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Processes of Class Sigma, Last Passage Times, and Drawdowns*
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Abstract. We propose a general framework for studying last passage times, suprema, and drawdowns of a large
class of continuous-time stochastic processes. Our approach is based on processes of class Sigma and
the more general concept of two processes, one of which moves only when the other is at the origin.
After investigating certain transformations of such processes and their convergence properties, we
provide three general representation results. The first allows the recovery of a process of class Sigma
from its final value and the last time it visited the origin. In many situations this gives access to
the distribution of the last time a stochastic process attains a certain level or is equal to its running
maximum. It also leads to recently discovered formulas expressing option prices in terms of last
passage times. Our second representation result is a stochastic integral representation that will
allow us to price and hedge options on the running maximum of an underlying that are triggered
when the underlying drops to a given level or, alternatively, when the drawdown or relative drawdown
of the underlying attains a given height. The third representation gives conditional expectations of
certain functionals of processes of class Sigma. It can be used to deduce the distributions of a variety
of interesting random variables such as running maxima, drawdowns, and maximum drawdowns of
suitably stopped processes.
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1. Introduction. The aim of this paper is to develop a framework for studying various
properties of continuous-time stochastic processes such as the behavior of last passage times,
running maxima, and drawdowns. As applications, we discuss the pricing and hedging of
options depending on running maxima and drawdowns of an underlying process as well as
distributions of running maxima, maximum drawdowns, and maximum relative drawdowns
of suitably stopped processes. Our approach is based on processes of class (3) and the
more general concept of two processes of which one moves only when the other is at zero.
Nonnegative local submartingales of class (X) were introduced by Yor [27] and further studied
by Nikeghbali [14, 15]. They are related to relative martingales (see work by Azéma and
colleagues [3, 1]). Here we extend the class () so that it also includes semimartingales
which are not local submartingales, and we study the more general situation of a continuous
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finite variation process that does not move unless a given semimartingale is at the origin. In
section 2 we give precise definitions and provide preliminary results on convergence, positive
parts, and products of processes of class (2). Then we study a family of transformations that
map a pair consisting of a semimartingale and a continuous finite variation process to a new
semimartingale and leave the class () invariant when applied to semimartingales of class (%)
together with their finite variation parts. In section 3 we prove three general representation
results. The first gives conditions under which a process X of class (X) converges to a limit
X and can be recovered from X, and the last time L it visited zero. In situations where
E[X;] can be calculated, this gives access to the distribution of the random time L. It
also allows us to give simple proofs of recent results by Madan, Roynette, and Yor [10] and
Profeta, Roynette, and Yor [23] expressing option prices in terms of last passage times of
the underlying price processes. Our second representation result shows how to write certain
functionals of a semimartingale as stochastic integrals, and the third one gives a formula
for their conditional expectations. They have applications in the study of running maxima
Y, = sup,,<; Yy of continuous-time stochastic processes Y as well as drawdowns DD; :=
Y; — Y;, relative drawdowns rDD; == (Y; — Y;)/Y; = 1 — Y;/Y;, maximum drawdowns
DDy, and maximum relative drawdowns rDD;. In section 4 we apply the stochastic integral
representation of section 3 to analyze options on running maxima that are triggered when
the underlying first falls to a given level or, alternatively, when the drawdown or relative
drawdown attains a certain height. We first discuss perpetual options and then consider
options with finite time horizons. Our options are related to lookback options, the crash
option introduced by Vecer [26], and the Russian option of Shepp and Shiryaev [25]. However,
due to their particular form, our options are always replicable by dynamic trading even if
the market is incomplete. Moreover, we will be able to derive closed form expressions for
their prices and hedging strategies. In section 5 we exploit our third representation result
to calculate distributions of running maxima, maximum drawdowns, and maximum relative
drawdowns of processes Y which admit a continuous increasing function s such that s(Y') is a
local martingale. This includes local martingales and diffusion processes. Running maxima,
drawdowns, and maximum drawdowns have been studied by a number of authors and play an
important role in various applications such as finance, flood control, or change point detection.
We extend a formula of Lehoczky [9] for the distribution of the running maximum of a process
that is stopped when the drawdown hits a given level. Then we deduce the distributions of
maximum drawdowns and maximum relative drawdowns of suitably stopped processes. In
contrast to most of the existing literature, our methods do not need Markov assumptions.

2. Definitions and preliminaries. Let (2, F, (F:):>0,P) be a filtered probability space
satisfying the usual assumptions. Equalities and inequalities between random variables are
understood in the P-almost sure sense. All stochastic processes will be indexed by ¢t € R, and
all semimartingales will be assumed to be cadlag. In the whole paper X is a semimartingale
with decomposition X = N + A, and L denotes the random time

L:=sup{t e R, : X; =0} with the convention sup() = 0.

X denotes the running supremum sup, <; Xu. We recall that X is said to be of class (D) if
the family of random variables {]XTH{T@O} : T a stopping time} is uniformly integrable.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



282 PATRICK CHERIDITO, ASHKAN NIKEGHBALI, AND ECKHARD PLATEN

Definition 2.1. By %(X) we denote the set of all adapted continuous finite variation pro-
cesses B starting at 0 and satisfying

t
/ 1{Xu7$0}dBu =0 fO’f’ all t € R+.
0

We say X is of class (2) if A € ¥(X). If X is of class (£) and (D), we say it is of class
(XD).
Note that (X)) is a vector space and, in particular, contains 0. But if X is of class (),
it is a special semimartingale with canonical decomposition X = N + A, and it follows that
the process A € %(X) making X — A a local martingale is uniquely given by X. Every local
martingale is of class (X), and all uniformly integrable martingales are of class (X.D). Lemma
2.2 below shows that if a process X of class (X) is nonnegative, then A has to be increasing
and X is a local submartingale. This case includes the absolute value |M| of continuous local
martingales M as well as drawdown processes M — M of local martingales whose running
suprema M are continuous. It will also follow from Lemma 2.2 that for every constant K € R,
the process (K — M)* is of class (2) if M is a local martingale with no positive jumps. Many
other processes, such as suitably transformed diffusions or the Azéma submartingale in the
filtration generated by the Brownian zeros, fall into the class (X). In Lemma 2.3 we prove
that the product of processes of class () with vanishing quadratic covariation is again of
class (X)), and Lemma 2.4 shows that the class (X)) is stable under transformations of the form
X — f(A)X, where f: R — R is a locally bounded Borel function.
We start by studying positive and negative parts of processes of class (X), nonnegative
processes of class (X), and the convergence of X for t — co.
Lemma 2.2. Assume X is of class (X). Then the following hold:
(1) X+ and X~ are local submartingales.
(2) If X has no negative jumps, then X is again of class (X). If X has no positive jumps,
then X~ is of class (X).

(3) If X is nonnegative, then it is a local submartingale with Ay = sup,<,(—N,) V 0.

(4) If X is of class (£D), then N is a uniformly integrable martingale and A is of integrable
total variation; in particular, there exist integrable random variables X oo, Noo, Aso Such
that X; — Xoo, Nt = Noo, Ay — Aso almost surely and in L.

Proof. (1) Since A is continuous, one has f(f lix,_>0ydAu = fg Lix,>0ydAy, = 0. So
Tanaka’s formula yields

¢ ¢

(2.1) X=X +/ Lix, soydXy + Vi = X +/ lix, >o1dNu + Vi
0 0

for the increasing finite variation process

1
Vi= Y lx, <opXa + Y lix, >0 X, +3h
O<u<t O<ust

and the local time [ of X at 0 (see, for instance, Protter [24]). This shows that X is a local
submartingale. The same is true for X~ because —X is also of class (X).
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(2) If X has no negative jumps, (2.1) reduces to

t
1
(2.2) Xt =X5+ / lx, >0ydNy + Z Lix, <o X, + §lt.
0 O<u<t

fg lix,_>0}dNy is a local martingale, and the local time [ is continuous and has the property

fg Lx,#0ydl, = 0, t € Ry. Tt remains to show that the process Y; = 3 _,<; Lx, <0y Xa
can be decomposed into the sum of a local martingale and an adapted continuous increasing
process C' satisfying Cy = 0 and

t
(2.3) / lyy+,ndCy, =0 forallt>0.
| Yt po)

Since N and fg lix,_>01dN, are local martingales and A is continuous, there exists a sequence
of stopping times T},, n € N, increasing to co such that

Tn
E[(X7)%] =E[(Nn, + Ar,)%] <oo and E U 1{XU>0}dNu} =0, neN.
0

So it follows from (2.2) that E[Y7,] < E[(X7,)"] < oo for all n € N. Hence, by Theorem VI.80
of Dellacherie and Meyer [5], there exists a right-continuous increasing predictable process C
starting at 0 such that Y — C is a local martingale. Since A is continuous, the jumps of X
coincide with those of N. Due to the local martingale property of N and the fact that the
jumps are positive, they have to occur at totally inaccessible stopping times. From Theorem
VI.76 of Dellacherie and Meyer [5], one obtains E [ACT] = E[AY7] = 0 for every predictable
stopping time 7" < oo, which shows that C' must be continuous. Moreover, there exists a
sequence of stopping times R,, n € N, increasing to oo such that

tARn tARn
E [/0 1{Xj7$0}d0“:| = [/0 1{Xj77é0}dyu

— + | —
=E| D Iyt splixao<opXS| =0
O<u<tARp,

for all n € N. By monotone convergence one obtains

t t
— — + | —
E[/O 1{X3¢0}d0u} _EUO 1{XJ¢O}dYu] =E| ) Lixt zoylixe <opXa | =0.

O<u<t

This shows (2.3) and proves that X is of class (X). That X~ is of class (¥) if X has no
positive jumps follows from the same arguments applied to —X.

(3) If X is nonnegative, it follows from (1) that it is a local submartingale. Hence,
Ay > Ay > —N, VO for all t > u, and therefore, A; > sup,«,(—N,) V0. Now assume

(2.4) P |A; > sup(—N,) V0| >0

u<t
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and introduce the random time 7' = sup {s <t: A, = Sup,<s(—Nu) V 0}. Since A is con-
tinuous and sup,<,(—N,) V 0 increasing, one has Ar = sup,<7(—N,) V 0. Moreover, since
X, > 0 on the stochastic interval {(u,w) : T'(w) < u < t}, it follows from fg Lix,#0ydAy =0
that A; = Ap, a contradiction to (2.4). Hence, A; = sup,<,(—N,) V0.

(4) If X is of class (D), then X and X~ are submartingales of class (D). Therefore, both
have a Doob—Meyer decomposition into the sum of a uniformly integrable martingale and a
predictable increasing process of integrable total variation:

XF=N'+V!', X7 =N}+V2

Since the predictable finite variation part of a special semimartingale is unique, one must have
Ny = N} — N? and Ay = V! — V2. So N is a uniformly integrable martingale, and A is of
integrable total variation. It follows that there exist integrable random variables X, Noo, Ao
such that X; — Xo, Ny = N, A; — Ao almost surely and in L. [ ]

The next lemma shows that the product of processes of class (X) with vanishing quadratic
covariations is again of class (X).

Lemma 2.3. Let X',..., X™ be processes of class (¥) such that [Xi,Xj] =0 fori # j.
Then [, X is again of class (X).

Proof. Since [X!, X?]; = 0, integration by parts yields

t ¢ ¢ t
X!IX? = X}x? +/ X! dN? +/ X2 AN} + / XldaA? +/ X2dAL.
0 0 0 0

fg X! N2+ fot X2_dN] is a local martingale, and fot XlaA? + fg X2dAl a continuous finite
variation process starting at 0 which moves only when X} = 0 or X? = 0. Hence, X' X? is of
class (). If n > 3, then [X1X2, X3]t = 0, and the lemma follows by induction. |

In the following lemma and the subsequent corollary we extend results of Nikeghbali [15]
to our framework that will be needed later in the paper.

Lemma 2.4. Let B € ¥(X) and let f : R — R be a locally bounded Borel function. Denote
F(z)= [y f(y)dy. Then

¢
(2.5) f(By) X = f(0)Xo +/0 f(Bu)d(X, — B,)+ F(B;) and F(B) e X(f(B)X).
In particular, if X is of class (X), f(A)X is again of class (X) with decomposition
t
(26) FADX: = FO) X0+ [ F(A)aN,+ F(A)

and if X is of class (X) such that f(A)X is of class (D), then My = f(Ay) Xy — F(Ay) is a
uniformly integrable martingale and therefore,

(2.7) f(AD) Xy — F(Ap) =E[My | Fr] for every stopping time T.
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Proof. Tt can easily be checked that for B € (X)), f(B;)X; is cadlag. To show (2.5), we
first assume that f is C''. Then

t t
F(B)X, = £(0)Xo + /0 F(Bu)dX, + /0 Xof (By)dBy.

But since B € X(X), the last integral vanishes. So

(2.8) F(B)X = F(0)Xo + /0 F(Bu)d(Xy — Bu) + F(By).

It follows from the functional monotone class theorem that this equation extends to all
bounded Borel functions f since the set of bounded C' functions is stable under multipli-
cation and fot fn(By)d(X, — By) converges to fot f(Bu)d(X, — By) in probability if f, is a
sequence of bounded Borel functions increasing pointwise to a bounded Borel function f.
From there, one obtains (2.8) for locally bounded Borel functions f by localization with a
sequence of stopping times. Clearly, one also has

t t
/0 L p(Bu) X0} AF (By) = /0 Lir(Ba)Xuz0y f(Bu)dBy =0, t € Ry,

for all locally bounded Borel functions f. So we have proved (2.5).
If X is of class (X), (2.5) becomes

F(A) X, = F(0)Xo + /0 F(AJAN, + F(4) and A € S(f(4)X).

So it follows that f(A)X is again of class (X).

Finally, if X is of class (X) and f(A)X of class (D), one obtains from Lemma 2.2 that M; =
f(A) X — F(A;) is a uniformly integrable martingale. Formula (2.7) is then a consequence
of Doob’s optional stopping theorem. [ |

Remark 2.5. If M is a local martingale starting at m € R with continuous running supre-
mum M, then X = M — M is of class (X) with decomposition X; = (m — My) + (M, — m).
So one obtains from Lemma 2.4 that for every locally bounded Borel function f: R — R and
F(x) = fox f(y)dy, the process

(29) F(At) — f(At)Xt = F(Ht — m) — f(Mt — m)(Ht — Mt)

is again a local martingale. This transformation was used by Azéma and Yor [2] in their
solution of the Skorokhod embedding problem. Obi6j [18] showed that if M is a continuous
local martingale, then every local martingale starting at 0 which can be written as H (M;, M)
for a deterministic function H is of the form (2.9).

One can use Lemma 2.4 to calculate the probability that processes of the form f(A;)X;
stay below a given constant, which, without loss of generality, can be taken to be 1. This will
prove useful in the study of drawdowns and relative drawdowns in section 5.
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Corollary 2.6. Let X be a nonnegative process of class (X) with no positive jumps such that
A =00, f: Ry — Ry a Borel function, and T < oo a stopping time. Then

Plf(A)X: <1 forallt >T | Fr] =P[f(A)Xe <1 for allt > T | Fr]
= (1— f(A7)X7)" exp <— h f(a:)da:) .

A

(2.10)

Moreover, in both cases
(1) K is an Fr-measurable random variable such that K > Ap and T = inf {t : A; > K},
(2) K is an Fp-measurable random variable such that K > Ap and Tx = inf {t : A, > K},
one has

Plf(A)X: < 1forallt € [T, Tk] | Fr] =P[f(A) Xy < 1for allt € [T, Tk] | Fr]

= (1— f(A7)X7)" exp (— " f(x)dx) .

At

(2.11)

Proof. Let us first assume that f is bounded and F(oc0) = [;° f(y)dy < co. Then one
obtains from Lemma 2.4 that YV; = f(A;)X; is a nonnegative process of class (X) with no
positive jumps. For a given stopping time T < oo, denote R = inf {t > T : Y; > 1}. By (2.6),
Y; decomposes as

Y, = £(0)Xo + /0 (AN, + (AL,

and

t
eF(A)Y, = £(0)Xo + / eF(4) f(4,)dN, + eF(40)
0

is again of class (X). In particular, e/ (4)(1 —Y;) is a local martingale, and
My = Ly (AP0 = Ying) - 7401 - ¥7))

is a bounded martingale such that My = 0 and M; — M, almost surely and in L! for an
integrable random variable M. Note that My, = 0 on {T = R} and My, = —eA7)(1 - Y7)
on {T'< R < oo}. Moreover, since Aocl{rcoy = ALl{r<s) is real-valued, it follows from
Ao, = oo that L = oo. Hence, there exists a sequence T, n € N, of stopping times increasing
to oo almost surely such that Y7, = 0 for all n € N, and one obtains

My = lim P (1 —vp, ) — A1) (1 — yp) = () — FAT) (1 — v7)

n—oo

almost everywhere on {R = oo}. So E[My | Fr] = 0 yields
AT (1 — Yp)t =P[R = oo | Fr)e"™),

which is equivalent to

o0

(2.12) Plf(A)X; < 1forallt > T | Fr] = (1 — f(Ar)X7) T exp (— f(a:)da:) .

At
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The equality
(2.13) Pf(A) Xy <1forallt > T | Fr] = (1— f(Ar)Xr)" exp (— h f(a:)da:)
At

follows from the same argument applied to the stopping time R = inf {t>T:Y; >1}. That
(2.12) and (2.13) still hold for general Borel functions f : Ry — Ry can be seen by approxi-
mating f with f" = f Anly,, n € N. Note that the functions f" increase to f, and for every
x > 0 there exists an ng € N such that f™(x) = f(z) for all n > ny. Therefore, one has

ﬂ {f"(A)Xs < 1lforallt > T} ={f(A) Xy <1lforallt >T}
neN

as well as
ﬂ {f"(Ap Xy <1lforallt >T} ={f(A) Xy <1forallt>T}.
neN

In case (2) one obtains (2.11) from (2.10) simply by setting f equal to 0 on (K, 00). In case
(1), setting f equal to 0 on [K, 00) gives

Plf(A)X: <lforallt e [T,Tk) | Fr] =P[f(A)X; < 1forallt € [T, Tk) | Fr]
K
= (1 — f(A7)X7)" exp <— ’ f(a:)da;) .

But this is equivalent to (2.11) since X7, = 0. [ ]
3. Representation results.

3.1. Representations in terms of last passage times. The results in this subsection are
inspired by a representation formula for relative martingales by Azéma and Yor [3] and recent
formulas by Madan, Roynette, and Yor [10] and Profeta, Roynette, and Yor [23] relating prices
of put options to last passage times. Some of our formulas involve conditional expectations of
random variables which are conditionally integrable but not necessarily integrable. To cover
this case, we define the conditional expectation of any random variable Y with respect to a
sub-o-algebra G of F as

(3.1) EY |Gl=supinf EmA(nVY)|G].
meZ NEZL
Then
EYZ |G =YE|[Z ]G]

for all G-measurable random variables Y and integrable random variables Z.
Theorem 3.1. Let X be a process of class (X) and let f : R — R be a Borel function. Then
the following hold:
(1) If X is of class (D), then there exist integrable random variables Xoo, Noo, Aso such
that X; = Xoo, Nt = Noo, Ay — Aso almost surely as well as in L' and

(3.2) f(Ap) Xy =E [f(Aoo)Xool{LgT} | fT] for every stopping time T.
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(2) If ¢ : R — R\ {0} is a Borel function such that q(A)X is of class (D), then there exist
random variables Xoo, Noo, Ao such that Xy — Xoo, Ny — Noo, Ay — Ase almost
everywhere on {L < oo}, and

(3.3) f(Ap) Xy =E [f(Aoo)Xool{LgT} | fT] for all stopping times T < 0.
In particular, in both cases one has
(3.4) Xr=E [Xool{LgT} | ]:T] for all stopping times T" < oco.

Proof. (1) If X is of class (XD), it follows from Lemma 2.2 that NV is a uniformly integrable
martingale and A is of integrable total variation. So there exist integrable random variables
Xoo, Noo, Ao such that X; — Xoo, Ny = Noo, Ay — Ao almost surely as well as in L!. For
a given stopping time 7', denote

dr =inf{t > T : X; =0} with the convention inf () = oco.

Since Xoolir<r) = X4 and Ap = Ag,, it follows from Doob’s optional stopping theorem
that
E [Xool{LgT} | ]:T] =E [Ny, + Aq, | Fr] = Nr + Ar = Xr.

Moreover, one has Ao, = Ap almost everywhere on {L < T'}, and therefore,

E [f(Asc)Xoolir<ry | Fr] = E [f(Ar)Xoolir<ty | Fr| = (A7) X7

(2) If there exists a Borel function ¢ : R — R\ {0} such that ¢(A)X is of class (D), then
h(z) = |g(x)| A1 is a bounded Borel function and Y = h(A)X is still of class (D). By Lemma
2.4, it is also of class (X). So one obtains from (1) that Y; — Y. almost surely as well as in
L' and

Yr=E [Yool{LgT} | ]:T] for every stopping time 7.

Since fg Lix,200dA, = 0 for all t € Ry, A; converges to Ay, almost everywhere on {L < oo}.
Hence, it follows from h # 0 that X; — X = Yoo /h(AL) and Ny — Ny = Xoo — A almost
everywhere on {L < co}. On {L = o0}, set Xoo = Noo = A = 0. If T is a stopping time
satisfying T' < oo, then

f(Ar)Xr = £Ej§§YT =E ';:Ej;; Yoolirery | Fr| =E [f(Aco) Xoolip<ry | Fr]. W

Corollary 3.2. Let X be a process of class (X) and let f : R — R be a Borel function.
Assume that at least one of the following two conditions holds:

(1) N is a uniformly integrable martingale.

(2) X~ and N are of class (D).
Then there exist random variables X, Noo, Aoo such that X; — Xoo, Ny — Noo, A — Ase
almost everywhere on {L < oo} and

f(Ap)Xr =E [f(Aoo)Xool{LgT} | Fr]  for all stopping times T < oc.
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In particular,
Xr=E [Xool{LgT} | ]-'T} for all stopping times T < 0.

Proof. In both cases e~ X; is of class (D). So the corollary follows from part (2) of
Theorem 3.1. |

Remark 3.3. If X satisfies the assumptions of part (2) of Theorem 3.1 or Corollary 3.2,
then there exists a random variable X, such that X; — X, almost everywhere on the set
{L < o0}, and one has

(35) X;=E [Xool{LSt} ’ ft] , te R+.

In particular, the whole process Xy, t € Ry, can be recovered from X, and L. This extends
the representation of a uniformly integrable martingale as

My =FE[My | Ft], te€Ry;

see Najnudel and Nikeghbali [13] for related results. In the special case where X, = 1 and
the expectations E [X;], t € R4, can be calculated, one obtains from (3.5) all the probabilities
P[L < t], t € Ry, and hence, the distribution of L. We refer to Nikeghbali and Platen [16] for
examples.

Remark 3.4. For representations of the form (3.2), (3.3), or (3.4) to hold, it is not sufficient
that a process X of class (X) has an almost sure finite limit lim;_,~, X;. For example, X; =
1 —exp(By — t/2) is of class (X) with Xy = 0 and limy. Xy = 1 almost surely. But
X; = P[L < t | F] cannot hold since there is a positive probability that X; is negative
and P[L <t | F;] is always between 0 and 1.

Processes of class (X) that are not of class (D) but satisfy (3.3) and (3.4) can be constructed
from strict local martingales as follows: Take a nonnegative continuous strict local martingale
M starting at m € R4\ {0} such that lim;_,, M; = 0 almost surely (for instance, M; = ||Wt||2_1
for a three-dimensional Brownian motion W starting from a point z € R?\ {0} and |||, the
Euclidean norm on R3). M is a supermartingale but not a martingale. So there exists u € R
such that E [M,] < m, and it follows from Lemma 2.1 and Proposition 2.3 of Elworthy, Li,
and Yor [7] that E [Mt] = oo for all t > u. Hence, X = M — M is a nonnegative process
of class (X) with limy o0 Xy = M almost surely and E [X;] = oo for all ¢ > u. Clearly, X
satisfies condition (2) of Corollary 3.2. So

J(AD) Xy =E [f(As) Xoc1ir<ry | Fr]

for every Borel function f : R — R and stopping time T < oo, even though X, is not
integrable and the conditional expectation has to be understood in the sense of (3.1).

As a consequence of Lemma 2.2 and Theorem 3.1 one obtains the following formulas
relating put option prices to last passage times.

Corollary 3.5 (Madan, Roynette, and Yor [10]). Let K be a constant and M a local martingale
with no positive jumps such that M~ is of class (D). Denote gx = sup{t € Ry : My > K}.
Then

(3.6) (K — Mp)* =E [(K — Moo) 1y <1y | Fr)
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for every stopping time T. In particular, if My, = m € R, then
(3.7) E [(K — Mrp)™" | }'t] = (K —-m)™Plgx <T | Fra, teR,.

Proof. K — M is a local martingale with no negative jumps. So it follows from Lemma
2.2 that (K — M)* is a local submartingale of class (X). Since M~ is of class (D), (K — M)™*
is of class (D) too, and (3.6) follows from Theorem 3.1 by noting that

gK:sup{t€R+:(K—Mt)+:0},

Formula (3.7) then follows from (3.6) by taking the conditional expectation with respect to
Fi. [ |

Remark 3.6. If K is a constant and M is a local martingale with no negative jumps such
that M™ is of class (D), one can apply Corollary 3.5 to —K, —M, and gx = sup {t : M; < K}.
This gives

(3.8) (Mr — K)* =E [(Mo — K)" Ly ecry | Fr]
for all stopping times T'. In particular, if M., = m € R, one obtains
(3.9) E[(Mr—K)" | R]=(m—-K)"Plgx <T | Frn), t€R;.

However, if, for instance, M; = exp(W; — t/2) for a Brownian motion W, the assumptions
of Corollary 3.5 are satisfied, but M is not of class (D). So even though M., = 0, formula
(3.9) does not hold. Indeed, for K > 0 and 0 =t < T € R, the right-hand side is zero, but
E[(M; — K)T] > 0. For a more detailed discussion of this case, we refer the reader to section
6 in Madan, Roynette, and Yor [10].

The following extension of Corollary 3.5 has been proved by Profeta, Roynette, and Yor
[23] with methods from the theory of enlargement of filtrations. We can deduce it under
slightly weaker assumptions from Lemma 2.3 and Theorem 3.1.

Corollary 3.7 (Profeta, Roynette, and Yor [23]). Let K, ..., K™ be constants and M*, ..., M"™
local martingales that are bounded from below and have no positive jumps. Assume [M?, M7] =
0 for i # j and denote g' = sup {t ER, : M} > K’} Then

(3.10) ﬁ(K" —~ M)t =E
=1

i=1

or every stopping time T. In particular, if M', =m' € R for alli=1,...,n, then
o

n

V' §T|fTAt] , teRy.
i=1

(3.11) E

TI(x" = pag)* | }}] =[x —m’) P

i=1 i=1

Proof. By Lemma 2.2, X! = (K — M%)* are local submartingales of class (X) such that
[Xi,Xj] =0 for i # j. So we obtain from Lemma 2.3 that [}, X* is again of class (¥),
which, since all M are bounded from below, is bounded. Now (3.10) follows from Theorem
3.1, and (3.11) is a direct consequence of (3.10). [ |
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3.2. Stochastic integral representations and conditional distributions. We now use
Lemma 2.4 to derive stochastic integral representations for functionals of processes B in
¥(X). In section 4 they will be applied in situations where f(B;)X; can be stopped with a
stopping time R such that f(Br)Xgr = 1.

Proposition 3.8. Assume X is a nonnegative semimartingale and B is an increasing process
in X(X). Let f: Ry — Ry be a Borel function for which there exists a sequence of numbers
anp € Ry, neN, z'ncreasz’ng to a € (0,00] such that flyq,] is bounded for all n, and f(x) =0
for x > a. Denote F(z fo y)dy and suppose that By < a for allt € Ry. Then for every
Borel function h : |0, a) —R satzsfymg

(3.12) / h(y)|eFDaF(y) < oo,
0
one has

h(By)f(By) X + ht (Be)(1 = f(By)Xy)
(313) = h(0)f(0)Xo + AF(0)(1 - *)/ h— W) (Bu) f(Bu)d(X. — Bu)
0

for allt € Ry, where

rE (z) = eF(”)/ h(y)e FWdF(y), 0<z<a.

Proof. Set f" := fljy4,) and F"( fo f™(y)dy, n € N. If h is bounded, the functions
A (z) = ! (@) / h(y)e " WdFm(y), 0<z <a,

are bounded too, and ®"(x) := h™(0) — h"(z) can be written as ®"(z fo ©"(y)dy for
©" = (h —h™)f". Tt follows from Lemma 2.4 that

©"(B) Xy — ©"(By) = ¢"(0) X0 + /Ot ¢"(Bu)d(Xy — Bu), te€Ry,
which for n — oo becomes
A(BYX,~ 0(B) = o0 X0 + [ BN~ B). tERs,
for

®(z) := ¥ (0) = h(z) and o(z) = (h— ) f.

This shows (3.13) in the case where h is bounded. For Borel functions h satisfying the
integrability condition (3.14) the formula follows by approximation. |

Corollary 3.9. Assume that X is a nonnegative semimartingale and B is an increasing
process in X(X). Let f : Ry — Ry be a Borel function for which there exists a sequence
an € Ry, n € N, increasing to a € (0,00] such that T 10,4, s bounded for all n € N, and
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f(x) =0 for x > a. Denote F(x fo y)dy and suppose that f(By)Xy — 1 almost surely.
Then L < oo, B, = By < a, and Xy — l/f( ) > 0 almost surely. Moreover, for every
Borel function h : [0,a) — R satisfying

(3.14) /0 " hy)le PO AR () < oo,

one has
(3.15) .
W(Buo) = h(B)f(B) X+ 0¥ (B)(1— f(B)X)) + / (h—h)(By)f(B)d(Xu—By), teRs,

where u
hE (z) == eF(x)/ h(y)e FWdF(y), 0<z<a.

Proof. Since f(By)X; — 1 almost surely, one has L < oo, B, = By < a, and Xy —
1/f(Bso) almost surely. Proposition 3.8 gives

h(By) f(B)Xe + h"(By)(1 — f(By) Xy)
= (0)£0)Xo + BT Q)1 = FO)X0) + [ (h= W) BAFBIIX, = B). teRs,
which, together with

h(By)f(B)X; +hY(By)(1 — f(Bi)X;) — h(Bs) almost surely,

implies (3.15). [ ]

Theorem 3.10. Let X be a nonnegative process of class (X) and let f : Ry — Ry be a
Borel function for which there exists a sequence a,, n € N, increasing to a € (0, oo] such that
f10,a,) 8 bounded for all n € N, and f(z) = 0 for x > a. Denote F(x = [y f(y)dy and
assume that the process f(A)X is of class (D) and f(A)Xy — 1 almost surely

(1) If F(a) < 0o, then A=0 and X =1/f(0) >0

(2) If F(a) = oo, then L < 00, A, = Aso < a, and Xy — 1/f(Ax) > 0 almost surely.

Moreover, for every stopping time T one has

(3.16) f(Ar) Xy =P[L <T| Fr],

and for all Borel functions h : [0,a) — R satisfying

(3.17) / h(y) dF (y) < oo,

(3.18) E[h(Aso) | Fr] = h(A7)f(Ar) X7 + b (A7) (1 — f(A7)X7),
where

hE (z) = eF(x)/ h(y)e "WdF(y), 0<z<a.
In particular, conditioned on Fr, the distribution of As is given by

(3.19)  PlAx > | Fr] = Liagsay + Liagp<ay (1 — f(A7)Xp)ePAD=F@ 5 >0,
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Proof. Tt follows from Corollary 3.9 that L < oo, A, = As < a, and X; — 1/f(Ax) >0
almost surely. Now set ™ := f An and F"(x) := fom f™(y)dy. By Lemma 2.4, the processes
f"(A)X are of class (X¥D). So one obtains from Theorem 3.1 that

(3.20) JMAD)Xr =E [f"(Asc) Xoolyinary | Fr|  for every stopping time T,

where L™ := sup{t € Ry : f"(A;)X; = 0}. But since f"(A4)X: — f"(AL)/f(AL) > 0 almost
surely, one has L™ = L, and (3.16) follows from (3.20) by letting n tend to co. It follows from
Proposition 3.8 that

h(A) F(A) X, + hF (A1 — f(A)Xy)
— 1(0)£(0)Xo + KF(0)(1 — F(0)Xo) + /0 (h — hF)(Ay) f(AL) AN,

If h is bounded, hf" is bounded too, and it follows from (3.16) that
h(As) f(An) Xe + h"(A)(1 = f(A)Xy)

is a bounded martingale with limit h(Ax). So (3.18) follows by optional stopping. If h is
unbounded but satisfies the integrability condition (3.17), equation (3.18) follows by decom-
posing h into h = h™ — h~ and monotone approximation.

Formula (3.18) applied to h = 1 gives ef(A)=F(@) (1 — f(A4,)X;) = 0 for all t € R,. Hence,
for F(a) < oo, one must have f(A;)X; =1 for all ¢, which shows (1). If F(a) = oo, (3.18) is
equivalent to (3.19). This completes the proof of (2). [ |

4. Options depending on running maxima, drawdowns, and relative drawdowns. Let
S and SY be semimartingales. S models the value of a financial asset such as a stock, stock
index, interest rate contract, or foreign currency cash investment. S° describes a second asset
that we assume to be strictly positive and use as a reference unit. Often S° is chosen to be
a money market account evolving like exp( fg rydu), where r; is the instantaneous risk-free
interest rate. But it can be any self-financing portfolio of liquid assets as long as its value
is strictly positive. For instance, in the benchmark approach of Platen [19] or Platen and
Heath [20], S° is the growth optimal portfolio. The price of S expressed in reference units is
Y; = S¢/SY. In the whole section we assume Y to be continuous and to start from a constant
y e R.

4.1. Drawdown and relative drawdown. The drawdown process DD; := Y, — Y} is a
nonnegative semimartingale, and Y — y is an increasing process in X(DD). If y > 0, the
relative drawdown process rDD; := DDt/?t =1- Y}/?t is well defined and again is a
nonnegative semimartingale. By Lemma 2.4, it can be written as

Tdy, -
(4.1) rDD; = —/ v +log(Yy) — log(y).
0

u

In the special case where Y is a local martingale, DD and rDD are both nonnegative local
submartingales of class (X) with semimartingale decompositions DD; = (y — Y;) + (Y; — %)
and (4.1), respectively. The following result is a consequence of Proposition 3.8 and will be
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crucial for the derivation of prices and hedging strategies for the options discussed in the next
two subsections.

Proposition 4.1. Let X : [y,00) — R be a Borel function such that 1/(x — X(x)) is positive
and locally bounded on [y,o0). Denote

dz

z2—Az)’ r=y

(4.2) Th:=inf{teR;:Y; =AYy} and A(z) ::/
y
Then for all Borel functions h : [y,00) — R satisfying
(4.3) / Ih(2)|e~ MO dA(2) < oo,
y

one has

-y Y- Y Ay Y= AYY) s LA = h)(Ya)
(4.4) h(Yt)erh (Yt)m —h (y)+/0 dY,, teRy,

where

(z) := @) / h(z @dA(z), z>y.
In particular, if Ty < oo, then
Y —Yr Ao Y= AY7) /TA (RA h)(?u)

for every stopping time T < T). B
Proof. Formula (4.4) follows from Proposition 3.8 applied to X = DD, B=Y —y, a = o0,

1
r+y—MNz+y)

fz) =

and h(z) = h(z + y) instead of h. Equation (4.5) is a consequence of (4.4) since for t = T},
the left side of (4.4) becomes h(Y 1, ). [ |

4.2. Perpetual options. Let us first consider an option paying k(Y r,) units of the bench-
mark portfolio at time 7., where h : [y,00) — R is a Borel function and T, equals one of the
following stopping times:

1. Stop-loss trigger. T, = inf {t € Ry : Y; = ¢} for a constant ¢ € (0,y).

2. Drawdown trigger. T, = inf {t € R, : DD; = ¢} for a constant ¢ € (0,y).

3. Relative drawdown trigger. T, = inf {t € Ry : rDD; = ¢} for a constant ¢ € (0, 1).

(In the third case we assume y > 0 so that the relative drawdown 7DD is well defined.)

The monetary payoft of the option is h(?TC)S%C. But in the special case where S = 1
(e.g., a money market account with zero interest), one has Y = S, and the option just pays
h(S7.) units of currency. If T, is a stop-loss trigger, our option is similar to a lookback call
paying (St — K)T at some deterministic maturity 7. In case T, is a drawdown trigger, it is
related to the crash option introduced by Vecer [26], which pays ¢ dollars the first time when
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S; — Sy exceeds c. In fact, in the special case where S° = 1, our option is a generalization
of the crash option. If 7, is a relative drawdown trigger, our option is related to a Russian
option, which, in the case where the underlying follows a geometric Brownian motion, was
shown to be optimally exercised at the first time when the relative drawdown hits a certain
level ¢ (see Shepp and Shiryaev [25]).

If one supposes lim inf; . ¥Y; = 0 almost surely, then 7, < oo for all three specifications of
T, above. So the option will be triggered eventually, but in general T, is not dominated by a
constant T* < co. Theoretically, an option like this requires counterparties with unlimited life
spans, for instance, two financial institutions that are assumed to exist forever. Alternatively,
one can understand such options as approximations or benchmark cases for options with finite
maturity.

Note that the three stopping times above are of the form T\ = inf {t eERL: Y= )\(Yt)}
for

1. A =c,
2. Mz) =2 —¢,

3. Mz) =z(1—0¢),
respectively. In all three cases, 1/(x — \(z)) is positive and locally bounded on [y,00). So
Proposition 4.1 applies, and formula (4.5) shows that the option can be perfectly replicated
by trading in S and S°. Its price at any stopping time 7' < T}, is

< -\ Yr—=Yr +hA(7T)w> S9.

(4.6) Yr—AY7) Yr—AYr)

h(YT)

since this is the amount needed to replicate the payoff with a self-financing trading strategy.
The replicating strategy consists of holding at each time T" < u < T}

(WA = n)(Y) .
(4.7) VoA units of S
and
— Y,V Ao Yu =AY, (WA —h)(YL)
Wog 7,y T Yy m, ~ T
(4.8) = h(Yu)}; __h:((?Yu))\(Yu) units of S°.

For the three specifications of T, above, A and h® take the following forms:
1. A(z) = log(z — ) — log(y — ), h (&) = (a — ) [ L d,

2. Az) = (z —y)/c, WMz) = %ex/c [ h(z)e */°dz,

3. A(z) = log(z/y) /e, kM (z) = Lal/e [ h(z)2= (T eqz,
So in all three cases the option is replicable, and there exist explicit expressions for the price
and hedge of the option that do not depend on the particular form of S, S° or Y.
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4.3. Options with finite maturity. We now consider the same options as in subsection
4.2, except that there exists a deterministic maturity 7" < oo at which the option is settled if
T. has not occurred until then. More precisely, the option payoff occurs at time T, A T and
consists of

(4.9) WY 1)1, <1y + Hlg oy

units of SU, where H is the settlement amount in the case that 7. does not happen until 7*.
If one sets

(4.10) H= h(YT*)?T*_—)\(?T*) Ype = AYr-)

+hA 7 = . =
R v,

one obtains from formula (4.4) that the option can be replicated by trading in S and S°. Now
this is true even if P[T, = oo] > 0. So it is not necessary to assume liminf; ,, Y; = 0 almost
surely. It follows from the same arguments as in subsection 4.2 that the price of the option
at any stopping time 7' < T, AT* is given by (4.6) and the hedging strategy by (4.7)—(4.8).
In particular, if H is specified as in (4.10), the option is still replicable, and the price and
hedging strategy can be given in closed form. On the other hand, if H is different from (4.10),
for instance, H = 0, it cannot be expected that the option is replicable by trading in S and
S0, This will depend on the particular form of Y. And even if it is replicable, the hedging
strategy and therefore also the price of the option will depend on the form of Y.
In the following we take a closer look at two special cases.

Nonnegative payoff with zero settlement. If h is nonnegative, then so is the random
variable (4.10) on the set {T. > T*}, and it follows that the option with payoff function h and
settlement H = 0 is superreplicated by the hedging strategy (4.7)—(4.8).

Hedging without borrowing. If
(4.11) h(z)z > WM 2)A\(z) for all z >y,

it follows from (4.8) that the hedge of the payoff (4.9) with H equal to (4.10) does not require
taking short positions in SY. So, provided that S is continuous and it is possible to lend money
at zero interest or keep it in a safe, one can assume S° = 1 and therefore Y; = S;.

Alternatively, if condition (4.11) holds, S is continuous, and S is increasing (i.e., S > SY
for t > wu), one can use the hedging strategy corresponding to (S,1) and an option with cash
payoff

(4.12) h(ch)l{Tch*} + Hl{Tc>T*} at time T, AT*
with B (_ )
— ST — S A= O — A(ST+
H = h(Sp) =L 2T | A (G 20— A0T)

and T, defined in terms of Y = S, on the pair (5, S%). Then it is no longer self-financing, but
it replicates (4.12) if the returns of the investments in S° are continuously withdrawn from
the hedging portfolio. Indeed, for

(" — h)(S)

t
Oy = AT d V= h(S —|—/19udSu
VTG Ay M G
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one obtains from formula (4.4) that

Ve = h(St.)lqr,<ry + Hl{r. o174

and from (4.11) together with (4.8) that V; —9:S; > 0 . So if one starts with initial capital V}
and keeps ¥; shares of S and the cash amount V; — 9.5, invested in S°, one obtains a portfolio
that replicates the payoff (4.12) at time T, AT™* and, in addition, yields cumulative cash flows
of

t dSo
(4.13) / (Vu — ﬁuSu)S—O“, 0<t<T.ANT"
0 u

Equivalently, one could construct a self-financing investment strategy in (5, S%) that super-
replicates the option by reinvesting the cash flows (4.13) in S°.

5. Distributions of maxima, maximum drawdowns, and maximum relative drawdowns.
In this section we first generalize a result of Lehoczky [9] on the distribution of the maximum
of a stopped diffusion process. Then we calculate distributions of maximum drawdowns and
maximum relative drawdowns of suitably stopped processes. Several authors have studied
the distribution of the maximum drawdown of a Brownian motion (with or without drift)
over a deterministic time interval [0,7]; see, for instance, Berger and Whitt [4], Douady,
Shiryaev, and Yor [6], Graversen and Shiryaev [8], and Magdon-Ismail et al. [11]. Vecer [26]
and Pospisil and Vecer [21, 22] calculated expectations of drawdown-related random variables
with PDE and partial integro-differential equation methods. With the techniques developed
here we will be able to derive conditional distributions of maximum drawdowns of a wide class
of continuous-time stochastic processes on intervals of the form [T, R] for suitable stopping
times 1" and R.

In the whole section, Y is a stochastic process starting from a constant y € R and taking
values in an interval I C R. We assume that there exists a strictly increasing continuous
function s : I — R such that M; := s(Y;) is a local martingale with continuous running
maximum M. Then the drawdown M — M of M is a nonnegative process of class () with
semimartingale decomposition (m — M) + (M — m), where m := s(y). If Y already is a local
martingale with continuous running maximum Y, one can choose s(z) = z. Or if Y is a
diffusion of the form

(5.1) dY, = p(Y)dt + o(Y)dWe, Yo=yel,

where W is a Brownian motion and u,o : I — R are deterministic functions such that

(5.2) v(z) = 2/ M;Z) dz and / ¢ "#)dz  are finite for all z € I,
y 0°(2) y

s can be chosen as s(z) = a + 5fyx e~ 7@ dz for arbitrary constants o € R and 8 > 0. For

instance, if Y; = W; + ut for p € R\ {0}, then I = R and one can take s(z) = —sign(u)e™ 2%,

Or if Y is a Bessel process of dimension § = 2(1 — v) > 2 starting at y > 0, one can choose
I =(0,00) and s(x) = —z%.
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Let us now consider a stopping time of the form
Th:=inf{teRy:Y; <Y}

for a Borel function A\ mapping the interval [y, 00) N I to the closure I of I in [~oo, co] such
that A\(x) < z for all x € [y,sup ). We extend s continuously to s : [y,sup I] — [—o0, oo] and
denote

(5.3) g = sup {t <T\:Y = ?t} and A(r) /m #izz/\(z)‘
y

Then A is a well-defined increasing function from [y,sup I] to [0,00]. We start with a result
on the distribution of the maximum attained by Y until time 7).

Proposition 5.1. Let a,, n € N, be an increasing sequence in (y,supl) with limit a €
(y,supI] and let €,, n € N, be a decreasing sequence in (0,00) such that \(x) < x — &, for
y<z<a,. Assume that

(5.4) YTA <a and Yr, = A(?TA).
Then A(a) =00, gx < T}, YTA < ng = ?T)\i and

s(Yr) = s(Yr)
S(?T) — SO )\(?T)

(5.5) Plgr <T'[ Fr] =
for every stopping time T' < T\. Moreover, for all Borel functions h : [y,a) — R satisfying
/ |h(2)|e 2@ dA(2) < oo,
y

one has

WY 1)[s(Y7) — s(Y7)] + B2 (Y1)[s(Yr) — s 0 A(Y7)]
s(V1) — 50 N7) ’

(5.6) E[h(Yr,) | Fr] =

where "
i (z) = eA(””)/ h(z)e ™ 2V dA(z), = >y.

In particular,

(5.7) PVm, > 2 | F1] = Upoa) + 17 ca) %?f_ii?% A

forx >y.

Proof. Xy = s(?t/\TA) — 5(Yiar, ) is a nonnegative process of class (X) starting at 0 with
decomposition (s(y) — s(Yiar,)) + (s(Yiar,) — s(y)). The function f: Ry — Ry given by

1
r+s(y)—soXos 1z + s(y))

(@) = Lgcs@)—s)}
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satisfies the assumptions of Theorem 3.10 with a,, = s(a,) — s(y) and @ = s(a) — s(y) instead
of a,, and a. Condition (5.4) guarantees that the process

L S(Yt/\TA) - 3(}/15/\7‘)\)
{Yt/\Tk<(l} S(?t/\TA) — SO )\(?t/\TA)

f(s(?t/\T,\) —s(y) Xy =

takes values in [0, 1] and converges to 1 almost surely. So it follows from Theorem 3.10 that
fo z)dr = o0, gy < Ty, Y, <Y, =Y, and

S(?T) — S(YT)
S(?T) — SO )\(?T)

for all stopping times 7" < T). Formulas (5.6)—(5.7) follow from Theorem 3.10 applied to the
function

Plgy <T | Fr| =

h(z) = h(s H(z +s(y)), 0<z<a. [ |

Remark 5.2. If Y is a nonnegative local martingale starting at 1 such that Y is continuous
and Y; — 0 almost surely, then formula (5.7) with 7' = 0, s(z) = x, and A = 0 yields that
1/Y o is uniformly distributed on the interval (0,1). This is Doob’s maximal identity, which
was studied in depth by Mansuy and Yor [12] and Nikeghbali and Yor [17].

Remark 5.3. If Y is of the form dY; = u(Y;)dt + o(Y;)dW; for a Brownian motion W such
that (5.2) holds, set v(x) = nyx w(z)/o?(2)dz and s(z) = a + ﬁf; e~ 73 dz for constants
a€Rand B> 0. If X\ : [y,00) NI — I is a Borel function satisfying the assumptions of
Proposition 5.1 for some a < oo, the function A defined in (5.3) becomes

T e_'Y(Z)dZ
A
() = / o

and one obtains from Proposition 5.1 that for all stopping times T < T},

;/T —(2) 15
Plgy <T'| Fr| = —=-
f(YT e ’Y(z

and

T emv(R)g z e=(2)
i ATr) € e "dz
58) PYr, >x|Fr]l=1rp 1+ 1y m—exp— Tt
(58) P¥n >z | Fr] =1y 50y + Hvrca) [T e ( V1 fx(z)eﬂ(u)d“>

for > y. In the special case A = ¢, (5.8) reduces to

_ YT =) gz
]P)[YTA >$‘fT] :1{7T>55}+1{?T§55}m forxzy,

and for A(z) = x — ¢ it becomes

P[Yr, > | Frl =1 ) Fro e ( r s )
T > T = - - —+ - S exp | — | ﬁ
A {YT> } {YTS }f%/f_c e_ny(z)dz Yr fz—ce ( )du
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for x > y. For T' = 0, this gives

— T e_y(z)dz
PV, > 2| = — ") forz>uy,

which (in the case y = 0) is formula (3) of Lehoczky [9].
If y > 0 and A(z) = (1 — ¢), one obtains

- f7§(1 ) e~ (@) e~ (@) g
PYr, >z | Fr] = 1{7T>x} + 1{7T§I}f e—(2)d eXp /Y f (1—c du
T
T(1 ©)

for x > y.
The following proposition gives sufficient conditions for assumption (5.4) to hold.
Proposition 5.4. Assume Y is continuous and let a € (y,sup I|. Then both of the following
conditions imply (5.4):
(1) s(y) >0, s(Yz) = 0 almost surely, Y < a for allt, and soX(x) >0 for all xz € [y, a).
(2) 5(Yso) = Afa) = <. B
Proof. Under assumption (1) one has Y, < a and

s(Ve) = s(¥2) > s(Ve) —s(%) — 1 almost surely.
) g

S(?t — 8O )‘(?t) o S(?t)

It follows that Y7, < a and Y, = A(?TA)
If condition (2) holds, then [;° f(x)dx = oo for the function

1
r+s(y) —sodos Hx+s(y))

f(@) = Lio<o<sa)—s@w)}

Since X; = s(Y¢) — s(Y;) is a nonnegative continuous process of class (X) with decomposition
X = (s(y) — s(¥2)) + (s(Y4) — s(y)), it follows from Corollary 2.6 that

inf {t € Ry : f(s(Yy) — s(y)Xe > 1} < 0.

This implies T)\ < oo, and (5.4) follows. [ ]

In the following results we derive distributions of maximum drawdowns and maximum
relative drawdowns. We denote by DD; = Y, — Y; the drawdown of Y and, provided that
y>0,byrDD; = DD;/Y; = 1 —Y;/Y, the relative drawdown of Y.

Proposition 5.5. Assume Y s continuous with s(y) > 0 and s(Y:) — 0 almost surely.

Let T < oo be a stopping time and let K be an Fp-measurable random variable such that
0 <s(K) < s(Yr). Denote Tk =inf{t > T :Y; = K}. Then one has for all x > 0

s(Yr) — s(K)
2.9 P DD, > Fr| =15+ 1sv .
(5.9) tE[T,S’Il’iSHRJr ¢ > x| Fr {Yr-K>z} + {Yr-K<=z} s(K + ) — s(K)
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If, in addition, y > 0, then
(5.10)

s(Yr) — s(K)

P sup DDy >z | Fr| =1 kot Tl k/vo<s .
e PP T = gy Y Nk <o} SR 7)) — 5(K)

Proof. First assume that T'= 0 and K is a constant. Then Y with A = K and a =sup/
fulfills condition (1) of Proposition 5.4. Indeed, it is part of the assumptions that s(y) > 0,
5(Y:) — 0 almost surely, and so A(x) = s(K) > 0 for all = € [y,a). To see that Y; < a for all
t, denote R = inf {t € Ry : s(Y;) = 0} and notice that Mi\g = s(Y;ar) is a nonnegative local
martingale starting at s(y) > 0 and converging to zero almost surely. Therefore, it follows
from Doob’s maximal identity that s(y)/s(Y r) is uniformly distributed on the interval (0,1)
(see Remark 5.2). In particular, s(a) = oo, and hence, Y; < a for all ¢. It now follows from
Proposition 5.4 that the conditions of Proposition 5.1 are fulfilled. Moreover,

sup DD;=Yr,—K and sup rDDy=1-K/Yr,.
te[T, T ]NR4 te[T, T ]NR4

So (5.9) and (5.10) can be deduced from formula (5.7). In the general case, the proposition
follows by considering the process fft = Y74 in the filtration ]}t = Fr4+ and conditioning on
Fr. [ |

Proposition 5.6. Assume Y is continuous and s(Y »,) = co. Let T < 0o be a stopping
time and let K be a [0, 00]-valued Fpr-measurable random variable such that Yr< K<Y.
Denote T = inf {t >T:Y, = K} Then

o\t
(5.11) P[Y; > \(Yy) for all t € [T, Tx] N Ry | Fr] = <j((;§)) :z ‘;ii?:)) AV T)-AK),

Proof. Xy = 5(Y;) —s(Y};) is a nonnegative process of class (X) with decomposition (s(y) —
$(¥0)) + (5(T1) — s(y)) and

1

)= i —sores @+ s)

is a nonnegative Borel function from [0, s(sup I) — s(y)) to Ry. Since Y; > A\(Y}) is equivalent
to f(s(Yy) — s(y)Xe < 1 and Tx = inf {¢t > T :5(Yy) — s(y) = s(K) — s(y)}, one obtains
from Corollary 2.6 that

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



302 PATRICK CHERIDITO, ASHKAN NIKEGHBALI, AND ECKHARD PLATEN

Corollary 5.7. If the assumptions of Proposition 5.6 hold, then
(5.12)

P[[Sup DDth’fT]:<S(XT)—S(§T—:E>>+GXP<_/Kd8—(z)_x)>

t€[T,Tx]NR+ s(Yp)—s(Yp —x) v, 8(2) —s(z

for every constant x > 0 such that y — x € I. If, in addition, y > 0, then
(5.13)

P [ [ sup DD, <z | }—T] _ (S(XT) —s([1 —x]?;))>+exp <_ /K ds(z) >

te[T, Tk |Rs s(Yr) —s([1 — 2] v 8(2) = s([1 —z]z)

for each x > 0 such that inf {(1 —x)z: 2z € [y,supI)} € I.

Proof. Formula (5.12) follows from Proposition 5.6 applied to the function A(z) = z — =.
The condition y — x € I ensures that A([y,00) N I) C I. Formula (5.13) is obtained from
Proposition 5.6 applied to the function A(z) = (1 — z)z. inf{(1 —2)z:2 € [y,supl)} € I
implies that A([y,o0)NI) C I. [ ]

Remark 5.8. In the case where Y is a local martingale, one can choose s(z) = z, and
formulas (5.12)—(5.13) become

DDy Yr—K
P sup DDy <z | Fr| = 1so <1 — —) exp < L >
te[T, T ]|NRy x x

rDD\*' (T \ "
o\t ) R )

On the other hand, if Y is of the form dY; = u(Y;)dt + o(Y;)dW; such that (5.2) holds and

Yoo
Y

then for every [0, oo]-valued Fr-measurable random variable K satisfying Y7 < K < Y,
one can denote Tk = inf {t > T': Y; = K} and obtain from Corollary 5.7 that for all > 0,

and

P sup  rDD, <z | Fr
te[T, Tx]NR

+

%/;_xe_V(z)dz ( K () g, )
== exp

YT (@) dy T N Jo e ®du

YT—(E

P sup DDy <uzx|Fr
te[T, Tk ]NR

for every constant = > 0 such that y —x € I. If, in addition, y > 0, then

J’_

in = e gz K —(z)
P [ sup rDD; <z fT] e exp ‘ e

te[T, Tx]NR f(}l/f:c)VT e dz Vs f e —v(u) du

for each z > 0 such that inf {(1 — 2)z : 2 € [y,supI)} € I.
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