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Quickest Real-Time Detection of
Multiple Brownian Drifts

P. A. Ernst’ H. Mei' & G. Peskir!

Consider the motion of a Brownian particle in n dimensions, whose coordinate
processes are standard Brownian motions with zero drift initially, and then at some
random/unobservable time, exactly &k of the coordinate processes get a (known)
non-zero drift permanently. Given that the position of the Brownian particle is being
observed in real time, the problem is to detect the time at which the k coordinate
processes get the drift as accurately as possible. We solve this problem in the most un-
certain scenario when the random/unobservable time is (i) exponentially distributed
and (ii) independent from the initial motion without drift. The solution is expressed
in terms of a stopping time that minimises the probability of a false early detection
and the expected delay of a missed late detection. The elliptic case k=1 has been
settled in [4] where the hypoelliptic case 1 < k < n resolved in the present paper
was left open (the case k = n reduces to the classic case n = 1 having a known
solution). We also show that the methodology developed solves the problem in the
general case where exactly k is relaxed to any number of the coordinate processes
getting the drift. To our knowledge this is the first time that such a multi-dimensional
hypoelliptic problem has been solved exactly in the literature.

1. Introduction

Imagine the motion of a Brownian particle in n dimensions, whose coordinate processes are
standard Brownian motions with zero drift initially, and then at some random/unobservable
time €, exactly k of the coordinate processes get a (known) non-zero drift g permanently.
Assuming that the position of the Brownian particle is being observed in real time, the problem
is to detect the time € at which the k coordinate processes get the drift p as accurately as
possible. In the most uncertain scenario, where 6 is assumed to be (i) exponentially distributed
and (ii) independent from the initial motion without drift, the solution to the problem when
k =1 has been derived in [4]. The purpose of the present paper is to derive the solution to
the problem when 1 < k < n that was left open in [4]. (Note that the case k =n reduces to
the classic case n =1 having a known solution and is therefore excluded throughout.)
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Denoting the position of the Brownian particle in n dimensions by X , the error to be
minimised over all stopping times 7 of X is expressed as the the linear combination of the
probability of the false alarm P.(7 <60) and the expected detection delay E.(7—0)T where
7w € [0,1] denotes the probability that 6 has already occurred at time 0. This problem
formulation of quickest detection dates back to [I5] and has been extensively studied to date
(see [18] and the references therein). The linear combination represents the Lagrangian and
once the optimal stopping problem has been solved in that form this will also lead to the solution
of the constrained problems where an upper bound is imposed on either the probability of the
false alarm or the expected detection delay respectively.

Quickest detection problems related to the present problem have been studied by a number
of authors and we refer to [4, Section 1] for an overview of this literature (see also Remark 9
in [4]). The initial optimal stopping problem in these quickest detection problems is equivalent
to an optimal stopping problem for the posterior probability distribution ratio process @ of
0 given X . The infinitesimal generator of the Markov/diffusion process @ (combined with
X when needed) in these optimal stopping problems is of parabolic type. In contrast, this was
no longer the case in the present problem when k =1 as noted in [4], where the infinitesimal
generator ILg of the multi-dimensional Markov/diffusion process @ is of elliptic type.

The present quickest detection problem when 1 < k < n was left open in [4]. We will
see below that the ellipticity of ILs remains valid for & = n—1 but breaks down when
1 <k <n—1. We show however that ILs satisfies the Hormander condition (cf. [6]) in
this case so that ILg is hypoelliptic. This fact may appear somewhat surprising at first glance
given that @ is governed by a system of N = (Z) stochastic differential equations driven by
n Brownian motions. For example, when n = 10 and k£ = 5 then N = 252 so that the
system governing @ consists of 252 stochastic differential equations driven by 10 Brownian
motions. Nonetheless, we establish that the structure of this system when 1 < k <n—1 is
sufficiently supported to ensure hypoellipticity as a substitute for the broken ellipticity of k&
being either 1 or n—1. This provides regularity of the value function in the optimal stopping
set. Moreover, the previous conclusions on the space operator ILg extend to the backward
time-space operator —0;+ ILg as well which in turn imply that & is a strong Feller process.
This opens avenues to regularity of the value function at the optimal stopping points and closes
our exploratory analysis of the problem.

In the reminder we show that the hypoelliptic structure of the infinitesimal generator com-
bined with the concavity of the loss functional in the optimal stopping problem is sufficiently
robust to yield the solution. Finding the exact solution to the quickest detection problem for
the observed process X in n dimensions when 1 < k < n is the main contribution of the
present paper. We also show that the methodology developed solves the problem in the general
case where exactly k is relaxed to any number of the coordinate processes getting the drift.
To our knowledge this is the first time that such a multi-dimensional hypoelliptic problem has
been solved exactly in the literature.

2. Formulation of the problem

In this section we formulate the quickest detection problem under consideration. The initial
formulation of the problem will be revaluated under a change of measure in the next section.



1. We consider a Bayesian formulation of the problem where it is assumed that one observes
a sample path of the standard n-dimensional Brownian motion X = (X! ... X™) whose
coordinate processes X!,..., X" are standard Brownian motions with zero drift initially, and
then at some random/unobservable time 6 taking value 0 with probability = € [0,1] and
being exponentially distributed with parameter A > 0 given that 6 > 0, exactly k of the
coordinate processes X1',..., X" get a (known) non-zero drift p permanently. The problem
is to detect the time 6 at which the k coordinate processes get the drift p as accurately as
possible (neither too early nor too late). This problem belongs to the class of quickest real-time
detection problems as discussed in Section 1 above.

2. The observed process X = (X! ..., X™) satisfies the stochastic differential equations
(2.1) dX} = pl(ieB, t>0)dt +dB} (1<i<n)

driven by a standard n-dimensional Brownian motion B = (B',...,B") under the prob-
ability measure P, specified below, where the random variable g taking values in the set
Cp={(n,....,nk) |1 < my < ... <mny <n} satisfies P.(8=(ny,...,nk)) = Dny,.n, for
some Dn, n, € [0,1] with Y p,, n, = 1 given and fixed where the sum is taken over all
(n1,...,ng) in CF . With aslight abuse of notation, in (2I)) we write i € 5 to express the fact
that i belongs to the set {ni,...,n;} consisting of the elements which form = (n,...,nx)
in C} . This means that n;,...,n; € § if and only if the coordinate processes X™, ... X"
get drift 4 at time 6 with probability p,, . ., for (ni,...,ng) € CF . With a similar abuse
of notation, which will be helpful in what follows, we will arrange the elements of C}' in a
lexicographic order and identify the i-th element of the ordered set C}' by its index i itself
for 1 <i¢< N where we set N := (Z) to denote the total number of elements in C}' . Often
we will write i = (ny,...,n,) or i € C}' to express this identification explicitly for 1 <i < N
while at other places it will be clear from the context whether the index 7 belongs to the set C}!
in this sense or the set {1,...,n} asin (1) above. The unobservable time 6 , the unknown
coordinates [, and the driving Brownian motion B are all assumed to be independent under
P, for m € [0,1] given and fixed.

3. Standard arguments imply that the previous setting can be realised on a probability space
(Q, F,P;) with the probability measure P, being decomposable as follows

(2.2) P = Z Di <7T P? + (1—7r)/ e M P! dt)
ieCp 0

for m € [0,1] where P} is the probability measure under which the coordinate processes
X™, ..., X™ of the observed process X get drift p at time ¢ € [0,00) for i = (ny,...,ng)
in C} and A > 0 is given and fixed. The decomposition (2.3) expresses the fact that the
unobservable time 6 is a non-negative random variable satisfying P.(0 = 0) =7 and P,(6 >
t]0 >0)=e* for t >0. Thus P/(X € ) =P (X € - |8 =14,0 =1t) is the probability
law of the standard n-dimensional Brownian motion process X whose coordinate processes
XM, o, X™ get drift p at time ¢ € [0,00) for i = (ny,...,n,) in C} . To remain consistent
with this notation we also denote by P> the probability measure under which the coordinate

processes X™ ..., X™ of X getnodrift x4 at a finite time for i = (ny,...,ng) in C} . Thus
P*(X € -)=P(X € |8 =1,0=00) is the probability law of the standard n-dimensional
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Brownian motion process for ¢ € C}' . Clearly the subscript ¢ is superfluous in this case and
we will often write P> instead of P for i € C}' . Moreover, by P; we denote the probability
measure under which the coordinate processes X™ ..., X™ of X get drift p at time 6 for
i=(ny,...,n,) in C} . From (Z2]) we see that

(2.3) Pr = Z piP;

iecy

where P; =P 4 (1—7) [[“Ae Pl dt for i € C} and 7 € [0,1]. Note that P; depends on
7 € [0,1] as well but we will omit this dependence from its notation for i € C} .

4. Being based upon continuous observation of X = (X', ..., X") the problem is to
find a stopping time 7, of X (i.e. a stopping time with respect to the natural filtration

F¥=0(X,|0<s<t) of X for t >0) that is ‘as close as possible’ to the unknown time
6 . More precisely, the problem consists of computing the value function

(2.4) V(r) = inf [P,T(T < 0) + cEn(r — 9)+]

and finding the optimal stopping time 7, at which the infimum in (24]) is attained for = € [0, 1]
and ¢ > 0 given and fixed -1pt (recalling also that p; € [0,1] with Ziecg p; = 1 are given
and fixed). Note in (24]) that P.(7 < #) is the probability of the false alarm and E, (7 — )"
is the expected detection delay associated with a stopping time 7 of X for 7 € [0, 1] . Recall
also that the expression on the right-hand side of (2.4)) is the Lagrangian associated with the
constrained problems as discussed in Section 1 above.

5. To tackle the optimal stopping problem (24 we consider the posterior probability distri-
bution process I = (II);>o of 6 given X that is defined by

(2.5) I, = P(0 < t| FY)

for ¢ > 0. Note that we have

N
(2.6) I, =) 11,
=1

where the summands are defined as follows

(2.7) Il =P (B =1, 0 <t|FX)
for t>0 and 1 <i<N in C} . The right-hand side of (Z4]) can be rewritten to read
(2.8) V(r) = inf Eﬁ<1—1L+c/ 1, dt)
T 0
for 7€ 0,1].

6. To connect the process II to the observed process X we define the posterior probability
distribution ratio process @ = (P1,... ®N) of # given X by

) VK
(2.9) o= L
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where the denominator is defined is follows
(2.10) I =P (B =1, 0 >t|FX)

for t >0 and 1 <¢ < N in C} . By the Girsanov theorem we see that the likelihood ratio
process L = (L',... L") can be expressed as follows

dPy,

AP _exp< Zan_k )

for t >0 and 1 <i <N identified with (ny,...,nx) in C}' where POt and P denote the

restrictions of the measures P and P> to F* for t >0 and 1 <i< N in C’k . Moreover,

using the same arguments as in [4, Section 2| we find that

(2.11) Li =

i xtrif i b ods
(2.12) @i = M (qso YA )
with @) =m/(1—m) for t >0 and 1 <i< N in C?. From (2I1)) and (ZI2) we see that the
process @ = (P1,... &V) is an explicit (path-dependent) functional of the observed process
X = (X',...,X™) and hence observable (by observing a sample path of X we are also seeing

a sample path of @ both in real time).

3. Measure change

In this section we show that changing the probability measure P, for = € [0,1] to P> in
the optimal stopping problem (24]) or (28] provides crucial simplifications of the setting which
make the subsequent analysis possible. This will be achieved by invoking the decomposition
of P, into P; for i € C} as stated in ([2.2]) above, changing each probability measure P; to
P> | and recalling that each P coincides with P> for ¢ € C} .

1. We show that the optimal stopping problem (2.8]) admits a transparent reformulation under
the probability measure P> in terms of the process @ = (¥*,...,®") defined in (23] above.
Recall that &' starts at 7/(1—7) and this dependence on the initial point will be indicated
by a superscript to @ when needed for 1 <i < N in cr.

Proposition 1. The value function V  from [2.8]) satisfies the identity
(3.1) V(r)=(1-m) [1+cV(r)]

where the value function V s given by

(3.2) V(r) = inf £ [ /0 ' e—M(é i@/ 0 %) dt]

for me€[0,1) and the infimum in [B2) is taken over all stopping times 7 of X .

Proof. A derivation of ([B1) and (B2 can be reduced to one dimension where the change-
of-measure identity (4.12) from [7] is applicable in exactly the same way as in the proof of
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Proposition 1 in [4]. Given that the present multi-dimensional setting creates no additional
difficulties we will omit details and this completes the proof. O

2. From Proposition 1 we see that the optimal stopping problem (2.4]) or (2.8]) is equivalent
to the optimal stopping problem ([B.2). From (2.I1)+(2I2) using It6’s formula we find that

k
(3.3) AP = \(1+®!)dt + Z u®tdBY (i=(ny,...,n,) €CY)

i=1

under P> with &) = ¢; in [0,00) all being equal to 7/(1—7) for 1 < i < N in CF
and 7 € [0,1). Moreover, the system of stochastic differential equations (3.3) has a unique
strong solution given by (ZII)+(2I2) above, where X equals B under P>, so that ¢ =
(@',...,®N) is a strong Markov process (see e.g. [14, pp 158-163]). We will establish further in
Section 5 below that @ is a strong Feller process but these arguments are more subtle at this
stage. Noticing that W} := (1/Vk) Zle B;” defines a standard Brownian motion process for
t >0, we see from ([B.3) that each @' is a Shiryaev diffusion process for 1 <i < N identified
with (nq,...,ng) in C}J. Basic properties of the Shiryaev diffusion processes are reviewed in
[9, Section 2]. In particular, it is known that &' is recurrent in [0, 00) if and only if A < ku?/2
for 1<i< N in CF. If X > kp?/2 then @ is transient in [0,00) with @ — oo almost
surely under P> as t -+ o0 for 1<:< N in C}.

3. To tackle the equivalent optimal stopping problem (B.2)) for the strong Markov pro-
cess & = (¥',...,®Y) solving B3) we will enable & = (P1,... &V) to start at any point
0 = (p1,...,0n5) €[0,00)Y under the probability measure P2° so that the optimal stopping
problem (B2) extends as follows

(3.4) V(p) = mr | /0 ’ e—n(ﬁ: e % )at]

for ¢ € [0,00)Y with P2°(®o =) = 1 -1pt where the infimum is taken over all stopping times
7 of @ and we recall that p; € [0,1] for 1 <i < N in O with SV, p; = 1. In this way
we have reduced the initial quickest detection problem ([Z4]) or (Z8) to the optimal stopping
problem (3.4) for the strong Markov process @ = (&, ..., &) solving ([3.3) and being explicitly
given by the Markovian flow (ZII)+(ZI2) of the initial point (&},..., DY) = (¢1,...on) =t ¢
in [0,00)" under P2° . Note that the optimal stopping problem (B.4)) is inherently/fully N-
dimensional and the infinitesimal generator of @ = (®!,... &) is of elliptic type when k =1
or k=mn—1 (because N =n and the diffusion matrix in ([33]) is regular in either case) but is
not of elliptic (or parabolic) type when 1 < k < n—1 (because N > n and hence the diffusion
matrix in (3.3]) cannot be regular). We will return to this issue in Section 5 below.

4. Mayer formulation

The optimal stopping problem ([B34]) is Lagrange formulated. In this section we derive its
Mayer reformulation which is helpful in the subsequent analysis.



1. From (B3] we read that the infinitesimal generator of the strong Markov process & =
(@1,...,®N) is given by

N N
1
(4.1) Ly = E A1+¢i) 0y, + 3 E N2<Pi90j(]ia[j)asomj

i=1 ij=1

for (¢1,...n) € (0,00)Y where I, = (I;y,..., ;) With I, = 1;(p) which by definition
equals 1 if p belongs to {ny,...,ni} for 1 < i < N identified with (ny,...,n) in
Cp and 0 otherwise, and similarly I; = (Iﬂ,...,ljn) with I;, = 1;(p) which by defini-
tion equals 1 if p belongs to {my,...,my} for 1 < j < N identified with (mq,..., my)
in Cp and 0 otherwise, while (I;,I;) denotes the scalar product of I, and I; given by
Z;zl Iy, for 1 <id,j < N in C} . From (2I2) we see that the topological boundary
{(¢1,.--,0n) €[0,00) | ¢; =0 for some 1 < i < N} of the state space [0,00)" consists
of entrance boundary points for @ (meaning that @ can be started at any boundary point
never to return to the boundary) and clearly the differential operator ILg is of elliptic type
when k=1 or k=n—1 but is not of elliptic (or parabolic) type when 1 < k <mn—1 which
is the case of main interest in what follows. We will determine its type when 1 < k <n—1 in
Section 5 below.

2. For the Mayer reformulation of the problem (34]) we need to look for a function M :
[0,00)Y — IR solving the partial differential equation

(4.2) LoM—AM = L

n (0,00)" where in view of ([B4]) we set

(4.3) Ligr, ..., on) = Zpigoi —\e

for (¢1,...,0n5) € [0,00)" . Noting that the mixed derivatives in (I vanish, and ignoring
the constant —\/c on the right-hand side of ([A2]) with ([A3]) for now, we see that a possible
attempt to solve the resulting partial differential equation is to separate the variables ¢; by
considering the ordinary differential equations

12

(4.4) M@ M; + 97 M = AM; = ¢

where M; = M;(p;) is a function/solution to be found for ¢; € (0,00) with 1 <i < N in
Cp . Note that M; = M; for i # j in C} so that the subscript to M is superfluous but we
will keep it to distinguish M; for 1 <¢ < N in C} from the general function M solving

#2) to be defined shortly below. It was shown in [4, Section 4] that the sought solution to
[#4) is given by

2 Pi/(149i) 11—\ v r—1
(4.5) M;(pi) = — (H—%)/ ( U) e“/”/ (ui e~ dudv
H 0 0

v 1—u)rt2




for ¢; € [0,00) and 1 < i < N in C} where we set k = 2\/u?. Define a function
M :[0,00)Y — IR by setting

(4.6) M(¢p1, ..., 0nN) :ZpiMi(<Pi)+1/C

for (¢1,...,pn) € [0,00)Y . The arguments above then show that the function M from (8]
solves the equation (A.2) above (notice that the final term 1/c¢ yields the missing constant
—\/c on the right-hand side of ([4.2) with (43]) as needed).

3. Having defined the function M in (4.6) we can now describe the Mayer reformulation of
the optimal stopping problem (3.4) as follows.

Proposition 2. The value function 1% from BA4) can be expressed as

(4.7) V(p) = inf B [e "M (®L, ..., oM)] — M(p)

for o € [0,00)N where the infimum is taken over all (bounded) stopping times 7 of & =
(@, ..., ®N) and the function M is given by ([E8) using [@H) above.

Proof. By It6’s formula using ([B.3]) we get
t
(4.8) e MM (P,) = M(yp) + / e (Lo M —AM)(®,)ds + N,
0

for ¢ € [0,00)" Zlpt where N, = Zz‘ecg Z?Zl fot e MM, (D) p®. dBy? is a continuous local
martingale for ¢t > 0. Making use of a localisation sequence of stopping times for this local

martingale if needed, applying the optional sampling theorem and recalling that M solves
([£2), we find by taking EZ on both sides in (.8) that

(4.9) EX[e M M(DL,... oY) = M(p) +E [ /0 Te—*tL(gbt) dt]

for all ¢ € [0,00)Y and all (bounded) stopping times 7 of @ . From ([B4) and (&9) using
[#3) we see that ([LT) holds as claimed and the proof is complete. O

4. From Proposition 2 we see that the optimal stopping problem (B.4]) is equivalent to the
optimal stopping problem defined by

(4.10) V(p) = inf B3 [e M M(DL, ..., oY)

for ¢ € [0,00)Y where the infimum is taken over all (bounded) stopping times 7 of & =
(@1,...,®N) and the function M is given by (&) using (5] above. The optimal stopping
problem (I0) is Mayer formulated. From (&) and ([I0) we see that

~

(4.11) V(p) =V(p) — M(p)

for ¢ € [0,00)" . The Mayer reformulation (2I0) has certain advantages that will be exploited
in the subsequent analysis of the optimal stopping problem (B.4]) below.
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5. Hypoellipticity

In this section we show that the differential operator ILg from (4.1) satisfies the Hormander
condition (cf. [6]) and therefore is hypoelliptic. This will provide a needed regularity of the value
function V from [B4) in the continuation set of the optimal stopping problem. We also show
that the previous conclusions on the space operator ILg extend to the backward time-space
operator —0;+ 1Ly which in turn imply that @ is a strong Feller process. This will provide a
needed regularity of V at the optimal stopping boundary (between the continuation set and
the stopping set). The regularity of V in the continuation set and at the optimal stopping
boundary will be discussed in Sections 6 and 7 below.

1. Hormander’s condition. To recall what it means that ILg satisfies the Hormander con-
dition, we will connect to Part 6 of Section 4 in [I1] from where one reads that ILg can be
rewritten as the ‘sum of squares’ as follows

N N N
1
(5.1) Lo= 10, + 5 > (00")ij0.p, = Do+ D}
i=1 i=1

1,j=1

where D; is a first-order differential operator given by

N
(5.2) Di =) B;0,,

j=1
for 0 <i < N with the coefficients ;; expressed explicitly as “6pt

LN

(5.3) Boj =i — 5 Y owdaoj (1<G<N)

k=1
(5.4) Bij = 7505 (LSi<N) (1<j<N).
Comparing (A1) with (51) we see that the drift vector p = (u1,...,pn) and the diffusion
matrix o = (01;...;0y) of @ (the latter written as a sequence of its rows) are given by
(5.5) pi(p) = A(1+¢i)

oi(p) = peil;

for o = (¢1,...,0n5) € [0,00)Y and 1 <i < N where I; = (Ij1,...,1;,0,...,0) € {0, 1}
with I;, = 1;(p) which by definition equals 1 if p belongs to {ni,...,ng} for 1 <i < N
identified with (nq,...,ng) in C} and 0 otherwise (note that we have extended the range
of I; appearing in the text following (4.1 above by adding N —n zeros to make o a square
N x N matrix). Identifying D; with (B;,...,8:n) we see that each D; may be viewed as
a function from [0,00)" (or its subset) to IRY defined by D;(¢) = (Bi(p),. .., Bin(p)) for
P E [O,OO)N and 0 < i < N. The Lie bracket of D; and D; understood as differential
operators is defined by



for 0 <4i,j5 <N . The smallest vector space in IRY that (i) contains all Dy, Dy,..., Dy
understood as vectors in IRY and (ii) is closed under the Lie bracket operation (5.7) is referred
to as the Lie algebra generated by Dy, Dy,..., Dy and is denoted by Lie(Dgy, Dy,...,Dy) . In
other words Lie(Dy, D1, ..., Dy) = span{D;, [D;, D;], [[Di, D;], Dy],... |0 <4,5,k,... < N} .
Note that Lie(Dg, Dy, ..., Dy) may be viewed as a function from [0,00)" into the family of
linear subspaces of IRY whose (algebraic) dimensions could also be strictly smaller than N .
The Hormander condition states that

(58) dimLie(DO,Dl,...,DN) =N
on [0,00)" (or its subset). If (5.8) is satisfied then Lg is hypoelliptic on [0,00)" (or its
subset) by the Hérmander theorem (cf. [6] Theorem 1.1]).

Proposition 3. The differential operator ILe from (A1) satisfies the Hormander condition
BR). Consequently ILg is hypoelliptic.

Proof. We need to show that (5.8) holds. For this, we find by direct calculation using (53))
with (Z30)+(GE6) that
where we set a := A\—ku?/2 . By (6.4) and (5.6) we see that

(5.10) By = \%% () if1<i<n

= 0 if n<i<N
for 1 < j < N where 1;(i) by definition equals 1 if ¢ belongs to {ms,...,my} for 1 <

Jj < N identified with (my,...,my) in C}' and 0 otherwise. Inserting the right-hand sides
of (B.9) and (BI0) into (5:2) with ¢ & j swapped we find that

N N

(5.11) Do =Y (api+A\)d, ~ Y (pi+b)dy, if a#0
=1 i=1
N

~> 0, if a=0

=1
" N

(5.12) Dj=> NG Pilij0p ~ > pilij0y, (1<j<N)

i=1 i=1

where in (BII) we set b := A/a and L ~ R by definition means that R is a constant
multiple of L (making R equivalent to L when searching for the Lie algebra generated by
a set containing L ) and [;; in (B.I2) equals 1 if j belongs to {ny,...,ng} for 1 <i <N
identified with (nq,...n;) in C} and 0 otherwise.

Calculating (iterated) Lie brackets of Dy, Dy, ..., Dy from (5.II) and (512) one arrives at
the following recipe for verifying the Hormander condition (5.8]). For this, let any 1 < j < N
with j = (ny,...,n,) € Cp be given and fixed. Using (B.I1l) and (5I2) we find by direct
calculation that

(5.13) Dy, D Zb in, O Z im0 if a0

10



N
= L0, if a=0

1=1

for any 1 < mn; < n and thus the specified one in forming j as well. Using (5.12) and (EI3)we
find by direct calculation that

N
(514) [[D()’D”l]?DnQ] ~ Z[inlli”Q&SDi
i=1

for any 1 < n; < ny < n and thus the specified ones in forming j as well. Continuing this
calculation by induction we find that

N
(5.15) ([[Do, D), Do), D) ~ Y " Ty Limy - Tin, O,
i=1
for any 1 < my <mny < ... <n, <n and thus the specified ones in forming j as well. By

definition of I recalled following (5.12) above we see that

=0if i #£j.
Combining (5.15) and (5.16]) we find that
(5.17) H[D0>D7L1]>D7L2]"">an]Napj‘

Since 1 < j < N was arbitrary this shows that the iterated Lie brackets (.I7) span the entire
RN so that the Hérmander condition (5.8) is satisfied as claimed. The final claim follows by
the Hormander theorem as recalled following (5.8]) above. This completes the proof. U

2. Parabolic Hormander’s condition. To recall what it means that —0,+ ILg satisfies the
(parabolic) Hérmander condition, we will connect to Part 3 of Section 5 in [I1] from where one
reads that —0,+ILg can be rewritten as the ‘sum of squares’ as follows

N N N
1 _ _
(5.18) —Oy+1Lg = —0,, + E i, + 3 E (00")ij0p,p, = Do + E D?
=1 2,7=1 =1

where D; is a first-order differential operator given by
N
(5.19) D; =Y B;0,,
5=0
for 0 <i < N with the coefficients ;; expressed explicitly as

(5.20) Boo=—1 & Bio=0 (1<i<N)

in addition to (5.3) and (5.4) above. Viewing D; as functions from [0,00)V*1 (or its subset)
to IRN*! this amounts to setting

(5.21) Dy = (=1, Bo1,--- Bon) & Dy =(0,B4,...,0in) (1<i<N).
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Note that Lie(Dg, Dy, ..., Dy) can be viewed as a function from [0,00)V*! into the family
of linear subspaces of IRN*! whose (algebraic) dimensions could also be strictly smaller than
N+1. The (parabolic) Hérmander condition states that

(522) dllee(Do,Dl,,DN) :N+1

n [0,00)¥ ! (or its subset). If (5.22)) is satisfied then —d;+1Lg is hypoelliptic on [0, 00)N !
(or its subset) by the Hormander theorem (cf. [6, Theorem 1.1]).

Proposition 4. The backward time-space differential operator —0, + ILe of @ satisfies
the parabolic Hormander condition (5:22). Consequently @ is a strong Feller process.

Proof. 1. We need to show that (5.22) holds. For this, note from (5.12) that with a slight
abuse of notation we have

where Dy and D; are defined in (5.2)) with (5.3])+ (5.4 above followed by the more explicit ex-
pressions in (B.I1)+(E12) above. Since the first coordinates —1 and 0 in (5.23]) are constants,
and 0,, = 0; plays no role because p and o are time independent, we see that calculating
the (iterated) Lie brackets of Dy, Dy, ..., Dy reduces to calculating the (iterated) Lie brackets
of Dy, Dy,..., Dy . More specifically, letting any 1 <i < N with i = (ny,...,ng) € CJ' be
given and fixed, and proceeding in the same way as in the proof of Proposition 3, we find by

(5I7) above that
(524) [HD07D ] D ] : an] ~ [[[D07Dn1]7Dn2]7”‘7an] Na@i'

Viewed as a function from [0, )N 1 to RNT! we see that the differential operator (5.24]) is
identified with e; = (0,...,0,1,0,...,0) € RN*! where the number 1 is placed on the i+1
coordinate. Enlarging (5.24]) by

N
(5.25) Do = (—1,D) = =0y, + Y _(api+A)0,,

i—1
which viewed as a function from [0,00)Y ™! to IRN*! is identified with ey = (—1,ap; +

Ao apy+ ) for (pr,...,0n) € [0,00)Y ) we see that the vectors e; for 0 < i < N
are linearly independent in IRV*! and clearly span the entire IRN*! so that the parabolic
Hérmander condition (5.22) is satisfied as claimed.

2. To see that @ is a strong Feller process, let any bounded measurable function f :
[0,00)" — IR be given and fixed. Then by Corollary 9 in [I1] we know that

(5.26) 0P f £ LoPf in (0,00)x[0,00)"

where Py f(p) = EXf(®;) for t >0 and ¢ € [0,00)" . Since —0; + ILg satisfies the Hérman-
der condition (5.22) we know that —0, + ILg is hypoelliptic by the Héormander theorem as
recalled following (5.22) above. It follows therefore that the weak solution (t,¢) — P.f(p)
in (5.26) is C* on (0,00)x[0,00)" . In particular, the mapping ¢ + P,f(p) is C* and
therefore continuous as well on [0,00)" for every ¢ > 0 given and fixed. This shows that &
is a strong Feller process as claimed and the proof is complete. 0
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6. Properties of the optimal stopping boundary

In this section we establish the existence of an optimal stopping time in the problem (B.4))
and derive basic properties of the optimal stopping boundary.

1. Looking at (B.4]) we may conclude that the (candidate) continuation and stopping sets in
this problem need to be defined as follows

(6.1) C={pel0,00)"|V(e) <0}
(6.2) D={pel0,00)"|V(p)=0}
respectively. Since the integral in the optimal stopping problem (B3.4]) is uniformly bounded

from below by —1/c, it follows by [16, Theorem 6(2), p. 137] that the first entry time of the
process @ into the closed set D defined by

(6.3) p=inf{t>0]|d €D}

is optimal in (£3). Within this general existence result one formally allows that the optimal
stopping time 7p takes the value oo as well, however, we will now show that this is not the
case in the present problem.

Proposition 5. We have
(6.4) PX(tp <o00)=1

for all ¢ € 10,00)" .
Proof. Since 7p is optimal in ([3.4) it follows from the result and proof of Proposition
1 above that 7p is optimal in (2.8) as well. The result of Lemma 1 in [7] identifies the
Radon-Nikodym derivative corresponding to the measure change from P, to P> to be
dPﬂ—’T _)\7_ 1_7T

(6.5) P> =e =

for all stopping times 7 of X andall m € [0,1), where P> and P, denote the restrictions of
measures P> and P, to FX for m € [0,1) respectively. Using (6.5 we recognise e (1—1II;)
as a constant multiple of the Radon-Nikodym derivative dP/®/dP; and hence the process is
a martingale under P, for ¢ >0 whenever = € [0,1) is given and fixed. Moreover, from the
fact that the probability measures P, and P> are singular, we can conclude that

(6.6) eM(1—1I,) = 0

and hence II; — 1 both almost surely under P, as t — oo for 7 € [0,1) (cf. Theorem 2 in [17]
p. 527]). Using the latter fact on the right-hand side of (2.8) with 7 in place of 7 we see that
P:(Tp < o0) =1 since otherwise 1—7 > V(7)) = 0o for 7 € [0,1) which is a contradiction.
Since the set {7p < co} belongs to F. and by (63]) above the probability measures P, and

T

P> restricted to FX are equivalent (i.e. P.(F) =0 if and only if P®(F) =0 for F € FX)

T

for m € [0,1), it follows that P2(7p < oo) =1 for all ¢ € [0,00)" as claimed. O

2. The topological boundary between the sets C' and D in [0,00)" is referred to as the
optimal stopping boundary in the problem ([B4]). We will denote it by dC' although we could
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also use 0D without altering its meaning. To derive an upper bound on the size of JC', recall
that the optimal stopping boundary/point ¢, in the one-dimensional problem (3.4)) (i.e. when
N = 1) can be characterised as a unique solution to

(6.7) S / ( “ a
0

= eRlug, =2
oL 1—u)rt? ‘ du 2¢
on (A/c,00) where we set k = 2\/p? (cf. [4, Section 5] & [12], Section 22]). Note from (6.7
that we have ¢, = p.(\/u?, \/c) and set

(6.8) 7 = (g o)

for A\>0, pe€ R,c>0 and p; € [0,1] for 1 < i < N with Ziilpi = 1. Recall that
of € (M (pic),00) for 1 < i < N. We can now expose basic properties of the the value
function and the continuation/stopping set in the problem (B4) as follows.

Proposition 6.

6.9)  The value function V is concave and continuous on [0,00)" .

6.10) If 1 <Yr,...,on <Yy then V(Qpl>--->§0N) SV(¢1,~~¢N)-

611) ]f ((pl,...,QON)ED and @DlZ@l,...,wNzgpN then (@bl,...@bN)eD.
N
|

(

(

(

(6.12)  The stopping set D is convex and the polytope { (p1,...pn) € [0,00)
Zﬁ\il wi/pir—1>0} is contained in D.

(6.13)  The simplex { (p1,...,on) €[0,00)Y | SN pipi—A/e <0} is contained
in the continuation set C'.

Proof. (69): Combining the fact that the Markovian flow (2.I2) is linear as a function of
its initial point with the fact that the integral in (3.4)) is a linear function of its argument, and
using that the infimum of a convex combination is larger than the convex combination of the
infima, we find that V is concave on [0,00)" as claimed. Hence we can also conclude that V/
is continuous on the open set (0,00)" . To see that V is continuous at the boundary points of
0,00)N we may recall the well-known (and easily verified) fact that the concave function V
is lower semicontinuous on the closed and convex set [0,00)" . Moreover, recalling that (Z.12)
defines a Markovian functional of the initial point @} := ¢; in [0,00) of the process &' for
1 <i < N, we see that the expectation in (AI0) defines a continuous function of the initial
point ¢ = (¢1,...,¢n) of the process & = (¥*,...,®V) for every (bounded) stopping time
7 of & given and fixed. Taking the infimum over all (bounded) stopping times 7 of @ we
can thus conclude from [IT)) that the value function V' is upper semicontinuous on [0, c0)™ .
Being also lower semicontinuous it follows that V' is continuous on [0,00)Y as claimed.

(EI0): This is a direct consequence of the fact that the Markovian flow (ZI2) is increasing
as a function of its initial point being used in (3.4 above.

(G.I1): By (€I0) we have V((pl,.;.,@\;) < Vb1, ...,hn) <0 so that (p1,...,on) € D
ie. V(o1,...,on) =0 implies that V(¢q,...,0n) =0 ie. (¢q,...,9%y) € D as claimed.
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Figure 1. The optimal stopping surface b in the problem [B4]) when n =3
and k=2 with u:)\:czl and P12 :p1’3:p273:1/3.

([612): To see that D is convex, take any ¢ and v from D and note by (6.9) that 0 >
V(pt+(1—a)) > aV (p)+(1—a)V (1) = 0 so that V(ap+(1—a)i) =0 ie. ap+(l—a)y € D
for every « € [0, 1] as claimed. To see that the polytope is contained in D , note that pulling
p; in front of the infimum in ([B.4]) with any 1 < j < N given and fixed shows that the point
(0,...,0,¢75,0,...,0) belongs to D because ¢} as defined in (6.8) above (with j in place of
i) is “1pt an optimal stopping point in the one-dimensional problem obtained by removing the
non-negative term Zf\i“ 2;(pi/pj) ®; from the integral with respect to time in ([B4) with p;
in front of ~1pt the infimum (note that the appearance of k in (G.8]) follows from the fact that
(1/Vk) Z?zl B,” is a standard Brownian motion for t > 0). It follows therefore by (6.1
that the set {(0,...,0,¢;,0,...,0) | ¢; > ¢} is contained in D for every 1 <j < N . But
then the entire polytope is contained in D due to its convexity.

(613): Taking any point ¢ from the (open) simplex and replacing 7 in (3.4) by the first
exit time of @ from a sufficiently small ball around ¢ that is strictly contained in the simplex,
we see that the integrand in (B.4]) remains strictly negative so that V takes a strictly negative
value at ¢ itself, showing that ¢ belongs to the continuation set C' as claimed. ]

3. From the results of Proposition 6 we see that the stopping set in the problem (B4 can
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be described as follows

(6.14) D ={(¢p1,...,on) €[0,00)" | on > b(g1,...,on-1) }

where b :[0,00)" ™! — [0,00) is a convex, continuous, decreasing function (in the sense that
b1, on—1) = b(tp1, ..., hn—1) whenever @1 <y,...,on—1 < Yy_y ) satisfying

N—-1
Di A *
6.15 — —p;+—<b e < — i T
( ) ;pN<P PNC (801 YN— 1 Z ©i + ©N
for ¢ € [0,/ (p1)],...,on—1 € [0,A/(pn-1c)] and @1 € [0,¢7],...,on_1 € [0,}_,] in

the first and second inequality respectively (see Figure 1). Note that the optimal stopping
boundary in the problem (3.4]) can be described as follows

(6.16) OC ={(¢1,...,0on) €[0,00)Y | on =ble1,...,on-1) }.

We address the question of characterising/determining b in the remaining two sections. To
this end we conclude this section by establishing a key regularity result of 0C' for D .

4. Recall that a point ¢ € [0,00)" is said to be probabilistically regular for D if
(6.17) PX(op=0) =1

where op is the first hitting time of @ to D defined by op = inf{t > 0| &, € D} (see
Sections 2 and 3 in [2] for fuller details). If every point at OC' is probabilistically regular for
D we say that 0C' is probabilistically regular for D . We now show that this is the case in
the optimal stopping problem (B4)).

Proposition 7. The optimal stopping boundary OC s probabilistically regular for the
stopping set D in the problem (3.4).

Proof. Let any point ¢ = (p1,...,¢n) at JC be given and fixed. We need to show that
([GEI7) holds. For this, note that

(6.18) P*(0p=0) = P2(N7) Ureo,a/m) {Pr€D}) = Tim P°°( Ute(o,1/n) {Pr € D})

> lim  sup PX(®;€D) = limsup Pw(@t eD)
10

N0 ¢e(0,1/n

)
> lim sup PC>O (@ 01, . @iv > gpN)

tl0
> limsup P*(L; > 1,...,L)Y >1)
10
:nmsupPOO(z k%t,...,Z?let]2k§t>
tl0
> 1int1¢s0up P> (X} > &t,..., X} > bt)
=limsup P(B, > &¢,..., B} > Lt)
tl0
= lim sup (P(Bt1 > %t)) = lim (P(Bll > %\/Z))n

tl0 0
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= (P(B{>0))" =1/2" >0

where in the second inequality we use that [p;,00)X% ... X [py,00) € D by (GII) above, in
the third inequality we use (2I2)) above, and in the fourth equality we use (2I1]) above (upon
assuming that p > 0 without loss of generality). From (G.I8) we see that P3°(op=0) > 0.
As the latter probability can only be either zero or one by the Blumenthal 0-1 law (cf. [I p.
30]), it follows that (6.17) holds as claimed. O

Remark 8. Note that if we replace all inequalities under the probability measures in (6.18)
by strict inequalities, then the same proof shows that OC' is probabilistically regular for the
interior of the stopping set D in the problem (3.4]). Although this stronger probabilistic regu-
larity plays no role in the present setting because the process @ is strong Feller by Proposition
4 above, this observation may be useful in the settings where the process @ is only known to
be strong Markov (see [2] for fuller details).

7. Free-boundary problem

In this section we derive a free-boundary problem that stands in one-to-one correspondence
with the optimal stopping problem ([3.4]). Using the results derived in the previous sections
we show that the value function V from B4) and the optimal stopping boundary b from
(616]) solve the free-boundary problem. This establishes the existence of a solution to the free-
boundary problem. Its uniqueness in a natural class of functions will follow from a more general
uniqueness result that will be established in Section 8 below. This will also yield an explicit
integral representation of the value function 1% expressed in terms of the optimal stopping
boundary b .

1. Consider the optimal stopping problem (3.4]) where the Markov process & = (&', ..., &V)
solves the system of stochastic differential equations ([B.3]) driven by a standard n-dimensional
Brownian motion B = (B',..., B") under the probability measure P> . Recall that the
infinitesimal generator of @ is the second-order hypoelliptic differential operator ILg given
in (A1) above (cf. Proposition 3). Looking at () and relying on other properties of V and

b derived above, we are naturally led to formulate the following free-boundary problem for
finding V' and b :

LsV—\V =-L in C
(7.2) V(p)=0 for p €D (instantancous stopping)
(7.3) V%(gp) =0 for p€0C and i=1,...,N (smooth fit)
where L is defined in ([@3]) above, C' is the (continuation) set from (6.II) above, D is the

(stopping) set from ([G.2)+([G.14) above, and 9C is the (optimal stopping) boundary between
the sets C' and D from (6.I6) above.

2. To formulate the existence and uniqueness result for the free-boundary problem ([Z.])-

([3), we let C denote the class of functions (U,a) such that

(7.4) U belongs to C*(C,) N C*(C,) and is continuous & bounded on [0, 00)"

N-1 (

(7.5) a is continuous & decreasing on [0, c0) in the sense that a(pq,...,on_1)
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> a(t,...,¥n_1) whenever p; < q,...,0on_1 < y_1) and satisfies
S i+ pval@rs . ono1)—Ae > 0 for (p1,..., ono1) € [0,00) N

where we set Cy = {(¢1,...,¢n) €[0,00)Y | on < alpr,...,on-1)} and C, = {(¢1,...,0N)
€ [0,00) | on < alpy,...,on-1) with (¢1,...,05_1) belonging to the closure of the set

{ (W1, on-1) [ althr, ... ;on—1) >0} in [0,00)V 1},

Theorem 9. The free-boundary problem (LI)-([Z3) has a unique solution (V,b) in the
class C where V is given in B4) and b is given in ([GI6) above.

Proof. We first show that the pair (V, b) belongs to the class C and solves the free-
boundary problem (TI))-(7.3). For this, note that the optimal stopping problem (B.4]) is La-
grange formulated and recall that the infimum in ([3.4) is attained at 7p from (6.3)) above. It
follows therefore by the result of Corollary 6 in [II] that V' from (Bd) is a weak solution to
the equation (7)) in the sense of Schwartz distributions. By the result of Proposition 3 above
we know that the differential operator ILg is hypoelliptic and hence ILg— Al is hypoelliptic
too. It follows therefore that the weak solution V to (ZI) belongs to C on C (cf. [I11
Corollary 8]). This shows that V belongs to C2(C) and satisfies (ZI)) as claimed. Moreover,
from (B3) we know that V is continuous on [0, 00)" and from (34) we readily find that

(7.6) —~<V(p) <0

Q=

for all ¢ € [0,00)" . Furthermore, recall from Proposition 4 above that the process ¢ =
(@1,...,®N) is strong Feller while by Proposition 7 we know that OC' is probabilistically
regular for D . Finally, from (ZI2) we see that the process @ can be realised as a continuously
differentiable stochastic flow of its initial point so that the integrability conditions of Theorem
8 in [2] are satisfied. Recalling that V satisfies ([72), and applying the result of that theorem,
we can conclude that

A

(7.7) V' is continuously differentiable on [0, 00)" .

In particular, this shows that (Z3) holds as well as that V belongs to C*(C) as required
in ((C4) above. The fact that b satisfies (.3 was established in (6.I4)-([G.15) above. This
shows that (V,b) belongs to C and solves (TI)-([Z3) as claimed. To derive uniqueness of the
solution we will first see in the next section that any solution (U,a) to ([LI)-(Z3) from the
class C admits an explicit integral representation for U expressed in terms of a , which in
turn solves a nonlinear Fredholm integral equation, and we will see that this equation cannot
have other solutions satisfying the required properties. From these facts we can conclude that
the free-boundary problem (I)-(73]) cannot have other solutions in the class C as claimed.
This completes the proof. O

8. Nonlinear integral equations

In this section we show that the optimal stopping boundary b from (G.I€) can be char-
acterised as the unique solution to a nonlinear Fredholm integral equation. This also yields
an explicit integral representation of the value function V from [B4) expressed in terms of
the optimal stopping boundary b. As a consequence of the existence and uniqueness result
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for the the nonlinear Fredholm integral equation we also obtain uniqueness of the solution to
the free-boundary problem (I))-(7.3]) as explained in the proof of Theorem 9 above. Finally,
collecting the results derived throughout the paper we conclude our exposition by disclosing
the solution to the initial problem.

1. Let p = p(t;01,...,0N,%1,...,0n) denote the transition probability density function
of the Markov process @ = (@',...,®Y) in the sense that

.....

(81) POO (@teA) = /A p(t; 8017---780N7w17---7¢N> dy ... dyy

for any measurable A C [0,00)Y with (¢1,...,0n5) € [0,00)Y and ¢ > 0 given and fixed.
Having p we can evaluate the expression of interest in the theorem below as follows

(82) Ko(tipr, . oon) = EX (L@, @) (@Y <b(@),... . dN )]

.....

for t >0 and (p1,...,0n) €0, oo)N where L is defined in (£3) above.

Theorem 10 (Existence and uniqueness). The optimal stopping boundary b in (B.4)
can be characterised as the unique solution to the nonlinear Fredholm integral equation

(8.3) / e MKyt 01, on—1,0(p1, - on1)) dE =0
0

N-U satisfying S0 " D

. The value function V oin

in the class of continuous & decreasing (convex) functions b on [0, 00)

@i + b1, - on—1)—Afe =0 for (¢1,...,on-1) € [0,00)V !
B4)) admits the following representation

(8.4) Vg, on) = / e MK (1 on) di
0

for (¢1,...,0n) €10,00) . The optimal stopping time in ([B.4) is given by
(8.5) m=inf{t>0|®) > b(d;,..., o0 )}

under P2° with (o1, ...,0n5) € [0,00)" given and fized.

Proof. (i) Existence. We first show that the optimal stopping boundary b in (3.4]) solves
([B3)). Recalling that b satisfies the properties stated following (6.14]) above, this will establish
the existence of a solution to (R3]) in the specified class of functions.

For this, to gain control over the (individual) second partial derivatives ‘A/%.%, close to
the optimal stopping boundary within C' for 1 < i,57 < N (see [5] for general results of
this kind in the elliptic case), consider the sets C, := {¢ € [0,00)" | V(p) < —1/n} and
D, :={pel0,00)N|V(p)>—-1/n} for n>1 (large). Note that C, 1 C and D, | D as
n T oo . Moreover, using the same arguments as for the sets C' and D above, we find that
the set D, is convex, and the boundary b, = b,(p1,...,¢on_1) between C, and D, is a
convex, continuous, decreasing function of (p1,...,¢ny_1) in [0,00)V~!. This also shows that
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b, T b uniformly on [0,00)Y~! as m — oo (where the functions b, and b take zero value at
(¢1,...,pn—1) by definition whenever (¢1,...,¢9n_1,0) belongs to D, and D respectively
for n > 1). Approximate the value function V in (@4) by functions V" defined as V on
C, and —1/n on D, for n > 1. Note that V" 1V uniformly on [0,00)Y as n — oo .
Moreover, letting n > 1 be given and fixed in the sequel, clearly V™ is a continuous function

n [0,00)Y and V" restricted to C, and D, belongs to C*(C,) and C?(D,) respectively.
Finally, since b, is convex we know that b,(®!,...,®#V~!) is a continuous semimartingale.
This shows that the change-of-variable formula with local time on surfaces [10, Theorem 2.1]
is applicable to V" composed with @ = (&',... @) and using (ZI) this gives

t
(8.6) e MVMB,) = V(D) + / e M (LaV" = AV™) (D) ds
0

N t

t
S5 [ e vn@anerany — [ @) @)

i=1 j=1

_|_

A~

t t
= V™ (®y) — / e L(P) (P, €C) ds + M — / eV, (D) deP (D)
0 0

where M = SN Z] o eV (B, p i (D € Cry) dB ™ is a continuous martingale for
t >0 and (% (®) is the local time of ¢ on the curve b, given by

1 t
(8.7) 0o (P) = P-ngl 5 I(—e < ®N—b,(!,... 0V 1) < ¢)
€ 0

d( DN —b, (D, ... N7 DN b, (D1, ... DV,

for ¢ > 0. To gain control over the final term in (84), note that the It6-Tanaka formula (cf.
[13, pp 222-223]) yields

88)  (b(@),..., o =) = (b,(®), ..., B} ) —d)) T
t
+/ I(b,(PL, ..., &N ) =N >0)d(b, (D, ..., N ) —dN), + %E?n(@)
0

t
= (0@ B -0) 4 [ 10, =Y 20)
0

NlNl

N—18b
N—-1 7
<i:18 (@, N V) de 1 - gz

1

LN ThY AP dTY, — ddY
8%8% Y@, @), - do))

for t > 0 where we use that b, is C? by the implicit function theorem since the smooth
fit fails at b, due to its suboptimality in the problem (B4). Since b, is convex we know
that the Hessian matrix of b, is non-negative definite and recalling from (B3)+(I) that
d{(P", D7) g = p2PLPI(I;, I;) ds for 1 <1i,j7 < N—1 we see that the integral associated with the
double sum in (B.8]) is non-negative. It follows therefore from (88)) using ([B.3) above that

1 _
(8.9) §£§n (@) < (ba(@},..., 8N =) "
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— t
—Z/ I(b, (@, ... &N~V >0) gi’f(@;,...,@?j—l)A(H@g)ds

t
+/ I(by(PL, ..., 6N~ @Y > 0) \(1+DY) ds + N}
0

where 22pt NP = — SN0 S [ (0,(@L, .. @Y )~ BN >0)(0b, /00:) (@1, ..., BN ) pdid B
+ Z?Zl [ 1(ba (DL, .., (Pi,v -V >0),ud5évdB?j(N) is a continuous local martingale for ¢ > 0 .
Let (7m)m>1 be a localising sequence of stopping times for N™ | define the stopping time

(8.10) Om =inf {t >0 (D},..., 0N 1) & (L, 00)N 1)

m?

and set p,, =T, Ao, for m > 1. Fixing ¢ € [0,00)Y we then find from (83) that

t
(8.11) —Eoo[ffxpm @)] < oy — Z Ay / A(1+E(®)) ds
0

&pZ

n /t)\(1+EZ°(¢iV)) ds < Ku(t)

for t >0 and m > 1 where the positive constant K,,(t) does not depend on n > 1 because
each b, is convex and b, b on [0,1/m]"~' as n — oo so that (9b,/0p;)(1/m,...,1/m)
must stay bounded from below over n > 1 for 1 < i < N—1 if b, is to stay below b
on [0,1/m]N" for all n > 1. In addition, by () we know that V,, is continuous on C
and hence uniformly continuous too because C is a compact set. 1pt It follows therefore
that 0 < ‘A/;ON(%, o N1, bn (01, on—1)) < e forall (¢1,...,on_1) € [0,00)N7! and all
n > n. with n. > 1 large enough depending on the given and fixed ¢ > 0. Combining this
fact with ([8.11I), upon replacing ¢ with ¢ A p,, in the final integral of ([8.6) and taking E3 of
the resulting expression, we see that

tApm .
(8.12) o<ex| [ @)t @) < 2emiim)
0

for all n > n. with ¢t > 0 and m > 1 given and fixed. This shows that the expectation in
(BI2) tends to zero as n tends to infinity for every ¢t >0 and m > 1 given and fixed. Using
this fact in (8.6) upon replacing ¢ with ¢t A py, , taking E on both sides, and letting n tend
to infinity, we find by the monotone convergence theorem upon recalling (7.€]) that

(5.13) Vi) = 0 V@, ) + €3] [ L) 10,60 0

for all ¢t > 0 and all m > 1. Letting m — oo and using that p,, — oo because 0 is an
entrance boundary point for each @' with 1 <i < N—1, we see from (8I3]) upon recalling
([8) and using the dominated convergence theorem that

(8.14) V(p) =EX[eMV(®,)] +EX { /0 t M L(P)I(P,€0) ds]
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for all ¢ > 0. Finally, letting ¢ — oo in (8I4]) and using the dominated and monotone
convergence theorems upon recalling (.0), we find that

(8.15) V(p) =E [ /0 N e ML(P) (P, €C) ds

for all ¢ € [0,00)Y . Recalling ([GI4) and ([B2) above we see that this establishes the
representation (8.4) as claimed. Moreover, the fact that 7, from (8I) is optimal in (B.4])
follows by (6.I4]) above. Finally, inserting ¢n = b(p1,...,9n-1) in (84) and using that
Vgt .. on-1,b(¢1, ..., on_1)) = 0, we see that b solves ([B3) as claimed.

(ii) Uniqueness. To show that b is a unique solution to the equation (R3] in the specified
class of functions, one can adopt the four-step procedure from the proof of uniqueness given
in [3, Theorem 4.1] extending and further refining the original uniqueness arguments from [8]
Theorem 3.1]. Given that the present setting creates no additional difficulties we will omit
further details of this verification and this completes the proof. O

2. The nonlinear Fredholm integral equation (8.3]) can be used to find the optimal stopping
boundary b numerically (using Picard iteration). Inserting this b into (84) via (82) we
also obtain a closed form expression for the value function V . Collecting the results derived
throughout the paper we now disclose the solution to the initial problem.

Corollary 11. The value function in the initial problem ([2Z4)) is given by

(8.16) V(r) = (1-7) [1+CV(L y L)}

1l—7"" " l—7

for m e [0,1] where the function V is given by &) above. The optimal stopping time in the
initial problem (2.4)) is given by

t s
(8.17) 7, = inf {t > () ‘ euzf_lxtgwpr@_wf)t<L+>\/ 6_“Z§—1XSJ(N)—(A—k”22)st>
0

l-m

ko ooni(D 2 t ko ooni (D 2
> b(e”zjzlxt +A—kIG)t (—1j7r +)\/ e h i Xs? —(Akig)s ds), o
0

t
k n;(N—1) 2 k n;(N—1) 2
oh N X +(,\—k%)t< ™ +>\/ o H b X _()\—k%)sds))}
0

1—7m

where b is a unique solution to (83]) above (see Figure 1).
Proof. The identity (8.16]) was established in (B.1I) above. The explicit form of the optimal

stopping time (8I7) follows from (BH) in Theorem 10 combined with (ZI1))+(2I2) above. The
final claim on b was derived in Theorem 10 above. This completes the proof. U

9. General case

In the general case of the quickest detection problem (Z4]) we no longer insist that exactly
k of the coordinate processes X' ..., X™ get a (known) non-zero drift u but instead allow
that any number of them get such a drift with prescribed probabilities. In this section we show
that the methodology developed in the previous sections to solve the problem for exactly k
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coordinate processes can be used to solve the problem in the general case for any number of
coordinate processes. This extension of the solution will also enable us to reduce the dimension
of the problem to its minimal value which is of fundamental importance in real applications.

1. The key issue in extending the solution from exactly &k to any number of the coordi-
nate processes is whether the hypoelliptic structure established in Section 5 above using the
Hormander theorem remains preserved. For this, we first note that this is the case if we me-
chanically increase the problem dimension to a size which however could be alarmingly high.
For example, returning to the case when n =10 and k£ =5 as discussed in Section 1 above,
and allowing any (one or several) tagged 4 coordinate processes to get the drift as well, we
would increase the problem dimension from N; = (150) = 252 to Ny = (150) + (140) = 462 .
Clearly, the larger the number of the tagged 4 coordinate processes involved, the more justified
increase of the problem dimension would be, and vice versa. This raises the question of estab-
lishing a minimal dimension of the problem given all the tagged coordinate processes that can
get such a drift with prescribed probabilities. On closer inspection of the previous arguments
we then note that the Hormander condition, and hence the hypoelliptic structure established
in Section 5 above as well, remain valid in the case of a minimal dimension of the problem.
This makes the results derived in the previous sections applicable in the general case where the
number of the tagged coordinate processes is firstly enlarged to an arbitrary value and then
trimmed down to the value of a minimal problem dimension.

2. To describe the solution to the quickest detection problem (24]) in the general case with a
minimal problem dimension, we will return to the beginning of Section 2 and replace the number
1 <k <n by the numbers 1 <k <--- <k, <n with m <n. This means that any k; of
the coordinate processes X!, ..., X™ get a (known) non-zero drift u at time 6 for 1 <1 <m
instead of exactly £ of them. Setting Cy,  :=U Cl' we see that that the random variable
B in (1) taking values in the set C}\ = satisfies Pr(8 = (n1,...,nk)) = Ppy,..n,, ~1pt for

SOMe Py, ny, € [0,1] with >, me,---vnkl = 1 given and fixed where the second sum is
taken over all (ng,...,ny) € Cf . It is important in this setting that at least one among
2 when (ny,...,ng,) runs through Cf is assumed to be strictly positive for every

1 <1 <m given and fixed. If this would not be the case for some 1 <! <m then C}, could
be omitted from the setting. As before, with a slight abuse of notation, in ([2I]) we write i €
to express the fact that ¢ belongs to the set {n;,...,ny} consisting of the elements which
form 8= (ny,...,ng) in CF for 1 <1 <m. This means that ni,...,ny € 8 if and only if
the coordinate processes X™ ... X" get drift g at time 6 with probability J—— for
(ny,...,ng) € Cp with 1 <1 <m. With a similar abuse of notation, which will be helpful in
what follows as before, we will first arrange the elements of C}' = in a lexicographic order
starting first with C}’ and moving forward until we reach C}! , then remove all (ny,...,ny,)
from the ordered set CIZ,...,km for which py,,, » = 0 when 1 <[ <m and denote -3pt the

remaining (ordered) set by C’,?l .k, » and finally identify the i-th element of the ordered set
Al?l ik, by its index i itself for 1 < ¢ < N where we let N denote the total number of

elements in C*,ggkm . 23pt Thus as before we write i = (ny,...,ny,) € él?lkm for 1<l <m
to express this identification explicitly for 1 <i < N . Note that

k

(9.1) C'l?lkm ={(n1,...,ny) € Cyy | Py,ny, > 0 for 1 <1 <m}

> 0 for all

Ky

and ~1pt hence N < (:1) + ...+ (,:;) with equality being attained if p,, .,
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(n1,...,ng) €Cp 4 with 1<1<m.

3. The rest of the analysis in Sections 2-4 above can then be carried out in exactly the same
way. The only difference is notational in that the index set C}' needs to be firstly enlarged and
then trimmed down to the index set é,?l ..k, as explained above. In particular, from the en-
larged /trimmed identities (2.11))4(2.12) using [t6’s formula we find that the enlarged/trimmed
system of stochastic differential equations (3.3 reads as follows

Ky
(9.2) A0, = N(1+®})dt + Y p@,dB (i=(ny,...,ny,)€CE , with 1 <1< m)

Jj=1

under P> with @) = ¢; in [0,00) all being equal to 7/(1—7) for 1 <i< N in él?lkn
and 7w € [0,1). Similarly, we see that the enlarged/trimmed optimal stopping problem
remains unchanged and reads

9.3) V(p) = mr /0 ’ e—n(i i % )at]

for ¢ € [0,00)" with P2°(®o=p) = 1 ~1pt where the infimum is taken over all stopping times
7 of @ and we recall that p; € (0,1] for 1 <i< N in CA’,?lkm with Zfilpi =1.

4. This raises the question whether the hypoelliptic structure established using the Hérman-
der theorem in Section 5 above is preserved in the enlarged/trimmed system (0.2]) above. We
now show that the answer is affirmative.

Corollary 12. The results of Proposition 3 and Proposition 4 above remain valid for the
enlarged /trimmed system ([Q.2) above.

Proof. We show that the Hormander condition (5.8) is satisfied using backward induction
over ky < ... <k, . Setting k = k,, and connecting to the conclusion (B.IT) in the proof of
Proposition 3 above, we see that 0, € Lie(Do, D, ..., Dy) for Ny 1+1 <j < N, where N,
denotes the number of elements from C’]?l,---,km that belong to C' for 1 <1 <m . Note that
for that conclusion we did not use that N; must be equal to its general bound (Z ) but could
also be any strictly smaller number as well for 1 </ < m . Recall also that the lexicographic
order of C' ko k18 Without loss of generality assumed to start with C}' and end with C7 .

The induction step can therefore be realised by setting k& = k,,_1 . Then the same arguments

as in (B.I3)-(5I5) show that

N
(9.4) [[[Do, D) Dol Do 1> i Ty i D,

i=1
for j=(ny,...,ng, ,) € C'l?l,...,km given and fixed. This reveals a crucial difference in compar-
ison with (B.I6]) above because this time we have
(9.5) L Ting - Tin, =1 if i=j or i € Cl (j)

= (0 otherwise
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ni,...,ng, , belong to ¢ understood as the set of its elements. It follows therefore from ([9.4])
and (@.3)) that we have

(9.6) [[Do, D), Dyl Dy 10+ > Oy,

ieCr (4)

Recalling however that 0, € Lie(Dy, D1, ...,Dy) for every i€ C’,?m (j) as established in the
previous step, we see from (Q.8) that 0,, € Lie(Dy, D1,...,Dy) for Ny_o+1 <35 < Nypy .
Continuing this procedure by backward induction until reaching k& = k; we find that 9, €
Lie(Dqy, Dy, ...,Dy) for all 1 <j < N so that the Hérmander condition (5.8§)) is satisfied as
claimed. The remaining arguments are identical to those presented in the proofs of Proposition
3 and Proposition 4 above. This completes the proof. O

5. The rest of the analysis in Sections 6-8 above can then be carried out in exactly the same

-----

the solution to the initial problem when the number of coordinate processes getting a (known)
non-zero drift p with prescribed (non-zero) probabilities is no longer fixed to be k exactly
but could be any number instead.

Corollary 13. The results of Theorem 10 and Corollary 11 remain valid in the general
case described by ([OJ)-@3) above.

Proof. Having established the hypoelliptic structure of (O0.I])-(@.3]) in Corollary 12 above
we can carry out the proofs of Theorem 10 and Corollary 11 in exactly the same way. Note
that this also applies to all other results in Sections 6-8 (as well as to those in Sections 2-4).
This completes the proof. O
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