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An adaptive algorithm for rough differential equations

Christian Bayer, Simon Breneis, Terry Lyons

Abstract

We present an adaptive algorithm for effectively solving rough differential equations (RDEs) using the log-
ODE method. The algorithm is based on an error representation formula that accurately describes the
contribution of local errors to the global error. By incorporating a cost model, our algorithm efficiently deter-
mines whether to refine the time grid or increase the order of the log-ODE method. In addition, we provide
several examples that demonstrate the effectiveness of our adaptive algorithm in solving RDEs.

1 Introduction

Rough path analysis (see [13}|7}6]) has found many important applications such as stochastic analysis, filtering,
and machine learning. At its core, it provides a full solution theory for controlled differential equations of the form

dy = f(ye) dzy, yo =&,

when z : [0,T] — R% is a path of finite p-variation, p > 1, such as a typical trajectory of a Brownian motion
(for p > 2). More precisely, we can solve such equations in a pathwise way, provided we have access to a rough
path lift © of x encoding additional information about x (such as iterated integrals of x against itself)E] Given
such a driving rough path x, we obtain continuity of the solution map @ — y of the rough differential equation
(RDE)

dy; = f(ye) des, yo =&, (1.1)

which can also be extended to a rough path lift of ¥, i.e.,  — y. (See Appendix A for precise definitions.)

When it comes to numerical solutions of RDEs, essentially three different methods have been proposed. The
first approach consists of time-discretization of the rough differential equation based on local higher order Taylor
expansions in terms of the extended “increments” of @ following [3]. For a truncation level N = 2 (as required
for 2 < p < 3), this essentially corresponds to a Milstein approximation of a stochastic differential equation in
Stratonovich sense. The method is extensively studied in [7] under the name of “Euler scheme”, which we adopt
in this paper.

The second approach leverages stability of the solution map of an RDE: given a rough driving path « and a
sequence of smooth (i.e., bounded variation) paths ™, n > 1, whose lifts ™ converge to x in the appropriate
rough path metric (i.e., p-variation metric), approximate the solution y of the RDE by the solutions

dy" = f(y')d=y, yy =&,

of the controlled differential equations driven by z™. Those equations fall under the classical theory, and can
then be solved by a large number of standard ODE-solvers (Euler schemes, Runge—Kutta schemes, ...). In the
context of SDEs, Wong—Zakai approximation is an example of the second approach.

In this paper, we are following the third approach known as the log—ODE method, which was first considered
in [11], and further studied in [2]. Before explaining the log-ODE method, let us first recall the definition of the

'Strictly speaking, & does not need to be the lift of a path , but, for instance, pure area paths (i.e., limits of lifts of highly oscillatory
paths) are also covered.
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Ch. Bayer, S. Breneis, T. Lyons 2

signature of a (rough) path x. If x is actually a smooth path, the signature is the collection of iterated integrals,

i.e.
t
Sn(x)st = (1,/ dxﬁ,...,/ dxﬁ®~--®dxw>.
S s<TI<-<TN <t

For a genuine p-rough path these iterated integrals may not be well-defined and have to be specified explicitly,
c.f. Appendix lterated integrals of degree larger than |p| are then defined as rough integrals, and we obtain
a definition of the truncated signature Sy ()5 ¢ at any level V.

Given a partition 0 = tg < --- < t,, = T, the log-ODE method consists in replacing the rough path x in
on every interval [ty, t;1] by a simpler rough path xF satisfying

SN(mk)tk,tkH = SN("E)tk,tkH' (1.2)

Then, one solves the RDE
dy, = f(7;) day, (1.3)

on the interval [tk, tk+1}, with initial value ytk already computed before reaching the interval. In principle, one
can find smooth paths zF satisfying (1.2), so that (1.3) effectively become ODEs. However, in practice it is easier
to choose a specific rough path * defined in Sectionsuch that the RDE is equivalent to the ODE

N
dy; = Z fOk(yt)ﬁk(logN(SN(a:)tmtkH)) dt,
k=1

where log; is the tensor algebra logarithm, defined in Appendix Thus, one reduces the problem of solving
an RDE to that of solving a sequence of ODEs. These ODEs can then be solved my standard ODE solvers, like
the Runge-Kutta method. A more precise formulation of the log-ODE method can be found in Section 4]

The log-ODE method is similar to the Euler scheme described above in that one partitions the interval [0, 77,
and then uses the signature up to some level N on each of the partition intervals. And indeed, in [1} 2] it was
shown that both methods achieve the same rate of convergence for fixed N as the partition gets finer. The
difference is that in the Euler scheme, we take a single Euler step to compute v, , from y;, , whereas in the
log-ODE method we solve a differential equation along the approximating path. The log-ODE method therefore
has the advantage of respecting the geometry of the problem — provided that a geometric ODE solver is used.
For example, if the solution of the original RDE lies in a certain manifold, the approximation of the log-
ODE method will also lie in that manifold, whereas the same may not be true for the approximation of the Euler
scheme.

The log-ODE method has seen various applications, for example in solving neural controlled differential equa-
tions in [9, 15, |16], and learning stochastic differential equations in [10]. In addition, it is worth pointing out that
the log-ODE method is intuitively related to cubature on Wiener space, see [12]. Indeed, in the latter scheme,
we consider paths w; with weights \;, ¢ = 1, ..., M, such that the expected signature

M
Z )\iSN(wi)tk,thrl =E [SN(W)tkytk+1:| ’
=1

where W denotes an appropriate rough path lift of Brownian motion. Hence, cubature on Wiener space can be
seen as a weak log-ODE method.

The goal of this paper is to provide and analyze an efficient, adaptive algorithm based on the log-ODE method.
For a fixed method of choosing a smooth surrogate path xk given an arbitrary sub-interval [, tx1] and degree
N = Ny, the log-ODE method is determined by two numerical parameter sets:

BthegridO =ty <t;1 < - <t, =T,

B the degrees NNy, for the log-ODE method applied to the sub-interval [tg, tg11], k =0,...,n — 1.
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Adaptive algorithm for RDEs 3

In order to efficiently use the available computational resources, the choices of grid and degrees obviously need
to be done in a problem-depending way. For instance, if the driving path a exhibits a local change of roughness
at some point in time, we expect to adjust both the time-step and the degree. Likewise, if the driving vector-field
f is “singular” in a certain part of the solution space (in the sense that the derivatives of f become markedly
larger in norm compared to everywhere else), then we expect to choose finer time-steps and (possibly) larger
degree whenever the solution i takes values in this region. Hence, an efficient choice of grid and degree will, in
many cases, not consist of uniform time-steps and constant degree N, = N.

This leaves us with the important practical question of how to choose the time-step t3+1 — ¢ and the corre-
sponding degree N, k = 0,..., N — 1. In principle, the answer can be provided by a-priori error analysis.
For instance, if the local error is understood to be proportional to Hm||p_var;[tk7tk+1] (or some appropriate power
thereof, depending on Ny), then it would make sense to choose the time-step 5.1 — 1 inversely proportionally.
However, in numerical analysis adaptive methods based on a-posteriori error estimates are usually preferred. In-
deed, a-priori error estimates are usually very pessimistic (possibly unavoidably so for general purpose solvers),
and often hard to compute. A-posteriori error estimates, on the other hand, can be fine-tuned to properties of
the specific problem at hand. For this reason, adaptive numerical methods are state of the art for solving ODEs
as well as PDEs. We refer to [4] for an introduction.

In this paper, we follow the approach of [14] for adaptive approximation of ODEs and extend it to rough differential
equations. We also refer to the related works [18, 8] for adaptive weak and strong approximation of solutions to
stochastic differential equations, respectively. The approach is based on an intuitive error representation of the
global approximation error as the sum of weighted local errors ZZ;(I) wgeg up to higher order terms, where ey,
denotes the local error on [tx, tx11] and wy, denotes a weight. The weights are given as solution to a backward
“dual” problem, and are, thus, computable (in an approximate sense). Hence, the weights can be thought of
as multipliers due to error propagation. Since the representation decomposes the total error into contribution
attributable to specific sub-intervals (i.e., wieg), optimal time steps can, in principle, be found by imposing that
the error contributions for all intervals are equal, i.e., wiger = TTOL for some error tolerance TOL. It should be
noted that this approach takes into account the actual quantity of interest: l.e., if we want to compute a function
g(yr), the “error” considered here is, indeed, |g(yr) — 9(yT)|.

The dual problem characterizing the weights wy is itself a (backward) (ordinary, rough, or stochastic) differential
equation, depending on the context. Hence, a fully implementable scheme will require solving the dual problem
numerically using an appropriate time-stepping algorithm. Therefore, the adaptive method will be based on grid-
refinement rather than direct adaptive choices of the increment 7541 — ¢x based on an already constructed
grid tg, ..., tr. More precisely, we start with an initial grid 0 = t(()o) < tgo) < e < t%%) = T. On this
grid, we solve both the (forward) problem for ¢y and the dual problem, given us local errors and weights e,go),

w,(go), k = 0,...,ng. If the total error estimate 2201_01 wl(ﬂo)eg)) < TOL, we are satisfied with the result.

Otherwise, we refine increments [t tx1] such that the corresponding (estimated) error contribution w,io)e,(go)

is large, leading to a new grid tél) < tgl) < e < t%ll) with n1 > mnyg, and iterate the procedure. Usually (for
efficiency reasons), the refinement is done in such a way that the refined grid is strictly finer than the original
grid, i.e., {t((]i), e ,t;?} C {t(()”l), e J%ﬁ?}. Moreover, intervals [t,(f), t,(;}rl] are usually divided into a fixed
number of uniform sub-intervals. We will choose binary intervals, i.e., intervals are exactly subdivided into two
new intervals of equal size, if they are refined.

In the context of the log-ODE method, we want to adaptively choose the degree [V, as well as the time-step
tr+1 — tk. This complicates the algorithm, since “refinements” can be done by either sub-dividing intervals
or by locally increasing the degree of the method — or both. Additionally, the criterion for refinement becomes
more complicated, since it is no longer enough to merely track the error contributions of individual sub-intervals
[tk, tr+1]. Instead, these error contributions need to be balanced against a corresponding local contribution to
the total computational cost. Indeed, the computational cost of local log-ODE steps from ¢y, to t;41 depends on
the degree ;.

We now give a short outline of the paper. The notation and the basic definitions of rough path theory are recalled
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in Appendix [Al In Section [2] we prove some technical lemmas which mostly mildly extend already well-known
theorems in the rough path literature to make them more suitable for our setting.

In Section [3| we derive and prove the error representation formula. In fact, we do not restrict ourselves to the
Log-ODE method here, but rather prove the fomula for very general approximation schemes for RDEs, including
the previously mentioned Euler method. We then give an algorithm for actually estimating the error. For this,
we need to impose further, much stronger assumptions on our schemes for approximating RDEs, see Section
In particular, the Log-ODE method satisfies these assumptions, while the Euler method does not. Finally, in
Section[3.3| we give the algorithm for computing the error representation formula.

In Section [4] we apply our results to the Log-ODE method and prove that the Log-ODE method satisfies all the
requirements of Section (3.2

In Section 5] we give some numerical examples to illustrate the accuracy of our error representation formula
and the efficiency of the adaptive algorithm. In these examples, the adaptive method is used together with a
cost model for the Log-ODE method to determine which action, refining the partition or increasing the degree,
is more efficient. More details on the cost model, including numerical justification is provided in Appendix B

Appendix [C|contains some results on the Euler approximation needed in the proofs of the paper.

2 Rough Path analysis for unbounded vector fields

In this section we prove some technical lemmas, mostly extending well-known rough path theorems for bounded
vector fields to unbounded vector fields satisfying the p non-explosion condition. Many of the proofs are carried
out through localization.

2.1 The p non-explosion condition

Recall the definition of the vector field spaces V and V7 for v > 0 from Appendix Below, we give the
definition of the p non-explosion condition.

Definition 2.1. |7, cf. Definition 11.1] Let f € V(R R¢), and p > 1. We say that f satisfies the p non-
explosion condition if for every R > 0 there exists an M (R) > 0, such that for every yo € GPI(R®) and
every x € CP'*([0,T],R?) with |yo| + ||&|lpvar < R we have that every solution y to the full rough
differential equation

dy: = f(yt) deey, Yo = Yo (2.1)

satisfies | Y||co < M(R).

For all v > 0, we denote the set of vector fields f € V”(Rd, R¢) satisfying the p non-explosion condition by
VP(RY, RE). The set VP (RY, R®) is defined similarly.

The following proposition shows that we can restrict ourselves to first-level RDEs in the above definition for
f e VV_I(]Rd,]Re) if v > p. The proof is a simple localization argument. Since many similar localization
arguments will follow, we will usually omit these proofs, and only show the general idea here once.

Proposition 2.2. Let f € VY~}(R? R®) withy > p > 1. Assume that for every R > 0 there exists an
M > 0, such that for every yo € R® and every x € CP**([0,T],R%) with ||yo|| + ||| pvar < R we have
that every solution y to the RDE

dys = f(ye)de,  yo =10 (2.2)

satisfies ||y||oc < M. Then, f satisfies the p non-explosion condition.

Proof. Letyo € GIPI(R®) and let € C* ([0, T], R%) with ||yo|| + ||| pvar < R. Let y be a solution to
the full RDE (2.7). Then, y = 71 (y) is a solution to with yo = 71 (yo). By our assumptions, we have
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llyllco < M(R). Since the vector field f in the full RDE depends only on y, and not on the other (higher)
levels in y, we may restrict f onto BMiR), and then extend this restriction to a bounded vector field f &€

L(RY, Lip?~1(R®, R®)) by Theorem |A.14 The norm of fthen depends only on f and M (R). In particular, if
llyoll + ||| pvar < R, we may replace f by f, and [7, Theorem 10.36] gives us a bound

[Yllpvar < O fllgy—1, R) < 0.

We conclude by noting that ||y|| oo can be bounded by ||yo|| < R and ||y||p-var- O

We will frequently use the following lemma without further reference. It follows immediately from Lemma
and Proposition[2.2]

Lemma 2.3. Forally >p > q > 1, V~LP(RY R®) C V7~ L4(RY Re).

2.2 Existence and uniqueness of solutions

Theorem 2.4. Letz € CPV([0,T],R%), let f € VI~1P(R? R®) wherey > p > 1, and lety, € GP/(R®).
Then, there exists a solution to the full RDE (2.1). Moreover, ify is such a solution, then

Hpr-var;[s,t] < OH$Hp-var;[s,t]

for some C' = C(p,, f, |yoll + [|||p-var;j0,1)) increasing in the last component, and forall0 < s <t <T.

Moreover, let (x™) be a sequence of finite variation paths approximating x in the sense of (AJ). If (y™)
are solutions to the corresponding RDEs driven by (z™*), then there exists a subsequence of (y™) uniformly
converging to a solution y of the RDE (2.1).

Proof. By a localization argument, we can reduce this theorem to |7, Theorem 10.36]. O

Theorem 2.5. Letw be a control, let x*, =% € CPY¥ ([0, T],R) be controlled by w, let f € VVP(R? R®)
wherey > p > 1, and let yé, y% e G (R€). Lety" be solutions to the full RDEs

dy; = fypd=y,  yo=wp,  i=12
Then, the solutions yi exist and are unique, and we have
ppw(¥Y?) < C (lyg — w5l + ppw(at,2?))

where C = C(v,p, f, |yd|l + llya|l + w(0,T)) is increasing in the last component.

Similarly, if (z™) is a sequence in CPV¥ ([0, T], R?) converging to x in p-variation, then the corresponding
solutions y™ for the RDEs driven by x™ converge in p-variation to the solution y driven by x.

Remark 2.6. If one cares only about uniqueness, the p non-explosion condition can of course be dropped.
Unigqueness is a local issue.

Proof. The existence of a solution was shown in Theorem The statement of the theorem then follows from
a simple localization argument, together with [7, Theorem 10.38] and [7, Corollary 10.40]. O

We can slightly strengthen the previous theorem for finite variation paths.

DOI 10.20347/WIAS.PREPRINT.3013 Berlin 2023



Ch. Bayer, S. Breneis, T. Lyons 6

Lemma 2.7. Letw be a control, let ', &% € C1a ([0, T], R?) be controlled by w, let f € V11 (R4, R¢), and
let y(l), yg € GY(R®). Lety' be solutions to the full RDEs

dy; = f(y}) d=i,  yh=vd i=1,2. (2.3)

Then, the solutions yi exist and are unique, and we have

Iy = ¥l < C (lwo — w3l + l2' — %), (2.4)

p17w(y17y2) <C (Hyé - y(2)|| + pl,w(m17m2)) ) (2.5)
and

prvar (¥ ¥%) < C (lyg — v3ll + proar(®', 7)) (2.6)

where C = C(f, |lyd | + l|yd]l + w(0,T)) is increasing in the last component. Moreover, y* = 71 (y") are
the unique solutions to the ODEs

dyz%/ = f(yi) dxi) y(l] = 7Tl(y(i))v i=1,2.

Proof. Let us first fix x = !, and discuss existence and uniqueness. Of course, the existence of a solution
y follows immediately from Theorem[2.4] Moreover, by the 1 non-explosion condition (or also by Theorem [2.4),
any such solution can be uniformly bounded by a constant C' (depending on the various parameters). Using
Theorem we can restrict f to B and then extend it again to get a vector field f € L(R?, Lip! (R¢, R¢))
admitting the same solutions as f.

Now, consider the ODE

dy; = f(yt) dxy, Yo = 7T1(2'J0)-

Since fis Lipschitz, we know by [7, Theorem 3.8] that this ODE admits a unique solution y. By Lemma ,
y = (1,y) is a solution to

dy: = f(y)dxe, Yo = yo,

and by our choice of f it is also a solution to (2.3). We can then use this to conclude that y was already the
unique solution to

dys = f(ye) dzy,  yo = m1(yo)- 2.7)
We have thus shown that the ODE admits a unique solution for all finite variation paths x.

Next, we show that the solution to the RDE is also unique. To that end, let (™) and (Z") be sequences
of finite variation paths satisfying (A:7). Let (y") and (¥") be the corresponding (unique) ODE solutions. By
[7, Theorem 3.15], both (y”) and @”) are Cauchy sequences in the uniform norm, and hence, ™ — y and
y"™ — y. Then, by definition, y == (1,y) and y = (1, y) are solutions to the RDE (2.3). However, also by
[7, Theorem 3.15], both y and ¥y are solutions to the ODE (2.7). Since admits unique solutions, y = ¥,
implying that RDE admits unique solutions.

Now that we have established that both the RDE and the ODE have unique solutions, and these solutions coin-
cide, equations (2.4) and follow immediately from [7, Theorem 3.15] and [7, Theorem 3.18], respectively.

It remains to prove equation (2.5). Let 0 < s <t < T, then, by |7, Theorem 3.18],

”(ytl - th) - (y; - ys%)” < ”yl - y2H1—var;[s,t]
< C(lys = v2llw (s, ) + 2" = 2%l 1vargs,n)
< C (Hy; - yg” + pl,w;[s,t}(wla wQ)) CU(S, t)a

and we conclude the proof of the lemma. O
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In the following lemmas we prove that ODEs really are special cases of RDEs, given that the vector field is
sufficiently regular.

Lemma 2.8. Letz € C([0,T],R?) be of finite variation, and letx = S} (x)o,. € CP**0([0,T],R?) be the
associated geometric p-rough path. Let f € VY'P(R® R®), where y > p > 1, and letyy € RE. Lety be the
unique solution to the RDE (2.2). Then, y is the unique solution to the ODE

dy; = f(?/t) day, Yo = Yo-

Proof. We remark that by Theorem the solution ¥ to the RDE indeed exists and is unique.

By Lemma f € VP(RY R®). Let & := S1(z) be x interpreted as a geometric 1-rough path. By Lemma
the unique solution ¥ to the RDE driven by Z is in fact the unique solution to the ODE. By LemmalA.18] 7
is also a solution to the RDE driven by . Since y was the unique RDE solution driven by x, we have y = ¥,
and we conclude. O

2.3 Extensions of vector fields

We now show that certain extensions of vector fields satisfying the p non-explosion condition again satisfy
the p non-explosion condition. We remark that not all of these statements would be correct if one considered
invariance of these extensions in the class of bounded vector fields instead.

Lemma 2.9. Let f € VY~LP(RY, R®) withy > p > 1, and define the vector ﬁe/dfe VI~ (RY, R¥€) by

Sy = (fl(czj/)>

Then, fa/so satisfies the p non-explosion condiz‘/on

Proof. Let zg = (z0,0) € R, and letx € CP'([0,T],R%) with ||20 + [|||pvar < R. Let z be a
solution to the first-level RDE

dzy = f(z¢) day, 20 = 20.
By the definition of f itis clear that z; = (z¢, y¢), where x4 = 71 (), and where y; is a solution to
dy; = f(yt) dxy, Yo = Yo-

Hence,
[2]lo < C(R, M(R)),

where the M (R) comes from the p non-explosion condition of f. We conclude by Proposition O

Lemma 2.10. Let f € L(R?, Lipl; ' (R?,R¢)). Then, the vector field f € VI~ (R?, R4+¢) defined by

e =(56)

satisfies the p non-explosion condition forp < .

2To clarify the potentially misleading notation: Here, z € R¢, y € R and, if z € R? is another element, then f(:v,y)(z) =

Id z d+e =, . d+e _ d . . d+te
z= € R7°. Hence, f is a function from R“™¢, acting linearly on R®, taking values in R*"¢,
(rt) == () /

DOI 10.20347/WIAS.PREPRINT.3013 Berlin 2023
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Proof. Let 29 = (w0,y0) € R4 and let x € CPY¥([0,T],R?) with ||z0]| + ||Z|lpvar < R. Let 2 be a
solution to the RDE

dzt = f(2)dze, 20 = 20
Then, z; = (z, y¢). Now,

]| < llzoll + [lzo.tll < llz0ll + [|]lpvar < R-

Hence, we may restrict f onto B, and then extend f to a bounded vector field f1 € L(R Lip?~}(R?, R¢))
that agrees with f on Bg. We then define the vector field~f1 in a similar way as f. Using fi instead of f does
not change the solutions if || zg|| + || ||pvar < R. Since f1 is bounded, we conclude by using the bound in [7,

Theorem 10.14] and applying Proposition [2.2] O

Lemma 2.11. Letx € CP* ([0, T],R%), and let f € VP(RY, R®) with~y > p > 1. Letyy € GP)(R®) and
lety be the unique solution to the full RDE (2.1). Then, the rough integral

h= / f'(y) de € 7 ([0, T], R™€) = €=/ ([0, T], R*") (28)

is well-defined, i.e. it exists and is unique. Moreover, there exists a constant C = C(p,, f, |lyoll +
|| p-var,jo,7]) increasing in the last component, such that for all 0 < s <t < T', we have

”h’Hp—var;[s,t] < CHpr-var;[s,t]-

Proof. First, we remark that by Theorem there indeed exists a unique full solution ¥y of the full RDE (2.1).
By Lemma[2.9] the vector field
Id
fl z,Y) = < >
(v =y ()

is in V%p(Rd, R+€), and by Theorem there exists a unique solution z of the full RDE
dZt = fl(zt) dwt, zo = (17 yO) c G[P] (Rd"r@)‘

While this choice of zg is not unique, the increments of the rough path z are independent of the particular
choice. In fact, it is clear that the solution z is the joint rough path z = (x, y).

Next, define the function g € L(R, Lip?- ! (R+e, RE")),

g(z.y) = (f'(y) 0).
The function g has essentially the same effect as f’, except that it is defined on z = (x, ).

By Lemma[2.10] the vector field
Id
2 Z,h =
folz ) (9(2)>

is in V7~ 1P (Rdte RA+ete’) and by Theorem 2.4} there exists a solution v of the RDE

d’l]t = fQ(vt) dzt7 Vo = (ZO, 1) (29)

Such a solution must be of the form v = (z, h), where h is a solution to the rough integral (2.8). In particular,
since |||/ is bounded, we may restrict f” to a compact ball B sufficiently large, and then extend this restriction
again to a vector field f3 € L(R?, Lip?~*(R®, R®)) that agrees with f on B. We can then replace f’ by f3 in
the definition of f5 to get a new vector field f4. The solutions of with fo replaced by f4 must then remain
unchanged. This again implies that instead of solving (2.8), we may also compute the rough integral

/ " falyn) dae.
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Since f3 is Lip” ™!, we conclude that the integral is well-defined by [7, Theorem 10.47]. Finally, the bound on
||R|| p-var follows from

Hth-var;[s,t} < Hva—var;[s,t] < CHsz—var;[s,t] < CHw”p—var;[s,t]v
where the latter two inequalities follow from Theorem 2.4 O
Lemma 2.12. In the setting of Lemma|2.11} if (™) is a sequence of finite variation paths satisfying (A1), and
(y™) are the corresponding solutions to the RDEs driven by (z™), and we define

W= [ £ e,

then (S, (h™)) converges to h uniformly. If additionally, x is a geometric p-rough path and (S, (z")) con-
verges to x in p-variation, then (S(,)(h™)) converges to h in p-variation.

Proof. This statement follows easily from the proof of Lemma and from Theorem and [7, Corollary
10.48]. O

Lemma 2.13. Let w be a control, let ', x> € CP¥([0,T],R?) be controlled by w, and let
f e VTLP(RERE) with vy > p > 1. Let yi,y2 € GIPI(R®) and let y' and y? be the unique
solutions to the full RDEs ‘ ' 4 ' '

dy; = f(yp)dzy, Yo = yo-
Define the rough integrals

h' = /f’(yi)dxi, i=1,2.

Then, there exists a constant C' = C(p, 7, f, |yd ||+ ||yé|| +w (0, T)) that is increasing in the last component,
such that

ppw(h' ) < C (lyg — w3l + ppw(x', 22)) .

Proof. This also follows immediately from Lemma and Theorem|2.5 O

Lemma 2.14. Let f € VI~ 1P(RY R®), wherey > p > 1, letx € CPY* ([0, T],R?) and letyy € GPI(R®).
Then, y is a solution to the full RDE

dy: = f(y:)dze, Yo = yo,
if and only if it is a solution to the first-level RDE

dy: = f(y)dze, Yo = Yo,
for f as defined in Definition|A.21

Proof. By a simple localization argument we may assume that f is bounded.

Now, let ¢ be a solution to the full RDE with respect to f. By [7, Theorem 10.35], ¥ is a solution to the first-level
RDE with respect to f.

To prove the converse statement, let y be a solution to the first-level RDE with respect to f. By definition, there
exists a sequence (x") of finite variation paths with

151 (2") = ®lloc =0, sup [[ S}y (") [pvar < 00

and ODE solutions (y™) to
dyi" = f(y/') dai',  y5 = Yo
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with
|y" — ylloo — 0.

Denoting y" = m1(y"), the specific structure of f shows that y™ = yo ® S, (y"). But this immediately
implies that y is a solution to the full RDE with respect to f. O

Lemma 2.15. Let f € V~LP(RY R®), where v > p > 1. Then, the associated full vector field f also
satisfies f € V7~LP(RY, Tl[p J(ReY).

Proof. This is a consequence of Lemma O

3 Main results

3.1 Error representation formula

In this section, we follow the dual representation approach of [14].

Letx € CP¥a0([0,T],R%), and let f € V7P(R%, R¢), where v > p > 1. Let yo € GP)(R®) and consider
the full rough differential equation (2.1). By Theorem there exists a unique full RDE solution y. Let iy be a
numerical approximation of y satisfying the same initial condition Y, = o with time steps

O=to< - <tp, =T.

The approximation 7 only needs to be defined on the time grid (x)}'_,, and it needs to take values in leld (R®).
Fort € [0,7] and z € GPI(R?), define the flow y(s;t, 2) as the solution to

dy(s;t,z) = f(y(s;t,z))dxs, t<s<T, y(t;t,z)=z.

Again, the solution y(.; ¢, z) exists and is unique for all (¢, z) by Theorem[2.5] For a given function g : R® —
R¢, define the function w : [0, 7] x R® — R by

u(t,z) = g(y(Tst, 2)).
Finally, define the local error e by
e(ty) =y(tr;ti-1,Ys,_,) — Uy,
Recall that we denote by normal, not bold letters the projections to the first level. The following theorem considers
only the first level y = 7 (y) of the solution.

Theorem 3.1. [14, cf. Theorem 2.1] Letx € CPa9([0, T],RY), let f € VYP(RY, R®) withy > p > 1, and
letyo € R. Furthermore, letg € C%(R®, R®) be twice continuously differentiable. Lety be the unique solution
to the first-level RDE (2.2), and assume that the approximation i is continuous as a map of the rough path  in
the p-variation topology. Then, the global error is a weighted sum of the local errors e(t) given by

n

1
or) — 9y =3 ( v g+ setwn) ds) e(ti),

k=1

where the function U (t, z) € R® x R® is the first variation of u in the sense that
U(t,z) = Voul(t,z), ie Y, (t,z) = 0., u4t, 2).
The weight function ¥ satisfies, fort < s < T, the dual equation

—d(s,y(s;t,2)) = U(s,y(s;t,2)) f'(y(s; t, 2))das,
U(T,y(T;t,2)) = (Vg)(y(Tst, 2)).
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Proof. Assuming for a moment that g : R® — R is the identity function, we see that U exists by [7, Theorem
11.6]. Hence, W also exists if g is differentiable.

Step 1: Error formula for finite variation paths. Assume first that * = x is a finite variation path, and
use ordinary differential equations instead of rough differential equations. Using a combination of Lemma[2.3]
Lemma and Theorem together with the fact that we will only consider ODEs with starting values in
a bounded set (depending on the finite sequence @tk))’ we see, using Theorem that we can assume
without loss of generality that f € L(R?, Lip” (R¢, R®)) is bounded.

By the basic property of the flow y, we have

u(te, y(tes te—1,9y, ) = utk—1,4, ,)-

Hence,

9(yr) = 9(@r) = 9(y(T30,90)) — 9(y(T5 T, y7)) = u(0,Yp) — w(T’, Yr)

Il
M

(u(tby(tk;tkflvytk_l)) - U(tk7?tk)>

=

3 |

[y

(/01 ) (tk,?tk + se(ty)) d8> e(tr),

k=1

where the last line follows from the fundamental theorem of calculus.

Step 2: Dual equation for finite variation paths and smooth vector fields. It remains to show that U satisfies
the above ODE. Assume for now that we even have f € L(R? Lip?V(2+¢) (R, R¢)). By [7, Theorem 11.6]
(together with Lemma [2.7| and the fact that g is twice continuously dlfferentlable) U is therefore continuously
differentiable. Consider, for some w and some d — 0 two solutions y =y(.;t,2) and y2 =y(.t, 2+ dw),
and note that the function s — u(s, yg) is constant for ¢ = 1, 2. Then, for s > t,

0= u(s,yg) - u(s,y;) — (u(tyf) - u(t,ytl))
= W(s,y5) (W3 —vs) — U(t,5)) (Wi — yi) + 0(6)

=/ AW (r,y0) (Y2 — yp) + r,yy) (dy? — dy}) + o(9)
t
( +

) (
= /tsd‘l’(r,yi) yr =y, r,yr) (

)
s
:/ d‘lj(’r’yr r_yr +/ ‘llTyr
t t

= [ (@ + W D ) (02 = ) + 000,

|
/ W) (F2) — £(u) d + o(6)
?/

») (v7 = yr) dzy + 0(5)

The second equality follows from the fact that w« is twice continuously differentiable (or equivalently that ¥
is continuously differentiable), together with the fact that the y1 and y2 take values in a bounded set, as was
discussed previously already. Similarly, the penultimate equality follows from the fact that f is twice continuously
differentiable (with bounded derivative), and that W is continuous, and y1 takes values in a bounded set, making
W(r, y}) uniformly bounded.

Since the map z + y(s;t, z) is a diffeomorphism with non-zero derivative, we have that 2 — y! = ©(J) (i.e.
it decays not faster and not slower than ). Hence, dividing by d and taking 6 — 0, we get

0= /tS (AW (r,y)) + U (r,y)) f (yr) day) (Vay(rst, 2)w)) .
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Subtracting the same integral equation on a different interval [¢, 7], with 7 < s, we get
0= /TS (AW (r,y}) + O (r, y) f (yy) day) (Vay(rs b, 2)w))
= [ (@) + v 0 ) w)
[ (@) + w0 a) (T2 - Vet ) ).

where we used that V,y(t; t, z) is the identity. Since f is twice continuously differentiable, 7 — V,y(7;t, 2)
is Lipschitz continuous, with a Lipschitz constant independent of ¢ and z. Hence, the second summand above
is of order O((s — 7)), compared to O(s — 7) for the first summand. Taking 7 1 s, we obtain the differential
equation

(dll](‘S? ysl) + \IJ(Sv y;)f,(y;) dxs) w = 0.
Since this holds for all w, we have shown the differential equation in the theorem.

Step 3: Dual equation for finite variation paths and all vector fields. Now, assume that we only have f €
L(RY, Lip”(R®, R¢)). We have to prove that W still satisfies the above ODE. We can find an approximating
sequence (") in L(RY, Lip7V(2+4)(R¢, R¢)) converging to f in L(RY, Lip” (R, R®)). By |7, Proposition 4.6]
together with [7, Theorem 3.15], " (¢, z) — W(t,2) == V,u(t, z) = Vg(y(T;t, 2))V.y(T;t, z) uniformly,
uniformly in z for z in a bounded set, since v > 1.

By |7, Theorem 3.15], the associated solutions (y"(.; ¢, z)),, satisfy

1y" (5t 2) = y(5t,2) oo S O™ = flloo-
Therefore,
[CF™) (" (58, 2) = Fy(st 2)lleo < N (W (51 2) = F1 (5" (5 2)) oo
+ £ Wt 2) = f(y(5t2) o
< |If™ = flliier
+Clly" (st 2) — y(t, 2) | DM

< C(IlF" = Flluwr V1" = £ ) -

Since f is bounded, the path
S
W = [ f it ) day
t

is well-defined, and again of finite variation. We have

e e

/ (P rit.2) — (Y (7 (it 2))) day

< C (15" = Flluw VIF" = £ ) Il sargsa-

Since the right-hand side is a control function, we conclude that h™%# — h%Z in 1-variation.

Since h7 is of finite variation, the differential equation
—dd"*(s) = dMF(s)dhy®,  @Y(T) = (Vg)(y(T;t, 2))

admits a unique solution, which we call ®%7. Of course, U7 satisfy similar differential equations. Then, by [7,
Corollary 3.20], U"™%* — &% in 1-variation, and hence pointwise. We conclude by noting that

PH%(s) = lim U3 (s) = lim U"(s,y"(s;t,2)) = U(s,y(s;t, 2)) = UH*(s).
n—0o0

n—oo

DOI 10.20347/WIAS.PREPRINT.3013 Berlin 2023



Adaptive algorithm for RDEs 13

This proves the theorem for finite variation paths.

Step 4: Error formula for rough paths. Let x € C?*®0([0, T],R%), and let (™) be a sequence of finite
variation paths converging to @ in p-variation. We define everything that has been defined for « also for ™ by
adding a superscript n, for example, ™ is the solution to

dyi' = f(y') day, vy = vo-

Since f € VYP(R? R®), (y™) converges to y in p-variation by Theorem Also, since the approximation
scheme is continuous in the p-variation topology, (7") converges to 7. Therefore, also (e™) converges to e.

Now, by [7, Theorem 11.12], W, the first variation of u, depends continuously on the rough path @ in the p-
variation topology. Hence, as (z™) converges to x in p-variation, we have ¥" — W pointwise. Moreover, also
by [7, Theorem 11.12], we see that (¥"™) can be uniformly bounded on compact sets, uniformly over n. By the
dominated convergence theorem,

|

1
/O (U (tr, 7, + s€"(tr)) — U(tr, Yy, + se(tr))) ds

1
= / 107 (e T, + s€™ (80)) = (k. Ty, + se(tr))]| ds
0
1
< / [ (b, 7+ se™(tr)) — U (te, T, + se”(t))]| ds
0

1
+/ | (te, 77 + se™(te)) — W (t, Ty, + se(tr))| ds
0
— 0
Combining this with the convergence of y, Iy and e, we see that the error representation formula also holds for
geometric rough paths .

Step 5: Dual equation for rough paths. It remains to show that W still satisfies the dual equation. To see that,
fix (¢, 2), and define ¥1?(s) := W(s,y(s,t, 2)). Also, define the rough path

ht* ::/f'(y(r;t,z))dmr.

This rough path is well-defined by Lemma Moreover, since (") converges to « in p-variation, we have
that the lifts (.S, (h™"*)) of (h™"*) (which are defined similarly) also converge to h" in p-variation.

It remains to show that
—dUh*(s) = U3 (s)dhL®,  WHH(T) = (Vg)(y(Tt, 2)). (3.1)

We know that W™"* satisfies the same RDE with h%* replaced by h™!?. The vector field in this RDE is
obviously linear, and hence in VV(R€2,R62). By the bound in |7, Theorem 10.53], this linear vector field also
satisfies the p non-explosion condition. Thus, by Theorem there exists a unique solution % to (3-7), and
we have that (U""?) converges to ®%# in p-variation, and hence also pointwise.

It remains to show that ®%%(s) = W= (s). We see that
PH%(s) = lim U™H*(s) = lim U"(s,y(s;t,2)) = U(s,y(s;t,2)) = UH(s).

n—oo n—oo

This finishes the proof of the theorem. O

Theorem gives an error representation formula for first-level RDEs. The following corollary gives a similar
statement for full RDEs.
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Corollary 3.2. [14, cf. Theorem 2.1] Letx € CP*¥0([0, T],R%), let f € V'P(RY, R¢) withy > p > 1, and
letyo € GIPI(R®). Furthermore, let g : T 1[’)} (R¢) — RRE. Let y be the unique solution to the full RDE (21),
and assume that the approximation y takes values in G [p] (R€) and is continuous as a map of the rough path
@ in the p-rough path topology. Then, the global error is a weighted sum of the local errors e(t)) given by

n

1
olur) — g@r) =3 ( [ ., + setan) ds) e(ty).

k=1

where the function ¥ (t, z) € Tl[p} (R€) x Tl[p} (R€) is the first variation of u(t, z) = g(y(T';t, z)) in the
sense that
W(t,z) =Vzul(t,z), ie W;;(t z)=0sut z).

The weight function ¥ satisfies, fort < s < T, the dual equation

—dW(s,y(s;t,2)) = ©(s,y(s;t,2)) f'(y(s; 1, z)) das,
U(T,y(T;t,2)) = (Vg)(y(Ts1, 2)).

This dual equation is, despite its appearance, a first-level R¢ x Tlﬂp] (R¢)-valued RDE.

Proof. By [7, Theorem 10.35], the full solution y is a solution to a first-level Tl[p] (R€)-valued RDE with vector
field f. By Lemma[2.15] f satisfies the p non-explosion condition. Then, the theorem is a direct corollary of
Theorem O

3.2 Admissible algorithms

We have now proved an error representation under very general assumptions on the underlying approximation
algorithm. However, this error representation is of little use in practice if it cannot be computed. Our next goal
will therefore be to give an algorithm to compute this error representation to a sufficent degree of accuracy. To
achieve that goal, we need some more conditions on our approximation algorithm. These conditions are given
below.

First, we define what an admissible 1-step scheme for RDEs is.
Definition 3.3. An admissible 1-step scheme A is a family A = (An)3_; of (collections of) functions such

that for all d, e, N > 1 the following conditions are satisfied.

1 The 1-step scheme Ay is a function
Ay : VNPV (RE RE) x R x GV (R?) — R®.

2 Letp < N, letx € CP¥9([0, T], R?) be controlled by some controlw, let f € L(R?, Lip™+¢(R¢, R¢)),
and letyy € U. Lety be the unique solution to
dy: = f(yt)dxt, Yo = vo- (32)
Then, there exists a constant C' = C(N, p,d, e, || f ||~ w(0,T)), increasing in the last two parame-
ters, such that
Nt1
HyT - AN(f7 Yo, SN(x)O,T> H S CCU(O, T) L

Remark 3.4. Condition 1 simply states that A takes as input a vector field, a starting value, and the signature
of the rough path, and returns the final value.

Condition 2 guarantees that the approximation is actually “good” for bounded vector fields. The constant C'
may still depend on w(0,T), as the error bound may explode for large w(0,T) (which is a case we are not
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interested in, but for correctness this has to be included). The constant must be increasing in w(0,T) so that
the convergence rate of % forw(0,T) — 0 is not destroyed. Similar considerations hold for || f ||, . This
can be seen since there is a scaling invariance in the differential equation (3.2) between f and x.

Given a 1-step scheme A, we obtain an algorithm for solving an RDE by fixing the degree N and choosing a
partition 0 = ty < --- < t, = T, and then successively applying

Uty = AN Tt SN (@)t t141)

where 7, = yo.

The definition of an admissible 1-step scheme A guaranteed that the approximation of A is close to the true
solution for bounded Lipschitz vector fields. However, since we work with unbounded vector fields, we need to
impose some additional constraints on A to ensure that A still yields accurate approximations for vector fields
satisfying non-explosion conditions. In the definition below, the first condition is rather weak and says that the
1-step scheme A depends on f only in a neighbourhood of the starting point yg. The second condition is a
(usually) stronger stability condition ensuring that the approximations of the entire algorithm A over the interval
[0, T'] do not explode. We remark that A- and B-stability which are more commonly found in numerical analysis
imply this second stability condition.

Definition 3.5. Let A be an admissible 1-step scheme. A is called local if it additionally satisfies the following
two conditions.

1 Foralld,e,N > 1, and all f € VNN (R? R®), there exists an increasing function r : [0,00) —
[0, 00) such that for all y € R and all g € GN (R?), An(f,y,g) does not depend on f outside the
ball B centered at 0 with radius v(||y|| + ||g||). By that we mean that for all f € VNN (R? R€) that
agree with f on B, we have

2 Letd,e,N > 1, f ¢ YNEBN(RL R, z € CP¥0([0, T], R?), where p < N, and g € R®. Then,
there exist constants C' < oo and § > 0, such that for all partitions 0 =ty < --- < t, = T of [0, T
with supy, |ty — tg—1| < 9, if we define

Yk = AN(f7 Yr—1, SN($)tk_1,tk)7

then
sup el < C.

The following lemma shows that local admissible 1-step schemes give good approximations even for locally
Lipschitz vector fields satisfying a non-explosion condition.

Lemma 3.6. Let A be a local admissible 1-step scheme, let = € CP¥([0,T],R?) controlled by some control
w, let f € VNTN (R R®) with N > p, letyy € R®, and let y be a solution to the RDE (3-2). Then, there
exists a constant C' = C (N, p,d, e, f,w(0,T) + ||yol|) increasing in the last component, such that

N+1

lyr — AN (f, 90, Sn(®)o,7))|| < Cw(0,T) » .

Proof. Since f satisfies the p non-explosion condition, we can find a number M > 0 depending only on
w(0,T) and ||yo|| in an increasing way, such that the solution y is independent of f outside B);.

Since A is local, we may find a ball centered around 0 with radius (|| yo ||+ ||Sn ()o,7]|) < 7(||yol|+w(0,T))
such that An (f,y0, Snv(x)o7) is independent of f outside that ball.

DOI 10.20347/WIAS.PREPRINT.3013 Berlin 2023



Ch. Bayer, S. Breneis, T. Lyons 16

Restricting f to the larger one of these two balls, and then extending this restriction to a bounded vector field f
using Theorem we see that

~ N+l
HyT - AN(f7 Yo, SN(IP)O,T))H < C(N7p7 d7 €, Hf”LipN?w(O? T))w(ov T) P
Nt1
< C(N,p,de, f,w(0,T) + [lyol)w(0,T) 7+ m
Lemma 3.7. Let A be a local admissible 1-step scheme, let € CP*¥ ([0, T],R%) controlled by some control

w, let f € VNHN(R? R®) with N > p, letyo € R®, and let y be a solution to the RDE B.2). Let0 = to <
-+« < t, =T be a sufficiently fine partition of [0, T'], and define

yto = Yo, ytk-H = AN(f7 ytka SN(w)tk7tk+1)'

Then,

N+1

k
lye, =T | < CD wltyi,ty) v,
i=1

where C' = C(N,p,d,e, f,w(0,T) + ||yo||) is increasing in the last component, and independent of k and
the chosen partition.

Proof. Itis of course sufficient to prove this lemma for k = n, i.e. tj, = T Letyf = y(¢; ty, Yy, ) fort € [tx, T1.
Then, ¥ = yr and Y% = ¥, and hence,

n
lyr =72l < llyr — v5 .
k=1

Since A is a local admissible 1-step scheme, @tk) stays uniformly bounded, independent of the partition (since
the partition is sufficiently fine). Hence, we may apply Theorem to find a constant C independent of the
partition such that

pp,w;[tk,T](ykayk_l) < CHyfk + yf;;lH'

In particular,
ko k— k k— k k—
s = o5 < Myt — v 2l + Nk, — i
< pp,w;[tk,T} (yk7 yk_l)w(tka T)l/p + ||yfk - yfkil ||
k k—1
< CHytk — Yy, |
S CHAN(f7 ytk—l ’ SN(a:)tk—lytk) - y(tkH tk*l?@tk_l)H
N1

< Cw(tg-1,tk) »

where we used Lemma|[3.6] Summing over & finishes the proof. O

Lemma 3.8. Let A be a local admissible 1-step scheme. Then, forall N > 1, all f € VNTN(R? R€), and
every R > 0, there exists a constant C' < oo such that, for all y € R®, and all g1,g> € GV (R?) with
[yl + llg1ll V [|g2]| < R, we have

lAN (£.y.91) = An(£.5.92) < € (lgall ™" + llg1 — gl

Proof. Let ||.|| o denote the Carnot-Caratheodory norm (see [7, Theorem 7.32]), and let v, € C([0, 1], RY)
be a geodesic path from 1 to g; (as in [7, Theorem 7.32]), and let 7o € C([0, 1], R?) be a geodesic path from
1 to go. We remark that these geodesic paths are by definition of finite variation.

Let yi denote the solution to

dy' = f(y")dvi, wyh=y, i=12
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This solution exists and is unique by Lemmal[2.7] Recall the 1-step scheme A" from Appendix|C| We have

IAN(f,y,91) — AN(f, 9, 92) | < |AN(foy.91) — yill + lyr — AR (f, 9, 91)
+ |AN® (f.y,91) — AN (f,y.92)|l
+ ||AE\LTJIer(fa y’g2) - y%” + ||y% - AN(fa y792)H

By Lemma [7, Theorem 10.30] (applicable since we have a single Euler step and A5"®" depends on f only
in a neighbourhood of y), and LemmalC.3]

AN (£,9.91) = An (£, 92)]l < C (Il + Il + g — gal

+ Il T+ el )

N+1 N+1
< (llgtll™" + llgall ™" + llgr - gall)

N+1

To finish the proof, we show that we can estimate ||g2|| by the other terms. Indeed,

N41
M= swp milga)ll

i=1,...,

N+1 N1
<¢ sw (Imlg: —g0)| " + milgn)| )

i=1,....N

g2l

N+_1—i N
sc(qu—ng,sup (g2 — g0 + llgall “)

i=1,...,
< c(ugg ~al <£9? Imig)l| 75+ sup umgl)rr“i”)
™)
< c(um = gill (g2l v llgll™ + lgall v llgs 1Y) + rugmN“)
< ¢ (llgz = gl + llga V) 0

Definition 3.9. Let A be an admissible 1-step scheme. We call A group-like, ifforall N > 1, allg € GN (Rd),
all f € VNTN(RY R®), and ally € G (R®), we have that

AN(f7y7g) € GN(RE)

3.3 Computing the error representation formula

By Theorem we can represent the global error as a weighted sum of the local errors. The weights involve
the first variation function ¥ (or ¥), and the goal of this section is to give an algorithm for approximating ¥, and
thus the error representation formula. We remark that if one is interested in estimating the error g(y7) — g(yr)
of the full solution, rather than just the first level g(7) — g(yr), then one just needs to replace the vector field
f by its full extension f in the following discussion. Since everything is completely analogous, we focus on the
first level for simplicity.

Before diving into the details, let us recall that if we are given two group-like elements a & GN(R“) and
b € GV (IRY), there is in general no canonical choice for ¢ € GV (R%*?), with projections a and b to the first,
respectively last, components. This is essentially because we do not know how to make sense of the missing
cross-iterated integrals between a and b that would be required for the definition of c. However, if, say, a = 1
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is actually the trivial element, there is an obvious canonical choice. We may just use the trivial zero path for a,
which has the correct signature, and we can easily integrate any path irrespective of regularity against the zero
path (the result is of course always 0). Hence, we may canonically choose c such that all its components which
contain a component of a are simply put to O (while the components exclusively pertaining to b are of course
already given by b). We denote this canonical element as (1, b) := c. The element (a, 1) is of course defined
similarly.

The algorithm for approximating the error representation formula is outlined below. We assume that we are given
a rough path & € CP*0([0, T],RY), a vector field f € VIN+DTN (R Re) where N > p > 1, and an
initial value yo € GV (R®). Moreover, our payoff function satisfies g € C2(IR¢, R¢). Also, we are given a local
group-like admissible 1-step scheme A, and a sufficiently fine partition 0 =ty < --- < t,, = T of [0, T'].

1 Let 29 € GN(R%) be the (canonical) element with zg = (1, ). Define the vector field f; €

V(N+1)Jr(IRd7 RdJre) given by
Id
fl(xvy) = (f(y)) .

By Lemma f1 satisfies the IV non-explosion condition, and by Theorem there exists a unique
solution z to
dz; = fi(z) day, 2o = 20.

Define and compute the approximation zy := 2,

Etk+1 :AN(.flaztkaSN(m)tk,tk+1)a ]{3:0,,71—1

2 Define the function g € L(R%*e, Lipﬁf(Rd*e,Rez)) by

g(z,y) = (f'(y) 0).
Forallt € [0,T] and Z € GV (R%*¢), define the rough path

hiE = / g(2(r;1,2)) dz(r: 1, ),

where t < s < u < T'. This rough path is well-defined by Lemma|2.11

The path hgi is the solution of a rough integral. To solve this integral, we rewrite it as a differential equa-
tion, so that we can apply our algorithm. To this end, define the vector field fo € VN (Rd+e, Rd+ete?y

e = ()

By Lemma , f2 satisfies the V' non-explosion condition. Let vy € G (Rd+e+€2) be the (canonical)
element satisfying vo = (2, 1). Let v be a solution to the RDE

dvs = fo(vs)dzs, vi=wo, s>t

which exists by Theorem Then, h'Z is the projection of v onto the last e? coordinates. In fact, it
is then not hard to see, by the definition of fo, that the increments of ht? only depend on the last e
coordinates of Z. Hence, given 5 € GV (R®), let z € GV (R9*+¢) be the (canonical) element satisfying
z = (1,y). Then, we can safely define ~ ~

hLf = b
Let v;, € TlN(]RdJ“eJrez) be the (canonical) element satisfying v, = (Z,,, 1). Define and compute

_ 2
Uiyt € GN(Rd+€+6 ) by

o 1 ~ ——1 — .
Vtg,tpgr = Uy, ® AN(fQ;'Utk,Ztk ® Ztk+1), k=0,...,n—1.

This is well-defined since A is group-like. Then, define Htk:thrl to be the projection of vy, ¢, , onto the
last €2 coordinates.
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3 Recall that W4¥(s) :== W(s, y(s;t, 7)) satisfies the RDE
—dWH(s) = U9(s) ' (y(s; 1, §)) das = U9 (s) ALY,
V(T) = (Vg)(y(T;t,7)).
Define the linear vector field f3 € VN (R®*¢ R*€) which is given by
f3(y)z =y,

where y € R“*€ and x € R¢*¢, and yx is the matrix multiplication. Being linear, f3 satisfies the N
non-explosion condition by |7, Theorem 10.53]. We then define and compute the approximation ¥ by

Y(T) = (Vg)(@r), and

= = —1

U (tk) :A(fSa‘I’(tk+1),htk7tk+l), k=0,...,n—1
Here, Y is of course the projection of Z onto the last e coordinates.

4 We estimate the local error e(t) by €(1), for example by using a different grid, or a different level of the
approximation scheme.

5 We compute the approximation of the global error given by
n
9lyr) = 9(@r) = > U(tp)e(t).
k=1

We will now prove that the approximated error computed by the above algorithm is sufficiently close to the actual
error. In what follows, let w be a control of .

Lemma 3.10. Under the above assumptions, and in particular assuming that the partition is fine enough, we

have N+1

||Etk7tk+1 - SN(Z(-§ tk7ztk))tk:tk+1 H < Cw(tk’?tk-i-l) Py
where C = C(d,e,p, N, f,w(0,T),||z0||) does not depend on the partition (t}.), and also not on k.

Proof. By the second condition in the definition of a local admissible 1-step scheme, we have
HEthkH - SN<z('; tk’ztk))tk,tk-;-l ”
= HE;C]- ® AN(.f17 Etka SN(w)tk7tk+1) - E;CI ® Z(tk—‘rl; tk7ztk) H
< C||AN(f1, 20, SN (@)t t0s0) — 2ttt e 2, || -

The result then follows from Lemma[3.6] O

Lemma 3.11. Under the above assumptions, we have

N ti,Z, N+1
||htk7tk+1 - h’t],:,t;:ilH < Cw(tkvtk—i-l) Py

where C = C(d, e,p, N, f,w(0,T), ||zo]|) does not depend on the partition (t,), and also not on k.

Proof. Letp : TlN(]RdJre*ez) — TIN(RQZ) be the projection onto the last e? coordinates. Then, using a similar
notation for v as for h, we have, using Lemma 3.8 and Lemma 3.6}

_ ti, 2z o~ ~ ~— ~
Hvtk:tk+1 - Ut:,tzktil ” = Hvtkl ® AN(f2ﬂ Uty Ztk’tk+1) - Utkl ® U(tk+1; s Utk)”

< C|AN(f2, 0ty Bty tiry) — V(Ekt1i th, Ut )|

S OlAN(f2: 01, Zay ity 1) — AN(F20 Ot SN (2 (5t Z) gt )|
+ C| AN (f2, 01, SN (2 (5 trs 2ty )t tsn ) — V(Tri1s L, V) ||

< O|I5n (2 (st Ze et ||V
+ C ||zt 1 — SN(Z (5t Z0)) bt |
—i—C’Hz(.;15114,2,5k)\|N+1

p-var;[te,tey1]”
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By [7, Theorem 9.5] and Theorem[2.4]

‘HSN(Z(';tkvztk))tkikﬂ ’H < HSN(Z('; tk’Etk))Hp»var;[tk,tkH]
< CO|z(.; tg, 2t,,)

< CHpr—var;[tk,

”p—var;[tk,thrl]
| < Cw(ty, tisn) P

tet1

By Lemma[3:10]

N1
Hztkvthrl - SN(Z(';tk7Etk))tk:tk+1H < Cwty, thsr) » -

Putting everything together, we get

- t \Z _ tr,2 _ tE,2
rttiir = By i | = o @ttiin) = P03 0 ) < 1Bt — v |
N+1
Scw(tk,tk+1) P, O
Lemma 3.12. Under the above assumptions, we have
n
T 7 )L/p M tl
1W(tk) = Wt G )| < C Y | wltioist Z i t) P twltiont) v |,

i=k+1
where C = C(d,e,p, N, f,w(0,T), ||zo]|) does not depend on the partition (tx), and also not on k.

Proof. We prove this lemma for the case t;, = tg = 0.

Note thaf‘_?]
W(0,5) = W0 (0) = WOT0(0; T, WOU(T)).

Define W¥(¢;) on the grid (;) such that

WO (b5 t541, WF(tj41)), j <k
—1 )
AN(f37 (thrl)vht%tj_,_l)’ J= k.

In particular, U9(¢;) = W(t;), and ¥ (t;) = 0% (t;; T, (Vg)(yr)), and

U"(0) = O (0; T, (V) (Gr)) = ¥(0,50: T, (Vo) (¥r))-

VD) = (Vg9)(r), () = {

We have
[(0) = (0,50) ]| <> 1¥*(0) — T*(0)] (3.3)
+ 190, y0: T (V) (7)) — ¥ (0,905 T, (Vg) (yr))Il -

Let us first consider the last summand. By Theorem [2.5]

%0, 40; T, (Vg)(¥r)) — ¥(0,30; T, (Vg) (yr)ll < C (V) r) = (V) (yr)ll-

Since A is a local admissible 1-step scheme, (7 stays uniformly bounded, independently of the partition (for
sufficiently fine partitions). Since ¢ is twice continuously differentiable, (Vg ) is locally Lipschitz, and we conclude
that

120, y0; T, (V) @r)) = (0, 90; T, (V) (yr)) | < Cllyr —yrll -

We recall the notation U**(s) = W(s,y(s;t,2)). Also, by Theorem Uh* satisfies a RDE, and we again denote by
Wh= (55, 1)) the solution to this RDE if we start U~ at time u at 9.
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Then, by Lemma[3.7]

N4+1

1%(0,50: T (V9) (§r)) — ¥ (0, 905 T, (V) (yr)| < C Y wltjor,ty) 7.
j=1

Now, consider the first summands of (3.3). By Theorem[2.5]

[T (0) — TF1H(0)|| = [WO¥0(0; g, UF(ty)) — WO (01, U (t4_1)) ||
< (WO (03—, WO (15 b, UF (1))
— WO (05 ¢4y, UF (1))
< O WO (t_qsty, OF () — T (1),

where we also used that h%¥0 is still controlled by (a constant times) w by Lemma Estimating further, we
get

H‘I’O’% (tk—1§tk7‘l’k(tk)) - ‘I’kfl(tk—ﬂH
07 _ _ 1
= H\I;tk—hy(tk—h&yo) (tk:—l;tk’ \I/k l(tk)) — Ayn (fg, \Ifk l(tk), htk_l,tk) H

< H\I’t’“*l’y(t’“*“o’%) (tkfl;tkalpkil(tk)) — etV (tk71§tkaqjk71(tk)> H

_ t1_ 7* -1
+ \Iltkil’ytkfl (tk—l;tkaqjk_l(tk’)> o AN <f3,qjk_1(tk), <ht:_17i}:k_1>

l

For the first term, we note that the only difference is that one of the terms is driven by the rough path
htk-19(t-1:0.90)  and the other by the rough path h'*~*"¥%—1 both times only on the interval [tr_1,1k]. By
Lemma[2.13] we see that

— -1
_ tk*lay _ _ —1
AN <f3’ v 1(tk)’ < tk—htktk 1) > — Ay (f?” w 1(tk)’ htk—htk)

. th 1.7 _
pp,w;[tk,l,tk} (htk—lyy(tk71707y0)7 h k—1 ytkfl) < C Hy(tkflv O’ yo) — Yt

By Lemma[3.7] we have

e

-1
tr_ tr_1;0, th—1,Y N+1
Pp it te] <h r=1Y(tr-1:0,50) PR tk_1> <CS Wty t) .

1

<.
Il

Then, by Theorem [2.5]

Pp.wilti—1.tx] (‘I’t’“‘l’y(tk‘“o’y") (-;tk, Wk_l(%)) Lt (-;tk,‘l/k_l(tk))>

N+1

k—1
< Czw(tjfl, tj)T.
j=1

Therefore,

H\ptk—hy(tk—uO@o) (tkq;tk,q’k_l(tk)) B L R (tk,l;tk,‘l/k_l(tk» H

k—1

N+1

< Cw(tk_l,tk)l/pE wltj_1,t;) 7 .
j=1
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For the second term, Lemmal3.6|together with the fact that h is controlled by Cw (by Lemmal[2.11) implies that

|

For the third term, we use Lemma [3.8]to get

_ th_1,Y -1
Pl (tkq;tk, Wk_l(%)) — AN (f?n UEL(ty,), (ht:_i,f:k_l) H

N+1

< Cwlte—,ty) 7 .

— -1
_ tk:* Y _ _ —1
HAN<f3,\Ifk (), <ht,€_1,t,j’“ > )—AN (fo 0" (t) Ry ) H

— N+1
S C (H‘htkl’ytk_l

te—1,9¢,

tp—1,tk + Hhtk—htk —hi_y

) |

Since A is a local admissible 1-step scheme and (¥) stays uniformly bounded, we can find a constant C'

independent of the partition and & such that

tk—lvytk71
te—1,lk

S Hhtk_hytkfl

pvan[t_1,te]
by Lemma By Lemma[3:11]

Nt1
< Cw(tp—1,tk) 7 .

te—1,Yy —
k—1
Hhtk—17tk - htk—lytk

Putting everything together, we have

k—1
N+l N4l
qu’f(())—q:k—l(m“ < Cwltpor, ti)YP S wltjor,t5) 7 + Cooltyor ti) 7 .
j=1
Therefore,
n k—1

¥ (0) = ¥(0,5,)|| < C W(tr-1,t6) 7Y w(tjo1,ty) 7+ w(ter,t) 7

n
‘ yr— 7 — > Wteeltn)
k=1
n n 1 1—1 NiL N1 Ni1
SCZZ w(ti—1,t;) pzw(tj—l,tj) Pt w(tiont) P | wlte—1,tk) P,
k=1 i—k =1

where C' = C(d,e,p, N, f,w(0,T), ||yo||) does not depend on the partition ().
Remark 3.14. If the partition (1) is chosen such that

w(0,T)

Wtk tht1) < -
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for all k, then

n
_ _ 2N+3
yr — Yr — Z \I’(tk)e(tk) ‘ < C’n3 p

k=1

Note that by Lemma(3.7, we have
_N+1

_ 1
lyr =gzl < Cnw

Hence, the theorem shows that correcting the approximation using the error representation formula leads to a
faster rate of convergence if

2N +3 N+1
<1-

3— — & N >2p-—2.
p

Proof. Recall that (¢, z) is the derivative of y(T'; t, z) in 2. Since f € VNtV andp < N, z = y(T'; t, 2)
is twice continuously differentiable by [7, Theorem 11.6]. Since the 1-step scheme A is local, we know that
stays uniformly bounded, uniformly over the partition. Hence, we may restrict ourselves to a bounded (hence,
compact) set, and can therefore assume that the above map has a bounded second derivative. This in turn
implies that W (¢, .) is Lipschitz continuous. It is easy to see that this Lipschitz constant can also be chosen
independently of ¢. This discussion implies that

|9 (th, Ts, + se(tr)) — ©(ts)]|
< ||\ (te, 7y, + se(te)) = (ti, 7, ) || + ¥ (b7, ) — ()|

n i—1
N+1 N+1
< Cslle(te)l +C D | wltion, t)'PY wltj1,t) 7 +wtiog,t)
i=k+1 j=1
N+1
< Cw(tp—1,te) »
n / 1 N+1
+C Z w(ti—1,t pz ti—1,tj) » Fw(ti—,t) 7 |,
i=k+1
where we have used Lemma[3:121and Lemmal[3.6
Then, Theorem[3.7]and Lemma [3.6]imply that
n
yr —Tr — Y, U(te)e(ty)
k=1
n
-1 ( / (1,1 + se(00)) = F(20)) s ) )
=1
n N+1
<Cy <W(tk17tk) g
k=1
n 1 -1 N+1 N+1
+ D Wi )P wlti ) +w(tiont) r le(te)ll
i=k-+1 j=1
L 1 N+l N+l N+1
SCZ w(ti—1,t) pz (tj—1,tj) » H+w(ti—1,t;) » | wtpg—1,tx) » .
k=1 i=k
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4 Application to the Log-ODE method

Assume we are given g € GV(R?), f € VNN (R4 R¢), and yo € R®. Consider the ODE

N
dy; = > f*mi(logn(9))(1d)(w) dt, g0 = yo- (4.1)
k=1

Here,
fol — f; and fo(k+1) — D(fOk)f,

are the iterated vector field derivatives of f, log s is the tensor algebra logarithm defined via the power series
expansion as in Appendix and 7y, is the projection onto the k-th level in the tensor algebra. If the solution
to this ODE exists on [0, 1] and is unique, we define

ARIPE(f 40, g) = 1.

We remark that may look quite intimidating on first sight, yet it is merely an ODE which can be solved with
standard ODE solvers. The upcoming Lemma[4.2] will give some geometrical insight into the Log-ODE method

and (@.1).
Lemma 4.1. Letg € GV (R?), and define the path

= expy ((t - s)logn(9)),

where
N
p®"

expy(v) = Z et

n=0

Then, 29 € OV ([0, 1], R?) is controlled by w(s, t) = C||g||¥ (t — s), where C = C(N).

Proof. Indeed, for u € [0, 1], we have

N 1 N (_1)n+1 wt
I (expy (ulogn (@Dl = ||mx | D 5 <UZ(9 - 1>®”>

where C' = C(NN). Hence,
llzs.ll < Cligll(t — )%,

and z is controlled by w(s,t) = C||g||" (t — s).

That x takes values in GN(Rd) follows from the fact that log 5y and exp y are inverses of each other between
G" and the step-NN free Lie algebra. This free Lie algebra is a vector space, which means that since log (g)
is in the free Lie algebra, so is ulogy(g). O

Lemma4.2. Letg € GN(R?), let f € VNN (R, R?), and let yo € RE. Then both the ODE

N
dys = > fFmi(logn(9)) (1) (y) dt, g0 = o
k=1
and the RDE

dy; = f(ye)dxf,  wo=1wo

admit a unique solution, and these solutions agree.
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Proof. We assume first that f € L(RY, LipV*+¢(R¢ R®)). By Lemma x9 € CNV([0,1],R%), and by
[7, Theorem 10.26], the RDE admits a unique solution y. Similarly, the vector field of the ODE is bounded and
Lipschitz, so there also exists a unique solution 7 to the ODE by Picard-Lindeldf. It remains to show that y = 7.

Letw(s,t) :== C||f||Lle+€HgHN(t — s), where C'is the constant in Lemmaor everyn € N, let P,, =

(k27™)%, be a partition of [0, 1]. Recall the Euler scheme AF“*®" from Appendix|C} and define (y7,_..)7_, to
be the Euler approximation of v, i.e. AE“'er applied on the partition P™. By [7, Theorem 10.30], there exists a
constant C' = C(N, N + ¢), such that

271
CwOT N ((k —1)27", k2™") % < 027V,

n
T,
k=0,...,n

In particular, the linear interpolations of ™ (which we again call ™) converge uniformly to y.

Now, for all k and 7, let y™* be defined to be the linear interpolation of 4™ on [0, k27"], and the solution of
N .
ye = fm;(logn(9)(1d)(we) dt,  Yro—n = Yy n
j=1
on [k27", 1]. Of course, y™° = 7, and y™?" = y".
Lett € [0, 1]. We have to show that ||y; — g¢|| = 0. As
lye = Gell < llye — wi'l| + llyi" — Bell,

and since we have already shown ||y; — y;'|| — 0, it remains to prove ||y;* — 9:|| — 0. By continuity (and
since the sequence (y") is equicontinuous, converging to y), we may assume that ¢ is a dyadic number, say
t = £27™. Let us then assume in the following discussion that n > m. Then,

n—m

L2m—m k—1
lyp = Gell = lly™" " — ) < Z ™ =y )

Now, we may apply [7, Theorem 3.8] to find a constant C' independent of k& and . such that

£2n m
k—1
lys" —well < C Z 975 = Yo |-

Recall next that
n,k Euler n g
ka—n - A (fa y(k;—l)Z*"” w(k—l)?‘",kQ_n) :

n,k—1 .

Also, y; is the solution to

k.2 n
k-1 J—1
Y = e n+/ }:f% (1o (9)) () (5 ) dt.
Now, it is easy to see that in fact,

k-1 - _
ylZﬁ*n = AIJ_\?Q o0 <f7 y?k—l)Q*nveXpN(2 nlO%N(Q)))

_ ,Log-ODE g
= Ay <f’ y?kfl)T”’ x(k71)2—”,k2—"> .
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n,k true

wa—n 10 be the solution at time k27 ™ to the RDE

Defining y

dye = f(y)dxf,  Yg-1)2-n = Y(p_1)2-n»
we see with Lemmal4.1] [7, Theorem 10.30], and [2, Theorem 18] that

7k 7k71 7k 7k7 7k7 7k71 —n L
1350 = vismn | < 1550 — w5 |+ llya=n® — s | < Cllg V27w
Hence, Not
lyi = Gell < Ce2v™|g||M 127N = 0

as n — 0o. This proves the lemma for f € L(R?, LipV*¢(R¢, R¢)).

Now, let f € VN+&N(R? Re). By Theorem the RDE still admits a unique solution. Conversely, since the
vector field in the ODE is still locally Lipschitz, and since uniqueness is a local issue, the solution to the ODE
is unique, if it exists. Since the ODE vector field is continuous, a unique solution exists locally, potentially up to
some explosion time 7. If the ODE solution does not explode, then both the RDE and the ODE solution stay
bounded, and we may replace f with a bounded vector field using Theorem [A.14} and can apply the case that
we have already proved. Conversely, if explosion of the ODE solution does happen, then the ODE and the RDE
solution must already differ at some time 7 — ¢ € (0, 7). We may then consider the ODE and the RDE on the
time interval [0, 7 — 0]. On this interval, solutions to both the ODE and RDE exist, and no explosion happens.
We may thus again apply the bounded case that we have already proved, to conclude that the ODE and the
RDE solution coincide. But this is a contradiction to our assumption that they differ at time 7 — J. Therefore,
explosion cannot happen and the lemma is true for f € 1/]\’+‘€’]\[(1Rd7 Re). O

Lemma 4.3. The Log-ODE method A-°9CPE s a local group-like admissible 1-step scheme.

Proof. First, we note that the map
ARIOPE PNEN(RE R x R x GN(RY) — R®

is well-defined by Lemmal[4.2]
Next, assume p < N, letx € CPV0([0, T|,R%) be controlled by w, and let f € L(R?, Lip'*(R®,R?)).
Let y be the unique solution to

dy: = f(ye)d@e,  yo = yo.

Then, the error bound
N+1
P

o = AR (£, 0, Sw(@)or)| < Cw(0, T)

was proved, for example, in [2, Theorem 18] (together with [2, Remark 16]). This proves that AL09-OPE s an
admissible 1-step scheme.

The fact that A°9CPE is group-like follows from A-°9OPE( f 4, g) being the solution of a RDE (see Lemma
, together with Lemma and the fact that full RDE solutions take values in G*¥ (R¢).

It remains to prove that A“°9"OPE is local. To see that, we once again note that A9 °°%(f, 1o, g) really solves

a RDE with respect to the path 9 € CVa ([0, 1], R?) by Lemma Also, by Lemma there exists a
constant C' = C'(IN) such that

N
||mg||N-var;[0,l] < CHQH :
Applying Theorem [2.4] shows the first condition of locality.

For the second condition of locality, let f € VYTV (R? R¢), let x € CPVa0([0, T],RY) where p < N, and
let yo € U. Moreover, let y be the unique solution to the RDE

dys = f(ye)de, Yo = vo-
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By Theorem y stays uniformly bounded by some constant C'. Hence, define f € L(Rd, LipN(Re, R¢)) to
agree with f on B4, as in Theorem[A.14] where A > C + 1 is a constant that will be determined later, and
that will not depend on the partition. Then, y is still the unique solution to the RDE with vector field f.

For every partition P of [0, T'], define 77" by applying A'}\?Q'ODE to the above RDE on the partition P, but with f
replaced by f and interpolate linearly between the partition points. Then, by an argument similar to Lemma
we see that the approximation (777) converges uniformly to y as [P| — 0. In particular, (by uniform continuity
of w) we can find § > 0 such that for all P with |P| < J, we have ||y — 3" |l < 1, which implies

sup  sup [77 ]| < [lylloc +1 < C + 1.
P: |P|<d teP

The only thing that remains to show is that we would have gotten the same approximation y7’ had we applied
AL°9-OPE yith the original vector field f. To see that, note that for all intervals [s,¢] C [0, 7], we have by |7,
Theorem 9.5]

H|SN(£L')8¢‘” < HSN(m)Hp—var;[s,t] < CH:BHp-var;[s,t} < CW(OaT)l/p'

Additionally using that we have already proved that |77 || < C + 1, for all P fine enough and all t € P, we
may apply the first condition of locality, which we have already proved, to conclude that there exists a constant
D < oo independent of the partition P and independent of f, such that A;‘,’g'ODE(f, y, SN (x)s,+) does not
depend on f outside D. Choosing A = D V (C' + 2) finishes the proof that A-°9"°PE is |ocal. O

5 Numerical examples

We now apply the adaptive algorithm using the error representation formula to a number of examples. These
examples were chosen from a wide range of different scenarios where adaptive algorithms may prove useful.
They include an example with a path that has a spike, an example with a vector field that has a spike, an
example with a path that is rough on some intervals and smooth on others, and an ergodic example. In all these
examples, we see that our algorithm for predicting the global error yields an accurate approximation of the true
error (which was estimated by computing the solution on a finer grid). We remark that we compute the local
errors e(ty) by subdividing every time interval into 8 subintervals and using as the actual local solution the
result of the Log-ODE method applied on these 8 smaller intervals.

Throughout this section, we compare four different algorithms.

1 “ER predicting” computes the error representation formula and uses the cost model of Appendix |B to
determine whether to refine intervals or increase degrees.

2 “ER testing” computes the error representation formula. To decide whether to refine intervals or increase
degrees, it always tries both options for every interval in question, and then decides based on which
option worked better for this particular interval. In a certain heuristic sense, “ER testing” always makes
the best possible decision on whether it refines the interval or increases the degree, but this comes at
the additional cost of having to do extra computations to determine which option is better. We hope to
illustrate that “ER predicting” uses a similar number of intervals with similar degrees as “ER testing”, while
being faster.

3 “Simple first level” does not compute the error representation formula. Rather, it estimates the error by
comparing the result to the result using a coarser time grid. If the desired accuracy has not been reached,
it uniformly refines all intervals. In particular, it never increases the degrees. This is perhaps the simplest
“reasonable” algorithm for reaching a certain error tolerance, and we hope to show that “ER predicting”
can achieve the same error tolerance with significantly fewer intervals.
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Singularity in the path
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Figure 1: The solution path of the example “Singularity in the path”.

4 “Simple full solution” is essentially the same as “Simple first level”, except that it computes the full rough
path z = (x,y). This is because for computing the error representation formula, one already needs
to compute z. Hence, if the full solution is needed, the algorithm “Simple full solution” yields a better
benchmark for comparing the computational cost than “Simple first level”.

5.1 Singularity in the path

Consider the RDE
0
dyt = f(yt) dwt? Yo = <O) )

where x is the canonical rough path associated to the finite variation path z : [0, 1] — R2,

1 T
- '
xt (5000(t—0.5)2+1’ ) ’

and where the vector field f is given by

) = flyp2) = (tafhﬁ;?) cos(2,7_42yQ— y1)> '

We use an absolute and a relative error tolerance of 10~%.

The solution ¥y is shown in Figure [1, and the lengths and degrees of the intervals chosen by the adaptive
algorithms is in Figure[2] We see that the time discretization is particularly fine around ¢ = 0.5, just as expected.

Finally, in Table [1} we can find a comparison of the different algorithms. We see that the error representation
formula yielded incredibly accurate results. Despite needing significantly more intervals, the simple algorithms
were faster at achieving the required error tolerance than the algorithms using the error representation formula.
This is of course because computing the error representation formula can be costly. However, if one is only
interested in the final point y1, then one can use the error representation formula to achieve a significantly
higher accuracy. Indeed, the error representation formula estimates err ~ y; — ¥, so that y; + err usually
is a better approximation of y; than ¥, itself. For comparison, the algorithm “Simple first level” takes 524288
intervals and 1282 seconds to achieve an accuracy of 2 - 109, while the algorithm “Simple full solution” takes
524288 intervals and 1919 seconds.
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Length and degree of partition intervals Length and degree of partition intervals

Length of interval
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Length of interval
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Time
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Figure 2: The lengths of the partition intervals together with the degrees of the Log-ODE method for the example
“Singularity in the path”. The left plot corresponds to “ER predicting”, the right plot to “ER testing”.

ER predicting | ERtesting | Simple first level | Simple full solution
Error 8.81-107% [ 9.88-107° | 2.75.-107° 2.75-107°
Estimated error 8.81-107% | 9.88-1077° - -
Error after correction | 1.28 -1079 | 7.02- 1079 - -
Degree 1 intervals 5 83 1024 1024
Degree 2 intervals 30 11 0 0
Runtime (s) 46.14 77.40 1.385 1.934

Table 1: Errors, intervals, and runtime of the various algorithms for the example “Singularity in the path”.
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Singularity in the vector field Solution against time

—— first component
1.01 second component
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Figure 3: The solution path of the example “Singularity in the vector field”. The left plot is the solution path, and
the right plot are the two components plotted against time.

5.2 Singularity in the vector field

Consider the RDE
0
dy; = f(l/t) dxy, Yo = <O> s

where x is the canonical rough path associated to the finite variation path z : [0, 1] — R2,
o — 1 (sin(8mt)
©7 2 \cos(8nt) )’
and where the vector field f is given by

ﬂ%zﬂwwﬂz(LFm_% s ).

1000(y1+1)2+1  1000(y2+1)2+1

We use an absolute and a relative error tolerance of 10~%.

The solution y is shown in Figure 3, and the lengths and degrees of the intervals chosen by the adaptive
algorithms is in Figure [4] From Figure [3|we can read off that the singularities in the vector field are hit roughly at
the times

0.094,0.188,0.322,0.414, 0.524.

This perfectly coincides with the locations of the finest time scales in Figure 4]

Finally, in Table[2] we can find a comparison of the different algorithms. We see that the error representation for-
mula yielded very accurate results. Once again, despite using significantly fewer intervals, the simple algorithms
were faster since they do not have to compute the error representation formula. If we use the error represen-
tation formula to correct the approximated solution, we obtain an error of roughly 2 - 10~5. For comparison,
“Simple first level” needs 65536 intervals and 177.6 seconds to achieve that error tolerance, while “Simple full
solution” needs 65536 intervals and 263.4 seconds.

5.3 Path changing roughness

Consider the RDE
0
dy; = f(yt)dicta Yo = <0> )
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Length and degree of partition intervals

Length of interval
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Length and degree of partition intervals
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Figure 4: The lengths of the partition intervals together with the degrees of the Log-ODE method for the example
“Singularity in the vector field”. The left plot corresponds to “ER predicting”, the right plot to “ER testing”.

ER predicting | ERtesting | Simple first level | Simple full solution
Error 3.47-107° [ 3.08-107° [ 3.52-107° 3.52-107°
Estimated error 3.34-107° | 2.84-107° - -
Error after correction | 1.25-1076 | 2.38 1076 - -
Degree 1 intervals 0 0 8192 8192
Degree 2 intervals 411 380 0 0
Runtime (s) 42.33 149.6 10.36 15.80

Table 2: Errors, intervals, and runtime of the various algorithms for the example “Singularity in the vector field”.
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Path changing roughness
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Figure 5: The solution path of the example “Path changing roughness”.

where  is the canonical rough path associated to the finite variation path
1 (sin(8t)
Tt — =
2 \ cos(8mt)
on the time intervals [0,1/4] and [3/4,1], and a fractional Brownian motion (fBm) with Hurst parameter

H = 0.4 0n [1/4,3/4] (of course glued together correctly). In fact, we did not use an exact fBm, but rather a
piecewise linear interpolation, using 1048576 time intervals on [0, 1]. The vector field f is given by

f) = fly,92) = <tagfhz_y;2) cos(—;f/j— 22/2)) .

We use an absolute and a relative error tolerance of 5 - 104

The solution y is shown in Figure |5, and the lengths and degrees of the intervals chosen by the adaptive
algorithms is in Figure |6} We see that much finer time scales are used in the interval [1/4, 3 /4] corresponding
to the fractional Brownian motion.

Finally, in Table [3] we can find a comparison of the different algorithms. We see that the error representation
formula yielded very accurate results, despite the roughness of the driving path. Moreover, the algorithms using
the error representation formula need far fewer intervals, and also tend to be faster. Of course, in this example
this is not so much due to the refinement of the intervals, but due to using the degree 3 Log-ODE method over
the degree 2 method. Indeed, the interval [1/4, 3/4] contributes most to the error, and the fBm on that interval
is about equally rough everywhere. Thus, and since [1/4, 3/4] already covers half of the total interval [0, 1],
merely choosing optimal intervals will only yield very small improvements.

5.4 Underdamped Langevin equation

As a final example, we consider the Langevin equation

dQ; = P, dt,

2
AP, = —VU(Qy) dt — vPdt + /% aw,.

Motivated by [5, Section 5.3], we we choose U(q) = (¢*> —1)2,v =1, 3 =3, Qo = 0, Py = 0, and the time
horizon " = 1000. Furthermore, suppose we are mainly interested in the position of the particle ) at the final
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Length and degree of partition intervals Length and degree of partition intervals
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Figure 6: The lengths of the partition intervals together with the degrees of the Log-ODE method for the example
“Path changing roughness”. The left plot corresponds to “ER predicting”, the right plot to “ER testing”.

ER predicting | ER testing

Simple first level

Simple full solution

Error 1.51-10% [220-107* | 1.48.10~* 1.48-1074
Estimated error 1.40-10% | 2.08-107% - -
Error after correction | 1.17-107° | 1.25-107° - -
Degree 2 intervals 0 87 131072 131072
Degree 3 intervals 1027 987 0 0
Runtime (s) 1022 2441 1926 5795

Table 3: Errors, intervals, and runtime of the various algorithms for the example “Path changing roughness”.
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Underdamped Langevin equation
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Figure 7: The solution path of the example “Underdamped Langevin equation”.

Length and degree of partition intervals Length and degree of partition intervals
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Figure 8: The lengths of the partition intervals together with the degrees of the Log-ODE method for the example
“Underdamped Langevin equation”. The left plot corresponds to “ER predicting”, the right plot to “ER testing”.

point. We hence choose the payoff function g(g, p) = ¢, and the absolute error tolerance 1075. The driving
path (¢, W) is given as a discretized time-enhanced Brownian motion where we use 1048576 time steps.

The solution () is shown in Figure E and the lengths and degrees of the intervals chosen by the adaptive
algorithms is in Figure We see that the algorithm only refines towards the end of the interval [0, T']. This is
explained by the ergodic nature of the dynamical system, and since we are merely interested in the position of
() at the final time 7.

Finally, in Table [4] we can find a comparison of the different algorithms. We see that the error representation
formula yielded very accurate results. Furthermore, the algorithms using the error representation formula used
substantially fewer intervals, and were faster.
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ER predicting | ERtesting | Simple first level | Simple full solution
Error 9.25-1077 [ 1.37-107"| 1.16-107° 1.16-107°
Estimated error 9.27-1077 | 1.39-10"7 - -
Error after correction | 1.78-1079 | 1.18 - 1079 - -

Degree 2 intervals 1932 1926 256000 256000
Degree 3 intervals 903 914 0 0
Runtime 1110 3086 3289 9571

Table 4: Errors, intervals, and runtime of the various algorithms for the example “Underdamped Langevin equa-
tion”.

A Notation and Definitions

A.1 General notation

Given a real number x, we denote by [z] the largest integer smaller than or equal to x, and by || the largest
integer strictly smaller than x. For example, [2.6] = [2.6] = 2, but [2] = 2 while |2] = 1. Furthermore,

{z} =2 — |z] € (0,1].
For a normed space U, and a real number r > 0, we denote by B, the closed ball centered at 0 with radius 7,
i.e.

B, ={zecU: |z| <r}.

For two topological vector spaces U, V', we denote by L(U, V') the set of continuous linear maps from U to V.

For a metric space U and a Banach space V', we denote by C, (U, V') the Banach space of continuous bounded
functions, together with the norm

[flloo = sup [|f(z)]l,  feC(U,V).
zelU

For two finite-dimensional Banach spaces U, V', we denote by C'(U, V') the set of continuous maps from U
to V. The elements in C(U, V') are not assumed to be bounded. Hence, C(U, V') is merely a locally convex
space, when equipped with the seminorms

Ifllx = flxgllees  f€CUV)

for all compact sets K C U.

A.2 Tensor algebras

For a vector space V', we denote by T'(V') the tensor algebra
T(V)=RaVaV®?ag...,

and by TV (V) the truncated tensor algebra
N
™ (V)= v
n=0

We denote by 7, : T(V) — V" the projection onto the n-th element, and for m < n we denote by
Tmn @ T(V) — @)_,, VO the projection onto the levels m to n. Elements in T'(V') or TN (V) are
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denoted by bold letters, while their projections onto the first component are denoted by the associated normal
letters. For example, if v € TN (V), then we write v = 71(v) € V. We may also write v3, = 7 (v) if no
confusion arises.

We define the tensor product ® : T' (V') x T(V) — T'(V') by
m(a®b) =Y m(a) @ m,_k(b), abeT(V).
k=0

With component-wise addition and tensor multiplication, 7'(V') (and, by projection, also 7V (V7)) become alge-
bras. If mo(a) # 0, then @ € T(V) has an inverse a ! given by

o= mjcw > <1 - no?a>>n

n=0

Here, 1 = (1,0,...,0) € GV (V) denotes the unit element with respect to the tensor product.
We further define the set
TNWV) = {veTN(V): mo(v) =1} .

The set 7Y (V) is an affine vector subspace of T (V') and will be seen as a vector space in its own right.
Addition and scalar multiplication in T} (V') are of course defined as in TV (V'), except that the Oth component
is left invariant. We denote by G(V/) the free Lie group over V, and by G (V') the free Lie group truncated at
level N. In particular, we have

GNvycTNw)ycTNW).

If z € T(R™®), z € T(R?) and y € T(R®) are such that the projection of 2 onto the first d components (i.e.
onto T(Rd)) is &, and the projection of z onto the last e components is y, then we write z = (x, y). Similar
notations apply for TV, TlN and GV Note that  and Yy do not usually determine z.

Next, given a norm on the vector space V', we want to extend this norm to its tensor powers V<",
For all n > 1, we denote by S,, the group of permutations of {1, ... ,n}.

Given a vector space V, aninteger n > 1, and an elementv = v1 ® - - - ® v, € V", we define

forall o € S,,. We extend this definition to arbitrary v € V®" by linearity.

Definition A.1. [13, Definition 1.25] Let V' be a normed space. We say that its tensor powers are endowed with
admissible norms if the following conditions hold.

1 Foreachn > 1, the symmetric group Sy, acts by isometries on V" i.e.

lov]| = v]l, Vo€ V®", VYo e S,.

2 The tensor product has norm 1, i.e. foralln,m > 1,

lv@w| < folllwl,  VveVE we V™

From now on we assume that the tensor powers will always be endowed with admissible norms. We can then
define two different norms on TlN(V).
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Definition A.2. LetV be a normed space. Then, we define the inhomogeneous norm ||.|| on T} (V') by

loll = max_|m(o)l, Vo e T (V).

Moreover, we define the homogeneous norm ||.|| on TN (V') by

lloll = max fmi(w)||', Vo eT{(V).

i=1,...,

We remark that we will cite some theorems in [7] where different definitions of the homogeneous and inhomoge-
neous norms may be used. However, if V' is finite-dimensional, all homogeneous and all inhomogeneous norms
are equivalent (see also [7, Theorem 7.44]), so we will not emphasize that point further.

A.3 Rough paths

Definition A.3. Letx be a path of finite variation in a Banach space V. Then, we define the signature Sy () st
of level N of x on the interval [s, t] by

t
SN(x)st = <1,/ dzy,. .. ,/ dz,, ® - ® dxuN> € GN(V).
S s<up<---<un<t

Definition A.4. Letx € C([0,T],T{¥(V)) for some Banach space V. For s < t, we define the increment
xst € TN(V) by
Ty = :13;1 X .

Moreover, we define the p-variation of x by

1/p
Hpr-Vaf;[QT] = Siul)) (Z H‘wtmtiﬂ H‘P> )
7

7

where the supremum is taken over all finite partitions (t;) of [0,T], and ||.|| is the homogeneous norm on
TN(V). We denote by CP&([0,T], T{¥ (V) the set of such x of finite p-variation. If = takes values in
GN(V), we also write € CP¥([0,T], GN (V)).

Definition A.5. |7, cf. Definition 9.15] Let V' be a finite-dimensional Banach space, letp > 1, and let x €
CcPer ([0, T], GPL(V)). Then, x is called a weakly geometric p-rough path. If, moreover, there exists a se-
quence of continuous finite variation paths (") taking values in V' such that Syl (z™)o,. — @ in p-variation,
then we say that x is a geometric p-rough path. We denote the set of weakly geometric p-rough paths by
CPva([0,T), V) and the set of geometric p-rough paths by C?a-0([0, T, V).

Remark A.6. 1 By definition, if * is a geometric p-rough path, then @y = 1. This is not neces-
sarily the case for weakly geometric p-rough paths. We denote by CY*([0,T],V) the set of
x € CPY([0,T],V) withay = 1.

2 By |7, Proposition 8.12], if x € CPV2"([0,T], V'), then there exists a sequence (x) of Lipschitz contin-
uous paths (or, equivalently, a sequence of finite variation paths) such that

HS[P] (xn)o’. - $0,~HOO —0, sup ”S[p] (xn)Hp—var;[O,T} < 0. (A1)
n
By [7, Proposition 8.15], we can also find Lipschitz continuous paths such that

sup HS[p] (xn)&t - xs,t” — 0, sup ”S[p] (xn)Hp-var;[O,T} < 0.
0<s<t<T n
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3 By interpolation, we can see that
CP=Ea ([0, 7], V) € CP0([0,T], V) € CP([0,T], V),
and all of these inclusions are non-trivial.

Theorem A.7 (Lyons’ extension theorem). |7, Theorem 9.5] Let N > [p] > 1, let V' be a finite-dimensional Ba-
nach space, and letz € C1**([0,T], V). Then, there exists a unique path Sy (x) € CPV¥([0,T], GN (V))
with Sy (x) = 1 and 7o [, (S~ (%)) = x. Moreover, there exists a constant C = C(N, p) such that

”SN(CB)Hp-var < CHw”p-var-

The path Sy () is called the Lyons lift of x.

The notation might seem slightly ambiguous, as S can be both applied to a finite variation path x and the
associated geometric 1-rough path  (which is given by x; = Si(z)o; = (1,2; — o).) However, we have
the simple relation

Sn(x)t = Sn(7)ost-

Definition A.8. A control function is a function
w:{(s,t) €[0,T]*: s <t} —[0,00),
that is continuous, O on the diagonal, and super-additive, i.e. forall0 < s < t < u < T, we have

w(s,t) +w(t,u) < w(s,u).

Letx € CPYa([0,T], T{N (V). By |7, Proposition 5.8], w(s, t) == ||z|/” | is a control function.

p-var;[s,t

Definition A.9. Letx € CPY¥([0,T], TN (V)) with N > [p] > 1 and let w be a control. We say that x is
controlled by w ifforall0 < s <t < T, we have

llsalll < w(s,t)'/P.

Since controls are super-additive, we see that if £ € CPV2 ([0, T], T{ (V) is controlled by w, then
”pr—var;[s,t} < w(s, t)l/p

forall 0 < s < ¢ < T. Then, by Lyons’ extension theorem, if z € CP*([0,T], V') is controlled by w, then
Sn(x) is controlled by Cw for some constant C' = C(N, p).

Definition A.10. |7, cf Definition 8.6] Let &,y € CP* ([0, T), TN (V)), where N > [p] > 1. Then, we
define the (inhomogeneous) variation distance

k/p
Ppovar(o0.7) (T, Y) up, mmax, (Z; 17k (et 01 — Yot ) :

where the supremum is taken over all finite partitions (t;) of [0, T'|. Moreover, if w is a control, we define the
(inhomogeneous) p-w distance by

P (x,y) = sup max [T (s0 — Ys.o) |
p,w;[0, T\ 0<s<t<T k=1,....N w(57t)k/p

We remark that convergence in p-variation and convergence in p;,.var are equivalent by [7, Theorem 8.10].

We also remark that for x € Cf'var([O,T], V'), the convergence Sip) (™) — x in p-variation implies the
convergence Sy (x™) — Sy (a) in p-variation by the equivalence of convergence in p-variation and in the
Pp-var-metric combined with 7, Theorem 9.10].
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A.4 Lipschitz continuous vector fields

Definition A.11. Given two vector spaces U, V, andn > 1, amap A : U™ — V is said to be a symmetric
n-linear map if A is linear and if for all o € S,, andu € U®"™, we have

A(ou) = Au.

We give the definition of Lipschitz functions in the sense of Stein.

Definition A.12. |13, Definition 1.21] Let U,V be two finite-dimensional Banach spaces, /et F C U bea
closed set, and lety > 0. Let fO : F' — V be a function, and, forj = 1,...,|v], let f7 : (U®J V)
i)y

be functions taking values in the symmetric j-linear mappings from U to V. The collection f (
element of LipY (F, V') if the following condition holds.

Olsan

There exists a constant M such that, forallj = 0, ..., |7v],
sup [| 7 (2) ]| < M,
el

and if there exists a function Rj : F x F — L(U®7, V) such that for all z,y € F andv € U®7,

[v]—=J
F)w) = Z 1) (08 (- ) + Byl ) (o),

1=0
and ‘
1R (@, y)ll < Mlly — ]|
The smallest constant M for which these inequalities hold is called the Lip” (F, V')-norm of f, and is denoted
by || flLip~-

By the discussion in [17, Section VI.2], it is clear that if f € Lip”(F, V'), and if G C F is an open subset of F,
then f is || times differentiable in G and the hjth derivative is {~y}-Holder continuous. Moreover, we have
fU) = fionGforj =0,...,|v|, where fUU) denotes the jth derivative. In particular, if f € Lip? (U, V),
we may identify f with f©.

Definition A.13. Let U,V be two finite-dimensional Banach spaces, lety > 0 andlet f : U — V be
|v| times differentiable. We say that f € Lip..(U, V') if for all compact subsets K C U the restriction
g = (fl, f'lics -, fUD|x) € Lip"(K, V). The space Lip,.(U, V') becomes a locally convex space
with the semi-norms

£l = llgx lluip~
for all compact K C U.

Theorem A.14. [17, Chapter VI.2] Let U, V' be finite-dimensional Banach spaces, let F' C U be a closed set,
and let f € Lip?(F, V). Then there exists an extension f € Lip? (U, V) with f|p = f, and a constant C
independent of f and I such that

I llier < CIlf e

A.5 RDE solutions

Given two Banach spaces U, V, and v > 0, we define the spaces of vector fields
V(V,U) = L(V,C(U,U)),
VY(V,U) = L(V,Lip..(U,U)),
VWV U) = (Ve o).

e>0

We recall the definition of an RDE solution.
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Definition A.15. |7, Definition 10.17] Letx € CP([0, T],R%), let f € V(R?, R®), and letyo € R®. We call
apathy € C([0,T],R¢) a solution to the rough differential equation

dyr = f(ye) dxe,  yo = yo, (A2)

if there exists a sequence of finite variation paths (™) satisfying (A1), such that there exist solutions y™ to the
ODEs

with
ly" = ylloo — 0.

As the following lemma demonstrates, is immediately clear that ODE solutions are RDE solutions.

Lemma A.16. Letz € C([0,T],R%) be of finite variation, let f € V(RY,R¢), and let yo € R®. We can
naturally associate to = the geometric p-rough path ® = Sy, (z). Lety € C([0,T],R®) be a solution to the
ODE

dys = f(ye) dat, Yo = Yo-

Theny is a solution to the RDE (A.2).

Proof. This follows immediately from the definition of RDE solutions by taking the sequence (z™) with 2" = =z,
and the solutions y" = y. O

The converse direction is not always true, i.e. there may exist RDE solutions that are not ODE solutions. Below,
we give such an example.

Example A.17. For simplicity of exposition, we work in C = IR? here, and consider integrals instead of differ-
ential equations. We will see in Section[A.f| that integrals are in fact a special case of differential equations.

Consider the trivial finite variation path x : [0,1] — R? given by x; = 0, and, for v > 1 the vector field
f(z) = EL ¢ Lip=1. Clearly,

- t
/ f(l‘t) dZEt = O
0

in the ODE (or rather, Riemann-Stielties) sense. However, interpreting the above as a rough integral, we can
choose the paths =™ as n times the circle with radiusn~'/?. Forp € (1,2), ||S1(z")|| p—var Stays bounded and
(™) converges uniformly to x. However, the corresponding ODE solutions converge uniformly to 2mit, yielding
a second RDE solution.

We show the following consistency relation of RDEs.

Lemma A.18. Letz € CP'¥([0,T],R%), let f € V(R4 R), and let yo € R®. Letq > p > 1, and let
x = Sy (). Then, T € Crva ([0, T], RY) with | Z||gvar < C||2||pvar for some C = C(p,q), and every
solution y to the RDE

dy; = f(yt) dxy, Yo = Yo

is a solution to the RDE
dys = f(ye)dxs,  yo = yo-

Remark A.19. It is not clear to the authors whether the above RDEs are equivalent, i.e. whether every solution
of the RDE w.r.t. T is a solution w.r.t. x.
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Proof. If ¢ = p, the statement is trivial. Assume that ¢ > p.

First, we note that I is indeed a weakly geometric g-rough path. It obviously takes values in Gld (Rd), so the
only thing to show is that it is of finite g-variation. This follows by using [7} Proposition 5.3] and |7, Theorem 9.5]
from

12 gvar < 1157q) (@) llpvar < Cll]|p-var;
where we additionally remark that C' depends only on p, g.

Let y be a solution to the RDE driven by a. By definition, there exists a sequence of finite variation paths (m”)
with
IS (2") = @lloc = 0, sup||Sp) (@) llpvar < o0,
n

and ODE solutions y" with
19" = ylloo — 0.

Letr € (p, [p] + 1). By [7, Proposition 5.5], S, (z") = S}, (z™) converges to & in r-variation. Then,
1519 (@") = &|oo < [[S]g(Spp(2")) = Sigy (@) [l rvar = 0
by [7, Corollary 9.11]. Moreover,

sup ”S[q} (xn)Hq—var S sup HS[q](xn)HP'Var S Csup HS[p] (xn)HP'Var <00

n

as before. By the definition of an RDE solution for the driving path &, we conclude that ¥ is a solution. O

We now recall the following definition of full solutions to full RDEs.

Definition A.20. [7, Definition 10.34] Letx € C***([0,T],R%), let f € V(R?,R¢), and letyy € GPI(R®).
We call a pathy € C([0,T], GP!(R?)) a solution to the full RDE

dy: = f(y)dxe, Yo = yo,

if there exists a sequence of finite variation paths (z™) satisfying (A1), and such that there exist solutions y" to
the ODEs

dy; = f(y')d=y',  yg = m1(yo) = Yo
with
1Yo ® S (¥™)o,. — Y.lloo — 0.

Of course, if y is a solution to the full RDE above, then y € CPV([0,T],R®) is again a weakly geometric
p-rough path.

Definition A.21. For every f € V(RY,R®) and for all N > 1, we define the associated full vector field
f € VR TV (R?)) by

f(z) =z f(m(z)).

We recall that by [7, Theorem 10.35], a full RDE solution with respect to the vector field f is just a first-level
RDE solution with respect to the vector field f. (As a minor side remark, the vector field in [7, Theorem 10.35]
actually acts on TV (R€), not the smaller space TlN (R¢). However, since full RDE solutions always take values
in GV (IR®), which is a subset of T} (R¢), this does not change the situation. The restriction to 77" (R®) will
become relevant in the forthcoming Lemma |2.15])
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A.6 Rough integrals

First, we recall the definition of a rough integral.

Definition A.22. |7, cf. Definition 10.44] Let € CP¥([0,T],R%), and let f € L(R?, C(R%,R¢)). We say
thaty € C([0,T], GPL(R®)) is a rough integral of f along x, if there exists a sequence (™) of finite variation
paths with x{; = m1(x¢) satisfying (A1), and

s ([ f<xz>dxz)0 y

5

— 0.

(e}

If y is the unique rough integral, we write

/f(x) de = y.
As remarked in |7, Section 10.6], the rough integral f f(z)dx is in fact given as the projection onto the last e
coordinates of a solution to the full RDE

dz; = fi1(2) daxy, 20 = 20,
where f1 € V(R?, R+e),
Id
fl €r,Yy)= < > )
9=\ ()

and where z is any element with 29 = (o, 1).

B A cost model for the Log-ODE method

If we apply the error representation formula for the Log-ODE method on a given partition, we know which
intervals of the partition contribute most to the global error. To compute the solution more accurately on these
intervals, we can either refine the partition or increase the degree. The aim of this section is to determine which
action is more efficient in a given situation.

B.1 Theoretical considerations

First, let us develop a theoretical cost model for solving RDEs using the Log-ODE method.

Recall that the vector field of the degree N Log-ODE method is given by

N
> rmi(logn(9))(y).
k=1

Here, f°F is given as a tensor-valued function

fok: R¢ — R® ® (Rd)®k.
This function is evaluated, and the result is then contracted with the k-tensor 7 (logy (g)) € (RY)®*, and
finally summed over k.

The function f°* has ed” components, while 7, (log N (g)) has d* components. Assume that evaluating one
component of the function f° or the log-signature 7y, (logn(g)) carries a cost of . The total cost of evalu-
ating the Log-ODE vector field is hence roughly of order

N
Z ecpd ~ ecnyd”,
k=1
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assuming that (¢ ) is non-decreasing.

Next, assume that we are using a partition of length n. On each interval we have to solve an ODE, and the cost
of solving that ODE is assumed to be approximately proportional to the number of calls of the vector field times
the cost of evaluating the vector field. Since we are working with an adaptive algorithm, it seems reasonable
to assume that the ODEs of the various intervals of the partition are roughly equally difficult to solve, i.e. the
number of calls of the vector field is roughly constant. Therefore, the cost of solving the RDE using n intervals
of level N is roughly of order necNdN. If we use (nz);’il intervals of level ¢, we roughly have a cost of order

o
e g n;c;dt.
i=1

Next, we ask the question how the error changes if we increase IV or subdivide the interval.

Standard error bounds for the Log-ODE method on a single interval [s, ¢] are of the form

N+1
anw(s,t) 7 |

where ap is some constant that depends, among other things, on N, and w is a control associated to the
problem (essentially the p-variation of & multiplied with the local Lipschitz norm of f). This error is then of course
propagated to the end. Since the error representation formula already takes care of the error representation
formula, we may assume that there is a control function w, such that we roughly have

</01 U (t, Ty, + selty) ds) e(te)

assuming that we use the Log-ODE method of level Ny, on the interval [t, txi1].

Np+1

n
~ > anw(te tern) P
k=1

l9(yr) — 9@ <D
k=1

B.2 Suggestions for the implementation

Given these models for the cost and the error, we now try to answer the question on when to refine the partition,
and when to increase the degree. Assume for a moment that we know the constants c; and a;, and the control
w. Then, refining an an interval [t, tx+1] into m subintervals of equal length (w.r.t. the control w) leads to an
increase in the computational cost for the interval [ty, t;11] by a factor of m, while it decreases the error on

N1 7<Nk+17 )
this interval by a factorof m -m » =m P . On the other hand, increasing the degree from Ny
to N + 1 increases the computational cost by a factor of Ci’]’;i“d, while decreasing the error by a factor of
k
AN +1 1
ﬁw(tkatk+l) /P,

To achieve the same decrease in the error by refining the interval, as by increasing the degree, we need to

choose )
ANy, Ni+1=p -
"= ( > Wtk thyr) NeIoP.

aNk+1
Comparing the costs of these two operations, we see that it is more efficient to refine the interval if

P
a Nip+1-p -1 ¢
( il ) W(t, trpr) Vet < LG, (B.1)
ANp+1 CNj,

while it is more efficient to increase the degree otherwise.

This gives us a well-defined method for deciding when to increase the degree and when to refine the interval,
assuming that we know a;, ¢; and w. Hence, it merely remains to estimate these quantities. First, note that given
a; and ¢;, it is clear what w is on the intervals [tk, tkH], since

Nj+1 1 </01 U (t, 7y, + se(t)) ds) e(ty)

w(tg, thy1) 7~ —
an,
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by definition.

Moreover, the rule makes it clear that we only care about the fractions of successive a; and ¢;, and not
about their absolute values. Setting, say, a1 = c¢; = 1, we can inductively determine a;+1 (resp. ¢;+1) from a;
(resp. ¢;) by picking an interval [t, tx+1], and using the Log-ODE method of level ¢ and i + 1. By comparing
the computational times 7; and T}, 1, we get an estimate for ¢;41 since C‘C—tld = TZTtI by assumption.
Determining a;1 is only slightly more involved. Denote the estimates of the propagated local errors, which we
obtain by the error representation formula, by e; and e;41. By assumption,

j+1

€j = ajw(tk’7tk+l) L J=11+1,
indicating
1 it2
1 a; \ €it+1 ZANE
w(ty, tepr) /P = (e) ) Qit1 = e :
‘ W(th, thg1) P i

In practice, if we have never increased the degree from ¢ to ¢ + 1 before, we can do this once to get a rough
estimate of c;41 and a;1. Afterwards, we can refine these estimates every time we increase the degree from
1to 7 + 1 on other intervals (e.g. by taking the medians of the estimators).

C The Euler approximation

Letx € CPY([0,T],R%), let f € VVP(RY R®) with N > p — 1, and let yg € R®. The Euler approximation
of level NV of the RDE

dys = f(ys)des,  yo = o

is given by
N

yr =yo + > (o)mr(Sn()o,r)-
k=1

Here,

fr=1r and 0= DL,
This defines a 1-step scheme A" given by AR (f, yo, Sn(x)o.1) = yr.

Lemma C.1. The 1-step scheme ABY®" js an admissible 1-step scheme.
Proof. This follows immediately from |7, Theorem 10.30]. O
We remark that AEY®" is neither local nor group-like.

Let log be the tensor algebra logarithm given by logy : 71V (RY) — TN (R9),

Jj+1

logn(g) =Y (_1;(9 —1)%.

i=1
Lemma C.2. Letg,g € T{¥(R?). Then, there exists a constant C' = C(N)) such that

llogy g —logn gll < C (L V ligll v [Ig1)"™ " llg - 4l
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Proof. Letk € {1,...,N}. Then,

|7%(logng — logy g)||

N
<> = lm (g -1D%) —m (g - D)
j=1
N 1 k
<Y = DY ga® - ®g;,— 00 ® @
j=1 J i1,enyig=1,
i14-ij=k

i1yeenij=1, =1
i1t =k

J

k
- ~i|li—t
> D lgl“ g - gllligl

i1 eyij=1, =1
i14+Ai=k

< C(NK)AV gl v Ilgh™ g - gl

Taking the supremum over k finishes the proof. O

Lemma C.3. Letg', g% € GV (RY), let f € VN (R4, R), and lety € R®. Then,

IAR* (f,y,9") — AR (f,4,97)l < Cllg" - ¢’

where C = C(N, || f| o) is increasing in both parameters.

Proof. This is immediate from the fact that f°¥ is a linear map on (Rd)®k with

IAR™ (f,9.9") — AR (f.y.9%)]l =

N
> FFwo)mi(g' - g°)
k=1

< CU oy V I IT) g — g°]l- O
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