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Abstract

We introduce a stochastic partial differential equation which describes
the evolution of the investment performance process in portfolio choice
models. The equation is derived for two formulations of the investment
problem, namely, the traditional one (based on maximal expected utility
of terminal wealth) and the recently developed forward formulation. The
novel element in the forward case is the volatility process which is up to
the investor to choose. We provide various examples for both cases and
discuss the differences and similarities between the different forms of the
equation as well as the associated solutions and optimal processes.

1 Introduction

We introduce a stochastic partial differential equation (SPDE) arising in optimal
portfolio selection problems which describes the evolution of the value function
process. The SPDE is expected to hold under mild conditions on the asset price
dynamics and in general incomplete markets.

The aim herein is not to study questions on the existence, uniqueness and
regularity of the solution of the investment performance SPDE. These questions
are very challenging due to the possible degeneracy and full nonlinearity of the
equation as well as other difficulties stemming from the market incompleteness.
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They require extensive study and effort and are being currently investigated
by the authors and others. We stress that similar questions have not yet been
established even for the simplest possible extension of the classical Merton model
in incomplete markets, namely, a single factor model with Markovian dynamics
(see [45]).

Abstracting from technical considerations, we provide various representative
examples with explicit solutions to the SPDE for two different formulations
of the optimal investment problem. The first problem is the classical one in
which one maximizes the expected utility of terminal wealth. This problem has
been extensively analyzed either in its primal formulation via the associated
Hamilton-Jacobi-Bellman (HJB) equation in Markovian models or in its dual
formulation. However, once one departs from the complete market setting very
little, if anything, can be said about the properties of the maximal expected
utility, especially with regards to its regularity, the optimal policies and related
verification results.

The investment performance SPDE offers an alternative way to examine the
evolution of this process beyond the class of Markovian models. One might
think of it as the non-Markovian analogue of the HJB equation. Besides pro-
viding information for the maximal expected investment performance, it also
provides the optimal investment strategy in a generalized stochastic feedback
form. Analyzing the SPDE could perhaps lead to a better understanding of the
nature and properties of the value function as well as the optimal wealth and
optimal investment processes.

The second problem for which we provide the associated SPDE arises in an
alternative approach for portfolio choice that is based on the so-called forward
investment performance criterion. In this approach, developed by the authors
during the last years, the investor does not choose her risk preferences at a single
point in time but has the flexibility to revise them dynamically. Recall that in
the classical problem once the trading horizon is chosen the investor not only
can he not revise his preferences but he cannot extend his utility beyond the
initially chosen horizon either. For the new problem, the SPDE plays a very
important role, for it exposes in a very transparent way how this flexibility is
being modeled. Indeed, this is done via the volatility component of the forward
performance process. This input is up to the investor to choose. It represents
his uncertainty about the upcoming changes - from one trading period to the
next - of the shape of his current risk preferences.

As expected, the SPDEs in the traditional and the forward formulations
have similar structure (see (12) and (28)). However, there are fundamental
differences. In the first case, a terminal condition is imposed (see (13)) which
is in most cases deterministic. In other words, the solution is progressively
measurable with regards to the market filtration in [0,7") but degenerates to
a deterministic function at the end of the horizon. In contrast, in the second
formulation an initial condition is imposed and the solution does not degenerate
at any future time. Moreover, as we will discuss later on, in the classical utility
problem the investor’s volatility is uniquely determined while in the forward
case it is not.



A common characteristic of the traditional and forward SPDEs is the form
of the drift. Their drifts are uniquely determined once the volatility and the
market inputs are specified. One could say that there is similarity between
the investment performance SPDEs and the ones appearing in term structure
models.

The paper is organized as follows. In section 2 we describe the investment
model. In section 3 we recall the classical maximal expected utility problem
and derive the associated SPDE. In section 4, we provide examples from mod-
els with Markovian dynamics driven by stochastic factors. We also examine
the power and logarithmic cases. In section 5, we recall the forward portfolio
choice problem and, in analogy to the classical case, we derive the associated
SPDE. We finish the section by discussing the connection between the forward
investment problem and the traditional expected utility maximization one. In
section 6 we provide several examples. We start with the zero volatility case.
We then examine two families of non-zero volatility models. The first family in-
corporates non-zero performance volatilities that model different market views
and investment in terms of a benchmark (or different numeraire choice) while
the second family corresponds to the forward analogue of the stochastic factor
Markovian model.

2 The investment model

The market environment consists of one riskless and k risky securities. The risky
securities are stocks and their prices are modelled as Ito processes. Namely, for
i=1,...,k, the price S{, t > 0, of the i*" risky asset satisfies

d
S} = Sj | pidt + > _ol'dWy |, (1)

Jj=1

with S§ > 0, for i = 1,....,k. The process W; = (th,...,Wtd), t>0,is a
standard d—dimensional Brownian motion, defined on a filtered probability
space (2, F,P). For simplicity, it is assumed that the underlying filtration,
Fi, coincides with the one generated by the Brownian motion, that is F; =
o(Ws: 0<s<t).

The coefficients p} and o} = (of,...,08"),i = 1,..,k, t > 0, are Fy-
progressively measurable processes with values in R and R¢, respectively. For
brevity, we use o; to denote the volatility matrix, i.e. the d x k random ma-

trix <a{i) , whose i*" column represents the volatility o of the i** risky asset.

Alternatively, we write (1) as
dS; = S (pidt + o} - dWy) .
The riskless asset, the savings account, has the price process By, t > 0, satisfying

dBt = TtBtdt (2)



with By = 1, and for a nonnegative, F;—progressively measurable interest rate

process 7. Also, we denote by u, the k x 1 vector with the coordinates pi and

by 1 the k—dimensional vector with every component equal to one. The market

coefficients, p,, oy and ry, are taken to be bounded (by a deterministic constant).
We assume that the volatility vectors are such that

wy — el € Lin (UtT) ,

where Lin (Ut ) denotes the linear space generated by the columns of o} . This

implies that o7 (atT) (uy — 1) = p, — r, 1 and, therefore, the vector

A= (o) (y — 1) (3)

is a solution to the equation o x = p, — r;1. The matrix (UtT)+ is the Moore-
Penrose pseudo-inverse of the matrix o} . It easily follows that

UtUjAt = )\t (4)

and, hence, A; € Lin (o) . We assume throughout that the process \; is bounded
by a deterministic constant ¢ > 0, i.e., for all £ > 0, |\¢] < e

Starting at t = 0 with an initial endowment x € RT, the investor invests at
any time ¢ > 0 in the risky and riskless assets. The present value of the amounts
invested are denoted, respectively, by 79 and 7t , i =1, ..., k.

The present value of her aggregate investment is, then, given by X[ =
Zf:o 7t t > 0. We will refer to X™ as the discounted wealth generated by the
(discounted) strategy (w9, mf,..., 7). The investment strategies will play the
role of control processes. Their admissibility set is defined as

= {m : m; is self-financing and F; — progressively measurable (5)

t
withE(/ |087r82d8<oo) and X[ >0, t>0}.
0

Using (1) and (2) we deduce that the discounted wealth satisfies, for ¢ > 0,

szm—I—Z/ (nl— s ds—l—Z/ﬂ'a - dWs.

Writing the above in vector notation and using (3) and (4) yields
d)(tTr = Tt - (/‘Lt - Ttl) dt + oy - th = 0Tt - ()\tdt + th) s (6)

where the (column) vector, m, = (7}; i =1,...,k) .



3 The backward formulation of the portfolio choice
problem and the associated SPDE

The traditional criterion for optimal portfolio choice has been based on maximal
expected utility (see the seminal paper [32]). The key ingredients are the choices
of the trading horizon [0, 7] and the investor’s utility, u7 : RT — R at terminal
time 7. The utility function reflects the risk attitude of the investor at time T
and is an increasing and concave function of his wealth.

The objective is to maximize the expected utility of terminal wealth over ad-
missible strategies. We will denote the set of such strategies by Ar, a straight-
forward restriction of A on [0,7]. The maximal expected utility is defined as

V (z,t;T) = sup Ep (ur (X7)| Fe, Xt = ), (7

T

for (z,t) € RT x [0,T]. The function ur satisfies the standard Inada condition
(see, for example, [27] and [28]). We introduce the T-notation throughout this
section to highlight the dependence of all quantities on the investment horizon
at which the investor’s risk preferences are chosen.

As solution of a stochastic optimization problem, V (z,¢;T) is expected to
satisfy the Dynamic Programming Principle (DPP), namely,

V(:L',t;T):S;llpE]p(V(X;T,S;T)‘ft,Xt:Z'), (8)
T

for t < s < T. This is a fundamental result in optimal control and has been
proved for a wide class of optimization problems. For a detailed discussion
on the validity (and strongest forms) of the DPP in problems with controlled
diffusions, we refer the reader to [15] and [43] (see, also, [7], [11] and [30]). Key
issues are the measurability and continuity of the value function process as well
as the compactness of the set of admissible controls. It is worth mentioning that
a proof specific to the problem at hand has not been produced to date!.

Besides its technical challenges, the DPP exhibits two important properties
of the solution. Specifically, V (X[, t;T), is a supermartingale for an arbitrary
investment strategy and becomes a martingale at an optimum (provided certain
integrability conditions hold). Observe also that the DPP yields a backward in
time algorithm for the computation of the maximal utility, starting at expiration
with ur and using the martingality property to compute the solution for earlier
times. For this, we refer to this formulation of the optimal portfolio choice
problem as backward.

Regularity results for the process V (z,t;T) have not been produced to date
except for special cases. To the best of our knowledge, the most general result
for arbitrary utilities can be found in [29].

We continue with the derivation of the SPDE for the value function process.
For the moment, the discussion is informal, for general regularity results are

IRecently, a weak version of the DPP was proposed in [6] where conditions related to
measurable selection and boundness of controls are relaxed.



lacking. To this end, let us assume that V (z,¢; T) admits the It6 decomposition
dV (z,t;T) =b(x,t; T)dt + a(z,t;T) - dWy (9)

for some coefficients b (x,t;T) and a (x,t;T) which are F;—progressively mea-
surable processes.

Let us also assume that the mapping x — V (z,¢;T) is strictly concave and
increasing and that V' (x,¢; T') is smooth enough so that the Ito-Ventzell formula
can be applied to V (X[ ,t;T) for any strategy = € Ar. We then obtain

AV (XT,:T) = b(XT, 6:T) dt + a (X[, T) - dW,

PV (XT BT AXF 5 Ve (XTL6T) d(X7), + ap (X, 6T) - d (W, X7),
= (X 6T) +oeme - (Vo (X7, 6T) M+ ag (X7, 15 T))) dt
%vm (X7 6 T) o2 dt + (a (X7, 6:T) + V, (X7, 6:T) oymy) - AW,
= (b(X[, 6:T) 4 o¢me - ov0f (Vo (X7 6:T) M + ag (X7, 15T))

1
5 Ve (X7, 6:T) |am2) dt + (a (X7, t) + Vi (X, 4;T) oymy) - AW,

From the DPP we know that the process V (X[,¢;T) is a supermartingale for
arbitrary admissible policies and becomes a martingale at an optimum.
Let us now choose as control policy the process

=7, (X[, 67T)

where the feedback process in the right hand side (denoted by a slight abuse of
notation by 7} (x,¢;T)) is given by

. Ve (2,6, T) N + 0407 ag (z,4;T)
7 (o, ;T) = —of Vo (@ t]t”) ,

(10)

where X; is the wealth process generated by (6) with 7} being used. It is
assumed that 7} € Ap. It is easy to check that n} is the point at which the
quadratic expression appearing in the drift above achieves its maximum and,
moreover, that the maximum value at this point is given by

1
3 Ver (X6 T) lovmy |+ ovry - o) (Ve (X[ 6T) N + ag (X7,1)

1 Ve (X7 5T M+ ovof an (X7, 6T)|
2 Voo (X5, 6T) )
We, then, deduce that the drift coefficient b (z, ¢;T) must satisfy

1 ‘Vw (2, t;T) \¢ + 040/ a, (z, t;T)’2
2 Ve (z,8T)

b(z,t;T) =



Combining the above leads to the SPDE

1|Ve (2,6 T) N\ + 000 aq (@, t; T)’2

dt +a(z,t;T)-dW, (12)

with
V(z,T;T) = ur (). (13)

To the best of our knowledge, the above SPDE has not been derived to date.
For deterministic terminal utilities, the volatility a (x, t; T') is present because of
the stochasticity of the investment opportunity set, as the examples in the next
section show.

The optimal feedback portfolio process 7} consists of two terms, namely,

*,m Vz (Z‘,t,T) + *h 4 Qg (Z‘,t,T)

m = —7vm @t T) oy A and 7 = —o0y Vot D) @t 1)
The first component, 7;"™, known as the myopic investment strategy, resembles
the investment policy followed by an investor in markets in which the investment
opportunity set remains constant through time. The second term, ’h, is called
the excess hedging demand and represents the additional (positive or negative)
investment generated by the volatility a (z,¢; T) of the performance process V.

4 Examples: Markovian stochastic factor mod-
els

Stochastic factors have been used in portfolio choice to model asset predictability
and stochastic volatility. The predictability of stock returns was first discussed
in [13], [14] and [16] (see also [1], [8], [42] and others). The role of stochastic
volatility in investment decisions was first studied in [3], [16], [17], [20] (see also
[9], [24], [31] and others). There is a vast literature on such models and we
refer the reader to the review paper [45] for detailed bibliography, exposition of
existing results and open problems.

4.1 Single stochastic factor models

There is only one risky asset whose price S;, t > 0, is modelled as a diffusion
process solving
dS; = 11 (Yy;) Sydt + o (Yy) SpdWE, (14)

with Sy > 0. The stochastic factor Y;, ¢t > 0, satisfies
aY, =b(Yi)dt +d(Yi) (paW} + /1= p2dW?), (15)
with Yy =y, y € R. It is assumed that p € (—1,1).

The market coefficients f = p,0,b and d satisfy the standard global Lip-
schitz and linear growth conditions |f (y) — f (§)] < K|y — 9| and f2(y) <



K (1 + y2) , for y, 7 € R. Moreover, it is assumed that the non-degeneracy con-
dition o (y) > 1> 0, y € R, holds.

It is also assumed that the riskless asset (cf. (2)) offers constant interest rate
r > 0.

The coefficients appearing in (12) take the form

or=(0(V,),00" | of = (@,0) and A\, = <“EIYE;;T,0>T. (16)

We easily see that condition (4) is trivially satisfied.
The value function is defined as

U(fﬂ,yat;T):SXPEIP(UT(XTNXtZx,YEZy)a (17)

T

for (z,y,t) € RT xR x [0,T] and Az being the set of admissible strategies.
Regularity results for the value function (17) for general utility functions have

not been obtained to date except for the special cases of homothetic preferences

(see, for example, [26], [33], [40] and [44]). We, thus, proceed with an informal

discussion for the associated HJB equation, the form of the process V' and the
optimal policies. To this end, the HJB turns out to be

v+ max <;02 (1) ™00 + 7 (1 (y) ve + po (y) d (y) vxy)) (18)

1
+§d2 (y) Vyy +b (y) vy =0,

with v (2,9, T;T) = ur (z), (x,y,t) € RT x Rx [0,7].
Its solution yields the process V', namely, for 0 <t < T,

Ve, t;T) =v(x, Y, ;7). (19)
We next show that V (x,t;T) above solves the SPDE (12) with volatility vector
a(z,t;T) = (a1 (z,t;T) ,as (z,t;T))
with
ar (z,t;T) = pd (Yy)vy and ag(z,t;T) = /1 — p2d (Y1) vy, (20)

where the arguments of v, have been suppressed for convenience.
Indeed, using (19), (16), (20) and Itd’s formula yields

av (z,t;T)
1
- (vt (z,Ye, t:T) + 5d(yt)%w (2,Y2, 6;T) + b (Y1) v, (x,Yt,t;T)> dt

T (pd(Yt)vy (2, Y, t; T) /1 — p2d (Yy) v, (az,Yt,t;T)) AW,



1 1
= —5 max (202 (V;) 70,0 (3, Yy, t;T)

7 (1 (Y3) vy (@, Y, 5 T) + po (V3) d (Y7) vy (2, Vi 7)) dt

n (pd(y;)vy (2, Y, t; T), /T — p2d (V) v, (m,y;,t;T)) AW,

(1 (Ye) 0 (2, Y3, 6 T) + po (Vi) d () vay (3,2, 5T)° |
Vae (2, Y, 15 T)

T (pd(Yt)vy (2, Y, ;) , /1 — p2d (Yy) v, (az,Yt,t;T)) AW,

1 |Vl (z,t;T) N\ + 0¢0; a, (a:,t)|2

2 Vew (z,8,T)
The optimal feedback portfolio process for ¢ < s < T is obtained from
(10). We easily deduce that it coincides with the feedback policy (evaluated at

Ys) derived from the first order conditions in the HJB equation. Indeed, for
t<s<T,

)

dt +a(z,t;T) - dW;.

+ Ve (1'7 S; T) As + Uso—jam (SC, 5§T)

s (z,8T) = —0

s Vew (2,8, T)
0 (Ye) Vaw (2, Ys,5T) "0 (Ya) Ve (2, Yy, 5, T)
=7"(x,Ys,8,T)

where 7 : RT x Rx [0,7] is given by

™ (2,y,;T) = argmax (;02 (y) T2 000 + 7 (11 (y) 02 + po (y) d (y) ny)) :

Next, we present two cases for which the above results are rigorous. Specifi-
cally, we provide examples for the most frequently used utilities, the power and
the logarithmic ones. These utilities have convenient homogeneity properties
which, in combination with the linearity of the wealth dynamics in the control
policies, enable us to reduce the HJB equation to a quasilinear one. Under a
"distortion" transformation (see, for example, [44]) the latter can be linearized
and solutions in closed form can be produced using the Feynman-Kac formula.
The smoothness of the value function and, in turn, the verification of the optimal
feedback policies follows (see, among others, [24], [25], [26], [31] and [44]).



4.1.1 The CRRA case: ur (z) = %aﬂ, 0<~vy<1,v#0.
The value function v (cf. (17)) is multiplicatively separable and given, for

(z,y,t) € RT x Rx [0,T], by

1 k) 17")/
v(z,y, t;T) = -2 f (y,t;17)°, = —————, 22
(@95T) = a7 (5. :7) e (22)

where f : Rx [0,7] — RT solves the linear parabolic equation

ot 580 f+ (50) 4o A AW) (23)
N,
+2u—w ) ;=0

with f (z,y,T;T) = 1. The value function process V (z,¢;T) is given by
1 5
Vi(z,t;T) = —a" f (Y1, t;T)",
Y

with f solving (23) and ¢ as in (22). Direct calculations show that it satisfies
the SPDE (12) with volatility components (cf. (20))

a1 (z,:T) = pad (V) f, (Yo, 5 T) f (Y, ; T)°
(24)
as (2,6, 1) = /T= p?La7d (V) f, (Yo, 5 T) f (Y, 6 7).
The optimal feedback portfolio process is given for ¢ < s < T by (10), namely,

Vel(z,s5T) N+ o0s0fa, (x,5T)
s Ve (2,8 T)

B XC [\ N i 0
oY) =7) "o (Yo)(A—v+p*) f(YesT) )
which is in accordance with (21) and (22).

s (z,8,T) = —0

4.1.2 The logarithmic case: wur (z) =Inz, > 0.

The value function is additively separable, namely,
v(z,y, t:T) =Inz+h(y,t;7T),
with h : Rx [0,7] — R* solving
1 1
hy + §d2 (Y) hyy +0(y) hy + 5)‘2 (y)h=0 (25)
and h (y,T;T) = 1. The value function process V (z,¢;T) is, in turn, given by

Ve, t;T)=lnz + h(Ys, ;7).

10



We easily deduce that it satisfies the SPDE (12) with volatility vector

ai (z,4;T) = phy (Ye,t;T) and as (z,t;T) = /1 — p?hy (Y, t;T) .

Observe that because the volatility process does not depend on wealth, the
excess risky demand is zero, as (10) indicates. Indeed, the optimal portfolio

process is always myopic, given, for t < s <T, by 7§ = 2%;)(;" with

S 1 S
X¥=uwmwexp (/ 5)\2 (Yy) du +/ A(Yy) dWi) .
t t

The logarithmic utility plays a special role in portfolio choice. The optimal
portfolio is known as the "growth optimal portfolio" and has been extensively
studied in general market settings (see, for example, [4] and [23]). The associated
optimal wealth is the so-called "numeraire portfolio". It has also been exten-
sively studied, for it is the numeraire with regards to which all wealth processes
are supermartingales under the historical measure (see, among others, [18] and

[19]).

4.2 Multi-stochastic factor models

Multi-stochastic factor models for homothetic preferences have been analyzed
by various authors. The theory of BSDE has been successfully used to charac-
terize and represent the solutions of the reduced HJB equation (see [12]). The
regularity of its solutions has been studied using PDE arguments in [33] and
[40], for power and exponential utilities, respectively. Finally, explicit solutions
for a three factor model can be found in [31]. Working as in the previous ex-
amples one obtains that the value function process satisfies the SPDE (12) and
that the optimal policies can be expressed in the stochastic feedback form (10).
These calculations are routine but tedious and are omitted for the sake of the
presentation.

5 The forward formulation of the portfolio choice
problem and the associated SPDE

In the classical expected utility models of terminal wealth, discussed in the
previous section, one chooses the investment horizon [0, 7] and then assigns the
utility function up (x) at the end of it (cf. (7)). Once these choices are made,
the investor’s risk preferences cannot be revised. In addition, no investment
decisions can be assessed for trading times beyond T

Recently, the authors proposed an alternative approach to optimal portfolio
choice which is based on the so-called forward investment performance criterion
(see, for example, [38]). In this approach the investor does not choose her
risk preferences at a single point in time but has the flexibility to revise them
dynamically for all trading times. Investment strategies are chosen from the

11



set A defined in (5). A strategy is deemed optimal if it generates a wealth
process whose average performance is maintained over time. In other words,
the average performance of this strategy at any future date, conditional on
today’s information, preserves the performance of this strategy up until today.
Any strategy that fails to maintain the average performance over time is, then,
sub-optimal.

Next, we recall the definition of the forward investment performance. This
criterion was first introduced in [34] (see also [35]) in the context of an incomplete
binomial model and subsequently studied in [36], [37] and [38]. A rich class of
such processes which are monotone in time was recently completely analyzed in
[39].

We note that the definition below is slightly different than the original one
in that the initial condition is not explicitly included. As the example in section
6.1 shows, not all strictly increasing and concave solutions can serve as initial
conditions, even for the special class of time monotone investment performance
processes (see (40) in Remark 2). Characterizing the set of appropriate initial
conditions is a challenging question and is currently being investigated by the
authors. Another difference is that, herein, we only allow for policies that keep
the wealth nonnegative. Going beyond such strategies raises very interesting
questions on possible arbitrage opportunities which are left for future study.

Definition 1 An F;—progressively measurable process U (x,t) is a forward per-
formance if fort >0 and x € R :

i) the mapping © — U (z,t) is strictly concave and increasing,

i) for each w € A, E(U (XT,t))" < o0, and

iii) there exists m* € A, for which
E(U(X;f*,s) \]-"t):Ut (X;”,t), s>t (27)

It might seem that all this definition produces is a criterion that is dy-
namically consistent across time. Indeed, internal consistency is an ubiquitous
requirement and needs to be ensured in any proposed criterion. It is satisfied,
for example, by the traditional value function process. However, the new crite-
rion allows for much more flexibility as it is manifested by the volatility process
a (z,t) introduced below. The volatility process is the novel element in the new
approach of optimal portfolio choice.

We continue with the derivation of the SPDE associated with the forward
investment performance process. As in section 3 we proceed with informal
arguments and present rigorous results in the upcoming examples. To this end,
we consider a process, say U (z,t), that is F;—progressively measurable and
satisfies condition (i) of the above definition. We also assume that the mapping

12



x — U (z,t) is smooth enough so that the Ito-Ventzell formula can be applied
to U (X7, t), for any strategy = € A and that E (U (X7,t))" < 400, t > 0.
Let us now assume that U (z,t) satisfies the SPDE

1 ‘Ux (z,t) N\ + 0407 ap (z, t)|2
2 Uge (2,t)

dU (z,t) = dt + a (z,t) - dWy, (28)
where the volatility a (x,t) is an F;—progressively measurable, d—dimensional
and continuously differentiable in the spatial argument process.

We fist show that under appropriate integrability conditions U (X[,t) is
a supermartingale for every admissible portfolio strategy. Indeed, denote the
above drift coefficient by

2

1 ‘Um (z,t) \¢ + 010] a, (z, t)|
2 Upy (z,1)

b(x,t) =

and rewrite (28) as
dU (z,t) = b(x,t) dt + a (x,t) - dW.

Consider the wealth process X™ (cf. (6)) generated using an admissible strategy
7. Applying the Ito-Ventzell formula to U (X[, t) yields

dU (XT,t) = b(XT,t)dt +a(XF,t) - dW,
1
Uy (X7, 8) AX] + 5Use (X7 1) d (X7), + az (X7 1) - d (W, X7),

1
= (b (X7 1)+ oemy - (Un (X7 8) M a (X)) + U (X7 8) |am|2) dt
+(a (X7, 1) + Uz (X[, 1) o¢mry) - AW
1
= <b (X7 t) + ovme - orof (U (X7, 8) A + aw (X7, 1)) + 5 Ure (XT,1) |am|2) dt

+ (a (X7, t) + Uy (X[, 8) oymry) - AW

1 Up (XF,t) N + ag (XF, 1)
— 7[]$m Xﬂ' t + € t €T t
2 ( b ) ot 7t Umx (XtTr’ t)

+ (a (X;T,t) + UT (er,t) O'tﬂ't) . th

and we conclude using the concavity assumption on U (z, ).
We next assume that the stochastic differential equation

it (29)

Us (X5,8) Mt 4+ 0407 ag (X7, t)

X5 = —
dX; Use (X[, 1)

- (Aedt + dWh) (30)
has a nonnegative solution X;, ¢ > 0, with Xy = z, z € R* and that the
strategy 7}, t > 0, defined by

¥ = _O_+Um (X:?t)At + ag (Xt*at)
t t Use (X[, 1)

(31)
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is admissible. Notice that X; corresponds to the wealth generated by this
investment strategy.

From (29) we then see that U (Xt ,t) is a martingale (under appropriate
integrability conditions).

Using the supermartingality property of U (X[, t) and the martingality prop-
erty of U (X, ,t) we easily deduce that if U (z, t) solves (28) then it is a forward
investment performance process. Moreover, the processes X; and 7}, given in
(30) and (31), are optimal.

The analysis of the forward performance SPDE (28) is a formidable task.
The reasons are threefold. Firstly, it is degenerate and fully nonlinear. More-
over, it is formulated forward in time, which might lead to "ill-posed" behavior.
Secondly, one needs to specify the appropriate class of admissible volatility
processes, namely, volatility inputs that yield solutions that satisfy the require-
ments of Definition 1. This question is challenging both from the modelling as
well as the technical points of view. Thirdly, as it was mentioned earlier, one
also needs to specify the appropriate class of initial conditions.

Addressing these issues is an ongoing research project of the authors and
not the scope of this paper. Herein, we only construct explicit solutions for dif-
ferent choices of the volatility process a (x,t). These choices provide a rich class
of forward performance processes which exhibit several interesting modelling
features.

The initial condition represents the investor’s current performance criterion.
The volatility process a(x,t) represents the uncertainty about the future shape
of this criterion. From the modelling perspective, one can see an analogy to term
structure, where the initial condition is the current forward curve as traded in
the market, while the volatility captures the way the curve moves from one day
to the next. However the analogy stops here. One has to develop different
methods to recover the initial condition and to specify the volatility a(x,t) for
the investment problem governed by (28).

We stress the fundamental difference between the volatility processes of the
investment performance criteria in the backward and the forward formulation.
In the backward case, the volatility is uniquely determined through the back-
ward construction of the maximal expected utility. The investor does not have
the flexibility to choose this process (see for instance example 4.1.1 and the
volatility components (24)). In contrast, in the forward case, the volatility
process is chosen by the investor; as examples in section 6.2 show.

5.1 Stochastic optimization and forward investment per-
formance process

The intuition behind Definition 1 comes from the analogous martingale and
supermartingale properties that the traditional maximal expected utility has,
as seen from (8).

However, there are two important observations to make. Firstly, the anal-
ogous equivalence between stochastic optimization and the martingality and
supermartingality of the solution in the forward formulation of the problem has
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not yet been established. Specifically, one could define the forward performance
process via the (forward) stochastic optimization problem

U(z,t)=supE (U (X7,s)| F, X7 =x),
A

for all 0 < ¢t < s and with the appropriate initial condition. Characterizing its
solutions poses a number of challenging questions, some of them being currently
investigated by the authors®’. From a different perspective, one could seek an
axiomatic construction of a forward performance process. Results in this direc-
tion, as well as on the dual formulation of the problem, can be found in [46] for
the exponential case.

The second observation is on the relation between the forward performance
process and the classical maximal expected utility. One would expect that in
a finite trading horizon, say [0,7], the following holds. Define as utility at
terminal time the random variable ur (x) € Fr given by

ur (x) =U (z,T),

with U (z,T) being the value of the forward performance process at T. Solve,
for 0 <t < T, the stochastic optimization problem of state-dependent utility

V(z,t;T) =sup FE (ur (X7)| Fe, Xt = ) (32)
Ar

(see, among others, [10], [21], [22] and [41]). Then, for 0 < t < T, the classical
value function process and the forward investment performance process coincide,

Uz, t) =V (z,6;T).

6 Examples

In this section we provide examples of forward investment performance processes
which satisfy the SPDE (28). We first look at the case of zero volatility. We then
examine two families with non-zero volatility. The examples in the first family
(examples 6.2.1, 6.2.2 and 6.2.3) build on the zero volatility case. The second
family yields the forward analogue of the stochastic factor model presented for
the backward case in example 4.1.

We note that the fact that a process solves the SPDE (28) does not automat-
ically guarantee that it satisfies Definition 1, for there are additional conditions
to be verified. One can show that the solutions presented in examples 6.2.1,
6.2.2 and 6.2.3 indeed satisfy these conditions; we refer the reader to [39] for all
technical details.

2While preparing this revised version, the authors came across the revised version of 2]
where similar questions are studied for the nonnegative wealth case.
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6.1 The case of zero volatility: a(z,t) =0
When a (z,t) = 0 the SPDE (28) reduces to

12U (,t)°
dU (z,t) = = | M| —"—<dt.
ety = M g @
In [38] it was shown that its solution is given by the time-monotone process
U (z,t) =u(x, As), (33)

where u : RT x [0, +00) — R is increasing and strictly concave in z, and satisfies
the fully nonlinear equation
1 u?
U = ———.
2 Ugy

(34)

The process A; is given in (39) below. In a more recent paper, see [39], it
was shown that there is a one-to-one correspondence between increasing and
strictly concave solution to (34) and strictly increasing positive solutions h :
Rx [0,+00) — R* to the heat equation

1
he + §hm =0. (35)
Specifically, we have the representation
+oo eyz—iyzt
hwt) = [ ) (36)
o+ Y

of strictly increasing solutions of (35) and

1 (" - : S
u(x,t) = —5/0 e~ V@ (h(_l) (x,s),s) ds—l—/o e h V(0 g, (37)

for strictly concave and increasing solutions of (34). The measure v appearing
above is a positive Borel measure that satisfies appropriate integrability condi-
tions. We refer the reader to [39] for a detailed study of this measure and the
interplay between its support and various properties of the functions A and u.
The optimal wealth and portfolio processes are given in closed form, namely,

X:=h (h<—1> (2,0) + A, + M, At) and 7 =h, (h<—1> (X7, A) ,At) ot A,
(38)
where the market input processes A; and M;, t > 0, are defined as

t t
At:/ IAs|*ds and Mt:/ A - dW. (39)
0 0

Remark 2 Formulae (37) and (36) indicate that not all concave and increasing
functions can serve as initial conditions. Indeed, from (33), (37), (36) and (39),
we see that the initial condition U (x,0) must be represented as

U(m,()):/ e TVEOg  with h(x,t)z/
0 0

+o0 evT

o vy, @)
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Remark 3 One could choose the volatility to be a(x,t) = ki, with the process
ki being Fi—progressively measurable and independent of x, U and its deriva-
tives). This case essentially reduces to the one with zero volatility. Indeed, we
easily conclude that the process

U(z,t) =u(x, A) + /Ot ks - dWs, (41)

with u and Az, t >0, as in (34) and (89) solves (28). The optimal investment
and wealth processes remain the same as in (38) above.

6.1.1 Single stochastic factor models

This is the same model as in section 4.1. Using (33) we see that the forward
performance process is given by

Ulz,t)=u (x/ot A (Ys)ds) (42)

with u solving (34). Using (38) and (37) one deduces that the optimal portfolio

process is given by
_ Uy (nga At)
Uy (Xt*v At)

*
T =

The calculations are tedious and can be found in section 4 of [39].

Notice that the optimal portfolio (43) is purely myopic even though the
investment opportunity set is stochastic. This is because the investor’s per-
formance process was chosen to be zero. This is in contrast with the one in
(21). We also observe that the investment performance process U in (42) is of
bounded variation while the one in (19) is not.

6.2 Cases of non-zero volatility

We start with three cases of non-zero volatility. Two auxiliary process are
involved, ¢, and d¢, ¢ > 0. They are both independent of wealth and are taken
to be F;—progressively measurable and bounded by a deterministic constant. In
addition, it is assumed that §; satisfies, similarly to the process A, the condition
0107 0; = & (cf. (4)) and, thus, §; € Lin (o). Because the third case is the
combination of the first two, we provide the complete calculations therein.

We conclude with a fourth case which is the forward analogue of example
4.1.

6.2.1 The market view case: a (z,t) = U (z,1) ¢,
The forward performance SPDE (28) simplifies to

1 ‘Um (x,t) ()\t + ata?%) ’2

dU (z,t) = 5 0.0 (o.)

dt + U (x,t) ¢, - dWy.
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It turns out (see example 6.2.3 for §; = 0, ¢ > 0) that the process
Uz, t) =u(x,At) Zt,
with u satisfying (34), Z;, t > 0, solving
dZy = Zyp, - AWy with Zy =1 (44)

and A; = fg IAs + 050t | ds satisfies (28).

One may interpret Z; as a device that offers the flexibility to modify our
views on asset returns. For this reason, we call this case the "market-view"
case.

Using (31) we obtain that the optimal allocation vector, 7}, ¢ > 0, has the
same functional form as (43) but for a different time-rescaling process, namely,

Uz (X3, Ay
Ugy (X:a At)

*_
Ty =

O';r ()‘t + @t) )

with A;, ¢ > 0, as above. It is worth noticing that if the process ¢, is chosen
to satisfy ¢, = —A\;, solutions become static. Specifically, the time-rescaling
process vanishes, A; = 0, and, in turn, the forward performance process becomes
constant across times. The optimal investment and wealth processes degenerate
mf =0 and Xt"* =z, t>0.In other words, even for non-zero )\, the optimal
policy is to allocate zero wealth in every risky asset and at all times.

6.2.2 The benchmark case: a(z,t) = zU; (z,1) 04
The forward performance SPDE (28) simplifies to

Uz (z,1) (Nt — 0¢) — 2Ups (,1) (MQ
U:EZ

dU (z,t) = dt — 2U, (x,t) ¢ - dWh.

N =

—

One can verify (see example 6.2.3 for ¢, =0, ¢t > 0) that the process

U(z,t)=u (;,At> ,

with Y3, £ > 0, solving

and A; = fg |As — 85|% ds satisfies (28).
One may interpret the auxiliary process Y; as a benchmark (or numeraire)
with respect to which the performance of investment policies is measured.
Next, we define the benchmarked optimal portfolio and wealth processes,
. } X;

7r=-t and X;= v, (46)
t
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Then, 7} is given by (cf. (49) for ¢, =0),

Ug (Xt*7 At

7?::)2:0?5,5— Jj()\t_(st)a

Uz (Xt*; At)
with A, as above with X solving
Ug (Xt*7 At)

dXt* - _Um (Xt*vAt)

(At = 80) - (A — 64) dt + dW) .

6.2.3 The combined market view/benchmark case: a(z,t) = —zU, (z,t) s+
U ((t, t) Pt

The forward performance SPDE (28) becomes
1 |Uz (x,t) ()\t + O'tO'jQOt - 5t) - Z'Umz (Z’,t) 6t|2
2 UI$

+ (—2Uy (z,t) 8 + U (z,t) ) - dWs.

U (z,t) = at (47)

We introduce the time-rescaling process A; = fof As + 050, — 65\2 ds.
We define the process

T

U(z,t) = u <Yt,At) Z (48)

with u solving (34) and Y; and Z; as in (45) and (44). We claim that it solves
(47). Indeed, expanding yields

dU (z,t) = <du (;,At>> Zi+u (;,At> dZ; + d<u (;,A) ,Z>t.

Moreover,

T T T T 1 T T
ToA) == z LA dAt g, (o A ) d (2
du(Yt’At> Ug <Yt’At>d<Yt>+ut <Yt7 t)d t+2U (Yt t>d<Y>t

and

T

d (Yt> - —%@ (A = 80) dt + dW) .

Consequently,
T T T
d<u (?714) 7Z>t = _?tux (K7At) Ztét : (ptdta
U < At) dZy = u ( At) Zypy - dWy = U (,t) p, - AW,

}/t7
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and

x X xZ

2
T 2 1 T T
+uy (Yt’At) Zy | M+ oot o, — 0| dt + 3 Uax (th‘lt) Zy —Z@ dt.
We then deduce that
T T
dU (z,t) = _?tum <th4t) Zi0t - (At + 0y — 0) dt
v (2 4) Ze e+ oot on— G2t Sune (A ) 20|~ L "
tY—tvttt t0y Pt t QthyttY%t

x X
—+ (—)/tUm (Yt,At> Zt(st + U (x’t) wt) : th

= —zU, (x,t) 6 - (/\t + o0 @, — 51&) dt

1 U2 (x,t)
+77
2Upy (z,1)
(—2U (2,t) 6: + U (x,t) @,) - AW,

1
M+ ool oy = 0] db 4 S Ui (2,) 6 dt

1 Uz (2,t) (A + 000 @ — 61) — aUsq (1) 64|
2 Uz (2,1)
+ (—2Us (2,t) 6¢ + U (2,1) @4) - AW,

where we used (34). The optimal benchmarked policies 7} and X} are defined

as in (46). Using (21) and (48) we deduce, after some routine but tedious
calculations, that

2
dt

- Uy (X;EkvAt
T = X[/ 0 — ——r——5 0 N+ — ) (49)
Uz (Xt*a At)
where X solves
Uy X:, At
d)(,;|< = — ( ~ ()‘t -+ O'to'jgﬁt - 615) . (()\t — (St) dt + th) (50)
Uy (Xt*aAt>
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6.2.4 Single stochastic factor models

This is the forward analogue of example 4.1 Consider a single stock and a
stochastic factor satisfying (14) and (15). Let w : Rx [0, +00) — R satisfying
the (forward) HJB equation

1
et s (30% () Puas 4 7 (0 @)+ po AW ) 6D
Lo
+§d (y) wyy + b (y) wy =0,
for an appropriate initial condition w (y,0). Then, for ¢ > 0, the process
U(x,t) =w(z,Y:,t) (52)

satisfies the SPDE (28) with volatility vector a (z,t) = (ay (z,t) , a2 (z,t)) with

ar (z,t) = pd (Yi)wy (y,1)  and ag (2,t) = V1 = p?d (Vi) wy (y,1).

Notice the main differences between forward investment process (52) and (48).
Firstly, they are constructed by deterministic functions, w and wu, that solve
different pdes. Secondly, the investment performance process in (52) does not
involve time-rescaling while the one in (48) does.
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