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CONTROL PROBLEMS*
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Abstract. In this paper, an optimal singular stochastic control problem is considered. For this
model, a general stochastic maximum principle is obtained by using a time transformation. This is
the first version of the stochastic maximum principle that covers nonlinear cases.
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1. Introduction. In this paper a maximum principle is proved for stochastic
singular controls. On a filtered probability space (Q, F, P, {.7-}}) the set of admissible
controls is defined as the class of right continuous with left-hand limits (corlol) pro-
cesses {(u¢,vy)}, {Fi}-progressively measurable satisfying the following conditions:
{v+} is increasing, vy < M P-a.s., and u; € K, |ug| < 1, where K is a subset of R",
and T > 0 is the finite horizon. Assuming that on the probability space (Q,]—' , P)
there exists a standard Brownian motion {W;}, the state process is defined by the
following stochastic differential equation for any admissible control {(ut, Ut)}l

(1.1)  z(t)=¢ +/0 A(s,z(s))ds + /[0 . B(s)u(s)dv(s) +/0 D(s,z(s))dW (s),

and the cost is given by

(12) s01= 5o [ wolats.am) |

where the functions A, B, D, and G are deterministic.

In recent years, singular stochastic control problems have received considerable
attention. The connection between singular control problem and optimal stopping
problem has been studied by many authors including Alvarez [1, 2], Boetius [5, 6],
Boetius and Kohlmann [7], Chow, Menaldi, and Robin [10], Dufour and Miller [14], El
Karoui and Karatzas [16, 17], Karatzas [28, 29], and Karatzas and Shreve [31, 32, 33].
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Results on the dynamic programming principle can be found in Boetius [6], Hauss-
mann and Suo [25], Fleming and Soner [22], and Zhu [43]. Sufficient conditions for the
existence of optimal singular control for general nonlinear models have been obtained
in Dufour and Miller [14] and Haussmann and Suo [24]. Explicit problems have been
solved, for example, in [11] and [30]. The authors do not pretend to present here
an exhaustive panorama of the literature relative to singular control problems. How-
ever, the interested reader may consult Boetius [6] for a survey on stochastic singular
control problems including theoretical results and applications.

There is a very extensive literature on the maximum principle for stochastic clas-
sical control (see, for example, [3], [4], [9], [20], [21], [26], [36], [38], [41], [42], and the
references therein; this list of references is not exhaustive).

In this paper we have chosen to define the control strategy as a pair of processes
{u(t),v(t)}, where |u(t)| < 1, and v(¢) is increasing and right continuous. An equiva-
lent description of the singular stochastic control problem would have been to choose
a process {((t)} of bounded variation which acts on the dynamic state through the
term f[o,t] B(s)d¢(s). The connection between these two definitions of the control
process {u(t),v(t)} and {{(t)} (C(t) = f[O,t] u(s)dv(s)) has been discussed by many
authors (see, for example, [11], [22, page 318], [35], and [43]).

To the best knowledge of the authors the stochastic maximum principle for sin-
gular controls was only considered by Cadenillas and Haussmann [8]. In their paper
Cadenillas and Haussmann used a different approach and different hypotheses that
are presented now in order to bring to the fore the main differences between their
results and ours. In [8], the control process is described by a process {{(¢)} (see the
above discussion) of bounded variation, and they do not impose any LP bounds on
the control while we assume that the class of admissible controls {v(¢)} is such that
v(T) < M for a constant M. However, in [8] the state process must satisfy a linear
stochastic differential equation (the functions A and D are assumed to be linear with
respect to the state variable {z(t)}), and the cost function is convex. In our work, we
suppose that the state process is defined by a general nonlinear stochastic differen-
tial equation, and we do not impose a convexity hypothesis on the cost function (see
assumptions A(1)-A(3) in the next section). In many aspects the results obtained in
[8] and here are different and complementary.

In general terms, the approach we used to obtain the maximum principle for
singular control problems can be divided into three steps. The first step is to convert
the original singular control problem into a classical control problem by using a special
time transformation. In order to be concise, the description of this method is briefly
presented, and only the important properties, which we need here, are given. Although
this technique of time change is similar to the one already described in [14], it must
be pointed out that the approach used here presents some technical differences that
are explained in section 3. The second step is to derive the maximum principle for
the auxiliary control problem (see Theorem 4.5). Important properties of the adjoint
variables (see Theorem 4.4 and in particular (4.13)) that will be used to obtain the
singular maximum principle are derived. The last step consists of recovering from
the auxiliary maximum principle the original state and control variables by using a
time change, thus giving a maximum principle for the singular control problem (see
Theorem 5.9). The form of the maximum principle we obtained turns out to be
different from the one derived in [8] since the adjoint variables have a singular part
(see Definition 5.1 and in particular the second term of the right-hand side of (5.1))
and since the optimal singular control maximizes an Hamiltonian a.s. with respect to
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the Doleans-Dade measure generated by the optimal control {v(¢)} (see the detailed
discussion before Theorem 5.9).

REMARK 1.1. It must be pointed out that our time change technique cannot be
used to solve singular control problems in the context of infinite horizon.

The finite fuel constraint (v(T) < M) is a crucial assumption in order to derive
the mazimum principle by using our method of time transformation. Indeed, in [14],
it has been shown that our approach of time change enables us to convert a nonlinear
singular control problem into an auxiliary control problem where the control vari-
ables are of the classical type and where the controller must choose a stopping time.
However, since it is very difficult to derive a general mazimum principle combining
classical control and optimal stopping, we need to impose the finite fuel constraint
(v(T) < M) to convert the singular control problem into the classical control problem
where the horizon is fized. In [8], Cadenillas and Haussmann do not have to impose a
finite fuel constraint, but they used different hypotheses (see the discussion above for
a comparison between their approach and ours).

Nevertheless, we have shown in [14] that our method of time transformation can
be applied to study the existence of optimal singular control in a general context where
the finite fuel constraint is not a mecessary assumption.

Singular control problems have been studied under various hypotheses (for exam-
ple, the finite horizon case can be found in [7, 16, 28, 29, 31]; the infinite horizon case
in [7, 11, 28, 33|; with a finite fuel constraint in [16, 28, 33]).

The paper is organized as follows. In section 2, we formulate the singular control
problem. The time change and the auxiliary control problem is briefly described in
section 3. Section 4 deals with the auxiliary maximum principle and its properties.
In section 5, the main results are obtained and in particular the stochastic maximum
principle for singular controls (see Theorem 5.9). A simple example is presented
in section 6 to illustrate the set of necessary conditions that must be satisfied by
an optimal solution. In the last section, we make some comments about possible
generalizations of our work.

NOTATION.

The Lebesgue measure on R is denoted by .

Ny is the set of the first N integers, that is, Ny = {1,...,4,...,N}.
N*={keN:k>0and Ry ={z €R : x> 0}.

If V is a vector, V; denotes the ¢th component of V.

If M is a matrix, M; denotes a vector given by the ith column of the matrix M, and
M;; is the element corresponding to the ith row and the jth column.

(7) denotes the transpose operation.

For x € R*, |2| denotes its Euclidean norm and for a matrix A € R**¢ the norm of

A is defined by |A| = |/tr[AAT].

For K CRF, By(K)={r e K:|z| <1},and S;(K)={z € K : |z| = 1}.

S, denotes the set of all (n x n) real symmetric matrices.

0,, € R™ is the zero vector.

The indicator function of a set A is defined as I4(x).

The function ¢ defined on N x N is such that 6;; = 1 if ¢ = j and 9;; = 0 otherwise.
For z € R, z7 is defined by 2+ = 1 if 2 £ 0 and 2™ =0 if z = 0.

If V is a metric space, then B(V') denotes its associated borel o-field.

A filtered probability space (Q, F, P, {F;}) is said to satisfy the usual hypotheses if the
probability space (Q,F,P) is complete and if the filtration {F;} is right continuous
and if every F; contains all P-null sets of F.
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Let (Q, F, P, {F:}) be a filtered probability space and {6;} be a [0, 1]-valued, {F;}-
progressively measurable process. Suppose that V' denotes any of the spaces R¥, R¥*?,
or S.
Then L? (Q, F,P,{F:};10,TY; V) (respectively, L2 (2, F, P,{F:};(0,T]; V)) denotes the
set of V-valued processes {z(¢)} which are {F;}-progressively measurable and satisfy
Ep[fOT |z(s)|?ds] < +oo (respectively, Ep[fOT |z(s)[2[1 — 6(s)]ds] < +00).
If F denotes the filtered probability space (€, F, P,{F:}), then L*(F;[0,T];V)
(respectively, L2(F;[0,T];V)) is used to write in a more compact form
L?(Q, F, P,{F;};[0,T]; V) (respectively, L}(Q, F, P,{F};[0,T];V)).
Moreover, L? (Q, F,P; V) denotes the set of V-valued random variables X defined on
the probability space (Q,f, P) such that Ep [|X|2} < 400.
Let (Q, F, P,{F;}) be a filtered probability space; if { A(¢)} is a corlol, adapted process
of finite variation on each interval [0, ¢], then dA denotes the measure associated with
the distribution function {A(¢)}. For {H(t)}, a progressively measurable process, the
integral process fg H(s)dA(s) is denoted by H - A;. If {A(t)} is an increasing corlol,
adapted process, the measure defined on (R4 xQ, B(R4)®F) by Ep[f0+oo Ic(s)dA(s)]
for C € B(R;) ® F is denoted by M 4.
Let (€, F, P, {F:}) be a filtered probability space satisfying the usual hypotheses and
supporting a standard m-dimensional Brownian motion {W;}. Then {F¥} denotes
the augmentation of the natural filtration generated by {W;}.
In order to define the state processes, let us introduce the following data:

e T and M are fixed real numbers.

e K is a subset of R".

e ( is a fixed vector in R".

e A: RxR"—R"

e B : R — R"",

e D : RxR" — RPX™,

e G : RxR" —R.

o N : R — R?such that N(t) = (5~ %).

12 2
Let us introduce the following notation:

A RxR" x Bi(K) x [0,1] — R"*2 is defined by

1-=2
Alt,z,u,2z) = | A(t,2)(1 — 2) + 2B(t)u
and
D : RxR"x [0,1] — R"*2 is defined by
0
D(t,z,z) = | D(t,x)V1—=z
0

(Y(t,z,u,2,p,q, P) € R x R™ x By (K) x [0,1] x R¥" x RE+n)xm y Rnxn)

(1.3) H(t, 2, u,2,p,q) = At 2, u,2) p+ tr[D(t,z,2) q]
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(V(t,z,u, z,pt, %, p3,q, P,b) € R x R® x Bi(K) x [0,1] x R x R® x R x R™*™ x
Rnxn XRS),

(1.4) J(t, z,p% q) =A(t,z)"p* + tr[D(t,z) q],
H(t,x,u,z,p",p%,p°,q, P,v) =(¢hop' — b1 — 2T1/13)( - z)
+ o [(1 —2)A(t, x B(L‘)u]T 2
+ Yo z|ulp? —|—w2\/mt1r[D(t7 Tq]

(1.5) + % tr[D(t,x) " PD(¢,z)](1 — 2).

The following assumptions will be used in the paper:

(A1) The maps A, B, D, and G are C?.

(A2) The first and second derivatives of A, B, D and the second derivative of G
are bounded. The maps A(t, x), B(t,z), D(t,z) are bounded by C(1+ |¢| + |z|). The
first derivative of G(w,z) is bounded by C(1 + |w| + |z|).

(A3) (Vz € R™), (V(wy,ws) € R x R) if wy < wa, then G(wy,z) < G(ws, x).

In the rest of the paper, the derivative of the function B will be denoted by
By, and the partial derivatives of the function A (respectively, G, H, and J) with
respect to the first variable will be denoted by A; (respectively, H; and J;) and with
respect to the second variable will be denoted by A, (respectively, H, and J,). For
j € N, Dj; (respectively, Dj,) denotes the partial derivative of the function D; with
respect to the first variable (respectively, the second variable). The partial derivative
of G with respect to the first variable will be denoted by G,, and with respect to the
second variable will be denoted by G,. The second partial derivatives of the function
G (respectively, H and J) with respect to the second variable will be denoted by G,
(respectively, Hy, and Jyz).

2. Problem statement. In this section, we formulate the original singular
stochastic control problem presented in the introduction using the formulation de-
scribed in [18] and in [23].

DEFINITION 2.1. A singular control is defined by the following term:

C =7, PAFi} {u®),v(®)}, {W ()} {z(®)}),
where

(i) (,F,P) is a complete probability space with a right continuous complete
filtration {F;};

(ii) {W(t)} is a standard m-dimensional {F;}-Brownian motion;

(iii) {u(t),v(t)} is a B1(K) x Ry-valued, corlol, {F;}-progressively measurable
process such that {v(t)} is increasing and satisfies
(2.1) v(T) < M;

(iv) {x(t)} is an R™-valued, corlol, {F;}-progressively measurable process such
that (Vt € [0,T))

z(t) =¢ +/0 A(s,z(s))ds + /[0 ) B(s)u(s)dv(s)

(2.2) +/0 D(s,z(s))dW (s),

and z(0—) = (.
We write € for the set of controls satisfying the previous conditions.
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o( [ ' u(e)ldo(s) (7))

The set €* of admissible controls is defined by
(2.4) ¢t ={Cec:JC] <o}

The cost is given by

(2.3) J[C] = E,

The singular control problem is defined by the minimization of J[C] on €%. As-
suming the existence of an optimal singular control 5’, the aim of the paper is to
derive necessary conditions for C' to be optimal in terms of variational inequalities
(see the maximum principle presented in Theorem 5.9).

3. The auxiliary control problem. In this section, it is shown that the original
singular control problem can be converted into a classical control problem by using
a time transformation (see Propositions 3.4, 3.5, and 3.7). We used the technique
previously described in [14]. These results are presented here with minimal details
in order to be concise. The interested reader may consult [14] to have a complete
description of this approach. However, it must be pointed out that the model under
consideration in [14] and the one presented here are different. Indeed, in order to
derive a stochastic maximum principle one needs to have real-valued state constraints
(see (3.26) and the definition of N), whereas the constraints used in [14] to derive
sufficient conditions for the existence of an optimal control can take infinite value.
Moreover, an important difference is that one needs to have a special measurability
property for the auxiliary control problem (see the last part of Proposition 3.7) to
ensure the existence of the adjoint variables defined by backward stochastic differential
equations (see Corollary 4.2).

Assume the existence of an optimal singular control denoted by

& = (0,2, P{F, (50,50} AW ), 7(0)})

such that {u(t),v(t)} is {ftVAV }-progressively measurable.
REMARK 3.1. The existence problem for singular stochastic control has already
been studied under general hypotheses in many papers (see, for example, [14] and [24]

and the references therein). As just stated, it is assumed that the optimal control C

satisfies an assumption related to the measurability of the singular control {u(t),v(t)}

with respect to the filtration generated by the noise {ftW} It must be pointed out that
this hypothesis is classical (see, for example, assumption (S0) on page 114 in [41] or
the definition of the underlying filtration on page 967 in [38]).
With the next proposition, we show how it is possible to construct an optimal
singular control C' satisfying v(T) = M from the optimal singular control C.
PROPOSITION 3.2. The control C defined by

~

(3.1) O = (0.7, P.{F), {a(), 0(0)}, (W (1)}, (50} ).
where

(32)  B(t) = 8(t)Mjoury + (M —5(T) + T i1 oo

o JH(T) = B(T-)
u(t) = u(t) [Mﬁ(T)I [T, +00lx {5(T) <M} + [T, 400 x {5(T) =M}

(3-3) + u(t) o,y
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is optimal. Moreover, v(T') = M, and {u(t),v(t)} is a {ftﬁ/}—pmgressively measurable
process.
Proof. From the definition of {@(t)} and {¥(¢)}, we have that v(T') = M, and

(3.4) (Vte[0,T]), a(t)=u(t), o(t)=0(t), and a(T)AG(T)=u(T)AV(T);

consequently, we obtain that Z(T) = 2(T), and fo 0.7 [8()|dV(t) f[OT la(t)|do(t),
showing that J[C] = J[C]. Clearly, {@(t),9(t)} is a By (K)x R-valued, corlol, {.7: }-
progressively measurable process implying that C' is optimal. 0

REMARK 3.3. Now we will work with the optimal control C for technical reasons.
However, by using Propositions 3.2 and 5.8, a_general stochastic mazimum principle
will be derived in terms of the optimal control C giving the full generality to our result
(see Theorem 5.9).

PROPOSITION 3.4. Denote the process {t + 0(t)} by {T(t)}. Let {n*(t)} be
the right inverse of {f( )} Then {n*(t)} is a continuous time change such that the
probability space (Q F, P, {fW t)}) satisfies the usual hypotheses. Moreover, there

exists a [0, 1]-valued, {fg’v}-progresswely measurable process {Z(t)} such that
(3.5) o(t) = / 2(s)dL(s).
[0,2]

Define the By (K)x [0, 1]-valued, {F i (t)} -progressively measurable process {(a*(t), 0*(t))}
by

(3.6) a*(t) =u(n"(t)) and 0°(t) = z(n"(t)).
Then
(3.7 w0 = [ =0 )as
(3.8) JIC] = Ep|G(u* (T + M), (T + M))].
(3.9) Es [N(n*(T + M))] = 0,,
where the processes {&*(t)} and {p*(t)} are solutions of the following equations:
C+/ A(n (s))(1—0%(s) ds+/ 0% (s)B(n*(s))a*(s)ds
(3.10) / D(n *())V/ (1= 0%()) (1 = 0% (s)) *dW (" (s)),
(3.11) / la*(s)]0% (s
Moreover,
(3.12) () = @) and p*(T+ M) = / [a(s)|do(s)
[0,7]
and

r, T(t)
(3.13) o(t) = ; 0% (s)ds and /[w] [u(s)|do(s) :/0 | ()07 (s)ds
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Proof. Following Proposition 3.1, Proposition 3.2, and Theorem 4.2 in [14], the
result can be obtained. O

Let (SNI,.7-", ]5, {]T't}) be a filtered probability space satisfying the usual hypothe-
ses and supporting a standard m-dimensional Brownian motion {‘7}} Define by
(Q g Q, {Qt}) the usual augmentation of the filtered probability space {@ xQ,F®
F.P®P, }'*(t) ®.7:t}

A random variable X defined on ((AZ, F, ﬁ) may be viewed as defined on (€, G, Q)
by setting Y(@,&) = z(w) for (b,w) € Q x Q and similarly for a random variable
defined on (Q,]T', P). Consequently, let us introduce on (Q,G,Q,{G:}) the following
processes:

~

alt,o,m) =a’(t,0), 0te,0)=0"(t0), 7te,0)=n"(t),
(3.14) €6,3,0) = (L), AlL,3) = (t0), W(tLe,5)=W,b),

W(t,5,5) = V(t,®).

PROPOSITION 3.5. On (Q,G,Q,{G:}), the process {V(t)} defined by

(3.15) V(1) /\/ )+ (7 /\/1— —0(s))(1— 0(s))+dV (s)

is a standard m-dimensional {G;}-Brownian motion. The process {£(t),7(t), ()} is
the unique solution of the following equations:

) = C+/ A((s),€(s)[1 *5(8)]d8+/0 B(7(s))a(s)0(s)ds

(3.16) / D(7(s),&(s))y/1 — 0(s)dV (s),
(317) () = / [1 - 8(s)]ds,

(318)  m(t) = / @ (s)|0(s)ds

Moreover,
(3.19) J[C) = E, [G(ﬁ(T + M), E(T + M))} :
(3.20) E, [N(ﬁ(T n M))] — 0,.

Proof. From Theorem 2.75 in [27], it follows that {V(¢)} is a standard m-
dimensional {G;}-Brownian motion. Using Theorem 6 in [39, page 194], we obtain
that the solution {£(t), n(t), u(t))} of (3.16)—(3.18) exists and is unique. From the def-
inition of {V'(t)}, it is easy to show that {£(¢)} is the unique solution of the following
equation:

(1) =¢ +/0 A(7(5),£(5))(1 = O(s))ds +/0 B(7(s))a(s)0(s)ds

(3.21) + / D(7i(s), £(s)y/ (1 — 8())(1 — B(s))*+ ATV (77(s)-
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However, combining the fact that the process {£*(¢)} is the solution of (3.10) and
Proposition 10.46 in [27], it follows that {£(t)} satisfies (3.16). Therefore, {£(¢)} is
the unique solution of (3.16). Moreover, it is clear from their definitions that the
processes {u(t)} and {f(t)} (respectively, {n(¢)} and {7(¢)}) are indistinguishable.

Finally, (3.19) and (3.20) follow easily from (3.8) and (3.9) and the definition of
the probability Q. |

On the probability space (2,3, Q), define the filtration J; = B ® {0,Q}.

The set of auxiliary control £ is the set of {Jt}—progresswely measurable pro-
cesses defined on (2,G,Q,{G:}) and taking their value in B;(K) x [0,1]. For any
{(a(t),0(t))} in &, the auxiliary state process (n(t),&(t), u(t)) is defined on (Q,G,
Qa {gt}) by

(322) () = / (1 6(s))ds,
ft) =+ / A@(s),€()) (1 — 6(s))ds + / B((s))a(s)0(s)ds
(3.23) /D NV — 0(5))dV (s

(324)  p(t) = / a(s)10(s)ds

Note that for any {(«(t),6(¢))} in &, the previous system admits a unique solution.
Moreover, we have E,[G(u(T + M), (T + M))] < oo
The associated cost functional is defined by

(3.25) Mia, 0] = B, [G(u(T+M),g(T+M))]

DEFINITION 3.6. The set of admissible auxiliary control E,q is defined by the
set of processes {(a(t),0(t))} € € such that the corresponding auxiliary state process
{(n(t),&(t), u(t))} satisfies the following constraint:

(3.26) E, [N(n(T + M))} = 0,.

The auxiliary control problem is to minimize the cost (3.25) over E,4.

PROPOSITION 3.7. The auziliary control process {(a(t),0(t))} defined by (3.14)
is optimal. Moreover, {(a(t),0(t))} and the corresponding optimal auziliary state
{@(t),€@1), 1)} are {J;}-progressively measurable processes.

Proof. Using Proposition 3.5, and following the same arguments as in the proof
of Theorem 4.6 in [14], the result can be obtained. 0O

LEMMA 3.8. Denote by {Tn}neN* the sequence of {fw} -stopping times which
exhausts the jumps of {0(t)}. Then {T(74)}nen- and {F(Tn )}nens are sequences of
{ﬁ:‘f(t)}-stoppmg times.

Proof. Since {T'(t)} is a {ﬁVTf(t }-progressively measurable process, then there

exists a sequence of {.7-'W} -stopping times, {7, }nen-, exhausting the jumps of {T(t)}.
Since {n*(t)} is a time change on (Q F,P, {ftW}) and using item a) of Lemma 10.5 in
[27], it follows that {F(Tn)}neN* is a sequence of {f (t) }-stopping times. Moreover,
using the fact that {F(Tn ) >t} = {n*(t) < 7}, it follows that {F(Tn ) bnen- is a
sequence of {.7-' w t)} stopping times. |
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For the rest of the paper, we shall use the following notation for the different
filtered probability space under consideration:

B = (QFPAFY ). 6=(26.0.140). T=(20.0.(7)

4. The maximum principle for the auxiliary control problem. In this
section, a maximum principle is obtained for the auxiliary singular control problem.
Some important properties are derived to render possible the time change in order to
obtain the maximum principle for the original singular control problem presented in
the next section (see Theorem 5.9). In Proposition 4.1 and Corollary 4.2 the existence
of a general backward stochastic differential equations is established. In particular,
this result states there exists an {J; }-adapted solution, labeled (Y (t), X (t)), to (4.4),
although the backward equation is driven by a Wiener process, labeled {V (¢)}, such
that GV ¢ J; and J; ¢ GY. However, more importantly, a special expression is
obtained for X () (see (4.5)) that will be crucial in what follows. Using these results,
Theorem 4.4 states the existence of the adjoint variables for the auxiliary control
variables with an important property shown in (4.13). The stochastic maximum
principle for the auxiliary control problem is then obtained in terms of these adjoint
variables (see Theorem 4.5).

PROPOSITION 4.1. On the filtered probability space I/E‘\ZV, let us assume that the
function f : Qx [0, T+ M] x RF x RF*™ — RF js M ® B(RF) @ B(R¥*™)-measurable,
where M denotes the progressive o-field, and satisfies the following:

(i) f(.,0,0) € LA(FW;[0,T + MJ;RF).

(ii) There exists a constant L > 0 such that (¥(y,7,2,%z) € RF x RF x RF*m x

Rka)

f(ty.2) = f( TR < Llly -7l + ]2 =2]  A® P-as.

Then for any given Y* € L? (ﬁ, fg(TJrM), 13; R¥), the backward stochastic differential
equation

T+M
Y*t)=Y" - /t f(s,Y*(s),[L —6%(s)]Z7%(s))ds

T+M e
(@) S R ACLC)
t
admits a unique solution in the following class of processes:
(Y1)}, {Z*(1)}) € L2 (@f‘f; [0, + M]; R’f) x L2. (@f‘f; [0, + M]; R’f)

with {Y*(t)} continuous.

Proof. Clearly, the function f satisfies hypotheses (5.8) and (5.9) in [15, page 29],
where the underlying filtered probability space is given by I/E‘\ZAV . Now, using Theorem
6.1 in [15], it follows that there exists a unique tiple ({Y*(¢)},{Z*(t)}, {\N*(¢)}) such
that (V¢ € [0,T + M])

o~

T+M T+M
YH() =V - / F(5,Y*(5), [1 - 6%(3)) 2" (s))ds — / 7 (5)dW (1" (5))

T+M
(4.2) —/t dN*(s),
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where

(Y*(t)} € L? (ﬁg?;

[O,T+M];Rk),

* 2 AW .k
(Z*()} € L2, (Fn*, 0,7+ M];R Xm)’
and {N*(t)} is a corlol, RF-valued, {fff(t)}—martingale satisfying

(4.3) (V(i,4) € N x Ni), (V€ [0,7+M]), [Wi(n*(.)),N;], =0

with Ep[tr[[N*, N*]p, 5 — [N*, N*]o]] < +oo0.
Combining the optional stopping theorem, the martingale representation theorem
(see Theorem 4.15 in [34, p. 182]), and Proposition (1.5) in [40, p. 181], we obtain

that there exists a process {®(t)} € L2. (@;V, [0, T + M]; R**™) such that

t

N*(t) = Ep [N*(T)] + / B(s)dWV (" (5)).

Combining the previous equation, (3.7), and (4.3), we obtain that V(i,j) € Nj x
Nk, Vt € [0,T + M], [; ®;;(s)(1 — 6*(s))ds = 0. Consequently (vt € [0,T + M]),
[T dAN*(s) = 0, and the result follows. O

Note that this result is not an immediate consequence of general results for back-
ward stochastic differential equations (see, for example, [15]) since we need in partic-
ular to show that the last term in (4.2) cancels.

The next result demonstrates the existence, for a general backward stochastic dif-
ferential equation driven by the Wiener process {V (t)} and defined on the probability
space (©,G,Q,{G:}), of an {J; }-adapted solution satisfying (4.5). This result will be
used to show the existence of the adjoint variables defined on the same probability
space.

COROLLARY 4.2. On the filtered probability space G, let us assume that the
function g : Qx [0, T+ M] x RF x R¥>m — R¥ js N @ B(RF) @ B(R¥*™)-measurable,
where N denotes the progressive o-field when the probability space (2, G, Q) is equipped
with the filtration {J;} and satisfies the following:

(i) g(.,0,0) € L*(J;[0,T + M}; R¥).

(ii) There exists a constant L > 0 such that (¥(y,7,2,2Z) € R¥ x RF x REX™ x

kam)

l9(t,y,2) —9(t.5,2)| < Llly =gl + |2 -2l  A®Q-as

Then for any given' Y € L2(Q, Trim, Q; RF) the backward stochastic differential equa-
tion

T+M — T+M
44)  Y@) =Y - / p <5,Y(s), - 9(5)X(s)> ds — / X (s)dV,
t t
admits a unique solution in the following class of processes:
(Y(1), X(1)} € L? (G; [0,T + M];RF x ka)

with {Y(t)} continuous.
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Moreover, {Y(t), X(t)} € L2(J;[0,T + M]; R x R¥*™) and the process {X(t)}
can be written in the following form:
(4.5) X(t)=1/1-0(t)Z(1),

where {Z(t)} € L2(J;[0,T + M]; RFxm),
Proof. For (y, 2) ﬁxed in R¥ x R¥*™ the process {g(t,z,y)} is {J; }-progressively

measurable. Since J; = F,! (t ®{0,Q}

(Vo €Q), (V(@1,a2) €QxQ), g@ a1t z,y) =g@ &, t,z,y).

For & fixed in 2, let us define the function f : € x [0,7 + M] x RF x Rkxm _, Rk
such that f(@,t,z,y) = g(®,o1,t,,y). Then f is M ® B(R¥) @ B(RF*™)-measurable
since N is isomorphic to M ® {0, ﬁ}, where M has been defined in Proposition 4.1.
Clearly, f so defined satisfies items (i) and (ii) of Proposition 4.1. In the same manner,
define Y* by Y*(@) = Y(@,&), and so Y* € L2(Q, FI¥ 7\, PiRF).

Therefore, from Proposition 4.1 we can claim that there exists a unique solution
to the following equation:

T+M
Vi) =Y" - /t f(s,Y7(s),[1 = 07(s)] 27 (s))ds

T+M .
(4.6) - / 7*()dW (1 (s)).
It is easy to show that
T+M - T+M ~
(4.7) / 7%()dIW (" (s)) = / 7% (5)V/ (T = 0°(3)) (1 — 0° () FdW (" (5)).

Now define Y (&, w, t) = Y*(&,t), Z(©0,0,t) = Z*(@,t). Following the same arguments
as in the proof of Proposition 3.5 and combining (4.6) and (4.7), we obtain

48) Y(t)=Y — /T+M (s, Y (s),[1 — 0(s) ds—/ﬂM\/

Consequently, we have that ({Y (¢)},{X(¢)}) is the solution of (4.4), where

Clearly,
(1), X(0)} € L2 (30,7 + MJ;RF x RF<™).

Then we have shown the existence of a solution with the desired property (see (4.5)).
The uniqueness follows exactly as in [37]. O

We will need the following result in the proof of the next theorem.

LEMMA 4.3. Y(t,z,u,2z) € R x R® x B1(K) x [0,1], (p',p?,p®) € R x R" x R,
and (q17q27q3) c RIXm o RXM o Rlxrn7

Ht(t7waua Z,Ps Q) = [At(t7x)(1 - Z) + ZBt(t)u] Tp2 + ZDjt(t7x)qu2' V 1- 2,

J=1

Ho(t, z,u,2,p,q) = [Az(t,x)(l - z)]Tp2 + ZDjm(t,x)Tq?\/l — 2,

Jj=1
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where
and

Proof. One may easily show that these two equalities follow directly from the
definition of H (see (1.3)). ad

With the previous results, we may now obtain in the following theorem a cru-
cial property given by (4.13) of the solution of the backward stochastic differential
equations (4.9)—(4.12) which renders possible a time change.

THEOREM 4.4. On the filtered probability space G, the system of backward
stochastic differential equations

(4.9) dp(t) = — (Hx(n(t% (t),a(t), (t),p(t)wl(t))) dt +g(t)dV (1),

0
with
0
(4.10) p(T+ M) =— (GI(M(T+M),§(T+M)))
G (A(T + M), §(T + M)
and

=~ ([P0 8] Q1) + Q@ (D). ED)) 1~ Byt
(A1) =M (1(), €(0),0(). 0(0),P(0), a0t + 3@ ())dV (1)
with
(4.12) P(T+ M) = =G (B(T + M),E(T + M)),

admits a unique solution in the following class of processes:
{8030, P(1), (@ (1)) 0, } € L2 <G; 0,7+ MJ; R x RETX ¢ 57 [ 57 >

with {p(t), P(t)} continuous.
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Moreover,
(4.13) p(t,w,w) =p*(t,0), ’(t w,w) = /1—=0%(t,0)q"(t, ),
' P(t,o,®) =P t,5), Qto,0)=1—0t0)Q" (o)

V(@,2) € Q x Q and Vj € N,,, where {p*(t), P*(t), ¢*(t), (Q*J(t)) jEN, } is the unique
solution in the following class of processes:

(p*(t), P*(t)} € L2 (ﬁg? 0,7 + M]; R x sn),
{07, (Q(1) o, } € L3 (B30, 7 + MR 5 [57]™)

with {p*(t), P*(t)} continuous of the system of backward stochastic differential equa-
tions defined on the filtered probability space ]FW

He(n™ (8), €7 (1), a™(1),07(¢), p™ (t), /1 = 6*(t)q" (1))
dp™(t) = — (Hm(n*(t)yf*(t)aa*(t)ﬁ*(g),p*(t% 1- 9*(t)(1*(t))) dt

(4.14) +¢" (6)dW (" (¢)

with

0
(4.15) p"(T+M)=— (Gx(u*(T—FM),g*(TJrM)))
Gu(p* (T + M), (T + M))
and

AP (t) = = Az (" (£), &7 (1)) TP (1) (1 — 07 (8))dt — P*(8) Az (0" (£),§"(£)) (1 — 07(¢))dt
[Dja(n" (), 67 ()] P*(£) Do (0" (£), €7 (£)) (1 — 07 ())dt

s
S

<.
Il
—

M

([Dja(n* (1), € QY (1) + Q% (1) Dy (" (1), £ (1)) (1 — 07 (¢))dt

— Haw (" (), (1), @* (1), 0% (£), p* (1), /1 — 0% ()q" (¢))dt
(416)  + 3 Q™ (t)dW (1" (1))
with
(4.17) P T+ M) = —Gup (0" (T + M), (T + M)).

Proof. Using Lemma 4.3, (4.9) can be written in the form

T+M — T+M
p(t)=-p(T+ M) — / 9(8,D(8),4/1 —0(s)q(s))ds — / q(8)dV s,
t t
where the R"*2-valued function g is defined by
9(t,p,q)

4 f a
[A:(7(t),€() (1 — ()] "p? + > i1 Dia(n(t), E( )

@)at)] p* + 7L Dy ()f(t))Tq;‘-’)
Dy (7 ,
0
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for

with p! € R, p? € R”, and p? € R and for

QR
o

q=
q3

where ¢! € R1*" ¢2 € R"*" and ¢* € R*™. Moreover, from (4.10), it follows that
p(T + M) € L*(Q, Jrsur, Q; RF). Now, using the hypotheses (A1)—(A2) on the data
A, B, and D, it is easy to show that (4.9) satisfies the hypotheses of Corollary 4.2.
Therefore, the existence and the uniqueness results for (4.9) are a straightforward
consequence of Corollary 4.2. Using similar arguments, the existence and the unique-
ness results can be obtained for (4.11). By using Proposition 4.1, it can be shown
that (4.14)—(4.17) admit a unique solution. The last part of the theorem (see (4.13))
follows easily from Corollary 4.2 and its proof. O

Now we give the maximum principle for the auxiliary control problem.

THEOREM 4.5. There exist 1 € S1(R3) such that (V(a,0) € B1(K) x [0,1])

H(n" (1), € (1), 0,p" (1), p2 (1), p™° (8), 77 (), P* (1), )
(4.18) < H (" (8),€7 (1), & (1), 07 (), p™ (1), 0™ (8), "2 (1), 7 (), P* (1), ¥)
A® P-a.s. on [0,T + M) x Q, where {p*}(t)} (respectively, {p*2(t)}, {p™3(t)}) is an

R (respectively, R™, R)-valued process, and {q**(t)} (respectively, {q**(t)}, {¢*3(t)})
is an RYX™ (respectively, R™*™, R¥™ )_yalued process with

P (t) q
PR | pq | g
3 (t) q

solutions of (4.14)—(4.17) and

*1(t)

)| ¢ AP @} ({Q*j})jeNm

*3 (t)

(4.19) () = [g2(0) = PYOD" (8),€° () |1 = 0°(0).

Proof. From assumptions (Al)—(A2) the hypothesis (3) of Theorem 5 in [38] is
satisfied. However, one hypothesis of Theorem 5 in [38] is not satisfied here in the
sense that we do not require the control processes {@(t)}, {0(t)} to be {FY }-adapted.
As pointed out in [41] (see page 114 and the top of page 116), this hypothesis may
appear crucial in order to ensure the existence of the adjoint variables. However,
although we required the processes to be {J;}-adapted, the proof of Theorem 5 in
[38] remains unchanged since we have shown in Corollary 4.2 the existence and the
uniqueness of the adjoint variables with the desired property.

Due to the particular block structure of the matrix D and from Theorem 5 in
[38], it follows that there exist 1/ € S;(R?) such that (V(a,0) € B1(K) x [0,1]) the
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variational inequality can be written in the following form:
(1=0)p" () + (1 = O)A[(t), E() TP (8) + O[B((1))a] "B (¢) + Olulp™ (1)

+VI= 0t [D((1), 1) 7 ()] + (1 - 0) te[D(7(),E(1) P (4) D(t), E(1))]

< (1-0(0)p™ (1) + (1 = (1) Am(1), £(1)) "B (1) + 6(¢ )[ (m()a)] v ()
+OO[@®IP™ (1) + /1 - 0(t) tr[D((t), (1)) 7 (1)]

(4.20)
+ (1= (1)) tr [D((1),§(£) " P* (1) D(7(1). E(¢))]

A® P-a.s. on [0, 4+ M] x 2 with

\_,\_/

(4.21) (1) = @ () — PY (D). Et)\/1 - (),

and where {p'¥(t)} (respectively, {p*¥(t)}, {F°¥(t)}) is an R (respectively, R”, R)-
valued process, and {G'¥(¢)} (respectively, {7*¥(t)}, {p°¥(t)}) is an R'*™ (respec-
tively, R"*™ RI*™)_valued process such that

p(t) 7' (t)
)] o8 [
pPY(t) 7> (t)

are the first-order adjoint variables solution of the following backward stochastic dif-
ferential equation (see equation (21) in [38]):

(Ht (ﬁ(t) ’ E(t)’ a(t) ’ g(t) ’ T)w (t) ’ 7’ (t))

q
(422)  dp(t) = Hw<n<t>,5<t>,a(t»e(t),ﬁb(t),qwt))) dt +3* (H)dV (¢)

0
with
wlNlt( (T+M))+¢3N2t( (T+M))
(4.23) (T + M) = VoG (T + M), E(T + M))
$2G (B(T + M), §(T + M))

and where the second-order adjoint variable is the solution of the following equation
(see equation (22) in [38]):

(4.24) — Mo (7(), £(8), @(), 8(8), 5 (£), " (®)dt + > Q" (H)dV (1)

with

(4.25) PY(T + M) =~y G (BT + M), E(T + M)).
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From Theorem 3.1 in [37], the solutions of (4.22)—(4.25) exist and are unique. Since
Ep[N®(T + M))] = 05, we have N1, (7(T + M)) = 1, and Noy(7(T + M)) = 2T (see
the definition of N). Therefore, the terminal condition (4.23) is given by

1+ 2T3
(4.26) YT+ M) =— | oG (A(T + M),E(T + M))
oG (B(T + M), (T + M)

Simple calculations show that

—1 — 213
0

is the solution of (4.22) with the terminal condition (4.26). By uniqueness, we obtain
that

—p1 — 273
(4.27) Y (t) = oB(t) + 0 , 7% (t) = ag(t).
0

Moreover, combining (4.27) and the definition of H (see (1.3)), it is easy to obtain
that

Moo (1), €(2), (), (1), 5% (£), 7 (1)) = 2 Haw (7(1), (1), @(2), 6(1), B(1), ().

Consequently, ({12P(t)}, ({wgaj (t)})jen,,) is the solution of (4.24) with the terminal
condition (4.25). By uniqueness, we obtain that

(4.28) Pty =wPt), Q70 =u0 ().
Now using Theorem 4.4 (see (4.13)) and (4.27), (4.28), it follows that
(4.29)

—1 — 2T
Y, 5,0) = op* (1, 0) + 0 . PU(L5.3) = v P (D),
0
(4.30) |
GV (t,0,0) = Par/1 — 0%(t,D)q* (¢, D), Q" (t,0,0) = ho/1 — 0(t,0)Q" (t,B),

and from (4.21) it implies that
P (1,6,8) = tav/T— 0°(60) [¢"(1,8) — P*(1,2)D (" (1.2), € (1,9))]
(4.31) = Yor(t, ),

where we have used the definitions of {77()}, {£(¢)} (see (3.14)).
Now using the definitions of the processes {@(t)} and {0(¢)}, the definition of H
(see (1.5)), and (4.30), (4.31), it follows that the variational inequality (4.20) can be

written on the filtered probability space @? as (V(«a,0) € B1(K) x [0,1])

H(n"(t),€°(8),0,0,p"1 (1), 0™ (1), p* (1), 77 (£), P* (1), )
< H"(1),€7(1), o (1), 0°(8), 0™ (8), 0™ (2), p™ (£), " (1), P (1), )

A® P-a.s. on [0,T + M] x , showing the result. 0
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5. The singular maximum principle and adjoint variables. In this section
we first characterize the adjoint variables for the original control problem. Using the
important property given by (4.13), it is possible to obtain the adjoint variables for
the original control problem as shown in Theorem 5.2 by using a time change. The
interesting feature of these adjoint variables is that the first component is the solution
of a singular backward equation (see (5.1)). Then some technical results (Lemma 5.3,
Proposition 5.4, Corollary 5.5, Lemma 5.7) are derived. Proposition 5.8 is particularly
important to describe the connection between the optimal controls C and C. Finally,
the stochastic maximum principle for the original singular control problem in the
general case is obtained and presented in Theorem 5.9.

In the following definition, we introduce the backward stochastic differential equa-
tions that will be satisfied by the adjoint variables for the original control problem.
Note the special form of the second term of the right-hand side of (5.1) that gives a
singular part for these adjoint variables.

DEFINITION 5.1. Let C € €% be a singular control

C=(QF PAF} {u®), o)}, {W ()} {=(t)})

such that {u(t),v(t)} is {F}V}-progressively measurable. If the system of backward
stochastic differential equations

/zawmw2mw+/ P2()" By(t)u(s)dv(s)
1t,T]
T
(5.1) / ZDjt(t,x(t))qu(s)dt— /t g (s)dTV (s),
T T
p%w—~%:(/ wwnmwaTQ—yl A5, 2(s)) p2(s)ds
T
(5.2) / ZD” s, x( (s)dt—/f ¢*(s)dW (s),

(5-3) P’(t) = =Gy (/OT Iu(S)Idv(S)yx(TO - /tT g*(s)dW (s),

P(t) = —Gra (/OT |u(s)|dv(s),x(T)> + /tT [Az(s,x(s))TP(s) - P(S)A,;(s,x(s))}ds

+Z/t Djx(S,l’(S))TP(s)Djm(s,x(s))dsJr/t Jua (s, 2(5), p2(s), ¢(5))ds

+Z/ Djn(s,2(5)) Q% (s) + Q7 (s) Dy (s, 2(s) dsf/ ZQj(s)dW(s)
=1
admits a solution in the class of processes
{pl(t)ypz(t%p?’(t)} €rL? (IFW; [0,T];R x R™ x R),
{2 ®,), 1)} € L2 (V5[0 TR x R < RIX™),

(PO} (QM)) e, ) € L2 (™3 0.73:87) x [12(F™:0,7):87)]
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with {pl(t),pQ(t),p3 (1), P(t)} corlol, and where FW = (Q,]—", P, {ftW}), then
(({p'®)}{d* (@) Piens, {P@O)}, {Q7(t)})jen,,) are called the adjoint variables associ-
ated with the control C. The solution is said to be unique if the solution of the previous
system is unique in this class of processes.

By using a time transformation, we show that we can obtain the adjoint variables

for the original optimal control from ({p*(t)}, {¢*(©)}, {P*(t)}, {Q* () })jen,,)-
THEOREM 5.2. Define the following processes:

~ ~ ~

(5.4) p(t)=p*(T(t), q(t)=q¢"T), Pt)=PT®), Q) =Q7T(),
for j € Ny, where ({p*(1)}, {g* ()}, {P*(t)}, {Q*})jen,.) are solutions of (4.14)-

(4.17). Write p(t) in the form
L(t)
p(t) = [ P*(t) | ,
°(t)

where p'(t) € R, p*(t) € R, and p3(t) € R and similarly

q'(t)
q(t) = (fiz(t)) ,
()

where ¢ (t) € R, ¢%(t) € R™*", and §3(t) € R*".
Then (({p*(H)}, {G () })iens, {AP(t)}, ({Qj(t)})jeNm) are the unique adjoint vari-
ables associated with the control C'.

Proof. Combining Lemma 4.3 and (4.14), (3.7), we obtain

=D D D

T+M
pE(t) = = Go (" (T'+ M),&(T + M)) + /t Au(n"(5),€7(5) "™ (s)dn" (s)

T+M m T+M .
(55  + / S Dy (7 (5), €5(5)) a2 ()7 (s) — / ¢ (s)dT (17 (5)).

j=1

However, from (3.12), it follows that
oo (T4 M), €T + M) = Gu ([ [atoate) 7))
0T

Now, using the fact that T(T) = T + M, (5.5) becomes

o(T)

P2(t) = —Go (" (T + M),€° (T + M) + / Au(n(5),€°(5)) ™ (s)dr" (s)

oy m (T) _
+ / S Dy (7 (5), €°(5)) a2 ()7 (s) — / ¢ (5)dT (17(5)).

j=1

Consequently, the value of the process {p*2(t)} at time I'(£) is given by {p*2(L'(t))}
and satisfies

o)

N I(T)
pP(I(t) = — G ( /[O . Iﬂ(s)ldﬁ(s),%(T)> + / Ay (n*(5), €% (5)) TP (s)dn*(s)

Ty m
) * s * s T %2 s * s) —
B0 [ LoereEO i enre- [
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Clearly, {f(t)} is a time change on the filtered probability space @?ﬁ . According to
Definition (1.3) in [40, p. 180], {n*(¢)} is clearly a {I'(t)}-continuous process since
{n*(t)} is the right inverse of {I'(t)}. Recalling n*(I'(s)) = s, £*(I'(s)) = Z(s) and
applying Proposition (1.4) in [40, p. 180] to the second and the third terms of the
right-hand side of (5.6), it follows that

~

. T
P2 ([E(1) = G, ( /[ . a(s)dﬁ(smm) s [ Al 2 E s
T m R (T) .
Djzs,fsT;-kst ds — *2(5)dW (n*(s)).
+/tZ (5,2()) "¢ (T(s)) /f(t)qu (1 (5))

Finally, applying Proposition (1.5) in [40, p. 181] to the last term of the right-hand
side of the previous equation gives

~

i -~ -~ =~ 4 =~ T %
P (E(1) = G, ( /M |u<s>|dv<s>,x<T>) + [ Al 36 E o)

o~

T m N T
(.7 [ Y DTG s = [ aE ()T (o).

Using similar arguments, it is easy to obtain that

(5.8)

o~

o~ T o~
p3E(1) = G ( /[ . a(s)d@(smm) - [ P Eae).
N T
PE(0) = —Cus ( /[ . |a<s>|dﬁ<s>,f<T>) [ a0 ), ()
T o~ o~
+/t |40 (5, 3(s)) " P*(T(s) = P*(T(5)) Au (5, 3(5)) | ds

m T ~
+Z‘:/t Dy (s,2(s))"P*(I(s))Djs (s, Z(s))ds

J; . ; N
+z;/t [Dje(s,2(s)) " Q* (I'(s)) + Q™ (I'(s)) Dja (s, Z(s))] ds

T m .o~ —~
69— [ X @IE),
Now for {p**(I'(t))}, we have from Lemma 4.3 and (4.14)

R T+M T+M
P (B(8) = / A (),€%()) TP () (s) — / ¢ (5)dW (" (5))
T'(t) L'(t)
B Dji(n*(s),€*(5)) "¢ (s)dn* (s)
+/m g (7 (5), €°(5)) T2 (s)dl

T+ M -
(5.10) + / L PR BT ) (6 )
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Except for the last term, the same reasoning establishes

/ At S 33 T *2 d5+/ ZDJt S, .13 T *Q(F(s))ds

(5.11) - / ¢ (B(5)dW (s) + / p*2(s)" By (" (s))a" (5)0 (s) ds.

t L(t)

Note from (5.5) that (V¢ € [ (1i—), f(T )]) p*?(t) is constant P-a.s. on the set {r; < T},
and so (Vt € [0, T+ M)]) p*2(t) = p*2(D(n* (t))). Consequently, combining the previous
equality and (3.6), the last term of (5.11) becomes

(T) (1) - )

where ¥(t) = fot 0*(s)ds
Now using item (55.2) in Theorem 55 in [13, p. 132], it follows that

(T) . ~ - ~
(5.12) / p*2(s)" Byl ()0 ()07 (s)ds = / p2(E(s)) By(s)(s)du(T(s)).

L'(t) 1,71

However, v(t) = Ort 0*(s)ds = i?(f(t)) (see (3.13)). Comnsequently, combining (5.12)
and (5.11) gives

R T
P (L)) :/t Ai(s,2(s)) p™( d5+/ ZDJt 5,2(s)) q;*(T(s))ds
5.13 — *L(T(s))dW (s *2fsTBtsﬁsdﬁs.
(513) | @) <>+/]mp<<>> (s)i(s)di(s)
In conclusion, from (5.7), (5.8), (5.9), and (5.13), we obtain that

(" EOIAG T iy LPEE ({QIEWND), ).

the adjoint variables associated with the control C. By linearity, the uniqueness is eas-
ily obtained for ({P(t)}, (107 (1)} en,,), and ({B()}, {G2(+)}) implying the unique-
ness for ({p'(t)}, {g*(t)}), and ({p>(¢)},{3>(t)}), which shows the result. 0

We present now some technical results that we will need to obtain the maximum

principle.
LEMMA 5.3. For ¢ € R3, and (o, 0) € B1(K) x [0,1], write

L(t, a, 0) =H (1" (1), £ (£), , 0,p™ (8), 0™ (), p™ (¢), 7" (1), P (1), )
(5.14) = H(n"(t),€°(), " (t),07 (1), 0™ (), p2 (1), 0™ (2), 7" (1), P* (), ).
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Then, Vt € [ (74 ),f(n)]
L(t,,0) = 2 [B(r) (0o — @(r))] 57 (73) + 2 (6lal — [a(7:))p* (7:)

~

- 9){% = 2T+ (1) — (B (¢~ Pl i)
+A(n, 7(ri-) + B(r)(n)(t - T(r-))) ()
ftr [D 71, 2(1—) + B(m)a(r) (t — f(Tr)))Tﬁ(ﬂ')
D (1, 3(1-) + B (¢ - Tw-)]| }
P-a.s. on {r; <T}.

Proof. Clearly, we have I'(r,—) < I'(r;) P-a.s. on {r; < T}. Since {*(t)} is the
right inverse of {I'(¢)}, it gives that

(5.15) (vt € [[(r=),T(r)]), n*(t)=7; P-as. on{r <T},
and so with (3.6) (V¢ € [[(r;—), (7)),

(5.16) 0°(t) = 2(r;) and a*(t) =u(r;) P-as.on {r, <T}.
Therefore, using (3.7)

(5.17) (vt € [[(1:—),T(m)]), 6°(t)=1 P-as. on{r <T},
and by (4.19)

(5.18) (vt € [(r=),T(%)]), r*(t)=0 P-as. on{r <T}.

Combining Lemma 3.8 and (5.15) we have (V¢ € [[(r;—),L(%)])

(5.19) /f( . q(s)dW (n*(s)) =0 P-as. on {r; < T}.

*l(t)
p(t) = *zgtg ,
3 (t

where p*1(t) € R, p*2(t) € R", and p*3(¢) € R.
For § = 1, simple calculations give that V(n, &, a, p, q) € RxR™ x By (K) x R2T" x
R(2+n)><m

Hw(nvgaaa97p> Q) =0 and Ht(n’§7a797p7 Q> = (O|[Bt(77)04]T|O)p

It follows from (4.14), (5.15)—(5.17), and (5.19) that P-a.s. surely on {r <T}, Vtin
[[(r:=), T(7)],

Write p*(t) in the form

ST SIS
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and so
PH(ri—) = [Be(r)a(m)] p2(mi) (¢ — T(ri—))
(5.20) p*(t) = p*(73) ,
p*(7i)

by using the definition of p(t).
Using similar arguments, we obtain that P-a.s. on {r; < T}

(5.21) (Vt € [[(ri—).L(r)]), P*(t) =P*(T(r)) = P(r;)

and from (3.10) and (3.12)

(vt € B(r), D(m)]), €°(t) = € (F(rm)) + / 6° (5) B(1" (3))a" (s)ds
T(ri—) R
(5.22) =Z(r—) + B(n)ﬂ(n)(t — F(TZ‘—)).

Therefore, combining (1.3), (1.5), (5.15), and (5.18), we obtain that V¢ in [T'(r;—), ['(%;)]),
H(n*(t>7 g*(t)7 a, eap*l(t)ap*Q(t)ap*S(t)v T'*<t), P*(t)a 1/)) = (1 - 9){_’(/}1 - 2T’l/)3

+ o [p (1) + A(ﬂ‘,i*(t))Tp*Q(f) + %tf [D(Tz‘,5*(t))TP*(t)D(Tz‘7f*(t))H }
+ a0 [B(ri)a] "™ (t) + ¢ablalp™ (1)

P-as. on {m; < T}. Finally, the result follows using the previous equation and (5.14),
(5.20), (5.21), and (5.22). O

PROPOSITION 5.4. Let 1) € S1(R3) such that the variational inequality (4.18) is
satisfied. Then, for (a,0) € B1(K) x [0,1]

(5.23) (vt € [0(r;=),T(%)]), L(t,o,0) <0 P-a.s. on {r; <T}.

~

Proof. From Lemma 5.3, it follows that L(¢, v, 0) is continuous on [f(Ti—), I'(7)]

P-as. on {r; < T}. However, using Fubini’s theorem and Theorem 4.5, we obtain
that

()
/f(r) I{(t,@)E[O,T+M]xﬁ:L(t,a,0)>0}(S’w)ds =0

P-a.s. on {r; < T}, giving the result. a
COROLLARY 5.5. Let 1 € S1(R®) such that the variational inequality (4.18) is
satisfied. Then, for («,0) € B1(K) x [0,1],

(5.24) L(T(t),a,0) <0 Mg-a.s. on [0,T] x Q.
Proof. Write

N(a,8) = {(t,&) € [0,T + M] x Q: L(t,a,6) > 0},
N(a,0) = {(t,®) € [0,T] x Q: (T(t),w) € N(a,0)}.
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Then

Mz(N(a,0)) = Ep

/ Iﬁ(aﬁ)(s,@)df(s)]
[0,7]

(1)
/ Iﬁ(me)(”*(s)v@)dsl

0
(5.25) =A® P(N*(a,0)),
*(

(
where N* (o, 0) = {(t,3) € [0,T + M] x Q : (T(n*(t)),w) € N(v, 0)}.
Now, if (t,3) € [El[[f(n—),f(n)ﬂ]i then T'(n*(t)) = t. Consequently,

N*(e,0) 0 [ B [F(r-), Bl € Nee,0) 0 [ T [F(m), Tl

i=1

However, from Theorem 4.5, A ® P(N(a,6)) = 0. Therefore,

(5.26) A® P(N*(,0)) = A @ ﬁ(N*(a, 0)n O [F(ri-), f(n)}]).

Furthermore, writing 7 for the projection of [0, T + M] x Q to (AZ, we have
71'(]\7*(04, 6) N [[f(n—),f(n)]]) C{n<TYn{GeQ: LT(n),a,0) >0}

From Proposition 5.4, it follows that P({r; < T} N {& € Q : L{I(%),a,0) >
0}) = 0, and so A ® P(N*(a,6) N Ug’il[[f(n—),f(n)]]) = 0. Using (5.26), we have
A ® P(N*(a,)) = 0, and from (5.25), it follows that Mf(ﬁ(aﬁ)) = 0, giving the
result. a

LEMMA 5.6. Let (Q,F, P) be a complete probability space with a right continuous
complete filtration {F;} and let {v(t)} be an Ri-valued, corlol, {F;}-progressively
measurable increasing process. Define

/ meHov(t +e)—v(t—e¢)
v'(t) = >0 2¢
0 otherwise.

if the limit exists in R,

Then {v'(t)} is an Ry -valued, {F;}-progressively measurable process.

Proof. Clearly, the R -valued process {v'(t)} exists. By using the result 14 in
[12, page 141], {v'(t)} is an {F;}-progressively measurable process. 0

LEMMA 5.7. Let (2, F, P) be a complete probability space with a right continuous
complete filtration {F:} and let {v(t)} be an Ry -valued, corlol, {F;}-progressively
measurable increasing process such that v(T) < M. Write T'(t) = t + v(t) and let
{z(t)} be an {Fi}-progressively measurable process such that v(t) = f[07t] z(s)dL(s).

Then z(t) = 1 Mys-a.s. on [0,T] x Q, and z(t) = % Myac-a.s. on [0,T] x Q.
Proof. Clearly, we have (VA € B([0,T + M])) dv*“(A) = [, z(s)d['**(s), and so

J4v'(s)ds = [, 2(s)"(s)ds. Now using the definition of {I'(t)} the last part of the

result follows. Denote by F' a set such that A® P(F) =0 and (VA € B([0,T]) ® Fr)

Mrs(A) = Mr(ANF). Note that M,s = Mrps. Consequently, VA € F,

/ IAdF(s)l :
[0,7)

and so z(t) =1 Mys-a.s. on [0,T] x Q, showing the last result. O

Ep =FEp

/ Toz(s)dT(s)
(0,77]
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_ The next proposition presents some relations between the optimal singular control
C and C. This result is important, as it gives the full generality to our maximum
principle.

PROPOSITION 5.8. Assume the existence of an optimal singular control denoted
by

0= (@ F.PAFY {al),5()}, {W @)}, {E(t)})

such that {u(t),v(t)} is {fﬁ}-progressively measurable.
Then the optimal control

0= (@ F P AFY {ak),5)}, {W @), {E(t)})

defined by (3.2) and (3.3) is such that on the filtered probability space (ﬁ,ﬁ, P, {ft})
the processes {Z(t)} and {Z(t)} are indistinguishable, and

(5.27) Mﬁs << M{}S, M’ﬁac = Mf}ﬂc,
(5.28) a(t) =a(t), and B(t) =0(t) Mzec-a.s. on [0,T) x Q.

The adjoint variables ({P*(£)}, {G'(t)})iens, {P ()}, {Q7 (t)}) en,,) associated with C
exist and are unique. Moreover, for i € N3, 7 € N,

(5.29) PO =01, T =d@), P@t)=Pt), ad Q)= ),

where ({p*(t)}, {q"(t) Vien,» {P()}, ({@j(t)})jeNm) are the adjoint variables associ-
ated with C.

Proof. From the definition of {@(t)} and {v(¢)} (see (3.2) and (3.3)), we obtain
(5.28) and the fact that {Z(¢)} and {Z(¢)} are indistinguishable. Moreover (V¢ €
[0,T7), 9(t) > v(t) and v°(t) = v*°(t), giving (5.27). Theorem 5.2 shows the existence
of the adjoint variables ((p°(£), G*(t))ien,, P(), (Q7())jen,,) associated with C. Now
(3.4) gives the existence of the adjoint variables ((7(), 7' (t))ien,  P(), (@j(t))jeNm)
associated with C satisfying (5.29). As in the proof of Theorem 5.2, the uniqueness
follows from Theorem 3.1 in [37], showing the result. d

We can now establish a necessary condition for any control C € ¢ to be op-
timal. In fact similarly to the maximum principle for nonsingular control problem
(see, for example, [38, 41] and the references therein), we show that if a control
C = (Q,FP, {ft},{ﬂ(t),ﬂ(t)L{W(t)},{f(t)}) is optimal, it maximizes a certain
Hamiltonian a.s. with respect to the measure of Doleans-Dade generated by the opti-
mal control {v(¢)}. This last property, which represents an important difference from
the classical (nonsingular) control problem where the optimal control maximizes the
Hamiltonian a.s. surely with respect to the product measure of the Lebesgue measure
and the underlying probability, is already present in the expression of the maximum
principle derived by Cadenillas and Haussmann [8] (see the last term of the inequality
(66) on page 227 in [8]). Here we present a maximum principle given in terms of
three variational inequalities but not in the integral from as in the work by Cadenillas
and Haussmann [8]. The first two variational inequalities result from a time change
of the variational inequality of the auxiliary control problem. The first one is given
with respect to the measure of Doleans-Dade generated by the absolutely continuous



MAXIMUM PRINCIPLE SINGULAR STOCHASTIC CONTROL 693

part of {v(¢)} (see (5.30)). Note that it does not depend directly on {@(¢)} but on
the derivative ‘é—f(t). The second one (see (5.32)) is given with respect to the measure
of Doleans-Dade generated by the singular part of {v;}. The last inequality can be
interpreted as a necessary condition for the size of the jumps of {7;} (see (5.33)). It
is different from the first two ones because it is not obtained from a time change of
the variational inequality of the auxiliary control problem (see the proof of the next
theorem).

THEOREM 5.9. Assume the existence of an optimal singular control denoted by
C = (0.7, P {F.}, (), 5(0)}, AW (1)}, {7 ()} )

such that {u(t),v(t)} is {fy}—progressively measurable. Denote by {T;}ien+ the se-

quence of {ﬁtW}—stoppmg times which exhausts the jumps of {v(t)}. Then there exist
¥ € S1(R?) such that V(u, z) € B1(K) x [0,1]

EORE {—wl — 2T + v [ (1) + %tr [D(t,5(1)" P()D(t, ()]
+ 4,30 7] |
+ 2 [[B(t) [2u — Z(£)u(t)]] PP () + [2lul — Z(8)[a(t)[15°(t)

(5.30) +te[D(t, 3 (1) 7 (1)] (\/1 /1o z(t))} <0

Miac-a.s. on [0,T] x Q, where
G3) = [P0 - PODEE)|VITID, )=
and

o[ = TOT B0 + lal — OIF0)] + (1~ {1 - 270

(5.32)  +o [;51 (t) + %tr | D(t,3(0)” P()D(L, ()| + A(t,i(t))T;EQ(t)] } <0

Mas-a.s. on [0,T] x Q, and Vi € N and ~ € [0,1]
0 [BE) (2w — (7)) B (F) + (el — [GEDFE)] + (1~ z>{¢1 ~ 2Ty
a7 () = [BuRERIA)| P
+ A(7.3Gi-) +BEIG)ANE) ) 7(F)

+ 3 [ D(7,5-) +yBE)IG)AN)) )

(639 xD(7.aF) + WB(ﬁ)ﬂ(ﬁ)Aﬂ(i—))H } <0
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P-a.s. on {7; < T}, where ({p"(t)},{@"(t)iens, {P(t)}, {Q7(t)})jen,.) are the ad-
joint variables associated with C'. R

Proof. From Proposition 3.2, it follows that the control C' defined by (3.1), (3.2),
and (3.3) is such that ©(7) = M. Therefore, we can apply the results of this section
to C and in particular Corollary 5.5. The stochastic maximum principle can now be
expressed in the following form: there exist ¢ € S1(R?) such that V(u, z) € B1(K) x
[0,1]

~

& (T(t), . 0,p* (T(t)), p 2 (T()), p™> (T (1)), 7*(T(t)), P*(T(t)), )
<f<t>> “(D(t)), 0*(T(t)), ™ (T(1), p*2(L (1)), p** (T (1)), 7 (T(2)),

Mg-a.s. on [0,T] x Q. Since {n*(t)} is the right inverse of {I'(£)} which is strictly
increasing, we have that n*(f(t)) = t. Moreover, combining (3.6), (3.12), (4.19),
and the definition of {p(¢)}, {G(t)}, {P()} (see (5.4)), we obtain that r*(I'(t)) =

G2 (t) — ﬁ(t)D(u%(t))\/l — Z(t). Defining #(t) = r*(I'(¢)) it follows that (V(u,z) €
Bi(K) > [0,1])

Mg-a.s. on [0, T] x €.
From the definition of {A(t)}, we obtain that M5 < Mg, and so by Proposition
5.8 it follows that (V(u, z) € B1(K) x [0,1])

H(t, (1), u, 2,5 (8), 5 (1), B° (1), 7(1), P(t), )
(5.35) — H(t,2(1), a(t), 2(t), p* (1), P* (1), B (1), #(1), P(t), ) < 0
Mg-a.s. on [0,T] x €.
From (3.4), it follows that ¥’ (t) = v'(t) Mgac-a. s on [0,7]xQ. Combining Lemma
5.7 and (5.27) and (5.28), we have that z(t) = U, t) Maac-a.s. on [0,T] x €, and

according to the definition of 7(t) (see (5.31)), it 1mphes that 7(t) = 7(t) Mgac-a.s. on
[0,T] x Q. Therefore, we obtain

H(t’f@)au7Z7§1(t)a§2(t)vﬁ3(t)vF(t)vﬁ(t%1/}>
— H(t, (1), u(t), 2(1), B (), B*(1), B (), 7(¢), P(t), ) < 0

Mac-a.s. on [0,T] x Q. With the definition of H (see (1.5)), simple calculations give
the first inequality (5.30).

From Lemma 5.7, we have that 2(t) = 1 and #(t) = 0 Mgs-a.s. on [0,7] x €.
Consequently, using (5.27), (5.35) reduces to (V(u,z) € B1(K) x [0, 1])

0 [l = AO)BOTI() + [elul — [@OIF )] + (1 - z){wl — 2Ty

(5.36) + 1o [ﬁl (t) + %tr[D(t, #(t))TP(t)D(t, % ()] + A(t,f(t))TﬁQ(t)] } <0
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Ms-a.s. on [0, T] X Q. Since the left-hand side of the previous inequality is continuous
in (z,u), there exists a set V € B([0,7]) ® ]?IW such that Mz (V) =0, and V(¢t,&) €
[0, T] xQ -V,

[ fou = AT B0+ lal — OIF0)] + (1 - {1 ~ 2700

(5.37)  + o [ﬁl (t) + %tr Dt #(1)" PO)D ()] + A(t,z(t))TﬁQ(t)] } <0

Y(u, z) € B1(K) x [0, 1].

From the definition of @(t) (see (3.3)), we can write u(t) = u(t)c(t), where
c(t) = Lo, + [%I[T,+oo[x{ﬂ(T)<M} + 17 4 oo [ x {5(T) =M} )-

Note that 0 < ¢(t) < 1.

Consequently, from (5.37) we obtain

s [ou = EOTO BOTT(0) + ol ~ SOOI O] + (1~ {1~ 2704

(5.38)  + 1o [ﬁl(t) + %tr[D(t,%(t))Tﬁ(t)D(t,i(t))] + A(t,%(t))T[)Q(t)]} <0

V(u,z) € B1(K) x [0,1]. Taking z =1 and u = 0 in the previous inequality, it follows
that

—uaclt) [i() B F(1) W) + [a(0)5* (1) <.

However, for (t,@) € [0,T] x Q — [T,T] x {AS(T) = 0}, &(t) > 0, and so ¢(t) > 0
M=-a.s. on [0,T] x Q since My ([T,T] x {Av(T) = 0}) = 0.
Consequently,

o () Bt F(0) TP () + [() 5 (1)

(5.39) < —usl(t) [A(0) B, 3() () + [(1) 5 (1)

Combining (5.38) and (5.39), we obtain the inequality (5.32).

From the definition of {(¢)} (see (3.2)), we have that {AV(T) # 0} = {Av( ) #
0YU{AY(T) = 0}n{v(T) < M}]. Clearly, {Av(T) = O}D{U( )< M} e .7-'T , and so
from Lemma 5.11 in [19], T{as(1)=0}n{s(T)< M} IS an {.7: }-stopping time. Moreover,
[7:] N [Teasry=on@mm <and = _

The sequence {{7; }ien+, T{as(1)=0}n{5(T) <M} } Of {.7?t }-stopping times exhausts
the jumps of {v(t)}. Denote by {7; };en+ the sequence {{TI}ZQN* T{AU(T) 0} {E(T )<M}}.
We can apply Proposition 5.4 to the optimal control C. Taking ¢ = F( —)+ vAF(Ti)
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for v € [0, 1], we have for (u,z) € By(K) x [0,1]
o [B) (e~ 0w ))) 827 + (el — ) D7) + (1 - z>{w1 — 2T,

e [ﬂ(n—) o [Bi(m)a(m)]” AR ()
+ A7 2(r-) +B()AT)AL(R)) 5(r)

+ %tr [D (T Fri—) + ’yB(Ti)ﬂ(Ti)Af(Ti))Tﬁ(n)
x D(Ti@(n——) +73(n)a(n)Af(n))H } <0

P-a.s. on {r; < T}. However, from the definition of I'(t) and using (3.2) and (3.3)
we have u(r;)AL(7;) = u(r;)Av(1;) = u(r;)Av(7;). Finally, the definition of 7; and
Proposition 5.8 give the last inequality (5.33). d

6. Example. In this section, it is shown how the set of necessary conditions
given by the inequalities (5.30), (5.32), and (5.33) can be derived and used for a
simple worked-out example. Let us consider the following scalar system:

(6.1) dx(t) = Ax(t) + u(t)dv(t) + dW (1),

with A > 0 and 2(0—) = 1. The aim is to minimize the cost given by J[C]| = E[z(T)],
subject to v(T) < M with M > 0. It is easy to show that the control defined by

- 0 for ¢t < 0, _ —1 for t =0,
(6.2) O S and  a(t) = or
M fort >0 0fort>0
is an optimal control.
Consequently, we have
(6.3) Pl =awm=0 pt)=a()=0 Pt)=0Q(t)=0,
and
(6.4) dp?(t) = —Ap*(t)dt, with p*(T) = —1, and ¢*(t) = 0.
Therefore, it follows that p2(t) = —e*(T=%. Clearly, we have Mz« = 0. Since

Ms(.) = Io(.), it is easy to show that (5.32) and (5.33) reduce to
v (20— (0))3#(0) + (1 - 2) [ —y — 2Ty

(6.5) + vaA{7(0-) + vmomm)}ffzm)} <0

for u € [-1,1], z € [0,1], and v € [0, 1].

Consequently, applying Theorem 5.9 to this example, it follows that there exist
¥ € S51(R?) such that Vu € [-1,1], 2z € [0,1], and v € [0, 1], the previous inequality is
satisfied. The variational inequality (6.5) becomes

— (zu + 1)€AT + (1 - z) {wl —2Tp3 — wQA{l — 'yM}eAT} <0.
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When M < 1, a straightforward calculation shows that for any vy € [0,1], there
exist ¢1 € [—1,1] and 3 € [—1,1] satisfying ¢; + 273 = /1 — 93 such that the
variational inequality is satisfied Vu € [-1,1], z € [0,1], and v € [0, 1].

When M > 1, by choosing 1) such that 0 < ¢y < 1, and A{M —1}eAT < 7”;%,

and again 11 + 273 = /1 — 93, it follows that the variational inequality is satisfied
Vu € [-1,1], z € [0,1], and v € [0, 1].

7. Conclusion. Our work can be generalized in several directions: a running
cost can be added to the definition of J[C] (with no convexity hypothesis) and a
classical control process can be added in the dynamic of the state (for example in A,
D and into the running cost if it exists) as in [8]. Soft constraints with the same form
of the cost G may also be added to the model (see [23, page 855] for constraints of
these types in classical control problems).
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