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Abstract

This paper studies an optimal forward investment problem in an in-
complete market with model uncertainty, in which the underlying stocks
depend on the correlated stochastic factors. The uncertainty stems from
the probability measure chosen by an investor to evaluate the perfor-
mance. We obtain directly the representation of the homothetic robust
forward performance processes in factor-form by combining the zero-sum
stochastic differential game and ergodic BSDE approach. We also estab-
lish the connections with the risk-sensitive zero-sum stochastic differential
games over an infinite horizon with ergodic payoff criteria, as well as with
the classical robust expected utilities for long time horizons. Finally, we
give an example to illustrate that our approach can be applied to address
a type of robust forward investment performance processes with negative
realization processes.
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1 Introduction

The aim of this paper is to study optimal investment evaluated by a forward
performance criterion in a stochastic factor market model, in which the prob-
ability measure that models future stock price evolutions is ambiguous. The
forward performance process, as an adapted stochastic dynamic utility evolving
forward in time, has been introduced and developed in [41]-[45] (see also [24]
and [55], and more recently [2], [3], [6], [12], [23], [28], [33], [37], [39] and [51]).
This new concept differs from the classical expected utility function, in which
the objective is to solve a stochastic control problem in a backward way via dy-
namic programming principle. One of the advantages of forward performance
processes is allowing the investor to consider optimal investment problems with
arbitrary horizons. As such, it provides a useful complement and a natural
extension to the classical expected utility function.

Recall the classical expected utility theory for the optimal portfolio selection is

sup EplU(X7)],

where 7 is the portfolio choice, P is a probability measure that is used to mea-
sure the evolutions of stock prices, 7' is the terminal horizon, and U is a fized
utility function at time 7. In spite of the popularity of expected utility theory,
there has been some criticism of it. One of them is the fact that it is not sat-
isfactory in dealing with model uncertainty (also called Knightian uncertainty)
as predicted by the famous Ellsberg paradox. In fact, an investor frequently
faces significant ambiguity about the probability measure P to evaluate the in-
vestment performance. In finance, [40] argued that the (perceived) failures of
the dominant paradigm, for example, in the context of the recent crisis, are due
to inadequate attention paid to the kind of uncertainty faced by agents and
modelers.

One possible way to address this problem is to use the concept of robust utility,
which was introduced to account for uncertain aversion. It can be numerically
represented by the following form

X — inf Ep[U(X)],
PEP

where P is a family of probability measures describing all the possible prob-
abilities of future scenarios and the infimum means the worst-case scenario is
implemented. Robust utility maximization in the optimal investment problems
has been widely investigated under different situations with different approaches,
among others, a stochastic control method in [I0] 26], a stochastic differential
game approach in [48], a duality method in [49]. For more details on various
portfolio selection problems, we refer to [II 14, 20} 211, 27, 53, [54] and the refer-
ences therein. In particular, we refer to [30] 3T} [32] for the review of the recent
advancements in robust investment management.



In this paper, we consider the ambiguity of the probability measure under the
framework of forward performance processes in incomplete markets. We propose
a framework that solves directly the above problem in a unified manner, com-
bining the zero-sum stochastic differential game and ergodic backward stochastic
differential equation (BSDE) theory. The concept of robust forward performance
processes was recently introduced in [34], by using a penalty function to weight
relatively the probability models such that they are more in line with the ac-
tual market. They obtained the characterization of the robust forward criteria
via a duality approach. See also [I3] for an extension to uncertain parameters.
However, both papers only consider robust forward performance processes with
zero volatility, in particular, the Markovian case for the stochastic factor model
is not covered. In this paper, we consider the Markovian robust forward perfor-
mance process in a stochastic factor model. The approach is different from the
duality approach used in [34] and the saddle point method used in [I3]. Next,
we briefly introduce our framework and explain our major contributions.

We construct the robust forward performance process via a two-player zero-sum
stochastic differential game. In our model, the ambiguity of the probability mea-
sure is described via a family of equivalent probability measures parameterized
by a density process w in a compact and convex set (see (@)). We parameterize
the robust forward performance process by the density process u. This general-
izes the original definition of the robust forward performance process introduced
in [34] with penalty functions as a special class of parametrization. We refer to
Definition @] and Remarks for more details.

To robustify the optimal investment, the investor will select the best investment
portfolio that is least affected by the model uncertainty, whereas the nature of
the market acts to minimize the expected forward preference by choosing the
worst-case scenario. This leads to a two-player zero-sum stochastic differential
game between the investor and the market, where each player’s decision (strat-
egy) depends on the counterparty’s action (control) she has observed. Therefore,
the concept of “strategy” corresponding to the “control” will play a key role in
analyzing the game (see [I1} [19]).

Utilizing the idea of “strategy”, we give a new characterization of the robust
forward performance process. Specifically, both the worst-case scenario “strat-
egy” corresponding to each portfolio selection and the optimal investment policy
under the worst-case scenario “strategy” are given in our characterization (see
(I5)-([d)). Moreover, if the game value exists, the optimal investment “strat-
egy” corresponding to each scenario and the worst-case scenario under the op-
timal investment “strategy” are further given in (I8)-(I9). Compared to the
saddle point argument used in [26] 27, 53] in the classical framework and [13]
in the forward framework, our characterization ([H))-(I6) and (IX)-(TI9) relies
on the investor’s response to each scenario and portfolio choice. Moreover, it
is often relatively easy to compute the optimal strategies, as they only involve
maximization/minimization problems rather than maxmin/minmax problems.
On the other hand, our stochastic differential game approach may also provide



an alternative way to study the robust forward performance process when sad-
dle point does not exist. We present an example for the case 7 < 0 (i.e. with a
negative realization process) in Section 7 to illustrate this point.

The second component to construct the robust forward performance process
in factor form is an ergodic BSDE. The stochastic PDE (SPDE) approach,
introduced in [45] to characterize the forward performance processes (without
model ambiguity), may not be applied directly to our model. First, the form of
the related SPDE is not easy to derive due to the presence of model uncertainty.
Second, it is difficult to obtain the solution existence and uniqueness of the
SPDE for the general case even if we know the form of the equation.

In order to get the representation of the homothetic robust forward performance
process in stochastic factor form, we apply directly the ergodic BSDE approach,
which was first proposed in [22] to study ergodic control problems. The ergodic
BSDE approach was first exploited in [38] to study the representation of the
homothetic forward performance process in the absence of model uncertainty.
We first characterize the power robust forward performance process in terms of
the solution of an ill-posed Isaacs type equation. Although the solution of this
Isaacs equation can not be obtained directly, it offers (i) the construction of the
optimal portfolio “strategy”, the worst-case scenario “strategy”, and the related
optimal portfolio choice and the worst-case scenario; (ii) the hint of the driver
form of the corresponding ergodic BSDE. Then, we obtain the representation of
the robust power forward performance process by using the Markovian solution
of the ergodic BSDE. The associated optimal portfolio and worst-case scenario
“strategy” and “control” are also obtained in feedback form of the stochastic
factor. We can also obtain other type of homothetic robust forward performance
processes (logarithmic and exponential) using the same approach.

The third contribution of this paper is establishing a connection between the
constant A appearing in the solution of the ergodic BSDE ([B8) and a class of
zero-sum risk-sensitive stochastic differential game over an infinite horizon with
ergodic payoff criteria. Risk-sensitive optimal control has been widely applied
to optimal investment problems (see, [8, 17, 18] 25] and references therein). The
corresponding risk-sensitive stochastic differential games are studied in [5] [7, 9]
35] via PDE approach and in [I5] via BSDE approach.

In this paper, we apply directly the ergodic BSDE approach to address the
zero-sum risk-sensitive stochastic differential game with ergodic payoff criteria
over an infinite horizon. Thus, we provide a new method to obtain the value of
the risk-sensitive game problem and give the robust optimal investment policy
which generalizes the results in [I7, [I8] to the stochastic factor model with
uncertainty. To obtain this connection, we prove a comparison result for a class
of ergodic BSDE whose drivers are only locally Lipschitz continuous. With the
help of this connection, the constant A can be interpreted as the optimal long-
term growth rate of the expected wutility with model uncertainty, and can also
be applied to study the related “robust large deviations” criteria for long-term
investment problems.



In addition, we develop a connection between the robust forward performance
process and classical robust expected utility. Optimal investment problems
with classical robust expected utilities have been studied via different methods,
among others, by the duality approach [20] [49], the stochastic control approach
based on BSDE [10] 26] and stochastic differential game approach based on
PDE [52]. With the help of the relation established in [29] on the solution of
finite horizon BSDE and the solution of associated ergodic BSDE, we prove
that an appropriately discounted lower value function associated with the clas-
sical power robust expected utility will converge to the power robust forward
performance process as the trading horizon tends to infinity.

This paper is organized as follows. In section 2l we introduce the market model
with uncertainty and the notion of robust forward performance processes. The
stochastic differential game approach is given in subsections 2.1l and for
different situations. In section [3] we focus on the power case and construct the
robust forward performance process in factor-form. Two examples are given in
section [ to illustrate the applications in incomplete markets. Then, we present
the connections with the risk-sensitive game problem and classical expected
utility in sections [l and [ respectively. In section 7, we further provide an
example with a negative realization process for which saddle point does not
exist. Finally, section 8 concludes.

2 The stochastic factor model with uncertainty
and its robust forward performance process

Let (Q,F,F = {Fi}it>0,P) be a filtered probability space satisfying the usual
conditions, on which the process W = (W1, ..., W%)T is a standard d-dimensional
Brownian motion. Here, the superscript 7' denotes the matrix transpose. Sup-
pose the market consists of a risk-free bond and n risky stocks. The bond
is assumed to be zero interest rate and the discounted (by the bond) individ-
ual stock price S¢, t > 0, affected by the stochastic factor process V, has the
following form, for ¢ =1, ..., n,

; d
ds; - y -
o =V (Vi)dt+ >0t (Vi)dwy, (1)
t =
with S > 0, where the factor process V = (V1 ... VT satisfies, for i =
1,...,d,
AV =n'(V)dt+ > k7dWy, (2)
j=1

with Vj € R. We introduce the basic assumptions on the above model.



Assumption 1 (H1) The coefficients
b:RY 5 R, o:RY - R™¥9
are uniformly bounded and the volatility matriz o(v) has full row rank n.

(H2) The drift coefficient n satisfies the following dissipative condition: there
exists some positive constant Cy,, > 0 such that

(n(v) = n(®))" (v = v) < =Cylo —v[%, (3)
or any v,V € . e volatility matriz k = (k9), 1 < 4,5 < d, is a constan
R?. The volatilit tri iy, 1<i,j<d tant
matriz with kk* positive definite and normalized to ||k|| = 14.
triz with kkT positive definite and lized t 1Y

Herein, the dissipative condition (B]) is introduced to ensure the existence of a
unique invariant measure of the stochastic factor process V', i.e., V is ergodic.
To simplify the notation, we introduce the market price of risk vector 6(v),
which is defined as

0(v) = o ()" [o(v)o(v)"] " b(v), v € R, (4)

so it solves the market price of risk equation o(v)f(v) = b(v). In addition, we
suppose the market price of risk vector §(v), v € R?, is uniformly bounded and
Lipschitz continuous with bound Ky and Lipschitz constant Cy.

We consider an investor starting at time ¢ = 0 with initial wealth level z > 0
and trading among the bond and the stocks. Let @ = (7!,--- ,7")T be the
proportions of her total wealth in the individual stock accounts. Then, due to
the self-financing policy, the cumulative wealth process X™ satisfies

n

~QX# .
Xy =% ”tS Lasi = X7aI (b(V,)dt + o (V,)dWy) .

7
i=1 t

As in [38], using the investment proportions rescaled by the volatility of stock

prices, namely, 7! = 7] o(V;), we get

dXT = X7l (0(Va)dt + dW), (5)
with X7 =z € Ry.

Next, we consider model uncertainty, i.e., the ambiguity of the probability mea-
sure which evaluates the performance. We denote by @ = (@', --- ,a%)” the pa-
rameters reflecting the possible future scenarios. For convenience, we will work
throughout with the scenario parameters rescaled by the volatility of stochastic
factors, i.e.,

T( T) 7111.

U = K KRR

We introduce admissible spaces IT and U for the rescaled investment proportions
7 and scenario parameters u, respectively.

IHerein, ||-|| represents the trace norm for the matrix in R¥*¢_ whereas |-| in (@) represents
the norm for the vectors in RY.



Definition 1 Let II € R? be convex and closed and include the origin 0. For
any t > 0, a process m: Q x [0,t] = II is an admissible investment proportion
for an investor in the trading interval [0,t], if m € L%,,0[0,t], where

L3010, = {(Ws)se[o,t] : w is F-progressively measurable,
t

Ep(/ |Ts|2ds|F,) < C,a.s., for some constant C and all F-stopping times T < t}.
T

The set of all admissible investment proportions in the trading interval [0,t] is
denoted by Iy ). Moreover, we define the set of admissible proportions for all

time horizons as 11 := Up>oll[g 4.

Definition 2 Suppose that U C R? is convex and compact. For any s >t >0,
a process u : [t,s] X Q@ — U is an admissible scenario parameter if it is F-
progressively measurable and essentially bounded. We denote by U, s and U the
set of all admissible scenario parameter in the time interval [t,s] and for all
time horizons, respectively.

In a market with model uncertainty, the investor will apply P* to measure her
preference instead of the probability measure P, where the probability measure
P* is an equivalent probability measure with respect to P and introduced by the
following measure transformation

¢ ¢ 1t
=¢£ (/ uZdWS> = exp{/ uldW, — —/ lus|*ds}, wel. (6)
Fi 0 0 2 0

In fact, this characterization of model uncertainty, admitting an entire class
{P“|lu € U} of possible prior models, is a common approach applied in the
classical robust expected utility, see [26].

ap*
dP

For every u € U, the process W* defined as
AW} = —udt + dWr, (7)

is a Brownian motion under the probability measure P*“. Moreover, if m € IIjg 4,
then under P“, we also have

¢
esssup Epu (/ |7s|?ds
T T

The investor will evaluate her investment via a forward performance process,
the concept of which was first introduced and developed in [41]-[45]. Since the
investor is uncertain about the probability measure she uses, she will seek for an
optimal investment proportion that is least affected by model uncertainty. This
leads to the so called robust forward performance processes as first introduced

.7-}) < 00.



in [34] and later extended to the case with uncertain parameters in [I3]. In
[34] a class of convex penalty functions was introduced to represent the weight-
ing/likehood of P“. To generalize the idea of penalty functions, we parameterize
robust forward performance processes by the investor’s prediction of the prob-
ability measure P* (or the scenario parameter u), so penalty functions become
a special class of parametrization. For this, we first give a precise meaning of
parametrization which we will call a realization of the model P* (or the scenario
parameter u) hereafter.

Definition 3 For 0 <t < s < oo, a mapping v : Q x [t, s] x Uy s — LO(Fs; RT)
is a realization process, if for each r witht <r <s and u € Uy 5, it holds

/Yt,s(u) = ’Yt,s(ul ) u2) = ’Yt,r(ul) + ’7’(‘,5(“’2)7 a.s., (8)

where uy and ug is the restriction of u to trading interval [t,r] and [r, s], respec-
tively, and we denote u = uq @ us.

We will use a realization process v, s(u) to parameterize the original utility on
trading horizon [t, s] because of the chosen model P*. The condition (&) is
essentially a time-additivity property, which states that along the same model
P“ the realization process on interval [¢,s] is accumulated by the realization
processes estimated on [¢,7] and [r, s].

The following generalises the definition of robust forward performance processes.

Definition 4 A process U (z,t), (z,t) € Ry X [0,00), is a robust forward per-
formance process associated with a realization process vy and a parameter T € R

if
i) for each x € Ry, U (x,t) is F-progressively measurable;

ii) for each t > 0, the mapping x — U(x,t) is strictly increasing and strictly
concave;

iii) the process U(x,t) satisfies the self-generating property (dynamic program-
ming principle), i.e., for all s >t >0 and @ € Uy 4,

ess sup essuinf Ep[UXT,s,u®u)|Fy, X[ =x] =U(z,t,a), as. (9)
rell uely, s

where

U(z,t,u) =U(z,t) + 70,0 (). (10)

Remark 5 It is easy to check that the process U defined in [I0Q)) also satisfies
properties 1) — ii) in Definition [J] and thus U parameterized by the scenario
parameter u can also be regarded as a robust forward performance process, where
Yo,t.(u) represents a realization of the model P* up to time t. In this situation,



the robust forward performance process U (x,t,u) at any given time t constitutes
of the original utility U(x,t) and the realization process ~yo.(u) reflecting the
historical cumulative impact of the model P* from 0 tot. Considering the utility
may be increasing or decreasing along with the model P* which depends on the
investor’s attitude to this model, we introduce a parameter 7 in ([IQ) with its sign
indicating the varying trend of the utility and its absolute value |T| modeling the
sensitively of the utility with respect to the model P* (or the scenario u.)

Remark 6 It turns out that our definition of robust forward performance pro-
cesses is a generalization of robust forward performance processes studied in
[34)], although they are proposed based on different ideas. In fact, it is easy to
check from &) that property @) is equivalent to the following form

ess sup essuinf Epu[U(XT,s) + 7my,s(w)|F, X[ = 2] =U(x,t), a.s. (11)
rell uely, s

If 7 > 0 and the realization process v, s(u) is convex in u, then Ty s(u) becomes
a penalty function. In this situation, we can verify from ([II) that our Definition
is consistent with [34)]. Due to the convezity of vi.s(u) on u, a duality method
is developed in [5F)] to construct U(z,t) and its associated optimal investment
proportion w*. Moreover, a saddle point method is employed to further find the
worst case scenario u* in [13] (with 7 =0).

On the other hand, if T < 0, the economic interpretation of 7o (u) in ([IQ) is
as follows. From () the investor’s utility at time t includes two terms U(x,t)
and 7yo,t(u) when using the model P*. Since T is negative, the utility U(z,t) +
T0,.(w) is smaller than the original utility U(x,t) and the term |T|yo+(u) can
be regarded as the utility’s loss from time 0 to t under model P*. As a result, the
utility at time t becomes U(x,t) + my0,t(u). Following this viewpoint, the term
70,1 (1) represents the degree of utility loss based on the investor’s prediction
over the probability measure P* stemming from model uncertainty.

We remark that we do not assume 7 s(u) is convex with respect to u, which
implies that the duality method may not be suitable to our framework even for
7> 0. In addition, the classical saddle point argument used in [13] is not valid
either because the saddle point in general does not exist (for example, when the
term Ty, (u) is concave in u).

2.1 A stochastic differential game approach

In contrast to [34] and [13], which do not cover the case of the stochastic factor
model, we aim to construct a class of robust forward performance processes
with explicit dependency on the stochastic factor process V. Our approach is
based on stochastic differential games, which is an alternative and more direct
approach for the case 7 = 0, and may also work for the case 7 # 0 when the
realization process 7 has some specific forms (see Section 7 for the case 7 < 0).



The basic idea of the stochastic differential game approach is as follows. To ro-
bustify the optimal investment, the inner part of the above optimization problem
(D) is played by the market minimizes the expected forward utility by choosing
the worst-case scenario, whereas the investor aims to select the best invest-
ment proportion that is least affected by the market’s choice. This leads to a
stochastic differential game between the investor and market.

In addition to the representation of the robust forward performance process, we
also aim to provide both the optimal investment proportion for each scenario
and the worst-case scenario for each investment proportion. The investment
proportion (resp. worst-case scenario) responding to each scenario (resp. in-
vestment proportion) can be exactly expressed as the “strategy to control” in
the setup of stochastic differential games (see [II], [19]). Thus, we next give
the definitions of two admissible “strategies” associated with their respective
“controls”.

Definition 7 An admissible investment strategy responding to each scenario
parameter for an investor is a mapping a : [0,00) X Q@ x U — I satisfying the
following two properties:

i) For each u € U, « is F-progressively measurable;

ii) Non-anticipative property, that is, for all t > 0 and all ui,us € U, with
uy = ug, dsdP-a.e., on [0,t], it holds that a(-,u1) = a(-,u2), dsdP-a.e., on [0,t].

An admissible scenario parameter strategy responding to each investment pro-
portion for the market, B : [0,00) x Q X I — U, is defined similarly. The set of
all admissible investment strategies for the investor is denoted by A, while the
set of all admissible scenario parameter strategies is denoted by B.

Herein, the concept non-anticipative property is widely used in the definition
of admissible strategies in differential games to characterize that each player’s
decision, depending on the other’s action, will not change if the other one chooses
the same control (see [II]). We introduce this concept here to enforce that an
investor will take the same investment action if the scenario does not change.

We consider a zero-sum stochastic differential game, where the state dynamic
is given by the wealth equation (Bl). Furthermore, let U(z,t) be a stochastic
process satisfying i) and ii) in Definition @] and v be a realization process with
parameter 7 € R. For any s > ¢, the objective functional is given by

J(x,t;s,m,u) = Epu[U(XT, 8) + 7y, (w)| Fe, XTF = ).

The lower and upper values of the game are then defined as

Uz, t;s) = esbs infess sup J(z,t;s,m B(-, 7)), a.s., (12)
mell
and .
U(z,t;s) = ess supess inf J(z,t; s, a(-, u),u), a.s., (13)
acA  u€U

10



respectively.

Note that if U(x,t;s) = U(x,t), for all s > ¢, which implies that the objective
functional of the stochastic differential game “self generates” the lower value of
the game, then it is clear that U(x,t) becomes a robust forward performance
process satisfying i)-iii) in Definition @l Thus, we say the game is self-generating
if

U(x,t;8) =Ul(x,t), for all s > ¢, (14)
which will in turn provide a robust forward performance process. To this end,
we will construct a control 7* € II, a strategy 8* € B, and a process U(z,t)
satisfying the martingale properties: For any w € II, s > ¢, a.s.,

ess inf J (2, ;5,7 B 7)) = J (@ ti5, 7, B°(,m)) S U (1) (15)

J(x, t;s, 7", (-, 7)) = U (a,t). (16)

2.2  Further discussion on the stochastic differential game
approach when the game value exists

In this subsection, according to the sign of the parameter 7 in ([[I), we further
explain the application of our stochastic differential game method in robust
forward investment problems.

If 7 > 0 and 4 5(u) is convex in u, a saddle point in general exists at least for a
special class of penalty functions ~; s(u) (as shown in [34] and [13]). In contrast
to the saddle point method, the advantage of the stochastic differential game
approach is to provide, in explicit form, the optimal investment choice for the
investor not only under the worst-case scenario but also for each scenario, as
well as the worst case scenario for each investment choice not only the optimal
one. Moreover, it is often relatively easy to compute the optimal strategy pair
(a*, B*), as they only involve maximization/minimization problems rather than
maxmin/minmax problems.

From Sections 8 to 6, we consider a robust forward problem without realization
process, i.e., 7 = 0. In this situation, the game value exists, and we will con-
struct the associated forward performance process by the value of the stochastic
differential game. Recall that the value of the game exists if

Ul(x,t;s) =Ul(x,t;s), for all s > t, (17)

which further implies that both equal to U(z,t) if the self-generating condition
(I)) also holds. In this situation, with the help of the upper value function
U(x,t;8), we will construct a control pair (7*,u*) € II x U, a strategy pair
(a*,8*) € A x B, and a process U(z,t) satisfying the martingale properties:

(@), [@I0), and for any u € U, s > t, a.s.,

ess sup J(z,t; s, (- u),u) = J(x,t; s, (-, u),u) > Uz, t); (18)
aceA

11



J(x,t; s, " (,u"),u") = U (z,t). (19)

Note that (IE) and (I8) are the martingale characterization of the lower value
of the game in ([I2)), whereas ([I8) and ([I3) characterize the upper value of the

game in ([3)).

Moreover, if it also holds that 7* = o*(-,u*) and v* = S*(-,7*), then the
martingale conditions (IH)-(I6) and ([8)-(9) further imply that, for all s > ¢,

J(I’t; S7Tr*7u) Z J(x7 t;s’ﬂ-*’/B*("ﬂ-*))
= J(x7 t; S’a*("u*)7u*) Z J(I’t; S7Tr’u*)7

so the control pair (7*,u*) is a saddle point for the stochastic differential game
with the value J(x,t; s, 7%, u*) = U(x,t).

Remark 8 When 7 # 0, it is unclear how to construct a robust forward per-
formance process with a general realization process v (see, for example, the dis-
cussion of the time consistency issue of penalty functions in Section 4 of [3])]).
Moreover, a saddle point may even fail to exist if T < 0. Nevertheless, we will
show in section 7 that our stochastic differential game approach may still work
for 7 <0, at least for a special class of quadratic form realization processes. A
more general case for T # 0 is still left open.

3 Power robust forward performance processes
with zero realization processes

In this section, we focus on a class of homothetic robust forward performance
processes that are homogenous in the degree of § € (0,1), and has the factor-
form

,’E6
Uz, t) = el (00, (20)

where f : R? x [0,00) — R is a deterministic function to be specified, and the
parameter 7 of the realization process is equal to zero. We call such a robust
forward performance process a power robust forward performance process.

Proposition 9 Assume that f(v,t), (v,t) € R? x [0,00), is a classical solution
(with enough regularity) of the semilinear PDE

1
fi+ ETrace (kT2 f) + ()T YV + G, TV f) =0, (21)
where
G(v,z) = inf sup F(v, z, 7, u), (22)
weU el
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with

1 1
F(v,z,m,u) = —55(1 — )|+ orT (O(v) + 2z +u) + 2 u + §|Z|2 (23)
Then, U(x,t) = %ef(vf’t) s a power robust forward performance process.

Proof. Since U(x,t) obviously satisfies i) and ii) in Definition M it is sufficient
to examine iii) in Definition [l

Step 1. From (22) and (23], we have

G(v,z) = inf sup F(v,z,m,u) = inf F(v,z,a"(v,z,u),u), (24)
welU 11 uelU
with
0
o (v, z,u) = argmaz enF (v, z,m,u) = Projn(%). (25)

Using the Lipschitz continuity of the projection operator on the convex set II,
there exists a Borel measurable mapping v* : R? x R? — U such that

u* (v, z) = argmingev F (v, 2,0 (v, z,u), u). (26)
Then, from (24) and (26]), we have
G(v,z) = F(v,z,7" (v, 2),u" (v, 2)), (27)

with
(v, 2) = a* (v, z,u™ (v, 2)). (28)

We claim that, for any u € U,
F(v,z,7"(v,2),u) = F(v,z,7" (v, 2),u" (v, 2)). (29)

If (29) holds, then

sup Inf F(v,z,mu) 2 inf Fo,2,77(v, 2), u) (30)
> F(v,2,7%(v,2),u" (v, 2)) (31)
= G(v,z) = inf sup F(v,z, 7, u),

w€U eIl

so both (B0) and I become equalities. In turn, 7*(v, z) in @28) and u*(v, 2)
in (26]) satisfy, respectively,

(v, 2) = argmazyen inf F(v,z, 7, u),
uelU

and
u* (v, z) = argminyev F (v, z, 7" (v, 2), u). (32)

13



On the other hand, there exists a U-valued Borel measurable mapping 3* (v, z,m)
such that F(v, z, 7, u) attains the minimum, i.e.

infU F(v,z,mu) = F(v, 2,7, B* (v, z,7)).
ue

Then, from ([32), the mapping 8*(v, z, w) defines as

. | ut(v, 2), if # = 7*(v, 2);
B (v, 2,m) = { B*(v,z,7), otherwise, (33)
also minimizes F(v, z,m,u) over u € U, and moreover,
(v, 2) = argmazzenF (v, z, 7, B* (v, z, 7). (34)

Step 2. We are left to prove the inequality (29). We omit the variables (v, z) in
(v, z) and u*(v, z), and write them as 7* and «* in this step. For any u € U
and A € (0,1) let

up = Au+ (1= A)u™.

Set m = a*(v,z,u1) and recall from [28) that 7* = a*(v,z,u*). Then, it
follows from (26) that
F(U,Z,ﬂ'*,u*) < F(vvzvﬂlaul)
= AF(v,z,m1,u)
< AF(v, 2,71, u)

where we used F(v, z,m,u) < F(v, z,a*(v, z,u),u) in the last inequality. Thus,

(1
(1

+ (1= XNF(v,z,m,u")
+ (1 =XN)F(v,z, 7", u").
F(v,z,7",u*) < F(v,z,m1,u) = F(u,z,a" (v, z,u1),u)

for any u € U. Sending A — 0 and using the continuity of a* (v, z,u) in u, we
have a*(v,z,u1) = a*(v, z,u*) = 7*. Then, the inequality (23] follows by the
continuity of F(v, z,m,u) in 7.

Step 3. Using the homothetic form (20) and applying 1t6’s formula to U(XT, s),
we get

dU(XT,s)
=U(XT,s)[fs + %Trace (kT2 f) + (V) TV f + F(Vy, KTV f, 75, u)] ds
+U(XT,s)(0nl + VT k)W,
For any s >t > 0, from (21I), we further get

Epu[U(XT, 8)|F, X[ = 2] = Ulx,t)
= J(z,t;s,m,u) — Uz, 1)

- [/ UK ) (F e KTV, 7 ) = GV, 79 )dr| Fo, XT = 2],
(35)

14



We set

T‘—: =n" (V;fv va(‘/;h t))? U? = U*(V;fu Iin(V;g,t)),

Oé* (tv ut) = Od* (‘/tv K’Vf(‘/ta t)? ut)v ﬂ*(ta ﬂ-t) = B*(‘/ta l{vf(‘/tv t)a ﬂ-t)a
with the mappings (7%, u*, a*, 8*) given in 28)), (26]), (25) and [B3)), respectively.
Then, it is easy to check that U(x,t) satisfies the martingale conditions (IH)-
[@8) and ([I8)-([@9), which implies that U(z,t) = %Sef(vf’t) is a power robust
forward performance process, with the optimal control pair (7*,u*) and the
optimal strategy pair (o*,5*). =

(36)

Remark 10 It is worth to point out that the strategies o* and 5* we constructed
in the above proof are also called “counterstrategies”; the reader can refer to
Chapter 10, Section 1 in [36] for more details.

Since, by our construction, w7 = o*(t,uy) and uf = B*(t,7}), it follows that
(m*,u*) is actually a saddle point for the associated game. However, compared
to the classical saddle point argument such as Sion’s Minimazx Theorem (see, for
example, [13,[53]), our formulae are more explicit and is constructed via their
corresponding counterstrategies.

Note that the semi-linear PDE (2I)) is a new class of Hamilton-Jacobi-Bellman-
Isaacs equations, which is ill-posed for the equation is posed forward in time.
Due to this “wrong” time direction, one does not expect solutions to exist for
all initial conditions or to depend continuously on them, making the problem
ill-posed. A similar difficulty also appears in [4], [46], [47] and [50] for the
construction of forward processes without model ambiguity, where the Widder’s
theorem is employed. Nevertheless, the form of PDE (2I]) motivates us how to
construct the optimal investment proportion, worst-case scenario parameter and
the related optimal strategies for different situations, which will be used in the
following Theorem [[2l In order to give the specific form of the process f (V4,t),
we bypass PDE (ZI) by directly using the Markovian solution of an ergodic
BSDE whose driver has the form (22]). This approach was first introduced in [38]
to study the forward performance process in the absence of model uncertainty.
We first give the existence and uniqueness of the Markovian solution of the
associated ergodic BSDE. For this, we further strengthen Assumption 1 by
requiring the constant C;, given in (@) satisfies

¢y = 2 05y 1 ) v 1) (37)
where § € (0, 1) is the risk aversion degree, Cy and Ky are the Lipschitz constant
and bound of the market price of risk vector 6(v) respectively, and K, is the
bound of the scenario parameter v with K,, = max,cy |ul.

Lemma 11 Assume the function G has the form 22)). Then, the ergodic BSDE
dY, = (=G(Vi, Z;) + N)dt + ZF aw, (38)
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admits a unique Markovian solution (Yz, Zy, \), t > 0, i.e., there exist a unique
constant \ and functions y : R* = R, z: R? — R such that Y; =y (V;), Z; =
z(Vi). Here, we say a Markovian solution is unique in the following sense: the
function y(-) is unique up to a constant and has at most linear growth, and z(-)
is bounded.

Proof. Using the Lipschitz continuity of the projection operator, it follows from

@23) and 23] that
|F(1},Z,OA*(’U,2’,U),U) - F(@,z,a*(f;,z,u),uﬂ < O(l + |Z|) : |1) - 6|a
|F (v, z,a* (v, z,u),u) — F(v, z,a" (v, Z,u),u)| <O+ |z| +12]) - |z — Z], (39)
|F(v,0,a"(v,0,u),u)| <C.

Indeed, to show the first inequality, we note from (23] that

|F (v, z,a" (v, z,u),u) — F (0, z,a™(0, z,u), u)]

6(1—19) o
2
+0l0(v) + 2+ ul x |a" (v, z,u) — o™ (v, 2,u)| + 0] (v, 2, u)| X |6(v) — O(v)].

< (’U,Z,’LL)—FO&*(T),Z,U” X |OZ*(1),Z,U)—OZ*(5,Z,U)|

Since the projection operator Projr(-) is Lipschitz continuous with its Lipschitz
constant 1 and 0 € II, from (25) we have

1 C
o (v, 2,u) — 0" (8, 2,u)| < 7==10(v) —6(2)| < T—=[v ],
and 1 Ko+ 2|+ K
%[ — _ o+ 2] + 1<y
< —_ < —m—————,
o (@, 2,u)| < 3=510(0) + 2+ ul < ==
In turn,

|F (v, z,a" (v, z,u),u) — F(U, z, ™ (T, z,u), u)|

)

30C,
< (Ko + Ku) VA (L[] - Jo = 8] < Cy(1 + J2]) - o — o],

with C), given in (B7). The other two inequalities in ([BY) can be proved in a
similar way. Furthermore, we note that the constant C' in (39)) is independent
of u € U. Hence, from (24]), we further obtain

G(v,2) = G(0,2)] < C(1+ |z2]) - [o — 0],

G(0,2) — G0, 2) < QU+ |2| +12) |2 21, G <o PO

Therefore, from Proposition 3.1 and Appendix A in [38] we obtain the desired
result. m
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Roughly speaking, the additional “large enough” requirement of the constant
C, in (30 is to guarantee the forward stochastic factor process V' converges
fast enough to dominate the dissipative nature of the backward equation for
Y reflected by the Lipschitz constant C' in the first inequality of (40]). This
additional requirement plays an important role in the study of ergodic BSDE
([B8). We refer the reader to Appendix A in [38].

We next present the specific form of the process f(V;,t) by using the solution
of the ergodic BSDE (B8).

Theorem 12 Let (Yz, Z, \) = (y(V), 2(V2), A), ¢ > 0, be the unique Markovian
solution of (38). Then, the process U(x,t), (z,t) € Ry X [0,00), given by

)

Uz, t) = %eWﬂ—M , (41)

is a power robust forward performance process. Moreover, the optimal portfolio
weight ™, the worst-case scenario parameter u* and the optimal strategies o, 3*
responding to each scenario parameter u and portfolio weight © are given as
follows

m =7 (Vi, 2(Vh)), uf = u*(Vi, 2(Vh)),
o (tue) = a*(Vi, 2(Ve), ue), B(t,me) = B*(Va, 2(Vi), me),

where the mappings (7*,u*, a*, 5*) are given in 28), @6), 8) and B3), re-
spectively.

(42)

In addition, the associated wealth process X* under the worst-case scenario is
given by

X; = XOE(/Ot(W’;)T [(6(VS) + ut)ds + dwg*]).

It is worth to point out that the constant X\, as a part of the solution of er-
godic BSDE (B8]), can be regarded as the optimal long-term growth rate of the
corresponding expected utility of wealth with model uncertainty (see Remark

23).
We now give the proof of Theorem

Proof. It is easy to check that the process given by (4I]) is F-progressively
measurable, strictly increasing and strictly concave in . We only need to show
that the martingale conditions ([3)-(I8) and ([I8)-(TI) hold. For this, from (),
(@) and B8) we get, for all s >t >0, (7,u) € I x U,

S 1 S
X;T:Xt”~exp{/ 7T;*F(9(V7«)—|—ur)—§|7rr|2dr+/ ﬂ';:FdW,f‘},
t ¢

(YS—/\S):(Yt—)\t)—/ G(VT,ZT)—ZTTquT—F/ Zrdwe,
t t
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Thus, we have

X 5
U(x7,s) = Eal o

- U(ng,t)-s(/t (57rf+Zf)dW;‘) -exp{/t F(V},ZT,WT,uT)—G(V},Zr)dr}.

Therefore,

Epu [U(XT, )| Ft, Xt = 2] — Uz, t)
= J(x,t;s,mu) — U(z,t)

— U(a, 1) - Ep (% : exp{ /t (F(VT,Zr,m,uT) - G(I/T,Zr))dr}

t

Fi) - Ul
where, for t € [0, s], M; := 8( fg (orF + ZTT)dWT“), is a uniformly integrable ex-

ponential martingale (since 7 satisfies the BMO-condition and z(-) is bounded).

Similar to the argument in the proof of Lemma B we get the the martingale
conditions (IH)-(I6) and [I)-(IT) from the above equality. m

Remark 13 The probability measure P*  associated with u* given in Theorem

has the following form
t T
=¢£ AW .
= ([ woram)

Thus, as a byproduct, we obtain a specific formula for the least favorable mar-
tingale measure as considered in [20)].

dIED’U.*
dp

Remark 14 Similar to Proposition 3.4 in [38], it is easy to check that

f(’U,t) = y(v) — At
is a classical solution of the semilinear PDE [2I) with the initial condition

f(v,0) = y(v), where (y(Vz),z(Vi), ) is the solution of ergodic BSDE (B8]).

Next, we build a connection between power robust forward performance pro-
cesses and the solutions of a family of infinite horizon BSDE. For p > 0, we
consider the following infinite horizon BSDE

AYP = (~G(Vi, 20) + pYP) dt + (20)" W, (43)

where the driver G(-,-) is given in ([B8). Then, this BSDE admits a unique
Markovian solution (Y,”, Zf) = (y?(V;), 2°(V4)). Moreover, there exists a subse-
quence, denoted by p,, such that

= lim " (v), = lim 2" (v), A = Lim puy”" (vo),
y(v) Jim'y (v), 2(v) Jim 2 (v) Jim pny (vo)
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where (y(V4),2(V;), A) is the solution of ergodic BSDE ([@8) and vy € R? is an
arbitrary given reference point. These results were first obtained in [22] with
Lipschitz driver and then extended to the quadratic driver in [38].

Similar to the proof of Theorem [[2] we can examine that the process U?(z,t)
given by (@) is still a power robust forward performance process and it converges
in an appropriate discounted manner to the process U(z,t) as p tends to 0.

Corollary 15 The process U (x,t), (x,t) € Ry x [0,00), given by
UP(z,t) = x—éey”Wﬂ—fJ Py"(Ve)ds (44)
)

18 a power robust forward performance process and the optimal portfolio strategy
a;’’ for each scenario parameter u is given by

0(Ve) + 20 (Vi) + us
e

a;’(u) = Projn (

Furthermore, there exists a subsequence p, | 0 such that, for (x,t) € Ry X
[0,00)
UPn (x,t)e= v (vo)
lim (z,t)e
Pnd0 U(.I,t)

and the associated optimal portfolio strategies o*P and o™ satisfy

=1 (45)

¢
1irﬁ)Ep/ | (s,u,) — a*(s,us)|>ds = 0, fort >0, uecl. (46)
pn 0

Remark 16 We have obtained the representation of the power robust forward
performance process in factor-form by combining the zero-sum stochastic differ-
ential game and ergodic BSDE approach. In fact, this approach can be applied
to study other type of homothetic robust forward performance processes, such as
logarithmic and exponential cases. More specifically, the processes Ut(w,t) and
U?(x,t) given by

Ul(z,t) =Inz + y* (V) — A't, (z,t) € Ry x [0, 00),

U%(2,t) = —e @t (V=20 (3 1) € R x [0, 00)

are logarithmic and exponential (with risk aversion parameter v > 0) robust for-
ward performance processes, respectively, where (Y, Zi, \) = (y*(V;), 24(V;), AY),
i=1,2, t >0, are the unique Markovian solution of the ergodic BSDE (38
with the generator G = Gy, i = 1,2, respectively, with

G1(v,z) = inf sup{—l|7r|2 +770() + (77 + 2T )u},
w€elU 11 2

G2(v,z) = sup inf {l|77r — 2> —raT(0(v) + u) + 2Tu}.
wel TEI 2
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4 Examples

We apply Theorem to analyze two specific examples. The first example is
driven by the Brownian noise which can be fully hedged. The second example
is a single stock model correlated with a single stochastic factor where only
partial hedging is possible. In both examples, no constraints on portfolios are
imposed and optimal robust investment policies for the power robust forward
performance processes are given in the feedback form of stochastic factors.

4.1 Market model 1

We consider the case that the set II is large enough in the sense that the map-
pings o* in (28] has the following form

9(1})+z+u)76‘(1})+z+u
1-6 7 1-0

Then, the mappings v* in (26) and 7* in (28) as well as 5* in (33) take the form

a*(v,z,u) = Projn(

1
u*(v, z) = argmingeu F (v, z,a*(v, z,u),u) = Proju (— 0(v) — gz),

O(v) + 2z + ProjU( —6(v) — %z)
1-9 ’

(v, 2) = a* (v, z,u*(v, 2)) =

Projy (- 60(v) —

), if 7 =m*(v, 2);
argmingey (6 + 2)T

1
5% "
z)'u, otherwise.

5 (wam = {

In this case, the ergodic BSDE (B8] becomes

16 1 1
4y, — (_ S T3t (U ~0(Vi) = 5.20) + 55l 21> + 2 0(Vh) +A)dt+ZtTd(Wt).
A7

In turn, from Theorem 12, we obtain the following result.

Proposition 17 Denote by (y(Vz),z(Vi),\) the Markovian solution of (@1).
Then, the process U(z,t) given by

335
Ulz,t) = FeWt)*M

7

is a power robust forward performance process. Moreover, the optimal control
pair (m*,u*) € Il x U and optimal strategy pair (a*,5*) € A X B, have the
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following feedback form

*

o V) + 2(Vi) + Proju (= (Vi) — 52(V4)
t = 1-5 )
u; = Projuy (—0(V;) — %Z(W))u
(Vi) + 2(Vi) +
1-96 ’

Proju(—0(V;) — +2(V;)), if m=7"(v,2);
argming,cu (0m + 2(Vy))Tug,  otherwise.

o (tu) =

B*(t, m) —{

Remark 18 [t is worth to point out that the presence of the uncertainty in our
forward setting may lead to extreme prediction and conservative policy implica-
tions for an ambiguity-averse investor. In fact, if we consider the situation that
the set U 1is large enough such that

u*(v,z) = Proju ( — 60(v) — %z) =—0(v) — %z

Then, ergodic BSDE (1) has the form
Lo, T
dy, = (%|Zt| + ZT0(V,) + )\)dt + ZTaw,, (48)

and the robust optimal portfolio weight w; = —$z(V;). Note that (0,0,0) is the
unique Markovian solution of ergodic BSDE ([A8), from Proposition [I7 we get

1 1
= —gz(Vt) =0, up = —0(Vi) — gZ(Vt) =—0(V1),

O(Vi) +w

1-46

—o(vh), = (0, 2
argming, cu (6m)Tuy,  otherwise.

o (b ug) =
Br(t,m) = {

This implies that the robust investment policy for an investor is no actions to
be taken in the market if the degree of the uncertainty is too large for her. At
the same time, the worst-case scenario has a simple form and depends only on
the market price of risk 8(v) and the stochastic factor V. In addition, even if
an investor is forced to invest (or pursuilt high profits) in some situations such
as the investor has a wrong judgment on the uncertainty of the market, or is
influenced by other extreme events, the optimal investment strategy o still gives
the corresponding action policy for different scenarios.
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4.2 Market model II

We consider a single stock and single stochastic factor model. In this situation,
we suppose n = 1 and d = 2 in the state equations [I) and (@), i.e.,

dS; = b(V;)Sedt + o (V) Sy dW,

49
dVit = n(Vi)dt + pdW, + /1 — p2dW?  and dV;? =0, (49)
with constant p € (0,1) and o (-) bounded by a positive constant. Note that the
stochastic factor cannot be traded directly so that the market model is typically
incomplete.

Here, we consider an optimal portfolio problem with no constraints, i.e., Il =
Rx {0} (which means 77 = 0). Let U = {(u1,u2) : —R < u; < up < R}
(a triangle domain in R?) with some given constant R > 0. Then, the wealth
equation (B)) reduces to dXT = X7 (0(V;)dt + dW}) with 6(V;) = b(V;)/o(V3),
and the driver of (B8] takes the form

5 1 1-4
G(’U, Z1, 22) :md28t2([—R, R], —H(U) — 52’1 - TZQI{Z220}>
1 21 1
= selar = () + (TZQ - a1 - 0(0)) 22220 (30)

1
+ (522 + R)ZQI{Z2<O}.
Then, from Theorem [12] we have the following result.

Proposition 19 Suppose that (Y (t), Z1(t), Z2(t),\) = (y(V3), 21 (V4), 22(V4), \)
is the Markovian solution of ergodic BSDE (38)) with the driver (5Q). Then, the
process U(x,t) given by

335
Uz, t) = FeWt)*M

7

is a power robust forward performance process. Moreover, the optimal portfolio
weights and worst-case scenario parameters are given by

73 (1) = (90%) + 10

. 1 1-96
+ PTO'][_R7R] ( — 9(‘/15) — ng(t) — TZ2(t)I{ZQ(t)ZO})>7
75 (t) =0,
« . 1 1-96
wi(t) =Proji_p.m (= 0(Ve) = sZ1(t) = ——Z2(t) - I zy20) )
« . 1 1-6
u2(t) :PTO'][_R7R] ( — G(Vt) — ng(t) — 5 Zz(t)) . I{Zg(t)ZO} +R- I{Zg(t)<0}-
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The optimal portfolio weight strategies for each scenario u € U and the worst
case scenario strategies for each investment weight m € 11 are given as follows

1

i (tu(t)) = 7= [00) + Z1(t) + ()], a3t () =0,
ﬂ t 71' uy (t)v if T (t) = (t>a
! —R - sgn(a(t)), otherwise,
B t, ﬂ_ { (& (t)v if T (t) =] (t),
2 —-R- sgn( ( )) . I{Zz(t)ZO} +R- I{Zz(t)<0}7 otherwise,
where a(t) := ém(t) + Z1(t) + Z2(t) - I{z,(6)>0} -

Similar to Remark [I8] we can conclude that the best choice for an investor will
take no action in an incomplete market if the uncertainty is large enough. In
fact, from Proposition 19 (espemally, the form of 7}) we can derive a boundary
(say, M) or a domain of the scenario’s value in what degree an ambiguity-averse
investor should not take action in the market with uncertainty. Herein, the
boundary M depends on the boundedness of the functions 21(-) and 2%(+) as well
as 6(-). Once the uncertainty exceeds the boundary M, the robust investment
opportunity will disappear (in this case, 7F = 0 because Z; = Z3 = 0). In turn,
this reflects that the uncertainty in our model is essentially associated with the
risk price 6 and the part Z of the solution of ergodic BSDE.

Moreover, when the stock price is not affected by the stochastic factor in the
sense that the coefficients b and o in ([@J) are constants, the processes Z; and
Zs, as part of the solution of the ergodic BSDE (B8], will equal to 0. Then,
from Proposition [I9 it is easy to check that the worst-case scenario parameters
u} and uj will choose the values closest to —f(= —2) for any given R > 0 and
the optimal portfolio weight 77 will have the form

1
mi(t) = 1_6(9—|—PT0j[ rE (— 9))

Therefore, for the model that the stock price is not affected by the stochastic
factor, there will be no investment action into the stock when the value of the
risk 6 belongs to the range of the uncertainty (i.e., |6] < R).

In addition, we observe that the sign of 22(V;)(= Z»(t)) has an important impact
on the the worst-case scenario, albeit not shown explicitly in the form of the
power robust forward performance process U(x,t). It seems interesting to ob-
serve that the sign of 22(V;)(= Z(t)) only affects the worst-case scenario strate-
gies B7 and /35, not the optimal investment policy strategies o and a3 respond-
ing to each scenario. A similar situation occurs if one consider a general compact
and convex subset U C R? (e.g. U = {(u1,u2) : —R < u; < R, i = 1,2}); the
only difference is that for this case the form of worst-case scenario parameters
depend also on the sign of some process involving z!(V;). Therefore, one may
deduce that the Z’s part of the solution of the ergodic BSDE (B])) carries with
the important information on the worst-case scenario.
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Remark 20 The above incomplete market model with uncertainty has also been
studied in [26] in the framework of classical robust expected utility. They give
an explicit PDE characterization for the lower value function of a robust utility
mazximization problem combining the duality approach and the stochastic control
approach.

On the other hand, when we do not consider the model uncertainty, the above
model will reduce to the case that has been studied in [38] (Section 3.1.3 therein).
The optimal portfolio weights obtained in [38] have the following form

7(1) = = (00V) + Z1(1)), 75(1) =0,

where (Y, Z1, Za, \) is the Markovian solution of ergodic BSDE [BR) with the
drwver 15
G(’U, Z1, 22) = 5?5
Comparing the form between optimal portfolio weight 7 and the robust weight
7 giwven in Proposition [I9, we observe that the model uncertainty affects the
optimal policy in the following two aspects:
i) @7 has an additional projection term, which can be seen as a direct reflection
on the model uncertainty influencing the robust investment policy;
ii) The solutions of the ergodic BSDE [B8) with driver G and G, especially for
the Z'’s part shown in w7 and 77, are different. Note that the difference between
G and G is mainly caused by the model uncertainty. This reflects indirectly the
impact on optimal policy induced by the uncertainty via the associated ergodic
BSDE.

1
21+ 0(v)* + §(|21|2 + |22)%).

5 Connection with ergodic risk-sensitive stochas-
tic differential games

We establish a connection between the constant A appearing in the solution of
the ergodic BSDE (B8] and a zero-sum risk-sensitive stochastic differential game
over the infinite horizon with ergodic payoff criteria. It turns out the constant
A is the value of the zero-sum risk-sensitive game and can be interpreted as
the optimal long-term growth rate of expected utility of wealth with model
uncertainty.

We first give the comparison theorem for ergodic BSDE (38), which will be
employed in Theorem Moreover, this result can be applied to compare the
robust optimal long-term growth rate of expected utility for the model with
different parameters.

Lemma 21 Suppose that G;, i = 1,2, satisfy the following conditions
Gi(v, 2) = Gi(0,2)| < C(L+ |z]) - [v — 1),
|Gi(v,2) = Gi(v, 2)| < C(1+ |2 +|2]) - |2 — 2], |Gi(v,0)] < C.
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For i = 1,2, let (Y',Z',\') be the unique Markovian solution of the ergodic
BSDE BY) with driver G;(v,z). If G1(v,2) > Ga(v, 2), then we have

AL > A2
We remark that, under the assumptions on the coefficients of our model (mainly
the boundedness and Lipschitz assumption on the market price of the risk 6),

the function G(v, z) defined in ([22)) satisfies the condition (&I (see @Q)). We
next give the proof of Lemma 211

Proof. Denote

G1(Vi,Z1)—G1 (V4,22 .
/Yt: 1( ‘Ztl)_thllg )(Ztl _th)’ 1f Ztl #tha
0, otherwise.
Then, from the boundedness of Z! and Z2, we know + is a bounded process.
We define the probability measure @ as follows

aQ
dP

t
=£ +dW,.).

=8 )

Using the notations Y = Y1 — Y2, Z =71 — 22 X = Al — \2, we get

T T
YO—YT:/ Gl(vt,zt%—GQ(W,ZE)+w?tht—AT—/ zlaw,
0 0

T T
:/ G1(Vi, Z2) —Gg(Vt,Zf)dt—XT—/ Zrawe,
0 0

where W@ defined via thQ = —ydt + dW; is a Brownian motion under the
probability measure ). Therefore, we get

1 . . . 1 T
TEQ[YO —Yr|+ A= TEQ[/ G1(Vi, Z}) — Go(Vy, Z2)dt]. (52)
0

Note that there exist mappings y?, i = 1,2, such that Y = y*(V;), i = 1,2.
Since g, i = 1,2, are of linear growth, there exists a constant C' independent of
T such that R

EolYr| < C(1+ Eg|Vr]) < C, (53)

where the last inequality is derived from the dissipative condition (). It follows
from (B2)) and G1(v,z) > Ga(v, z) that

R 1 T
A = limsup TEQ[/ G1(Vi, Z}) — Go(Vi, Z2)dt] > 0,
0

T—o0

which completes the proof. m
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We start to formulate a two-player zero-sum risk-sensitive stochastic differen-
tial game associated with the forward process. The dynamic is given by the
stochastic factor model () and the running payoff function is given by

L(v,m,u) = —%5(1 —0)|m|? + orT0(v) +u), (v,mu) € R x R x RY

In line with the forward process, the planning horizon of the differential game
is infinite and we study the following ergodic payoff criterion

1 .
J(m,u) = lim sup T In Epr.u (efﬂT L(VS’”S’"S)dS) , (mou) eIl x U, (54)
T oo

where the probability measure P™ " is defined as follows

T, t
L I ( / (onT + u;‘f)dWr> . (55)

dp

Note that the criterion J represents the gain for Player 1 and the loss for Player
2. Thus, Player 1 aims to maximize J by using her control w, whereas Player
2 wants to minimize it via her control u. Intuitively, this model can be applied
to describe the long-time investment action of a risk-averse investor in a market
with model uncertainty (see Remark 23 on the equivalent form of ), namely,
the investor is trying to maximize her long-term portfolio gain rate via choosing
the portfolio weight 7, whereas the market, by default, aims to minimize the
investor’s gain rate via hiding the real market model and adding disturbance
terms.

Theorem 22 For any (m,u) € I x U with feedback forms, i.e. (ms,us) =
(m(V5), u(Vy)) for some Borel measurable mappings (w(-),u(-)), let (y(Vz), z (Vz),
A), t >0, be the unique Markovian solution of the ergodic BSDE (38). Further-
more, if the set II is also assumed to be bounded, then X\ is the value of the
associated risk-sensitive game problem, namely,

A = inf = inf :
1,3 I w0 = sup Taf, T () (56)

Moreover, the supremum and infimum in (B6) can be attainable by choosing *
and u* as in ([@2).
Proof. From (23], we have

|F(v,z,m,u) — F(0,z,m,u)| < Clx|- |v—1|,
[F(v,z,m,u) = Fv, 2,mu)] <O+ ||+ |z[ + [2]) - [z =0, (57)
|F(v,0,7,u)| < Cln|* + Clx|.
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Then, similar to the proof of Lemma [[] from [39) and (&), the following two
ergodic equations

dY* = (= sup F(Vy, Z{ me,up) + A)dt + (Z;) " dWy,
el (58)

Y[ = (= inf F(Vi, 27 m,ue) + \")dt + (Z7)"dWh,

have unique Markovian solutions (Y, Zu A*) and (Y™, Z™, A\™), respectively,

for each (u,7) € U x II with feedback forms.

Step 1. We first show that
A= 112{{ A = ilelff)l AT (59)
Since
iréf;]F(‘/t,Zt,ﬂ't,Ut) S G(‘/tvzt) S sup F(‘/tvzt;ﬂ-t;ut)?
Ut T €IT

Lemma 2] then implies that
AT <A<\ for all (m,u) € IT x U with feedback forms. (60)

On the other hand, from the uniqueness of the solution of the ergodic BSDE
BY), we know A = \* = A" with «* and 7* given in @J). Thus, we have
established ([B9).

Step 2. We show that, for each (u, ) € U x II with feedback forms,

1
AU = sup lim sup T In Epr,u (ef(,T L(‘/S77757us)d5> 7 (61)
mell Thoo
1 T
T _ . - o f L(VS,TrS,uS)ds>
A irelzf/l 111;15;1[) T In Ep~. (e 0 . (62)

We only prove (E1]), and the proof of (62]) is analogous.

For arbitrary but fixed u € U, from (G8) we get, for every 7 € I,

dY" = (= sup F(Vy, Z, 7, ug) + AN)dt + (Z9) T dw;
e €11
= (= sup F(Vi, Z',my ) + X+ (Z2) (57 + wi) ) dt + (2) 7AW,
eIl
(63)
where W™ defined via de““ = — (07 + u¢)dt + dWy is a Brownian motion
under probability measure P™* (see (BH])). We observe that the function F' (see

@23)) in (@3] can be written as

1
F(‘/tvz#aﬂ-taut) = L(‘/tthaut) + (Z#)T((Sﬂ-t + ut) + §|Z#|2
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Therefore, we rewrite the ergodic BSDE (G3) as
Yo' = Ypr + AT

T T

~ 1 u u T,U

:/ sup (L(Vi,me,ue) + (Z4)" 6my) —(Zg)T&rt+§|Zt |2dt—/ (zHTaw ",
0 mell 0

which follows that, for arbitrary 7 € 1,
u u u T T
N THYo e_YTS(/ (Z#)TthF’u)
0

T
:exp( / sup (L(Vi,meug) + (Z2)76m0) — L(Va, ooy ) — (Zf)Tchrtdt)
0 mell

. efDT L(Vy, 7t us)dt

> efOT L(Vy,®e,ut)dt

Then, we obtain
T N -
eAuTJrYOuEPﬁ,u [e,y;g(/ (Zg)Tthfr,u)} > Eprou [efoT L(Vt,ﬂ't,ut)dt] . (64)
0

We define the probability measure Q™" as follows

dQﬁ-,u
dP

= </t(57~rr + U, + Zg)TdWT) :
Fu 0
Using the measure Q™", from (64]) we get
e)\“T+Y0“EQT_r,u [e*Yﬂ > Epr [efoT L(Vt,ﬁ't,ut)dt}_
Thus, it holds

Yo oo1 g1 ;
X+ L~ nBgr 7] > 7 In B R A ()

Similar to the proof of estimate (B3], from the boundedness of II and Jensen’s
inequality, there exists a constant C independent of 7" such that

é < e Parlil < B () < (66)

where the last inequality is obtained using Lemma 3.1 in [16]. It follows from
(@5) and (66]) that, for any 7 € II,

1 N
AY > limsup = In Ep#,u [efoT L(Vf’”f’“f)dt]
Ttoo 1

with equality choosing 7 = 7}, where 7 is given in ([@2]).

Step 3. Finally, we readily obtain (B6]) from (B9) in Step 1 and (@) and (@2) in
Step 2. =
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Remark 23 Note that

Epr.u (efoT L(Vs’”s’%)ds)

T\d
— Epu (efoT—%5\w3\2+6w39(%)ds+f0T 57erWS) = Epu {(X&T) } %
X

In turn, from [BA), it is easy to check that X is also the value for the following

game problem
1 X 5
A = inf sup limsup T In Epu [@}

UEU refl Ttoo 0
1 X é
= sup inf limsup = In Epu [( 7) } .
rell ueU Ttoo T 0

Therefore, Theorem[22 can be viewed as an optimal investment model, and the
constant X is the optimal long-term growth rate of the expected utility of wealth
with model uncertainty. Such asymptotic results on robust utility mazimization
have been treated in [35] using the duality method and are related to “robust
large deviations” criteria to optimal long-term investment, that is, the investor
aims to mazximize the portfolio’s growth rate exceeding some threshold C € R
under the worst-case probability

1 1
itelgulrellg lir:?TiLOlp T 1n]P’“(T In X7 > O).

6 Connection with classical expected utility max-
imization for long time horizons

We establish a link between the power robust forward process U (z,t) and the
long-time behaviour of the lower value function of the classical power robust
expected utility. For the latter, let [0,7] be an arbitrary trading horizon and
we introduce the lower value function as follows

X 6
wrp(z,v) = sup inf  Epu (X7)
4]
m€lo,r) WEU0, 1]

IXF=x,Vo=v|, (z,v) € Ry x RY,

(67)
where the wealth process X7, s € [0, T, solving (@) with X7 = z, the stochastic
factor process Vs, s € [0,T], solving @) with Vo = v, and u € Ujp 1) means that
u belongs to U and is restricted to the time horizon [0, T7.

We recall that the optimal investment problem for the classical robust expected
utility has been considered in [10] via the stochastic control approach based
on BSDE, in [49] via the duality approach, and in [26] combining these two
methods.
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Proposition 24 Let U (z,t) = %ey(vf)’M be the power robust forward perfor-
mance process as in (41)). Then, there exists a constant L € R, independent of
the initial states XJ = x and Vo = v, such that, for (z,v) € Ry x R4,
—AT—L

i Pr@ e

Ttoo U(z,0)
Proof. Since the maxmin problem (67)) is standard in the literature (see, for
example, [53]), we only demonstrate its main steps briefly. To this end, for each
7 € Iljo,7) and u € Ujp 7}, we introduce the objective functional

(X7)°
5

wp(z,v,m,u) = Epu

[ X§ =z, Vo =v].

We aim to find a saddle point (7*,u*) € Iljg 77 X U,y such that
wr(z,v,m,u") <wr(z,v, 7", u") < wp(z,v, 7%, u).

Then, it is clear that wr(z,v) = wr(z,v, 7, u*). We claim that
wr(z,v) = x—eYO, (68)

7y =1 Vi, Zy), uf =u*(Vi, Zy), t €[0,T] (69)

with the mappings (7*,u*) given in (28) and (28], and (Y, Z) being the unique
solution of the following BSDE

Y, = /T G(I/T,Zr)dr—/T (Z,)" aw,, (70)

where the driver G is given in (22)). The proof follows along similar arguments
as in Proposition [0 and Theorem 12, and thus omitted.

From Theorem 4.4 in [29], there exists a constant L € R such that

lim (¥ = XT — ¥o) = L. (71)
where (Y, Z, \) is the solution of ergodic BSDE (B8]). Finally, from (@I, (GS)
and (1)) we have

—AT—L

lim 2@ T

T?Too U(JI, 0)

which completes the proof. m

We have showed that the discounted classical power robust expected utility
converges to the power robust forward performance process as the investment
horizon tends to infinite. This result is obtained via the relationship between
BSDE and ergodic BSDE. Then it seems natural and interesting to consider the
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connection of the optimal strategies between these two investment problems. In
fact, from ([@2) we get that the optimal investment strategy to each scenario

O(Vi) + Zy + ut)
1-46 ’
where (Y, Z, \) is the solution of ergodic BSDE (B8]). Similar arguments conclude

that for classical expected utility problem (G7)), the optimal investment strategy
has the form

a*(t,u) = Projn(

OVy) + Zi +

— 15 )

where (Y, Z) is the unique solution of BSDE (Z0). Since the projection operator
on a closed convex set is Lipschitz continuous, the convergence of o}, to o boils
down to the convergence of

af(t,u) = Projm(

T
EP[/ |Zt — Zt|2dt] — O, as T — oo. (72)
0

However, (72) is yet to be established. Hence, although we have established
a connection of the robust forward performance process with the correspond-
ing classical robust expected utility, it is still an open problem to prove the
convergence of the associated optimal trading strategies.

7 Logarithmic robust forward performance pro-
cesses with negative realization processes

In this section, we provide an example to show the advantage of our stochastic
differential approach to solve homothetic robust forward investment problems
compared with the classical saddle point argument. For simplicity of the calcu-
lations, we consider the following situation:

i) a single stock and single stochastic factor model (i.e., n = d = 1 in state
equations (1) and(@]).

i) U =[0,1], II = [0, 1], the market price of the risk § € [-1,0].
iii) a logarithmic robust forward performance process,
Ua,t) = na + f(Vi, )

with a quadratic form on the realization process v in (I, i.e.,

1
ala) = [ Ghuas, (73)
t

which expresses the cumulative evaluation of the model P* predicted by the
investor in [t,s]. Herein, since we consider negative realization processes, we
choose the parameter 7 = —1 without loss of generality. Using similar arguments
to Theorem [[2] we obtain the following results.
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Theorem 25 Let (Yy, Z1, \) = (§(V),Z2(Vi), N),t > 0, be the unique Markovian
solution of (38) with the generator

G(v, 2) = maxmin F(v, 2,7, u),

where F(v, z,m,u) = —3m2 + 70(v) + (7 + 2)u — su®. Then, the process U(x,t),
(x,t) € Ry x [0,00), given by

U(z,t) =Inz+y(V;) — A,

s a logarithmic robust forward performance process with realization process ~y
given in () and parameter T = —1. Moreover, the optimal portfolio weight
7*, and the worst-case scenario strategy 5* responding to each portfolio weight
7w are given as follows

%r = /7:1:*(‘/;572(%))7 ﬁ*(tvﬂ—t) = 5*(5(1/}),755),

where the mappings (77*,5*) have the form

O(v) +1, if &—2>6(v)+1;
T™v,2) =4 12—z, if O(v) <3 —-2<0()+1;
0(v), if 3—2<0(v),

and

E*(Zﬂr):{ 1, if m+2<73;

0, otherwise.

It is easy to check that the saddle point for this forward investment problem
does not exist since F' is concave both in variables m and u. Therefore, the clas-
sical saddle point argument can not be applied directly, whereas our stochastic
differential game approach provides an alternative and efficient way to address
this problem.

8 Conclusion

This paper provides a stochastic differential game framework to construct a
class of forward performance processes with model uncertainty. In particular,
the homothetic robust forward process in factor form is represented in terms
of the Markovian solution of ergodic BSDE. The approach and results may
be extended in several directions. First, one may consider a general realization
process v with parameter 7 not necessarily zero. Second, it would be interesting
to prove the convergence of the finite time horizon optimal investment strategy
to its forward counterpart as time horizon becomes large. Both are left for the
future research.
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