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Abstract

The paper is intended as a survey of some of the main aspects of portfolio
optimization in discrete time. We consider three of the major criteria and dis-
cuss the method of Dynamic programming as well as the so-called martingale
method as possible solution methods. We work out explicit examples for a
logarithmic utility function and for the case of the complete binomial as well
as the incomplete trinomial market models.

1 Introduction

The paper is intended as a survey of some of the main aspects concerning portfolio
optimization in discrete time. We consider the three major types of problems :

e Maximization of expected utility from terminal wealth
e Maximization of expected utility from consumption
e Maximization of expected utility from consumption and terminal wealth

and discuss in more detail the case of a logarithmic utility function. For what con-
cerns the solution methodologies we discuss the method of Dynamic programming
(DP) as well as the so-called “martingale method”. The latter method varies ac-
cording to whether the market is complete or not, i.e. whether there exists or not
an unique equivalent martingale measure. As example of a complete market in dis-
crete time we consider the classical binomial market model and as an instance of
an incomplete model we consider the trinomial model when there is only one risky
underlying asset.

In section 2 we describe the problem setup and introduce the main definitions.
The two main market models, the complete binomial model and the incomplete tri-
nomial model, are then discussed in section 3 where we discuss also the equivalent
martingale measures. A general description of the two main solution methodolo-
gies, namely DP and the martingale method, are then given in section 4 and their
application to the solution of the three types of problems for the specific case of



a logarithmic utility function are described in section 5. To better illustrate the
computations described in section 5, some specific examples are explicitly solved in
section 6.

In the text we shall not make specific references to the literature, but we limit
ourselves to mention here that the main source of reference is the book [1] with
additional references being [2],[3],[4].

2 Setting and problem definition

2.1 Assets and their dynamics

We consider a financial market, in which the prices of the assets evolve in discrete
time. i.e. for t = 1,---,T on an underlying probability space (£, F, F;, P). There
is a (locally) non risky asset, the price of which evolves as

By = (14 1)B,

where r; is the so-called short rate of interest, and a certain number K of risky assets
with price vector

Sy = (S}, -+, SF).
The generic S evolves according to
SZ+1 = SZfZH (1)

with (&}) i.i.d. sequences of random variables so that, as processes, S are Markov.
Note that we could equivalently write

ti+1 = Si(1+ gﬂ)
ia-SE

where (£) can be interpreted as random returns; in this case one has in fact 5 &
—. t
& .1- Notice also that as filtration we may take F, = o{S,, u < t}.

2.2 Portfolio strategies and self-financing portfolios

A portfolio strategy is a predictable process

0 1 K)
)

ar = (g, 05, 04 ie. with ay € Fiy

where ! denotes the number of units of the i—th risky asset held in the portfolio in
period ¢ (i = 1,--- , K) while o denotes the number of units of the non-risky asset.
The value of the portfolio corresponding to « is thus

K
Vi=a{B+ ) oS (2)
i=1
and we shall use the symbol a to denote both the strategy and the corresponding
portfolio. Ignoring for the moment the possibility of consumption, we shall give the
following



Definition 1. The portfolio « is said to be self-financing if

K
Vi1 = Vi = o AB, + Z O‘iﬂAS:f
(aSi=St-s)
and this can equivalently be expressed as
K K
B, + Z Sy = af, By + Z o 1S} (4)
i=1 i=1
Furthermore, we give

Definition 2. We call gains process of a self-financing strategy o the process

t—1 t—1 K
Gr=D alAB.+) > 0i,AS]
s=0 s=0 i=1

The value in t of a self-financing portfolio with initial wealth V{ can then be
expressed as

Vi=W+ Gy

Later on it will be convenient to consider discounted values expressed in units of the
non-risky asset B;. In this case AB; = 0 and, denoting discounted values with a
tilde, the discounted gains process G, for a self-financing strategy a becomes

-1 K
I S ST B
s=0 i=1
with AS! = S,,; — S; and we have
Vi=Vo+ G, (6)

(it is customary to normalize By to 1 so that Vo = Vo).
If we allow for the possibility of consumption, we have

Definition 3. A consumption process C'is a non-negative, adapted process C' = (C})
where C; denotes the amount of funds consumed in period t.

Definition 4. A Consumption-investment plan/strategy is a pair (C,«) with a a
portfolio strategy.

On the basis of (2) and (4) the self-financing condition then becomes

K
Vi =Ci+a}, B+ Z aj 15

i=1



implying
t—1

Vi=Vo+G - > C, (7)
and :T

Vi=Vo+G -> C, (8)
respectively. -

Definition 5. The plan (C,«) is said to be admissible if Cr < V.

2.3 Investment criteria
We first recall the standard notion of a utility function that, as a function of the
wealth process V' = (V;) is such that

(strictly increasing
strictly concave, differentiable

W' (00) := lim «(V)=0

V—+4o0
lim «'(V) =400
\ V—0+
It will be convenient to extend this definition also to V' < 0 by putting u(V) = —oco

there.
Examples of utility functions (in the range V' > 0) are

u(V) =log V'  the log-utility function and
u(V) =Y (0 < o < 1)the power utility function for a risk-averse investor

We may now consider three investment criteria :
e Maximization of expected utility from terminal wealth
max E{u(V;)}
[0
with Vp =w

a : self-financing (predictable)

e Maximization of expected utility from consumption
( T

max F Bru(C,

(C,a) {tZ:[; ( t)}

with Vo =v and € (0,1) a discount factor

[ (C,a) : self-financing and admissible



e Maximization of expected utility from consumption and terminal wealth

(C,a)eAy

max E{Zﬁtuc (Ch) +5 u, (V' — CT)}

a : self-financing and predictable
with A,
C' : nonnegative, adapted, Cr < Vi

3 Market models and equivalent martingale mea-
sures

Before coming to possible market models, let us recall the notion of an equivalent
martingale measure. Given the real world probability measure P on (€2, F), a prob-
ability measure () ~ P, i.e. a measure () that has the same null-sets as P, is
called equivalent martingale measure if all the assets in the market, expressed in
units of a same asset, for which one usually takes the locally non-risky asset By, are

(Q, F;)—martingales. More precisely if, for i = 1,--- | K, we have
St S
E° {—t“ .7-“} =t 9
B 7B ®)
which is equivalent to requiring
) B )
EOS | iy = =57 Si=(1+1)5 (10)

Recalling the definition of Gy in (5), from (9) it is easily seen that E?{G,} =
EC{E?{G,|F}} = 0. From (6) it then follows that, under @, not only the dis-
counted price processes, but also the discounted value processes of a self financing
strategy are all martingales (In the case when there is also consumption, from the
positivity of C; and (8) it follows that V; is a supermartingale).

In what follows we shall distinguish the case when there is a unique equivalent
martingale measure and when there are more. The first case corresponds to what is
called a complete market, a notion that comes from the problem of hedging a contin-
gent claim that we do not consider here and so we shall simply identify a complete
market as one where there is a unique equivalent martingale measure and incom-
plete market as one where there are more. In our incomplete markets below the set
of equivalent martingale measures will be a convex polyhedron with a finite number
of vertices (extreme points) that we shall call the extremal martingale measures.

3.1 A complete market model : the binomial or Cox-Ingersoll-
Ross model

We shall begin by recalling a Bernoulli process that is a process {X;}, t € [0,7]NN
having the property that

5



We may consider it as defined on the following sample space (space of elementary
events)
= {w} with w of the form w = (0,1,0,0,1,1,---)

T times

The number of elements in € is finite and given by 27 and the probabilities in the
measure P are given by

T
P{lw} =p"(1—p)"™ (f > w, =n)
t=1
Letting N; := X+ -+ X;, t € [0,T] NN then
t n t—n
P{N,=n}={( —|p"(L=p)

3.1.1 Binomial market model

We shall consider here a market with one locally riskless asset and a single risky
asset (K = 1) evolving according to (1), i.e. as

Str1 =5t - &
where & are i.i.d. and such that

u with probab. P

& =
d with probab. 1—p

It follows that we have the representation
ft = UXt + d(l — Xt)

with X; a Bernoulli process with parameter p. If N; corresponds to this Bernoulli

process, then
St = SouNtdtiNt

and

—nNn t n —n
P{S; = Spu"d" "} = < n ) p"(1—p)

3.1.2 Martingale measure in the binomial market model

We had seen at the beginning of this section 3 that an equivalent martingale measure
is a measure ) ~ P on {2 such that (9) holds. Putting

q:=Q{ X1 =1|F}



and letting for simplicity 7, = r, relation (9) becomes in the present case
(qu+ (1 —q)d)S; = (1+71)S;

namely
I+r—d
u—d
This ¢ is unique and € (0,1) provided d < 1 +r < u.
Recalling the sample space €2 of the binomial model, given w € €2 with ZZT w; =n
we can write

q:

P)=p"1-p)" " ; Qw)=¢"(1—¢)" "
so that for the Radon-Nikodym derivative on 2 we obtain

3.2 An incomplete market model : the trinomial model

Corresponding to the Bernoulli process for the binomial model here we consider a
process {X;}, t € [0,T] NN characterized by

P{Xt = 1} b1
P{Xt = 3} = D3

pr+petps=1
The sample space can here be represented as

Q = {w} with w of the form w = (1,3,2,2,1,3,---)

T times

and #Q = 3. The probabilities in the measure P are given by

T
‘ Zthl Lw=13 = m
P(w) = pi'py’ps® if ZtT:l L2y = N2
Dot Ho=sy = 1

Letting this time

t
N =) lx—y,i=1,23; t€[0,T]NN (12)
s=1
one has
P{Ntl =N, Nt2 = Ny, N3 n3} = n1|n2|n3| pTll pQQPQS
(n1+n2+n3 :t)



3.2.1 Trinomial market model

We shall consider here too a market with one locally riskless asset and a single risky
asset (K = 1) evolving according to (1), i.e. as

Sty1 =5t - &
where &, are i.i.d. and such that

U with probab. D1
=< m with probab. Do

d with probab. D3

It follows that we have the representation

& = ulyx,—1y + mlix,—2y +dlix,=3
and, if N}, i =1,2,3, is as in (12), then we can write
Sy =95 uNEmNE N
and Al niy, na, n
I(D{St =95 u”lm”z)ci"3} = i P1 P2 Ps°
ny +no +ng =

3.2.2 Martingale measures in the trinomial market model

As for the binomial market model, an equivalent martingale measure is also here a
measure ) ~ P on  such that (9) holds. Notice first that, if X; are i.i.d. under
P, this does not necessarily imply that they are independent also under (). Put
therefore

G(t+1)=Q{Xi1 =i|F}; i=1,23; t=0,1

and let also here for simplicity 7, = r. Relation (9) then becomes in the present case

{ (qu(t+ Du+ ot + 1)m + ga(t + 1)d) S, = (1 +7) S,
G+ +@pt+1) +qt+1)=1

The latter, which is a condition on the conditional probabilities in the generic period
t, admits infinitely many solutions (q;(t), g2(t), g3(t)) € X3 (simplex in R?) and notice
that, since the coefficients in the above system are independent of ¢t and F;, the
solutions are also independent of ¢ and F;, i.e. (q1(t),q2(t),q3(t)) = (q1, g2, q3). These
oo! solutions form a convex set (segment) characterized by vertices (extremal points)
that are independent of ¢ and differ according to whether m > 147 or m <1+ r.
The 1st vertex is given by
0, 1:%‘;, —m:n(:;r)> if m>1+r

(6,49, ¢3) =

<(1+T)_m, u—(4r) 0) if m<l+r

u—m u—m



and the 2nd is characterized by

11 1y _ (1+7")_d u— (1+7)
<Q17QQ7Q3)_< u—d , 0, u—d

These extremal probability measures are not equivalent to (pq, p2, p3) (all p; are > 0).
The equivalent measures are obtained as the convex combinations

(4,43, 43) =7 (a1, @, q3) + (1L — ) (q1. 2, G3)

for v € (0,1) and notice that they concern the set of conditional measures in the
generic period t which, as remarked previously, are here independent of the condi-
tioning o-algebra F;.

It turns out that also the set of martingale measures on all of 2 is a bounded
convex set. However, determining its vertices is a more complex issue and we limit
ourselves to illustrate it for a time horizon of 7' = 2. With S, fixed and recalling
that w; corresponds to & (t = 1,2), we have

Q={w} with w= (wi,ws)
where, for the trinomial case,
Wi, ws € {u7 m, d}

and we put w} = u, w? =m, w} =d, (t = 1,2). For a generic martingale measure Q)
on ) we now have

Q(wi,w3) = Q' (wi) Q*(wh|wi) . i,j € {1,2,3}

with Q! the marginal measure in the 1st period and Q? the conditional measure
for the 2nd period, given the 1st. Due to the previous remarks concerning the
independence of (q;(t), q2(t), q3(t)) from t and F;, this conditional measure Q? reduces
here to a marginal measure as well, namely Q*(w}|w!) = Q?(w)).

For the sake of specificity assume now the case m < 1+ r and let Q' be the
extremal measure, among the measures @', that corresponds to

(47,99, 45) = ((1+T)_m, il Ch ) 0)

u—m u—m

and Q%! the one corresponding to

11 1y (1+7)—d u—(1+7)
(%7‘]2:‘]3)—( w—d , 0, u—d .

Analogously for Q*° and Q2.

We know now that Q' and Q?* are convex combinations vQ"° + (1 — ;)Q%! of
QY and Q! for t = 1,2 respectively. In general, the coefficients v, in these convex
combinations may depend not only on time, but in a predictive way also on w itself
(i.e. v, may depend on (wy, -+ ,w;_1)) thereby inducing a dependence structure over

9



time. Since in our case we have seen in the remarks above that (q;(t), ¢2(t), g5(t))
are independent of ¢ and JF;, we shall let these coefficients depend only on time. We
shall thus write

Q'(wp) =7 Q" (w}) + (1 — 7) Q" (wy)
for suitable 7, € (0,1). One thus obtains (recall that w = (wi,w)))
Q) = M (W)@ (w) + (1 = 7)72 @ (wi)Q**(ws) |
+ (L= 72) QMW (W) + (1= m)(1 = 72) Q' (wi)Q* (w3)
ending up with 4 extremal measures
O' = Q00" 0% = Q11Q*0, 0P = Q0>!, OF = QM Q>

where, e.g.

Q' (u,u) = (M>2 Q' (u,d) = 0, Q' (u, m) = (AEn=mu_(1+7)

u—m (u—m)?

2 — u— T 2 2 u— T 2
Q' (d, ) = WD) Qt(d,m) =0, Q(d,d) = (5472

Finally, for the Radon-Nikodym derivatives we obtain

vw =%

=1,---,4

with P(wi,w)) = pip;.

4 Solution methods (general description)

In this section we recall the basic aspects of the Dynamic Programming approach
and of the so-called “martingale method”.

4.1 Dynamic programming
4.1.1 General context

Let Vi, t =0,1,--- ,T, be a given process (as e.g. the portfolio value process), of
which the evolution depends on the choice of a “control sequence” (equivalent to a
strategy) my, t = 0,--- , T, adapted to a given observed filtration. A typical example
for such a situation is

Vier = Gi(Vi, 1, &), & iidd.

and notice that, if m, = m,(V;), (Markov controls), then V; is a Markov process. The
control sequence 7, is chosen so as to maximize an (additive over time) criterion, i.e.

T
max E{Z u(V},ﬂt)} (13)
o =0

with w(-) a utility function (in traditional stochastic control applications the last

term for t = T, i.e. the terminal utility, does not depend on the control 7).

10



4.1.2 The Dynamic programming principle

The method of Dynamic programming (DP) to obtain the control maximizing (13)
is based on the so-called Dynamic Programming Principle, which states that : if a
process is optimal over an entire sequence of periods, then it has to be optimal over
each single period. In the general context described above, the DP principle allows
to determine the optimal sequence 7, -+ , 7 by a sequence of minimizations over
the individual controls m; (scalar minimizations). In fact, due to the Markovianity
of m, V; and the additivity over time of the criterion,

T
max F {Z u(Vt,m)} = max {u(VO,WO) + E {max [u(Vh,m1)
0, TTT o 1

t=0

Tr—1

+F { -+ F {max [u(Vp_1, mp_1)

+ E{nﬁx u(Vp, mr) | VT—lyﬁT—l}:| | VT—2a7TT—2}"' | Vi,m}] | Vo, mo}]

4.1.3 Implementation of the DP principle

The way the DP principle is used to determine the control maximizing (13) is as
follows. Let

Tty T
s=t

U(v) := max E{Zu(vs,ﬂs) | v;—v} (14)

then the DP principle leads to the following DP-algorithm

Ur(v) = max,, u(v,mr) and, for t <T,

(15)
Ui(v) = max[u(v, m) + E{Up+1 (Go(Vi, 1, &41)) | Ve = v}

which gives the optimal value and optimal control (obtained by backwards induction
with scalar maximization). Notice that one automatically has 7}*®* as a function of

only V;.

4.1.4 Specific context (expected utility from terminal wealth)

Here we mention how the general dynamic programming algorithm, described above,
can be applied to the specific case of maximization of expected utility from terminal
wealth.
We consider as V; the portfolio value. As control/strategy we take m =
(n0, 7}, -+ wK) with
o B

i Qi

20 _ @415

t )
Vi

=1 K
‘/t (/l Y ) )

T __
™ =



i.e. the fractions of wealth invested in the individual assets so that
m=1->"m (nf€(0,1))
Recall also that, by the self-financing property,
K K
Vi=a{B+ ) 0iS; = ol B+ ) i,
i=1 i=1

and that we had supposed a to be predictable with
St =5;-&,, (& iid. sequences)

By the self-financing property and the previous definitions we obtain
K
Vi = Vi+al AB+Y aj,AS;
i=1

K
= Vi+ oy Bere + Z O‘f‘:+1SZ (ffﬂ - 1) (16)

=1

= i+ W

K
T+ Zﬂz (&1 — 1)]

i=1

i.e. we have

Vi1 = Gi(Vi, i, 1)

with .
Gi(Ve, m, E41) = Vi | m(1+7e) + Zﬂ-fgﬁ] (17)
i=1
and where now m; = (7}, -+, 7K).

In the present case we have only a terminal utility, i.e.
uw(Vi,m) =0 fort <T,and w(Vp,7mr) = u(Vy)
which implies (there is no mp over which to maximize)

Ui(v) := max 1E{u(VT) | Vi =v}

Tty T —
and the DP algorithm becomes

Ur(v) =wu(v) and, for t <T,

(18)
Ur(v) = IQF?XE{UtH (Ge(Vey e, §e41)) | Ve = v}

12



4.2 The “martingale” method
4.2.1 Introductory remarks

To introduce this method, recall from the beginning of section 3 that, in the case
when there is no consumption, the discounted value process of any self financing
strategy is a martingale under any martingale measure (we implicitly assume the
required integrability conditions on the strategy).

The martingale method can be used for the solution of general stochastic opti-
mization problems, but it draws its origin from the financial problem of hedging a
contingent claim. Although, as already mentioned in the beginning of section 3, the
hedging problem as such is not in the scope of this survey, we recall here just what
is useful for the understanding of the martingale method.

Given is a horizon T and a “claim” Hp, namely a random variable, which is
Fr—measurable (recall from subsection 2.1 that we may assume F; = 0{.S,, u < t}).
The hedging problem consists in finding an initial wealth V5 = v and a self financing
strategy oy such that Vp = Hp, P— and therefore also @Q—a.s., which is equiva-
lent to requiring Vy = Hyp, P(Q)—as. (Recall that the quantities with a “tilde”
represent values that are discounted with respect to B;). Since, as recalled above,
the discounted value process of a self financing strategy is a martingale under any
martingale measure, this will only be possible if the initial wealth v is such that
v o= EQ{PN[T} for any martingale measure (). The problem of finding the self fi-
nancing hedging strategy o can then be seen as equivalent to a “martingale repre-
sentation” problem in the following sense. Fix for the moment a MM () and define
the martingale M, := EQ{HT | Fi}. If we now determine the self financing strategy
o = (of -+ ,af) in such a way that, for V; from (6) with V; = v and G according
to (5), we have V; = M, then, starting from the initial wealth Vj = v and following
this strategy o, we have Vi = Hp and therefore also Vi = Hy. Finding the strategy
oy is therefore equivalent to finding the representation of the martingale Vt Mt in
the form of (6) with Gy as in (5) and where the unknown is the strategy a. Notice
that, since for the same v we have v = EQ{IEIT} for any MM @), the strategy oy will
also be the same under any MM @ (to this effect see also subsection 5.2 below).

The martingale method itself consists now of three steps :

e Determine the set of reachable values for the wealth Vi in period T';
o determine the optimal reachable wealth V7 ;

e determine a self financing strategy o* such that V2" = V3 where in V2 we
make explicit the dependence of the terminal wealth on the strategy .

Notice that the last step corresponds indeed to a hedging problem, where the
“claim” to be hedged is the optimal reachable wealth. Notice also that this method
decomposes the originally dynamic problem of portfolio optimization problem (or
any other dynamic optimization problem) into a static problem (determination of the
optimal reachable wealth) and a hedging problem (that corresponds to a “martingale
representation problem”).

13



We proceed now with a description of the first two steps; the third step will
be illustrated below when solving specific portfolio optimization problems. More
specifically, we shall illustrate the first two steps for the problem of maximization
of expected utility from terminal wealth; for the other two investment criteria these
steps will be discussed in the next section 5.

4.2.2 First step : set of reachable portfolio values

On a more formal basis the problem consists in determining the set
Vo =4V : V =V} for some self-financing and predictable o with V= v}

of reachable values for the wealth in period T
If the market is complete with unique equivalent martingale measure (EMM) @,
then
V, ={V : E9B;'V} =v}

If the market is not complete and the set of all martingale measures forms a bounded
convex set (convex polyhedron) with a finite number of extremal values (vertices)
Q7 (j=1,---,J) as was the case for the trinomial market model that was described
in section 3.2 as an example of an incomplete market model in discrete time, then

V,={V : E¥{B;'V}=vfor j=1,---,J}.

4.2.3 Second step : optimal reachable portfolio value

In formal terms the problem is : determine V* such that
E{u(V*)} > E{u(V)}, YV €V,

To solve this 2nd step problem we shall mention here essentially the method
based on the Lagrange multiplier technique. We shall briefly recall also a technique
based on convex duality to show that a certain V* is indeed optimal.

Lagrange multiplier technique

a) Case of a complete market - unique martingale measure )

Let L := % and denote by A the Lagrange multiplier. Recalling that the
requirement Vy = v can be translated into E9{B,'V} = v the problem in this
second step becomes

max [E{u(V)} - NEC{B;'VY}] = max E{u(V) — ABA'LVY  (19)
By the properties of u(-) as utility function we have that the inverse of the

derivative exists and we shall denote it by I(-) = (v/(-))~*. On the other hand,
maximizing the expectation on the right hand side of (19) is equivalent to

14



maximizing its argument for each possible scenario/state of nature w € Q. A
necessary condition for this is that

u' (V) = AB;'L  implying V = I[(AB;'L)

To this we have to add that the Lagrange multiplier A has to satisfy the fol-
lowing “budget equation”

EQB;'IMAB;'L) =v < v=E{LB;'I(AB;'L)} :=V(}\)

This implies that, whenever V(-) is invertible, A = V~!(v) and, consequently,
we obtain

V*=I(V ' (v)B:'L)

To illustrate the feasibility of this procedure we mention the case of a log-utility

function, i.e. u(V) = log V, for which the inverse of the derivative is I(y) = *.

y
The “Budget Equation” then becomes

v=E{LB;'I(AB;'L)} = E {LB;%} _1_ V()

implying that A = % and so the optimal wealth becomes
V* = I(AB;'L) =vL 'By (20)
b) Case of an incomplete market

We consider here the case when, as in the trinomial model, the set of all
martingale measures is bounded and has a finite number J of vertices/extremal

points Q7. Let L7 = Cﬁ% , 7=1,---.J and notice that
EUB;'WY=0vV Q & EY{B'V}=0Vj=--,J
Having now J constraints we shall consider a vector A = (Ay,---,\;) of La-

grange multipliers and the problem of the second step becomes then
J
max [ {u(V) — Z; AjBTlLJv}
]:

As in the case of the complete market, we impose the necessary condition for
V' to maximize, for each scenario, the argument of the expectation namely

J J
u'(V) =Y NBp'L’ implying V =1 (Z AnglLJ)

J=1 J=1

This time the Lagrange multiplier vector A has to satisfy the following system
of “budget equations”

J
E{LjBTlf (Z)\jBTlLJ)} —v; j=1,,J

Jj=1

15



Convex duality - only case of a complete market

We shall now additionally use also the convex dual to verify that the V* de-
termined above with the Lagrange multiplier technique is indeed optimal. For this
purpose let us first recall the Legendre-Fenchel transform of a function U(z) that
leads to the so-called convex dual U(y) of U(z), which is indeed a convex function
and is given by

U(y) = max {U(x) — xy} = U(I(y)) = yI(y)

It follows that
U(I(y) —yl(y) > U(x) —ay, Va (21)

Recall now from the Lagrange multiplier approach that

V* = [(AB;'L) with X such that

E{LB;'V*} = B{LB;'I(\B7'L)} = v (22)

V(A)

Put now z =V, y = AB;'L for some positive A. Then, by (21) and (22),
U(V*) = AB'LV* > U(V) — AB;'LV (23)

Taking expectations in (23) and using (22), one has that, for all V' satisfying the
budget equation i.e. such that E{LB;'V} = v,

E{UWV*)} =X >E{UV)} -l

namely

E{U(V")} = E{U(V)}
and this V'V satisfying the budget equation.

5 The case of logarithmic utility, explicit compu-
tations

In this section we shall describe more explicitly the individual steps required both
for the method of Dynamic programming and the martingale method in the case
of a log-utility function and for each of the three investment criteria. In particular
we shall show how to perform the third step in the martingale approach, namely
determining the optimal investment strategy. To simplify the presentation we shall
assume without loss of generality that the price of the non-risky asset, which is used
to discount the various other prices, is B; = 1; since we implicitly take By = 1, this is
equivalent to assuming that the short rate of interest is r, = 0. While the possibility
of explicitly computing the various steps in the martingale method depends rather
crucially on the choice of the utility function, the calculations by the method of
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Dynamic programming (DP) are less dependent on the choice of the utility function.
Still, in this section we shall make a bit more explicit also the steps required by
DP as this is not immediately obvious for the second and third investment criteria.
Numerical calculations for specific examples are then reported in the next section 6
for the maximization of utility from terminal wealth.

5.1 Maximizing expected utility from terminal wealth (bi-
nomial market model)

After briefly recalling the particular form that the Dynamic programming approach
takes in this case (as mentioned above, for this investment criterion this is almost
immediate), we shall describe the particular form that the martingale approach takes
in this case and illustrate the computation of the optimal strategy.

5.1.1 Dynamic programming

Recall from (18) the Dynamic programming algorithm, namely

Ur(v) =u(v) and, for t < T,

(24)
Ui(v) = TI;E:XE U1 (Ge(Vi, 1, €e41)) | Vi = v}
where the dynamics G¢(V;, 7, &41) were specified in (17), namely
K
Go(Viy i, Ee1) = Vi | w0 (14 1¢) + Zﬂéfiﬂ
i=1
The only particular aspect here is that K = 1 and, letting 7, = 7} = abTiSt, one has

7 = (1 — m). With prohibition of short selling, i.e. requiring o} > 0, we obtain

m € (0,1). Since 7, = 0, we may then write

Gi(Vi, e, 1) = Vi [L + 7 (G0 — 1)]

5.1.2 Martingale method

Recalling from section 3.1 the process N;, we have that Ny ~ b(T', p) and it represents
the r.v. that counts the total number of “up-movements” of the price process S;.
With u(z) = log x one has by (20) and (11) and recalling that we take By =1,

) ()

and the optimal value of expected utility from terminal wealth is then

E{u(V*)} = logv—log (g) E(Np) — log (}%;{) (T — E{Nz})

= logv — pT log (%) —T(1—p)log (1%;> (26)
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Computation of the optimal strategy - Backwards recursion

In line with section 2.2 an investment/portfolio strategy is here given by the
two-dimensional vector oy = (af, o)) where o and a; denote the number of units
of the non-risky and the risky assets respectively held in the portfolio in period t.
Recall also that the process a; is supposed to be predictable, i.e. «; is taken to be
Fi_1—measurable. We now describe the backwards recursion, from period T"— 1 to
0, to determine the optimal investment strategy (o )io,... 71

Take period T' — 1; we have to decide for o, o} . Let Ny—; = n < T (and
therefore Sp_1 = Sou™d?~"7!). Recalling that we had assumed r = 0, we have to
impose that for all “states of nature”, i.e. independently on whether prices go up or
down,

apSr+ay =Vp =V* (27)

This implies that the following system of equations in ai., a9 has to be satisfied,
namely

n+1 1 T—n—1 )
apSr_qu+af = v <§> (1%7;) (prices go up)
arSr_qd+ad =wv <§> (1%5) ) (prices go down)

from which we obtain

s iemn-ator O (2 42

and, consequently,

R N €= )
T St—1(u—d)q(1—q)

o(2)" (222)" " u(1—p)g—d(1-q)p)
(u—d)q(1—q)

Recalling the self-financing condition, the fact that ¢ = 1:+;d, and putting C(p, q) :=

(p — q) + (uq — dp) + (dpg — upq), for the optimal value induced in period T'— 1 we
thus obtain

% 1 0o _ 1 0
Vi, = ap Sr1+a7_ | =apSr—1 + ag

_ )T e (2)" (1-p)T—“—1

(u—d)q(1—q) q 1—q

Notice now that V;i_; has the same structure as V} so that the calculations for the
following period T' — 2 proceed in exactly the same way as for 7' — 1 and so forth,
which allows to straightforwardly complete the backwards recursion. In fact, in the
generic period t < T, with N; = n < ¢, the condition (27) becomes

Sy +a) =V (28)
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and one obtains

o ()" T eme
at - Sou"dtfnfl(u—d)q(l—q)
0 _ ”(§>n<i%§))tﬂil[u 1—p)q—d(1—q)p]
G = (e—Da—9)

with the optimal wealth

P n 1 — p t—n
ON=)
q l—gq
Notice also that the ratio of the wealth invested in the risky asset is

ol O‘%HSt _ (r—1q)
oy (u—d)q(1 —q)

and it is independent of t and S;. It follows that the optimal strategy requires
investing in the risky asset, in each period and in every state, the same fraction of
wealth. Notice finally that the fact that the ratio w} does not depend neither on the
period nor on the state of the underlying risky asset does not imply that the portfolio
itself remains constant; in fact, since the price of the underlying is changing, to keep
the ratio constant, one still has to continuously change the number of units invested
in the underlying risky asset.

5.2 Maximizing expected utility from terminal wealth (tri-
nomial market model)

Here we proceed analogously to the previous subsection for the binomial model notic-
ing that nothing changes concerning the Dynamic programming approach. We shall
thus consider here only the martingale method; in fact, while the Dynamic program-
ming approach is independent on whether the market is complete or not (unique or
more martingale measures), this is not the case with the martingale method.

5.2.1 Martingale method

Consider the situation described in section 3.2, in particular the subsubsection con-
cerning martingale measures in the trinomial market model, where we had taken
T = 2 and for which one has four extremal MM’s, namely Q', Q?, @3, Q*. Recall
also from section 4.2, in particular point b) in the subsubsection concerning the
optimal reachable portfolio value that, for the log-utility function and B; = 1, the
optimal terminal wealth is

1
V= 29
ALY+ Ao L% + A3 L3 + A\ LA (29)
with Ay, -+, Ay determined according to the system of equations (j =1,--- ,4)
L7 Qj
= E = E = = 30
! {A1L1+---+A4L4} {A1Q1+---+A4Q4} (30)
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For the explicit computation of the values of the As we refer to the numerical cal-
culations in the next section 6.2.

There remains to compute the optimal strategy. For this purpose notice that
the market is incomplete and so not all future amounts can be replicated by a self-
financing strategy. However, given the constraint E%'{ B, 1V*} =vfor j=1,---,J,
which implies that E®{B;'V*} = v for all MM (@, one has that V* is indeed
replicable with a self-financing portfolio (consisting of the risky and non-risky assets)
starting from an initial wealth of Vj = v. To determine e.g. al, a3 (in the case of

T = 2) it thus suffices to impose that
05552 + Oég =V

holds in only two of the three states of nature; the condition is then automatically
satisfied in the third one. At this point we are back to the same situation as for the
binomial model and the calculations that lead to the optimal strategy are thus the
same as they were there (an example showing the calculations is given in the next
section 6.2).

We close this subsection 5.2 by mentioning the following alternative way to com-
pute the optimal investment strategy in the trinomial model and, in general, in an
incomplete market model. It consists in completing the market by adding fictitious
assets and imposing on the optimal strategy that the investment in these assets is
null.

5.3 Maximizing expected utility from consumption

As mentioned in the previous subsection, the method of Dynamic programming does
not depend on whether the market is complete or not, only the martingale method
does. For the present case of expected utility from consumption we therefore do
not anymore consider two separate subsection, one for the complete binomial market
model and one for the incomplete trinomial model as we did for expected utility
from terminal wealth and where it was motivated by the desire to better illustrate
the possible differences. Here we simply mention the differences that arise when we
discuss the martingale method itself.

5.3.1 Dynamic programming

In the present context, considering again K underlying risky assets with prices

Z+1:S§'52+1 (izlv"' ,K)
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we have, by the self-financing condition for the case with consumption as described
in section 2.2 and in complete analogy with (16) and (17),

K
Vi = Vit ol AB+)) i, AS - C,

i=1

K

mire+ ) m (G = 1)

i=1

= Vi+V, -G

K
= Vi|(14+r)+ ZW; (§§+1 —(1+ 7°1t>) — Cy(1+41y)
i=1
i.e. we have
Vigr = Gt(‘@,ﬂtaftﬂ)
with
K
(Vi &) = Vi [(L4 1)+ )i (Gyy — (L4+1)) | — Ci(1+7)
i=1

and with the control sequence/strategy
Ty = (7T1£17"' )Trtf(vct)

where, as before, 7! = t;is
With respect to the general description of the method of Dynamic programming

in section 4.1 in this case we have
u(‘/tﬂrt):u(ct)? t=0,---,T

with the constraint Cr < Vr.
To implement the Dynamic programming principle, corresponding to (14) here

we put
Ui(v) == (max E{Zﬂs fu(Cy) | V}—U}

(CT<VT)

where the condition C7 < Vi can be accounted for by setting
u(Cr) = —o0 for Cr > Vr
The DP algorithm (see (15) now becomes

u(v) if Cr=w
—o0o if COp>vw

urlo) = {
Up(v) = max [w(Ch) + B EA{Uss1 (Ge(Ve, T, &41)) | Vi = v}]
where nonnegativity of C' is guaranteed by u(C) = —oco for C' < 0.
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5.3.2 Martingale method

Recall that for the maximization of utility from terminal wealth we required :
e determining the set of reachable/attainable values of wealth in T’
e determining the optimal such wealth;
e determining a self-financing strategy that replicates the optimal wealth.

Here the terminal wealth is replaced by the adapted consumption process C; and so
we change the above requirements into the following steps :

e determine the set of “attainable” consumption processes;
e determine the optimal attainable consumption process;

e determine an investment strategy allowing to consume according to the optimal
consumption process.

To implement these steps we start from the following lemma.

Lemma 1. Given an initial wealth v > 0, a consumption process Cy, and a self-
financing strategy o, one has

v . o,
L=+ G-y 2t t=1 T 31
Bt U+ t SZOBS) ) 9 ( )

where Gy is the discounted gains process
t—-1 K
Gi=2 D s,
s=0 =1

Proof : By the definition (2) of the portfolio value and the self financing property
(7) when there is consumption one has, respectively,

0 _ Vi _NK S
oy = g D1 B, and

0 _ Vi1 Cin K i Sia
& = B, Bi—1 Zi:l tBi1

so that, since Vy = v, By = 1, relation (31) follows immediately for ¢ = 1 and, for
t > 1, by induction. ¢

First step :

We start from the following

Definition 6. A consumption process C; is said to be attainable if Ja with (C, «)
admissible (see Definition 5) s.t. Cp = Vp. (a0 ‘“replicates” or “generates” C')
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For any MM @, we now have that the process v + G, is a Q—martingale with
value v at t = 0. Putting Vp = Cp, from (31) one immediately has:

Proposition 2. Given v, a consumption process C' is attainable if

a) (complete market; unique MM Q)

Cy Cr
— Ry = . =
v {Bo—i— ,—i—BT}

b) (incomplete market; extremal MM’s Q" for j=1,--+,J)

i [ Co Cr .
S XN Sl T —1..-- . J
v {BO+ ,—i—BT}, J ; )

Second step :

We shall discuss this step directly for the more general case of an incomplete
market with a finite number J of extremal martingale measures. In the present
case of maximizing expected utility from consumption, this second step consists in
obtaining the optimal attainable consumption process by solving

max E {Z ﬁtu(C't)}
=0 (32)

subject to EQj{ 3:0%}:1); j=1,-,J

Notice that the only decision variable here is C; (t = 0,--- ,T); a; does not appear.
Notice also that nonnegativity of Cy is guaranteed by u(C) = —oco for C' < 0.

In order to solve problem (32) define N} := By 'E{L’| F;} (Lj = df%) so that
Yl 4} =B{Livl, &}
~ B{L BE{B'CL|\ R} } = E{Ll, CV

then (32) becomes

max E {; ﬁtu(Ct)}

(33)

subject toE{ZfzoCtth} =v; j=1,---,J
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Using, as before, the Lagrange multiplier technique to solve (33), we have to

compute
T T ‘
max E {Z Bru(Cy) — Z Aj Z C’th}
t=0

=0 j=1

A necessary condition for C; to maximize, for each scenario, the argument of the
expectation is

J
BU(C) =Y NN]; =0T
j=1

which implies

5 .
AN
Ct:[(—zj_lﬁt] t); t=0,--,T

with A; satisfying the system of “budget equations’

T J j
. DN
E{E}Ml<gtﬁii>}zv;j:L”wJ

t=0

)

and the optimal value becomes

Third step :

In complete analogy with the previous case of expected utility from terminal
wealth, it consists here in determining the investment strategy of a self-financing
portfolio having terminal value Vi = C7 and the procedure itself can be carried over
directly from there.

5.4 Maximizing expected utility from consumption and ter-
minal wealth

In the previous case of expected utility only from consumption, all of V; was con-
sumed at the terminal time ¢ = T'. Here we generalize this problem by leaving
Vr — Cr for future investment and maximizing expected utility from consumption of
Cyfort =0,---,T, as well as from the terminal wealth Vi — Cr.

Letting u.(-) and u,(-) denote the utility functions for consumption and terminal
wealth respectively, in accordance with section 2.3 our problem here is the following

Problem : (max utility from consumption and terminal wealth)

(C)eA,

J(’U) = max F {Z ﬁtuc(C't) + ﬁTUp(VT — CT)}
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a : self-financing and predictable
with A, :
C' . nonnegative, adapted, C'r < Vi

We can now easily adapt all previous solution methods.

5.4.1 Dynamic programming

As in the previous pure consumption-investment problem here too we have

Vi+1 = Gt(%aﬂtaft—i—l)

with

K
Ge(Ve, T, &e1) = Ve | (L +14) + ZW; (Err — (L +70)) | = Gl +7)

i=1
and with the control sequence/strategy
= (7}, 7, C)
where, again as before, 7! = ahTiS’l In this case, however, in addition to a “running
utility” up to the terminal time, i.e.

u(Vi,m) = u(Cy), t=0,---,T
we also have a “terminal utility”
w(Vp,mr) = u,(Vr — Cr)
The DP algorithm then becomes

Ur(v) = max [u.(C)+ u,(v—C)]

0<C<w
Ui(v) = HE}X [ (Cy) + BE{Ui1 (G(Vi, i, €41)) | Vi = v}]

and notice that the only difference with the simple consumption-investment problem
is the form of Ur(v) (in the previous case it is essentially given by Ur(v) = u(v) =

ue(v)).

5.4.2 Martingale method

The only difference with the previous case is that now we shall not require C'r = Vi
(see Definition 6 of attainability).

First step :
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Instead of the notion of attainability for the previous pure consumption-investment
problem given in Definition 6, in the present case we shall require for attainability

that o o v
U:EQj{_O_|_..._|_ T1_|__T}’ j=1,---,J
B Br  Brf 7

(again we consider directly the more general case of an incomplete market with the
finite number J of extremal martingale measures).

Second step :

Corresponding to (33) we now have

(

T
max F {Zﬁtuc(ct) + 5Tup(VT — CT)}
=0

C: VT

subject to E{ ;‘F:_OlC'tth—i—VTN%} =v;73=1,---,J

| with C' adapted and Vr € Fr

Notice that the fact that u.(C) = —oo for C' < 0, and the same for u,(-), implies
that the solution of (34) automatically satisfies C; > 0 and Cr < V.

Using, as before, the Lagrange multiplier technique to solve (34), we have to
compute

T J T—1
max E {Z Buc(Co) + BTup (Ve — C7) = Y "N | Y CuNY + VN, }
t=0 j=1 t=0

A necessary condition for C; and Vr to maximize, for each scenario, the argument
of the expectation is (differentiate w.r.to each C; and Vr)

Blul(C) =31 NP, =0, T -1
By (Cr) = 87wy, (Ve — Cr)
BT, (Ve — Cr) = Y25, ANy
Denoting by I.(-) and I,(-) the inverses of u;(-) and w,(-) respectively, one has

J AT
Ctzfc(#); b= 0, T

J NG T \LNY
- (S3208) 1 (S

with ); satisfying the system of “budget equations”
T J j J j
22 AN (2= ANy .
E{ZNglc (JT + Ni 1, JB—T =v; j=1,---,J
t=0
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and the optimal value becomes

e 599) . (52

Third step :

In complete analogy to the previous cases, it consists in determining the invest-
ment strategy of a self-financing portfolio having terminal value V.

6 Numerical examples (logarithmic utility)

To illustrate the computations described in the previous section for the case of max-
imization of expected log-utility from terminal wealth (subsections 5.1 and 5.2), we
present here numerical examples for the binomial and trinomial market models (com-
plete and incomplete markets) using both the method of dynamic programming as
well as the martingale method.

6.1 Binomial market model

We consider the following model : let the horizon be T" = 2 and Sy = 1. Furthermore,
let r = 0 (equivalent to taking B, = 1), u = 2, d = % which implies ¢ = % and let
p=73
max FE{log V5}
Objective
EC?{Vy} =v, Q :MM

i.e. maximize the expected log-utility of the terminal value of a self financing port-
folio, starting from an initial capital of Vi = v.
6.1.1 Dynamic programming

Recalling from section 5.1 the Dynamic programming algorithm (24) and prohibiting
here too short selling (which amounts to m € (0,1)), for the present example we
obtain

27



i)  Us(v) = logv

.. 4 5 T
Uy(v) = logov+ Z1og(1 2 (1 _ —)
it)  Up(v) ogy + max | og(1+m) + 5 los 5 }

= logv+ max G(m) = logv+ G(n7)
m1€(0,1)

iti) Up(v) = logv+ G(n}) + max G(m)
mp€(0,1)

= logv + G(n7) + G(7})

thereby obtaining the maximizing values 7} = 7} = %, i.e. (see also end of section

5.1) the optimal strategy requires investing in the risky asset in each period and in
every state simply the same fraction % of the wealth. Furthermore,

4 4 5 5 1 5
G(n)) = §log§+§logg = glog2—10g3+§log5

and the optimal value of expected utility is

2 10
logv + G(n5) + G(n}) = logv + glogQ —2log3 + ElogE)

6.1.2 Martingale method

Approach according to section 5.1.

From (25) we have that the optimal terminal wealth is

4 No 5 2—No
Vi=v| = 2
() )

2o if Ny=2

namely gov if Ny=1 (35)

Lo if Ny=0

and, according to (26), the optimal value of expected terminal utility is
E{u(V*)} =logv — 2plog <%> —2(1 —p)log G%Z)
= logv —§log (§) — ' log (5)
=logv — 3[log 3 — 2log 2] — [log 2 + log 3 — log 5]
=logv —2log 3 + %10g2+ %logS
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which coincides with that obtained by the DP approach.

Alternative elementary approach

It may be instructive to consider also the following direct elementary approach
(taken from [3]).

Let a, b, c,d be the four possible values of V5. The problem then becomes (re-
call that the objective function is an expectation under the real-world probability
measure, while the constraint is an expectation under the martingale measure)

max { £ loga + 2 logb + 2 logc + 22 log d}
sa+2b+2ct+3d=v
a,b,c,d >0
Using the technique of Lagrange multipliers to deal with the constraint, we have to
maximize
(gloga—l— +8—ilogc) —A (la%— gd)

and the necessary conditions lead to

¢ 161 A _ 16
1a o0 a=gA
201 2\ _ _ 10
1b_9_0 b_g)‘

=
201 2\ _ _ 10
sic o =V c=3A
251 4\ _ _ 2
sia o =V d_36/\

The “budget equation” reads as

16,20 20 25\,
81 81 81 "s1) " "

and implies
A=

The optimal expected value of terminal wealth is then
E{log V5'} =logv + (52 log ¥ + 22 log ¥ + 2 log 22)

=logv+ £ [410g2—210g3] Dlog 2 + log 5 — 21log 3]
[210g5 — 2log2 — 2log 3|

logv—|— 10g2— 162 log3—|— 1og5
= logv+%log2—2log3+%)log5
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Optimal investment strategy

From section 5.1 we already know that the optimal investment strategy requires
investing in the risky asset in each period and for every value of the underlying the
constant fraction of wealth

ol O‘%JrlSt _ (p—q)
oV (u—d)g(l-q)
lLe. m = % in line with the results of the Dynamic programming approach.

Optimal strategy : independent direct approach

In view of the approach that we shall use in the next subsection concerning the
trinomial model, we present here an independent direct approach to determine the
optimal investment strategy. This will also allow for better insight and for possible
comparison with the method of Dynamic programming.

Let (af,a?) be as before and denote by (¢, ;) the amounts invested in period ¢
in the risky and non-risky assets respectively, i.e. ¢; = alS;_1, 1; = o). Notice that,
while the optimal investment ratio does not depend on the value of the underlying,
the number of units and the amounts that are invested do and so below we make
explicit this dependence. We now perform a backwards recursion for each period and
for each possible value of the underlying risky asset. Recalling that we had supposed
So =1 and u = 2, we start from

i)t=1, 5 =2

Taking into account the requirement imposed on the strategy in the next-to-
last period and expressed in (27), as well as the optimal portfolio values in the last
period as expressed in (35), we obtain the system of equations (in (aj, a?) and (¢, ¥)
respectively)

403(2) + 05(2) = gv 205(2) + ¢(2) = Fo
=
a3(2) +a3(2) = Fv 562(2) +¢2(2) = Fv
having as solutions
ad(2) = 2 62(2) = tv
08(2) = S $al2) = S

and implying that the optimal portfolio value in period ¢ = 1 and with a price of the
underlying S7 = 2 is
12

ViH(2) = 2a5(2) 4+ a9(2) = ¢2(2) +12(2) = =

Denoting again by m; the fraction invested in the risky asset in period ¢, one has for
its optimal value in ¢t = 2

a3(2)S1 _ $(2) 1
Vi(2)  Vi(2) 3

™ (2) =
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independently of the choice of t and S and this coincides with the value that we had
already determined previously.
Next, recalling that we had assumed d = %, we perform the computations for

ii) t= 1, Sl - %
Proceeding analogously to the previous point i), we obtain the systems
ay(3) +a3(3) = gv 202(3) +va(3) = G
=
10(3) +a3(3) = v 202(3) + ¥a(3) = 50
Notice now that the system in (¢,) has the same left hand side as before in 1),
while the right hand side is multiplied by g. It follows that

1 1 5) 5 b
- )N = (b (2 M = [ —p 2
(@x(3):va(3)) = 3n(2).022) = 0,50
implying that the optimal portfolio value in period ¢ = 1 and with a price of the
underlying 57 = % is
1 1 1. 15
Vi'(5) = d2(5) +ia(5) = It

Again, if we compute the fraction invested in the risky asset we obtain as before for

its optimal value
1 5 181 1

*

M) =15 55" 3

Finally, we come to

iii) t =0, Sy =1

Taking into account the requirement imposed on the strategy in the generic period
t and expressed in (28), as well as the optimal portfolio values computed for ¢t = 1
in the previous two cases i) and ii), we obtain the system of equations

204(1) +af(1) = Fv 201(1) + (1) = Fo

s01(1) +0f(1) = o 301(1) + 11 (1) = v

and notice, again, that the system in (¢, ¥) has the left hand side the same as before

in 47), while the right hand side is multiplied by g. It follows that

(61(0), (1) = 2 (62(5). al5)) = (lv, gv)

33
and, as expected, the optimal portfolio value in period ¢ = 0 results in
Vi =
while the optimal fraction invested in the risky asset is
1
(1) = =
S =2

To conclude this direct approach notice that only one system of linear equations
had actually to be solved.
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6.2 Trinomial market model

We consider the following model with data analogous to the binomial model : let
the horizon be T'= 2 and Sy = 1. Furthermore,

r:O,u:2,m:1,d:%,
p1=p2=p3=%

and we have Q = {w! -+ w%} with
w' = (u,u), w?=(u,m), w=(u,d)
wt = (m,u), cee Wb = (m,d) (36)
W' = (d,u), e w? = (d,d)

andP{wi}:%, 1=1,---,9.

max E{log V5}
Objective _
EQ{Va} =v, @’ :extremal MM
namely it consists, again, in maximizing the expected log-utility of the terminal value
of a self financing portfolio strategy starting from an initial capital of V = v.

6.2.1 Dynamic programming

The procedure is completely analogous to that for the Binomial model, except that
here we have three possible states of nature. More precisely, we have

i)  Us(v) = logv

1 1 1
i) Up(v) = logv+rr}3x {glog(1+7r1)+§log1+510g<1—%)]

= logv+ %max [1og(1 + 1) + log (1 — %)]

1
= logv + 3 maxI'(m) = logv + gF(ﬁ)
T
iii) Up(v) = logv+ iI(77)

1 1 1 o
~log(1 Slog1+ < log (12
+ n}r%x[g og( +7T0)—|—30g + 3 log 5 }

= logv + %F(ﬂ) + %F(?TS)

thereby obtaining the maximizing values 7} = 75 = % so that, again, the optimal

strategy requires investing in the risky asset in each period and in every state the
same fraction of the wealth, this time equal to % Furthermore,

3 3
['(7}) = log 5t log 2

32



and the optimal value of expected terminal utility is
1 . » 1
logv + 3 (D(m5) + (7)) = logv — 5[6 log 2 — 4log 3]

6.2.2 Martingale method

According to section 3.2, we have four extremal martingale measures Q7 (j = 1,--- , 4)
and, having assumed m < 1+ r = 1, according to that same section we have (with
w' as in (36))

L) = fori #5 and Q'(w°) = 1
2(Wh) = fori # 2,8 and Q%(w?) = %, Q2(W8) = %
B TS I B

fori #1,3,7,9 and

Q(w') =0

Q*(w') =0 J
Q*(w') =0 fori#4,6 and Q3(w?)
@(w') =0 fo ,
Q') =5 QW)=35 Q=3 QHw?) =

Ol

Computation of the optimal value (Steps 1 and 2)

From (29) we have that the optimal terminal wealth is

Ve (1+7r)? 1
Z?:l AL Z?:l AL

where (see (30)) the values of \; satisfy the system (j =1,---,4)

. b QW)
E{ZZMQ} kz e } S ANQ(wk)

According to the values of Q7(w*) this becomes

) i
_1 [
v=1 }

A1
_1 11
V=79 ,\+,\}
1 |1 1
v=3 )\+)\}

4
I
O
o
_l’_
o
_l’_
o
_l’_
=
g,

implying that
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It follows (w* is as in (36))

Vi (wk) =

Q' (wF) + 2Q(wF) + 2Q3(wF) + 4Q*(wF)
and the optimal value of expected utility of terminal wealth is therefore

E{logV*} = logw
— 5 e log [QN(wh) + 2Q(WF) + 2Q% (W) + 4Q* (WF)]
= logv—%[logé+10g§+10g%+10g%+10g1
+ logs +log 3 +log 3 + log ]

= logv — §[18log2 — 12log 3]

Computation of the optimal strategy (Step 3)

Recalling that for our example we have taken the horizon to be 7' = 2, as in (27)
we have to start imposing that for all “states of nature”

oleST + Ckgv = VT =V*

with V* the optimal terminal wealth. Since for the trinomial model we have three
states of nature corresponding to £ being equal to u, m or d, we would end up with
three equations in the two unknowns (ai,al). However, according to what was
mentioned at the end of section 5.2, it suffices that

aySy +ay = V* (39)

holds in two of the states of nature.

We choose as states of nature (for the driving random process &, t = 0,1) the
following w* = (wf,wf) with w¥ € {u,m} = {2,1} (i.e. choosing for period t = 1
only the two alternatives u, m) and we verify afterwards that the condition (39), in
the form of (40) below, is then automatically satisfied also for wf = d = %

For the actual computations we follow a backwards recursion procedure as for the
independent direct approach of the previous section 6.1. Instead of (o}, ) we thus
determine equivalently (¢, 1), i.e. the amounts invested in the risky and non-risky

assets respectively and for which condition (39) becomes
$2(S1)wi +¥2(S1) = V*(wy) (40)

We start from
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i)t =1, S; =2 (corresponding to wy = u)
Taking into account the optimal portfolio values in the last period as expressed
in (38) with Q7(w¥) as in (37), we obtain the system of equations

205(2) +42(2) = V(') = 155 = v

$2(2) + 1a(2) = V(0?) = 5% = Sv

having as solution
3 3

¢2(2) = ZU ) ¢2(2) = ZU

and implying that the optimal portfolio value in period ¢ = 1 and with S; = 2 is
Vi¥(2) = 2v. For the optimal fraction of wealth invested in the risky asset we obtain

. 1
7T1(2) = 2

which is independent of the period ¢ and the value S of the underlying and coincides
with the value obtained by the method of Dynamic programming.

It remains to verify that the condition (40) is satisfied also for wf = d i.e. (see
(36)) for w3. We have in fact

%@(2) +1y(2) = gv =V (w?) o.k.

Next we perform the computations for

ii) t =1, 5] =1 (corresponding to wy = m)

Proceeding analogously to point ), this time we obtain the system

205(1) + tha(1) = V(') = 3% = 2o
(41)
62(1) + (1) = V() = v

Notice now that, as was the case with the independent direct approach in the Bi-
nomial model, the left hand side of the system in (¢, ) is as before in i), while the
right hand side is multiplied by % It then follows that

(62(1), 92(1)) = ~(62(2),42(2)) = (30, 30)

implying that the optimal portfolio value in period t = 1, and with a price of the
underlying S; = 1, is

V(1) = v
and that the optimal fraction of wealth invested in the risky asset in period t =1 is
1
* 1 —
(1) 5
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again as was obtained by the method of Dynamic programming.
We verify here too that the condition (40) is satisfied also for wf = d i.e. (see
(36)) for wb. We have in fact

S0) () = 0=V ok
We go on to

iii) ¢t =1, S; = § (corresponding to wy = d)

Noticing that

we can refer to (41) to obtain

(62(3). ta(3) = 261),t2(1) = (2o, 20)

implying that the optimal portfolio value in period ¢ = 1 and with a price of the
underlying 57 = % is

.3

2 =1

and that the optimal fraction of wealth invested in the risky asset in the given
situation is again

Vi(

mi(1) =

1
5
Verifying the condition (40) also for w¥ = d i.e. (see (36)) for w® we obtain

1 1 1 9
5@(5) + 1/12(5) =1V V(w?) o.k.

The last case is

iv)t=0,5 =1
Taking into account the requirement for the strategy (o}, a?) in the generic period
t expressed in (28) that for (¢, 1) and t = 0 becomes

G1(So)wh + 1 (So) = V*(wh) (42)

as well as the optimal portfolio values for period ¢ = 1 with S; = 2,1 (cases i) and
i1)) we obtain the system

201 (1) +1(1) = V4(2) = Jv

o1(1) + (1) =Vi(1) =wv

and notice that it is the same as for the case ¢t = 1,.5; = 1 in 4i) so that the solution

is, as there,
1 1

(p1(1),¥1(1)) = (5% 50)
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and, again as expected, the optimal portfolio value in period ¢ = 0 results in
Vi =v

while the optimal fraction invested in the risky asset is the constant value

We conclude by verifying also here that the condition corresponding to (28) for
period t = 0 is satisfied, namely

o) ()= J=Wi(y) ok
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