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We consider the optimal Skorokhod embedding problem (SEP) given full
marginals over the time interval [0, 1]. The problem is related to the study of
extremal martingales associated with a peacock (“process increasing in con-
vex order,” by Hirsch, Profeta, Roynette and Yor [Peacocks and Associated
Martingales, with Explicit Constructions (2011), Springer, Milan]). A gen-
eral duality result is obtained by convergence techniques. We then study the
case where the reward function depends on the maximum of the embedding
process, which is the limit of the martingale transport problem studied in
Henry-Labordere, Obtdj, Spoida and Touzi [Ann. Appl. Probab. 26 (2016)
1-44]. Under technical conditions, we then characterize the optimal value
and the solution to the dual problem. In particular, the optimal embedding
corresponds to the Madan and Yor [Bernoulli 8 (2002) 509-536] peacock
under their “increasing mean residual value” condition. We also discuss the
associated martingale inequality.

1. Introduction. Given a probability measure © on R, centered and with fi-
nite first moment, the Skorokhod embedding problem (SEP) consists in finding a
stopping time 7 for a Brownian motion W, such that Wy ~ u and the stopped
process (Wr.) is uniformly integrable. We consider here an extended version.
Let (ws)ref0,1) be a family of probability measures that are all centered, have fi-
nite first moments and are nondecreasing in convex order, that is, t — u;(¢) :=
Jr @ (x)p (dx) is nondecreasing for every convex function ¢ : R — R. The ex-
tended Skorokhod embedding problem is then to find a nondecreasing family of
stopping times, (7;);c[0,1], for a Brownian motion W, such that Wz, ~ u,, for all
t € [0, 1], and the stopped process (Wr, A.) is uniformly integrable. Specifically, we
study an optimal Skorokhod embedding problem which consists in maximizing a
reward value among the class of all such extended embeddings.

It follows from Kellerer’s theorem (see, e.g., Kellerer [31] or Hirsch and
Roynette [21]) that for a family p = (14s):¢[0,1] satisfying the above conditions,
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there exists at least one (Markov) martingale whose one-dimensional marginal
distributions coincide with . Assume in addition that ¢ — u; is right-continuous,
then any associated martingale admits a right-continuous modification. Since, ac-
cording to Monroe [34], any right-continuous martingale can be embedded into
a Brownian motion with a nondecreasing family of stopping times, this implies
that the collection of solutions to the extended Skorokhod embedding problem is
nonempty. Moreover, the full marginal optimal SEP is thus related to the study of
extremal martingales associated with peacocks. A peacock (or PCOC “Processus
Croissant pour 1’Ordre Convexe™) is a continuous time stochastic process whose
one-dimensional marginal distributions are nondecreasing in convex order accord-
ing to Hirsch, Profeta, Roynette and Yor [20]. Since Kellerer’s theorem ensures
the existence of martingales with given one-dimensional marginal distributions
(see also [7, 22, 32] for new and insightful proofs of this result), the interesting
subject is to construct these associated martingales; we refer to the book [20] and
the references therein for various techniques. We mention that when the marginal
distributions are those of a Brownian motion, such an associated martingale is also
referred to as a fake Brownian motion; see, e.g., [1, 14, 27, 37].

Our problem of study is motivated by financial applications; specifically, by the
problem of model-independent pricing of exotic options. Indeed, the knowledge of
prices of a continuum of call options with a given maturity, allows one to recover
the marginal distribution of any market model consistent with those prices (see,
e.g., Breeden and Litzenberger [9]). Financial considerations further imply that
any feasible price process should be a martingale. Maximizing the expected value
of an exotic (path-dependent) option over the class of martingales fitting the given
marginals—therefore gives an upper bound on arbitrage-free prices of the option
which are consistent with the market data.

The problem was initially studied under one marginal constraint using the SEP
approach; first by Hobson [25] and later by many others. This approach is based
on the fact that any continuous martingale can be viewed as a time-changed Brow-
nian motion; we refer to the survey papers of Obt6j [35] and Hobson [23]. More
recently, it has also been studied using the so-called martingale transport approach
introduced in Beiglbock, Henry-Labordere and Penkner [6] and Galichon, Henry-
Labordere and Touzi [15]. Since then, there has been an intensive development
of the literature on martingale optimal transport and the connection with model-
free hedging in finance. In the present context of full marginals constraint, Henry-
Labordere, Tan and Touzi [19] considered reward functions satisfying the so-called
martingale Spence-Mirrlees condition, and solved the martingale transport prob-
lem via a quasi-explicit construction of the corresponding martingale peacock and
the optimal semi-static hedging strategy. In Hobson [24], yet a martingale peacock
with a certain optimality property has been constructed.

Here, we study the full marginal problem from the SEP perspective. First, tak-
ing the limit of a duality result established for a general optimal SEP under finitely
many marginal constraints in [16] and [5] (extending a duality result in Beiglbock,
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Cox and Huesmann [4]), we obtain a general duality result for the optimal SEP
under full marginal constraints. Thereafter, we study the case when the reward
function depends on the realized maximum of the embedding process. For the case
of one marginal constraint, this problem is solved by the Azéma—Yor [2] embed-
ding; see also Hobson [25]. For multiple marginal constraints which are increasing
in mean residual value [see (3.13) below], Madan and Yor [33] studied an itera-
tion of the Azéma—Yor embedding. They also provided the limiting object in the
full-marginal case and characterized the resulting peacock. When the marginals are
not increasing in mean residual value, the multi-marginal problem becomes signif-
icantly more involved. The two-marginal case was solved in Brown, Hobson and
Rogers [10] (see also Hobson [26]). For a finite number of marginal constraints, an
iterated Azéma—Yor embedding was proposed in Obtéj and Spoida [36] under an
additional technical assumption. In the accompanying paper by Henry-Labordere,
Oblgj, Spoida and Touzi [18], this embedding was proven to be optimal for the
realized maximum. They also provided the solution to the associated dual prob-
lem and characterized the optimal value of the problem. By applying limiting ar-
guments to these results, under a certain technical assumption we here obtain an
explicit characterization of the optimal value and of the primal and dual optimizers
for the corresponding full marginal optimal SEP. In particular, this defines a pea-
cock, which we refer to as the Azéma—Yor peacock, and which coincides with the
one given in [33] under the additional condition that the marginals are increasing
in mean residual value.

We also provide further intuition for our results and relate them to the corre-
sponding martingale optimal transport (i.e., pricing) problems. Specifically, we
show that for a class of payoffs which are invariant under time changes, our full
marginal SEP provides the limit of the value (i.e., the price) of the multi-marginal
problem as the number of marginals tends to infinity. Meanwhile, the peacock cor-
responding to the optimizer of the full-marginal SEP is in general not a solution to
the full marginal martingale optimal transport problem.

The rest of the paper is organized as follows. The main results are presented in
Section 2: in Section 2.1, we formulate our optimal SEP given full marginals; in
Section 2.2, we provide the general duality result; in Section 2.3, we focus on the
class of maximal reward functions for which we specify the value of the problem
and give the explicit form of a dual optimizer; and in Section 2.4 we present an
associated martingale inequality. In Section 3, we provide further discussion of
our results and relate them to the finite-marginal SEP and to martingale optimal
transport. The proofs are completed in Section 4.

Notation. (i) Let Q2 := C(R4, R) denote the canonical space of all continuous
paths w on Ry with wg =0, let B be the canonical process and Py the Wiener
measure under which B is a standard Brownian motion. Further, let FO = (.7-}0) >0
denote the canonical filtration generated by B, and F* = (F});>0 the augmented
filtration under Py.
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We equip 2 with the compact convergence topology (see, e.g., Whitt [39] or
Stroock and Varadhan [38]):

1 sUPg< <y l0r —

- —, Yo, € Q.
2" 14 supg<<p lwr — |

(1.1) p(w, o) =

n>1

Then (€2, p) is a Polish space (separable and complete metric space).

(i) Let Vi = V1 ([0, 1], R) denote the space of all nondecreasing cadlag func-
tions on [0, 1] taking values in R . Similarly, let VIJ“ = V;r([O, 1], R) denote the
space of all nondecreasing caglad functions on [0, 1] taking values in R.

We equip V;" and V" with the Lévy metric: for all 6,6 € V;,

(1.2) d(0,0"):=infle >0:6,_, —e <6, <01, +¢,Vt €[0, 1]},

where we extend the definition of 6 to [—¢, 1 4-¢] by letting 6; := 8y for s € [—¢, 0]
and 65 := 0 for s € [1,1 + ¢]. For m € R, denote by Vf’m C Vf’ the subset of

functions 6 such that (1) < m. Then both V;F and V;“m are Polish spaces (see
Remark A.1).

(iii) We define an enlarged canonical space by Q := Q x V', where the canon-
ical process is denoted by B = (B, T). We introduce the enlarged canonical filtra-
tion IF = (7020, where F; is generated by (By)se(o,r) and all the sets {7, < s}
for s € [0, ] and r € [0, 1]. In particular, all the canonical variables (7}),¢(0,1] are
[F-stopping times.” We notice that the o-field Fo := \/,~( F; coincides with the
Borel o-field of the Polish space Q (see Lemma A.2).

For a set P of probability measures on Q, we say that a property holds P-quasi-
surely (q.s.) if it holds P-a.s. for all P € P.

(iv) Let Cp denote the space of all bounded continuous functions from R to R,

and C; the space of all functions f : R — R such that 1f+(f x)l € Cp.

2. Main results. Throughout the paper, we are given a family of probability
measures on R, = (11):¢(0,1], satisfying the following condition:

ASSUMPTION 2.1. The family of marginal distributions, @ = (¢s):¢f0,1]. Sat-
isfies

2.1) fR|x|m(dx)<oo and /qu,(dx)=0, telo,1].

Furthermore, po = 80y, t = p; is cadlag w.r.t. the weak convergence topol-
ogy, and p is nondecreasing in convex order, that is, for every convex function
¢:R—>R,

(2.2) ws (@) < i (P) := /R ¢ (x) e (dx) whenever s < 1.

2This definition of filtration follows the idea introduced in [12, 13] to study a general mixed
stochastic control/stopping problem.
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2.1. The optimal SEP given full marginals. Let 77(_§) denote the collection of
all Borel probability measures on the canonical space €2, and define

P = {IF’ € P(Q) : B is a F-Brownian motion and
(2.3)
B. A7, is uniformly integrable under P}.

For the given marginals v = (us)s¢[0,1], we then define

P(u) :=|{PeP: By, ~F 1, v €0, 11}.
LEMMA 2.2.  Suppose that Assumption 2.1 holds, then P () is nonempty.

PROOF. Since the marginal distributions w = (@;)se0,1] satisfy Assump-
tion 2.1, it follows from Kellerer’s theorem (see, e.g., Kellerer [31] or Hirsch and
Roynette [21]) that there is a martingale M such that M; ~ u; for all ¢ € [0, 1].
Since t — u, is right-continuous, the martingale M can be chosen to be right-
continuous. It follows from Theorem 11 in Monroe [34], that there is a Brown-
ian motion W and a family of nondecreasing and right-continuous stopping times
(t1)r€[0,1]> such that (W, .) is uniformly integrable and (W; ) has the same finite-
dimensional distributions as (M.). In consequence, the probability induced by
(W.,7.) on Q belongs to P(u). [

The main objective of the paper is to study the following optimal Skorokhod
Embedding Problem (SEP) under full marginal constraints:

(2.4) P(w) := sup EF[®(B,T)],
PeP (1)

where ® : Q — R is the reward function.
The optimal SEP (2.4) under full marginal constraints is given in a weak formu-
lation. Indeed, for given marginals i = (14+):¢[0,1], let a u-embedding be a term

(2.5) a = (Q% F*F" = (F7),20- P (W) 1200 (Ta)se[O,l])’

N

such that in the filtered space (2%, F%, F*, P¥) the following holds: W is a Brow-
nian motion; 7% is a nondecreasing cadlag family of stopping times; the stopped
process (W"‘la .) is uniformly integrable; and Wa[a ~P* 1, for every ¢ € [0, 1]. De-
note by A(w) the collection of all such p-embeddings «. It is then clear that every
u-embedding @ € A(u) induces a probability measure P € P(u). On the other
hand, every P € P(u) together with the canonical space €, the canonical process
B and the canonical filtration, forms an embedding term in A(x). In consequence,
the set P () is the collection of all probability measures P on 2 induced by the
embeddings @ € A(u). As a direct consequence, the optimal SEP (2.4) admits the
following equivalent formulation:

(2.6) P(pn)= sup E*[®(W, TY)].

acA(u)
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2.2. Duality for the full marginal optimal SEP. In order to introduce the dual
problem, we let LIOC denote the space of all F-progressively measurable processes,
say H = (H;);>0, defined on the enlarged canonical space Q, and such that

t
/ HS2 ds < 00, P-a.s., forallt >0and P e P.

Then, for every H € ]Lloc and P € P, the stochastic integral of H w.r.t. the canon-
1cal process B under P, denoted by (H - B)., is well defined. An adapted process

= (M,);>0 defined on Q2 is called a strong supermartingale under P if M- is in-
tegrable for all IF- stopping times 7 > 0, and for any two F-stopping times 7 < 12,
we have that E[ (M-, |]:f1 < M,. We then define H by

H:={H €L}, : (H - B). is a strong supermartingale under every P € P}.

We let M ([0, 1]) denote the space of all finite signed measures on [0, 1] and note
that it is a Polish space under the weak convergence topology. Further, we denote
by A the space of all 1 : R — M ([0, 1]) admitting the representation

A(x, dt) = do(x, HA(D),

for some finite positive measure X € M ([0, 1]) and some locally bounded measur-
able function A¢ : R x [0, 1] — R. For u = (us)s¢[0,17, we define

A = e (i) /1/MMx0MAd0Mm)<a4

and
1 1 _
Q2.7 u) :=/(; /R)L(x,dt),ut(dx)=/0 /R)\O(x,t)m(dx))n(dt), VA e A(w).

With the notation A(B) := fol Ao (BT, s)A(ds), we finally set
(2.8)  D(w):={(, H)e A(w) xH:1(B)+ (H-B), > ®(B.), P-qs.}.

The dual problem for the optimal SEP (2.4) under full marginal constraints is then
defined as follows:

2.9 D = inf A).
(2.9) () (A’H)GD(M)M()

Our first main result is the following.

THEOREM 2.3. Let Assumption 2.1 hold true. Suppose in addition that ® :
Q — R is upper semicontinuous and bounded from above, and satisfies P(w, 0) =
P (wp, p.,0) for all (w,0) € Q. Then there exists a solution P € P(w) to problem
P(u) in (2.4) and we have the duality

EF[®(B., T)] = P() = D(w).
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EXAMPLE 2.4. The maximum reward function given in (2.11) below aside,
the following are also examples of reward functions which satisfy the conditions
of Theorem 2.3 (see also Remark A.1 on the Lévy metric on V;1):

— the weighted variance ®(w, 6) = fol f(t)d6;, where f :[0,1] — R is bounded
and continuous;
— the knock-in reward function ®(w, ) = wy, l{w(’;‘(l)zfc ), for some constant k € R;

— the weighted average value function ®(w, 0) := fol wg, f(t)dt for some non-
negative weight function f € LL1([0, 1]).

We also introduce the weaker version of the dual problem:

2.10 D = inf A),
(2.10) o(1) (X,H)epo(mu( )

with Dy () given by
Do) :={(r, H) € A(p) x H:A(B) + (H - B)1, > ®(B.), P(11)-q.s.}.

As a consequence of Theorem 2.3, we have the following result.

COROLLARY 2.5. Under the same conditions as in Theorem 2.3, it holds that
P(p) = Do() = D(1).

PROOF. Let (A, H) € Do(u). For any P € P(u), taking expectation over the
inequality in the definition of Dy(u), one obtains p(A) > EP[®(B., T))]. Hence,
w(A) = P (), which yields the weak duality Do(u) > P (). Since P(u) € P, it
follows that Do(it) < D(u). In consequence, the result follows from Theorem 2.3.

O

2.3. Maximum maximum given full marginals. We now restrict to the case

where
¢ Sh ok

(2.11) <I>(a),0)=¢(a)91) with ) ._Onflsagtws,t >0,
for some bounded, nondecreasing and upper semicontinuous (or equivalently
cadlag) function ¢ : Ry — R. According to Theorem 2.3 and Lemma 4.3 below,
the duality P(u) = D(w) holds for this reward function. The aim of this section
is to compute this optimal value and characterize a solution to the dual problem
(2.10). To this end, we introduce some further conditions on the marginals wu; let
c(t, x) := [p(y — x)"u (dy) for every (¢, x) €[0,1] x R:

ASSUMPTION 2.6. (i) The function c is differentiable in ¢ and the derivative
function 0;c is continuous, that is, d;c(¢, x) € C([0, 1] x R).

(ii) There exists a sequence of discrete time grids (77,),>1 with 7, = (0=1; <
tf <--- <t} =1), such that |7,| — 0 and, for all n > 1, the finite family of
marginals (p,tln)?:l satisfies Assumption ® in [36].
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For further discussion of Assumption &, see Section 3.1.3 below.
For every fixed m > 0, we introduce a minimization problem: with the conven-
tion that 8 =0and § = oo for ¢ > 0, let

: c(0, ¢o) L de(s, &) }
2.12 Com) = inf n
(2.12) (m) gevl,*nzgsm{ — +/O . g

Our first result is on the value of the optimal SEP (2.4).

THEOREM 2.7. Let ® be given by (2.11) for some bounded, nondecreasing
and cadlag function ¢. Suppose that Assumptions 2.1 and 2.6(i) hold true. Then

(2.13) P(M)=D(M)§¢(0)+/O C(m)de(m).

Suppose in addition that Assumption 2.6(ii) holds, then equality holds in (2.13).

Our second result is on the existence and characterization of a specific dual
optimizer. To this end, we first introduce a specific class of dual objects. For m > 0

and ¢ € V' such that ¢ (1) < m, let the functions A5™ and Afi’m be given by

m —Xx

AS (x, 1) = ml{xza}lwn (1)
and
m 1 (=)t =47 (x =)t
25 (x ;:_< _ )1 St VAP
VA N Sy b

where A := 84 — &, Dy i={t €[0,1) : Af; > 0} and Dy, :=1[0,1) \ D,,. We
then define the static term

(2.14) AEM (x, dit) i= (WS (x, 1) + Ay (x, 1)) d .

It is clear that A5™ € A. Next, let ! : R4 — [0, 1] be the right-continuous in-
verse of s — 6; that is, 05_1 :=sup{r € [0, 1] : 6, < s}. We note that 05_1(&)) is
Fs-measurable for fixed s. Hence, it is cadlag and F-adapted and therefore F-
progressively measurable. With /= and I, both functions from R to R, given
by I7(s) := 9(9*1(s)—) and I7(s) := O(G*I(S)), and with 7, (w) = inf{t > 0 :
wg(ry > m}, we then define the dynamic term:

l[fm»l+(fm)] (S) + l{mfwj_(s);ge_l(s)fwli(s)}

(2.15) H:™(0,0) =
m—Lo-1(z,) m—Lg-1(s)

Finally, given ¢ : [0, 1) x Ry — Rwith ¢ € Vfr and ¢{" < m, for all m > O where

_ oo _d¢(m)
¢ =¢(-,m), and such that | n—cTy?

< 00, we define the following dual object:

(2.16) A% (x,dt):= /Ookf'"”"(x,dt)dqb(m) and  H{ := /oonm”"daﬁ(m)-
0 0
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The construction of the dual optimizer below is based on evaluating (A%, H®)
at an optimizer of the minimization problem (2.12). Hence, we first establish the
existence of such a solution.

LEMMA 2.8. Lef Assumptions 2.1 and 2.6(1) Ahold true. Then there exists a
measurable function ¢ : [0, 1) X Ry — R such that {™ € Vl+ is a solution to (2.12),
forallm > Q.

THEOREM 2.9.  Suppose that ¢ : Ry — R is nondecreasing and that Assump-
tions 2.1 and 2.6 hold true. Let ¢ : [0, 1) x Ry — R be a measurable function such
that, for allm > 0, ™ € V;r is a solution to (2.12) and

/oo d¢ (m)
0 (m—¢M?

Then ()1, ﬁ) = ()»5, HE) € A(u) x H. Suppose in addition that ¢ : Ry — R is
bounded and continuous and that, for all t € [0, 1],

(2.17)

(2.18) Uy is atomless and Z‘tm and its inverse are both continuous in m.

Then (5», H ) is a dual optimizer for the problem Do(u) in (2.10). That is, with ®
given in (2.11), it holds that

(219) () =Do(u) and i(B)+(H-B)p, = ®(B.T), P(u)-qs.

REMARK 2.10. The condition (2.18) is needed to argue the convergence to
(A, H), in an appropriate sense, of the corresponding dual optimizers for the finite
marginal case (see Lemma 4.4). As seen from the proof, if Z‘,’" can be represented
as a countable sum, that is,

o
(2.20) &= G e (5,
k=0

for some (&;")x=>0, then ()AL, H ) is a dual optimizer regardless of condition (2.18).

2.4. An associated martingale inequality. In this section, we establish a
closely related martingale inequality. We stress that this result does not require
Assumption 2.6.

PROPOSITION 2.11. Let (M;):c[0.1] be a right continuous martingale, ¢ :
Ry — R a nondecreasing and cadlag function, and take ¢ : [0,1] x Ry — R
such that for each m > 0, {™ € V;r and {{" < m, and the set

{t €10, 1) : x —> P[M; < x] is discontinuous at x = "}
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is a d;"-null set, where £ is the continuous part of t + {". Then, with M :=
maxo<gs<t MS’ it holds that

00 1_
E[¢(M1)]§¢(O)+/(; E[/O A (M,dt)}dq&(m),
where [cf. (2.14)] M (x, dt) := 28" (x, dt) so that

1 1 m _emy _ emy+
E[/ M, dt)} :/ PIM; > ¢"1(m — &™) — E[L(M; — ) ]dé,m’c
0 0

(m— fzm)2
E[(M) — ¢ ]
m -t
. Z[E[(M’ — gt ELM, - zmﬂ]
AL m—g

We conclude this section with a remark on an alternative version of the above
martingale inequality.

REMARK 2.12. Suppose that (M;);c[0,1] is a cadlag martingale such that the
function ¢y (¢, x) := E[(M; — x)T]is C! in ¢. Further, let ¢ : Ry — R be nonde-
creasing and cadlag, and take ¢ : [0, 1] x R4 — R such that ¢ € Vf’ and ¢" <m,
for all m > 0. Then

Elp(M)] =60+ [ (
Indeed, due to Monroe [34], there is P € P(u) such that
(2.21) E[¢(M})] =E|¢( max Br,)| <E"[¢(B},)],

0<t<l1

— rmy+ 1 m
E[(Mo §’2) ]+f drem(t, g )ds

)dam.

above inequality is therefore an immediate consequence of Theorem 2.7.

where the inequality follows as ¢ is nondecreasing and maxo<;<1 Br, < B;l. The

3. Further discussion. In this section, we discuss the relation between the
optimal SEP and the martingale transport problem, and specify how the optimal
SEP given full marginals can be considered as the limit of the approximating prob-
lem defined by a finite subset of marginals. We also discuss the relation to the full
marginal martingale optimal transport problem. Further, we provide a numerical
scheme for the problem C (m) introduced in (2.12).

3.1. The optimal SEP given finitely many marginals. In this section, we con-
sider the optimal SEP given finitely many marginals and recall some results estab-
lished in previous works.
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Forn > 1, let m, = {t7,...,t,} be a discrete time grid on [0, 1] such that 0 =
ty <t <---<t) =1.Recalling the definition of P from (2.3), let

Po(i) := {PeP:BTtg ~Pu,g,k=1,...,n}.

That is, the set P, () consists of all Skorokhod embeddings of the n marginals
(k=1,...n- Let @ : € x (R4)" — R be a reward function. The associated opti-
mal SEP is then given by

3.1) Py(u):= sup E[®,(Bar,. Tp..... Tin)].
PePu(n)

3.1.1. The duality result. In Guo, Tan and Touzi [16], a duality result is estab-
lished for the optimal SEP (3.1). Let us define

Dy () :==1inf{ Y~ pen (i) = (i, -, An, H) € (C)" x M such that
3.2) =

n
> 4(Bry) + (H - B)ry = ®u(Boary, th,...,Tm,P-q.s.}.
k=1

One of the main results in [16] is the following duality result (see also [5] for a
similar result), which is a cornerstone in our proof of Theorem 2.3.

PROPOSITION 3.1. Suppose that Assumption 2.1 holds true and that ®,, is
upper semicontinuous and bounded from above. Then P,(u) = D, () and the
supremum in problem P,(w) in (3.1) is attained.

3.1.2. Optimal SEP and martingale transport problems. One of the main mo-
tivations for studying the optimal Skorokhod embedding problem is the fact that
any continuous local martingale can be seen as a time-changed Brownian motion.
It is therefore natural to relate the optimal SEP to the martingale optimal transport
(MOT) problem.

Let € := C([0, 1], R) denote the canonical space of all continuous paths on
[0, 1], with canonical process X and canonical filtration F= (]}t)Oftfl- Let M
denote the collection of all martingale measures on Q, that is, the probability mea-
sures P on (Q, .7:"~1) under which X is a martingale. We recall that there exists
a nondecreasing F-progressively measurable process (X) which coincides with
the quadratic variation of X under every martingale measure P € M (see, e.g.,
Karandikar [30]). Let

(X)7h=inf{r: (X), > s}.

P
Then, under every Pe M, the process (X ( Xrl) s>0 1S a Brownian motion, and

for every t > 0, (X); is a stopping time w.r.t. the filtration (f(x)s—l)sz(). Let u =
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(tr)o<r<1 be the given family of marginals satisfying Assumption 2.1. For n > 1
and a discrete time grid w, : 0 =1y <t <--- <t =1, we denote

M) = {PeM: Xp~F up k=1,....n}.

For a reward function £ : Q — R, we then define the MOT problem

(33) P = sup EF[E(X)].
Pe M, (w)

The problem has a natural interpretation as a model-independent bound on
arbitrage-free prices of the exotic option £(X.). In order to introduce the corre-
sponding dual formulation, let H denote the collection of all F—progressively mea-
surable processes H: [0, 1] x Q — R such that [ FIS d X is a supermartingale
under every P € M. Then, let

Dy () :=inf{ Y~ () : (h, H) € (C1)" x H such that
k=1

n

Y M(Xp) 4 (H - X)1 = E(X), M-gss. |

k=1
The above dual problem gives the minimal robust super-hedging cost of the exotic
option, in the quasi-sure sense, using static strategy A and dynamic strategy H.

Via the time change argument, the above MOT problem and its dual version

are related to the optimal SEP P, (u) and the associated dual formulation D, (u).
Specifically, the following result is given in [16].

PROPOSITION 3.2.  Suppose that Assumption 2.1 holds true and that the pay-
off function & : Q — R is given by

(3.4) E(X) = @4 (X 100 (XD (X)),
for some ®, which is upper semicontinuous and bounded from above. Then,

Py(w) = Py(it) = Dy (1) = Dy ().

3.1.3. The iterated Azéma—Yor embedding. We now consider a lookback op-
tion, whose payoff function is given by £(X.) := ¢ (X7}), with X| := maxo<,<1 X;
and ¢ : R4 — R a nondecreasing, bounded and cadlag function. We notice that
& satisfies the conditions in Proposition 3.2. Indeed, the corresponding & is given
in (2.11). For the one-marginal case, this problem is solved by the (time-changed)
Azéma-Yor embedding. Given multiple marginal constraints with increasing mean
residual value [see (3.13) below], this solution can be iterated to solve the prob-
lem also for multiple marginals; see [33]. For general marginals, the problem be-
comes significantly more involved. The two-marginal case is solved in [10] (see
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also [26]). Under an additional technical assumption, the problem is solved for
a finite number of marginals in Henry-Labordere, Obt6j, Spoida and Touzi [18]
using a certain iterated Azéma—Yor embedding introduced in Obt6j and Spoida
[36]. We now recall their solution. A first technical step is the following path-wise
inequality (see Section 4.1 in [18]):

PROPOSITION 3.3. Let X be a cadlag path on [0, 1] and denote X} :=
maxg<s<; Xs. Then, for everym >Xgand §) <--- <&, <m:

n
(Xt,' - €)+ m — Xl‘i

O\ m—=y — &

(3.5
(X, — Cip1) T X, — Xy,
- Z( — + l{msxz,{mSXri}M)'

m— &t m— iyl

As argued in [18], the above inequality implies that also the following inequality
holds:

(3.6) Lt 2m) < Z{xf (%) +/ HE" (0 dx, .
i=1
with T, (x) :=inf{t > 0:x; > m} and
Af’m(x) — (x—¢)7t = Gyt Lo, reR,
m—{&; m—_{giyl
HE™ () o= — 1, .n(Tn(x) + :’io,r,-_;l](Tm ) x, =g ’ el .
— ¢

Indeed, if x is continuous at 7, (x), then the inequalities (3.5) and (3.6) coincide.
If x has a jump at T,(x), then the first component of the dynamic term in (3.6)
strictly dominates the corresponding term in (3.5).

Intuitively, the left-hand side of (3.5) can be interpreted as the payoff of a
specific exotic option; it serves as the basic ingredient for more general exotic
payoffs since any nondecreasing function ¢ admits the representation ¢ (x) =
¢(0) + f(f 1{x>myd¢(m). The right-hand side of (3.5) can be interpreted as a
model-independent super-replicating semi-static strategy, the cost of which can
be computed explicitly.

Minimizing the super-hedging cost yields the following optimization problem:

37) Co(m):= inf Z( ci(G)  ci(Giv1) 1i<n)’

Qu=-stpsm i \m — &G m =iy

where ci (x) := [r(y — x)*t Wy (dy). Itis argued in [ 18] that the minimization prob-
lem (3.7) admits at least one solution (é:k (m))1<k<n. An immediate consequence
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is that
- o0
(3.8) Dy () = Dp(n) < ¢(0) +/0 Cn(m)de(m).

Under further conditions (Assumption ® in [36]; see Assumption 3.5 below),
Obl6j and Spoida [36] provide an iterative way to solve (3.7), and to obtain a fam-
ily of continuous functions (§x)1<k<, such that fk (m) =ming<;<, & (m),Vm > 0.
Using the family of functions (§x)1<k<n. they further define a family of iterated
Azéma—Yor embedding stopping times, given by 79 = 0 and

(3.9) T = inf{r > 11 : B; < &(B})}. k=1,...,n.

The stopping times (tx)k=1,....» embed the marginals (M,;:)kzl . Moreover, it is

proven in [18] that the embedding satisfies

.....

E[¢(W:)] = $(0) + /0 ~ Com) de (m).

In consequence, under Assumption &® in [36], it holds that

(3.10)  Py(i) = Py(w) = Dy(i) = Dy (1) = $(0) + /0 Cy(m)dep(m).

We notice that the discrete process (Wy, )1<k<, resulting from this construction is
in general not a Markov chain.

REMARK 3.4. In[18], the result (3.10) is formulated for the continuous mar-
tingale problem as defined in (3.3). However, it can be easily deduced that the
solution is optimal also for the corresponding cadlag martingale problem. Specif-
ically, let Q4 denote the space of all cadlag functions on [0, 1], X the canonical
process, [ the canonical filtration and M the space of all martingale measures.
Define

Pl = sup EF[p(x})], with M(u):=|PeM?: X, ~F u,, vk}
PeMd ()

It is clear that P, (u) < f’,f’ (u) since every continuous martingale is a cadlag mar-

tingale. Further, by Monroe’s [34] result, every cadlag martingale can be repre-
sented as a time-changed Brownian motion. Since maxo<;< g, < a);l and ¢ is

nondecreasing, it follows that ﬁrfl (n) < Py(w). Therefore, according to (3.10), for
the payoff £(X.) := ¢ (X7}) with ¢ : R — R nondecreasing,

Pa(p) = P4 ().

We conclude this section with a discussion of Assumption ® in [36]. To this
end, we need their explicit definition of the stopping barriers (&;)1<;<x [cf. (3.9)].
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Recall first the one-marginal Azéma—Yor embedding: let b(x) be the barycenter
function of u given by

. f[x,oo) yu(dy)

n(lx, 00))

where [, and r, is the left and right endpoint of the support of w: [, := sup{x :
n([x,00)) =1} and ry :=inf{x : u((x, 00)) = 0}. Then the Azéma—Yor embed-
ding of u is given by inf{t > 0: B, < b~!(B})}, where b~! denotes the right-
continuous inverse of b. As shown in [10], it holds that

(3.11) b(x)=b(x;un):

Up<x<ry} T X1x=r,)

b_l(y)zsup{argmin ) }
<y Y

The construction in [36] provides a generalisation of this in that the barriers

are defined as follows: with ¢y = 0 and & = —oo, having previously defined
gl()’), R} f;:n—l(y), let
¢t () = min &), y>0,1<i<k,
i<j<k

for k <n — 1, and define the subsequent stopping boundary by &,(0) =1/,,, and

G12) () = suplargmin (] ) AL T OI AL E D)y >0

=y

where K, (1, ...,80, ) = Tl W, for ¢1,...,¢, € (—o0,y] and
y >0 [cf. (3.7)].

The relevant quantities for the n-marginal problem are clearly highly nontrivial.
They are, however, crucially defined in an inductive manner. It is also clear that
for the case of one and two marginals, they reduce to the solutions given in [2] and
[10]. The key assumption in [36] now reads as follows:

ASSUMPTION 3.5 (Assumption ® in [36]). The marginals ui, ..., 1, sat-
isfy conditions (2.1) and (2.2) in Assumption 2.1 and ¢;—1 < ¢; on (I, 7y;),
i =1,...,n. Further, for all 2 <i <n, and all 0 < y < ry;, the minimization
problem in (3.12) admits a unique minimizer £* on (I,;, y).

The role of Assumption ® is to rule out a certain interdependence between the
marginals. More specifically, it is proven in [36] that under Assumption ®, the
barriers y — &£(y) are continuous and increasing. Notably, for the two-marginal
problem where the assumption is not needed, the case when this does not hold
true calls for particular attention; see [10]. The assumption is nontrivial to verify
and we refer to [36] for examples and further discussion (see Section 4 therein);

3Note that under assumption (2.1), (uy) is nondecreasing in convex order [i.e., (2.2) holds] if and
onlyifc'i_l fci,i=1 ..... n.
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we emphasize that for our results in Section 2.3, we do not need this condition
to hold for any partition but it suffices that there is some sequence of partitions
along which it holds. We also note that in [3], the existence of barriers (&§;)1<;<n
such that (7;)1<;<, given in (3.9) gives an optimal solution to the multi-marginal
SEP has been established without Assumption ®. No explicit solution is however
known for the general case.

3.2. The optimal SEP given full marginals. We now return to our optimal SEP
(2.4) given full marginals. In fact, this problem is obtained as the limit of the
problem given finitely many marginals; see the proof of Theorem 2.3. We pro-
vide here further discussion of the convergence of various optimal values and the
corresponding optimizers.

3.2.1. The limit of the MOT problem given finitely many marginals. Our main
motivation for studying the optimal SEP is the MOT problem, which has a natural
interpretation and application in finance. For the case of finitely many marginal
constraints, and for certain payoff functions, the optimal SEP P,(u) in (3.1) is
equivalent to the MOT problem I3n (w) in (3.3) (see Proposition 3.2).

When the number of marginals turns to infinity, the question arises whether the
MOT problem (3.3) converges in some sense. Specifically, we are interested in the
convergence of the optimal value and of the optimizer. The following convergence
result is an immediate consequence of the proof of Theorem 2.3.

PROPOSITION 3.6.  Suppose that Assumption 2.1 holds true and let £ : Q — R
be given by

‘?;:(X) = CD(X<X)‘—1/\1, (X)l),

Jfor some upper semicontinuous and bounded function ® : Q x Ry — R. Let
P,(), P,() and P(u) be defined with respect to & and ®, respectively. Then
we have the approximation result

Jim Py (u) = lim Py (u) = P ().

Further, the optimal transferences converge in the sense of the convergence of
Skorokhod embeddings (i.e., the convergence of probability measures on 2).

The above result implies that the full marginal SEP provides the limit of the
n-marginal continuous MOT problem (i.e., of the robust prices).

For the lookback option, according to Remark 3.4, P(u) is also the limit of the
n-marginal cadlag MOT problem. We note that in [17, 19], it is shown that for a
certain class of payoffs, the limit of the n-marginal cadlag MOT problem equals
the value of the full marginal cadlag MOT problem. Notably, the maximum payoff
does not satisfy the assumptions imposed therein; see also Remark 3.7 below.
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3.2.2. The limit of the optimal martingale transference plan. Our main results
characterize, under technical conditions, the optimal value as well as the dual op-
timizer for the maximum reward function. As for the (primal) optimal Skorokhod
embedding under full marginal constraints, we only have the existence result but
no explicit construction of the optimal limiting object. However, as we now recall,
in the particular setup of Madan and Yor [33] things are more explicit. In particu-
lar, one can then characterize the corresponding limiting martingale in an explicit
way. To see this, suppose that the family (u,)¢[0,1] satisfies the so-called property
of increasing mean residual value:

(3.13) t— bi(x) is nondecreasing for every x,

where b; (x) = b(x, ;) is the barycenter function given in (3.11). For any discrete
time grid 7, : 0 =1; <t <--- <t; =1, it turns out that the boundary functions
(€x)1<k<n defined in [36] are then given by & = b, ! (see Example 2.9 in [36]),
and that the iterated Azéma—Yor embedding coincides with the Azéma—Yor em-
bedding:

(3.14) 7, :=inf{s > 0: By < b, '(B})}.

Recall that the iterated Azéma—Yor embedding induces a continuous martin-
gale, which is the optimal martingale transference for a class of lookback op-
tion given finitely many marginal constraints (cf. Proposition 3.2). It follows that
under condition (3.13), this optimal martingale transference plan converges to
M = (M;):e[0.1], given by

M; = B'L'r'

More precisely, since M may not be right-continuous by its definition, we should
say the limiting martingale is the right-continuous modification of M, which does
exist since t — w; is right-continuous. Moreover, it is proven in [33] that M is in
fact a Markov process and that one can compute its generator in explicit form.

_ REMARK 3.7. (i) Similarly to the martingale optimal transport problem
P, () under finitely many marginal constraints, we can introduce the correspond-
ing full marginal version P (w) by considering

M) = {PeM: X, ~F . 1el0,1]).

However, the convergence of the optimal SEP in Proposition 3.6 does not imply
convergence towards this full marginal MOT problem. This since the limiting mar-
tingale may be cadlag, and, crucially, we lose information of the Brownian motion
because of the jumps of ¢ — By,.

(i) As an example, let us take the maximum reward function &(X) = ¢ (X7)
(with increasing function ¢). Under the increasing mean residual value condi-
tion (3.13), we know from Madan and Yor [33] that the optimal SEP P(u)
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under full marginal constraints is solved by the sequence (t;)o</<1 defined in
(3.14). However, it is clear that one has My := supy.,<; B;, < B;, for the re-

sulting martingale M; := B;, due to the jumps of ¢ — t;. Therefore, in general,
El¢(M{)] # El¢(B7,)] and M need not be an optimal martingale for the MOT

problem given full marginals.*

3.2.3. The limit of the pathwise inequality. 'The proof of Theorem 2.9 is based
on applying limiting arguments to the path-wise inequality (3.5) (see Section 4.3).
By use of a similar arguments, we might obtain an almost sure inequality for cadlag
martingales.

PROPOSITION 3.8. Let (M;):c[0,1] be a right-continuous martingale, take
¢:10,1) x Ry — R such that {™ € Vl+ and ™ <m and let ¢ : Ry — Ry be
bounded, continuous and nondecreasing. Suppose either (i) that ¢, ¢ and the
marginals of M satisfy the conditions of Theorem 2.9; or (ii) that ¢ admits the
representation (2.20). Then, with A* given in (2.16), M satisfies the following in-
equality:

1 1 o0 d (m)
(3.15) ¢Mﬁ)§/1kﬂdnkﬂy+/ / Vesr crent 2 4y, as.
0 o Jo ' m— &

The difference between the right-hand side of (3.15) and (2.19) appear in the
dynamic term [cf. (2.15)]. Specifically, for the martingale formulation, the coun-
terpart of the first dynamic term in (2.19) is always negative and thus vanishes
from the inequality. This is related to the fact that the limit of the first dynamic
component in (3.6) is zero. For continuous martingales, the two inequalities coin-
cide.

3.3. The resolution of C(m). Finally, we would like to discuss the resolution
of the problem C(m) in (2.12), for the main results in Theorems 2.7 and 2.9 rely
on its solution Z‘ .

It is clear that we can decompose the minimization problem C(m) as follows:

1
C(m) = inf {C(O’x) +v(0,x)}; v(0,x):= inf / dels &) o
x<m|m —x 0 m—g

Cévf@:x

The problem of computing v(0, x) is a standard singular deterministic control
problem. When the function d;c(s, x) is continuous, it therefore follows by stan-
dard arguments (see, e.g., [11]) that v can be characterized as a viscosity solution

4To confirm this point, we did some simulations on M, which is a Markov martingale with genera-
tor explicitly given in [33]. Taking the marginals of a Brownian motion on [0, 1], we simulated M on
a discrete grid (g )o<k<pn for t; := % and n = 200: with N = 10,000 simulations, the Monte-Carlo
estimation of E[M i"] is 0.6199571 with confidence interval [0.6086966, 0.6312176] (and confidence
level 95%); for the Brownian motion W itself, however, one has E[Wl* 1=E[|W]]] = 0.7978846.
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to the PDE

(3.16) max{—axv(t, x), —o;v(t, x) — 9ct, x) }

m—Xx

=0,

equipped with the terminal condition v(1, x) =0, for all x < m.
We now propose a numerical scheme for the problem C (m). To this end, for a

given partition 7, = {t{', ..., 1]}, with O =1#j <-.- <1 =1, let V} be the subset
of V;r for which ¢ is constanton (t;_1,¢;],i = 1, ..., n. Further, let
1 3c(s,
V*(0,x):= inf / Mds.
seVY, 0 m-—_¢s

So=x,{1<m

For a sequence of partitions such that |7,,| — 0, it follows that v" (0, x) — v(0, x);
cf. the proof of Lemma 4.2 below. On the other hand,
" Ac(th, ¢
SO0 = inf Y 2L
Sivi=l,.nr m—g;
x<gy < <gp<m =1
with Ac(#',¢) == c(t]',¢) — c(t'_;,¢). In consequence, v"(0,x) = v" (17, x),
where v" (¢}, x), k =0, ..., n, is iteratively defined by

Ac(t!,x +y)

), k<n-—1,
m—(x—+y)

0'(x) = _inf (#6004 0) +

O<y<m—x

v" (1), x) =0.

n?’

This yields a scheme for explicit calculation of v (0, x) as an approximation of
v(0, x).

4. Proofs.

4.1. Technical lemmas. In preparation for the first lemma, we define as fol-
lows: given n > 1, a partition 7 : 0 =15 <t <--- <t} =1 of [0,1], s =
(50+ 51+ ..., 5) € (R1)" ! and 6 € Vi, we define 6% = (62),cj0.11 € VI by 67 :=
maXi<j<nSj and

N :=Or2]';1)§<isj forre[s, 1), i=0,1,...,n—1;

further, we let #% := 6%, with § = (Si)0<i<n given by §, := 6 and

. 1 1 .
“4.1) S; . 7/ Osds, i=0,....,n—1.

= n n
liv1 =4 Jif

LEMMA 4.1. Let®:Q — Rbe upper semicontinuous, bounded and such that
P(w,0) = DP(w.pg,,0), for all (w,0) € Q. Further, let (7w,,)m>1 be an increasing
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sequence of partitions of [0, 1] (i.e., Tym+1 D 7y ) such that |wy,| — 0. Then there
exists a subsequence (my),>1 and a sequence (P,)p>1 of bounded continuous
functions ®, : 2 x (R1)™ — R such that

(4.2) @,(@) = Pp(Wpg;»81s-es8my) \NP@)  asn— 00,VH € Q,
where §; is defined by (4.1) with partition w,,,. In particular, (dln),,zl is a nonin-

creasing sequence of bounded continuous functions defined on Q.

_ PROOF. Define & : Q@ x V7 — R, k € N, by ®*(w, 0) := D (w.59,. 0), with
(@, 0) := (—k) V sup{® (&', 0") — kd((,0), (/. 6))}, so that & is bounded
and Lipschitz and ol N\ D as k — oo. Next, let kM. Q - R, meN,be given
by

M (1, 0) == D (w, 67),

where 67 is defined above (4.1) with partition m,, = {#}" : 0 <k < m} of [0, 1].
In particular, ®%™ is a bounded continuous function defined on © since 6 > 6;

and 6 — ftt,il“ s ds are all continuous. Note further that since d (6, ég) <|mm| [cf.
(1.2)], we then have

|5 (@, 0) — O (,0)] = [9"(,8°) — D" (@, 0)| < Lilmal,
with L the Lipschitz constant associated with ®¥. In consequence,
M (w, 0) 1= XM (w, 0) 4 Li|mpm| — F(w,0)  asm — oo.

Hence, we may choose an increasing sequence (my)g>1 such that ok-mi (w,0) >
®(w, 0) and D" (w, 0) — D (w, 0), as k — 0o. In consequence, defining

&, (@) ;= min "™ (@) and D, (w,s1,..., Sm,,) = D, (w, és),
1<k<n
we have that ({.2) holds true. Moreover, since ®¢™ : Q — R is bounded and con-
tinuous, both ®, and &, are also bounded and continuous, which completes the

proof. [J

PROOF OF LEMMA 2.8. We follow the argument at the beginning of Section 3
in [18]. Let

(4.3) Y (¢) =

C(O’ ;0) +/1 8Z‘C(S’ gs) dS
0

m — o m — &

We first consider a constant function E.Z = z for some constant 7 < m. By direct
computation, it is easy to see that

c(1,2)

W, (£) = > C(m).
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Note that since z — c¢(1, z) is convex and ‘m(l—_Z) is the slope of the tangent to
z+> c(1, z) intersecting the x-axis in m, it follows that C(m) < 1.

On the other hand, since 9;¢(s, z) > 0, we have

c(0, %o)

m — {o

—1 as {g — —oo.

W (¢) >

For the minimization problem C(m) in (2.12), it is therefore enough to consider
the space V;L([O, 1), [K, m)) for some constant K € (—oo, m), that is,

C(m) = inf Wy, (2).
¢V ([0.1),[K . m))
Since, for elements in Vfr, convergence in the Lévy metric implies pointwise con-
vergence at t =0, { — W,,(¢) is continuous. Further, V;r([O, 1), [K,m)) is com-
pact under the Lévy metric. In consequence, for every m > 0, there exists at least
one solution in V,JF to (2.12). To conclude, it is enough to use a measurable selec-

tion argument to choose a measurable function ;. O

LEMMA 4.2. Suppose that the function c is differentiable in t and that the
derivative function 9;c is continuous. Then, for every m > 0, we have

HILI& C,(m)=C(m).

PROOF. Let V] be the subset of V;r for which ¢ is constant on (t;_p, ¢;], i =
l,...,n—1,and on (#,_1, ;). For n fixed and ¢ € V}, let £(t,) := ¢(t, ). Recall
the definition of W, from (4.3) and notice that for every ¢ € V7,

0, "t de(s, &
W, (0) = c(0, &) i / rc(s, &) ds
m — ;l() i=1 tiog M — é‘ti
_ C(Ov é‘t()) + z (C(ti’ ;l‘l‘) _ C(l‘[,l, ;t,‘)>
m_é‘to i=1 m_é't,‘ m_{t[-
Z(C(tl ) ;ll C(tiv §Zi+1) 1. )
- <n |-
m é‘tl m — é‘l‘iJrl
C(t()yé-to) _ C(’Osftl)

Since xg < m, it holds that — — > 0. In consequence, recalling the
m—_&y, m—_{y

definition of C,,(m) from (3.7), we obtain

nf W)=  inf Z(C(ti» &) e, §zi+1)1i<n) —C,(m),

CeVEri<m ceVismizj\m —¢, m—Z&y.,
Hence, the C,,(m) are nonincreasing in n and

Cy(m)= _inf W,(5)> inf W, () =C(m).
¢evy,oi<m ceVi ci=m
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Next, for any ¢ € V;r, by direct truncation we can easily obtain a sequence
¢" such that ¢" € V] and ¢" — ¢ under the Lévy metric. Since { — W, (¢) is
continuous, it follows that C,,(m) — C(m) asn — oco. [

LEMMA 4.3. The mapping from Q to R given by

(4.4) (@,0) —> 0*(0(1)) == sup w(s),
0<s<6(1)

is continuous with respect to the product topology on Q.

PROOF. Let (" (-),0"(:)) € 2, n € N, be a sequence converging in the prod-
uct topology to (& (-), 7] (-)) € Q. Recall that C(R,, R) is equipped with the metric
p defined in (1.1), which induces the topology of uniform convergence on compact
subsets. Hence,

4.5) lim sup |o"(s) —a(s)| =0 for all m > 0.
n_)000§s§m
Note that
sup " (s) — sup Eo(s)‘ = ‘ sup  "(s)— sup d)(s)‘
0<s<6"(1) ()szé(l) 0<s=<6"(1) 0<s<6"(1)

+ ’ sup  w(s) — sup cb(s)‘.
0=<s=0"(1) 0<s<d(1)
The first term is dominated by supy—; <gn (1) |w" (s) — @(s)| which tends to zero as
n tends to infinity due to (4.5). Recall that for elements in V", convergence in the
Lévy metric implies pointwise convergence at f = 1 (see Remark A.1). Since @(-)
is a continuous path, this implies that the second term tends to zero. Hence, the
mapping in (4.4) is continuous and we conclude. [J]

LEMMA 4.4. Let Q4 := D([0, 1], R) be the space of all cadlag paths on [0, 1]
with canonical process X, and M the space of all martingale measures on Q°.
We define

M) = {PeMd: x, ~F p, veeo,11).

Further, let ¢ : [0, 1) — (—o00, m) be a nondecreasing caglad path on [0, 1) and
mn 0=ty <--- <t =1 asequence of discrete time grids such that |m,| — 0 as
n — oo. Let £€ be the continuous part of ¢, and let \>™ be given by (2.14). Then:

(1) If u is atomless for all t € [0, 1], it holds ./\/ld(u,)-q.s. that as n — o0,
2”:(0‘41 —pt Ky gy )T

k=1 m— gy m— Ct}:l+l

1
1{k<n}) —>f AS™(X,, dt).
0
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(1) if & =2 peo ekl 11(5), then the convergence in (i) holds path-wise for
all x € Q@. The integral with respect to d¢€ is then identically zero.

PROOF. It follows from the definition of A%™, that in order to prove (i), it is
sufficient to show that, M?(1)-q.s.,

n! (X — ft,j‘+l)+ _ (X — ft,:’)+)

> (

— m — §m m— g
46" 1 k; k X — &)t X -t
t—m t — G+ t — Gt
[ ATy de + ( - )
/(; (m —&)? iz s 2,: m— &y m—&

Observe that for each path x € D([0, 1], R), the discrete sum in (4.6) might be
written as fol Ju(t; &) ds, where

n-l lte(l,Z’,t]fH] (Xt,’j - Ct,’jﬂ)—i— (Xr}j - §t,'j)+
Ju@8) = Z - .
k=t Sy TS N m =G m=&y
Denote by D, C (0, 1) the subset of all discontinuous points of ¢. Now, under
assumption (i), for r ¢ Dg N{t : x; = &}, the f,(-; ¢) converge pointwise to f(-; ¢),
with
Xy —m

| n g2tk re g,
f6:8)= 1 <(Xt -0t (X — Ct)+)
— s te Dg.
S+ — &t m— &4 m—_&

On the other hand, by use of Fubini’s theorem and assumption (i), we obtain that
for P e M4 (),

1 1 1
EP[/O l{x,=¢,}dcf]= /0 Plx, = &]dg = /0 wi({&}) dgf =0.

That is to say, fol 1ix,—eydgf =0, M2 ()-q.s. Since, for all € > 0, ¢ (xn%ﬁ
is Lipschitz on (—oo,m — ¢], there is K > 0, such that f,(t) < K, t € [0, 1],
n > 0. Hence, by use of dominated convergence we obtain fol fa(t;0)de —
fol f@t;¢)dg, ./\/ld(,u)—q.s., which implies (4.6).

Next, suppose that assumption (ii) holds. Then, for ¢ € [0, 1], the function
fa(t; ©) converges pointwise to fO(z; ¢), where

0 t e D
) é"

Feo=1 1 ((x, — Gt - Cz)+> <D
Lo =0\ m—y m—¢ ) ¢

By use of the same arguments as in case (i), we may then pathwise apply the
dominated convergence theorem and easily conclude. [J
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4.2. Proof of Theorem 2.3. We first argue that the optimal SEP given finitely
many marginals, defined in (3.1), may be reformulated similarly to problem (2.6).
Concretely, for a given discrete time grid 7, : 0 =1; < --- <t =1, we call
(u, my)-embedding a term

(4-7) o= (Qa’ ]:a’ F* = (}—ta)tzo’ ]Pa’ (Wta)zzo’ (T]éx)k:l,...,n)’

such that in the filtered space (Q*, F*,F*,P¥), W¥ is a Brownian motion, 7} <
.-+ < T,* are stopping times, the stopped process (W7, , ) is uniformly integrable,

and W%ka ~P P foreach k =1, ..., n. We also extend the sequence of stopping

times T to a nondecreasing process, 7% = (T%);¢0.1], by defining 7% := 0 for
s €10, 1),

TSD‘ =T, forse(tf, 1), k=1,...,n—1, and Tl‘" =T

Let A,(n) denote the collection of all (i, 7,)-embeddings «. Then it is clear
that every term in A, () induces on the canonical space €2 a probability measure
in Py (u), and that every probability measure P’ € P, () together with the space

(R, F,F) forms a (i, w,)-term in A4, (). Hence, for a given reward function &, :
Q x (R1)" — R, we have that

(4.8) P(u)= sup EF[@,(We, TE, ...,TY)].
€A, (1)
Before proving Theorem 2.3, we present a lemma. Its proof is partly adapted

from the proof of Theorem 11 in Monroe [34] and that of Theorem 3.10 in
Jakubowski [29].

LEMMA 4.5. Letay, € A,(), n € N, be a sequence of terms of the form (4.7).
Let P, be the probability measure on 2 induced by (W , T%) in the probability
space (Q%, F% ,P). Then the sequence {P,},>1 is tight, and any limiting point
P lies in P(w).

PROOF. (i) We first argue that the sequence {IP,,},>1 is tight. To this end, note
that the projection measure PP, | on 2 is the Wiener measure for every n > 1, and
hence the sequence (P;|q),>1 is trivially tight. Next, since Tla " are all minimal
stopping times in the sense of Monroe [34], it follows from Proposition 7 in [34]
that

Py(Ty > 2) =P (T{" > ) <27 BEF[|We, [P +1),  va=o.
1

Let A, be the set of_functions in V;"([O, 1], R4) which are bounded by A > 0 and
7 the projection of €2 onto Vf([O, 1], R4). It follows that

Py(m " (A2) =Ba(Ty < 1) 2 1= 273 ((ua (1x1))% + 1)
Since Ay, A > 0, is compact (see Remark A.1), it follows that {P,}, > is tight.
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(i1) Let P be a limiting point of (P,),>1; by taking subsequences if necessary,
we can assume that P, — P. We now prove that B is an F-Brownian motion under
the limiting measure [P. Since the measures P, are induced by (W%, T%) under
P | we know that B is an F-Brownian motion under each P,, n > 1. Let ¢ > s,
0<e<t—s,and ¢ : Q — R be a bounded continuous function which is F -
measurable. Then, for every ¢ € le (R), we have

P, ol "
E ”[¢(B.,T>(¢<Bt)—<p<Bs+8)— [ 3¢ (Bu)du)} —0.
s+&

By taking the limit n — o0, it follows that

t
4.9) EP[MB., T.)(w(Bz) (B0 - |

+¢

%(p”(Bu)du)] =0.

According to Lemma A.2, the equality (4.9) holds true also for every bounded
random Vgiable ¢:2— R thz£ is Fg-measurable. Let ¢ — 0, it follows that for
every ¢ : 2 — R bounded and F-measurable, and every ¢ € Cg (R),

508 1 (0B 080 - [ %w”(Bu)du)] —0.

Hence, B is an F-Brownian motion under P.
(iii) We now show that the process (B;A1,)>0 is uniformly integrable under IP.
For every ¢ > 0, there is K, > 0 such that

[ (1= K)o <.
Since |x|1jjxj>2k) < 2(]x| — K)T, it follows that

EX[|Briacl 8y, o 12k01] < 2EP[(1Br | — Ke) ] <26, Vi =0,

Then, for every bounded continuous function p : R — R such that p(x) <
|x|1{x|>2k,}. it follows by the dominated convergence theorem that

E'[p(Biar)] = lim EP[p(Biar)] <26, Vi=0,

which implies that (B;A7,):>0 is uniformly integrable under P.

(iv) Next, we prove that By, ~F us, t € [0, 1]. We shall adapt an idea from the
proof of Theorem 3.10 in Jakubowski [29]. For every n, let «;, be the solution of
the optimal SEP (3.1) and denote by m*" the random measure on ([0, 1], B([0, 1]))
defined by

Ttan (w)

ma" ([O, t], C()) = l_i_f“—c{n(a))’
1

vt € [0, 1].

Notice that m, takes values in the space M1+ ([0, 1]) of all positive measures
on [0, 1] with mass less than 1. Since [0, 1] is compact, M1+([0, 1]) is tight,
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and relatively compact by Prokhorov’s theorem. We can then easily check that
Ml+ ([0, 1]) is compact under the weak convergence topology. Therefore, the
sequence (P* o (mn)_l)nzl is tight, and hence (P* o (W%, Tla”,mn)_l)nzl
is tight. By taking subsequences, we can assume that P o (W%, fla " mp) !
converges. Next, using the Skorokhod representation theorem, we can further
assume that there is some probability space (2*, F*,P*) in which there are
processes (W*", Tl*’”,m*’”)nzl, such that PY o (W%, Tf‘”,m"‘")*l =P*o
(W 7" m*m)~! foralln > 1, and

(W T5" m™m) — (W*, T*,m*),  P*as.

Further, the map ¢ — EF* [m*([0, £])], from [0, 1] to R, is nondecreasing, and
hence admits at most countably many discontinuous points. It follows that there is
some countable set Q; C [0, 1) such that E¥" [m*({t})] = 0, for every t € [0, 1]\
Q1. Thus, for every ¢ € [0, 1]\ Q1, we have P*-a.s. that m*" ([0, t]) — m™* ([0, t]),
and hence T,"" — T*, P*-a.s. In particular, we have

Wil — Wi, P*-a.s. Vr € [0, 1]\ Qy.
t t

Moreover, by Hirsch and Roynette [21] Lemma 4.1, there exists a countable set
Q> C [0, 1] such that t — , is continuous at any s € [0, 1]\ Q3. Hence, for every
t €10, 1]\ (Q1 UQ2), we have for any limit point P of (Py,),>1,

(4.10) Po (Br)™! :P*O(W;*)—l =,

By the right continuity of ¢ — p;, it follows that (4.10) holds true for every t €
[0, 1]. o

In summary, we have proven that in the filtered space (Q, Fso.F,P), Bis a
Brownian motion, 77 is a minimal stopping time and By, ~ u; for every ¢ € [0, 1].
We easily conclude. [

PROOF OF THEOREM 2.3. By taking expectation over each side of the in-
equality defining D(u) in (2.8), for all P € P(u), we easily obtain the weak du-
ality P(u) < D(u). Next, consider an increasing sequence (7,,),>1 of partitions
of [0, 1] such that |7,,,| = 0 as m — o0. Let (m;,),eN, (Prn)nen and (&)n)neN be
the sequences of functions approximating & as given in Lemma 4.1. Further, let
P,(w) and D, (u) be the primal and dual n-marginal problems defined w.r.t. @, in
(3.1) and (3.2). Since ®,, > D, it follows that

(4.11) Dyp() = D(1).

For each n € N, let o, € A, () be the solution of the optimal SEP P, (1) de-
fined with respect to ®, in (4.8). Let P, be the probability measure on € in-
duced by (W%, f"‘") in the probability space (2%, F%  P%). Then, according
to Lemma 4.5, the sequence {P,},> is tight, and P € P(u), when P is a limiting
point of {IP;},>1.
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Note that by taking sub-sequences if necessary, we can assume that P, — P.
Further, notice that (&Dn)nzl is a nonincreasing sequence of bounded continuous
functions approximating ® by Lemma 4.1. By use of the monotone convergence
theorem and the optimality of I, for problem (3.1), for n € N, it therefore follows
that

P() > EP[®(B. T)] = lim E¥[®,(B.T)]> lim (klim EF [, (B., T)])

> lim ( lim EPk[cpk(B.,T.)]) = lim Py ().

T n—=>00 \k—o00

In consequence, since P, () > P(u) for all n > 1, we have that
(4.12) Jim Py () = P ().

Since the &, satisfy (4.2), we may apply the duality result for the optimal SEP
with finitely many marginal constraints (see Proposition 3.1). Hence, it follows
from (4.12) combined with (4.11) that P(u) > D(u). Combined with the weak
duality, this yields P(u) = D(u). As a by-product, we also obtain that P is an
optimal embedding for the optimal SEP (2.4). This completes the proof. [

REMARK 4.6. The proof of Theorem 2.3 is based on an approximation argu-
ment together with the duality result for the problem given finitely many marginals.
Specifically, if ® can be approximated from above by a sequence (®,),>1, where
for each n > 1, ®, depends only on (tf, ..., 1) and wg, »., and admits a duality
result under n marginal constraints, then one can obtain the same duality result for
the full marginal case.

PROOF OF PROPOSITION 3.6.  Given the form of & : 2 — R, Proposition 3.2
applies. Hence, P, () = P, (u). Next, note that P, (u) is of the form (3.1), for all
n € N. Let P, be the optimal measure for P, (u). Then, according to Lemma 4.5,
passing to a subsequence if necessary, P, — P, with P € P(u). It follows that

P . P, 1
P(p) > E°[®(B., T)] > lim E*[®(B.,T)]= lim P,(u).
Since P, (1) > P(u), for n > 1, we easily conclude. [

4.3. Proof of Theorems 2.7 and 2.9.

PROOF OF THEOREM 2.7. By Lemma 4.3, the mapping

(@(),0())— sup w(s)
0<s<6(1)

is continuous with respect to the product topology on Q. Hence, Theorem 2.3
applies and lim,, . P,() = P(u) = D(u). Moreover, for the optimal SEP with
finitely many given marginals, we have [see (3.8)]

Pa(i) = Dy (1) < $(0) + /0 Coo(m) dp(m),
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where equality holds under Assumption 2.6(ii) [see (3.10)]. It thus suffices to use
Lemma 4.2 together with the monotone convergence theorem to deduce that

hm/ C, (m)d¢(m)—/ C(m)dg(m). 0

PROOF OF THEOREM 2.9. Due to assumption (2.17), the pair ()A», ﬁ) is well-
defined and (A, H) € A(u) x H. According to (2.7) and (2.14), for m > 0 and
¢ €V} such that ¢ < m, the cost of A*™ is given by

1,¢1) c(t, o) et &) L9 (e, )
AEm) = c( [ - } B { } C
M( m— 162; m—=C+ m—4¢ /0 aC —¢ ‘é“:g“fd;t

— C(O’ 50) +/1 8;C(S, gs)d
0

m — & m — g

P Il 9 L

38 et = L) ogss - Since £ minimizes (2.12), it

where it was used thal

follows that u(kgm”") = C(m). Integration w.r.t. d¢ (m) and application of Theo-
rem 2.7 and Corollary 2.5 yields ,u():) = Do(u).

Next, let 7, : 0= t(’)’ <--- <t =1,n €N, be asequence of discrete time grids
such that |,| — 0, as n — 00. According to Proposition 3.3, for (6, w) € €2,

n om cmo\+
(o) — &) o @y — ¢ )
Liog zm) <D ( o — s 1{i<n}>

i=1 m — ¢! m— dfﬁl
m — ()
(4.13) + Z we(r y<m= wa(t )} C
i=1 li
_ Z D) — o)
{’”<“’9(r) gtl+l <wp(p} m— &m ’
i+1

Note that the left-hand side does not depend on the partition. Hence, in or-
der to verify that ()AL, H ) satisfies (2.19), it suffices to show, for all P € P(u),
that the right-hand side in (4.13) integrated w.r.t. d¢(m) converges P-a.s. to
Jo A(Br,,ds) + f{ HydB.

Application of Lemma 4.4, with X; = By and ¢ = Z‘m, yields that the static
term in (4.13) converges to

1 cm
| Broan, Pao-as,

In consequence, integrated w.r.t. d¢(m), the static term in (4.13) converges to
A(B) = [y A(Br,, ds), P(1)-q.s.
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As for the first dynamic term in (4.13), the definition of t,, yields
m— w?(ti) N /0(1) 1[Tm51t(fm)](s)
m — é‘tr,n 0 m— é‘gm—l(rm)
Integration with respect to d¢ then gives the convergence of the corresponding

terms.
To prove the convergence of the second dynamic term in (4.13), we first inte-
grate with respect to d¢. The integrated term may then be rewritten as follows:

de¢(m)
Z {m<a’9(;>€t+l =09ty ; —(@0(1) — @o1)

Lit1

noloeg] (@9 )Ny d 0(ti+1)
4.14) = E /ZH t 0([)4(15(?1) dB;

. 0

1=

m =g Jow)

n

Z l{a)g(ti_l)<m§w’5(ti)}

i=1

dBy, P-q.s.

9(1)11 1 {[l l(we(t))Aa)g(t) de (m)
:/ / ’ —l(e(t,)e(zlﬂ)](s)dBc,

lit1
where 2,;11 denotes the inverse of Et.w .- We denote the integrand in (4.14) by H".

Note that the H" are predictable. Further, since 2‘ satisfies (2.17) and ¢ is bounded,
the H" are uniformly bounded. Due to assumption (ii), we also have that H,, — H
on 2 x (0, c0), with

- _/56_11(5)(0)1—(5))“"7(.;) dep(m)
s — S tm
m
m — 4‘9—1(7)

In consequence, for all P € P, we have that [ o) H!'dBs; — [, o) H; d By in prob-
ability. Hence, convergence holds a.s. along a subsequence and we conclude. [

4.4. Proof of Propositions 3.8 and 2.11.

PROOF OF PROPOSITION 3.8. Let m > 0 fixed and take ¢ (x) = 1x>p); the
general case follows by integration with respect to d¢ (m). Recall that (3.5) holds
for all cadlag paths x (although in the proof of Theorem 2.9 we only made use of
this result for continuous paths). For a given sequence of partitions m, : 0 = £} <

- <t =1, such that |,| — 0 as n — oo, it therefore suffices to argue that the
right-hand side in (3.5) converges to the right-hand side of (3.15). The static term in
(3.15) coincides with the static term in (2.19). Hence, the convergence follows by
use of the same arguments as in the proof of Theorem 2.9. Next, consider the first
dynamic term in (3.5). For each cadlag path x € D([0, 1], R), let t™(x) := inf{z >
0:x; > m}. Due to the right-continuity of X, we have X;m ) > m. In consequence,

m — Xy, m — X¢m
lim Zl - <m=x;) - ) <0.
n—>00 m — {t,- m — é‘r’”(x)
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Next, consider the second dynamic term in (3.5). First, we argue its convergence
under assumption (ii). To this end, we rewrite it as follows:

X/, _ tit1 th
Z {m<x, iy <X ) ”— é't,Jr] 121 {m<x, iy <X} m— §11+1
1n—1 1
(ti,ti+|](t)
1{m<x o <x }—dM,.
f Z R e Ctiv1

Denote the integrand on the right-hand side by H". Note that the H" are pre-
dictable and uniformly bounded. Further, since &5 = Y = 7" L (1, 14,1(5), we may
choose a sequence of partitions 7, : 0 =1#; < --- <t; =1 such that H, — H on
D([0, 1], R), with

Hy = 1{””5’(?7;95)([7}@'

It follows that [, H* dM, — [, H; d M in probability; cf. Theorem 1.4.40 in [28].
Hence, convergence holds a.s. along a subsequence and we conclude. Under as-
sumption (i), the result follows by first integrating the pathwise inequality w.r.t.
d¢(m), and then modifying the argument along the same lines as in the proof of
Theorem 2.9 [cf. (4.14)]. O

PROOF OF PROPOSITION 2.11.  Let m > 0 fixed and take ¢ (x) = 1{,>p; the
general case follows by integration with respect to d¢ (m). The proof is based on
the path-wise inequality (3.5). Since ¢. is nondecreasing and M is cadlag, it implies
that

n
(Mi_;‘i)—i_ (Mi_é‘i )+
Ypiom) = Z( it S 1{i<n})

i=1 m — é‘t,‘ m — §Zi+1

n—1 n
M, — My m — M,
= 2 Mmoo D Lo
We proceed by taking expectation on both sides of this inequality, and then passing
to the limit. To this end, note that the expected value of the dynamic terms is
bounded from above by zero (cf. Proposition 3.2 in [18]). Since the left-hand side
of the inequality is independent of the partition, it follows that

E[(M; — ¢1-)7]
m—<_1—

ELjyrs 2] < ~ lim / fa0)dg,

where

falt) = f ) (E“Mn — &7 EIM, — zt,-)ﬂ)

i=1 §t1+1 é‘l,‘ m — §Ii+1 m — é‘t,'
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Let
E[(M; —¢) 1] — P[Mt2> &el(m — {t), ‘e DE,
f(0) = (m—¢)
1 (E[(M, - o)1 El(M, — ;3)*])
_ s 1t e Dg.
S+ — & m— i+ m—&

Observe that since M, is integrable, ¢ — E[(M, — ¢)*]/(m — ¢) is Lipschitz
on (—oo, m — ¢], for all ¢ > 0. Hence, it is differentiable almost everywhere and
it follows that f,(¢#) converges pointwise to f(¢), for ¢t € [0, 1]\ D, where D =
Dg N{t: F(-,t) discontinuous at ¢}, with F(x;t) := P[M, > x]. Moreover, there
is K > 0 such that |f,(t)] < K, t € [0, 1], n > 0. Hence, by use of dominated
convergence, it follows that fol fa()de — fol f(t)d¢; and we conclude. [

APPENDIX

We here discuss the Lévy metric on VI and provide a characterization of the
filtration on the canonical space Q := Q x V.

REMARK A.l. Recall that V' denotes the class of all nondecreasing cadlag
functions defined on [0, 1] and taking values in R . Denote by M ([0, 1]) the col-
lection of all finite positive measures on [0, 1]. Then every function 6 € V" can be
identified with a measure m® € M* ([0, 1]) by defining m? ([0, t]) := 6(¢) for all
t €0, 1]. Moreover, 6, — 6 in the Lévy metric is equivalent to m? — m? in the
weak convergence topology (which can be deduced from Problem 14.5 of Billins-
ley [8] together with an easy scaling technique). Using the above equivalence, we
can easily obtain the following facts:

e V' is a Polish space under the Lévy metric.

e Let f:[0,1] — R be a bounded continuous function, then 6 fol f()do; is
continuous from V! to R.

o If 6" — 0, then 6] = m?" ([0, 17) = m? ([0, 1]) = 6(1). In other words, the map
6 +— 0 is continuous, and hence 6 fol O;dt =61 — fol tdo; is also continuous.

e Let A > 0. Notice that since [0, 1] is compact, the set {m € M+ ([0, 1]) :
m([0, 1]) < A} is compact under the weak convergence topology, and hence
{6 € V}F :6) <A} is compact under the Lévy metric.

LEMMA A.2. The Borel o-field of the Polish space Q is given by Foo i=
V=0 Fi- Moreover, Fy_ :=\/y<; -, Fs coincides with the o -field generated by all
bounded continuous functions & : @ — R which are F;-measurable.

PROOF. (i) We first prove that F, is the Borel o -field of the Polish space .
Define V;" as the o-field on V;, generated by all sets of the form {6 € V', 6, <
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s} foru € [0,1] and s < t; and VY := ;2o V,". Then Foc = F% ® VL, where
]-'go = V=0 ]_—to is the Borel o -field of 2 (see, e.g., the discussion at the beginning
of Section 1.3 of Stroock and Varadhan [38]). So it is enough to check that V;ro is
the Borel o-field B(V;) of the Polish space V. First, by the right-continuity of
6 € VI, the Lévy metric on V! can be defined equivalently by

d(6,0") :=infle >0:6,_, — e <0, <O, +¢,Vt €QNIO, 1]},

where QQ is the collection of all rational numbers. Then it follows that B(V;L) C
o(T, :uecQ)C V;). On the other hand, for every u € [0, 1), the map 6 —
é fu”+89(s)ds is continuous under the Lévy metric, and hence Borel measur-
able. Letting ¢ — 0, it follows that 6 — 0 (u) is also Borel measurable, and hence
VE C B(VF). We then obtain that Fo, = B(Q).

(ii)) We now consider the o-field generated by bounded continuous functions.
First, it is well known that the filtration F° on € is left-continuous and ftﬂf =
]3? is generated by all bounded continuous functions &; : 2 — R which are ]_—to
continuous.

Next, we notice that for every ¢ > 0,

Vb= \/ Y i=0(TuAnt:uel0,1]).

0<s<t

Let £ : V¥ — R be a bounded continuous function which is also V;" -measurable.
Then & ((64)uelo,11) = £2((6u A u)refo,17), which is o (T, At :u € [0, 1])-measu-
rable. On the other hand, the function 6 é SEFE(Ty(0) A1) de from Vi to R is
continuous and V;"-measurable for £ > 0. By taking & — 0, it follows that T}, A ¢
is measurable w.r.t. the o -field generated by all bounded continuous functions &; :
V+ — R which are V;"-measurable. Therefore, V;" is the o-field generated by all
bounded continuous functions on V& which are V;"-measurable.

Finally, since Fy = F0 ® Vi, it follows that 7,_ = 70 ® V;". We hence
conclude that F,_ is the o-field generated by all bounded continuous functions
£ : Q — R which are F,-measurable. [J
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