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Impulsive control of portfolios

Jan Palczewski* F.ukasz Stettner’

May 25, 2014

Abstract

In the paper a general model of a market with asset prices and economical factors of Marko-
vian structure is considered. The problem is to find optimal portfolio strategies maximizing a
discounted infinite horizon reward functional consisting of an integral term measuring quality of
the portfolio at each moment and a discrete term measuring the reward from consumption. There
are general transaction costs which, in particular, cover fixed plus proportional costs. It is shown,
under general conditions, that there exists an optimal impulse strategy and the value function is a
solution to the Bellman equation which corresponds to suitable quasi-variational inequalities.

Keywords: Markov process, impulsive control, Bellman equation, portfolio optimization, transaction
costs

1. Introduction

On a given probability space (€2, F,P) with filtration (F;);>0 consider a market modeled by a time
homogeneous Markov process (S(t), X (t)) -, Where S(t) = (S*(£),...,S%(t)) € (0,00)" denotes
prices of d assets and X (t) € R™ stands for m economic factors. The use of economic factors
was fully justified in [2]. Firstly, it expands capabilities of the model to some extent. Secondly, it
facilitates and improves the quality of statistical estimation of model parameters. We shall assume
that (S(t), X(t)) has right continuous and left limited trajectories and satisfies the so called Feller
property, i.e. its semigroup transforms the space of continuous bounded functions vanishing at infinity
into itself. We invest in assets. Let N?(¢) be the number of shares of the i-th asset in our portfolio at
time ¢ > 0. The vector N(t) = (N(t),...,N%(t)) describes the portfolio contents at time ¢. We
shall assume that N*(¢t) € [0,00),7 = 1,...,d, which means that neither short-selling nor borrowing
is allowed. Let Cj € [0,00) be the amount of money withdrawn from the portfolio and consumed
at time 7, k = 1,2, .... We are interested in maximization of the discounted infinite horizon reward
functional

E { /0 e"™F(Y(s))ds + ; e_aT’“G(Ck)},
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where Y(s) = (N(s),S(s), X(s)). We assume that changes of our portfolio strategy N (¢) are of
impulsive form. An impulsive strategy II = ((No, 0), (N1,C1,71), (Na, Ca,12), . . ) is a sequence
of non-decreasing stopping times 7;, 79 = 0, and F,,-measurable random vectors N; € [0,00)%,
C; € ]0,00). At a random time 7; the portfolio is changed from N;_; to N; and the consumption of
C; is executed. The choice of V; and C; should satisfy the self-financing property i.e.

where N;-S(7;) means the Euclidean scalar product of the vectors N; and S(7;) and c(Ni_l, N;, S (n))
is a positive transaction cost given the assets’ price S(7;). In the paper we will omit a dot in the no-
tation for the scalar product of vectors unless it leads to ambiguity. We shall assume that the cost
function ¢ : [0,00)¢ x [0,00)% x (0,00)? — R is of the form c(ng, 71, 5) = K + &0, 11, 5), where

1) K >0,
i) ¢(no,n1,s) is continuous,
iti) (0o, + 7, 8) — E(no.m1,8) < By - s, forany v € [0,00)? and fixed 3 > 0,
iv) ¢(amo, any, s) < aé(no,m,s) fora > 1,
v) ¢(no,m,s) >0,
vi) é(no +,m +,8) < &0, mi, 5) for v € [0, 00)%.

The continuity of the cost function (ii) guarantees that a small change of the transaction does not
modify the cost significantly. The condition iii) sets an upper bound for the transaction costs: the cost
of acquiring - shares cannot exceed a certain multiple of the price paid. We do not impose 5 < 1.
The cost (per share) of managing a portfolio goes down as a size of the portfolio increases on a real
market — this is grasped in iv) and vi). We do not assume that the cost function c is subadditive, i.e.
it may not satisfy the triangle inequality, thus it can be optimal to make multiple transactions at the

same moment.
The above requirements are not restrictive. They cover the case of fixed plus proportional transac-

tion costs, i.e.
c(n,n1,s) = K+ (n—n1)Tas+ (n—n1)~as, (2)

for diagonal matrices with non-negative entries o, & € R%*?, Here, n™ means a positive part of every
coordinate and n~ — a negative part of every coordinate. Moreover, the following cost functions fulfill
our requirements for the cost function:

c(n,ny,s) = K 4 é(n,ny, s),

¢(n,m1,s) = max (K, é(n,my, 3)),

where
d (n—nl);r (n—n1);
&(n.ny.s) =Y / zi(t)dt + > / 2i(t)dt
iz /0 X 0

and functions z;, Z; are integrable and non-negative.

Given y = (n,8,2) € E := [0,00)¢ x (0,00)? x R™ we shall denote by A(y) the class of
impulsive strategies for the process (S(t), X (t)) with the initial state S(0) = s, X (0) = =, given the
initial portfolio N(0) = n. Observe that the set A(y) of admissible strategies depends strongly on



the initial point (7, s, z). Condition (1) defines the set of possible transactions. In the case of the cost
function (2), if the wealth of the portfolio is smaller than /K no transaction can occur because there
are no funds to pay for it. However, if N;_1 - S(7;) > K the set of possible transactions is non-empty.

The form of transaction costs fully justifies the use of impulsive strategies, since we cannot trade
continuously in the presence of a constant term in the cost function. One can see that there is a
remarkable difference between classical optimal impulsive control problems (see [1]) and the one
considered here. Namely, costs of the impulses do not appear as a penalizing term in the reward
functional; they are encoded in the set of available controls. This type of problems is widely discussed
in the literature. If we take /' = 0 and GG — a utility function, we obtain a problem of optimal portfolio
selection with consumption (see [6], [8], [11]). The integral part of the reward functional appears in
various banking and cash management applications (see eg. third chapter of [14] or [4]). It measures in
particular divergence of the portfolio from a selected benchmark (see [3], [15]), proper diversification
(see [12]) or variance (see section 6¢ for more examples). Frequently function F' depends on time,
which is achieved in our model by extending the set of economic factors with a deterministic variable
denoting time.

In the aforementioned papers authors consider models without economic factors and manage to
prove existence of optimal control in special cases. Economic factors are dealt with in [2]. A common
trait of the cited papers is the approach based on quasi-variational inequalities, introduced in [1]. In the
paper a different technique is used to combine transaction costs with a general model of stock prices
depending on economic factors. Existence of an optimal Markovian strategy under weak conditions
imposed on transaction costs mechanism and price processes is then proved. Examples of models that
satisfy above conditions are shown.

Acknowledgements. The authors thank an anonymous referee for valuable remarks and sugges-
tions. His work improved the paper in editorial as well as mathematical aspect.

2. Preliminary results

The following proposition is a very important result used throughout the paper. It shows a lower
bound for the multiplicity of a trading strategy in which the savings on transaction costs are invested,
for simplicity, in the asset 1. This result explains the meaning of the assumptions imposed on the cost
function.

PROPOSITION 2.1. Let IT = ((No,70), (N1, C1,71),...) € A(No, s, ) be an admissible strategy
and @ > 1. There exists a strategy II = ((No, 70), (N1,C1,71),...) € A(aNo, s, ) with Ng =
«Ny such that

Nil = aNil + Yis
NF=aNF, k=2,....4d,

where

1K
ryl 71 1+ ( )

and [ is a constant from condition iii) in the definition of the cost function.



Proof. We start with an initial portfolio No = aNy. We always keep at least aV; stocks after i-th
transaction. The structure of transaction costs ensures that we make savings bounded from below in
wealth at each transaction. These, invested in 57, cumulate. More precisely, y; denotes the cumulated
savings in the number of stocks of S1, 79 = 0. We construct IT in such a way that

Ni — vie1 = alNj, 3)

where e; = (1,0,...,0) € R? and +; is an F,,-measurable random variable. 3
The construction of the strategy I is by 1nduct10n At the beginning No = aNy. Then Nj is
defined as a fixed point of

NoS(m1) = NiS(m1) + C1 + ¢(No, N1, S(11)).
satisfying (3). Apparently,
aNoS(11) = (aNy +y1€1)S(11) + C1 + K + é(aNo, aNy + yie1, S(11)) = (#).
By definition
aNoS(m1) = aN1S(11)+aCi+ac(No, N1, 5(11)) > aN1S(11)+Ci +aK +é(aNo, aNy, S(11)).
Therefore,

(#) < (aN1 +71€1)S(1) + C1 + K + &(aNg,aNy, S(11)) + By S* (1)
< ale(Tl) +Cy +aK + E(CkNo,OéNl,S(Tl)) + 7151(7'1) + (1 — Oé)K + ,3’}/151(7'1)
< aNoS(m) +nS'(m) + (1 — a)K + 7 S' (n)
= NoS(m) + (1 — @)K + (B + )y15' (1)
So we obtain a lower bound for ~;

(1—a)K + (B+ 1)mS'(m) >0,

or equivalently

1
fr K

NSy

For the sake of clarity we present further steps of the induction. Let N; be defined as a fixed point
of
Ni18(m:) = NiS(7:) + Ci + ¢(Nio1, Ny, S(72))

satisfying (3). Apparently,
(aN;_1+7i—1€1)S(7i) = (aNi+7ie1)S(73) +Ci+ K +E(aN;i—1+vi—1€1, aNi+vyier, S(7)) = (##).
By definition

OéNz;lS(Ti) = OéNiS(Ti)—I-OéCi—I-OéC(Nifl, N;, S(TZ)) > OtNZ'S(Ti)—FCi—FOéK—i-é(O&NZ;l, alN;, S(’Tl))



Therefore,

(##) < (aN; +vie1)S(7) + Ci + K + ¢(aNi—1 + vi—1€1, aN; + vi—1€1, S(73))
+ B(vi —vi-1)S' (7)
< aN;S(mi) + Ci + aK + &(aN;—1,aN;, (1)) + 7S (1) + (1 — @) K
+ B(vi —vi-1)5H(7)
< aN;i18(7) + %18 (1) + (v = 7%i-1)S (1) + (1 — ) K + B(vi — 7i-1)S' (73)
= N;i_1S(m) + (1 — a)K + (B8 + 1) (v — vie1)S (7).

Consequently, we obtain a lower bound for ~;
(1=K + (B+1)( —vi-1)S" (1) > 0,

or

—1
ETAY

St(r)

Vi — Yi-1 =

Given an impulsive strategy IT € A(y) we define the share holding process N'!(t)

NH(t) = Z 1[Ti,Ti+1)(t)N’i7
=0

and the wealth process W' (t) = N'(t) - S(t). If two or more impulses occur at the same moment,
only the last one plays a role in the share holding process and the wealth process, since [a,a) = 0.
Throughout the paper we shall require the following non-explosiveness assumption.

Assumption F. The wealth process for any admissible impulsive strategy is finite on any compact
interval [0, 7).

LEMMA 2.2. Under assumption F for any IT € A(y), y = (n,s,x) € F and L > 0 we have

PED) ( lim 7, < L) = 0.

n—oo

Proof. Fix an admissible strategy II and L > 0. Assume that Pls) ( limy, oo 7 < L) > (0 and
denote this event by A. All our further reasoning will be held on the set A. The strategy funds an
infinite number of transactions. It means that it earns an infinite amount of money (although it may
be spent on transaction costs). We shall construct a strategy whose wealth is infinite in some point in
[0, L] thus contradicting the assumption F.
Let us fix a > 1. Let II be the strategy constructed in Proposition 2.1. The savings cumulated in
S are bounded by
a—1
S—=K
B+1
A > .
’YZ fY’L 1= Sl (7_1)
Since S! has cadlag trajectories, which are bounded from above on [0, L] for each w € €, 7; tends to
infinity. Hence, the wealth TV (¢) of the portfolio II satisfies
W(r) > lim v;S'(7),

1—>00
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which contradicts the assumption F. [ |

Notice that under assumption F each admissible strategy 1T = ((No, 0),(N1,C1, 11), ... ) satisfies

lim 7, = oo, a.s.
1—00

3. The optimization problem

For an admissible strategy II for (7, s, ) € E let us introduce the state process

NT(t)
(t) | € E.

Yity=| s
X(t)

To make the notation easier let us denote by PY the probability measure P(5%), where y = (n,s,x) €
E.

Let F': E — R, be a reward function that measures the quality of the portfolio at each moment
and G : [0,00) — R the reward function that measures the quality of consumption. We assume only
continuity of F' and G, and the following

Assumption UF.

F(0,s,z) = inf F(n,sz), (s,2)€ (0,00)%x R™.
n€[0,00)?

Our goal is to maximize the reward functional
00 e -
J(II) =E W){ / e MFYN(t)dt+ Y e G (O}})} 0))
0 k=1

over the set of admissible strategies II for (), s,z) € E. Let us introduce a value function
v(y) =sup{J(II) : Il € A(y)}, ye€E. )
To formulate a Bellman equation we need to introduce a switching operator
Mu(n, s,z) = sup {G(c) + u(m,s,z) :  (m,s) € L(n,s)} Vu(0,s,z),

where
T(n.s) = {(n.<) €[0,00) x [0,00) : M -5+ +c(n.n.s)=n-s}

and sup () = —oo.

DEFINITION 3.1. A measurable function I = (I, I5) : E — [0,00)% x [0, 00) is called an impulse
function for M if

Mu(n,s,z) = G(L(n,s,x)) + u(l1(n,s,2),s,2) and  I(n,s,z) € L(n,s).



Now we can define the Bellman operator
-
Gu(y) = supEY / e~ (Y (1)) dt + e~ Mu(Y (7))
g 0

for any measurable function u : £ — R such that M u is well-defined.

Let us denote by CB(K; L) the set of bounded continuous functions acting from K into L, by
C*(K; L) the set of lower semi-continuous (l.s.c.) functions, and by C¥(K; L) is the set of upper
semi-continuous (u.s.c.) functions.

LEMMA 3.2. M transforms C(F,R) and CY(E;R) into itself and if G is bounded C3(E,R) into
itself. Moreover, for any continuous, non-negative function u there exists an impulse function for
Mu.

Proof. Denote by I'(n, s, z) the set of possible impulses:

L(n.s.2) = {((m.s,2).1) € Ex [0,00) = (1.61) € T(1.8)} U{((0,5,2),0)}.

Each set T'(7, s, ) is compact, since ¢ is a continuous function. Take v € CY(E;R) and a sequence
Y, — y in E. Denote by (2,¢,) € T'(y,) maximizers for y, i.e. Mu(y,) = G(sn) + u(z,). Since
Unen I'(y,) is bounded, its closure is compact and we can find a subsequence of (z,,<,) converging
to some (z,¢<) in E x [0, c0). For simplicity such a subsequence we shall denote again by (zy,,<y). By
u.s.c. of u we have lim sup,,_, . u(z,) < u(z). By continuity of G we have lim,,_,~, G(s,) = G(s).
Moreover, (z,<) € I'(y) by continuity of ¢. Hence G(s) + u(z) < Mu(y) and Mu is u.s.c.
Now we shall prove that M is l.s.c. for a continuous function u. As above let us take a sequence
Yn — yin E and fix € > 0. Denote by (z,¢) the maximizer of Mu(y) i.e. Mu(y) = G(s) + u(z).
By continuity of u and G there exists § > 0 such that
zeB = |u(2)—u(z)| <

<e
ceB, — |G -G <e

where B; = {£ € E: |z—Z| < é}and By = {¢ € [0,00) : [ — <] < d}. Moreover,
By x BaNT(y,) # 0 for sufficiently large n. Hence lim inf,, oo Mu(y,) > u(z) + G(s) — 2¢. Since
e can be taken arbitrarily small, lim inf,,_,~ Mu(y,) > u(z) + G(s) and Mu is L.s.c. Consequently,
M is continuous for a continuous w. Its boundedness is obvious.

The existence of an impulse function for Mwv is a direct consequence of Proposition D.3 in [7]. &

Let us denote ~
vo(y) = Ey/ e ™F(Y(t))dt, ye€E,
0

and v;11 = Gv;,© = 0,1,.... Recall that v is a value function.

LEMMA 33. If F,G € CB(E,R;) and v(y) < oo for all y € E then v; are continuous and
converge to v in a monotone way. Moreover, v; is a value function for the problem with the
number of transactions bounded by .

Proof. Continuity of v; is obtained by induction. It results from the Feller property of (S(t), X (t)),
continuity of the value function corresponding to a stopping problem with a bounded functional as
in the above Bellman operator (for continuity and boundedness of Mv; see Lemma 3.2, for further



details see [10]). Consequently, standard impulsive control arguments show that v; is a value function
for the problem with the number of transactions bounded by «.

Although it is evident that v; is a non-decreasing sequence, the fact that v;(y) converges to v(y) for
every y € Y requires justification. Fix y € E and denote by u(y) the limit lim;_,~ v;(y). Certainly,
u(y) < v(y). Fix a strategy IT € A(y) and denote by II’ its restriction to first 7 transactions. We
easily have that v;(y) > J(I1*) and u(y) > J(II%). Observe that

T 4
i = / e F(Y(s))ds + 3 e G (el
0 k=1
is a monotone sequence of non-negative random variables with the limit g = [ e~ **F (Y (s))ds+
Py e O G (C1). By the monotone convergence theorem EVg; — EYg = J(II). Moreover,
J(II*) > EYg;, so liminf; . J(II*) > J(II). Hence, u(y) > J(II), because v;(y) > J(II*). Since
this is true for any II € A(y), u(y) > v(y). ]

Now we can explain the meaning of the switching operator and assumption UF. For v = v; or
u = v we have

(
(

Therefore, an impulse to 0 is a synonym of going bankrupt when one wants to perform a transaction
without having enough money to cover transaction costs. Assumption UF assures that it cannot be
economical. It is not possible to get a worse score than that related to the zero portfolio.

)

1,
n,5) = 0.

N

sup {G(s) +u(n,s,2) = (m,s) €T(n,s)},
u(0, s, ),

Mu(n, s,2) . ’
u(n, s, x) =
" I

4. The optimal strategy for bounded F' and GG

We shall concentrate first on the case of bounded reward function F' without consumption, i.e. G = 0.
We recall that F' is assumed to be continuous and non-negative.

Assumption NFL. For every y € E there exists an € > 0 such that for every 7' > 0

H(B,T) =sup sup E*NN(T)S(T) < oo,
2€BIIEA(z)

where N is a share holding process linked to IT and B = B (y, e) C FE is an open ball.
Assumption NUM. S! is a non-decreasing process.

Assumption NFL plays the role of a no-arbitrage condition. It also implies that the market satisfies
condition F. Assumption NUM states that the first asset represents a generalized bank account (positive
jumps are allowed). These assumptions are required to obtain an estimate for the growth of the
transactions’ moments.

LEMMA 4.1. If assumptions NFL and NUM are satisfied then for any y € F there exists § > 0 such

that
oI )
sup sup EYe ™% — 0, asi— oo,

z€B(y,0) IIeA(z)

where B(y, d) is an open ball in E.



Proof. Fix T' > 0 and consider an estimate
E*e W <P(rf' < T) + e TP (rfl > T) < P*(r1 < T) + e 7. ©6)

From NFL there exists a ball B = B(2y,¢) such that H(B,T) < oco. Put § = § and take z =
(n,s,x) € B(y,d) and a strategy II € A(z). By Proposition 2.1 there exists a doubled strategy

II € A(2n,s,z) (i.e. with a = 2) with the following bound for the savings deposited in S*:
1
=K
B+1
e > 2T
71 fY’L 1= Sl(Ti)

S is non-decreasing, so ;S* (1:) > zﬁK Hence,

i 3 1 E*N"™(T)S(T H(B,T
Pl < T) =Pl < T) < ]P’Z(NH(T)S(T) > K) < 1( )5(T) _ ,(1 )
ﬂ + 1 ZmK ZWK
by Tchebyshev inequality. Consequently
Ezefa‘rin < H(B’T) + efozT
Therefore, E “e 7" tends to zero uniformly for z € B(y,§), II € A(2). [ ]

THEOREM 4.2. Assume NFL, NUM and G = 0. The value function v is continuous and satisfies
the Bellman equation

v = Gv.

Proof. First observe that v is a bounded function from boundedness of F'. Let
[e.e]
vo(y) = Ey/ e “F(Y(s))ds
0

and v;(y) = Gui—1(y), i = 1,2,.... By Lemma 3.3 v; increases to v and v;, ¢ = 0, 1,. .., are con-
tinuous functions. We shall show that the convergence is almost uniform (i.e. uniform on compacts),
which implies that the value function is continuous. Fix y € E. Let us write IT’ for the restriction of
the strategy II to the first 7 impulses. Put A*(y) = {II* : I € A(y)}. We get the following estimate:

0<wv(y)—wi(y)= sup J(I)— sup J(I)< sup | J(I) — J(IT)|
HeA(y) TEeA; (y) HeA(y)

F
S Sup || ||ooEye—OlTiH (7)
MeA(y) @
By Lemma 4.1 E¥e="i" tends to zero uniformly on a ball B(y, d) for some § > 0. Therefore, the
convergence of v; to v on this ball is uniform. Consequently, v is a continuous function.

The proof that v = Gu is straightforward. [ |

The first part of this section is devoted to the case with G = 0, i.e. without consumption. Here
we move to the general case. This, however, requires an additional assumption NFL1, introduced
below. Although consumption can be easily incorporated into the above theorem, we shall present a



different proof of existence of an optimal strategy based on a classical result concerning solution of
the Bellman equation. Let us introduce the following notation:

H. (B,T) =sup sup IEZ(NH(T) : S(T))HE, e>0
2€BTICA(2)

for a compactset B C Eand T > 0.
Assumption NFL1. For every y € F there exists constants 4, 6, k, € with K < « such that
H.(B,t) < e,
where B = B(y,9).
LEMMA 4.3. If NUM and NFLI1 are satisfied then for every y € E there exists § > 0 such that

o0

IT
sup  sup EMe ™ < oo
i—1 ?€B(y.,0) IIc A(2)

and consequently

sup  sup ZEH
2€B(y,0) IIe A(z

Proof. Fix y € E. By assumption NFL1 there exist B = B(2y, 20) and positive constants 0, s, €, with
Kk < a, such that
H.(B,t) < 0™, t>0. ®)

Take z = (n,s,2) € B(y,d) and a strategy II € A(z). By Proposition 2.1 there exists a doubled
strategy 11 € A(27, s, z) (i.e. with a = 2) with the following bound for savings invested in S*

,8+1K
’YZ 1 - Sl( )

S is non-decreasing, so ;81 (7;) > %K . By Tchebyshev inequality, for any ¢t > 0,

PUr < 1) = PV < o) < BY(NT(t) - (1) > i3 i K)

SEy( Nl() ())”6< H.(B,t)

. — /. 1 14€’
(i) (igK)

and the bound does not depend on the choice of II €
the following estimate

0o 0o
Eye—arin — Oé/ 6—at P(Tz-n < t)dt < O[/ e—at( He(B,t) dt — Da 1
0 0 4

A(z), z € B(y,d). Integration by parts yields

.1 1+4€ i1+e _
mK) T — K
with 9
D = 1 K 1+e€
(77 K)
Hence
> n a e 1
sup sup EYe % < Z e <0 9)
i—1 ?€B(y.0) lI€A(2) a—kK i—1 t
|

10



THEOREM 4.4. Assume that NUM and NFL1 are satisfied. The value function v(y) is continuous
and satisfies the Bellman equation v = Gwv.

Proof. Let
vo(y) = ]Ey/ e *F(Y(s))ds
0

and v;(y) = Gvi—1(y), i = 1,2,.... By Lemma 3.3 v; increases to v and v;, ¢ = 0,1,..., are
continuous functions. We shall show that the convergence is uniform on compacts, which implies that
the value function is continuous. Fix iy € E. Let us write II* for the restriction of the strategy II to the
first i impulses. Put A*(y) = {II* : I € A(y)}. We obtain the following estimate:

0<v(y) —vily) = sup J)— sup J()< sup |J(ID) - J(IT)|
HeA(y) MeA;(y) eA(y)

< ©RYe o 4 ||G]l ZE%—%}. (10)

{H I
HeA( )

Hence v;(y) converges to v(y) uniformly on compact subsets of £ by Lemma 4.1 and 4.3. Conse-
quently, v is a continuous function. By the monotonicity of the sequence v; and Monotone Conver-
gence Theorem we obtain v = Gv. [ |

COROLLARY 4.5. Under assumptions of the above theorems there exists an optimal Markovian
strategy maximizing the reward functional. It is characterised by an impulse region Z given by

I={yekE: vy)=Muvy)}
where v is a value function. In detail, for a starting point y = (7, s, x)
n=inf{t>0: (n.5(t),X(t)) €I},
= inf{t > Tt (Ni_l,S(t),X(t)) S I},
Ni =1 (Ni—1,5(7), X (7))
Ci = I (Ni—1,5(m:), X (7)),

where I : E — E x [0, c0) is the impulse function for M.

Proof. The proof is an easy consequence of Lemma 3.2 and 3.3. [ |

Corollary 4.5 states that we are able to find an optimal strategy. Moreover, this strategy is Marko-
vian, i.e. it depends only on the present state of the world. It is also stationary: there are equivalent
requirements for each transaction to take place. Observe that for G = 0 (Theorem 4.2) the second
coordinate of the impulse function I is equal to zero and no wealth is consumed in the optimal
strategy.

5. Unbounded reward functional

In the previous section we assumed F' and G to be bounded. Now we remove this restriction; functions
F and G are unbounded, non-negative and continuous. However, we will need a new assumption
which takes into account functions F', G. Recall that neither NFL nor NFL1 depend on F', G.

11



Assumption NFL2. For every y € FE there exist k > 1, ¢ > 0 such that

sup sup Ez{ /000 e (F(Yn(t))){dt + kie_mlg (G(C’};{))K} < 00,
=1

2€BTIEA(2)
where B = B(y,¢) C E is an open ball.

THEOREM 5.1. If NUM, NFL1 and NFL2 are satisfied then the value function v is continuous and
satisfies Bellman equation v = Gv. Moreover, there exists an optimal strategy.

REMARK 5.2. If G = 0, i.e. there is no consumption, assumption NFL1 can be replaced with NFL.
Observe also that NFL1 implies NFL.

Proof of theorem 5.1. Assumptions NFL1 and NFL2 guarantee that v(y) < oo forall y € E. Let

vo(y) =EY /000 e “F(Y(s))ds

and v;(y) = Gvi—1(y), ¢ = 1,2,.... In the contrary to the proof of Theorem 4.4 we cannot use
Lemma 3.3 to prove continuity of v; because of unboundedness of F' and G. Instead, for IT € A(y),
y € F, we define a family of functionals

JA(m) = B { / T et (B (Y (1) A H)dt + f: el (G(CI) A} H >0,
0 k=1

Denote by v and v, i = 0,1, .. ., appropriate value functions. By Theorem 4.4 they are continuous.
We shall show that they converge uniformly on compact sets to v and v; respectively as H tends to
0.

Fix y € E. By assumption NFL?2 there exist constants € > 0 and x > 1 such that

Sup sup Ez/ efat (F(Yn(t)))ﬁdt < D < o0,

2€B(y.e) lIeA(2) 0 (11D
sup sup E* Ze_m‘£I (CTY(CII;I))}.i <D <oo.

2€B(ye) IEA(2)

For z € B(y,¢€), H > 0 define
Rf(z) = HS%() )EZ{/O e—“tF(YH(t))1F(Yn(t))2Hdt+Ze—aT?G(CE)lg(cg)ZH} (12)
cA(z k=1

and observe that

For the first term of (12) we obtain

]EZ /0 C_atF(YH(t))1F(YH(t))2Hdt

~ F(Y"()) "
<E* /0 e—atF(Y“@))( ( H,S_)l) ) Loz adt

o
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Similar argument applied to the second term of (12) yields

G —QrT 1 z G —QrT, K
B3 e GO giemen < B Yo e (G(C)"
k=1 k=1

Hence, by (11)

Consequently, v; and v are continuous and v; converges to v pointwise as ¢ — co. Moreover, v; is a
value function for the problem with the number of transactions bounded by 7. We show that v = Gv
in the same way as in the proof of Theorem 4.4. The optimality of the strategy II constructed in
Corollary 4.5 results from pointwise convergence of v; to v. [ |

6. Examples

In Subsection 6a we provide sufficient conditions for NFL, NFL1 and NFL2 to be satisfied in a general
Markovian multiplicative model. Subsection 6b elaborates on a specific case of the multiplicative
model, namely exponential diffusion with bounded coefficients depending on Markovian economic
factors. We are able to provide stronger results than those coming from Subsection 6a. Important
examples of reward functions satisfying assumptions UF and AF are given in Subsection 6c.

6a. Multiplicative price process

The market is modeled by the d-dimensional price process S(t) given as
Sit)=eZ'®, i=1,....d

Let X (t) be the process of economic factors. Assume that (Z(t), X (¢)) and (S(t), X (¢)) satisfy the
Feller property.

The aim of this subsection is to formulate sufficient conditions in terms of the underlying price
process for NFL, NFL1 and NFL2 to hold true.

Assumption MLT. There exist 5 > 0

EZ{(S'(t)%|F.} < (S'(w)?e?¢, 0<u<t, i=1,....d Z€E.

The diffusion price process given by equation (21) in the next subsection satisfies the MLT with 3
equal to that of Lemma 6.14.

THEOREM 6.1. If the price process satisfies MLT, there exist 8 > 0 such that

sup EY(N'(T)- S(T))2 < (o - %0)%e*T, y = (no,so.xz0) € E, T >0.
TIe A(y)

COROLLARY 6.2. If the price process satisfies MLT, there exist 5 > 0 such that

sup EY(N'(T)- S(T))°

eA(y)

< (no-50)°e”", y=(no,som0) €E, T>0, §€l1,2].

13



Proof. 1t is an easy application of Holder inequality. [ |

We shall postpone the proof of Theorem 6.1 in order to concentrate first on its consequences.
Theorem 6.1 and Corollary 6.2 enable us to find sufficient conditions for assumptions NFL, NFL1
and NFL2 to be satisfied. Assume MLT with a constant . Easily, for 7" > 0, z = (10, S0, x0) € E,
IT € A(z)

E*N'(T) - S(T) < (o - s0)e”™ (13)
so assumption NFL is satisfied. Assumption NFL1 is satisfied for any € € (0, 1] with & = (1 + ¢€)[3,
since by Corollary 6.2 for z = (19, S0, x¢) € E

e A(z)

Only the case of unbounded reward functional requires more consideration. Assume that o > [,
G is bounded and F’ satisfies

Assumption AF. There exist constants A, B such that
0< F(n,s,x) <A+ B(n-s), (n,s,z)€E.

We shall show that NFL2 is satisfied with x € (1, 5 A 2.

LEMMA 6.3. There exist constants C7,Cy > 0 depending on x € [1% A 2] such that for y =
(10, s0, 0) € E,

sup EZ/ efatF(YH(t))Rdt < C1+ Ca(no - s0)".
ITeA(y) 0

Proof. By Corollary 6.2 and the fact that a < 1 + a? for a > 0, for v > 23

sup Ey/ e*VtF(YH(t))Zdt
0

e A(y)
< sup EY / e (A2 + 24BN (1) - (1) + B (N (1) - (1)) )t
e A(y) 0

2 00 e’}

A + 2AB]Ey/ e VNI () - S(t)dt + B2Ey/ e (NT(2) - S(t)) dt
gl 0 0

2 00 00

< A + 2AB<1 + (1o - 80)2/ e_7t+25tdt) + B?(no - 50)2/ e V2B gy
Y v 0 0

= C~'1 + 02(770 . 80)2.

Take v = 270“ By Holder inequality we obtain

sup EY / e P (Y1) dt < (Cy + Clno - 50)2)"™.
e A(y) 0

We conclude by the application of the inequality (a + b)° < a® + b° for § € (0,1], a,b > 0. [
We shall prove NFL2 for any x € (1, % A 2]. By Lemma 6.3 the first term of NFL2

sup Ey/ e_atF(YH(t))Hdt
IIe A(y) 0
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is bounded uniformly for y in compact subsets of . The second term is also uniformly bounded on
compact sets by Lemma 4.3, since fory € E

> IT K K > _ II
sup E*Y e % (G(C))" < ( sup G(s))" sup E*Y e %k,
e A(y) ; ( F ) (ge[O,oo) ) ITe A(y) ;

Now, let us concentrate on the proof of Theorem 6.1. Notice that it is sufficient to prove the
estimate on the wealth in the case of no transaction costs but with the same form of strategies. A
class of strategies we deal with here is described in the following definition. It differs from the class
we worked with only in two points. We removed consumption and the requirement of financing
transaction costs. We may think of transaction costs being funded from external sources.

DEFINITION 6.4. IT = ((No,7),(N1,71),...) is an admissible strategy without transaction
costs if

1) 0=71 <71 <719 are stopping times,
i) IV; is F, measurable,
iii) N; € EN as.,
iv) N;S(1;) = N;—15(7;) a.s. (self-financing),
v) P(limy, o0 7 = 00) = 1.
The set of admissible strategies for a starting point y = (10, S0, %0) € E is denoted by A(y). An

admissible strategy II belongs to A(y) if Ny = 1o and the self-financing condition holds for the price
process starting from (sg, zg). Now we can formulate the result.

PROPOSITION 6.5. If the price process satisfies MLT with the constant 8 then for each T' > 0

sup E¥(N'(T)- S(T))* < (10 - 50)2*T, y = (110, 50, 20) € E. (15)
e A(y)

The proof of Proposition 6.5 is based on the time discretization and continuity of the semigroup
corresponding to the Feller processes. First we prove (15) for strategies with transactions occurring
only in a finite number of deterministic times. As the set of this moments gets more dense in [0, 7] its
approximation of the left-hand side of (15) improves. Finally, in the limit we obtain (15).

Proof of Proposition 6.5. We will skip the superscript ITin N'! and Tl-H if it does not cause ambiguity.
For n € N we define a dyadic split of the interval [0, 7]

T 2T
Dn:{0,2—n,2—n,...,T}.

In the set of admissible strategies without transaction costs A(y) we choose those with transactions
held almost surely in the set D,, and denote them by .%In(y) We can view a strategy in /Nln(y) as
having transactions at each point of D,,. It is justified by the absence of transaction costs, since any
change in the portfolio contents can take place only in the points of D,,. By fim(y) we understand all
trading strategies that have at most m transactions on [0, 7']. Similarly, flnm(y) denotes the strategies
from A" (y) that belong to A, (y). More formally

An(y) = {I€A(y): PY(rN[0.T)€D,Vi)=1}, yeE. neN,
Am(y) = {H € A(y) T > T ]P’y-a.s.}, ye E, meN,
Anm(y) = flm(y) N An(y)’ (TS E, m € N.

The following lemma assures integrability of the left-hand side of (15) for strategies from Am,

15



LEMMA 6.6. i
EY(N™(T)- S(T))2 <oo, e AM(y), meN, yekE.

Proof. We shall obtain the estimate
2
EY(N'(T) - S(T))” < (1m0 - 50)°e*™, (16)

where y = (10, S0, o) and 3 is the constant from assumption MLT.

First notice that (N'/(T') - S(T ))2 is a non-negative random variable, so its conditional expectation
is well-defined, though it can be infinite in some points. Fix m & N. The lack of transaction costs
allows us to assume that 7,,, < 7T'. It may be done formally in the following way:

T =Tm AT,

m

T{:Tl/\T,...,
/ /
Tma1 =TV, . Ty, =T VT,

/
Tomik = Tmtks k> 0.

Obviously, the portfolio contents process linked to the new trading strategy is identical to N (¢).
Therefore, with the above transformation in mind we obtain

EY(NY(T)- S —Ey{ZZNH NI(T)SU(T )}

i=1 j=1

d d
= 5r{ 3 S RYNUD)S ()N (1) (7)) F )}
i=1 j=1
We estimate separately each element of the sum using Schwarz inequality.

EY{N'(T)S'(T)N’(T)S*(T)|Fy,.} = E¥{N'(7:)S'(T) N’ (7,,) S (T) | F:,, }

= N'(75) N7 (1,,)EY{ S (T)SY(T) | Fr,p }
1
< N () N7 () (BV{ (8°(T))*| P } )

(B (7)1 7))

Assumption MLT allows us to make the following bound

[V

NZ‘(rm)Nf(Tm)si(Tm)(Ey{ewTm>\fm})5sj<fm (BT 7, })
< N (1) N7 (710) S (7i) 7 (1)
Finally

d d
EY(N(T) - S(T))* <EYL S0 N (5) N (1) 8 (7n) S (1) 2T }
7j=1

=1
— EY(N () - S(7m)) 7.

The condition of self-financing of the strategy yields

EY(N(tm) - S(n)) 22T < BY(N(r—) - S(7m)) 2?7
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Repeating this reasoning leads to (16). [ |

In the following lemma we use the fact that the strategies from A, (y) can be perceived as having
transactions in each moment of the dyadic split D,,. Let us denote by /3 the constant from the estimate
in assumption MLT.

LEMMA 6.7. Foreachn € N

EY(N™(T) - S(T))2 < (no-0)%®T, e A,(y), y=(nos0.20) € E.

Proof. Fix y € FE and a strategy I1 € A, (y). For use in this proof we denote all points of D,
by to,t1,...,ton, i.e. t; = T4/2". Furthermore, we use the notation Non = Nn(tgn), Non_1 =
NY(tgn 1), .... Clearly, N;, is F;, measurable fori = 1,...2".

By self-financing condition we have that Nan - S(T') = Nan_; - S(T') and therefore

EY(N(T) - S(T))* = EY(Nan - S(T))* = BY(Nan_y - S(T))

d d
Ey{ D Ny 1 SHT) NGy S <T>}
22 (17)

d d
=BV 3 Y BN S (T)NGe (T)| P} |-

i=1 j=1

2

We estimate separately each element of the sum using Schwarz inequality.
EY{Njn_1 S (T)N§u_18(T)|Fipn_, } = Nin_N3u_EV{SH(T)S(T)|Fipu_, }
1
< Ny Ny (B (S D) P, })T 1)
<Ey{ (Sj(T))Q‘]:tW—l })

Assumption MLT allows us to make the following bound for (18)

[N

1 i ; JE] ; 8
N%n,lN%nilSl(th_l)BWS] (tzn_l)eT".

Finally (17) is bounded by

d d
. . . . 28 2 28
Ey{ DY Nju S (ton 1) NGy S (tan1)e2” } =EY(Nan_1 - S(tan_1)) e2".
i=1 j=1
Repeating the reasoning presented above (2™ — 1) times we obtain the result of the lemma. [ |

We shall strongly exploit the continuity of the semigroup connected to the process (Z(t), X (t)).

For the sake of simplicity of formulation of the following two lemmas let us denote Y (t) = (Z(t),X()) €
R? x R™. The statements of the lemmas, together with the references for proof, come from [13].

LEMMA 6.8. For any compact set K C RExR™ e > 0,T > 0, there exists a compactset K1 O K
such that

sup ]P’y{f/(t) ¢ K; forsomet € [0,T]} <e.
y€[0,00)¢x K
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LEMMA 6.9. Let Os(j) = {Z€ R x R™: ||§— 2| <6}, y € RY x R™,

Ve>0, 650V K, — compact 3ho Vh<ho Vie K, IPJ(770’?3){37(71) ¢ O5(7)} <e no€[0,00)%
Lemma 6.8 is proved in [9], Lemma 2. Lemma 6.9 can be proved almost identically to Lemma 2.5 in

[5]. As a corollary to Lemma 6.9 one can obtain

COROLLARY 6.10. Let 7 be a bounded stopping time. For every d,e > 0, a compact set B C
R? x R™ there exists 7 > 0 and a compact set B; O B such that

]P)y{Hf/(T) — ?(U)H >, 17(7‘) € Bl} <e ye [0,00)d X B.
for any JF-measurable random variable o satisfying

0<o—-—7<n.

Now, we will use the continuity results from Corollary 6.10 and Lemma 6.7 to obtain a bound for
the wealth of portfolios from A" (y).

LEMMA 6.11. Form € N,y € E, Il € A" (y)

Ey(NH(T).S(T))anlggo sup EY(N(T) - S(T))%
e (y)

Proof. We shall use the following discretization scheme of a trading strategy. Let II € Am(y),

T = ((No,70), (N1, 71)s > (N Tn) ).

As before, we assume that 7,,, < 7. We construct an n-discretization of II, denoted by II,,, in order
to obtain an element of A" (y). Consider the following approximation of the transaction moments:
kT (k—1)T kT
<7 <

Tnd = = if

on T Z*QT’ k:(),l,...,2n, l:O,l,...,m.

Clearly, 0 < 7,,; — 7, < 27™. We assume that the number of assets held is proportional to that of the
strategy I, i.e.
Nn,l = O[n,l]\fl, [=0,1,...,m.

Certainly, o, 0 = 1. Moreover, the self-financing condition must be satisfied
-1 Ni—1 - S(Tn1) = g Ni - S(Tny)-

The above relationship fully defines v, as an /7, ,-measurable random variable.

Now, for arbitrary d,¢ > 0 we will find N(d,¢€) such that for n > N(d,¢€) there exists a set
Ap(0,6) CQwithPY{A,(d,e)} >1—eand

An(é,e)g{SSS(T:l’g) €le e, i=1,....d Z:O,...,m}. (19)

By Lemma 6.8 there exists a compact set B; C R% x R™ such that y € B; and

PY{(Z(t),X(t)) ¢ By forte[0,T]} < mi -
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From Corollary 6.10 we can find an N € N such that for n > N the n-discretization II,, of II satisfies

PY{|Z(1oy) — Z(7)| > 6, (Z(n).X(m)) € B} < +1 I=1,...,m.

Therefore,
PY{A45(0,€)} = PY{Ticqio,..m}lZ(Tas) — Z(m)| > 6}
=P"{Bicqio.m}lZ(m1) — Z(1)| > 6, Fiecpor)(Z2(m). X (1)) ¢ B}
+PY{Fjecqiz,. m}IZ( 1) = (Tl)! >0, Viepr(Z(n). X(n)) € B}
< Py{ﬂteOT}( m)) ¢ Bi}

+ Zpy{\Z(Tn,l) — Z(n)| > 6, Ve (Z(n). X(n)) € B}

€
< = €.
St T

Fix §,¢ > 0 and take n > N(d,¢). We will provide an estimate of «, from below on the set
Ay (d,€). Fix a transaction number [ € {1,...,m}. The wealth before the transaction is equal to
Np.i—1 - S(7n1)- Relation (19) allows us to make the following sequence of statements:

d
Npg—1+8(mn1) = ang—1Ni1 - S(T0g) = a1 ZNli_lsi(Tn,l)

i=1
d
> ap -1 Z Nli_lsi(Tl/)ef‘s = ozn,l_lef‘;Nl_l -S(m).
i=1
Since II is self-financing
al_leféNl_l . S(Tl) = al_lef‘le . S(Tl).
Consequently, by (19)

d d
1€ 9Ny - S(1) = ag_1e”° Z NjS' (1) > aj_1e”° Z:]\ff&”l(Tl/)e_‘S =167 PN; - S(T).
i=1 i=1

Therefore, we have obtained the lower bound for ¢; in the recurrent form: o; > al_le_%. Hence,
Ay, > e 2m9,

Consequently, we obtain the estimate

EY (14,60 Nnm - S(T))? = EY (14, 5.00mNm - S(T))> > E¥ (14, 5096 2™ Ny - S(T))?

e MEY (14 (5.0 Nm - S(T)) .
We come to the final step of the proof. We easily obtain the following estimate
EY(Ny, - S(T))* = EY(1a, 5.0 Nm - S(T)) + EY(14c (5.0 Nom - S(T))
< ™Y (14, 5.0 Nnm - S(T)) + EY (1 e 50N - S(T))°
< BNy - S(T))? + EY (Lac (5.0 N - S(T))°
2

™ lim sup  EY(NT(T) - S(T))° +EY(Lac5.0Nm - S(T))°. (20)
k—o0 H’GAL”(y)

IN
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Observe that (20) depends on n only by means of A,,(d,€). Let § = € converge to zero. Then

e lim  sup  EY(NT(T)-S(T))* = lim  sup EY(NT(T)-S(T))°
k—oo H’EA?(y) k—o00 H’EAZL(y)

and )
EY(1ac (5,6)Nm - S(T))” — 0
by the bounded convergence theorem, since Lemma 6.6 assures that N,,, - S(7T') is square integrable.m

Define
W(m,y) = sup Ey(NH(T) . S(T))Q, meN, yekE.
eA™(y)

For a strategy IT € A™(y), y = (10, s0. o), by Lemma 6.11 and 6.7

EY(N™(T)-S(T))* < lim  sup EY(NT(T)-S(T))* < (1 - s0)? e**T.

T e dn(y)

Hence, the sequence (W (m, y))meN is bounded by (1 - s0)? €2*T for y = (10, 50, zo). Moreover, it
is non-decreasing of m and converges to

sup EY(N(T) - S(T))*.
HeA(y)

6b. Diffusion with bounded coefficients depending on Markovian risk factors

We model the price process as a Doleans-Dade exponential of a diffusion with coefficients depending
on an external process representing risk factors:

dS*(t)
S(t)

= (X@)dt + o' (X)) -dW(t), i=1,....d, 1)

where W (t) is a p-dimensional Brownian motion, p : R™ — R is a drift, 0! : R™ — RP is a
volatility vector and X (t) is a Feller process. We assume that i’ and o are bounded functions. The
solution to (21) can be written explicitly

Si(t) = Si(s) exp (/t ot (X () - W (u) — ;/t o (X (w)|2du + /: i (X(u))du),
i—1....d

The process S(t) satisfies condition MLT of the previous example with

1 . .
f= s (5 swp o' @)2 + sup pi(a). )
i=1,....d xeR™ xeR™

However, thanks to the special form of S(¢) we will be able to obtain stronger results than in the
previous example, especially we will cover the case of unbounded reward function of consumption G
and we will lower the bound for the discount factor c.
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LEMMA 6.12. Fory = (n,s,x) € E, 11 € A(y),t > 0,

EY{N"(t)-5()} <n-se™, (23)
where B ‘
B = sup ' (z).
(z.)ER™ x {1,....d}

Proof. Fix y, I and t. For simplicity of the notation we will skip the superscript IT in N'! and T,?. We
shall show that for any ¢ € N

EY{N(r; At)-S(r; A t)eé(t_”/\t)} <n-se.
The self-financing condition implies
N(riAt)-S(mi At) < N1 At) - S(m A L).
Moreover, from the strong Markov property of Feller processes it results that
EY{N(r; At)- S(m A )P < Ey{EH{N(Ti,l At) - S(ri A t)emt—ﬂmwfmm}}
We expand the scalar product under the conditional expectation
EY{N(ri1 At)- S( At )

d ~
= ZEy{Nk(Ti_l A t)Sk(Ti AN t)eﬁ(tin/\t) ‘.7:7—1-_1/\75}
k=1

We estimate each term separately
EY{N*(r;,_1 A t) S (1 At)ePETMD| )

= Nk(TZ'_l /\t) Ey{eﬁ(tn/\t)sk(n_l /\t)
Ti A\t A 1 Ti N\t X 9
exp (/ o (X(u))dW(u)—2/ o (X (w))]|"du
Ti—1 N\t Ti—1 N\l
T\t
—|—/ ,uk(X(u))du) ]:nl/\t}

i—1 /At

< Nk(Ti,1 A\ t)Sk(Tifl VAN t)
~ - Ti/\t i
EH{eﬁ(t_”/\t)eB(TiM_”—l/\t) exp </ o (X(u))dW(u)

i—1/\t

= N¥(risy A)S* (131 A t)eﬁ(ml/\t)’

since



is a martingale. To sum it up, we have just shown that
EY{N(r; At)- S(ri A)PE TN <EYN (7,1 At) - S(mig AL)elTimin),
Repeating the above reasoning 7 — 1 times we obtain
EY{N(ri At)-S(r; A t)eB(t_”/\t)} <n-s ePt.
To finish the proof we let ¢ go to infinity. By the Fatou’s lemma

E¥Yliminf {N (7 At) - S(7 A t)eg(t_”/\t)} <n-s ePt,

1— 00

The strategy II is admissible, so 7;(w) > o(w) for infinitely many i. Hence
liminf {N(r; At)-S(r; A t)eg(t_”/\t)} = N(t)-S(t),
k—o0

which completes the proof. [ |

Observe that by Lemma 6.12 NFL is clearly satisfied. We can prove NFL2 in a particular situation.

COROLLARY 6.13. If F(n,s,x) = (- s)" fory € (0,1), G = 0 and o > 3, the condition NFL2
is satisfied.

Proof. Fix a compact set B C F and k = % Take y = (1, s,x) € BandII € A(y). By Lemma 6.12

Y Ooe—at 1T . Tk —_RY Ooe—ozt 11 X
E /O (NU(¢) - S(1) ™ dt = E /0 N - S(t)dt

_ /OO VNt - S(¢)}dt
0

S = .
< / e %y . s ePldt = U
0 B

Hence NFL?2 is satisfied as 1 - s is bounded on compacts. [ |

To obtain results for a wider family of reward functions F'and G > 0, we need a more sophisticated
version of Lemma 6.12. Observe that in Lemma 6.14 we derive the estimate for a random time o
whereas in the previous subsection we could only prove a similar result for deterministic times (see
Corollary 6.2). This result is crucial for the extension of the class of tractable functions GG. Notice that
B defined below is different from 3 in (22).

LEMMA 6.14. Fory = (n,s,z) € E,II € A(y),y > 0 and a bounded stopping time o

EV{e "N (0) - S(0)}” < (n-5)* (E¥{e 1) v 24)

where

B= sup (sup o' (@) + sup ().
i=1,....d x€R™ reR™
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Proof. Similarly as before we shall skip the superscript IT in N and 7%, Fix y = (1,s,2) € E and
IT € A(y). First we will show that for arbitrary ¢ € N and a bounded non-negative random variable &

Ey{ (e‘V(TiA”)N(n Aa) - S(ri A 0))2 (]Ey{gyfmg}> 1/4} (25)
<EM ("IN (g A o) - S(rier A 0))2 (B¥{geBmno—ronal| F oY) Y 4}.
The self-financing condition implies
N(r At)-S(ri At) < N(rioy At)- S(ri At).

Consequently,

Ey{ <e_7(”/\0)]\7(7'i No)-S(m A 0))2 (Ey{ﬂfm\g}) 1/4}
< Ey{Ey{ <e_'7(”/\U)N(Ti71 Aa)-S(Ti A 0))2 (Ey{élﬁm}) 1/4‘fnm}}.

We expand the scalar product under the conditional expectation

Ey{ (e”(”A")N(Tiq Na)-S(Ti A 0)>2 (Ey{ﬂfmoD v

d
=

Friino

Nk(Ti_l VAN U)Nl(Ti_l VAN (7)
1

k,

1/4
Ey{e—zv(m\o)sk(n /\J)Sl(ﬂ Ao) (Ey{f\fm\g}) /

f’l'ifl/\a}

and estimate each term separately

1/4
Nk(Ti_l A O')Nl(Ti_l A J)Ey{eﬂ“’(”/\g)Sk(n A U)Sl(n Ao) (Ey{ﬂfw\g})

= 6727(7"’1/\0)]\7]6(7’,‘_1 A O')Nl(Ti_l A O')Sk(Ti_l AN O')SZ(Ti_l AN O')

Ey{exp</:i/\a ak(X(u))dW(u)—;/:iM Ha’f(X(u))HQdH/TN ,uk(X(u))du>

FTifl/\O'}

i—1/N\O i—1/N\O Ti—1/N\O
Ti\NO 1 Ti\O Ti\NO
exp </ o (X (u))dW (u) — 2/ Hal (X(u))HQdu —l—/ ut (X(u))du)
Ti_l/\o' Ti_l/\o' Ti_l/\o'

6—27(7'1-/\0—7'1-_1/\0) (Ey{ﬂfn/\g}) 1/4

fnl/\a}-
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By Schwartz inequality and the martingale property of Doleans-Dade exponential

Ey{exp(/:i/\a crk(X(u))dW(u)—;/jM Hak(X(u))H2du—l—/nAU uk(X(u))du>

i—1/N\O i—1/N\O Ti—1N\O
TiNO 1 TiNO TiNO
exp </ ol (X (w))dW (u) — 2/ Hal (X (u)) HQdu +/ I (X(u))du>
Ti—1/N\O Ti—1N\O Ti—1/N\O

e~ 2V(TiNo—Ti_1A0) (E y{ﬂfn/\g}) 1/4

‘FTil/\U}
Ti\O

< (Ey{exp (/TT:; 20! (X (u))dW (u) —/Tr;||al(X(u))H2du+/n_1M 2,ul(X(u))du>

exp ( / M ok () [P+ / " b (3 () — Ay (i A o — iy A a)>
(B {eiFne) "
< (w{ exp <6 / M ot () [P+ / R (X(u))du)

i—1/N\O Ti—1/N\O
1/2
‘FTi_lAU })
i—1/N\O Ti—1/N\O

exp (z/jm HU’C(X(U))H?dqu/TN 4,uk(X(u))du—87(Ti/\a—Ti_1/\J))

7;_1/\0 Ti_1/\cr
1/4
Ey{ﬂfn/\a} fnﬂ\o})

< <E y{BS(BAf’y)(Ti/\ofﬂ,l/\a)g‘J__.Tiil/\a}) 1/4'

Therefore, we easily obtain (25).
Now, we prove that for any ¢ € N

1/4

BV VN n) - S A0} < () (B0 @6)

Using (25) with ¢ =0

2
Ey{efv(”/\”)]\f(n Na)-S(mi A a)}

< Ey{ (e*W(TH/\a)N(Tiq Ao)-S(tie1 A U)>2 (Ey{€8(677)(7i/\077i71A0—) ’-7:71-,1/\0}) 1/4}'

Next, we apply (25) with £ = exp (8(5 — )i Ao —Ti-1 Ao))

Ey{ (e_a(Ti—1/\U)N(Ti—1 No)-S(Ti—1 A U)>2 (Ey{e8(3—v)(n/\a—n_wo) “Fn,l/\g}>1/4}
< Ey{ (e_a(Ti—zAO)N(Tz;Q VAN U) . S(TZ’,Q A 0’))2 (Ey{68(3—7)(n/\a—n_2Ag) |-7:7-¢,2/\U}) 1/4}.

We repeat the last step 7 — 2 times and obtain (26). We send ¢ to infinity. The monotone convergence
theorem and the admissibility of II yield

lim Ey{es(é—v)(nAa)} — ]Ey{€8(3—7)0}.

1—00
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Since II is admissible, 7;(w) > o(w) apart from finitely many . So by Fatou’s lemma

2 2
limianEy{e_W(Ti/\”)N(Ti Na)-S(m A 0)} > Ey{e_WN(o) -S(Ti A 0)} .
1—00
Therefore,
2 " 1/4
Ey{e*V"N(a) =S A 0')} < (n-s)? (Ey{eS('B*V)"D / .

COROLLARY 6.15. Ify > /3 then the assumption on boundedness of the stopping time ¢ in Lemma
6.14 can be skipped, i.e. fory = (1, s,z) € E, II € A(y) and any stopping time o

1/4

EY{e " N(5) - S(0)}* < (- )2 (Ey{e—sw—ﬁ)c’}) @7)
Proof. By Lemma 6.14 for any 7" > 0
2 5 1/4
Ey{edy(”/\T)NH(a AT)-S(e A T)} < (n-s)? (Ey{eg(‘mﬂ(ﬁ*w}> .
Since (B — ) < 0, monotone convergence theorem yields
. 1/4 N 1/4
i Y} B(anT)(B—) — (EY{ B80(B—)
fim (B j) = (E{)
and the limit is finite. Fatou’s lemma implies
2
EY lim inf {eﬂ(dmNﬂ(a AT)-S(o A T)}
T—o0
2
< lim inny{e*W(UmNH(a AT)-S(o A T)}
T—oo
. 1/4
S (7’] . 8)2 (Ey{esa(ﬁ—ﬂ}> .
Obviously
lim inf (eiV(”/\T)NH(U AT)-S(c A T)) = e "N(5) - S(0),
T—o0
which completes the proof. [ |

COROLLARY 6.16. If 3 < 2a, & € [, %‘1 A 2] then for y = (n,s,x) € E, Il € A(y) and any
stopping time o

Ey{e_o‘"(NH(J) ) S(O’))N} <(n- S)H(Ey{e—s(%—ﬁ)a})ﬁ/s, (28)

and consequently
EY{e™*" (NH(U) 25(0)"} < (n-s)"

Proof. It is an easy application of Holder inequality and Corollary 6.15. [ |
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COROLLARY 6.17. If § < 2a, s € [1, %a A 2] then fory € B, I € A(y) and | < k
EV{e o (NU(rll) - S(rh)"|Fn} < e (NI (") - S ()"

Proof. 1t follows from the proof of Lemma 6.14 and the arguments used in the above corollaries. M

We shall prove the existence of an optimal strategy for reward functions F' satisfying assumption
AF 1.e.
JA,B>0 O0<F(n,s,x) <A+ B(n-s), (n,szx)€E,

and reward functions G satisfying

Assumption AG. There exists A, B > 0 such that

G(s) < A+ Bs, seR,.

Observe that without loss of generality the constants in AF and AG can be the same. Notice that
condition AG is satisfied by all non-negative HARA utility functions.

We will not use Theorem 5.1. We have to exploit directly the properties of the price process to
obtain the result in this generality.

THEOREM 6.18. Assume that F satisfies AF, G satisfies AG, o > 3 /2,

p= sup ( sup [o"(x)|

i=1,..., d x€ER™

+ sup p'(z)),
reR™
and NUM holds. Then the value function is continuous and satisfies the Bellman equation v = Gv.

Moreover, there exists an optimal strategy for any y € F.

For the proof of the theorem we shall need the following lemmas:

LEMMA 6.19. Under the assumptions of Theorem 6.18
v(n,s,x) < A1+ Bi(n-s), (n,s,x) € E,
where A1 = g, B = m + B and v is the value function.
Proof. Fix y = (n,s,z) € E, Il € A(y). Recall that

J(II) = ]Ey{ /0 h e P(YI(t))dt + 3 e G(CF) } (29)
k=1

By Corollary 6.16

EY / e F (Y (1))
0

/ e dt + B / h e ™EY(N(t) - S(t))dt
0
_|_

B(n - s)/ —(2a=B)t gy — g + B B(n - s).

<A
4

IN

We shall prove that the second term of (29) satisfies the following inequality:

EYY e o G(CH) < By - s).
k=1
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Obviously, by AG1

o0 [ee]
EYY e o GO < BEYY e OfL.
k=1 k=1
By Corollary 6.17 we have

Ey{e_M‘?Nk—l : 5(71?)‘]'—7,?71} < €O Ng g - S(Tiy).

Hence, for any M > 1

M-1
EY Ze ar! oIl Ey{ e—m,?cllc'l + Ey{e—anﬁ (C’]l\} + NI S(Tﬁ)) |.7:T]1\14 1}}
k=1 k=1
M-1
< Ey{ e~ Ol 4 gm0 NI S(Tﬂl}_l)}
k=1
<. <n-s

By monotone convergence theorem

[e.e]
1T
EyZe_mk ol <n-s.
k=1

Proof of Theorem 6.18. Recall that the key point in the proof of Theorem 5.1 was to show that
functions v; and v are continuous. Since we cannot prove assumption NFL2 for unbounded G' we
shall use a different technique. Recall that

vo(y) =EY /000 e “F(Y(s))ds

and v;(y) = Gv;—1(y), i = 1,2,...,y € E, where G is the Bellman operator.
For a continuous function » : E — R satisfying h(n, s,x) < Az + Ba(n - s) we define

1 (y) zsngy{/

0

T

eF(Y () dt + e Th(Y (7)) |
and
Ml () = supEV{ /0 "t (F(Y (1)) A H)dt + e (h(Y (7)) A H)}, H>0.

By the Feller property of (S (1), X (t)) the value function 'H?{ of the above stopping problem is con-
tinuous (see [10]). Observe that

H"(y) — Hi () Ssupﬂiy/0 e (F(Y(s)) = H)1p(s)=nds

+ sEpEye_M (h(Y(7)) = H) 1y (s = (I) + (I1).
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Fix H > max(A4, As), k € (1, %O‘ A2),y = (n,s,x) € E and observe that

B [ (o) - )< i [T se) e

Consequently, by Corollary 6.16

BF o Bn(n . S)H
< / e 2a—kB)t(,, . S = .
o) Hr1 g (n-3) H5=1(2a — k)

(1) <

Analogously, by Corollary 6.16
B3 (n-s)"
Hr—1
Hence, H?{ converges to " uniformly on compact sets and 7" is a continuous function.

Continuity of v; is proved by induction. Notice that vg = H°. Fix & > 0 and assume that vy, is
continuous. Observe that vy = H", where h = Muy,. By Lemma 3.2 h is a continuous function.
Since v < v, using Lemma 6.19 and assumption AG we have h(n,s,x) < A+ A1+ (B+ B1)(n-s).
Therefore, by the above argument vy is a continuous function. Moreover, by the standard impulsive
control argument vy, is a value function for the problem with the number of impulses bounded by k.

We still have to show that v is continuous, i.e. v converges to v uniformly on compact sets. Fix a
compact set D C FE. It suffices to prove that

(II) <

Ey{ /OO et F(NY() - S(t))dt + Ze—aTEG(C,E)} —0, i— oo, (30)
! k=i

uniformly for y € D and IT € A(y), since

o0

0< oly) —unlw) <EV{ [

Ti

e ™ F(N(t) - S(t))dt + i e—aT?G(C,E)}.
k=i

Uniform convergence of the first term in (30) results from the arguments presented in subsection

6a. However, we shall present a sketch for completeness. Fix x € (1, %‘)‘), y = (n,s,z) € D and

IT € A(y). By assumption AF and Holder inequality

Ey{ /TOO e‘atF(YH(t))dt} < Ey{ /Too e A+ /TOO e B(N"() - S(t))dt}

1T I I
A ' = . e 1 my 5
< ZRyeom +B{Ey/ et (NT(1) - S(8)) dt} (—Eye_mi>
«Q 0

By Corollary 6.16 we obtain the following estimate

A B(n- 1 =
LRyl 4 (77—A8) <fE yefan-n) i
e (2a — Br)V/rE \a

which by Lemma 4.1 converges to zero uniformly for IT € A(y), y € D.
Now we shall concentrate on the second term of (30)

EY Y emo G(OD).
k=1
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Obviously, by AG

EVS el G(Cf) < ARV Y e 4 BEVY e Ol

First term is uniformly convergent by Lemma 4.3.
Fixy = (n,s,z) € E,II € A(y). By Corollary 6.17 we have

Ey{efaT’ENI?A : S(TE)‘}-TE} < €_m’?‘1N1£I—1 - S(il 1)

Hence, for any M >

S

M —1
Eyzean?c,?sﬂﬂy{ e Oy B e (Ol + Vi S( )| P }}

TM-—1
k=i

= x>
Dy

< Ey{ e Ol + e N - S(Tz\r}fﬁ}
1
<e o' NI S(ri.

K3 (2

e
Il

By monotone convergence theorem
o
ol o
EY E e T O < emom NI S(rh),
k=i

which, by Corollary 6.16, is bounded by
5 1/4
n-s (Ey{eSTzn(ﬂ_Qo‘)}> .

Lemma 4.1 implies that E y{e8TiH (B _2a)} tends to zero uniformly for y € D and II € A(y).
The fact that v solves the Bellman equation v = Gv follows by standard arguments. The optimality
of the strategy constructed in Corollary 4.5 results from (30). [ |

The extension of the class of tractable reward functions resulted in a weaker bound for «, the
discount factor. In Corollary 6.13 we imposed only

a>f= sup ph ().
(2.0)ER™ x {1.....d}

In Theorem 6.18, by contrast, we required

A 1 . 1 )
o> B2= sw (L sw 0@+ sup i),
i=1,....d rER™ TEeR™

which is still better than in Subsection 6a. Moreover, in comparison to results obtained in the previous
subsection the specific form of the price process allowed to cover unbounded functions G.
For completeness of the reasoning we shall drive condition NFL2 for unbounded G.

LEMMA 6.20. Under AF and AG, for o > B condition NFL2 is satisfied with x = 2.
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Proof. The part of the condition NFL2 concerning F' can be proved in the same way as in subsection
6a, but with the use of Corollary 6.16 instead of Corollary 6.2. Here we only have to derive for a
compactset D C F

oo
2
sup sup EyZe_aTE(G(C}J)) < 0.
yeD TIe A(y) k=1

Fix y = (n,s,2) € Fand II € A(y). We shall prove that
arlt A 2
EyZe k ) §——|—2AB(17 s) + B?(n - s)°.

By AG

oo oo
EVY e (G(CI)? =BV Y e (4% + 2ABCH + BX(C1)?).
k=1
By the proof Lemma 6.19 we have the estimate of the first two terms:

o0
A2
EY Y e (A + 2ABCY) < = +2AB(1 - ).
k=1 @
We only need to prove that
> 11
EY> e ™ BX(C{)? < B*(n- 5)°.
k=1
By Corollary 6.17 we have

Er{emo (N S| Fp | b < e (N - (L)

Hence, for any M > 1

M—-1
Eyze*aﬂ?(cnf gEy{ e*ME(CE)QJrEy{e aTM((cM) (NAI}.S(T{})V)VT& 1}}
k=1 k=1
M-1 .
gEy{ S et (C)? 4 e (NEy_y - S(rih 1))2}
k=1
<...<(n-s)?

By monotone convergence theorem

BvY e () < (n- )2

k=1
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6¢. Applications

A considerable number of examples was cited in the introduction. Here we shall present other impor-
tant examples in detail.

Paper [12] encouraged us to construct a functional that measures diversification of the portfolio.
Letw* € S,8 = {w € [0,1]% : w!+---+w? = 1}, be the target proportion (understood as
a perfect diversification strategy). Consider the functional

F (52) / T et B (N (), S (), X (1)) dt. 31)
0

where .
F(n,s,x) =n- sZai(l — |w' — w*?)),
i=1
or, in general,
F(n.s,z) = (n-s) f(w,w", ),
where w’ = LS;, ©>0,i=1,...,d and f is any continuous bounded function. Observe that
assumptions UF and AF are satisfied, so theorems from Sections 6a and 6b easily apply.

In the model of Section 6b we consider a problem of variance-conscious portfolio management.
The reward functional has the form (31) with

d
F(,s.2) = (n-5) F(I3 wio'(2)]))
=1

or, more general, with f depending on the economic factors

27'%.)7

where w is the proportion as above, o(x) is a volatility matrix of the price process (see (21)),
an Euclidean norm in R? and f is a bounded continuous function, e.g.

d
Flns,2) = (n-s) f (I wie'(a)
=1

2 is

fp)=(A—p)"+06, peR,
where v > 0,6 > 0 and

A= sup sup |o'(z)].

x€eR™ i=1,....m

Here, same as above, assumptions UF and AF are satisfied.
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