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Abstract

We develop an analytical solution to the dynamic multi-period portfolio choice
problem of an investor with risky liabilities and time varying investment opportuni-
ties. We use the model to compare the asset allocation of investors who take liabilities
into account, assuming time varying returns and a multi-period setting with the asset
allocation of myopic ALM investors. In the absence of regulatory constraints on asset
allocation weights, there are significant gains to investors who have access to a dynamic
asset allocation model with liabilities. The gains are smaller under the typical funding
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1 Introduction

It is known since the work of Samuelson (1969) and Merton (1969; 1971; 1973) that long—
term investors might judge risks very differently from short—term investors and hence hold
different portfolios. Although Merton (1971; 1973) developed an analytical framework for
understanding the portfolio demands of long—term investors, empirical implementation of
his work lagged far behind due to the difficulty of solving Merton’s intertemporal model
(Campbell and Viceira, 2002). The importance of liabilities in strategic asset allocation
has also been long recognized by both practitioners and academics with analytical discrete—
time solutions available only under static, one—period horizons. In this paper we develop
an analytical solution to the dynamic multi—period portfolio choice problem of an investor
under time—varying investment opportunities. We then use the model to compare the asset
allocation of investors who ignore the time—varying properties of future asset risks and returns
(myopic investors).

A brief taxonomy of multi—period portfolio choice solutions in an asset—only framework
is provided in Jurek and Viceira (2011, JV hereafter). JV identify three types of approaches
to optimal portfolio selection. First, optimal portfolios can be obtained as exact analyti-
cal solutions for special cases of the multi—period portfolio choice problem in a continuous
time setting (Kim and Omberg, 1996; Sorensen, 1999; Wachter, 2002; Brennan and Xia,
2002; Chacko and Viceira, 2005; Liu, 2007). Second, optimal portfolios can be determined
with numerical methods (Brennan et al., 1997; Brandt, 1999; Barberis, 2000; Lynch, 2001;
Dammon et al., 2001; Detemple et al., 2003; Brandt et al., 2005; Koijen et al., 2010). Third,
optimal portfolios can be computed in closed-form through approximate analytical methods
(Campbell and Viceira, 1999; 2001; 2002, Campbell et al., 2003). JV also discuss the short-
comings of these approaches and propose an analytical recursive approach which results in
a closed—form solution for the dynamic multi-period portfolio choice problem.

Multi—period portfolio choice is particularly relevant for investors who invest with the
objective to finance a long—term stream of liabilities. Best known examples of such investors
are pension funds, foundations, and endowment funds. It is also relevant to individual
investors who manage their own retirement funds or build portfolios to finance their children’s
education. In this paper we study the portfolio choice problem of this type of investors, a
problem that is generally referred to as Asset Liability Management (ALM hereafter).

Leibowitz (1987) and Sharpe and Tint (1990) are the first papers that incorporate liabili-
ties in a single period context. Since then the literature on portfolio choice in a multi—period

context in the presence of liabilities parallels developments in the asset-only portfolio choice



literature. In a continuous setting Boulier et al. (1995) formulate a dynamic programming
model of pension fund behavior. Sundaresan and Zapatero (1997) formulate and solve a
continuous time model for the strategic asset allocation of a defined benefit pension fund
taking into account the marginal productivity of the employee under a constant investment
opportunity set. Rudolf and Ziemba (2004) assume time-varying investment opportunities
and develop a four-fund theorem for intertemporal surplus optimization.

A second strand of the literature, closer to asset-liability modeling practice,! uses stochas-
tic programming techniques (Carifio et al., 1998; Carino and Ziemba, 1998; Geyer and
Ziemba, 2008) to find optimal asset weights. A third approach is based on simulation (Bins-
bergen and Brandt, 2014). These approaches are however subject to the criticisms expressed
in JV in the context of asset—only portfolio choice. Stochastic programming techniques for
example face the cost of tractability; the traditional numerical methods cannot handle more
than a few state variables, magnifying the effects of estimation risk even further; and the
ALM models carried out under a continuous time context have been mostly studied under
a constant investment opportunity set.

Another strand of the ALM literature, closer in spirit to our paper, uses approximate
analytical solutions and extends the asset—only models introduced by Campbell and Vi-
ceira (1999; 2001; 2002) and Campbell et al. (2003) by incorporating liabilities. Hoevenaars
et al. (2008, HMSS hereafter) is a significant contribution in this literature. HMSS assume
that an investor with risky liabilities chooses the optimal portfolio weights at the begin-
ning of the investment horizon and rebalances to the initial allocation at a rebalancing time
shorter than the investment horizon. Barberis (2000) describes the latter strategy as myopic
rebalancing; it is myopic because the investor ignores the information available at the re-
balancing time. Myopic investors maintain the initial static solution, through rebalancing,
until the end of the horizon. In contrast, dynamic investors follow a dynamic investment
strategy where the portfolio weights take into account changes in the investor’s investment
opportunity set. Using the myopic asset-liability model (M—ALM thereafter), HMSS find
significant differences in the portfolio allocations of investors who ignore liabilities.

Our principal contribution in this paper is that we develop a model which results in a
closed—form solution for the dynamic multi-period portfolio choice problem in the presence of
liabilities (D—ALM thereafter). Our model nests the asset—only model of JV. It is analytically

tractable and hence allows the study and interpretation of factors affecting optimal portfolio

LALM based on stochastic programming and used in practice include the Russel-Yasuda Kasai model
described in Carino et al. (1998) and the Towers Perrin—Tillinghast ALM approach presented in Mulvey
et al. (2000).



choice in an ALM framework. The model we propose can accommodate any number of
assets and state variables. To develop the proposed model we build on JV and HMSS. Our
representative investor is endowed with power utility over the ratio of assets and liabilities,
as opposed to over assets only, at a fixed horizon; she can invest in many risky and a riskless
asset. The investment opportunity set is time-varying and captures the variation in risk
premia, interest rates, and the state variables. The optimal investment policy that we derive
has a simple structure; it is comprised of myopic and intertemporal hedging terms. The novel
feature of our model is that we show analytically how the intertemporal hedging demand —
which appears in the asset—only multi—period portfolio choice literature — is also driven by
the correlation between the innovations of liabilities and the innovations in the changes of
the state variables.

In our empirical investigation we take into account practical considerations. We incor-
porate short-sales or borrowing constraints, as in Brandt et al. (2009). We also consider a
regulatory environment in which pension funds face minimum and maximum funding ratio
constraints. The model we develop allows us to study the structure of optimal portfolios
as well as the utility implications associated with holding these portfolios. In this respect,
we provide new empirical insights that are useful both for ALM researchers but also for
the practice of ALM. Furthermore, with the incorporation of inflation-indexed bonds in the
list of potential investment assets, we are able to study the allocation to inflation—indexed
bonds in the portfolios of long—term ALM investors. Campbell and Viceira (2002) argue
that inflation—indexed bonds are important for long—term asset—only investors since both
bonds and (rolling) short-term bills are subject to real interest rate variations over time.
Inflation-indexed bonds are even more important for ALM investor with inflation sensitive
liabilities.

Our empirical results can be summarized as follows. We find that optimal portfolios
obtained using the D-ALM are different in many respects with optimal portfolios obtained
for myopic ALM investors. Myopic investors hold portfolios which contain more equity
and inflation-indexed bonds than D—ALM investors. The higher allocation to equities and
indexed bonds is at the expense of a lower position in nominal bonds. This conclusion does
not change when we impose short-sell or funding ratio constraints.

The differences in the composition of D~ALM optimal portfolios and M—~ALM optimal
portfolios have significant utility implications. In particular, we find that a M—ALM investor
suffers large utility losses relative to the portfolios suggested by the D-ALM. The losses are

increasing in the length of the investment horizon and decreasing in the degree of relative risk



aversion. The economic benefits of the D-ALM over the M—ALM strategy reflect the benefits
from pursuing a dynamic investment strategy that exploits information about asset time-
varying returns and risks and hedging abilities. The D-ALM provides the optimal strategic
and tactical asset allocation portfolios for investors with multi—period horizons and liabilities.
A moderate risk aversion M—ALM investor, assuming leverage is not allowed, is prepared
to pay up to 1.14% per month to gain access to the D-ALM. The maximum management
fee increases for more conservative investors. In the presence of minimum and maximum
funding ratio constraints, like those faced by defined benefit pension funds in practice, the
utility losses are smaller but remain significant. Imposing tight funding constraints reduces
but does not eliminate the benefits from hedging dynamically the investment opportunity
set and liabilities.

Comparing the composition of optimal portfolios obtained with the proposed model with
optimal portfolios obtained for AM investors (as in JV), we find that the two approaches
generate different asset allocations. While equity allocations are similar, nominal bond al-
locations tend to be lower for ALM investors compared to the allocations of AM investors.
In contrast, ALM portfolios contain substantially more inflation—indexed bonds than AM
portfolios, reflecting the liability hedging properties of inflation-indexed bonds. The dif-
ferences in the composition of the optimal portfolios between the two approaches translate
to substantial losses for a moderate and highly risk averse AM investor in the presence of
liabilities which increase as the investment horizon increases.

The rest of the paper is organized as follows. Section 2 specifies the investment setting
and derives the closed—form expression of asset weights for ALM optimal portfolios. Section 3
introduces the data and presents the results of the estimation of the dynamics of the available
investment opportunities. Section 4 examines the structure of optimal portfolios obtained
through the D-ALM and M-ALM strategies. Section 5 investigates the utility implications
associated with the M-ALM strategy and Section 6 examines the implications for asset
allocation and utility of funding ratio constraints and alternative liability benchmarks and
we also benchmark key empirical results to JV. Finally, Section 7 concludes. The Appendix

provides a detailed derivation of all the analytical results in the paper.

2 The setting

In this Section we outline the details of the dynamics of the investment opportunities that are

available to our investor; an investor that determines her holdings such that she will be able



to finance a long-term stream of liabilities. We then define her multi-—period portfolio choice
problem. Finally we apply an analytical recursive approach which results in a closed-form

solution and hence a closed—form expression for the optimal investment policy.

2.1 The dynamics of the available investment opportunities

We model the dynamics of the available investment opportunities through a VAR(1) spec-
ification as in Campbell and Viceira (2002).2 We augment the investment opportunity set
with the investor’s liabilities. Hence, our economy is one where expected returns, liabilities,

and interest rates are time-varying and are jointly determined through:
Ziy1 = Po + P12 + Vi (1)

In equation (1), z;; denotes a column vector whose elements are the log returns on the
asset classes we consider as potential investments, the liabilities (an appropriate proxy is
considered as we discuss below), and the values of the state variables at time ¢ + 1. ®q
is a vector of intercepts, ®; is a square coefficient matrix, and v,,; is a vector of zero
mean innovation process. We assume these innovations are homoskedastic and normally
distributed, that is v, "N (0, %,). Chacko and Viceira (2005) argue that the persistence
and volatility of risk do not affect the portfolio rule of long-term investors.

For ease of reference we can re-write the vector z;,; as:

Tth,t+1
XA
_ st+1
Zi+1 = - (2)
LL,t41

St+1

where 74,41 denotes the log real return on the T-bill; x4, 41 18 a vector of log real excess
returns on all other assets (considered as potential investments) with respect to the real
return on T-bills, that is x4, 41 = TAw+l — Twbt+1 5 TLer1 1S a vector of log excess returns

on the liabilities with respect to the real return on T-bills, that is 741 = rr 41 — Tw 41 5

2Campbell and Viceira (2002) provide a comprehensive review of the applications of the VAR specification
for modelling the intertemporal behaviour of asset returns and their application to the portfolio choice
problem. Much of the dynamic portfolio choice literature utilizes a VAR(1) as a compromise between the
size of the model and the estimation error. Other modelling approaches combine dynamic asset allocation
with a regime-switching model which is beyond the scope of the paper (see for example Ang and Bekaert
(2002) and Graflund and Nilsson (2003) among others).



and, finally, s;11 is a vector with the realizations of the state variables that are believed to
be important in determining asset prices. All returns are defined in real terms in excess of

realized inflation 7;. We can also write the variance—covariance matrix of the shocks v, as:

2 T T T
Oy OwaA Owr Owps
o > o, X
S thA AA AL AS 3
v T 2 T ( )

Owr, Oar 0L Oprg

Ouws s Ors 2ss

The elements on the main diagonal are o3, the variance of the real return on the T-
bill; 3 44, the variance—covariance matrix of unexpected excess asset returns; o2, the variance
of the unexpected excess liabilities returns; and ¥gg, the variance-covariance matrix of the
shocks to the state variables. The off-diagonal elements are the covariances of the real return
on the T-bill with excess returns on all other assets and liabilities, o, 4 and oy, respectively;
the covariances of the real return on the T-bill and shocks to the state variables, o,,4; the
covariance of assets and liabilities o 4;; and the covariances of excess returns and liabilities

with shocks to the state variables ¥ ,4 and o 4, respectively.

2.2 The investor’s optimization problem

In the multi—period portfolio choice problem the investor targets a specific payoff at a given
investment horizon and takes into account the changes in the anticipations for the distribu-
tion of asset returns or relevant factors. Investors that determine their holdings such that
they will be able to finance a long—term stream of liabilities are concerned with the value of
their assets relative to the value of their liabilities; not the absolute value of their assets. For
example, a pension fund, should ensure that it covers future pension payments with their
assets, without the need for further contribution. Therefore, within an ALM context, the
investor’s utility optimization problem is expressed with respect to her funding ratio F; at
time ¢t. The funding ratio is defined as the ratio of Assets (A) over Liabilities (L), i.e. the
funding ratio at time ¢ is Fy = A;/L;.> The investor is assumed to have Constant Relative
Risk Aversion (CRRA hereafter) preferences on the terminal funding ratio. We assume that

at each decision point the investor’s liability has a constant maturity.* Hence we specify her

3 Leibowitz et al. (1994), McCarthy and Miles (2013), Binsbergen and Brandt (2014), and HMSS are
studies, among others in the ALM literature, that seek optimal asset allocations through maximization of
the investor’s funding ratio utility.

4For pension funds that means that the fund is closed to new entrants and that the value of contributions
is equal to the present value of the new liabilities created. Like HMSS we assume that the pension fund is in
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utility function at the terminal date t + K as:

1—
ﬁFm? for v #1
log(Fiix) for =1

u(Frix) = { (4)

where 7y is the relative risk aversion coefficient. We follow JV in that we assume that the
investor chooses the portfolio weights auarnri+x—» between times ¢t and ¢t + K — 1 so as to

maximize the expected value of the utility function, that is:
mazEy [u (Fiy k)] (5)

which we can re-write through equation (4) as:

{aALM,HK_T}:j{ = argmaxl Eilexp{(1 = ¥)rpist+x}|, when v # 1 (6)

-7
{aALM,tJrK—T}:j( = argmaxF; [TEHHK] ,wheny =1 (7)

The subscript in the portfolio weight vector carns 1+ x—- in equations (6) and (7) corresponds
to the time at which the portfolio weights are chosen and the superscript denotes the time
remaining. rp; 4k denotes the funding ratio log-return between time ¢ and ¢ + K , that
is the logarithmic return of the asset portfolio 74 .+ x minus the logarithmic real return
on the liabilities 771k . To compute rp;qq, which is rpi1 = a1 — 41 We use a
standard log-linear approximation of 74,1 following Campbell et al. (2003) and JV among
others. Campbell et al. (2003) and JV use the following log-linear approximation to the
portfolio return raei1, ra1 &y, (Xaqg1 + 50%) — @iy, Baaoy, + e, where
Twe41 denotes the T-bill rate, ay,,, the allocation to risky assets and o is the vector
consisting of the diagonal elements of the variance covariance matrix of the risky assets. The
log return on the wealth portfolio is a linear combination of the excess returns, volatilities
and covariances on the benchmark asset (i.e. T-bill rate) and the risky assets. Campbell
et al. (2003) argue that the log-linear approximation to 74,41 becomes increasingly accurate
as the frequency of portfolio rebalancing increases and it is exact in the continuous limit. We

subtract the return on liabilities (r7) from both sides of the equation. Hence, the log—linear

a stationary state where the distribution of the age cohorts and the pension rights are constant over time.



approximation to the log funding ratio return rp;41 can be expressed as:

1 1
~ T 2 T
TEi+1 R Qg (XA,t+1 + 504 )~ SQannBaatarre — XL+ (8)

where % is the vector consisting of the diagonal elements of ¥ 44. In equation (8) the
benchmark asset is the investor’s liability — hence the negative sign — whereas in Campbell
et al. (2003) and JV the benchmark asset is the T-bill rate.

2.3 The optimal investment policy

We solve for the optimal dynamic optimization problem based on standard backwards re-
cursion as in JV. The first step of this process involves the derivation of the portfolio rule
(policy function) and the corresponding value function in the last period. In the second
step we define the portfolio rule of the period preceding the last period as a function of the
value and the policy function coefficients from the terminal period. The last step involves
iterating this relationship to derive the solution to the ALM multi—period portfolio choice
with dynamic rebalancing.

More specifically in the first step we define the optimal portfolio policy of an investor

with one period remaining to the terminal date t + K :

1 1
aill%M,t—s-K—l = §2A1x (Et+K—1 [TA,t+K - Ttb,t+K] + 5‘71 - (1- V)O'AL) 9)
where
Bk 1tarex —Twirr]) = Ha (®o + ®12i1x1) (10)

and H, is a matrix operator that selects the rows corresponding to the vector of asset excess
returns x4 from the target matrix.

Equation (9) is the myopic or one—period mean—variance efficient portfolio rule. The op-
timal myopic portfolio has two components. A speculative component, which is the tangency

portfolio, usually referred to as the Performance Seeking Portfolio (PSP):

1. 1
;EAA (Et+K—1 [TAt+rk — Tioprr] + 50'23) (11)

which depends on expected returns and the variance—covariance matrix of asset returns, and



a hedging component, the Liability Hedge Portfolio (LHP):®

1
<1 — ;> Y hoar (12)

which depends only on the variance-covariance matrix of asset returns and the covariance
of asset returns with the liabilities.

Under the assumption of time-varying expected returns and homoskedasticity, the PSP
changes with the investment opportunities in contrast to the LHP which remains constant
across the investment opportunities. Log utility investors (v = 1) hold only the PSP, while
highly risk adverse investors (7 — oo) hold only the LHP.

In the second and third steps we derive the solution to the ALM multi—period portfolio
choice with dynamic rebalancing (see ?7):

aEﬁXTzM AFEK—T = %222 (EHK,T At K—ri1 = TibtrK—ri1] T %sz - (1= ’Y)UAL)

(13)
(1 - ‘) Dy <B£1LM)1 + (Bgmyz + Bz(ﬁlLM)2> Bk [Zt+K—r+1])

where 34 = [ oA Xaa Oy Zig } and BXL_]\?’I, BSLJ&[)Q and BALM)2 are functions of
the remaining investment period, the coefficient risk aversion v and the coefficients of the
VAR system. The multi-period optimal portfolio obtained through equation (13) has two
components too. The first component:

1

_ 1
;EA}L; <Et+K—’T Atk ri1 — Tobgsk—ri1) + =05 — (1 — 'Y)U'AL) (14)

2

is the myopic component given by equation (9). The optimal myopic portfolio in equation
(14) combines the PSP, i.e. equation (11), and the LHP, i.e. equation (12). It is a function of
one—period expected returns and the conditional variance—covariance matrix of one—period
returns of assets and liabilities.

The second component:

1 T
(1= 1) s (B + (Bl + B02) Brors i) 19

is the ALM—intertemporal hedging component. The ALM-intertemporal hedging component

5The corresponding portfolio in the AM framework is the Global Minimum Variance as defined in JV.
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is the unique element of our model. It differs from the intertemporal hedging component
which was first introduced by Merton (1969; 1971; 1973) under an AM context. It is the prod-
uct of two factors. The first term 3, 3 4 captures the ability of assets to hedge changes in the
investment opportunities, taking also into account the instantaneous correlation with the lia-
bilities, a correlation that it is not considered in the intertemporal hedging component of Mer-
ton. The second term, (1 — %) IO (BSEA?I + (BXL}?Q + Bg]?;) Eikx [ZHK,TH]),
captures the effect of changes in investment opportunities on the investor’s marginal utility.
It corresponds to the ratio of the cross—partial derivative of the value function with respect
to funding ratio and the vector of state variables, and, the product of funding ratio and the
second derivative of the value function with respect to funding ratio.

For simplicity we can rewrite equation (13) as:

O‘EZZM,HK# = AEQM,O + AS%MJZHK# (16)
where A(ATL) a0 and A(ATL) w1 can be deduced from equation (13). Equation (16) shows that
the solution to the ALM multi—period portfolio choice with dynamic rebalancing is an affine
function of the vector of state variables z,; x_,. This suggests that as in JV Ag% ao and
AELQMJ (and hence also the optimal investment policy), depend on the time remaining to
the terminal horizon date but are themselves independent of time.

Some special cases of equation (16) deserve further attention. We show in ?? that for a
log utility investor (7 = 1) or a constant investment opportunity set (®; = 0) the dynamic
portfolio choice problem converges to a myopic portfolio choice problem. In addition, an
infinite risk averse investor (7 — 00) invests in the least-risky portfolio which is independent
of the vector of unconditional expected returns; under a constant investment opportunity
set the infinite risk averse investor holds the LHP.

One limitation of analytical approaches is that they cannot accommodate portfolio con-
straints explicitly. In our empirical analysis we adopt Brandt et al. (2009). We impose
short—sales constraints by truncating the negative portfolio weights in equation (16) at zero

and renormalizing the optimal weights in order to sum to one, that is:

N ~ max [0, carrig)
QA it = N '
i) Z]:l max [O, aALM,j’t]

(17)
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3 Data and model calibration

In this Section, we discuss the investment opportunity set we consider and the data we use in
our empirical analysis. We additionally discuss the estimation procedure and the estimates
of the fitted dynamics of the available investment opportunities. Finally, we present the
term structure of risk of the asset classes as well as the term structure of the correlation of

the asset classes with liabilities.

3.1 Assets, liabilities and state variables

The framework we propose is a general one and hence its empirical implications can be
investigated with any number of asset classes and state variables. In the empirical imple-
mentation of the model we present later we assume that the investor has access to equities,
nominal bonds, cash and inflation-linked bonds.

The empirical implementation of the D-ALM portfolio choice problem also requires a
measure of investors’ liabilities. The liability structure however depends on the particular
circumstances of the investor. From an individual investor’s perspective for example the
retirement portfolio’s objective is to maintain the investor’s standard of living after retire-
ment. We can therefore assume that the investor aims for a positive real return and hence
that her “liability” is similar to an inflation-indexed bond. From the perspective of a de-
fined benefit pension fund we can assume that the age cohorts and vested pension rights
per cohort are constant over time and future benefits are fully indexed to inflation. We
also assume that future contributions equal the present value of the liability created. Under
these conditions the liabilities of the pension fund could be proxied by the returns of an
inflation—indexed portfolio with duration equal to the duration of the pension’s liabilities.
The choice of inflation-indexed bonds as a proxy for liabilities allows us to gain empirical
insights with the proposed model in the context of a very general, yet representative, type of
liability. The drawback of this choice is that risks that may affect the dynamics of liabilities,
such as actuarial, longevity and demographic risks, are not taken into account. Future work
should focus exclusively on the integration of such risks with market risks in the strategic
asset allocation problem (see, e.g. Bisetti et al. (2016)).

When index—linked bonds do not exist or there is a short history of indexed bond prices,
index—linked bond prices could be estimated from nominal bond yields. This is the approach
taken in studies based on US data where indexed-bonds (TIPS) first appeared in 1998.
Before the introduction of TIPS, Campbell and Shiller (1997) use short—term real interest

12



rates and the expectations theory of the term structure to create a hypothetical series for
index—linked bond returns. Kothari and Shanken (2004), and HMSS use the observed yield
on long term nominal bonds and assumptions about expected inflation and the inflation
premium to calculate real yields for indexed bonds. This approach generates a long history
of data which however it is subject to estimation errors.® To isolate potential estimation
errors of this kind, we use information about inflation—indexed bonds prices and yields from
the UK. The first indexed-linked bond was introduced in the UK in the budget of 1981 and
the first bond was traded in 1982. Prices and yields are available since then providing the
longest history of real yields compared to other developed markets.

We source data from DataStream. All data are in pounds. Stock returns are represented
by the UK Datastream value-weighted stock index (including distributions). We proxy
for nominal bonds through the DataStream’s UK twenty-year constant maturity bond, for
inflation-indexed bonds through the FTSE British Government Index Linked All Maturities
index and for the cash we use the UK interbank 3—months rate.

As proxies of the state variables that determine the dynamics of stock excess returns,
bond excess returns and interest rates as per equation (1) we use a set of common variables
used in previous research.” These include the dividend-price ratio (DY) on the UK value-
weighted stock index; the short—term nominal interest rate; the term spread (the difference
between the ten—year treasury constant maturity rate and the three-month T-Bill rate) and
the ex—post real rate of return on a 3 month Treasury bill (the difference between the return
on the three-month UK Treasury bills and the inflation rate). We consider the ex—post real
rate as the real return on an investable asset (cash) as well as a state variable. JV find that
the utility losses of dynamic investors who do not rebalance their portfolios on a monthly
basis increase as the rebalancing frequency decreases. We therefore base our analysis on
monthly data covering the period January 1982 to December 2014.

Table 1 presents the descriptive statistics of monthly nominal returns of the asset classes
and state variables included in the VAR model for the entire period. The returns of the
assets classes are expressed in nominal terms. The mean and the standard deviation are

annualized. Equities achieved the highest annual nominal mean return (11.45%), albeit

6Campbell and Viceira (2009) study the differences between synthetic and actual index-linked returns.
They find that synthetic yields are lower on average and less volatile compared to actual ones. Additionally,
they observe a correlation equal to 0.70 for the period 1982-2008.

"Key papers in this literature are Campbell and Shiller (1988; 1991; 1998; 2005),Fama and Schwert
(1977), Campbell (1987),Glosten et al. (1993),Fama and Bliss (1987), Fama and French (1989), Campbell
et al. (2003), Campbell and Viceira (2005). The evidence on predictability are controversial (Bossaerts and
Hillion, 1999; Welch and Goyal, 2008).
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only slightly higher than the return of nominal bonds (10.23%). During the period, the
realized equity premium vis a vis nominal long-term bonds were significantly lower to the
long-term historical average. Inflation—indexed bonds had a return of 7.54% per annum,
lower than equities and nominal bonds. Equity returns are negatively skewed and have the
highest kurtosis among all asset classes. Volatility is much higher for stocks (15.71%) than
for nominal bonds (9.44%) and real bonds (6.89%); nominal bonds are more volatile than

indexed bonds.

3.2 VAR estimates and term structure of risk and correlation

We present the estimates of the parameters of equation (1) in Table 2.® Panel A of Table 2
shows the slope coefficient parameter estimates of the VAR system. Panel B of Table 2
reports the standard deviations (in the diagonal) and the correlations (off-diagonal elements)
of the innovations. As in previous studies, we find that excess stock returns are predictable
by the dividend—price ratio and the short term real interest rate. For the excess nominal
bond return its lagged return and the term spread are important, statistically, variables that
predict future bond premia. A high spread and nominal bond return are associated with
higher future nominal bond returns. The short term nominal yield is a strong predictors of
the real interest rate. Finally, an increase in short term nominal interest rate is associated
with lower returns for indexed bonds and by implication liabilities. The R? for the equations
of the excess market and bond as well as the liabilities returns are fairly low but typical
of estimates reported in the predictability literature. Campbell and Thompson (2008) argue
that while R? increases at lower frequencies, even low values are associated with economically
meaningful outcomes. Evidence in Rapach and Zhou (2013) for stock returns suggests that
even a small degree of predictability can produce substantial utility gains.

The dynamics of the state variables we document are consistent with the empirical lit-
erature (Brennan et al., 1997; Campbell and Viceira, 2002; Campbell et al., 2003). The
coefficients of the dividend—price ratio, the nominal short interest rate, and the term spread
suggest persistent autoregressive processes. The maximal eigenvalue of the coefficient ma-
trix equals 0.9933, implying that the VAR is stationary with a half-life of about 7 years.
The system is stable, but close to being integrated of order one. We do not make any ad-

justment in the coefficient estimates of the VAR system for possible biases related to near

8Incorporating parameter and model uncertainty is beyond the scope of this paper but results in Hoeve-
naars et al. (2014) suggest that taking this uncertainty into account will increase the allocation to nominal
bonds at the expense of equity allocation as the investment horizon increases.
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non-stationarity of some time series (Brennan et al., 1997; Campbell and Viceira, 2002;
Campbell et al., 2003). Campbell and Yogo (2006) argue that the processes for the state
variables are highly persistent rather than unit-root processes.

The results presented in Panel B of Table 2 suggest that the innovations to the dividend—
price ratio are negatively correlated with unexpected excess returns on equities. The negative
correlation between shocks to the dividend—price ratio and shocks to stock excess returns
combined with the positive relation between the dividend—price ratio and subsequent stock
returns is consistent with mean reversion in stock prices. A decrease in the dividend-price
ratio following an increase in stock prices is associated with high returns today but followed
by higher expected returns in the future. Mean reversion in stock prices is also indicated
by the positive relation between the short term real rate and future stock returns and the
negative correlation between shocks to returns and interest rates. The term spread reinforces
the mean reversion of stock returns. The most important variables for nominal bond excess
returns are the term spread and the short term real rate. The effects of these variables on
the future behavior of bond returns are opposite. The term spread predicts positively future
bond returns while shocks to the term spread and bond returns are negatively correlated.
The combined effect is consistent with mean reversion in bond prices. In contrast, the
positive relation between bond returns and real rates and the positive correlation between
innovations to the real rate and bond returns suggest mean aversion. Which effect dominates
is an empirical issue. The VAR estimates for the real interest rate are consistent with findings
in the literature (see Campbell and Viceira (2005) and HMSS) and are indicative of increased
risk with the horizon (mean aversion). Finally, future real bond returns and hence liabilities
are positively related with short term real rates and negatively related to short term nominal
rates. Shocks to indexed-bond returns are strongly negatively correlated with shocks to the
nominal short yield.

The VAR model provides a convenient framework to calculate the conditional term struc-
ture of volatilities and correlation of asset returns, assuming that the VAR model captures
correctly the dynamics of asset returns.

As shown in the Appendix, Figure Bl presents the term structure of risk of T-bills,
equities, nominal and real bonds/liabilities. We find that equities are less risky in the long
run, whilst nominal bond return volatility exhibits mild mean aversion as in Campbell and
Viceira (2005). T-bills are riskier in the long run. Liability returns, as proxied by real bond
returns, exhibit also a mean averting behavior, implying that liability risk is higher in the

long run. The latter magnifies the importance of considering liabilities in a dynamic asset
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allocation policy.

Figure B2 shows the correlation structure of asset returns with real returns on liabilities.
In the short-term, equities are weakly correlated with liabilities; in the medium and long
term the correlation declines to about zero. Real returns on nominal bonds with constant
maturity are positively correlated with returns on liabilities at all investment horizons; at
short horizons the correlation is about 55% and increases in the long run to 80%.°Finally,
T-bills are a bad liability hedge at all investment horizons, due to their negative correlation
with liabilities.

4 Portfolio allocations in the presence of liabilities

In this Section we provide an investigation of the D-ALM implications for portfolio manage-
ment. We are interested in particular at the differences between the optimal mean-variance
portfolios generated by the dynamic asset liability model (D-ALM) and the optimal port-
folios generated by a single period mean-variance approach that incorporates liabilities (the
M-ALM). For each model, we derive two sets of optimal weights. One is derived through
equation (16), and a second set of optimal weights is derived with short-selling constraints
through equation (17).

To compute the allocations we assume a long—term expected real return on the T-bill
equal to 2% per year, a return on the value-weighted stock index of 7% per year, a return
on the nominal bond index of 4% per year, and a return on the real bond of 3.5% per year.
We believe that these premia represent a reasonable compromise between historical averages
(based on data covering the period January 1982 to December 2014) and historical /forward-
looking estimates reported in Dimson et al.( 2008; 2011). Campbell and Viceira (2002) make
similar assumptions, i.e. riskless real interest rate of 2% per year, equity premium of 4%
per year. We also assume an inflation risk premium of 0.5% based on Kothari and Shanken
(2004). To generate the asset allocation weights we use the long term expected returns and
the VAR model to generate time varying forecasts of returns, combined them with equation
(16) to get one set of asset allocation weights per future time period for the dynamic asset-
liability investor. In particular, we impose long—term views on asset returns and risk premia
by adjusting the constant term of the proposed VAR model. The constant term can be

derived as ®§ = (I — ®1) p, where p is a (n x 1) vector containing the long—term means of

9Kothari and Shanken (2004) find that the correlation between nominal and real bonds is 0.53 and 0.58
when nominal and real returns are used respectively.
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the risk premia and state variables. Hence, the transformed constant ®; and the estimated
coefficient matrix ®; (shown in Table 2) are used to generate the asset allocation weights.
Finally, the state variables are at their long run historical mean.

For both the M-=ALM and the D-ALM cases we assume that portfolio decisions are made
monthly. The main difference between M—ALM and D-ALM is that under the dynamic
asset-liability setting the optimal weights today depend on the time-varying expectations
of returns and risks. In contrast, under M—ALM portfolio weights today take into account
the expected return, volatility and correlations to the horizon but assumes that the investor
does not take into account monthly time varying opportunities. Dynamic investors take into
account not only the short—term return and risk characteristics of assets but also their ability
to hedge liabilities and provide a hedge against changes in the opportunity set.

Table 3 reports asset class weights for the D-ALM and M—-ALM investor for different
investment horizons (from 1 to 300 months) and different attitudes towards risk (different
risk aversion parameters). Panel A of Table 3 tabulates the allocations for portfolios with
no constraints on portfolio weights. Note that for the one month horizon both dynamic and
myopic investors hold exactly the same portfolios. For reasonable risk aversion parameters,
both myopic and dynamic investors would borrow to invest in the risky assets. The negative
weight of cash reflects the increased volatility and the negative correlation of short term
interest rates with liabilities.

Low and moderate risk averse dynamic investors invest in general less in equities than
myopic investors. In contrast, dynamic investors invest more in nominal bonds for different
risk aversion parameter and horizons. The allocation to inflation—indexed bonds tend to be
higher for dynamic rather than myopic investors as the horizon increases.

For the myopic investor, an increase in the investment horizon is associated with increased
demand for equities and nominal bonds and decreased demand for index linked bonds. For
the myopic investor asset allocation weights depend on expected returns, risks and the corre-
lation between asset and liabilities. The increasing weight of equities as the horizon lengthens
reflects the decrease in equity volatility due to mean reversion of stock prices. The increasing
weight in nominal bonds reflects two opposing forces: the good liability hedging properties
of nominal bonds and the increased volatility of bonds at longer horizons. More conservative
investors tend to put a large part of their portfolio to indexed bonds at the expense of both
equities and nominal bonds, assets that are only partial hedges against liabilities.

Dynamic investors, in addition to their concerns to match liabilities, also take into account

the predictability of asset returns. The main differences in portfolio weights compared to
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the myopic investor is that as the investment horizon increases, the dynamic investor invests
more in equities and nominal bonds financed by more borrowing than the myopic investor.
The additional weight in bonds and equities reflects the ability of nominal bonds and stocks
to hedge changes in the opportunity set. Indexed bond weights are almost stable at all
investment horizons.

To gain further insights on the drivers of the differences in portfolio allocations and the
role of state variables in their variation we turn our eye to Tables 2 and 3. For equities the
most important driver of equity allocations is the dividend yield. An increase in the market
dividend yield is associated with an increase in expected equity returns and an increase in
the intertemporal hedging demand for equities. For nominal bonds, a negative innovation in
the term spread reduces expected returns and increases the hedging demand for bonds

Panel B in Table 3 shows optimal weights for dynamic and myopic investors assuming
borrowing is not allowed. Borrowing to invest may be unrealistic for most investors and in
particular for pension funds. We observe that short—selling constraints have a significant
impact on portfolio allocations. Both dynamic and myopic investors increase the weight of
stocks as the horizon increases. Equities are attractive because volatility falls. For example
dynamic investors with risk aversion equal to 5 increase the equity weights from 28% when
the investment horizon is one month to 48% when the horizon is 300 months. For the
myopic investors equity holdings increase from 28% to 63%. Myopic investors assume a
lower volatility as a result of equity mean reversion than dynamic investors who use the full
term structure of volatility estimates and therefore use on average higher volatility estimates
in the asset allocation construction process.

Myopic investors with moderate risk aversion (v = 5) allocate 29% in nominal bonds in
the short term and the weight decrease to 17% for long term investors. Similarly, dynamic
investors start with 29% at the monthly horizon and invest 25% at the 300 month horizon.
The decrease in bond holdings as the horizon increases reflects the mean aversion properties
of nominal bond prices discussed in Section 3. Myopic investors invest less than dynamic
investors since they use, on average, a higher volatility estimate (mean aversion) in the asset
allocation process. The asset allocation weight of indexed bonds is slightly over 40% and
decreases to 20% at 25 years investment horizon. More conservative investors (higher risk
aversion parameters) switch from equities and nominal bonds to indexed bonds as expected.
The fall in bond portfolio weights as the horizon increases reflects the mean averting prop-
erties of nominal bonds whilst the increase in equity weights reflects the mean reversion

properties of stocks.

18



Overall, the evidence presented in this Section suggests that dynamic optimal portfolios
are different to myopic optimal portfolios primarily in their allocations to nominal bonds (for
all investors and moderate to long investment horizons). Dynamic investors tend to allocate
less in equities and more in indexed bonds. We study the economic implications of these

differences in the next Section.

5 The economic value of dynamic rebalancing

The empirical results presented above suggest that a dynamic ALM investor holds a different
portfolio compared with the portfolio held by a myopic ALM investor. In this Section we
investigate the utility implications associated with these differences.

We measure the economic implications of different allocations through the certainty

equivalent (CE hereafter) of the funding ratio F}, which is defined as follows:

) s

To compute the CE, we first simulate 10,000 paths of the VAR system for the monthly fre-
quency. We compute the optimal asset allocation policy through equation (16), the realized
terminal funding ratio, and the realized utility of the terminal funding ratio along each path.
Finally, we compute the average realized utility across paths and based on equation (18) we

obtain the CE. The value function with periods remaining is:

1 . T+1—1
max ;— 7EHK—T [exp {(1 -7) Z TEt+K—r <agzrj\1/[7th+i_(T+1)> }] (19)
i=1

The utility loss of a myopic investor who does not use the D-ALM is calculated as the
percentage difference between the CE of the M-ALM strategy and the CE of the D-ALM
strategy. The asset allocation of the myopic investor will be the same throughout a given
investment horizon while the optimal asset mix of the dynamic investor will be time varying
reflecting changes in expected returns and risks. The management fee quantifies the “profit’
or “loss’ that a dynamic achieves by holding a different portfolio to the constant mix adopted
by the myopic investor.

We report the results of this analysis in Table 4, considering an investor who faces short
selling constraints. Panel A reports the utility losses of the M—ALM strategy over D-ALM.

Panel B reports the largest monthly management fee an investor who now uses the M—ALM
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would be prepared to pay to gain access to the D-ALM. JV highlight that fees re-scale the
utility losses to facilitate comparisons across investment horizons.

As Panel A shows there are significant utility losses from not using the D-ALM. Utility
losses increase as the horizon lengthens but conservative investors lose more than more risk
tolerant investors. Our analysis suggests that a M-ALM investor with experiences utility
losses that range from -37.76% (5-year investment horizon) to -96.82% (25-year investment
horizon). The differences in the CE we document translate to management fees that range
from 0.79% (5-year investment horizon) to 1.14% (25-year investment horizon) per month
(Panel B). Additionally, the management fee increases significantly as investor risk tolerance
falls. For a twenty five year investment horizon the maximum monthly management fee
ranges from 0.73% (for a risk aversion of 2) to 1.16% (for a risk aversion of 20). The
management fees for M—ALM investors who allow leverage in order to gain access to the D—
ALM strategy range from 1.83% (5-year investment horizon) to 6.49% (25-year investment
horizon) per month.

Our analysis to this point considers inflation—indexed bonds as possible investment assets.
In what we present below we relax this assumption. Investing in inflation-indexed bonds
might not be possible or desirable for a number of reasons. First, inflation indexed bonds
are less liquid than nominal bonds (D’Amico et al., 2014; Giirkaynak et al., 2010; Pflueger
and Viceira, 2011). Second, despite the sharp growth of the linker market,'® a number of
countries do not issue inflation-indexed bonds. Third, many investors might regard inflation
indexed bonds unacceptable investments when the real yield to maturity is close to zero or
even negative.!!

We report the results of this analysis in Table 5, considering an investor who faces short
selling constraints. Panel A reports the utility losses of the M—ALM strategy over the D—
ALM strategy. Panel B reports the largest monthly management fee an investor who now
uses the M-ALM would be prepared to pay to gain access to the D-ALM. We observe
significant utility losses from not using the D-ALM strategy. A moderate risk averse M-
ALM investor for example with experiences utility losses that range from -22.74% (5-year
investment horizon) to -89.43% (25-year investment horizon). These losses translate to a
maximal monthly management fees that range from 0.43% (5- year investment horizon) to

0.75% (25-year investment horizon) per month.

10Based on the Barclays Capital World Government Inflation-Linked Bond Index (WGILB) in April 2012,
the global market value of inflation-indexed bonds was $2.0 trillion: US ($866 billion), UK ($549 billion),
France ($235 billion), Ttaly ($132 billion).

1 Ag of May 2014 the real yield of 10-year TIPS is 0.37% and UK inflation-indexed bond -0.40%.
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The evidence in this Section overall suggests that the economic benefits of pursuing
optimal portfolios with the D-ALM model are substantial. The outperformance over the
M-ALM strategy is due to the implicit pursuance of tactical asset allocation within the
strategic asset allocation framework. The D-ALM model exploits the predictability in the
investment opportunity set while the M—ALM does not. This predictability has been shown

to provide sizeable economic benefits even in instances when it is marginal.

6 Additional Analysis

In this section we study the effects of minimum and maximum funding constraints and alter-
native liability benchmarks that include equities on asset allocation weights and utility for
M—-ALM and D-ALM investors. We also study the asset allocation and utility differences of
a liability driven investor (dynamic ALM model) and an investor without liabilities (dynamic

AM model, as in JV).

6.1 The economic value of dynamic rebalancing with funding ratio

constraints

The empirical evidence presented in the previous section shows substantial utility benefits if
an investor with liabilities switches from M—-ALM to D-ALM. The benefits are reduced but
remain significant when the investor operates under short—selling constraints. Investing un-
der short-selling constraints represents the typical investment framework in which individual
investors invest. Defined benefit pension funds face, in addition to short-selling constraints,
constraints with respect to the minimum funding ratio. In many countries regulations or
internal pension fund rules dictate that when the funding ratio of the pension fund is close to,
or below, a minimum threshold the sponsor of the pension fund is asked to increase contri-
butions until it reaches the target value. There are also regulations and customary practices
in many countries which “force” pension funds whose assets are much higher than liabilities
to cease contribution until the surplus disappears (contribution holiday). In this Section we
investigate the utility losses associated with the presence of funding ratio constraints.

Pugh (2006) provides a comprehensive review on the regulations of the pension funds in
the OECD countries. Minimum fund requirements whether imposed by legislation or not
aim to protect plan member benefits. For example, for Dutch pension funds the minimum

funding level is set at 105%), while the maximum (or target) funding ratio is on average 130%.
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For UK pension plans there is no minimum funding level imposed by regulation but each
pension fund is required to adopt a statutory funding objective. In the UK pension funds
face a maximum funding level constrain which dictates that pension fund assets should not
exceed 105% of accrued liabilities.

The imposition of minimum and maximum funding level constraints means that outcomes
below the minimum funding level and above the maximum funding level are not possible. In
our analysis we assume that the fund sponsor increases immediately contributions when the
asset liability ratio reaches the minimum fund level.'? Similarly when the asset to liability ra-
tio reaches the maximum funding level we assume that the fund sponsor ceases contributions
until the funding ratio falls below the maximum funding level. In the simulations we pursue
to address these issues we assume (a) that the asset liability ratio should not fall below 1
and (b) that the target minimum funding level is 90% (asset/liability ratio of 90%). In both
cases that contributions cease when the asset to liability ratio reaches 135%. We recognize
that the nature of our model does not allow to internalize the funding ratio constraint in the
optimal solution as in approaches that involve numerical analysis (see, e.g. Berkelaar and
Kouwenberg (2010)).

The effect of minimum-maximum funding ratios on the distribution of funding ratios is
significant. The median funding ratio for the M—ALM strategy increases from 97% in the
five—year horizon to a modest 113% at the end of twenty five years. Increasing the minimum
funding ratio from 90% to 100% and keeping the same maximum funding ratio (135%) leads
as expected to better future funding ratios. The median funding ratio increases from 102% in
the five-year horizon to 108% at the end of twenty five years (see Table B1, Panels B and C,
Appendix). Imposing a min—max funding ratio constraint of 90%-135% reduces considerably
the median funding ratios for the D-ALM investor too. At the end of twenty five years the
median funding ratio is 129%. Similarly if the minimum funding ratio is 100% the median
funding ratio at the twenty five year horizon is slightly higher at 130% (see Table B2, Panels
B and C, Appendix).

In relative terms, the M—ALM strategy suffers from lower minimum funding ratios. For
instance, the minimum funding ratio for the M—ALM strategy is 0.01 at the twenty five year
horizon, while the minimum funding ratio for the D-ALM strategy is 0.91 over the same
horizon. Moreover, in the absence of funding ratio constraints the median/mean funding

ratio of the D-ALM strategy is always higher than the median/mean funding ratio of the

12Tn practice the pension fund with the sponsor and the advice of the pension fund’s actuary agree a multi-
year plan of increased contributions or a contribution holiday until the deficit or surplus are eliminated.
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M-ALM strategy, across all investment horizons. The latter are consistent with the results
we present earlier, i.e. that the D-ALM strategy exhibits utility benefits over the M—ALM for
a constrained investor in the absence of regulatory constraints. Imposing a min-max funding
ratio constrain of 90% (100%) -135% reduces considerably the difference of the median/mean
funding ratios between the two strategies.

To investigate the economic value of the D-ALM strategy in the presence of funding ratio
constraints we calculate the utility loss from using the M-ALM (instead of the D-ALM)
strategy as well as the associated management fee with results reported in Table 6 and
Table 7 respectively. For example, a M—ALM investor with v = 5 experiences utility losses
that range between -14.70% (5-year investment horizon) and -17.25% (25-year investment
horizon) for a min-max funding ratio constraint of 90% -135%. The utility losses are lower
when the asset liability ratio is required to stay in the 100% - 135% range. Similarly, from
the results reported in Table 7 we show that the largest monthly management fee an investor
who currently uses the M—ALM would pay to gain access to the D-ALM ranges from 0.25%
(5-year horizon) to to 0.06% (25-year horizon).

Collectively, the evidence in this Section suggests that imposing tight funding constraints
reduces but does not eliminate the benefits from hedging dynamically the investment oppor-

tunity set and liabilities.

6.2 Asset Liability Management vs. Asset Management: Asset
Allocation and Utility Implications

In this Section we examine the structure of the optimal portfolios and the utility implications
of the proposed ALM model compared with the AM model developed by JV. The data inputs
are the same as those described in section 4.

Table 8 reports the asset allocation at any investment horizon ranging from 1 to 300
months (25 years) and risk-aversion levels ranging from 2 to 500 (v = 2,5, 10, 20,500) for
both the dynamic ALM and AM models. Panel A of Table 8 tabulates the allocations
for portfolios with no constraints on portfolio weights. Panel B in Table 8 presents the
optimal weights assuming borrowing is not allowed. The 1-month mean percentage portfolio
allocation corresponds to the one—period (myopic) asset allocation.

We begin our discussion with the case of unconstrained portfolio weights. For low and
moderate levels of risk-aversion equity allocations are similar for both AM and ALM models.
Equity allocations increase as the investment horizon increases and decrease as risk aversion

increases. The allocation to equities when v = 5 for example ranges from 0.56 (0.56) in 6
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months to 1.61 (1.62) in 300 months for an ALM (AM) investor.

We observe significant differences in the allocations to inflation-indexed bonds. These
differences are almost entirely attributable to the myopic portfolio. The myopic allocation
to real bonds for an investor with for example is 73% and only increases to 89% for the same
investor with a twenty five year investment horizon. On the other hand, the allocation to
real bonds for the AM investor who ignores liabilities is very low (even negative) both across
different levels of risk-aversion and investment horizons. For an ALM investor the allocation
to inflation indexed bonds is increasing in the degree of risk aversion. Brennan and Xia (2002)
also find that optimal real terminal wealth portfolios are tilted towards inflation—-indexed
bonds as risk—aversion increases, and are entirely invested in inflation—indexed bonds in the
limit.

AM and ALM investors allocate similar amounts to nominal bonds for low levels of risk
aversion and moderate levels up to five-year investment horizon, but the differences become
material for relatively high risk aversion levels. ALM optimal portfolios comprise lower
allocations to nominal bonds than AM optimal portfolios. The lower allocation to nominal
bonds in the ALM optimal portfolios seems to come “at the expense” of higher allocation
to inflation-indexed bonds relative to AM optimal portfolios. The increasing allocation to
inflation indexed bonds reflects the myopic and intertemporal hedging demand for inflation-
indexed bonds by an ALM investor to hedge real liabilities.

The allocation to T—bills is negative regardless of the length of the investment horizon
and the level of risk aversion in ALM optimal portfolios; T—bills are a bad liability hedge
asset class since their correlation with liabilities is negative at all investment horizons. On
the other hand, AM optimal portfolios with moderate and high levels of risk aversion are
heavily invested in T—hills, especially at short horizons.

Assuming for short—selling constraints, both dynamic ALM and AM investors increase
their allocation to stocks as the investment horizon increases. ALM optimal portfolios com-
prise lower allocations to equities than AM optimal portfolios for moderate and high levels
of risk aversion. For example dynamic ALM (AM) investors with risk aversion equal to 5
increase the equity weights from 28% (45%) when the investment horizon is one month to
48% (56%) when the horizon is 300 months.

AM investors with moderate risk aversion (y = 5) allocate 45% in nominal bonds in the
short term and the allocation decreases to 39% for long term investors. ALM investors start
with 29% at the monthly horizon and invest 25% at the 300 month horizon. The asset

allocation to real bonds for AM investors is almost negligible at all investment horizons and
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levels of risk aversion. For ALM investors is slightly over 40% and remains constant over the
horizon.

Our analysis so far finds that the composition of the optimal portfolios that we obtain
when we use the proposed model is different from the composition of the optimal portfolios
obtained through the model in JV. Hence, we need to investigate the utility implications
that are associated with these differences. Our analysis utilizes the certainty equivalent of
the funding ratio, as defined in section 5. For the AM strategy (JV), we compute the optimal
allocation policy, the realized terminal funding ratio, and the realized utility of the terminal
funding ratio along each path. We therefore consider that the AM investor has the same
liabilities as the ALM investor.

Table 9 reports the utility losses of the D-AM strategy over D-ALM (Panel A) and the
largest monthly management fee an investor who now uses the D-AM would be prepared to
pay to gain access to the D-ALM (Panel B). We consider an investor who faces short selling
constraints. The utility loses for investor with v = 5 who allocates her wealth according to
JV, range from -0.25% (1-month investment horizon) to -15.75% (300-months investment
horizon). Accounting for liabilities, under short-sale constraints, makes little difference to
the asset allocation and utility of AM and ALM investors with low to moderate risk aversion
(v < 5). For pension funds with young membership and few retired members, liabilities do
not play an important role in their asset allocation decision. For more risk averse investors
(v > 5) liabilities play a very important role in the determination of the optimal asset mix.
At an investment horizon of 300 months for example, the utility losses from disregarding
liabilities range from -15.75% (v =5) to -64.95% (v = 20). The differences in CE overall
translate to management fees that range between 0.06% and 0.35% per month or between
0.72% and 4.20% per annum, respectively.

Collectively, we observe material differences between optimal ALM and optimal AM port-
folios in inflation-indexed bonds and T-Bills (for all investors), and in equities and nominal
bonds (for moderate to highly risk-averse investors). HMSS find also significant differences
in the portfolio allocations of myopic asset-liability investors who ignore liabilities. Further-
more, the economic benefits of pursuing optimal portfolios with our model are significant for
moderate and highly risk averse investors. The economic benefits over the JV strategy arise
from the intertemporal liability hedging portfolio. This portfolio is a unique element of our
model. As we highlight earlier, it takes into account the correlation between the innovations

of liabilities and the innovations in the changes of the state variables.
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6.3 Alternative Liability Benchmark

The asset allocation of investors with liabilities depends critically on the properties of the
investor’s liabilities. In our model liabilities are exogenously determined following the ap-
proach of other papers in the academic literature (Hoevenaars et al., 2008; Amenc et al.,
2009; Binsbergen and Brandt, 2014). In practice a pension fund’s liabilities will be a function
of many parameters defined in the pension fund rules. Partial or full indexation of pensions
in payment and the particular mix of active, deferred and retired members are two of the
most important characteristics of a pension’s liabilities.

Index—linked bonds will be the appropriate benchmark for a pension fund’s fully indexed
Accumulated Benefit Obligations (ABO). It will also be a good proxy for a mature pension
fund’s Projected Benefit Obligations (PBO). For defined benefit plans PBO liabilities will
depend on economic productivity. To hedge part of PBO liabilities Black (1989), Lucas
and Zeldes (2006; 2009), Waring (2011) among others suggest that equities might provide a
better hedge assuming that wage growth and equities are positively correlated.'?

For mature pension funds with full or partial indexation of pensions in payment a portfolio
of index—linked bonds and equities would be a more appropriate liability benchmark. The
exact mix of equities and index-linked bonds will depend on the particular characteristics of
the pension fund but a 30% equity, 70% index-linked bonds portfolio represents a reasonable
benchmark for a mature pension fund where wage growth does not affect the pensions of
retired employees.

Table 10 shows the asset allocation of a dynamic and myopic investor with liabilities,
proxied by a portfolio of 30% equities and 70% index—linked bonds, assuming short sales
are not allowed. When equities are part of the liability benchmark the investor as expected
allocates more to equities, at the expense of index-linked bonds compared with an investor
whose liabilities are exclusively index—linked bonds. Both dynamic and myopic investors in-
vest sizeable part of their portfolio in equities. The percentage allocated to equities decreases
from over 50% for low risk aversion dynamic investors to 30% for very conservative investors.
For myopic, low risk aversion, long-term investors the percentage invested in equities is close
to 80%. For moderate risk aversion (y = 5,10 ) the weight invested in equities is between
42% (v =5, horizon 1 month) to 52% (v = 10 , horizon 300 months). Investors with 100%

index-linked liabilities invest less in equities and more in index-linked bonds except when

13Empirical evidence on the relation between wages and equities are controversial. Benzoni et al. (2007)
find that wages and equities are highly correlated over long horizons. Lustig and Van Nieuwerburgh (2008)
report a negative relation.
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risk aversion is low and therefore liabilities are not important in the asset allocation decision.
The percentage allocated to nominal bonds is very similar under both liability benchmarks.
In unreported results, we find that the new liability benchmark does not change significantly
the utility gains of the D-ALM over the M—ALM strategy.

Excluding inflation-linked bonds from the investor’s investment opportunity set reduces
marginally the weight of equities but the main effect is a substitution of inflation-linked
bonds with nominal bonds. An investor with average risk aversion (y = 5 ) invests over
50% of her portfolio in nominal bonds (detailed allocation results available from the authors

upon request).

7 Conclusions

In this paper we develop a closed-form solution for the dynamic multi—period portfolio choice
problem in the presence of liabilities. The model is analytically tractable allowing the study
and interpretation of factors affecting optimal portfolio choice in an ALM framework. The
model can accommodate investment opportunity sets which comprise any number of assets
and state variables. It also allows for time—varying risk premia and interest rates.

Investors who invest their portfolios with the objective to meet future liabilities, tak-
ing time—varying opportunities into account results in different portfolios compared with
investors who do not. Access to a dynamic asset liability model provides significant utility
benefits to a myopic investor. The benefits are reduced but not eliminated when the in-
vestor faces short-sell constraints and in particular the ability to borrow. The model should
be of particular interest to individual investors with liabilities who invest under short—sell
constraints.

Under pension fund regulation and internal rules, pension funds usually operate within
funding ratio constraints. Pension fund strategic asset allocation in practice tend to follow a
myopic asset allocation strategy that is re-visited every three to five years and usually ignores
time-varying opportunities. Imposing funding ratio constraints reduces but do not elimi-
nate the benefits of exploiting return predictability and hedging dynamically the investment
opportunity set and liabilities.

We believe that there are several promising directions for future research. While we as-
sume that our investor is endowed with a power utility of real end-of-period funding ratio
for a finite horizon, it would be valuable to consider an ALM investor who takes into ac-

count intermediate consumption or labor income (Campbell et al., 2003; Rapach and Wohar,
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2009). Another extension would be to investigate the optimal asset allocation and the utility
implications of a dynamic investor who faces different types of liabilities and longevity and

demographic risks.

28



References

Amenc, Noél, Lionel Martellini, Vincent Milhau, Volker Ziemann. 2009. Asset-liability
management in private wealth management. Journal of Portfolio Management 36(1)
100-120.

Ang, Andrew, Geert Bekaert. 2002. International asset allocation with regime shifts. Review
of Financial Studies 15(4) 1137-1187.

Barberis, Nicholas. 2000. Investing for the long run when returns are predictable. Journal
of Finance 55(1) 225-264.

Benzoni, Luca, Pierre Collin-Dufresne, Robert S Goldstein. 2007. Portfolio choice over the
life-cycle when the stock and labor markets are cointegrated. Journal of Finance 62(5)

2123-2167.

Berkelaar, Arjan, Roy Kouwenberg. 2010. A liability-relative drawdown approach to pension
asset liability management. Journal of Asset Management 11(2) 194-217.

Binsbergen, J., M. Brandt. 2014. Optimal asset allocation in asset liability management.
NBER Working paper.

Bisetti, Emilio, Giacomo Nocera, Carlo A Favero, Claudio Tebaldi. 2016. A multivariate
model of strategic asset allocation with longevity risk. Forthcoming Journal of Financial

and Quantitative Analysis.

Black, Fischer. 1989. Should you use stocks to hedge your pension liability? Financial
Analysts Journal 10-12.

Bossaerts, P, P Hillion. 1999. Implementing statistical criteria to select return forecasting
models: what do we learn? Review of Financial Studies 12(2) 405-428.

Boulier, Jean-Francois, Etienne Trussant, DANIELE Florens. 1995. A dynamic model for
pension funds management. Proceedings of the 5th AFIR International Colloquium, vol. 1.

361-384.

Brandt, Michael W. 1999. Estimating portfolio and consumption choice: A conditional euler
equations approach. Journal of Finance 54(5) 1609-1645.

29



Brandt, Michael W., Amit Goyal, Pedro Santa-Clara, Jonathan R. Stroud. 2005. A simu-
lation approach to dynamic portfolio choice with an application to learning about return
predictability. Review of Financial Studies 18(3) 831-873.

Brandt, Michael W., Pedro Santa-Clara, Rossen Valkanov. 2009. Parametric portfolio poli-

cies: Exploiting characteristics in the cross-section of equity returns. Review of Financial
Studies doi: 10.1093/rfs/hhp003.

Brennan, Michael J., Eduardo S. Schwartz, Ronald Lagnado. 1997. Strategic asset allocation.
Journal of Economic Dynamics and Control 21(89) 1377 — 1403.

Brennan, Michael J., Yihong Xia. 2002. Dynamic asset allocation under inflation. Journal
of Finance 57(3) 1201-1238.

Campbell, John, Luis Viceira. 2009. Understanding inflation-indexed bond markets. NBER
Working Paper.

Campbell, John Y. 1987. Stock returns and the term structure. Journal of Financial Eco-
nomics 18(2) 373 — 399.

Campbell, John Y., Yeung Lewis Chan, Luis M. Viceira. 2003. A multivariate model of

strategic asset allocation. Journal of Financial Economics 67(1) 41 — 80.

Campbell, John Y., Robert J. Shiller. 1991. Yield spreads and interest rate movements: A
bird’s eye view. Review of Economic Studies 58(3) 495-514.

Campbell, John Y., Robert J. Shiller. 1997. A scorecard for indexed government debt. NBER
Macroeconomics Annual 11 155-197.

Campbell, John Y., Robert J. Shiller. 1998. Valuation ratios and the long-run stock market
outlook. Journal of Portfolio Management 24 11-26.

Campbell, John Y., Robert J. Shiller. 2005. Valuation ratios and the long-run stock market
outlook: An update. NBER Working Paper No.8221.

Campbell, John Y., Samuel B. Thompson. 2008. Predicting excess stock returns out of
sample: Can anything beat the historical average? Review of Financial Studies 21(4)
1509-1531.

30



Campbell, John Y., Luis M. Viceira. 1999. Consumption and portfolio decisions when ex-
pected returns are time varying. Quarterly Journal of Economics 114(2) 433-495.

Campbell, John Y., Luis M. Viceira. 2002. Strategic asset allocation: Portfolio choice for

long-term investors. Oxford University Press, Oxford.

Campbell, John Y., Luis M. Viceira. 2005. The term structure of the risk-return trade-off.
Financial Analysts Journal 61(1) 34-44.

Campbell, John Y., LuisM. Viceira. 2001. Who should buy long-term bonds? American
Economic Review 91(1) 99-127.

Campbell, John Y, Motohiro Yogo. 2006. Efficient tests of stock return predictability. Journal
of financial economics 81(1) 27-60.

Campbell, JY, RJ Shiller. 1988. The dividend-price ratio and expectations of future dividends
and discount factors. Review of Financial Studies 1(3) 195-228.

Carino, David R., David H. Myers, William T. Ziemba. 1998. Concepts, technical issues,
and uses of the russell-yasuda kasai financial planning model. Operations Research 46(4)

450-462.

Carino, David R., William T. Ziemba. 1998. Formulation of the russell-yasuda kasai financial
planning model. Operations Research 46(4) 433-449.

Chacko, George, Luis M. Viceira. 2005. Dynamic consumption and portfolio choice with

stochastic volatility in incomplete markets. Review of Financial Studies 18(4) 1369-1402.

D’Amico, Stefania, Don H Kim, Min Wei. 2014. Tips from tips: the informational content
of treasury inflation-protected security prices. FEDS Working Paper.

Dammon, Robert M., Chester S. Spatt, Harold H. Zhang. 2001. Optimal consumption and
investment with capital gains taxes. Review of Financial Studies 14(3) 583-616.

Detemple, Jrme B., Ren Garcia, Marcel Rindisbacher. 2003. A monte carlo method for
optimal portfolios. Journal of Finance 58(1) 401-446.

Dimson, E., P. Marsh, M. Staunton. 2008. The worldwide equity premium: A smaller puzzle.
In the Handbook of the Equity Risk Premium.

31



Dimson, E., P. Marsh, M. Staunton. 2011. Equity premia around the world. In the of collected
essays on the equity risk premium by the Research Foundation of the CFA Institute.

Fama, Eugene F, Robert R Bliss. 1987. The information in long-maturity forward rates.
American Economic Review 77(4) 680—-692.

Fama, Eugene F., Kenneth R. French. 1989. Business conditions and expected returns on
stocks and bonds. Journal of Financial Economics 25(1) 23 — 49.

Fama, Eugene F., G.William Schwert. 1977. Asset returns and inflation. Journal of Financial
Economics 5(2) 115 — 146.

Geyer, Alois, William T. Ziemba. 2008. The innovest austrian pension fund financial planning
model innoalm. Operations Research 56(4) 797-810.

Glosten, Lawrence R., Ravi Jagannathan, David E. Runkle. 1993. On the relation between
the expected value and the volatility of the nominal excess return on stocks. Journal of
Finance 48(5) 1779-1801.

Graflund, Andreas, Birger Nilsson. 2003. Dynamic portfolio selection: the relevance of

switching regimes and investment horizon. Furopean Financial Management 9(2) 179
200.

Giirkaynak, Refet S, Brian Sack, Jonathan H Wright. 2010. The tips yield curve and inflation

compensation. American Economic Journal: Macroeconomics 2(1) 70-92.

Hoevenaars, Roy P. P. M., Roderick D. J. Molenaar, Peter C. Schotman, Tom B. M.
Steenkamp. 2014. Strategic asset allocation for long-term investors: Parameter uncer-

tainty and prior information. Journal of Applied Econometrics 29(3) 353-376.

Hoevenaars, Roy P.M.M., Roderick D.J. Molenaar, Peter C. Schotman, Tom B.M.
Steenkamp. 2008. Strategic asset allocation with liabilities: Beyond stocks and bonds.
Journal of Economic Dynamics and Control 32(9) 2939 — 2970.

Jurek, Jakub W., Luis M. Viceira. 2011. Optimal value and growth tilts in long-horizon
portfolios. Review of Finance 15(1) 29-74.

Kim, TS, E Omberg. 1996. Dynamic nonmyopic portfolio behavior. Review of Financial
Studies 9(1) 141-161.

32



Koijen, Ralph S. J., Theo E. Nijman, Bas J. M. Werker. 2010. When can life cycle investors
benefit from time-varying bond risk premia? Review of Financial Studies 23(2) 741-780.

Kothari, SP, Jay Shanken. 2004. Asset allocation with inflation-protected bonds. Financial
Analysts Journal 60(1) 54-70.

Leibowitz, Martin L. 1987. Pension asset allocation through surplus management. Financial
Analysts Journal 29-40.

Leibowitz, Martin L, Stanley Kogelman, Lawrence N Bader. 1994. Funding ratio return.
Journal of Portfolio Management 21(1) 39-47.

Liu, Jun. 2007. Portfolio selection in stochastic environments. Review of Financial Studies
20(1) 1-39.

Lucas, Deborah, Stephen P Zeldes. 2006. Valuing and hedging defined benefit pension
obligationsthe role of stocks revisited. Northwestern University and Columbia University,

working paper, September .

Lucas, Deborah J, Stephen P Zeldes. 2009. How should public pension plans invest? Amer-
ican Economic Review 99(2) 527-532.

Lustig, Hanno, Stijn Van Nieuwerburgh. 2008. The returns on human capital: Good news
on wall street is bad news on main street. Review of Financial Studies 21(5) 2097-2137.

Lynch, Anthony W. 2001. Portfolio choice and equity characteristics: characterizing the
hedging demands induced by return predictability. Journal of Financial Economics 62(1)
67 — 130.

McCarthy, David, David Miles. 2013. Optimal portfolio allocation for corporate pension
funds. Furopean Financial Management 19(3) 599-629.

Merton, Robert C. 1969. Lifetime portfolio selection under uncertainty: The continuous

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

Merton, Robert C. 1971. Optimum consumption and portfolio rules in a continuous-time
model. Journal of Economic Theory 3(4) 373 — 413.

Merton, Robert C. 1973. An intertemporal capital asset pricing model. FEconometrica 41
867-887.

33



Mulvey, John M., Gordon Gould, Clive Morgan. 2000. An asset and liability management
system for towers perrin-tillinghast. Interfaces 30(1) 96-114.

Pflueger, Carolin, Luis Viceira. 2011. An empirical decomposition of risk and liquidity in

nominal and inflation-indexed government bonds. NBER working paper.

Pugh, C. 2006. Funding rules and actuarial methods. oecd working papers on insurance and

private pensions. No. 1, OECD Publishing.

Rapach, D., G. Zhou. 2013. Handbook of economic forecasting. Forthcoming in G. Elliott

and A. Timmermann, Eds., Handbook of Economic Forecasting.

Rapach, David E, Mark E Wohar. 2009. Multi-period portfolio choice and the intertemporal
hedging demands for stocks and bonds: International evidence. Journal of International
Money and Finance 28(3) 427-453.

Rudolf, Markus, William T. Ziemba. 2004. Intertemporal surplus management. Journal of
Economic Dynamics and Control 28(5) 975 — 990.

Samuelson, P. A. 1969. Lifetime portfolio selection by dynamic stochastic programming.
Review of Economics and Statistics 51 239-246.

Sharpe, William F, Lawrence G Tint. 1990. Liabilities-a new approach. Journal of portfolio
management 16(2) 5-10.

Sorensen, Carsten. 1999. Dynamic asset allocation and fixed income management. Journal
of Financial and Quantitative Analysis 34(4) 513-531.

Sundaresan, S, F' Zapatero. 1997. Valuation, optimal asset allocation and retirement incen-
tives of pension plans. Review of Financial Studies 10(3) 631-660.

Wachter, Jessica A. 2002. Portfolio and consumption decisions under mean-reverting returns:

An exact solution for complete markets. Journal of Financial and Quantitative Analysis
37(1) 63-91.

Waring, M Barton. 2011. Pension Finance: Putting the Risks and Costs of Defined Benefit
Plans Back Under Your Control, vol. 708. John Wiley & Sons.

Welch, Ivo, Amit Goyal. 2008. A comprehensive look at the empirical performance of equity
premium prediction. Review of Financial Studies 21(4) 1455-1508.

34



Table 1: Summary Statistics

This Table reports summary statistics for the period 1982:01 to 2014:12 (396 data points). Data are sourced
from DataStream. The Series Name corresponds to the mnemonic available from DataStream. Panel A
present the characteristics of the traditional asset classes (log nominal return on 3- month T-bill (r4), log
ex post real return on a 3 - month T-bill (realrsy), log nominal return on a value weighted market portfolio
(rs), log nominal return on a 20 -year nominal bond (7) and the log nominal return on an inflation-indexed
bond (r;5)). Panel B presents the state variables (term spread (ts), log dividend price ratio (logdp) and the
nominal yield 3-month (ynom)) and Panel C presents the inflation rate (logcpi).The returns of the assets
classes are expressed in nominal terms. The mean and standard deviation are annualized. The remaining
statistics are on a monthly basis.

Panel A. Traditional Assets

Mean S.D Max Min Skew Kurt Source Series Name Initial Date
T 6.61% 1.17% 1.37% 0.04% 0.28 -0.69 DataStream LDNIB3M(RI) 29/01/1982
realry, 3.57% 1.67% 1.59%  -2.27% -0.30 1.56 DataStream - 29/01/1982
s 11.45%  15.71%  14.00% -29.63%  -1.17 5.24 DataStream TOTMKUK(RI) 29/01/1982
Ty 10.23%  9.44% 10.63%  -9.03% 0.14 0.72 DataStream BMUK20Y (RI) 29/01/1982
Tib 7.54% 6.89% 87%  -6.95% 0.52 2.36 DataStream BGILALL(DSRI) 29/01/1982

Panel B. State Variables

ts 2.38% 5.83% 3.51% -4.87% -0.46 -0.01 DataStream - 29/01/1982
log dp 1.31 0.22 1.81 0.82 0.11 -0.73 DataStream TOTMKUK(PE) 29/01/1982
Ynom 6.62% 4.05% 16.14% 0.50% 0.27 -0.71 DataStream - 29/01/1982

Panel C. Other Variables

log cpi 3.05% 1.49% 3.32% -0.97% 1.13 7.78 DataStream UKCONPRCF 29/01/1982
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Table 2: VAR Estimation
Panel A reports parameter estimates of the VAR system 211 = ®g + P12 + vey1 with variables: real
returns of 3-month T-bill (realry,) and the excess real returns of 20-year bonds (realxy), stocks (realzs),
inflation-indexed bonds (realx;;) , dividend-price ratio (log dp) , nominal 3-month T-bill (ynom ), term spread
(ts). t-statistics are reported in parentheses and are computed using Newey-West standard errors. The last
column contains the R? and the p-value of the F-statistic for no predictability in parentheses. The VAR
estimates are obtained using monthly data from 1982:01 to 20142:12 (396 data points). Panel B reports
the residual correlation matrix of the VAR system z;,1 = &g + ®12; + v with variables: 3-month T-bill,
20-year nominal bonds, stocks, inflation—indexed bonds, dp ratio, nominal 3-month T-bill, term spread.
Diagonal entries correspond to monthly residual standard deviations; off-diagonal entries correspond to their

correlations.
Panel A. VAR Estimates
realrs; realry; realxip, ts; log dp; Ynom, realry, R?
realzsi1 | 0.0545  0.0700  -0.0501  0.0000 0.0432 -0.2138 0.9964 4.04%
(0.794)  (0.629) (-0.312) (-0.007) (2.183) (-1.425) (1.911) (0.000)
realzpyr | -0.0343  0.1322  -0.1246 0.0019  0.0080  -0.0023  0.1638  4.77%
(-1.128) (1.882) (-1.142) (1.925) (0.802) (-0.028) (0.528)  (0.000)
realryp vy | 0.0147  0.1447 -0.1308 -0.0002  0.0062 -0.1098  0.0776  5.49%
(0.397)  (2.321) (-1.479) (-0.213) (0.724) (-1.541) (0.338) (0.000)
tSi41 -0.4131  0.8124  -1.0740 0.9172 0.4074 -3.5353 -2.8244 94.25%
(-0.950)  (0.750) (-0.634) (39.097) (3.118) (-3.080) (-0.534) (0.000)
logdp;y1 | -0.0595 -0.1570  0.1456  0.0010 0.9446  0.2975 -0.9558 95.21%
(-0.771)  (-1.269) (0.749)  (0.345) (38.414) (1.582) (-1.687) (0.000)
Ynom,, | 0.0087 -0.0267 0.0299 0.0007 -0.0049 1.0311 -0.0031 98.90%
(2.003) (-2.498) (1.544) (2.570) (-3.493) (78.085) (-0.062) (0.000)
realryp 1 | -0.0053  0.0055  0.0080  0.0000 -0.0024 0.0645 0.0347  23.88%
(-1.212)  (0.534)  (0.562)  (0.209) (-1.629) (6.271)  (0.843) (0.000)
Panel B. VAR Error Correlations and Standard deviations

realx, realr, realxy ts log dp Ynom, realry,

realrs | 0.0443 0.1246 0.2163 0.0007 -0.9138 -0.1397 -0.0050

realx, 0.0264 0.5428 -0.3149 -0.1329 -0.3703 0.0583

realx, 0.0196 -0.2041 -0.2407 -0.2309 -0.0284

ts 0.4028 0.0152 -0.6518 -0.0997

log dp 0.0485 0.1188 -0.0230

Ynom 0.0042  0.0888

realry, 0.0042
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Table 3: Optimal Portfolio Choice; Dynamic ALM vs. Myopic Rebalancing ALM
Panel A shows the dynamic (D-ALM) and the myopic (M—ALM) strategy of an asset-liability investor who
plans to invest in the four asset classes: T—bills, equities, nominal and inflation-indexed (I-I) Bonds for an
investment horizon ranging from 1 to 300 months and for five levels of risk aversion (2, 5, 10, 20, 500),
when portfolio weights are unconstrained. Panel B shows the dynamic (D-ALM) and the myopic (M-ALM)
rebalancing strategy of an asset-liability investor who plans to invest in the four asset classes: T-bills,
equities, nominal and inflation-indexed (I-I) Bonds for an investment horizon ranging from 1 to 300 months
and for five levels of risk aversion (2, 5, 10, 20, 500), when portfolio weights are constrained. The case of
the one-month investment horizon corresponds to the myopic investor.y denotes the investor’s coefficient of
relative risk aversion. Weights may not add up to one due to rounding.

Panel A. Unconstrained Weighting Scheme

D-ALM

Investment Horizon(in months)
¥ Assets 1 6 12 24 60 120 180 240 300
T-bills -1.74 -1.89 -2.08 -2.39 -287 -3.19 -3.33 -3.38 -3.40
5 Equities 1.19 132 148 1.76 213 220 221 222 222
Nominal Bonds | 1.22 1.15 1.16 1.17 1.28 152 1.64 1.68 1.70
I-1 Bonds 033 042 044 046 046 047 048 048 048
T-bills -0.70 -0.79 -0.93 -1.18 -1.69 -2.09 -2.26 -2.32 -2.35
. Equities 047 056 068 091 1.35 153 158 1.60 1.61
Nominal Bonds | 0.49 044 044 044 049 0.69 0.79 083 0.85
I-1 Bonds 073 079 081 083 08 087 089 0.89 0.89
T-bills -0.35 -0.40 -048 -0.64 -0.99 -1.30 -1.44 -1.50 -1.52
10 Equities 024 029 035 050 082 099 104 1.06 1.07
Nominal Bonds | 0.24 0.22 0.22 021 023 035 043 046 047
[-1 Bonds 090 091 092 094 096 097 091 098 0.98
T-bills -0.17 -0.20 -0.25 -0.33 -0.54 -0.74 -0.84 -0.88 -0.89
90 Equities 0.12 014 018 026 046 058 062 063 0.64
Nominal Bonds | 0.12 0.11 0.11 0.10 0.11 0.18 0.22 0.24 0.25
I-1 Bonds 093 095 096 096 098 099 1.00 1.00 1.00
T-bills -0.01 -0.01 -0.01 -0.01 -0.02 -0.03 -0.04 -0.04 -0.04
500 Equities 0.00 0.01 001 001 002 003 003 0.03 0.03
Nominal Bonds | 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
[-1 Bonds 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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M-ALM

Investment Horizon(in months)

¥ Assets 1 6 12 24 60 120 180 240 300

T-bills -1.74 -1.73 -2.00 -244 -3.08 -3.99 -4.68 -5.17 -5.51

5 Equities 1.19 135 1.61 213 3.19 4.10 4.57 485 5.05

Nominal Bonds | 1.22 1.33 140 145 137 135 135 134 1.35

[-I Bonds 0.33 0.05 -0.01 -0.14 -0.48 -0.46 -0.23 -0.03 0.12

T-bills -0.70 -0.69 -0.80 -0.98 -1.23 -1.59 -1.87 -2.07 -2.20

. Equities 047 054 064 08 128 164 183 194 2.02

Nominal Bonds | 0.49 0.53 0.56 0.58 055 0.54 054 054 0.54

I-I Bonds 0.73 0.62 060 054 041 042 051 0.59 0.65

T-bills -0.35 -0.35 -0.40 -049 -0.62 -0.80 -0.94 -1.03 -1.10

10 Equities 024 027 032 043 064 082 091 097 1.01
Nominal Bonds | 0.24 0.27 0.28 0.29 0.27 0.27 0.12 027 0.27

[-I Bonds 087 0.81 080 0.77 0.70 0.71 0.75 0.79 0.82

T-bills -0.17 -0.17 -0.20 -0.24 -0.31 -0.40 -0.47 -0.52 -0.55

50 Equities 0.12 013 0.16 021 032 041 046 048 0.50
Nominal Bonds | 0.12 0.13 0.14 0.14 0.14 0.13 0.13 0.13 0.13

[-I Bonds 093 091 090 089 0.8 085 088 0.90 0.91

T-bills -0.01 -0.01 -0.01 -0.01 -0.01 -0.02 -0.02 -0.02 -0.02

500 Equities 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02
Nominal Bonds | 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

[-1 Bonds 1.00 1.00 1.00 1.00 099 0.99 1.00 1.00 1.00
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Panel B. Constrained Weighting Scheme

D-ALM

Investment Horizon(in months)
v Assets 1 6 1224 60 120 180 240 300
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 Equities 043 046 048 0.52 0.55 0.53 0.51 0.51 0.50
Nominal Bonds | 0.45 0.40 0.38 0.35 0.33 0.36 0.38 0.38 0.39
[-I Bonds 0.12 0.15 0.14 0.13 0.12 0.11 0.11 0.11 0.11
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
. Equities 0.28 0.31 0.35 0.42 0.50 0.50 0.49 0.48 0.48
Nominal Bonds | 0.29 0.25 0.23 0.20 0.18 0.22 0.24 0.25 0.25
[-1 Bonds 043 044 042 038 0.32 0.28 0.27 0.27 0.27
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10 Equities 0.18 0.20 0.24 0.31 041 043 043 043 043
Nominal Bonds | 0.18 0.15 0.15 0.13 0.11 0.15 0.17 0.18 0.19
I-T Bonds 0.64 0.64 0.61 0.56 0.47 0.42 040 0.39 0.39
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
50 Equities 0.10 0.12 0.15 0.20 0.30 0.33 0.34 0.34 0.34
Nominal Bonds | 0.10 0.09 0.09 0.08 0.07 0.10 0.12 0.13 0.13
I-1 Bonds 0.79 0.79 0.77 0.72 0.63 0.57 0.54 0.53 0.53
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
=00 Equities 0.00 0.01 0.01 0.01 0.02 0.03 0.03 0.03 0.03
Nominal Bonds | 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
I-1 Bonds 0.99 0.99 099 099 098 0.97 0.96 096 0.96
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M-ALM

Investment Horizon(in months)

v Assets 1 6 12 24 60 120 180 240 300
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 Equities 043 049 0.54 0.60 0.70 0.75 0.77 0.78 0.78
Nominal Bonds | 0.45 0.49 0.46 0.40 0.30 0.25 0.23 0.22 0.21

[-1 Bonds 0.12 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.02

T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 Equities 0.28 0.32 0.36 0.43 0.57 0.63 0.64 0.63 0.63
Nominal Bonds | 0.29 0.31 0.31 0.29 0.25 0.21 0.19 0.18 0.17

[-1 Bonds 043 0.37 033 0.28 0.18 0.16 0.18 0.19 0.20

T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10 Equities 0.18 0.20 0.23 0.29 040 046 0.47 048 048
Nominal Bonds | 0.18 0.20 0.20 0.19 0.17 0.15 0.14 0.13 0.13

[-I Bonds 0.64 0.60 0.57 0.52 0.44 0.39 0.39 0.39 0.39

T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

50 Equities 0.10 0.11 0.13 0.17 0.24 0.29 0.31 0.32 0.33
Nominal Bonds | 0.10 0.11 0.12 0.12 0.10 0.10 0.09 0.09 0.09

[-I Bonds 0.79 077 0.75 0.71 0.65 0.61 0.60 0.59 0.59

T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

500 Equities 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02
Nominal Bonds | 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

[-1 Bonds 099 099 0.99 0.99 098 098 0.98 0.98 0.97
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Table 4: Utility Implications and Management Fee for Investors with Liabilities
Panel A presents the utility losses of the myopic (M-ALM) strategy relative to the dynamic (D-ALM) policy,
in an constrained weighting scheme. The results are obtained by Monte Carlo simulation using 10,000 VAR
paths based on the method of antithetic variates, with the same path set being used to evaluate the utility
loss in all cases. The CE of the funding ratio is computed by evaluating the mean utility realized across the
simulated paths and computing Fop = u™! (E [u (E«)} ) Panel B reports the largest monthly management
fee which a constrained investor who behaves myopically within an ALM framework would pay to gain access
to the dynamic asset-liability management strategy, when portfolio weights are constrained. In Panel A the
utility losses are computed as the percentage difference between the CE of the myopic (M-ALM) and the
CE of the dynamic (D-ALM) strategy (base strategy). 7 denotes the investor’s coeflicient of relative risk
aversion. In Panel B the management fee is computed as fee =1— (1 + WelfareLoss)l/hO”zO”.

Panel A. Utility Losses for Constrained M—ALM

Investment Horizon (in months)

¥ 60 120 180 240 300

1 - - - - -

2 -30.82% -55.60% -71.95% -82.36% -89.06%
5 -37.76% -67.18% -84.09% -92.13% -96.82%
10 -48.65% -75.08% -87.86% -93.08% -96.83%
20 -46.63% -77.52% -91.18% -94.64% -93.95%

Panel B. Maximal Monthly Fee for Constrained M-ALM

Investment Horizon (in months)

vy 60 120 180 240 300
1 - - - - -

2 0.61% 0.67% 0.70% 0.72% 0.73%
5 0.79% 0.92% 1.02% 1.05% 1.14%
10 1.10% 1.15% 1.16% 1.11% 1.14%
20 1.04% 1.24% 1.34% 1.21% 1.16%
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Table 5: Utility Implications and Management Fee for Investors with Liabilities
when inflation indexed bonds are excluded from the asset universe list

Panel A presents the utility losses of the myopic (M-ALM) strategy relative to the dynamic (D—ALM)
policy, in an constrained weighting scheme. The results are obtained by Monte Carlo simulation using
10,000 VAR paths based on the method of antithetic variates, with the same path set being used to evaluate
the utility loss in all cases. The CE of the funding ratio is computed by evaluating the mean utility realized

across the simulated paths and computing Fop = u™! (E [u (Z?;ﬂ ) Panel B reports the largest monthly

management fee which a constrained investor who behaves myopically within an ALM framework would pay
to gain access to the dynamic asset-liability management strategy, when portfolio weights are constrained.
In Panel A the utility losses are computed as the percentage difference between the CE of the myopic (M-
ALM) and the CE of the dynamic (D-ALM) strategy (base strategy). v denotes the investor’s coefficient of
relative risk aversion. In Panel B the management fee is computed as fee = 1 — (1 + Wel fareLoss)'/herizon,
Inflation—indexed bonds are excluded from the asset universe list of the investor.

Panel A. Utility Losses for Constrained M—ALM

Investment Horizon (in months)

¥ 60 120 180 240 300

1 - - - . .

2 -24.02% -45.92% -62.86% -74.87% -83.19%
5 -22.74% -51.58% -74.99% -83.88% -89.43%
10 -31.94% -61.85% -73.42% -82.58% -88.78%
20 -21.96% -61.53% -69.06% -78.27% -79.21%

Panel B. Maximal Monthly Fee for Constrained M-ALM

Investment Horizon (in months)

0 60 120 180 240 300
1 , , i, _ .

2 0.46% 0.51% 0.55% 0.57% 0.59%
5 0.43% 0.60% 0.77% 0.76% 0.75%
10 0.64% 0.80% 0.73% 0.73% 0.73%
20 0.41% 0.79% 0.65% 0.63% 0.52%
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Table 6: Utility Implications for Investors with Liabilities in the Presence of
Maximum and Minimum Funding Ratio Constraints

Panel A presents the utility losses of the constrained myopic (M-ALM) strategy relative to the dynamic
(D-ALM) policy, in the presence of minimum and maximum funding ratio constraints 90% and 135%,
respectively. Panel B presents the utility losses of the constrained myopic (M-ALM) strategy relative to the
dynamic (D-ALM) policy, in the presence of minimum and maximum funding ratio constraints 100% and
135%, respectively. The results are obtained by Monte Carlo simulation using 10,000 VAR paths based on
the method of antithetic variates, with the same path set being used to evaluate the utility loss in all cases.
The CE of the funding ratio is computed by evaluating the mean utility realized across the simulated paths

and computing Fop = u™! (E [u (F;)]) The utility losses are computed as the percentage difference

between the CE of the myopic (M-—ALM) and the CE of the dynamic (D-ALM) strategy (base strategy). 7
denotes the investor’s coefficient of relative risk aversion.

Panel A. Utility Losses for constrained M—ALM (90%-135%)

Investment Horizon (in months)

v 60 120 180 240 300
1 i i} i} i} i}

2 1458%  -15.95%  -16.20%  -16.24%  -16.26%
5 14.70%  -16.96%  -17.27%  -17.26%  -17.25%
10 14.05%  -17.97%  -1857%  -1845%  -18.39%
20 11.48%  -17.37%  -1880%  -18.63%  -18.50%

Panel B. Utility Losses for constrained M—ALM (100%-135%)

Investment Horizon (in months)

vy 60 120 180 240 300

1 - - - - -

2 -10.21% -10.98% -11.15% -11.16% -11.18%
5 -10.25% -11.38% -11.52% -11.49% -11.47%
10 -9.93% -12.07% -12.24% -12.10% -12.04%
20 -8.13% -12.26% -13.06% -12.79% -12.59%
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Table 7: Management Fee for Investors with Liabilities in the Presence of Max-
imum and Minimum Funding Ratio Constraints

Panel A reports the largest monthly management fee which an investor who behaves myopically within
an ALM framework would pay to gain access to the dynamic asset-liability management strategy, in the
presence of minimum and maximum funding ratio constraints 90% and 135%, respectively. Panel B reports
the largest monthly management fee which an investor who behaves myopically within an ALM framework
would pay to gain access to the dynamic asset-liability management strategy, in the presence of minimum
and maximum funding ratio constraints 100% and 135%,respectively. The management fee is computed as
fee =1 — (1 + WelfareLoss)'/hrz0" ~ denotes the investor’s coefficient of relative risk aversion.

Panel A. Maximal Monthly Fee for constrained M- ALM (90%-135%)

Investment Horizon (in months)

¥ 60 120 180 240 300
1 , . . i, .

2 0.26% 0.14% 0.10% 0.07% 0.06%
5 0.26% 0.15% 0.11% 0.08% 0.06%
10 0.25% 0.16% 0.11% 0.08% 0.07%
20 0.20% 0.16% 0.12% 0.09% 0.07%

Panel B. Maximal Monthly Fee for constrained M- ALM (100%-135%)

Investment Horizon (in months)

v 60 120 180 240 300
1 - - - - -

2 0.18% 0.10% 0.07% 0.05% 0.04%
5 0.18% 0.10% 0.07% 0.05% 0.04%
10 0.17% 0.11% 0.07% 0.05% 0.04%
20 0.14% 0.11% 0.08% 0.06% 0.04%
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Table 8: Optimal Portfolio Choice; Dynamic ALM vs. Dynamic AM

Panel A shows the dynamic strategy of an asset-—liability investor (D-ALM) and the dynamic strategy of
an asset—only investor (D-AM) who plans to invest in the four asset classes: T—bills, equities, nominal and
inflation-indexed (I-I) Bonds for an investment horizon ranging from 1 to 300 months and for five levels
of risk aversion (2, 5, 10, 20, 500), when portfolio weights are unconstrained. Panel B shows the dynamic
strategy of an asset-liability investor (D-ALM) and the dynamic strategy of an asset—only investor (D-AM)
who plans to invest in the four asset classes: T—bills, equities, nominal and inflation-indexed (I-I) Bonds for
an investment horizon ranging from 1 to 300 months and for five levels of risk aversion (2, 5, 10, 20, 500),
when portfolio weights are constrained. The case of the one-month investment horizon corresponds to the
myopic investor.y denotes the investor’s coefficient of relative risk aversion. Weights may not add up to one

due to rounding.

Panel A. Unconstrained Weighting Scheme

D-ALM

Investment Horizon(in months)
¥ Assets 1 6 12 24 60 120 180 240 300
T-bills -1.74 -189 -2.08 -2.39 -287 -3.19 -3.33 -3.38 -3.40
5 Equities 1.19 132 148 1.76 213 220 221 222 222
Nominal Bonds | 1.22 1.15 1.16 1.17 1.28 152 164 168 1.70
I-1 Bonds 033 042 044 046 046 047 048 048 048
T-bills -0.70 -0.79 -0.93 -1.18 -1.69 -2.09 -2.26 -2.32 -2.35
5 Equities 047 056 068 091 135 153 158 1.60 1.61
Nominal Bonds | 0.49 0.44 0.44 044 049 069 079 083 0.8
[-T Bonds 0.73 079 081 083 08 087 089 0.89 0.89
T-bills -0.35 -0.40 -0.48 -0.64 -099 -1.30 -1.44 -1.50 -1.52
10 Equities 024 029 035 050 082 099 1.04 1.06 1.07
Nominal Bonds | 0.24 0.22 0.22 021 023 0.35 043 046 0.47
[-T Bonds 090 091 092 094 096 097 091 098 0.98
T-bills -0.17 -0.20 -0.25 -0.33 -0.54 -0.74 -0.84 -0.88 -0.89
90 Equities 0.12 0.14 0.18 026 046 0.58 062 0.63 0.64
Nominal Bonds | 0.12 0.11 0.11 0.10 0.11 0.18 0.22 0.24 0.25
[-1 Bonds 093 095 096 096 098 099 1.00 1.00 1.00
T-bills -0.01 -0.01 -0.01 -0.01 -0.02 -0.03 -0.04 -0.04 -0.04
500 Equities 0.00 0.01 0.01 0.01 0.02 003 003 003 0.03
Nominal Bonds | 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
[-T Bonds 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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D-AM

Investment Horizon(in months)

¥ Assets 1 6 12 24 60 120 180 240 300

T-bills -1.24 -1.38 -1.58 -191 -243 -280 -296 -3.01 -3.04

5 Equities 1.19 132 148 1.76 2.14 221 222 223 223

Nominal Bonds | 1.21 1.10 1.12 1.15 130 158 1.71 1.76 1.78

[-1 Bonds -0.16 -0.04 -0.03 -0.01 0.00 0.01 0.02 0.03 0.03

T-bills 0.10 0.01 -0.13 -042 -1.04 -1.56 -1.77 -1.85 -1.88

. Equities 047 056 066 088 131 152 158 1.61 1.62

Nominal Bonds | 0.48 0.41 0.44 048 0.64 092 105 110 1.12

I-I Bonds -0.05 0.02 0.03 0.05 0.09 0.12 0.14 0.15 0.15

T-bills 0.55 050 041 022 -0.28 -0.74 -0.94 -1.02 -1.04

10 Equities 024 028 033 045 076 097 1.04 1.07 1.08
Nominal Bonds | 0.23 0.20 0.23 0.29 045 0.66 0.76 0.80 0.82

[-I Bonds -0.02 0.02 0.03 0.04 0.08 011 0.13 0.14 0.14

T-bills 0.77 0.75 070 0.57 0.20 -0.17 -0.33 -0.39 -0.42

50 Equities 0.12 0.14 0.15 0.20 0.38 0.55 0.62 0.64 0.65
Nominal Bonds | 0.11 0.10 0.13 0.20 0.36 0.53 0.60 0.63 0.64

[-I Bonds 0.00 0.01 0.02 003 006 009 011 0.12 0.12

T-bills 099 099 098 093 0.75 055 047 044 0.43

500 Equities 0.00 0.00 -0.02 -0.06 -0.08 -0.01 0.03 0.04 0.05
Nominal Bonds | -0.01 0.01 0.04 0.12 0.30 040 043 044 045

[-1 Bonds 0.02 0.01 0.00 0.01 0.03 0.06 007 0.07 0.07
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Panel B. Constrained Weighting Scheme

D-ALM

Investment Horizon(in months)
v Assets 1 6 1224 60 120 180 240 300
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 Equities 043 046 048 0.52 0.55 0.53 0.51 0.51 0.50
Nominal Bonds | 0.45 0.40 0.38 0.35 0.33 0.36 0.38 0.38 0.39
[-I Bonds 0.12 0.15 0.14 0.13 0.12 0.11 0.11 0.11 0.11
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
. Equities 0.28 0.31 0.35 0.42 0.50 0.50 0.49 0.48 0.48
Nominal Bonds | 0.29 0.25 0.23 0.20 0.18 0.22 0.24 0.25 0.25
[-1 Bonds 043 044 042 038 0.32 0.28 0.27 0.27 0.27
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10 Equities 0.18 0.20 0.24 0.31 041 043 043 043 043
Nominal Bonds | 0.18 0.15 0.15 0.13 0.11 0.15 0.17 0.18 0.19
I-T Bonds 0.64 0.64 0.61 0.56 0.47 0.42 040 0.39 0.39
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
50 Equities 0.10 0.12 0.15 0.20 0.30 0.33 0.34 0.34 0.34
Nominal Bonds | 0.10 0.09 0.09 0.08 0.07 0.10 0.12 0.13 0.13
I-1 Bonds 0.79 0.79 0.77 0.72 0.63 0.57 0.54 0.53 0.53
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
=00 Equities 0.00 0.01 0.01 0.01 0.02 0.03 0.03 0.03 0.03
Nominal Bonds | 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01
I-1 Bonds 0.99 0.99 099 099 098 0.97 0.96 096 0.96
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D-AM

Investment Horizon(in months)

v Assets 1 6 12 24 60 120 180 240 300
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 Equities 049 0.54 0.57 0.60 0.62 0.58 0.56 0.56 0.55
Nominal Bonds | 0.51 0.46 0.43 0.40 0.38 0.42 043 044 0.44

[-I Bonds 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01

T-bills 0.10 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 Equities 0.45 0.56 0.58 0.62 0.64 0.59 0.57 0.56 0.56
Nominal Bonds | 0.45 0.41 0.39 0.34 0.31 0.36 0.38 0.38 0.39

[-1 Bonds 0.00 0.02 0.03 0.04 0.04 0.05 0.05 0.05 0.05

T-bills 0.54 0.50 0.41 0.22 0.00 0.00 0.00 0.00 0.00

10 Equities 0.23 0.28 0.33 0.45 0.59 0.55 0.54 0.53 0.53
Nominal Bonds | 0.23 0.20 0.23 0.29 0.35 0.38 0.39 0.40 0.40

[-I Bonds 0.00 0.02 0.03 0.04 0.06 0.07 0.07 0.07 0.07

T-bills 0.77 0.75 0.70 0.57 0.20 0.00 0.00 0.00 0.00

50 Equities 0.12 0.14 0.15 0.20 0.38 047 0.46 0.46 0.46
Nominal Bonds | 0.11 0.10 0.13 0.20 0.36 0.45 0.45 0.45 0.45

[-1 Bonds 0.00 0.01 0.02 0.03 0.06 0.08 0.08 0.08 0.08

T-bills 098 099 095 0.88 0.69 054 047 0.44 0.43

500 Equities 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.04 0.05
Nominal Bonds | 0.00 0.01 0.04 0.11 0.27 0.40 0.43 0.44 0.45

[-1 Bonds 0.02 0.01 0.00 0.01 0.03 0.06 0.07 0.07 0.07
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Table 9: Utility Implications and Management Fee for Investors who Ignore
Liabilities

Panel A presents the utility losses of the dynamic asset-only (D-AM) strategy relative to the dynamic asset-
liability (D—ALM) policy, in an constrained weighting scheme. The results are obtained by Monte Carlo
simulation using 10,000 VAR paths based on the method of antithetic variates, with the same path set being
used to evaluate the utility loss in all cases. The CE of the funding ratio is computed by evaluating the
mean utility realized across the simulated paths and computing Fop = u ™! (E [u (E)} ) Panel B reports
the largest monthly management fee which a constrained investor who behaves dynamically within an AM
framework would pay to gain access to the dynamic asset—liability management strategy, when portfolio
weights are constrained. In Panel A the utility losses are computed as the percentage difference between the
CE of the dynamic asset—only (D-AM) and the CE of the dynamic asset-liability (D-ALM) strategy (base
strategy).. 7 denotes the investor’s coefficient of relative risk aversion. In Panel B the management fee is
computed as fee = 1 — (14 Wel fareLoss)'/herizon,

Panel A. Utility Losses for Constrained D-AM

Investment Horizon (in months)

y 60 120 180 240 300

1 , , , , ,

2 18.06% 36.21% 58.03% 81.95% 112.04%
5 -0.25% -2.23% -5.65% -2.51% -15.75%
10 -46.90% -40.72% -43.35% -43.79% -57.98%
20 -53.49% -58.94% -66.62% -66.85% -64.95%

Panel B. Management Fee for Constrained D—-AM
Investment Horizon (in months)

y 60 120 180 240 300

1 , i, i, - B,

2 -0.28% -0.26% -0.25% -0.25% -0.25%
5 0.00% 0.02% 0.03% 0.01% 0.06%
10 1.05% 0.43% 0.32% 0.24% 0.29%
20 1.27% 0.74% 0.61% 0.46% 0.35%
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Table 10: Optimal Portfolio Choice under an Alternative Liability Benchmark
This Table shows the dynamic (D-ALM) and myopic(M—-ALM) strategy of an asset-liability investor who
plans to invest in the four asset classes: T—bills, equities, nominal and inflation-indexed (I-I) Bonds for an
investment horizon ranging from 1 to 300 months and for five levels of risk aversion (2, 5, 10, 20, 500),
when portfolio weights are unconstrained. The case of the one-month investment horizon corresponds to
the myopic investor.y denotes the investor’s coefficient of relative risk aversion. Weights may not add up to
one due to rounding. The liability benchmark is represented by a mix of 30% equities and 70% index-linked
bonds.

Constrained Weighting Scheme

D-ALM

Investment Horizon(in months)
7y Assets 1 6 12 24 60 120 180 240 300
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
5 Equities 0.50 0.52 0.54 0.57 0.59 0.56 0.55 0.54 0.54
Nominal Bonds | 0.46 0.43 0.40 0.37 0.34 0.37 0.39 0.39 0.39
I-I Bonds 0.04 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.06
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
. Equities 043 045 048 0.53 0.59 0.57 0.55 0.55 0.55
Nominal Bonds | 0.30 0.27 0.25 0.22 0.19 0.23 0.25 0.25 0.26
[-1 Bonds 0.27 0.28 027 0.25 0.22 020 0.20 0.20 0.20
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
10 Equities 0.38 0.39 042 047 054 054 053 0.53 0.52
Nominal Bonds | 0.19 0.17 0.16 0.14 0.12 0.16 0.18 0.18 0.19
[-1 Bonds 043 043 042 039 033 030 0.29 0.29 0.29
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
50 Equities 034 0.35 037 041 048 049 048 048 048
Nominal Bonds | 0.11 0.10 0.10 0.09 0.08 0.11 0.12 0.13 0.13
[-1 Bonds 0.55 0.54 053 050 045 041 040 0.39 0.39
T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
500 Equities 0.30 0.30 0.30 0.30 0.31 031 031 031 0.31
Nominal Bonds | 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
[-1 Bonds 0.69 0.69 0.69 0.69 0.68 0.68 0.68 0.68 0.68
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M-ALM

Investment Horizon(in months)

0 Assets 1 6 12 24 60 120 180 240 300

T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9 Equities 0.50 0.52 054 0.60 0.70 0.76 0.77 0.79 0.79

Nominal Bonds | 0.46 0.48 0.46 0.40 0.30 0.24 0.23 0.21 0.21

I-1 Bonds 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

. Equities 043 046 049 055 0.68 0.73 0.72 0.71 0.70

Nominal Bonds | 0.30 0.33 0.33 0.31 0.26 0.21 0.19 0.18 0.17

[-1 Bonds 027 0.22 0.19 0.14 0.06 0.06 0.09 0.11 0.12

T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10 Equities 0.38 0.40 042 047 0.56 0.61 0.61 0.61 0.61
Nominal Bonds | 0.19 0.21 0.21 0.21 0.18 0.16 0.14 0.14 0.13

[-T Bonds 0.43 0.40 0.37 033 0.26 024 0.25 0.26 0.26

T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

90 Equities 034 0.35 037 040 0.46 049 0.50 0.51 0.51
Nominal Bonds | 0.11 0.12 0.12 0.12 0.11 0.10 0.10 0.09 0.09

[-1 Bonds 0.55 0.53 051 048 043 040 040 040 0.40

T-bills 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

500 Equities 0.30 0.30 0.30 0.30 0.30 0.31 0.31 0.31 0.31
Nominal Bonds | 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

[-1 Bonds 0.69 0.70 0.69 0.69 0.69 0.68 0.68 0.68 0.68
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Appendix A

DYNAMIC PORTFOLIO CHOICE FOR THE “ASSET LIABILITY”
INVESTOR™"

Portfolio Rule with one period remaining t + K —1 (7 =1)

First we will define the policy and value function of the investor at the time with one
period remaining.

Policy function in the one period remaining (7 = 1)

The objective function of the investor with one period to the terminal date is to choose
1
lharereor such that max By fexp{(1 = 7)rpeseer}]

k-1
We substitute the log—linear approximation to the funding ratio return

1 1
TR+ = Qg (XA,t+1 +50 ?4) - §GI1LM¢2AAC¥ALM¢ = XLt (1)

into the previous objective function and we conclude to the following form of the objective
function:

Jmax Eypxalexp{(1 = 7)rperx}] =
CALM,t+k—1

1
max — exp {(1 — V) Eik-1 [rrek] + 5(1 — )’ Vary, g [TF,t+K]} (2)

a®
ALM t+k—1

We define the two first moments of the funding ratio log-return :
(a) The expected of the funding ratio log-return r is :

Eiik_1([rrisk] = aSZL’t+k,1HA (Po+P12ir k1) —Hp (Po+P1241 k1)
1 NT 1
+ éa(A%M,tJrK—l (C’i - 2AAO‘E42M¢+K-1> (3)

(b) The variance of the funding ratio log-return rp is :

_ 2 1T 1T (1)
Vary k1 [rrirx] = o, — 2007 014 k—10 AL + aALM,t+k712AAaALM,t+k71 (4)

We substitute in the objective function the moments of the funding ratio log-return rp
and we obtain the following first order condition:

14For reasons of convenience and comparison , the structure of the Appendix is based on the corresponding
Appendix (C) of Jurek and Viceira (2011).
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Ha (®o + ®1241x1) + %0'34 - 2AAaE4%M,t+k—1 +(1 =) <2AAO‘E41%M¢+1@—1 - UAL) =0

Therefore, solving for afql%Mvt +x—1 the optimal weight of the investor with one period

remaining is:

1 1
Altariei1 = ST (H (B0 + Brzeps) + 505 — (1- wm) (5)

We can also write the optimal portfolio as an affine function of the:

1 1 1
O‘Eﬁ&%M,HKq = AELX%M,O + AELX%M,le-K—l (6)
where . X
A(Al},M,O = ;Egi <‘I’§ + 5031 - (1~ V)UAL> (7)
A0l ga @)
LML = 2 Haa®]

Value function in the one period remaining (7 = 1)

Now we proceed to the derivation of the value function of the investor at the time. Based
on the conditional log normality of rr:yx and equation (2), the value function at the time
of the one period remaining depends both on the expected log return on the funding ratio
and its variance. We substitute the optimal portfolio rule (5) into the two first moments of
the funding ratio and we conclude that both expected return and the variance are quadratic
functions of the vector z; 1 :

.
Bk a[rreer] = (AEA%M,O + A(AI%MJZHK—l) (@ + Piz1i-1) — (BF + ®2e k1)

+ %(AS%M,O + AS%MJZHKl)T (0'2A —Xaa AS%M,O + AS%MJZHKA))
= —®f+ A, (q’oA +3 (‘7,24 — S aaA% 010 >
+ ZtT+K—1AQH4,0 (‘I)Sl + % (o'rix - 2AAA(AI%M,O))

+(—®f + ASHM ((I'f - %EAAASZMJ) ZitK—1

DT 1
+ ZtT+K—1A(A£M,1 (‘I)fl - %EAAAE&MJ) Ziy k-1

Vary g1 [rrivx] = 07 + ASF];J,O <2AAAE4112JM,0 - 20AL> + A%L,OEAAAS%MJZHK—NL

T 1 DT 1
+Z;F+K—1A54\12M,1 (ZAAA(AzM,o - 20AL> + Z;K—IAEA%M,IEAAA;%M,lzt-&-K—l

93



We can express the objective function in the following form:

Eri—1[exp {(1 = )reewt] = exp {(1 = V) Bergo1 [rrecx] + 31— 0 Varg g1 [rrecx] )
= €exp {(1 —) [EHKA [rEei] + % (L =) Varykx [TF,t+K”} )
9

We substitute the two moments in the previous objective function and we conclude that the
value functions constitutes an exponential quadratic polynomial of the vector z; x4

Epix—rlexp{(1 = 7)r perrt] =
(1 =) (BY o + BY + 2/ 4 BY) (10)
eXp v ALM,0 ALMAZt+K—1 T Zyy g 1B A 22+ K—1

where:
1
1 nT A
BQQM,O = _‘I’OL + AELX%M,O (‘I)o + 50?4>
-y nT 74T 1
+ 5 (0'% - 2AE4%M,OUAL> - §AE4%M,02AAAE42M,O (11)
1 DT 1
B,(4[),M,1 = _(I)f + AE&&M,O (q)f - ’YEAAA;%M,1>

1 T
+ (@84 504 - = ow) Al (2

1 nT v 1
BI(4£M,2 = AELX%M,l <<I>f - §EAAAE4%M,1> (13)

Portfolio Rule with two periods remaining ¢t + K — 2 (7 = 2)

When the remaining horizon is two periods, the objective function of the investor is the
following:

o DK ﬁEt+K—2 lexp {(1 =) (regsrx—1 + k) )]
k-2 K1

= max %YEz%KfQ [GXP {(1 - 7) <TF,t+K71 + BﬁfiM,leKq + Z:+K_1B54§1[),M,2Zt+Kfl> }]

O‘E«ZgKfz
(14)

The term inside the expectation is an exponential quadratic polynomial function of the
vector of state variables z;, 1. We will present an analytical expression for equation (10).
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We can write the log-linear approximation to the funding ratio return as:

2)T 2)T 2
TFi+K-1 = alezM,tJrK—QXA,tJrK—l —Tri+K-1+ %aile,t—i-K—Q o - EAAaféle,t—f—K—Q
_ 2 ()T (2)
= [ 0 O‘Eax%M,HKJ -1 0 } Ziyk -1+ %aALM,tJrKfQ (Uix - 2AAaALM,t+K72)
(15)
We substitute the above formula at the objective function (14)
2)T 2 1
Bk o[{(1— 7)(%aE4£M,t+K—2 <U2A - EAAaEA\zM,HK—z) + Bz(éle,O+ (16)

1 1
(BﬁngJ + [ 0 af%M,t+K72 -1 0 D ZirK-1 T Z:+K—IBI(41%M,2zt+K—1>}

Since the last two summands are random, we therefore focus on these summands.

Eiyk—2 [eXP {(1 =) <<B,(41L)M,1 + [ 0 aflyiiks —1 0 ]) Zeik-1+ Z;_K—lB,(éll[),Mﬂzt-&-K—l) }]
(17)
We substitute (17) into (16) and we obtain the value function of the investor at the time
t+ K —2. The distribution of z;, k1 conditional on time ¢+ K — 2 shows that (17) computes
the expectation of the exponential quadratic polynomial in a normal random variable.
For convenience, we introduce the following notation:

Zirk—1/Ziri—2 ~ N(®o + P12y k2, %)

For our convenience, we introduce the following notation:

0
(2)
2 (81 _ T
Clla=(1=7) ApprE= L+ (1= 7B

0

2 1
CI(LXL)M,Z =(1- V)Bﬁsz,z

Based on the aforementioned notations we can express (17) as

Bk [GXP {C,(Alzl),L,lzt+K -1+ Z;—K—IC,(EL)M,QZH-K—I H
= B k2 [GXP {0,5;25471(‘1’0 + @174 2

+ Virk—2) + ®o+ P12y ko + Vt+Kf2)TC,(42L)M,2(‘I)0 + Pz g2+ Vt+Kf2>}} (18)
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By k-2 [exp()] = exp (CEEL)LJ(@O + ®1Zpi ) + (o + 1z x0-2) Clih (B0 + ‘I’lzt+K—2)>

X B [GXP {Cfﬁm Virk-2 + Ve 2O (B + @12y i 2)+

T 2 2
+ (P + P1Zi1 K 2) C,(LXI),M,QV;—K—Z + V;-K—QG,SXL)M,QVH-K—Q}}

= €xp (C,(42[)/—]\r471((1)0 + @121 52) + (Po + ‘I’1Zt+K—2)TCI(42L)M,2(‘I’0 + ¢’1Zt+K—2))

X BEiixo [{GXP o aVerk—2 + VI 2Ol ara(Bo + B1zi i o)+

2
(®o + q’lzt—&-K—Z)TCf[),MQV;-K—Q} X exp {V;—K—QC,(LXL)M,QVH-K—Q}]
= exp (CfL)TMJ(% + Bz x2) + (B + Bizepr—2) Oty (Bo + @1zt+K,2))
X By g_olexp {VLK720£122M,2V75+K*2}

(2)
exp { <C,(42L)X4,1 +2(Po + (I)lzt—f—K—Q)TCALM,Q ) Vt+K—2}

X

(19)

where

2 1 ,
CALM,Q = ) (C,(42L)M,2 + 01(422M72>

There are two approximations in order to evaluate the above expectation operator: the
complementary and the exact approximation
Following the complementary approximation:

Al%r_rgo exp {VLKQC’E‘QL)MQVHK_Q} /dt = exp {tr (CAQL)M,ZEU)}

Thus equation (19):

exp <C£12£4,1(‘I’0 + @124k 2) + (Po + ‘I’lzt+K—2)TC£12L)M,2(<I’0 + @17k 2) + tT<C(AQ£M,22U)>

@)T T (2)
X Eiyg_o |exp OALMJ +2(®o+ P1ziyk—2) Carmze VitK—2

(20)

where:

(2)
Eiyx o {GXP { (C,%QL)LJ +2(®g + P12ek—2) Cararo ) Vt+K2H =

@\ " (2)
= exp {%(CfﬁL,l +2(Pg + P12Zesx0-2) Carare ) 3, <C£;2£L’1 +2(Pg + P1Ze1x-2) Carar ) }
(21)
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Substituting equations (20) and (21) into (17) the equation in the continuous time limit:

: )T T —
AI%IBO Bk [eXP {CALM,1Zt+K—1 T2k }] =

2 t+K—2 t+K—2)gv—1 H(t+K—2)T
exp {tr (CE\L)M,22”> + D1(4LM,O : + %D1(4LM,1 )2v1D1(4LM,1 :

)
}

where:

Do = Clitna (®o+ B1zi ) + (Bo + 120 ic—2) C 0Ly o(®o + ®rziin—2)  (23)

(2)
D,(422M,1 = O,(fL)L,l +2(®o + P1zi1k-2) Carm2 (24)

Following the exact evaluation (Campbell et al., 2003) :

.
Eiyk o [GXP {C,E;QL)MJZHK—l + Z:+K_1C,(42L)M7zzt+K—1}i| =

1
S| 2 K2 K2 1 (t+K-2)T (25)
= [Zu[ 2 — T EXp (D,(4LM,0 )+ %DixLMJ )(Q(l)) D1(4LM,1 ) >
|25t 2057
where: . )
— 2 - — 1 B
QW = (EJU 1 2D1(42M,2> = (EUI —2(1- V)B,(angg) (26)
We replace expectations (22) or (25) into the value function (17) :
29T 2
r(x;)ax {1 =) (%QQ%M,HKQ (0'?4 - EAAO‘E&M,HKJ)
K2 (27)

(1) (t+K~2) (t+K—2) (t+K-2)T
+Barmo+ Darno + %DALM,I Q(l)DALM,l )}
The first order condition with respect to a(jz Mix o 18 the following

opUHE-—2T

.
2 K-2)T

(1—7) <<I>64 + @8z o+ %0'124 — EAAOl;%M,HK_Q) + % (_aa(éLMJK 2) (Q(l) + Q(l)T) Dj(j:j{]\/[’1 T _

A -

PN
QALMt+K—2

R T
_ (1 - ) (I)A + (I)A 1.2 b (2) 8D(A2ﬁ,12)T ﬁ(l)D(t+K—2)T -0
- 7o VZerK-2 T 304 = 2AA0 Ly k—2 ) T\ gom ALM1 =
In addition:

t+K-2)T
( 8D1(4LM71 )

(2)
ao‘ALM,tH@Q

) =(1—7)Hx

Thus the first order condition takes the following form:
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By + D'z s+ 10% — Danci) ks + HAQW (C,%?L)M,l +2Curms (B + @z +K_2)) _

- q;gl + q){‘zHK_g + %0,24 — EAAQEAQzM,t—&-K—Q—}_
0

- (2) -
1 « nT 1
(1— 7)9(4) ALMvtl K=2 1 4 B(agnm + QB(”ZM’2 (®y+ 211 x2) | =

0
= &) + D'z o+ 10% — Dana kot

S50 (2 S50 | o) pMT S 51
(1 =) (2halarrere — Qi1 + QY BEL, + 200 B, (@) + 1204k-2) ) =

(1 2
= ((1 - V)Q(A/)x - EAA> ai}%M,t-',-K—Q + (1)64‘1‘
S0, ot 1) (1
1) (<08 4 0 (B 250,,)) +
+50% + <q)f +2(1- V)QS)BS[)/M,Q(IH) Zyg—2 =0
Therefore, solving for afﬂ M.+ K2, the optimal weight of the investor at time ¢ + K — 2

is an affine function of z; ko

2 2 2
O‘EA&%M,MK& = AELH)JM,O + A;%M,lztﬂfﬂ (28)

where
- -1 1 . . - -
AS%M,O = <2AA - (1 - 7)9(/321) <‘I’64 + 50'?4 + (1 - 7) (_9541% + Q(Al) (BS[)/M,I + QBSI),MQ@O))
(29)
~ -1 i~
A s = (Baa =1 =700) (@8 +20 -0V B, @) (30)

or (replacing QO with %)

2 Lo 1 nT ~(1
A(AzM,o = %EAL (q)gl + 50',24 +(1—7) <_EAL + 3, <B,(4[),M,1 + 2B,(41),M,2(I)0>>> (31)

2 I ~
AE&&M; = ;EAix (‘1)14 +2(1 - V)EAB%MQ‘IH) (32)

Value function in the two periods remaining (7 = 2)

Substituting the optimal portfolio policy at time ¢t + K — 2 , into the objective function
(14), we define the value function with coefficients B,%M,o» BEE%M,l and sz w2 Which are
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different from the coefficients szM,m Bngl and B 1422]\“ of the value function at time

t+ K —1.

Eiik—2 [GXP {(@=Y)reer—1} exp {(1 -7) (BﬁxlgMo + BﬁfﬁM 1Zt+K—1 + Z;_K_lB,(qle,zzt—i—K—l) H =

NT 1
= exp{(1 —7) lafélg,Mt+K—2 UA ZAAaEAI%MH—K 2) + B,(4£M,o) +

tHK—2 t+K—2 tH+K—2)T
D1(4LM,0 ) 1D1(4LM1 )Q(I)D,(4LM,1 ) }

2 2 2
= ©Xp {(1 -7) <B,(4124M,0 + BI(LXL)MJZH'K—? + Z:—&—K—IB,(AL)M,ZZH-K—?) }

(33)
where:
2 - 1 DT &
B =~ Al (0 + 1o+ 15 (0] 21,8 -
nT ~(1 1 1 1 1
_lA(A%MO <2AA - (1= 7)95431> AEA%MO + B,(4L)M0 + <B,(41),M,1 + ‘I)gBiszz) Qo+ (34)
+(1 - )BALMI( Q ;¢ )B! LM1+Q AA%M())"‘
+(1— )] (2009, - E< s Al a0+ TVB )
2 nT ~(1 1
Bﬁle,l = _‘I)f + A%iM,o <‘I>A - <2AA —(1- 7)91(421> AE42M,1> +
=1
(8 + 103 — (1= @) AL+ -

1 (1 1 1
(B + 2<x>ngzM2) B+ (1= ) (B 07 + @20T) Al
=) (4R =Y 1 AT, E + B, ,20) 8,

2 nT 1 1
B o = Al (81 = 5 (Zaa — (1 =000 A8 ) +
+0] (B +2(1 - 71)A0 ) @1+ (36)
+(1 =)@ B AL,

(1)
and the auxiliary matrices A = Baryo QW Bapas

INON
or (replacing Q) with 3,)

T

T = 2B, a0 g0 -

2 1) nT 1
Bing,o - ‘I’L + AALMO (‘I’A + UA) + _Az (2( - 2A£1%M OE(AD ’YAALM OEAAAALM ot
1 1 1 T
B0+ (B + 97 Bara) ®a (1= 1B, (—S07 4 18,0+ =0TAD,, ) +
+(1 =)@ (2400, — 87 +207 AL, +TOBY,)
(37)
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2 nT 1 T,
B,(szM,l = _(I)lL + AELX%M,O (‘I)f - VEAAA(A%MJ) + ((I)OA + %0'124 - (1 - 'Y)EAL) AEM%M,H’
1 =q¢! 1 —_(1)T 1
(Bl + 200 By ) @1+ (1= ) (BY, 5+ 97=0T) Al 0+
(1 =) (487 A0 — 20 + AL ED + B, EY) @,
(38)

2 nT ol
B e = At (81 = 3ZaaAlary ) + @7 (Bl +2(1-1)AY) @,

+ (1 - 'Y)‘I’I:qu)TA.(AlLMl (39)

LT ¢9)
and the auxiliary matrices AY = Baryo ZoBarmz , TW = 2Bapys 2., B =
INONN

The previous formulas provide the link between the policy and value functions in any
two successive periods. The general recursive solution is obtained by making the following
replacements: (1) — (7 — 1) and (2) — (7 — 2).

Finally, the optimal dynamic portfolio choice literature converges to the following corner
solutions:

1. Log utility investor (y = 1)
Substituting v = 1 into the general recursive solution, then the portfolio choice coefficients
become

. B 1
AEM)/M,O = EA,lq ((I)(f)1 + 5‘73}) VT

Afbyy = Sih®) v
Thus, the recursive equations (11), (12) and (13) become

1 1 1
B,(ango —Bf + AALMO (‘I’A + 20'2 - §EAAAALM0 = —®f

1 T 1 T .
B,(ang,l = _(I’f + A;%M,o ((I'Ifx - EAAAEA![),MJ) + ((I:'f)4 + %0',24) A(AzM,l
= — Bl + (8 + o) B i@

1 nT 1
BEX%MQ = A;%M,l (q’A - §EAAAALM1

and the recursive equations (37), (38) and (39) become

1 47
= §‘I’f Dyt
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T 7—1 7—1 7—1
B,(4L)M,o - (I)L + AALMO (‘I)A + U'A 1EAAAE4LM)O> + B.(ALM),O + (BI(4LM)1 + (I)TB,(LlLM)2> @
T 7—1 T7—1
= = @b+ (B + 102) B34 (B + So3) + B + (BT + @0 BT:) @

T T—1 T ((r—1 T—1 S(r—1
Bz(él[)/M,l = —®7 + AALMO (‘I’A 2AAAE4L1W) 1) (®3 + 30%) A(ALM)1 + (BI(4LM),1 + 2<I)E)I—B,(4LM),2) @,
- - ‘I)lL + (q)oA + 5 ) EAA‘I)A + (B,(LxLM)l + 2(I)TB§1LM)2> @,

T 7—1 1 Te— 7—1
BEU’ZMZ - AALMI (‘I’A - _EAAAALM 1> (PTBALM)2(I)1 = §‘I’f EAil(I)f + (I)lTBz(LXLM),Q(I)l
2. Investor with infinite risk aversion (7 — o0)

Substituting v — oo into the general recursive solution, we obtain the limits of the portfolio
choice coefficients in equations (7) and (8) :

1
A(A%MJ — 0

Thus, the recursive equations (11), (12) and (13) converge to

1
BE&%M,O — —
1 — A
Bil[)/M,l — —® + O'XLEA}L;‘IH

1
B,(leM,Q —0

Based on the aforementioned results, we can infer that Q) (see equation 26) will be
O(1) in the coefficient of risk aversion and, consequently, each iteration will result in a
non—negligible adjustment to the covariance matrix of the shocks. Thus

-1
Qb - (37! - of ' met)

Next, the equations (29) and (30) can be written in the following form, respectively

AszO =
(o= (1)) (sm8 ot (1) (00008 (29
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1 1 el 1
Ao = (390 (5-1) ) (otez (G-1) 80B)

Equations (29) and (30) converge to
2 51\ !
A;%M,o - - (954,)4> ( QA% + 9! )B,(LXLM 1>
2
AELX%MJ —0
and equations (34), (35) and (36) converge to
2
B,(asz,o — —0
2 T 1 ) ST 40
Bi(aszJ = _‘I’f + AELX%M O‘I’A + Bing 1Py — ’VBl(aszJQELx) AELXZM,l
=( DT =
- (_5( h 4 Aiu);M oufcx) + B,(LU%M 1= ) @,
2
BEL!%MQ —0

since A ~ O (y72), TW ~ O (y7!) and ED ~ O (y71).

As the agent becomes infinitely risk averse the policy function becomes decoupled from
the intercept vector ®( of the vector autoregressive model. Furthermore, the portfolio al-
location for an infinitely risk averse investor at t + K — 1 is the Liability Hedge Portfolio
(LHP) for the myopic one-period problem.

3. No predictability (®, = 0)
Substituting ®; = 0 into the general recursive solution, then the portfolio choice coeffi-
cients in equations (7) and (8) become

1
AS%MO ZAA (‘I’A + 2GA (1-— W)O'AL)

1
AE&M; =0

Thus, the recursive equations (11), (12) and (13) become

1 1 L—x nT T AT 1
Bihasa = <06+ Ao (84 5304 ) + 757 (08 24 gon) - FAU o Basd g

1
B,(M%M,l =0
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1
B,(Ang,z =0

and equations (31) and (32) become

1 — 1 T (1
Ao = 2334 (B4 0%+ (1= (2 24 (B0 +25000)) )

1 _
Asz,l = ;EAil (‘I’f +2(1 - V)EAB%MQ‘IH)

and the recursive equations (37), (38) and (39) become

2 )T 1 1—7 1 T 1 Yo T 1 1
B = @+l (20 + 308 415 (S0 - 24000 50) - 24U B aaA B
2
BingJ =0
2
Bﬁleg =0

In the case of no predictability, the portfolio allocation is constant across time and de-
termined only by the coefficient A ,;,,, and the value of the problem is determined by the
coefficient B 4y,
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Appendix B

Figure B1: Term Structure of Risk of Assets and Liabilities

This Figure presents the annualized volatility per period of T-bills, equities, nominal bonds
and inflation-indexed (I-I) Bonds (liabilities) in an investment horizon of 300 months. The
framework comprises of four asset classes and state variables. The covariance matrix per

T j=1 =1\ |
period 7' is given by the formula (k) = > <Z @ﬁ) Z(Z <I>'L1) where the vectors
i=0

j=1 \ \i=0
(2t41 + 242 + ... + 2zt1x) follow a VAR (1) process;®,; and ¥ denote the square coefficient
matrix and variance covariance matrix of innovations, respectively.

200% 18004

- 1600%
36008 3 14004
= T 12008
¥ 5.004% i
L L 1000%
& y00% 2
g‘lcc" ; 2004
%""“ 3 eoox
3 200% 3 o

LO0%

0.00%

Lo I LI T O I T T I I ) I = T T s - T O )
neTeraenaINSARSINNEAR
Investm end Horima (is moaths)
(a) T-bills (b) Equities

oo M 004
E 005 E
2 oo =
i B
; Lo &
1 enck i
E E coox
100w L
g g 4005

Lo 1004

230
LTS
6T
2R1
MG

(c) Nominal Bonds (d) Real Bonds

64



Figure B2: Term Structure of Correlation of Assets with Liabilities

This Figure presents the correlation per period of T-bills, equities and nominal bonds with

inflation-indexed (I-I) Bonds (liabilities). The covariance matrix per period is given by the
T -1 =1\ |

formula X(k) = > [ [ D@ ) X > @ where the vectors (24142124 . . +211 k) follow
j=1 \ \li=0 i=0

a VAR (1) process;®, and ¥ denote the square coefficient matrix and variance covariance

matrix of innovations, respectively.
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Table B1: Distribution of the Terminal funding Ratio under a Myopic Asset
Liability Management for Constrained Investor

Panel A reports the distribution of the terminal funding ratio of the myopic (M-ALM) strategy, in the absence
of funding ratio constraints. Panel B reports the distribution of the terminal funding ratio of the myopic
(M-ALM) strategy in the presence of minimum and maximum funding ratio constraints 90% and 135%,
respectively. Panel C reports the distribution of the terminal funding ratio of the myopic (M-ALM) strategy
in the presence of minimum and maximum funding ratio constraints 100% and 135%, respectively. By
distribution we denote the minimum (min), the 2.5%, 25%, 50%, 75%, 97.5% quantiles, the maximum (max)
and the average (mean) of the terminal funding ratio. - denotes the investor’s coefficient of relative risk
aversion.The portfolio weighting scheme is constrained.

Panel A. Distribution of the funding ratio without funding ratio constraints

y=25
Horizon(months) min 2.50% 25% 50% 75% 97.50% max mean
60 0.14 0.93 0.83 0.97 1.11 1.63 7.12 0.99
120 0.13 0.40 0.70 0.95 1.27 2.58 16.88 1.07
180 0.06 0.54 0.64 0.98 1.52 3.93 18.03 1.25
240 0.03 0.20 0.61 1.05 1.83 6.16 33.57 1.54
300 0.01 0.88 0.60 1.13 2.20 9.08 54.87 1.94

Panel B. Distribution of the funding ratio with minimum(90%) and funding ratio constraints (135%)

y=25
Horizon(months) min 2.50% 25% 50% 75% 97.50% max mean
60 0.90 0.93 0.95 1.02 1.14 1.35 1.35 1.06
120 0.90 0.90 0.96 1.07 1.21 1.35 1.35 1.09
180 0.90 0.90 0.97 1.08 1.22 1.35 1.35 1.10
240 0.90 0.90 0.97 1.08 1.22 1.35 1.35 1.10
300 0.90 0.91 0.96 1.08 1.22 1.35 1.35 1.10

Panel C. Distribution of the funding ratio with minimum(100%) and funding ratio constraints(135%)

y=25
Horizon(months) min 2.50% 25% 50% 75% 97.50% max mean
60 1.00 1.00 1.04 1.10 1.21 1.35 1.35 1.13
120 1.00 1.00 1.05 1.14 1.58 1.35 1.35 1.16
180 1.00 1.00 1.05 1.15 1.26 1.35 1.35 1.16
240 1.00 1.00 1.05 1.15 1.26 1.35 1.35 1.16
300 1.00 1.00 1.05 1.15 1.26 1.35 1.35 1.16
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Table B2: Distribution of the Terminal Funding Ratio under a Dynamic Asset
Liability Management for Constrained Investor

Panel A reports the distribution of the terminal funding ratio of the dynamic (D-ALM) strategy, in the
absence of funding ratio constraints. Panel B reports the distribution of the terminal funding ratio of
the dynamic (D-ALM) strategy in the presence of minimum and maximum funding ratio constraints 90%
and 135%, respectively. Panel C reports the distribution of the terminal funding ratio of the dynamic
(D-ALM) strategy in the presence of minimum and maximum funding ratio constraints 100% and 135%,
respectively. By distribution we denote the minimum (min), the 2.5%, 25%, 50%, 756%, 97.5% quantiles, the
maximum(max) and the average (mean) of the terminal funding ratio. v denotes the investor’s coefficient of
relative risk aversion. The portfolio weighting scheme is constrained.

Panel A. Distribution of the funding ratio without funding ratio constraints

y=25
Horizon(months) min 2.50% 25% 50% 75% 97.50% max mean
60 0.46 1.11 1.15 1.31 1.53 2.16 3.77 1.37
120 0.61 0.99 1.49 1.86 2.39 4.05 9.97 2.04
180 0.70 1.00 2.02 2.76 3.83 7.59 19.23 3.16
240 0.85 0.98 2.85 4.16 6.17 13.82 38.94 5.03
300 0.91 1.15 4.07 6.37 9.99 24.08 71.53 8.05

Panel B. Distribution of the funding ratio with minimum(90%) and funding ratio constraints (135%)

y=25
Horizon(months) min 2.50% 25% 50% 75% 97.50% max mean
60 0.90 1.11 1.16 1.27 1.34 1.35 1.35 1.23
120 0.90 0.99 1.25 1.31 1.35 1.35 1.35 1.28
180 0.90 1.00 1.26 1.32 1.35 1.35 1.35 1.29
240 0.90 0.98 1.26 1.31 1.35 1.35 1.35 1.29
300 0.90 1.05 1.26 1.31 1.35 1.35 1.35 1.29

Panel C. Distribution of the funding ratio with minimum(100%) and funding ratio constraints(135%)

y=25
Horizon(months) min 2.50% 25% 50% 75% 97.50% max mean
60 1.00 1.11 1.19 1.29 1.34 1.35 1.35 1.25
120 1.00 1.01 1.26 1.32 1.35 1.35 1.35 1.29
180 1.00 1.00 1.26 1.32 1.35 1.35 1.35 1.29
240 1.00 1.00 1.26 1.32 1.35 1.35 1.35 1.29
300 1.00 1.05 1.26 1.32 1.35 1.35 1.35 1.30
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