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We study the inverse boundary crossing problem for diffusions. Given a
diffusion process X;, and a survival distribution p on [0, 0c0), we demonstrate
that there exists a boundary b(¢) such that p(t) = P[t > ¢], where 7 is the first
hitting time of X; to the boundary b(z). The approach taken is analytic, based
on solving a parabolic variational inequality to find b. Existence and unique-
ness of the solution to this variational inequality were proven in earlier work.
In this paper, we demonstrate that the resulting boundary b does indeed have
p as its boundary crossing distribution. Since little is known regarding the
regularity of b arising from the variational inequality, this requires a detailed
study of the problem of computing the boundary crossing distribution of X;
to a rough boundary. Results regarding the formulation of this problem in
terms of weak solutions to the corresponding Kolmogorov forward equation
are presented.

1. Introduction. Let {B;};>¢ be a standard Brownian motion defined on a
filtered probability space (€2, P, {#;};>0) satisfying the usual conditions. We con-
sider a diffusion process {X;};>0 defined by the stochastic differential equation

dthlL(Xt,t)dt+O'(Xt,t)dBt Vt>0,

where ©, 0 :R x Ry — R are smooth bounded functions, with bounded deriva-
tives* and infgry R . 0 > 0. We assume that X is independent of B, and has initial
distribution P(Xo < x) = po(x, 0), with density pg(x,0). For y e R and t > s,
we further denote by F(y,s;-, t) and p(y,s;-,t) the transition distribution and
density, respectively, of X; given X; = y:

0F (y,s;x,1)

F(y,six, 1) =PX; <x[X;=y),  pQy,s;x,0):= ™
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In the sequel, we denote by pgo(-, ) and pg(-, t) the density5 and cumulative distri-
bution of X;:

po(x, 1) == P(X; <x) = pro(y, 0 F(y,0; x,1)dy,

opo(x,1)
potr, 1) i= PO / po(y, 0)p(y, 0 x, 1) dy.
X R

For a given function b: R, — [—00, 00), the first boundary crossing time 7 is
defined to be

(1.1 T =inf{r > 0| X; < b(1)}.

We shall also have occasion to consider the related, but less commonly used, first
time that X; goes strictly below b:

(1.2) T =inf{t > 0| X, < b(¥)}.
We are interested in the following two problems.

1. The boundary crossing problem: for a given function b: R, — [—o0, 00), com-
pute the survival distribution of the first time that X crosses b; that is,

(1.3) p) =P =1).

In this case, we denote p = P[b].

2. The inverse boundary crossing problem: for a given survival distribution p on
(0, 00) find a function b such that b satisfies (1.1), (1.3). If such a boundary
exists and is unique, we denote it by B[ p].

The boundary crossing problem is classical, and the subject of a large literature.
The inverse boundary crossing problem has recently been the subject of increased
interest by probabilists and researchers in mathematical finance. The main purpose
of this paper is to show that the inverse boundary crossing problem is well posed.

According to Zucca and Sacerdote (2009), the problem was originally posed
by A. N. Shiryayev in 1976, for the special case where X; is a Brownian motion
and p is the exponential distribution. Dudley and Gutmann (1977) and Anulova
(1980) showed that there exists a stopping time with the given distribution; how-
ever, this stopping time is not realized as the first time the process X crosses a
boundary b. Recently, there has been an increase of interest in the problem due
to its importance in applications. In mathematical finance, with X; an indicator
of a firm’s financial health, and p the distribution of its time to default (estimated
from the prices of market instruments), the problem is to find a default barrier that
reproduces the given default distribution. Many authors have proposed numerical
methods for finding such a boundary, including Hull and White (2001), Iscoe and

SAtt =0, po 1s interpreted as the distributional derivative of pq.
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Kreinin (2002), Huang and Tian (2006), Avellaneda and Zhu (2001) and Zucca
and Sacerdote (2009). A formulation of the problem in terms of nonlinear Volterra
integral equations has been given by Peskir (2002) [see also Peskir and Shiryayev
(2005) for a more detailed discussion].

The numerical method proposed by Avellaneda and Zhu (2001) is most relevant
to our work. They note that for sufficiently smooth boundaries b, the function
U(x,t) =0,P(f >t, X; < x) should be the solution of the free boundary problem

L1U(x,t) =0, for x > b(t),t > 0,
(1.4) U(x,t)=0, forx <b(t),t >0,
U((x,0) = po(x,0), for x e R,
with the free boundary condition
(1.5) P(O)= =30 U)ilempy V20,
where £ is the differential operator

9 19%[0? ]
(1.6) £1¢:=8—f—5 g;szr [:j]

Avellaneda and Zhu (2001) perform a change of variables to “straighten out the
boundary,” and then solve the resulting transformed PDE numerically using finite
differences.

An analytic study of the inverse boundary crossing problem was initiated by
Cheng et al. (2006). In that work, we defined

(1.7) w(x, 1) =/OO Uy, t)dy.

Formally, direct calculation from (1.4), (1.5) shows that w should satisfy the free
boundary problem

Lw(x,t)=0, forx > b(),t >0,
(1.8) w(x,t) = p(t), forx <b(),t >0,
) wy(x,1) =0, forx <b(),t >0,

w(x,0) =1— po(x,0), for x e R,
where L is the differential operator

op 10 28¢>> 0
(1.9) 0= 28x(0 ax) THox
Formally,
(1.10) w(x, ) =P >1t, X; > x),

providing the connection between the probabilistic problems (1.1), (1.3) and our
analytic approach. Based on the free boundary problem (1.8), one can infer that w
should satisfy the variational inequality
max{Lw,w — p} =0 in L%(R x (0, 00)),
(1.11)
w(,0)=1-=po(-,0)  onR,
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and b can be recovered from w by
(1.12) b(t) :=inf{x|p() — w(x,t) > 0} vt > 0.

In Cheng et al. (2006), the existence and uniqueness of a viscosity solution to
(1.11) was proved. However, no attempt was made to connect the resulting func-
tions w, b to the original probabilistic formulation of the inverse boundary crossing
problem. In this paper, we show that b does in fact give a boundary that repro-
duces the survival distribution p. This is complicated by the fact that it is very
difficult to prove the regularity of the boundary b derived from the variational
inequality.® As a consequence, in order to verify that b has the required hitting
distribution, we must first study the problem of computing the boundary cross-
ing probabilities of diffusions to nonsmooth boundaries. To this end, for a given
function b : (0, 00) — [—00, 00), we define

(1.13)  b*(t) := max[b(t), Tim b(s)}, b* (1) :=Timb(s) Vi >0.
s—>1 s/'t
When needed, we also define b*(0) := ﬁs\o b(s). We also employ the notation

Op :={(x,t)|x > b(t),t > 0}. It will turn out that the inverse boundary crossing
problem is most naturally formulated in the following spaces:

By = {b3(0.00) > (-0, 00l =b* =0t B(J ) (X2 b)) =1

e>0s5€(0,8)

Py :={p e C([0,00)|p0)=1= p(s) = p(t) >0Vt > 5 >0}.

The main result of this paper is the following theorem.

THEOREM 1.

1. For every p € Py, there exists a unique viscosity solution, w, for the survival
distribution of the inverse boundary crossing problem associated with p [i.e.,
a viscosity solution of problem (1.11)]. In addition the unique solution, w, sat-
isfies

O0<I—[wl,t)+ polx,)] =1—p(),
(1.14)
w(x, ) <w(y,t) Vi>0,xeR,x >y.
Consequently, the operator 3
(1.15) b(t) = B[pl() :=inf{x € Rlw(x, t) < p(1)} vVt >0,

is well defined on Py.

The problem of the regularity of the boundary has subsequently been investigated by Chen (2011).
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2. Forevery p € Py, Blpl € By and (P o B)[p]l = p, where (P[b])(t) =P(T > 1)
and T is defined as in (1.1).

(This implies that for a given p € Py, b := B[ p] is a solution of the inverse
problem since P[b] = (P o B)[p]l = p.)

3. Forevery b € By, P[b] € Py and (B o P)[b] =b.

(This implies that for a given p € Py, if b € By is a solution of the inverse
problem, i.e., Plb] = p, then b can be identified as b = (B o P)[b] = Bl p], the
viscosity solution of the inverse problem.)

4. If (w, b) is a classical (i.e., w + pg € C(R x [0, 00)), d,w € C(R x (0, 00),
orw, dxxw € C(Qp)) solution of the free boundary problem (1.8), then b is the
solution of the inverse boundary crossing problem associated with p, that is,
P1b] = p. Similarly, if (U, b) is a classical (i.e., U — py € C(R x [0, 00)),
8,U, 8% U € C(Qp)) solution of the free boundary problem (1.4), (1.5), then

? VXX

Plb]l = p.

The proof of the above theorem proceeds as follows. We begin by studying
the direct problem of computing the distribution of 7, and the function w(x, 1) =
P(? > t, X; > x) for boundaries b € By. By considering a carefully constructed
discrete approximation scheme motivated by (1.4) when b is known, we are able to
show that w is the unique viscosity solution to (1.8). Elementary calculations ver-
ify that the viscosity solution of the variational inequality (1.11) also solves (1.8).
Once we have also determined that {x > b} = {w < p}, the verification proceeds
by relatively straightforward arguments.

We note that the sequence of stopping times constructed in our discrete time ap-
proximation actually converges to the first time that X is strictly below the bound-
ary b, t as given by (1.2). This definition of the boundary crossing time is slightly
different from the standard one (1.1) for 7. We have found that for the analytic
approach we take here (particularly for rough boundaries), our definition is more
convenient. In Section 2 below, we show that for boundaries with minimal regu-
larity properties (including those arising from the solution to the inverse boundary
crossing problem, b € By), P(t =17) = 1.

The remainder of the paper is structured as follows. The second section proves
measurability properties of T and 7, and proves that these times are almost surely
equal. In addition, it gives preliminary results that are needed for the study of
our approximation scheme. The third section studies the approximation scheme
in detail, and proves convergence. The convergence provides a rigorous connec-
tion between the probabilistic definition of the survival probability p and the PDE
definition of the survival distribution w. The fourth section formulates viscosity
solutions for the direct problem of computing p for a given b € By, and shows that
the survival distribution w gives the unique viscosity solution for the direct prob-
lem. The fifth section provides the link between the variational inequality studied
in Cheng et al. (2006) and the inverse boundary crossing problem. It also provides
a sufficient condition under which the resulting boundary b is continuous.
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2. Crossing times of upper-semi-continuous boundaries. We calculate
boundary crossing distributions for rough boundaries based on discrete time ap-
proximations to be studied in the next section. In order to ensure convergence of
our approximation scheme, the time points used must be chosen carefully. We re-
fer to the selected points as the “landmark points” of the boundary. In this section,
we begin by defining the landmark points and investigating their properties. Using
these properties, we study the measurability of T and £, show that the boundary
crossing times of b and b* are equal and that P(t = 7) =1 for b € By.

DEFINITION 1. Let b:(0,00) — [—00,00), and b* be its upper-semi-
continuous envelope. The set of landmark points of b, denoted by A(b), is defined
as follows:

2.1 Ab):=J Au®),  Aub):=15li €N},
neN
. i i+1
2.2) t = inf{t c |:— ] b*(t) > sup b(-)}.
" 2n2n 2710271 (i+1)]

The following lemma summarizes some properties of the landmark points that
are used in the paper.

LEMMA 2.1. Letb: (0, 00) = [—00, o0), and let its landmark points A(b) be
defined as in (2.2).

1. Fori,n e N, b*(t,il) > b*(s) forevery s € [27",27"(i + 1)).
2. Fori,n €N, eithert, = tng ort, = t,ffﬁl, so A, (b) C Ay 11(b).
PROOF. 1.1If s € (27",27"(i + 1)), then by definition b*(t,i) > b(t) fort €
(s —&,s + &) with & small enough. b*(z;,) > b*(s) follows immediately. If s =
27", and b*(s) = b*(t)) > sqp{b(t)lt eR7",27"G + D]} theq s = t;, by (2.2).
2. We first claim that if £; € [27"1,27"*D(2i + 1) then 1, = 1", ;. Clearly,
b*(tl) > sup{b(s)|s € [27"i, 27" (i + D]} > sup{b(s)|s € 27", 2~ "D 2i + )]},
so by definition t,%ﬂr 1 = t,’;. If the inequality is strict, there is a § > 0 small enough

so that (1 — 8,11 +8) € (27,27 (2i 4 1)), and since b*(1,", ) > b on this

interval, we obtain b* (t,ffH) > b* (t,’;), contradicting the definition of t,i. A similar

proof shows that if #; € [27"FD(2i + 1),27"(i + 1)), then #} = r2''. Finally,
it is easy to see that if t,i, =27"( 4 1), then sup{b(s)|s € [27",27"( + 1)]} =
sup{b(s)|s € [27"TD(2i 4+ 1),27"( + D]} = sup{b(s)|s € 27", 27" TD(2i +
1)1}, after which repeating the same argument by contradiction ensures that ¢, =
2i+1
tnii—l - 0

The following lemma collects some properties of upper-semi-continuous func-
tions that are used throughout the paper. The proofs are elementary, and are omit-
ted.
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LEMMA 2.2. Let b: (0, 00) — [—00, 00) be upper-semi-continuous.

1. If x : [0, 00) — (—00, 00) is continuous, then for all t > 0,
inf{s > 0|x(s) <b(s)} >t << x(s)>b(s) Vs € (0, t]
2. The set Qp :={(x,1)|x > b(t),t > 0} is open.

The next proposition addresses two main issues. First, it considers the mea-
surability of v and 7, to ensure that the various functions considered in the re-
mainder of the paper are well defined. Second, it shows that for the purposes of
computing the distribution of 7, it is enough to consider the upper-semi-continuous
envelope, b*, of the boundary b. We observe that the result for t holds with min-
imal assumptions on the function b (we have not even assumed measurability).
Furthermore, we note that some of the results on measurability could be derived
by applying more general theorems [e.g., T is the first hitting time of the two-
dimensional process (X;, t) to the set {(x, s)|x < b(s)}, which is closed when b is

upper-semi-continuous]. However, we have decided to present elementary proofs
of these assertions to make the paper more self-contained.

PROPOSITION 1. Let b:(0,00) — [—00, 00).

1. Let b* be as in (1.13) and A(b) be as in (2.1) and (2.2). Then for every t > 0,
(2.3) ) (Xs=b®}=  [) {X;=b"e)}

s€(0,1) s€(0,1)NA(b)

Consequently, we can define the first boundary crossing time 7:Q2 —
[0, oo], the survival probability p:[0, o0) — [0, 1], and the survival distribu-
tion w:R x [0, 00) — [0, 1] by

(2.4) (@) = infls > 0| X, (w) < b(s)}  VweQ,
(2.5) p(t) i=P(X, > b(s) Ys € (0,1))  Vr>0,
(2.6) w(x,t) :=P(Xy > b(s) Vs € (0,1), X; > x) VxeR,t>0.

In addition, T is an optional time with respect to the filtration generated by
the process X, {t >t} € ]:IX, vVt > 0. Also

p(t)=P(r > 1), wx, ) =P(t >1, X; > x).
2. Let the (conventional) first crossing time 7 : 2 — [0, oo] be defined by
T(w) :=inf{s > 0| X, (w) < b(s)} Yo € Q.

If b is upper-semi-continuous, i.e., b = b*, then T is a stopping time with respect
to the filtration generated by the process X, {w € Q|T(w) >t} € .7-",X Vvt >0, so
that we can define p(t) :==P(T(w) > t) Vt > 0.



1670 CHEN, CHENG, CHADAM AND SAUNDERS

PROOF. 1. When ¢t =0, we have {t > 0} = Q = {w € Q| X;(w) = b(s), Con
Vs € (0,¢)} and p(0) = P(2) = 1. Now we assume that ¢ > 0. It is easy to verify
that

() (X5 =b(s)} ={X; = b(s) Vs € (0, 1)} ={z = 1}.
s€(0,1)

Hence, to complete the proof of the first assertion, it suffices to verify (2.3). Sup-
pose w € {Xs > b(s) Vs € (0,1)}. Then X(w) > b(s) for every s € (0,1). For
every § € (0, 1), by the continuity of X,(w),

X;(©) = lim X, () > max|b(3), Tim b(s) | = b*(3).

S—>8 S—>S

As § € (0, 1) is arbitrary, we have w € {X; > b* Vs € (0, ¢)}. Thus, {X; > b(s) Vs €
0,1)} C{Xs = b%(s) Vs € (0,0)} C{X; = b*(s) Vs € (0,1) NA(b)}.

Next, suppose @ € {Xs(w) > b*(s) Vs € (0,1) N A(b)}. Let § € (0, t) be arbi-
trary. We want to show that X; > b(5). For each integer n satisfying 27" < §,
let i, be the ipteger such that § € [i,27", (i, + 1)27"). Then t; € A(b) and
X,in (@) = b* (t7") > b*(5) by Lemma 2.1. Hence,

Xs(w) = lim X ;,(w) > lim b*(tin) > b*(5) > b(5).
n—oo In n— 00
Since § is arbitrary, we see that w € {X; > b(s) Vs € (0, t)}. Consequently,

fr=t= () Xy =b$)}= [ (Xs =b"()}

s€(0,1) s€(0,1)

= [\ X,=b))eFr
s€(0,0)NA(D)

This proves (2.3) and also the first assertion.

2. Assume that b is usc, that is, b = b*. Then by the continuity of the sample
paths of X, if § > 0 and X;(w) > b(5) then there exists § > 0 such that X(w) >
b(s) + 8 for all s € [§ — 8,5 + 8]. By the Heine-Borel theorem, if X > b(s)
for every s € [a, c¢] C (0, 00), then there exists a large integer i such that X >
b(s) + 27! for every s € [a, c]. Hence, for every ¢ > 0,

(== N X>b@l=) ) X >b)

s€(0,¢] neNse[27t,t]
(2.7) =U [ Xs=b(s)+27}
neNieNse[27"¢,t]
-NU N {Xy=b(s) +27") e FX.

neNieNse{2-nt,1JUAB)N[2~"1,1])

This completes the proof of the second assertion. [
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The following proposition justifies our choice to work with t, the first time
the process is strictly below the boundary, rather than 7, the first time the process
hits the boundary. In particular, the second assertion implies that these times are
almost surely equal, and hence they have the same distributions (so solving the
inverse boundary crossing problem for 7 is the same as solving it for 7). We will
see in the next section that it is easier to work with 7 in defining approximations
for the boundary crossing problem.

PROPOSITION 2. Let b:(0,00) — [—00, 00).
1. Let b* and b* be as in (1.13). Then
{weQt(w)=tort(w)=t} C{weQ|X;(w) €[b* (), b* )]} vt > 0.
2. The set {t # T} has probability zero, so that
pt)=pit—)=pit—)=P(t>1) Vi >0,
pt)y=pi+)=pit+)=P( >1) Vi > 0.

Consequently, if b* = b*, then p € C((0,00)), p = p on (0,00), and p €
C ([0, 00)).

PROOF. To prove the first assertion, let 7 > 0 and w € {t =t} U {T =1}.
Then X (w) > b(s) for all s € (0,1) so X;(w) > ms/,b(s) = b* (t). Also,
T(w) =t or T(w) =t implies that there exists a sequence {s;} of positive num-
bers such that lim; .. 5; =t and Xy, (w) < b(s;) for all i. This implies that
X (@) =1limj 00 X; (@) < im0 b(si) < b*(1). Hence, X, (w) € [b* (1), b*(1)].
Also, note that if b* (t) = b*(¢), then P({t =t} U {T =1}) <P({X; =b*(1)}) =0.

Since the family {r > t 4 ¢},>_; of sets is monotonic in &, we see that

t+) =1 t =limP(r > ¢
p(t+) gl{l(l)p(JrS) 61{% (t>=1+¢)

:P(U{tzt+e})=P(t>Z) Vi >0,

£>0

=) =1 t—e)=1limP(t >t —
p(t—) sl{%p( €) 61{% (t>1—¢)

:P(ﬂ{rzt—a}):[?’(rzt)zp(t) Vi > 0.
e>0
Clearly, if b* (t) = b*(¢), then p(t—) — p(t+) =P(r =) =0 so p is continu-
ous at ¢. Similarly, when b* = b so p is well defined, we have p(r) =P(7 > 1) =
p(t+) and p(t—) =P(T > 1).
To complete the proof, it remains to show that the set {t # T} has probability
zero. For every w € €2,

7(w) = inf{s > 0| X (w) < b(s)} > inf{s > 0| X;(w) < b(s)} =T (w).
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Now, suppose 7(w) # T(w). Then we must have 7(w) < t(w). Set t = t(w).
Then X > b(s) Vs € (0, t). By continuity, we also have X; > b*(s) Vs € (0, t).
Set { = t(w). If { = 0, then by definition, there exists r € (0,7) such that
X, (w) < b(r). If { > 0, then by definition, there exists r € [f,) such that
X, (w) <b(r). As Xs(w) = b*(s) forall s € (0, ¢), in either case, we have r € (0, 1)
and X,(w) = b*(r). Taking r; € A(b) N (0,7) and ry € A(b) N (r,t) we obtain
minge(r,,r1{X5(w) — b*(s)} = 0. Hence,

fr#t)={t<rjc | U B(r1, ),

ri€A(b) rneA(b)N(ry,00)

where for every 0 < a < ¢ < o0,
B(a,¢) = [0 € | min (X(@) - b*(s)} =0].
s€la,c]
Note that for each ¢ > a > 0, B(a, ¢) is F, measurable since
B(a, c) = [ min {X, — b*} > o}
s€la,c]

o0

\ U{ min (x; = b)) =27},

n=1

[ min (X, — b)) = h} = N (X, =b*(s)+hyeF.  VheR.
selacl sefa,c)UAB)Na,c)

It remains to show that for each ¢ > a > 0, the set B(a, ¢) has measure zero.
Suppose, on the contrary, that P(B(a, ¢)) > 0 for some fixed ¢ > a > 0. Fixing
to € (0, a), we then have

0<PB(a,c) = /RIP’(B(a, o) X1, =2)po(z, 10) dz.

Consequently, there exists a finite number M > 0 such that

M
[, B®@ 01X, =) ) dz 0.
For each i € R, we consider the set
h _ . A _
B'(a,c) = {sg[lglc](xs b*(5)) = h}.
For the process {X;};>4,, for each w € {X; =z} and h € R, we denote by o" the
element in {X;) = z + h} such that X, (0" =h + X,(w) V1 € [y, 00). Then
min (X;(w) —b*(s)) =0 = rr[lin](Xs (@") = b*(s)) = h.
s€la,c

s€la,c]

Assume for simplicity that we are dealing with Brownian motion. [By a change of
variables, we can assume o = 1; see Section 4. Since u is smooth and bounded,
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if {X,} is not a Brownian motion, we can use the Girsanov theorem [Karatzas and
Shreve (1996)] to change to an equivalent measure under which X; is a Brownian
motion, and the argument below can still be used to show that P(B(a, ¢)) =0.] By
the translation invariance of Brownian motion and the Markov property, we have

]P(B(a, )| Xi = Z) = P(Bh(a, NXpy=z+ h)'

Hence,

]P’(Bh(a,c)):/RIP’(B”(a,cNX,O:z+h)/00(z+h,to)dz

:/RP(B(a,ch,O=z)po(z+h,to)dz

M
> ooz + h, 1) P
zel-M.M]  po(z,t0) J-M

Note that all elements in {Bh (a, c)}ner are disjoint and measurable. We then
obtain a contradiction since 2 does not contain an uncountable disjoint union
of measurable sets with positive probability. Thus, B(a, c) must have probabil-
ity zero, for every pair (a, c) with a > ¢ > 0. Consequently, the set {T # 7} has
probability zero. This completes the proof of Proposition 2. []

(B(a, ¢)| X4, = 2)po(z, 10) dz > 0.

THEOREM 2. The operator P defined by P[b](t) =P(t > t) maps By to Py.

PROOF. Suppose b € By. Then b* = b* so p :=P[b] € C((0, 0c0)). In addi-
tion,

;i{%p(e) :;%P( M x> b(S)}>

s€(0,¢)

=p(U N x> b)) =1=p(0)

e>0s5€(0,8)

Hence, p € C([0, 00)). It remains to show that p > 0 on [0, c0). Since p(0+) =
p(0) = 1, there exists ¢ > 0 such that p(t) > O for every ¢ € [0,¢]. Let T > «¢.
The upper-semi-continuity of b implies that M := sup,c[o 71 b(s) is finite. Then

P(r > &, X > M) > 0. Using standard results for a constant barrier b= M on
the set {t > ¢, X, > M} for the time interval [g, T|, we see that P({t > &, Xy > M
Vs € [e, T]}) > 0. Hence, p(T) > 0. As T is arbitrary, we see that p > 0 on [0, 00),
sothat pe Pp. O

PROPOSITION 3 (A semi-continuous dependence property of P). Assume that

b, b1, by, ... are upper-semi-continuous functions having the property
by <by<b3<---, b(t) = lim b,(¢) vt > 0.
n—oo

Let p =P|b] and p, = Plb,]. Then for everyt > 0, p(t) = lim,_ o pn(t).
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PROOF. For every ¢ > 0,

fr=n= () K 2b@l= [ X2 bals))

s€(0,1) s€(0,t) neN
=) ) {Xs=bals)}.
neNse(0,t)

Hence,

p<z>=P<ﬂ N {stbn<s>})=nlggop( N X2 0,00)

neNse(0,1) s€(0,1)

= Jim_ (0 0

3. Approximating sequences for boundary crossing times. In this section,
we use the landmark points to construct straightforward approximations that even-
tually, upon passing to the limit, will allow us to transfer the problem of calculating
the survival probability to problems of solving partial differential equations. The
advantage of studying the first time the process is strictly below the boundary is
suggested by comparing the relative complexity of the expressions (2.3) and (2.7).
In this case, a simple approximation to the survival probability and distribution can
be developed. We approximate a real barrier b by a simple barrier b, defined by
b,(t) = b*(t) if t € A,(b) and b, (t) = —oo otherwise. The approximate problem
then involves only the random variables {X;|t € A, (b)} so that all relevant proba-
bilities can be calculated through transition probability densities. Though it turns
out that survival probabilities computed using both viewpoints are equivalent, we
do not see a simple adaptation of our method that allows us to approximate 7
directly without appealing to the results in Section 2.

PROPOSITION 4. Let b:[0, 00) — [—00, 00) be upper-semi-continuous and
(t, p, w) be defined as in (2.4)~(2.6). Let Ab) = U,en An(b) be the landmark
points of b, A, (b) = {t,|i € N} and

(3.1 Tn(w) :=min{s € A, (D)|Xs(w) < b(s)}, (1) =Pty = 1),
(3.2) wp(x,t) =P(r, =>1t, X; > x).

Then the following hold:
1. Forall (x,1),

o0
wy(x,t) = / U,(y,t)dy,
X

where, for t € [0, t,?],{rn >t} =Q,pa(t) = 1, w,(-,t) =1 — po(-,t) and
Un(-,t) = po(-, 1), and when t € (t%, et with k e N, {z, > t} = ﬂle{X;,g >

n’'n
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b(t})} and

Un(x,t)=f Un(y, t3)p (v, 5 %, 1) dy,
b(tk)
3.3) ~

po0 = [[Gvndy= [ voibay

2. Foreveryn e N, 1, > Ty41 > T, pn = Pptl = Py Wy = Wpy1 = W, po > Uy >
Un+1 > 0.

3. There exists U :R x (0,00) — [0, 00) such that for every w € Q2,t > 0 and
x €R,

Jim (7, (@), pu (), wa(x, 1), Up(x, 1)) = (T (@), p(0), wlx, 1), U(x,1)).

PROOF. 1. This result follows immediately from the Chapman—Kolmogorov
equations and the fact that the fundamental solution of £ gives the transition
densities of the Markov process X [see, e.g., Friedman (1975), Theorem 1.6.5.4,
page 149]. From the definition of 7,, and A, (b), it is easy to see that {7, > t,l} =Q
and {z, > 1} = _{ X,k = b))} whent € ek, 51, Whent € [0, 111, {z, > 1} =
2 so the evaluation of p,, wy, U, is trivial. When ¢ € (t,’l, t,’t“] P(r, > 1, X; >

x) =P(X, 1> b(tl) X,i > b(ti) X; > x), so using the transition probability
density for the Markov process, we have U, (-, t) = fb ) Un(y, tn),o(y, by 1) dy,
from which we find the corresponding w;, and p,. The first assertion thus follows.

2. By the second part of Lemma 2.1, we have v < 1,41 < 1, and therefore

P < Pn+1 < pn,and w < wy41 < w,. Itis clear from the definition that to < t,?+1

and so pg = U, = U, 41 on (O t Jrl] Now suppose U, +1 < U, on (0, ¢ +1] Lett e
(tk il fill] Then t € (tn, ] for some j (the case t < t is easier and handled
similarly). Then

o
Unn0 = [ UraOrf ot gix 0 dy

ln+1

o0

<f Un(y. b, Doyt x, 1) dy

bk,
(0,0)

o0
= p(y,t,f“;x,t)/btj Un(z, tHp(z t]; y, ) dzdy

b(’kﬂ)

<[, et )/ pa iy ik Dotk i x ) dydz

o0

= U}’l(Z )IO(Z7 n,x,t)dZ=Un(.x,t)

b(ti)

and U,+1 < U, by induction on k. The proof that 0 < U, < pg is similar. The
second assertion thus follows.
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3. The monotonicity of (t,, p,, w,, U,) implies the existence of the limit as
n — oo. First we show that lim,,_, o, 7, = t. For this, let @ € Q be arbitrary. (i) If
T (w) = 00, then we have t,,(w) = oo for all n € N so lim,,— o Ty (@) = 00 = T(w).
(i1) Suppose t(w) < co. Note that (2.3) gives

fr== () {Xs=b(s)

seAb)N(0,1)

= N Xzb@l=[{m=1}

neNsel, (b)N(0,1) neN

34

Set ¢t :=limy,_, o, 7, (w). Then as 1,41 > 1, > 7 for all n € N, we see that 7, (w) >
t > t(w) for every n € N. Consequently, w € (,en{tn >t} = {r > t}. Hence,
we must have 7(w) =t = lim,_, » 7, (@w). Combining the two cases, we obtain
lim,,—, 5 T, (@) = T(w) for every w € Q2.

Next, we consider the limits of w, and p,. When t = 0, we have w(-,0) =
wy(-,0)=1— po(-,0) and p(0) =1 = p,,(0). When ¢ > 0, for each x € R,

wp(x,t) —wkx,t)=P(t, >, X;>x)—P(t >, X; > x)

=P, >t>1,X;>x) <Pt <t <1).

Thus,
n@oﬂwn(wt)—w(',t)llLOO(R)
(3.5) Sn@o”%(t)_p(t”:n@op(fnZf>t)
=P(ﬂ{rn Zt>r})=0.
neN

Finally, defining U := lim,,_, o, U,, we complete the proof of the proposition.
O

The approximating functions U,, introduced in the previous proposition are
expressed in terms of the transition densities of the diffusion X. From an ana-
lytic point of view, they are obtained step by step, for i = 1,2, ..., by solving
the diffusion equations £1U, = 0 in the set R x (t,’;, t,’;“] with initial values
U, t,’L—i—) =U(,t) - X(b(,’,;)’oo)(-), where x4(x) is the indicator function of the
set A. In the sequel, £ and L£; are the differential operators introduced in (1.9)
and (1.6), respectively. Recall the notation Qp := {(x, t)|x > b(¢),t > 0}. When
b:[0, 00) — [—0o0, 00) is upper-semi-continuous, the set Qj is an open set with
[6(0), 0o) x {0} as its “initial” boundary.

PROPOSITION 5. Let b:[0, 00) — [—00, 00) be upper-semi-continuous and
(p, w) be the survival probability and survival distribution associated with b, de-
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fined in (2.4)—(2.6). Then there exists a function U such that the following hold:

o0 o0
(3.6) p(t) = / UGy, 1)dy = / Uy, 1)dy,
—00 b(t)
o0
(3.7) wix, 1) = / Uy, 1) dy
(3.8) VxeR,t>0,0<U < pp,0<w<=1- p,
(3.9) w1+ poCot) — Ulzwgy <1 — p) Vi >0,

LU <0, Lw=<O0 in R x (0, 00),
(3.10)
LU =0, Lw=0 in Qp,

where the inequalities in (3.10) are understood in the sense of distributions.

PROOF. Let U = lim;,_, U,. Since pg > U, > U,41 > 0, using the Dom-
inated Convergence theorem and the identity w,(x,1) = [° U, (y,1)dy we ob-
tain w(x,t) = fxoo U(y,t)dy for every x € R and t > 0. Since 7(w) > t implies
X (w) > b(t), we see that w(x,t) = w(—o0,t) = p(t) for every x < b(t).

Itisclearthat 0 < U < pg and 0 < w < 1 — pg. Also, for ¢t > 0,

wx,t))=P(X;>x)—Pr<t,X;, >x)>=P(X; >x) —P(r <1)
=[1—po(x,)] —[1— p@®)].
Thus, 0 <1 —w(x,1) — po(x,1) <1 — p(t) or |w(-, 1) + po(-, 1) — 1l|po®) <
1—p@).
It is useful to note that for each ¢ > 0, both w,(-,¢) and U,(-,t) are smooth

functions. In addition, as functions of (x, t), w, and U, are smooth in R x (0, c0) \
2 (=00, b, (t})] x {z}}. In particular,

LU, =0, Lw, =0 in Qp :={(x,t)|x > b(¢),t > 0}.

Since both {U,},eN and {wy},en are uniformly bounded in any compact subset
of Oy, it then follows from standard results on parabolic partial differential equa-
tions [see Friedman (1964), Theorem 3.11, page 74, and Theorem 3.15, page 80]
that w, U € C*°(Qp) and Lw =0and £;U =01in Q.

The set of discontinuities of U, and w,, is |J; ¢y (—00, b(t,fl)] X {t,il}. In particular,

wn(at)=wn(’t_)’ Un(’t)=Un(’t_)’

pt) = p(t—) vt € (0, 00),
U,(x,t+) =0, Wy (x, 14) = pp(t) Vx < b(t),t € {t'}ien.
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Denote by §(- — s) the Dirac measure with mass at s and by x4 the characteristic
function of the set A. Then in the sense of distributions, we find that

o .
LU =Y [Un(x. )78 — 1)
i=0 "
m . .
== D Un(x, ;)80 = ;) X(—o0 b)) <O inR x (0, 00).
i=0

o0

Lo = Y T (e 180 — 1)
i=0 !
0 ' , .
==Y [wax, 1) — pa(t)]18(t — ) X(~oob@in ) =0 inR > (0, 00).

i=0
Sending n — oo we find that Lw <0 and £;U <0 in R x (0, co) in the sense of

distributions. This proves (3.10) and also completes the proof of the proposition.
O

4. Viscosity solutions and boundary crossing probabilities. In this section,
we show that the survival distribution w defined in (2.6) is the unique viscosity
solution of the time dependent Kolmogorov forward equation (1.8). As mentioned
above, the use of viscosity solutions is necessitated by the fact that the boundaries
arising from the solution to the variational inequality for the inverse boundary
crossing problem do not have sufficient regularity for us to employ classical solu-
tions. We do note however, that when a classical solution exists, it gives the unique
viscosity solution. Consequently, the classical solution of the partial differential
equation (1.8), if it exists, is the survival distribution function associated with b,
defined in (2.6). Since classical solutions of (1.4) are obtained from classical so-
lutions of (1.8) via the transformation U = —dw/dx, we also see that a classical
solution of (1.4), if it exists, is the survival probability density of the first boundary
crossing problem that we want to calculate.

For simplicity, we work with b in the class By so that the survival probability
associated with b is continuous on [0, 00). Furthermore, we work with the function
w which is monotone in the spatial variable, and smoother than U. The following
definition is based on the differential inequalities/equalities in (3.10).

DEFINITION 2. Let b € By. A viscosity solution (for the survival distribution)
of the boundary crossing problem associated with b is a function w defined on
R x (0, co) that has the following properties:

L. we CR x (0,00)); limpp [[w(-, 1) + po(-, 1) — llLow)y =0; 0 <w < I
2. wx,t) =wb@),t) Vx <b(),t >0; wx,t) <w(b(®),t) Vx > b(t),t > 0;
Lw=0in Qp;



INVERSE BOUNDARY CROSSING PROBLEM 1679

3. If for a smooth ¢, point x € R and time ¢t > § > 0, the function ¢ — w attains a
local minimum at (x, ) on [x — 8, x + 8] x [t — 8, t], then Lo (x,t) <O0.

We define one-sided time derivatives by

At (x, 1) . Q(x,t+ At) — P(x,1)

—— = lim ,
ot AN0 At

0" ¢(x,1) . ¢x, 1) —d(x,t — Ar)

_— = 111’1’1 .
ot ANO At

Denote by £* and EI—L the operator £ and £ with time derivative replaced by the
above one-sided derivative. Then from the expression of U, in (3.3), we see that
LUy =L w,=0inR x (¢, ti+1]. Thus, we have

“4.1) L7Uy(x,1)=0, L 7wy (x,1)=0 Y(x,t) € R x (0, 00).

In the uniqueness proof in the following theorem it is convenient to work with the
special case o = 1. This can be done without loss of generality by considering the
transformation

x ]
Y(x,t)::/ dz VxeR,t >0,
0 o(z,1)
4.2)

The change of variables (x,?) — (y,t) via y = Y(x, t) is smooth and invertible.
Also, by It6’s lemma,

dY[ [,L(Y[,t)dt"l‘de
Here, denoting by x = X(y, t) the inverse of y = Y(x, 1),

~ x UI(Z’I) lu/(-x9t) 1
1) = — -5 o1 .
A0, 1) fo o2(z,1) ¢ o(x,1) 2OX(X )x=X(y,t)

Under the transformation, a boundary b for {X;} is transformed to a boundary
b:te[0,00)—>Y(D(),1) f~or {Y:}. Similarly, a boundary b for {Y;} is transferred
backto b:t € [0, 00) — X(b(2),1).

THEOREM 3. Assume that b € By.

1. The survival distribution associated with b defined in (2.6) is the unique vis-
cosity solution for the survival distribution of the boundary crossing problem
associated with b. Consequently, the survival probability p = P[b] can be eval-
uated by p(-) = w(—00, -) where w is the viscosity solution of the boundary
crossing problem associated with b in Definition 2.
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2. If w is a classical (i.e., w + pg € C(R x [0, 0)), d,w € C(R x (0, 00)),
orw, B%w € C(Qyp)) solution of (1.8), then w is the survival distribution of
the boundary crossing problem associated with b. If U is a classical (i.e.,
U—poe CRxI[0,)),0,U, 8§U € C(Qp)) solution of (1.4), then w(x,t) :=
[°U(y, t)dt is the survival distribution of the boundary crossing problem.

PROOF. Existence. Let b € By and 7, p, w be defined as in (2.4)—(2.6). Then
p = P[b] € C([0,00)). We show that w is a viscosity solution in the sense of
Definition 2. First, we show that w is continuous. Fix x € R. For any ¢ > s > 0,

w(x,t) —wx,s)
=Pr>t,X;>x)—P(rt =5, X; >x)
=Prt>t,X;>x)—Pr>t,X;>x)—P@t>1t>95 X, >x)
=Pr>t,X;>x>X,) —Pr>t,X;>x> X)) — Pt >t >5, X5 > x).
Note that P(t > t > 5, X5y > x) <P(t > 7 >5) = p(s) — p(t) so we have
lwx, 1) —w(x, )| <P(Xs >x = X;) + P(X; > x = Xy) + [p(s) — p@)].

Since p is continuous, sending t — s or s — ¢ we conclude that w(x, -) is contin-
uous in (0, 00). Next, for x < y and ¢ > 0,

O<wx,t)—w@y, ) =Pt =>t,y>X; >Xx)
<Py =X;>x)=po(y,1) — po(x,1).

Thus, w(-, t) is continuous, uniform in ¢ € [&, co) for any ¢ > 0. In conclusion, w €
C(R x (0, 00)). Recall from (3.8) that [[w (-, ) + po(-, 1) — 1| Lo ®r) < 1 —p(¢). The
continuity of p on [0, c0) then implies that lim,\ ol|lw(-, 1) + po(-, 1) — 1|l Lo ®) =
lim/\ o(1 — p(z)) = 0. Thus, w satisfies the first requirement of being a viscosity
solution.

REMARK 4.1. The continuity of the survival probability p plays a central role
in the proof here. In a more general case, thatis, b ¢ By, w is not continuous so the
definition of a viscosity solution needs to be revised. To avoid such technicalities,
we take the simple case that b € By. The work of Cheng et al. (2006) does allow
discontinuous survival probabilities.

Note that t(w) > ¢t implies X; > b(¢). Hence, w(x,t) =P(r > ¢, X; > x) =
w(b(t),t) when x < b(t). Also, since U = —dw/dx >0, U #£0 and £;U =0
in Qp, we have U > 0 in Qp. In particular, if U (x,t) =0, with (x, t) € Qp, then
the strong maximum principle [Friedman (1964), Theorem 3.5, page 39] implies
that U(y,t) = 0 for all y such that (y, t) € QO [and therefore all y € R, as it is
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easy to see that U(y,t) =0 for (y,t) ¢ Op]. This is a contradiction, since the
Dominated Convergence theorem implies that

o0 o0
0 < p(t) < pu(t) = lim/ Un<y,r)dy=/ Uy 1) dy
n—oo —00 —00

with the application of Dominated Convergence justified by the bounds pg > U,, >
0 from part 2 of Proposition 4. Thus, w(-, t) is strictly decreasing in (b(¢), 00), so
w(x,t) < w(b(t),t) forall x > b(¢). Finally, from (3.10), we know Lw = 0in Q.
Thus, w satisfies the second requirement of being a viscosity solution.

REMARK 4.2. Recall that P[b] = P[b*] for any boundary b; that is, under
our nonconventional definition of default time and survival probability, both the
original boundary b and its upper-semi-continuous envelope b* produce the same
crossing time, survival probability, and survival distribution. Here, we needed to
use the upper-semi-continuous representation of the barrier so Qp is open and
w(-, t) is strictly decreasing for x > b(¢).

We now verify the third requirement for w being a viscosity solution. Assume
that ¢ — w attains a local minimum at (x,7) on A :=[x — §,x + 8] x [t — 6, t]
where ¢ is smooth and ¢ > § > 0. We want to show that L (x, t) < 0. We follow a
standard technique for viscosity solutions. First, we modify ¢ to a new smooth v
so Y — w attains a strict local minimum value zero at (x, ) on A. The function is
defined by

U, 8) =@, s)+(x — )+ (1 — )22+ [wx, 1) — o(x, )],

Then ¥ (x,t) — w(x,t) =0 and LY (x,t) = Le(x,1). That ¢ — w attains a local
minimum at (x, t) implies

Y(y,s) —w(y,s)
=@ =N — 90, s) —w(y, )] — (e, 1) — w(x,1)]
>x— W8+ —95%"2 V(y,s)€A.

Thus, ¥ (y,s) — w(y, s) attains on A a strict local minimum, being zero, at (x, t).

Using a standard viscosity solution technique, the differential inequality
Lo(x,t) <0 is obtained by comparison of ¢ with smooth approximations of
viscosity solution candidates. Here, we choose the smooth approximations to be
{wy} introduced in Proposition 4. For each positive integer n, let w, be defined
as in (3.2) in Proposition 4. Then w,, is upper-semi-continuous on R x [0, 00), so
Y — w), attains a local minimum, on the closed set A = [x —§, x +8] x [t —§, t]. On
the parabolic boundary of A, we have v —w > 1l and w —w, > —1so ¢ —w, > 0.
At (x,1), v —w, = w(x,t) — wy(x,t) < 0. Hence, the minimum is attained in
(x —8,x+8) x (t — 6, t]. We denote by (x,, t,) an arbitrary local minimizer of
Y — wy in A.
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That ¢ — w, attains a local minimum at (x,,f,) implies that at (x,,1t,),
AV /dx = dw, /dx, dy/dt < 3~ w,/dt and 3>yr/dx> > 3%w,/dx>. Hence, L (x,,
th) < L7 wu(xp, 1) =0.

In order to take the limit, we want to show that (x,,t,) — (x,f) as n — oQ.
Intuitively this is obvious since ¥ — w attains a strict local minimum at (x, ¢) and
w,, — w (uniformly). Since ¥ (y, s) — w(y,s) = (x — )*8™* + (r — 5)2672 with
(v, ) = (xn, t,), we have

Jim (G — 0% ™ 4 (1 — 1)%67%)
=< ”@O{w(xn’ tn) — w(xp, )}

= @O{[l//(xnv th) — Wy (X, )]+ [wy (xn, 1) — Wy, 1)1}

n

< Jim [ o0 —wa, 01+

im
n—oo

|wn_w|}

x—S,xElSE]li[t—S,t]
=Y(x,t) —w(x,t)=0.
Here, we have used the uniform convergence of w,, — w, derived as follows:
0<wy(x,s)—w(x,s)
=P(t,>s5,Xs>x) —P(r =5, X5 > x)
=Pty =>s>1,Xs>x) <P(r, =5 >71)
=P(ty > 5) = P(t > 5) = pals) — p(s).

Thus, we have [[w,(-,s) — w(-, s)||Le®) < pu(s) — p(s). Since p,, p are con-
tinuous, and p, N\ p, the point-wise convergence of p, — p implies local uni-
form convergence, that is, lim, . || p» — pllL>qo,77) = 0. Thus, lim,_,  [[w, —
wl Lo ®x[0,77) = 0 for any T > 0. Hence, lim,,_, oo (xy, #,) = (x, 1). Finally, this
implies Lo(x,t) = LY (x,t) =limy— o0 LY (xp, 1) <O.

Uniqueness. We can assume without loss of generality that o = 1, since other-
wise we can work with the process {Y;};>¢ defined in (4.2). In terms of our vis-
cosity solution, it means that we make a smooth change of variable (x, 1) — (y, )

via
X

1
y=Y(x,1) .=f0 per dz.

In the new variables, we are working on the function w(X (y, t), t) and the barrier
is b(X (y,t)) where x = X (y, t) is the inverse of y = Y (x, t). Retaining the nota-
tion (x, t) as independent variables, we can assume that £ = 9; — %8)% + u(x, t)0y.
We denote

M = || 1]l Lo R x[0,00)) T [10x 1]l Loo (R x[0,00))
R(t) = |l poll Lo (R x[t,00)) vt > 0.
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We note that R(¢) < oo by the standard Gaussian upper bound on the fundamen-
tal solution of £ [see Friedman (1964), page 24]. Let w be the survival probabil-
ity of the boundary crossing problem. Then |9, w| < pg is uniformly bounded in
R X [ty, oo) for any 79 > 0. Let w be an arbitrary viscosity solution of the boundary
crossing problem. We want to show that w = w.

Suppose w # w. Then there exists xg € R,#p > § > 0 such that either
w(xg, to) > w(xg, ty) + 65 or w(xg, ty) > w(xp, tp) + 65. In the former case, we
set (w1, wy) = (w, w) and in the latter case we set (w;, wy) = (W, w). Then both
w1 and w; are viscosity solutions and

wi (xo, to) — wa(xg, 1) > 68 > 0.

By spatial translation, we can assume, without loss of generality, that () < O for
all t € [0, 1].
We now fix a constant ¢ satisfying

0<e, ety + £4x8 <min(é, 1), P + 4e’M <eg/4.

We need another small positive constant 1 determined as follows. By the sec-
ond property of viscosity solutions, we can find #; € (0, fg) such that ||w; (-, 1) +
po(-,11) — 1w < 8, i = 1,2. Since po(-, 1) is uniformly continuous on R
and w» is continuous at (xo, 7o), there exist ng > 0 such that for every n € (0, nol,

lwa(xo, f0) — w2(xo + 1,20)| <8 and || po(-, 1) — po(- + 1, 1)llL=®) < 8. The
latter inequality implies

w1, 1) — w2+ 1, 0) Lo ®)
< Illwi(, 1) + po(-, 11) — 1| Loo(w)
+ w2 (- +n.11) + po- + 10, 11) — Ll Lo(w)
+ lpoC, 1) — po(- +n, 1)l Loo(r) < 33.
Now, we fix an 1 € (0, no] such that
0 < Mn[R(t)) + 46?1 < /4.

Consider the continuous function

O(x,t)=wi(x,t) —wr(x +n,t) —et — e*x?, xeR,t e, ]

Note that ® (xo, #p) = [w1 (xo, fo) — w2 (x0, fo)] + [w2(x0, 10) — w2(x0 + 1, 10)] —
etg — e*x} > 65 — 8 — § = 4. On the other hand, when ¢ =11, ®(x,1;) <
lwi(, t1) — wa(- + 1, 02)llLe®) < 38. Hence, there exists (x4, tx) € R x (11, to]
such that ® attains at (x,, ) the global positive maximum of ® on R x [f1, #p]:

We consider two cases: (i) x4« < b(tyx) — n; (i) x4, > b(ty) — .
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Suppose (1) x4 < b(t,) — n. Then we have wi(xy,t:) = w1 (b(ty), t,) and
w2 (X« + 1, 1) = wa(b(#), ). Consequently, since [[wa (-, £:)[| Lo ®) = w2(b(tx),
ty) = wr(x* +n, t,) and x, < b(t,) < 0, we obtain

D(b(ty), t5) — P (x4, 14)
= *(x2 — b(t:)?) + (w2 (x* + 1, 1) — wa(b(t:) + 1, 24)) > 0
contradicting the maximality of ® (x,, #,).

(ii) x5 > b(ty) — . Set p(x, 1) = wa(x +1n,1) + et +e*x%. Then ¢ — w; = —P
attains at (xy, f4) a minimum over R X [#g, #1]. Since x, > b(t,) — n, we see that
wa (- + 7, -) is smooth in a neighborhood of (x., #,). Then ¢ is smooth in a small
neighborhood of (x4, ) and ¢ — w attains a local minimum at (x,, #,). Since w
is a viscosity solution, we must have Lo (x4, 1) < 0.

Now, we calculate L¢(x4,t:). Using Lwy = 0 in Qp and the fact that o is
assumed to be a constant, we have

Lo(xy, b)) =€ — et + 284)5*,“()5*’ Ix)
+ [ G, 1) — (s + 1, )]0y w2 (ke + 7, 14).
First, we note that ® (xy, ty) > D (xo, #p), SO &t + 84xf <2+ety+ 84)63 <3.
This implies that £2|x,| < 2. Hence,

Lo(xs, 1) = & — e —4e*M — Mn|dywa (x, + 1, 1,)].

To estimate 0, wy (x4 + 7, 1), we consider two situations.

(a) wy = w is the survival distribution function. Then ||0,w (X, ts) || < 00(Xx,
tx) < R(11).

(b) wo = w. Then w; is differentiable at (x,,#,) and wi(-, t;) is Lipschitz
continuous with Lipschitz constant ||U (-, t.)| L~@®). Hence, sending 2 \ O in
[(D(xs £ h, 1) — D(xy, )]/ h > 0 we derive

|9 w2 (s, )] < 185w, 1) [ ooy + 26 [x*] < R(1y) + 4.
Thus, in either case, we have
Loy, t5) > € —e* —48>M — Mn{R(t1) +4€%} > /4> 0

by our careful choices of ¢ and 7. This contradicts L (x4, t,) < 0. The contra-
diction implies that we must have w; = w,. Thus, the viscosity solution of the
boundary crossing problem is unique.

Proof of the second assertion. The equivalence of classical solutions of (1.8)

and (1.4) via U = —0w/dx is trivial. Here we show that a classical solution of
(1.8) is a viscosity solution.
Assume that w is a classical solution of (1.8). Then U = —dw/dx is a classi-

cal solution of (1.4). Applying the maximum principle to U and pp — U on Qyp,
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we find that 0 < U < pg. Also, the strong maximum principle [Friedman (1964),
Theorem 3.5, page 39] shows U > 0 in Qp [if U(x,t) = 0 for (x,t) € QOp,
then U(y,s) = 0 for all (y,s) in Qp with s < ¢, contradicting the initial con-
dition at time 0]. Hence, w is monotone in x and w(x,t) < w(b(t),t) for all
x > b(t),t > 0. In addition, for each #y > 0, comparing U with the solution of
LV =0in R x (ty, oo) with initial value V (-, ) = U(-, t9) we see that U <V
onR x [f9,00) s0 [rU(y,H)dy < J[p V(y,t)dy = [r U(y, tp) dy for every t > 1.
This implies that p(¢) := w(—o00,t) = w(b(t), t) is a decreasing function of ¢.

Next, since w + pg € C(R x [0, 00)), d,w <0, 9, po <0, and w(oo, 0) =0 and
w(—00, 0) =1, one can show that lim,\ o [w(-, ) + po(-, 1) — 1|l L) = 0. Thus,
w satisfies the first and second requirements of a viscosity solution in Definition 2.

To verify the third requirement in Definition 2, suppose ¢ is smooth, x € R, t >
8 > 0 and ¢ — w attains a local minimum at (x,¢) on [x — §,x + 8] x [t — 8, 1].
We want to show that Lo (x, ) < 0. We consider two cases: (i) x > b(¢) and (ii)
x < b(1).

(i) Suppose x > b(t). Then (x,t) is an interior point of Qp, in which w is
smooth. Since ¢ — w attains a local minimum at (x, ¢) on [x — &, x + 48] X [t — 8, ],
we have 3,¢(x, 1) < dw(x, 1), dyp(x,t) = dyw(x,t) and 32(x,1) > 2w(x, 1).
This implies that Lo(x, 1) < Lw(x,t) =0.

(i1) Suppose x < b(¢). Then d,p(x,t) = d,w(x, t) = 0. Note that p(x — z,1) —
o, 1) > wkx —z,t) —w(x,t) =0 forall z > 0. This implies, since ¢ is a smooth
and 0, p(x, t) =0, that nggo(x, t)>0.

To complete the proof that L¢(x, 1) <0, it suffices to show that 9,¢ < 0. Sup-
pose on the contrary that d;¢(x,t) > 0. Then there exists € € (0,§) such that
px,t —s5) < @x,t) for all s € (0,¢e]. As ¢ — w attains a local minimum at
(x,t),weseethat w(x,t—s) <w(x,t) —ex,t)+ex,t—s) <w(x,t)=p@k) <
p(t—s) forall s € (0, €]. Thus, [x, 00) x [t —¢&,t) C Op. Since w is monotone, we
also have w(y,t—s) < p(t) = w(x, t) forall y > x, s € [0, €]. That is, w attains at
(x, t) alocal maximum over the region [x, 00) X [t — ¢, t]. Hence, applying Hopf’s
lemma [Protter and Weinberger (1967), Theorem 3.3] for w on [x, 00) X (¢t — s, 1),
we have wy (x, t—) < 0, which contradicts the definition of a classical solution that
oyw(x,t—) = d,w(x,t) = 0. Thus, we must have d;¢(x,t) < 0. Together with
Oxp(x,t) =0, focp(x, t) > 0, we conclude that Lo (x, 1) <O0.

Hence, w is a viscosity solution. Applying the conclusion of the first assertion,
we then see that w is the survival distribution of the boundary crossing problem
associated with b. [

REMARK 4.3. (i) The addition of the term &*x2 confines our attention in
searching for the maximum of ® to a compact set [—2e72,2672] x [0, f9]. So
we indeed only need w + pg € C(R x [0, 00)) and w 4+ pg — 1 =0 on R x {0} in
the definition of viscosity solutions.

(ii) Fix f, > 11 > 0. In the proof, if we take w; to be a solution of Lwy; =0
in R x (t1, 1) subject to initial condition wj(-, #1) > w(:, #1). Then following the
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proof we see that Supg,(;, 1,)(w — wz) > 0 is impossible. Thus, we have w < w»
on R x [t1, #7). This is a simple version of the comparison principle in the theory
of viscosity solutions. This result will be used in the next section.

5. Viscosity solutions for the inverse boundary crossing problem. The in-
verse boundary crossing problem is to find b, for a given p, such that p is the sur-
vival probability associated with b. In this section, we prove that for any p € Py,
from the viscosity solution of the variational inequality (1.11), we can find an
unique b € By such that the resulting p gives the survival distribution of the first
time that X crosses b. Since the forward problem maps By to Py, we study, for
simplicity, the inverse problem for p € Py, though in Cheng et al. (2006) the vari-
ational inequality (1.11) was considered for more general survival functions.

5.1. Viscosity solutions. In general, classical solutions of the variational in-
equality (1.11) for the inverse problem may not exist. In Cheng et al. (2006), vis-
cosity solutions were introduced, and it was shown that for any p satisfying

(5.1) pO+H)=1=p@s)=p—)=zp®)=0  Vi>s5>0,

there exists a unique viscosity solution. From this solution, we can define a bound-
ary b such that Q;, = {w < p}, and consider it as a candidate for the solution to
the inverse boundary crossing problem. To verify that b is indeed a solution, we
show that w is a viscosity solution to the direct problem (1.8), and then appeal to
Theorem 3 to see that w and p give the survival distribution of the first time that
X crosses b.

When p € Py, we know a priori that the unique solution of the variational in-
equality is continuous so many technicalities in Cheng et al. (2006) regarding the
definition, existence, and uniqueness of viscosity solutions can be ignored. In par-
ticular, the viscosity solution introduced in Cheng et al. (2006) can be reformulated
(removing those specifics that take care of discontinuities) as follows.

DEFINITION 3. Let p € Py be given. A viscosity solution for the survival dis-
tribution of the inverse boundary crossing problem associated with p is a function
w defined on R x (0, co) that has the following properties:

L. w+ poe C(R x (0,00)), lim~p [ po(-, 1) + w(-, 1) — 1|l Low) = 0;

2. 0 < w(x,t) < p@), V(x,t) € R x (0,00) and Lw(x,t) =0 in the set Q :=
{(x, D]t >0, w(x, 1) < p)};

3.ifxeRand >4 >0, and ¢ is a smooth function such that ¢ — w attains at
(x,t) alocal minimum on [x — &8, x + 8] x [t — 8, t], then Lo(x,t) <O.

A viscosity solution of the inverse boundary crossing problem associated with
p is the function b given by

(5.2) b(t) :==inf{x € Rlw(x, 1) < p(t)} vt >0,
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where w is a viscosity solution for the survival distribution of the inverse boundary
crossing problem associated with p. If there is a unique viscosity solution, we
denote b = B[ p].

The remainder of this section is devoted to a proof of the main result of the
paper, Theorem 1, stated in the Introduction.

PROOF OF THEOREM 1. The fourth assertion follows from the first assertion
and the following facts which are easy to verify: a classical solution of (1.11) is
automatically a viscosity solution, and if (U, b) is a classical solution of (1.4), then
(w, b) with w defined by w(x, t) = fxoo U(y, t)dy is aclassical solution of (1.11).
We divide the proof of the first three assertions into several parts.

Existence and uniqueness of a viscosity solution. The proof of the existence of a
unique viscosity solution, together with the properties (1.14), is the major result of
Cheng et al. (2006) and hence is omitted here.’ It is important to note that, by the
monotonicity of w in the spatial variable and the definition of b in (5.2), we have

O :={(x,D)|t >0, wx,t) <p®)}=0p:={(x,t)|t >0,x > b(t)}.

Weak regularity of the free boundary. The regularity of the free boundary
b = B[ p] defined by (5.2) was not discussed in Cheng et al. (2006). Here, un-
der the assumption that p € Py, we establish a very basic regularity result on b. In
particular, we show that b € By.

We begin by showing that b(t) < oo for every ¢ > 0. Indeed, if b(¢) = oo, then
by the definition b(t) = inf{x|w(x,t) < p(t)} we see that w(x,t) = p(¢) for all
x € R. Since limy_, oo w(x, t) = 0 (recalling w < 1 — pg), we see that w(-,¢) =0.
This contradicts the assumption that p € Py, since p € Py guarantees p(s) > 0 for
all s € [0, 00).

Next, we show that X > b*(0) = m,\o b(t) almost surely. To see this, we
use the estimate w < 1 — pg to derive p(t) = w(b(t),t) <1 — po(b(t),t). This
implies that E,\o po(b(t),t) <lim;—o(1 — p(¢)) =0 since p € Py gives p €
C([0, 00)) and p(0) = 1. Now suppose to the contrary that P(Xq < *(0)) > 0.
Then there exists § > 0 and ¢ > 0 such that po(b*(0) — 268, 0) =P(Xg < b*(0) —
28) > 2¢e. Consequently, there exists g > 0 such that po(b*(0) — §,t) = P(X, <
b*(0) — 8) > ¢ for all ¢ € [0, tp]. However, by the definition of *(0), there exists
a sequence #; \ 0 such that limy_, o, b(#x) = b*(0). For all sufficiently large k, we
have b(tx) > b*(0) — § which implies that po(b(t), tr) > p(b*(0) — 5, ty) > €, so

"In Cheng et al. (20006), it was assumed that P(Xg = 0) = 1. The same techniques can be applied
to prove existence and uniqueness for more general initial distributions considered here.
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we obtain M,\o po(b(t), 1) > e. This contradicts lims\ o po(b(?), 1) = 0. Hence,
we must have P(Xy < b*(0)) =0, that is, X¢ > b*(0) a.s.

The next step is to show that b := B[p] is upper-semi-continuous on [0, 00).
First of all, the definition 5(0) := limsup,\ (b() implies that b is upper-semi-
continuous at ¢ = 0. Next, let > 0 be arbitrary. We consider two cases: (i) b(t) >
—o0, (ii) b(t) = —o0.

(1) Suppose b(t) > —oc. Fix any € > 0. Then p(t) — w(b(t) + ¢,t) > 0. By
continuity, p(s) — w(b(t) + ¢, s) > 0 for all s in a neighborhood of ¢. This implies
that b(s) < b(t) + ¢ for all s in a neighborhood of ¢. Consequently, lim,_,; b(s) <
b(t) + ¢. As ¢ > 0 is arbitrary, we have limy_,; b(s) < b(t).

(i1) Suppose b(t) = —oo. Then for any M > 0, we have p(¢t) — w(—M,t) > 0.
Consequently, p(s) —w(—M, s) > 0 for all s sufficiently close to z. Hence, b(s) <
—M for all s sufficiently close to z. This implies that limy_,; b(s) < —M. As M
can be made arbitrarily large, we hence see that limg_,; b(s) = —o0 = b(¢).

In conclusion, b: [0, 0c0) — [—00, 00) is upper-semi-continuous.

Let O :={w < p}:={(x,t) e R x (0, 0)|w(x,t) < p(t)} and Qp :={(x,1) €
R x (0,00)|x > b(t)}. Then Q = Qp and U := —0d, w > 0in Qp. Indeed, Q = Q)
follows from the definition of » = B[p] in (5.2) and the monotonicity of w in
the spatial variable [see Cheng et al. (2006)]. In addition, since b is upper-semi-
continuous and bounded above in any compact interval in [0, c0), any points
(x1,11), (x2,1), 11 <ty in Qp can be connected by a smooth curve x = h(¢) in
Qp defined on t € [t1, 1] such that A(#;) = x;. Applying the strong maximum
principle [Friedman (1964), Theorem 3.5, page 39] to U := —d,w (U > 0 by the
monotonicity of w), we conclude that U > 0 in Q = Q) [an elementary argument
shows there cannot exist a 7, > 0 such that U(-,#;) =01in Q, for all 11 < 1p].

Next, we show that b = b* = b* . Upper-semi-continuity (b = b*) was shown
above, so it remains to prove that b(t) = lim, A1 b(s) =: b* (t) for every t > 0.
Let t > 0, and suppose b(t) # b* (t). Then b(¢t) = b*(t) > b* (t). Set § = [b(t) —
b* (t)]/4. By the definition of b* (¢), we can find & > 0 such that b(s) < b* (t) +§
for all s € [t — 2¢,t). Then D := [b* (¢t) + 8,b(t)] x [t — 2¢,1) is a subset of
Q :={w < p}. Since we know that £;U =0 and U = —dw/dx > 0 in Q. We can
apply the Harnack inequality on the cube (b* (t) 48, b(¢)) x (t —2¢, t) to conclude
that there exists a positive constant > 0 such that U > 5 in [b* (¢) + 26, b(t) —
8] x (t — ¢, t). Consequently,

w(b* (1) +28,5) —w(b() —6,5)
b(t)—8
= U(y,s)dy = [b(t) — b (t) —38]In
b* (1)+28
=4n Vs e(t—e,t).

Sending s 't we then conclude that w(b™ + 28,1) > w(b(t) — 8,t) + én >

p(t) 4+ 8n, which violates the requirement that w < p for a viscosity solution.
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Hence, we must have b(t) = b* (¢). In summary, b = b* = b* . This also implies
that

b(1) = lim b(s) sl}t}b(s)z;{l}b(s)

Finally, to show that b € By, it remains to show that the survival probability p :=
P[b] associated with b has the property lim,\ o p(t) = 1. For this, we consider the
sequence {w,}, associated with b, defined in Proposition 4. It follows from a (vis-
cosity solution) comparison principle, applied iteratively to R x (!, t,’;“] (t,? :=0)
fori =0,1,..., that w, > w; see Remark 4.3. Taking the limit, we find that w <
lim;,—, co w;;. This implies that p(f) = w(—00,t) < lim,_, oo W, (—00, 1) = p(2).
Since our assumption p € Py implies that lim,\ o p(t) = 1, we also know that
lim;\ o p(¢) = 1. Thus, we have shown that b € By.

Verification that the boundary derived from the variational inequality has the
required crossing time distribution. Given p € Py, let b = B[ p] be the boundary
derived from the unique solution of the variational inequality (1.11). We need to
show that P[b] = p, that is, that b is truly a solution of the inverse boundary cross-
ing problem. Summarizing, this means that we want to show that (P o B)[p] =
for every p € Py.

Let w be the unique viscosity solution for survival distribution of the inverse
problem associated with p as given in Definition 3. Define b = B[ p] as in (5.2). Let
p = P[b]. We want to show that p = p. It is enough to show that w is a viscosity
solution of the survival probability for the boundary crossing problem associated
with b, since in this case part 1. of Theorem 3 yields that p(t) = w(—o0, t), while
taking limits as x goes to —oo in (1.14) gives that p(t) = w(—o00, t). By check-
ing the Definitions 3 and 2 of viscosity solutions, one readily sees that w being
a viscosity solution in the sense of Definition 3 implies that w is indeed the vis-
cosity solution in the sense of Definition 2, provided that Q :={w < p} = Qp :=
{(x,t)]x > b(¢),t > 0}. But this last property is immediate from the monotonic-
ity of w. We thus conclude that w is indeed the viscosity solution of the survival
distribution of the boundary crossing problem associated with ». Consequently,
P1b](t) = w(—o00, t) = p(t), so we have P[b] = p and p = P[b] = (P o B)[p].

Uniqueness of the solution of the inverse boundary crossing problem in the
class By. For a given p € Py, we have shown that B[ p] is a solution of the original
inverse boundary crossing problem. Here we show that there is indeed only one
such b in the class By. To show this, it suffices to show that (13 o P)[b] = b for
every b € By, since this implies that if 77[5] = p then b= (Bo P)[l;] = B[p].

Letb e By. Define (7, p, w) as in (2.4)—(2.6). That is, p = 73[5] and w are the
survival probability and distribution of the boundary crossing problem associated
with b. Since b is upper-semi-continuous we can derive from Proposition 5 and
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the strong maximum principle that U := —dyw > 0 in Q} (see the proof of The-
orem 3). This implies that Q7 C {w < p}. Also, since w(x, 1) =P(t > ¢, X; > x)
we know that w(x, t) = p(#) when x < l;(t). Thus, Q7 = {w < p}.

By Theorem 3, w is a viscosity solution of the survival probability distribu-
tion of the boundary crossing problem in the sense of Definition 2, associated
with b. By checking the definition of a viscosity solution of the variational in-
equality associated with p (Definition 3), we find that w is indeed a viscosity so-
lution associated with p = P[l;]. Now, according to the definition of B[ p] in (5.2),
Blpl(t) = inf{x|w(x, 1) < p(¢)}. Since Qj = {w < p}, we see that B[ p] = b. Thus
b= B[ pl=(Bo P)[b] for every b € By. This completes the proof of Theorem 1.

OJ

5.2. Continuity of the free boundary in the inverse boundary crossing problem.
In this subsection, we investigate the continuity of the free boundary b = Bl[p]
for the inverse boundary crossing problem for p € Py. We already know that b is
upper-semi-continuous, and since b = b*, it cannot “jump up.” For b to be con-
tinuous, we need to prevent it from “jumping down.” Note the fact that if p is
a constant in an open interval, then b = —oo in that interval. Hence, to eliminate
steep drops of b we require a lower bound on the rate of decrease of p. We consider
the following:

L(p,T\,T»):= inf p(s) = p(®) YO<T <T.
T1<s<t<T t—s

The following proposition gives a sufficient condition for the boundary to be con-
tinuous, in the case that X is a standard Brownian motion.

PROPOSITION 6. Suppose that X is a standard Brownian motion, that is,
nw=0,0=1,and po(x,0) = x[0,00)(x). Let p € Py and b = B[p].

1. If L(p, T1, T») > O for some positive Ty, T> with Ty < T, then b = B[p] is
continuous on (T1, T»).

2. Assume that L(p,0,T) > 0 for every T > 0. Then b € C([0, 00)).

PROOF. 1. Let #; > 0 be arbitrary. Define

B 1) = w(b(ty )pJ(r:), t+1)

:pa+m
p(t1)

Then (w, l;) is the solution of the inverse problem with initial value w(-, 0) and
survival probability p. This statement follows by an immediate application of the
definitions. Note that w(x,?) = P(X;4y, > x, 71 >t + 1|t > 11). p(t) =P(r >
t + 11|t = t1). The conditional probabilities and the boundary from time #; on are

. b(t)=b(t +1)—b(t),

p(1)
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the same as the solution of the inverse problem started with the initial position
equal to the conditional distribution of X given that T > 1.

Now let (w, b) be the solution of the inverse problem with initial data x(—o,0)
and survival probability p. Note that w(x,0) = 1 = w(x,0) for x < 0 and
w(x,0) =0 < w(x,0) for x > 0. Hence, w(-,0) < w(-,0). It then follows from
a comparison principle [cf. the proof of Lemma 4.2 in Cheng et al. (2006)] that
w < w and that b < b. Again, this is obvious from the probabilistic interpretation
of the problem. The boundary b is the one that produces the hitting distribution
p when the process starts at b(¢;) at time ¢1. The boundary b produces the same
hitting distribution with the process started at the conditional distribution of X,
given that T > ¢;. Since in this case we must have X; > b(t;), we have that the
boundaries b and b produce the same hitting distribution for the process X, with
b arising from X starting at a higher point with probability 1. Therefore, we must
have b > b.

Thus, for0 <t <1/2,

b(t; +1) —b(t1) =b(t) = b(t) > —[1 + 0(1)]\/—2t log[1 — p(1)]
by the estimate on line 16, page 867 of Cheng et al. (2006). Upon noting that
llog[1 — p(O)]l = [log[p(t1 + 1) — p(t1)] —log p(11)]
= |log(rp(ti +6))| + O(1)
= [logt| 4+ O(1) = O(D)|logt|,

where

p(t) :=limsup [0, o0]

s /'t

we find that there exists a constant C (¢1) such that

p(ti — p(s) c

— S

b(t +1) — b(t]) > —C(t) /t|logt|  Vte(0,1/2].

Now pick any ¢ € (T1,T2). Let {f;}72, be a sequence in [T},) such that

limjo0t; =t and lim;_00 b(#;) = b(t) [recalling b(t) = b* (¢) := limy_~ b(s)].
Then setting h; = [t — t;]/2, we have

b(t; +h) > b(t;) — ¢,/ |hilog h;| Vi e [h;. 30,
This implies that
inf > b(1;) — 1 il
se[t_laﬁhi]b(s) > b(t;) — ¢,/ hi|loghi|

lim b(s) > b(t;) — ¢,/ hi|logh;].

s—>t

so that
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Sending i — oo we then obtain lim,_,, b(s) > b(¢). Thus, b is lower-semi-
continuous in (71, 7). Since b is also upper-semi-continuous, we see that b is
continuous in (77, 13).

2. By the first assertion, we know that b is continuous in (0, o). At ¢ = 0, since
po(x, 0) > 0 for all x > 0, the proof in Cheng et al. [(2006), Lemma 4.5, page 865]
implies that there exists a positive constant C that depends on L(p, 0, 1/2) such

that
b(t) > —C,/t|logt| vt €10, 1/2].

This implies that li_mt\o b(t) > 0.

We recall that 1 — w(x, t) — po(x, t) > 0. Evaluating this inequality at x = b(¢)
gives po(b(t),t) <1 — p(t) for all > 0. Since pgo(x,0) > 0, sending t \( 0 we
conclude that mt\o b(t) <0. Thus, b(0) :=lim,\ 0 b(¢) = 0. This completes the
proof. [J

Note that if the hitting time density —p is everywhere strictly positive, then
we obtain that b = B[p] is continuous. In particular, this criterion is satisfied by
the boundary arising from the exponential distribution and hence provides the so-
lution to the inverse boundary crossing problem as originally proposed by A. N.
Shiryayev.
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