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Abstract

A new explicit solution is obtained for a general class of two-dimensional
optimal stopping problems arising in real option theory. First, the
solvable case of homogeneous and quasi-homogeneous problems is
presented in a comprehensive framework. Then the general prob-
lem - including the unsolved case of inhomogeneous functions - is
considered and an explicit expression for the value function is ob-
tained in terms of a modified Bessel function of second kind. Then
we clarify the link between the general solution method and the
more elementary one in the specific (quasi-)homogeneous problem.
Finally, this article provides some useful formulas and some insights
for the one-dimensional case as well.
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1 Introduction

Several research questions in real option theory, investment decisions, val-
uation of financial securities are formulated as optimal stopping problems
and result in free boundary problems for (degenerate) elliptic or parabolic
equations. Often, when the underlying stochastic processes are geometric
Brownian motions the value-matching and smooth-fit conditions apply. In
some special cases (one dimensional problem, homogeneous reward func-
tion of degree 1) an explicit solution can be obtained in an elementary
way. When there are two risk factors and the reward function is non-
homogeneous, only numerical methods are available (e.g. finite difference
schemes). On the other hand, a few quasi-analytical solution methods
have been proposed to provide an approximate solution (f.e. Adkins and
Paxson (2011), Pindyck (2002), Heydari et al. (2012)). Unfortunately,
these methods are not rigorous, and the approximation used in the com-
putation is not always justified as the terms that are left-out should not
be neglected in some cases (see Compermolle et al., 2021). A recent arti-
cle by Lange et al. (2020) demonstrates that the quasi-analytical method
may yield a suboptimal policy and an inaccurate value function. Although
(quasi)-analytical methods are undoubtedly of practical use for many real
option problems, they are not founded yet on a more rigorous ground.

In this article, we pursue an analytical approach. The known solvable
problems are framed and understood within a general setting and explicit
solution methods are presented for some meaningful problems of optimal
stopping with two risk factors. Generally speaking, the advantage of an-
alytical methods for boundary-value problems over domain discretization
methods is the reduction of problem dimension and a relatively easiness
to program. First, we perform suitable change of variables and then we
obtain an explicit expression for the solution of the boundary value prob-
lem via fundamental solution methods. Second, we provide an expression
for the optimal threshold and the value function. Then the effectiveness
of the method is tested on a few significant problems arising in economics
and corporate finance.

This research question lends itself to extensions to the case where the
underlying stochastic processes are not diffusions and the smooth-pasting
principle fails. Such a challenging continuation deserves the efforts of fu-
ture research, although it is unlikely that easy-to-handle results can be



obtained.

This article is organized as follows. Section 2 introduces the motivating
problems and the main notation. Section 3 is devoted to the two-factor
problems which admit an explicit and elementary solution thanks to the
homogeneity property of the reward function. We provide a comprehensive
framework capturing all the already studied cases from real option theory
which usually consider only linear functions; then we propose an extension
to quasi-homogeneous reward functions. Our presentation is more gen-
eral than in the extant literature both in terms of the shape and of the
(quasi-)homogeneity property of the reward function. As a by-product, we
also correct a misprint in Nunes and Pimentel (2017). Section 4 derives
the main result: the general problem -including the unsolved cases- is at-
tacked via fundamental solution methods and suitable changes of variables.
Finally, Section 5 applies the results to a couple of meaningful examples.
Appendix A surveys the solution of the classical one-factor problems by
providing user-friendly formulas which are not published elsewhere and,
moreover, it links the results to Wiener-Hopf theory. Appendix B contains
the technical definitions for the Bessel functions which are used in Section
4, for readers’ convenience.

2 Notation

In several models of economic significance, uncertainty is modelled through
a multidimensional geometric Brownian motion, X;, or a more general
multidimensional diffusion, where the dimension depends on the number
of risk factors. If X; is an n-dimensional geometric Brownian motion then
its components are of the form

2
i i g; i
X = X3 expl(us — =)t + oW (1)

where (Wt(l), e Wt(n)) is an n-dimensional Wiener process with respect to
a given filtration, §, and with F [Wt(i)VVt(j )] = p;jt where the non-negative
definite matrix (p;;)ij=1,.», has p; = 1. Let o;; denote o;0;p;; for all
1,5 =1,..n.

The differential operator associated with the process X; is the following



differential operator in R} :

Z 01700, + Z 11350s, (2)

5,=1

where z; > 0,1 < j <n.

Given a positive reward function (or gain function) G : R} — [0, +00),
usually a continuous function, and a discount rate r > 0, then the agent’s
problem is to decide the optimal stopping time, t*, that maximizes the
expected discounted reward, i.e.

Vix) = sgp E.le™"G(X,))] = E.le”™ G(X)]

where the supremum is taken over all stopping times w.r.t. §. Here E,[.]
is a short notation for EJ[.|X, = z].

In Shiryaev (2008), existence of the solution is obtained when G is lower
semicontinuous and E,[sup,~,e "G (X;)] < co. If G is continuous, then ¢*
is the first entry time of X, into a stopping region, S, where V equals G,
ie. t* =inf{t > 0; X; € S}.

A typical interpretation is the optimal investment time in an asset whose
instantaneous payoff is G(X;) and V represents the value of this investment
option (See McDonald and D. Siegel, 1986 and Dixit and Pindyck, 1994).

Typically, G(X;) = max Zal — Z ciXt(i), 0] where the a;’s are unit

revenues and the ¢;’s are umt costs related to the several risk factors. For
this function, the case n = 2 and m = 1 dates back to McDonald and D.
Siegel (1986), while the general case is studied in Gahungu and Smeers
(2011), among others, but it is not clear yet how to fix either necessary or
sufficient conditions for the proposed solution to hold. In particular, the
search for stronger necessary conditions and weaker sufficient conditions
and, at the same time, tractable ones, is still an open question.

Here the optimal investment time, t*, is the first entry time of X; into
the stopping region, S, whereas V' > G in the so-called continuation re-
gion C. The boundary between the two regions is the optimal stopping
boundary!, OC. The boundary-value formulation of this problem is as fol-
lows:

In multi-dimensional cases an explicit expression for the unknown stopping bound-
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{ 5;2"/ ! ininOS (3)

with V > G in C and [r— L]V >0 in S.

Another relevant decision problem concerns the optimal entry into an
investment securing a continuous cash flow ¢(X;), that is, the decision
maker has to maximize the following expected value:

“+00

Bl / e g(X,)dt]

t*

Symmetrically, the problem of optimal exit time, so that a continuous
cash flow is abandoned when revenues fall below a certain level, consists
in maximizing the following expectation:

t*

Bl [eglxoa

The last expression can be written as
+oo +oo

o / e~rig(X,)dl] + B | / e (—g(X,))dt),

*

0
thus reducing the solution of one problem to the other one. The boundary-
value formulation of the optimal exit problem is as follows:

e RS 2

with V' >0 in C and [r— L]V >g in S
Finally, we note that Mayer formulation (3) and Lagrange formulation
(4) - and even the Bolza formulation which combines both? - are known

ary is hardly found. A representation for the unknown boundary is offered in Chris-
tensen and Salminen (2018), equation (13), but the solution of this integral equation
remains a non trival task.
2The general formulation is:
[r—LlV=g in C
{ V=G in S



to be formally equivalent. For example, if V is a solution of (3) with
G € C?(C), then V =V, — G satisfies (4) with g = [L — r]G. Then, in the
next sections, we will focus only on a single problem choosing between (3)
and (4).

A general framework is available to attack these problems building on
the inversion formula between L—r and the r-Green kernel, &,.. (See Peskir
and Shiryaev, 2006, for example). In particular, an integral equation for
the unknown boundary of the stopping set can be written as follow:

/@r(x,l‘/)(r — L)G(2)d2' =0, z € 08S.

However, finding a numerical solution for this set equation is not standard
and not easy to handle in practice.

3 Homogeneous and Quasi-homogeneous Re-
ward Functions

In this section we compute an explicit solution for a two-dimensional prob-
lem of the form (3), by assuming that G is positively homogeneous of degree
h. In this situation, the problem can be solved in an elementary way and
the special case h = 1 is already found in real option literature for several
applications. Here we firstly obtain a solution for a generic homogeneous
function G. Then we extend the result to quasi-homogeneous reward func-
tions. We use dimension reduction, as is standard in real option literature
for the special case of homogeneous functions of degree 1. Let us consider
the problem

vod Tt oas ®

where L = $[072%02 4 034202 + 2p01022y02,| + 1120, + payd,.

As shown below, some sufficient conditions guarantee that the optimal
stopping boundary is of the form 9C = {(:c, y) €R2; y= z*:c} for some
z* > 0.

We assume G differentiable and use the smooth-pasting principle to per-
form the calculation.



Let V(x,y) = 2"v(2), where z = y/x. Then (5) is transformed into

Lv=0 in C
v(z*) = G(1,2) = G(z7) (6)
V' (2*) = G'(2*)

where the last equation follows from Euler’s theorem for homogeneous
functions. Here L denotes the following differential operator:

~ 1 d> d
L = S0} + 03 —2p0103)2° = + (2 — pa + (1 — h)o? + (h — 1)poyoa]z— +
2 dz dz
2
%h(h — 1)+ hpy — (7)

and C'is of the form (0, 2*) or (2*,00).
Assume that % + p1 < 7. Then a general solution of Lv=0is of
the form A, 25+ + A_ 2P~ where B_ < 0 < 3, are the roots of the equation
associated with L and A, are generic constants still to be determined. The
two identities in 2* yield: - -

A, = G'(Z*);Jr*:giG(z*)(z*)*ﬁJr and A = fG’(z*B)f‘:giJrG(z*)(z*)fﬁf_

Additional boundary conditions, holding true in the continuation region,
allow for obtaining a unique value for z*. In particular, if v(0+) < co then
A_ should vanish, and z* is found by solving G'(z*)z* = 3,G(z*). Here
G(z, 2*).0,G(x,z*x) > 0 is needed to get a positive threshold z*. On
the other hand, if v(4+00) < oo then A, should vanish, and z* is found
by solving G'(z*)z* = B_G(z*). In this case, G(z, 2*x).0,G(x, z*x) < 0 is
needed to get a positive threshold z*.

Finally, similar conditions can be formulated by interchanging the roles
of z and y.

Example 3.1 Consider an investment problem with two risk factors
and with G(z,y) = ax + by. Assume that a and b have opposite sign, for
example, a < 0 < b. Assume pu; < 7 and ps < r. Then the investment
threshold is of the form y = z*x where 2* = a5, /[b(1 — ;)] and (5, is the
positive root of



3[0% + 03 — 2p0109] 62 + (2 — i1 — 307 — 303 + po1oa] B+ — 1 = 0.
Note that g, > 1.
Then, V(z,y) = [a + bz*|at =5+ (—Z%)m.
Note that the condition G(x, z*z).0,G(z, z*x) here takes the form abx/(1—
B+) > 0, which holds true under our assumptions on the parameters.

This argument can be extended to quasi-homogeneous reward func-
tions. G is a quasi-homogeneous function of degree h with weights (wy, ws)
if G(\z1, \"2x9) = A"G (21, 22) for every positive \. If G is differentiable,
then the generalized Euler identity holds: ZZ w;z;0,,G = hG. Note that

homogeneous functions are captured by taking the weights (1, 1).

In this setting, the argument above can be generalized as follows.
Define V(z,y) = 2"/"1v(z), where z = y/2"2/*1. The operator L is re-
placed by:

2
L= %[a%(%)QjLa% —2,00102%]22;7 + [z o G +%a%(% — wiljt%fl-)%-

h—wyy,d | 9% h (h _ o,
pPO102 w1 ]Zdz + 2 w1<w1 1) + w1u1 T

Finally, the condition w + pyp < =2+ is sufficient to guarantee that

the roots of the equation associated with L satisfy f_ < 0 < 4. Then a
general solution of Lv = 0 is of the form A, z%+ 4+ A_2%- as above.

Example 3.2 Consider an investment problem where the profit func-
tion is quasi-homogeneous and the reward function turns out to be of the
form: G(x,y) = Ky — 2, where both the investment costs, x, and the de-
mand, y, are uncertain and follow GBMs. (See Nunes and Pimentel, 2017).
This problem can be handled in our framework by taking w; = 1,wy = 1/6
and h = 1. Defining z = y/2/? and denoting by 3, the positive root of:

sl T 03 = 5p010a| B + [z — F — (u + )5 + §o10]6+ m — 7 =0,

the threshold value, z*, is obtained by solving G'(z*)z* = 8.G(z*), that

is, (2*)? = %. Finally, the value function is of the form:

(B8+/0) %—1 8
Ve = (52) (5 -1)7 45

Btz v
K(B+—0)"
This solution can be compared with Nunes and Pimentel (2017), where
however p = 0 and jumps are added. Note that in Nunes and Pimentel

(2017) there is a misprint in equation (19).

in the continuation region 3¢ <
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Finally, we obtain the solution for the problem of acquiring or aban-
doning a continuous cash flow which is represented through a homogeneous
function, g(z,y). Let us consider problem (4), where g is homogeneous of
degree h. Changing to variables V(z,y) = 2"v(z), where z = y/x, we are
reduced to consider the following problem:

Lv =g in C
{237 e —o 0

where g(z,y) = 2"§(z). Here L denotes the same differential operator as
(7) and z* will be determined below. Let us focus on the case where Cis
of the form ]0, z*[ and lim, o4 v(z) < co. Let - < 0 < B4 be the roots
of the equation:

152824 [jiy =+ (1= h)o? + hporos —§ (03 +03)| 3+ F h(h—1)+hj —1 = 0,

with S? = 0? + 02 — 2p0oy0,. Using Lagrange formula of the variations of
constants we get

B Z% 28— z gz
'U(Z) == 52(2ﬁ+j57) fz g++1 dZ + 52(5 B ) fZ* ngll dz
where z* is determmed by solving
I 9&) 4y =
0 P++t
Going back to the coordinates (z,y), the following solution is obtained:

V(2,9) = s=5 {yﬁ+ fz ’ fs(fﬁ dt +y°- 2. tg(zfldt}

where the threshold value z* is obtained from f . gﬁii)l dz = 0. We refer to

Appendix A, Remark A1, for the issue of existence of z*.
Of course, a similar result can be obtained by interchanging the role of z
and .

Remark 3.1 In the case where g and G are homogeneous functions
of the same degree, we can use the procedure above to solve the general
problem:

{ v T (9)



One can go through the following steps: reduce the problem dimension
by changing variables as above, compute the fundamental solution of the
one-dimensional problem as in Appendix A, and finally use the smooth-
pasting conditions to match G and find the free boundary in the form
y*(z) = z*z. We omit the details of the proof and report the final formula
below. For the case i) the value function can be written as:

B 2*r g(z,z
V(xvy) = 32 2 f gﬁ(++1d +

(B+—8-) Jy 22(5 5) B+—B-

where 2 = 07(32)? + 05 — 2po1093% and [, B are as above. Here z*
is found by solving
2(z* B+ z* 1 Z * * *
22((53_57) 0 Zgﬁ( dZ - ﬁ+G<172 ) - G,<17 z )Z
The value function can be rewritten in the equivalent form:

V(@,y) = st W™ [0 Lo de + P Y S50 de]+
22(B+—B-) + 2P

B ’zzf 2 5 ,2¥)—G'(1,2%)2*
(E) + G'(1, )ﬁ+7§70(1 )+(E) B+G(1 5275,(1 )

4 Exact Solution to the Free Boundary Prob-
lem with two Risk Factors

In this section, we start with an optimal exit problem with instantaneous
reward g. Assume that the economic problem under consideration is driven
by two stochastic variables X, i = 1,2, following (1) and such that there
exists cg = const > 0 s.t.

2
Z 0i;&i&; = col€)?, for all € = (&,&) € R? (10)
ij=1

2

wnere oy; O 7 ) and I12 po1T2 enote < PO102 Ug by

and let m; = p; — %’2, 1=1,2.

Assume that the optimal boundary for problem (4) is of the form x; =
xi(z2) or xy = x3(x1). We will show that this assumption is legitimate in
most cases of practical interest.

Typically, the continuation region C' can be of the form:

10

yzg(zz)dz_'_( )5+ G'(1,2%)z*—B_G(1,z*)



i) {(x1,22); 0 <y < x*(x2))} for exit problems when costs become
too high;

ii) {(z1,z2); w1 > x*(x2))} for exit problems when returns become too
low.

4.1 Boundary Data on the Axes ;=0

Suppose that g € C(ﬁi) and ¢(.,0) changes sign in its domain. On the
ray x2 = 0 the equation [r — L]V = g becomes:

[101$1d 2 WLﬂlxldgE1 T]V = —g(71,0).

To simplify the notation, in this subsection, by V' (z1) we mean V (z4,0).
Let 5 < 0 < 3, denote the roots of the equation

‘Ulﬁi (111 ‘01)ﬁi—7”:0-

If we assume py < 7, then g, > 1.
Note that (Il;l) is locally integrable in a neighborhood of 0. As we are

reduced to a one-dimensional problem, we can rely on the explicit solutions
available which are reported in Appendix A.

In most problems of interest, some meaningful boundary conditions are
added.

In the case i), let us require lim,, o4 V' (21,0) < oo.

In the case i), the no-bubble condition takes the form V' (z1) = O(g(z1,0))
for z1 — oo.

Then the solution in case i) can be written as:

227+ x7 g(t,0) 227~ z1 g(t,0)
V() =zt L) mdt + gt Ly 5ot
where 7 > 0 denotes the optimal stopping point, which is found by solving
the following equation:
Jo 49 dt = 0.
We refer to Appendix A for comments on existence and uniqueness of zj.
In the case i), we write the solution in the form:
B * B
o 2x x7 g(t,0) 2x z1 g(t,0)
V(1) = mirmgy ol Sedt + gy J Sdt
where x] can be determined by solving
+00 ¢(t,0) dt
fgj’l‘ t6++1

11



Remark 4.1 The argument above can be replicated on the ray z; = 0
and an optimal threshold point x5 can be defined along the same lines.

Example 4.1 Consider an exit problem and let g(z1, x2) = ax1+bra+c.
Assume that ¢ > 0, b > 0 and ¢ < 0. This is the case with a problem
where ax; and bxrs model positive cash flows from two factors and ¢ the
current costs. Let us restrict the problem to x5 = 0. Then the solution on
To = 01is

2 B *
V(z1,0) = 4{7%(5+75,)(%)B (Bcix_ll + B%) — ot >,
where 3 are the roots of 10782+ (11 —301)B+—r =0 and z7 is obtained
as follows:
< gt0) 1p az] — — c1-84)
fz? grrdt =06 575 + 7 =0 & 2] = =5

When we restrict the problem to x; = 0 we get

V(0,29) = m(%)ﬁf (Bfizi + E%) - % + £, 19 > w3,
where Bi are the roots of %aggi +(p2— %ag)@ —r =0 and z} is obtained
as follgows: . R

oy HERdt =06 5 + £ =0e ;= G,

4.2 Properties of the Optimal Boundary

A typical assumption on g is that g is continuous and satisfies an integra-

bility condition of the form:
+oo

Ez[/e_” lg(X}, X?)| dt] < oo for any .

Notg that if g > 0 then the optimal stopping time is oo, while if g < 0 it
is optimal to stop immediately. To avoid such trivial situations we assume
that g changes sign. Moreover, if g is monotonic some regularity properties
of the optimal stopping boundary are easily obtained. We refer to Peskir
(2019) for the continuity property of the optimal stopping boundary within
a more general framework and to De Angelis and Peskir (2020) for the issue
of regularity of the value function up to the free boundary.

In this Subsection we focus on a specific situation which is satisfied,
for example, in exit problems where a cash flow is abandoned when costs

12



become too high. In this case, some properties of the optimal threshold
can be established in a more elementary way. Other possible situations
(e.g. entry problems) can be treated in a similar way. In particular, let us
assume that ¢ satisfies:

(H1) g(0+,z3) > 0, g(+00,x9) < 0 and g(.,x2) is decreasing Yz, € I,
where [ is of the form (0, x3), (23, +00) or (0, +00).

Then the optimal boundary can be written in the form x; = x*(x3) in
and the continuation region is of the form {(z1,z2); z1 < 2*(x2))}. We
can obtain the following

Proposition 4.1 In addition to (H1), let us assume that g is monotonic
in o for any fived x1. Then V is continuous and has the same monotonicity
as g. If g is convexr then V is convex and the stopping set is convex, the
function x* is convex and continuous and it increases (decreases) whenever
g increases (decreases) in xo for any fized xq.

Proof. Continuity of V' follows from general theory (see, f.e. Peskir and
Shiryaev, 2006). Let us show that V' decreases in x; in the continuation
set. Let (21,22) € C and (21 + €,22) € C with € > 0. Let 7 denote any
stopping time and let X7(z) denote we(#=o0)+oWi Then

T T

E| / erg(X2(ar + £), X2(22))dH] < B / e T g(X} (i), X2 (2)) ]

0 0
because g is decreasing in the first component. If 7 is the optimal stopping

time for the problem with initial state (z1 + €, x2) it follows that V(zy +

T

£,19) < E[/e”tg(th(:Ul), X?2(xq))dt]. For that specific stopping time T,

0
’

we know that E[/e”g(th(:Ul), X2(xq))dt] < V(z1,79), and thus V(x; +

0
g,T3) < V(x1,xs). The other monotonicity properties of V' can be proved
in a similar fashion.

Let g be convex. Let us prove that V' is convex in C. Let (z/,2}) and
(z1,15) € C, 6 € [0,1] and denote 0z} + (1 — 0)z; by T;, i = 1,2. In view
of convexity of g for any stopping time 7 we have:

13



T

E| / e g(X) (1), X2(T))dH] <

0
T T

9E[/6‘”9(Xt1($’1)7X?(fﬁ’z))dt]+(1—9)E[/€‘”9(X3($’i)7Xf(l’;))dt] <
0 0

OV (2, 25) + (1 — )V (z,, 7).

Then taking the sup of the left-hand side we get:
V(T1,To) < OV (2, 2h) + (1 — 0)V (2, 1),

It follows that the stopping set is convex. Let us argue by contradiction

and suppose that (2, 7)) and (2], 2,) € S, but (;,T2) € C. Then
V(El,fg) < OV(.’,U,I,LUQ) + (1 — H)V(.T’l’, .CC;) =0< V(fl,fg)

which yields a contradiction.

The function z* is convex because its epigraph is the convex set S; it is

continuous because it is a convex function on an open convex set.

Finally, * is monotonic because z*(xq) = inf {z1; V (21, 22) = 0} and thus

x* increases (decreases) whenever V' increases (decreases) in z.

4.3 Explicit Solution via Fundamental Solution

Let us now solve problem (4). Our first step is to make the following
change of variables:

yij =Inwy, j=1,2, V(ry,9) = e¥1F22y(y,, yp) =

gla1, 22) = — f(y1, y2)e® 172 and 9C = {(y*(y2), o) ;92 € I C R}

a1 _ my _
where =1 =—>"Im.
6] ma

Then the continuation region C is either of the form:

i) {(y1,92); y1 <y*(y2))} for exit problems when costs become too
high, or

i) {(y1,y2); 11 > y*(y2))} for exit problems when returns become too
low.
Thus, (4) takes the form:

{ zv_: f in ? (11)

14



where

2
=N % 12
Z 20 ay] 12
with k = %[(04101)2 + (002)? + 2pai oy 9] + aymy + agms — r. Note that
k+r= —%mtEm < 0, and therefore k can be written as —k? for some real
k.
Changing to variables { o1y = LV L=p*+pz and v(yy,y2) = u(z1, 22)
Oy y2 = 32

the differential equation Lv= f is transformed into:

Lo 2 2

5[821u + 0z,u] — k*u = ¢(21, 22), (13)

This is a modified Helmholtz type equation. Recall that a fundamental
solution, &, for the modified Helmholtz equation in R? is written as fol-
lows.

Let K, denote the modified Bessel function of second kind (see Appendix
B) and let E3(z) = % € R* h > 0. Then [Ay — h%& = §(x),
i.e. £ is a fundamental solution of the Helmholtz operator Ay — h?. (See

Budak et al., 1972).
The continuation region is either of the form:

i) {(21, 22); 21 < 2*(22))} or

i) {(21,22); 21 > 2"(22))}
where 2*(22) = [01y*(22/02) + pz2]/\/1 — p2.

Then the solution of the boundary value problem for (11) in case i) and
with the threshold function defined on (0, x3) is given by

—1 Uglyé‘fZQ z*(z2+m2)—21
u(z1, 22) = 7/ d772/ Ko(V2kr/ 17 + nd)p(z1+m, za+m2)dm

—0o0

where y3 = In(23) and z3 can be found as in Subsection 4.1. Going back
to the old coordinates we obtain:
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A e .
1 [z3 C*(w1,w2;m2)
Viana) = 2[5 [ B e o

g(:vle(m 1—p2+p772)01’ 2™ dnydis (14)

with (*(x1, z9;m2) = [gil(lnx*(:@em"?) —Inzy) — pnp|//1 = p2.
Changing to variables { SL=my/1=p*+pn and setting k, = k/+/1 —

52 = 772
we can also write:

V(z1,12) = \/—/ K f_oo P I b (Joko R = 2pEEa)

e—a101£1*a2025zg<3;1€‘71£1 , x260252 )d£1d§2

The other possible cases can be treated in a similar way. For example,
in the case (i) and with the threshold function defined on (23, 4+00) one
gets

V(l’l, $2) =

+o0
/ f+°°[ *(z2€8292) /1) /\/— Ko fkp\/fl + 52 —2p&12)

6—010151—04202§2g(x1601§1 , 1‘260252)d§1d€2

4.4 An Equation for the Optimal Threshold

If we insert the optimal boundary x; = x*(x2) into the above-obtained
expression for the value function then we get V(z*(z3),22) = 0 for all
T, that is, we get an equation for the unknown function xo — x*(x9).
In principle, this can be solved through numerical iteration. However the
presence of the unknown in an endpoint of the double integral makes the
procedure rather unpleasant. In what follows we obtain a more easy-to-
handle expression.

Changing to variables o1& = Z; + In[z* (22e%2°2) /2% (22)] and Zy = 125292,
in the case (i) above the unknown threshold is the solution of the integral
equation:
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x5 :
/o e Gz o Fo(V2hoy[In A5k + (2 2 = 20 m 2 in 2

#g(ZI:C (Zg), ZQ)ledZQ = 0.
1

In order to avoid singularity in the integral some restrictions on the para-
meters needs to be posed. A sufficient condition which guarantees that oy
and «g are negative is the following:

my > 0 and mg > 0; moreover ,02%22 < p% < %22 for 0 < p < 1.

For the case of an integral equation of the form:

[

ﬁg(le*(Zg), ZQ)ledZQ =0
1

> :L"z a Z1x*(Z VA Zvx*(Z2)
[ e I Kok i BB+ B 2 BB 2
T2

one needs to guarantee that oy < 0 and oy +as > 0, and similar conditions
should be posed on the parameter values in all other possible cases.

5 Applications

In this Section some examples are presented to illustrate how to find the
optimal boundary. First we show that the homogeneous case of Section
3 can be recovered from our general expression. Our computation serves
as a sanity check and, at the same time, provides a method to reduce the
dimensionality of the integral, which can be used also in other cases.

Example 5.1 (Homogeneous reward function).
Assume that g is homogeneous of degree h and consider case (7). The
optimal threshold is of the form zs = z*z1, where z* will be determined
through (14). In view of homogeneity of g the equation for the unknown
threshold can be written in the form:

+oo  psn
/ / ZKO(\/ﬁk V13 + n3)elhmen)onlm/ 1= pms]—azom:
g(1, z*emormymp*rensltoan) dy, dpy = 0

where s = (22

al., 1953):

—p) \/1177. Now we use the following identity (see Erdely et
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Ko(Vahe) = [ etre-stieo
0

to replace Ko \/_ k:\/n% + 77% with an integral in dt. Then, changing to
variables /1 — p2[sny — m1] = —zv/t and 1, = /1, we get:

oo 2 t(ag+ag— h)2 22 —22
/ e_k 2(s241) / Z*e_o'lz\/i)e2(52+1)(lfp2) eBZ\/Z
0
3V Intw @0l gpd 2 dt = 0
where B = (h — ay)o; + M = Z[(h — 1) A1 + ],

(s24+1)4/1-p?
Ay = 02 — po103, DNy = 03 — po10a, Z = Ay + Ag;
z (a1+az—h 02\/_
(s24+1)/1-p? (82+1)
The integral in dn is equal to 27 N (+00) = v/27 and thus, after changing
variables o121/t = ¢ in the integral in dz, we are reduced to consider the
equation:

o) . 42, 0 2
/ %e_ﬁ/ g(1, z¥e % )em= B/ dCdt = 0
0 —00

where A? = (2r +a'Xa)= — (a; + ag — h)?(0102)?(1 — p?) is obtained from
the explicit expression of k? provided in Subsection 4.2.

Now changing to variables Av/t + (/v/t = VZ7 in the integral in dt we
obtain the following equation:

0 oo
/ 9(1,z%e™¢) exp[C((h — a1) Ay + asAg + A)/E]/ 6_T2/2[§d7+

- - 257dTr _
TeialdC = 0.

The integral in d7 is equal to v/271=/A. Therefore the equation for z* can
be finally written in the form:

moreover w(z,t) =

0
/ g(1, z*e %) exp[C((h — 1) A1 + axy + A)/Z]dC = 0.

Note that ((h —a1)Ar + @A + A)/E = [, is the positive root of
%62 + [my —my + h(of — po10s)] B + himy + h"l) —r =0,

which is the equation for the h-homogeneous case studied in Section 3.
Changing to variables z*¢~¢ = z we find again that z* solves the integral
equation:
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/ g(1,2)z7P+1dz =0
which is consistent with the results of Section 3.

Example 5.2 (Affine reward function). Let us consider the problem
of abandoning a cash flow g(z1,x2) = 1 — x1 — 9, where 21 and x5 repre-
sents current costs driven by two stochastic sources, while the return flow
is deterministic. Figure 1 plots an approximated optimal boundary when
the following parameter values are adopted: p;=0.02, us=0.04, 0,=0.1,
09=0.15, p=0 and r=0.005. From Subsection 4.1 we know that the opti-
mal boundary crosses the axes at about ] = 0.833 and z3 = 0.789 and
the picture is obtained by improving the approximation starting from the
straight line joining (z7,0) and (0, z3). As this straight line is, in general,
a rough representation of the optimal threshold, we improve the approxi-
mation by replacing it with two segments joining (0, x3) with (x—21, r) and
(%1, x) with (z7,0), respectively, where 7 is chosen as to minimize the dis-
tance between 0 and the integral of Subsection 4.4, that is to yield a better
approximate solution of the integral equation. The procedure is iterated by
inserting further points till the integral equation of Subsection 4.4 obtains
a better solution than in the previous step. We point out that a more
accurate numerical solution would require a more efficient choice of the
interpolating points, which is a challenging task and is beyond the scope
of our study.

6 Conclusions

An explicit expression has been obtained for the value function of a gen-
eral class of two-dimensional optimal stopping problems arising in real
option theory. Our formula applies also to the unsolved case of inhomo-
geneous reward functions. Although our solution is expressed in terms
of non-elementary functions, that is, modified Bessel function of second
kind, such functions are included in built-in-function packages in various
numerical softwares, and thus our formula can be easily computed numer-
ically. Our paper also clarifies why the ”quasi-analytical” method - which
employs solutions of power type- does not rely on the correct form for the
value function, while functions of power type provide exact solutions for
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Figure 1: Optimal threshold for the problem of Example 5.2.

the case of homogeneous reward functions. For the latter case, we present
a general framework: the method of reduction of dimensionaly has been
applied many times in the real option literature, but usually only to lin-
ear functions, while we provide general formulas and, more importantly,
show how to extend the method to quasi-homogeneous reward functions.
Finally, in the special homogeneous case (see Example 5.1), we reconcile
our general non-elementary solution with the elementary method based
on power functions. For the unsolved inhomogeneous case, we provide an
integral equation to determine the optimal threshold. Although an analyt-
ical expression for the optimal threshold remains a challenge, our equation
allows to control for numerical approximations of the unknown threshold,
which is of practical significance.

Finally, this paper includes some formulas for the one-dimensional case
which are reported for readers’ convenience: we trust that they can be
useful for scholars working in real option theory as well, as these math-
ematical expressions are not completely new, but they are dispersed or
hardly found in the literature.
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7 Appendix A: Option to Abandon or to
Acquire a Perpetual Cash Flow

In this section we review the one-dimensional case of an option to abandon
or to acquire a cash flow which is modelled through a function, g(X}), where
X, is of the form (1), that is, X; = xexp[(u — "—;)t + oWy).
Let us assume that ¢ € C'(R,) and g changes sign in its domain. For
the option to abandon the stream ¢(X;), in the continuation region the
differential equation (4) holds, that is:
[r— LIV =y,
while V' becomes 0 in the stopping region where the flow is abandoned.
Specifically, the differential equation is:
1, 5, d? d B A
[éaxﬁ—l—/m%—r]ijg(:c)—O (A1)
and the related algebraic equation is:

50252 + (p— 502)5 —r=0. (A2)

Let - < 0 < B denote the roots of this equation. A standard assumption
is i < r, which yields g, > 1.

(A1) is a Euler type differential equation and its classical solution is ob-
tained through Lagrange formula of the variations of constants.
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Note that xg(j’ll is locally integrable in a neighborhood of 0. Moreover, we

assume that xg(fll is integrable in a neighborhood of 0.3

Then the general solution is of the form

V( ) A+$5+ + A_ lﬂ + (2xﬁ+5 ) fa;oo ZgJ(ri)l dz + 02(2,326_757) ()I Zg(z dz
with arbitrary constants A,, A_ to be determined.
In most problems of interest, some meaningful boundary conditions are
added. Let us fix two cases.

i) The continuation region is of the form: [0, x*);

i) the continuation region is of the form: (z*, 4+00),
where the threshold point, z* > 0, is the optimal exit point.

In the case 7), let us require lim, o, V(z) < c0.*

In the case ii), the no-bubble condition may take the form V' (z) = O(g(z))
for r — oo.
Then the general solution in case i) can be written as:

V(z) = A alP+ + % f;roo gfﬂ dz + 02(? 75 ) . Zg(z dz.
In view of the smooth-pasting condition one can compute A, and x* by
solving the following equations:

% 2*B +o00 z z*P-
A+(£C )B+ + 02(25+_+57) fz* Zgilld + 022B+ fo z dz=0
* 22*5+ +00 z 2% B_ z
Ay B (%)™ + 55; %) Jo- giﬂd + 2G5 B s Zg( dz=0

In particular, we obtain z* by solving fo v 31 dz = 0. If ¢ is not monotonic

we consider the smallest solution. Finally, A, = 02(5+3 7 f:oo gfﬂdz
which gives
N 228+ z* (2) 28— T
V(:B) T o2(Br—B-) fl’ zg++1 dz + a2(B+—6-) Jo zg “dz
which can be written as

Viz) = oz(%iﬁj&) Jo Fhdz+ 02(%‘,&57) Jo oz,
as well.

Remark A.1 If g never changes sign, then fo 5 +1alz = 0 does not
achieve any positive solution. However, this equation may happen to admit
no solution even in the case of g with variable sign.

3A sufficient condition is that |g(z)| < Cx? for large x, where C' > 0 and v < (3.

4For example, if = represents the current cost variable in an exit problem, it is
reasonable to assume that the value function is zero when x = 0, because the option to
abandon operations is worthless in this extreme situation.
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In the case i), we look for a general solution of the form:
e +o00 zB— T
V(x) = A—l‘IB7 + 0.2(%4»1787) fJ? g++1d _I_ 0‘2(,28+757) 0 Zg +1 dZ
where the constant A_ is determined through the smooth pasting condi-
tions at some z*. Here x* can be determined by solving
/ oo Zg(flldz = (. Then we obtain:

g e x* z zP— T z
V(z) = Uz(%Jrjﬁf) ff zgill dz + 02(%+—57) fI* g( 1dz.

The value of an option to acquire a cash flow, g(X;), can be obtained
from the formula for the option to abandon. Indeed, if ¢* denotes the
optimal stopping time for this problem, then we have

+o0 ~+o00 t*
B / etg(X,)dH] = | / et g(X,)dt] + | / et (—g(X,))dt].

which can be rephrased as follows

The option to acquire a perpetual stream, g(X;), at no cost, can be re-
garded as the expected value of the full stream plus the option to abandon
a stream —g(X;), at no cost. Preliminarly we compute the expected value
of the entire perpetual flow.

+oo
Lemma Al. Let g € C(R,) and let Ex[/e” |g(X3)| dt] < oco. Then,

0
—+o00

for any = > 0, Ez[/e_”g(Xt)dt] can be written as:

0

2B+ o g(z) 25— x g(z)
U2(ﬁ+_ﬁ)/x z5++1dz+ (3, —5)/0 z5,+1dz' (A3)

+o0o

+oo
Proof. El,[/ tg(Xy)dt] = \/—/ e /2/ rtg(ze’t oV dtde with
0 0
v = u— % . Denote perttoevi by z, ln( ) by 2z and let S+ denote the roots

of (A2) Wlth f_ <0< By. Then the 1ntegra1 above can be written as:
+oo+o00

27m//exp [—rt — 202 2”: ]‘if(z dtdz.
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Let 1/2r + (%)2 be denoted by A, which is also equal to Z(3; — 5-). Let
T +o00
us split the integral in dz into two integrals / + / . In the first integral

0 T
zo is negative and the change of variables U—Z'—\}z + AVt = 7 yields:

xr 400

V2 _ B N P S — 22" z _g(z)
T Gy / / expl=208-—F 1 (s 42 = 2= Jo 7
0 —oco

As for the other integral, bearing in mind that z is positive, the change
of variables U—Z'—\}i — AVt = 7 yields:
“+00+00

72 z T
\/7702(\5/3—5_) / / exp[—zoB4 — T]Q(Z)(_l + m)(ﬁ'dz =

2P+ +oo  g(z2)
pr -y S Ardz.

Let us now turn to the valuation of the option to acquire a cash flow. If
+o0o

the continuation region is of the form [0, z*), then V' (z) = E,[ / e "g(Xy)dt]

0
in the stopping region x > z*, where z* is obtained as the optimal thresh-
old of an exit problem for —g in the case (7). Thus we obtain x* by solving

foz* %dz = 0. Moreover, the value function can be obtained as follows.
—+00

Viz) = B / e rig(X,)di] +

xT

-dz.

0 if & > a*
2 B+ x* —g(z 2 B r —g(z . .
’ / z5+(+)1 dz + =722 0 Zﬁfﬁl dz ifz <a*

o2(B+—pB-) o2(B+—pB-)
In view of Lemma A1l the value of V(x) for x < 2* can be written as:

el [e'e) z
V(@) = == ) S dz.

Similarly, the option to acquire a cash flow when the continuation region
is of the form (z*, 0c0) can be obtained as

+oo

V(z) = E‘r[/e‘r’fg(Xt)dt]jL

0
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0 fr<ax

22+ o0 21P— T — . "
o2(B+—B-) fz g++1 dZ + o2(B1—B_) f » Bg +1d2’ ife>x

where z* is determined by solving fx g(jll dz = 0. For x > x* the option

value is:

J:B* z
V(x) = 0-2(%+ fo Zg(

We can summarize all formulas in the following

Proposition Al. Let g(X;) represent a cash flow satisfying all the as-
sumptions listed above. Then the option value, V, in the continuation
region has the following expression.

For the problem to abandon the cash flow

V(@) = il J Fohde + 0™ [T k],

where x* is obtained by solving fo 5 +)1 dz = 0 for a continuation region

of the form » < z*
while x* is obtained by solving f: Z(fﬂ dz =0 for a continuation region
of the form z > x*.

For the problem to acquire the cash flow

V(z) = 02(5—[31}5 f+°o §++1 dz for a continuation region of the form

r < ¥, where x* is obtalned by solving fo — ) rdz = 0;

V(z) = o2(B+—F-) 5+
x > x*, where z* is obtamed by solving fz gfﬂdz =0.

N Zg(z dz for a continuation region of the form

The results above can be linked to optimal stopping theory through
Wiener-Hopf factorization as in Boyarchenko and S. Z. Levendorskii (2007).
Let us define the following convolution operators with exponentially de-
caying kernel

(EH)(@) = [ Bre P f(a + y)dy

and

(€ f)(@) = [° Be 9 f(x +y)dy.
These operators are related to the Wiener-Hopf factors, since £TE~ =
E-ET = &, where € is the expected present value (EPV) operator under

the Brownian motion B; = (p — %z)t + oW, that is,
+oo

Ef)(@) = rE| / (B,

0
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On the other hand, £t (£7) is the EPV- operator under the supremum
process sUpg<s<; Bs (the infimum process info<s<; Bs, respectively).

Denoting X = Xpe® and g(X) = g(z), we note that (£17)(X) =
XBr [ Brg(Y)o2s and (£79)(X) = X7 [5¥ B_g(Y)=25. Thus the
results above can be rewritten in terms of these EPV-operators as in the
following Proposition, where we set X* = Xye® .

Proposition A2.

For an exit problem, the option value is obtained as

V(X)=1(E" 1(coown€)g(x) where (£7g)(z*) = 0, for a continuation
region of the form X < X*,

V(X) =1(E Lae+o0)€T)g(x) where (€7g)(z*) = 0, for a continuation
region of the form X > X*.

For an entry problem, the option value is obtained as

V(X) =21(ET 1z 400)€7)g(x) where (€7g)(2*) = 0, for a continuation
region of the form X < X*,

V(X) =2 1coomn€)g(x) where (£7g)(z*) = 0, for a continuation
region of the form X > X*.

8 Appendix B : Bessel Functions

Consider the modified Bessel equation:

41y (1+”—2) =0 (B1)
v+ S =0.
It is known that (B1) has the solution
=\, T 1
II/ — “N\2k+v
(z) ;(2) Fk+1)(k+v+1)

1,, I_,, with v non-integer, are linearly independent , I, = I _,,. Note that

SEAT T

2 T T anh

2

Io(zr) =1+ (5)" +
is a solution of 3" + %y' —y=0.
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The function K, (x) = s=—="—(I_,(x)—1I,(z)) (modified Bessel function

 2sin(nv)
of second kind) is also called McDonald’s function. De L’Hospital rule

yields:
(=)™ oI, ol,
T T

Moreover, K, is a solution of (B1) with v = n. Finally, I,,, K, are linearly
independent for each v > 0.

Moreover the following properties hold:

a) K,(z) ~ /507", 2 — 400

b)v>0= K,(x)~ const.x™",x — +0 (pole)

¢) Ko(z) ~ Int, z — +0.

d) Ko(z) = [ e ™"dg, x> 0.

Then K, satisfies y  + %y' —y=0.

K (2) =
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