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Abstract

Using rough path theory, we provide a pathwise foundation for stochastic Itd integra-
tion which covers most commonly applied trading strategies and mathematical mod-
els of financial markets, including those under Knightian uncertainty. To this end, we
introduce the so-called property (RIE) for cadlag paths, which is shown to imply the
existence of a cadlag rough path and of quadratic variation in the sense of Follmer.
We prove that the corresponding rough integrals exist as limits of left-point Riemann
sums along a suitable sequence of partitions. This allows one to treat integrands of
non-gradient type and gives access to the powerful stability estimates of rough path
theory. Additionally, we verify that (path-dependent) functionally generated trading
strategies and Cover’s universal portfolio are admissible integrands, and that property
(RIE) is satisfied by both (Young) semimartingales and typical price paths.
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1 Introduction

A fundamental pillar of mathematical finance is the theory of stochastic integration
initiated by K. It6 in the 1940s. Itd’s stochastic integration not only allows a well-
posedness theory for most probabilistic models of financial markets, but also comes
with invaluable properties, such as having an integration by parts formula and chain
rule, and that of being a continuous operator (with respect to suitable spaces of ran-
dom variables) which is essential for virtually all applications. However, despite the
elegance and success of Itd integration, it also admits some significant drawbacks
from both theoretical and practical perspectives.

The construction of the It integral requires one to fix a probability measure a pri-
ori and is usually based on a limiting procedure of approximating Riemann sums in
probability. While in mathematical finance, the Itd integral usually represents the cap-
ital gains process from continuous-time trading in a financial market, it lacks a robust
pathwise meaning. That is, the stochastic Itd integral does not have a well-defined
value on a given “state of the world”, e.g. a realised price trajectory of a liquidly
traded asset on a stock exchange. This presents a gap between probabilistic mod-
els and their financial interpretation. Addressing the pathwise meaning of stochastic
integration has led to a stream of literature beginning with the classical works of
Bichteler [7] and Willinger and Taqqu [53]; see also Karandikar [30] and Nutz [41].

The requirement of fixing a probability measure to have access to Itd integra-
tion becomes an even more severe obstacle when one wants to develop mathematical
finance under model risk—also known as Knightian uncertainty. Starting from the
seminal works of Avellaneda et al. [5] and Lyons [38], there has been an enormous
and ongoing effort to treat the challenges posed by model risk in mathematical fi-
nance, that is, the risk stemming from the possible misspecification of an adopted
stochastic model, typically represented by a single fixed probability measure. The
majority of the existing robust treatments of financial modelling replace the single
probability measure by a family of (potentially singular) probability measures, or
even take so-called model-free approaches where no probabilistic structure of the
underlying price trajectories is assumed; see for example Hobson [27] for classical
lecture notes on robust finance. In particular, the latter model-free approaches often
require a purely deterministic integration theory sophisticated enough to handle the
irregular sample paths of standard continuous-time financial models and commonly
employed functionally generated trading strategies.

In the seminal paper [19], Follmer provided the first deterministic analogue to
stochastic Itd integration which had the desired properties required by financial ap-
plications. Indeed, assuming that a cadlag path S: [0, T] — R? possesses a suitable
notion of quadratic variation along a sequence (P"),cn of partitions of the interval
[0, T'], Follmer proved that the limit

t
/ Df(S)dS, = lim > Df(S)(Sun = Sun). 1 €[0.T1,
0 n—oo . v]eP

where D f denotes the gradient of f, exists for all twice continuously differentiable
functions f: RY — R. The resulting pathwise integral fot Df(S,)dS, is often called
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the Follmer integral and has proved to be a valuable tool in various applications in
model-free finance; for some recent examples, we refer to Follmer and Schied [21],
Davis et al. [14], Schied et al. [46] and Cuchiero et al. [13]. In fact, even clas-
sical Riemann—Stieltjes integration has been successfully used as a substitute for
Itd integration in model-free finance; see e.g. Dolinsky and Soner [16] or Hou and
Obto6j [28].

By now arguably the most general pathwise (stochastic) integration theory is pro-
vided by the theory of rough paths, as introduced by Lyons [39], and its recent ex-
tension to cadlag rough paths by Friz and Shekhar [25], Friz and Zhang [26] and
Chevyrev and Friz [9]. Rough integration can be viewed as a generalisation of Young
integration which is able to handle paths of lower regularity. While rough integration
allows one to treat the sample paths of numerous stochastic processes as integrators
and offers powerful pathwise stability estimates, it comes with a pitfall from a fi-
nancial perspective: the rough integral is defined as a limit of so-called compensated
Riemann sums and thus apparently does not correspond to the canonical financial in-
terpretation as the capital gains process generated by continuous-time trading. Even
worse, choosing a rough path without care might lead to an anticipating integral,
corresponding e.g. to Stratonovich integration, thus introducing undesired arbitrage
when used as a capital process.

To overcome these issues, we introduce the so-called property (RIE) for a cadlag
path S: [0, T] — R? and a sequence (P"),en of partitions of the interval [0, T'].
This property is very much in the same spirit as Follmer’s assumption of quadratic
variation along a sequence of partitions. Indeed, we show that property (RIE) im-
plies the existence of quadratic variation in the sense of Follmer, and even the exis-
tence of a cadlag rough path S above S, which loosely speaking corresponds to an
“It6” rough path in a probabilistic setting. Assuming property (RIE), we prove that
the corresponding rough integrals exist as limits of left-point Riemann sums along
the sequence (P"),cN of partitions. This result restores the canonical financial in-
terpretation for rough integration and links it to Féllmer integration for cadlag paths.
Property (RIE) was previously introduced by Perkowski and Promel [42] for continu-
ous paths, though we emphasise that the present more general cadlag setting requires
quite different techniques compared to the continuous setting of [42].

Given the aforementioned results, a cadlag path which satisfies property (RIE)
permits the path-by-path existence of rough integrals with their desired financial in-
terpretation, and moreover maintains access to their powerful stability results which
ensure that the integral is a continuous operator. This appears to be a significant
advantage compared to the classical notions of pathwise stochastic integration in
Bichteler [7], Willinger and Taqqu [53], Karandikar [30], Nutz [41] which do not
come with such stability estimates. In particular, the pathwise stability results of
rough path theory allow one to prove a model-free version of the so-called funda-
mental theorem of derivative trading—see Armstrong et al. [4]—and may be of inter-
est when investigating discretisation errors of continuous-time trading in model-free
finance; see Riga [44]. Furthermore, in contrast to Féllmer integration, rough integra-
tion allows one to consider general functionally generated integrands (g(S;)), where
g is a general (sufficiently smooth) function g : R? — R? and not necessarily the gra-
dient of another vector field f: RY — R. For instance, model-free portfolio theory
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constitutes a research direction in which it is beneficial to consider non-gradient trad-
ing strategies; see Allan et al. [1]. Even more generally, rough integration allows one
to treat path-dependent functionally generated options in the sense of Dupire [17],
and pathwise versions of Cover’s universal portfolio, as discussed in Sect. 3.

Of course, it remains to verify that property (RIE) is a reasonable modelling as-
sumption in mathematical finance, in the sense that it is fulfilled almost surely by
sample paths of the commonly used probabilistic models of financial markets. Since
it seems natural that continuous-time trading takes place when the underlying price
process fluctuates, we employ sequences of partitions based on such a “space discreti-
sation”. For such sequences of partitions, we show that the sample paths of cadlag
semimartingales almost surely satisfy property (RIE). This result is then extended to
so-called Young semimartingales, which are stochastic possesses given by the sum
of a cadlag local martingale and an adapted cadlag process of finite g-variation for
some g < 2. Finally, we prove that property (RIE) is satisfied by typical price paths in
the sense of Vovk [49], which correspond to a model-free version of “no unbounded
profit with bounded risk”.

The paper is structured as follows. In Sect. 2, we introduce property (RIE) and ver-
ify the properties of the associated rough integration as described above. In Sect. 3,
we exhibit functionally generated trading strategies and generalisations thereof which
provide valid integrands for rough integration. In Sect. 4, we prove that (Young)
semimartingales and typical price paths satisfy property (RIE).

2 Rough integration under property (RIE)

In this section, we develop pathwise integration under property (RIE). We set up the
essential ingredients from rough path theory in Sect. 2.2 and show in Sect. 2.3 that
paths satisfying (RIE) serve as suitable integrators in mathematical finance. Finally,
in Sect. 2.4, we connect property (RIE) with the existence of quadratic variation in
the sense of Follmer.

2.1 Basic notation

Let (R, | - |) denote the standard Euclidean space and D([0, T']; R9) the space of
all cadlag (i.e., right-continuous with left limits) functions [0, T] — R?. A partition
P = P([s, t]) of the interval [s, 7] is a finite subset of [s, #] which includes the end-
points s and t,ie., P={s =19 <t] <--- <ty =t} forsome N € N. We also iden-
tify such a partition with the induced collection of intervals between the successive
points of P, i.e., with a slight abuse of notation, P = {[#;, t;+1]1:i =0,1,..., N—1}.
The mesh size of a partition P is given by |P| := max{tj+1 —# :i =0,..., N — 1},
and for a partition P of the interval [s, ¢] and a subinterval [u, v] C [s, t], we write
P(u,v]) .= P U{u,vh) N[u,v] ={r € PU{u,v}:u <r < v} for the restriction
of the partition P to the interval [u, v]. A sequence (P"),cn of partitions is called
nested if P* C P! foralln € N.

Setting Ajo,7] = {(s,1) € [0, TP @ s < t}, a control function is a function
w: Ap,77 — [0, 00) which is superadditive, i.e., w(s, u) + w(u,t) < w(s,t) for
O0<s=<u=<t=<T.
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Throughout this section, we fix a finite time interval [0, 7] and the dimension
d € N. We also adopt the convention that given a path A defined on [0, T], we write
Ag = A; — A, for the increment of A over the interval [s, #]. Note, however, that
whenever A is a two-parameter function defined on A[g, 7, the notation A, ; simply
denotes the value of A evaluated at the pair of times (s, ) € Ajo,7].

If A denotes either a path [0, T] — E or a two-parameter function Ay 7] — E
for some normed vector space E, then for any p € [1, 00), the p-variation of A over
the interval [s, ¢] is defined by

1

il
1Al g5 :=< sup Y |Au,U|P) ,
PUsD 1y, v1eP([s.11)

where the supremum is taken over all partitions P([s,?]) of the interval
[s,2] S [0, T].If | All p,j0,7) < 00, then A is said to have finite p-variation.

We write D? = DP ([0, T]; E) for the space of all cadlag paths A: [0, T] —> E
of finite p-variation, and similarly D} = D} (Ajor); E) for the space of two-
parameter functions A: Ajg,77 — E of finite p-variation which are such that the
maps s — A;; for fixed ¢, and t — Ay, for fixed s, are both cadlag. Note that a
function A having finite p-variation is equivalent to the existence of a control func-
tion w such that |A; /|? < w(s,t) forall (s, t) € Ajp,r]. For instance, one may take
ws, ) = AN | -

2.2 Cadlag rough path theory and property (RIE)

While rough path theory has by now been well studied in the case of continuous
paths, as exhibited in a number of books, notably Friz and Hairer [24], its extension
to cadlag paths appeared only recently, starting with Friz and Shekhar [25]. In this
section we mainly rely on results regarding forward integration with respect to cadlag
rough paths as presented in Friz and Zhang [26].

In the following, we fix p € (2, 3) and ¢ > p such that

2 1
—+—->1,
P q

and define » > 1 by the relation
11 1
rp 4

This means in particular that 1 < p/2 <r < p < g < 0.
Throughout the paper, we use the symbol < to denote inequality up to a
multiplicative constant which depends only on the numbers p, ¢ and r chosen above.
We begin by recalling the definition of a cadlag rough path as well as the corre-
sponding notion of controlled paths. In the following, we write A ® B for the tensor
product of two vectors A, B € R¢, i.e., the d x d-matrix with (i, j)-component given
by[A® Bl = A'B/ for1 <i,j <d.

@ Springer
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Definition 2.1 We say that a triplet X = (X, Z, X) is a (cadlag) rough path (over R9)
if X € DP([0, T1; RY), Z € DP([0, T]; RY), X € DY* (Ao r1; R9*4) and if Chen’s
relation

Xs,t = Xs,u + Xu,t + Zs,u & Xu,t (21)

holds for all times 0 < s < u <t < T. We denote the space of cadlag rough paths
by V?. Note that p is fixed throughout.

The reader is encouraged to check that given cadlag paths X and Z of bounded
variation, setting Xy, = f; Zsuw ® dX, = f; Z, ® dX, — Z; ® X, for all
(s, 1) € Ao, ), with the integral defined as a limit of left-point Riemann sums, gives
arough path. Although the integral fs ! Zs., ®dX, is not in general well defined when
X and Z are not of bounded variation, given a rough path (X, Z, X), we may think
of X as postulating a “candidate” for the value of such integrals.

Remark 2.2 The definition of rough paths introduced above looks slightly different
from the standard definition in which one takes X = Z. Our definition is slightly
more general, but the corresponding theory works in exactly the same way and turns
out to be more convenient in the context of property (RIE) as we shall see later.

More precisely, the matrix X ; will later represent for us the (a priori ill-defined)
‘integral’ L ! Ss.u ® dS, which will be defined as the limit as n — oo of the Rie-
mann sums ( f : S;"u ®dS,)neN appearing in property (RIE) below. In the continuous-
path setting of Perkowski and Promel [42], a linear interpolation is used to provide a
continuous approximation of S”, leading to a Stratonovich-type integral in the limit,
which is subsequently converted back into an [t6-type integral. Thanks to the recently
developed theory of cadlag rough paths, we can use here a more direct argument
which avoids this detour. This means working directly with the integral f; S¢, ®dS,,
which corresponds to taking X = S and Z = S” in Definition 2.1, thus requiring
X #£Z.

For two rough paths X = (X, Z, X) and X = (X, Z, X), we use the notation

Xllp.1s.1 5= X p.1s.0 + 1 Z1lp.1s.0 + 1Kl 2 1.1
and define the pseudometric
I Xl p 5.1 = 1X = Xl s, + 1Z = Zllps.n + 1K = Xl g .05

for [s,t] € [0, T].
In the following, we write £(R?; R?) for the space of linear maps R? — R?.

Definition 2.3 Let Z € DP([0, T]; RY). A pair (F, F') is called a controlled path
(with respect to Z) if we have F € DP([0, T]; RY), F' € D9([0, T]; L(R?; R?)) and
RY € D5(A,11; R?), where the remainder R is defined implicitly by the relation

Fs; = F;Zs,l + R::r’ (s.1) € Apo,7.
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We refer to F’ as the Gubinelli derivative of F (with respect to Z) and denote the
space of such controlled paths by V7"

Given a path Z € DP([0, T1; RY), the space V2" of controlled paths becomes
a Banach space when equipped with the norm (F, F') — |Fy| + || F, F/”V?’,[o,r]’
where

IE. F'llyar 0.7y = 1Fol + 1F llg.0.71 + IR llro.71.

With the concepts of rough paths and controlled paths at hand, we are ready to
introduce rough integration. The following result is a straightforward extension of
Allan et al. [1, Lemma 2.6] and its proof follows almost verbatim.

Proposition 2.4 Let X = (X, Z,X) € VP be a cadlag rough path. Let (F, F') € V"
and (G, G') € V;I(’r be controlled paths with respect to Z and X, respectively, with
remainders RY and RC. Then for each t € [0, T], the limit

[—0

t
/ F,dG, := lim Z (FuGuw + F.GL Xy 0) (2.2)
0 Pl [u,v]eP

exists along every sequence of partitions ‘P of the interval [0, t] with mesh size |P)|
tending to zero, and the limit does not depend on the choice of sequence of partitions.
We call this limit the rough integral of (F, F') against (G, G') (relative to the rough
path X). It moreover comes with the estimate

t
‘/ F,dG, — F,Gy, — F/G/X,,
S
1
< CIF looUIG N2 s + 1 Z1D 1o o) 71X W puts.t + IF e 1 RE s

p.ls,t
+ IR 5.1 1G oo I X st + 1F' G Mg, 1501 1K 2. 15.11) (2.3)
5.[s.1]

forall (s, t) € Ao, 1], where the constant C depends only on p, q and r.

We interpret the product of vectors F,G,,, appearing in (2.2) as the Euclidean
inner product, and the rough integral itself is real-valued. However, we remark that
in general the path F may take values in a space of linear maps, and rough integrals
may be defined to take values in a space of vectors, or even an infinite-dimensional
Banach space.

Remark 2.5 In the case when G = X (so that G’ is the identity map and R® = 0), the
integral defined in Proposition 2.4 reduces to the more classical notion of the rough
integral of the controlled path (F, F’) against the rough path X, given by

t
/Fudxuz lim " FyXuo+ F X0
0 [P|—0

[u,v]eP
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Remark 2.6 Combining the estimate in (2.3) with the relation G, ; = G} X, ; + th,
it follows that the rough integral fo F, dG, is itself a controlled path with respect to

X with Gubinelli derivative FG’, so that (fd F,dG,, FG) € V;I(’r.

Notice that the construction of the rough integral in (2.2) is based on so-called
compensated Riemann sums Z[u,u]eP (FyGuy+F, G| X, ) instead of classical left-
point Riemann sums Z[M’U]ep F,,G, . While the classical Riemann sums come with
a natural interpretation as capital gains processes in the context of mathematical fi-
nance, the financial interpretation of compensated Riemann sums is by no means
obvious. However, we show later in Theorem 2.15 that the integral can be given a
natural formulation as a limit of suitable left-point Riemann sums. Moreover, an ad-
vantage of rough integration is that it provides rather powerful stability estimates, for
instance as presented in the next result.

Proposition 2.7 Let X = (X, Z, X), X = ()~(, Z, §§) € VP be cadlag rough patizs
and (F, F') € V%’r, (F,F) e V%’r controlled paths with remainders RF and RF,
respectively. Then:

(i) We have the estimate

H/ Fuqu—/ F, dX,
0 0 p:[0,T]

= C(AFol + I F, Flllysr o)+ 1X Lpsgo.71 + 1Z 1 psto. 71X X[l pr10.71

+ (|Fo — Fol + |F§ — F§l + I|F' — F'llgsi0.71 + IRF — RF Ilj0.71)
x (1 + 1 Z 1l ps10, 7D IX 1l pig0,71)

where the constant C depends only on p, g and r.
(i) Let (G,G") € V;’{r and (G,G") € V;Z(’r also be controlled paths with

remainders R® and RO, respectively. Let M > 0 be a constant such that

”X”p,[O,T]» |F0|7 ”F’ F/”v%*’,[())r]» ”G’ G/”V)q(",[O,T] <M,

IXlip.10.71, 1Fols 1F Fllyse o,y 16, G llyar o,y < M-

We then have the estimate

‘/ FudGL,—/ F,dG,
0 0

< C(IFo — Fol + |Fy — F)l + IIF = F'llgj0.11 + IR" — RF||,.10,7)

p.[0.T]

+1Gy — Gyl + I1G" = G'llg. 10,11 + IR = Rl 10,71 + 1X; Xl p.10.71)

where the new constant C depends on p, q,r and M.
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A cadlag rough path foundation for robust finance 223

Proof We present here only the proof of (ii) since the proof of (i) follows almost
verbatim. Here, the multiplicative constant implied by the symbol < is allowed to
depend on the numbers p, ¢ and r as usual, and additionally on the constant M.
Following the proof of Friz and Zhang [26, Lemma 3.4], one deduces in our more
general setting the estimates

IF = Flipjo.r1 S 1Fy = Fol + 1F = Fllgqo.m + IRT = R 0.7y
+1Z = Zllp.10.7) (2.4)
and
IR0 FudGu _ Rlo FudGu ll-.10,71
S|Fo— Fol + |F = Fllpo.r + |Fy — Fyl + I|F' = F'llg.10.7)
+IRF = R 0.1+ 1GY — Gyl + 11G" = G llg. .11 + 1RS = ROl 0.1
+ 11X; X p.10,71- 2.5)

Recalling Remark 2.6, we find by using the controlled path structure of the rough
integrals that

S| Fo — Fol + |F = Fllp 0,11 + Gy — Gyl

F,dG, — / F,dG,
0 0

p:10,7]
+1G" = G llgjo.r1 + 1X = Xllp.jo.7)
+ | RIFudGu _ Rl FudGuy oy (26)
The result then follows upon substituting (2.4) and (2.5) into (2.6). O

In the spirit of Follmer’s [19] assumption of quadratic variation along a sequence
of partitions, we introduce the following property.

Property 2.8 (RIE) Let p € (2,3) andlet P" = {0 =15 <t <--- < tN =T}
n € N, be a sequence of nested partitions of the interval [0, T] such that |P"| — 0 as
n — oo. For S € D([0, T]; RY), we define §": [0, T] — R by

Np—1
St =Srlry @)+ Y Splgpn y@), 1 €[0,T],
k=0

for each n € N. We assume that

e the sequence (5"),cn of paths converges uniformly to S asn — 00;

o the Riemann sums fot St RdS, = ]1{\' 0 St ®Smarm ' At converge uniformly

as n — oo to a limit, which we denote by fo S, ®dS,,t [0, T];
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o there exists a control function w such that

t] 14

|S5,017 [y Si ®dSu = Sy ® Sy ]2
su —— +sup  sup —

(s,1)€A0,7] W(S, 1) peNO<k<t<N, w(ty, 1))

<1. (7

In (2.7) and hereafter, we adopt the convention that 9.=0.

Definition 2.9 A path S € D([0, T]; RY) is said to sarisfy (RIE) with respect to p and
(P")neN if p, (P")nen and S together satisfy property (RIE).

The name “RIE” is an abbreviation for “Riemann” as we assume the convergence
of the Riemann sums [ S ® dS, instead of the discrete quadratic variations as in
[19]. Indeed, property (RIE) is a stronger assumption than the existence of quadratic
variation in the sense of Follmer, and it is even enough to allow us to lift S in a
canonical way to a rough path (see Lemma 2.13 below), giving us access to the pow-
erful stability results of rough path theory such as those in Proposition 2.7. Moreover,
property (RIE) can be verified for most typical stochastic processes in mathematical
finance, as we shall see in Sect. 4.

Remark 2.10 We highlight that rather than simply being a property of a path, prop-
erty (RIE) is actually a property of a path together with a given sequence (P");eN
of partitions. Indeed, such a path § will in general not satisfy (RIE) with respect to
a different sequence of partitions, and even if it does, the limit of Riemann sums
fé S ® dS, specified in property (RIE) may depend on the choice of sequence of
partitions. However, in practice, there is often a natural choice for the sequence of
partitions; see Remark 4.2. For clarity, hereafter, whenever we claim that a path sat-
isfies property (RIE), we always make explicit the partition with respect to which the
path satisfies (RIE) in the sense of Definition 2.9.

Remark 2.11 In Proposition 2.14 below, it is actually shown that it is sufficient in
property (RIE) to assume that the sequence (S"),en converges only pointwise to S,
since the uniformity of this convergence then immediately follows.

Next we verify that property (RIE) ensures the existence of a cadlag rough path.
For this purpose, we consider a suitable approximating sequence for the so-called
‘area process’, which is represented by X in Definition 2.1.

Lemma 2.12 Suppose S € D([0,T];RY) satisfies property (RIE) with
respect to p and (P")yen (as in Definition 2.9). If for each n € N, we define
A" A, — R4*4 py

t t
Al = / st ®dS, = / S"®dS, — 8" ® Sss,  (s.0) € Ay, (2.8)
s

s

where f Yl S¢, ® dSy is defined as in property (RIE), then there exists a constant C
depending only on p such that

2
||A"||%’[0,T] <Cw(0,T)? for everyn € N. 2.9)

@ Springer



A cadlag rough path foundation for robust finance 225

Proof Letn € Nand (s, 7) € Ajo,r). If there exists a k such that ) <s <1 <1/ |,
then we simply have A?’, = St;; ® Ss1 — St;; ® S5+ = 0. Otherwise, let ko be the
smallest k such that 7! € (s, t) and k; the largest such k. It is easy to see that the
triplet (S, S”, A") satisfies Chen’s relation (2.1), from which it follows that
n o __ an n n n
AS A I? + A n + A ot + Ss’tl?o ® St;:()'t;‘ll + S‘Y’tlsl ® St;:l -

tio 16y

As we have already observed, we have A’ o= At,, = = 0. By (2.7), we have
ko Ky

|A”" t" |2 = w(tko’ tk1) = w(tko l’t)
We estimate the remaining terms as
|Sn,n ®Stk t" |2 + |Sn,n ®Stk t|2
S |S;1’t;(’0 |p + |St;{'0,t,?l |p + |S;l,,;gl |p + |St,fl,t|p
= |St,’; _l,t]': |p + |St,? ,t]’: |p + |St,’(’0_l,t,i?l |p + |St,£'l,t|p
< w(tko 1,tko) + w(tko, tk ) + w(t,fo_l,t,?l) + w(t,?] 1)
< 2w(tk0_1, 1)

so that putting this all together yields the existence of a constant C > 0 such that

|A§”[|g < (fw(t,’fo_l, t). Taking an arbitrary partition P of the interval [0, T], it fol-

lows that Z[M]ep |A?,,|]_27 < 2C‘w(0, T). We thus conclude that (2.9) holds with
~ 2

C=2C)r. |

Lemma 2.13 Suppose that S € D([0, T]; RY) satisfies property (RIE) with respect to
p and (P"),cn. With the natural notation f; S, ®dS, = fot S, ®dS, — fg S, ®dS,,
we define A: Ajo.r] — RI*4 by

t
Asr = / Sy ®dS, — S5 ® Ss 1, (s, 1) € Ao, 13-
N

Then the triplet S = (S, S, A) is a cadlag rough path.
Proof 1t is straightforward to verify Chen’s relation (2.1), i.e., that
As,t = As,u + Au,t + Ss,u ® Su,ta (s, 1) € A[O,T]-
By property (RIE), we know that lim, o AY, = Ay, where the convergence is
uniform in (s, ¢), and thus A is itself cadlag as a uniform limit of cadlag functions.
By the lower semi-continuity of the %-Variation norm and Lemma 2.12, we have
2

It follows that (S, S, A) is a cadlag rough path. (|
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2.3 The rough integral as a limit of Riemann sums

While the rough integral in (2.2) is a powerful tool to study various differential equa-
tions, it lacks the natural interpretation as the capital gains process in the context of
mathematical finance. The aim of this subsection is to restore this interpretation by
showing that the rough integral can be obtained as the limit of left-point Riemann
sums provided that the integrator satisfies property (RIE). As preparation, we need
the following approximation result.

Proposition 2.14 Let P" = {0 =15 <t <--- <ty =T}, n €N, be a sequence of
nested partitions with vanishing mesh size, so that P"*  P"*! for alln and |P"| — 0
as n — oo (as in the setting of property (RIE)). Let F: [0, T] — R? be a cadlag
path and define

N,—1
F'=Frig @) + ) Fylipg, )@, 1€[0.T]. (2.10)
k=0
Let
Jp:={te,T]: F—; #0} (2.11)

be the set of jump times of F. The following are equivalent:
@ Jr € UneN P
(ii) The sequence (F™),eN converges pointwise to F.
(iii) The sequence (F™),eN converges uniformly to F .

Proof We first show that (i) and (ii) are equivalent. To this end, suppose that we have
Jr €U,>; P"andletr € (0, T].Ift € Jp, then there exists m > 1 such thatt € P"
for all n > m. Then we have F!'=Fiforalln > m.If t ¢ Jp, then F,_ = F;, and
since |P"| — 0, it follows that F}' — F,_ = F; asn — o0.

Conversely, if there exists t € Jr with t ¢ | J,~, P", then F' — F,_ # F; so
that F' - F;. This establishes the equivalence of () and (ii).

Since (iii) clearly implies (ii), it only remains to show that (ii) implies (iii).
By Frankovd [22, Theorem 3.3], it is enough to show that the family of paths
{F™ : n > 1} is equiregulated in the sense of [22, Definition 3.1].

Step 1. Lett € (0, T] and € > 0. Since the left limit F;_ exists, there exists § > 0
with ¢t — § > 0 such that

I3
|Fsi—| < 3 foralls € (t — 6, 1).
Let
m =min{n > 1: 3k suchthats; € (r —8,1)}.

Since |P"| — 0 as n — oo, we know that m < co. Moreover, since the sequence of
partitions is nested, we immediately have that for all n > m, there exists a k such that
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€ (t —8,1). We define
u=min{r;' € P" : ' € ¢t =8, 0)} =min (P" N (r — 8,1))

andlets € [u,t) andn > 1.
If n < m, then there does not exist a k such that t,’; € (t — 6, t), which implies that
F" is constant on the interval (¢ — &, t) and hence F)' = F/' .

Suppose instead that n > m. Leti = max{k : #/ < s}and j = max{k : ¢} < t}.

By the definition of u, we see that ¢' € [u, ) and t;’ € [u, t). Then

|F! = F/ | = |Fyp — Fpl < [Fyr |+ 1Fn, | <= +2=¢
s - 1! = - = ) .

Thus we have |F]' — F' | < e forall s € [u,t) andalln > 1.
Step 2. Lett € (JF U{0}) \ {T} and ¢ > 0. Since F is right-continuous, there
exists a§ > 0 withz + § < T such that

|Fisl <e forall s € [t,t +§).
By part (i), we know that ¢ € ( J,-.; P". Let
m = min{n > 1 : 3k such that 1/ = t}.
Since ¢ € |, P", itis clear that m < co. We define
u=min{t}' € P" : ' >t} = min (P" N (1, T]).

We thenletv € (t,u A (t +6)),s € (t,v],and n > 1.

If n < m, then since v < u, there does not exist a k such that #; € [¢, v]. Hence
F" is constant on the interval [¢, v] so that in particular F' = F/".

Suppose instead that n > m. By the definition of m, there exists a j with t;’ =1.
Leti = max{k : ¢/ < s}. In particular, we then have r = t;’ < t;’ <s<v<t+$
and hence

|F = Fl'| = |Fyp = Fal = |Fopl <e.

Thus we have |F]' — F}'| < eforalls € (f,v]and alln > 1.
Step 3. Lett € (0, T)\ Jr and ¢ > 0. Since F is continuous at time ¢, there exists
ad>0withO <r—3J6andf+ 6§ < T such that

|| < % foralls € (t — 8,1 + 8).
Let
m =min{n > 1: 3k suchthats] € (r — 4,1}
Since |P"| — 0 as n — oo, we know that m < co. We define
u=min{t}' € P" : ' >t} = min (P" N (1, T]).

Wethenletv € (f,u A (t +6)),s € (t,v]andn > 1.
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If n < m, then since v < u, there does not exist a k such that t,? € (t, v]. Hence
F" is constant on the interval [z, v] so that in particular F]' = F}*.

Suppose instead that n > m. Let i = max{k : #;/ < s} and j = max{k : 1} < t}.
Since by the definition of m, there exists at least one k such that t,? € (t — 4,t], and
since t <5 < v <t+ 94, itfollows that #!' € (t —§, ¢ + ) and t;‘ € (t — 6, t]. Then

IFn—Fn|=|Fn—Fn|<|Fn|+|Fn|<£+£:8

s ! 1! ol = e 1t 275 .
Thus we have |F]' — F}'| < eforalls € (¢, v] and all n > 1. It follows that the family
of paths { F" : n > 1} is indeed equiregulated. ]

The next theorem is the main result of this section, stating that the rough inte-
gral can be approximated by left-point Riemann sums along a suitable sequence of
partitions, in the spirit of Follmer’s pathwise integration.

Theorem 2.15 Let g > p be such that % + é > land r > 1 such that % = % + %.

Suppose that S € D([0, T1; R?) satisfies property (RIE) with respect to p and
(P")yen. Let (F, F') € Vz’r and (G,G) € Vg’r be controlled paths with respect
to S, and assume that Jp C |J, o P", where JF is the set of jump times of F as in
(2.11). Then the rough integral of (F, F’) against (G, G') relative to the rough path
S =(S, S, A) as defined in (2.2) is given by

, No—1
/0 FudGu = n]ggo kZO F’ZGI/?MJ:?HN’

where the convergence is uniformint € [0, T].

Proof We recall from Lemma 2.13 that S = (S, S, A) is a rough path so that by
Proposition 2.4, the rough integral of (F, F’) against (G, G') (relative to S) exists.
It is also clear that S" := (S, S", A") is a rough path, where A" was defined in
(2.8). Moreover, by property (RIE), we immediately have that S” and A" converge
uniformly to S and A, respectively, as n — oo.

For each n > 1, let F" be the path defined in (2.10). We consider the pair (F", F')
as a controlled path with respect to S”, defining the remainder term R” by the usual
relation

F{, = FS¢, + RY,. (s, 1) € Apo,7)-
Since S" converges uniformly to S and, by Proposition 2.14, F" converges uni-
formly to F, it follows that R" also converges uniformly to the remainder term R
corresponding to the S-controlled path (F, F’).
We observe that ||S"| 510,71 < ISl p,[0,7] and || F" ||2p,[O,T] < IFll p,j0,77, and we

have from Lemma 2.12 that | A" | 2107 = Cw(0, T)» for every n > 1. It remains
to show that R" is bounded in r-variation, uniformly in 7.
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Letn > 1and (s, ) € Ao, 7). If there exists a k such that 7)) <s <t < /|, then
R?,z = Fsrft - EX{S;I,I‘ = Ft,’j,t,ﬁ’ - Ev/St,ﬁ’,t,? =0.

If there exists a k such that ]! <5 <t = t,’: 1 then

RS | = |Fy, — FSg,I"
/
= 1Fpa, = FSya, I
f, |Ft,’j,t,’j+1 ,nSt” t" |r + | Szk ’k+1 |r

S, |Rt,’j,t,’j+l|r + |Ft]:,’s|q + |Sz;',t,§‘+l

17,

where in the last line we used Young’s inequality, recalling that % =141

Otherwise, let kg be the smallest £ with t,f € [s, t] and k; the largest such k. After
a short calculation, we find that

n n n n / n
Ry = Ry T + Rtko i, + Rzl T Fs,t,’jo St,?o,t,ﬁ’l Fy tgl S’kl
We observe that S",, = 0 and R} m = R,n R We can deal with the terms R”
ky» ko "ky ko

Sg gl S IF] 0 19+ 1S 17-

and Rf, , using the above and we bound |F @
k i}

1
Putting this all together, we have that
|R;l,t|r = C(|R,;{1071,,;:0|r+|Ft/Iz,071,s|q+|S,;: |p+|Rtk t” | ‘HF lﬂ |q+|Szk "] |p)’

where the constant C depends only on p, ¢ and r. Taking an arbitrary partition P of
the interval [0, T'], we deduce that

q 14
D IR < 2CURI 0,71+ IFU 0.0y + ISID (0. 7p)-
[s,t]1eP

Thus || R"||,,j0,7] is bounded uniformly inn > 1.

Let p’ > p,q' > g and r’ > r such that p’ € (2,3),q¢" > p/, ,+ , > 1
and % = # + % Since the sequence (S"),>1 has uniformly bounded p- varlatlon
and S” converges uniformly to S as n — oo, it follows by interpolation that S”
converges to S with respect to the p’-variation norm, i.e., |S" — S|l 0,77 — O as
n — oo. It follows similarly that ||A" — A||%/’[0’T] — Oand ||[R" — Rll;" 0.1 = O,

and hence also that [|S"; S|,/ j0,7] — 0 as n — oo. It thus follows from part (ii) of
Proposition 2.7 that

t t
/ F}dG, — / F,dG, asn — 00, (2.12)
0 0
where the convergence is uniformin ¢ € [0, T']. Note that in (2.12), the rough integral
fé F' dG, is defined relative to the rough path §" = (S, ", A"), whilst the limiting
rough integral fot F, dG, is defined relative to S = (S, S, A).
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We recall from Proposition 2.4 that the integral of (F", F') against (G, G') relative
to §" = (S, §", A") is given by the limit

f F'dG, = A 11|m Z (F)Guy + F,G, AL,
0 w]eP

where the limit is taken over any sequence of partitions of the interval [0, 7] with

vanishing mesh size. Take any refinement P of the partition (P" U{t}) N[0, 7] (where

as usual P" is the partition given in property (RIE)) and let [u, v] € P. By the choice
of the partition P, there exists a k such that t,i’ <u<v< t,:’ 1 which, recalling

(2.8), implies that Ajj , = 0. Since the mesh size of P may be arbitrarily small, it
follows that

hm Z F/G/ A" =0.
P [u v]eP

To conclude, we then simply recall (2.12) and note that

t
n
[) Fu dGu = 11m Z u v = Z Fl,’(th,?/\l,t,’(1+1At'

P~ [ vleP U

We can actually generalise the result of Theorem 2.15 to a slightly larger class of
integrands.

Corollary 2.16 Recall the assumptions of Theorem 2.15 and let y € D" ([0, T; RY).
Then (H, H') := (F + y, F') is a controlled path with respect to S, and the rough
integral of (H, H') against (G, G') is given by

N,—1
/ H,dG, —nlingo Z Ht”Gtk/\t 1At

foreveryt € [0, T].

The point here is that the path y may have jump times which do not belong to the
set J,en P

Proof of Corollary 2.16 Since y has finite r-variation, we immediately have that y is
a controlled path with Gubinelli derivative simply given by y’ = 0. By linearity, it is
then clear that (H, H') = (F, F’) + (y, 0) is indeed a controlled path with respect
to S. Since y’ = 0, we have from Proposition 2.4 that

Ny,—1

/VudGu— llm Z YuGupy = hm Z ythtk/\ttk_H/\t

By linearity, we have fot H,dG, = fé F,dG, + fé y. dG,, and the result then
follows from Theorem 2.15. (|
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2.4 Link to Follmer integration

In his seminal paper, Follmer [19] introduced a notion of pathwise integration based
on the concept of quadratic variation and derived a corresponding pathwise It for-
mula, which have both proved to be useful tools in robust approaches to mathematical
finance.

In the following, we write 5[0, T'] for the Borel o -algebra on [0, T'].

Definition 2.17 Let S € D([0, T];R) and P" = {0 =15 <t < --- < tl’(,n =T},
n > 1, be a sequence of partitions with vanishing mesh size. We say that S
has quadratic variation along (P"),en in the sense of Follmer if the sequence of
measures ({4, )qeN on ([0, T'], B[O, T]) defined by

Ny—1
= n .n 2 n
Hon == Z |Stk'tk+1| St
k=0
converges weakly to a measure u such that the map

e [S1 = (0, 1) — Y ISi— s

O<s<t

is continuous and increasing. We then call the function [S] given by [S], = u ([0, ¢])
the quadratic variation of S along (P"),en. We say that a path S € D([0, T]; RY)
has quadratic variation along (P"),cN in the sense of Follmer if the condition above
holds for §% and S’ 4 S/ for every (i, j), and in this case, we write

o 1. . . .
[S*, 8] := E([Sl + ST —[S'1-1[87). (2.13)

Assuming that a path S € D([0, T']; Rd) has quadratic variation along (P"),eN
and f € C*(R?; R), Follmer showed that the limit

T
f Df(S,)dS, == lim > Df(S)Ss.
0 n—o0

[s,t]eP"

exists and that the resulting integral fOT Df(S,)dS, satisfies a pathwise It6 formula;
see [19, Théoréme]. This result can also be explained via the language of rough path
theory; see Friz and Hairer [24, Chap. 5.3]. Let us remark that the Follmer integral
fOT Df(S,)dS, is only well defined for gradients D f* and not for general functions,
as its existence is given by the corresponding pathwise 1t6 formula.

In the following, we relate property (RIE) to the existence of quadratic variation

in the sense of Follmer. To this end, foreachi = 1, ..., d, we introduce
_ Ny—1
SPT =S+ Y S Lug.ap, (0
k=0
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and the discrete quadratic variation [S?, S/]" by

[S', §/1" = telo, Tl

Z NNV tk INRRVNY

Proposition 2.18 Let P" = {0 =1j <t <--- < tzr\l/,, =T}, n €N, be a sequence
of nested partitions with vanishing mesh size and S € D([0, T]; R?). The following
conditions are equivalent:

(i) For every pair (i, j), the Riemann sums fo S dss + fo sm dSi converge
uniformly to a limit, which we denote by fo Si das; + fo s} dsi. o

(i1) For every pair (i, j), the discrete quadraﬁc yarlatlon [S*, S/]" converges
uniformly to a cadlag path, which we denote by [S', S/1P

(iii) The path S has quadratic variation along (P"),cN in the sense of Follmer.

Moreover, if these conditions hqld, ‘then the pqth [Si, 87 ]P has finite total variation
and for every (i, j), we have [S', $/1 = [S', S/1F and the equality

. L r . ro. . . .
Sis] = sis} +/ st ds;) +/ Sy dsi + s, 81 (2.14)
0 0
foreveryt € [0, T].

Proof We have

ig i oJ J
SzSt - SOSO Z( ’k+1/\’ tk (N - StkAtSt"/\t)

i J J i

Z (St"/\tSt,’C'/\t Nt + St Atstk AL, tHl/\t)

Ny—1 '

J
+ Z St"/\t tHlAt tk/\t tk_H/\I
_ ["sriasi+ [ siiasi+1s sy
- u u + u u + [ ’ ]t ’
0 0

from which it follows that conditions (i) and (ii) are equivalent, and that (2.14) then
also holds. In this case, we also have that

[s', s11F = (S 4878+ S — 18" — s/, 8" — s11P),
so that as the difference of two non-decreasing functions, [S?, S/ 17 has finite total
variation.
For one-dimensional paths S, the equivalence of conditions (ii) and (iii) follows

from Vovk [52, Propositions 3 and 4]. The extension of this to d-dimensional paths S
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and the equality [S, $/] = [S7, §/ 17 then follow from the polarisation identity
[S', 871 = 5([5’ + 87, 8" + 871 — 18", S'T = 187, 87T
and the definition of [S?, §7] in (2.13). O

Remark 2.19 From a semimartingale perspective, in the integration by parts formula
(2.14), one might expect to see left limits in the integrands. Since our integrals are de-
fined as limits of left-point Riemann sums, taking such left limits is not necessary and
would actually not change the value of the integrals; see Remark 3.3. Nevertheless,
our rough integrals are also consistent with Itd integrals; see Proposition 4.8.

Remark 2.20 As an immediate consequence of Proposition 2.18, we have that if a
path S satisfies (RIE) along (P"),cN, then it has quadratic variation along (P"),eN
in the sense of Follmer, thus allowing one to apply all the known results regarding
Follmer integration.

In particular, if a vector field f: R? — R is of class C>, then by Theorem 2.15,
the Follmer integral fo Df(S,) dS, coincides with the rough integral fo Df(S,)dS,.
We thus obtain the rough It6 formula

J(81) = f(So)

t t
- / Df(S,)dS, + / D? £ (S,) d[S],
0 2 Jo

e
+ ) <f(5u) — f(Su=) =Df(Su-)ASy = 5D°f (Su-)(AS. & ASM)>,

O<u<t

which holds for every ¢ € [0, T'], where [S] = (S, Sj])15i,j5d denotes the quadratic
variation matrix and A S, := S,_ 4.

We note that the formula above is precisely the It6 formula for rough paths derived
in Friz and Zhang [26]. Of course, this formula remains valid when f is only assumed
to be of class C2, in which case the first integral is interpreted in the sense of Follmer.
Taking f € C? is only necessary to ensure that the integrand D f(S) is a controlled
path with respect to S, so that this integral may be interpreted in the rough sense.

3 Functionally generated trading strategies and their
generalisations

Given property (RIE), we can introduce a model-free framework for continuous-time
financial markets with a possibly infinite time horizon. In this section, we verify that
most relevant trading strategies from a practical perspective, such as delta-hedging
strategies and functionally generated strategies, are admissible integrands for price
paths satisfying property (RIE). Furthermore, the underlying rough integration allows
us to deduce stability estimates for admissible strategies.
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3.1 Price paths and admissible strategies

For a path S: [0, c0) — R4, we denote by Sljo, 7 the restriction of S to the interval
[0, T].

Definition 3.1 For a fixed p € (2, 3), we say that a path S € D([0, c0); RY) is a
price path if there exists a nested sequence of locally finite partitions (P"), < of the
interval [0, oo) with vanishing mesh size on compacts such that for all 7 > 0, the
restriction S|jo,r] satisfies (RIE) with respect to p and (P" ([0, T])),en. We denote
the family of all such price paths by £2,,.

Note that the sequence (P"),eN of partitions may depend on the choice of price
path § € €, consistent with the stochastic framework where this sequence is
naturally defined in terms of (probabilistic) stopping times.

Having fixed the model-free structure of the underlying price paths, we can
introduce the class of admissible strategies and the corresponding capital process.

Definition 3.2 Let p € (2,3) and let § € 2, be a price path. We say that a cadlag
path ¢: [0, 00) — R? is an admissible strategy (with respect to S) if

e thereexistg > pandr > 1 with2/p+1/q > land 1/r = 1/p 4+ 1/q such
that for every T > 0, there exists a path ¢’: [0, T] — £(Rd; Rd) such that the pair
(p,¢") € Vg’r is a controlled path with respect to § in the sense of Definition 2.3,

e and J, C (J,cnP", where J, is the set of jump times of ¢ in (0, co) and
(P")nen is the sequence of partitions associated with the price path § € Q,,.

We denote the space of all admissible strategies (with respect to S) by Ag.
We define the capital process associated with ¢ and S as the R-valued path V¥(S)
given by

Ny—1 d
VS = tim Y0 Y oS = Sina). €000, (B
k=0 i=1
where P" = {0 =15 <1t <.-- <1ty =T} n €N, is the sequence of partitions

specified in property (RIE).

Remark 3.3 One might think that left-continuity of integrands would be a natural as-
sumption to capture the previsible nature of trading strategies in stochastic finance.
However, in the present setting, this assumption is not necessary as the correspond-
ing capital process V¥(S), which, as we shall see below, may be expressed as a
rough integral, does not change when replacing ¢ by its left-continuous modifica-
tion; see e.g. Friz and Shekhar [25, Theorem 31]. The reason for this is essentially
the left-point Riemann sum construction of the integral. Indeed, suppose that S has
a jump at a time ¢ > 0. The contribution to the capital process V¥(S) at time ¢
is then given by limg_,; s<; ¢sSs;, which is invariant to the choice of ¢ or its left-
continuous modification. Furthermore, we shall see that V¥(S) coincides with the
classical stochastic It6 integral whenever both the rough and stochastic integrals are
defined; see Sect. 4.4 below.
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The condition J, C [,y P" means that one is allowed to use trading strategies
whose jump points are included in the underlying sequence (P"), < of partitions. On
the one hand, many frequently used trading strategies such as delta-hedging satisfy
this condition, and further examples are discussed later in this section. On the other
hand, the sequence (P"),en of partitions can be fixed a priori to allow a desired
class of trading strategies, e.g. buy-and-hold strategies along the sequence of dyadic
partitions.

Proposition3.4 Let p € (2,3),let S € 2, be a price path and ¢ € As an admissible
strategy (in the sense of Definition 3.2). Then the capital process V¥ (S) as defined in
(3.1) exists as a locally uniform limit and is actually given by

t
VO(s) = / 0, dSs, 1 e[0,00), (32)
0

that is, as the rough integral of the controlled path (¢, ¢') € Vg’r against the rough
path S defined in Lemma 2.13. Moreover, given another price path Seq p and an
admissible strategy ¢ € Ag with respect to S, we have for every T > 0 that

IVE(S) — Vi(S)]
< C((@ol + 1@, @’Ilpgf)
x (L + ISl p,10,71 + ||§||p,[O,T])||S§ S”p,[O,T]
+ (lpo — @ol + log — @ol + ll¢" — @'llg. 10,71 + IRY — R?|,.10.77)
x (1+ ISl p. 10,7018l p.0.77)

where the constant C depends on p, q and r.

Proof Let T > 0, and let (P"),en be a sequence of nested partitions such that
P, (P")nen and S satisfy property (RIE) on the interval [0, T']. Recall from prop-
erty (RIE) the existence of the limit fé S, ®dS, forevery ¢t € [0, T]. By Lemma 2.13,
defining the function A: Afo 7] — R4 by

t
As,t = f S, ®dS, — S5 ® Ss,ta
s

we have that the triplet S = (S, S, A) is a cadlag rough path (in the sense of Defi-
nition 2.1). Hence the rough integral in (3.2) is well defined by Proposition 2.4 (see
also Remark 2.5) and satisfies (3.1) as a locally uniform limit by Theorem 2.15.

For the stability estimate, we simply note that
/ @s dSs — / Ps dSA
0 0

and apply part (i) of Proposition 2.7. (|

=

. T T 5
|V}0(S)_V$(S)| = ‘/(; ‘Psdss_/(; @5 dS;

p,[0,T]
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Remark 3.5 Recall from Remark 2.5 that the rough integral in (3.2) is defined by
the limit fé @5 dS; = limjr|—0 Z[u,v]e;z (uSuv + ¢, Au.v), where the limit is taken
over any sequence of partitions of the interval [0, 7] with vanishing mesh size. Here,
¢, and S, , both take values in R¢, and we interpret their multiplication as the Eu-
clidean inner product. The derivative <p,’4 takes values in E(Rd; Rd), which we can
also identify with £(R?*?; R). Since Ay € R?*4 | the product @), Ay,v also takes
values in R.

In the following, we show that the most relevant trading strategies from a practical
viewpoint belong to the class of admissible strategies in the sense of Definition 3.2.

3.2 Functionally generated trading strategies

Having fixed the set €2, of underlying price paths, we start by introducing function-
ally generated portfolios. For this purpose, for some d4 € N, we fix a cadlag path
A: [0, 00) — R of locally bounded variation and assume that the jump times of
A belong to the union of the partitions (P"),en appearing in property (RIE); that
is, we assume that J4 C UneNP", where J4 = {t € (0,00) : A;—; # 0}. The
path A is supposed to model additional information pertaining to the market which a
trader would like to include in their trading decisions. For instance, the components
of the path A = (AL, ..., A94) could include time ¢ — 7, the running maximum
t > maxyepo, S5 or the integral ¢t > fol Si du for some (or all)i = 1,...,d. A
more detailed discussion on practical choices of A can be found in Schied et al. [46].

For ¢ = d + dy4, we denote by Ci (R?; RY) the space of twice continuously dif-
ferentiable functions f: R¢ — R such that f and its derivatives up to order 2 are
uniformly bounded, that is,

ChRERY) = {f € C?RSRY) [ £l 2 < 00}
with
1£llcz 2= 1/ lloo + 1D flloo + ID? -

For § € Q, we introduce the set Qg of all generalised functionally generated
trading strategies ¢/, which are all paths of the form

of = D =S A, 1el0,00), (3.3)

for some f € Cg(Re; R9). For ¢/ € gg, the corresponding capital process is
given by

N,—1 d
Vi) = tim 3TN Ay = Spa)e 1€l0o0).  (34)
k=0 i=1

Proposition 3.6 Let p € (2,3) and S € Q, and let of, (pf € gg. Then ¢/ is an
admissible strategy, i.e., (pf € Ag, and the capital process (V,f(S)),E[o,oo) given in
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(3.4) is well defined as a locally uniform limit in t € [0, 00). Moreover, for every
T € [0, 00), we have the stability estimate

VE(S) = V{1 = CILf = Fllea(T+ IS, 0.7y + 1Al 7D
X (L4 IS p,10,7D1ISM p. 10,775 (3.5

where the constant C depends only on p, and the triplet S = (S, S, A) is the cadlag
rough path defined in Lemma 2.13.

Proof (Admissibility) Let ¢ = ¢! € g§ be a functionally generated strategy of
the form (3.3) for some f € Cg(RZ; RY). Fix a T € [0,00). We claim that

2
(p,¢) € Vé” % is a controlled path with respect to S in the sense of Definition 2.3
(withg = p and r = p/2), where

¢ :=Dsf(S, A), tel0,T],

and Dg f denotes the derivative of f with respect to its first d components. To see
this, we first note that

95| = Dsf(St, Ar) — Ds £ (S, As)| < Il ez (S5l + 1A D)
so that
o'l p.10,71 S ||f||c§(||S||p,[0,T] + 1 All1,10,77) < 00, (3.6)
and hence ¢’ € DP([0, T, L(R?: RY)). We moreover have that

Rﬁz = Qs — (p;Ss,t
= f(S:, Ar) — f(Ss, Ay) — Dy f (S, As)Ss s
= f (S, As) — f(Ss, As) — Dg f(Ss, Ag)Sst + f(St, Ar) — f(St, As)

1
_ / (Dsf(Sy + TSer. As) — D f(Ss. A)) Sy dT + (S Ar) — F(Sr. Ay)
0
so that |Rﬁ,| < ||f||C[3(|SS,,|2 + |Ag ¢]). It follows that

IR 10,71 S Iz (USI3, .7 + ATl fo,77) < 09 3.7)

so that R? € DP/ 2(A[(),T]; ]Rd), and thus the conditions of Definition 2.3 are satisfied.
Thus by Proposition 2.4 (and Remark 2.5), we have the existence for each ¢ € [0, T']
of the (R-valued) rough integral

t
/ Ds dss = lim Z (QouSu,v + (p;Au,v)-
0 [Pl—0
[u,v]eP
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For a given cadlag path F: [0, T] — R? (or R%), let Jr = {t € (0, T]: F,—, # 0}
denote the jump times of F'. It follows from property (RIE) and Proposition 2.14 that
Js € U,en P". Since we also assumed that J4 € |,y P", it then follows from
(3.3) that J, € |,y P". Thus by Theorem 2.15, we have that

t Np—1
/0 @s dSs = nlggo Z P (St,’(1+l/\l - Sl,’(‘/\l)
k=0
Ny—1 d
L oo . _F
i X A S0 = Y
k=0 i=1

and that this limit is uniform in ¢ € [0, T].
(Stability estimate) Let ¢ and ¢ be the strategies generated by f and f , respec-
tively, as defined in (3.3). By part (i) of Proposition 2.7, we have the estimate

Wi (s) - v

T T . .
/ Ds ds; — / ¢s dS; / @5 dSg — / (5& ds;
0 0 0 0 p,[0,T]

< (9o = ol + 19y = @ol + 19" = @'l 10,71+ IR? = R?Ilp 10,7

=

x (1 + IS p,10,7) IS1 p,10,71- (3.3)
As above, here
@, =Ds [ (S, Ar) and RY; = @5t — ¢3St

with ¢’ and R? defined similarly. We now aim to estimate each term on the right-hand
side of (3.8).
We have

90 — ol = 1£ (S0, A0) = f(So. Al < If = flloo < I1f = fllez. (B39

and similarly

|0h—@o| = IDs f (S0, Ao))=Ds f(So. Ao)| < IDsf~Dsflloc < IIf = fllcz- (3.10)
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Next, for [s, t] € [0, T], we compute
(@' = @)su =Dsf(S;, A1) = Ds f(Ss, Ay) — Ds f(Si. Ar) + Ds f(Ss. Ay)
=Dy f (S, As) — Ds f (S5, As) — Ds f(S;, A) + Ds f(Ss. Ay)
+Dsf (S, Ar) = Dsf(Si, A) = Ds f(Si, Ar) + Ds f(Si, As)

1
= /(; (Désf(ss + TSs,tv As) - D%Sf(sx + TSs,tv Ax))Ss,t dr

1
+ /0 (D%Af(S,, As + TAs,t) - D%Af(S,, A + TAs,t))As,t dr,

so that
(@' = @)s.4| < ID3sf — D3s flloolSs.cl + ID34 f — D3a fllool As.r|
< If = Fllca(USs.al +1As.4D)
and thus
o' — & lpor SIf— fllclg(llsllp,[o,T] + Al 0,77)- (3.11)
Finally, we have
(RY — R?),,
= f(Si. A)) — f(Ss. As) = Ds f(Ss. Ag) S5 — f(Si. Ar)
+ F(Ss. A) + Ds (S, Ag)Ss.s
= (S, As) — (S5 As) = Ds f (S5, A) Syt — f (S, Ay)
+ f(Sy, Ag) +Ds £ (Ss, Ag)Ss.s
+ (St A) = f(Si. Ag) = (S, A + F(Si. As)

1 1
= ‘[0 /O (Dgsf(ss + 11028, As) — D%sf(ss + 111285 1, As))S?ffl drp drg

+ /01 (Daf(St, As + TAss) —Daf(Si, As + TAs 1)) Ay dr,
so that
I(RY — R?)54| < IID%gf — D35 flloolSs.s|* + Daf — Da fllool As.i]
< If = Flca(Ss? + 145D
and hence
IR? = R?llp 0.1 S I1f = (IS po.79 + Nl L1o.7D. (3.12)

Substituting (3.9)—(3.12) into (3.8) gives the estimate in (3.5). U
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3.3 Path-dependent functionally generated trading strategies

The functionally generated trading strategies considered in Sect. 3.2 could depend on
the past prices only through a process of locally finite variation. In some contexts, it is
beneficial to work with trading strategies possessing a more general path-dependent
structure; see e.g. Schied et al. [45, 46] for more detailed discussions in this direction.
A common way to treat path-dependent and non-anticipating trading strategies is
the calculus initiated by Dupire [17] and Cont and Fourni€ [11]. For the sake of
brevity, we recall here only the essential definitions and refer to Ananova [3, Sect. 3.1]
and [11] for full details.
A functional F: [0, T] x D([0, T]; RY) — R? is called non-anticipative if

F(t,8) = F(t,S.,,) forall S € D([0, T]; RY).

As usual, the non-anticipative functionals are defined on the space of stopped paths,
defined as the equivalence class in [0, 7] x D([0, T]; R4 ) with respect to the equiv-
alence relation

@, S~ (¢,5) = t=tand S, =5,,.

The resulting space A‘% is equipped with the distance

doo((t,8), (1", 8)) = [t —1'| + sup [Suns = S,
uel0,T]

and (A‘%, dso) is then a complete metric space. We introduce the following spaces:

- (C?’O(A‘%) is the space of left-continuous functionals F': A‘% — R4, j.e., forall
t,98) e A‘% and ¢ > 0, there exists v > 0 such that for all (', §") € A%,

1" <tanddeo((t, S), (', S)) <v = |F(t,S) — F(', S| < e.

- IB%(A‘%) is the space of boundedness-preserving functionals F': A‘; — R4 ie.,
for every compact subset K € R4 and for every ty € [0, T, there exists C > 0 such
that for all 7 € [0, o] and (¢, S) € A<,

S(0,t) € K = |F(t,S)| <C.

— Lip(A%, dy) is the space of Lipschitz-continuous functionals F : A? — R4,
i.e., there exists C > 0 such that for all (¢, S), (', S') € A<,

|F(t,8) — F(t', 8| < Cduo((t, ), (1, 5)).

We define (C},’ ! (A‘%) as the set of non-anticipative functionals F': A‘% — R which
are
— horizontally differentiable, i.e., for all (z, S) € Ad,

F(t+h,S,)— F(t,S.
DF(t. §) = lim (+ AL) (t, S.at)
hi0 h

exists, and DF is continuous at fixed times;
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— vertically differentiable, i.e., for all (¢, S) € A‘%, we have existence of the
vertical derivative V, F (¢, S) = (0; F(t, S))i=1....q With

,,,,,

8 F(r.8) = ;}inb F(t, S+ heilz,ﬂ) — F(t, Sm)’
—

,,,,,

— such that DF, V, F € B(A%).

Corollary3.7 If F € C,' (A%) with F and V. F in Lip(A%, dx), and if S € Q, then
the path-dependent functionally generated trading strategy F (-, S) is an admissible
strategy in the sense of Definition 3.2.

Proof That (F(-,S), VyF(-,S)) is a controlled path with respect to S immedi-
ately follows from Ananova [2, Lemma 5.12]; see also Ananova [3, Lemma 3.7].
The admissibility condition regarding the jump times of F (-, S) is ensured by the
Lipschitz-continuity of F'. |

Remark 3.8 The standard examples of sufficiently regular path-dependent functionals
are functionals which depend on the running maximum or on a notion of the average
of the underlying path; see e.g. Ananova [3, Example 4.4]. Further examples include

() F(t, S.nr) = [y ¥ (s, Scns—) d[Sy,
(ii) F(t, S.nr) i= fy Vi f(5, Scns) dSs,
(i) F(t, Snr) = 30 (fo (S — SO £ (ST ASE — [o fi(SDdIS']y)

for a twice differentiable function f = (fi,..., fs): R? — R4 and a left-
continuous and locally bounded function v : A‘} — RY*d. gee Chiu and Cont [10,
Example 4.18].

3.4 Cover’s universal portfolio

While functionally generated trading strategies are most prominent in the literature
regarding hedging and control problems in mathematical finance, various other trad-
ing strategies with desirable properties have been considered. One example coming
from portfolio theory is Cover’s [12] universal portfolio. The basic idea is to invest
not according to one specific trading strategy, but according to a mixture of all ad-
missible strategies. Following Cuchiero et al. [13], we introduce here a model-free
analogue of Cover’s universal portfolio.

Let Z be a Borel-measurable subset of Ci (R4; R?) and suppose that v is a prob-
ability measure on Z. A model-free version of Cover’s universal portfolio ¢" is then
given by

o = /Zco,f dv(f), 1 €0, 00), (3.13)
where ¢/ = f(S) is the portfolio generated by f for some fixed S € -
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Lemma3.9 Let S € Q) and let v be a probability measure on Z as above. If

/ £ llc2 dv(f) < oo,
z

then Cover’s universal portfolio ¢" as defined in (3.13) is an admissible strategy in
the sense of Definition 3.2.

Proof Let T > 0. We know from Proposition 3.6 that for each f € Z, the corre-
sponding functionally generated portfolio ¢ = ¢/ is an admissible strategy. Let ¢’
and R¥ denote the corresponding Gubinelli derivative and remainder term. It follows
from the inequalities in (3.6) and (3.7) that

ol + 119, @'llr.r2 = lpol + 1961 + 19 lp. 0.1 + IR 1 0,17
2
Sl + 1S 0. 71)5

and hence that
/Z<|<p0|+||<p,<p’||vg‘p/z>dv,<v<1+||S||i,[0,T])L||f||C;dv<oo. (3.14)

Recall that the map (¢, ¢') — |@o| + |l¢, <,0’||Vp,p/2 is a norm on the Banach space
N

2 )
Vg’ % of controlled paths. Note also that the subset of controlled paths (¢, ') € V§’ .

V4
satisfying J, S (J,enP" is a closed linear subspace of V§'2 and thus itself a
Banach space. It follows from the integrability condition in (3.14) that the integral
in (3.13) exists as a well-defined Bochner integral, and defines a controlled path

2
@, (")) € V&7 satisfying Jpv € U, ey P"- .
3.5 Functionally generated portfolios from stochastic portfolio theory

In this section, we briefly discuss admissible strategies appearing in stochastic port-
folio theory as initiated by Fernholz [18]; see also e.g. Strong [48] and Karatzas and
Ruf [33]. Following the model-free framework for stochastic portfolio theory as in-
troduced in Schied et al. [46] and Cuchiero et al. [13], we consider a d-dimensional
cadlag path S = (S',..., S%) such that S/ > Oforallz > Oandi = 1,...,d. The
total capitalisation ¥ is defined by ¥; := Sll 4+ -+ Std , and the relative market
weight process u is given by
] ]
M;=i=%, i=1,...,d,
% S+ 45

which takes values in the open simplex

d
Ai = {x eRd:Zx,- =1, x >0foralli}.

i=1
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We impose that the market weight process u = (u', ..., u?) satisfies prop-
erty (RIE) with respect to some p € (2,3) and a given sequence (P"),en of
nested partitions. More precisely, we assume that w is a price path in the sense of
Definition 3.1.

Given a controlled path 6 € VZ’r, we define its associated value evolution V? by
Ve =3¢ 6lul fort > 0. We also denote QY := V¢ — V{ — [5 6, du,, where
fé 05 dus is interpreted as a rough integral as in Remark 2.5. Similarly to classical
mathematical finance (see e.g. Karatzas and Ruf [33, Proposition 2.3]), we can show
that every controlled path 6 € VZ’r induces a self-financing trading strategy ¢, and
that every such strategy ¢ is itself a controlled path in VZ’r.

Proposition 3.10 Given 6 € VZ’r and a constant C € R, we introduce

pli=0 -0 —C, 1>0i=1,....d.
Then the resulting path ¢ = (¢!, ..., ¢%) is a controlled path in VZ’r, and ¢ is
self-financing in the sense that

t
v;"—vg’:/ @s dus, t >0,
0

where VY = Z?:l gofuﬁ. Moreover, if 0 is an admissible strategy in the sense of
Definition 3.2, then so is ¢.

Proof Since 6 € V,‘{’r is a controlled path, by (the trivial extension to cadlag paths
of) Allan et al. [1, Lemma A.1], the path V? = Z?:l Qi is also a controlled
path. Recalling Remark 2.6, we also have that the rough integral fo'é?du is it-
self a controlled path (with Gubinelli derivative equal to €). It is then clear that
0% = v? — V{ — [, 6 dpus is a controlled path, and hence that ¢’ = 6" — Q% — C
isas well foreveryi = 1,...,d,sothat ¢ € V,‘{’r. The self-financing property of ¢
can be verified by following the proof of [33, Proposition 2.3].

We know from Proposition 2.14 and the fact that p satisfies property (RIE) that
the jump times J, of u satisfy J,, € (J, ey P". It is also clear that the jump times
of the integral fo 6 du form a subset of J,,. Thus under the assumption that 8 is an
admissible strategy, so that Jy C UneN P", we also deduce that J, C UneN P" so
that ¢ is itself an admissible strategy. ]

The following definition introduces notions which can be seen as the rough path
counterparts of the functionally generated strategies induced by regular and Lyapunov
functions from stochastic portfolio theory; see [33, Definitions 3.1 and 3.3].

Definition 3.11 We say that a continuous function G : Ai — R is regular for the
market weight process p if

(i) there exists a measurable function DG = (DG, ...,DyG) on Ai such that
the path 0 = ©,...,0% given by 0! = D;G(n) fori = 1,...,d is an admissible
strategy (in the sense of Definition 3.2), and
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(ii) the (cadlag) path ' given by

t
T = G(uo) — G (1) +/ Osdpg, >0,
0

has locally bounded variation.

We say that a regular function G: A‘i — R is a Lyapunov function for the market
weight process y if the path I'C is also nondecreasing.

Example 3.12 Suppose that G: Af{_ — R is a C? function. It is then straightfor-
ward to see that & = DG (u) defines a controlled path, with DG here defined as the
classical gradient of G. It also follows from the It6 formula for rough paths (recall
Remark 2.20) that

1 t
ry =—3 /0 D’G () dipl; = ) (Gis) = G(is-) — DG (ps-)Aps), (3.15)

2
s<t

where [1]¢ is the continuous part of the quadratic variation of © and Ay = g —ps—
denotes the jump of w at time s.

If we also assume that G is concave, then we infer from (3.15) that I'C is non-
decreasing. In this case, G is a Lyapunov function in the sense of Definition 3.11.
Two important examples of such functions are the Gibbs entropy function defined by
H(x) := Zf-l: 1 Xi log % and the quadratic function where Q(© (x) := ¢ — Z?: 1 xiz
for some ¢ € R; see [33, Sect. 5.1].

Remark 3.13 If p is realised by a semimartingale model, then any continuous con-
cave (but not necessarily C?) function G can be a candidate for a Lyapunov function
in the sense of [33, Definition 3.3]. This is essentially because in stochastic portfolio
theory, one only needs the “supergradients” DG to be measurable, so that DG (u)
is integrable with respect to the semimartingale w. In contrast, in our purely path-
wise setup, measurability of DG alone is not enough to ensure that 6 = DG(u) is
controlled by u; so we require more regularity of the generating function G. This
illustrates a difference between stochastic integration in a probabilistic setting and
rough integration when only a single deterministic path is considered; for more de-
tailed discussions on this theme, we refer to Allan et al. [1]. On the other hand, as
shown in the previous example, many important Lyapunov functions from stochastic
portfolio theory (such as the Gibbs entropy function) are actually smooth; so they
do induce controlled paths (and indeed admissible strategies in the sense of Defini-
tion 3.2) for almost all trajectories of u, and the stability results established in Sect. 3
remain valid for these functionally generated strategies. It would be interesting to ex-
plore further Lyapunov functions for rough paths, but this is beyond the scope of the
present paper.

Based on the previous observations, we can also extend the following notions from
classical stochastic portfolio theory (e.g. [33]) to our rough path setting. The proof is

straightforward and therefore omitted for brevity.
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Corollary 3.14 Suppose that the market weight process i = (', ..., u?) is a price
path in the sense of Definition 3.1, and let0 = (9", . .., 09) be an admissible strategy
for w in the sense of Definition 3.2. Let G be a regular function for | in the sense of
Definition 3.11. Then the following paths are also admissible strategies for jv:

(i) the additively generated strategy ¢; = 6} — Qf —Co,i =1,...,d, where we
set Qf = Vi = Vi — 565 dyus and Co = 35, 11D G (10) — G (uo):

(ii) the portfolio weights associated to ¢, given by nti = /‘ijj’ i=1,...,d;

) ) j=1 M ¥z
(iii) the multiplicatively generated strategy ®, = n} — Q7 — Co, where we set

j j arg | .
nt = o exp(fot m), i=1,....d,and Q] =V, — V077 — fot ns dug, and the
function G is also assumed to be positive and bounded away from zero;
(iv) the portfolio weights associated to ®, given by

d
. , 1 .
m=u(1+—(D;G —§ D;:G ), i=1,...,d.
: M,( + G(Mz)< i G () ~ Jj (Mt)ﬂz)) l

4 Semimartingales and typical price paths satisfy property (RIE)

In this section, we show that many stochastic processes commonly used to model the
price evolutions on financial markets satisfy property (RIE) along a suitable sequence
of partitions. In particular, we verify that property (RIE) holds for semimartingales
and for typical price paths in the sense of Vovk [51].

4.1 Semimartingales

Semimartingales, such as geometric Brownian motion and Markov jump-diffusion
processes, serve as the most frequently used stochastic processes to model price evo-
lutions on financial markets. For more details on semimartingales and Itd integration,
we refer to the standard textbook by Protter [43, Chap. II].

Usually the considered class of semimartingales is restricted to those satisfying the
condition “no free lunch with vanishing risk” in classical mathematical finance, see
e.g. Delbaen and Schachermayer [15], or the condition “no unbounded profit with
bounded risk” (NUPBR) in stochastic portfolio theory, see e.g. Karatzas and Kar-
daras [31]. Such a restriction is not required here. Property (RIE) is fulfilled by gen-
eral cadlag semimartingales with respect to any p € (2, 3) and a suitable (random)
sequence of partitions.

Let us fix a filtered probability space (€2, F, F, P) and assume that the filtration
F = (Fi)ief0,00) satisfies the usual conditions of completeness and right-continuity.
On this, we consider a d-dimensional cadlag semimartingale X = (X;)s¢[0,00)-

For each n € N, we introduce stopping times (r,?)keNU{o} by t6’ = 0and

 =inf{r > 77" | 1 |X; — X |2 271, k € N.
We then define a sequence (P%),en of partitions by
Py :={t)' :m <n,k e NU{0}}.
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Note that (P ),eN is a nested sequence of adapted partitions. However, this sequence
of partitions will not have vanishing mesh size if the path X has an interval of con-
stancy. To amend this, we proceed as follows. For each n € N and k € N U {0}, we
define

op =1 Adnf{t > i : 38 > 0 such that X; = X, forall s € [t, 1 + 8]},

Sk =T Adnflt > o 1 X, # Xon},

that is, the beginning and end points of the first interval of constancy of X within
the interval [7)/, ;. ;]. For each i € N, we then define p,’c’,i = (of +i27") A g
Clearly, for each n, k, we have ,o,’("i = ¢ for all but finitely many i € N (provided
that ¢/ < 00). Finally, we define

'}(:=P;’(U{o,:”:mfn,keNU{O}}U{p,’fi:mgn,keNU{O},ieN}.

The sequence (Q’;()neN of partitions is still nested and moreover has vanishing mesh
size on every compact time interval. Moreover, it is straightforward to see that all the
points 7', o and p;’ ; appearing in the partitions (Q)nen are stopping times with
respect to . In the next proposition, we show that X satisfies property (RIE) with
respect to any p € (2, 3) and the sequence (Q% ), en of partitions.

Proposition 4.1 Let p € (2, 3), and let X be a d-dimensional cadlag semimartingale.
Then almost every sample path of X is a price path in the sense of Definition 3.1.

Proof Step 1. FixaT > 0.Let [, X, ®dX,, denote the It6 integral of X with respect
to itself. For each n € N, we define the discretised process X" = (X} )/e[0,7] by

Xpi= > Xduy®, tel0.T], (4.1)
[u,v]1€ Q% ([0,T])

so that in particular fé X,_®dX, = Z[u,v]eQ}([O,T}) Xu ® Xuntoas fort € [0, T1.
By the definition of the partition Q' , we have

X" — X _lloofor; <2'™  foralln > 1.
An application of the Burkholder—Davis—Gundy inequality and the Borel-Cantelli
lemma as in the proof of Liu and Promel [35, Proposition 3.4] then yields the exis-

tence of a measurable set Q' € Q with full measure such that for every w € Q' and
every ¢ € (0, 1), there exists a constant C = C (¢, w) such that

”(/ X,’jf@dxu—‘/‘ Xu®dxu>(w)H <c2"U70 0 vn>1. (42)
0 0 00,[0,T]

Thus we have X" (w) — X () and [; X! ®dX,(®) — [, Xu— ®dX, (w) uniformly
asn — oo, for every w € .
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Step 2. We choose gg € (2, 3) close enough to 2 and ¢ € (0, 1) small enough
such that

p 40 P _q—1-¢
£ z -1 d R — 4.3
2>max{2,q0 } an 72 - 4.3)
We also fix a control function wy 4, such that
[ X017 < wyx go(s, 1) for all (s, t) € Aqo,717- 4.4)

This is always possible as X has almost surely finite g-variation for every g > 2 (see
e.g. Lépingle [34, Théoreme 1]), and so without loss of generality, we may assume
that X (w) has finite go-variation for every w € Q. Note that by (4.3), we have p > ¢
and consequently (by increasing the values of wy 4, by a multiplicative constant if
necessary) we can also assume that

| Xs,e|P
sup —=2tm g (4.5)
(s,0)€A[0,T] wX,qo(Sa t)

LetO <5 <t < T besuchthats = 7 and t = r,:‘O+N for some n € N,
ko € NU {0} and N > 1. By the superadditivity of the control function wy g4, there
must existan £ € {1,2, ..., N — 1} such that

2
WX g0 (Thte—1» Thtt1) = N —1 X (s, 1).
Thus by (4.4),

X n X n n
| Tkg+e—1 ® Tko+e—1°Tko+¢

=X ® X

+X ®X

n n n — X n X n n
Tkg+¢ Tkg+0 Thg++1 Thg+0-1 ® Tkg+e—1°Tko+0+1

n n n n
Tkg+0—1 Thg+¢ Tkt Thg++1

n n 2/q0
< Wx,qo Tyt 1> Thog+e4+1)

2 2/q0
=< (ﬁwx,qo(&t)) .

By successively removing in this manner all the intermediate points from the partition

— h n n _ . .
{s = Toos Tkt 10 -+ oo N = t}, we obtain the estimate
N—1 N ) 2/q0
— . . < J—
Z Xt/?m—i ® Xfl?o+ivt/:l0+i+1 X5 ® X” - Z (] _ 1wX"10 (s, t)>
i=0 j=2

< N1=2/9 W40 (5, t)2/q0‘

Since
N—1 N-1
n n q0 —nqo
WX,q0(S, 1) = § WX o (Trgtis Thgti+1) = § : |Xr,§’0+,-,r,§’0+,-+l| = N270,
i=0 i=0
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we obtain N < 2"%wy . (s, t). Substituting this into the above, we have

t
f X' @dXy — Xs ® Xo,| S 2@ Dy (5. 1), 4.6)
N

where the discretised process X" is defined relative to the partition {t6’, rl", rf, o

If more generally 0 < s < ¢t < T are such that s,z € P}, then s = r,:'l' ' and

t = r,:ZZ for some m,my < n and k1, kp € N U {0}. In this case, the number of
partition points N above satisfies N < Y, 2"0wyx 4 (s, 1) < 20wy 40 (s, 1),
and we thus still obtain the same bound in (4.6). If we further allow the pair of times
s, t to include the times a,i" for m < n and k € N U {0}, this at most doubles the
total number of partition points N so that we can again obtain the same bound. Since
the points p,ﬁ’fl. lie inside the interval [0}, ¢;"] on which X is constant, it is clear for

instance that Xom ,m = 0 and f pk’ X;;_ ®dX, =0foreveryi € N, and it follows

that these terms do not contnbute anything to the bound above.
Thus the bound in (4.6) actually holds forall 0 <s <t < T with s, t € Q%, with
X" defined relative to the partition Q% as in (4.1).

2
Step 3. We first consider the case that wx g4, (s, #) ?1-9 < 27", Then it follows
from (4.3) and (4.6) that there exists a constant C1 = C1(w, qo, €) such that

P

t 2
/ X,_®dX, — X, @ Xs/| < Crwx,g(s,1). 4.7
S

Now we consider the case that wy 4, (s, ) P“ 8 > 27" Let X, = f Xsu— ®dX,
be the second level component of the Itd lift of X. By Liu and Promel [35, Proposi-
tion 3.4], we know that X possesses finite ——varlatlon, that is, there exists a control
function wy, ¢ such that

4
1Xs.e12
sup —_— =
(s, I)EA[O T] wX p (S t)

Then in view of (4.2), we obtain

t
‘ f X" ®dX, — X, ® Xos
S

SZH/ X,:l_®dxu_/ Xu—®qu
0 0

0,[0,T1]
+ 1Xy /]
—n(l—¢) 2
<2 +wx,g(s,t)1’)
2 2
< Co(wx.qo(s, )7 +wy p(s.0)7)
for some constant C» = C; (e, w), and hence
t 4
‘/ XZ_®qu _X5®Xs,t =< C3(wX,qo(Sst)+wX,%(Svt))’ (4.8
N
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where C3 = (ZCZ)%. Letting wy (s, 1) 1= 2(1+C1+C3)(wx g, (s, 1) +wy, 4 (s, 1))
and combining (4.5), (4.7) and (4.8), we conclude that for every w € €/,

X P 'X" @dX, — Xs ® X,|”
sup ~| A,t| + sup sup |fs u _ u N s,t| <1,
(s,1)€A[0, 7] wX,[?(S7 t) neN (s,1) €A, wX,[?(S’ t)
s,teQ
from which property (RIE) follows. ]

Remark 4.2 The result of Proposition 4.1 implies that almost every sample path of
a semimartingale X satisfies (RIE) with respect to a suitable sequence of partitions
(which depends on the choice of sample path), and may therefore be canonically lifted
to a rough path. We also saw in Step 1 of the proof of Proposition 4.1 that the Riemann
sums [ X}, ® dX, converge almost surely to the Itd integral [, X, ® dX,, from
which it follows that the rough path lift constructed via property (RIE) is nothing but
the standard Itd6-rough path lift of X, i.e., the function (s, t) f; X ® dX, with
the integral defined in the sense of It6. Thus the rough path lift itself does not actually
depend on the choice of sequence of partitions. For (almost) every sample path, the
sequence of partitions specified in property (RIE) is merely a choice of partitions
along which the value of the Itd integral may be well approximated by left-point
Riemann sums in a pathwise fashion.

This is analogous to Follmer integration in which the quadratic variation (as op-
posed to the 2-variation) of a semimartingale is well defined as a stochastic process;
but to make sense of the quadratic variation in a pathwise sense requires a suitable
choice of sequence of partitions, which depends on the sample path being considered.
Indeed, given any continuous path, it is possible to find a sequence of partitions along
which the quadratic variation of the path is equal to zero (see Freedman [23, (70)
Proposition]). Similarly, it is natural to allow the sequence of partitions specified in
property (RIE) to depend on the path being considered; but in practice, there typically
exists a natural choice for this sequence which results in the desired rough path.

Remark 4.3 Proposition 4.1 holds true even if the semimartingale X takes values in
an (infinite dimensional) Hilbert space E, as long as the norm on E ® E is admis-
sible in the sense of Lyons et al. [40, Definition 1.25]. In particular, an extension
of Proposition 4.1 to so-called piecewise semimartingales, which were introduced in
Strong [47, Definition 2.2] as generalised semimartingales with an image dimension
evolving randomly in time, appears to be straightforward to implement. As discussed
in Karatzas and Kim [32, Remark 6.2 and Sect. 7], piecewise semimartingales provide
a realistic framework to model so-called open markets, which are financial markets
with an evolving number of traded assets.

4.2 Generalised semimartingales
It is a well observed fact in the empirical literature, see e.g. Lo [36], that price
processes appear regularly in financial markets which are not semimartingales.

Motivated by this fact, many researchers have proposed and investigated finan-
cial models based on fractional Brownian motions; see for instance Jarrow et al.
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[29], Cheridito [8] or Bender [6]. One example of such models are the so-called
mixed Black—Scholes models. In these models, the (one-dimensional) price process
S = (S1)te[0,00) 1 usually given by

S; :=soexp(c W, + nY; + vt + u*y, 1 €10, 00), (4.9)

for constants sg, 0,7 > 0 and v, u € R, where W = (W;);¢[0,00) 1S a standard
Brownian motion and ¥ = (¥;);¢[0,00) 1s a fractional Brownian motion with some
Hurst index H € (0, 1). Multi-dimensional versions of the mixed Black—Scholes
model (4.9) can be obtained by standard modifications. Notice that while the price
process S as defined in (4.9) is not a semimartingale if H # 1/2, the mixed Black—
Scholes model (4.9) is still arbitrage-free when restricting the admissible trading
strategies to classes of trading strategies which, roughly speaking, exclude contin-
uous rebalancing of the positions in the underlying market; cf. [29, 8, 6]. In particu-
lar, the mixed Black—Scholes model (4.9) is free of simple arbitrage opportunities if
H > 1/2, as proved in [6, Sect. 4.1].

In order to demonstrate that property (RIE) is satisfied by various financial models
based on fractional Brownian motion, we consider the following class of generalised
semimartingales. On a filtered probability space (2, F, IF, P) with a complete right-
continuous filtration F' = (F;);¢[0,00), let Z be a d-dimensional process admitting the
decomposition

ZTZXI+Y17 te[osoo)v

where X is a semimartingale and Y is a cadlag adapted process with finite g-variation
for some g € [1,2). Processes Z of this form are sometimes called Young semi-
martingales and belong to the class of cadlag Dirichlet processes in the sense of
Follmer [20].

We introduce stopping times (t;') such that for eachn € N, 7y = 0 and

T =inf{r > ¢, : |X; — Xon | = 27" or |Y; — Yo | > 27"
for k € N, and set
Py = {r,Z” im §n,keNU{O}}.

As in the previous section, since we insist that the sequence of partitions in prop-
erty (RIE) has vanishing mesh size, we also define

b =Py U{of im <n ke NU{O}}U{p{"; :m <n ke NU{0},i e N},
where the times o7 and p;"; are defined analogously as in Sect. 4.1.

Proposition 4.4 Let Z = X + Y be a d-dimensional process such that X is a cadlag
semimartingale and Y a cadlag process with finite q-variation for some q € [1, 2).
Then for any p € (2,3) such that 1/p + 1/q > 1, almost every sample path of Z is
a price path in the sense of Definition 3.1.
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Proof Step I. It is enough to prove that almost all sample paths of Z satisfy property
(RIE) along (Q7% ([0, T]))en for any T > 0. To this end, for each n € N, we set

Zl= Y Zduwn@®, 1€[0,T]
[u,v]€ Q% ([0,T])

and define X" and Y" in the same way with respect to the partition Q7 ([0, T']).

Let X = M + A be a decomposition of the semimartingale X such that M is a
locally square-integrable martingale and A is of bounded variation. By then setting
B := A+ Y, wecan write Z = M + B, where B has finite g-variation. We define
the Itd integral of Z with respect to itself by

t

t t
/ Z,-®dZ, = / Zy— ®dM, +/ Z,— ®dB,,
0 0 0

where the first integral on the right-hand side is an It6 integral and the second
is interpreted as a Young integral, which exists because Z has finite p-variation
and we have 1/p+1/q > 1; see e.g. Friz and Zhang [26]. Then since
12" — Z._|loo0.7] < 21=7 the Burkholder—Davis—-Gundy inequality and the
Borel-Cantelli lemma imply that for almost all w and for every ¢ € (0, 1), there
exists a constant C = C(w, &) such that foralln € N,

H/ Z,’}_®dMu—/ Z, ®@dM,
0 0

ctf. the proof of Liu and Promel [35, Proposition 3.4]. By a standard estimate for
Young integrals (e.g. [26, Proposition 2.4]), for every ¢ € [0, T'], we also have (noting
that Z§ = Z for all n) that

< c2i-a), (4.10)
00,[0,T]

< ClZ" — Z_lIp,10.0l1Bllg.j0,1

t
/ (Zl,,jf - Zuf) by dBu
0

for some constant C = C(p, q). Since || Z"_|| 5y.10,/] < |1 Z|l py.[0,7] for every n and
every po € (2, p), aroutine interpolation argument shows that for eachn € N,

1— Po Po

“Z.YL - Z~7||p,[0,T] = C”Z.nf - Z~f||oo’[6,]‘] ”Z”ppo,[()j]

for some constant C = C(p, po). Hence, since || Z". — Z._||00,[0,7] < 21=7 for all n,
we have

=0. @.11)
00,[0,7T]

lim Hf ZZ_@dBM—/ Zu_ ® dB,
0 0

n—o0

Combining the bound in (4.10) with (4.11), we conclude that almost surely, the
integral [, Z];_ ® dZ, converges uniformly to [, Z,— ® dZ,.
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Step 2. For every n € N, we set
t
7y, :=/ zZ{, ®dz,
N

t t t t
:f X", ®dX, +/ ', ®dy, +f X", ®dv, +/ Y, ®dx,
N N N N

for (s, t) € Ao, 7). Moreover, we define
t t
Xt :=/ Xg - ®dX,, Y§, ::/ Yy,  ®dy,,
N s
t t
XYY, ::/ X, ®dY,, YXY :=f Yy, ®dX,
N N
for (s, 1) € Apo,71- We seek a control function ¢ such that

1z 1%

s, t

sup sup <

neN (s,1)eAp,1] C(S,t)
5,0€Q%(10,T])

Towards this end, we first construct a control function cx such that the above bound
holds for X". Since | X" — X ._|lco,0.7] < 21=7 we still have the bound in (4.2). We
also choose gp € (2,3) and ¢ € (0, 1) as in (4.3), and let wy 4, and wy,, be control
functions dominating the go-variation and g-variation for X and Y, respectively. From
the definition of the stopping times ;" € P’ and the fact that g < 2 < qo, it is easy
to check that for all s < ¢ with s, € P, the number N of partition points in P}
between s and ¢ can be bounded by

n
N < Z (2w go (s, 1) + 2™ wy 4 (s, 1)) S 2"y 4 (s, 1),

m=1

where wg, 4(s,1) 1= Wx 4(s,1) + wy4(s,1). By the same argument as in Step 2
of the proof of Proposition 4.1, we deduce that for all n € N and all s < ¢ with
s, t e 9L,

t
/ XZ_ ®dX, — X; ® X5, S 2n(q0—2)wq0’q(s’ 1),
s

which as in Step 3 of the proof of Proposition 4.1 allows us to deduce the existence
of a control function cx such that

P
X512

S,

sup sup <
neN (S,Z)EA[OYT] CX(Sa t)
5,1€Q%([0,T1)

Next we use the local estimates of Young integration to show that there exists a
control cxy such that the above bound holds for XY” and cxy. Indeed, by [26,
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Proposition 2.4], we have for all s < ¢ in [0, T'] that

p/2

2 2
< CpglYILE X 105

t
/ Xg ., ®dy,
N

p/2 p/2
= CpgllYllg s a X1y s 0

2 1/2
= Cp,qu,q(S, t)p/ qu,p(Sa 1) /

for some constant C, , depending only on p and q. Since p € (2,3) and g € [1, 2),
we have p/2g > 1/2 and thus p/2g + 1/2 > 1, which implies that the function
(s, 1) = wy,q4(s, )P/ 2y x.p(s, N2 s superadditive and hence itself a control func-
tion. Thus the control function cxy = Cp wy. (s, )"/ > wyx ,(s,1)!/? gives the
desired bound. Similarly, we can find control functions cyx and cy for YX" and Y”,
respectively. Hence our claim follows by noting that

1Z"] < IX*| + Y| + XY+ | YX"].

We thus deduce that the sample paths of Z almost surely satisfy property (RIE) along
(QZ0, TD)nen. O

4.3 Typical price paths

The notion of “typical price paths” was introduced by Vovk, who introduced a model-
free hedging-based approach to mathematical finance allowing to investigate the sam-
ple path properties of such “typical price paths” based on arbitrage considerations;
see for instance Vovk [49, 51] or Perkowski and Promel [42]. Let us briefly recall the
basic setting and definitions of Vovk’s approach.

We denote by Q24 := D([0, 00); Rﬁ) the space of all nonnegative cadlag functions
w: [0,00) — R‘j_. For each t € [0, 00), F; is defined as the smallest o-algebra
on 2 that makes all functions w +— w(s), s € [0, #], measurable, and F; is defined
to be the universal completion of ;. Stopping times t: Q24 — [0, 00) U {oo} with
respect to the filtration (F);¢[0,00) and the corresponding o -algebras J; are defined
as usual. The coordinate process on €24 is denoted by S, i.e., S;(w) := w(¢) for
t € [0, 00).

A process H: Q4 x [0,00) — R? is a simple (trading) strategy if there exist a
sequence of stopping times 0 = 0y < 01 < 02 < --- such that for every w € Q,
there exists an N(w) € N such that 0, (w) = o0,4+1(w) for all n > N(w), and a
sequence of JF,, -measurable bounded functions s,: Qy — R such that we have
Hi (@) = Y020 hn(@)(6,(w),00.1 ()1 () for t € [0, 00). For a simple strategy H, the
corresponding integral process

(H - $)1(@) =Y hy(@)So, nt.0,1 7 (@)
n=0

is well defined for all (¢, w) € [0, 00) x Q4. For A > 0, we write H,_ for the set of
all simple strategies H such that (H - S);(w) > —A for all (¢, w) € [0, 00) x Q.
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Definition 4.5 Vovk’s outer measure P of a set A C Q4 is defined as the minimal
super-hedging price for 14, that is,

P(A) :=inf{A > 0:3(H")en C Hy such that
liminf (A + (H" - S)7()) > 14(w), Yo € Q. }.
n—>oo

Aset A C Q is called a nullset if P(A) = 0. A property (P) holds for typical price
paths if the set A where (P) is violated is a nullset.

Remark 4.6 Loosely speaking, the outer measure P corresponds to the (model-free)
notion of “no unbounded profit with bounded risk”; see Perkowski and Promel [42,
Sect. 2.2] for a more detailed discussion in this direction. Furthermore, the outer
measure P dominates all local martingale measures on the space Q. ; see Lochowski
et al. [37, Lemma 2.3 and Proposition 2.5]. As a consequence, all results proved for
typical price paths hold simultaneously under all martingale measures (or in other
words quasi-surely with respect to all martingale measures).

Let us recall that typical price paths are of finite p-variation for every p > 2 (see
Vovk [50, Theorem 1]), and that Vovk’s model-free framework allows setting up a
model-free It6 integration; see e.g. Lochowski et al. [37].

Lemma 4.7 Typical price paths are price paths in the sense of Definition 3.1, with
any p € (2, 3).

The proof of Lemma 4.7 works verbatim as that of Proposition 4.1, keeping in
mind Liu and Promel [35, Proposition 3.10] and [37, Corollary 4.9], and is therefore
omitted for brevity.

4.4 Consistency of rough and stochastic integration

In a probabilistic framework when the underlying process is a semimartingale, one
can employ either rough or stochastic Itd integration. In this subsection, we briefly
demonstrate that under property (RIE), these two integrals actually coincide almost
surely whenever both are defined.

Let us again fix a filtered probability space (2, F,F,P) and assume that the
filtration F = (F;)s¢[0,00) satisfies the usual conditions.

Proposition 4.8 Let X be a d-dimensional cadlag semimartingale and Y an adapted
cadlag process such that for almost every w € Q, the path Y(») € Ax(y) is an

admissible strategy (in the sense of Definition 3.2). Then the rough and Ito integrals
of Y against X coincide almost surely. That is,

t t
/ Yy (w) dX(w) = (/ Y dXs>(w) forallt € [0, 00)
0 0

holds for almost every w € 2, where X(w) is the canonical rough path lift of X (w)
as defined in Lemma 2.13.
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Proof Fix T > 0. By Proposition 4.1, we know that for any p € (2, 3), almost every
sample path of X is a price path and satisfies property (RIE) along a nested sequence
of adapted partitions Py = {0 = t(')’ < ti’ << t,’\’,n = T}, n € N, of the interval
[0, T'] with vanishing mesh size. Since Y (w) € Ax (), there exists a cadlag process
Y’ such that (Y (w), Y'(w)) € V?(’(r ) is a controlled path on [0, T'] for almost every
w € 2 and some suitable numbers g, r.

By Protter [43, Theorem I1.21], we have that

Np—1

t
D YpXpaa n _>f Y,_dX,  asn — oo, (4.12)
Pt k k7M1 0

where the convergence holds uniformly (in ¢ € [0, T]) in probability. By taking a sub-
sequence if necessary, we can then assume that the (uniform) convergence in (4.12)
holds almost surely. On the other hand, by Theorem 2.15, we know that for almost
every w € ,

N,—1 t

Y V@) Xppra, (@) — f Yo(w)dXs(@)  asn — oo (4.13)
0

k=0

k+1

uniformly for ¢ € [0, T]. Combining (4.12) and (4.13), we deduce that almost surely,
f(; Y, dX, = fé Ys_dX, forall ¢t € [0,T]. Since T > 0 was arbitrary, the result
follows. O

Acknowledgements A. L. Allan gratefully acknowledges financial support by the Swiss National Science
Foundation via Project 200021_184647. C. Liu gratefully acknowledges support from the Early Post-
doc. Mobility Fellowship (No. P2EZP2_188068) of the Swiss National Science Foundation, and from the
G. H. Hardy Junior Research Fellowship in Mathematics awarded by New College, Oxford.

Funding Open Access funding enabled and organized by Projekt DEAL.

Declarations
Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/
4.0/.

References

1. Allan, A.L., Cuchiero, C., Liu, C., Promel, D.J.: Model-free portfolio theory: a rough path approach.
Math. Finance 33, 709-765 (2023)

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

256

AL Allan et al.

12.
13.

14.

17.
18.
19.
20.
21.

23.
24.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

. Ananova, A.: Pathwise Integration and functional calculus for paths with finite quadratic variation.

PhD Thesis, Imperial College London (2019). Available online at https://doi.org/10.25560/66091

. Ananova, A.: Rough differential equations with path-dependent coefficients. Ann. Henri Lebesgue 6,

1-29 (2023)

. Armstrong, J., Bellani, C., Brigo, D., Cass, T.: Option pricing models without probability: a rough

paths approach. Math. Finance 31, 1494-1521 (2021)

. Avellaneda, M., Levy, A., Pards, A.: Pricing and hedging derivative securities in markets with

uncertain volatilities. Appl. Math. Finance 2, 73-88 (1995)

. Bender, C.: Simple arbitrage. Ann. Appl. Probab. 22, 2067-2085 (2012)

. Bichteler, K.: Stochastic integration and L?-theory of semimartingales. Ann. Probab. 9, 49-89 (1981)
. Cheridito, P.: Arbitrage in fractional Brownian motion models. Finance Stoch. 7, 533-553 (2003)

. Chevyreyv, L, Friz, PK.: Canonical RDEs and general semimartingales as rough paths. Ann. Probab.

47, 420-463 (2019)

. Chiu, H., Cont, R.: Causal functional calculus. Trans. Lond. Math. Soc. 9, 237-269 (2022)
. Cont, R., Fourni¢, D.A.: Change of variable formulas for non-anticipative functionals on path space.

J. Funct. Anal. 259, 1043-1072 (2010)

Cover, T.M.: Universal portfolios. Math. Finance 1, 1-29 (1991)

Cuchiero, C., Schachermayer, W., Wong, T.K.L.: Cover’s universal portfolio, stochastic portfolio
theory, and the numéraire portfolio. Math. Finance 29, 773-803 (2019)

Davis, M., Obt6j, J., Raval, V.: Arbitrage bounds for prices of weighted variance swaps. Math. Finance
24, 821-854 (2014)

. Delbaen, F., Schachermayer, W.: A general version of the fundamental theorem of asset pricing. Math.

Ann. 300, 463-520 (1994)

. Dolinsky, Y., Soner, H.M.: Martingale optimal transport and robust hedging in continuous time.

Probab. Theory Relat. Fields 160, 391-427 (2014)

Dupire, B.: Functional Itd calculus. Quant. Finance 19, 721-729 (2019)

Fernholz, E.R.: Stochastic Portfolio Theory. Springer, Berlin (2002)

Follmer, H.: Calcul d’Itd sans probabilités. In: Azéma, J., Yor, M. (eds.) Séminaire de Probabilités,
XV. Lecture Notes in Math., vol. 850, pp. 143—150. Springer, Berlin (1981)

Follmer, H.: Dirichlet processes. In: Williams, D. (ed.) Stochastic Integrals. Lecture Notes in Math.,
vol. 851, pp. 476—478. Springer, Berlin (1981)

Follmer, H., Schied, A.: Probabilistic aspects of finance. Bernoulli 19, 1306-1326 (2013)

. Frarikov4, D.: Regulated functions with values in Banach space. Math. Bohem. 144, 437-456 (2019)

Freedman, D.: Brownian Motion and Diffusion. Springer, Berlin (1983)

Friz, P.K., Hairer, M.: A Course on Rough Paths with an Introduction to Regularity Structures, 2nd
edn. Springer, Berlin (2020)

Friz, PK., Shekhar, A.: General rough integration, Lévy rough paths and a Lévy—Kintchine-type
formula. Ann. Probab. 45, 2707-2765 (2017)

Friz, PK., Zhang, H.: Differential equations driven by rough paths with jumps. J. Differ. Equ. 264,
6226-6301 (2018)

Hobson, D.: The Skorokhod embedding problem and model-independent bounds for option prices. In:
Carmona, R.A., et al. (eds.) Paris—Princeton Lectures on Mathematical Finance 2010. Lecture Notes
in Math., vol. 2003, pp. 267-318. Springer, Berlin (2011)

Hou, Z., Obtdj, J.: Robust pricing—hedging dualities in continuous time. Finance Stoch. 22, 511-567
(2018)

Jarrow, R.A., Protter, P., Sayit, H.: No arbitrage without semimartingales. Ann. Appl. Probab. 19,
596-616 (2009)

Karandikar, R.L.: On pathwise stochastic integration. Stoch. Process. Appl. 57, 11-18 (1995)
Karatzas, 1., Kardaras, C.: The numéraire portfolio in semimartingale financial models. Finance Stoch.
11, 447-493 (2007)

Karatzas, 1., Kim, D.: Trading strategies generated pathwise by functions of market weights. Finance
Stoch. 24, 423-463 (2020)

Karatzas, I., Ruf, J.: Trading strategies generated by Lyapunov functions. Finance Stoch. 21, 753-787
(2017)

Lépingle, D.: La variation d’ordre p des semi-martingales. Z. Wahrscheinlichkeitstheor. Verw. Geb.
36, 295-316 (1976)

Liu, C., Promel, D.J.: Examples of Itd cadlag rough paths. Proc. Am. Math. Soc. 146, 4937-4950
(2018)

@ Springer


https://doi.org/10.25560/66091

A cadlag rough path foundation for robust finance 257

36.
37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.
S1.

52.

53.

Lo, A.W.: Long-term memory in stock market prices. Econometrica 59, 1279-1313 (1991)
Lochowski, R.M., Perkowski, N., Promel, D.J.: A superhedging approach to stochastic integration.
Stoch. Process. Appl. 128, 4078-4103 (2018)

Lyons, T.J.: Uncertain volatility and the risk-free synthesis of derivatives. Appl. Math. Finance 2,
117-133 (1995)

Lyons, T.J.: Differential equations driven by rough signals. Rev. Mat. Iberoam. 14, 215-310 (1998)
Lyons, T.J., Caruana, M.J., Lévy, T.: Differential equations driven by rough paths. In: Picard, J. (ed.)
Ecole d’Eté de Probabilités de Saint-Flour XXXIV — 2004. Lecture Notes in Mathematics, vol. 1908.
Springer, Berlin (2007)

Nutz, M.: Pathwise construction of stochastic integrals. Electron. Commun. Probab. 17, 1-7 (2012)
Perkowski, N., Promel, D.J.: Pathwise stochastic integrals for model free finance. Bernoulli 22,
2486-2520 (2016)

Protter, P.E.: Stochastic Integration and Differential Equations, 2nd edn. Springer, Berlin (2005)
Riga, C.: A pathwise approach to continuous-time trading (2016). Preprint, Available online at https://
arxiv.org/abs/1602.04946

Schied, A., Voloshchenko, I.: Pathwise no-arbitrage in a class of delta hedging strategies. Probab.
Uncertain. Quant. Risk 1, 3 (2016)

Schied, A., Speiser, L., Voloshchenko, I.: Model-free portfolio theory and its functional master
formula. SIAM J. Financ. Math. 9, 1074-1101 (2018)

Strong, W.: Fundamental theorems of asset pricing for piecewise semimartingales of stochastic
dimension. Finance Stoch. 18, 487-514 (2014)

Strong, W.: Generalizations of functionally generated portfolios with applications to statistical arbi-
trage. SIAM J. Financ. Math. §, 472492 (2014)

Vovk, V.: Continuous-time trading and the emergence of volatility. Electron. Commun. Probab. 13,
319-324 (2008)

Vovk, V.: Rough paths in idealized financial markets. Lith. Math. J. 51, 274-285 (2011)

Vovk, V.: Continuous-time trading and the emergence of probability. Finance Stoch. 16, 561-609
(2012)

Vovk, V.: 1td calculus without probability in idealized financial markets. Lith. Math. J. 55, 270-290
(2015)

Willinger, W., Tagqu, M.S.: Pathwise stochastic integration and applications to the theory of continu-
ous trading. Stoch. Process. Appl. 32, 253-280 (1989)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer


https://arxiv.org/abs/1602.04946
https://arxiv.org/abs/1602.04946

	A càdlàg rough path foundation for robust finance
	Abstract
	Introduction
	Rough integration under property (RIE)
	Basic notation
	Càdlàg rough path theory and property (RIE)
	The rough integral as a limit of Riemann sums
	Link to Föllmer integration

	Functionally generated trading strategies and their generalisations
	Price paths and admissible strategies
	Functionally generated trading strategies
	Path-dependent functionally generated trading strategies
	Cover’s universal portfolio
	Functionally generated portfolios from stochastic portfolio theory

	Semimartingales and typical price paths satisfy property (RIE)
	Semimartingales
	Generalised semimartingales
	Typical price paths
	Consistency of rough and stochastic integration

	Acknowledgements
	References


