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Abstract

We study the Markowitz portfolio selection problem with unknown drift vector
in the multidimensional framework. The prior belief on the uncertain expected rate
of return is modeled by an arbitrary probability law, and a Bayesian approach from
filtering theory is used to learn the posterior distribution about the drift given the
observed market data of the assets. The Bayesian Markowitz problem is then embed-
ded into an auxiliary standard control problem that we characterize by a dynamic
programming method and prove the existence and uniqueness of a smooth solution
to the related semi-linear partial differential equation (PDE). The optimal Markowitz
portfolio strategy is explicitly computed in the case of a Gaussian prior distribution.
Finally, we measure the quantitative impact of learning, updating the strategy from
observed data, compared to non-learning, using a constant drift in an uncertain con-
text, and analyze the sensitivity of the value of information w.r.t. various relevant
parameters of our model.

Key Words: Bayesian learning, optimal portfolio, Markowitz problem, portfolio selection.

1 Introduction

Portfolio selection is a core problem in mathematical finance and investment management.
Its purpose is to choose the best portfolio according to a criterion of optimality. The mean-
variance optimization provides a criterion of optimality considering the best portfolio as
the one that maximizes an expected level of return given a certain level of risk, the one that
the investor can bear, or conversely, minimizes the risk of a portfolio given an expected
level of return. Markowitz (1952)) pioneered modern portfolio theory by settling the basic
concepts. This conceptual framework, still widely used in the industry, leads to the efficient
frontier principle which exhibits an intuitive relationship between risk and return.

Later, portfolio selection theory was extended several times to encompass multi-period
problems, in discrete time by Samuelson| (1969)) and in continuous time by Merton| (1969).
Karatzas et al.| (1987) made a decisive step forward when they solved Merton’s problem
for a large class of smooth utility functions using dual martingale methods under the
no-bankruptcy constraint.

Originally, the literature on portfolio selection assumed that the parameters of the
model, drifts and volatilities, are known and constant. This assumption raises the question
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of estimating these parameters. Typically, the parameters are estimated from past data
and are fixed once and for all. This convenient solution does not look realistic in practice
since it does not adapt to changing market conditions. Moreover, as Merton| (1980) among
others showed, estimates of variances and covariances of the assets are more accurate than
the estimates of the means. Indeed, he demonstrated the slow convergence of his estimators
of the instantaneous expected return in a log-normal diffusion price model. Later, Best
and Grauer| (1991) argued that mean-variance optimal portfolios are very sensitive to the
level of expected returns. As a consequence, estimating the expected return is not only
more complicated than estimating the variance/covariance, but also a wrong estimation
of the expected return can result in a very suboptimal portfolio a posteriori.

To circumvent these issues, an extensive literature incorporating parameters uncer-
tainty in portfolio analysis has emerged, see for example Barry| (1974)) and Klein and Bawa
(1976) and methods using Bayesian statistics have been developed, see |Frost and Savarino
(1986)), |Aguilar and West| (2000), /Avramov and Zhou (2010) and Bodnar et al. (2017)).
In particular, the [Black and Litterman| (1992) model, based on economic arguments and
equilibrium relations, provides more stable and diversified portfolios than simple mean-
variance optimization. Based upon the Markowitz problem and the capital asset pricing
model (CAPM), this model remains static and cannot benefit from the flow of informa-
tion fed by the market prices of the assets. This loss of information is detrimental in the
optimization process, since it does not allow for an update of the model given the most
recent available information.

Consequently, research then focused on taking advantage of the latest information con-
veyed by the prices. It explains the subsequent growing literature on filtering and learning
techniques in a partial information framework, see |Lakner| (1995), Lakner| (1998)), Rogers
(2001)) and (Cvitani¢ et al.| (2006). The most noticeable research involving optimization and
Bayesian learning techniques is by Karatzas and Zhao| (2001). Using martingale methods,
they computed the optimal portfolio allocation for a large class of utility functions in the
case of an unknown drift and Gaussian asset returns. (Guéant and Pu| (2017) extend the
previous results to take into account both the liquidity and the expected returns of the
assets, coupling Bayesian learning and dynamic programming techniques while address-
ing optimal portfolio liquidation and transition problems. Recently, |Bauder et al.| (2018)
suggest to deal with the Markowitz problem using the posterior predictive distribution.
A Bayesian efficient frontier is also derived and proved to outperform the overoptimistic
sample efficient frontier.

In this paper, we consider an investor who is willing to invest in an optimal portfolio
in the Markowitz sense for a finite given time horizon. The investment universe consists
of assets for which we assume the covariance matrix known and constant. The drift vector
is uncertain and assumed to have a prior probability distribution.

We contribute to the literature of optimal portfolio selection by formulating and solv-
ing, in the multidimensional case, the Markowitz problem in the case of an uncertain drift
modeled by a prior distribution. This a priori time inconsistent problem cannot be tackled
by convex duality and martingale method as in |[Karatzas and Zhao| (2001)). Instead, we
adapt the methodology of Zhou and Li| (2000) to our Bayesian learning framework, and
show how the Bayesian-Markowitz problem can be embedded into an auxiliary standard
control problem that we study by the dynamic programming approach. Optimal strategies
are then characterized in terms of a smooth solution to a semi-linear partial differential
equation, and we highlight the effect of Bayesian learning compared to classical strategies
based on constant drift. Although prior conjugates are widely used in the literature, here
we extend to the multidimensional case, a recent result by [Ekstrom and Vaicenavicius



(2016) which enables us to use any prior distribution with invertible covariance matrix to
model the uncertain drift allowing for a wide range of investors’ strategies. In the particular
case of a multidimensional Gaussian prior conjugate, we are able to exhibit a closed-form
analytical formula.

Next, we measure the benefit of learning on the Markowitz strategy. To do so, we
compare the Bayesian learning strategy to the subsequently called non-learning strategy
which considers the coefficients of the model, especially the drift, constant. The Bayesian
learning strategy is characterized by the fact that it uses, as information, the updated
market prices of the assets to adjust the investment strategy and reaches optimality in
the Markowitz sense. On the other hand, the non-learning strategy is a typical constant
parameter strategy that estimates once and for all its unknown parameters with past
data at time 0, leading to sub-optimal solutions to the Markowitz problem because it
misses the most recent information. The benefit of learning, measured as the difference
between the Sharpe ratios of the portfolios based on the Bayesian learning and the non-
learning strategies, is called the value of information in the sequel. We then analyze in
a one-dimensional model the sensitivities of the value of information w.r.t. four essential
variables: drift volatility, Sharpe ratio of the asset, time and investment horizon.

The paper is organized as follows: Section [2| depicts the Markowitz problem in our
framework of drift uncertainty modeled by a prior distribution and the steps to turn
it into a solvable problem. Section [3| introduces the Bayesian learning framework and
the methodology to consider any prior with positive definite covariance matrices. Section
provides the main results and some specific examples where some computations are
possible analytically. Section [5| concerns the value of information and its sensitivity to
different parameters of an unidimensional model: the volatility of the drift, the sharpe
ratio of the asset, the time, and the investment horizon. Section [6] concludes this paper.

2 Markowitz problem with prior law on the uncertain drift

We consider a financial market on a probability space (€2,F,P) equipped with a filtra-
tion (Ft)i>o0 that satisfies the usual conditions, and on which is defined a standard n-
dimensional Brownian motion W. The market consists of n risky assets that are continu-
ously traded. The assets prices process S is defined as:

{dst = diag(S)(Bdt + 0dWi), t€[0,7], (2.1)

So = sg € R",

where T is the investment horizon, B is a random vector in R”, independent of W, with
distribution p and such that E[|B|?] < co. The prior law of B represents the subjective
beliefs of the investor about the likelihood of the different values that B might take.

In the sequel, we consider the following assumptions satisfied:

Assumption 2.1. The covariance matriz Cov (B) of the random wvector B is positive
definite,

Assumption 2.2. The n x n volatility matrix o is known and invertible, and we denote
¥ =o00T.

We write FS = {F}};>0 the filtration generated by the price process S augmented by
the null sets of F. The filtration F¥ represents the only available source of information:
the investor observes the price process S but not the drift.



We denote by o = (o)o<i<r an admissible investment strategy representing the
amount invested in each of the n risky assets. It is a n-dimensional FS-progressively mea-
surable process, valued in R”, and satisfying the following integrability condition

T
E[/ |at\2dt} < 0.
0

We define A as the set of all admissible investment strategies.
The evolution of the self-financing wealth process X<, given a@ € A and an initial
wealth xg € R, is given by:

dX? = o] diag(S;)71dS; = o] (Bdt + odW;), 0<t<T, X§ = xo. (2.2)
The Markowitz problem is then formulated as :

Us(9) = sup {]E[X%}  Var(X) < 19}, (2.3)
acA

where ¥ > 0 is the variance budget the investor can allow on her portfolio. The value

function Uy is then the expected optimal terminal wealth value the investor can achieve

given her variance constraint. It is very standard to transform the initial problem

into a so called mean-variance problem, where the constraint becomes part of the objective

function:

Vo(A) = [AVar(X¢) —E[XZ]], A>0. (2.4)

inf
acA

The well-known connection between the Markowitz and mean-variance problem is
stated in the following lemma.

Lemma 2.3. We have the duality relation

Vo(A) = infyso [N —Up(9)], YA>0
{ Up(¥) = infxaso [N —Vo(N)], VI >0.

Furthermore, if o is an optimal control for problem (2.4), then &V := a** ) s an
optimal control for problem Uy(¥) in (2.3), with A\(¥) := argminy~q [)\19 — Vo()\)], and
Var(X%ﬁ) = 7.

The proof of this result is standard and detailed in [A]

Because of the variance term, mean-variance problem does not fit into a classical
time consistent control problem. To circumvent this issue, we adopt a similar approach as
in Zhou and Li (2000) in order to embed it into an auxiliary control problem, for which
we can use the dynamic programming method.

Lemma 2.4. The mean-variance optimization problem (2.4) can be written as follows:

Vo) = inf [Vo (A7) +\7] (25)
where
VoA v) = Jof [AE[(XF)?) = (1 + 2M)E[X7]]. (2.6)



Moreover, if @7 is an optimal control for [2.6) and v*(\) := argmin, cg [‘70()\,7) + )\’yz]
then a** := a»" N s an optimal control for Vo(\) in (2.4).

Furthermore, the following equality holds true
* a®
7'(A) = E[X7 ] (2.7)

The proof of this lemma follows Zhou and Li (2000) and is provided in |Bl As we shall
see in Section |4 problem (2.6)) is well suited for dynamic programming.

We end this section by recalling the solution to the Markowitz problem in the case of
constant known drifts and volatilities, which will serve as a benchmark to refer to.

Remark 2.5 (Case of constant known drift). In the case where the drift vector by and
the volatility matrix o are known and constant, we have the following results :

e The value function of the mean-variance problem with initial wealth xg is given by

1 —1; 12
= A = —— |U b0|T— —
Vo) = v(0,20) = — (e 1)~
with
A B L) BT B S G s T LT B N
v (t, x) e (x — x0) o <e 1) x.

The corresponding optimal portfolio strategy for V() is given in feedback form by

A
of” = ay(t, X7),

where

€|0'7160|2T

ay(t,z) = (xo —x+ —o

> E_lbo
and X; is the optimal wealth obtained with the optimal feedback strategy.

e The optimal portfolio strategy of the Markowitz problem Uy(?) is then given by

where

e|a'71b0‘2T _ 1
449

Moreover, the solution to the Markowitz problem is

Uo(9) = o+ /9l P —1).

See for instance |Zhou and Li (2000]) for more details. O



3 Bayesian learning

Since the investor does not observe the assets drift vector B, she needs to have a subjective
belief on its potential value. It is represented as a prior probability distribution p on R”,
assumed to satisfy for some a > 0,

/ ea|b|2u(db) < 0.

The prior probability distribution will then learn and infer the value of the drift from ob-
servable samples of the assets prices. Using filtering theory, and following in particular the
recent work by Ekstrom and Vaicenavicius (2016) that we extend to the multi-dimensional
case, we compute the posterior probability distribution of B given the observed assets
prices.

Let us first introduce the R"-valued process Y; = o~ Bt + W;, which clearly generates
the same filtrations as S, and write the observation process

o[
2

SZ = Séexp(ath— t), i=1,....,n, 0<t<T,
where ¢ denotes the i-th line of the matrix o.

Equivalently, we can express Y in terms of S as: Y; = h(t, S;) where h : [0,T] x (0,00)"
— R" is defined by

The following result gives the conditional distribution of B given observations of the
assets market prices in terms of the current value of Y. We refer to Proposition 3.16 in
Bain and Crisan| (2009) as well as Karatzas and Zhao| (2001) and |Pham)| (2008]) for a proof.

Lemma 3.1. Let g : R" — R" satisfying [p. |9(b)|p(db) < oo. Then

|'—771b‘2t
2

Jan g(b)e=o bYi>= 11(db)

E[9(B)|F’] = Elg(B)Yi] e
fRne<U b’Yt>_#t/L(db)

From Lemma the conditional distribution p, of B given Y; = y is given by

e<0'7lb,y>—7'0_21’]'2 t,u(db)
Mt,y(db) = <0’71by>—|a_lb|2t I (31)
Jrne ' 3 'u(db)

and the posterior predictive mean of the drift is
B, = E[B|FY] = E[BlY,] = f(t.Y)),

where
Jan be= b= g
I B e (3:2)
n fRn e<o b,y>—Ttﬂ(db)

The following result shows some useful properties regarding the function f.




Lemma 3.2. For each t € [0,T], the function f; : R™ — R"™ defined as fi(y) := f(t,y),
where f is given in (3.2)) is invertible when restricted to its image By := f(R™), and we
have

Vyf(t,y) = Cov(B|Y;=y)(c7")T, yeR™
and the conditional covariance matrixz of B given Yy = y is positive definite.

Proof. The vector-valued function y — f(y) is differentiable, hence we can compute the
matrix function V, f element-wise,

[0, few)]; = / o7 Bty (db) — / bipey(db) /R o ey ()
_g <UJ'_Ji /]R" brbifit,y (db) — /]Rn bipt,y(db) /]R“ bkﬂt,y(db)>

n
= Z a;,icov(Bi, BrlY; =)
1

=(o"tcov(B|Y; = y))]l
— (cov (B| Yy = y) (e )7), .
If cov (B Y;) is not positive definite, then for some linear combination of B, we would
have Var <Zj q; B |Yt> = 0 for some ¢ € R™, meaning that Zj ¢;Bj = C, C € R, gy

a.e.. But from (3.1)), this would imply Zj ¢;Bj = C,C € R, p-a.e which contradicts
Assumption 2.7}

Fix ¢t > 0, the function f; : R™ — R" is obviously surjective on its image B;. To show
that it is injective, we define f = f;oT and take two R"-vectors y1 # y2. If we compute
the Taylor expansion of f,

Fn) = fy2) = Vo f ) (1 — 12),

where 7 is a convex combination of y1 and ya. Since cov(B|Y}) is positive definite V, fis
positive definite so f(y1) # f(y2) and f; is injective.

Let us now introduce the so-called innovation process
¢
W, = a—l/ (B— BJ)ds+ Wi, 0<t<T,
0

which is a (P, F¥)-Brownian motion, see Proposition 2.30 in Bain and Crisan| (2009). The
observation process Y is written in terms of the innovation process as

t
Y; = 0_1/ Byds + W;. (3.3)

Applying Itd’s formula to B; = f(t Y;) with (3.3), and recalhng that B is a (P,F%)-
martingale, we see that dB; = Vv, f(t, Yt)th By Lemma and defining the matrix-
valued function 3 by

(L, b) = Vyf(t, f;7 1), t€[0,T], be B, (3.4)

7



where y = f{l(b) is the unique value of the observation process Y; that yields B, = b, we
have

dB; = (t, B)dW;. (3.5)

Remark 3.3 (Dirac case). The Dirac prior distribution = 1y, does not verify Assump-
tion . Indeed in this case, ¥ (t,b) f(t,b) := by, consequently we cannot properly define
the function f{l and the matriz-valued function . A natural way to extend our frame-
work to the Dirac case is by setting V(t,b), ¥(t,b) := 0. Indeed when B is known then
cov(B) =0 and thus ¢ = 0. O

We can rewrite Model (2.1]) in terms of observable variables:

dSt = dlag(St) (Btdt + O'th> s t e [0, T], S() = 8o,
dét = T,Z)(t,Bt)th, t e [O,T], éo = b(] = E[B]

Notice that the dynamics of the observable process By = f(t,Y;) = f(t, h(t,Sy)) is fully
determined by the function 1 given in analytical form by (3.4]) (explicit computations will
be given later in the next sections). The dynamics of the wealth process in (2.2]) becomes

dX{ = ofdiag(Sy)71dS; = of (Bydt + odW;), 0<t<T, X§ = . (3.6)

4 Solution to the Bayesian-Markowitz problem

4.1 Main result

In order to solve the initial Markovitz problem in , we first solve problem , then
use Lemma to find the optimal v and obtain the dual function Vy()) stated in (2.5)),
and finally apply Lemma[2.3]to find the optimal Lagrange multiplier A which gives us the
original value function Uy(¥) and the associated optimal strategy.

Let us define the dynamic value function associated to problem ([2.3):
oM (¢, 2, b) = ingJA’V(t,x,b, a), te€l0,T], zeR, be By, (4.1)
ac
with

JM(t,z,b,a) = E [)\(X%x’b’aﬁ -1+ 2M)X;x»b’a} ,

where X5% is the solution to (3.6]) on [t, T, starting at Xf’r’b’a =z and B, = b at time
t € [0,T], controlled by a € A, so that Vo(\,v) = v™7(0, z0, bo), with by = E[B].

Problem is a standard stochastic control problem that can be characterized by
the dynamic programming Hamilton-Jacobi-Bellman (HJB) equation, which is a fully
nonlinear PDE. Actually, by exploiting the quadratic structure of this control problem (as
detailed below), the HJB equation can be reduced to the following semi-linear PDE on R

={(t,b): t €]0,T],b € B:}:
1 ~
—OR — 5tr(wz/ﬂpgR) + F(t,b,V,R) = 0, (4.2)
with
~ _ 1 _
F(t,b,p) =2 (Yo 'b) p— S[¥Tpl* — |~ "bI?, (4.3)

8



and terminal condition
R(T,b) =0, be By, (4.4)

We can then state the main result of this paper, which provides the analytic solution
to the Bayesian Markowitz problem.

Theorem 4.1. Suppose there exists a solution R € CL2([0,T) x By; Ry) N CY(R;R4) to
the semi-linear Eq. (4.2)) with terminal condition (4.4). Then, for any A > 0,

1
Vo(A) = O (eR(O’bO) - 1) — x0

with the associated optimal mean-variance control given in feedback form by
A Bayes,\ A4 Bayes,\ X
= ag ™G XYT By = ag (6 XY, F(E R(E S)) (4.5)

where
oR(0,b0)
2

agayes,)\a:, z, b) = <.’I,'0 —x+

) (7= (vo ) TVLR(LY) . (46)
and the corresponding optimal terminal wealth is equal to

E[x3™] = xﬁi(emo’bw_l). (4.7)

Moreover, for any ¢ > 0,

U()(ﬁ) = xo+ /0 (GR(OvbO) — 1)

with the associated optimal Bayesian-Markowitz strategy given by

&19 — a*,)\(ﬁ),
with
eR(O,b()) —1
M) = (4.8)

Proof. The detailed proof is postponed in[C], and we only sketch here the main arguments.
For fixed (), ), the HJB equation associated to the standard stochastic control problem

is written as
D™ + %tr (waD,%v/\”) + olzIelfL\ [osz@xv’\’7 + %|UToz|20§xv’\’7 +aToT? M| = 0, (4.9)
with terminal condition
vM(T,2,b) = Ax? — (1 + 2)\y)z.

We look for a solution in the ansatz form: v (¢, z,b) = K(t,b)x? + T'(¢,b)x + x(t,b). By
plugging into the above HJB equation, and identifying the terms in 22, z, we find after
some straightforward calculations that

1+ 2)\v)2 1+ 2)\v)2
,l))\fy(t’x’ b) — e—R(t,b) )\.%'2 _ (1 +2)\,7)x+ ( +4)\ FY) _ ( +4)\ f)/) ,




where R has to satisfy the semi-linear PDE (4.2)) (which does not depend on A, 7). Since
R is assumed to exist smooth, the optimal feedback control achieving the argmin in the

HJB equation (4.9) is given by

aM =M (¢, X By), (4.10)
with
1
aM(t,z,b) = (ﬁ +y - x) (271 — (o )TVLR(t, b)), (4.11)

while v*()) := argminyecr [%(/\, v) 4+ M%) = argmin,cg [17’\’7 (0,20, bo) + Av?] is given by

, 1
V) = ot g (e -), (4.12)

which leads to the expression (4.7)) from (2.7)). We deduce that

Vo(A) = VoA 7" (V) +A(r*(V)?
M0, 20, bo) + Ay (V)
1

- - (eRw:bo) _1) — 2. (4.13)

From Lemma we know oy e dt)‘ 7" and the optimal control for Vo(A) is thus
ar =T, xPTY B = abres A e, xe N By, 0<t<T,

with the function aég WesA as in (4.6). This leads to the expression in from ,
and . Finally, the Lagrange multiplier A(9) = argminyso (M — Vo(A)] is
explicitly computed from , and is equal to the expression in . The optimal
performance of the Markowitz problem is then equal to

Uo(®) = AW —Vo(A(W)) = ao+ 1/ (ROk) — 1),

by (4.8)) and (4.13). The optimal Bayesian-Markowitz strategy is then given by &” = oA D)
according to Lemma [2.3 O

Remark 4.2 (Financial interpretation). When the drift B = by is known, the function R
is simply given by R(t) = |0~ 1bo|?(T — t), and we retrieve the results recalled in Remark
Under a prior probability distribution on the drift B, we see that the optimal perfor-
mance of the Bayesian-Markowitz problem has a similar form as in the constant drift case,
when substituting |~ 'bo|?>T by R(0,bg). For the optimal Bayesian-Markowitz strategy,
we have to substitute the vector term X ~1by by Eilét, i.e. replacing by by the posterior
predictive mean By, and correcting with the additional term (Yo ~")TV,R(t, B;). We call
R the Bayesian risk premium function. O

Our main result in Theorem is stated under the condition that R exists sufficiently
smooth. In the next paragraph, we give some sufficient conditions ensuring this regularity,
thus the existence of R, and provide some examples.

10



4.2 On existence and smoothness of the Bayesian risk premium

In this section we provide sufficient conditions ensuring the existence of the Bayesian
risk premium function R, solution to the semi-linear PDE . Note that the standard
assumptions of existence and uniqueness that we can find in Ladyzhenskaia et al.| (1968)
do not apply here since the function F defined in is not globally Lipschitz in p. The
difficulty of our framework comes from the unboundedness of the domain and the quadratic
growth in p of the function F which entails that the solution may grow quadratically.

Theorem 4.3. Suppose the following conditions hold true:
o V(t,b) € R, ¥(t,b) and 1)~1(t,b) are bounded,
o The matriz Vyp exists and is bounded,

then there exists a classical solution R € C1*(R) to PDE ([4.2). In addition, R(t,b) is at
most quadrically growing in b and V,R(t,b) is at most linearly growing in b.

Proof. We provide a sketch of the proof and details in [D] We follow a similar approach
as [Pham| (2002) and Benth and Karlsen| (2005)). Without loss of generality we consider the
function R := —R. We rewrite the PDE characterizing R as

| _ _
—O,R — 5tr(wTDgR) + F(t,b,V,R) = 0
with terminal condition R(T),.) = 0, where the function F : R x R” — R defined by
1
F(t,b,p) = S[¥Tpl* +2(wo™"0)p+ o b,

is quadratic (hence convex in the gradient argument p). Let us introduce the Fenchel-
Legendre transform of F(¢,b,.) as

Lt(b7 q) = ;}2%{}5 [ - quTp - F(t’ bap)]a be Bta q € Rn?

which explicitly yields
1 _ _
Li(b,q) = i\qP +2(c7'0)Tg + |07 1b)?. (4.14)

The explicit form shows that L; only depends on ¢ through the domain B; of b. It is also
known that the following duality relationship holds:

F(t,b = —q"Tp — Ly(b,q)|.
(t,b,p) 22%35[ q"Tp — Ly (b, q)]
From (4.14]) we deduce the following estimates on L and its gradient w.r.t. b:

[Li(b,q)| < C(lgf* + [b]), (4.15)
|VbLt(b7 q)| S C(|Q| + |b|)7 NS Bta qc Rna ’

for some independent of ¢ positive constant C'. Let us now consider the truncated auxiliary
function

F¥(t,b,p) = max [—q"Tp— Li(b,q)], be B, peR”,
q1>

11



for k € N. By (4.15) and Theorem 4.3 p. 163 in [Fleming and Soner| (2006), there exists a
unique smooth solution R* with quadratic growth condition to the truncated semi-linear
PDE

- 1 - -
—9,RF — 5tr(WTD%jR’“) + F*(t,b, VyRF) = 0,

with terminal condition R*(T),.) = 0. .
The next step is to obtain estimates on R* and its gradient w.r.t. b, uniformly in k:

[RE(t,0)] < C(1+[b]?),
{vak(t,b)y < C(1+1p), Y(tb)eR,

for some constant C' independent of k. Then, following similar arguments as in [Pham
(2002) and Benth and Karlsen| (2005), we show that for k large enough, R¥ = —RF solves
PDE (4.2). This proves the existence of a smooth solution to this semi-linear PDE. O

4.3 Examples

We illustrate with some relevant examples the explicit computation of the diffusion coef-
ficient v appearing in the dynamic of the posterior mean of the drift described in (3.5)),
as well as the computation of the Bayesian risk premium function R.

4.3.1 Prior discrete law

We consider the case when the drift vector B has a prior discrete distribution

N
p(db) = > midy,(db), (4.16)
i=1

where for i = 1,..., N, V; are vectors in R", m; € (0,1) and Zfil m; = 1. We denote by
V the n x N-matrix V = (V!... V), with rank(V) = n < N and we assume that the
vectors V; are chosen such that

N
Cov(B) =Y mViV;T — bob] > 0.
=1

From (4.16) and (3.1]), we easily compute the conditional distribution of B w.r.t. ¥; =
y € R™, which is given by

N
pey(db) = > piov.(db) te0,T],
=1

where pyy = (pf, ... ply,) € [0,1]" is determined by

—1 1y/Ty—1
medto VitV xT vt 1 N
pt,y - N yTO'_1V'—lV.TE_1V-t’ t=1... .
Zj:lﬂ—je R !

It follows that the function f in (3.2) is equal to

N
f(ty) = / buy(dh) = S pVi = Vi,

i=1
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from which we calculate its gradient:

N
Vyf(ty) = (Z pi ViV — vpt,ywpt,yy) (o~ T.
i=1
In this case the domain B; of b is the convex hull of the vectors V;, ¢ = 1,..., N mathe-

matically defined as

N
Bi=qb:Vpy~=band Vje{l,...,N}, piy* € (0,1) and Zpiyy* =153,
j=1
where for fixed (¢,0) € R, y* = ft_l(b). More precisely, y* is the solution to the equation

f(t,y*) = Vpiy« = b. We note B; the closure of B;.
The function v defined in (3.4)) is therefore equal to

P(t,b) = Vy f(t,y7)

N 4.17
_ (Zpi,y*ViViT _ bbT> (O.—I)T‘ ( )

i=1
Remark 4.4. In the discrete case we cannot apply Theorem for two main reasons: By
is a bounded non-smooth domain, and v can vanish on the boundary of B;, leading to ¢!
being ill defined on B;. It is, in particular, easy to see that vanishes at the points V;.

Indeed, b equals V; implies that V j =1,..., N, p{ b =0 for j # i and pi . = 1 leading to
Eq. ( - 4.17)) being zero. The existence theorem of a solution to problem (4.2 h -, in our
context, can be found in |[Krylov| (1987), especially chapter 6, section 3. O

4.3.2 The Gaussian case

We consider the case when the drift vector B follows a n-dimensional normal distribution
with mean vector by and covariance matrix g:

noo~ N(bg,zo). (4.18)

In this conjugate case, it is well-known (see Proposition 10 in|Guéant and Pu/ (2017))) that
the posterior distribution of B, i.e., the conditional distribution of B given Y; = y is also
Gaussian with mean

-1
flt,y) = <Eal + E_lt) (Zalbo + (UT)_ly), (4.19)
and covariance
-1
(t,y) = (251 - E_lt) :
For the sake of completeness, we show this result. From (3.1)) and (4.18)), the conditional
distribution of B w.r.t. Y; = y is given by
To1b— 26781 bt— 1 (b—bo) TS5 ! (b—bo)

Mt,y(db) = fRn eyTaflb_lbrzflbt—%(b—bo)Txgl(b_bo)dbdb

o 5 (0T (55121 )b—267 (55 bo+H(o 1) Ty)
= )

fone =3 (07 (2 2 1)b—2b7 (2 b +(o )Ty
R"

) db

1 1

e—%(b—(261+2*1t)7

(55 bo+(e™)Ty))

(55 bo+(0=1)Ty)) " (S5 45 1) (b (S5 45 1e)
T

fone ~L(b=(z5 451) T (55 bo+ (0~ 1)Ty)) (Zot+e- )(b—(251+2—1t)’1(251b0+(a—1)7y))db
Rn

13
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Recognising the form of a Gaussian distribution, we find

3 (o (=) T (S e o) (S5 ) (b= (S5 4R T S o))
Mt,y(db) = db,

@2m)E| (St +5-1) |2
which shows that
ey ~ N(f(ty),2(y)).
Next, from , we have
Vifty) = (S0 87T e
Left multiplying by Yo%y 1 and right multiplying by ¢ !¢ the previous equation, we

obtain the multi-dimensional independent from b familiar expression of the diffusion coef-
ficient v stated in |[Ekstrom and Vaicenavicius (2016]) in dimension one:

W(t) = To(S+%ot) o

For the computation of the Bayesian risk premium function R solution to (4.2)), we
look for a solution of the form:

R(t,b) = bTM(t)b+U(t), (4.20)

for some R"*"-valued function M, and R"™-valued function U defined on [0,7], to be
determined. Plugging into (4.2), we see that M and U should satisfy the first order ODE
System:

—M'(t) —2M(t)TG(t)TEG(#)M (t) + 4G(t)M(t) — ¥t = 0 191
{ “U(1) — w[GETEGME)] = o, (4.21)

with G(t) = (X + Zot)"'X and terminal conditions:
M(T) =0, U(T) = 0. (4.22)

The solution to (4.21)-(4.22)) is given by the following Lemma, whose proof is detailed
in [El
Lemma 4.5. The solution to the ODE system (4.21)) with terminal condition (4.22) is:

T -1
M@t) = Syt 4571 - [(251 + E‘lT)*1 + 2/ S0 (24 20s) 2 (2 + Bgs) ! Eods]
t

U(t) = /tT tr (20 (S + Zos) " — K(zol + 277t 4 Q/ST G(u)TZG(u)du> (G(S)Tza(s))l] _1) ds

We conclude that the Bayesian risk premium function R is explicitly given by (4.20)
with M and U as in Lemma The optimal Bayesian mean-variance strategy (4.5 is
explicitly written as

o R(0,b0)
2\

*, A
o, = (mo—Xto‘ +

) [E_l — (Z + Eot)flzoM(t)} B,
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where By = f(t,Y;) = f(t, h(t,Sy)).

In the one-dimensional case n = 1, hence with ¥ = 02, 3 = 0(2), the expressions for
M and U are simplified into
o? +odt

M) = o?(c? + US(QOT —t)) (T=1),

o2+ U%T

Ut) = hl(\/(J2+0(2)t)(02+0(2)(2T—t))).

5 Impact of learning on the Markowitz strategy

This section shows the benefit of using a Bayesian learning approach to solve the Markowitz
problem. In contrast to classical approaches that estimate unknown parameters in a second
step, leading to sub-optimal solutions, the Bayesian learning approach uses the updated
data from the most recent prices of the assets to adjust the controls of the investment
strategy and reaches optimality in the Markowitz sense.

In a framework where the drift B is unknown, following a prior probability distribution
1, we will compare the performance, in terms of Sharpe ratio, of the Bayesian learning
strategy to the non-learning strategy. Recall, the non-learning strategy considers the drift
constant set at by = E[B] = [ bu(db). This allows us to exhibit the benefit of integrating
the most recent available information into the strategy.

5.1 Computation of the Sharpe ratios

The Sharpe ratio associated to a portfolio strategy « is defined by
E[X&] — o
V/Var(X$)

We denote by a”% the optimal Bayesian-Markowitz strategy obtained in Theorem [4.1
XL = X" the associated wealth process and S h% the corresponding Sharpe ratio. We
also write @V the non-learning Markowitz strategy based on a constant drift parameter
bo as described in Remark XNL = x&"™ the associated wealth process and Sh¥ L

the corresponding Sharpe ratio.

Sh =

Proposition 5.1. The Sharpe ratios of the learning and non-learning Markowitz strategies
are explicitly given by

Shk = \/eROb) — 1, (5.1)

1— B —ngile db
SHYE = Jo € p(db) . (5.2)

2
\/f]Rn efng—l(zb—bo)T'uj(db) _ (f]R” e*bSE_IbTu(db))

Proof.
1. We first focus on the Bayesian learning strategy. From (4.7)), we have E[X*] = zo +

2/\%19) (eR(O,bo) — 1) with A(J) =/ % binding the variance of the optimal terminal

wealth to 9. We thus obtain

L _ 9 (eF(0.bo) — 1
Shk = BXT] —x0 _ ( ) — \/eRObo) _ 1.

Vi Vi
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2. Let us now consider the non-learning strategy &”"N= for which we need to compute its
expectation and variance. From the expression of &%V given in Remark and the self-
financed equation of the wealth process , we deduce the dynamic of the conditional
expectation of XN given B:

dE[XNE|B] = ]E[(:po XN Cl)CTB|B} dt
= [(@o+ 1) B~ E[XNB] B dt,
071 2
where we set C; = %, Cy = X7 1by to alleviate notations. We thus obtain an

ordinary differential equation for ¢ — E[X}¥F|B] with initial condition E[X}'*|B] = o,
whose solution is explicitly given by

EXNEB] = 2o+ Ci(1-e B 0<t<T. (5.3)
Integrating w.r.t. the law of B, we obtain the expression of the expectation:
llo= bol[*T
E[XNL] = < (1- / “OES TN (b)) 5.4
X = ot S (1 [ e (5.4

Next, let us compute the variance of X%V L. Applying Itd’s formula to |XVF|2, and
taking conditional expectation w.r.t. B, we have

dE[| XM P|B] = |CF (SCe — 2B) E[|X{""?|B] — 2C5 (20 + C1) (C — B) E[X{""|B]
+ CQTECQ (IL‘O + 01)2 :| dt.

Replacing E[XN'|B] by its value calculated in (5.3)), we obtain an ODE in E[|XVX|?|B]

that we explicitly solve:
E[XMPIB] = (x0+C1)® =201 (ao + Cr) e P! 4 CFeBER20

By integrating over B, we obtain

n

E[| XN = (zo+ C1)? —2C) (zo + C)) / 3% (db) + CPeC3=C2t / ne’QC‘;btﬂ(db).

From Var(X{VF) = E[| XN1?] — (IE[XtNL])Q, we obtain the expression of the variance

NL e2o” bol’T TS (2h—bo)t T 1pt ?
Va.r(Xt ) = W /n e 0 0 /,L(db) — (/n e 0 M(db)) (55)
Finally, coupling (5.4) and (5.5 we infer the value of Sh¥ Ein (5.2). O

Next we prove that S hN L<gs hL From . ) we know that XV is linear in its control
& NL 5o we can always ﬁnd a leveraged strategy N = 647N with § > 0 such that

Var(X$ 6% NL) = ¢, simply by taking § = W. Thus, by invariance of the Sharpe
ar T
ratio w.r.t. the leverage we obtain,
L NL E[X%M] — 7o E[Xaﬂ NL] — %o
Shi — Shp™ =
v Var(X2""")
CEX$ ) —w0 EXE) -
Vi Vi
&% L &9-NL
=E[X7 ] -E[X7 ]
>0
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The last inequality comes from &”'” being the optimal control.

Remark 5.2. We have an upper-bound for the Sharpe ratio of the non-learning strategy:

ShYE < \eloTtolPT _ g,

Indeed, by Jensen’s inequality, we have

2
(/ e‘bozleu(db)> < /Re_Qbozle,u(db),

—1 -1 -1 2
/ DS T ) > T e oS bu(db) _ —lo~holT

—1 —1 2
/ 672b02 bT[,L(db) > 672\0 bo| T'

From (5.2), we thus deduce

1— fRn e—bOZfle'u(db)

ShYE <
\/fRn e~b0= 1 20—b0) Ty (db) — [, e~ 0= 0T y(db)
e
\/(e|o—1b0|2T 1) [ € 200577 ()
omlotolPT
< 1—c¢ 0 _ /6‘071b0|2T 1

\/(e|crlbo|2T 1) e2l T

We notice that when p = 1, the Sharpe ratio of the non-learning strategy coincides

with \/elo ™ olPT — 1, O

5.2 Information Value

We illustrate our results in the case where B follows a prior one-dimensional Gaussian
distribution N (bg, 02). To assess the value of information (VI), we consider the Sharpe ra-
tio S h% and S h¥ L of the learning and non-learning strategies as computed in Proposition
We define the value of information as the difference Sh% — Sh¥ L and measure its
sensitivity w.r.t. various parameters. So, in the sequel, we denote VI(Asset i) the value of
information obtained using the set of parameters corresponding to Asset i.

The following explicit formulas for the Sharpe ratios learning and non-learning, used
to create the graphs of this section, are computed from (5.1)) and (5.2) with u ~ A (b, 03).

2
bOT

2
02 + UoT 602+20.(2]T . 1 (5_6)

o~/ o2 + 20'(2]T

Gaussian_Shk =

and
2 2
%T(l—;—OQT)

e’ 7 -1
2 2
\/ng(lJrZ%T) .
e —
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5.2.1 Volatility of the drift

Intuitively, the volatility of the drift oy measures the confidence the investor puts in her
estimate of bg. The higher og, the more confident the investor is about her estimate. It is
an important parameter since it legitimates the use of a learning strategy.

To estimate the sensitivity of the value of information w.r.t. the volatility of the drift,
we choose an investment horizon of T'= 1 and a sample of three different assets with the
same mean by = 5% and different volatilities, o = {5%, 10%, 20%} resulting in realistic
Sharpe ratios of 1, 0.5 and 0.25 respectively. From Formulas and (5.7) we compute
the value of information according to the volatility of the drift ranging from 0 to 100%.
Figure [I| shows the value of information as a function of the volatility of the drift for
the three assets described previously, which parameters are summed up in Table [1} As
we can see on the graph, the value of information is a monotone increasing function of
the volatility of the drift. When the volatility of the drift is zero, as in the Dirac case,
the Sharpe ratios of the learning and non-learning strategies are equal. It is clear since a
volatility of the drift equal to zero means the drift is simply constant, so updating it does
not bring any additional value to the learning strategy. For all three assets, we notice that
as og increases the value of information becomes more and more valuable depending on
the level of the Sharpe ratio of each asset. The higher the Sharpe ratio, the bigger the
value of information and its rate of increase. For instance, the value of information of the
highest Sharpe ratio asset, Asset 1, increases rapidly to 1 when oy = 10% and reaches
rapidly 3.5 when o9 = 100% whereas the lowest Sharpe ratio asset, Asset 3, equals roughly
0.1 when o¢ = 0.1 and nearly reaches 2 when oy = 100% at a relatively slower pace.

4 [1--VI(Asset 1),
- - VI(Asset 2)

VI(Asset 3)| i
3501 e gl

Value of Information

£ I

o n 3 w
T T T
| I |

o
o
T
L

0 Lustaz. ! 1 1 1 ! ! !
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Volatility of the drift L

Figure 1: Value of information as a function of o¢ with parameters as in Table

Table 1: Parameter values used in Figure

bg o Sharpe ratio T oo
Asset1 5% 5% 1 1 [0-100%]
Asset 2 5% 10% 0.5 1 [0-100%]
Asset 3 5% 20% 0.25 1 [0-100%]

An interesting fact happens in the case of an asset with a high Sharpe ratio. Figure
shows the value of information, the curves of the Sharpe ratio of the learning and the
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non-learning strategy based on Asset 4. This asset has a high Sharpe ratio of 2, a set of
parameters as in Table [2] and a volatility of the drift ranging from 0 to 30%.

0.5 :' 4
~VI(Asset 4)
-- Shi(Asset 4)

shi(Asset 4)

0 __A—A; —-— il - - N - - - - - o
0% 5% 10% 15% 20% 25% 30%
Volatility of the drift 7

Figure 2: Value of information, ShZ and SANE of Asset 4 as a function of oy with param-
eters as in Table 2

Table 2: Parameter values used in Figure [2]
bg o Sharpe ratio T oo

Asset4 10% 5% 2 1 [0-30%]

As we can see on the graph, the value of information curve is no more monotonic and
we observe a bump around oy = 5%. To explain this shape, we see that when o ranges
between 0 and 5%, both Sharpe ratios decrease. It is understandable since the variance
of the terminal wealth is an increasing function of ¢ and og. Nevertheless, the decrease is
much more rapid for the non-learning strategy reaching approximately zero when the drift
volatility merely exceeds 5%, approximately the value of the volatility of the asset. The
difference in the rate of decrease explains the bump we observe. Then, the Sharpe ratio of
the learning strategy keeps decreasing and progressively recover when the volatility of the
drift approaches the double of the volatility of the asset, 10% . At this point, the learning
effect really allows the strategy to exploit its advantage of updating the drift as the new
information become available. As soon as og > 20, the signal coming from the volatility
of the drift differentiates from the volatility of the asset and is captured by the learning
strategy which allows the value of information to increase.
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5.2.2 Sharpe ratio of the asset

&y

—VI(Asset 5)
~VI(Asset 6)
VI(Asset 7)|

Value of Information

0 s 1 L L 1 L 1 L
0 0.5 1 15 2 25 3 35 4 4.5 5

Sharpe ratio of the asset bu/ o

Figure 3: Value of information as a function of the Sharpe ratio of the asset with parameters
as in Table 3l

Table 3: Parameter values used in Figure

bg o Sharpe ratio T oy
Asset 5 5% [1-100]% [0-5] 1 75%
Asset 6 5% [1-100]% [0-5] 1 35%
Asset 7 5% [1-100]% [0-5] 1 10%

Figure [3| exhibits the value of information as a function of the Sharpe ratio of the asset,
defined as by /o, for a sample of three assets with parameters set in Table

We see that the higher the Sharpe ratio of the asset the bigger the value of information
for any level of og. Obviously, the higher the volatility of the drift, the more value informa-
tion has and the more necessary it is to update the strategy. We also notice that the slope
of the curve is steeper when the Sharpe ratio of the asset is low, ranging roughly from 0 to
1. Intuitively, it shows that information has more value for assets with a low Sharpe ratio
because assets with a high Sharpe ratio will perform well, no matter the learning. Another
explanation is for a fix by, a low Sharpe ratio means a high volatility which increases the
need for learning and consequently the value of information. Furthermore, we clearly see
that the curve with the higher oy dominates the lower one, which confirms the intuition
and understanding of Figure

5.2.3 Time

Figure 4| displays the value of information along the life of the investment for time ¢ € [0, T7].
To obtain this graph, we use the set of parameters shown in Table |4l We simulate N =
1,000,000 optimal wealth trajectories (X )ie[[l, N] and at each point in time we compute
the empirical Sharpe ratio of the learning strategy:

N-1 Zz]\il(XtZ — o)
e (s )

Shl =
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and use Formula (5.5)) for the non-learning strategy.

i
0.8 |—VI(Asset 8)| i

0.7

0.6

Value of Information
o I (=
w >~ (5]

T T T

|

=
N
T

o
T

L Il Il L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time t (in years)

Figure 4: Value of information as a function of t with parameters as in Table

Table 4: Parameter values used in Figure []
bo o og T 9 Simulations

Asset 8 5% 20% 40% 1 (10%)2 1,000,000

As Figure[d]shows, the value of information increases monotonically with time. Nonethe-
less, the speed of increase tends to slow as time goes by. The fact that the marginal gain
on the value of information decreases with time is well known and analyzed in the recent
article by Keppo et al| (2018) in the context of investment decisions and costs of data
analytics.

5.2.4 Investment horizon

Figure [5| shows the value of information w.r.t. the investment time horizon T for a sample
of three assets with parameters described in Table

T
—VI(Asset 9)
~VI(Asset 10)|
VI(Asset 11)

25

Value of Information

0 5 10 15 20 25 30 35 40 45 50
Investment horizon T

Figure 5: Value of information as a function of T with parameters as in Table
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Table 5: Parameter values used in Figure

bo o Sharpe ratio T oo
Asset 9 5% 20% 25% [0-50]  75%
Asset 10 5% 20% 25% [0-50] 35%
Asset 11 5% 20% 25% [0-50] 10%

Although the three curves are increasing no matter the value of the other param-
eters, the slope of these curves are mainly decreasing with the investment horizon. It
suggests that the investor should consider that the marginal contribution to the value of
information decreases with the investment horizon. It means that the spread between the
optimal, Bayesian-Markowitz, and a sub-optimal, non-learning, strategy tightens for long
investment horizons. It makes sense since for long horizons, at some point, the posterior
distribution will not move so much since the values of the parameters of the distribution
will be marginally affected by more learning. In addition, we remark that the bigger the
drift volatility parameter, the higher the level of the associated value of information curve.
This confirms the analysis of Figure [I] and

6 Conclusion

In this paper, we have solved the Bayesian-Markowitz problem when the unknown drift is
assumed to follow a probability distribution corresponding to a prior belief. The investor
then updates her information on the drift from a predictive distribution based on observed
data coming from assets prices. We have turned the non-standard problem into a standard
one to exhibit the HJB equation associated to the standardized problem and apply dynamic
programming techniques. To illustrate our theoretical results, we have computed the key
diffusion coefficient v in the case of the multidimensional discrete law and the Gaussian
law, and provided the full solution to the problem in the multidimensional Gaussian case.
We have described a way of measuring the performance of investment strategies, the
Sharpe ratio of terminal wealth, and used it to assess the value of information. To exhibit
the value added of implementing a Bayesian learning approach in our problem, we have
illustrated the value of information sensitivity to various key parameters and concluded
that learning brings value to the optimal strategy that solves the Markowitz problem in
a framework of drift uncertainty modeled, by a prior distribution with a positive definite
covariance matrix, and a constant known volatility.

7 Appendices
A Proof of Lemma [2.3
Proof. We use similar arguments as in Ismail and Pham (2017)).

Fix ¥ > 0, for any € > 0, there exists an e-optimal control for Up(9), a“ € A such that
Up(9) < E[X%] 4 € and Var(X$) < 0.
Then for any A > 0,

Vo(A) < AVar(X$) —E[X2 ] < M — Up(9) +e.
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Since € is arbitrary and the above relation holds for any ¢ we deduce,
Vo(\) < énf(’)[)«? —Uo(¥)], VA>0.
>

Conversely, fix A > 0 and € > 0 and consider the e-optimal control a**¢ € A for Vj such
that

*,\,€

Vo(\) > AVar(Xg™) — E[X2

| —e

If we define

*,\,€

IV = Var(X8),

by definition of Up(9™€) the inequality ]E[X%*’A’e] < Up(9™) holds true.
Hence,
*,\,€

Vb()\) Z)\’lg/\’e — E[X% ] —€ Z )\19/\76 _ U0(79)"E) — ¢

which holds for arbitrary € > 0. This shows the first duality relation, i.e. V{ is the Fenchel
Legendre transform of Uy, and ¥* attains the infimum, namely
Vo(A) = inf [\ — Up(9)] = M — Uy (97).

>
We now prove the second duality relation. Fix ¢ > 0 and for any A > 0 consider the
optimal control & for Uy, we then have

A0 — Up(¥9) > AVar(X3) — E[XF] > Vo(A).
The previous relation holds for any A > 0, thus
Uo(9) < inf [\~ Vo(\). (A1)
Now fix ¥ > 0 and consider a** the optimal control for Vj, we have
Vo(X) = AVar(Xg™") — E[X"").
Choose (1) such that Var(X%*’Mm) = 1. We then have

Vo(A(9)) = A(@) Var(Xg™") —E[x¢™ ]
= \0)0 — E[x5"]
> A(9)0 — Up(9)

by definition of Uy. Together with this shows the second duality relation; Uy is the
Fenchel-Legendre transform of Vj and A(1)) attains the infimum in this transform

Uo(9) = inf [AJ — Vo(A)] = A(0)9 — Vo(A(9)).
>
Finally, for A > 0, if a** € A is the optimal control for V; i.e. for problem (2.4) then
Vo(A) = AVar(X3™) — E[X$ ] = A0 — Up(0?)
with 9 := Var(X%*’A). Moreover, we have
Uo(?) = inf [\ — Vo(A)] = A(0)9 — Vo(A(9))

A>0
*,A(9)

= A(0)0 — AP + E[ X%
— E[x7"]

]

since 9M?) = 9, by definition of A(¢9). This means that & is an optimal control for U i.e.

problem ([2.3)). O
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B Proof of Lemma [2.4]

Proof. We use a similar approach as in |Zhou and Li| (2000)).
Since Vo € A, we can write

E[X$]? = — inf [? — 29E[X$]]

where the infimum is achieved for v* = E[X&], we then have

Vo(A) = inf [/\Var(XT) E[X7]]

acA
:;23 M(E(X$)°) - E[X$]%) - E[Xg]]
— [A( 2+ mf [7 — 27IE[XT]]> —E[X%]]
:;23 [;21% )71+ 7" - 9E[XF]) - E[X%H}
PG CUR <1+2M>E[X%H+W]

= inf 7o) +207].

where Vo(),7) 1= infaea [NE[(X$)?] — (1 + 2\y)E[X$]] as in (2.6), which proves (2.5).

The function Vj is clearly linear in v, so V(A7) + Ay2 is strictly convex in v and the
infimum V() exists for some unique v*(A) := argmin, cg[Vo(A,7*) + A(y*)?]. Take now

this 7*(\), @7 an optimal control for Vo(\,v) and a** = a¥7" M),

Then, dropping the dependence in A of 4*(\) to alleviate notations, we have

argmin[Vo(X,7*) + A(7")?2] = argmin |XE[(X§")?] = (1 4+ 207" ELXg"] + A(77)?]
vER vER

and find
7 =E[XF,
simply by differentiating the strictly convex function v* — )\IE[(X%*’A )% - (1+2A7*)E[X%*’A]+

A(y*)%.
Consequently, we have

Vo(A) = VoA 7)) + A(y*)?
= AE[(X2™)%) = (14 20" E[XE™ ] + A(7")?
= (BIXE)? - 29 BIXE ] + (7)) — B[X3"]
= AVar(X$™") - E[X¢"™")

which shows that o** is an optimal control for Vj. O
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C Proof of theorem (4.1

Proof. Following the standard dynamic programming approach as in [Pham| (2009), we
derive the HJB equation for the standard control problem (4.1)):

1 , 1
D™ + St (zprD?vM) + inf, {a; b ™ + iyaTatPagva +a] mpTagva} = O(C.l)
VM(T 2, b) = A — (1 + 209),

where the matrix function (t,b) is noted v to alleviate notations.

Assuming for now that 92,0 > 0, we find

S oria L 242 Ay AT TA2 . Ay 1, O™ 1,7 05
argenjlln o) boyv™ + §|O' a2 05,0 + alopTOH v b = =% b82 UM_(W ) 52 oh

« T T
(C.2)

which turns the standard control problem ((C.1f) into the same following problem

1 Ay 1 2 A2
—W|8$U ,YO' b+¢T3xbU /Y| =0

VM(T, 2, 0) = Ax? — (14 2)\y)z.

1
AY 4= TD2pMY
O™ + 2tr (ww Djv ) (©3)

We look for a solution in the ansatz form v (¢, z,b) = K(t,b)2® + I'(¢,b)x + x(t,b) with
K > 0 which ensures 92,07 > 0 and (C.2). Formally we derive,
o™ =9, Ka? + 8,z + 8y, O™ = 2Kz + T,
92 M =2K, Vo™ = VK22 4+ ViTz 4+ Vyy,
DM =Dy Ka? + DiTx + Djx, 0™ =2V Kz + VT,

Plugging the previous partial derivatives into ((C.3]), the problem becomes:

K

+ ((%I‘ + %tr (y™DPT) — <((¢015)T + W) Vpl' + (]alb\Q + (Yo~ 'b)T %

T 2
0= <8tK + %tr (Y DEK) — (2(1/101b)TVbK + WV K + \olb|2K>> z?

1 1
+Ox + St (vyTDEX) — E]a_lbf‘ + TV, I,
o(T, x,b) = A\ — (14 2\y)z,

and by identification we obtain the following system of PDEs:

1 1
0=0,K + St (VYTDIK) — ?|J_16K + YTV K |2,

(VYT K)T

0 =0, + %tr (YyTDET) — (<(¢J_1b)T + I

K

1 1
0=0ex + 5tr (vy™Dix) — EW*I()F + TV, L),

with terminal conditions

7))

) Vol + <|0_1b|2 + (Yo~ '0)T va) r) ,



We now introduce the functions K = AK, T' = —(1 + 2Ay)T and x = (1 + 2\y)2%/\, so
that the previous system becomes

( ~ 1 ~ 1 ~ ~
0 =0 + Str (WDgK) ~ ZloT bR + UV KP,
- 1 - ™V, K)T - K\ -~
0 =0, + _tr (ngr) — (((wa_lb)T + (WZ”)) VI + <|a—1b|2 + (@ba‘lb)Tv;( ) r) ,

1
0=0,x + §tr (v DFY) —

LD+ TV, )2,

with terminal conditions

If there exists a unique solution Qf the equation for K, then I = K is the unique solution
that verifies the linear PDE for I' and y = (K — 1)/4 is the unique solution of the linear
PDE for x.

—R(tb)

Since we look for positive K, we introduce K (t,b) :==e¢ and rewrite the related

PDE:
0=K (—BtR - %tr (YYTDER — YTV, RV, RT) + 2 (Yo~ '0)T VR — [YT(V,R)[> — |a—1by2) ,
0 =R(T,b).

From tr (Y)TV,RV,RT) = [TV, R|? we finally obtain the expression of the semi-linear
PDE in (#2):

1 1
0=—0R - Str (YYTDER) + 2 (Yo~ 'b)T V,R — 5|¢T(va)|2 — |o71b)?,
0 =R(T,b).
We obtain the following value function dependent upon (A,~):

oM (t,z,b) =AK (t,b)x? — (1 4+ 20K (t,b)x + (1+2>\7)2 K(t,b) —1

A 4
1+ 2)\y)2 1+ 2Xy)?
= (r? - (a4 LEROE) _AEB0E oy

and from Eq. (C.2)), the optimal feedback control &7 is:
M =aM(t, X7 ),

with

a(t,z,b) = (;A + v - x) (27 — (¥ 1).TV,R(t, D)) .
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Moreover, from Vo(\, ) = v™7(0, 2o, by) we compute

~v*(\) =argmin -‘70()\, v) + )\’yz}
vER -

—argmin | e~ (0:%) <)\x% — (142 \y)zo +

1+ 2)27)2 14+ 2)\7)2
( ) ) ( ) )\72]
vER

4\ 4

1 1
—aremmin |e—BOb0) (2 _ 1 — 2\ )eROb0) _ \e—R(0:00) .2
argglRln _e < x5 — xo + 4)\> ot (( zg)e )’y—}— e ~

=x0 + % (eR(O’bO) - 1) .

Remembering (C.4), the value function at time 0 with the optimal v is computed as
followed:

. 2R(0,bo)
oMY (0,9, bo) =eF(0:bo) ()\mg — (2A\zo + eR(O’bO):co)> + ()\acg + ¢ 75\ + woeR(O’bO)> (e_R(O’bO) — 1)
<R (0,b0)
=3 + BT (1 - eR(O’b0)> — el 0bo),
and using Eq. (2.5)), we find the expression in (4.13)):
Vo(A) = VoA, 7") + A(v")? = v™7(0, 20, bo) + A(v")?
eR(O,bo) eZR(O,bo) 1 eR(O,bo)
=~ <1 - eR(O’bO)) — 2geltO%) 1 2\a2 4 5\ + 75\ + oef0%0) _ gy — o
L/ Rb0) )
= bo) 1) — .
N (e o
From Lemma ([2.4)), we find the optimal terminal wealth in (4.7))
« 1
ELXF ] = (3 = 20 + g5 (MO0~ 1),
obtained with the optimal feedback control:
apt =@M N, X2 By) = ag N, X, By),
with
BavesA o R(0,b0)
ay YNt 2,0) = [z — 7 + X (X710 — (o 1)TV,R(t,D)) . (C.5)

The Lagrange multiplier A\(¢) which makes the variance of the optimal wealth equals to
the variance constraint ¢ is calculated as follows. We know that,

Vo(A(9)) = —4;(0) (e7OW) 1)~ a, (C.6)

and from Eq. (2.4), we explicitly compute
Vo(A(®)) = A(¥) Var(Xg") — E[X{"]
dﬂ
— A@)9 — E[X]] )

1
e )\(19)’19 — Ty — m <€R(O’b0) — 1) .
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From Eq. (C.6) and (C.7) we obtain (4.8)), namely

AW) = \/ 1 (eROM) 1), (C.8)

From the correspondance of the controls established in Lemma [2.3] we know that

dﬁ _ a*,)\(ﬁ) )

We then compute the optimal controls of the Bayesian-Markowitz problem Uy as
dﬁ = CL()Bay%)\w) (t7 Xtdﬂ7ét)a
where, from Eq. (C.5) with A = A(¢9)) as in (C.§)),

Bayes,\(9 vV — _
Qg 4 ( )(ta xz, b) = (1:0 -+ eR(O’bO) eR(O)bO)—1> (E lb — (wO' I)TVbR(t, b)) .

Finally from (C.7)) and (C.8)), we deduce the optimal performance of the Bayesian-Markowitz
problem:

Uo(9) = A(0)9 = Vo(A(D))

— 1 R(0,b0) _ — R(0,bo) _
= x0—|—2)\(19) (e 1) = 1z + 4/ (efi0:00) — 1),

D Proofs of theorem (4.3

Without loss of generality, we consider in this demonstration the function R := —R. The
value of the positive constant C' may change from line to line and the matrix function
¥(t,b) will be simply noted v to alleviate notations.

We define the nonlinear function F': R x R™ — R by:
1
F(t,b,p) = SlTpI* +2(¢o ™ 0)Tp+ |0~ 0%,
and we introduce the function L; : B; x R®™ — R by
Li(b = —q"Tp — F(t,b .
t(b.9) = max[—q"yTp— F(t,b,p)]

We notice that F' is quadratic hence convex in p, so it is easy to see that for fixed (¢,b) € R
the function p — —qT¢yTp — F(t,b, p) reaches a maximum p* = —(¢)T)~ (¢ + 20~'b). This
gives us the explicit form of the function L; which depends on ¢ only through B;:

Lt(ba Q) = _qTq’/)Tp* - F(tv b7p*)
1 _ _
= 5yq|2 +2(c710)Tq + |0~ 1b|2.

Conversely, the function L; is convex in ¢ so for fixed b € B; the function g — —qT¢Tp —
Ly(b, q) reaches its maximum for ¢* = — (@Z)Tp + 20_1b). It shows that

max [ — q"Tp — Li(b,q)] = —(¢")"¥Tp — Li(b,q)
geR

1 B B
= ST+ 2(vo ™ b)Tp + [0 b
- F(t7 bap)v
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and it establishes the duality relation between the functions F and L. Let us know consider
the truncated function F*¥ : R x R™ — R defined for each k € N by

FE(t.b,p) = —q™Tp — Ly(b, q)].
(t,b,p) 22?4’,5[ q"pTp — Ly(b, q)]

We observe from the explicit form of L; that L, € C*(B; x R") and L, V,L satisfy a
polynomial growth condition in b. Namely, we see that the following estimates hold true
for (b,q) € By x R™

‘Lt(b7 Q)’

IN

1 _ _
glal® + 2l |[bllal + [0~ (b

IN

1 _ -
Sl + 1o~ gl + o) + o™ bl
C(la* + o)

IN

and

2(|(o™H)llal + [=71])

‘vat(ba Q)’ S
< C(lq| + [0]).

So, |L| and |V L] are of polynomial growth in b uniformly in |¢| when |q| < k. By classical
theory (see Theorem 4.3 p 163 in |Fleming and Soner| (2006))), the previous estimates and
the assumptions of the theorem tell us that there exists a unique quadratically growing
smooth solution

RF e Y2 ([0,T) x B) N C(R),
to the truncated semi-linear PDE,
—OiRF — %tr(waDERk) + F*(t,b, V,R*) = 0,
with terminal condition R¥(T,.) = 0.
We then know from the Feynman-Kac formula and standard arguments that R* can

be represented as the solution of the stochastic control problem

RF(t,b) = inf E [/T Li(Bs, qs)ds| By = b (D.1)
qEAy ¢
where Ay, is the compact set A, = {g € R" : |¢| < k},k > 0, and the dynamic of B is
dBy = (s, By) (qsds + dWy) . (D.2)
Moreover, an optimal control for is Markovian and given by

G (t,6) = argmin { YTV, BA(£,0) + Li(b,q)
qEAL

We then deduce that,
~ T ~ ~ ~
RF(t,b) =E U L, (B;,q;; (S,Bg)) ds| B = b]
t

29



where B solves the stochastic differential equation (SDE) (D.2) with controls g} (s, B;f)
From the theorem of differentiation under the expectation and the integral sign we know

that
V,RE(t,b) = E MT VL (B;,q;; (S,B;)) ds| By = b] .

To prove the linear growth condition of V,R*, we will need the following inequality:
[VoLi(b,q)|* < C1Li(b,q) + Calb|?,

with C7 > 0 and Cy > 2C1|O'_1b|2 > 0.
Having in mind that the function L, can be written as Ly(b,q) = 3|q + 207> — [0~ 1b?,
the previous inequality comes from:

IVoLi(b,q)[* = [2(c~1)Tq + 25710
4072 |g+ 2070 — o 1|2
1
8|(7_1\2 <2q + 20_11)]2 + O'_lb‘2>
C1Ly(b,q) + 2Cy[o " *[b]?
C1Li(b, q) + Calb|*.

IN

IN

IA A

Then by the Cauchy-Schwartz inequality and the fact that L:(b,0) < C|b* for some
positive constant C independent of k and ¢, we have

IV RE(1,0)] < B [/tT ‘vas (B;,q;; (S,B:))’dﬂf}f - b}

1
<CE [/tT VoL (B2t (5. B7)) \st\ét* _ b] )

T . ) ) T ) 3
gc(cln-z[/ LS(B;,q;(s,B;))dsyB;:b]+C2E[/ yBS‘stth:bD
t t

T 3 . T . 1
<C (ClE [/ L, (BS,O) ds| B, = b] + CoE [/ | B,|2ds| B, = b])
t t

T _ 2
< CE [/ \Bs|2ds|Bt:b]
t
<

C(1+|b)).
We used that when ¢ := 0, Bs = B, + fts Y (u, Bu)qu and thanks to Ito’s formula,
IB,|? = \Bt\2+2]§§/ w(u,Bu)qu—l—/ fr (W,N(U,BU)) du.
t t

Moreover,

E MT |B,|2ds|B; = b} : =E MT (thP +2B] / W (u, By)dW, + /tstr (WT(U, Bu)) du> ds|B; = b] ’

D=

<((T-t |b|2+n|¢| (T - 1))
C(1+[b?)2
C

<
<C(1+1b)
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Consequently, since the function ¢ — —¢T)TV,RF(t,b) — Ly(b, q) attains its maximum on
R"™ for

Gi(t,0) = — ($TVLRE(Lb) + 2071b)
and knowing that by assumption [i| < oo, it is easy to see that
|Gr(£,0)] < C(1 + [b]).
As a consequence, for an arbitrarily large constant C > 0, there exists a positive constant
C independent of k such that,

lG(t,b)| < C, tel0,T], beBn{b <C}.

Hence, for k > C, we have
F¥(t,b, VuRF) = max [ — ¢"¥TV,R* — Ly(b,q)],
qeAL
= — qTpTV,RF — Ly(b
;réﬁzg[ YTV, +(b,q)],

= F(t,b, VbRk).

for all (¢,b) € [0, T]x ByN{[b] < C}. Letting C goes to infinity implies that for k sufficiently
large, R¥ = —RF is a smooth solution satisfying a quadratic growth condition to (4.2) -

ED).

E Proof of Lemma [4.5]

Proof. To solve the system in the multidimensional Gaussian case, we solve the Riccati
equation for M. We look for a symmetric solution M such that GM = (GM )T which solves
the following ODE

—M'(t) = 2M()TG()TSG () M(t) + 2G()M () + 2M (£)TG(t)T — 1 = 0.

A particular solution to the ODE for M is M(t) = G~'(t)2~! and it is easy to see that
M is symmetric since ¥G = GTE, and GM = (GM)T.

Now we look for a function N such that M = M+ N. Note that N should be symmetric
with GN = (GN)T. Plugging M into the ODE yields

—N'(t) —=2NTG(t)TEG(t)N(t) = 0.
Now, we change variable N = ©~! in the previous ODE to find
O'(t) = 2G(t)TEG(t).

Noticing that ©(T) = —XG(T) = —(Z;' + X 71T)~1, we obtain after integration

o(t) = — <(251 +y7I) 7 4 /T 2G(5)TZG(s)ds) .

t
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Finally, writing G(t) as (X + Xot) 1%, the solution to the original ODE is
~ T -1
M) =(M+0 Yt =3 + 571 - [(251 + 27T+ 2/ %0 (2 + Zos) LD (2 + Zos) ! Zods] :
t

To obtain U(t), we simply integrate and with some simplifications we obtain,

U(t) = /tT fr (20 (54 Sos) ! — [((251 LRIl 4o /ST G(u)TZG(u)du) (G(s)TEG(s))_l] _1> ds.

It is easy to verify that M (T) =U(T) = 0.

The next step is to check that N satisfies the conditions we have imposed to derive
the solution M. The condition N = NT is satisfied since it is easy to see that © = OT.
It is straightforward to see that the second condition, GN = (GN)T is equivalent to
0%, 'Y = X¥%;'0, once G is written as (X + Yot) ' Zg. Noticing the symmetry of GX;*,
we develop the left side of the equality,

:
S)I E <(251 + 277t +/t 2G(s)TEG(s)ds> DI

.
=— <(201 + 37Ty Tisg s +/ 2G(5)TEG(S)2012ds>
t

= — <z (! + T)EO]‘1 Y+ /T 22G(s)251G(s)T2ds>

.
- _ (2251 (St + o) +/ 22251@(3)20(3)013)
t

=¥y;'e.
O
For the one-dimensional case n = 1, we check that the functions:
2 2 2 2
M(t) = — 20 +200 (T—t) and U(t) =log 7 +9% ,
0% (o2 + 02T — 1)) V(02 + a2t) (o2 + a3(2T — t))

satisfy the following unidimensional ODE system:

20208 402
M(t)= ———3—M(t)* + L5 M(t) — o2
®) (02 4 03t)? ®) +02+J§t ) —o
2 4
o0,
U'(t) = ———% - M(t),
®) 02+ 03t)? ®)

with M(T) = U(T) = 0.
We easily see that M and U satisfy the terminal conditions. We first check that M satisfies
the first ODE of the system. We derive the function M w.r.t. ¢,

0.—2

MO = G orar )y

o3 (—20%t) + 05 (2T% — ATt + 1*) — %),
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and notice that the right side of the equality for M yields:

202061 ) 403 ,
_ 20790 o A0 gy o
(02 + odt)? ®) +02+0'(2)t (t) —o
-2
o
~ o orr = (2T D AT = 0% + 0T 1) = (4 2T~ 1))
0
-2
o
- (02 + 02(2T — t))2 (08(_20225) + 05 (2T?% — ATt + %) — 04)
0
= M'(t).

We then verify the ODE for U by deriving the function U w.r.t. t:

2002 SRR PV R,
U' (1) = (62 + 62T w*(205(T — 1)) i V(02 + 0dt) (02 + 03 (2T — t))
=l ren )2((02+a§t)(02+a§(2T—t)))2 0% + ogT
ST 1)

(024 03t) (02 + 02(2T — t))’

and from the right part of the ODE, we find the equality:

B 0203 M(t) = — af‘j o? + agt (T 1)
(02 + 02t)? (02 + odt)2 o2 + a2(2T — t)
_ oo(T — 1)
(02 + 0dt)(0% + 03(2T — 1))
=U'(t).
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