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Abstract. In this article, we study the numerical approximation of stochastic differential equations driven by a multidimensional
fractional Brownian motion (fBm) with Hurst parameter greater than 1/3. We introduce an implementable scheme for these equa-
tions, which is based on a second-order Taylor expansion, where the usual Lévy area terms are replaced by products of increments
of the driving fBm. The convergence of our scheme is shown by means of a combination of rough paths techniques and error
bounds for the discretization of the Lévy area terms.

Résumé. Nous étudions dans cet article 1’approximation numérique d’équations différentielles dirigées par un mouvement brow-
nien fractionnaire (mBf) de coefficient de Hurst H > 1/3. L’algorithme effectif que nous proposons repose sur un développement
au second ordre, ou I’aire de Lévy est remplacée par un produit d’incréments du mBf. Nous obtenons la convergence de notre
schéma en combinant des méthodes issues de la théorie des trajectoires rugueuses et des résultats sur 1’approximation de I’aire de
Lévy.

MSC: Primary 60H35; secondary 60H07; 60H10; 65C30
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1. Introduction and main results

Fractional Brownian motion (fBm in short for the remainder of the article) is a natural generalization of the usual
Brownian motion, insofar as it is defined as a centered Gaussian process B = {B;; ¢t € R} with continuous sample
paths, whose increments

(8B)st :=B; — By, s, teRy,
are characterized by their variance
E[(6B)2] =t —s*".

Here the parameter H € (0, 1), which is called Hurst parameter, governs in particular the Holder regularity of the
sample paths of B by a standard application of Kolmogorov’s criterion: fBm has Holder continuous sample paths of
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order A for all A < H. The particular case H = 1/2 corresponds to the usual Brownian motion, so the cases H # 1/2
are a natural extension of the classical situation, allowing e.g. any prescribed Holder regularity of the process. More-
over, fBm is H -self similar, i.e. for any ¢ > 0 the process {cHBt/C; t € R4} is again a fBm, and also has stationarity
increments, that is for any 4 > 0 the process {B;+, — Bp;t € Ry} is a fBm.

These properties (partially) explain why stochastic equations driven by fBm have received considerable attention
during the last two decades. Indeed, many physical systems seem to be governed by a Gaussian noise with different
properties than classical Brownian motion. Fractional Brownian motion as driving noise is used e.g. in electrical
engineering [14,15], or biophysics [7,29,42]. Moreover, after some controversial discussions (see [5] for a summary
of the early developments) fBm has established itself also in financial modelling, see e.g. [3,19]. For empirical studies
of fractional Brownian motion in finance see e.g. [8,10,46]. All these situations lead to different kind of stochastic
differential equations (SDEs), whose simplest prototype can be formally written as

m t ) )
Y,:a—i—Zf o D(v,)dBY, 1€[0,T],aecR, 1)
i=1 70

where o = (a(l),...,o(’”)) is a smooth enough function from RY to RY*™ and B = (B(]),...,B(’")) is a m-
dimensional fBm with Hurst parameter H > 1/3.

At a mathematical level, fractional differential equations of type (1) are typically handled (for H # 1/2) by path-
wise or semi-pathwise methods. Indeed for H > 1/2, the integrals fot a(i)(Yu)dB,S’), i=1,...,m, in (1) can be
defined using Young integration or fractional calculus tools, and these methods also yield the existence of a unique
solution, see e.g. [41,47]. When 1/4 < H < 1/2, the existence and uniqueness result for Eq. (1) can be seen as the
canonical example of an application of the rough paths theory. The reader is referred to [17,30] for the original version
of the rough paths theory, and to [20] for a (slightly) simpler algebraic setting which will be used in the current article.
In Section 2, we will recall the main features of this approach for driving rough paths that are y-Holder continuous
with y > 1/3, which includes the case of fBm with H > 1/3. In the latter situation, the rough path machinery can be
summarized very briefly as follows: assume that our driving signal B allows to define iterated integrals with respect
to itself. Then one can define and solve Eq. (1) in a reasonable class of processes.

Once SDEs driven by fBm are solved, it is quite natural (as in the case of SDEs driven by the usual Brownian
motion) to study the stochastic processes they define. However, even if some progress has been made in this direction,
e.g. concerning the law of the solution [2,6,35] or its ergodic properties [23], the picture here is far from being
complete. Moreover, explicit solutions of stochastic differential equations driven by fBm are rarely known, as in the
case of SDEs driven by classical Brownian motion. Thus one has to rely on numerical methods for the simulation of
these equations.

So far, some numerical schemes for equations like (1) have already been studied in the literature. In the following,
we consider uniform grids of the form {#;' = kT /n; 0 <k < n} for a fixed T > 0. The simplest approximation method
is the Euler scheme defined by

m
— ® @ —
Yh _Yt’i,+21:a’(Yt’z.)SB . k=0,....n—1L
1=

n
fiet Leley

For H > 1/2, the Euler scheme converges to the solution of the SDE (1). See e.g. [31], where an almost sure con-
vergence rate n~ 7 ~D+¢ with respect to the maximum error in the discretization points is established for & > 0.
A detailed analysis of the one-dimensional case is given in [34], where the exact convergence rate n~>7*! and the
asymptotic error distribution are derived.

However, the Euler scheme is not appropriate to approximate SDEs driven by fBm when 1/3 < H < 1/2. This is
easily illustrated by the following one-dimensional example, in which B denotes a one-dimensional fBm: consider
the equation

dy; =Y,dB;, te]l0,1], Yo=1,
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whose exact solution is
Yt:exp(Bl)s te[ovl]

The Euler approximation for this equation at the final time point # = 1 can be written as

n—1

Y= l_[(l + (8B)k/n.(k+1)/n)-
k=0

So for n € N sufficiently large and using a Taylor expansion, we have

n—1 n—1
1 2
Yi = eXP(ZIOg(l + (5B)k/n,(k+1)/n)) = eXP<Bl 3 Z|(53)k/n,(k+l)/n| + pn>,

k=0 k=0

where limy,— o O B 0for H>1 /3. Now it is well known that

n—1

> | GBY/mkrtyyn]” 5 00

k=0
for H < 1/2 as n — oo, which implies that lim,,_, oo Y]’ 2 0. This is obviously incompatible with a convergence
towards Y| = exp(Bj). In the case H = 1/2 this phenomenon is also well known: here the Euler scheme converges to
the Itd solution of SDE (1) and not to the Stratonovich solution (which coincides with the rough path solution).

To obtain a convergent numerical method Davie proposed in [11] a scheme of Milstein type. For this, assume that

all iterated integrals of B with respect to itself are collected into a m x m matrix B2, i.e. set

t pu )
Bft(i,j)sz BDdBY, 0<s<it<T,1<i j<m.
N S

The matrix B2 (respectively its elements) is (are) usually called Lévy area. Davie’s scheme is then given by

Yy =a,

. . 2
no _yn @) (yn ® O s (yn\B2 ] - —
Y,£+I_Y,£+lea (Y,Z)aBtztngZD oV (Y5)Bhy (). k=0....n—1,

im

i,j=1

with the differential operator D) = Zle al(i) dy,. (Recall that we use the notation SBS(? = Bt(i) — BY fors,1 €
[0, T].) This scheme is shown to be convergent as long as H > 1/3 in [11], with an almost sure convergence rate
of n=BH=D+¢ for ¢ > 0 arbitrarily small. This result has then been extended in [17] to an abstract rough path with
arbitrary regularity, under further assumptions on the higher order iterated integral of the driving signal.

As the classical Milstein scheme for SDEs driven by Brownian motion, the Milstein-type scheme (2) is in general

not a directly implementable method. Indeed, unless the commutativity condition
DD &) — 'D(j)O'(i), ij=1,....,m,
2
: . iy :
so that they cannot be simulated directly and have to be approximated.
In this article we replace the iterated integrals by a simple product of increments, i.e. we use the approximation

holds, the simulation of the iterated integrals B (i, j) is necessary. However, the law of these integrals is unknown,
1

Bzrzthl(l,j)%E(SB(l) sBY 3)

ngen ngen .
I Ohlvr Tl
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This leads to the following simpler Milstein-type scheme: Set Z; = a and

m
z —Z%+Za<i>(z;% )sBY) S+ me O (zy) 88, 5BY) @

n
s A AR
z j=l1

fork=0,...,n— 1. Moreover, for ¢ € (¢, t,’fH), define

t — l’l
7y =27 + "(3 ") .

T/n &)

B’
i.e.if t € [0, T'] is not a discretization point, then Z}' is defined by piecewise linear interpolation. This scheme is now
directly implementable and is still convergent.

Theorem 1.1. Assume that o € C3(R?; RY*™M)Y is bounded with bounded derivatives. Let Y be the solution to Eq. (1)
and Z" the Milstein approximation given by (4) and (5). Moreover, let 1/3 <y < H. Then, there exists a finite and
non-negative random variable ng , 5,1 such that

|Y =2\, .7 <nHy.0r - Vlogn) - n~HD) ©)
forn>1.
Here | - ||¢.00.r denotes the x-Holder norm of a function f:[0, T] — R ie
| f (@) — f(s)]
Iflloer = sup [£)]+ sup 0= 76l )

s te[O 1t —sl¢

Our strategy to prove the above theorem consists of two steps. First we determine the error between Y and its
Wong—Zakai approximation

_,—a+Z/ D(Z,)dB{", 1€[0,T],a R, )

n

t—t
k
B;Z = Btltl —+ < T/n )((SB)tI’:tl?Jrl’ te [07 T]a

i.e. B in Eq. (1) is replaced with its piecewise linear interpolation. Here, we denote the Lévy area corresponding to
B™ by B". Using the Lipschitz continuity of the Itd map of Y, i.e. the solution of Eq. (1) depends continuously in
appropriate Holder norms on B and the Lévy area B (see Theorem 2.6), and error bounds for the difference between
B and B" resp. B and B", we obtain

1Y =Z"|, o <052y o1 - VIog@m) - n =0, ©)

where 17 H youT is a finite and non-negative random variable.

In the second step we analyze the difference between Z" and Z". The second-order Taylor scheme with stepsize
T /n for classical ordinary differential equations applied to the Wong—Zakai approximation (8) gives our modified
Milstein scheme (4). So to obtain the error bound

|z -Z" “ 00, T = ”g)y o1 - Vlog(n) - n= =), (10)

we can proceed in a similar way as for the numerical analysis of classical ordinary differential equations. We first
determine the one-step error and then control the error propagation using a global stability result with respect to the
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initial value for differential equations driven by rough paths (see Theorem 2.6 and Proposition 4.1). The latter can be
considered as a substitute for Gronwall’s lemma in this context.
Combining both error bounds then gives Theorem 1.1.

Remark 1.2. For H = 1/2 the scheme (2) corresponds to the classical Milstein scheme for Stratonovich SDEs driven
by Brownian motion, while our scheme (4) corresponds to the so called simplified Milstein scheme. See e.g. [28].

Remark 1.3. Instead of replacing the Lévy terms in Davie’s scheme by the “rough” approximation (3) one could
discretize these terms very finely using the results contained in [37], where (exact) convergence rates for approxima-
tions of the Lévy area are derived. However, it is well known that already for SDEs driven by Brownian motion such a
scheme is rarely efficient, if the convergence rate of the scheme is measured in terms of its computational cost. For a
survey on the complexity of the approximation of SDEs driven by Brownian motion, see e.g. [32].

Remark 1.4. Theorem 1.1 requires o to be bounded. However, if 0 € C 3 (Rd; R4 XMy is neither bounded nor has
bounded derivatives but Eq. (1) has still a unique pathwise solution in the sense of Theorem 2.6, then the assertion of
Theorem 1.1 is still valid. This follows from a standard localisation procedure, see e.g. [26], and applies in particular
to affine-linear coefficients.

Remark 1.5. If the Wong—Zakai approximation is discretized with an arbitrary numerical scheme for ODEs of at
least second-order (e.g. Heun, Runge—Kutta 4), then the arising scheme for Eq. (1) satisfies the same error bound as
the proposed modified Milstein scheme. So, the strategy of our proof is in fact an instruction for the construction of
arbitrary implementable and convergent numerical schemes for SDEs driven by fBm.

Remark 1.6. The error bound of Theorem 1.1 is sharp. To see this, consider the simple equation
dy/V =dB", 1€[0,T], Yo=acR

Sfor which our approximation obviously reduces to Z" = B". Then, due to a result of [4] for the maximum in a
stationary Gaussian sequence, one can prove that

P(limsupe(n) - [¥ = 27|, <o00) =0,
n—o00 T

liminf£(n) - \/log(n) -n=H~7) = c0. (11)
n—od
For further details see Section 4.3.

Remark 1.7. The Wong—Zakai approximation of Eq. (1) has been studied in several works so far. In [24] estimate (9)
has been derived for the case H = 1/2. Moreover, using results from chapter 15 in [17] together with the Lipschitz
continuity of the Ito map gives the error bound
1Y =Z", v <nyecr n” T,

where 1/3 <y < H and ¢ > 0. Thus estimate (9) provides the optimal logarithmic sharpening of this error bound,
compare Remark 1.6, and extends the result given in [24]to 1/3 < H < 1.

Note also that we work in a different framework than [17], since we use the version of the rough path theory
developed in [20] and the analytic construction of the Lévy area given in [44].

Remark 1.8. At the price of further computations, which are simpler than the ones in this article, our convergence
result can be extended to an equation with drift, i.e. to

t m t
Y,:a—i—/ b(Yu)du+Z/ o D,)dBY, 1€[0,T],aeR?,
0 i=1 0
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where b:R? - R? jsa C 2 function and where the other coefficients satisfy the assumptions of Theorem 1.1. Indeed,

the equation above can be treated like our original system (1) by adding a component Bt(o) =1t to the fractional
Brownian motion. The additional iterated integrals of BY with respect to BY) for j =1, ..., m are easier to handle
than B2(i, j) fori, j € {1, ..., m}, since they are classical Riemann—Stieltjes integrals. For sake of conciseness we do
not include the corresponding details.

Our strategy, i.e. discretizing the Wong—Zakai approximation, can also be used for 1/4 < H < 1/3, since the
Wong—Zakai approximation converges also in this case to the exact solution, see Chapter 15 in [17]. Applying the
third-order ODE Taylor method leads then to an implementable and convergent method with an additional third-
order term containing triple products of increments. See Remarks 2.8 and 2.9 for further details on this point, and
also for a comment about the case H < 1/4.

The use of the rough paths theory, in particular of the Lipschitz continuity of the Itd map, leads to two features,
which are (more or less) uncommon in the numerical analysis of stochastic differential equations:

(i) pathwise, i.e. almost sure, error estimates, instead of average, i.e. L!- resp. L2-, error bounds,
(i1) the use of a y-Holder norm with the constraint y > 1/3.

Average error bounds for the approximation of SDE (1) are known so far only in particular cases as additive noise,
see [18,27], or for one-dimensional SDEs with a one-dimensional driving fractional Brownian motion with H >
1/2, see [33]. The rough paths method, or more precisely Theorem 2.6, typically exhibits non-integrable (random)
constants, as a careful examination of its proof would show. See also [17] for further details. So the almost sure
estimate (6) cannot be turned directly into an L!-estimate for ||Y — Z" ly,00,7 and such average estimates remain an
open problem.

The use of a y-Holder norm (with the constraint y > 1/3) in the convergence result (6) is directly linked to the
classical continuity statement for the Itd map associated to Eq. (1) (see Theorem 2.6) and is thus natural in a rough
path setting. However, the Holder topology is not typical for measuring the error of approximations to stochastic
differential equations. A more standard criterion would be the error with respect to the supremum norm, i.e.

|¥ = 2" 7= sup [Yi=2Z]|.
t€[0,T]

The error (in the supremum norm) of the piecewise linear interpolation of fractional Brownian motion is of order

J1og(n)n=H  see [25]. Moreover, for the iterated integral fOT f(;‘ dBl(,l) dB,Ez) the proposed Milstein-type scheme leads
to the trapezoidal type approximation

%X_: BY 4B )(BY — B?).

i ’k+1 T Y
The L?-error for this approximation is of order n=2H#+1/2
rate of convergence in supremum norm is that

|Y = 2" < nior - Vlogn) - (0™ +n72HF12)

holds under the assumptions of Theorem 1.1.

The used y-Holder norm also does not allow a precise comparison of the convergence rates of the Euler- and the
modified Milstein scheme, when both methods converge, i.e. for H > 1/2. However, we can observe the following:
from [31] we have the sharp estimate

, see [37]. Based on these two findings, our guess for the

HY _ ZElll,I'l ||OO’T S GH,S,O',T 3 n72H+1+8

for any 0 < & < 2H — 1, where ZF"" stands for the Euler approximation of ¥ and 0 . o7 is an almost surely finite
random variable. On the other hand, it follows from (6) that

HY -z" ”oo,T <NWHs0,T 'n_H+l/3+8
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for any 0 < ¢ < H — 1/3. Thus we can conclude that our modified Milstein scheme is at least more efficient than the
Euler method when 1/2 < H < 2/3. However, our conjecture indicates that the modified Milstein scheme is always
superior to the Euler method.

The remainder of this article is structured as follows: In Section 2 we recall some basic facts on algebraic integration
and rough differential equations. The proofs of Theorem 1.1 and Remark 1.6 are given in Sections 3 and 4. Finally,
the Appendix contains the proof of Theorem 2.6, on which our strategy relies.

2. Algebraic integration and differential equations

In this section, we recall the main concepts of algebraic integration, which will be essential to define the generalized
integrals in our setting. Namely, we state the definition of the spaces of increments, of the operator §, and its inverse
called A (or sewing map according to the terminology of [16]). We also recall some elementary but useful algebraic
relations on the spaces of increments. The interested reader is sent to [20] for a complete account on the topic, or to
[13,22] for a more detailed summary.

2.1. Increments

The extended integral we deal with is based on the notion of increments, together with an elementary operator § acting
on them.

The notion of increment can be introduced in the following way: for two arbitrary real numbers ¢, > £1 >0, a
vector space V, and an integer k > 1, we denote by Cx ([£1, £2]; V) the set of continuous functions g:[¢y, HLIF >V
such that g;,...,, =0 whenevert; =t; 1 forsome i € {0, ..., k — 1}. Such a function will be called a (k — 1)-increment,
and we will set Cy([£1, £2]; V) = U~ Ck([£1, £2]; V). To simplify the notation, we will write C(V), if there is no
ambiguity about [£1, £>]. -

The operator § is an operator acting on k-increments, and is defined as follows on Ci(V):

k+1

8:Ce(V) = Cir1 (V). (3noter = D (D8 i (12)
i=1

where 7; means that this particular argument is omitted. Then a fundamental property of 8, which is easily verified, is
that §§ = 0, where &6 is considered as an operator from Cy (V') to Cx42(V). We will denote ZCy (V) = Cr(V) N Kerd
and BCr (V) =Cr (V) NIm3.

Some simple examples of actions of §, which will be the ones we will really use throughout the article, are obtained
by letting g € C; (V) and h € C2(V). Then, for any ¢, u, s € [£1, £2], we have

0g)st =8 — & and  (8h)syr = hgr — hgy — hyy. (13)

Our future discussions will mainly rely on k-increments with k = 2 or k = 3, for which we will use some analytical
assumptions. Namely, we measure the size of these increments by Holder norms defined in the following way: for
fel(V)let

| furl
Ifly= sup ———

= and CY(V)={f €Ca(V):IIfll, < oo},

s,relty b [t = 51

Using this notation, we define in a natural way
Cr(V)y={feCi(V); [8fll < oo},

and recall that we have also defined a norm || - ||«,c0, 7 at Eq. (7). In the same way, for & € C3(V), we set

g0t |
Ihlly,, = sup —————,
s e[ty o] [ — S|V |t —ulP

1Al =inf{Z Wnillprupih =Y hi 0 < pi < u},
i i

(14)
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where the last infimum is taken over all sequences {h;,i € N} C C3(V) such that h = ), h; and over all choices of
the numbers p; € (0, ). Then | - ||, is easily seen to be a norm on C3(V'), and we define

CY(V)y:={heC3(V); Al < oo}.

Eventually, let C_%J’(V) =U 11 Cél (V), and note that the same kind of norms can be considered on the spaces

Z(C3(V), leading to the definition of the spaces ZCéL (V) and ZC31+(V). In order to avoid ambiguities, we de-
note in the following by NT-; C}f] the «-Holder norm on the space C;, for j =1,2,3. For ¢ € C;(V), we also set
NI CY(V)] = supsepey s,y N5 v

The operator § can be inverted under some Holder regularity conditions, which is essential for the construction of
our generalized integrals.

Theorem 2.1 (The sewing map). Let u > 1. For any h € ZC?(V), there exists a unique Ah € Cg(V) such that
8(Ah) = h. Furthermore,

A~ < NTh; 5 v)). s)

24 —2
This gives rise to a continuous linear map A : ZC?(V) — Cg(V) such that § A = idzcg‘(W
Proof. The original proof of this result can be found in [20]. We refer to [13,22] for two simplified versions. O

The sewing map creates a first link between the structures we just introduced and the problem of integration of
irregular functions:

Corollary 2.2 (Integration of small increments). For any 1-increment g € C2(V') such that 5g € C;J’, set h = (id —
AS8)g. Then, there exists f € C{(V) such that h = §f and

n
1) = 1 P
(6 )st lmltnl)oi(;gt,tm
1=

where the limit is over any partition [Ty, = {ty =s, ..., t, =t} of [s, t] whose mesh tends to zero. The 1-increment §f
is the indefinite integral of the 1-increment g.

We also need some product rules for the operator 8. For this recall the following convention: for g € C, ([£1, £2]R)4)
and h € Cp ([€1, £2]; REP) let gh be the element of C,,1n—1([£1, £2]; REP) defined by

(gh)tl ,,,,, tnan—1 — 8t1yensty ht,l ,,,,, tmtn—1 (16)
for #1, ..., tuen—1 € [£1, £2]. With this notation, the following elementary rule holds true:

Proposition 2.3. It holds:
(i) Let g € Ci(la, b]; R and h € Ca([a, b]; RY). Then gh € C>([a, b]; R) and

8(gh) = —8gh + g 8h.
(ii) Let g € Co([a, b]; R"Y) and h € Ci([a, b]; RY). Then gh € Ca([a, b]; RY) and

3(gh)=308gh+ géh.



526 A. Deya, A. Neuenkirch and S. Tindel
2.2. Random differential equations

One of the main appeals of the algebraic integration theory is that differential equations driven by a y-Holder signal
x can be defined and solved rather quickly in this setting. In the case of an Holder exponent y > 1/3, the required
structures are just the notion of controlled processes and the Lévy area based on x.

Indeed, let us consider an equation of the form

m
dy=o@)da=) o®()dx, 1€[0,T], yo=a, (17)
i=1

where a is a given initial condition in R4, x is an element of C%’ ([0, TT; R™), and o is a smooth enough function from
R4 to R4 Then it is natural (see [43] for further explanations) that the increments of a candidate for a solution to
(17) should be controlled by the increments of x in the following way:

Definition 2.4. Let z be a path in C{ (RY) with 1/3 <k < y. We say that 7 is a weakly controlled path based on x if
zo=a, witha € RY, and 8z € Cf (Rd) has a decomposition 6z = {5x + r, that is, for any s,t € [0, T],

(062)st = &5 (8X)5s + 7yt (18)

with ¢ € CK(RT™) and r € C3¢(RY).

The space of weakly controlled paths will be denoted by Q, a(]Rd), and a process z € Q. a(Rd) can be considered
in fact as a couple (z, ¢). The space Qy a(]Rd ) is endowed with a natural semi-norm given by

Mz 02 (R9Y] = ATz € (R)] + N e € (R%)] 4+ e € (RE7)] + N rs €3 ()], (19)

where the quantities NV[g; C}f ] have been defined in Section 2.1. For the Lévy area associated to x we assume the
following structure:

Hypothesis 1. The path x:[0, T] — R™ is y-Hélder continuous with % <y <1 and admits a so-called Lévy area,

that is, a process x? e Ciy (R™"™), which satisfies 8x% = 8x ® dx, namely

(%) )G ) = [35'], [57],,

forany s,u,t €0, T]andi, je€{l,...,m}.

To illustrate the idea behind the construction of the generalized integral assume that the paths x and z are smooth
and also for simplicity that d = m = 1. Then the Riemann—Stieltjes integral of z with respect to x is well defined and
we have

t t t
/ Zudxy = z5(x; — x5) + / (zZu — z5)dxy = z5(8x) 5 + f (82) 5y dxy
s s s

for £1 <s <t <{;. If z admits the decomposition (18) we obtain

t t t t
/ (82)su dxy :/ ({s (8x)su + )Osu) dx, = gs/ (8x)su dxy +/ Psu dxy. (20)

Moreover, if we set

t
(XZ)” :Z/ Ox)sudx,, £ =<s=t=4l,
s



A Milstein-type scheme for SDEs driven by fBm 527

then it is quickly verified that x? is the associated Lévy area to x. Hence we can write

t t
/ Zudxy = z5(8x)5t + &5 (Xz)st + / Psu dxy.
s s

Now rewrite this equation as

t t
/ pru oy = f tedr, — 2,000y — & ()., @1
N s

and apply the increment operator § to both sides of this equation. For smooth paths z and x we have

8(/zdx>=0, 8(z6x)=—676x,

by Proposition 2.3. Hence, applying these relations to the right-hand side of (21), using the decomposition (18), the
properties of the Lévy area and again Proposition 2.3, we obtain

[a < f pdx)] = (0D)su@)us + 0)su (x),, = £:(8%%)
sut
= 85 (8)5u (83 ur + Psu 8V ur + 82 )5u (x2),,, — 85 (8250 (82)us

= Peu (8t + (50)5u (%)

ut’

So in summary, we have derived the representation

|:5 </ pdx)] = Psu (8x)ut + (8§)W (Xz)ut'
sut

As we are dealing with smooth paths we have §([ pdx) € ZC3H' and thus belongs to the domain of A due to Propo-
sition 2.1. (Recall that 6§ = 0.) Hence, it follows

t
/ Psudxy = A (p dx + 8§X2)7
s

and inserting this identity into (20) we end up with

/: Zudx, = z5(8x)st + Cs(XZ)S, + Ast(,o dx + Sg“xz).
Since in addition

pdx + 5§‘X2 = —8(23x + {Xz),
we can also write this as

/zu dx, = (id — A8)(z8x + ¢x?).

Thus we have expressed the Riemann—Stieltjes integral of z with respect to x in terms of the sewing map A, of
the Lévy area x> and of increments of z resp. x. This can now be generalized to the non-smooth case. Note that
Corollary 2.2 justifies the use of the notion integral.

In the following, we denote by A* the transposition of a vector resp. matrix, and by Ay - A = Tr(A A3) the inner
product of two vectors or two matrices A1 and Aj.
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Proposition 2.5. For fixed % <k <y, let x be a path satisfying Hypothesis 1. Furthermore, let z € Qy ,([£1, €2]; R™)
such that the increments of z are given by (18). Define Z by 2y, = & with & € R and

(62)5r = [(id —A8)(z*8x + ¢ - xP)] (22)

st

for £y <s <t <. Then J(z*dx) :=Z is a well-defined element of Qz &([El, £7]; R) and coincides with the usual
Riemann integral, whenever 7 and x are smooth functions. '

Moreover, the Holder norm of 7 (z* dx) can be estimated in terms of the Holder norm of the integrand z. (For this
and also for a proof of the above Proposition see e.g. [20].) This allows to use a fixed point argument to obtain the
existence of a unique solution for rough differential equations.

Theorem 2.6. For fixed % <k <y, let x be a path satisfying Hypothesis 1, and let ¢ € C3(R?; R4™) be bounded
with bounded derivatives. Then we have:
(1) Equation (17) admits a unique solution y in Qy ,([0,T]; RY) for any T > 0, and there exists a polynomial
Pr:R? > R7 such that
Ny Q2. (10, T RY)] < Pr(lxlly 00,7+ |

holds.
(2) Let F : R x Ci/([O, T]; R™) x C%V([O, T]; R™™M) — C%’([O, T1; R?) be the mapping defined by

<[,,) (23)

F(a,x,xz) =y,

where y is the unique solution of Eq. (17). This mapping is locally Lipschitz continuous in the following sense:
Let % be another driving rough path with corresponding Lévy area X* and @ be another initial condition. More-
over, denote by y the unique solution of the corresponding differential equation. Then, there exists an increasing
function K1 :R* — R such that

XZ HZy’ ‘iz HZ)/)

x (la =l + I1x = Flly co.r + [¥* = %] ) @24

1y = 3lly.co.r < K (I1Xlly.00.75 1¥lly.00.7 |

holds, where we recall that || fllu,co,r = | flloo + II6f|lx denotes the usual Holder norm of a path f €
Ci([0, TI; R).

Remark 2.7. Inequality (23) implies in particular

|63)st = 0 (1) G5t <1t = 5P Pr(Ixlly.c0.7. [ %2 ,)- (25)

This estimate will be required in the proof of Lemma 4.3.

The above theorem improves (slightly) the original formulation of the Lipschitz continuity of the Itd6 map F, which
can be found in [20], concerning the control of the solution in terms of the driving signal. Therefore (and also for
completeness) we provide some details of its proof in the Appendix. A similar continuity result can be found in [17],
where the classical approach of Lyons and Qian to rough differential equations is used.

Remark 2.8. The theory introduced in this subsection can actually be generalized to any y-Holder driving process
with y € (0, 1), if iterated integrals

x2=//dx®dx, x3:///dx®dx®dx,

up to order n = | 1/y| can be defined, see [21]. In particular, if the coefficients of (17) are smooth enough, the
fundamental continuity result (24) holds with a similar right-hand side involving additional terms as ||x* — %¥|| ky>

k=3,....11/v].
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2.3. Application to fBm

The application of the rough path theory to an equation with a particular driving signal relies on the existence of the
Lévy area fulfilling Hypothesis 1. In our setting, the driving process is given by an m-dimensional fractional Brownian
motion (B(l), e B(”‘)) with Hurst parameter H > 1/3. There are several known possibilities to show the existence
of the associated Lévy area B2 = (Bz(i, Jij=1,...m> €.8.

(i) By a piecewise dyadic linear interpolation of the paths of B, as done in the pioneering work [9].
(ii) Using Malliavin calculus tools in order to define B? as a Russo—Vallois iterated integral, similarly to what is done
in [36] to construct a delayed fractional Lévy area.
(iii) By means of the analytic approximation of B introduced by Unterberger in [44].

Actually, these three methods lead to the same Lévy area. The equivalence between the first two constructions has
been established by Coutin and Qian through a representation formula (see Theorem 4 in [9]). The convergence
results we are going to establish show that the Lévy area recently obtained by Unterberger in [44] coincides with the
previous ones. Note that this question had been left open by the author in the latter reference, so that the following
Proposition 3.7 has an interest in itself (see also [37] for a partial result in this direction). Other constructions of the
Lévy area are based on mollifier or Karhunen—Loéve approximations of fractional Brownian motion, see chapter 15
in [17]. Given the Lévy area, Theorem 2.6 asserts that there exists a unique solution Y to Eq. (1), understood in the
rough path sense.

Remark 2.9. It follows from decomposition (22) and Corollary 2.2 that the integral f : o DY) dB,E[), understood in
the rough paths sense via Proposition 2.5, satisfies

t . m ) .
/ o (v,)dB? = Jim (Gm(yu)agflj}kﬂ +) :D(/)g(l)(Y,k)Bfk,kH(j,i))
Ky st

1yl j=1

almost surely.

(1) When H > 1/2, the second term of the above summand vanishes due to the smoothness of the Lévy area. Thus,
we have

'
K o@(v,)dB{") = im o D(¥)sBY | as.,
trelly
i.e. the rough paths integral coincides with the classical Young (or Riemann—Stieltjes) integral. Consequently, the
solution of (1) given by Theorem 2.6 coincides in this case with the solution given in [41].

(ii) In the standard Brownian motion case (H = 1/2), the Lévy area constructed by the above methods corresponds
to the Stratonovich interpretation of the iterated integral. as shown in [17], the solution given by Theorem 2.6
then coincides with the solution of the Stratonovich SDE.

(iii) In the case 1/3 < H < 1/2 other approaches to stochastic integration with respect to fBm, namely the symmetric
[38] and the Skorohod [1] integrals, fail to provide a complete treatment of (1) as soon as m > 2. See [39] for an
identification with the symmetric integral when m = 1.

Note that a Lévy volume B can be constructed above B (using for instance dyadic approximations) when H > 1/4
(see [9,44]), which, according to Remark 2.8, leads to the existence and uniqueness of a solution to (1) for H > 1/4.
The situation for H < 1/4 is much more intricate (see [9,44)), since standard approximations of B do not lead to a
proper Lévy area in this case.

We will resort here to the analytic definition of the fractional Lévy area: in order to obtain a sharp control for the
difference between B? and its approximation BT (see (31)), we will use the pointwise estimates of [37], which
were derived in this setting. Let us recall the main features of the analytic approach.
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2.3.1. Definition of the analytic fBm

The article [44] introduces the fractional Brownian motion as the real part of the trace on R of an analytic process I”
(called: analytic fractional Brownian motion [43]) defined on the complex upper-half plane [T+ = {z € C; 3(z) > 0}.
This is achieved by an explicit series construction: for k > 0 and z € IT +, set

ey =i [HOZ2H) [TQ@- 2H+k) Z+1 2H2 ik »
k(z) = 2cosTH re- 2H)kv Z+i ,

where T stands for the usual Gamma function. These functions are well defined on ITT, and it can be checked that

1
Yo f (x +i%)fk (y + 1%) = K“‘(g(m +m)ix, y>,

k>0

where K"~ is a positive kernel defined on R¥ x R x R given by

_ H( -2H), . 2H-2
K'~(mx,y)=—(—i(x — )
(7%, 7) 2costH ( =y ’7)
We also set
H(-2H), . 2H-2
K"*(n; =—> - .
(3%, ) = = ——0p (+itx —y)+1)

Now define the Gaussian process I"” with “time parameter” z € ITT by

r'a =Y i@k, 27

k=0

where (&x)r>0 are independent standard complex Gaussian variables, i.e. E[§;&] =0, E[§ jék = 6, 1. The Cayley
transform z — T maps I71 to D, where D stands for the unit disk of the complex plane. This allows to prove that
the series defining I'’ is a random entire series which is analytlc on the unit disk and hence the process I'" is analytic

on I1T. Furthermore, restricting to the horizontal line R + 1 , the following identity holds:

E[I"(x +in/2)T"(y +in/2)] = K"~ (n: x, y).

One may now integrate the process I'’ over any path y : (0, 1) — ITT with endpoints y(0) =0 and y (1) =z €
ITT UR (the result does not depend on the particular path but only on the endpoint z). The resulting process, which
is denoted by I, is still analytic on ITT. Furthermore, the real part of the boundary value of I" on R is a fractional
Brownian motion. Another way to look at this is to define I"(n) := {I" (¢ + in); t € R} as a regular process living on
R, and to observe that the real part of I"(n) converges for n — 0 to a fractional Brownian motion. The following
proposition summarizes what has been said so far:

Proposition 2.10 (See [43,44]). Let I'' be the process defined on ITT by relation (27).

(1) Let y :(0,1) — ITT be a continuous path with endpoints y (0) =0 and y (1) = z, and set I', = fy FM/ du. Then I’
is an analytic process on IT*. Furthermore, as z runs along any path in [T+ going to t € R, the random variables
I, converge almost surely to a random variable called again I.

(2) The family {I;;t € R} defines a centered Gaussian complex-valued process whose paths are almost surely k-
Holder continuous for any k < H. Its real part B := {2 17; t € R} has the same law as fBm.

(3) The family of centered Gaussian real-valued processes B(n) := {21} iy; t € R} converges a.s. to B in a-Holder
norm for any o < H, on any interval [0, T] with T > 0. Its infinitesimal covariance kernel E[B(n)B;,(n)] is

K'(nx,y) =K ""(;x,9)+ K"~ (5 x, y).
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2.3.2. Definition of the Lévy area
Consider now an m-dimensional analytic fBm I" = (r®, ..., r™)y. Since the process B(n) is smooth, one can
define the following integrals in the Riemann sense forall 0 <s <t <T,1 < ji, jp <mand n > 0:

B%(j1, j2) = / dBY? () / dB{IY (). (28)

It turns out that B%" converges in the Holder spaces C%" from Section 2.1 (see [43,44]), which allows to define the
Lévy area in the following way:

Proposition 2.11. Let T > 0 and define B>" by Eq. (28). Let also 0 <y < H. Then B satisfies Hypothesis 1 in the
following sense:

(1) The couple (B(), B¥") converges in LP(52;CY ([0, T1;R) x C2¥ ([0, T1%; R™™)) for all p > 1 to a couple
D g 1 2 p p
(B, Bz), where B is a fractional Brownian motion.
(2) The increment B2 satisfies the algebraic relation $B* =8B ® 5 B.

One of the advantages of the analytic approach is that an expression for the covariances of the Lévy area can be
easily derived by dominated convergence. We have

E[BZ, (i, )BE, (i, )] = H*(2H — 1)2/ f/ / 1= w272y — vy P2 dvy duy dup duy - (29)

forO<si<ti<s; < <Tandi,j=1,.
Moreover, B(n) satisfies similar statlonarlty and scaling properties as the fBm itself.

Lemma 2.12. We have

(1) (stationarity)

{(6BD), 0y O<u<T —s} £ (B 0<u<T —s},

(2) (scaling)
(Bew, 0<u<T/c} £ {CHB(Q) 0<u< T/c}.
¢ u

The above lemma can be shown by straightforward calculations exploiting that B(n) is a Gaussian process with
covariance kernel K’ and will be useful to derive the scaling property of the fractional Lévy area. See Lemma 3.1
below.

3. Approximation of the Lévy area

Let Py, 7 be the uniform partition {z;! = kT ,k=0,...,n}of [0, T], and let BT be the linear interpolation of B based
on the points of P, . More precisely, B" T is deﬁned as follows: fort € [0, T], let k € {0, 1,...,n — 1} be such that
<t< tl?+1' Then we have

’T t — tll
BT =By + ( T/nk )(SB),£,£+I. (30)

Let also BT be the Lévy area of B™T, which is simply defined in the Riemann sense by

B2 (i, ])—// B0 apy ), @1
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The first step in the convergence analysis of our Milstein type scheme is to determine the rate of convergence of the
couple (B™ T, B2"-T) towards (B, B?). The current section is devoted to this step, which can be seen as an extension
of [37] to Holder norms. Throughout the remainder of this article we will denote unspecified non-negative and finite
random variables by 6, indicating by indices on which quantities they depend. Similarly, we will denote unspecified
constants, whose specific value is not relevant, by C or K.

3.1. Preliminary tools

As a first step, let us state the following elementary lemma about the stationarity and scaling properties of the fBm B
and its piecewise linear interpolation B™T resp. about the scaling property of the Lévy areas B2 and B>"7 .

Lemma 3.1. Consider a point s € P, 1. Then

{(6B)ouss: (3B™T), ). O<u<T —s} E{(B.. BIT).0<u<T —s). (32)
Furthermore, if ¢ > 0, then
{(Bew, BT),0<u < T/c) £ (" (Bu, BIT),0 <u < T/c). (33)

Finally, let s,t € P, T with s <t. Then we have

.. .o L .o 20, T/(E—=s),. .
(BG, ), BE"T (G, j)) £ (¢ — )27 (B, G, ). BE" "V, ) (34)

foralli,j=1,...,m.

Proof. These assertions are of course consequences of the stationarity and scaling properties of fBm, i.e. for any
¢ > 0 the process

B =cB® (35)
is again a fBm, and for any & € R the process

BV =(s8B7), ,, (36)

is a fBm.
Recall that the points of P, 7 are given by /' = % for all i € N, and introduce the two mappings F™T and Fj'_’T

defined on R by F™7 (u) = 1! and Ff_’T(u) =", if ' <u <1, . With these notations, one has BT =GnT(B),,

where the measurable mapping G 7 :C(RT; R™) — C(R*; R") is defined by

u—F"T )

n, T _
G (y)u - yFE'T(u) + T/l’l

(yFn,T —_ yFn,T ), ue R+.
Ty T YENT W)

Now, in order to establish (32), note that F;’T u+s)= Fj":’T(u) + s if s € Py, 7. It is then easily seen that
(6B)s 45, (8B™T) L) = ((6B)s 45, G"T((OB)s, ),
so that, due to the stationarity property of fBm, the following identity in law for processes holds true:
L
(6B)s, 45, (8B™T), ) = (B.G""(B)) = (B, B"T).

The proof of (33) is quite similar. In fact, one has F7 (¢ -u)=c- F-"/°

holds, thanks to the scaling property of fBm,

(u) and so BLT = G"T/¢(B..),. Thus it

(Be., BMT) = (B.., G T/¢(B.)) £ (c" B, G"T/°(c" B)).
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Identity (33) is then a consequence of the linearity of G™7/¢.
Now it remains to establish (34). Note first that Proposition 2.11 implies that

(B, B5" ") = lim (B3, BOn:™") (37)
in probability. Here B(n)ft” T is the Lévy area associated to the piecewise linear interpolation of B(n) with stepsize
T/n.

Since B(n) is analytic, the above Lévy areas can be approximated by a standard Euler quadrature rule, i.e. we have
. 2, 2,
B}, = lim Te(BY).  Bo"" = lim (B3 (38)

almost surely, where

k
Lk (B(n)?l) = Z{(SB(’?))S,(i/k)(l‘fs)H} ® {(8B(n))(i/k)(tfs)+s,((i+1)/k)(lfs)+s}’

i=

k
2nT T ,T
T (B Z {(eB™ s(i/k)(tfs)%s}@{(aB(n)n )(i/k)(tfs)+s,((i+1)/k)(tfs)+s}’
i=0

Using again the G™7 notation we have

(Zi (B(n)f,[), n (B(n)f;"'T))

k
= (Z{(SB(H))S,(i/k)(t—s)—q—s} ® {(SB(n))s,((i+1)/k)(t—s)+s - (BB(U))X,(i/k)(t—s)-i-s}’

i=0

k
Z "' ((53(’7))s,-+s)(i/k)(t—s) ® {Gn’T ((5B(”))s,-+s)((i+1)/k)(t—s) -G"! ((53(’7))s,-+s)(i/k)(t—s) }> .
i=0

Thus, invoking Lemma 2.12 and setting n*! '7 , we end up with

(Te(B2). Ze Bm)E"T))

k
L
= (Z B i/kya—s) @ (53(’7))(i/k)(z—s),((z‘+1)/k)(z—s)’
i=0

k
Z "t (B(n))(i/k)(t—s) ® ((SGn’T (B(”)))(i/k)(z—s),((i+1)/k)(z—s)>
i=0

k
= (Z B/kya—s) ® (83(77))(i/k)(t—s),((i—H)/k)(t—s)’
i=0

k
Z G T/=s) (B(ﬂ)»(t—s))(l-/k) ® (8Gn,T/(tfs) (B(n)'(t_s)))(i/k),((i+1)/k)>
i=0

k
L X
- <(t =) S B() 0 ® BB(™)) Gy, 100

i=0

k
(t _ S)ZH ZGH,T/(t—S) (B(r}?t))(l/k) ® (SGn,T/(f—S) (B(),Ii‘t)))(l/]()’((l<i>l)/]()>7
=0
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that is

2 2,n,T/(t—s)
(T (BZ). Te(Bm"T)) £ ¢« —s)”(zk(B( L ) >,Ik(B( L ) )) (39)
t—s 01 t—s 01

Clearly, we also have
n 2 n 2
B( ) = lim Zk(B< ) ),
t—s 01 k—o00 r—s 01
n 2,n,T/(t—s) n 2,n,T/(t—s)
) o))
t—s 01 k—o00 r—s 01

almost surely and

2 2,n,T/(t—
(B2 B2,n,T/(t—s)) — lim(B n B n T/ ) (41)
01> 01 r;—>0 r—s 01’ r—s 01

in probability. So, combining (37)—(41), we obtain

(40)

E[o(B},.B"")]

= _lim_ E[p(Zc(B)}). e (Bm3""))]

k—o00,n—0

= k_)})igr,l]_)oE[(p((t _ S)ZHZI{(B(TIS[)él), (t — s)2HIk(B(nst)g,]n,T/(t—s)))]
—E[p((t —)*" B3, (1 —)*BET7)]
for any function ¢ € C,((R™ ® R™)?), which concludes the proof of (34). 0

The next auxiliary result is an upper bound of the modulus of continuity of fBm and is a consequence of Theo-
rem 3.1 in [45].

Lemma 3.2. Let T > 0. There exists h* > 0 and a finite and non-negative random variable Oy j+ T such that

e |8B) st | < Onper - B -/ [log(1/h)|
T—h

forall h € (0, h™*).
The classical Garsia lemma reads as follows:

Lemma 3.3. Forall y > 0 and p > 1 there exists a constant Cy, p; > 0 such that

y , T 16 Hwl? e
N[f,Cl ([0, T],R)]Scy’p,]</(; /(; md%dl))

forall f eCy([0, T]; R)).

Finally, we also need to control the Holder smoothness of elements of C,, beyond the case of increments of func-
tions in C;. The following is a generalization of the Garsia—Rodemich—Rumsey lemma above.
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Lemma 3.4. Letk > 0and p > 1. Let R € C([0, T1; R!'') with §R € C5 ([0, T1; RM). If

[Ruol*? dudv < o0
|M—U|2Kp+2 u ’

then R € C’z‘ ([0, TT; R“). In particular, there exists a constant Cyc p; > 0, such that

. Iy T T |Ruv|2p 1/2p) . L
N[R;c5([0, T; RY)] < CK,,,,,</O /0 PRI du dv) + Cre,pN[8R; C5 (10, T]; R

3.2. Approximation results

Recall that our aim here is to show the convergence of the couple (B™7, B2"-T) towards (B, B?) in some suitable
Holder spaces. A similar result was obtained in [9], but with the following differences: (i) The authors in [9] studied the
p-variation norm of B2 — B22"-T using dyadic discretizations, while we are working in the Holder setting. (ii) The rate
of convergence for the approximation was not their main concern, and the convergence rate stated in [9], Corollary 20,
is not sharp.

Let us now start with a first moment estimate for the difference B2 — Bz*”’T, for which we will use the error bound
for a trapezoidal approximation of B2 derived in [37]. Moreover, recall that we denote by B™7 the piecewise linear
interpolation of B on [0, T'] with respect to the uniform partition P, 7 = {f{'; k =0, ..., n}, where t;/ = -, and by
B2 T the corresponding Lévy area.

Proposition 3.5. Let p > 1 and H > 1/4. Then, we have

(E|B§’T _ Bg:'}’T|p)]/” <K, T2H  ,—2H+1/2

Proof. First note that the random variable B% T B(z)”}’T belongs to the sum of the first and the second chaos of B

(we refer to [40] for a specific description of these notions). So all moments of Bg,T — B2 T are equivalent and it
suffices to show that there exists a constant K > 0 such that, for all i, j =1, ..., m,
(E[B} G, /) — B33 G )2 < K- 7222, 42)

Consider first the diagonal elements of B%’T — Bg'}T In this case, we have B%’T (J, )= (B;j ))2 /2 and

T
2 T3 T,(j
Or}T(] n _[ B,’; (J)dB,;' )

0
n—1 n—1 " 2
(D pl) ket (n kT G \2
ZB 5Byl +Z/t =) (== ) @B ) du
k=0""k
n—1 1 5 1 5
) (]) ) _ 2(n()
=Y (5 onf) +50688) ) = 5 (87
k=0
Hence it follows
2 2.n,T r ) ) g n,T,(j) n,T,(j)
B2, j)— BT () ) = / BY 4By ~ / By appT O o, 43)
0 0

Now consider the off-diagonal terms of B% r— Bé";j. Proceeding as above we have

T . = .
T.0) g g T () 4 g ysg)
/ By Wdptt =% (By + By’ )6B

2 Lt i’
0 k=0
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Thus, [37], Theorem 1.2, can be applied and yields
.. 2 .o 2\1/2 _
(E[B} G, ) —B37 G )2 < K - 12 n 22, (44)
O

The next result gives an error bound for the piecewise linear interpolation of B. Note that similar estimates as in
the next lemma can be found in [12], where the case H > 1/2 is considered.

Lemma 3.6. Let O <y < H. Then, there exists a finite and non-negative random variable OH,y,T such that

N[B"T - B; ¢} (10, T1)] < 0ny.1 - Iog(n) - n~H=V)

forn > 1.

Proof. Clearly, we have to find appropriate bounds for

|8(Bn’T - B)st

, s,tel0,T].

First note that there exists a strictly positive xp ,, such that the mapping f:(0,7] — [0,00), f(x) = xH=7 x

/Ilog(1/x)| is increasing on x € (0, xz,, ). Without loss of generality, we assume that T'/n < inf(xg ,, h*), where
h* is defined by Lemma 3.2.

(i) First, consider the case where |t — s| > % Let us assume also without loss of generality that t,’: <s< t,’: =
' <t <1, for some k <[ and recall that i =kT /n. Then

_4n

nT s —t nT t—t
Bs S Bt}? + ( T/n )SBI;’[;ZJA and Bl = Bt,” =+ ( T/n SBtlntl’il’

so that

8(B™" = B),,| < 8Byl + 8By, | + 8By, | +18By |
< 6p,1/[log (1/(s = )5 = 12 |" + 6r.1/ Jlog 1/ = 1)) | |1 = 17'|”

T\
+20u,1 |10g(’l/T)|<;>

T H
<207t —s1”\/|log(1/(t = $))[n =T 120y 7,/ [log(n/ T)| (;)
<Ol =517/ [log(n)|n~ =7

using Lemma 3.2 and the monotonicity of x — x=7 . /|Tog(1/x).
(i)) Now, suppose that |t — s| < T'/n with for instance #; <s <t < t,’:H. In this case,

t—s

(6B"7) =

=T OB

n
s

and thus

6(B™" — B) | < |8By| + 8Bl

_ _H ~ T H—1
<Our |log(1/(t s))“t sI" 4+ 0m. 7t — 5| jlog(n/]")}<n>
=0nr IIOg(l/(t_s))“t_s|H+9H,T|t—S|V ’log(n)’n_(H_V).
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Using again the monotonicity of x > x=7/[log(1/x)], it follows

|8(B™" — B) | <0u,rlt —sI”\/|logn)|n~= 7).

(iii) The same estimate as above also holds true if [t —s| < T/nand ff <s <! | <t <1/ ,.
(iv) Combining (i)—(iii) yields the assertion. ([l

Now we determine the error for the approximation of the Lévy area.

Lemma 3.7. Let 1/4 <y < H. Then, there exists a finite and non-negative random variable 0y , T such that

N[BT — B2 (37 (10, T1)] < 611,y - logln) - n= 177

forn > 1.

Proof. In this proof we will denote constants (which depend only on p, g, €, ¥, H and T) by K, regardless of their
value.
Step 1. We will first show that

(N[BT —B% ¢y (10, TD)]|*) /! < K - (n 7 2H=0) 10 H), 45)

For this, we have to consider the family of increments A7 (i, j) € C», defined by

t i t . .
AGT G, j):/ ((SB(’))sudBLEJ)—/ (53"’T’(’))SudB,f’T’(/)
§ s

fori, j=1,...,m. By symmetry we can assume 1 < j <i <m and we distinguish several cases for s, ¢ € [0, T'].

(i) Assume that |t — s| > % and s,t € Py r,ie.5 = % and t = % for k < I. Then the scaling properties of fBm,
see Lemma 3.1, yield

nT o oo £ ) ) P )
Ast i, J)= Bu dB,’” — Bu’ " dBy
0 0

1 . 1 . .
L gt </ BD 4By _/ B{,”T/("”*(’)dB{Z’T/("S)’(”)
0 0

i r _ n_
Since = = we have

{(By /0 e 0,11} = {BL*1D w0, 11).
Now Proposition 3.5 gives
(B[A5" G D" < Kqe—sP? o=k <K= 2
<K-|t—s® n 20V (46)

with y > 1/4.
(ii) Assume now that (r —s) > L with s <7, <! <t <t . Using the cohomologic relation §(8A™7 (i,
j))St£+ltl’ll = O, we obtain

nT . . _ 4nT .. . n,T PR n,T, . .
Asl‘ (ls ‘])_Ast;:_'_l(l’ ])+Atf+1tln(l’])+Atl"t (l’ ])

+8(A™T (i, ))) +8(A™T (G, ) (47)

n n nyge
St t L't
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For the term A:',;T o (i, j), we can use the first step to deduce
k+1°1

2 _2(H— _o(H—
(E]At,, e HOWP <k =i [V a2 H0 <Ko — g7 g 2H),
To deal with the last two terms of (47), remember the algebraic relation
s(A™T G, j))=8BW .sBY) — s T . spnT-0) (48)

which entails here

BTG ), | = 6BO) g [ 0B), 4 (65T0),,

K+l K+l g1

- JoEn ),

,
Lepr?

and we easily get

E|8(AT G, ) )P <K lt—sIT - @mT <K -Jt =57 - (02 H) 4,

t"t

Similarly we obtain the same estimate for E[|8(A™7 (i, j)),;;ﬂ,,nt |P11/p.

p)l/p

As for the term A (z j) one has, on the one hand,

pN\ 1/p 1 )
(E ) :|;;g+1—s|2”<E'/ B dBY
0

B . .
(i) )
/S (6B"),, dBy

<K-|t—s? o 2HD), (49)
where ¥ < H. On the other hand,
k1 sBLT- 0 apiT | = |spn T spmT: (n| e — < |sByL @ sBhT 0],
P su “ Bl tk it (T/n )2 - . Bl

So for y < H, an application of the Cauchy—Schwarz inequality yields

(e

Putting together relations (49) and (50), we obtain (E[lA (l DIPHYP < K|t — s|? - n~2H=Y)_ Furthermore, the

term A”; it (z J) can be handled along the same lines.

T ) P\ /P
/ ((SBn,T,(l))Su dB,’:’T’(j) ) 5 K . |t _ s|2y . n—Z(H—)/)' (50)
N

(iii) It only remains to analyze the case (f — s) < ;. For#i! <s <t <t | wehave

(e

t . [P\ 1/p
/((SB“)) dBy > <K |t—sPH <K-|t—s[? n2H),
su — =

N

and
t .
s T gp™T- V| < B 7’;,(1) SBn C (,)
/s. . ! - 2(T/n)2| B || i ’
and thus

/’(5Bn,T,<i)) ag" T
su u

N

N Up
) <K-|t—s/? n2HY),

(e

The case (f —s) < % and ! <s < tl?+1 <t< t,§’+2 can be treated analogously.
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(iv) Combining steps (i)—(iii) yields that
(BlAyT G D7) <K= s (nm 2 ) (51)

foralls,r€[0,T]and 1/4 <y < H.

Step 2. Before we can apply Lemma 3.4, we need additional preparations. First, notice that (48) can also be written
as

5(B*—B>"T)=[s8(B—B"")|@sB+B"" @ [5(B—B"T)],
so that
[3(B* —B2"T) |
<t —ul’ls —ul’ 2N[5B; €] - N[8(B — B*T); ¢l ]+ (N[8(B — B"T); c}])°)
and thus
N[s(B2—B>"T); "] <2NT[5B; €] - N[8(B — B*T): )]+ (N[8(B — B"T); C}])’.
Lemma 3.6 now gives
N[8(B2—B2"T);Cy"] < Ouy.1 - logn) - n= 7). (52)
Step 3. Using (52), Lemma 3.4 entails

NT(B = B2"T); 37 ([0, T1)]

T T |(B2 _ BZ,n,T)uU|2p 1/2p) —(H—y)
<K du dv +K -0u,y.1-/logn) -n
o Jo

lu — v|4yp+2

for all p > 1. To finish the proof, it remains to show that

IR, pl <Om.y1 -/logn) -n~H=1) (53)

where

R _ [T/T |(B2 _BZ,H,T)W)lZp dud 1/2p)
" o Jo |u — v|rrt2 .

However, using (51) with y + ¢/2 instead of y, we have

T T E|(B2 _ BZ,n,T) |2p
2p uv
E|R,, | 5/ / T du dv

T lu — U|4Vp+28p
—4(H—y—¢/2)p —2Hp
< .

Kf / |u—v|4yp+2 du dv (” +n )

ie.
Lo T pT 1/2p)
(EIRy, p|*?) e - K([ / lu — v]*P¢~2 du dv) (n2HmRE g,
o Jo

So for p > é, it holds

(E|Rn p|2p)1/(2[’) <K. (n—Z(H—y)+s _|_n—H)'
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Now, set « = min{2(H — y) — ¢, H} and let § > 0. From the Chebyshev—Markov inequality it follows

_ L T
P(I’la €|R,w,|>3)§(sTn pla—e SK(ST[’

Since p > 1/e we have
o
> P(n* Ry p| > 8) < 00
n=1

for all § > 0. The Borel-Cantelli lemma implies now that n*~°|R,, ,| — 0 a.s. for n — oo, which gives (53) by
choosing ¢ > 0 appropriately, since

a—e=min{2(H—y —¢),H—¢}>H—y. O

Recall that the Wong—Zakai approximation Z" of Y has been defined at Eqg. (8) by

m .
7z =a+2/ o (Z")dBOMT | 1[0, T] a € R, (54)
0
i=1

In particular, Z" can be expressed as Z" = F(a, B"T ,B21T), using Theorem 2.6. Hence, as a direct application
of Lemmata 3.6 and 3.7 and invoking the Lipschitz continuity of F, we obtain the following error bound for the
Wong—Zakai approximation.

Proposition 3.8. Let T > 0and 1/3 <y < H. Then, there exists a finite random variable 772,)}, .7 Such that

” Y — 2]1 ||y’OO’T < ng,)y,o',T . /log(n) . n_(H—)’)

4. Discretizing the Wong—Zakai approximation

In the last section we have established an error bound for the Wong—Zakai approximation Z" of the real solution Y. As
mentioned in the Introduction, the Milstein scheme corresponding to Z"is exactly our simplified Milstein scheme (5).
Thus, it remains to determine the discretization error for Z itself. To this aim, we first give a general error bound for
the Milstein scheme for ordinary differential equations (ODEs) driven by a smooth path x. Since Theorem 2.6 allows
to derive a non-classical stability result (in y-Holder norm) for the flow of an ODE driven by a smooth path, we can
follow here the techniques of the numerical analysis for classical ODEs. In a second step, we will apply these bounds
to our particular fBm approximation.

4.1. The Milstein scheme for ODEs driven by smooth paths

In this section, consider a piecewise differentiable path x € C ([0, T]; R ) and a function g € C3(R?; R4y which is
bounded with bounded derivatives. For the ordinary differential equation

1
dy =Y ¢Pndy”, 1e€[0.T]aeR?, (55)
i=1

the classical second-order Taylor scheme with stepsize T'/n reads as: z; = a and

! . . ! . . Tk+1 . .
G =74+ )8 @)sxi,, + ) DOs(R) f Sy v, (56)
i=1 i,j=1 k
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where DO = Zi: 1899, and where we have set z}! = 2l with ;' = kT /n. For notational simplicity we will write
k

in the following # instead of #. Introducing the numerical flow
Ny (i) SN EEORNG)
V(o) =2+ D@ 8x,, + Y DVeV) / 8¢y dxy? (57)
i=1 i,j=1 Tk
we can write this scheme as
p=4a, zZH:W(zZ;tk,tk_,_]), k=0,...,n—1.
For g > k we also define
P (zitk, 1) =W (5tyg—1,tg) oW (5 tgn, tyg—1) 0 - - - 0 W (25 T, tit1)-
Moreover, the flow @ (z; s, t) of the ODE (55) is given by @ (z; s, f) := y;, where y is the unique solution of
l .
dy =3 eP0ndx®, rels T y=z (58)
i=1

A straightforward Taylor expansion of the flow of the ODE gives that the one-step error

re =P (5 t, k1) — V(25 I, k1)

satisfies
Ikl < C-sup; j ey |[DODD P - My (59)
with
t 3
M, = / | Xy | dw
N

Furthermore, considering the smooth path x as a rough path, Theorem 2.6 directly yields the following stability
result for the flow:

Proposition4.1. Let 1/3 <y <1 andset x|, = |lx|l, + ||X2||2y. Then, there exists an increasing function Ct : R —
Ry such that

(P(z;5,1) = P(Z;s,1) — (2 — 2]
lt —s|”

< Cr(lIxlly) - 1z — 2l (60)

and
|®@zs,0) — @@ 5,0 < Cr(lxlly) - 1z — 2 (61)
foralls,t €[0,T]and z,7 € R,
The following stability result is crucial to derive the announced error bound for the Milstein scheme.

Proposition 4.2. Let x € C([0, T1; R!) be a piecewise differentiable path, and g € C 2 (RY; REY). Consider the flow &
given by Eq. (58) and the numerical flow ¥ defined by relation (57). Fork =0, ... ,n,letty =kT /n, y;, = P(a;0, 1)
and z,, = ¥ (a; 0, t). Moreover, recall that we have set

t
/ L
S

3

My, = , 0<s<r<T.
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Then, there exists an increasing function Ct : R — R such that we have

i, — 22| < Er(Ixll,) Z I (62)
p—1

|8(y —Z”)tpt | CT ||X|| {ZMtktk_H + |tq _tl’|y ZMtkka (63)
k=0

forO0<p<qg<n.

Proof. We will use the classical decomposition of the error in terms of the exact and the numerical flow: Since
g = P2y tr> 1x) and yy = P (2q; 10, k), one has

|
_

q
Yoy — 2 =P (2 0. 1) — P (23 1 10) = ) (P (2 1h 1g) — P (243t 1g))-

~
Il
S

Furthermore, thanks to the relation

D (2 trotg) = P(P (2 ths 1 ) kg 10 1)
the stability result (61) implies

P (23 s tg) — P (s e 1g) | < Cr(Ixlly ) - | @ (25 s tr1) — 2 |-
However, (59) gives

| (5 1o tirt) = Z | = @ (st i) =¥ (5 1 i) | < € My

from which (62) is easily deduced.
Moreover, for g > p we also have

8()] - Zn)t,,tq = (¢(y’p; tp, tq) - y’p) - (W(ZZ; Ips tl]) - ZZ)
= (@0 tpe1g) = y1,) = (P (it tg) = 2p) = (W (i 1p-1g) — (23 1p. 1))
Analogously to the derivation of (62), one can show that

9 (i tp1g) ~ (i 110) | = € Co (Ixl) Z )

Using (60) and (62) we trivially end up with (63). U
4.2. Application to fBm

In order to apply Proposition 4.2 to the Wong—Zakai approximation z" given by (54) note once again that our Milstein-
type scheme Zj; = a and

=Z! +Za(’> (z)sB))

Tictk+1

4= Zp(t) ) Z” 33(1) SB(])

’k+1 tkti1 © Pty

l/l
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is obtained by discretizing the Wong—Zakai approximation with the standard second-order Taylor scheme with stepsize
T /n given by (56). In fact, doing so we obtain the numerical flow

n . . m . Tkt ) .
U(z te, trr1) i= 2+ Zo(’)(z) SB,(,{’,)IC‘Z;T + Z D(’)a(-’)(z)f 5By T dBi T
i=1 i,j=1 Tk

Since B™7 is the piecewise linear interpolation of B on [0, T'] with stepsize T/n, the above iterated integrals can be
now expressed as products of increments of B. Indeed, according to the fact that

i i u—t
(SB(t),n,T :5B(l) k

n.T n
it Wlist T 7 By :?((SB)WH] for u € (t, ty+1), (65)

it is readily checked that
5T _ sp® a [ spont gt _ g gpi
ity = 0Py, AN i s s = 50 Put1® Pty -
k
Moreover, invoking relation (65) and Lemma 3.2, we get

7
/k+l|Bg*T’du
173

for n large enough. Consequently, relation (63) yields

]1/2

< 9H,Tn_H[10g(n)

18(Z" —Z")11, ]

_ 3/2
sup <0107 logm) |/ (66)
p,q=0,1,....n—1,p#q |[p - tqu
for all y < H and all n large enough. This gives in particular
sz -7"
sup PE=Z 2Dl g o= logn)] 67)
p.a=01,.n—1,p#qg  |tp —1ql”

for1/3<y <H.
Now it remains to “lift” this error estimate to [0, T']. For this we need the following smoothness result for the
Wong—Zakai approximation.

Lemma 4.3. Let T > 0 and recall that Z" is defined by Eq. (54). Then there exists h** > 0 and a finite and non-
negative random variable 0y = 1 such that for all h € (0, h**) and all n > h% we have

sup [(5Z"), . < O -1\ flog(1/m).

t€[0,T—h]

Proof. As already mentioned in the proof of Lemma 3.6, note that there exists xy > 0 such that the map x —
xH . /|Tog(1/x)] is increasing on (0, xz]. Set A** = min(xz, h*), where h* is defined by Lemma 3.2, and let 5,7 €
[0, T'] such that |t — s| < h™**.

(i) From (54) and (25), we deduce

6Z'),, =0 @)68T), | = 1 —sPG([B],)

for 1/3 <k <y < H and an increasing function G : R — R™. Choosing «, y sufficiently large, we obtain

_ _ / 1
|(Szn)sz - G(Z?)(SBH'T)sA <O orlt — S|H 10g<|t _ s|)
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(i) Assume that#; <s <t < ;4. One has
|0(Z5)(8B™T) | < Omneor - 1t =51 - (n/T)' = -\ [[log(n/ T)).
Since |t —s| <T/n,ie.n/T <1/(t —s), it follows
0 (Z)(68"7), | <m0z - 5" - [log(1/G — )|
(iii)) Now let#/_1 <s <t} <tp <t <tp41 with! < p. Then
(68"T), = (B"" = By,) + (6B)ys, + (B, — B™T). (68)
As in the proof of Lemma 3.6, this easily yields
lo(Z3)(8B™T),,| < Ounor - (t — )7 - [[log(1/(t — 9))] (69)

for |t —s| < T/n. Whenever |t — s| > T /n, decomposition (68) gives

|0(Z5)(8B™7) | < 20142 0,7 - (T/m)™ - \[ log(n/ T)| + Ot .o, - (6 — 1) - [ [log 1/t — ).

Using that x — x./|log(1/x)] is increasing, relation (69) is easily recovered.
(iv) Combining the steps (i)—(iii) yields the assertion. 0

Proposition 4.4. Let T > 0 and 1/3 <y < H. Then, there exists a finite and non-negative random variable ’753,)),, o.T

such that
12" =Z", ox i1y V108 @) -0~ HV)
forn>1.

Proof. Denote by U" the piecewise linear interpolation with stepsize 7 /n of the Wong—Zakai approximation Z".
Proceeding as in the proof of Lemma 3.6 and using Lemma 4.3 we have

“ Ut —7" ”y’OO’T <Ouyor- /log(n) p—H=y)

Thus, it remains to consider the difference between U" and Z”". For t € [t, ty+1] for some k we have
t— 1
T/n

Assuming additionally that s € [#;, #/41] for some [ < k, we have

U -2 =7, -7 + 8(z" —z")

Tilkt1”

t— 1t
n
- )tltk+ T/n

n

AR W . (70)

S(U” - Zn)st = 8(? trtit1 T/l’l

8 (7}’[ _

n)
/A

(1) Assume that/+ 1 < k. Applying (67) to relation (70) and according to the fact that (s — #)) < T/n, (t —t;) <
T /n, we obtain

18(U" = 2"),,| <0n.y.orlt = sl -n~H7) Jlog). (71)

(ii)) Assume that / = k. Here (70) simplifies to

_[—S
”_T/n

s(u"—2z") 8(z' -z

")
Tielie+1

and thus (67) combined with the fact that |t — s| < T /n gives again an estimate of the form (71).
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Finally, the case k =1 + 1 can be treated in a similar manner, and this completes the proof. (]
Putting together Propositions 3.8 and 4.4, our Main Theorem 1.1 now follows.
4.3. Optimality of the error bound
Reviewing the steps of the derivation of our main result, one realizes that the final convergence rate n~# =) /log(n)
is directly linked to the error (measured in the y-Holder norm) of the piecewise linear interpolation of fractional
Brownian motion. All other estimates lead to higher rates of convergence. As a result, in order to prove the optimality
of our result, it is natural to consider the simplest equation

dy\V=dB", 1€[0,T], Yo=acR

for which our Milstein-type approximation is given by Z”" = B™T .
First, observe that

|y —z"|

(B — pM.n.T
s = ||B(1) _ B(l),n,T”% > sup 13( Vst

0T = rel0.7] [t —s|¥
Choosing s =t and t =t 12 := 1t + T/(2n), we obtain

s(BMD _ ponT
L LI R——

1
B(l) _(B(l) B(l) )
5,1€[0,T] [t —s|¥

Ikv12 7 \ Pk Tk

1
> Q)T (B(” -5 (8 + By ))

Tk+1/2 2 Tkt1

forallk=0,...,n — 1 and hence

[¥ =2, oz YT max (B(” (B ) )>~ (72)

Tk+1/2 2 Ti41

The scaling property of fBm gives

1 C 1
(eY] (D (D L —_Hr-H (1) (1) (H
k:s??z_l(Bvaz—z(Bfk +Bfk+l>)—” r k:s??ﬁ_l(Bkwfz(Bk +Bk+l))'

Now note that

1
(D) (1) (1)
fk—Bk 1/2——2(Bk +Bk 1), k=0,1,...,

is a stationary sequence of Gaussian random variables with
E§ =0

and
3 2H 1 2H 1 2H
e = Békg = =7k — 1P + Sk =1+ 1/2P% + Dk =1 1/2)
- 1|k—1+1|2” - l|k—l— 1124
8 8

fork,/ =0, 1,.... A Taylor expansion yields

e =culk — 1P~ + O(1k — 1121 7°)
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with

cH = —6—14H(2H —1QH —2)QH —3).

Since

limn-r,=0
n—>oo

it follows from the main theorem in [4] that

1 Prob.

— maxi1 & —+/2log(n) — 0 (73)

o0 k=0,...,n
for n — oo, where
002 = Eflz.
Going back to (72), we have

Pt - Y = 2", . = K) <P(t() " max g < K2/ Tr M)

=0,...,n—
for all K > 0, and consequently

K)=0

limsupP(¢(n) - | ¥ — Z" ”y co.T =
n—oo ’ '

by (73), if

liminf£(n) - v/log(n) - n~ =7 = 0.

n—oo
So we obtain

P(liminf{eon) - | ¥ = 2], o, < K}) < liminfP(eGn - ¥ = 2", ., <K) =0
and consequently

P(limsupe(n)- ¥ = 2], <K) =0
n—od

y,00,T

for all K > 0, which implies our claim at Remark 1.6.

Appendix: Proof of Theorem 2.6
A.1. Existence and uniqueness of the solution

This section gives some details of the proof of point (1) of Theorem 2.6 in the case y < 1/2. The case y > 1/2 is
simpler and thus omitted.

The solution to Eq. (17) is obtained via a fixed-point argument, which is first applied locally and then extended to
the whole interval [0, T'].

Notations. For Q ,([£1, €2]; R?) we will write in the following only Oy ([£1, £2]) to simplify the notation. In
particular, note that the norm A/T; Qﬁya ([£1, £2])] does not depend on a € R4, Moreover, for v € Qx([£1, £2]), which
admits the decomposition

(6)st = &5(8x)5r + 751,
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we set
yhi=g, yE=r.

Local considerations. Consider a time 0 < Ty < T and for any y € Q% ([0, Tp]), define z = I’z (y) as the unique
process in Qy ([0, To]) such that zo = yo and (6z)5; = Ty (0 (y) dx). If y, € Q¢ ([0, To]) with (yo, y5) = (Yo, V) =
(a,0(a)), and if z = I' (y), 2 = I'ry(¥), then some standard differential calculus easily leads to

Nz Q(10, Tol)] < e {1+ TV N y; QX(10, To1) ]’} (74)
and
Nz -z QX(10, Tol)]
< e Ty N[y — 35 QX(10, Tol) J{1 + M v: QE (10 To) | + N[5 Q¥ ([0, o))}, (75)

withcy =c¢- (1 + [lx|l, + ||x2||2y) for some constant ¢ > 1. Now set Tp = (4c)26)_1/(y_’() and Ry, =2c,, so that, if in
addition N'[y; Q; ([0, To])] < Ry, then by (74), N'[z; Q5 ([0, ToD] < Rr,. Moreover, if also N'[3; Q5 ([0, ToD] < Rz,
then we have by (75) that

Nz =2 QX(10, Tol)] < exN [y — 55 QX(10, Tol)] - (4e2) /7~ {1 4 8¢2).
Observe that 3 — 2k /(y — k) <0for 1/3 <k <y <1/2 and so

2\ —k/(y —k) 2 1\*/=0 1-2k/(y—&) 3—2/(y—i) 1\’
Cx(4Cx) {1+8Cx}:<1> {Cx ¥ +8Cx ¥ }§9<Z> < 1.

As aresult, I'r, is a strict contraction of the following closed subset of Q7 ([0, Tp]):

B o, = 19 € Q210.T00): (30.3) = (0. 0(@). My Q1 (10. 7o) = R ).

To
(a.0(@)).Ryy"
Extending the solution. One can use the same arguments as in the previous step for the set

B ={ye QT 2T0)): (v y3,) = (0. o (7). Ny Q[ To. 2To))] < R . (76)
(g )R

Let us denote by y the fixed point of the restriction of Iy, to B

and this provides us with an extension of the solution on [7g, 27p], denoted by yZTO. Repeat the procedure until [0, T']
is covered, and then define

Nt N
i T¢ i T
y=D ¥ iy, ¥ =Dy i ymims
i=1

i=1

where Ny, is the smallest integer such that N7, - Tp > T'.
Then y is a solution to the system (17). Moreover,

Ny: Q5(10, T1)]

Ny,
< s N0 Q¥ ([k = DTo. kTo])] + {1+ llxll, } YN[y Q5 ([k — DTo. kTo])]
=hen To k=1

<Ry + Ry - Ny - {14+ lxlly } <2ex(1+(T/To+ D(1 + lIxl,))
<2 (14 (1+4-T-&7 N1 +1xl,)),

which gives the estimate (23). The uniqueness of this solution follows from (75). The details are left to the reader.
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A.2. Continuity of the It6 map

We shall now prove point (2) in Theorem 2.6. For this, let us again introduce some notation:
Notation: If y € Q; and y € QF for two different driving signals x, X, define

Ny =5 Q=N 5*) = (3.5): QT =Ny = 5 ¢ ]+ Ny* = 75 Cf ] + My = 5G]

To simplify the notation we have written here 7* instead of * and also 7* instead of 7.
Local considerations. Consider a time Ty > 0. From the decomposition

8(y = Nt = [0(3s) =0 (F9)] - Xyt + 0 F) - 8(x — D + [y30” (3) = o' G)] - x5
+ 300G - [ =% ]+ A ([0 (0)F =0 ()] - 8x + o (F)F - 8(x — X)
+8[y e’ () — 7o' (D] x4 +8(7 0’ () - [x2 — %)),
where we have used
6y = [([d—48) (0 () - 8x + ()" - %F)],,.
some standard computations yield
Ny = 5: Q0¥ (10, To))] < ex iy s {TEN [y = 7: Q7 (10, Tol) ] + I1x — &l + [x* = %2, + la — al)
with
Cxig = el Ul + %2, + 0l + 2], + Ny Q0. 7)) + M5 QL(10. 7))

for some constant ¢ > 0. Now remember that N'[y; QX ([0, TD] < Pr(llxlly. ||x2||2y) as well as Ny; Qi([O THl<
Pr(lxlly,, Ix ||2y) for a certain polynomial functlon Pr, so that ¢, ; y 5 < ¢ 5, where ¢, ; > 0 stands for a polyno-
mial expression of ||x||,, [IX?]l2, and || %], [2]l2,. Set To = (2¢, )~/ and in this way

Ny =5 Q¥ (10, Tol)] < 2¢ 1 {llx — I, + [[x* - i2||2y +la—al}.
Extending the inequality. With the same arguments as in the above step, we get, for any k > 1,
Ny = 5: @ ([kTo. (k + DTo])]

< 2cy 5{llx = Elly + | = %2, + ez, — S}

k—1
<2co 5y llx =%y + [ =%, +la —al + T§ > Ny =5 Q0 ([ITo. ¢ + DTy])]
=0

and as a result
Ny =5 Q¢ ([kTo, (k + DTo])] < 2¢, 5 - {llx = &Il + [x* = %], + la — al}

using the discrete version of Gronwall’s lemma.
Inequality (24) is then a direct consequence of

NTO—l

Ny = 3:¢7 (10, T1)] Z Ny = 7 Q5 ([kTo, (k + D To])],

where N7, is the smallest integer such that N7 - To > T, and hence N, <14+ T/Tp <1+ T - 2c, 3)".
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