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Abstract

We consider the problem of maximizing expected lifetime utility from
consumption of a generalized geometric Brownian motion in the presence
of controlling costs with a fixed component. Under general assumptions
on the utility function and the intervention costs our main result is to
show that, if the discount rate is large enough, there always exists an
optimal impulse policy for this problem, which is of a Markovian type.
We compute explicitly the optimal consumption in the case of constant
coefficients of the process, linear utility and a two values discount rate. In
this illustrative example the value function is not C' and the verification
theorems commonly used to characterize the optimal control cannot be
applied.

Keywords: Stochastic Programming; Markov processes; Impulse control; Quasi-
variational inequalities; Consumption-investment problems with fixed interven-
tion costs

1 Introduction

In this paper we consider the optimal consumption of a diffusion process S;,
which is a generalization of the geometric Brownian motion. The evolution of
St, in absence of control, is described by the 1t6’s stochastic differential equation

dSt = St/,L(St)dt + StO'(St)dBt (1)

where B; is a one-dimensional Brownian motion and the functions p and o are
assumed to be bounded and Lipschitz continuous. Starting from an initial value
So > 0 the process S; remains positive for all ¢, and if u, o are constant we have
the standard geometric Brownian motion. The agent wants to maximize the



expected utility from consumption of S over an infinite horizon. Consumption
is possible at any time but whenever S is consumed some quantity of S is lost as
an intervention cost. This cost has a minimum fixed amount F, and (possibly)
a variable part which can depend on the size of the intervention. Because of
the fixed cost F', consumption cannot be done in a continuous way without
incurring infinite costs: it is made by finite amounts in separate time instants.
We have a problem of impulse control where a control policy is a sequence (7;, ;)
of stopping times and corresponding random variables &;, where £; represents
the decrease in S due to the intervention in 7;. We will denote by K (&) the
intervention costs related to a displacement of size £. If at time 7; the agent
consumes the amount ¢; > 0 then the level of S becomes

S(r)=8(r") =&

where S(7;7) is the amount of S just before 7; and § = ¢; + K(§) > 0 is
the sum of consumption and intervention costs (&; is strictly positive because
K(¢) > F > 0). The objective is to maximize the discounted expected utility
from the (possibly) infinite sequence of interventions
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where U is the agent’s utility function and £(S;) is the discount rate, which
can depend on the current level S;. Of course if there was no upper limit in
the possible amount of ¢, then an agent with an unbounded U could obtain
infinite utility by consuming immediately an unlimited quantity of S. So we
will assume the natural constraint that a policy is admissible only if the level of
S, after consumption, never becomes negative. For a real application, one may
think of S as a financial asset with limited liability, such as a stock or an index
fund, whose value evolves according to equation (1) and therefore randomly
but with no risk of default. The investor wants to maximize the discounted
expected utility from the liquidation of S, but whenever he sells some quantity
of S he must pay fixed and proportional transaction costs. The nonnegativity
constraint on S means in this case the prohibition to take short positions.

The main focus of this paper will be on proving the existence of an optimal
policy and to characterize its form, under general assumptions on the functions
i, o, B, K, U. Indeed our main result, Theorem 10 and Corollary 11, shows that
if the discount rate §(5) is sufficiently large with respect to U, u and o, then
there always exists the optimal consumption. This optimal policy is Markovian
and it is characterized by a control region, a complementary continuation region
and a set of optimal actions to implement in the control region. The regions
and the optimal consumption can be obtained by solving a static optimiza-
tion problem. To study our problem we will follow the Dynamic Programming
methodology. In impulse control theory the value function is shown to be a
solution of a quasi-variational inequality (QVI) which plays the same role of the
Hamilton-Jacobi-Bellman equation for continuous stochastic control. It is well



known that the value function is not usually a classical C? solution of this in-
equality, and some kind of weak solution must be considered. The most general
type of weak solution is certainly the so called viscosity solution, which allows
the value function to be even discontinuous (see, for some instances of discontin-
uous value functions and viscosity solutions, [14] chapter 7, [18], [2]). However
the viscosity characterization does not seem of help in showing the existence of
an optimal policy. To the best of our knowledge the optimal impulse control is
usuallly obtained by applying some ”verification theorems” which presume the
existence of a sufficiently regular solution of the QVI (at least a C''solution: see,
for instance, [6], [21], [22], [11]). We will investigate our model using a varia-
tional approach and we will characterize the value function as a weak solution
in a weighted Sobolev space. The main advantage of this type of weak solution
is that some fundamental results of stochastic calculus, such as the Ito’s for-
mula and the Dynkin’s formula, can be extended to generalized derivatives, if
these generalized derivatives are ordinary functions. Consequently it is possible
to prove the existence of an optimal control without assuming a continuously
differentiable value function and even without making use of the dynamic pro-
gramming principle. In section 5 of the paper we will give an example where
the value function is not C!, but it is possible to characterize the optimal im-
pulse consumption. Our results are based on the functional analysis techniques
for stochastic control developed in the monographs of Bensoussan and Lions
[4], [5]. Nevertheless the problem we study is different from the impulse con-
trol problem studied in [5], chapter 6. The authors considered a process with
bounded coefficients and a cost minimization problem where the value function
is naturally bounded from below and there is a trade-off between running and
controlling costs. This is the most common formulation of the impulse con-
trol problem (see, for instance, [1], [3], [12], [15]). In this paper we consider a
generalized geometric Brownian motion and our objective has no additive sep-
aration between the utility of consumption and the controlling costs. Moreover
we face a state constrained maximization problem and the value function is not
necessarily finite. The problem is also different from some recent models con-
cerning the optimal distribution of dividends by a firm (see [17], [8], [9]). Since
in these models insolvency has always a positive probability to occur, the firm
must find the optimal balance between paying more dividends and maintaining
enough liquidity to reduce the risk of default. Our setting is more similar to a
Merton’s model (see [20]), with only one risky asset and in the presence of fixed
transaction costs. Indeed the general asset price dynamics considered in [20],
section 3 and 4, is the same of equation (1). However the fact that the agent
consumes in a discrete way, at an infinite rate by finite amounts in separate time
instants, changes the nature of the problem and its solution. The concavity of
the utility function is no longer necessary to obtain an optimal policy; on the
contrary it is necessary to set a lower bound constraint on the level of S. If the
utility is linear and u, o, K, 8 are constant, it can be shown that the model
degenerates to an optimal stopping problem (see Remark 16, in section 5). But
when u, o, K, 8 are not constant and we consider various utility functions,
a wide range of different solutions is possible. The paper is organized as fol-



lows. Section 2 contains the precise problem formulation and some preliminary
results, including a logarithmic transformation that is convenient in order to
solve our model. In section 3 of the paper we show the existence of an optimal
control for the optimal stopping problem which arises when only one interven-
tion is allowed. Sections 4 contains our main results: the characterization of the
value function and the existence and characterization of the optimal impulse
control. We obtain these results by reducing our model to an iterative sequence
of optimal stopping problems and corresponding variational inequalities. This
idea, first introduced in [5], has been used, for instance, in [10], [1], [2], to solve
numerically some impulse control problems in mathematical finance. In section
5 we consider the simple case where the utility is linear, u, o, K are constant
but there are two possible values for 3, depending on the size of S. We show
that the value function is not continuously differentiable and that the optimal
policy is an impulse control with one barrier and one target level, which can be
computed explicitly. Section 6 concludes the paper with some final remarks.

2 Problem formulation and preliminary results

We consider a standard probability system (2, F, P,F, B;), where B; is a one-
dimensional Brownian motion and F =F; is the completed natural filtration of
B;. We call a generalized geometric Brownian motion S(t) : [0,00) X @ — R
on this system, the strong solution of the It6 stochastic differential equation (1)
where we assume

So >0, u(S),0(S) € WH>(R) . (A1)
Here W1°°(R) is the Sobolev space defined, in the sense of distributions, by

WYS(R) = {f € L* | f'(x) € L)

and it is equivalent in R with the functions which are bounded and Lipschitz
continuous (in all the sequel the apex denotes a weak derivative). There cer-
tainly exists a unique strong solution to (1) because the coefficients Su(S) and
So(S) are locally Lipschitz and satisfy a linear growth condition (see, for in-
stance, Theorem 4.3.1 in Tkeda and Watanabe [16]). We make the following
assumptions on the intervention costs K (&)

K(¢) : Ry — (0,400) is upper-semicontinuous
K(§) 2 K(0)=F>0 (A2)
E_ K(g) >0 if and Only lff > gmin >0.

Here &nin is the minimum intervention necessary to obtain the non-negative
consumption ¢ = £ — K(§). An impulse control p = {(71,&1); .or; (73, &); ...} is
a sequence of stopping times 7; and corresponding random jumps §; enforced



into the system. We say that a policy is feasible if it verifies

7; is a {F}} stopping time
Ti S Ti4+1 a.s. (2)
T; — 00 a.S. when i — oo

& is F;, measurable (3)

For a given policy p and initial state Sp, the controlled process S,(t) can be de-
fined, in a concise way, by the unique solution of the following integral equation
(see [5], chapter 6)

5,0 = So+ [ S0) w(Sy) dr+ [ ,00) o(8,0) dB =1 = o~ 2,

where at(w) = max {n| 7, (w) < t}.
We will consider admissible only the feasible policies which verify the non-
negativity constraint

Sp(t) >0, VE>0

which implies, Vi > 1,
Sp(r;) =& — . —6a; 20
where S,(7,7) = ngp(t) and o;(w) =max{n >i| 7, =7}

We denote by Ag, the set of admissible policies when the process starts in Sp.
To each p we associate a discounted rewarding functional

e — J (soyar
J(p)=E [Z Ulci)e © X <o0) (4)
1=1

1 ifr(w) <oo
0 elsewhere .
We make the following assumptions on the utility function

where Xr, <o (W) =

‘ U(c) : Ry — Ry is increasing and upper-semicontinuous

U(e) >U(0)=0, Ulc)<ac® wherea,b>0. (A3)

Thus U is not necessarily concave but it satisfies a polynomial growth condition.
We assume that the discount rate (8 verifies

Be L™, B(S) > Bmin >0 . (A4)

Moreover we will assume that 8 is large enough, for S — +o0, with respect to
U, i, o, in the sense that there exists S > 0 such that § verifies

1 5 1 4 .
B> 5021)2 + (p— 5a2)1>, VS €[S, +00) (A5)



where b is defined by b = 1V b = Maz(1,b). To obtain some of our results we
will require that this assumption holds in a strict way, that is there exists a
constant D > 0 such that

1 5= _ .
B—=0*b*+ (u—=0%)b>D >0, VS €[S, +00) . (A6)

2
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Now we define the value function

V(S) = sup J(p)

pPEAs

and the problem is to look for the existence of an optimal control p*(Sp), for
every initial state Sy, such that we have

V(S0) = Maz J(p) = I (S0) (P)

Since the variational techniques we will use require to consider a process
with bounded coefficients, it is convenient to work with the natural logarithm
of the process S(t). We define the functions

a(e®), p(a) = B(e”) . (5)
From (A1), (A4) and (5) it follows ((z),d(x) € WL>(R) N L>®(R), and
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p(x) € L*®(R), p(x) > pmin = Bmin > 0. We consider the auxiliary process
x(t), controlled by policy v = (6;,;), defined as the solution of

Xy (t) = xo +/0 (C(IU(T))fé(SQ(Iv(T‘))) dr +/0 0(xy(r)) dB, — 41 — oo = Ve,

where €;(w) = max{n(w)| 0,(w) <t}. The stopping times #; must meet the
same requirements (2) of the 7;. Now we define the functions

d@;v):ez—wf_V
‘ g(x,7) = d(z,7) — K(d(z,7)) (6)

where d,g : R x R, — R. Let &yin = Inpnin and 4%, = @ — In(e” — &min)-
Note that we have g(x,v) > 0 if and only if > i, and v > 42, > 0. We
will consider admissible the random variables «; > 0, (which can take the value
~; = +00, in which case x,(t) = —oo, Vt > 0;), if they verify

‘ i is Fp, measurable
9(wu(07),7) 2 0.
To policy v it is associated the rewarding index

o0

I(v) = B [>Ulgla, (07 ), 7)) e Jo oty ] (7)
1=1



and we consider the auxiliary problem

Maz I(v) (A)

vEls,

where I';, is the set of admissible policies if ,,(0) = xg. Let ®(z) be the value
function of problem (A)
®(z) = supI(v) .
vel'y
The following lemma shows the equivalence between (A) and our original prob-
lem.

Lemma 1 If Sy = €™ and if we set 7; = 6;, & = d(x,(6;),vi), Vi > 1, then the
processes Sp(t) and ™) are equal almost surely and J(p) = I(v). Moreover
V(So) = ®(In Sp) and if there exists an optimal v* = {(05,~)} for problem (A4)
then p* = {(07,d(x,(0;7),~}))} is optimal for problem (P), and vice versa.

Proof. By Ito’s formula applied to e®*(!) up to 71 = 6; the processes e*»(*)
and S,(t) are equal a.s. in [0,7y). In 71 = 0; we have

() = P = () —d(x, (6] ), %) = Spl(r1) — &

and consequently y(m1) = Sp(71). It is immediate to see recursively that
e ® = 8 (), as., Vt > 0. Setting 0; = 75, & = d(w,(6; ),7:) a policy p € Ag,
if and only if v € I, 5,, and since, by this correspondence,

Ulglaa(67) 7)) € 10" 7ot = U (g — K () e 7" 250

we also have J(p) = I(v). Therefore it follows V(Sp) = ®(In Sp) and if
v* = {(67,7])} verifies I (v*) = ®(InSp) then p* = {(07,d(z,(6;7),7}))}
verifies J(p*) = V(Sp) and vice versa. m

Remark 2 The utility of the logarithmic transformation is twofold. The process
x(t) has bounded coefficients, and therefore it is possible to use the variational
techniques. Furthermore (A) is a free optimization problem since there is no
lower bound constraint on the state variable x. The only drawback is that the
objective functional (7) is slightly more complex with respect to (4) because it
also contains the left limits of x, at the intervention times 0;. Note that the
connection between the two problems lies in the definitions (5), (6) and that
problem (A) is not well posed for arbitrary functions d and g.

Thus we can focus on problem (A), under (5), (6) and assumptions (Al)-
(A6), since its solution will give us immediately the optimal policy of our original
problem. Since the value function may be unbounded in R it is convenient to
characterize ®(x) as a solution of a variational problem in a weighted Sobolev



space. We consider the regular weight function w, (z) = e~*V1+%* (o > 0) and

the weighted spaces LP**(R), W12 (R), W2P<(R), defined as

LrR) = {f | [wh(2)|fI’ dz < oo}
WiPe(R) = {f € LP* | f'(z) € LP*}
W2Pe(R) = {f € LP* | f'(x), f"(x) € LP*} .

In particular we have the Hilbert spaces H%® = L%, H1® = ke,
H?® = W22 We will denote by

(u,v), = [puvw? de

U, V) 1o = [puvw? de+ [,u v w2 de
R a R o

the inner products in H>* and H>* and by |u/,, ||u||, the corresponding norms.
We also define the functions
52 52
a :—(C—E)—i—a'z :
For technical reasons we need the following additional assumption on the diffu-

sion coefficient
o(x)>A>0

o(e”) = §(x) € WES(R) . (A7)

The former of (A7) is a non-degeneracy assumption typical of the variational
approach (see, however, [19] for a treatment of degenerate diffusions). From this
assumption it follows ay > % > 0 and from (A1), (5) and the latter of (A7) we
deduce az € W (R) and a; € L®(R). We define a second order differential
operator A by

Au = —agu” — ahu’ + a1u’ + pu (8)

which corresponds to the infinitesimal generator of the process z(t). We will
consider frequently the following continuous bilinear form in H !

200 T
ag(u,v) = | a u'v’deQ:+/a—7 u'vad:z:+/ w v w? dz.
O/( 5 ) [R 2 a ]R( 1 m) « ]Rp e

Since p is given a,(u,v) is not necessarily coercive, but choosing ¥ > 0 large
enough, the bilinear form a, (u,v) +9 (u,v), becomes coercive on H*. It can
be easily shown, integrating by parts, that if u € H>* and v € H%“, then we
have

/(Au) v wide = an(u,v) . 9)
R

Consider now two stopping times 7,7 (w.r.t. F}), such that 0 < 7 < 7/ a.s.,
and z(t) the strong solution of the following equation

2(t) =1+ / 16 oo s+ [ 8(:(5)) xs dE



where 7 is F; measurable, z =n for 0 <t <7 and v,d € Wllocoo(]R) . We denote
by I. the open interval (—r,r) and by 7. = inf {t > 7| 2(¢t) ¢ I,.} the first exit
time after 7 of the process z from I,.. In the sequel we will use frequently the
following Lemma. Taking the mathematical expectation in (10) one obtains a

generalization of Dynkin’s formula in H?(R).

Lemma 3 If u€ H**(R) then we have, Vr > 0,

U(Z(T))X‘r<oo =
ATy N T ot
— B[ [ Xreso(Asu(z(s) e 7" ds +ulz(r' A ))e 7 " )IE]
(10)
where A,u = —%u "—yu '+ pu.

Proof. The proof is omitted because this Lemma is an adaptation of some
results of chapter 6, in [5]. See, in particular, Lemmas 6.1.1-6.1.2, Corollary
6.1.1 and Theorem 6.1.2. =

3 Study of a variational inequality and of the
associated optimal stopping problem

In this section we consider the simplified case when it is possible to stop the
process x(t), and consequently S(t), just one time. It corresponds to set
02 = 400 in the previous formulation. A control is now a couple v = (6,~) of

a {Fp} stopping time 6 and a random variable v which is F measurable. The
control is admissible if it verifies g(«(67),~) > 0. The value function is

Oy(x)= sup I(v) = sup E [U(g(x(07),y)) e o p@ddty, ]
IS (0,7)€T1,»

where I'1 ;, is the set of admissible stopping policies when only one intervention
is permitted. From (A5) and (5) it follows that there exists 2 = In S such that
p verifies (b=0>bV 1)

p2 5P+ (= 3h Vo€ fovoc) )

Now we define a function u™ that we will use as an upper bound for ®;(x) and
®(z). Let N > a and C > 0 be large enough to verify

a(x — F)* < Nzb, Vo > F
Negm(p — %521_)2 - (g - %52)5) + pmino 2 0 V‘T 6 ]R N

We define B
uM(z) = C 4+ Neb* . (13)



We also consider a function ¢ (z) which represents, for > Zmyin, the maximum
utility we get if we stop immediately the process in g = x

sup U(g(.f, r}/)) if €T Z Tmin
Yy ={ bt (14)
g(z, +00) if ¢ < ZTmin -

It is always ®;(z) > 9(z) and we have ¢(z) € L*»* if @ > b. The following
theorem shows some properties of ¥(x).

Theorem 4 Given assumptions (A2), (A3), the function ¢ (x) verifies:
1) —F <3(x) < uM(z)
2) Y(x) is continuous

3) there exists a Borel measurable function v*(z) : [Zmin, 00) = R such that
(0,7 (2)) € T and ¥(z) = U(glr,2* (@) for & > .

Proof. It is as a particular case of the proof of the subsequent theorem 7,
setting v = 0 in (29). m

Let us define the set of functions
Z={zeH"™|0<z<uM} (15)
and the following variational inequality, where ¢ € L?* and a > b
ao(u,v—u) >0
Vv € HY®  such that v > (16)
weZ, u>ep.

The next theorem shows that if the discount rate p verifies (11) there always
exists a minimum solution of (16).

Theorem 5 Given assumptions (A1), (A4), (A5), (A7), ¢ € L**, ¢ < uM
the variational inequality (16) has a minimum solution u,(z).

Proof. We consider the following auxiliary variational inequality
o (U, v — u) + Hu, v — ) = (V2,0 — u)y
Yo € HY® such that v > ¢ (17)
ue  HH u> %)

where z € L?“ and ¥ > 0 is large enough to make a(u,v) + 9 (u,v),, coercive
in HY®. Tt follows that there exists a unique solution u, in H® of (17), (see
theorem 1.13, chapter 3, Bensoussan and Lions [4]). We show now that

2€7 = u, €7 (18)

10



From (8), the latter of (12) and (13) we deduce Au™ > 0 and from (9) it follows
that

ao(uM,v) = /(AUM)vwidx >0
R

whenever v € H1® and v > 0. If we choose © = u, and v = u, — (u, — uM)+ in
(17), which is an admissible test function because ¢ < uM, we get

—ao (s, (uy — uM)+) — ¥y, (uy — uM)+)a > —(9z, (u, — uM)Jr)a .

If we add aq (uM, (u, —uM)*) > 0 to the left side and (Yu, (u, —u)*), >0
to both sides of this inequality we obtain

—aa(uz—uM, (uz—uM)+)—19(uZ—uM, (uz—uM)Jr)a > ﬁ(uM—z, (uz—uM)"’)a
which is equivalent to

aa((us — UM)+, (uz — UM)+) +9((us — UM)+7 (uz — UM>+)oz <

< —IuM -2, (u, —uM)H), .
Since by assumption u™ > z and a, (u,v) +9 (u,v), is coercive, this inequality
implies (u, — u™)T = 0 that is to say u, < uM. Moreover u = 0 is the solution
of (17) if z =0 and ¢ < 0 and therefore u, > 0 because u, is increasing in z
and ¢, and z > 0 and ¢ > —¢~. Therefore we have shown the implication (18).
Now, we can define an operator G : Z — Z such that u, = Gz. From the
monotonicity properties of the solution of variational inequalities (see theorem
1.4, chapter 3, in [4]) it follows that Gz; < G2y if 21 < z5. Thus we can consider
the increasing sequence of functions

{ Up = GUp_1

The sequence u,, converges in L** to a function u, € Z, with u, > u, > ¢ by
construction, and we aim to show that u, is the minimum solution of (16). If
we set v = v in (17), which is always admissible, we obtain

Ao (Uns Un) + O (Un, Un)a < aa(Un, UM) + I(tn, UM)oz — (Yup—1, uM — Un) o
and as aq(u,v) +9 (u,v), is continuous and coercive we have
2
lunl?, < € lwnlly [l -

The norms |[u, ||, < C ||u] |a stay bounded in H“ and there is a subsequence
U, which converges weakly in H'® to a function u*. As the injection of H®
in L** is compact we also deduce that u* = u,. Since

F(v) = aq(v,v) + 9 (v,v),

11



is lower semicontinuous in the weak topology of H1:® (see, for instance , corollary
II1.8, in Brezis [7])

a(x(unv 'U) + ﬂ(unv U)a > aa(una un) + ﬂ(unv un)a + 19(“7:,—17 U) - ﬂ(un—la Un)a

implies, as n — 0o, that as(up,v — u,) > 0, Vo € HY*. Therefore u, is a
solution of (16) and it is easy to show that it is the minimum solution. Any
solution u of (16) is a fixed point of G and from ug = 0 < u we deduce recursively
Up = Gup—1 <u = G"u and consequently u, <u . ®

The next theorem shows that if we set ¢ = 1) the value function ®; is smaller
than the minimum solution u, of (16). Thus if assumption (A5) is verified the
discount rate is large enough to assure a finite value function. Furthermore if
(A6) holds true, that is, in terms of p,

p— %5262 + (¢ — %52)6 >D >0, Vze&l[i,+00) (20)

then we can show that there always exists an optimal stopping policy, which is
Markovian because it depends only on the current state of the process.

Theorem 6 If ¢ =1 the continuous representative of uy () verifies
uy(z) 2 O1(z) .

Moreover, if (A6) holds true, then uy(x) = ®1(z) and for every initial condition
wo € R there exists an optimal stopping policy (0 ;. ,vz,) given by

07, = nf {s > 0: uy(x(s)) = P(z(s))}

@) if 03, < o0
Tao arbitrary if 0y, = +oo .

Proof. In order to make use of Lemma 2.2, which requires an H? regularity,
it is useful to consider the penalized equation

M | =

ao(u,0) = = (¢ —u)",v), v € Z. (21)
By an argument similar to that used in theorem 4 to show the existence of u, we
can prove that there exists a minimum solution ug, of (21). Indeed, we consider
the equation

ag (u, v) + Hu,v)q = é (W —uw)*,v), +9(z0)a

which has a unique solution uf € Z if z € Z. Starting from uf = 0, the
increasing sequence of functions ug,, defined by uj, = u; where 2, = uj_;,
converges as n — oo to the minimum solution uf of (21). Moreover, by an
adaptation of theorem 4.1.4 in Bensoussan and Lions [5], it can be shown that,

12



as € — 0, we have ug, 1 u,, where u,, is given by (19), and consequently we also
have ug, 1 uy when ¢ — 0. Let (0 ,v) € I'1, be an admissible policy. Since
(21) is an equation, by local regularity it follows that ug, € H?(I,), ¥r > 0. We
can apply formula (10) to the function ufb(x) and the process x(s), considering
7 =0, 7 = 6. Using (9) and (21) and taking the mathematical expectation we
obtain

ONT,- s OATy
1 = [ p(z(t))dt = [ plz()dt
ug (o) = F [g / (Y —u) " (x(s) e ® ds+e 0 ug, (x(OAT)].
0
(22)
We have 7, — 0o a.s.when r — 00, ug, T uy as € = 0, uy > uy, and
Uy > > PXo<oo. From (22) we can deduce that for e — 0 and r — oo
fe (z(t))d
— | p(z(t))dt
uy(z0) 2 E [e P (@(0))xo<os] - (23)

But if 0 is admissible necessarily 2(0) > i, and therefore from (14) and (23)
we have

wp(zo) > E [U(g@@)7) € 5" xocoo]

As this inequality is true V(0 ,7) € I'1 4, it follows uy(z) > ®1(x).
We define 6 = inf {s >0 ug(z(s)) < ¢(3:(s))} We have 0 & < 6 ;  because

*

uy > ug, and 0 7 — 0 5 for e — 0. If we set § = 0 [ in equation (22) and we let
€ — 0 we obtain

G;OA—rT
=T )
uy(zo) =E e ° uy(z(0, A7) =
9; Tr
— [ pla(e)at ) o
0 Uy (T

=FE[e 0z,))x05, <r, + € 0 wy (2(70)) X7, < 03] -

As r — o it follows that

0% oz
- go P (t))dt - Ofop(xu))dt

e wy (@(0,))Xos, <r,] = E [e wy (@(83,)) X0z, <oc]

by the monotone convergence theorem. Since u,, < u™ we also have

~ T ottt
e 0

E wy (2(77)) X7, < 02,] <
— [ ple(t))dt — F p(a(t)dt+ba(r)
<ol 1 npE ] < (25)
- Of p(a(t))dt

<CFE [eipminTT} +NFE [ (eingaL‘(‘rr):—T + GETXI(TT):T‘)e

Considering the exponential martingale

M(t) = exploe(t) — (C(a(0) — 30%((0))b+ 35 (1))

13



from (20) and 7. — oo a.s., it can be shown that, for r — oo,

Tr

_ — [ p(a(t))dt
E | ebTXz(TT):Te {p ]—0

Therefore from (25), making r — oo, we obtain

— T plaeydt
Ele g (@)X 02 ] 0 (26)

Finally from (24), (26) and uy(x(0},)) = ¥(x(0;,)) it follows

*
93‘/

0
— " pla)ar .
uw(xo) = F [6 0 Uw(fﬂ(‘)xo)xe;o@o}
" oot
P .
= Ele ° P(x(07,) X0z, <oo]

= (07,7 (x(0z,7)))

and consequently wuy(x) = ®1(z) = I(0 %, v*(x(6% 7))) . m

The open set @ = {z € R: uy(z) > ()} is the continuation region where
the process x, evolves freely. The complementary closed region
Q¢ = {z € R: uy(z) = (x)} is the intervention region where it is optimal to
consume immediately the quantity ¥ (x). The set @ is nonempty because it
contains (—o0, Tmin) and Q° is closed because v is continuous.

In the next sections we will need the following important additional result
on uy(x), which is a corollary to theorem 6.

Corollary 7 Let 0; < 0;41 be two consecutive stopping times of v and x,(t) the
corresponding controlled process. The minimum solution uy(x) of (16) verifies
0it1
- Bf P(Iv(t))dt -~
Ele % Uy (To (0351))X0: 11 <00 | Fo,] <ty (20(0i))X0,<00 - (27)

Furthermore if
07y = inf {t > 0; [uy (2, (t7)) = (o (t7)) }
and (20) holds true then we have the equality

o o
Ele uy (T (0537)) X0z, <oo | Foi] = g (20(0i))X01<00 - (28)

Proof. It is sufficient to apply formula (10) to the minimum solution ug, ()
of (21) and to the process z,(s) in the interval [6;, 0,1 A 7], considering 7 = 0;,
7' = 0;41. Using the same argument of the proof of theorem 6, by making ¢ — 0
and afterwards r — oo we obtain (27) and if ¢’ = 07, ; we deduce (28). m
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4 Existence and characterization of the optimal
consumption policy

When an infinity of stopping times are available the maximum reward we can
obtain if we stop immediately the process in xg = z > i, is given by

sup  U(g(z,7)) +@(z —7) .
YENE in T 00]

min

Then it is natural to define a non local operator M on functions v : R — Ry
such that
sup  U(g(z,v))+u(zx —7) if 2> 2min
'Ye['Y:jin7+oo]

Mu(z) = (29)
g(x, +00) if o< Tmin -

M has the following properties.

Theorem 8 Given assumptions (A2), (A3) and 0 < u < uM, the function Mu
verifies:

1) —=F < Mu <uM

2) if u is continuous then there exists a Borel measurable function
Y5 [min, 00) = Ry, such that, for © > Tmin we have

Mu(z) = U(g(z, v, (2))) + u(@ — 7, (x)) (30)
3) Mu is continuous if u is continuous.

Proof.
1) For < xpin we have —F < Mu(z) < 0. For > z;, we have Mu > 0 and
from (A3), (12), (13) it follows

Mu(z) < sup  a(d(z,7) = F)* +u" (2 — )

YEN in >0

< sup  N(d(z, 7))B +C + Neb@=)
YEN in 0]

< sup O+ Ne((1—e Ml 4e ) <uM
YEVihins 0]

as b= Max(b,1) > 1.

2) Since U and g are upper-semicontinuous and u is continuous we have, for
x> Tmin
limsup U(g(z,7)) + u(z —7) < U(e” = K(e"))

Y—>0o0

and therefore there certainly exists v* such that

Mu(z) = U(g(z,7")) + u(z =77 -
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By using a selection theorem (see appendix B in Fleming and Rishel [13]) we
can define the Borel measurable function ~; () which verifies (30), V& > Zmin -

3) We omit the proof because, when U and g are upper-semicontinuous and u
is continuous, this is a well known property of the non local operator in impulse
control problems (see, for example, [1]). m

Let @, (x) be the value function of the problem when at the most n stopping
times are available (i.e. 6,41 = +00). It is natural to look at ®,(x) as the
solution of (16) with the obstacle (x) = M®,,_1 (x) and to define recursively
a sequence starting from ®3 = 0. We will look for the value function as the
limit of ®,,(x) when n — oo. Now, we consider the following quasi-variational
inequality in H1®

ao(u,v —u) >0
Vv € HY® such that v > Mu (31)

u>Mu, uezZ .

Inequality (31) may have many solutions, as it is usual with unbounded domains,
but the most relevant solution comes out to be the minimum solution.

Theorem 9 Under assumptions (A1)-(A5) and (A7), the quasi variational in-
equality (81) has a minimum solution umin. Moreover, the function umi, verifies

Umin(z) > ®(z) = sup I(v) vz eR . (32)
vel'y

Proof. We consider an operator T' : Z — Z, which relates z € Z to the
continuous solution uy, € Z of (16) corresponding to the obstacle ¢ = Mz. This
obstacle verifies the assumptions on ¢ of theorem 5. The operator T has the
fundamental monotonicity property that Tz; < Tz, if 23 < z5. This property
follows from property 1 of M and the fact that the solution of (16) increases
when the obstacle v is increasing. We define the increasing sequence of functions

Up, = TUp—_1
Using the same reasoning of theorem 5 we can show that w,, converges pointwise
to a function u € HY® which verifies aq (Umin,v — u) > 0, Yo € HY® such that
v > Mu. Moreover from u, > Muy_1 it follows u,, > U(g(x,7)) + un—1(z —
v) and since v > ~%, is arbitrary, for n — oo we deduce immediately that
Umin > Mumin. Therefore upyi, is a solution of (31) and we can show, in the
same way we did in Theorem 5, that it is the minimum solution. If we apply

the inequality (27) t0 Umin > Mumin and to an arbitrary admissible policy
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61
— J p(zy(2))dt

v = (0;,7:), multiplying both sides by e © we obtain
04
- f p(xy (t))dt
e 0 Umin(xv(ai)xei<oo
eifH (zy(t))dt
- P(Zv _
> K [6 0 umin(z7)(9i+l))xei+1<oo | Fei] .

From the definition of Mu and x,(0;11) = ©,(0;1 ;) — vit1 it follows

04
= [ p(zo(t))dt
e o

Umin(xv(oi)xei<oo (34)
0i41
= [ p(zo(t))dt _
> D) [6 0 U(g(xv(9i+1)a7i+1))x9i+1 <oo | Fez]
N
— p(xy(t))dt
+E [6 Y Umin(xv(9i+1))X0i+1<oo |F91] .

If we take the mathematical expectation in (34) and we sum up all the inequal-
ities for 4 varying from 0 to n — 1, recalling that 8y = 0, we get

0
~ _ — [ pla)dt
umin(-r) Z E [Z U(g(xv(el )7’71)) e o X91'<oo]
i=1
T ot
— [ p(z¢)dt
+E[e © Umin (Ty (0n)) X0, <oo)

and as Upin > 0 and x € R, v € [, are arbitrary, we deduce for n — oo
Umin(z) > P(2), Vz ER. =

We describe now the optimal policy v*. For this purpose we define in R the
continuation region () where the system evolves freely

Q ={z € R: unin(z) > Mumin(z)} (35)

and the complementary closed intervention region Q. The first optimal stop-
ping time is defined to be the first exit time of the uncontrolled process from

Q
07 (xo) = inf {t > 0| 2(t) ¢ Q} - (36)

In 07 the optimal jump

= { v (x(677)) if 07 < o0 (37)

arbitrary if 07 = 400

is enforced, where v* =~z (z) is the function which verifies (30) with u = umin
(to simplify the notation we omit the dependence of 6 and 7, on the initial
condition z¢). The subsequent (7,,,7;,) are defined recursively by

07y =inf {t > 07 [z, (t7) € Q}
. { V(e (051)  if 07, < o0 (38)
Yit1 =

arbitrary if 07, =+oc0.
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The next theorem shows that vX = {(6;,~;)} is admissible and optimal and
that wmin is the value function.

Theorem 10 Under assumptions (A1)-(A4) and (A6), (A7), the policy

vr = {(05,7)} defined in (36)-(38) is admissible and optimal. Moreover the
minimum solution umi, of (81) is the value function of problem (A), that is to
say

Umin (z) = P(2)

I(v}) Vr eR .

Proof. First we show that v; = {(0;,7;)} is admissible. Suppose there
exists T' > 0, such that lim; ,., 0 (w) = T on a set A of positive probability.
Since the trajectories of the uncontrolled process z(t) are a.s. continuous there
exists w; € A such that z(t,w;) < M for ¢t € [0,T]. Since z,(t) < x(t) we
can deduce that lim;_, o z, (0} (w1)) = —o0 because at each 6 we have v} > 0.
Therefore there exists 6} such that z,(6] ~(w1)) € int(Q), the interior of @,
but this contradicts the definition of 8] and thus 7 — oo a.s. when ¢ — oo.
By using (28) if we consider v* in the inequality (34) we obtain an equality and
summing up for ¢ varying from 0 to n — 1, after taking expectations, we get

0F

u . — [ p(wo)dt
umin(x) = F [Z U(g(xv(ﬁz )771)) e 0 X9i<00} + (39)
=1

%
— [ p(zy)dt .
+E [6 o umin(x’v(en))xen<°°] :

Since 2, (t) < 2(t) and 0 < Ui, < uM we deduce

o

o s
- Of p(xe)dt — J plze)dt

Ele Unmin (25 (0%)) X0, <o) < Ele 0 (C+ NeP* @) xg. o] -

For n — oo we have 0} — +o00 a.s., and if p verifies (20) we obtain

0%
- (xy)dt
lim E [e Ofp Umin (T4 (05)) X0, <c0] =0 . (40)

n—oQ

Therefore making n — oo in (39), from (40) we have upin(x) = I(v}), Vo € R
and from (32) we conclude that

umin(l‘) = I(U;) = (I)(JS), Vx € R.

]
If we come back to our original problem, it is immediate to obtain the value
function and the optimal policy of problem (P).

Corollary 11 Under assumptions (A1)-(A4) and (A5)-(A7), the value func-
tion of problem (P) is given by

V(S)=2(InS) = upin(In S)
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where umin 18 the minimum solution of (31). Moreover there exists an optimal
Markovian control p* = {(77,£)} which is obtained recursively from
(7' 2 1) To = O)

7-1,* = inf {t > 7'@*_1 ‘ lnSp* (t_) gé Q}

Spe (7 7)1 — € Mo 1050 (D] i < o0

& =

arbitrary if T =400
where Q and the function vy, are defined respectively in (35) and (30).
Proof. The result follows immediately applying Lemma 1. =

Remark 12 As an immediate consequence of Theorem 10 and Corollary 11 we
obtain that ®(x) and V(S) are continuous respectively in R and Ry. If
Umin € H>® than one can easily show the equivalence between (81) and the

strong formulation
Au>0, ue H**nNZ

u > Mu (42)

(u— Mu)Au =0

which is the QVI formulation commonly used to obtain verification theorems for
stationary (infinite horizon) impulse control problems. However the existence
of a solution to (42) requires more restrictive assumptions than those used in
theorem 9. In the next section we give an example where the value function is
not smooth enough to be a solution of (42) but it is a solution of (31).

Corollary 13 If there exists a solution u € H>* of (31), that solution is unique
in H>% and it is the value function of problem (A), that is u = Uy, = .

Proof. In this case the formula (10) can be applied directly to u € H*“
and we obtain (27) and (28). Using the same proof of theorem 10 it follows that
u is the value function. But since the value function is necessarily unique there
exists at most one solution u € H*“ of (31), and we have © = Up,. ®

5 Linear utility and a two values discount rate

In this section we consider, as an illustrative example, the simple case
uw(S)=pu>0,08)=0>0, K()=F,U(c)=c

5(5):{% oS with Bi<u<p (43)

Here the agent is more reluctant to postpone consumption when he is sufficiently
rich, specifically when the amount of S becomes greater than the threshold level
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S = 1. The assumptions of Corollary 11 are verified and thus there exists the
optimal consumption. We aim to find V(S) and the optimal policy in an explicit
way, assuming F' to be large enough (see condition (45) below). In terms of
problem (A) we have

(0 =n>0, 0@ =a >0 ={ 1 LIS0
We define, for 5 > 0,
) + 2 + 2602
)\(ﬁ)_ \/ b >0

and we denote Ay = A(81), A2 = A(B2). From S < u < B9 it follows
D<M <<

and we will assume

We will need the following result.
Lemma 14 Given condition (45) the system of equations

keMD — kered 4 od _ oD — |
kXget2d = ed (46)
EXjerD =D

has a unique solution (k*, D*,d*) € R® such that k* > 0 and D* < 0 < d*.

Proof. From (46) we obtain, after some calculation

Ao

(1_)\1))\1 Alkl >\1 +()\2_1))\ X1 1/€ ,\2 Xo-1T = [

log kAo
d= 5 (47)
_ logkX
D= T

We denote by G(k) = F the first equation in (47) and from 0 < A; <1 < Az it
follows limy_,,+ G(k) = limg_, 400 G(k) = +00 and G” (k) > 0 for k > 0. From
the last two equations in (47) in order to have D < d we derive

Ag—1 A1

k<>\ A “)\ 2T = |

We define d = log]?? D = k;gk)\)‘l and we have d = D < 0 because k > 0
and 0 < A\ <1< )\2 Given the form of G(k) the equation G(k) = F has a
unique solution £* > 0 if and only if G(k) < F and 0 < k* < k. But from
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d = D and (46) we obtain G(k) = keMP — ket = (L — +). Since d < 0
2

- A1
and F > /\% - )\% it follows G(k) < F. Therefore the first equation in (47)
has a unique solution k* > 0, and we set d* = mlgf;:@, D* = % where

D* < d* because k* < k. As (k*, D*,d*) is a solution of (46) it must verify
(/\% — e + (1 - é)ed* = F. From (45) and D* < d* it follows D* < 0 and
d>0. m

Now we will show that the value function of problem (A), that is wmin, is
given by

k*er if z € (—00,0)

u(r) = k*er2® if x€[0,d") (48)

e® —eP" — F kP if x € [df, +o0) .
This function is continuous in R by (46), but it is not continuously differentiable
in z = 0 and consequently it is not a solution of (42). Thus, in order to obtain
the optimal policy, we cannot apply to u the usual verification theorems which
require a C'! regularity. Nevertheless we will show that u(z) = umin(z) is the

minimum solution of (31) and therefore, by using Corollary 11, we are able in this
case to solve problem (P) explicitly. We define Sp- = eP” <1, Sg» = e? > 1.

Theorem 15 If (43), (45) hold true then we have

k* §A if Se [0,1)
V(S) =4 ks* if S el Sa)
S—Sp-—F+k*Sp0 if S€[Sqr,+0o0)

and the optimal consumption policy p* = {(77,&)} is given recursively by
(’L > 1, T0 = 0)

F=inft > 7/, | Sp(t7) ¢ [0, Sa~)

e = Sp=(17 ") = Sp~ if 77 <0

arbitrary if T = +oo .

Proof. Let u be defined as in (48). It is sufficient to show that w is the
minimum solution of (31) and then apply Corollary 11. Choosing C' and N
large enough in (13) we have 0 < u < uM and thus u € Z.

Let H(x,7v) = g(z,7v) + u(z — ). From (6), (48) and K({) = F > 0 constant,
it follows

T — k*A1€A1($_’Y> if x — v e (—OO, 0)
?TH(x, D={ e — ket it g —y e (0,d7) (49)
g 0 if @ — 7y € [d*, +00) .
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By (49) and Lemma 14 we derive

L (x,7) >0 if @~y e (D*,0)U(0,d")

%—f(m,’y)z() if x—~e{0}Ul[d*,+o0) (50)

%—g(z,'y) <0 if x—v € (—o00,D¥).

As K(§) = F we have 2y, = In F and = —~%,, > D* when 2 > In(F + eP").
From the definition (29) of Mu and (43), (48), (50), we obtain

e —eP" —F 4 kreMP  ifx e (In(F +eP), +o00)
Mu(z) = k* e (®=Ymin) if z € [InF,In(F + eP")]
e’ — F if z € (—oo,InF) .
(51)
By the first of (46) it follows d* > In(F + e”") and comparing (48) with (51) it
is easy to see that u = Mu if z > d* and u > Mu if z < d*. For z > d* we
have v} (z) = x — D*, where ~} is the function defined by (30). To prove that

u is a solution of (31) it remains to show that aq(u,v —u) > 0, Yo € H> such
that v > Mu. From (8) and (44) we have

k*eM?(—20%A3 — (u— $0%)A1 + B1) if 2 € (—00,0)
Au = ke (=30%23 — (u— 30%) A2 + B2) if e (0,d")
(" —eP" = F 4 k*eMP7) (s — ew—eD*_Mpf:-k*enD*) if e (d",+00).

From the definition of A;, A2 it follows Au = 0 in (—o0,0) U (0,d*), and by
(/\% —1)e?” < F and By > p we obtain Au > 0 in (d*, +00). For any v € H“*,
v > Mu we have (Au,v —u)q = (Au, (v—u)")s — (Au, (v —1u)")a > 0 because
Au > 0 a.e. and Au = 0 when u > v > Mu. Integrating by parts in (—oo,0)
and in (0,d*) it is easy to see that

(/\2 — )\1)]6'*0'27.1)3t
2

ao(u,v —u) = (Au,v — u)o + (v(0) — k%)

and by density it follows that aq(u,v —u) > 0, Vo € HY* such that v > Mu.
Finally it is not difficult to show that © = i, is the minimum solution of (31).
If we consider the sequence of systems (n > 1) starting with kg =0

kp_1eMPr — ker2dn 4 pdn _ oDn —
kn)\2e/\2dn = edn (52)
k’n_l/\le)\lD" =ePn

we can show, as in Lemma 14, that each system in (52) has a unique solution
(kr, Dy, dr) such that k* > kX > 0, DX < D* < 0, d > d* > 0. Furthermore

the sequences k), Dy are increasing while d, is decreasing and thus we have
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(kX,Dr,dx) — (k*,D*,d*) as n — oo. Therefore we can show as before that

n»-'n

(up = 0; DT = —00)

kier® if z € (—00,0)
e —ePn — F 4k _eMPn if e [df, +00)

is a solution of (31) when the obstacle Mu is replaced by Mu,_;. Since u,
is increasing and u,, — u we conclude as in Theorem 9 that v is the minimum
solution of (31). m

Remark 16 For t > 0 the wealth of the agent will remain in the interval
(0, S4+]. Apart from the initial consumption in t = 0, if Sy > Sg+, he will
always consume the amount Sg= — Sp+ whenever his wealth reaches the barrier
S = Sg. If B1 = P2 > p it is not difficult to see that our example degenerates
to an optimal stopping problem. The solution becomes

kS> for S € (0, £2)
V(s) = { (S—F) forSe [%,—i—oo)

o =inf{t>0]80) ¢ (0.44)}
e ‘ S(r7)

arbitrary if T =400 .
AZ1yA-1,

where k = )\%(T ;TS =400 and & arbitrary, for i > 1.

6 Conclusions

In this paper we have shown the existence and the structure of the optimal
consumption of a generalized geometric Brownian motion under general as-
sumptions on the utility function and the strictly positive intervention costs.
The presence of a fixed component in the intervention cost leads to a solution
completely different from continuous consumption: the agent consumes only by
finite amounts at separated time instants. The generality of our assumptions on
the dynamics of S, on K, U and S allows to consider a great variety of different
situations and it is important to deal with realistic applications. In section 5
we have obtained the optimal consumption explicitly in a simple case, giving an
example where the value function is not continuously differentiable (it is likely
that the value function is not C! also if we consider an utility function which
is only upper-semicontinuous). In most cases it will not be possible to obtain
closed form solutions of our model. However to the extent that we manage
to numerically solve the variational inequality (16), the sequence of increasing
functions w, defined in (33) can be used to compute umi, and consequently
the optimal policy. In this direction the variational techniques can be useful to
prove the convergence of a numerical scheme which calculates the QVI solution
by a sequence of iterated variational inequalities.

23



References

[1]

Baccarin, S. (2009). Optimal impulse control for a multidimensional cash
management system. Furopean Journal of Operational Research, 196, 198-
206.

Baccarin, S., Marazzina, D. (2013). Portfolio optimization over a finite hori-
zon with fixed and proportional transaction costs and liquidity constraints.
Working Paper of the Department of Economics and Statistics, 17.

Bar-Ilan, A., Perry, D., Stadje, W. (2004). A generalized impulse control
model of cash management. Journal of Economic Dynamics € Control,
28, 1013-1033.

Bensoussan, A., Lions, J.L. (1982). Applications of variational inequalities
in stohastic control. North Holland, Amsterdam.

Bensoussan, A., Lions, J.L. (1984). Impulse Control and Quasi- Variational
Inequalities. Gauthiers-Villars, Paris.

Brekke, K., Qksendal, B. (1998). A verification theorem for combined
stochastic control and impulse control. In L. Decreusefond et al. (eds.):
Stochastic Analysis and Related Topics, wvol. 6, (pp. 211-220). Basel,
Birkhauser.

Brezis, H. (1983). Analyse fonctionnelle. Théorie et applications. Masson
Editeur, Paris.

Cadenillas, A., Choulli, T., Taksar, M., Zhang, L. (2006). Classical and
impulse stochastic control for the optimization of the dividend and risk
policies of an insurance firm. Mathematical Finance, 16, 181-202.

Cadenillas, A., Sarkar, S., Zapatero, F. (2007). Optimal dividend policy
with mean-reverting cash reservoir. Mathematical Finance, 17, 81-109.

Chancelier, J.P., Qksendal, B., Sulem, A. (2002). Combined stochastic con-
trol and optimal stopping, and application to numerical approximation of
combined stochastic and impulse control. Proceedings of the Steklov Insti-
tute of Mathematics, 237, 140-163.

Cretarola, A., Gozzi, F., Pham, H., Tankov, P. (2011). Optimal consump-
tion policies in illiquid markets. Finance and Stochastics, 15(1), 85-115.

Guo, X., Wu, G. (2009). Smooth fit principle for impulse control of multidi-
mensional diffusion processes. SIAM Journal on Control and Optimization,
48, 594-617.

Fleming, W.H., Rishel, R.W. (1975). Deterministic and Stochastic Optimal
Control. Springer-Verlag, New York.

24



[14]

[15]

[16]

[17]

[18]

Fleming, W.H., Soner, M. (1993). Controlled Markov processes and viscos-
ity solutions. Springer-Verlag, New York.

Harrison, J. M., Sellke, T., Taylor, A. (1983). Impulse control of Brownian
motion. Mathematics of Operations Research, 8, 454-466.

Tkeda, N., Watanabe, S. (1989). Stochastic Differential Equations and Dif-
fusion Processes, Amsterdam.

Jeanblanc-Picqué, M., Shiryaev, A.N. (1995). Optimization of the flow of
dividends. Russian Math. Surveys, 50, 257-277.

Ly Vath, V., Mnif, M., Pham, H. (2007). A model of optimal portfolio
selection under liquidity risk and price impact. Finance and Stochastics,
11, 51-90.

Menaldi, J.L. (1980). On the optimal impulse control problem for degener-
ate diffusions. SIAM Journal on Control and Optimization, 18, 722-739.

Merton, R.C. (1971). Optimum consumption and portfolio rules in a
continuous-time model. Journal of Economic Theory, 3, 373-413.

Oksendal, B., Sulem, A. (2002). Optimal consumption and portfolio with
both fixed and proportional transaction costs. SIAM Journal on Control
and Optimization, 40, 1765-1790.

Oksendal, B., Sulem, A. (2007). Applied Stochastic Control of Jump Diffu-
sions. Springer-Verlag, Berlin Heidelberg.

25



DEPARTMENT OF ECONOMICS AND STATISTICS
UNIVERSITY OF TORINO
Corso Unione Sovietica 218 bis - 10134 Torino (ITALY)
Web page: http://esomas.econ.unito.it/



	Frontespizio definitivo 21 1
	Baccarin
	Frontespizio definitivo 21 2

