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Abstract

Motivated by yield curve modeling, we solve dynamic mean-variance efficiency prob-
lems in both discrete and continuous time. Our solution applies to both complete
and incomplete markets and we do not require the existence of a riskless asset, which
is relevant for yield curve modeling. Stochastic market parameters are incorporated
using a vector of state variables. In particular for markets with deterministic param-
eters, we provide explicit solutions. In such markets, where no riskless asset need be
present, we describe term-independent uniformly mean-variance efficient investment
strategies. For constant parameters we show the existence of a unique, symmetrically
distributed, trend stationary, uniformly MV efficient strategy.

Key words: Dynamic mean-variance analysis; Mean-variance portfolio selection; Efficient
frontier; Mutual fund theorem
JEL classification: G11; G12; C61

*Bekker: p.a.bekker@rug.nl, P.O. Box 800, 9700 AV Groningen, The Netherlands. Bouwman:
kbouwman@ese.eur.nl, P.O. Box 1738, 3000 DR Rotterdam, The Netherlands.



1 Introduction

Usually mean-variance (MV) analysis is applied for solving portfolio selection problems.
The results on dynamic MV analysis presented here, however, are motivated by their
application in the field of yield curve modeling. In fact, the price process of a riskless
bond maturing at date T represents a dynamic MV efficient investment strategy, since the
variance of the portfolio value at time 1" equals zero. It is therefore interesting to use MV
properties of an underlying incomplete risky market to model the term structure of interest
rates. In particular, Bekker and Bouwman (2009b) use risky assets as factors, and exploit
the dynamic MV properties of the underlying risky market to formulate an arbitrage-free
model of the term structure of interest rates. In this approach the short rate is driven by
capital market returns. It is therefore essential the underlying market is modeled without
using a bank account.

We found that surprisingly little is known about dynamic MV efficient strategies in
continuous time if there is no short rate. Even in markets with deterministic or constant
parameters, the generalization of single-period MV results to a dynamic continuous-time
framework has been given only in the presence of a riskless asset. The absence of a short
rate complicates the MV analysis. That is, in a deterministic framework, buy-and-hold
investments in only two MV efficient strategies span all MV efficient strategies. In the
presence of a short rate, a buy-and-hold investment in the bank account would be one of
them.

Furthermore, Bekker and Bouwman (2009a) describe the value processes of stochastic
discount factors as price processes in dual markets. Even when the primal markets have
bank accounts, these dual markets do not have (dual versions) of bank accounts. Yet the
dynamic MV frontier of Section 3 can be applied to derive dynamic generalizations of the
Hansen-Jagannathan (1991) bounds.

Of course, the dynamic mean-variance results are relevant for portfolio theory as well,
which holds in particular for cases without a short rate. Early work in portfolio theory
was strongly influenced by the single-period Mean-Variance (MV) analysis of Markowitz
(1952, 1959).! For example, MV analysis lead to the the subsequent development of the
Capital Asset Pricing Model (CAPM) by Sharpe (1964), Lintner (1965a,b) and Mossin
(1966). Recently, MV analysis has been generalized to a multiperiod context by Li and Ng
(2000) and Zhou and Li (2000) among others.

Multiperiod portfolio selection was pioneered by Merton (1969, 1971) in a continuous-

time expected utility framework. Merton (1971) solves the multiperiod consumption-

LAn analytical derivation for the single period MV problem can be found in Merton (1972).



investment problem in continuous time by using dynamic programming. Over the past
decades, this work has been generalized substantially.?

The dynamic MV portfolio selection problem, as considered in this paper, is closely re-
lated to the expected utility approach. It is well-known that optimizing expected quadratic
utility yields a solution to the MV problem, see e.g. Xia (2005). However, quadratic util-
ity generates a negative marginal utility for relatively large levels of wealth and thereby
violates the classical assumption of strict monotonicity of the utility function. Therefore,
the results in the expected utility literature are not directly applicable to the multiperiod
MYV problem. In fact, only recently the literature describes explicitly general results on
MYV frontiers.

In discrete time, and for a market with deterministic market parameters, Li and Ng
(2000) solved the multiperiod MV problem. Their approach is characterized by solving
an auxiliary optimization problem, using dynamic programming, to obtain the solution to
the MV portfolio selection problem. Leippold et al. (2004) used an alternative, geometric
approach to describe the solution.

In continuous time, the MV portfolio selection has almost exclusively been studied in
complete markets. Zhou and Li (2000) follow an approach analogous to Li and Ng (2000)
to solve the MV problem for a complete market with deterministic market parameters.
Their work is subsequently generalized to markets with stochastic parameters by Lim and
Zhou (2002), and Bielecki et al. (2005). An early example of MV portfolio selection in
continuous time, using a martingale approach, is given by Bajeux-Besnainou and Portait
(1998).

It is remarkable to observe that little work has been done on MV portfolio selection
in an incomplete market continuous-time setting. Lim (2004) and Basak and Chabakauri
(2008) do consider MV portfolio selection in an incomplete market with stochastic market
parameters, but still assumes the presence of a short rate. We are unaware of results on
the continuous-time generalization of the MV portfolio selection problem for markets with
only risky assets.

A related body of literature investigates the MV hedging of unattainable claims. In MV
hedging, an unattainable claim is hedged such that the expected quadratic hedging errors
are minimized. This problem is closely related to MV portfolio selection, because the MV
portfolio selection problem corresponds to MV hedging of a constant claim given a fixed

initial investment (see e.g. Lim (2004)). The MV hedging problem is studied in discrete

2Important generalizations are given by Karatzas et al. (1986), Karatzas et al. (1987) and Cox and
Huang (1989). Generalizations to the incomplete market case are given by He and Pearson (1991), Karatzas
et al. (1991) and Cvitani¢ and Karatzas (1992). See Schachermayer (2002), Korn (1997) and Karatzas
and Shreve (1998) for an overview.



time by Schweizer (1995), Bertsimas et al. (2001) and Cerny (2004) and in continuous time
by Duffie and Richardson (1991), Schél (1994), Gouriéroux et al. (1998) and Bertsimas et
al. (2001).2

Despite the fact that much work has been done on multiperiod MV analysis so far,
a uniform treatment of MV portfolio selection for a general incomplete market in both
discrete and continuous time seems to be missing. This paper tries to fill this gap by solving
the dynamic MV problem for a general incomplete market in both discrete and continuous
time. We consider an incomplete market where the joint dynamics of prices and a vector
of state variables are assumed Markov. We use dynamic programming to obtain the MV
solution in a uniform way that applies to markets with or without a riskless asset. Our
solution is expressed as an explicit function of the three MV parameters describing the MV
frontier for a particular horizon.? For these MV parameters, conditions are derived in the
form of a recursive system of PDE’s.

As a result we find, similar to Merton’s (1973) M + 2 mutual fund theorem, that all MV
efficient strategies reduce to investments in a set of at most M + 2 mutual funds. When
the market parameters are deterministic, so that M = 0, there are two mutual funds
which are instantaneously MV efficient. For this case, which can be considered the most
straightforward generalization of the single-period Markowitz market, the paper provides
explicit solutions. These solutions show that the two instantaneous MV efficient mutual
funds can also be formulated as two uniformly MV efficient funds, which are dynamically
MYV efficient for any horizon. So, independent of the investment horizon, all MV efficient
strategies invest buy-and-hold in only two dynamically MV efficient strategies. For constant
parameters we show the existence of a unique, symmetrically distributed, trend stationary,
uniformly MV efficient strategy.

The outline of this paper is as follows. Section 2 sets up the framework and discusses
some general results on MV portfolio selection. Section 3 derives the solution to the
dynamic MV portfolio selection problem in continuous time. The discrete-time solution is
derived analogously in Appendix A.1. Specific results regarding a market with deterministic
parameters are highlighted and a simple example with stochastic market parameters is

illustrated in continuous time. Section 4 concludes.

3See Schweizer (2001) for an overview.
4Notice the multi-period frontier can also be considered as a single-period frontier with an infinite
number of assets, given by self-financing strategies, as considered by Hansen and Richard (1987).



2 The Framework and Single-Period Results

2.1 The market

Consider a market with N assets and frictionless trading at fixed trading times given by the
set 7. In particular, we discriminate between the discrete time case and continuous time.
The probability structure and flow of information is described by the filtered probability
space (Q, FAF er P). The N x 1-dimensional asset price process S; is a positive process
adapted to the filtration F; and is affected by an M x 1-dimensional adapted process of
state variables Z;. The joint (N + M) x 1 vector process (S!, Z!) is assumed Markov with
finite second moment.?

In continuous time, that is 7 = [0,7], the dynamics of the asset prices and state

variables are given by the following system of stochastic differential equations

dSt = dlag(St) {H’S (t, Zt) dt + oy (t, Zt) dM} s
dZt = MUz (t, Zt) dt + (o 7 (t, Zt) th,

where W, is L-dimensional standard Brownian motion adapted to F; and the functions
Ws, b, 05 and o, are assumed sufficiently regular for the system to have a unique strong
solution with a finite second moment.® Denote the instantaneous covariance matrices as
Ys=00/  NxN,X¥,=0,0, : M xM,and Xy, =00, : N x M.

Portfolios are described by an adapted N-dimensional weight process ¢;, where each
component represents the holdings in the corresponding asset denoted in monetary units.
The portfolio value is given by V,, = #'¢p;, where 2 is a vector of ones. Attention is
restricted to the set of admissible portfolios ® that satisfy the following two conditions.
First, admissible portfolios are self-financing, so that the value dynamics for an admissible

portfolio ¢; is given by
dV¢,7t = d):f {MS (t, Zt) dt+0'5’ (t,Zt) d“/t} (].)

Secondly, they satisfy EfOT ¢, ¢ dt < oo, which ensures E (qu’t) < oo, for t € [0,T].

®We use boldface for vectors and matrices.
6For conditions see Duffie (2001) and references therein.



2.2 The frontier

We denote portfolio returns by Rg(t;T) = V. r/Ves and their conditional moments by

me =me(t, z;T) =E(Re(t;T) | Z, = 2),
sy =53tz T)=E(RY(tT) | Z, = =),
vi = 33, — mé.
The MV-frontier over a period [¢,T] can be considered a single-period frontier where assets

are given by strategies. The frontier where the minimal value of either 53, or v?b is expressed

as function of mg = m is given by

() = min (33012 7) | molt7) = m)

(m - Tnch)2
12 ’

2 (m — mLSR)2

— 2 2
= SLsr + 2 =m"+ Vamy +

where m; s and s, are the first two moments of the least square return (LSR) portfolio

2

Zuv are the first two moments of the global minimum

that minimizes s3, and meyy and s
variance (GMV) portfolio that minimizes v?i). The scalars F' and I' do not depend on m
and satisfy I = F?/(1 — F?), and

2

Musr 2 2 My gg (2)

Mamv = 1_ 2’ VYamy = Sisr 1_ 2

2.3 MYV efficient strategies and the value function

The MV portfolio selection problem is equivalent to the problem of MV hedging a constant
claim C given a fixed initial investment (see e.g. Lim (2004)). This can be seen by

considering the value function of this MV hedging problem, which is given by

J(t,z,x) = m(li)n E{(Vor —C)? | Z, =z, Vg, =z} (3)
= mqgn E{(zRy(t;T) — C)* | Z; = 2}

= m‘;n {x%i(t, z,T) — 2eme(t, 2, T)C + C*},

Clearly the minimum is found for a MV efficient strategy. So, for F' > 0 we have

{m — mysr(t, 2;T)}?
P2t 2 T)

J(t, z,r) = min [xQ {sisﬁ(t, zT)+

m

} —2me’+C’2] ,



and the minimum is found for m = mys (¢, z; T) + F2(t, 2; T)C/x. Therefore, we have

/
J(tzx) = T s otz T)  muse(t,z;T) T\ )
—C) \musr(t,z;T) 1—F*t,2;T)) \-C
Let he minimum risk (MR) strategy be defined as the strategy that minimizes the value

function over the initial investment, where we assume C' # 0,

Q(t, 2) = min B{(Voyr — C? | Z =z Vyy =}
= mgl{xQS?b(t, z;T) — 2xmy(t, 2;T)C + C?}
my(t, z;T)

=minC?*{1 - 22
¢ { s5(t,z;T) }

— C2 {1 _ ml%/IR(t7Z;T>}
2.tz T) |7

2

Sn- So MR also maximizes m/s or m/v. Alterna-

where z is found equal to x = Cmyyg/s

tively, by minimizing (4), the solution is found for

2
r = Cmysp/Stans

2
Y . _mLSR(t,z;T)
Qt,z) =C {1 F(t,z;T) 2T )

Consequently, we find

2 2 2
Myr  Misr o Myr  Migg SLSR 12
2 2 F* = 2 .2 Myr = Mysg + ——F°.
SMR SLsr SMR SLsr Mysr

As is well-known, two MV efficient returns span the MV frontier (if /' = 0 a single
return suffices). In particular the MV efficient portfolio that minimizes the value function

(3) is given by

Myr

2
MR

Myr

V¢7T = .Q?Rd, = CRMR + (.CE — C) RLSR, (5)

2
SMR

which follows from the optimality of Ryx and Rigg.”

"That is, consider general portfolio values, with a starting value equal to z, given by Vi 1 + €, where
Ve, 1 equals (5) and ¢ is the value at time T of a zero-cost portfolio. The optimality of Ryr and Risr
implies E { (RMR — sfm/mMR) R} =0, and E{Rysr(R — Risr)} = 0, respectively, for arbitrary returns R.
Consequently, E(Rpsre) = 0 and E(Ryre) = E(€)s?iz /mur, and E(Vy r+e—C)% = E(Vy r— C)2 +E(£2).
So (3) is minimized by (5).



2.4 The instantaneous frontier

If the mean and variance of the instantaneous return of the portfolio are given by

me(t, z,t+dt) = 1+ pe(t, z)dt,
vi(t, z, t+dt) = o (t, z) dt,

respectively, then the instantaneous MV-frontier can be represented as

(n— B(t,2))°

min (75t 2) | palt 2) = 1) = a*(t.2) + 355

with instantaneous MV parameters «, 3 and .

If there is no riskless asset, we assume X is nonsingular. In case there is a bank

account, we assume nonsingularity of the (N — 1) x (N — 1)-matrix Xy(¢, 2), where

0 o
Falt, 2) = <0 222(t,z))'

To cover both cases we assume the existence of the following inverse for all ¢ and z

H h\ (H(tz) hitz)) [tz 1) “
h’ h22 B h(t,Z), hgg(t,Z) B 2 0 .

For the two cases, i.e. when all assets are risky and when there is a riskless asset, we find

> Yoyt 1
hz;,f, szgl—LAS, hay = —=— 1|,
D) D) V31
and
1 DI RS Y
h = 0 ) H = _2_12 2_1 ) (h22 = 0)7
22 2

respectively. Notice that h'a =1, H1 =0, HX;h =0 and HX;H = H.

Whether or not there is a riskless asset, the instantaneous MV-parameters are now



given by

o = a’(t,z) = h' Xsh, (7)
ﬁ:ﬁ(t,Z) :hll-l’Sa (8)
7P =2t 2) = w,Hps. 9)

The instantaneous MV efficient MR, GMV and LSR portfolios, with starting value 1, are
given by

Our(t, z;t + dt) = Ppauv(t, z;t + dt) = h, (10)

3 Dynamic MV analysis in continuous time

To obtain the solution to the MV portfolio selection problem, we solve the following MV
hedging problem
m¢i>nE {(Vqs,T - 0)2 | Zo = 20, Vo = 1} 3 (12)

where C' is a nonrandom scalar. We use the Bellman principle of optimality to obtain the
solution to (12). In continuous time, the Bellman principle condenses to an optimality
condition in the form of the well-known Hamilton-Jacobi-Bellman (HJB) equation. See
Fleming and Rishel (1975), @ksendal (2003), Bjork (2004) or Chang (2004) for a discussion
of dynamic programming in continuous time and the use of HJB equations.

The value function is given by (4) and its derivatives with respect to vectors a and b,

say, are denoted as

o 02J

Ja = %, and Jab’ = 6a8b"

Let

A(t, z, ZL‘) =J;+ [J,/ZJz + tr{ZZJzz’} /2a
B(tv z, x) = H;sin [¢; {Hij + X zx} + ¢;25¢t‘]xﬂ?/2 | 'Ll(pt = :E] )

then for all z € R, z € R and t € (0,77, the value function satisfies the following HJB



equation:

A(t,z,x) + B(t,z,x) = 0, (13)
J(T,z,2) = (x—C)>. (14)

Theorem 1. The value function (3) is of the form (4) and the dynamic MV parameters

2
LSR’

Mmysr and F2: [0, T] x RM — R satisfy (with the arguments suppressed)

65%3[{ + ﬁl// aS%SR + %tr (2 828%512) +

ot Z 0z “020z
0 log(S%SR)) .

S

52 {h’z‘sh + 2R/ (us + X,

0z
dlog(s2:.)\ D log(s?,
(.u’s + Esz%) H (.u's + 232%) } = 07 (15)
OMm sp / OMm sp 1 anLSR
o PTor Tal (EZ 0202 )
0log(m,
Mysr {h/ < s + sz ga(z SR)) -
0 log(s? ' 0 log(m sn
(“s + ESZ%) H (“s + 252%) } = 07 (16)
OF? OF?

n Ll (s PN
ot Py T2\ 0202

mLSR IJ,S + Zsza log(mLSR) H IJ,S + Zszalog(mLSR) — 07 (17)
2 0z 0z

LSR

with boundary conditions m,s(T, 2;T) = $2,. (T, 2;T) =1 — F*(T,2;T) = 1.
The portfolio weights ¢, for the strategy (1) that minimizes (12) are given by

2
¢ = {h +u5.,’ log(”gz”/ Sis) } ol

dlog s?
(0= fp = 2,280 (v, e )y

The proof is given in Appendix A.2. Notice, in a complete market a riskless bond amounts
to an investment in a term-7T' global minimum variance strategy with variance vZ,,, = 0.
So, using (2), a term-T" bond price that pays By = 1 at time T has value By = m_l, =

GMV
2

“sr can be interpreted as the present value of

Mysr/S2. Consequently, the term Cmygg/s
the claim that has value C' at time T'. It is the difference between the portfolio value and

the present value of the claim that drives the mean reversion of MV efficient processes.



The dynamic MV portfolio selection problem in discrete time can be solved analogously
and the solution is given in Appendix A.1. For a discussion of the theorem we will first
focus on the deterministic case, where there are no state variables. Subsequently, the effect

of the state variables will be considered.

3.1 The deterministic case

In the deterministic case, where there are no state variables, we can use the definitions of
a, 3, and v in (7), (8), and (9), to reformulate the conditions (15), (16), and (17) as

dsten 2 2 2 dmysg 2 dr? Ml
F:_SLSR(25+O{ -7), dt = —muse(f —77), dt :—S%SR’Y ,
respectively. In that case we find
s2, = el (20 +ad(6) =7 @)}ds (19)
My = et BE=7 ()} ds (20)
T
F2 _ / ")/2(8)6_ fST {a2(u)+v2(u)} du dS, (21)
t

and the portfolio weights are given by
o = hCem PN (b Hpg) (Vg = Ce i P000a) (99

Notice the weights h and h — H ps represent the instantaneous MR (or GMV) and LSR
portfolios, as in (10) and (11), respectively. The LSR and MR strategies starting at time
t =0, found for C' =0 and C = s%,,(0; T') /mysx(0; T) respectively, are given by

¢LSR,t = (h’_H”S>‘/LSRt7 (23)
Gurg = Rl PO (b Hp) (Vi — e PO200a0) o)

The MV efficient strategies (22) are affine combinations,
¢t = Kdury + (1 — K)prsnr, K = Ce Jo 1B)+a*(s)}ds.

Notice for fixed K these term-T" MV efficient strategies do not depend on 7T'. That is, the
LSR and MR strategies span all frontiers of varying terms 7. So, in the continuous-time
deterministic case we find that MV efficient strategies are uniformly MV efficient.

Notice that the LSR strategy amounts to investing continuously in the instantaneous

10



LSR portfolio, with relative weights given by h — H 5. If there is a riskless asset, i.e. when
a? = 0 for all ¢, then also the MR strategy amounts to repeating the same instantaneous
steps. That is, in that case MR amounts to continuously investing in the bank account
with (deterministic) short rate equal to [, and Vyg: = exp fot {B(s)}ds. For this case,
uniform MV efficiency (or strong separability) has been described by Bajeux-Besnainou
and Portait (1998).

When there is no risk-free asset the MR strategy is more complicated. It starts out by
investing in the instantaneous GMV portfolio, which equals the instantaneous MR, with
weights h. At time ¢ a deterministic amount exp fot {B(s) + a?*(s)} ds is invested in the
instantaneous GMV, while the rest of the portfolio value is invested in the instantaneous
LSR. Still we find uniform MV efficiency. Consequently, Merton’s (1972, 1973) two mutual
fund theorems can be formulated in terms of two funds that are not only instantaneously
MYV efficient, as it was described by Merton, but which are MV efficient for all terms.

The LSR and MR strategies are not only uniformly MV efficient, they are also uniformly
LSR and MR strategies. By contrast, the term-7" GMV strategy is uniformly MV efficient,
but it is GMV only for term 7. That is, the GMV strategy for term 7' is found for

Mav(0;T) — mysn(0: T) My (0;7)

K — = Y
aMv mMR(O; T) _ mLSR(O; T) s%SR(O; T){l — F2(0§ T)}

which varies with 7.

3.1.1 Constant parameters

In particular, if the parameters o2, 3, and 72 are constant, we find a remarkable result.

The uniformly MV efficient processes can be described by
av, = v, (6 dt + a th(1)> v (Ke(f”az)t _ V;) (72 dt + yth@)) , (25)

where Wt(l) = h'osW;/a and Wt@) = wsHogW, /v are the Brownian motions that drive
the MV-efficient strategies. For K = 0 we find the LSR strategy with growth rate 3 — 2,
but e_(ﬁ_VQ)tVLSRyt is not stationary due to its increasing variance. For K # 0 we find
the other MV efficient strategies, which all converge to investments in a unique trend
stationary process with growth rate 3 + o?. That is, applying Ito’s Lemma to (25) shows
the discounted processes V;* = e~ 5+, /K all satisfy

av; =V (—a?dt+adw M) + (1= 17) (P dt + yaw). (26)

11



Only the starting values V" = 1/K differ. All processes converge to a stationary process
with equilibrium value V° = ~42/(a? + ~?) and unconditional standard deviation equal to
ay/(a® +9°).

In fact, the unconditional distribution of the stationary process is symmetric. That
is, consider a value V;* = V' + A, and using the notation dV;* = pdt + o dW,, we find
p=—A(a?+7?) and 0% = a?y?/(a? +~?) + A?*(a® ++?*). We find that opposite values A
and —A produce opposite u’s but the same ¢?. Due to this symmetry the unconditional
distribution of V;* must be symmetric.

Finally, this unique uniformly MV efficient trend stationary (UMVETS) strategy, which
has a symmetric distribution, has another interesting property. When starting in equilib-
rium, K = 1+ a?/~+?, it forms with LSR a unique pair of uniformly MV efficient strategies
whose values are uncorrelated for all ¢.8

For the constant parameters case we find the following moments

Misp = 6(5*72)(T*t)’ UI%SR — o(2B+a?=*)(T—t) _ 62(5*72)(T*t)’
. mLSR(a2 + '72) 2 a2UESR
Memv = a2 + 726—(o¢2+72)(T—t)’ Vomv = a? + 726_(042_,'_72)(7«_,5)7
e 2T} gn (a2 4 el
mMR - az —l— 72 9 /UMR - (a2 + 72)2 ’
and frontier parameters
F2 72{1 _ e—(a2+'y2)(T—t)} FQ 72{1 _ e(a2+’72)(T—t)}

a2+ 72 a2+ 726—(a2+72)(T—t)'

Thus we find Kgyy — 0 if T — oo. Furthermore, if T — oo, v2,,,/m2, — oo and
vl /m2,, — oo, whereas v2, /m2, — o?/¥%

Bekker and Bouwman (2009b) model the term structure of interest rates. They use an
underlying market of capital market returns, without a bank account, that drives the short
rate. In this approach the growth rate of the unique UMVETS strategy, 8 + o2, serves
as the growth rate of the market portfolio of the underlying market. Using Sharpe ratio
optimality of the market portfolio, a stochastic short rate is induced by the underlying
capital market returns. The growth rate of the LSR portfolio, 3 — 72, or the growth rate
of the term-T" GMV portfolio where T" — oo, serves as the growth rate of the long bond

with maturity T" — oc.

8The computations are somewhat tedious.
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3.2 The effect of state variables

In the presence of state variables the portfolio weights ¢, in (18) are located in the range
space of (h, Hus, HX,). This indicates M + 2 mutual funds, which is in agreement with
Merton’s (1973) M + 2 mutual fund theorem. In general it will not be the case that two
strategies span all frontiers. For example, the instantaneous MR strategy invests at t = 0
in h, whereas the term-T" MR strategy invests at time t = 0 in h + HESZ%SZR/S%R),
which may be different from h.

An interesting special case is given by the situation where the state variables are in-
stantaneously uncorrelated with the asset returns, i.e. 35, = O. In that case the portfolio

weights (18) are simply given by

¢ = RO 4 (b — Hps) (VW . Cm;SR) ,
SLSR SLSR

just as in the deterministic case. Again, the LSR strategy is given by ¢rsrr = (h —
H p15)Vi g+, which is uniformly MV efficient. However, the ratio mysg/ s, may be stochas-
tic and, as a result, a MR strategy may vary with T". So there need not be two uniformly
MYV efficient strategies.

Furthermore, by applying the Feynman-Ka¢ theorem (Karatzas and Shreve, 1991) to
(15), (16), and (17) with Xy, = O, the MV parameters admit the following simple repre-
sentation:

2 —E, (eff{2ﬁ<s,zs>+a2(s,zs>—~/2(s,zs)}ds | Z, = z) 7

LSR

Misn = Ey (eff 18(6,20) (.20} s | 77, Z) 7

T
F? =E, (/ VA(s, Z,)e~ i WPzt wZ)du g g | 7 = z) .
t

Example 1. Consider the following market of two assets with instantaneous returns equal
to the instantaneous GMV and LSR returns, respectively, and a single mean reverting state

variable affecting the level of returns:

z a 0 0
IJ’S(tJ Z) = < 2) ) O-S = ( ) )
z—r a v 0

pz(t, 2) = Kk(B, — 2), o, =(0,0,0,).

The instantaneous parameters o and v satisfy (7) and (9), respectively, and = z. The
instantaneous MV efficient portfolio weights are given by h = (1,0)" and h— H pgs = (0,1)’.

13



If a = 0, the first asset is risk-free, with a stochastic short rate equal to z, otherwise both

assets are risky.
The MV parameters s>, msp and F? satisfy (15), (16) and (17), with X, = O, and

LSR’

the boundary conditions. The solution is derived in Appendix A.J:

2

K K3

2
+% {1 _ e2n(Tt)}:| ’

0'2 — Z O'2
Mysg = €Xp |:(ﬂo - 72 + 2_,52) (T - t) - (ﬁoli + K_g> {1 - eiﬁ(Tit)} (28)
2
Jo —2k(T—
+4/{3 {1 —e t)}] ,
F? — 72 g m%szz<u> Z; T) du (29)

t S%SR(“’? Z; T)

We find m?,,/s%,, is deterministic, since it does not depend on z. As a result, F? is also
deterministic. A MV efficient strategqy over the period [0,T] is given by
Mirsr

Mg
¢ = hC | (h— Hp,) (Vm—c 2SR).

SLSR LSR

Comparing these portfolio weights ¢, with the portfolio weights ¢; that are optimal over
the subperiod [0, T*] with 0 < T* < T implies that ¢, can only be MV efficient over [0, T*]
if there exists a C* € R such that

CmLSR(tv'Z;T) C* mLSR(tv'Z;T*)

2.t T) 2tz T

However, % depends on z for t < T, while it does not for t = T. For C # 0,
we therefore cannot find a C* € R that satisfies the above condition and hence ¢; is not
uniformly efficient. For C' = 0 we obtain the LSR strategy, which is evidently uniformly
LSR and thus uniformly MV efficient.

Finally, observe that for a = 0 the market has a Vasicek (1977) short rate process.

4 Conclusion

Motivated by yield curve modeling, this paper solves the dynamic MV portfolio selection
problem in both discrete and continuous time by using dynamic programming. The solution

is derived for a general incomplete market that nests a complete market as well as an
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incomplete market with or without a riskless asset. State variables are introduced to
incorporate stochastic market parameters. The joint process of asset prices and state
variables is assumed Markov.

It is observed that the dynamic MV portfolio selection problem is equivalent to MV
hedging of a constant claim C' given a fixed initial investment. The value function of
the MV hedging problem is expressed as a quadratic form that is driven by three MV
parameters describing the MV frontier. In continuous time, we obtain a recursive system
of PDE’s in the three MV parameters by solving the HJB equation. The optimal portfolio
weights of a MV efficient strategy are expressed as a function of the MV parameters.

Explicit solutions to the MV problem are obtained for a market with deterministic
parameters. All MV efficient strategies in this market are shown to be uniformly MV
efficient, i.e. MV efficient on any term 7. Consequently, a strong version of the Mutual
Fund theorem holds, stating that all MV investors with arbitrary investment horizons
invest buy-and-hold in two uniform MV efficient mutual funds.

The market with constant parameters provides the most straightforward generalization
of one-period MV analysis to a dynamic continuous-time setting. In this market there exists

a unique, symmetrically distributed, trend stationary, uniformly MV efficient strategy.

15



Appendix

A.1 Dynamic Mean-Variance analysis in discrete time

A.1.1 The market

In discrete time, the set of trading times is given by the set 7 = {to,...,t,}, with
0=ty <...<t,=T. Define vectors of single-period gross returns R;, = diag(S;, ,)™*S;,,
1t =1,...,n, then the joint process (R;:m Zgi)/ is Markov as well. We assume that, condi-
tional on Z;,, both Ry, and Z; , are independent of R;,. The conditional moments of

the single-period gross returns are denoted, for i = 0,...,n — 1, by

mg; = mS(tiaz;ti-i-l) = E(RtiJrl | Zti = Z),
QSJ' = Qs(ti,z;ti+1) = E(Rt R/ | Zt

tir1 i :z)

7

41

The set of admissible portfolios ® is again given by portfolios that satisfy the following
two conditions. First, admissible portfolios are self-financing, so that they satisfy Vg, =
vy, for i =0,...,n, and Vg,

= ¢y Ry, fori =0,...,n— 1. Secondly, they satisfy
the property E (Vditm) < oo, fori=0,...,n—1.

i+1

A.1.2 The one-period frontier

In discrete time the matrices of second conditional moments £24(¢;, z;t;+1) are assumed to
be nonsingular for all ¢;, + = 0,...,n — 1 and z. So, again the case of a riskless asset is

covered, just as the case when all assets are risky. The one-period solution is given by

1
stm’ = sten(ti, 2 tip1) = VO 1y (A.1)
S,
Mysr,; = mLSR(tz‘a zZ; ti-i—l) = W (A2)
S,
-l 0271
FP = F(t;, zitin) = mig, | g7 — — o | mg (A-3)
1 .Qsﬂ-z

9When there can be no confusion, we use the short notation, such as, mg ;. In other cases, where we
need be more explicit, we use the other notation, such as mg(t;, z; t;11).
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Furthermore, the one-period MV efficient MR and LSR portfolios are given by

¢ iy 25 U5 ¢ iy 25 L4 = ’_ . .
MR\ Y% i+1 ’Q o LSR\ Y2 +1 Z/QS’il’L

;. .
When X, = £25,; — Mg ;M ; 18 nonsingular we find

Bt 251300) = T Beslt1 21 t011) = 2
m(ti, 23 ; is Zitit1) = -
MR +1 S ] ms,l GMV +1 2,2371'11
A.1.3 MYV efficiency in discrete time
In discrete time, the value function (4) applies for t = t;, @ = 0,...,n and Bellman’s
principle of optimality now requires both
‘]<t17 z, I) - minE(‘](ti-i-la ZZ'+17 d);Rti—Q—l) | Zti =z Zld)ti = ‘T)J (AS)

¢ti

for i =0,...,n — 1, and the boundary condition (14) to hold true.

Theorem 2. For T = {to,...,t,}, with0 =1ty < ... <t, =T the value function (3) is
of the form (4) and the dynamic MV parameters s2,,, m,sx and F?: T x R +— R are

recursively defined by the following system of equations

1
Sisn = SiSR(tiy»Z%tn):,Q—_ly (A.6)
o
Mrsg = mLSR(tZaZ t) % P (A?)
-1, .11
F? = F(t;, zt,) = u; + p] (Qfl—%)pi, (A.8)

and

Qi = E(S%SR(ti“rl? th‘+1; tn)Rti+1 tit1 | Zt - z)
b = E(mLSR(ti-i-la Zti+1 ) tn)Rti+1 ’ Zt' = z)7
u2 = E(F2<ti+1, Zt ) | Zt = Z)

~

z+17

with boundary conditions msp(ty,, 2;t,) = 8245 (tn, 2; 1) = 1 — F2(t,, z;t,) = 1.
The portfolio weights ¢y, : T x RM +— RY for the strategy that minimizes (12) are given

17



1. -1
d)ti _ Qz Di OmLSR+ Qz 1 (qu,ti_OTnQLSR)- (AQ)

1)1 2 1)1
ILQi Di Sisr ZQi 1 LSR

The proof is given in Appendix A.3.

A.1.3.1 The deterministic case

In the deterministic case, when there are no state variables, we find Q; = QS,iSESR<ti+1; tn),
pi = mgimisp(tivi;ty), and v? = F?(t;q;t,). So, using (A.1), (A.2) and (A.3), the
conditions (A.6), (A.7), and (A.8) reduce to

2 _ .2 2 .
SLsr — SLSR,iSLSR(ti+17 tn)a

Mysr = mLSR,imLSR(ti+1§ tn)a
mE g (i1
F2 — FQ(ti—i-l;tn) + Ff%
SLSR( i+15 n)

Y

respectively. In that case we find

n—1
Sim - H siSR,j7 (A.lO)
j=i
o~ T A
n—1 n—1 9
b t)
F? = F2 T Masntste) (A1)
;{ ! kg-l SESR<tk;tn>

and the portfolio weights are given by

5 Q_l Mg ; Cﬁ<mLSR,j) + 'Q_l V. CH <mLSR’]> (A 13)
b= V02,7 Mg oo SESR,j 'L’.Qw ot STeR,j .

J=1

m m
e ¢MR(t’L7tZ+1>O LSR _|_ ¢LSR(t“ tz+1) (Vd),ti _ C LSR) ’

2
LSR SLsr

where we used the one-period portfolios (A.4).
Again, the LSR and MR strategies are uniformly LSR and MR, respectively, and hence
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they are uniformly MV efficient, since they do not depend on T

¢LSR,ti = ¢LSR(ti§ ti—l—l)‘/LSR,ti (A.14)
w12 il 2

¢MR,ti = ¢MR(ti§ti+1) H (ﬁ) + ¢LSR(ti§ ti—i—l) ‘/Lm,ti - H (%) . (A'15)
3=0 ) =0 J

Thus we find that uniform efficiency is not restricted to continuous trading. Also in discrete
time, with a deterministic market, MV efficient strategies span MV frontiers of all terms
T, whether or not there is a risk-free asset. Both short-term and long-term investors agree
about the MV efficient strategies.

A.2 Proof of Theorem 1

Using the Hamilton-Jacobi-Bellman equation (13) and the optimal value function (4) we

find .
T T
A(t, z, l’) = _C (At + Az + Azz) _C )
where
Istsp  Omisr 1 9stsr 1 OmLsr
_ ot ot _ [ P=75 H="3
Ay = <3mLSR _or?2 |7 A= / 3m;,R ) @ ’
at o Hz"52 z 0z
and .
s 82
A i oiE) w{mme
Z 9z0z Z 0202’

To compute B(t,x, z), the Lagrangian is given by

L(¢t7 )‘) - ¢:§ (IJ’SJx + ZSZ z:v) + %¢;ZS¢J33$ - /\ (z/¢t - fL’) )

with first order conditions

IJ’SJCC + SSZ 2z T 25¢t<]:va: — M= 07
v, = x.
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The first order conditions can be reexpressed as

s 1 o} _ —Hs jizz — Xy :;Z
1 0 — ch\:c T '
Notice that

x dst. Omyg T
‘]96 = 2(‘9[237"7 mlST) <—C> ) sz =2 (ia a—zl) <—C> y Jx:c = 25%3}1'

Consequently, using (6), ¢ is given by

¢ = {h(1,0) - HP} (_“””’O) ,

where

- dstg, Om
U=t zT)= SLSQR {“S(Sism Mysr) + Xz ( 8I§R’ a;SR) } )

which amounts to (18). Furthermore,

B(t,z,z) = (—x0> B, <_$C) ,

B. = 2 1 h/w !p/ / 1 !
o= sty | +@'h(1,0) + k' Xsh . (1,0) —9'HY .

As (13) holds for all z, we find

A +A.+A..+B;=0, (A.16)

which amounts to the three conditions (15), (16), and (17). The boundary conditions follow

from (14). The Verification Theorem of stochastic optimal control theory now implies that

the value function is of the form (4) and the optimal strategy is given by (18).

A.3 Proof of Theorem 2

Using the Bellman equation (A.5) and the optimal value function (4) we find

. d)tz‘ / QZ Di ¢ti /
e {(8)(0 7)) -
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The solution is found for

B Q_lz L Q;lzz’Q;I T
(o2l ()

which amounts to (A.9). For the value function we thus find

/ Qi—lz _( 71_Q;17.7/Q;1) ' /
J(ti,z,z) = (‘”) (z/QHz Q /Q pl)

Qi Di y
—C 0 1 p; 1—u}
—17' . -_l’l/L/ ,_1
e i (R PAN
0 1 -C

! 1 YQ; 'p;
B ( . ) o lz var 1 1 ( . )
’LQ Pi -1 Qz_ m/Qi_ — '
—C va 1T ui — p; <Qi - W) pi c

Therefore, the value function is given by (4), where the mean variance parameters satisfy

the system of recursive equations (A.6), (A.7), and (A.8). Furthermore, the boundary
conditions follow from (14). It follows that the optimal strategy is given by (A.9). O

A.4 Derivation of s> and m,,, in Example 1

Conditions (15) and (16) amount to

082, 0s?, 1 ,0%2,
8—758 + K(B, — z)a—; 200 P —R 4 st (22 4+ 0% —4%) =0, (A.17)
OMysr Omise 1 50%Mign

or T DTG T gt A me(E =) =0 (A18)

Assume the solution is of the form s, = exp{ps(t) + qs(t)z} and mysx = exp{pm(t) +
qm(t)z}, for C? functions ps = ps(t), ¢s = qs(t), Pm = Pm(t) and ¢, = ¢ (t) : Ry — R.
dm

The boundary conditions imply ps(7T") = ¢s(T") = pm(T) = ¢n(T) = 0. In that case we find

2 2 2.2
aSLSR aSLSR _ 2 a

o = P+t sion oo = GsSisn Tt = a5t
om om 9?m
% = {p;n + qgnz}mLSRa a;SR = gmMMLsr; GTI;SR = Q72nmLSR~
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Consequently, (A.17) and (A.18) amount to

1 2 _ 2l _
o2+ 224+ — v = 0,

LSR {ps + qsz + K’(ﬁ - Z)Qs + 9

1
Mysr {p;n + q;nZ + K(ﬁ - Z)Qm +5 9 oqm +z - 72} = 0
As both s?., and m,g, are positive, and (A.19) and (A.20) hold for all z, we find
QQ +2- RGs = 07

1
200qs +a? =97 =0,

q;n‘i‘l—"i%:(),

Py + KBogs +

1
P+ B0t + 5 o2qs, — 7> =0.

Solving (A.21) and (A.23) and applying the boundary conditions, we obtain

2 1

_ = __—k(T—%) _ _ —k(T—1%)
qs /{{1 e }, Gm H{l e }

Substituting this solution in (A.22) and (A.24) and integrating we find

2
Ps = (2ﬁo+a2_72+%) (T_t)_ (2ﬁ0

) {1 —H(T—t)}
Ug —2k(T—t)
+5{l-e ;s

pmz(ﬁo—72+;—/§2)(T—t) (ﬁo ){1—6 Tt}

4kK3

22
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2

‘o and msg are indeed of the form specified above, as given in

So, we can conclude that s
(27) and (28):

207 2(80 — 2 402
SiSR, = €Xp [(250 +a® — 72 + 20) (T - t) — ( (ﬁoﬁ ) + l€30> {1 — e_H(T_t)}

K
2

+% {1 . e—QH(T—t)}} 7

Mygg = €XP [(50_72_'_0_3) (T —1t) — (6O_Z+Z_§> {1_€—K(T—t)}

2K2 K
2

o]

We also find that m?g, /s?, is deterministic, since it does not depend on z. Consequently,

condition (17) implies that also F? is deterministic, as in (29):

F? =2 T m%SR(uuz;T) du
t SESR<U7Z;T)

The MR value C' = s?

LSR

(0, Zo; T') /mysr (0, Zo; T') produces the result in Example 1.

23



References

Bajeux-Besnainou, 1. & Portait, R. (1998). Dynamic asset allocation in a mean-variance
framework. Management Science, 44, ST9-S95.

Basak, S. & Chabakauri, G. (2008). Dynamic mean-variance asset allocation. Working
Paper. London Business School.

Bekker, P. A. & Bouwman, K. E. (2009a). A dynamic generalization of the Hansen-
Jagannathan bounds. Working Paper. University of Groningen.

Bekker, P. A. & Bouwman, K. E. (2009b). Risk-free interest rates driven by capital market
returns. Working Paper. University of Groningen.

Bertsimas, D., Kogan, L., & Lo, A. W. (2001). Hedging derivative securities and incomplete
markets: An e-arbitrage approach. Operations Research, 49, 372-397.

Bielecki, T. R., Jin, H., Pliska, S. R., & Zhou, X. Y. (2005). Continuous-time mean-
variance portfolio selection with bankruptcy prohibition. Mathematical Finance, 15,
213-244.

Bjork, T. (2004). Arbitrage Theory in Continuous Time (2nd ed.). Oxford, UK: Oxford
University Press.

Cerny, A. (2004). Dynamic programming and mean-variance hedging in discrete time.
Applied Mathematical Finance, 11, 1-25.

Chang, F. R. (2004). Stochastic Optimization in Continuous Time. Cambridge, UK:
Cambridge University Press.

Cox, J. C. & Huang, C. F. (1989). Optimal consumption and portfolio choice when asset
prices follow a diffusion process. Journal of Economic Theory, 49, 33-83.

Cvitanié, J. & Karatzas, 1. (1992). Convex duality in convex portfolio optimization. Annals
of Applied Probability, 2, 767-818.

Duffie, D. (2001). Dynamic Asset Pricing Theory (3rd ed.). Princeton, New Jersey:
Princeton University Press.

Duffie, D. & Richardson, H. R. (1991). Mean-variance hedging in continuous time. Annals
of Applied Probability, 1, 1-15.

Fleming, W. H. & Rishel, R. W. (1975). Deterministic and Stochastic Optimal Control.
New York, USA: Springer-Verlag.

Gouriéroux, C., Laurent, J. P., & Pham, H. (1998). Mean-variance hedging and numéraire.
Mathematical Finance, 8, 179-200.

Hansen, L. P. & Jagannathan, R. (1991). Implications of security market data for models
of dynamic economies. Journal of Political Economy, 99(2), 225-262.

Hansen, L. P. & Richard, S. F. (1987). The role of conditioning information in deducing

24



testable restrictions implied by dynamic asset pricing models. FEconometrica, 55,
587-613.

He, H. & Pearson, N. D. (1991). Consumption and portfolio policies with incomplete mar-
kets and short-sale constraints: The finite dimensional case. Mathematical Finance,
1, 1-10.

Karatzas, 1., Lehoczky, J. P., Sethi, S. P., & Shreve, S. E. (1986). Explicit solution of a
general consumption/investment problem. Mathematics of Operations Research, 11,
261-294.

Karatzas, 1., Lehoczky, J. P., & Shreve, S. E. (1987). Optimal portfolio and consumption
decisions for a “small investor” on a finite horizon. SIAM Journal of Control and
Optimization, 25, 1557-1586.

Karatzas, 1., Lehoczky, J. P., Shreve, S. E., & Xu, G. L. (1991). Martingale and duality
methods for utility maximization in an incomplete market. SIAM Journal of Control
and Optimization, 29, 702-730.

Karatzas, 1. & Shreve, S. (1998). Methods of Mathematical Finance. New York, USA:
Springer-Verlag.

Karatzas, 1. & Shreve, S. E. (1991). Brownian motion and stochastic calculus (2nd ed.).
Springer-Verlag.

Korn, R. (1997). Optimal Portfolios. World Scientific.

Leippold, M., Trojani, F., & Vanini, P. (2004). A geometric approach to multiperiod mean
variance optimization of assets and liabilities. Journal of Economic Dynamics &
Control, 28, 1079-1113.

Li, D. & Ng, W. L. (2000). Optimal dynamic portfolio selection: Multiperiod mean-variance
formulation. Mathematical Finance, 10, 387—-406.

Lim, A. E. B. (2004). Quadratic hedging and mean-variance portfolio selection with random
parameters in an incomplete market. Mathematics of Operations Research, 29, 132—
161.

Lim, A. E. B. & Zhou, X. Y. (2002). Mean-variance portfolio selection with random
parameters. Mathematics of Operations Research, 27(1), 101-120.

Lintner, J. (1965a). Security prices, risk and maximal gains from diversification. Journal
of Finance, 20, 587-615.

Lintner, J. (1965b). The valuation of risky assets and the selection of risky investment in
stock portfolios and capital budgets. Review of Economics and Statistics, 47, 13-37.

Markowitz, H. (1952). Portfolio selection. Journal of Finance, 7, T7-91.

Markowitz, H. (1959). Portfolio Selection. Yale University Press.

Merton, R. C. (1969). Lifetime portfolio selection under uncertainty: The continuous-time

25



case. Review of Fconomics and Statistics, 51, 247-257.

Merton, R. C. (1971). Optimum consumption and portfolio rules in a continuous-time
model. Journal of Economic Theory, 3, 373-413. Erratum 6 (1973), pp. 213-214.

Merton, R. C. (1972). An analytical derivation of the efficient portfolio frontier. Journal
of Financial and Quantitative Analysis, 1851-1872.

Merton, R. C. (1973). Theory of rational option pricing. Bell Journal of Economics and
Management Sciences, 4, 141-183.

Mossin, J. (1966). Equilibrium in a capital asset market. Econometrica, 35, 768-783.

Oksendal, B. (2003). Stochastic Differential Equations (6th ed.). Berlin Heidelberg, Ger-
many: Springer-Verlag.

Schachermayer, W. (2002). Optimal investment in incomplete financial markets. In Geman,
H., Madan, D., Pliska, S. R., & Vorst, T. (Eds.), Mathematical Finance-Bachelier
Congress 2000, (pp. 427-462).

Schéal, M. (1994). On quadratic cost criteria for option hedging. Mathemathics of Operations
Research, 19, 121-131.

Schweizer, M. (1995). Variance-optimal hedging in discrete time. Mathemathics of Opera-
tions Research, 20, 1-32.

Schweizer, M. (2001). A guided tour through quadratic hedging approaches. In E. Jouini,
J. Cvitani¢, & M. Musiela (Eds.), Option Pricing, Interest Rates and Risk Manage-
ment (pp. 538-574). Cambridge University Press.

Sharpe, W. F. (1964). Capital asset prices: A theory of market equilibrium under conditions
of risk. Journal of Finance, 19, 425-442.

Vasicek, O. (1977). An equilibrium characterization of the term structure. Journal of
Financial Economics, 5, 177—-188.

Xia, J. (2005). Mean-variance portfolio choice: Quadratic partial hedging. Mathematical
Finance, 15, 533-538.

Zhou, X. Y. & Li, D. (2000). Continuous-time mean-variance portfolio selection: A stochas-
tic LQ framework. Applied Mathematics € Optimization, 42, 19-33.

26



; university of faculty of economics
W : and business
éﬁﬁg groningen /

List of research reports

12001-HRM&OB: Veltrop, D.B., C.L.M. Hermes, T.]J.B.M. Postma and J. de Haan, A Tale
of Two Factions: Exploring the Relationship between Factional Faultlines and Conflict
Management in Pension Fund Boards

12002-EEF: Angelini, V. and J.0. Mierau, Social and Economic Aspects of Childhood
Health: Evidence from Western-Europe

12003-Other: Valkenhoef, G.H.M. van, T. Tervonen, E.O. de Brock and H. Hillege, Clinical
trials information in drug development and regulation: existing systems and standards

12004-EEF: Toolsema, L.A. and M.A. Allers, Welfare financing: Grant allocation and
efficiency

12005-EEF: Boonman, T.M., J.P.A.M. Jacobs and G.H. Kuper, The Global Financial Crisis
and currency crises in Latin America

12006-EEF: Kuper, G.H. and E. Sterken, Participation and Performance at the London
2012 Olympics

12007-Other: Zhao, J., G.H.M. van Valkenhoef, E.O. de Brock and H. Hillege, ADDIS: an
automated way to do network meta-analysis

12008-GEM: Hoorn, A.A.J. van, Individualism and the cultural roots of management
practices

12009-EEF: Dungey, M., J.P.A.M. Jacobs, J. Tian and S. van Norden, On trend-cycle
decomposition and data revision

12010-EEF: Jong-A-Pin, R., J-E. Sturm and J. de Haan, Using real-time data to test for
political budget cycles

12011-EEF: Samarina, A., Monetary targeting and financial system characteristics: An
empirical analysis

12012-EEF: Alessie, R., V. Angelini and P. van Santen, Pension wealth and household
savings in Europe: Evidence from SHARELIFE

13001-EEF: Kuper, G.H. and M. Mulder, Cross-border infrastructure constraints,
regulatory measures and economic integration of the Dutch - German gas market

13002-EEF: Klein Goldewijk, G.M. and J.P.A.M. Jacobs, The relation between stature and
long bone length in the Roman Empire

13003-EEF: Mulder, M. and L. Schoonbeek, Decomposing changes in competition in the
Dutch electricity market through the Residual Supply Index

13004-EEF: Kuper, G.H. and M. Mulder, Cross-border constraints, institutional changes
and integration of the Dutch - German gas market



W university of faculty of economics
7 5 groningen / and business

13005-EEF: Wiese, R., Do political or economic factors drive healthcare financing
privatisations? Empirical evidence from OECD countries

13006-EEF: Elhorst, J.P., P. Heijnen, A. Samarina and J.P.A.M. Jacobs, State transfers at
different moments in time: A spatial probit approach

13007-EEF: Mierau, 1.0., The activity and lethality of militant groups: Ideology, capacity,
and environment

13008-EEF: Dijkstra, P.T., M.A. Haan and M. Mulder, The effect of industry structure and
yardstick design on strategic behavior with yardstick competition: an experimental study

13009-GEM: Hoorn, A.A.J. van, Values of financial services professionals and the global
financial crisis as a crisis of ethics

13010-EEF: Boonman, T.M., Sovereign defaults, business cycles and economic growth in
Latin America, 1870-2012

13011-EEF: He, X., J.P.A.M Jacobs, G.H. Kuper and J.E. Ligthart, On the impact of the
global financial crisis on the euro area

13012-GEM: Hoorn, A.A.]J. van, Generational shifts in managerial values and the coming
of a global business culture

13013-EEF: Samarina, A. and J.E. Sturm, Factors leading to inflation targeting — The
impact of adoption

13014-EEF: Allers, M.A. and E. Merkus, Soft budget constraint but no moral hazard? The
Dutch local government bailout puzzle

13015-GEM: Hoorn, A.A.J. van, Trust and management: Explaining cross-national
differences in work autonomy

13016-EEF: Boonman, T.M., J.P.A.M. Jacobs and G.H. Kuper, Sovereign debt crises in
Latin America: A market pressure approach

13017-GEM: Oosterhaven, J., M.C. Bouwmeester and M. Nozaki, The impact of
production and infrastructure shocks: A non-linear input-output programming approach,
tested on an hypothetical economy

13018-EEF: Cavapozzi, D., W. Han and R. Miniaci, Alternative weighting structures for
multidimensional poverty assessment

14001-OPERA: Germs, R. and N.D. van Foreest, Optimal control of production-inventory
systems with constant and compound poisson demand

14002-EEF: Bao, T. and J. Duffy, Adaptive vs. eductive learning: Theory and evidence
14003-0OPERA: Syntetos, A.A. and R.H. Teunter, On the calculation of safety stocks
14004-EEF: Bouwmeester, M.C., J. Oosterhaven and J.M. Rueda-Cantuche, Measuring

the EU value added embodied in EU foreign exports by consolidating 27 national supply
and use tables for 2000-2007



W university of fa.,;.i:y of economics
éﬁg groningen / and business

14005-OPERA: Prak, D.R.]J., R.H. Teunter and J. Riezebos, Periodic review and
continuous ordering

14006-EEF: Reijnders, L.S.M., The college gender gap reversal: Insights from a life-cycle
perspective

14007-EEF: Reijnders, L.S.M., Child care subsidies with endogenous education and
fertility

14008-EEF: Otter, P.W., J.P.A.M. Jacobs and A.H.]. den Reijer, A criterion for the number
of factors in a data-rich environment

14009-EEF: Mierau, ].0. and E. Suari Andreu, Fiscal rules and government size in the
European Union

14010-EEF: Dijkstra, P.T., M.A. Haan and M. Mulder, Industry structure and collusion
with uniform yardstick competition: theory and experiments

14011-EEF: Huizingh, E. and M. Mulder, Effectiveness of regulatory interventions on firm
behavior: a randomized field experiment with e-commerce firms

14012-GEM: Bressand, A., Proving the old spell wrong: New African hydrocarbon
producers and the ‘resource curse’

14013-EEF: Dijkstra P.T., Price leadership and unequal market sharing: Collusion in
experimental markets

14014-EEF: Angelini, V., M. Bertoni, and L. Corazzini, Unpacking the determinants of life
satisfaction: A survey experiment

14015-EEF: Heijdra, B.]., J.0. Mierau, and T. Trimborn, Stimulating annuity markets

14016-GEM: Bezemer, D., M. Grydaki, and L. Zhang, Is financial development bad for
growth?

14017-EEF: De Cao, E. and C. Lutz, Sensitive survey questions: measuring attitudes
regarding female circumcision through a list experiment

14018-EEF: De Cao, E., The height production function from birth to maturity

14019-EEF: Allers, M.A. and ].B. Geertsema, The effects of local government
amalgamation on public spending and service levels. Evidence from 15 years of municipal
boundary reform

14020-EEF: Kuper, G.H. and J].H. Veurink, Central bank independence and political
pressure in the Greenspan era

14021-GEM: Samarina, A. and D. Bezemer, Do Capital Flows Change Domestic Credit
Allocation?

14022-EEF: Soetevent, A.R. and L. Zhou, Loss Modification Incentives for Insurers Under
ExpectedUtility and Loss Aversion



W university of fa.,;.i:y of economics
éﬁg groningen / and business

14023-EEF: Allers, M.A. and W. Vermeulen, Fiscal Equalization, Capitalization and the
Flypaper Effect.

14024-GEM: Hoorn, A.A.J. van, Trust, Workplace Organization, and Comparative
Economic Development.

14025-GEM: Bezemer, D., and L. Zhang, From Boom to Bust in de Credit Cycle: The Role
of Mortgage Credit.

14026-GEM: Zhang, L., and D. Bezemer, How the Credit Cycle Affects Growth: The Role
of Bank Balance Sheets.

14027-EEF: Bruzikas, T., and A.R. Soetevent, Detailed Data and Changes in Market
Structure: The Move to Unmanned Gasoline Service Stations.

14028-EEF: Bouwmeester, M.C., and B. Scholtens, Cross-border Spillovers from
European Gas Infrastructure Investments.

14029-EEF: Lestano, and G.H. Kuper, Correlation Dynamics in East Asian Financial
Markets.

14030-GEM: Bezemer, D.]., and M. Grydaki, Nonfinancial Sectors Debt and the U.S.
Great Moderation.

14031-EEF: Hermes, N., and R. Lensink, Financial Liberalization and Capital Flight:
Evidence from the African Continent.

14032-0OPERA: Blok, C. de, A. Seepma, I. Roukema, D.P. van Donk, B. Keulen, and R.
Otte, Digitalisering in Strafrechtketens: Ervaringen in Denemarken, Engeland, Oostenrijk
en Estland vanuit een Supply Chain Perspectief.

14033-0OPERA: Olde Keizer, M.C.A., and R.H. Teunter, Opportunistic condition-based
maintenance and aperiodic inspections for a two-unit series system.

14034-EEF: Kuper, G.H., G. Sierksma, and F.C.R. Spieksma, Using Tennis Rankings to
Predict Performance in Upcoming Tournaments

15001-EEF: Bao, T., X. Tian, X. Yu, Dictator Game with Indivisibility of Money

15002-GEM: Chen, Q., E. Dietzenbacher, and B. Los, The Effects of Ageing and
Urbanization on China’s Future Population and Labor Force

15003-EEF: Allers, M., B. van Ommeren, and B. Geertsema, Does intermunicipal
cooperation create inefficiency? A comparison of interest rates paid by intermunicipal
organizations, amalgamated municipalities and not recently amalgamated municipalities

15004-EEF: Dijkstra, P.T., M.A. Haan, and M. Mulder, Design of Yardstick Competition
and Consumer Prices: Experimental Evidence

15005-EEF: Dijkstra, P.T., Price Leadership and Unequal Market Sharing: Collusion in
Experimental Markets



W university of fa.,;.i:y of economics
éﬁg groningen / and business

15006-EEF: Anufriev, M., T. Bao, A. Sutin, and J. Tuinstra, Fee Structure, Return Chasing
and Mutual Fund Choice: An Experiment

15007-EEF: Lamers, M., Depositor Discipline and Bank Failures in Local Markets During
the Financial Crisis

15008-EEF: Oosterhaven, J., On de Doubtful Usability of the Inoperability IO Model

15009-GEM: Zhang, L. and D. Bezemer, A Global House of Debt Effect? Mortgages and
Post-Crisis Recessions in Fifty Economies

15010-I&0: Hooghiemstra, R., N. Hermes, L. Oxelheim, and T. Randgy, The Impact of
Board Internationalization on Earnings Management

15011-EEF: Haan, M.A., and W.H. Siekman, Winning Back the Unfaithful while Exploiting
the Loyal: Retention Offers and Heterogeneous Switching Costs

15012-EEF: Haan, M.A., J.L. Moraga-Gonzalez, and V. Petrikaite, Price and Match-Value
Advertising with Directed Consumer Search

15013-EEF: Wiese, R., and S. Eriksen, Do Healthcare Financing Privatisations Curb Total
Healthcare Expenditures? Evidence from OECD Countries

15014-EEF: Siekman, W.H., Directed Consumer Search

15015-GEM: Hoorn, A.A.J. van, Organizational Culture in the Financial Sector: Evidence
from a Cross-Industry Analysis of Employee Personal Values and Career Success

15016-EEF: Te Bao, and C. Hommes, When Speculators Meet Constructors: Positive and
Negative Feedback in Experimental Housing Markets

15017-EEF: Te Bao, and Xiaohua Yu, Memory and Discounting: Theory and Evidence

15018-EEF: Suari-Andreu, E., The Effect of House Price Changes on Household Saving
Behaviour: A Theoretical and Empirical Study of the Dutch Case

15019-EEF: Bijlsma, M., J. Boone, and G. Zwart, Community Rating in Health Insurance:
Trade-off between Coverage and Selection

15020-EEF: Mulder, M., and B. Scholtens, A Plant-level Analysis of the Spill-over Effects
of the German Energiewende

15021-GEM: Samarina, A., L. Zhang, and D. Bezemer, Mortgages and Credit Cycle
Divergence in Eurozone Economies

16001-GEM: Hoorn, A. van, How Are Migrant Employees Manages? An Integrated
Analysis

16002-EEF: Soetevent, A.R., Te Bao, A.L. Schippers, A Commercial Gift for Charity

16003-GEM: Bouwmeerster, M.C., and J. Oosterhaven, Economic Impacts of Natural Gas
Flow Disruptions



W university of fa.,;.i:y of economics
éﬁg groningen / and business

16004-MARK: Holtrop, N., J.E. Wieringa, M.]. Gijsenberg, and P. Stern, Competitive
Reactions to Personal Selling: The Difference between Strategic and Tactical Actions

16005-EEF: Plantinga, A. and B. Scholtens, The Financial Impact of Divestment from
Fossil Fuels

16006-GEM: Hoorn, A. van, Trust and Signals in Workplace Organization: Evidence from
Job Autonomy Differentials between Immigrant Groups

16007-EEF: Willems, B. and G. Zwart, Regulatory Holidays and Optimal Network
Expansion

16008-GEF: Hoorn, A. van, Reliability and Validity of the Happiness Approach to
Measuring Preferences

16009-EEF: Hinloopen, J., and A.R. Soetevent, (Non-)Insurance Markets, Loss Size
Manipulation and Competition: Experimental Evidence

16010-EEF: Bekker, P.A., A Generalized Dynamic Arbitrage Free Yield Model

16011-EEF: Mierau, J.A., and M. Mink, A Descriptive Model of Banking and Aggregate
Demand

16012-EEF: Mulder, M. and B. Willems, Competition in Retail Electricity Markets: An
Assessment of Ten Year Dutch Experience

16013-GEM: Rozite, K., D.]J. Bezemer, and J.P.A.M. Jacobs, Towards a Financial Cycle for
the US, 1873-2014

16014-EEF: Neuteleers, S., M. Mulder, and F. Hindriks, Assessing Fairness of Dynamic
Grid Tariffs

16015-EEF: Soetevent, A.R., and T. Bruzikas, Risk and Loss Aversion, Price Uncertainty
and the Implications for Consumer Search

16016-HRM&OB: Meer, P.H. van der, and R. Wielers, Happiness, Unemployment and
Self-esteem

16017-EEF: Mulder, M., and M. Pangan, Influence of Environmental Policy and Market
Forces on Coal-fired Power Plants: Evidence on the Dutch Market over 2006-2014

16018-EEF: Zeng,Y., and M. Mulder, Exploring Interaction Effects of Climate Policies: A
Model Analysis of the Power Market

16019-EEF: Ma, Yiqun, Demand Response Potential of Electricity End-users Facing Real
Time Pricing

16020-GEM: Bezemer, D., and A. Samarina, Debt Shift, Financial Development and
Income Inequality in Europe

16021-EEF: Elkhuizen, L, N. Hermes, and J. Jacobs, Financial Development, Financial
Liberalization and Social Capital



W university of fa.,;.i:y of economics
éﬁg groningen / and business

16022-GEM: Gerritse, M., Does Trade Cause Institutional Change? Evidence from
Countries South of the Suez Canal

16023-EEF: Rook, M., and M. Mulder, Implicit Premiums in Renewable-Energy Support
Schemes

17001-EEF: Trinks, A., B. Scholtens, M. Mulder, and L. Dam, Divesting Fossil Fuels: The
Implications for Investment Portfolios

17002-EEF: Angelini, V., and ].0. Mierau, Late-life Health Effects of Teenage Motherhood

17003-EEF: Jong-A-Pin, R., M. Laméris, and H. Garretsen, Political Preferences of
(Un)happy Voters: Evidence Based on New Ideological Measures

17004-EEF: Jiang, X., N. Hermes, and A. Meesters, Financial Liberalization, the
Institutional Environment and Bank Efficiency

17005-EEF: Kwaak, C. van der, Financial Fragility and Unconventional Central Bank
Lending Operations

17006-EEF: Postelnicu, L. and N. Hermes, The Economic Value of Social Capital

17007-EEF: Ommeren, B.J.F. van, M.A. Allers, and M.H. Vellekoop, Choosing the Optimal
Moment to Arrange a Loan

17008-EEF: Bekker, P.A., and K.E. Bouwman, A Unified Approach to Dynamic Mean-
Variance Analysis in Discrete and Continuous Time



www.rug.nl/feb




	17008 eerste 3 paginas
	paper
	list of research reports

