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ABSTRACT. This paper studies the Lévy model of the optimal multiple-stopping problem arising in the
context of the timing option to withdraw from a project in stages. The profits are driven by a general
exponential spectrally negative Lévy process. This allows the model to incorporate sudden declines of the
project values, generalizing greatly the classical geometric Brownian motion model. We solve the one-
stage case as well as the extension to the multiple-stage case. The optimal stopping times are of threshold-
type and the value function admits an expression in terms of the scale function. A series of numerical

experiments are conducted to verify the optimality and to evaluate the efficiency of the algorithm.
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1. INTRODUCTION

Consider a firm facing a decision of when to abandon or contract a project so as to maximize the total expected
future cash flows. This problem is often referred to as the abandonment option or the contraction option. A typical
formulation reduces to a standard optimal stopping problem, where the uncertainty of the future cash flow is driven
by a stochastic process and the objective is to find a stopping time that maximizes the total expected cash flows
realized until then. A more realistic extension is its multiple-stage version where the firm can withdraw from a
project in stages.

In a standard formulation, given a discount rate » > 0 and X; = x + (1 — %0'2)t + oW, for a standard Brownian
motion W, ;x € R and o > 0, one wants to obtain a stopping time 7 of X that maximizes the expectation

(1.1) E [/ e (eX — §)dt + e "TKl{reo0)| -
0

The profit collected continuously is modeled as the geometric Brownian motion eX* less the constant operating
expense 0 > 0. The value K € R corresponds to the lump-sum benefits attained (or the costs incurred) at the time
of abandonment. Here a technical assumption r > p is commonly imposed so that the expectation is finite and
the problem is non-trivial. The problem is rather simple mathematically; it reduces to the well-known perpetual
American option (or the McKean optimal stopping problem). An explicit solution can be attained even when X is
generalized to a Lévy process (see, e.g., Mordecki [26]).

This version: September 9, 2012.



2 K. YAMAZAKI

In this paper, we generalize the classical model by extending from Brownian motion to a general Lévy process
with negative jumps (spectrally negative Lévy process), and consider the optimal stopping problem of the form:

(1.2) supE [/ e " (Xy)dt + e "Tg(Xr)lircooy | -
T 0

We obtain the optimal stopping time as well as the value function for the case f is increasing and g admits the
form g(z) = K — Zf\il c;e®* for some strictly positive constants ¢ and a. We also show the optimality among
all stopping times of threshold type (see (2.4) below) when g is relaxed to be a general decreasing and concave
function.
We further extend to the multiple-stage case where one wants to obtain a set of stopping times {T(m); 1<m<
M} such that 0 = 70 < () <. < 7(M) as. and achieve
M

(1.3) sup Y E

when g,,, and f,,, := F, — Fip1 (With Fiypq = 0), for each 1 < m < M, satisfy the same assumptions as in the

#(m)
- pr(m)
/ e " Fn(X)dt + €7 g (Xoom) )1 rm) o0y

(m—1)

one-stage case. The multiple-stopping problem arises frequently in real options (see e.g. [14]) and is well-studied
particularly for the case X is driven by Brownian motion. In mathematical finance, similar problems are dealt in
the valuation of swing options [10, 11].

Although the use of the geometric Brownian motion is fairly common in real options, empirical evidence sug-
gests that the real world is not Gaussian, but with significant skewness and kurtosis (see, e.g., [8, 13, 30]). Dixit
and Pindyck [14] considered the case with jumps of a fixed size with Poisson arrivals. Boyarchenko and Leven-
dorskii [9] considered the EPV approach for a general Lévy process satisfying the (ACP)-condition (with a focus
on exponential-type jumps for illustration); they solved a related multiple-stage problem with g being constant. The
Lévy model is in general less intractable than the continuous diffusion counterpart, especially when the lump-sum
reward function g is not a constant. When jumps are involved, the process can potentially jump over a threshold
level, requiring one to compute the overshoot/undershoot distributions that depend significantly on the form of the
Lévy measure. Technical details are further required when it has jumps of infinite activity or infinite variation.

In this paper, we take advantage of the recent advances in the theory of the spectrally negative Lévy process
(see, e.g., [7, 21]). In particular, we use the results by Egami and Yamazaki [17], where we obtained and showed
the equivalence of the continuous/smooth fit condition and the first-order condition in a general optimal stopping
problem. Unlike the two-sided jump case, the identification of the candidate optimal stopping time can be con-
ducted efficiently without intricate computation. The resulting value function can be written in terms of the scale
function, which also can be computed efficiently by using, e.g., [18, 29]. The extension to the multiple-stage can
be carried out without losing generality. The resulting optimal stopping times are of threshold type with possibly
simultaneous jumps, and the value function again admits the form in terms of the scale function. We also conduct
a series of numerical experiments using the spectrally negative Lévy process with hyperexponential jumps so as
to verify the optimality of the proposed strategies and also the efficiency of the proposed algorithm. We refer the
reader to, among others, [1, 4, 5, 6, 15, 16, 22, 25] for optimal stopping problems of spectrally negative Lévy
processes.

The rest of the paper is organized as follows. In Section 2, we review the spectrally negative Lévy process and
the scale function and then solve the one-stage problem. In Section 3, we extend it to the multiple-stage problem.
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In Section 4, we verify the optimality and efficiency of the algorithm through a series of numerical experiments.
Section 5 concludes the paper.

2. ONE-STAGE PROBLEM

Let (2, F,P) be a probability space hosting a spectrally negative Lévy process X = {X; : t > 0} characterized
uniquely by the Laplace exponent
1
@.1) () =B [#] =B+ 50 B+ /( )(e"BZ — 1+ B2l{gcoery) I(d2), BER,
0,00

where ¢ € R, 0 > 0 and II is a Lévy measure concentrated on (0, co) such that
(2.2) / (1A 25)(dz) < oo.
(0,00)

Here and throughout the paper P* is the conditional probability where Xy = =z € R and E” is its expectation. We
exclude the case X is a negative subordinator (decreasing a.s.) and we shall further assume that the Lévy measure
is atomless:

Assumption 2.1. We assume that 11 does not have atoms.

This section considers the one-stage optimal stopping problem of the form (1.2) where the supremum is taken
over the set (or a subset) of stopping times with respect to the natural filtration F = (F;);>0 generated by X. We
assume the running payoff function f to be locally bounded and increasing. The stochastic process X models the
state of the project and the monotonicity of f means that it yields higher benefits when X is high. Typically one
assumes f(x) = e® — 0 as in (1.1) and this is clearly a special case of this model. Regarding the terminal reward
function g, we consider two cases: (i) when g is a sum of exponential functions (Assumption 2.2 below) and (ii)
when ¢ is a general decreasing and concave function (Assumption 2.3 below).

The results discussed in this section are applications of Egami and Yamazaki [17] and will be extended to the
multiple-stage problem in the next section. Let S be the set of all [0, co]-valued F-stopping times and define for
any 7 € S,

-
(2.3) w(z,7) =u(z, 75 f,g) ;= E* {/ e " F(Xy)dt + e "Tg( X )l reoo| s TER.

0
After a brief review on the scale function and the results of [17], we shall solve under Assumption 2.2 below that

u(z) ;= supu(x, 7).
TES

We then obtain under Assumption 2.3 below a weaker version of optimality

u(x) :=supu(z, 1),
Te§
over the set of all first down-crossing times,

S:={rs: AR},
where

2.4) Ta:=inf{t>0: X; <A}, AeR,



4 K. YAMAZAKI

with inf ) = oo by convention. This form of optimality is often used in real options and also in the field of
corporate finance and credit risk as exemplified by Leland’s endogenous default model [23, 24]. In practice, a
strategy must be simple enough to implement and it is in many cases a reasonable assumption to focus on the set
of stopping times of threshold type as in (2.4). Because S C &8, itis clear that u > . For the rest of the paper, let
ht(x) := £h(z) V0, z € R, for any measurable function h : R — R.

2.1. Review of scale functions and Egami and Yamazaki [17]. For any spectrally negative Lévy process, there
exists a function called the (r-)scale function

W R R, >0,

which is zero on (—o0, 0), continuous and strictly increasing on [0, c0), and is characterized by the Laplace trans-
form:
/Oo sy () () de = ———— >
; e W (z)dz Y s -
where
O, :=sup{A>0:¢p(\) =r}, r>0.

Here, the Laplace exponent ¢ in (2.1) is known to be zero at the origin, convex on R ; &, is well-defined and is
strictly positive whenever r» > (. We also define

2@ =141 [ WO, zeR
0

which is also called the scale function. As we shall see below, the pair of scale functions W) and Z(") play
significant roles in our problems.

As in Lemmas 8.3 and 8.5 of Kyprianou [21], for each - > 0, the functions 7 — W) (z) and r — Z(") () can
be analytically extended to € C. Fix a > 0 and define v,(-), as the Laplace exponent of X under P, with the

change of measure ‘h%" = exp(aX; — ¢¥(a)t), t > 0; as in page 213 of [21], for all § > —a,

Fi

o0

! 1
(2.5) Ya(B) == <a02 +c— /0 u(e” ™ — 1)H(du)>5 + 50252 + /0 (e7Pu —1+ Bulfocuciy)e” “ T(du).

If W, and Z, are the scale functions associated with X under P, (or equivalently with 1/, (+)). Then, by Lemma
8.4 of [21],

(2.6) W) (z) = em =W (z), x> 0.
In particular, by setting a = ®,. (or equivalently = v(a)), we can define
2.7) W, (z) := Wi(z) = e **WD(z), zeR

which satisfies
e "Ws, (v)de = —————,
/0 w0 = ey

The smoothness and asymptotic behaviors around zero of the scale function are particular important in our

8> 0.

analysis. We summarize these in the remark given immediately below.
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Remark 2.1. (1) Assumption 2.1 guarantees that W) is C on (0,00). In particular, when o > 0, then
W) is C? on (0, 00). Fore more details on the smoothness of the scale function, see Chan et al. [12].
(2) As in Lemmas 4.3 and 4.4 of [22],

W) (0) = { ?, unbounded variation }’

7 bounded variation

2

=, oc>0
W' (0+4) = hﬁ} W (z) ={ oo, o=0and 11(0,00) =00
‘ %, compound Poisson

where 1 := c + f(o )% I1(dz), which is finite when X is of bounded variation.

In [17], we have shown that a candidate optimal stopping time can be efficiently identified using the scale
function. Define the expected payoff corresponding to the down-crossing time (2.4) by

(2.8) ua(z) :=u(z,74), x,AER,

which necessarily equals g(x) for z < A. By combining the compensation formula for Lévy processes and the
resolvent measure written in terms of the scale function, this can be written in a semi-explicit form. Let

(2.9) Us(A) = /OO e PYf(y+ A)dy, AcR,
0

o WO @ -y fy)dy, > A,
(2.10) Of(x; A) == { ) o
and

phi= [ [ g+ A - )~ gl
[e%e) u+A
@.11) = / (du) / PN (gly —u) — g(A))dy, AER,
0

00 Nz—A)
goérj)é‘(m) = /0 l'I(du)/0 W(’")(x —z—A)(g(z+A—u)—g(A)dz, z=> A.

)

These integrals are well-defined if

2.12) / e f(y)dy < oo,
0

2 = _
(2.13) geC®, and /1 II(du) A—IBQ?SAM(Q g(A)| <oo, AeR.

If these are satisfied, we can write u4 () as in (2.8) for z > A as the sum of the following three terms:
T
Eiai )= g(0) |20 = ) = WO = )]

r

2.14)

Ta(z; A) = WO (x — A)pl") — o) (@),
Ty(x; A) = WOz — A)Ws(A) - O5(x; A).
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Egami and Yamazaki [17] obtained the first-order condition that makes Ou 4(x)/0A vanish and showed that it
is equivalent to the continuous fit condition us(A+) := limy 4 ua(xz) = g(A) when X is of bounded variation
and to the smooth fit condition v/ (A+) := limy 4 uv/4(x) = ¢'(A) when o > 0. Recall that X is of bounded
variation if and only if o = 0 and

(2.15) / (1A 2)II(dz) < 0.
(0,00)

It has been shown that

(2.16) ua(A+) = g(A) + W(0)A(A), AeR,
where
2
2.17) A(A) = MA; f.9) = —3-9(4) = g/ (A) + ok + Up(4), Ack.

o,

In view of Remark 2.1 (2), for the unbounded variation case, continuous fit holds whatever the choice of A is,
while, for the bounded variation case, it holds if and only if A(A) = 0.
Furthermore, it has been shown, on condition that there exists some § > 0 satisfying

(2.18) / II(du) sup |g(A+&) —g(A+E& —u)| < oo,
1 0<€<s

we have

(2.19) ;iluA(a:) = P @AW (z - A)A(A), > A,

where Wy, is defined in (2.7). It is known that W, is increasing and hence, if A(A) is monotonically increasing,
the down-crossing time 74 for the A with A(A) = 0 becomes a natural candidate for the optimal stopping time.

2.2. Exponential Case. We first consider the case where g admits the form:
N

(2.20) glr) =K =) ce"", zeR,
i=1

for some constants X € R and ¢;,a; > 0,1 < ¢ < N. We assume without loss of generality that a; # a; for
i # j. Because g is bounded on (—oo, B) for any B € R, (2.13) and (2.18) are clearly satisfied. For f, we need a
technical condition so that (2.12) is guaranteed.

Assumption 2.2. Suppose

(1) f(:) is continuous, increasing, f(—o0) := limg| o f(z) > —co and [;° e~ f1 (y)dy < oo;
(2) g(-) admits the form (2.20) for some K € R and strictly positive constants a; and ¢;, 1 < i < N, such
that a; # aj for any i # j.

Remark 2.2. For the special case v > maxi<;<n ¥(a;) or equivalently ®, > max;—1 __n ai, we can simplify the
problem and rewrite it so that g is a constant and f is an increasing function.
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With Assumption 2.2, we simplify (2.17) using

r—y(a) P
(2.21) w,(a) = { o —(a) a7 o }, a > 0.

.
V(P,) = limg g, Tq)r a=9a,

—a ?

By the monotonicity of ¢, w,(a) > 0 for any a > 0. The proof of the following lemma is given in Appendix A.1.

Lemma 2.1. For every A € R, we have
, N

(2.22) AA) = -5 K+ ) cie® A (ai) + Tp(A).
T i=1

In view of (2.22) above, the function A(A) is clearly continuous and increasing. Therefore, if lim 4| o, A(A4) <
0 < limagoo A(A), there exists a unique root A* € R such that A(A*) = 0. Otherwise, let A* = —oo if
limu, oo A(A) > 0 and let A* = o0 if lim groe A(A) < 0.

Remark 2.3. (1) For any stopping time T € S, recall Assumption 2.2 (1) and notice E* [ f Te "t f(—o0)d ] =
1C) (1 — B=[e="7)). Therefore, with f(x) := f(z) — f(—o00) > 0 and §(z) := g(z) — {22

u(x) = f(—roo) +ilelgu(33,7'§]?7§>-

Because § is decreasing, there exists a unique A € [—00, 00] such that g(xz) < 0 < x € (g,oo).

Because f is nonnegative, it is easy to see that it is never optimal to stop on (A, o0) and hence we can
also write

) +supu(z, 75 f, G4 )
r T€S

(2) Applying (2.17) to the pair fand g, because ]?is uniformly positive,

A(A;f,@’):—(}% <K— )+Zcz Az, (a;) + W 5(A)
r r f(—o0) al r
> ~3. <K > +Zcz Aoy (a;) > —a K — . Z;cieaiA} = —iﬁ(A),
where the second to last inequality holds because, by the convexity of 1 on [0,00), w,(a;) > g If
—00 < A < o0, because A is the unique root of—q,%ﬁ(A) = 0, we must have A* < A. If A = —oo, we

have A(A) > —5-g(A) > 0 forall A € R and hence A* = —oc.

(3) Except for the case g is a constant, because g decreases to —, A < co. Hence (2) implies A* < oo.

When —oo < A* < o0, the corresponding expected value becomes (see, e.g., Exercise 8.7 (ii) of [21])

upx(z) = K< Z") (z— A*)——W (x—A*) > Zc ea’x( w(al))(a:—A*)—wr(ai)Wé:’*w(a"))(x—A*»

WO (2 — AU (A") — Op(x; A¥).
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By how A* is chosen in (2.22) and by (2.6), it can be simplified to

N
(2.23) upr(x) = KZU (2 — A%) =Y ;e Z 000D (3 — A%) — @ p(a; A7).

i=1
The verification of optimality requires the following smoothness properties, whose proofs are given in Appendix
A2.

Lemma 2.2. Suppose —oo < A* < oo.
(1) ugs(x) is C* on R\{A*}.
(2) In particular, when X is of unbounded variation, u s+ (x) is C? on R\{A*}.

Herein, we add a remark concerning continuous/smooth fit. The following remark confirms the results in [17]
and further verifies that smooth fit holds whenever X is of unbounded variation even when o = 0. This observation
only requires the asymptotic behavior of the scale function near zero as in Remark 2.1 (2).

Remark 2.4 (continuous/smooth fit). (1) Continuous fit holds (i.e. ua~(A*+) = g(A*)) because, by (2.23),
ZM(0) = zI "D (0) = 1 and limg 4+ O (a3 A*) = 0.
(2) In particular, when X is of unbounded variation, smooth fit holds (i.e. u'y.(A*+) = g'(A*)) because
N
Wy (2) = KrW " (m — A7) =) cie™ (r — p(ag) ) WD) (z — A*)
i=1
N " N
- Z aicl-e“'“Zg_w(ai))(x — A") — O (z; A7) CACN Z aicie® N = g'(A%)
i=1 =1
thanks to W) (0) = Wé:_w(ai))(O) =0, Zé?_w(ai))(O) = Landlim, 4 O (2; A) = 0; see also the proof
of Lemma 2.2.

We now state the main results of this subsection. The proof is given in Appendix A.3.

Proposition 2.1. (1) If —oco < A* < o0, the stopping time Ta- = inf {t > 0: X; < A*} is optimal over S
and the value function is u(x) = ua«(x) as in (2.23) for all x € R.
(2) If A* = o, immediate stopping is always optimal and u(x) = g(x) for any x € R.

(3) If A* = —ox, it is never optimal to stop (i.e. T* = oo is optimal), and the value function is given by
o
(224) u(z) = / (@) — Wy —2)) fy)dy,
—0oQ
where @/, is the derivative of ®, with respect to r.

2.3. For a general concave and decreasing g. We now relax the assumption on g and consider a general concave
and decreasing function g. We also drop the continuity assumption on f.

Assumption 2.3. Suppose
(1) f(:) is increasing such that f(—o00) := lim,|_o f(x) > —00 and [~ e~ *V f (y)dy < oo;
(2) g(-) is twice-differentiable, concave and monotonically decreasing such that (2.13) and (2.18) hold.
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Under this assumption, we see that A(A) is increasing. Indeed, we have
0 r o? r o? o “
e g(A) = g (A) + | = ——g(A) - Zg(A / T(d / “r3 (g (2 4+ A—u) — g'(A))dz.
54 | 50~ GO+ eh| = g () = T )+ [ ) [ e e A ) - g (A))az
This is positive because g'(A) < 0 and g”(A) < 0 for any A € R and because by the concavity and monotonicity
z+ A —u < Afor z < u and hence the integral is nonnegative. On the other hand, W (A) is increasing because
f is. Therefore, we again define A* in the same way as the unique root of A(A) = 0 (if it exists). The proof of the

following result is given in Appendix A.4.
Proposition 2.2. Suppose Assumption 2.3.
(1) When —oo < A* < o0, then T4~ is optimal over S and the value function is given by
2
~ * * * g * * *
(2.25) U(z) = ug-(z) = g(ANZM (@ — A+ W (z - A )?g’(A ) — Lpgl)éx*(x) —Of(x; A%), x> A"

For x < A*, we have u(x) = g(x).
(2) If A* = oo, immediate stopping is always optimal and u(x) = g(x) for any x € R.
(3) If A* = —o0, then T = o is optimal over S and (2.24) holds.

3. MULTIPLE-STAGE PROBLEM

In this section, we extend to the scenario the firm can decrease its involvement in the project in multiple stages
as defined in (1.3). As in the one-stage case, we consider two modes of optimality:

M 7(m)
r -r —rr(m)
3.1 UM (z) = sup E / e " E(Xy)dt + e I (X)) rm <00y | »
(T T MDYEShr et F(m—1)
~ M (m) o
(32) U(M) (1’) = Sllp Z EI / e*T‘tFm (Xt)dt + 677"7' gm (X,r(m))l{,r(m)<oo} ,
(rM,. 7MNES m—1 7(m—1)

for all 2 € R where we define 7(°) := 0 for notational brevity and the supremum is, respectively, over the set of

increasing sequences of M stopping times,
Sy={r"meS1<m<M: W <... <MY
and over the set of increasing sequences of M down-crossing times,
Sy={r" =74 €85,1<m<M:A; >Ay---> Ay}

Clearly, g’M C Sy and hence U M) <y,
We first consider the case g,, admits the form

NTYI/
(3.3) gm () == Ky — Zcmieamx 1<m< M,

i=1
for some constants K,,, € R and ¢35, am; > 0, 1 < ¢ < N, and show the optimality in the sense of (3.1) as
an extension of Proposition 2.1. We then consider a more general case where gy, is twice-differentiable, concave
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and monotonically decreasing and show the optimality over Sy as an extension of Proposition 2.2. Regarding the
running reward function F', define the differences:

fm = Fp — Fpp, 1<m <M,

with Fjr41 = 0. As is also assumed in [9], we consider the case f,, is increasing. Using the notation as in (2.3),
we can then write for all x € R

M
(3.4) UM (z) = sup Z W@, 75 fon, gim),
(rM,.. 7 (M)eSy, m=1
N M
(3.5) U@y = sup (e s fon, gi).

(T(l),...,T(hI))EgM m=1

In summary, we assume Assumptions 3.1 and 3.2 below for (3.1) and (3.2), respectively.
Assumption 3.1. For each 1 < m < M, we assume that f,, and g,, satisfy Assumption 2.2.

Assumption 3.2. For each 1 < m < M, we assume that fy, and gy, satisfy Assumption 2.3.

As is clear from the problem structure, simultaneous stoppings (i.e. 7y = - - - = T4 a.s. for some & and [) may
be optimal in case it is not advantageous to stay in some intermediate stages (i.e. stages k + 1, ..., k 4 [). For this
reason, define, for any subinterval Z = {minZ, minZ + 1,... ,maxZ} C {1,..., M},

(3.6) 97:=>_ g and f1:= Fuinz — Fuaxz41,
ieZ

and consider an auxiliary one-stage problem (1.2) with ¢ = g7 and f = fr. Notice that Assumption 3.1 (resp.
Assumption 3.2) guarantees that f7 and g7 also satisfy Assumption 2.2 (Assumption 2.3) for any Z. Hence Propo-
sitions 2.1 and 2.2 apply.

Let

3.7 An(A) == AA; frn, 9m), AR 1<m< M,

as the function (2.17) for ( f,,, gm ). Because p2:)+h2’A = pg;{A + pg)vA and ¥y, 1 pn,(A) = Wy, (A) + Uy, (A) for

2
any measurable functions h; and hg, we see that

(3.8) Az(A) == A(4; f1,91) = A(A; S fme > gm) = An(A)

meTl meZ meL
is increasing and corresponds to the function (2.17) for (fz, gz). In particular, under Assumption 2.2, this reduces
to

Nm
Ar(4) = 3 (= K+ D cmie ™ A (ami) + U, (4)).
r i=1

meZL
Now let A% be the root of Az(A) = 0 if it exists. If lim g1 Az(A) < 0, we set A% = oo;if limg|— o Az(A) >0,

*

we set A7 = —oo. For simplicity, let A}, := A m} forany 1 < m < M. Also define
’LL%(ZL‘) = u(maTA;fl—agI)v l’,AGR.

With these notations, the following is immediate by Propositions 2.1 and 2.2.
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Corollary 3.1. Fix any T and x € R, and consider the problems:

uz(x) :=supu(x,7; fr,97) and uz(x):=supu(z,T; f1,97).
TES reS

Suppose Assumption 3.1.

(1) If —oo < A% < oo, then

N
ur(e) = iy (1) = 3 (K20 (@ = 43) = 3 eque™ 20000 (@ - 45)) - O (15 43),
meZL i=1

and the stopping time T4x :=inf {t > 0: X; < A7} is optimal.
(2) If A% = oo, uz(z) = gz(x) for any x € R with optimal stopping time T* = 0.

(3) If A% = —o0, it is never optimal to stop, and the value function is given by
(3.9 uz(z) = / (@;e_{)*(””_y) —w) (y — :B))fI(y)dy.
Suppose Assumption 3.2.

(1) If —oo < A% < oo, then
2

~ * r * r 7 * r * *
Uz(x) = why (2) = g2(A5) 27 (@ — A7) + WO (@ = AD) T g7(A5) — o)) 4o (0) = Ops(w: A7), @ > A,

with the optimal stopping time 7. For x < A%, we have u(x) = g(z).
(2) If A5 = o0, uz(x) = gz(x) for any x € R with optimal stopping time T* = 0.
(3) If AX = —o0, then T = oo is optimal over S and (3.9) holds.

3.1. Two-stage problem. In order to gain intuition, we first consider the case with M = 2 and obtain U(?)(z) and
U@ () under Assumptions 3.1 and 3.2, respectively. Following the procedures discussed above, A}, € [—o0, o],
or the root of A,,,(A) = 0, is well-defined for m = 1, 2. As a special case of (3.6),

(3.10) fo=F, h=h-FB=F-f, ad fua=F=/fi+/f.

We shall consider the cases (i) A7 > A5 and (ii) A7 < A3, separately. For (i), we shall show that (TA’{,TA§> is
optimal. For (ii), we shall show that simultaneous stoppings are optimal. We first consider the former.

Proposition 3.1. [foo > A} > A > —oo, then (Tax,Tas) is optimal; the value function is given by U @ (z) =
> m=12 uj{;f} () and U@ (z) = > m=12 uiT} (x) under Assumptions 3.1 and 3.2, respectively. In particular,
under Assumption 3.1 and if oo > A} > A3 > —oq,

Nm
G1) U@ = Y (sz(” (x =A%) = Y cpgemi® Z{r—lami)) (g A;))
m=1,2 i=1

x Aj
- / W (z - y)Fi(y)dy — / WO (z — y) Fa(y)dy.

* *

1 2
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Proof. Suppose Assumption 3.1 holds. By relaxing the constraint that 7 < 73 we can obtain an upper bound:

UP@) < TP (@)= Y sup aule, 7™ frrgm) = Y ulit (@),
m=1,27(MeS m=1,2

where the last equality holds by Corollary 3.1. On the other hand, because TAr < Tas as. (hence (TAT , TAS) €8s)
thanks to A¥ > A%, we have U (z) > T® (x), as desired. The same result holds under Assumption 3.2 by
relaxing the constraint that A; > As and noticing that (TA; , TAS) € gg.
For the second claim, because A} > A3 and by (3.10),
T A7
> 0y, (x,45) Z W @ —y) fuy)dy= | WO (@—y)Fiydy+ [ W (2 —y)Fa(y)dy,
m=1,2 m=1,2 A7 A3

and hence (3.11) holds in view of Corollary 3.1.

Now consider the case —oo < A7 < A% < co.

Lemma 3.1. Suppose —oo < A7 < A3 < oo. Under Assumption 3.1 (resp. Assumption 3.2), the first optimal

stopping cannot occur on (A3, 00); namely if 7

then X .1y € (—o00, A3] a.s. on {7*(1) < oo},

is the optimal first stopping time in the sense of (3.1) ((3.2)),

Proof. The result is immediate when A% = oo and hence we assume A3 < oo.
Suppose Assumption 3.1 holds, and in order to derive a contradiction, we suppose there exists some & > A3 at
which it is optimal to stop. Under this assumption, the value function must satisfy

(3.12) UR) = 1(2) + sup (@, 7 fo,92) = 91 (3) + g (2).
TE

We shall show that this is in fact smaller than u{l}( ) + {2}( ), which is the value obtained by (r(1),7(?)) =
(Tag,Taz) € Sy C So. By (2.16) and (2.19),

(3.13) M(4) < (20 = ~ull(@) > (<0 A<,
(3.14) uHAR) = g1(4) + WO 0)A(A).

By (3.13)-(3.14) and because A} < A5 < 2 and A; is increasing,
uly (2) > lim ) (2) = 91(2) + WO (0)A1(2) > 1(8).

Regarding the last inequality, for the unbounded variation case, it holds because W (") (0) = 0 by Remark 2.1 (2).
For the bounded variation case, it also holds because (3.13) and & > A7 imply A;(z) > 0. Therefore, we get, by
(3.12), U (%) < u;{%}( )+ ul? }( ) leading to a contradiction. Because Z is arbitrary on (A3, c0), we have the

claim. The same contradiction can be derived under Assumption 3.2 because (TA; , TA;) €S, O

The following lemma suggests under —oo < A] < A5 < oo that the optimal strategy is the simultaneous
stopping corresponding to the threshold level A} (12 which is the value that makes A oy = Ay + Ag asin (3.8)
vanish.
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Proposition 3.2. Suppose —oo < A} < A3 < oo.

(1) We have A} < A?l 9y < < Al

(2) It is optimal to stop simultaneously and the value function is given by U (2) (x) = u;{;;}} () under As-
1,2

sumption 3.1 and U® () = uili }}(x) under Assumption 3.2.

Proof. (1) Because both A1 and A, are increasing, A{LQ} is increasing as well. Because A} < A%, A;(A3) >0
and hence Ay 93(A3) > 0. Similarly, Ay 93 (A7) < 0. The increasing property of Ay 9y now shows the claim.

(2) Under Assumption 3.1, for any pair of stopping times (7'(1), 7'(2)) € Sy, because Fr = fo asin (3.10) and by
the strong Markov property of the Lévy process X,

+2)

(1)
—pr(m) [
E“[ e gm(XT<m))1{T<m><oo}+/ e ’"tFl(Xt)dt—i—/
0

m=1,2 (1)

e—”Fz(Xt)dt}

(1)

z |, —rr —r
=K [e ¢ gl(XT<1))1{T(1)<OO} +/ e tFl(Xt)dt
0

() (1)

(3.15) —pr(D) —r(r(2) -7 (1) _
+1{T(1)<OO}€ i E[e r(r T )gg(XT(z))l{T(2)<oo}+/O (& 7ntFQ()(t)(flt’.7'—7_(1)]:|

(1)
(D) _ (D)
< E* [6 rr 91(X7<1))1{T<1)<oo}+/ e TR (X)dt + 10 cope T SUPU(XTu),T; f2792)}
0 TS
= u(z, . s F, g1 +u{ }).

Similarly, under Assumption 3.2, (3.15) also holds for any (7(1) 7'(2)) e S, by replacing S with S in the
expectation of the third term. This together with Lemma 3.1, shows U (z) (resp. U2 (z:)) is less than or equal to

(3.16) sup u(z, 75 i, g1 + ul })
TES(A})

under Assumption 3.1 (Assumption 3.2) where S(A3) is the set of 7 € S (7 € S) such that X, € (—oco, A3] a.s.
on {7 < oo}. Because, for any 7 € S(A3), u;{f*}(X ) = g2(X;) as.on {7 < oo} and because Fy = f; 9} as in
(3.10), (3.16) equals

{172}
sup u(x,7;f g <supuw7,f , g . x),
res(as) ( {1,2}>9{1, 2}) ( {1,2}>9{1, 2}) A{l,z}( )

by Corollary 3.1 and because S(A3) C S. Namely, U?) (z) < uillfz}} () under Assumption 3.1 and U®(z) <
1,2
uill;} 2 () under Assumption 3.2. These in fact hold with equality because u%’z}} (x) is attained by (74+
1,2
82 C Ss.

{1,2}’ j{F1,2]») €

O
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3.2. Multiple-stage problem. We now generalize to the multiple-stage problem and solve (3.1)-(3.2) or equiva-
lently (3.4)-(3.5) with M > 3. For 1 < m < M, let

(3.17) UMD () .= sup w(z, 785 fr., gr),

(T(’m‘):"'vT(]M))ESM—m-Fl k

NE

m

D
°%
&

I
NE

(3.18) sup w(z, 7™ i, gr).

(r(m) L ODYESN i k

]
3

In particular, UM) = UM and T = ™) and by Corollary 3.1
319 UG (@) = sup (i, 7 s, gav) = wii(z) and Oy (@) = supu(e, 75 far, gar) = ulit) (@),
TE TES

under Assumptions 3.1 and 3.2, respectively. The expressions for U](WA{)I and U J(\/IM—)1 can also be obtained as in the

two-stage case.
Given 1 < m < M, let us partition {m,m + 1,..., M} to an L(m) number of (non-empty) disjoint sets

Ly = A{Z(k;m),1 < k < L(m)} such that

{m,m+1,...,. M} =Z(1;m)U---UZ(L(m);m)
where, if L(m) =1,Z(1;m) = {m,..., M} and, if L(m) > 2,

Z(1;m) :={m,...,n1m— 1},

Z(lsm) == {ni—1m,---»m— 1}, 2<1<L(m) -1,

I(L(’I?’L), m) = {nL(m)—l,ma s 7M}7

for some integers m < nym < -+ < Npem)—1,m < M. We consider the strategy such that, if & and [ are in the
same set, then the k-th and [-th stops occur simultaneously a.s.

We shall show that (3.17) and (3.18), for any 1 < m < M, can be solved by a strategy with some partition
Ik ={Z*(k;m),1 < k < L*(m)} satisfying

AL (tm) > 0 > AL (myim)»

where A7 is defined as in (3.8) for any set Z. The corresponding expected value becomes

L*(m) L*(m)
(M) — . _ § : " (k;m)
(320) UmVI;*n ({E) T r U(SE, TA%*(k;m) ) fI*(k,m) » 9T+ (k,m)) - r uA;*(k;m) (CC),

whose strategy is given by for any m < n < M,

) _ TAS s o) for the unique 1 < k& < L*(m) such that n € Z*(k; m).

We shall show that (3.20) is optimal, i.e. U7(nM) = UanI) under Assumption 3.1 and (77(nM) = UanI) under
Assumption 3.2 for any 1 < m < M. Moreover, Z, can be obtained inductively moving backwards starting from
Ty, with L*(M) = 1 and Z*(1; M) = {M }. For the inductive step, the following algorithm outputs Z* _; from

1}, forany 2 < m < M. By repeating this, we can obtain the partition Z7'; the resulting Ul(AI{) as in (3.20) becomes

the value function UM) = [J 1(M).
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Algorithm Z* _, = Update(Z},, m)
Step 1: Seti = 1.
Step 2: Set

i— ,_ {m - 1}7 =1,
{m -1} UZ*(;m)U---UZ*(i—1;m), i>2.
Step 3: Compute A*i and
(1) if i = L*(m) + 1, then stop and return Z*, |, = {Z*(1;m — 1)} with L*(m — 1) = 1 and
*(Im—-1)={m—-1,...,M};
(2) if A2 > A7, . then stop and return 77, , = {Z*(k;m — 1),1 < k < L*(m — 1)} with
L*(m—1)=L*(m) —i+2and

(3.21) T5(1;m—1)=7Z and T*(;m—1)=Z*(1+i—2;m), 2<I1<L*(m—1);

(3) if A;;r < A}*(i;m), set 7 = ¢ + 1 and go back to Step 2.

The role of the algorithm is in words to extend from n(= M —m+1)-stage problem to n+1(= M —m+2)-stage
problem. The idea is similar to what we discussed in the previous section how to extend from a one-stage problem
to a two-stage problem. When a new initial stage is added, the corresponding threshold value A*j is first calculated.
Depending on whether its value is higher than that of the subsequent stages or not, simultaneous stoppings may
become optimal. For n larger than two, we must solve it recursively by keeping updating the set 7, or the set of
the first (simultaneous) stoppings, as given in this algorithm. If A*j is low, the strategy of the new initial stage
may naturally depend on the strategies of all the subsequent stages. Unlike the extension to the two-stage problem
which only needs to take into account the strategy of the stage immediately next, it needs to reflect the strategies
of all subsequent stages.

We prove the following under Assumption 3.1 for the optimality (3.1). As is already clear after the detailed
discussion on the two-stage case, only a slight modification is needed for (3.2) under Assumption 3.2.

Lemma 3.2. In view of the algorithm above, suppose Assumption 3.1 and fix2 < m < M. Given that T, satisfies,
forevery 1 <1 < L*(m),

L*(m)
(3.22) A (z) = uH M (1),

minZ*(l;m) T* (kym)
k=l '

and is used as an input in the algorithm. Then, we have the following.
(1) At the end of Step 2, if 1 < i < L*(m),

L+ (m)
(323) Um]\{)l (ﬂj‘) < Sug |:U([L‘, 75 fj7 gj) + Z U(IL‘, ﬁT(A%*(k’m))v fI*(k;m)ng*(k;m))
TE k—i

where ¥,(A) := v+T1400, forany v € S and A € R with the time-shift operator 0, and if i = L*(m)+1

(M) J— N L) — {m_177M}
Unae) = supul@ i fp0) =g, 17 1 (@)
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(2) Let I}, be produced by the algorithm. For any 1 <1 < L*(m — 1),

L*(m—-1)
(M) B I*(k m—1)
(3.24) UminI* (Iym—=1) (SU) - kz:l Az*(k m—1) (l‘)

Proof. (1) We shall show by mathematical induction.
(Base-step) Suppose ¢ = 1. By our assumption (3.22) and by an argument similar to (3.15),

vM) (z) < sup E® [e*”gm_l(XT)l{Koo} + / e 1 (Xy)dt + e"TUM) (XT)1{7<OO}}
0

TES
L*(m)
= Sug [u(x, T35 fm—lygm—l) + U(ZL' 19 (AI*(k im) ) fI*(k;m)a gl'*(k,m))} .
TE k=1

Now (3.23) holds because Z = {m — 1} fori = 1.

(Inductive-step) Now we assume (3.23) fori = j < L*(m)—1,i.e.,Z = {m—1}UZ*(1;m)U- - -UT*(j—1;m)
and

L*(m)
(3.25) UM (z) < sup | w(@, 75 . 97) + Y (@, O (A m)); fI*(k;m)ng*(k;m)):|a
k=j

and show that it will hold for ¢ = j + 1.

Because when A* > A7, T+ (jm)
A"‘j <AL (jim)* In view of the right-hand side of (3.25), if there exists some & > A%

the algorithm stops at j and never returns to Step 2, we suppose here that

T+ (jim) & which it is optimal to

stop, then the value function becomes g4 () +U I(n m)I* G m)( Z) by our assumption (3.22). Using the same reasoning
(M)

as in Lemma 3.1, this is in fact smaller than ui* (@) + U, 7 (im)

Z*(j35m)
(A, (jim)» oo) for the optimization problem on the right-hand side of (3.25) (see also the proof of Proposition 3.2).

Now letS(Ajg*(J ) T (j: m)] a.s. Forall T € S(A}*(j;m)),

we have 7 = ¥, (A}*( m)) a.s. and hence u(z, 9, (A}*(j m) ) Jre(Gim)s 97+ (Gsm)) = (T T5 1o (Gim) > 9% (sm) )-
Therefore (3.25) implies

(Z). Hence is is never optimal to stop on

) be the set of all stopping times at which X € (—oo, A%

L*(m)

M
Umf)l(li) < sup [u($’7—;fi’uI*(j;m)’gfuI*(j;m)) + Z u(z,dr (AZ*(km) fI*(k;m)’gI*(k;m))}
TES(AZs () k=j+1

L*(m)
< sup [u(iB, 5 fauze(Gom)r 920z (jom)) + > (@, Or (A () F7 (sm) gI*(k;m))j| :
res Ko
Hence, (3.23) holds for i = j + 1, as desired. This proves (1) by mathematical induction.
(2) When the algorithm stops, it is either (i) i = L*(m) + 1 at Step 3 (1) or (ii) A*j > A;‘,*(i;m) at Step 3 (2).
(i) Suppose @ = L*(m) + 1. In this case, Z = {m — 1,..., M} and, by (3.23),

M M —1,.,M
Uninr (i) () = Up 1 (@) < SUD (@, 73 flom 1,0} Im—1,...M}) —Uifgmfl YYYY M}}(:E),
which in fact holds by equality because the right-hand side is attained by (TA?m_l e TATL M})

Sv-—m+2 C SM—myo2.
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(ii) Suppose the algorithm exits at ¢ with A*j > Aj;_*( By (3.23), we have

ism)”
L*(m)

Ui () < SUpu(e, 7; f1, 97) + sup > @ Or (AT )3 F2e i) 97+ (b))
T T k i

Regarding the second supremum of the right-hand side, the strategy {7("); minZ*(i,m) < | < M}, defined by

) =9, (A}ﬂ(k m)) for the unique @ < k < L*(m) such that [ € Z*(k;m), is feasible (or in Spr41—min 7+ (i,m))
for any stopping time 7 € S and therefore
L*(m)
sup Z (:U Ur (AI*(km> fI*(k;m)agI*(k,m))
TeS LT
M
< Sl fog) = UML)
(T(mln T* (Z’m»7~"7T<M>)€S]\/I+1—min1* (i,m) k=min Z* (z,m)
Hence, we obtain a bound U, (M)l( ) < ui* (x) + Ur(nj‘i)z* (i m)( x). This together with (3.21) and (3.22) shows
(m) L*(m-1)
M) (k m) . I* (k;m—1)
Upy (@) < ; A (2) = ; Uap ) (@):

This holds by equality because the left-hand side is attained by a feasible strategy defined by Z7, ;. This shows
(3.24) for case [ = 1.
On the other hand, for any 2 <[ < L*(m — 1), by (3.21) and (3.22),

L*(m) (m—
(M) (M) o I*km) I* ksm— 1)
UminI*(l;m—l) (‘T) - UminI*(l+i—2;m) (l’) - N lz ) A;*(k m) kz I*(km 1) )7
=i =l

which guarantees (3.24), as desired.
O

Using Lemma 3.2 as an inductive step, the main theorem is immediate. Indeed, (3.22) holds trivially for M by
Corollary 3.1. By applying the algorithm M — 1 times, we can obtain (3.1) for M — 1, M — 2,... 1.

Theorem 3.1. Let {Z},;1 < m < M} be produced by the algorithm.
(1) Under Assumption 3.1, for every 1 < m < M and 1 < i < L*(m),

() & e
UminZ*(i;m) (J}) - AI*(k m)( )
k=i
In particular,
Lr(1)
(3.26) UM(@) = UG, 1) (@) = i;(jkl)n (z).



18 K. YAMAZAKI

(2) Under Assumption 3.2, for every 1 < m < M and 1 < i < L*(m),

L*(m)
ﬁr(nj\ifl)z*(i;m)(x) - L “iz(i::z) @)
k=i
In particular,
L(1)
(3.27) UM (z) = ﬁr(nj‘i/rll)l*(l;l)(x) - s uf‘*%(*lii)n(m'

4. HYPEREXPONENTIAL JUMP DIFFUSION CASE AND NUMERICAL EXAMPLES

In this section, we consider spectrally negative Lévy processes with i.i.d. hyperexponential jumps and provide
numerical examples. If a Lévy measure has a completely monotone density, it can be approximated arbitrarily
closely by that of a compound Poisson process with hyperexponential jumps (see, e.g., [18, 19]). In a related work,
Asmussen et al. [3] approximate the Lévy density of the CGMY process by a hyperexponential density. Herein,
we will use the explicit expression of the scale function obtained by [18].

4.1. Spectrally Negative Lévy Processes with Hyperexponential Jumps. Let X be a spectrally negative Lévy
process of the form

Ny
4.1) Xy~ Xo=pt+0By =Y Zn, 0<t<o0.

n=1

Here B = {By;t > 0} is a standard Brownian motion, N = {Ny;¢ > 0} is a Poisson process with arrival rate A,
and Z = {Z,;n = 1,2,...} is an i.i.d. sequence of hyperexponential random variables with density function

J
h(z) := ijnje_"jz, z >0,
j=1

forsomep; +---+py=1land 0 <n < --- <ny < oo. Its Laplace exponent (2.1) is given by

s
7]j+87

J
1
1/1(3):/13—1—50232—)\2@ seR.
=1

In particular, this reduces to a Brownian motion when J = 0 and to (spectrally negative) exponential jump diffusion
when J = 1.

For our examples, we assume o > 0; see [18] for the case o = 0. In this case, there are J + 1 negative solutions
to the equation t(s) = r and their absolute values {; ;¢ = 1,...,J + 1} satisfy the interlacing condition:
0<&r<m<&p<---<ny<&j1,, < oo. For this process, the scale functions are given by

(4.2)
J+1 J+1 1

W (z) = Ci e —e7%r®| and ZM(z) =1+ C; [1 e®r® — 1)+ — (e tr® —1 ]
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for every x > 0 where

gi,r

. [eqp,..n (1=
Ci == A, 2 J+12 <<1> 5” ) with  Aj, = ) ( njg). , 1<i<J+1.
7* EiZt Aol \Or TG [heq...orni (1 - éj?)

With <I>7(nc) = &, — cand gff? =&, +c 1< < J+1,forany c > 0, we have by (2.6) for any x > 0

) J+1 260 5@1
)=S0 e,
3 J+1
(r—4(c)) 1, g, 1o,
Z{ (z) :1+(r—¢(c))zci[q)(c) (2 _1)+@(6 1)]
i=1 r i,r

Thanks to their forms as sums of exponential functions, the value function we obtain below admits closed forms.

4.2. Numerical results on the one-stage problem. We first consider the one-stage problem as studied in Section
2. In our numerical examples, we consider two examples for g:

(a) mixture of exponential functions: g(exp) as in (2.20);
(b) linear function: g™ (z) := —azx + B, = € R, for some a > 0 and 8 € R.

It is clear that ¢(“") satisfies Assumption 2.3 (2). Regarding f, we consider the following three examples:

@) szmplefunctzon FEm) () = Y cocn<oo f™1; (y) for some constants - -- < f(=2) < f(=1 < f(0)
f f(2) < - -+ such that —oo < limy, | f(”) < limppeo f(”) < oo and subdivisions I, := (I, lp+1]
of R;
(ii) linear function with a lower bound: ) (y) := by[(y + by) V bs] for some by > 0 and by, b3 € R;
(iii) exponential function with an upper bound: f(¢*P) (y) := eLVNB for some L > 0 and B € R.

These satisfy Assumption 2.3 (1) and in particular (ii) and (iii) satisfy Assumption 2.2 (1). Hence Proposition 2.2
holds (or & = u 4+) for any choice and in particular Proposition 2.1 holds (or u = % = w4+ ) for (a) with (ii) or (iii).

In order to implement the optimal strategy, we first obtain A* using (2.17) (or (2.22) for (a)) and then compute
the value function via (2.25) (or (2.23) for (a)). Toward this end, we need to compute p((l)m) A and @(zz)m) A( x)
and W ;(A) and © ¢ (x; A) for (i)-(iii). The proofs of the following two lemmas are tedious but stralghtforward and

hence omitted.

Lemma 4.1. (1) For every A € R, we have

(r) . _@ _ ) Ny %
Pyimoa = g7 |! ;pj <77j +o, " m)
(2) Forall x > A,
J+1 J
() B A ‘ 1 Bo(@—A) _ —m;(a—A) 1 —tir(a—A)  —ni(a—A)
in =a\) C;) p [e —e - (7% —e
Qog(l )A( ) Z Z J 77](77] + (pr)( ) 77](77] o gi,r)( )
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Define, for any s < t and k& > 0,

J+1
(k) — 71 ™ (z—svA), oM (z—tvA), LW @osvay, M @—tvay,
Waa(s:t) = ;CZ[(I,gc) (6 ¢ ) G (e ‘ ﬂ

@,r

This vanishes whenever [s,t] N [A,2] = (). Also let for any s < t and a € R, 4@ (s,t) := f; ye™dy =
t 1 at s 1 as
(a—aﬁ)e —<a—(72>€ .

Lemma 4.2. (1) For every A € R,

W psim) (A) = % Z f(n) [e_q)r(l”_“‘ﬁr — €_q>r(ln+1_A)+:|7
r —oo<n<oo
W piny (A) = by [bi”(1 — e Orlba—(ba Ay Me—@[bg—(b2+A)]+ 4 o= ®rlba— (A [[bg — (ba + A)]+ N
D, B, >
e’ o B elA (LB
W sean (A) = ge Er(L—D+ 4 cp(L)[l _ e (g A)ﬂ.

In particular, for any sufficiently small bs, ¥ in) (A) = by [% + é}

(2) For every x, A € R,

@f<sim) (z; 4) = Z f(n)w;(n(,),)él(lnv lnt1),

—oo<n<oo
O i (7 A) = by [bgw;?l,(A, (bs — b2) V AN @) + byw (b3 — b2) V AN, z)
J+1

b1 Y Cile® "y TP ((bs — bo) V AN, ) — e Sy (bg — by) V A A, 7)),
=1

O jean (2 A) = w4 (AV (B/L) Aw,z) +w("} (A, AV (B/L) A ).

We are now ready to show our numerical results for the one-stage problem. Throughout the results given below,
we use the common Lévy process of the form (4.1) with p = 1,0 = 0.2, J = 2, p = [0.1,0.9], n = [1,20] and
A = 5. Namely, this is a hyperexponential Lévy process with two kinds of negative jumps: frequent and small
jumps and infrequent and large jumps. For g and f, we consider any combination of the following:

(@) g = g\**) with a = [0.1,0.2,0.3,0.4] and ¢ = [4,3,2, 1];
(b) f = g™ withw =1 and 8 = 0;
and
(i) f =~fE") with I} = (—o0,0), I, = [0,00), fB) = —10 and f? = 10;
(i) f = ~f%") with by = 1 and by = 0 with sufficiently small bs;
(iil) f =~fP) with L = B = 1;
for the weight parameter v = 0, 0.05,0.1.

The results for (a) ¢ = ¢(¢*) and (b) g = ¢(“"") are graphically shown in Figures 1 and 2, respectively. In each
figure, we plot the function A(-) as in (2.17) and the value function u 4~ for each choice of f. As can be confirmed,
the function A(-) is indeed monotonically increasing and hence the unique root A* of A(A) = 0 can be obtained
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easily by the bisection method. Using these optimal threshold levels, the value functions are computed via (2.23)
and (2.25) using Lemmas 4.1 and 4.2.

We see that the value functions are differentiable even at the optimal threshold levels A* and this confirms the
smooth fit as in Remark 2.4 because X is of unbounded variation with ¢ > 0. In particular, for the case v = 0
with no running reward (f = 0), because the stopping value decreases to —oo as x increases, the value function
converges to zero as x increases. For f(5™) with a discontinuity at zero, the value function turns out to have a kink
at zero although it still appears to be differentiable. While these computations require bisection-type methods to
obtain §; ,’s, @, and A*, these can be solved instantaneously.

In order to verify that these are indeed optimal, we focus on the case v = 0.05 and plot in Figure 3 the value
function u 4~ in comparison with the expected values of “perturbed” strategies u4(-) for A = A* —2, A* — 1, A*+
1, A* 4+ 2. Notice that these can be computed as the sum of I"’s as in (2.14). For any choice of A, it is easy to see
that u 4 is continuous as in Remark 2.4 but fails to be differentiable at A %= A*. We can confirm in all six cases
that u 4« indeed dominates u 4 for A # A* uniformly in « € R. This numerically verifies Propositions 2.1 and 2.2.

4.3. Numerical results on the multiple-stage problem. We now move onto the multiple-stage problem. We
assume M = 3 for brevity and use for f and g the functions (a)-(b) and (i)-(iii) defined for the one-stage problem.

We first verify (3.26) or the optimality over Ss for the case, foreach 1 < m < 3, (a) g, = g(er”) for some
am = (@mi)1<i<N,, and ¢y, = (Cmi)1<i<n,, With N,,, = 4, and either (ii) f,, = Y5 f“™ with by = 1 and by = 0
with sufficiently small bs or (iii) f, = Ym f(¢“P) with L = B = 1 for some 7, > 0.

We conduct a number of experiments for various values of {a,, ¢pm,VYm,1 < m < 3}. By using the al-
gorithm given in Subsection 3.2, the optimal threshold levels A* = (A*(1), A*(2) A*()) takes values among
{A7, A%, A%, A?1,2}’ A?2,3}’ A?LZS}} and satisfy one of the following four cases:

Case 1: A*(D) = A4*(@) = 4*();
Case 2: A*(1) > A2 = A*(3);
Case 3: A*() = A*(2) > A*3).
Case 4: A*(D) > A*(2) > A*G),

Here we use a random random number generator to sample a,,, ¢, and v, for each 1 < m < 3 and also
the choice of f()/ f(e=p) until we attain each of Cases 1 to 4. The generated parameters and the corresponding
threshold levels are summarized in Table 1. In order to validate the optimality of the strategy (7 4«1), Tg=(2), T4=(3) )
we compare in Figure 4 the value function with those of perturbed strategies (TAS) , Tgl(cz) , Tg}(j) ), 1 <k < 6, where

ka — (A*(l),A*(Z),A*(?’)) + 65,

with §; := (1,0,0), d2 := (1,1,0), 63 := (1,1,1), 44 := (0,0, —1), d5 := (0, —1,—1) and d¢ := (—1,—1, —1).
It is clear that (Tgl(cl),ng),Tg(ks)) € §3 C 83 because ES) > Z,(f) > g}(ﬁg) by construction. Figure 4 suggests
in all cases that the value obtained by (74.(1), T4=(2), T4+ ) dominates uniformly over x those obtained by the
perturbed strategies. These results are indeed consistent with our main theoretical results as in (3.26). In view of
Figure 4, we also observe that there are up to three kinks (at A*) in the value function although these still appear
to be differentiable. This is again due to smooth fit as in Remark 2.4. The perturbed strategies on the other hand

fail to be differentiable while they are still continuous.
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FIGURE 2. Plots of A and the value function u 4+ when g = ¢(t").
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value g (solid blue) in comparison with u4(-) for A = A* — 2, A* — 1, A* + 1, A* + 2 (dotted).
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il | fs 71 V2 3

Case 1 || lin |exp | lin || 0.2287 | 0.0642 | 0.7673

Case 2 || lin | exp | exp || 0.2834 | 0.8962 | 0.8266

Case 3 || lin | exp | lin || 0.8131 | 0.3833 | 0.6173

Case 4 || exp | exp | exp || 0.4139 | 0.3091 | 0.2638

al a9 as
Case 1 || (0.34,0.21, 0.16, 0.43) | (0.36, 0.20, 0.41, 0.25) | (0.32, 0.41, 0.39, 0.32)
Case 2 || (0.20,0.42, 0.16, 0.44) | (0.25, 0.30, 0.23, 0.36) | (0.35, 0.29, 0.36, 0.01)
Case 3 || (0.29, 0.12, 0.40, 0.27) | (0.27, 0.23, 0.49, 0.04) | (0.14, 0.11, 0.01, 0.40)
Case 4 || (0.38, 0.40, 0.41, 0.25) | (0.50, 0.10, 0.21, 0.40) | (0.09, 0.50, 0.36, 0.18)
c1 C2 e3

Case 1 || (4.75,4.33,4.99,3.02) | (2.22,3.16, 1.12, 1.94) | (0.30, 1.78, 3.26, 0.71)
Case 2 || (3.37,0.59, 1.23,2.73) | (2.19,4.07, 1.71, 2.81) | (2.19, 1.62, 1.88, 1.98)
Case 3 || (4.95,0.09, 2.67, 3.13) | (0.34,3.42, 4.43, 0.69) | (4.70, 3.92, 4.50, 1.09)
Case 4 || (0.37,0.97, 0.20, 2.79) | (2.95, 2.16,4.73, 0.92) | (4.55, 3.75, 3.82, 2.49)
AT | A3 | AL | ALy | Afsy | AR || AT | A3 | AXG)
Case 1 || -3.37 | -0.37 | -1.07 | -2.090 | -0.75 | -1.75 || -1.75 | -1.75 | -1.75
Case?2 || -0.75|-1.88 | -0.72 | -1.35 | -1.39 | -1.17 || -0.75 | -1.39 | -1.39
Case3 || -2.57 | -0.77 | -5.64 | -1.73 | -2.74 | -2.67 || -1.73 | -1.73 | -5.64
Case4 || 146 | -1.42|-256| -0.25 | -2.01 -1.13 146 | -1.42 | -2.56

TABLE 1. Parameters and threshold levels for (3.26).

We now move onto verifying (3.27) or the optimality over 5’3 for a wider class of f and g. We assume (b)
gm = g™ for some & = o, and f = O foreach 1 < m < 3, (i) fi = v fC™) with I, = (—o0,0),
I, = [0,00), f = —10 and f® = 10, (ii) fo = 2 f¥" for by = 1 and by = 0 with sufficiently small b3 and
(iii) f3 = s f (ezp) for I, = B = 1. We simulate the values of {am,Ym,1 < m < 3} until we obtain each of
Cases 1 to 4 as described above. The generated parameters and threshold levels are summarized in Table 2 and the
comparison with perturbed strategies are given in Figure 5. We again observe in all cases that the value obtained by
(T4+1)s Tg#(2), T4=(3 ) indeed dominates uniformly over x those obtained by the perturbed strategies. This verifies
numerically (3.27) and we also observe the same smoothness properties as in Figure 4.

5. CONCLUDING REMARKS

In this paper, we studied a wide class of optimal stopping problems for a general spectrally negative Lévy process
and extended them to multiple-stopping. Our framework is applicable to a wide range of settings particularly in
real option problems where the firm withdraw from a project in stages. Our analytical results suggest that the
optimal solutions can be characterized by the threshold levels that make certain monotone functions vanish and the
corresponding value functions can be expressed in terms of the scale function. Our numerical experiments suggest,
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FIGURE 4. Verification of optimality (3.26) for the multiple-stage case: the value function U(?)
(solid) in comparison with the perturbed strategies.

for the hyperexponential jump case, that these can be solved instantaneously with high precision. These tools we

developed in this paper are highly valuable and can be used flexibly for analysis in real options and other fields of

finance and industrial applications.

There are several directions for future research. First, our results can be pursued for a general Lévy process with

both positive and negative jumps. While it makes the problem less tractable, it is expected that these can be done at

least for the cases with analytical forms of Wiener-Hopf factors such as double exponential jump diffusion [20] and

phase-type Lévy processes [2]. Second, by using hyperexponential fitting, one can approximate any Lévy process

with completely monotone jumps (such as CGMY and variance gamma processes) by those with hyperexponential

jumps as in Section 4. By calibrating with real financial and industrial data as in [3], one can conduct detailed
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Qg Q2 ag M V2 V3

Case 1 || 0.0596 | 0.2687 | 0.9867 || 0.5824 | 0.4210 | 0.0921
Case 2 || 0.9119 | 0.0149 | 0.1567 || 0.7722 | 0.4754 | 0.6809
Case 3 || 0.1874 | 0.5317 | 0.3550 || 0.6003 | 0.0850 | 0.9224
Case 4 || 0.7862 | 0.7231 | 0.2788 || 0.6535 | 0.4897 | 0.9729

AT | A A ALy | Aksy | Ales T R
Casel || -4.53 | -4.71|-1.56 | -4.61 | -2.84 | -347 | -347|-3.47|-347
Case2 | -3.32 | -6.69 | -6.20 | -3.93 | -6.52 | -4.15 | -3.32 | -6.52 | -6.52
Case 3 || -4.17 | -2.12 | -4.87 | -3.47 | -3.42 | -3.79 -3.47 | -3.47 | -4.87

Case4 || -3.31 | -3.58 | -5.60 | -3.41 | 4.14 -3.70 -3.31 | -3.58 | -5.60
TABLE 2. Parameters and threshold levels for (3.27).

empirical analyses on optimal stopping strategies and the value functions. Finally, it is an interesting extension to
“swing option type” multiple-stopping with refracting time as in [10, 11] where there have to be some intervals
between any two stoppings.

APPENDIX A. PROOFS

A.1. Proof of Lemma 2.1. Substituting (2.20) in (2.11),

N o u
(A1) pgﬂl)4 =— Zcie‘”A/ H(du)/ e~ P2 ez _1)dz.
’ i=1 0 0

(Case 1) First suppose a; # @, for all 1 <+¢ < N. Simple algebra gives

M,,Sai)
P

r

N
(A2) A(A) = —éK +) cetid + T (A)
T i=1

where

(a) ao® > —®,u —au —(®r—a)u P,
MY =7+ — . + II(dw) [(1 —e ) —eT (1 — e\ ) , a€R\{®,}.
2 0 P, —a

r

By the definition of ¢ and ®,., we rewrite M,(a) as

2

T+ ﬂ@r + / II(dw) [(1 — e P _ Drulpuey) —e (1 - ef(q’rfa)u)‘(l)r
0

B _a Prulfue(o,1)}

2

= (C - /01 u(e” ™ — 1)H(du))<1>r + 022<I>r(<1>r +a)

q>7“ > —au —(®r—a)u
“ % —a /0 II(du)e (1 — e Uy (B, — a)ul{ue(&l)})

@,

= P, — awa(q>r - CL),
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FIGURE 5. Verification of optimality (3.27) for the multiple-stage case: the value function u®
(solid) in comparison with the perturbed strategies.

where the last equality holds by (2.5). On the other hand, ¢, (®, — a) = ¥(®,) — ¢¥(a) = r — 1(a); see page 213
of [21]. Hence

D, D,

@0 (0) = (= V(0) = 5

awa(q)r - a)v

which shows for the case a; # ®, forall1 <i < N.

(Case 2) Suppose a; = ®, forsome 1 < 5 < N (with a; # a; for 7 # j by assumption). Take a sequence
of (strictly) increasing sequence ag.m) T a; = ®,. Then a modification of (2.17) with a; replaced with ag-m) is by
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Case 1

AU = =LK+ > et (a) + o A, (™) 4+ W (A).

" 1<i<Nij

By the definition of o, as in (2.21), we have

N
lim A(™(A) = —%K +3 e, (a5) + U p(A).

mToo r =1

On the other hand, in view of (A.1), its integrand is monotone in a. Hence by the monotone convergence theorem
and because g and ¢ are continuous in a, lim,, 1o, A (A) = A(A), and the proof is complete for Case 2.

A.2. Proof of Lemma 2.2. Because g(x) is infinitely differentiable, the results are clear for x € (—oo0, A*).
Hence we show for 2 € (A*,00). Because W (") (y) is differentiable on y > 0 as in Remark 2.1 (1), K Z") (z —
A*) SN cieaizZész(ai))(a; — A*) is twice differentiable.

Regarding O f(x; A*), as in the proof of Lemma 4.5 of [16], integration by parts, thanks to the continuity of f,
gives

r ; Wz —y) f(y)dy

- 1@ - 2], - [ FE @ - 20 - )y

= f@)(Z2D(x) = 1) = (A2 () = 2z — A7) = (f(@) = FANZD @) + [ 27 (@ —y)dy

A
= —f(@) + f(A) 2D (x - A7) + f ()27 (@ - y)dy.
Hence
Oylas A7) = 1 | ~fa) + F(AN 20w - 4+ [ )20 = )y
Because Z(")(0) = 1, © 4 (x; A*) is differentiable with
O (3 A%) = f(AW ) (@ — A7) + f ()W (@ - y)dy.

When X is of unbounded variation, because W) (0) = 0 as in Remark 2.1 (2), © #(x; A*) is twice-differentiable
with
Of(w; A7) = f(AW (2 — A7) + f( W' (@ — y)dy.

A.3. Proof of Proposition 2.1. Suppose —oco < A* < oco. By directly using the results of [17] (Lemma 3.7 and
Proposition 3.4), we obtain

(£ —r)ua-(z) + f(x) =0, z€ (A" 00),
ua-(z) =2 g(z), z€R,
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where L is the infinitesimal generator of X applied to a sufficiently smooth function A, i.e.,
Lh(z) = ch/(z) + %02h"(az) + /Ooo[h(ac —2) — h(z) + B ()21 1< 3] T1(d2).
We shall show (£ — r)ua«(x) + f(x) < 0onz € (—oo, A*) and verify the optimality. By the definition of v,
Le% = e [ca + %(720,2 + /000 (e — 14 azlgoccqy] 1(d2) | = 9 (a)

for any @ > 0 and hence we have

N
(A3) (£ —r)g(@) + f(2) = —rK + ) e (r —(ai)) + f(2).
i=1
By how A* is chosen,
N
(A4) 0=—1K+ ) c;e"" &, (a;) + DU s(AY).
i=1
Because f is increasing and x < A*
(A5) B (A) 20, [ @)y = fo)
0
It is also easy to see that forany 1 <¢ < N
(A.6) eV B, (a;) > e (r — (aq)).

Indeed, for the case r — ¢(a;) > 0, we must have ®, — a; > 0 and hence (A.6) holds by A* > z; for the
case r — 9(a;) < 0, the left-hand side is positive while the right-hand side is negative in (A.6); for the case
r —1(a;) = 0, the left-hand side is positive because v’(®,.) is, while the right-hand side is zero. Hence, by
(A4)-(A.6), (L —r)ua~(z) + f(x) < 0 holds.

This result also holds for the case A* = co. In this case, 0 > —r K + Zf\il cie“i‘szrwr (ai) + @rqu(;{), for
any A € R. Therefore (L —r)g(z) + f(z) < 0holds by the same reasoning as in (1) by simply replacing A* with
A

Finally, we verify the optimality of u 4+ (x). Thanks to Lemma 2.2 and the continuous/smooth fit condition as in
Remark 2.4, a version of Meyer-Ito’s formula as in Theorem IV.71 of [28] (see also Theorem 2.1 of [27]) implies
{e " (Xy) — fg e " (L —r)uas(Xs)1x,24+yds, t > 0} is alocal martingale. Namely, there exists some lo-
calizing sequence {o,,, m > 1} such that {e "\ m)q 4. (X r,, ) — gmm e "(L—r)uas(Xs)lx,24+yds, t >
0} is a martingale for any m > 1. By the optional sampling theorem, for any stopping time 7 € S, we have for
any L >0

TATm AL
E* [e_T(TAJ’”AL)uA* (XrromAL) — / e (L —r)usx (Xs)l{X#A*}ds} = ug+(x).
0
Because (£ — r)ua- + f <0,

TACm AL
E® [G_T(TA"mAL)UA* (XrAomAL) +/ e_rsf(Xs)ds} < uae ().
0
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Moreover, because ua+(z) > g(z) and ua+(z) > limay—ooua(z) > [;° e " f(—oc0)dt =: B uniformly by
(2.19), we have

TATmAL
B [N (g( X g, 1) V B) + / eI (X ] < (@)
0

Because g V B € [B, K V BJ, by the dominated convergence theorem

Jim Jim B [eﬂ“(”f’mAL) (9(Xerornr) V B)] —E° [e*”(g(XT) v B)} > E° [e*”g(XT)} .

On the other hand, because f(—oo0) > —oo and by the monotone convergence theorem,

TACm AL
lim lim El’[ / e f(XS)ds}
0

mToo LToo
TAOm AL TAOm AL T
= lim lim IE“"‘[ / e T f+(XS)ds} — lim lim Ex[ / e T f_(XS)ds} :Ex[ / e F(X,)ds|.
mToo LToo 0 mToo LToo 0 0

This means E* [e*”g(XT) + fOT e*”f(Xs)ds] < uy~(x), for any arbitrary 7 € S, as desired.
It is now left to show for the case A* = —oc0. Because Qu(z)/0A < 0 forany A € R as in (2.19), there exists

A
U_oo(T) == Al\LiEnoouA(x) = Aliiznoo E® [/0 e_”f(Xt)dt} '

By Assumption 2.2 (1) and by the monotone convergence theorem, we can write

wsele) = Jim (Ex [ /0 et f+(Xt)dt] e [ /O ety (Xt)dtD
= [E* UOOO e—”f+(Xt)dt] —E® UOOO e—"tf_(Xt)dt} = E* [/OOO e‘”f(Xt)dt] .

Now by Corollary 8.9 of [21], u_ attains the proposed form. Because du(x)/0A < 0 for any A € R, clearly
U—oo(x) > g(x) for any x € R. Moreover, because u_ is attains by 7% = oo, we have the claim.

A.4. Proof of Proposition 2.2. (1,2) We first suppose < A*. Then by definition us«(z) = g(x). Because
ua(x) = g(x) for any A > =z, it is sufficient to show us(x) < g(z) for A < x. This is indeed so because by
(2.16), (2.19) and A(x) < 0 due to z < A*,

ua(z) < ug(z+) = gla) + W (0)A(z) < g(z) = uge(z), A<z < A"

This proves (2). For (1), suppose z > A*. Then by (2.19) ug-(x) > ua(z) forany A < z. For A > =z,
ua(x) = g(x) and by (2.16), (2.19) and A(z) > 0 due to z > A*,

upe () > ug(2+) = g(z) + WO (0)A(x) > g(z) = ua(z), A>z> A"

Therefore u 4+ () > u(z) uniformly in x € R, as desired.
The corresponding value function (for (1)) can be expressed as the sum of (2.14):

~ * T * T * r * T * T *
() = g(A) 20 (x — A) + WO (2 — AY) (—q)g(A )+ o) + Wy (A >) — o (@) — Op(z; AY).



32 K. YAMAZAKI

From the definition of A* that makes (2.17) vanish,
2
ii(w) = g(A") 20 (@ — A7) + WO (@ — A1) Tg/(A") = ¢ ). (2) = O5(a; A,

as desired.
(3) the proof is the same as that of Proposition 2.1 (3).
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