (2020) and CDHH in Coupek et al. (2023) for comparison. For fBHEP, 200 replications for the bootstrap procedure
are used to obtain critical values and 100 replications are used for the Monte-Carlo procedure to obtain the integral distance in the
test statistic. For CDHH, also 200 replications for the bootstrap procedure are used to generate critical values, 1 is chosen as shape
parameter and the identity matrix is chosen as covariance matrix of the marginal distribution of the integrator.

Based on 1,000 replications, empirical rejection rates (in %) of all tests are reported in Table 4, Table 5 and Table 6, where
in addition the results are graphically illustrated in Fig. 1 and for « = 0.05. Both specifications of the new test BM(W) and BM(L)
perform very similarly and seem to have the best power properties for two of the three types of alternatives under consideration,
namely random start and random drift, compared with the competitors. Already for small samples, a good performance is observed.
For the remaining type of alternative, that is random factor, the fBHEP test performs best and rejection rates of CDHH are higher
than of BM(W) or BM(L) for small samples. However, this out-performance disappears as the sample size increases. In what follows,
a result of a measurement of the computing time at the local machine in the simulation setting is presented. For a single replication
at sample size n = 10, the evaluation of the tests took 0.02s and 0.027s for the tests BM(W) and BM(L), respectively, and 0.299s for
the test CDHH as well as 2.922s for the test fBHEP. At sample size n = 20, evaluation time for BM(W) and BM(L) are still at 0.02s and
0.027s, respectively, while the evaluation time for CDHH increases to 0.506s and for fBHEP to 3.715s. For the sample size n = 50, the
evaluation time for BM(W) and BM(L) is 0.023s and 0.031s, respectively, and 1.862s for CDHH and 4.178s for fBHEP.
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Fig. 1. Empirical rejection rates (ordinate) for different grades of contamination (abscissa) in the settings random start, random factor and random drift at significance
level a = 0.05 and for the sample sizes n = 10 (red), n = 20 (green) and n = 50 (blue). BM(W) or BM(L) denotes the specification of the new test using the Wiener
measure or random linear combinations of Legendre polynomials, fBHEP is the test in Henze and Jiménez Gamero (2020) and CDHH is the test in Coupek et al. (2023).
(For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Table 5

Empirical rejection rates (in %) in the setting random factor for different significance levels a, sample sizes n
and grades of contamination a. BM(W) or BM(L) denotes the specification of the new test using the Wiener
measure or random linear combinations of Legendre polynomials, fBHEP is the test in Henze and Jiménez
Gamero (2020) and CDHH is the test in Coupek et al. (2023).

BM(W) BM(L) fBHEP CDHH
n a a=0.05 a=0.1 a=0.05 a=0.1 a=0.05 a=0.1 a=0.05 a=0.1

0 5.7 10.3 4.9 9.4 2.3 6.6 10.6 15.3
0.2 12.4 19.3 16.7 25.4 22.8 28.1 19.3 25.2
10 0.4 14.4 25.5 26.7 39.4 37.6 44.4 28.1 33.2
0.6 18.9 30.4 32.9 44.7 49.5 57.7 31.8 39.8
0.8 22.6 35.2 35.5 52.4 58.6 67 37.3 45.2
1 19.8 32.3 37.4 52.6 65.2 74 39.3 46.3
0 4.6 9.5 6.4 10.5 3 7.2 6.9 12.3
0.2 29.4 38 41.2 48.3 40.6 46.5 21.2 28.6
20 0.4  43.7 53.4 60.9 68.9 66.2 71 36 42.8
0.6  48.8 61.9 73.9 81.4 79.2 84 42.7 49.3
0.8 49.7 63.6 78.6 85.9 85.9 89.8 47.2 55.7
1 51.4 63.4 81.8 88.8 89.4 93 50.3 56.9
0 5.2 11.3 4.1 9.6 4.4 9.8 8.1 12.2
0.2 64.8 69.6 71.4 76.2 72.3 75.4 34.6 41.6
50 0.4 853 89.6 94.9 96.5 93 94.8 50.6 60.6
0.6 923 95.3 98.5 99.1 98.2 98.9 62.7 70.1
0.8 92.3 95.4 99.1 99.5 99.4 99.8 72.6 78.5
1 92.9 96 99.6 99.9 99.8 99.9 79.4 83.9
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Table 6

Empirical rejection rates (in %) in the setting random drift for different significance levels @, sample sizes n
and grades of contamination a. BM(W) or BM(L) denotes the specification of the new test using the Wiener
measure or random linear combinations of Legendre polynomials, fBHEP is the test in Henze and Jiménez
Gamero (2020) and CDHH is the test in Coupek et al. (2023).

BM(W) BM(L) fBHEP CDHH

n a a=0.05 a=0.1 a=0.05 a=0.1 a=0.05 a=0.1 a=0.05 a=0.1

0 4.8 10.8 4.4 9.5 1.9 6.7 10.4 16.2
0.2 32.9 37.5 32.4 37.8 23.6 29.5 9.5 11.9
10 0.4 53.3 58.4 54.8 60 35.6 42.9 9 11.9
0.6 71.2 74 71.3 75.1 43.2 49.7 13.6 14.8
0.8 81.3 84.2 79.7 84.2 46.4 53.5 15 16.8
1 89.1 92.2 89.7 91.5 49.4 57.4 17.4 19.5
0 5.7 9.9 6.3 12.2 3.3 7.9 7.1 13.3
0.2 47.1 53.2 42.9 49.1 44.3 51.2 11.7 14.6
20 0.4 75.8 79.6 68 73.8 65.8 70.8 19.1 21.1
0.6 89.8 91.5 86.4 90.8 75.1 79.4 25.4 28.2
0.8 96.4 97.3 94.7 96.7 78.3 83.2 30.1 31.9
1 99.2 99.6 98.1 98.8 80.1 84.7 38.3 40.9
0 5.3 10.3 4.5 9.8 5 10.6 7 13
0.2 72.2 75.7 63.2 70.1 77 80.4 23.5 26.2
50 0.4 943 95.8 89.7 93.4 90.4 92.6 39.1 42.9
0.6 99.3 99.6 97.2 98.1 95.3 96.5 53.2 56.5
0.8 99.8 99.9 99.3 99.7 97.9 98.7 63.5 68.2
1 99.9 99.9 100 100 97.9 98 69 71.8

5.3. Application to real data

Below the application of the new test to real data is demonstrated. Consider different financial time series, obtained by daily values
from the year 2022 to 2023 for three US stock indices, namely the Dow Jones, Standard & Poors and NASDAQ, see Marketwatch
(2024), Yahoo (2024) and Investing (2024) respectively, and for three US Federal Reserve government (interest rate) bonds with
maturities of one month, six months and one year, see Reserve (2024). In detail, the first 17 values in each month are used for the
analysis, that is the minimal number of days recorded in every month of all time series. A visualization of the stock or bond times
series is given in Fig. 2 or Fig. 3.

It is investigated whether a geometric Brownian motion, in other words the Black-Scholes model, is suitable for modeling the data.
For this purpose, the approach in Ditzhaus and Gaigall (2022) is used. Treating in all K = 6 time series and a time horizon T;, = 24
(months), the stochastic processes S®(¢), 1 € [0,Ty], k=1,...,K, are obtained as data. Note that with the daily values only a finite
number of points are available as observations and a subsequent interpolation gives the functional data exactly as it is explained
in section 4. The samples are obtained by introducing the new time horizon 7' = 1 and subsequently splitting the time horizon in
sections of equal length T'. Precisely, the sample size is obtained as n = T;/T = 24 and the log-returns

S®O@E+(j - DT)

(k) .
XVt =log—————,t€[0,T], j=1,....n, k=1,...,K,
0= log =G 1€10.T),

are the samples from the different time series. In fact, if the model of a geometric Brownian motion applies for k € {1,...,K}, X j(.k) @,

t€[0,T], j=1,...,n is a sample of size n consisting of independent and identically distributed random variables with values in L2,
where the underlying distribution is that of a scaled Brownian motion with linear drift.

Consider the specifications BM(W) and BM(L) of the test documented in section 5.1. The resulting p-values are given in Table 7.
For all three stock indices, it is seen that both specifications of the new test BM(W) and BM(L) report very high p-values that are,
in particular, clearly above the typical significance level of 0.05. This indicates that a geometric Brownian motion is suitable for
modeling the stock indices under consideration. In contrast, p-values obtained for the interest rate data are considerably lower and in
particular below the typical significance level of 0.05, except for the specification BM(W) and the 1 year maturity, where the p-value
is a bit larger on the one hand but clearly lower than for all stock indices. The overall result for the interest rate data indicates that
the hypothesis of a geometric Brownian motion is not very suitable in this situation.

6. Conclusion

A test for the null hypothesis that observed data are realized from a geometric Brownian motion is introduced. In the functional
data setting, a maximum likelihood estimation approach can be used to obtain estimators for the underlying parameters (the drift
and volatility) under the null hypothesis. The test can be applied to standardized data, which means that the resulting test statistic is

independent of the unknown parameters if the null hypothesis holds. Critical values are readily available and the test maintains the
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Table 7

p-values for testing a geometric Brownian motion based on three US stock indices and three US gov-
ernment (interest rate) bond data. BM(W) or BM(L) denotes the specification of the new test using the
Wiener measure or random linear combinations of Legendre polynomials.

US bond US stock index
Dataset 1 month 6 month 1 year Dow Jones  S&P 500  NASDAQ
BM(W) p-value 0.04405 0.01739 0.1209 0.74238 0.86867 0.99757
BM(L) p-value  0.00754  0.00395  0.04352  0.81952 0.84595 0.97158

significance level in finite samples. The asymptotic properties of the test are investigated using Hilbert space methods. The asymptotic
null distribution of the test statistic is obtained as the distribution of an integral of a Gaussian process, where the related covariance
function is explicitly given. The test’s consistency is proven using an almost sure limit which is valid under the null hypothesis as
well as alternatives. Formulas and methods for a fast and simple implementation of the test are provided. It is seen that the test is
powerful in a range of settings and it is demonstrated that the distributional assumptions of the Black-Scholes model can be checked
using the test.

An important question to be addressed in practice is whether or not a geometric Brownian motion is an appropriate model for
observed data. In this setting, the underlying drift and volatility parameters could be time-dependent or could even depend on different
stochastic processes. It is likely that a generalization of the testing approach in this respect would require additional assumptions
regarding the parameters. Furthermore, an alternative approach is to replace the integral distance in the test statistic with another
suitable distance, e.g., a supremum type distance. The study of these possible generalizations or alternative approaches would require
independent and detailed investigations. For this reason, these ideas are deferred to future research.
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