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Abstract

We study the maximum likelihood estimator for stochastic equations with ad-
ditive fractional Brownian sheet. We use the Girsanov transform for the the
two-parameter fractional Brownian motion, as well as the Malliavin calculus and
Gaussian regularity theory.

Mathematics Subject Classification (2000): 60G15, GOHO07, 60G35, 62M40
Key words and phrases: maximum likelihood estimator, fractional Brownian sheet,
Malliavin calculus, Girsanov transform

1 Introduction

The recent development in the stochastic calculus with respect to the fractional
Brownian motion has led to the study of parameter estimation problems for sto-
chastic equations driven by this process. Several authors has studied these aspects;
see e.g. [6, 7, 13, 8, 19]. An obvious extension is to study the two-parameter case.
Elements of the stochastic calculus with respect to the fractional Brownian sheet has
recently been considered by [17, 18] and stochastic equations with fractional Brownian
sheet has emerged in [3] and [15].

The aim of this work is to construct the maximum likelihood estimator (MLE)
for the parameter 6 in the equation

t s
Xis = 9/ / b(Xy,) dudv + Wﬁs’ﬂ, t,s €10,T],
0 JO
where W7 is a fractional Brownian sheet with Hurst parameters o, 3 € (0,1) and

b is a Lipschitz function. Our construction of the estimator is based on the Girsanov
transform and uses the connection between the fractional Brownian sheet and the
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standard one, Malliavin calculus, and Gaussian regularity theory. A related work on
a two-parameter model with standard Brownian sheet is the paper [2].

The paper is organized as follows. Section 2 contains some preliminaries on the
fractional Brownian sheet. In section 3, using the techniques of the Malliavin calculus,
we prove that the solution is sub-Gaussian. Section 4 contains the proof of the
existence of the MLE for the parameter 8 and we separate this proof following the
values of o and (3. Finally, in Section 5, we present a different expression of the MLE
and relate our work with the approach of [7].

2 Fractional Brownian sheet as a Volterra sheet

We recall how the fractiorllall Brownian sheet W®# can be represented by a standard
Brownian sheet W = W22 that is constructed from it. For details and references
see [14, 15].

We start with the one-parameter case. Define a Volterra kernel (i.e. a kernel
which vanishes if the second variable is greater than the first one)

Kalt, s) = ca ((Z)a_% (t—5)*"2 — (a— %)s%—a /: w3 (- 8)* 2 du) :

where the normalising constant is

. 20+ $)T(5 — )
“ I(a+ 3)I(2 - 2a)

and T" is the Euler’s gamma function. It was shown in [10] that the fractional Brown-
ian motion W with Hurst index « € (0,1) can be represented by using a standard

Brownian motion W = W% as
t
Wta == / Ka(t, S) dWs
0

This Wiener integral can be understood both in pathwise and L?-sense. The Brown-
ian motion W is actually constructed from the fractional one by the (pathwise or
L?) integral

t
Wy :/ K '(t,s)dW?.
0

Here the Volterra kernel K_ TS

1
AN 1 !
Kt s)=¢, ((s> (t— s)%_o‘ —(a— 2)sé_°‘/ uo‘_%(u - s)%_a du) ,

;o T'(a+ 3)T(2 - 2a)
B(3—a)y/(20+ I (% - a)

and B is the beta function.



Now we turn to the two-parameter case. Let

Ka,ﬁ(tas;v7u) = Ka(taU)Kﬁ(Svu)a
K gt sio,u) = Kt 0)K5' (s, u).

The kernels K, 3 and K;b are of Volterra type: they vanish if v > ¢ or u > s.
Then from the one-parameter case it follows that we have the following (pathwise
and L?-sense) transformations connecting the fractional Brownian sheet W# and

the standard one W = W%% :

t S
(2.1) Wy = //Kaﬂ(t,s;v,u)quw,
0 0

t s
(2.2) Wis = /OAK;,g(t,s;u,u)dwﬁf.

We shall use this connection in the following way: The fractional Brownian sheet
WehB is assumed to be given, the standard Brownian sheet W is constructed from
the fractional one W# by the formula (2.2), and then W7 is represented in terms
of W by the formula (2.1).

In what follows we shall denote by K, s also the operator on L?([0,71?) induced
by the kernel K, g:

t S
Koplf](t,s) = /0 /0 Ko p(t, 510,u) f (v, w) dudv,

and similarly for K;lﬁ Note that as an operator K;lﬁ is indeed the inverse of the
operator K, 3.

Finally, we note the following connection with deterministic fractional calculus.
The fractional Riemann—Liouville integral of order v > 0 is

L t - -1 v)dv
m)/o“ 1) d

The fractional Weyl derivative of order v € (0,1) is

A0 = e | S+ wo [ RO .

The mixed fractional integral-differential operator 17" acts on two-argument func-
tions f = f(t,s) argumentwise: IV"[f|(t,s) = I7[f,(-,s)](t), where f,(t,s) =
I f(t,-)](s). Now, we have the representation (see [3])

) =

(2.3) KLt 8) = el gto 25/ 1570570 {téo‘séﬁ 822} (t, s),

«,

where ¢/ 5 is a certain normalising constant.
b



3 On the solution

Now we shall focus our attention to the stochastic differential equation
t s
(3.1) Xis = 9/ / b(Xy,u) dudv + Wﬁs’ﬁ, t,s €10,7T).
0 JO

The equation (3.1) has been considered in [3] for parameters (a,3) € (0,1)? in
the more general context b(z) = b(t, s;x) with t,s € [0,T]. It has been proved that,

if b satisfy the linear growth condition
[b(t, 53 2)| < C(1+ |z])

then (3.1) admits a unique weak solution, and if b is nondecreasing in the second
variable and bounded, then (3.1) has a unique strong solution.

We are here interesting in the case when the drift coefficient b is Lipschitz (more
exactly, we will assume that b is differentiable with bounded derivative). It is clear
that in this case the method of standard Picard iterations can be applied to obtain the
existence and the uniqueness of the solution for all Hurst parameters «a, 3 belonging
to (0,1). As far as we know there are not existence and uniqueness results in the
non-Lipschitz case if « or § are bigger than %

Since our main objective is the construction of a maximum likehood estimator
from the observation of the trajectory of the process X that satisfies (3.1), we will
need some estimates on the supremum of this processes, and even more generally,
on the variations of this process. For this purpose, we follow the ideas developped
in [19] to prove that the solution of (3.1) is a sub-Gaussian process with respect to
a certain canonical metric. The proof is based on the Poincaré inequality and uses
some elements of the Malliavin calculus.

We make the following assumption on the drift b throughout the rest of the paper:
(C1) b is differentiable with bounded derivative.

Denote by D the Malliavin derivative with respect to the Brownian sheet W . We
refer to [11] details of Malliavin calculus and just recall two basic facts:

(i) If F is a Wiener integral of the form

P /OT/OTf(t,s) A, ;

Dt’sF = f(t, S).

with f € L*([0,7]?) then

(ii) If F is a random variable differentiable in the Malliavin sense and b is a function
satisfying the condition (C1) then b(F') is Malliavin differentiable and we have
the chain rule

Dy b(F) = b/ (F)Dy . F.



We will need two auxiliary lemmas.

3.2 Lemma. There exists a constant Cy depending on T, o, B, |||l and the
parameter 6 such that for every t,s € [0,T] we have the bound

(3.3)

9
@xo,r12) = Co-

Proof. Taking Malliavin derivatives D, , on the both sides of the equation (3.1) we
obtain

Dy Xis = 0// X ) Dy u Xy dt/dv” + K, (2, 830, u).

T rT t s
M, = / / | Dy Xt dudv = / / 1Dy Xt dudo.
0 0 0 JO

Then, by Fubini theorem and the estimate (z +%)? < 222 + 2y?, we obtain

Denote

M, = 02 b’ X ) Dy u Xy o dd/dv” + K, (2, 830, 0) dudv
< 292 Xyt ) Doy X A’ A’ dudv
+2/ / Ka”@»(t,s;v,u)2 dudv
0 Jo

t s t s

< 292||b/||go/ / {/ / | Do.uX o /}dudv+2t2°‘826
0 JO v Ju
t ps v ! 9

= 20%|v|1%, / / / / 1Dy u Xy | dudv p du'do’ + 2625
0o Jo o Jo
t s

= 292||b'||?,o/ / My o du/dv’ + 2622525,
0 Jo

So, the claim follows by a two-parameter version of the Gronwall lemma. O

3.4 Lemma. Let X be the unique solution of (3.1). Then there exists a constant Cy
depending on T, a, 3, ||V'||cc and the parameter 6 such that for every s < s, t <+t
it holds that

(3.5) 1D, (X5 = X1.5) T2 o2y < Collt — ' + s — &%),
Proof. For every s < s’ and t <t', we have

Xpg — Xis = Xp g — Xy o + Xpo — Xi s
So, it is enough to show that

(3.6) ID.. (Xps — Xi.) ||%2(Q><[0,T]2) < Cy(|t = t']*).



Now

t' ps
Xt/75/ — Xt,s/ = 0/ / b(Xv,u) dud'U + Wt?hsﬁl - Wtaé;;g
t Jo ’ ’
and thus
t s
Dop [Xp s — Xpy] = 9/ / V' (Xpu)DapXou dudv
t Jo
+K5(s,b) (Ka(t’, a) — Kalt, a)).
By using the fact that
T 2
/ (Ko(t',a) — Ko(t,a))” da = |t — ¢
0

we obtain

T T
E [ / / Doy [Xow — Xo]
0 0

t' ps’
/ / V' (Xpu)DapXou dudv
t Jo

2 dbda]

2

< 20°E dbda | +2(s")28|t" — t%

T /T
< 20%|V||AE [/ / |Da’va7u|2 dbda] (t — )2 +2(s) 2P|t — t|?.
0 0
The claim follows now from Lemma 3.2 and the fact that o, 3 < 1. O

Recall that a sheet X is sub-Gaussian with respect to metric ¢§ if for all A € R
)\2
E [exp {\ (X¢s — Xp o) }] < exp {26(t, st 3’)2} :

3.7 Proposition. Suppose that b satisfies condition (C1). Then the solution X of
(3.1) is a sub-Gaussian process with respect to the metric § given by

(ks t',5')2 = Co (It =2+ |s = 7).
where the constant Cy comes from Lemma 3.4.

Proof. Recall the Poincaré inequality (see [20], page 76): if F is a functional of the
Brownian sheet W, then

2
Elexp{F}] < E [exp {8”DFH%2([O,T}2)}:| :
The claim follows from this and Lemma 3.4. O]

Proposition 3.7 says that, in the case of the Lipschitz coefficient b, the variations
of the process X are dominated, in distribution, by those of the Gaussian process



with canonical metric (3.7); this prcosess is actually the so-called isotropic fractional
Brownian sheet. As a consequence, the sub-Gaussian regularity theory (see [4] or [9])
can be applied to obtain supremum estimates on the process X . As an immediate
consequence, we get, using the results in [9], Chapter 12 and the methods in [19]).

(3.8) E| sup |Xyul| < CoVit2x + 528,

v<t,u<s

and, for any positive ap = a(a, 3, T, ||V/||0, 8) small enough,

exp{ ag sup ]Xt75]2 < 0.
t,s€[0,7T)

These estimates will be explicitly used in the next section.

(3.9) E

4 Maximum likelihood estimator
First we recall how the Girsanov theorem for the shifted fractional Brownian sheet
_ t s
(4.1) W = wi+ [ [ e duao
b b 0 0
can be recovered from the Girsanov theorem for the standard shifted Brownian sheet
by the correspondence (2.1)—(2.2).

Since the shift term in (4.1) is differentiable we can operate pathwise with the
kernel K;}} on the both sides of the equation (4.1). So, we can set

t s
(4.2) Wi = / / K{;lﬁ(t, S;v,u) de"’vﬁ
0 Jo
and we have the following inverse relation for the transfer (4.2):

t S
(4.3) Wy = /O /O Ko p(t, s;0,u) AWy,

Now we want to find a shift b such that
5 t S
(44) Wt7s == Wt,s + / / bv,u dudv,
o Jo

where W is a standard Brownian sheet constructed from the fractional one W8 by

t s
(4.5) Wi = KLt s;0,u) dWSP.
’ 0o Jo P “r

Comparing equations (4.1)—(4.5) we see that the connection is

t s t
/ / Ay dudv = / K, 5(t, s;0,u)byy dudv
0 Jo 0



So, we conclude that

t s v u
4.6 by s = KLt s;0,u Gy o du'dv’ | dudw
) « ﬂ ’
0o Jo ’ 0 Jo

or, in operator notation,
b=K_} [/ / at.s dsdt} :
0 Jo

Now, comparing (4.1) to (4.4) with the connection (4.6) we obtain the follow-
ing Girsanov theorem from the classical Girsanov theorem for the shifted standard
Brownian sheet.

4.7 Theorem. Let W®? be a fractional Brownian sheet and let a be a process
adapted to the filtration generated by WP . Let W be a standard Brownian sheet
constructed from WP by (2.2) and let b b constructed from a by (4.6).

Assume that b € L?(Q x [0,T)?), and E[Vrr] =1 where

T T 1 (T T
Vrr = eXp{— / / bs AWy — = / / bfsdsdt}.
o Jo 2Jo Jo 7

Then under the new probability P with g—g = Vrr the process W given by (4.2) is a
Brownian sheet and the process WP given by (4.1) is a fractional Brownian sheet.

The rest of this paper is devoted to construct a maximum likelihood estimator
for the parameter 6 in (3.1) by using the Girsanov theorem (Theorem 4.7). The
existence and the expression of this MLE are given by the following result.

4.8 Proposition. Assume that one of the following holds:
(i) At least one of the parameters o and 3 belongs to (0,3) and b satisfies (C1)
(ii) The parameters o and (3 both belong to (1,1) and b is linear.

Denote

(4.9) Qrs =K 4 [ /0 /0 b(XU,u)dudv} (t,s).
Then given observation over [0,t]? the MLE for 0 in (5.1) is

o Sy Quu AWy
Tt .
Jo Jo @3, dudv
Before going into the proof of Proposition 4.8 let us note that we can also write
t ot =
. fo f() Qv,u qu,v
= Tt ot :
Jo Jo @2, dudv

This shows that the estimator can be deduced by the observed process X since

t s
Wt,sz/ / K 5(t, 550,u)d Xy 0.
0 J0 '

(4.10) 6, =

(4.11) 0,



Proof. Let us denote by Py the law of the process X;, that is the unique solution
of (3.1). Then the MLE is obtained by taking the supy Fy, where

dPy
Fy = Py’
The conclusion (4.9) then follows by the Girsanov theorem (Theorem 4.7) if we show
that V;; is well-defined and E[V;;] = 1. The proof is separated into three cases. In
what follows ¢, g is a generic constant depending on « and 3 that may change even
within a line.
The case a, 3 € (0, 3): In this case we use the expression (2.3) with 1°7273 a5
a double fractional integral. We get

Qts = capt™” 259~ 2// (t—w) —3 a3~ O‘(s—u)_%_ﬁu%_ﬂb(Xuﬂ,)dudv.

Since |b(z)| < [b(z) — b(0)| + 6(0)| < K(|z| + K'), we see that

(412) |Qt,s‘ < Ca,B <K + sup ‘XUJU|> :

u<t,v<s

Clearly (4.12) and the estimates (3.8), (3.9) show that Q € L?([0,7]?) and so V4 is
well-defined. To prove that E[V;;] = 1, it suffices to invoke Theorem 1.1, page 152
in [5] and to note that, by (4.12), there exists a > 0 such that

sup E [exp {anu}] < 00.
v<t,u<ls

The case a, 8 € (%, 1) : In this case we use the operator 193P=3 in the expression
(2.3) is a double fractional derivative. We get

t i 1_o
t27%(Xts) — b(X
Qrs = caﬁté_asé_ﬂb(Xt,s)‘|‘Caﬂta_ésé_ﬁ/ ) Z 0 T g,
0 (t—v)*t2
teaptr 5P /882 b(Xps) —u Tb(Xew) g
(S—u)6+2

+Ca, / / {00 Ph(X, ) = 03 0B () — 5w 0(X)
—H}é_o‘ui_’gb(Xv,u)} ((t - U)_O‘_%(s - u)_’g_%) dudv
= Ai(t,s) + Aa(t,s) + As(t, s) + Aa(t, s).
The term A;(t,s) can be easily treated, since by (C1),
[A1(t )] < captz ™27 (K + | X loo)

which is finite by (4.12). The term As(t,s) and As(t,s) are rather similar to those
appearing in the one-parameter case (see [12] and [19]). For the sake of completeness,



we illustrate how to treat them. For As(t,s) write

- t t%fa o 1}%7&
As(t,s) = cup ta282ﬁb(Xt,s)/ -1
0o (t—wv)*t2

Po(Xts) — b(Xys
reagtbsho [ MR Ml g,
’ 0 (t —v)*t2

=: Ay (t, S) + Agg(t, S).

Since

t1i-a P
t27 " —wu2
0 (t—wv)*2 ’

the summand Ag; (¢, s) is clearly almost surely finite using condition (C1). The second
summand Ags can be bounded as follows: for ¢ small enough,

Xis— X t
|A22(t, 5)| < cayp ta=253—8 sg}t) [’ (tt’i v)av:!] /0 u%_a(t — v)_%_s dv
v<

By the Fernique theorem the supremum above has exponential moments. So, it
follows that the Novikov criterium is satisfied. Let us study now the term Ay4(t,s).
It is not difficult to see that the expression

I = t27%20p(X,,) — v2 s Pb(X,,)
—t2 oz O( X, ,) + uzuz Ph(X,,)

can be written as

+u%—o¢ (8%_ﬁ _ v%_ﬁ) b(Xt s) - b(Xu,s))
—l—u%*av%iﬁ (b(Xt,s) = b(Xip) — b(Xu,s) + b(Xu’v))

This gives a decomposition of the term A4(¢,s) in four summands; The first three
summands can be handled by using similar arguments to those already used through-
out this proof. For the last term actually we need to assume the linearity of the
function b (and obviously the solution of (3.1) is then Gaussian). If b is linear, then

b(Xis) — b(Xpw) — b(Xo,s) + 0(Xpu)
= Xt,s - Xt,u - Xv,s + Xv,u

t S
_ / / Xyo dbda + WB((z, ))

10



where W5((z,2']) denotes the planar increments of W# between z = (v,u) and
2 = (t,s). We finish again by an application of the Fernique theorem and observ-
ing that the process W@ (and thus X) is Hélder continuous of order (o, 3) (see
Proposition 5 in [1]).

The case o € (0,3), B € (3,1): In this case, it is not difficult to see that

1

t
Qus = ca,ﬁta-%/@—v)-a-évra
0

dul| dw.

s 1_ 1_
X [‘Sé_ﬁb(Xv,s) +Ca,,@ SIB_;/ b(XU78)82 : _bl(vau)UQ ’

0 (s —u)ztP
Clearly, this case can be handled by combining the methods used in the first two
cases. The only thing we need to note here is that the Fernique theorem holds for
the sub-Gaussian process X (actually, here we can use the fact that for each v, the
process s — X, s is sub-Gaussian with respect the metric |s' — s|?, see the proof of
Lemma 2). O

5 Alternative form of the estimator

We will try to relate here our approach with the one considered by [7] in the one-
parameter scale.

As in the one -parameter case (see [10]) one can associate to the fractional Brown-
ian sheet a two-parameter martingale (the so-called fundamental martingale). We
refer to [16] for the two-parameter case. More precisely, let us define the deterministic
function

3 1
ko(t,u) = cglu%_o‘(t - u)%_o‘, Co = 2041“(5 —a)(a+ 5)
and .
oot G- 2304)F a+td)
I'(3 —a)
Then the process
t s

(5.1) MEF = / / ot o)k (s, ) AW

0o Jo

is a two-parameter Gaussian (strong) martingale with quadratic variation equal to
wtawsﬁ (the stochastic integral in (5.1) can be defined in a Wiener sense with respect
to the fractional Brownian sheet). The filtration generated by M®# coincides to the
one generated by W®#,

Let us integrate the deterministic kernel k, (¢, v)kg(s,u) with respect to both sides

11



of (3.1). We get
t s
Zys = //ka(t,v)kg(s,u) dXyu
0o Jo

t s
(5.2) - / / Fa(t, v)ka(s, wb(X, ) dudv + M.
0o Jo
5.3 Remark. Moreover, for o, 3 > 3, it follows from [6] and [16] that if we denote
t 3
Ku(t,v) = a2a—1) / r2a=l(r — ) 2 dr
then it holds that
t s
(5.4) Xis = / / Ko (t,v)Kg(s,u)dZ, .
0o Jo
Denote
(5.5) R d d /t/sk(t Vkg(s,u)b(Xy.) dud
. s=——— o(t,v)ka(s,u vu) dudv.
" dwi dw? Jo Jo ’

Then we have the following:

e For every (o, 3) € (0,1)? and if b is Lipschitz, the sample paths of the process R
given by (5.5) belong to L2([0,1]?,w® ® w®). This can be viewed in the same
way as in Theorem 2.

e Clearly, the process R is related to the process @ (4.9) by
(5.6) Ris = capt® 257 72Q, .

JFrom (5.2) and (5.5) we obtain that

t s
(5.7) Zys=10 /0 /0 Ry dwldwd + M.
and then the MLE for the parameter 6 in (3.1) can be written as
. t = — .
Jo Jo B2, dwidwg

As a final remark, we derive an easier expression for the process R (or, equiva-
lently, for the process ) appearing in the expression of the MLE in the linear case.
In this case we have

d d /t/s
5.9 Riy=—— ka(t,v)kg(s,u) Xy dudv.
(59) o= dgrag ) [ Rt oksts.)

We need first a more suitable expression of the process R given by (5.9).

12



5.10 Proposition. For every «, 3 it holds that

* )\*
(5.11) Rt,s—L / / t20¢ Ly g20- 1) ( 26-1 4 26~ 1) AZu0
with N, = 5375y -

Proof. We will restrict ourselves to the case a,3 < 3. By (5.4) and (5.9) it holds

that

¢ s t s v u
/ / R’u,u dCU5 dwg == / / ka (t7 ’U)kB(S, 'LL) </ / Ka (U, b)K’B (u’ CL) dZa’b> dudv
o Jo o Jo 0 0
t s
_ / / Aa(b, 1) Ag(b, $) dZ0y
0 JO

A(bt) = /bt (£, 1) K (0, ) do.

Let us suppose a function ®,(b,r) such that for every b < ¢,

where

t
/ Bey(b, 1) des = A (b, 2).
b

Then it holds that

t s s
/ / Ry dwldw® = / / (/ (b,r) dwy’ > </ @g(a,r/)dwf,> dZap
0 JO a
= / / (/ / o(b, ) ®5(a,r )dZa,b> dw’ dw?.

Rts—// a(t,0)Ps(s,u) dZy

On the other hand it has been proved in Lemma 3.1. of [7] that

As a consequence

*

? (t2a—l + v?a—l) )

The conclusion follows easily. O

D, (t,v) =
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